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Background: The introduction of transcatheter pacemaker technology has the potential to significantly
reduce if not eliminate a number of complications associated with a traditional leaded pacing system.
However, this technology raises new questions regarding how to manage the device at end of service, the
number of devices the right ventricle (RV) can accommodate, and what patient age is appropriate for this
therapy. In this study, six human cadaver hearts and one reanimated human heart (not deemed viable for
transplant) were each implanted with three Micra devices in traditional pacing locations via fluoroscopic
imaging.

Methods: A total of six human cadaver hearts were obtained from the University of Minnesota Anatomy
Bequest Program; the seventh heart was a heart not deemed viable for transplant obtained from LifeSource
and then reanimated using Visible Heart R© methodologies. Each heart was implanted with multiple Micras
using imaging and proper delivery tools; in these, the right ventricular volumes were measured and
recorded. The hearts were subsequently dissected to view the right ventricular anatomies and the positions
and spacing between devices.

Results: Multiple Micra devices could be placed in each heart in traditional, clinically accepted pacing
implant locations within the RV and in each case without physical device interactions. This was true even
in a human heart considered to be relatively small.

Conclusions: Although this technology is new, it was demonstrated here that within the human heart’s
RV, three Micra devices could be accommodated within traditional pacing locations: with the potential
in some, for even more. (PACE 2016; 39:393–397)
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Introduction
The development of transcatheter pacing

systems (TPS), or miniaturized pacemakers
that are placed directly within a patient’s right
ventricle (RV) has significantly reduced and in
some cases eliminated a variety of complications
that have been associated with the pocket and/or
the lead placement of traditional pacing systems.1
These complications may include but are not
limited to: infection, erosion, pocket hematoma,
lead fracture, and/or lead dislodgement. A
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recent clinical trial reported the pocket and lead
contributed up to 83% of those complications
occurring within the first 2 months after implant.2
While the TPS technology has reduced many of
these complications,1 the implantation of the en-
tire device into the heart has raised the important
question of how to manage the end of service
(EOS) in patients with expected longevities.

In a traditional leaded pacemaker system, at
EOS, the pacemaker is replaced with a new device
leaving the lead in place. In cases of lead failure,
the implanter may choose to either abandon or
extract the existing lead. It is generally accepted
that two or three leads can be placed in the
heart as an acceptable alternative to extraction.
Complications with lead extraction have been
well documented and the decision to perform
extraction requires careful assessment of risks
versus the benefits for the patient.3,4 In contrast, it
has been speculated that any TPS residing in the
heart may be difficult to extract after 10 or more
years.

To address this issue, the Medtronic TPS
(Medtronic, Mounds View, MN, USA) was
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designed so that is can be permanently pro-
grammed in an off mode and left in the heart for the
life of the patient. This concept provides options
for managing patients who may need to receive
additional devices when the first device reaches
EOS. Thus, the implanter may choose to attempt
an extraction or implant another device and turn
off the previous one. However, this progression
bares the anatomical question as to how many
Micra devices can the RV accommodate. In this
article, we describe a series of implants in cadaver
human hearts, as well as a reanimated one, to
demonstrate what might be feasible in clinical
situations so to implant up to three devices. This
was studied in each of the seven human hearts
using both direct visualization and fluoroscopy.

Methods
Medtronic TPS devices were implanted in

a total of seven human hearts. Six were from
fresh cadavers obtained from the University of
Minnesota Anatomy Bequest Program and one was
from an organ donor of which the heart was not
deemed viable for transplant (via LifeSource, St.
Paul, MN, USA).

In each of the six cadaveric hearts, three
TPS were implanted employing standard femoral
implantation procedures, imaging, and tools.5 The
devices, tools, and procedure have been described
in detail elsewhere.5,6 In addition to fluoroscopic
imaging, direct intracardiac visualization of the
endocardium was used postimplantation, in order
to understand the relationships between the size
of the right ventricular chamber and the relative
positionings of the implanted Micra devices.

