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Innovation is defined as the production, adoption, or inte-
gration of a value-added novelty.' The most common defi-
nitions of innovations describe 4 subtypes in which
innovations can be categorized: (1) basic research, (2)
breakthrough innovation, (3) sustaining innovation, and
(4) disruptive innovation. 1.2

Technological and surgical innovations are greatly inter-
dependent, and some medical specialties, such as mechan-
ical circulatory support (MCS) systems, are especially
technology-driven. Habitually innovative developments,
such as the miniaturization of devices, lead to the establish-
ment of new implantation strategies. Contrarily, the con-
stant longing of physicians for solutions for surgical or
clinical challenges and patients’ preferences drive engi-
neers to adapt and reinvent technological devices.

A breakthrough innovation in the development of MCS
was the shift from pulsatile-flow to continuous-flow pumps,
which facilitated the miniaturization of ventricular assist
devices (VADs).” Whereas the early versions of these de-
vices required extended sternotomy owing to their bulky
size, the new generation of devices has reduced the inva-
siveness of the implantation procedure and has facilitated
less invasive implantation strategies as a sustaining innova-
tion.”® The combination of advanced technological
devices, improved implantation techniques, and reduced
adverse events rates contributed greatly to the wide
acceptance of the new generation of VADs and their
permanent inclusion in the treatment guidelines for
terminal heart failure.’

In this article, we discuss these innovative approaches, as
well as alternative surgical approaches, for VAD implanta-
tion and explore possible future developments.

Less Invasive VAD Implantation Through
Thoracotomy

In the past, the most frequently used technique for VAD
implantation was a median sternotomy, a well-established

From the Department of Cardiac, Thoracic, Transplantation, and Vascular Surgery,
Hannover Medical School, Hannover, Germany.

Received for publication July 30, 2021; accepted for publication Sept 27, 2021.

Address for reprints: Jasmin S. Hanke, MD, Department of Cardiac, Thoracic, Trans-
plantation and Vascular Surgery, Hannover Medical School, Carl-Neuberg Str 1,
30625 Hannover, Germany (E-mail: Hanke.Jasmin@mh-hannover.de).

JTCVS Open 2021;8:28-32

2666-2736

Copyright © 2021 The Author(s). Published by Elsevier Inc. on behalf of The Amer-

ican Association for Thoracic Surgery. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.xjon.2021.09.047

28 JTCVS Open * December 2021

DISRUPTIVE INNOVATION

PROBLEM DEFINITION

Material
Biocompat

s Fuly Ing
oty interver
Batterios and Energy Transfor
ete.

DOMAIN DEFINITION

Innovations  in  ventricular  assist device

implantation.

CENTRAL MESSAGE

The third generation of ventric-
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ever, novel technologies are
needed to further advance the
field of mechanical circulatory
support devices.
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approach that provides good exposure for implanting the
pump body compared with other techniques. To date, full
sternotomy has been the most frequently used approach in
all major scientific studies and thus has been researched
the most.” However, because the size of the pump body de-
termines the size of the incision, the continuous miniaturi-
zation of third-generation VADs drove the development of
less invasive surgery (LIS) procedures.™**

For LIS left VAD (LVAD) implantation, most surgeons
use a combination of a lateral thoracotomy and a hemister-
notomy by tunneling the outflow graft through the left
pleural space.”® Another viable alternative sternal-sparing
strategy is the combination of an anterolateral thoracotomy
and a right-sided upper thoracotomy.”*'" Benefits and
weaknesses of LIS VAD implantation are summarized in
Table 1.

