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Abstract—This paper presents a comprehensive review of
state-of-the-art, commercially available neurostimulators. We
analyse key design parameters and performance metrics of 45
implantable medical devices across six neural target categories:
deep brain, vagus nerve, spinal cord, phrenic nerve, sacral nerve
and hypoglossal nerve. We then benchmark these alongside
modern cardiac pacemaker devices that represent a more estab-
lished market. This work studies trends in device size, electrode
number, battery technology (i.e., primary and secondary use and
chemistry), power consumption and longevity. This information
is analysed to show the course of design decisions adopted by
industry and identifying opportunity for further innovation. We
identify fundamental limits in power consumption, longevity and
size as well as the interdependencies and trade-offs. We propose
a figure of merit to quantify volumetric efficiency within specific
therapeutic targets, battery technologies/capacities, charging ca-
pabilities and electrode count. Finally, we compare commercially
available implantable medical devices with recently developed
systems in the research community. We envisage this analysis
to aid circuit and system designers in system optimisation and
identifying innovation opportunities, particularly those related to
low power circuit design techniques.

Index Terms—Neurostimulators, neuromodulation,
implantable medical devices, neural interface, energy efficiency,
miniaturisation, battery

I. INTRODUCTION

HE prevalence of neurological disorders (approximately

1 in 6 of the world’s population) coupled with our
improving understanding of disease mechanisms and advances
in microtechnology have all driven a steady growth in im-
plantable neurostimulator research and translational efforts.
From chronic pain to Parkinson’s disease (PD), the number of
clinical applications being addressed using neurostimulation
is ever increasing (Fig. 1). The neuromodulation market is
expected to grow from USD 4.4 billion in 2018 to USD 11.3
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billion by 2026 [1], evincing an important expectation for the
impact of such research.

With the availability of such technology, what was once
considered last resort will progressively become elective at
earlier stages in disease treatment. An emerging trend has been
the application of neurostimulation beyond drug-refractory
diseases (e.g., PD or epilepsy) to conditions that have been
traditionally addressable through pharmaceutical interventions.
One approach here has been the application of bioelectronic
medicines (‘electroceuticals’) [38], [39] to modulate the
autonomic nervous system for immune-mediated inflammatory
diseases, e.g., rheumatoid arthritis [40].

The progression of neurostimulation technology over the
past two decades can be clearly observed in the increased
output of the research community (Fig. 2), in addition to
a more recent surge in translational activity within the neu-
rotechnology and medical devices industry.

Despite this significant level of activity, the literature cur-
rently lacks a comprehensive review from a circuit and systems
standpoint. Existing reviews are either focused on clinical
outcomes (i.e., efficacy) [41], [42], [43], or specific technical
components [44], [45], [46], [47], [48], but do not consider
the entire device.

To the best of our knowledge, this is the first comprehensive
review of state-of-the-art, commercially available neurostimu-
lators. We analyse design parameters and performance metrics
of 45 implantable medical devices aimed at six different neural
targets.

More specifically, we studied the trade-off between battery
capacity and device volume, as well as their relationships
with battery chemistry. We then benchmark those devices
alongside modern cardiac pacemakers that represent a more
established market. In addition, we presented volumetric trends
of neurostimulators over time. We broke down energy utilisa-
tion into different consumption sources. These results, along
with our volumetric analysis, enabled us to estimate some
miniaturisation limits for battery-powered neurostimulators
given the current technologies of battery and connectors. We
defined a Figure of Merit (FoM) based on the insights gained
in the aforementioned analyses, and applied it to the assessed
device set as well as some research platforms.

This work is organised as follows: Section II presents the
device inclusion criteria considered for this review; section III
presents an energy-flow model for a generic neurostimulator
system and its application to the assessed devices; Section IV
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Fig. 1. Significant milestones in neurostimulation divided by neural target. Selected examples were illustrated to scale to convey the breadth across different
form factors of current technology. In addition, reported patient number per target was included (absolute figures except for SCS, presented as patient number
per year). PNS DP: Diaphragm pacing; CH: Chronic hypoventilation; CSA: Central sleep apnea; ([2], [3], [4])- HNS OSA: Obstructive sleep apnea; ([5],
[6], [7]) - DBS ET: Essential tremor; L-PD: Levodopa-responsive Parkinson’s disease; P-D: intractable (drug refractory) primary dystonia; EP: Epilepsy;
A-D: Alzheimer’s dementia; MDD: Mayor depressive disorder; ([8], [9], [10], [11], [12]) - VNS D-TDR: Difficult to treat depression; AD: treatment-resistant
anxiety disorder; CD: Crohn’s disease; BD: Rapid cycling bipolar disorder; Stroke: Stroke; ([13], [14], [15], [16], [17], [18], [19]) - SNS UI: Urinary urge
incontinence and non-obstructive urinary retention; FI: Faecal incontinence; Urge I: Urgent incontinence; U-FS UR: Urgency-frequency syndrome and urinary
retention; IS: interstitial cystitis; CPP: Chronic pelvic pain; Cons: Constipation; ([20], [21], [22], [23], [24], [25], [26]) - SCS C-CP T,A,L: Chronic pain from
nerve damage in the trunk, arms or legs; HF10 B,L: High frequency spinal cord stimulation for chronic pain in low back or legs; BURST B,L: Burst spinal
cord stimulation; CL-CB&L B,L: Closed-loop spinal cord stimulation for chronic back and leg pain ([27], [28], [29], [30], [31], [32], [33], [34], [35], [36],
[37D).

and finally, Section VII, concludes this review.
- Implantable Neurostimulator - Implantable Neuromodulator

5000 II. SCOPE: DEVICES AND THERAPIES

5 4000 A. Implantable neural device classification
g 3000 Implantable devices which interact with the nervous system
= can be classified in three categories: open-loop neurostimula-
-% 2000 tors, closed-loop neurostimulators and neural monitors (also

S including brain computer interfaces).
% 1000 Open-loop is currently the most widely adopted paradigm
0 in implantable neurostimulation devices. It consists on the
2005 2010 2015 2020 delivery of a stimulation therapy determined by a set of
predefined parameters. Stimulation waveform and sites are
publication year programmed by a physician according to patient needs.

