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Abstract: A wireless powered implantable atrial defibrillator consisting of a battery driven
hand-held radio frequency (RF) power transmitter (ex vivo) and a passive (battery free)
implantable power receiver (in vivo) that enables measurement of the intracardiac
impedance (ICI) during internal atrial defibrillation is reported. The architecture is
designed to operate in two modes: Cardiac sense mode (power-up, measure the impedance
of the cardiac substrate and communicate data to the ex vivo power transmitter) and cardiac
shock mode (delivery of a synchronised very low tilt rectilinear electrical shock
waveform). An initial prototype was implemented and tested. In low-power (Ssense) mode,
>5 W was delivered across a 2.5 cm air-skin gap to facilitate measurement of the
impedance of the cardiac substrate. In high-power (shock) mode, >180 W (delivered as a
12 ms monophasic very-low-tilt-rectilinear (M-VLTR) or as a 12 ms biphasic very-low-tilt-
rectilinear (B-VLTR) chronosymmetric (6ms/6ms) amplitude asymmetric (negative phase
at 50% magnitude) shock was reliably and repeatedly delivered across the same interface;
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with >47% DC-to-DC (direct current to direct current) power transfer efficiency at a
switching frequency of 185 kHz achieved. In an initial trial of the RF architecture
developed, 30 patients with AF were randomised to therapy with an RF generated
M-VLTR or B-VLTR shock using a step-up voltage protocol (50-300 V). Mean energy for
successful cardioversion was 8.51 J £3.16 J. Subsequent analysis revealed that all patients
who cardioverted exhibited a significant decrease in ICI between the first and third shocks
(5.00 Q (SD(o) = 1.62 Q), p < 0.01) while spectral analysis across frequency also
revealed a significant variation in the impedance-amplitude-spectrum-area (IAMSA)
within the same patient group (JA(TAMSAsi1-IAMSAs3)[1 Hz — 20 kHz] = 20.82 Q-Hz
(SD(o) = 10.77 Q-Hz), p < 0.01); both trends being absent in all patients that failed to
cardiovert. Efficient transcutaneous power transfer and sensing of 1CI during cardioversion
are evidenced as key to the advancement of low-energy atrial defibrillation.

Keywords: wireless; battery-free; implantable; impedance; RF; defibrillator

1. Introduction

Atrial fibrillation (AF) is one of the most common cardiac arrhythmias observed in medicine. It is
caused by rapid unsynchronised contractions that give rise to “quivering” of the upper atria. This
results in a partial loss of cardiac output. Clinically, atrial fibrillation is the breakdown of synchronised
electrical activity in the upper chamber of the heart and is diagnosed on an electrocardiogram (ECG) as
a small fluctuating baseline undulation of variable magnitude and morphology at a rate of
approximately 350-600 beats/min [1]. Fundamentally, atrial fibrillation is associated with deterioration
in cardiac function and increased risk of stroke resulting in significant morbidity and mortality. The
most recently published data from the Rotterdam study reports a 5.5% prevalence of AF in individuals
over the age of 55 years while AF is currently estimated to account for 30%-40% of all
hospitalizations due to cardiac arrhythmias. AF is estimated to affect an estimated 4.5 million people in
Europe and 3.0 million adults in the United States; with numbers expected to double over the next 25
years and associated treatment costs currently estimated at in excess of 15.7 billion US dollars per
annum within Europe alone. The need for improved and more efficacious therapies therefore remains
self evident [2-5].

For AF patients where pharmacological intervention is either deemed inappropriate or has failed,
external electrical cardioversion (the delivery of asynchronized direct current shockacross the patient’s
chest in an attempt to restore sinus rhythm) is often used. However, high energy shocks of up to 200 J
(typically delivered as a monophasic or biphasic electrical impulse measuring up to 2.5 kV for 12 ms
in duration) are required for successful transthoracic cardioversion; giving rise to extreme patient
discomfort and necessitating heavy sedation or full anesthesia. Moreover, this method often fails; most
commonly in large patients where thoracic impedance is high. This has led to the development of
synchronised internal atrial defibrillation (more commonly referred to as internal cardioversion), a
procedure which employs either a single or pair of electrically conductive catheters to deliver an
electrical shock directly between the distal coronary sinus and the right atrial appendage of the heart in
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an attempt to restore sinus rhythm. Internal cardioversion of atrial fibrillation has been shown to be
effective and safe in a number of clinical studies. In particular, it continues to have a role in the
treatment of patients who have previously been unsuccessfully treated using direct current
transthoracic cardioversion. After internal cardioversion, the long-term outcome in a patient’s
refractory to external cardioversion is good; especially if total arrhythmia duration has been brief [6,7].
Moreover, one of the primary advantages of internal cardioversion is that the energy required for a
successful outcome (more commonly referred to as the defibrillation threshold) is substantially
reduced; typically by up to a factor of ten (to <20 J). However, the fact remains that synchronised
internal cardioversion still necessitates patient sedation and is an invasive procedure with all of the
attendant risks of tissue damage, infection and the potential to induce other cardiac arrhythmias.

