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Abstract

Purpose of review Heart failure is a growing problem across the world. Although many advances have been made in heart failure
therapy, patients with cardiogenic shock still have a grim prognosis. The aim of this article is to discuss the current state of
mechanical circulatory support and future directions.

Recent findings Mechanical support can be classified as temporary or durable. Temporary support ranges from the intra-aortic
balloon pump to extracorporeal membrane oxygenation. Durable support consists of left ventricular assist devices that are long-
term and can be used as a bridge to transplant or destination therapy. Many advances continue be made in terms of size,
thrombogenic potential, and infection risk.

Summary As the supply of heart transplants is limited, mechanical support options for a growing heart failure population are
becoming increasingly important. Deciding when to initiate and selecting the right device are of utmost importance and should be
a multidisciplinary approach.

Keywords Mechanical support - Heart failure - LVAD - Total artificial heart - Cardiogenic shock - Transcutaneous energy

transmission

Introduction

Heart failure is a growing pandemic across the world and is
projected to affect close to eight million people by the year
2030 [1]. Despite advances in pharmacotherapy for chronic
systolic heart failure, few advances have been made in the
management of patients with acute systolic heart failure
complicated by cardiogenic shock. Though the etiology of
cardiogenic shock is diverse and varied, the most common
cause is secondary to acute myocardial infarction (AMI)
with left ventricular dysfunction complicating 2—8% of all
acute ST-elevation myocardial infarctions (STEMI) [2]. The
TRACE study demonstrated that 30-day mortality was
higher in patients with acute myocardial infarction
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complicated by cardiogenic shock than in those without
shock (62% vs. 9%) as well as 6-year mortality (88% vs.
45%). In fact, an 11-year observational study also demon-
strated higher rates of mortality with AMI complicated by
shock than those without shock (44.8% vs. 30.6%) [3].

Cardiogenic shock is a complex state that is defined as a
failure to maintain cardiac output and is characterized by a
severely reduced cardiac index (less than 2.0 L/min) along
with signs and symptoms of end-organ hypoperfusion, includ-
ing hypotension, cold extremities, oliguria, and altered mental
status. Myocardial infarction leads to left ventricular systolic
and diastolic dysfunction, resulting in hypotension. This in
turn leads to decreased coronary perfusion and potentiates
poor cardiac output. Cardiogenic shock is accompanied by a
systemic inflammatory response, activation of systemic neu-
rohormones, and worsening ischemia which propagate this
cycle. In the SHOCK trial, the investigators demonstrated that
revascularization of patients in cardiogenic shock resulted in a
6-month mortality benefit over patients who were managed
with medical therapy [4]. However, even after reperfusion,
areas that are stunned continue to exhibit dysfunction.
Consequently, mechanical circulatory support (MCS) may
be necessary for further recovery. The aim of this article is to
discuss the current state of mechanical support and the future
direction ahead.
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Mechanical circulatory support

Advanced systolic heart failure and cardiogenic shock are
typically characterized by elevated systemic vascular resis-
tance as a compensatory mechanism to maintain systemic per-
fusion. However, this ultimately becomes maladaptive as it
results in increased afterload. Thus, standard medical therapy
involves afterload reduction. Patients in cardiogenic shock are
limited in the usage of such therapies due to hypotension.
Though inotropic therapy can be used as a temporizing mea-
sure, they lead to increased myocardial oxygen demand and
can increase long-term mortality. Thus, MCS can be an option
for such patients. MCS decreases myocardial oxygen demand
and can provide augmentation of cardiac output and can also
decrease afterload. Mechanical support is classified as use for
bridge to recovery, bridge to transplant, or destination therapy.
The type of support depends on many factors including single
ventricle versus biventricular support, temporary versus dura-
ble support, and level of support needed. In this article, we
outline the various types of support and advances made in
each type.