On the other hand, closed-loop approaches enable systems
Fig. 2. Publication number obtained from Google Scholar for the key (g gtimulate in response to neural activity. In closed-loop

words “Implantable Neurostimulator” and “Implantable Neuromodulator”

since 2005. systems, neural signals are monitored and therapy is adjust ac-

cording to this information (i.e. detected biomarkers). Closed-
loop paradigms improve open-loop systems by responding

presents the relationship between total device volume and
battery capacity and chemistry; Section V presents device
miniaturisation limits; Section VI presents an overall compar-
ison including some perspectives from the research domain;

directly to patient state providing an on-demand, adaptive
therapy [39], [49], [50], [51], [52].

Some examples of closed-loop approaches involve the
utilisation of evoked compound action potential (ECAP) to



determine the efficacy of spinal cord stimulation [53], the
detection of overactivation of the intercostal muscle to de-
termine ventilation effort in the treatment of obstructive sleep
apnea by hypoglossal nerve stimulation [54], and the measure
of breathing patterns in phrenic nerve stimulation to treat
central sleep apnea [55]. In spite of the good prospect of this
approach, continuous stimulation and recording bares great
challenges. Stimulation floods the electrode-tissue interface
with charge, producing substantial artefacts in recorded neural
data. Several strategies has been proposed to reject artefacts at
both front-end (analogue) and back-end (digital) [56]. Closed-
loop platforms is a domain of intense current research. Some
interesting reviews on commercial and research closed-loop
neuromodulators can be found in [51], [52]. One of the
most recent developments is the AlphaDBS [57] which is a
commercial DBS device to treat Parkinson’s disease. It has
already gained the CE mark for its traditional (i.e., open-loop)
therapy, and the effectiveness of its adaptive (i.e., closed-loop)
therapy is currently under evaluation through clinical trials
[58].

It is worth to mention that, during follow-ups, physicians
adjust the device stimulation parameters according to patient
needs. Additionally, some systems also implement a patient-
in-the-loop strategy by giving the user a patient controller
to adjust the therapy among a set of predefined programmes
predefined by a physician. Those factors contribute to create
a feedback loop even if the patient is utilising an open-loop
neurostimulator.

Neural monitors only have sensing capabilities. These de-
vices are intended to record neural activity in order to under-
stand patient’s neural behaviour. One iconic example are the
brain computer interfaces (BCI) which record brain activity
(e.g., cortical signals) in order to translate this into actionable
information whereby, for instance, an amputee can control an
artificial limb [59], [60]. Another interesting platform is the
neural dust [61], which is a tiny, ultrasound-powered sensor
intended to measure neural activity of any kind.

A conceptual block diagram for implantable neural devices
is presented in Fig. 3. It is divided into battery, output
connectors, and the electronic circuit.
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Fig. 3. Conceptual block diagram of an implantable, battery-powered neural
device.

The circuit contains sub-modules aimed at: stimulating
the neural tissue (stimulation), recording biological signals
(sensing), communicating to/from the outside through RF to

receive commands and send records (communication), digital
processing to command stimulation, sensing and telemetry
(digital processing), power management to supply these mod-
ules (power management), and charging (charging).

The scope of this study covers fully implantable, battery-
powered and commercially available neural platforms with
stimulation capabilities (as depicted in Fig. 4). These criteria
exclude an important type of neural stimulator as cochlear
implants, since these systems have a distributed architecture
with an internal part that stimulates the cochlea and an external
part comprising the microphone, a speech processor and the
system battery. For benchmarking purposes, state-of-the-art
pacemakers as well as research platforms were included. The
rest of this section describes the neural targets addressed by
the investigated devices.
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Fig. 4. Inclusion criteria for our review.

B. Neural targets

The vagus nerve is the cranial nerve that connects the
brain to all the major organs in the body, and is associated
with controlling autonomic responses. Implantable vagus nerve
stimulators (VNS) has been used to modulate the immune
system to alleviate rheumatoid arthritis, treat heart failures,
prevent epileptic seizures, and treat stroke, among others.

Spinal cord stimulators (SCS) are typically intended to
stimulate the spinal cord for the treatment of chronic pain.
Classical SCS are based on a principle named ‘gate con-
trol theory of pain’ [62]. Upon an injury, pain signals are
transmitted to the brain through the spinal cord. Melzack and
Wall suggested there is a way to block this transmission by
stimulating certain “gates” at the dorsal horn, inhibiting painful
sensation.

Deep brain stimulators (DBS) has been used for treatment
of different neurological diseases like Parkinson, epilepsy,
dystonia, essential tremor, etc. [63]. A special case of DBS,



is the brain-responsive stimulation intended to treat epilepsy
operating in closed loop. This will be denoted as RNS.

Sacral nerve stimulators (SNS) stimulates the sacral nerve in
order to restore the neural communication between the bladder
or bowel and the brain to avoid incontinence.

Phrenic nerve stimulators (PNS) sends electric pulses to the
phrenic nerves in order to address central sleep apnea (CSA).
CSA is a serious disorder caused by intermittent interruption of
neural signals from the respiratory control centre. This affects
the normal breathing pattern during sleep. It impacts negatively
on life quality and health. By means of a sensing lead, PNS can
detect an anomalous breathing pattern and deliver stimulation
pulses to the phrenic nerves to contract diaphragm muscles to
assist and reinforce robust breathing.

Hypoglossal nerve stimulators (HNS) are another kind of
devices intended to treat apneas. In this case, a sense lead de-
tects overactivation of intercostal muscle (which is indicative
of inspiration difficulties). Upon detection, the HNS stimulates
the hypoglossal nerve to open the airway.

C. Investigational platforms

An active area of bioelectronic medicine is focused on
developing investigational platforms. These systems intend
to be tools whereby we can gain a better understanding
about the nervous system and its disorders. Investigational
devices are capable of recording what is deemed meaningful
neural activity, typically related to an abnormal electrical state
and also to the activity during electrical neuromodulation.
The ultimate end of this effort is to achieve new or refined
methods and treatments, yielding optimal clinical outputs.
Some exemplary systems, representative of the state-of-the-
art are [64], [65], [66], [67], [68], [69], [70]. Three of them
that present enough data to analyse them as done in this study
are compared to commercially available neurostimulators in
Section VI-C.