The potential use of implantable devices for patients with AF has therefore received a great deal of
attention. In 1995, the first human implant of a stand-alone implantable atrial defibrillator (IAD) took
place. The battery-powered device detected AF and delivered R-wave synchronous defibrillation 12 ms
biphasic shocks (chronosymmetric 6ms/6ms) at maximum of 300 V to convert AF to sinus rhythm [8-10].
However, the use of IAD’s for the treatment of AF has not yet achieved critical acceptance;
predominately due to the impact of unit automaticity on the patients quality of life and the lack of
patient tolerance to the discomfort produced by high energy shocks [11,12]. Recent publications
indicate that the further advancement of internal cardioversion for AF may therefore result from two
specific lines of enquiry: (i) optimisation of the defibrillation shock impulse to achieve the lowest
energy necessary to successfully cardiovert a patient (less than 1 J could potentially negate the need for
patient sedation) and (ii) investigation of passive (battery free) implantable atrial defibrillators that can
facilitate AF arrhythmia detection and cardioversion under controlled circumstance in a non-acute care
(out-of-hospital) setting [13-25]. In respect of the optimisation of electrical shock waveforms to
achieve a defibrillation threshold of <1 J, transthoracic impedance (TTI) is a key determinant in the
success of both atrial and ventricular defibrillation; due to the fact that cardioversion outcome highly
correlates to the current vector delivered to the cardiac substrate. Hence, modern external defibrillators
first measure the impedance of the cardiac substrate before delivering a precise amount of energy using
an impedance compensated biphasic (ICB) shock waveform. In several studies, biphasic and biphasic
impedance compensated defibrillators have been found to be more effective than equivalent high
energy monophasic devices [14-17]. However, there remains a paucity of studies examining the
correlation of the intracardiac impedance (DC impedance, dynamic impedance and waveform spectral
content) during internal atrial defibrillation to clinical outcomes. In addition, recent publications have
indicated that multiple low energy intracardiac shocks may give rise to lower cardioversion
thresholds [18-23] thereby significantly minimising patient discomfort. Yet again, a paucity of studies
comparing the efficaciousness of such protocols exists. In respect of the potential for passive (battery
free) implantable defibrillator technologies to enable treatment in a non-acute care setting, the concept
has several obvious merits; the issue of implant automaticity and inappropriate shocks is resolved
(thereby addressing the potential quality of life associated issues previously identified) while the need
for repeat surgery to replace batteries over the lifetime of the patient is entirely eliminated.
Consequently, low-energy cardioversion using passive implantable defibrillator technology offers the
potential for the development of AF treatment modalities and protocols that could be safely delivered
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in a non-acute (out-of-hospital) care setting; thereby eliminating the need for repeated hospitalisation
and significantly reducing the long term cost burden associated with treatment [20,25].

In this paper we propose and demonstrate a wireless powered implantable atrial defibrillator
architecture that enables capture of the intracardiac impedance between successive shocks during the
internal cardioversion procedure; thereby enabling implementation of impedance compensated internal
atrial defibrillation therapies that are optimized to each individual patient and that could potentially be
delivered in a non-acute care (out-of-hospital) setting. An initial trial of the RF architecture developed
has successfully demonstrated cardioversion at low-energy and also revealed heretofore unreported
observations that intracardiac impedance measurements captured during low-energy cardioversion
contain markers in both the time and frequency domain that correlate to low-energy cardioversion
outcome. Efficient transcutaneous power transfer, wireless powered in vivo sensing and measurement
of intracardiac impedance during cardioversion are therefore evidenced as key to the advancement of
low-energy defibrillation therapies.

2. Methods
2.1. Experimental Design

Figure 1 shows a top-level schematic of the power transmitter (ex vivo) and power receiver (in vivo)
architecture while Figure 2 provides an image of one of the prototypes developed. The hand-held
external power transmitter consists of a microcontroller based unit that contains a tuned parallel RLC
resonant tank circuit energized via a capacitor array (three 680 |F 400 V electrolytic capacitors
managed by a LT375l charge controller) and driven via synchronous switching of an IGBT
(IRG4PH40U) located in the current return path to ground from the primary coil (Lt = 9.65 pH:
30 turn spiral coil, inner diameter 20 mm, 0.75 mm insulated copper wire) with resonant capacitor
(Cr = 10 nF). Similarly, the implantable power receiver consists of a series RLC resonant tank circuit
with a primary-secondary turns ratio of 1:1 (Lr= 9.65 pH: 30 turn spiral coil, inner diameter 20 mm,
0.75 mm insulated copper wire) and a resonant capacitor (Cr = 10 nF) wired in a central tapped
configuration that drives a full-wave voltage double circuit; with multiple regulators to provide the
range of voltages (6-18 V) required for operation of the integrated control, measurement and
communications circuitry. Both circuits (Tx/Rx) were designed for operation at approximately
185 kHz. The output of the receiver coil is then rectified and filtered. Several linear regulators provide
the necessary range of voltages (18 V, 12 V and 6 V) required for successful operation of the control,
measurement and data communications circuitry on the implant side. The implantable power receiver
unit contains a low-power integrated microcontroller (FRDM-KL25ZARM processor) that
communicates with the base unit and coordinates between two distinct modes of operation: cardiac
sense mode (wake-up, measure the impedance of the cardiac substrate and communicate data to the
external base unit) and shock mode (delivery of an ECG synchronised impedance compensated
monophasic very-low-tilt-rectilinear shock waveform). In low-power or sense mode, >5 W of power is
continuously transferred while receiver temperature monitoring ensures that maximum implant
operating temperatures are never exceeded. In this mode, a modified Howland bridge is used to
non-destructively determine the impedance spectrum of the cardiac substrate by injecting a sinusoidal
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test current of fixed magnitude (#98 pA) and measuring the voltage response across a range of
frequencies (1-20 kHz). This measurement can then be sent via a dedicated communications link (433
MHZz) to the external base unit. This dual-band architecture facilitates independent optimisation of both
the power transfer and data-communications links. In the shock delivery mode, an ECG synchronised
impedance compensated M-VLTR shock waveform (100 V at 50 Q for 12 ms) can then be delivered to
the cardiac substrate via atrial leads attached to the implanted coil. Several initial prototypes were
developed including variants incorporating H-Bridge reversal circuitry to facilitate delivery of
monophasic or biphasic shock waveforms.

External power transmitter (ex vivo) Implantable power receiver (in vivo)
Microcontroller High Voltage
Power Regula.tor ; Capacitor Charge
RF (433 MHdZ) Circuits Controller (LT3751)
. an and Capacitor Array
Li-Ion 15 Vpc Battery

Cr
Rectifier
150-300 kHz T W Lx | Circuit B iy
Oscillator
M Air /Tissue
Gap
(2040 mm)
IGBT
(]:Dfr?uelrt B Microcontroller
ECG Detection
Keying Pulse Impedance
(12 ms) Measurement
— and RF (433 MHz)

Figure 1. Top-level implantable transcutaneous RF power link architecture.