Temporary devices
Intra-aortic balloon pump

Counterpulsation with the intra-aortic balloon pump (IABP) is
one of the most established forms of mechanical circulatory
support and therefore one of the most commonly used.
Typically placed through femoral artery access, it involves
placing a balloon that inflates by helium, distal to the left
subclavian artery and proximal to the renal arteries. The
IABP inflates during diastole, leading to increased coronary
perfusion, as coronary perfusion occurs during this portion of
the cardiac cycle. Conversely, it deflates during systole, caus-
ing a vacuum and decreasing afterload and increasing forward
flow. This allows for a modest increase in cardiac output,
approximately 0.5-1.0 L/min. Inflation can be timed via elec-
trocardiography, arterial pressure waveforms, or now newer
algorithms to detect when the aortic valve opens and closes.
Contraindications to the aortic balloon pump include severe
aortic insufficiency, aortic dissection, and severe peripheral
arterial disease. Given the femoral access, a complication that
needs to be monitored for is distal limb ischemia. Weaning of
the IABP involves decreasing the frequency of
counterpulsation from 1:1, which refers to inflating every
beat, to 1:2 and 1:3 and assessing hemodynamics.

Prior to the age of revascularization, studies did not dem-
onstrate a benefit with the intra-aortic balloon pump since it
could not improve blood flow past a fixed stenosis. The
GUSTO trial showed a trend for lower 30-day and 1-year
mortality for patients treated with fibrinolysis and IABP
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versus those with just fibrinolysis. However, the National
Registry of Myocardial Infarction (NRM-2) showed no mor-
tality benefit after primary angioplasty [5]. The IABP-
SHOCK 1I trial, a prospective, randomized trial, randomly
assigned patients to IABP and no IABP after shock from acute
ML. Fifty-two percent of patients in the [ABP group died com-
pared with the 51% of patients in the control group over a span
of 12 months (relative risk [RR] 1.01, 95% CI1 0.86-1.18, p =
0.91). In addition, there was no difference in reinfarction, re-
peat revascularization, or stroke. Interestingly, there was a
10% crossover rate from the control to the IABP group and
a trend toward eventual use of a ventricular assist device in the
control group [6]. Although there has been no demonstrated
mortality benefit, the IABP is still widely used, mostly due to
availability and ease of insertion. Overall, the American
College of Cardiology and American Heart Association
(ACC/AHA) have collectively given insertion of temporary
mechanical support for refractory cardiogenic shock a class Ila
recommendation, and the European Society of Cardiology
gives it a class IIb [7, 8].

Impella

The Impella is a type of temporary left ventricular assist de-
vice (LVAD) that is placed percutaneously and crosses the
aortic valve to rest in the left ventricle. It utilizes the
Archimedes screw principle and aspirates blood from the left
ventricle through a continual axial flow pump to the aorta. The
Impella 2.5 and CP devices are able to generate an output
between 2.5 and 4 L/min, and are typically inserted peripher-
ally via the femoral artery. The Impella 5 can generate an
output of 5.0 L/min, however requires a large 22-F sheath
and a surgical cutdown. The RP Impella is a continuous axial
flow device that is designed to provide right ventricular sup-
port. Though similar in configuration, it is placed through
venous access and crosses the pulmonic valve to rest in the
pulmonary artery. The Impella directly decreases ventricular
stress, wall stretch, and preload, without increasing afterload.
Contraindications to the Impella include severe aortic stenosis
or insufficiency, LV thrombus, mechanical aortic valve, or
severe peripheral arterial disease. The Impella has varying
levels of support, using nomenclature of P1 (lowest degree
of support) to P9 (highest degree of support). Continuous
monitoring of this device by echocardiogram is necessary as
it needs frequent positioning. Additionally, hemolysis is a sig-
nificant complication, requiring vigilant monitoring of coag-
ulation factors.

The initial study that promoted the use of the Impella de-
vice was the ISAR-SHOCK trial in 2008 which was a ran-
domized, prospective trial of twenty-six patients with cardio-
genic shock, randomized to IABP versus Impella. After 30
min, the Impella group had a larger increase in cardiac output
(0.49 + 0.46 L/min/m?) versus the IABP group (0.11 + 0.31
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L/min/m?). However, there was no difference in 30-day mor-
tality [9]. The PROTECT II was a larger randomized study of
four hundred and fifty-two high-risk PCI patients with de-
pressed LV function using the Impella 2.5. This trial was
stopped for futility as the 30-day incidence of major adverse
events was similar (35.1% for Impella vs. 40.1% for IABP).
Again, the Impella group was found to have better hemody-
namics [10]. The RP Impella was studied separately, including
a prospective multicenter trial where thirty patients with right
ventricular failure unresponsive to medical therapy had the
Impella RP device implanted. Cardiac index increased from
1.8+0.2 L/min/m. The overall survival at 30 days was 73.9%
[11]. Based on these studies, the FDA has approved the
Impella for treatment of cardiogenic shock within 48 h of
acute myocardial infarction or post-cardiotomy.