III. ENERGY CONSUMPTION

In battery-powered devices, energy consumption is a crit-
ical aspect. It impacts time between recharges (in case of
rechargeable platforms) and device longevity. These factors
affect the patient burden due to frequent recharging procedures
or need for device replacement. Among all sources of energy
consumption, the stimulation circuit accounts for an important
fraction of the total consumed energy. Particularly, the amount
of energy intended to stimulate the neural tissue has been
shown, as expected, to be correlated with battery life in deep
brain stimulators [71], [72].

In the rest of this section we present the typical neurostim-
ulation waveform and a generic circuit architecture which is
capable of delivering this kind of therapy. As we discuss
later, regarding energy losses, the results of the analysis
for this architecture are also applicable to other common
variants. Based on the proposed circuit, and consumption
and longevity data provided by device manufacturers, we
calculate the amount of energy directed to the neural tissue.
In order to assess the room for improvement in the circuits

and system design, we consider some hypotheses about power
management efficiency and losses of the stimulation circuit.
Those hypotheses are supported by published results. The
resulting analysis breaks down the energy that is not directed to
the neural tissue between losses and internal consumption for
each commercial device. Our aim is helping circuit and system
designers to gain a better understanding about the consumption
sources of commercial neurostimulators and which aspects
look promising research lines.

The mechanisms whereby neurostimulators deliver energy
to the target tissue can be divided between voltage and current
stimulation. Constant-current stimulation (CCS) allows for
consistent charge delivery with independence of impedance
fluctuations. This has been the most important stimulation
mechanism among neurostimulators for the last 15 years.

Typical CCS therapy waveform is depicted in Fig. S.a.
It typically consists of rectangular stimulation pulses whose
shape depend on current amplitude (/) and pulse width (PW).
Depending on the system, these pulses can be followed by
an active balance phase aimed at preventing charge build-up
in the electrode-tissue interface. In case the active balance
is not present, another balance phase is implemented that
discharges the series decoupling capacitors (Fig 7) after a pre-
defined number of stimulation pulses. We will only consider
these two traditional balancing strategies. More recently, other
techniques to ensure electrode and tissue integrity have been
proposed. These take into account a more complete model of
the electrochemical operation of the electrode-tissue interface
[73], [74], [75] and in some cases may not use decoupling
capacitors.

This pulse sequence (i.e., stimulation pulse and active
balance pulse) is repeated periodically (with a period given by
T while stimulation is in course. Additionally, some therapies
implement a duty cycle (J as in Fig. 5.b) by switching from
active to inactive stimulation for a programmable amount of
time.
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Fig. 5. Stimulation waveform for CCS therapy. It typically consists on a
periodic square pulse (left) which can be followed by an active balance pulse
(dashed pulse). Additionally, therapy can switch from active to inactive and
vice versa (right), complying with a programmable duty cycle.

There are two traditional topologies for CCS output stage
(see Fig. 6) [76]: a) current source and current sink electrode
driver [77], [78], [79], [66], and b) single source and switching
H-bridge [80], [81]. In the first case (Fig. 6.(a)), the charge
injection/absorption to/from the electrode is implemented with
a dual structure consisting of a current source and a current
sink. In order to deliver current to the tissue, one electrode is
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Fig. 6. Traditional stimulation topologies intended to implement CCS.

connected to a reference voltage, ideally at the midpoint of the
voltage rails. A good matching between both current source
and current sink as well as calibration is typically required
to obtain a proper charge balance. These kind of structures
are advantageous when the electrode count is high, since the
switch quantity increases linearly with the electrode number.
The second case (Fig. 6.(b)) requires only a single current
source (or sink) which is in charge of the active and active
balance phase. This is possible thanks to a switching H-bridge
which connects the source with the electrodes. This structure
simplifies the charge balance, but requires a greater number
of switches, becoming a recommendable topology for devices
with reduced electrode number. A detailed review concerning
different solutions to implement stimulation interfaces can be
found in [82].

Circuit implementation details of commercial neurostimu-
lators is not publicly disclosed. Therefore it is not possible
to know which implementation each manufacturer adopted.
Nonetheless, as discussed next, the analysis performed regard-
ing energy efficiency applies to both architectures in Fig. 6 and
others derived from those.

Fig. 7 presents a generic stimulation circuit which is capable
of delivering the aforementioned CCS stimulation waveform.
It is composed of several sub-systems: stimulation source,
power management, programmable switches (H-bridge), front-
end, and control unit. It is worth mentioning that even though
this circuit has the topology of (Fig. 6.(b)), the results here
presented regarding energy consumption will be applicable for
the topology of (Fig. 6.(a)). This will be further analysed when
appropriate.

The stimulation source Ip is in charge of injecting and
absorbing charge to and from the electrodes. The array of
programmable switches channels the current flow to the se-
lected (i.e., programmed) electrodes. With this topology, each
electrode can be utilised as current source (S et closed) or sink
(ng closed) independently. It is worth mentioning that one of
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Fig. 7. Model of a neurostimulator circuit capable of producing CCS therapy.
It contains all the required hardware to deliver the corresponding stimulation
pulses as well as some protection measures.

those electrodes could be the device case.

Front-end circuit consists on a series of decoupling capac-
itors that help to assure that the average current directed to
the tissue will be null. In addition, the front-end contains an
array of transient voltage suppressors aimed at protecting the
device from being damaged by high voltages due to external
defibrillators, high power electrical fields applied to the patient
(particularly, during medical treatments) or electromagnetic
non-ionizing radiation. All those factors are considered in
international standards such as BS EN 45502-1, ISO 14708-3
and ISO 14708-1 [83], [84], [85].

The power management module (i.e., dc-dc converter) sets a
programmable voltage source Vp which in turn feeds the entire
stimulation circuit. Its programmability allows the source to
be adjusted in real time in response to voltage fluctuations at
the stimulation electrodes due to impedance changes, keeping
the stimulation current source with the necessary voltage head-
room and minimising its power losses as well. An example of
this strategy is presented in [86].

A control unit drives the entire stimulation circuit by setting
the target voltage at the dc-dc converter outlet, selecting
the stimulation current, and driving the corresponding pro-
grammable switches according to the waveform timing and
shape. Additionally, this control unit can perform another
activities such as digital processing of recorded data, telemetry,
and other tasks related to standards compliance [87], [88] like
risk control mechanisms, integrity checks, housekeeping, etc.

A Sankey (energy-flow) diagram for an entire neurostimula-
tor system is presented in Fig. 8 considering all typical sources
of energy consumption.