Figure 2. Prototype hand-held (ex vivo) radio frequency (RF) power-transmitter and
prototype battery-free implantable (in vivo) power-receiver (encapsulated for bench
characterisation).



Sensors 2015, 15 22383

2.2. Simulation and Characterisation

Theoretical analysis and simulation of the RF architecture developed (Figure 1) was approached as
previously reported [24]. Analysis was complicated by the fact that the receiver rectifier circuit
effectively takes on a different configuration dependent on the type of waveform being delivered to the
patient (monophasic (positive only) or biphasic (with a negative phase component)). In order to
approach calculation and estimation of the RF link efficiency, a simplified circuit topology was
adopted. Figure 3a shows the actual receiver architecture while Figure 3b shows the simplified model
developed; which comprehends the parasitic series resistance for both the transmitter and receiver coils
but ignores the associated distributed capacitance.

(a)
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N L I = R
B Dy Cs
Microcontroller | —— ¢ Fop EE |
and RF Circuitry E E D,
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M
®) " | | .
i Cr E
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Figure 3. (a) Implantable receiver architecture and (b) simplified circuit used for analysis.

This parallel-series resonant tank configuration may be modelled as a current-in/current-out
topology and effectively provides current and voltage magnification in the transmitter (parallel
resonance) and receiver (series resonance), respectively. The impedance of the receiver Zrx and the
transmitter Zrx circuit can therefore be expressed as:

1
ZRx:(RR+RL)+j<w'LR—w_C> (1)
R
Z _ RT+RREF+j'(A)'LT 2
Tx 1+(RT+RREF)j'(1)'CT=0)2'CT'LT ()

from which the reflected impedance Zrer from the receiver to the transmitter circuit may be derived as:
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2.2 (- L — ——
7o w?-M?(Rg +R,) 4l WM (a) Ly w-CR)
rer = AL Y )
(RR + RL)Z + ((,U b LR - w-CR) (RR + RL)Z + ((U ) LR - a)-CR)

where Lt and Lr are the self-inductance values for the transmitter and receiver windings, respectively,
Rr and Rr are the parasitic series resistance shown for each coil, respectively, M is the mutual
inductance between coils, @ represents the angular frequency and RL is the load resistance. Further
analysis resolves the receiver and transmitter resonance capacitor values Cr and Cr as:

1
Cr = wg Ly (4)
Lt
Cr =
T W L%" + (Rr + Rggr) )

from which the link efficiency (n) is defined as the product between the transmitter (nt) and receiver
(mRr) circuit efficiencies where:

Py
n(T) = e (6)
Py
n(R) = P (7)
M?-R,

(8)

= (Rg + R)[Ry - Lg - Cr(Rg + Ry) + M?]

where Pr is the power delivered to the receiver circuit, Prx is the total power handled by the
transmitter circuit, P is the power delivered to the load and Prx is the total power handled by the
receiver circuit. The self and mutual inductance values adopted and used in the simulation were
derived using both Wheeler’s [26] and Grover’s [27] methods. The MATLAB model developed was
therefore designed to comprehend: (i) the transmitter and receiver series resistance, the transmitter and
receiver self-inductance, (ii) the transmitter-receiver inter-coil inductance, (iii) the impedance of the
cardiac substrate (nominally modeled as a 50 Q resistive load) and (iv) skin and proximity effects
based on Terman [28].

2.3. Clinical Study

In an initial trial of the RF defibrillator architecture developed, 30 patients with persistent AF and
with a previous history of failed transthoracic cardioversion were recruited for a study designed
to compare the efficacy of RF generated monophasic very-low-tilt-rectilinear versus biphasic
very-low-tilt-rectilinear shock waveforms [20]. All necessary regulatory and ethical approvals were
obtained and all patients who took part provided informed consent. Each patient was fully anticoagulated to
achieve an international normalised ratio (INR) of 2 to 3 for >4 weeks prior to cardioversion and
exclusion criteria were as per current guidelines. The procedures were undertaken in a cardiac
catheterisation laboratory. After obtaining venous access, a 6F internal cardioversion catheter was
positioned between the distal coronary sinus and right atrial appendage. The defibrillation catheter was then
connected to the RF power receiver side of the system. Catheter placement and position was confirmed
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via fluoroscopy in both right and left anterior oblique views (Figure 4). Intravenous midazolam was
administered for adequate sedation prior to commencement of the cardioversion procedure.

Right atrium

Coronary sinus

7

Defibrillation catheter

Figure 4. Position of defibrillation leads in the right atrium (RA) and coronary sinus (CS)
for internal cardioversion of AF (right anterior oblique view).

As part of the study protocol, patients were randomised to therapy with either a biphasic
very-low-tilt-rectilinear (B-VLTR) 12 ms chronosymetric (6 ms/6 ms) amplitude asymmetric (negative
phase at 50% amplitude) waveform (Figure 5a) or a 12 ms monophasic very-low-tilt-rectilinear
(M-VLTR) waveform (Figure 5b) using a voltage step-up protocol of 50 V to 300 V in six steps
(Table 1). Patients who failed to achieve sinus rhythm were subsequently crossed over to the opposite arm
of the study. To minimise total procedure time, patients that failed to cardiovert for a given shock energy
level were progressed in a timely fashion (typically <60 s) to the next shock energy level. Cardioversion
success was therefore necessarily defined as the return of sinus rhythm for a period of >30 s.
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Figure 5. RF defibrillator generated very-low tilt waveforms: (a) biphasic (B-VLTR)

12 ms chronosymmetric (6/6 ms) voltage waveform; (b) monophasic (M-VLTR) 12 ms
waveform.
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Table 1. Step up protocol with voltage and related shock energy (50 Q intracardiac
impedance assumed).