A minor drawback of LIS VAD implantation is the with-
drawal of the HeartWare HVAD (Medtronic Minneapolis,
Minn) from the market in June 2021.'> When introduced
in 2006, the HVAD was—especially compared with larger
competitors, such as the Heart Mate II (Abbott, Abbott
Park, Ill)—a highly innovative centrifugal pump that made
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TABLE 1. Benefits and drawbacks of less invasive ventricular assist
device implantation

Benefits Drawbacks

Approved concept No easy concomitant procedures

Easy to learn Difficult in very obese patients
Less sternal and wound infections Limited space

Fewer adhesions for future redo Limited exposure

procedures

Good cosmetic results and patient
preference

Reduced right heart failure
Shorter intensive care unit stay

Shorter stay on ward until
discharge

Economically beneficial

LIS implantation possible.”” Implantation via thoracotomy
is also possible with Abbott’s HeartMate 3, currently the
most popular VAD; however, its slightly larger pump body
and the unhandy click-in mechanism increase the difficulty
of fitting the pump in smaller anatomic settings.’

Along with satisfying patients’ desire for minimally inva-
sive procedures, multiple studies suggest that LIS VAD im-
plantation is associated with reduced right heart failure and
use of blood products, decreased hospital length of stay, and
overall improved survival, especially in INTERMACS 1
patients. It also is suggested to be a preferred method in
reoperative procedures and seems to prevent large adhe-
sions, an advantage in bridge-to-transplantation candi-
dates.**!%">1* One criticism is that double-blinded
large-scale trials are still missing for LIS implantation
versus conventional sternotomy to scientifically prove these
effects; however, the positive effects of conventional
implantation have never been proven either.

Alternative Sites and Techniques for Outflow Graft
Anastomosis

Conventionally, the outflow graft of the LVAD is anasto-
mosed to the ascending aorta.” This has several advantages,
including providing the most physiologic blood flow and
thus reduced flow turbulence, resulting in decreased adverse
events. However, in certain anatomic settings (eg, porcelain
aorta), alternative sites for outflow graft placement are
required. Common alterative positions for outflow graft
placement are the brachiocephalic trunk, subclavian artery,
and descending aorta. Disadvantages of these techniques
include the possible unbalanced hyperperfusion or hypoper-
fusion of the arm and head, flow disturbances, and surgical
challenges.”'>'” One alternative to conventional outflow
graft placement involves tunneling the outflow graft
through the transverse sinus with the aim of protecting the
outflow graft in reoperative procedures, such as heart
transplantation.'”

A novel (albeit experimental) outflow graft anastomosis
technique involves using the DaVinci robotic system to
perform the anastomosis to the ascending aorta via a mini
thoracotomy.'” Although this surgical approach is innova-
tive, the necessary investments likely outweigh the advan-
tages of this technique. Nevertheless, the feasibility of
robotic-assisted VAD implantation has been demonstrated,
and further advanced robotic-guided implantation might be
a possible innovative approach in the future.'”

Exchange Procedure, Upgrade, and Explantation

Owing to the increased implantation rates and the rising
numbers of destination patients, VAD exchanges are pro-
gressively becoming a standard surgical procedure in all
MCS programs. Serious device infection and thrombosis
remain major complications of VAD therapy that need to
be treated with a pump exchange if other treatments
fail.>"*" It has been proven that upgrading the older-
generation LVADs to a newer-generation device during
LIS LVAD exchange is feasible and shows similar results
as conventional exchange procedures.”’ Given the advan-
tages and technical improvements of the newer-generation
pumps, the exchange procedure also provides an opportu-
nity to upgrade patients to a superior generation of VADs
with a preferable adverse event profile.””

Recovery of native cardiac function is a rarely achieved
but highly aspired-to goal in VAD therapy. Surgical VAD
explantation in cases of cardiac recovery can be a challenge
given the high-risk patient cohort. In the past, sewing ring
explantation and ventricular reconstruction was necessary
for device explantation. Now several manufacturers have
developed custom-made plugs for VAD explantation.
Thus, VAD explantation solely through thoracotomy is rec-
ommended. An alternative approach to VAD explantation is
decommissioning the device with operative or interven-
tional outflow graft occlusion or banding via a mini
thoracotomy.”'**