In order to characterise the energy invested in stimulating
the nervous system, a single figure termed Total Electrical
Energy Delivered (TEED) was created [89], [90]. First pre-
sented for DBS, it was spread for all other neurostimulation
platforms and it is utilised as a measure of the amount of
energy delivered to the neural tissue [91], [92], [72], [93],
[94].

It is essentially the amount of energy directed to the
electrodes in 1 second:

TEED = Z x I? x PW x 1/T x 1 s. (D)
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Fig. 8. Sankey (energy-flow) diagram for a generic battery-powered neu-
rostimulator. The energy stored in the battery is consumed by the stimulation
circuit and in internal activities. Flow thicknesses are only representative of
typical energy share of each consumption source.

Where Z is the impedance between the positive electrodes
(those programmed as source) and the negative electrodes
(those programmed as sink). It is worth mentioning that
the consensus, standardised way to model the load of a
neurostimulator is established in standard ISO 14708-3, sub-
clause 6.101 as a resistor [84]. This is also the practice used
by manufacturers to report specifications concerning device
longevity. Such standard states that a more complex impedance
may be considered if required, but this is usually not applied
for energy consumption analysis. The rest of the parameters
are those depicted in Fig. 5.

Neural targets require different energetic levels, so the
programmable values I, PW and T depend on the device
intended use. In Fig. 9, the maximum average stimulation
power for each of the assessed therapies is presented. It
was computed as the TEED per second, using the maximum
programmable amplitude and pulse width, and the minimum
period. In addition, the average power reported in several trials
aimed at showing therapy effectiveness (refer to Table II) was
included. This figure offers some insights about the required
power to effectively stimulate by means of electricity some
specific regions of the neural system.

The TEED can also be utilised to obtain the total amount
of energy delivered to the electrodes over the time span from
a fully charged battery state to its complete depletion (Tpqt),
as follows:

Eout = TEED X (1 + ’}/) X Tbatt X (57 (2)

where ~ is a binary variable which is “1” if the stimulation
presents an active balance and “0” otherwise. Time Tpqu
can be understood as the time between recharges, in case
of rechargeable platforms, or the device longevity (for non-
rechargeable ones).

Device manuals often contain information regarding device
longevity or time between recharges for a given parameter
set and electrode-tissue impedance. For the assessed devices,
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Fig. 9. Neurostimulation therapies and their maximum average stimulation
power along with the average power to effectively treat some conditions. All
surveyed rechargeable devices present maximums greater than 5SmW which
can be understood as a practical threshold for manufacturers decision in terms
of battery chemistry.

this information can be found in Table IV, under column
’Consumption” which presents the reported longevity and the
parameters value at which the test was conducted. In order
to breakdown the remaining energy into other consumption
sources, some considerations were taken, as follows:

o the energy drawn by the programmable switches has
a negligible effect on device longevity, since its on
resistance normally is far lower than the electrode-tissue
impedance.

o some device features are disabled or not utilised when
computing battery duration to provide longevity estima-
tions. Some of those features are telemetry, data process-
ing, recharging and sensing.

Those considerations narrow the consumption sources to,
from the stimulation circuit point of view, power management
and stimuli generation losses and, from the internal point of
view, to power management losses and control unit.

Energy losses in the stimulation circuit depend on the
voltage headroom (Vz) of the current source. Considering
this voltage as constant, the losses can be computed as:

BLosses — [ x Vg x PW x 1/T x (1 +7) X Tyars X 6. (3)

Having estimated the total energy drawn from the dc-dc
outlet, total energy of the stimulation circuit can be calculated
considering the power efficiency of the converter 1g.—4.:

Total __ Eout + Eé/z?isrz,es

EStzm Nde—de . (4)
As it was previously noted, this result is independent from
the topology selected for the stimulation circuit (refer to
Fig. 6), since E,,; depends only on the stimulation waveform,
and ELPs5es depends on the corresponding voltage headroom
of the current source which is actually delivering charge
(in case of a dual source topology, both sources are almost

identical and the losses in both phases are equal).



The remainder energy will be consumed internally:

Total Total
Elnternal = EBZt? - EStOi:; : (5)

To determine those factors, we considered the following
hypothesis:

o the voltage headroom Vp is constant and has a value
of 1.2V for any stimulation current and any electrode
impedance while the device is injecting or absorbing
charge to its electrodes.

o the dc-dc converter power efficiency (1g4.—q.) was set at
90 %.

We consider this selection as a best case scenario, since even
though the voltage headroom can be considered slightly high
for state-of-the-art stimulation current sources (which have
been reported varying from 150 mV to 1.8 V [77], [78],
[79], [66], [80], [81]), the fact that this is constant implies,
as it was mentioned before, that there is a control that keeps
track of the electrode voltage and adjust the dc-dc outlet
accordingly to assure V. In addition, the efficiency of the
power management circuit was selected higher than the state-
of-the-art dc-dc converters found in biomedical applications,
which varies from 30 % up to 86 % [95], [96], [97], [98],
[99], [100], [101]. The energy consumption breakdown for
each assessed device is presented in Fig. 10. These results
show that the amount of energy devoted to stimulate the
neural tissue accounts for less than 25 % of total energy budget
whereas up to 20 % are losses in the stimulation circuit and
more than 50 % is consumed in internal activities (e.g., digital
processing, telemetry, integrity checks, etc.). It is noteworthy
that even though internal consumption and stimulation circuit
losses depend on the selected values of voltage headroom
(Vg) and dc-dc efficiency (ngc.—dc), the energy directed to
the tissue, E,q, is directly computed with data provided by
manufacturers in device manuals and because of that it is in-
dependent from any assumption regarding device architecture,
power management and circuit efficiency. Changing Vg or
Nde—de does not change the total energy amount not invested
in stimulating the neural tissue, and only has an impact on
how this energy is subdivided between stimulation circuit
losses and internal activities. Selecting other values for those
parameters will only change mildly the results seen in this
study.