Study Arm 1 Biphasic Study Arm 2 Monophasic
Step Voltage Energy (J) Voltage Energy (J)
Sl 50 0.38 50 0.60
S2 100 1.50 100 240
S3 150 3.38 150 5.40
S4 200 6.00 200 9.60
S5 240 8.62 240 13.80
S6 280 11.75 280 18.81
S7 300 18.50 300 21.60

Post procedure, patient data was retrospectively categorised into four groups according to the type
of shock waveform used and outcome achieved: Group-I-successful cardioversion with B-VLTR,
Group-I1-failed cardioversion with B-VLTR, Group-Ill-successful cardioversion using M-VLTR, and
Group- IV-those who failed to cardiovert with M-VLTR. The primary end point was successful return
to sinus rhythm. Associated outcome parameters analysed were leading phase voltage (V), current (1),
energy (E), intracardiac impedance (ICI) magnitude (Z(t)), ICI variation between successive shocks (AZr),
ICI magnitude across frequency (Z(f)), ICI spectro-temporal variations between successive shocks
(AZ(f)r) and impedance-amplitude-spectrum-area (IAMSA) across frequency.

Time and Frequency Domain Signal Processing

For time domain analysis dynamic variation in ICI between successive shocks (AZrt) was
investigated. For frequency domain analysis, the spectral content of ICI was derived using a Fast
Fourier Transform (FFT) algorithm. Data pairs from the recorded voltage and current (as
simultaneously captured during cardioversion) were used to derive ICI as a function of time, Z(t), for
the first 4ms of each shock pulse waveform (excluding the rising edge for both waveform types):

Z(t) = W,/ L,(forn = 0,1,2,....N) 9
where Vn and In are the instantaneous voltage and current values sampled over time, respectively. To
minimise spectral leakage a Hanning windowing (j(t)) was applied:

ZOH = Z(6) x u(t) = Z(t) x %(1 — cos (?)) (10)

where t, T represent the time and duration of the processed Z(t) signal segments (4 ms), respectively.
Subsequently, an FFT was performed to determine the frequency domain function of ICI spectral
magnitude components, Z(f), across frequency:
N-1
FFT(kAf) = Z(f) = z F(nA)e~{@TkAN®AD (fork = 0,1,2,...N — 1) (11)

n=0
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where At = T/N, fs = 1/At = N/T, Af = 1/T, N is the total number of discrete points sampled,
T represents the total sampling period, At is the time interval between data points, fs represents the
sampling frequency and Af is the frequency resolution of the resulting spectral plot.

The sampling frequency was 500 kHz and the Nyquist criterion dictated that the upper frequency of
the spectral response characteristic examined was therefore limited to 250 kHz. Based on a 4096 point
FFT, a 4 ms sample yielded a spectral resolution of approximately 122 Hz. The magnitude spectral
function of ICI (Z(f)) from 0-20 kHz was derived using both MS-Excel Data Analysis Package and the
MATLAB signal processing platform, while the spectro-temporal variation of ICI within the selected
frequency range and between successive electrical shocks (AZ(f)t) was calculated in units of ohms and
impedance-amplitude-spectrum-area values (IAMSA) was calculated in units of ohms-Hz (Q-Hz).

3. Results and Discussion
3.1. Simulation and Experimental Characterisation

Numerical simulations of the proposed RF transmitter-receiver architecture were undertaken as
previously reported; using MATLAB and PSpice to evaluate several possible prototype coils for the
application proposed [24]. Table 2 presents the self and mutual inductance values derived and used in
the simulation for wire diameters ranging from 0.4 to 0.85 mm and also contains the calculated
transcutaneous link efficiencies for an inter-coil separation of 25 mm with resonant frequencies from
208 to 212 kHz both with and without the modeling of alternating current effects.

Table 2. Self and mutual inductance values derived using Wheeler’s [26] and Grover’s [27]
methods for wire diameters ranging from 0.40 to 0.85 mm (Tx = Rx coil diameter) and
calculated transcutaneous link efficiency for an inter-coil separation of 25 mm with
resonant frequencies ranging from 208 to 212 kHz both with and without the modelling of
alternating current effects.

Wire Self-Inductance Self-Inductance Mutual-Inductance
Diameter (bH) (LH) (hH)
(mm) [Wheeler's Method] | [Grover's Method] [Grover's Method]
0.75 39.65 39.08 3.52
0.85 38.32 38.20 2.93
0.40 34.89 34.43 1.29
Resonant Tx/Rx Wire | Tx/Rx Resonant Estimated Link Efficiency
Frequency Diameter Capacitor (nF) with and without alternating
(kHz) (mm) current effects
208 0.85 17.40/17.41 0.76/0.63
211 0.75 14.89/13.57 0.65/0.54
212 0.40 16.38/16.38 0.12/0.10
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The overall efficiency and stability of the RF power link in development was also modeled as a
function of inter-coil separation. With reference to Figure 6a which plots the overall link efficiency
versus resonant frequency for a range of inter-coil separations (5-49 mm), as expected the link
efficiency display a typical “S” curve and is seen to be heavily dependent on the aforementioned
parameter; where for a resonant frequency of 185 kHz an overall transfer efficiency of approximately
60% is theoretically expected. Similarly, Figure 6b plots the gain-frequency characteristics versus
resonant frequency for the entire system; where again it is evident that an overall gain of
approximately —3 dB (50% power, 70% voltage) is achieved for an inter-coil separation of
approximately 25 mm at the proposed frequency of operation (185 kHz). For comparative purposes,
Figure 6¢ plots the actual link efficiency measured during testing of a number of experimental
prototype coils versus wire diameter at an operating frequency of 185 kHz with both an
IGBT (IRG4PH40U) and a MOSFET (IFRP260N) examined for potential use as the transmitter
resonant tank switching device and with an approximate 52% efficiency for a wire diameter of
0.75 mm achieved.
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Figure 6. Cont.
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Figure 6. (a) Link efficiency versus resonant frequency as a function of inter-coil
separation; (b) gain-frequency characteristics versus resonant frequency and (c) measured
link efficiency versus wire diameter at operating resonant frequency of 185 kHz with both
an IGBT and a MOSFET for switching.