An innovative approach for biventricular failure is the
BiPella system which employs a simultaneous left-sided and
right-sided Impella configuration. In 2017, Kuchibhotla et al.
published a retrospective analysis of twenty patients in cardio-
genic shock supported by BiPella. All patients either had
Impella 2.5, Impella CP (most common), or Impella 5 for
left-sided support and Impella RP for right-sided support.
All patients experienced decreased cardiac filling pressures
and increased cardiac output. However, in-hospital mortality
was 50%. Predictors of survival were identified as younger
age, implantation of LV and RV support simultaneously, lower
pulmonary artery pressures, and lower pulmonary vascular
resistance prior to deployment [12¢]. In 2019, a multicenter
retrospective analysis of fourteen patients demonstrated simi-
lar results of increased survival with simultaneous deployment
of left- and right-sided support and lower pulmonary artery
pressures [13]. These observations corroborate the idea that
elevated pulmonary vascular resistance and pulmonary pres-
sures correspond to more severe and long-standing disease,
and portent a poorer prognosis irrespective of therapy.
Although both were small studies, they have prompted the
case for this non-surgical means of acute biventricular
support.

TandemHeart

The TandemHeart system is a percutaneous biventricular sup-
port system that was developed in 2005. It utilizes a 21-F
catheter which traverses into the right atrium and requires a
trans-septal puncture into the left atrium. It then drains oxy-
genated blood from the left atrium and then pumps it into the
femoral artery. The TandemHeart provides continuous flow
circulatory support up to 5 L/min. Similar to the Impella, the
TandemHeart decreases left ventricular filling pressures and
decreases wall stress. Contraindications to placing this device
include left atrial or right atrial thrombus and severe peripheral
arterial disease. Two clinical trials in 2005 and 2006 random-
ized patients in cardiogenic shock after myocardial infarction

to either TandemHeart or JABP. The trial in 2005 demonstrat-
ed that the TandemHeart group had statistically significant
improvements in cardiac output (p = 0.007), cardiac power
index (p = 0.004), pulmonary capillary wedge pressure (p =
0.003), and serum lactate level (p = 0.03). However, compli-
cations including limb ischemia and coagulopathies were
higher, and overall, there was no mortality difference at 30
days [14, 15].

Percutaneous LVADs should be considered in patients with
cardiogenic shock refractory to pharmacotherapy. The 2013
AHA/ACC guidelines give percutancous LVADs, including
TandemHeart, a class IIb/LOE C indication in refractory
shock [7]. However, appropriate patient selection and assess-
ment of the clinical situation are paramount.

ECMO

Extracorporeal membrane oxygenation (ECMO) was first
studied in the 1970s in respiratory failure and has since under-
gone many improvements. Though various forms of ECMO
are utilized, the venous-arterial ECMO (VA-ECMO) is uti-
lized in cardiogenic shock. VA-ECMO involves placing a
cannula that withdraws deoxygenated blood from the inferior
vena cava, oxygenates it, and then returns it to the arterial side
via flows of up to 10 L/min. In contrast to other forms of
mechanical support, ECMO provides biventricular support.
The only true contraindication to ECMO support is a
preexisting condition which would preclude recovery such
as severe neurological injury or end-stage malignancy.