To represent the share of each consumption source with
respect to the total energy available, we considered ELo%e!
independent from discharge rate and charge/discharge cycle
number when applicable. In practice, these operating con-
ditions tend to reduce total available energy, introducing an
error in our estimations. Absolute values of B¢, E5255¢¢ and
total stimulation energy remain unchanged, but, since internal
consumption is computed as the difference between the energy
stored in the battery and the energy drawn by the stimulation
circuit, these is overestimated. The low/medium therapy con-
sumption, along with the high internal consumption, has to be
evaluated with careful consideration, since this is not neces-
sarily indicative of an inefficient solution. A particular case
is closed-loop devices. In closed-loop neurostimulators, an

increased complexity and energy consumption non-directed-
to-the-tissue is required to assure a more effective stimulation
by adjusting the stimulation waveform and/or providing the
therapy only when required. One example of this is the
NeuroPace RNS [102], which continuously monitors brain
activity looking for unusual electrical activity which might
indicate the advent of a seizure (therapy is only delivered when
this happens). Continuous monitoring and detection naturally
impact dramatically on internal consumption, rendering this
the most important factor among all consumption sources.
Nevertheless, we believe that our goal as designers is to
be able to provide the same functionality with less power
consumption, maximising the energy directed to the neural
tissue. With those considerations, we understand there is plenty
of room for improvement in digital power processing as well
as stimulation circuit efficiency.

IV. BATTERIES AND VOLUME

In this section we study volumetric characteristics of com-
mercially available devices. In particular, we investigate minia-
turisation trends over time and how the overall device volume
is affected by the selected battery (i.e., its capacity and
chemistry) and device electrode count.

A. Batteries

Batteries can be divided in two groups, depending on their
ability to be recharged.

Primary batteries are non-rechargeable and have to be dis-
carded when discharged. In the context of implantable devices,
this implies that the device has to be explanted and replaced.
Primary battery based devices are simpler since they do not
require any charging management.

On the other hand, secondary batteries are rechargeable.
This allows an implantable device to extend its life longer than
its battery duration. Secondary batteries usually have lower
energy densities and poorer charge retention than primary
batteries. In addition, implantable devices require a greater
complexity to adopt rechargeable batteries, from the necessity
of a charging coil to an additional circuit aimed at charging
management. In spite of these implementation difficulties, the
flexibility granted by rechargeability can be highly desirable,
since different consumption levels can be absorbed by changes
in recharge frequency while keeping the device operative for
long time. In this case, replacement is required when the
number of charge cycles is close to reach the maximum
specified by the battery employed.

Lithium metal has been the most important anode material
to construct both primary and secondary batteries in recent
decades. It offers several advantages such as high voltage, high
energy density, and good shelf life, among others. An interest-
ing review of the state-of-the-art of implantable batteries can
be found in [103]. Primary battery chemistries found in this
assessment are lithium-carbon monofluoride (Li/CFx), lithium-
carbon monofluoride silver vanadium oxide (Li/CFx-SVO),
lithium-iodine (Li-I12), and, as secondary chemistry, lithium-
ion (Li-Ion).
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stimulation losses (power management losses and stimuli generation losses) accounts for up to 20 % of total energy budget. Less than 25 % of the total energy
is delivered to the neural tissue whereas more than 50 % is spent in internal activities.

B. Trends in volumetric energy density

In order to understand the impact of battery technology on
neurostimulation platforms, the relationship between battery
capacity and device volume was assessed and presented in
Fig. 11. In addition, several state-of-the-art cardiac pacemakers
were included in this assessment. Cardiac pacemakers are a
well known kind of device with several decades of evolution.
This “well polished” technology is a sound benchmark to
evaluate the current state of neurostimulators, which in some
cases are so novel that only one device is available to stim-
ulate some neural target. Naturally, cardiac pacemakers and
neurostimulators are not directly comparable, since they differ
in stimulation mode (i.e., voltage mode for pacemakers versus
voltage or current mode for neurostimulators) and in several
operational aspects. Nonetheless, cardiac pacemakers provide
a standard for energy-volume trade-off for active implantable
medical devices.

As it can be noticed in Fig. 11, battery chemistry is a
determinant factor in defining overall device volume. For each
chemistry, devices tend to group along a straight line in the
[volume, capacity] plane (presented in the figure as dashed
lines). This defines a volumetric energy density for the overall
platform as presented in Table I labelled as ‘device trend’.

TABLE 1
TRENDS IN VOLUMETRIC ENERGY DENSITY FOR IMPLANTABLE
NEUROSTIMULATORS.
V': NOMINAL VOLTAGE.
o: THEORETICAL VOLUMETRIC ENERGY DENSITY.

Chemistry 1% o Device trend  Ratio
Li-Ton [104] 41V 98 mAh/cm? 12mAh/cm®  13%
Li-I2 [104] 28V  321mAh/cm®  47mAh/em®  15%
Li/CFx [104] 30V 212mAh/ecm®  50mAh/cm® 24 %
Li/CFx-SVO [105] 3.0V 333mAh/cm® 215mAh/cm®  65%

Rechargeable neurostimulators (based on Li-Ion chemistry)
offer the smallest volumes (i.e., SetPoint and Axonix), yet
they present the poorest energy/volume relationship. On the
other hand, non-rechargeable, Li/CFx-SVO chemistry based
neurostimulators, have the highest energy density.

In order to gain a better understanding about the trade-off
between volume reduction and energy capacity, we compared
those results against the practical energetic limits for each
battery technology. Actual capacity available of commercial
batteries depend not only on the theoretical density achieved
by the specific chemistry but also on structural characteristics,
in particular, the required amount of non-energy-producing
materials. As a result, actual capacity available is between
20% and 30 % lower than the theoretical value [104]. This
means that actual volumetric energy density (ocg) can be
estimated based on the theoretical volumetric energy density
(o) and an empirical penalty factor (k), which varies from
0.20 to 0.30, as follows:

(6

OE{Min, Mas} — (1- K{Maz, Min})0~

This defines a sector in the [volume, capacity] plane. For
each battery chemistry, those sectors were superimposed over
the empirical results and presented also in Fig. 11.