Based on the preliminary simulations and experiential work undertaken, architecture sub-systems
per Figure 1 were prototyped and fully characterized under laboratory conditions. On the transmission
side, Figure 7 shows oscilloscope plots of the control signal from the microcontroller driving the
power transmission resonant tank and the voltage and current waveforms that developed; where it is
readily observed that at a switching frequency of approximately 185 kHz (T = 5.4 16) the control signal
(0-5 V) modulates the tank voltage and current from 0-180 V at 0-2.5 A.

200

150 : : : Viegr(V) — Ve (V) — [~

100

50
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-50

-100
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Figure 7. System characterisation data—TX microcontroller (V|C) control signal versus
IGBT transistor switching voltage (Vicsr) and current (licer).

On the receiver side, Figure 8a shows the oscilloscope plot taken from the implant side rectified and
regulated output voltagefor a load resistance (RLoap) = 50 Q at a frequency of 185 kHz. With reference to
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Figure 8a, in sense mode, Vrx = 159 V at 0.36 A (5.1 W continuous) with <8% ripple achieved. With
reference to Figure 8b through Figure 8f, in shock mode, oscilloscope plots were taken from the
implant side (rectified and regulated output voltage) for Tx settings of 20 V, 40 V, 60 V and 100 V,
respectively; with a waveform tilt of <3.5% observed. Over extended testing an overall power transfer
efficiency across a 25 mm air-skin gap of approximately 47% (worst case) was achieved. Bench
characterisation data was therefore found to be in good agreement with both numerical calculations
and simulation.

3.2. Clinical Study Outcomes and Results

As previously stated, in an initial trial of the RF defibrillator architecture developed 30 patients with
persistent AF and with a previous history of failed transthoracic cardioversion were recruited for a study
designed to compare the efficacy of RF generated monophonic very-low-tilt-rectilinear versus biphasic
very-low-tilt-rectilinear shock waveforms; with the baseline characteristics of the 30 patients
randomnised in the two arms of the study as previously reported [20]. Seven out of fifteen patients (46%)
cardioverted to sinus rhythm with the B-VLTR protocol and 1 out of 15 patients (6%) with the M-VLTR
protocol (P = 0.035). When the outcomes of six crossover patients were taken into account, 14 patients in
total (46%) were restored to sinus rhythm. For the patients who were successfully treated, mean energy
and intracardiac impedance were 8.51 J £3.16 Jand 73.92 Q = 12.01 Q, respectively.
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Figure 8. Implant side rectified and regulated output voltage and current for inter-coil
separation of 25 mm with Rioap = 50 Q at f~185 kHz: (a) in sense mode 15.9 V
(5 V/div) at 0.32 A (5.1 W); with <8% ripple, Tx-Sense Mode = 15 V, Y-Axis: Output
voltage (yellow) = 15.9 V / 0.32 A, (5 V/div); X-Axis: Timebase = 250 ms (25 ms/div);
(b) Tx-Shock Mode Voltage Setting = 20 V, Y-Axis Ch-1 (green): Output voltage = 19.6 V
(10 V/div), Y-Axis Ch-2 (red): Output current = 0.36 A (0.5 A/div); (c) Tx-Shock Mode
Voltage Setting = 40 V, Y-Axis Ch-1 (green): Output voltage = 39.6 V (10 V/div), Y-Axis
Ch-2 (red): Output current = 0.74 A (0.5 A/div); (d) Tx-Shock Mode Voltage Setting =60 V,
Y-Axis Ch-1 (green): Output voltage = 59.6 V (20 V/div), Y-Axis Ch-2 (red): Output
current = 1.12 A (0.5 A/div); (e) Tx-Shock Mode Voltage Setting = 80 V, Y-Axis Ch-1
(green): Output voltage = 76.8 V (20 V/div), Y-Axis Ch-2 (red): Output current = 1.48 A
(1 A/div); (f) Tx-Shock Mode Voltage Setting = 100 V, Y-Axis Ch-1 (green): Output
voltage = 98.4 V (20 V/div), Y-Axis Ch-2 (red): Output current = 1.9 A (1 A/div); with an
average waveform tilt of <3.5% measured.
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3.2.1. Quantitative Time Domain Findings

For the time domain analysis, dynamic variations of ICI between successive electrical shocks (AZr)
was analyzed for statistical significance using a student t-test for all groups within the study (Table 3).

Table 3. Dynamic changes in ICI(Zav) between shocks measured for the B-VLTR

and M-VLTR.
Group-I Group-II Group-I11 Group-1VvV
Shock Waveform B-VLTR B-VLTR M-VLTR M-VLTR Fail
Success (N=7) Fail (N=8) Success (N=7) (N=8)
Zav @S1 (Q £+ SD(0)) 79.20+£9.16  71.00£17.55 80.50 +10.34  74.92 £22.68
Zav@ S2 (Q + SD(0)) 76.43 £10.02  69.28 +15.02  78.22 +10.16  68.02 +22.76
Zav @ S3(Q + SD(0)) 7425859  67.70 £12.95 7550 £9.43 66.80 +21.68
|ISS — AZ+|: S1->S3 495 +2.71 3.30 £5.63 5.00 +1.62 8.12 +6.61
(Q £ SD(0)),(p-value) p <0.009 p >0.154 p <0.003 p > 0.051
Zav @ S4 (Q + SD(o)) 7414 £7.84  67.68+13.32 7554 +9.80 65.88 £20.07
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Table 3. Cont.