Several considerations need to be made with ECMO. First,
the system requires full anticoagulation as the oxygenator has
the potential for thrombosis. Second, the arterial cannula de-
livers oxygenated blood to the arterial system. Though this
increases the systemic blood pressure and improves end-
organ perfusion, it also increases left ventricular after load
and wall stress. This is actually counterproductive in the set-
ting of cardiogenic shock where the goal is to decrease myo-
cardial oxygen demand. Mechanisms to counteract this in-
clude “venting” the left heart which involves draining blood
from the left atrium and connecting it to the ECMO circuit, or
concurrent use of an Impella or IABP system. Lastly, if the
heart retains enough function to pump poorly oxygenated
blood from the lungs, “North-South” syndrome can arise,
where the upper half of the body receives poorly oxygenated
blood and the lower half of the body receives sufficiently
oxygenated blood from the ECMO circuit.

In 2016, a meta-analysis looked at two hundred and thirty-
five patients who had cardiogenic shock after acute myocar-
dial infarction. ECMO patients had a 33% higher 30-day sur-
vival when compared with patients with IABP support (95%
CI, 14-52%; p < 0.001; NNT 13). However, this increase did
not hold true when compared with those of TandemHeart or
Impella (— 3%; 95% CI— 21 to 14%; p = 0.70; NNH 33) [16].
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There have been no large-scale, randomized controlled trials
studying ECMO to date.

Because of the ability to implant bedside, extracorporeal
CPR (e-CPR) has grown in usage during refractory cardiac
arrest. The CHEER trial was a prospective, single-center trial
published in 2014 that evaluated twenty-six patients with in-
hospital and out-of-hospital cardiac arrest and usage of me-
chanical CPR, therapeutic hypothermia, and bedside percuta-
neous cannulation of the femoral artery and vein for com-
mencement of VA-ECMO. Return of spontaneous circulation
occurred in 96% of patients and full neurological recovery
occurred in 54% of patients [17¢]. Although not currently
standard of care, this study demonstrates the feasibility and
efficacy of VA-ECMO in cardiac arrest and advocates for
creation of such a protocol.

Durable mechanical support
HeartMate 3

With the rate of advanced heart failure increasing globally
with and a limited amount of transplants available, durable
mechanical support with surgically implanted LVADs is be-
coming increasingly utilized. Common complications of
LVADs include pump thrombosis and stroke. In addition,
older LVAD models were large and bulky, making implanta-
tion difficult. However, newer models, such as the HeartMate
3, have addressed such complications. Smaller than its prede-
cessors, the HeartMate 3 is a centrifugal pump that does not
require a pump pocket and has a slimmer apical sewing cuff.
This allows for less surgical procedures and decreased recov-
ery time. The HeartMate 3 is different from its predecessors in
that it is a centrifugal pump, whereas the HeartMate XVE was
pulsatile and the HeartMate 2 was an axial pump. This design,
along with the fact that it is a fully magnetically levitated
motor, allows for decreased friction and less shearing effects,
and the textured surfaces with sintered titanium microspheres
simulate a tissue interface with blood. In addition, the
HeartMate 3 creates an artificial pulse which decreases the
amount of stasis and potential for thrombosis and increases
aortic valve opening to decrease valve fusion.

The Momentum III study published in 2018 was a random-
ized study that assigned a total of three hundred and sixty-six
patients to either a centrifugal pump or to the standard axial
based pump (HeartMate 2). The trial population were patients
with end-stage heart failure refractory to medical therapy and
both either bridge to transplant or bridge to destination thera-
py. The primary endpoint was survival at 2 years free of dis-
abling stroke or survival free of reoperation to replace or re-
move a malfunctioning device. Secondary endpoints included
adverse events such as stroke, bleeding, infection, and quality
of life. After 2 years, the primary endpoint was reached more
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in the centrifugal group (79.5%) versus the axial pump group
(60.2%) (p < 0.001). Three patients in the centrifugal pump
group underwent reoperation versus thirty patients in the axial
pump group, most often for pump thrombosis or severe he-
molysis in the latter group. In contrast, the centrifugal group
had zero patients with thrombosis that lead to reoperation
[18e]. The significantly low rate of thrombosis has prompted
clinicians to lower anticoagulation goals, which decreases
bleeding potential. In 2018, the FDA approved the
HeartMate 3 for destination therapy for patients who are not
transplant candidates.