It is possible to appreciate that pacemakers, being a mature
kind of implantable device, present a more efficient volume
utilisation. In particular, Micra AV device [106] is very close
to the practical limit given by its battery chemistry. This
strongly depends on the absence of leads which reduce overall
volume dramatically in small devices (please refer to Section V
for further information about output connector and battery
volume).
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C. Volumetric trends

Stimulation circuit as well as output connectors volume 35 +
strongly depend on electrode number. As electrode count
increases, the complexity of the stimulation circuit increases 30 1
as well. This is due to the fact that the circuit has to 05 |
direct the stimulation current through a greater combination of g
electrodes. Likewise, the size of the front-end circuit increases € og &
as well. Both factors contribute to obtain a greater stimulation % > oie
circuit volume. Electrode number defines the number of con- g 15 T
tacts the output connector will require and, consequently, its § 101
volume. © *
Since electrode number depends on device intended therapy 51 7 & 7S P S
(see Fig. 12), its impact on circuit and output connectors @
renders overall device volume dependent on device intended 0 ‘ ‘ ‘ ‘
2005 2010 2015 2020

use. To take this into account and allow fair cross-therapy
comparisons, we assessed device volume for each platform
and normalised it over the corresponding electrode number.
The normalised neurostimulator volume trends over time i  FpA PMA approval or CE mark).
presented in Fig. 13.
There is a clear miniaturisation tendency across all neu-
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Fig. 12. Evolution of electrode number vs. device release year (i.e., received
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Fig. 13. Normalised device volume over device released year (i.e., received FDA PMA approval or CE mark). Volume normalisation, which is obtained by
dividing total volume over electrode number, is conducted to fairly compare devices with different electrode number (being this an important factor in device
volume). Colours indicate device therapy whereas shapes differentiate rechargeable (square) from non-rechargeable (circle) platforms. Over the last 15 years,
there has been a neurostimulation volume reduction trend of 0.27 cm3/electrode per year. The smallest figures are achieved by rechargeable platforms which

present volumes lower than 2 cm3/electrode.

rostimulation therapies which yields a volume reduction trend
of 0.27 cm®/electrode per year. This fact can be explained by
a sustained reduction trend in non-rechargeable platforms and
a growing use of rechargeable devices, which offer volumes
lower than 2 cm®/electrode.

Smaller implantable devices carry several benefits. They
can improve patient satisfaction by their reduced volume and
weight. Besides, volume reduction implies small packaging
(typically titanium-based), which may reduce fabrication costs
(since medical-grade titanium cases are one of the most
expensive components in AIMD fabrication). Additionally,
small form-factors enable other non-traditional methods to
implant devices, such as through injection [107]. Considering
Fig. 11 and 13, it seems clear that manufacturers leverage
secondary cells to develop smaller devices by reducing battery
volume.

V. PRACTICAL MINIATURISATION LIMITS

In this section practical miniaturisation limits for battery-
powered neurostimulators are presented. Those are reckoned
based on some suppositions about device energetic efficiency
as well as battery and output connectors volume estimations.

A. Hypothesis

There is a fast and constant miniaturisation trend and energy
efficiency improvement in electronics circuits that is not fol-
lowed at the same pace by battery technology nor by connector
technology. Therefore, when envisioning a practical limit for
overall device miniaturisation, we expect it to come from these
two last technologies. Thus, in the limit, we consider an ideal
neurostimulator with the following characteristics:

« the entire circuit (please refer to Fig. 3) has a negligible

impact on device overall volume.

« all available energy is directed to the electrodes.

The aforementioned features imply that the device form-
factor is defined by battery and output connectors. Addi-
tionally, power losses in the stimulation circuit as well as
internal consumption (e.g., digital processing consumption) are
insignificant.

B. Battery volume

Taking into consideration the theoretical and practical con-
siderations about volumetric energy density of batteries men-
tioned in Section IV, battery volume V olp,++ can be calculated
as:

Cc

Volyart = ma

(7



where:

o c: is the battery capacity.

e o: is the theoretical volumetric energy density.

e k! is the penalty construction factor (0.20 - 0.30).

If stimulation is the only consumption source, battery en-
ergy (Epqu) 1s defined to comply with device longevity (for
primary sourced devices) or time between recharges (in case of
secondary sourced devices) Tpqet, given the stimulation power
consumption w:

Eparr = Ve = wliyg, ®)

Where V' is the battery voltage, which depends on battery
technology. Hence, the minimum battery volume can be com-
puted as:

WTbatt

VI - n)o] ©

Volpats =

C. Output connector volume

There is no standard intended for neurostimulator output
connectors, mainly because the relatively reduced patient
number. Due to that fact, manufacturers need not look for
connectors compatibility, rendering publicly technical spec-
ification scarce [47]. Mature and widely used implantable
devices, as cardiac pacemakers, have very well known standard
connectors (i.e., IS-1, IS-4, DF-1 and DF-4), stated in ISO
27186 [108].

To obtain a sound estimation of connector volumetric costs,
we considered the specification for connectors IS-4, which
is aimed at 4 low-voltage electrodes cardiac pacemakers. To
determine the minimum achievable volume per electrode given
this technology, we modelled the connector as a cylinder
(Fig. 14), whose length is equal to the addition of the following
lengths (as defined in the aforementioned standard): “chamfer
zone”, “lead connector body”, “transition zone”, and “lead
connector pin”. As for diameter, we took the one defined by
the “grip zone”. The result consists on a best case volume of
0.354 cm?, which is 0.088 cm?/electrode.

Connector

_Lead I- . . .|||||-|-|
S

Contacts

Case

Fig. 14. IS-4 connector. In red, the estimated connector volume. Note this
is a best case (i.e., minimum volume) since there are additional volumetric
costs due to the size of the metallic contacts to assure a low resistance
connection [47], [108].

The estimated connector volume Vol.,,, can be obtained
by the volumetric density computed before, as follows:

VOlconn = 5NE7 (10)

where:

« ¢: is the output connector volume per electrode.
e Ng: is the electrode number.

TABLE II
AVERAGE POWER DIRECTED TO THE ELECTRODES.

Therapy Ref Amplitude  Frequency  Pulse width w!
(Hz) (ps) (uW)
VNS - Epilepsy [109] 1.5mA 20 250 62
VNS - Stroke [110] 0.8mA 30 100 12
VNS - Inflammation [111] 1.0mA 10 250 2
SCS [112] 3.6mA 39.2 347 88 2
SCS HF10 [112] 1.6mA 10k 30 384 2
DBS - Parkinson [113] 3.0V 130 60 140 2
PNS [114] 1.0mA 40 300 62
HNS [115] 3.0V 339 94.3 58 2
SNS [116] 20V 14 210 24 2
RNS [117] 12.0mA 200 200 3000 3

! Considering an equivalent impedance of 500 between positive and negative
electrodes.