ISS - AZav|: S3 -> S4 0.11 +2.04 0.02 +1.61 —0.04 +2.80 0.92 +3.40
(Q £ SD(0)), (p-value) p > 0.147 p>0.891 p > 0.952 p >0.404
Zav @ S5 (Q + SD(o)) 7192 +6.46  68.86 +£12.80  74.51 +9.69 66.00 +21.00

ISS - AZav|: S4 -> S5 2.22 £1.61 —1.18 +3.50 1.03 +£3.20 —-0.12 £3.35
(Q £ SD(0), (p-value) p >0.100 p >0.254 p > 0.264 p>0.775

As is self evident, all patients who cardioverted (for both the B-VLTR and M-VTLR treatment
protocols) exhibited a significant decrease in ICI (Zav) between the first and third shock (Group I, I1I:
SS—-AZ1(S1—S3) = 4.95 Q (SD(c) = 2.71 Q), p < 0.01 and SS—AZ1(S1—S3) = 5.00 Q (SD(c) = 1.62 Q),
p < 0.003, respectively). However, a significant decrease in ICI between successive shocks was absent
in all patients who failed to cardiovert (Group Il, IV: SS—AZt (S1—S3) = 3.30 Q (SD(c) = 5.63 Q),
p > 0.15 and SS—-AZ1(S1—S3) = 8.12 Q (SD(o) = 6.61 Q), p > 0.05, respectively). Note that due to
sample size for the latter pair of groups, SD(c) values are relatively large with respect to the mean
values rendering meaningless any attempt to assess ICI variation tendencies for SS—AZ1(S1—S3)
withineither of thegroups that failed to cardiovert [19].

3.2.2. Quantitative Frequency Domain Findings

For frequency domain analysis, an FFT algorithm was used to derive the magnitude of the
intracardiac impedance spectral content, Z(f) in ohms (), from 0-20 kHz while dynamic variation in
spectral content between successive electrical shocks delivered was quantified by the spectro-temporal
parameter AZ(f)T and examined for statistical significance using a student t-test for all groups within
the study. The impedance spectra for a representative patient case in each of the four clinical groups
are presented in Figure 9a through Figure 9d.
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Figure 9. FFT computed impedance magnitude (Q2) spectra for B-VLTR and M-VLTR
shocks in the 0-20 kHz frequency range for the first three shocks (S1 -> S3) delivered to
patients in Groups-1 to 1V; (a) patient PAF12, B-VLTR Impedance Amplitude Spectrum
Area, (Q-Hz): Group-l B-VLTR Success (0-20 kHz); (b) patient PAF18, B-VLTR
Impedance Amplitude Spectrum Area, (Q-Hz): Group-1l B-VLTR Fail (0-20 kHz);
(c) patient PAF14, M-VLTR Impedance Amplitude Spectrum Area, (Q-Hz): Group-llI
M-VLTR Success (0-20 kHz); (d) patient PAF20, M-VLTR Impedance Amplitude
Spectrum Area, (Q-Hz): Group-1V M-VLTR Fail (0-20 kHz).

Similar to what was observed in the time domain, frequency analysis of ICI time series, Z(t),
revealed a relative decrease in the impedance magnitude of spectral content of the ICI from 1-20 kHz
in all patients who successfully cardioverted. In addition, spectro-temporal variation in ICI between
successive shocks delivered, parameter AZ(f)r, was also quantified in all patients cases from
each outcome group. For this analysis, results were summarised as difference values of the
impedance-amplitude-spectrum-area (IAMSA) between shock-1 (S1) and shock-3 (S3) (AIAMSA
(S1-S3)) across various frequency ranges (Table 4).

Table 4. ICI spectro-temporal variations of IAMSA for frequency bands and outcome groups.

Group/IAMSA Group-! and 11 Group-11 and IV
Value (Q-Hz) (n = 15(Patients)) (n = 15 (Patients))
B-VLTR & M-VTLR Success B-VLTR & M-VTLR Fail
Shock S1 S3 S1 s3
IAMSA (france-1)
1 Hz-1 kHz (Q-Hz) 104.42 9547 85.04 79.99
IAMSA (franGE-2)
1 kHz-10 kHz (Q-Hz) 8.25 2.98 4.91 1.62
AMSA(Trance ) 9.25 2.65 6.29 171

10 kHz—20 kHz (Q-Hz)
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Table 4. Cont.
IAMSA(L Hz-20 kHz) 121.92 101.10 96.24 83.32
(Q-Hz)
Mfﬁdzsgé i|14283 20.82 +10.77 p < 0.002 12.92 +10.47 p<0.030
(n = 45 (waveforms)) (n = 45 (waveforms))

(Q-Hz £SD(o), p value)

Again, as is self evident, for both B-VLTR and M-VLTR treatment protocols, all patients who
successfully cardioverted exhibited a significant (p < 0.01) decrease in IAMSA value measured at
shock-1 (S1) and shock-3 (S3); ATAMSA(S1-S3) within the 1 Hz to 20 kHz frequency band
(AMAMSAs1-IAMSAS3)[1 Hz — 20 kHz] = 20.82 Q-Hz (SD(s) = 10.77 Q-Hz), p < 0.002) versus those
who failed to cardiovert (JAIAMSAsi1-IAMSAs3)[1 Hz-20 kHz] = 12.92 Q-Hz (SD(c) = 10.47 Q-Hz),
p < 0.03). These heretofore unreported results are therefore indicative of prognostic attributes in both
the time and frequency domain thatcorrelate to cardioversion outcome.