In brief, the preparation of six cadavers
for perfusion and imaging was as follows: the
anterior ribcage was removed and the superior
vena cava (SVC) and pulmonary artery (PA) were
cannulated. The SVC cannula was connected to a
peristaltic pump, which delivered 37° tap water to
the heart. The inflow of water in the SVC and the
outflow in the PA were balanced such that there
was constant flow through the right heart while
maintaining an end-diastolic shape. After flushing
all remaining blood in the right heart, a flexible 4-
mm endoscope was inserted in the bifurcated SVC
cannula for visualization.

Following pressurization, three devices were
serially implanted in the RV of the human
cadaver hearts via the femoral vein and fixated
in different positions within the RV, including:
the right ventricular apex, septum, and the
septal right ventricular outflow tract. The operator
was blinded to the direct visualization during
device placements to limit bias based on the
intracardiac camera. In each of the six perfused
cadavers, the device was implanted utilizing the

recommended Micra implant procedure approach
outlined below:

(1) Seldinger technique to access femoral
vein

(2) Insertion of the TPS introducer
(3) Insertion of the TPS delivery system
(4) Navigating to the RV
(5) Deployment of device
(6) Test device fixation
(7) Removal of tether and delivery tools

The first pacing capsule was intentionally
placed in the RV apex of each heart; active fixation
was tested and then the Micra delivery system
was removed. The second and third devices
were positioned utilizing the identical implant
procedure. Fluoroscopic images and cines were
obtained in the posterior-anterior, right anterior
oblique, and left anterior oblique positions of the
device immediately after implant. The seventh
heart was reanimated and perfused with a clear
Krebs-Henseleit buffer according to previously
described Visible Heart R© methodologies.7,8 En-
doscopic cameras were positioned once a native
sinus rhythm was obtained for direct visualization
of the Micra devices. The devices were implanted
with the Micra delivery system via the SVC and
steps 4–7 outlined above were followed. Unlike
the cadaver hearts, for the implants within the
reanimated heart only direct visualization with
endoscopic cameras were utilized for the implants
and positioning of the Micra devices.

Postimplant, endoscopic imaging was per-
formed on all specimens for further verification
that the devices were not physically interacting.
Following the implantation and imaging of three
Micras in each of the cadavers, the hearts were
excised from the body and the atrium was removed
to view the devices through the tricuspid annulus.

In order to determine the size of the
various hearts, each heart was weighed and an
approximation of RV volume was determined by
holding the heart upright and open at the right
atrium and injecting water with a 50cc syringe
directly into the RV from the right atrium until
the tricuspid annulus was reached. Then, the RV
free wall was reflected to obtain a clear image of
the devices inside the RV. Finally, the distance
between the tricuspid annulus and the RV apex
was documented by measuring from the RV apex
to the tricuspid annulus (N = 5).

Results
Images from the largest and smallest hearts

among the cadaver hearts are shown in Figure 1.
An image from the reanimated heart is shown in
Figure 2. The perfused cadaver hearts ranged in
weight from 433.6 g to 803.2 g and in volume from
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Figure 1. Multiple Micras implanted as shown in photographic and fluoroscopic images. An
example of the largest heart is shown in A and B (specimen 10549); an example of smallest heart
is shown in C and D (specimen 10550).

Figure 2. Endoscopic view of three Micra devices
implanted within the right ventricle of a reanimated
human heart.

35 mL to 200 mL, with a range in A-V distance
from 6.5 cm to 9.5 cm (Table I). In addition, the
body mass index for six cadavers was calculated
using the National Institutes of Health calculator
and ranged from 20.1 to 26.2 (Table I).

Discussion
The future utilizations of TPSs challenge

both implanters and medical device developers
to evaluate pacemaker replacements from a new
perspective. More specifically, from initial patient
selection, to estimating EOS as well as a given
patient’s life expectancy, considerations must be
made to optimize the management of the device
life cycle.

While today the average age of a Micra
patient is 76 years,1 the size of the device
and the perceived benefits such as preserving
vascular access and eliminating lead problems
may provoke some physicians to consider a TPS in
younger patients. For example, pediatric patients
have been noted to elicit higher incidences of lead
fracture9 and managing lead lengths in growing
children can be challenging. The device life cycle
questions become elevated in importance as we
consider a given patient age, pacing needs, device
longevity, and their expected lifespans.