2 Considering duty cycle equal to 100 %.

3 Since feedback updates the parameter value set, the patient use profile defined as
“High” (95th percentile) was considered.

D. Total volume

Under the mentioned suppositions, total device volume
Voliota can be estimated as:

wWlyatt
V[(1 - k)o]

This result depends on mechanical, technological and elec-
trical characteristics as:

VOltotal = VOlbatt + VOlconn = + eNE. (1 1)

« State of battery technologies:

— construction: k.
— chemistry: V" and o.

o State of connector technology:
— volume per electrode: e.
o Intended use:

— stimulation power: w (please refer to Fig. 9).
— electrode number: Ng.

e Manufacturer decisions:
— Battery duration: Tpgy.

Therapy power depends on the actual parameter set, which
is adjusted according to patient needs. In order to obtain a
sensible therapy power, we considered parameter sets reported
in trials aimed at showing therapy effectiveness, as in Table II.

Minimum device volume was estimated for several therapies
in five different scenarios, comprising rechargeable and non-
rechargeable battery chemistries as well as typical battery
durations. Selected battery technologies were Li-lon (o =
98 mAh/cm?®, V = 4.1 V) for rechargeable devices, and Li/CFx-
SVO (o0 = 333mAh/cm?, V = 3.0V) for non-rechargeable
ones (which is the best technology reported in the surveyed
neurostimulator data set). As for battery duration, we consid-
ered 1 day, 7 days, and 30 days for rechargeables and 1 year
and 5 years for non-rechargeables. Typical electrode count
was considered (obtained from Fig. 12). Penalty factor was
selected in x = 0.25. For each case, we computed the overall
volume as well as the battery and output connectors volume
on a percentage basis. The results are presented in Table III.

For rechargeable platforms, estimations show that overall
device volume only depend on the output connector dimen-
sions while its influence is limited in non-rechargeable devices,
where battery volume plays an important role. These results



indicate that the smallest platforms are those with recharge-
able batteries, and further miniaturisation depends on denser
output connector technologies. The fact that device volume
is independent from the battery bears one corollary which
is applicable to non battery powered (i.e., wireless powered)
platforms. This is that insofar as output connectors are not
dense enough, wireless powered devices will not necessarily
be smaller than their battery powered counterparts.

VI. OVERALL COMPARISON AND RESEARCH
PERSPECTIVES

In order to characterise neurostimulation performance, a
Figure of Merit (FoM) is proposed. This is aimed at compar-
ing neurostimulators intended for any therapy with a single,
common figure.

The FoM takes into consideration two factors, referred in
Sections Il and IV: energy efficiency and volume/electrode
ratio. As it was mentioned, these numbers are indicative not
only of a more efficient technology, but also they contribute
to user satisfaction.

A. Energy efficiency factor

From the analysis conducted in Section III, the energy
delivered to the tissue accounts for less than 25% of total
available energy. A greater portion of the energy directed to
the tissue will either increase device longevity or time between
recharges, reducing patient burden due to device replacement
or frequent battery recharge. For such a reason, we considered
that an efficiency factor (Fgysys) is necessary to be included.
That was defined as follows:

Eout
Etotal ’
where E,,; and E;.:4; represents the total energy delivered

to the electrodes and total energy stored in the battery, respec-
tively.

Fppr = (12)

B. Normalised volumetric factor

The second factor to be considered is related to the device
volume, more particularly, to the volume of the circuit and
output connectors.

Manufacturers usually develop device families (e.g., Infin-
ity™ [118]) consisting on a device group based on a common
platform (e.g: same electronics and electrode count), but with
different batteries. With such strategy they can offer several
devices with different volumes and battery life (in case of
primary cell based devices) intended for the same treatment.
Sometimes, they leverage the fact that a neurostimulation
platform is able to treat different diseases, each requires its
own stimulation intensity, sensing, and processing, producing
different power consumption. So creating different devices
with batteries according to the intended use may tend to
reduce overall volume while maintaining longevity. Another
factor is the important miniaturisation trend (as depicted in
Fig. 13), offering patients the smallest achievable platform
in order to maximise take-up. To do so, manufacturers can

reuse an already designed platform and transform that to
be rechargeable, using a considerable smaller battery. Even
though rechargeable capability requires additional circuits to
manage charging properly, in general there will be an overall
volume reduction. With the consideration mentioned before,
the factor Fy,; can be estimated by total volume Vol and
battery volume Vol as follows:

Fyo = VOltotal - VOZbatt- (13)

Since Fy,; is independent from battery volume, it is ex-
pected to have similar values for all devices out of the same
family. Nonetheless, as it was mentioned in Section IV, both
circuit and output connector volume depends on electrode
number which is tied to device intended use. That renders Fy/;
dependent on device intended use, which is not suitable for
cross-therapy device comparisons. We took the same approach
as that implemented in the device volume comparison in
Section IV, that is the volumetric factor normalisation (F{,2,"
by the electrode number Ny as follows:

Voliotar — Volpatt

Fy,
F Morm [
Ng

- - 14
Vol No (14)

By construction, F{,?;" renders independent from battery
selection and device intended use, characteristics we under-
stand are suitable for fairly comparisons between neurostimu-
lators of any kind.

C. Figure of Merit definition

The proposed FoM is defined by Fry¢ and F{2,™ factors,
as follows:

F Eoy N,
FoM = Z2I1 . —out £ :
FVol Etotal VOltotal - VOlbatt

5)

Hence, a great FoM stands for either a good energetic
efficiency (i.e., a high Fg factor), an efficient use of device
volume (i.e., a low Fy2)™ factor), or both simultaneously.