4. Discussion
4.1. Experimental Findings

In this paper we propose and demonstrate a wireless powered implantable atrial defibrillator
consisting of a battery powered hand-held radio frequency (RF) power transmitter (ex vivo) and a
passive (battery free) implantable power-receiver (in vivo) that enables measurement of the
intracardiac impedance (ICI) during internal atrial defibrillation. The architecture is designed to operate
in two modes: cardiac sense mode (power-up, measure the impedance of the cardiac substrate and
communicate data to the ex vivo power transmitter) and cardiac shock mode (delivery of a synchronised
very-low-tilt-rectilinear electrical shock waveform). An initial prototype was implemented and tested.
In low-power (sense) mode, >5 W was delivered across a 2.5 cm air-skin gap to facilitate measurement
of the impedance of the cardiac substrate. In high-power (shock) mode, >180 W (delivered as a 12 ms
monophasic very-low-tilt-rectilinear (M-VLTR) or as a 12 ms biphasic very-low-tilt-rectilinear
(B-VLTR) chronosymmetric (6ms/6ms) amplitude asymmetric (negative phase at 50% magnitude)
shock was reliably and repeatedly be delivered across the same interface; with >47% DC-to-DC power
transfer at a switching frequency of 185 kHz achieved. In an initial trial of the RF architecture
developed, 30 patients with AF were randomised to therapy with an RF generated M-VLTR or
B-VLTR waveform using a step-up voltage protocol (50-300 V). Mean energy for successful
cardioversion was 8.51 J +3.16 J. Subsequent analysis revealed that all patients who cardioverted
exhibited a significant decrease in ICI between the first and third shocks (5.00 Q (SD(c) = 1.62 Q),
p < 0.01) while spectral analysis across frequency also revealed a significant variation in the
impedance-amplitude-spectrum-area (IAMSA) within the same patient group (JATAMSAsi-IAMSAs3)
[1 Hz—20 kHz] = 20.82 Q-Hz (SD(c) = 10.77 Q-Hz), p < 0.01); both trends being absent in all patients
that failed to cardiovert.
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4.2. Findings Appraisal in View of Previous Reports

Transcutaneous Energy Transfer (TETs) or Inductive Power Transfer (IPT) technology has been
widely investigated as a potential solution for wireless energy transfer from ex vivo to in vivo implants.
However, a commercially viable high power TET or IPT system remains a challenging goal;
predominately due to the localized heating of tissue that inevitably results from power losses in the
receiver coil [29-32]. Recent publications have reported high power TET or IPT transcutaneous
energy transfer efficiencies of up to 93% [29-35] while the transfer efficiency of our current
implementation is closer to an average of 50% across all modes of operation. Significant additional
work is therefore now required to model and optimise the coil winding configurations, misalignment
tolerance, microelectronic control circuitry and rectifilter associated losses; to achieve improved
energy transfer efficiency characteristics. Furthermore, although the power transfer requirements for
successful cardioversion appear quite large (several hundred watts), the inherent pulsatile nature of the
cardioversion shock waveform used (maximum 12 ms duration) effectively means that maintenance of
local temperature rise (over baseline temperature) to <1< (in proximity to the receiver implant
and surrounding tissue) is less problematic than in applications necessitating continuous mode
operation [33-35]. Specifically, in the present design, continuous power is only applied for a very
limited time during sense mode operation (typically only a few seconds is required to complete the
‘sense’ cycle) and hence the possibility of raising the skin temperature above 42 (thereby resulting in
discomfort or skin damage) has been effectively mitigated. However, significant work remains on-
going to develop a feedback control loop to automate this aspect of the design and to ensure that losses
within the local tissue are within acceptable limits [29-35].

In parallel, considerable effort has also been devoted by various research teams to optimisation of
electrical shock waveforms for internal cardioversion of AF. In particular, AF related clinical studies
conducted at the Royal Victoria Hospital Belfast, have shown that by reducing the tilt of the
cardioversion waveform the success and efficacy of the shock can be improved [15]. In 2008, Glover et al.
compared the clinical efficacy of radio frequency (RF) generated low-tilt biphasic shock waveforms
(RF B-VLTR) with standard capacitive discharge based biphasic waveforms in patients with induced
AF during electrophysiological studies and in patients who failed to cardiovert with transthoracic
cardioversion; thereby demonstrating the B-VTLR waveform to be more efficacious with a lower peak
voltage required to successfully cardiovert versus a conventional biphasic capacitive discharge based
waveform reported [16]. More recently, in 2011, Fenton et al. published a LEAP (low-energy
antifibrillation pacing) protocol and demonstrated the successful termination of AF using sequenced
multiple low-energy shocks; reporting that time based delivery of a train of low energy pulses could be
used to effectively lower the cardioversion threshold to approximately 13% of the energy normally
required for a single shock impulse with a 93% success rate in canine models [22,23]. In this work, a
mean internal cardioversion threshold of 8.51 J £3.16 J was achieved using a voltage step-up protocol;
less than half the current energy recommended for single shock internal cardioversion (20 J). Hence,
the physiological mechanisms postulated by Fenton et al. as being potentially responsible for the
enhanced efficacy of LEAP (shock sequencing) type protocols are thought likely to underpin the
results observed; however, extensive theoretical and modeling will also be required to begin to
understand the potential advantages of sequenced and step-up defibrillation protocols and the basis for
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dynamic impedance variation as a reliable correlated marker of favorable conditions for internal
cardioversion success. Furthermore, in this particular clinical study (which was based upon a
sequenced step-up voltage/energy protocol) success was necessarily defined as the return of sinus
rhythm for a period of >30 s to facilitate the rapid progression of patients (that failed to cardiovert
when administered a given shock energy level) to the next energy level. However, it is self evident that
further investigation of the time based evolution of the spectral content in the 1 Hz—20 kHz range
(o (inter-cellular) and B (intra-cellular) dispersion regions) and correlation to long term clinical
outcome (>6 months) will also be required to fully understand both the short and long termaspects of
the complex electro-mechanical and biological physiological mechanisms at play.

The outcomes to this study are therefore in broad agreement with previous studies and the
advancements presented are illustrative of how wireless powered implantable devices and sensors
capable of capturing novel electrophysiological measurements can facilitate the development of a
better understanding and ultimately more efficient low-energy atrial defibrillation devices and
therapies. Efficient transcutaneous power transfer and sensing of ICI during internal cardioversion are
therefore evidenced as key to the advancement of low-energy atrial defibrillation.