On- and Off-Pump Implantation Strategies

To further decrease invasiveness, VAD implantations, ex-
changes, or upgrades potentially can be performed without
use of the heart-lung machine. However, such procedures
are widely considered unsafe because of the association
with such risks as air embolism, stroke, blood loss, and right
heart failure, which can be avoided by using on-pump tech-
niques. Furthermore, on-pump techniques offer the oppor-
tunity to inspect the left ventricular cavity in detail and
remove any endothelial, trabecular, or thromboembolic ma-
terial. Thus, generally off-pump VAD implantation, ex-
change, or upgrade is recommended only in selected
cases with contraindications for the use of a heart-lung ma-
chine, such as severe vascular calcifications or high risk of
cerebral bleeding.”>*>
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ALTERNATIVE CONFIGURATIONS: RVAD, BiVAD,
VAD-TAH

Implanting ventricular assist devices in alternative con-
figurations is currently an off-label procedure. However,
such configurations as single-ventricle right-sided VAD
(RVAD) or the biventricular use of newer generation
VADs have been described in the literature. Another off-
label therapy concept is the implantation of 2 VADs in the
setting of a total artificial heart (TAH).Z(”27 As transplanta-
tion is quantitatively limited, cardiac replacement with a
TAH offers an alternative surgical option as an ultima ratio
concept in cases of severe biventricular failure. However,
owing to the low number of TAH implantations performed
worldwide, confidence in handling TAHs is rare in most car-
diac centers. An alternative approach to TAH implantation
is the use of 2 HeartMate 3 devices in a TAH configuration
after cardiectomy (HM6). Although HM6 implantation has
been proven feasible in several international centers, it re-
mains an ultima ratio and off-label concept that needs
further investigation.”®*

When to Use Novel Surgical Strategies and When Not
to?

Minimally invasive strategies are a trending development
throughout all surgical and interventional specialties, and
consequently and undoubtedly, LIS strategies are also the
future of VAD implantation. In general, a conventional
VAD implantation via a full sternotomy is a safe procedure
in standard cases; however, especially in selected anatomic
or physiological conditions (eg, right heart failure, reopera-
tive procedures), LIS VAD implantation is a strong tool for
improving outcomes.

With increasingly positive outcomes, physicians’ confi-
dence in VAD therapy is high, and thus the number of chal-
lenging cases will continue to increase. Surgeons are
strongly recommended to invest time in learning LIS pro-
cedures and study alternative surgical approaches for the
highly inhomogeneous group of patients with terminal heart
failure.

Compared with the regulatory restrictions concerning
new technologies, the regulatory oversight for the applica-
tion of new surgical techniques is rather nonexistent. Owing
to the possible complication of suboptimal device posi-
tioning, we recommend using an alternative technique
only if optimal positioning of the inflow cannula and
outflow graft can be reproducibly established. Yet it should
be mentioned that not everything that surgically can be done
needs to be done, and also that everything that is surgically
feasible cannot be done by every surgeon. Thus, it is
strongly recommended that challenging cases of VAD im-
plantation be transferred to high-volume VAD centers for
optimal treatment.
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OUTLOOK ON FUTURE DEVELOPMENTS

As discussed earlier, there have been significant improve-
ments in surgical technique with the introduction of a third
generation of VADs. However, further surgical innovation
cannot be expected with the currently available devices.
Any new disruptive or breakthrough innovations will
require new developments from the technological side.
Over the last 5 years, the market for permanent VADs has
been dominated by Abbott’s HeartMate 3 and Medtronic’s
HVAD. Given that competition drives innovation, the now
de facto monopoly status of Abbott’s HeartMate 3 is poten-
tially discouraging in the hope for novelty. Nevertheless,
exciting technologies are currently in development or ready
for market introduction, and discontinuation of the HVAD
device might leave room for other innovative technologies
to grow if funding can be secured.

Technological developments that are expected to bring
breakthrough or disruptive innovation to surgical tech-
niques include further miniaturization, novel technological
features, fully implantable VADs, and improved tools for
implantation. The various innovations in VAD implantation
technique discussed in this report are listed in Figure 1.