Today, it has been estimated that the average
pacemaker patient receives their implant at age
75 years and the average pacemaker now lasts
approximately 10 years.10 Therefore, it is hoped
and often the case that many patients receive
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Table I.

Specimen Demographics

Height Weight Heart Weight RV A-V
Specimen ID Age Sex (cm) (kg) BMI (grams) Volume (cc) Measurment (cm)

10523 66 M 190 95 26.2 N/A N/A N/A
10543 63 F 170 70 24.3 585.6 N/A 8
10547 59 M 187 81 23.1 498.2 55 9
10549 76 M 172 63 21.3 802.3 200 8.8
10550 79 F 157 49 20.1 433.6 35 6.5
10551 95 M 177 79 25.1 583.3 90 9.5
Reanimated heart No information available

BMI = body mass index; RV = right ventricular.

multiple pacemakers and multiple leads in their
lifetime. It is a commonly accepted practice
that more than one transvenous pacing lead
can be implanted in the RV as long as there
are minimal physical interactions between the
new lead and existing lead(s). The physical
limitation to this practice is typically the smaller
diameter subclavian venous anatomy, and/or
partial to full occlusion of the SVC. It is
generally considered that these limitations should
be eradicated with Micra and this study shows
that even in a relatively small RV chamber (35cc),
the implanter successfully placed three Micra
devices utilizing fluoroscopic visualization, with
no physical interaction between any of the three
devices.

Importantly, the average RV volume in end
diastole studied across a larger number of subjects
using 3D Echocardiography was 80 mL ± 22 mL
for subjects >70 years of age.11 Therefore, in an
average pacemaker patient, a single Micra will
take up <1% of the RV volume and three Micras
implanted in the RV would displace <3% of the
total volume.

Pacemaker and lead removal or replacement
is not without complications, which have all
been well documented.3,4 Therefore, the ability
to program the Micra device off and implant a
new one would allow flexibility in determining the
safest procedure for a given patient, i.e., if indeed
multiple devices can be left in the human heart,
some patients may not need to undergo a Micra
extraction procedure.

However, if the device must be removed,
whether or not it is encapsulated is an important
consideration. Currently, there is not sufficient
knowledge regarding the rate of encapsulation
with these small devices implanted directly
within the heart. To account for these unknowns,
the Medtronic TPS was designed with a proximal

retrieval feature that enables removal with a
snare, provided the proximal end is free of
encapsulation. Animal data at 28 months showed
one of four devices fully encapsulated with the
remaining three devices safely and successfully
removed.12 In man, there is only one report of
the Micra device being retrieved, which was
only several weeks postimplant.13 As further
clinical experience is gained, we will increase our
understanding of optimizing patient selection and
device management throughout its life cycle.

Limitations
Although the anatomy of each of these seven

hearts easily accommodated three Micra devices
without physical interaction, it is recognized that
this is a very small sample size and physical
distances were the only quantified parameters.
Yet, ranges of hearts with quite varied ventricular
volumes were utilized. In addition, no electrical
performance was assessed and the chosen sites
were solely based on what typically are known
to be acceptable physical locations within the
RV. In addition, although physical distances
were confirmed, there is potential that within a
given beating heart, device interactions would
be possible. Therefore, for more representative
conclusions to be drawn, additional studies are
needed to elucidate whether multiple devices in
the RV may impact cardiac function and to what
extent as well as if they will alter in any way device
performance.

Conclusions
The capability of the human RV to accom-

modate at least three Micra devices without
physical interaction, in seven unique anatomies
was demonstrated. The ability to accomplish this
through recommended Micra implant procedures
via standard fluoroscopic imaging, as well as
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verified through endoscopic imaging, indicates
that it will likely be feasible to place up to three
Medtronic TPS devices into the RVs in most
patients.

While the potential benefits of a self-
contained miniaturized pacemaker, such as the
elimination of both the pectoral device pocket and
lead(s), has been demonstrated, the introduction
of the TPSs also raises new questions. More data
will be necessary to further assess the appropriate

clinical strategy for the TPS at EOS. Nevertheless,
the possibility to place three Micra devices
within a given patient’s heart would provide the
possibility of therapeutic pacing for 3–4 decades
of life.
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