Miniature ventricular assist device

As technology advances, left ventricular assist devices have
decreased in size in order to reduce potential complications.
The miniature ventricular assist device (MVAD) weighs about
78 g and can provide flows from 1 to 7 L/min. The unique
aspect of the MVAD system is that the motor lies in the inflow
cannula. It utilizes a hybrid system of passive magnetic and
hydrodynamic forces to suspend its motor which has wide
helical channels, which in turn decrease sheer stress.
Because of its significantly smaller size, it can be implanted
via thoracotomy as opposed to sternotomy and can be used in
smaller patients, extending its use to the pediatric population.
In 2014, the MVAD system was tested in sheep with promis-
ing results. Out of the nine animals, seven animals survived to
the end of the study and none of the survivors had evidence of
end-organ damage by laboratory analysis or pathological anal-
ysis (two died from non-device-related complications). In ad-
dition, the device demonstrated hemocompatibility as none of
the devices had thrombus and blood cell morphology and
coagulation parameters were within normal limits [19]. This
study demonstrated the safety and efficacy of miniature de-
vices but human testing is still pending.

Heart Assist 5

As gastrointestinal bleeding is a common complication of du-
rable devices, anticoagulation is often problematic and de-
vices with decreased thrombogenic potential are being sought
after. The Heart Assist 5 is another one of the smallest and
lightest axial flow pumps at this time, weighing just less than
100 g and around the size of a quarter. It is also implanted in
the pericardium as opposed to the abdomen, and because of its
size, it extends into usage for the pediatric population. It is
unique in that it houses a small probe that monitors flow
through the outflow graft into the aorta. The hemodynamic
information is displayed on the controller and can also be
remotely monitored to guide therapy (i.e., volume manage-
ment, medication changes). A study in 2016 compared the
Heart Assist 5 to the Heart Mate 2 and found it to have lower
thrombogenic potential due to less platelet activation, lower



Curr Emerg Hosp Med Rep (2019) 7:189-195

193

speed requirements, and less sheer stress as seen in artificial
flow models [20]. As thrombogenic potential becomes in-
creasingly optimized, the need for anticoagulation decreases
and may eventually be eliminated.

Total artificial heart

Total artificial hearts (TAH) have been an important develop-
ment for patients requiring biventricular support and who are
not candidates for LVADs. Patients with right ventricular fail-
ure have worse outcomes with LVADs as a weak right heart
cannot accommodate the increased flow generated from the
LVAD. The device consists of two polyurethane ventricles and
two mechanical single-leaflet tilting valves. The surgical pro-
cedure is more complicated as it involves cardiopulmonary
bypass, then excising the right and left ventricles as well as
atrioventricular valves and then attaching the artificial ventri-
cles. The Jarvik 7 device was the first TAH and utilized pneu-
matic compression to generate a cardiac output of 6 to 8
L/min. It was eventually renamed CardioWest, and in 2004,
Copeland et al. published a 10-year clinical study that demon-
strated 79% success rate of bridge to transplant. Total artificial
hearts became relevant with the original SynCardia TAH
which established a feasible bridge to transplantation [21]. In
2013, the FDA approved a humanitarian use for a smaller
version of the SynCardia TAH for destination therapy.

Research continues in this field, namely the CARMAT
TAH. This device utilizes an electrohydraulic mechanism to
generate pulsatile flow that adapts with exercise. In addition, it
has bovine pericardium valves that enhance its
hemocompatibility. A case report of two patients published
in 2015 by Carpentier et al. demonstrated a patient living up
to 9 months post implant [22]. The ReinHeart TAH is a novel
system that utilizes a pusher plate between each ventricle
chamber alternating between squeezing one chamber while
relaxing the other. The preliminary animal data has shown
favorable results with 99.4% of blood washing out within
three pump cycles leading to decreased pooling of blood and
decreasing rates of thrombosis [23]. Limitations include dura-
bility of the device as there are numerous moving parts as well
as need for systemic anticoagulation. However, other ad-
vances have been proposed for increased hemocompatibility
including titanium surfaces and grating that promotes adhe-
sion of endothelial cells. These advancements will potentially
decrease the rates of pump thrombosis and cerebral vascular
accidents in the future.