For 14 of the assessed neurostimulation devices that have
enough data to compute the energetic and volumetric factors,
we computed the FoM along with some research platforms
presented in [69], [70] (DyNeuMo), [67] (WAND), and [68]
(University of Toronto). Results are presented in Fig. 15. As
expected, devices which belongs to the same family (as Infinity
606x DBS devices) present similar FOM. The best results are
obtained by NeuroPace RNS, which has the best (i.e., the
smallest) volumetric factor. In regard to research platforms, all
of them have a FoM greater than that for commercially avail-
able devices because of a better volume/electrode relationship,
obtained by the use of “non-standard” output connectors. The
case of DyNeuMoMk-2 (with a FoM similar to the best figures
obtained by commercial devices) is rather different since it
is based on the Picostim [119], a platform aimed at being
implanted in humans since its conception, having the typical
form factor of commercial devices.
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TABLE III
MINIMUM DEVICE VOLUME ESTIMATIONS

wTy

Voliotal = Volpatt + Volconn = wa2asisy +€Ne

k= 0.25; w

AS IN TABLE II

[Total volume (cm?) || Battery volume (%) || Connector volume (%)]

Rechargeable: Li-Ion

Non-rechargeable: Li/CFx-SVO

Therapy Electrode (0 = 98mAh/cm?, V = 4.1V) (o = 333mAh/cm3, V = 3.0V)
number
Toatt Toatt
1 day 7 days 30 days 1 year 5 years

VNS - Epilepsy 2 018 <1100 018 2]98  019] 7|93 0242773 0.50] 65] 35
VNS - Stroke 2 0.18 [ <1100 0.8 <1 100 018 1[99 0.19] 6|94 023 24 76
VNS - Inflammation 2 0.18 || <1] 100 0.18 || <1 [[100 018298 0.19]8]92 02529 71
e 16 142 <1 ] 100 146397 162 13|87 2444258 6.56] 79| 21

SCS HF10 16 144 || 2 || 98 162 || 13 ]| 87 233 ([39] 61 5907624 2386 94| 6
DBS - Parkinson 16 142 1] 99 149|595 17419 81 3.05| 54| 46 9.62] 85 15
PNS 6 053] <1100 053 1]99  054] 397 060] 12]88 0.88] 40 || 60

HNS 4 036 1] 99 038892 0492872 1026634 372]91]9

SNS 4 035 1| 99 0374196 041148 063 44|56 1.73 80 || 20

RNS 8 070 || <1100 071 <1100 071] 1[99 07679 096] 27| 73

FoM = out NE
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Fig. 15. FoM applied to the assessed devices with enough data to compute the energetic and volumetric factors. Additionally, the FoM was applied to three
research platforms. All of them outperform commercially available devices. This is because of a better volume/electrode ratio.

VII. CONCLUSIONS

There has been a surge in translational opportunities within
the neurotechnology industry over the past two decades,
manifested in an important amount of commercially available
implantable neurostimulators aimed at many different neural
targets.

From analysing 45 devices, some trends and characteristics
in the commercial design of implantable neurostimulators can
be demonstrated.

We identified a neurostimulator volume reduction of
0.27 cm®/electrode per year. The smallest form factor are
presented in rechargeable platforms with figures lower than
2 cm3/electrode.

Notwithstanding their advantage in terms of volume reduc-
tion, current rechargeable battery technologies present volu-
metric energy densities far lower than their non-rechargeable
counterparts. This fact limits battery capacity which, along
with the broad range of therapy power, increases the patient
burden due to frequent recharging processes.

Energetic densities of current battery technologies as well as
output connector volume strongly define overall device volume
and limit further miniaturisation of the next generation of
implantable neurostimulators.

In addition to those limitations, less than 25 % of total
energy budget is delivered to the tissue whereas estimations
show that more than 50 % of total battery energy is invested in
internal activities. From our point of view, this shows that there



is plenty of room for improvement in low power approaches
for digital processing as well as therapy power savings by
implementing platforms in a closed loop fashion that can save
stimulation power by adjusting when and how to stimulate.

A Figure of Merit (FoM) is proposed to compare im-
plantable neurostimulators. Its characteristics render the FoM
independent from device intended use, battery technology
and capacity, as well as charging capabilities, and electrode
number.

The FoM was quantified across 14 of the reviewed de-
vices (those with enough data to do so). Along with these
commercial devices three comparable, representative research
platforms were benchmarked. A clear gap between these two
kind of devices is shown. It is mainly explained by the
connector technology used by the research platforms that
provides better electrode-volume trade-off.
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ANNEX [

Herein, we provide a comprehensive reference to all neu-
rostimulators (listed in Table IV) and cardiac pacemakers
(listed in Table V) that we reviewed providing key design
features/parameters.
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TABLE V
CARDIAC PACEMAKERS

Device Manufacturer Volume (cm?) }Ilei:ased E&;ﬁggfe Chemistry Battery type (Crﬁxlc)l R Batt. volt (V)
Advisa SR [186] Medtronic 11.9 2018 2 Li/CFx-SVO Primary 1150 32
Azure XT [187], [188] Medtronic 12.3 2017 4 Li/CFx-SVO Primary 1200 3.25
Micra AV [106], [189] Medtronic 1 2020 2 Li/CFx-SVO Primary 120 32
Accolade SR [190] Boston Scientific 11.7 2016 2 Li/CFx Primary 1000 —
Accolade DR [190] Boston Scientific 12.2 2016 4 Li/CFx Primary 1000 —
Accolade DR [190] Boston Scientific 14.2 2016 4 Li/CFx Primary 1600 —
Essentio SR [190] Boston Scientific 11.7 2016 2 Li/CFx Primary 1000 —
Essentio DR [190] Boston Scientific 12.2 2016 4 Li/CFx Primary 1000 —
Essentio DR [190] Boston Scientific 14.2 2016 4 Li/CFx Primary 1600 —
Ingenio SR [190] Boston Scientific 11.5 2012 2 Li/CFx-SVO Primary 1050 —
Ingenio DR [190] Boston Scientific 12 2012 4 Li/CFx-SVO Primary 1050 —
Ingenio DR EL [190] Boston Scientific 14 2012 4 LiMO Primary 1470 —
Vitalio SR [190], [191] Boston Scientific 12 2013 2 Li/CFx-SVO Primary 1050 —
Vitalio DR [190], [191] Boston Scientific 12 2013 4 Li/CFx-SVO Primary 1050 —
Vitalio DR EL [190], [191]  Boston Scientific 14 2013 4 LiMO Primary 1470 —
ENO DR [192] MicroPort 8.0 2019 4 Li-12 Primary 810 2.8
ENO SR [192] MicroPort 7.5 2019 2 Li-I2 Primary 810 2.8
TEO DR [193] MicroPort 8.0 2019 4 Li-12 Primary 810 2.8
TEO SR [193] MicroPort 7.5 2019 2 Li-12 Primary 810 2.8
OTO DR [194] MicroPort 8.0 2019 4 Li-12 Primary 810 2.8
OTO SR [194] MicroPort 7.5 2019 2 Li-12 Primary 810 2.8
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