Miniaturization

Further miniaturization of VADs will lead to even lesser-
invasive implantation procedures. Small VADs, such as the
MVAD (Medtronic) and Synergy (CircuLite, Saddle Brook,
NJ) devices, offered smaller diameters and thus the possibil-
ity for smaller incisions; however, both devices were asso-
ciated with increased thromboembolic adverse events and
ultimately were taken off the market.””’ Overcoming
this challenge of increased thromboembolic risk for smaller
devices would vastly increase the possibility of further
reducing surgical trauma and also making long-term VAD
therapy available for smaller children. Another option in
the miniaturization of VADs is an interventionally implant-
able VAD. The implementation of these devices would be a
disruptive innovation concerning implantation technique
that could be similar to transcatheter aortic valve implanta-
tion techniques and decrease surgical trauma even further.

Fully Implantable VADs

The Achilles’ heel of VADs remains the external drive-
line, which contributes to adverse events and unacceptance
of the therapy form. Infections remain the major challenge
in VAD therapy, which is associated with a relatively high
rate of postoperative infections compared with cardiac
transplantation. Transcutaneous energy transfer (TET)
avoids this complication by eliminating the external drive-
line. Two patients have already been implanted with this
innovative device,”' but large-scale trials and studies on
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FIGURE 1. Four types of innovations in surgical implantation of ventricular assist devices. Original illustration, based on Henderson and Clark.”

the combination of this technology with established VADs
are still needed to ensure the safety of this novel technology.

Improved Surgical Tools

Surgical demands change with new implantation tech-
niques. Thus, with new techniques comes the need for
new surgical tools to facilitate innovative approaches.
One successful example is a new plug to ease HeartMate
3 explantation, which greatly simplifies the explantation
procedure and avoids the need for excessive ventricular
reconstruction after sewing ring removal.”'** Other tech-
nological alterations in tools that facilitate implantation
include an improved sewing ring with the ability to modify
the insertion depth and angle of the inflow cannula, as well
as an improved click-in mechanism for VAD insertion. A
multitude of different coring tools have been developed
and applied over the years; however, none of these devices
fully eliminated the need for ventricular inspection and the
further removal of trabeculae, which could possibly lead to
suction events of pump thrombosis. Furthermore, improved
intraoperative imaging, such as 3- and 4-dimensional ec-
hocardiography, has further optimized inflow cannula
placement.

Other needed improvements to facilitate VAD implanta-
tion is the development of longer surgical tools which aim
to ease less invasive implantation in obese patients as well
as a technical option to improve deairing of the device.
Other novel tools, such as automatic suturing devices, are
currently in use in other surgical fields and might contribute
to decreased implantation times for sewing ring and outflow
graft anastomosis.

With the development of improved tools that facilitate
implantation, such as better coring tools and deairing

devices, further reduction in the use of surgical safety
nets, such as the heart-lung machine, and safe off-pump im-
plantation might be possible.

Disruptive Innovation

Despite technological advances, heart transplantation re-
mains the gold standard for treating end-stage heart failure,
and the risk of thrombosis and infection, along with depen-
dence on technology, remain the major challenges with the
use of current-generation VAD devices.® However, trans-
plantation is limited by a donor shortage, which is causing
high mortality rates on the waiting lists if no alternative op-
tions are available. Thus, the permanent availability of
VAD:s is a unique selling point and brands them as an attrac-
tive alternative to transplantation especially in emergency
cases, as well as for patients who do not meet the criteria
for heart transplantation.”

A disruptive innovation in the field of permanent me-
chanical support would arise if VADs’ unique selling point
of permanent availability is met by a product with better
biocompatibility that reduces the aforementioned VAD-
associated complications. Xenotransplantation might be
such a disruptive innovative approach that may represent
a giant leap forward in the treatment of terminal heart fail-
ure but would obliterate all the current innovations in VAD
implantation.’”

CONCLUSIONS

With beneficial adverse event profiles, LIS procedures
are the future of heart failure surgery. The miniaturization
of VADs has led to the development of several new
surgical implantation strategies that are especially useful
in challenging cases. However, surgical revolution is
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technology-driven, and given that the HeartMate 3 device
was introduced in 2014, there is room for further break-
through innovations. Significant innovations such as fully
implantable devices, further miniaturization, novel technol-
ogies, and new/improved surgical tools, will lead to further
advancements in implantation techniques.
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