Transcutaneous energy transmission

A common factor for current forms of durable mechanical
support are drivelines which are externalized power cables
and are a major source of infection. Although decreasing the
size of the driveline has decreased rates of infection, the

infection rate remains approximately 19% in the 12 months
following implantation [24]. A novel mechanism has evolved
called transcutaneous energy transmission (TET) which has
allowed complete internalization of the device. The concept
involves an external battery which provides direct current
which is converted to alternating current and then applied to
a coil which sits on the skin. This coil produces an oscillating
magnetic field which resonates an internal coil which gener-
ates an alternating current and powers an internal battery. Two
devices have utilized this mechanism, the AbioCor implant-
able replacement heart and Arrow International LionHeart.
These devices had obvious drawbacks including the need for
close TET location and short battery lives which led to inferior
outcomes in studies. However, these devices were the first in
its kind and have paved the way for further research. The
FREE-D system improved on this technology by utilizing
more efficient resonant coupling to induce electricity over 2
to 3 m and extinguished the need for skin contact and reduced
interference. While both of these technologies are far from
perfection, they both symbolize innovative means for reduc-
ing the need for externalized drivelines and decreasing rates of
infection.

Specific uses

As demonstrated, many different forms of mechanical support
are available and several decisions need to be made when
deciding on mechanical circulatory support. The first consid-
eration is when to consider MCS. The Interagency Registry
for Mechanically Assisted Circulatory Support
(INTERMACS) is a North American registry of patients
who have an FDA-approved mechanical circulatory support
device and provides a classification which is a useful tool to
guide this decision. Patients who are INTERMACS profile 2
have evidence of worsening perfusion and end-organ function
and are defined as patients who are “sliding” on inotropes.
These patients are candidates for initiation of mechanical sup-
port. Generally, if the patient likely has irreparable pathology
or severe neurological insult, mechanical support should be a
multidisciplinary decision. Timing has been looked at in sev-
eral studies, and the expert consensus is that early recognition
and early initiation are important, particularly in the setting of
acute myocardial infarction. These studies have contributed to
the push for “door to unloading” time [25]. Early recognition
of cardiogenic shock and early initiation of mechanical sup-
port lead to decreased left ventricular stress and oxygen de-
mand, less inflammatory response, less ischemia, and overall
better outcomes.

When to transition from temporary support to durable
support is another important point. In patients who have
not made meaningful recovery, durable mechanical sup-
port should be considered. Recovery can be assessed by
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echocardiography, by laboratory analysis, and by hemo-
dynamic parameters. In patients with an acute insult such
as acute myocardial infarction or acute myocarditis, it is
recommended to trial temporary mechanical support for
about 1 week before making the decision for bridge to
durable device or bridge to transplant [26, 27]. For pa-
tients with long-standing cardiomyopathy, the decision for
bridge to durable device or bridge to transplant should be
made earlier as their chances for recovery are smaller.
Temporary mechanical support in these situations should
be utilized to permit recovery of cardiac output and to
permit time for candidate selection and elective transition
to durable device or transplant.

Another decision factor is level of support (i.e., level of
flow needed for end-organ perfusion, single ventricle versus
biventricular support) and whether support is expected for
longer periods of time. In the latter case, clinicians may opt
for axillary approach where the patient can remain ambula-
tory. Anticoagulation is another factor to consider. The
IABP system does not require full anticoagulation, particu-
larly if it is placed in 1:1 setting. The next decision to be
considered is whether oxygenation will be required. In this
setting, the IABP or Impella system would not be ideal and
more advanced forms of support should be considered. In
the chronic heart failure setting, durable devices are to be
considered. Similar decision points of single versus
biventricular support need to be considered. Patients with
right ventricular failure have worse outcomes with pure
LVAD support and BiVAD or TAH should be considered at
that point.

Conclusions

Heart failure continues to be a growing epidemic, and as
the supply of transplants is limited, mechanical support
remains a promising option for many patients.
Mechanical support is certainly a growing field; however,
the lack of randomized trials remains an obstacle. As the
“door to balloon” time continues to evolve, pursuing fur-
ther research in mechanical circulatory support will be of
paramount importance. Whether it is acute cardiogenic
shock or chronic heart failure, this new array of devices
will usher in a new era of cardiac care.
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