5. Conclusions

In this paper we proposed, developed and demonstrated a wireless powered implantable atrial
defibrillator architecture that facilitates measurement of intracardiac impedance during cardioversion.
An initial trial of the RF architecture developed achieved a low-energy cardioversion threshold
of 851 J x 3.16 J; less than half the current energy recommended for single shock internal
cardioversion (20 J). In addition, intracardiac impedance measurements sensed during low-energy
cardioversion were found to contain attributes in both the time and frequency domain that correlate to
cardioversion outcome. Efficient transcutaneous power transfer, wireless powered in vivo sensing and
measurement of intracardiac impedance during cardioversion are therefore evidenced as key to the
advancement of low-energy defibrillation therapies. Further development of the system and
preparations for additional trials focusing on cardioversion waveform optimisation via capture and
advanced analysis of the dynamic impedance spectrum of the cardiac substrate across frequency for
multi-shock protocols and in larger patient cohorts remain on-going.

Acknowledgments

Part of this work was supported by funding from Invest Northern Ireland, under the EU European
Regional Development Fund. Professor Omar Escalona is supported by philanthropic funds equally
from the Ulster Garden Villages Ltd. and the McGrath Trust (UK).

Author Contributions

Philip Walsh and Omar Escalona conceived and designed the methods, measurement analysis and
part of the equipment used in the experiments as well as the paper edition work (P Walsh wrote the
paper and O Escalona reviewed the paper); Vivek Kodoth performed the clinical studies of intracardiac
AF cardioversion using the RF defibrillator (in cardiac shock mode); David McEneaney co-supervised



Sensors 2015, 15 22397

the clinical interpretation of the analyzed data and reviewed the manuscript; Paola Rodriguez
contributed to the development and evaluation of the transdermal wireless energy supply subsystem
(power-up) used in the cardiac sense mode; Jose Velasquez and Niall Waterman contributed in the
design, development and evaluation of the hand-held RF power transmitter and the passive implantable
power receiver prototype devices.

Conflicts of Interest

The authors declare no conflict of interest.

References

1.

Schamroth, L. An Introduction to Electrocardiography, 7th ed.; Blackwell Scientific Publications:
London, UK, 1990.

Heeringa, J.; van verKuip, D.A.; Hofman, A.; Kors, J.A.; van Herpen, G.; Stricker, B.H.;
Stijnen, T.; Lip, G.Y.; Witterman, J.C. Prevalence, Incidence and Lifetime risk of Atrial
Fibrillation: The Rotterdam study. Eur. Heart J. 2006, 27, 949-953.

Fuster, V.; Rydén, L.E.; Cannom, D.S.; Crijns, H.J.; Curtis, A.B.; Ellenbogen, K.A.; Halperin, J.L.;
Le Huezey, J.Y.; Kay, G.N.; Lowe, J.E.; et al. ACC/AHA/ESC 2006 guidelines for the
management of patients with atrial fibrillation: A report of the American College of
Cardiology/American Heart Association Task Force on Practice Guidelines and the European
Society of Cardiology Committee for Practice Guidelines (Writing Committee to Revise the 2001
Guidelines for the Management of Patients With Atrial Fibrillation) developed in collaboration
with the European Heart Rhythm Association and the Heart Rhythm Society. Europace 2006, 8,
651-745.

Wann, L.S.; Curtis, A.B.; January, C.T.; Ellenbogen, K.A.; Lowe, J.E.; Estes, N.A.; Page, R.L.;
Ezekowitz, M.D.;Slotwiner, D.J.; Jackman, W.M.; et al. ACCF/AHA/HRS 2011 focused update
on the management of patients with atrial fibrillation (Updating the 2006 Guideline). J. Am. Coll
Cardiol. 2011, 57, 223-242.

Kim, M.H.; Johnston, S.S.; Chu, B.C.; Dalal, M.R.; Schulman, M.A. Estimation of Total
Incremental Health Care Costs in Patients With Atrial Fibrillation in the United States. Circ.
Cardiovasc. Qual. Outcomes 2011, 4, 313-320.

Gasparini, G.; Bonso, A.; Themistoclakis, S.; Giada, F.; Raviele, A. Low energy internal
cardioversion in patients with long-lasting atrial fibrillation refractory to external electrical
cardioversion: results and long-term follow-up. Europace 2001, 3, 90-95.

Pavin, D.; Legrand, H.; Leclercq, C.; Crocq, P.; Daubert, J.C. Transvenous low energy internal
cardioversion for atrial fibrillation refractory to external cardioversion: do non obese patients
benefit ? Heart 2004, 90, 332-333.

Hein, J.J.; Wellens, M.D.; Lau, C.P.; Luderitz, B.; Akhtar, M.; Waldo, A.L.; Camm, AJ;
Timmermans, M.D.; Tse, H.F.; Jung, W.; et al. The Atrioverter: An Implantable Device for the
Treatment of Atrial Fibrillation. Circulation 1998, 98, 1651-1656.



Sensors 2015, 15 22398

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Tse, H.F.; Lau, C.P.; Sra, J.S.; Crijns, H.; Edvardsson, N.; Kacet, S.; Wyse, G. Atrial fibrillation
detection and R-wave synchronization by Metrix implantable atrial defibrillator: implications for
long-term efficacy and safety. Circulation 1999, 99, 1446-1451.

Timmermans, C.; L&y, S.; Ayers, G.M.; Jung, W.; Jordaens, L.; Rosenqvist, M.;Thibault, B.;
Camm, J.; Rodriquez, L.M.; Wellens, H.J. Spontaneous episodes of atrial fibrillation after
Implantation of the Metrix Atrioverter: Observations on treated and non-treated episodes.
J.Am.CollCardiol. 2000, 35, 1428-1433.

Pedersen, S.S.; van Domburg, R.T.; Theuns, D.A.; Jordaens, L.; Erdman, R.A. Concerns about the
implantable cardioverter defibrillator: A determinant of anxiety and depressive symptoms
independent of experienced shocks. Am. Heart J. 2005, 149, 664—669.

Undavia, M.; Goldstein, N.E.; Cohen, P.; Sinthawanarong, K.; Singson, M.; Bhutani, D.; Munson,
T.; Gomes, J.A.; Fischer, A.; Mehta, D. Impact of implantable cardioverter-defibrillator recalls on
patients’ anxiety, depression, and quality of life. PacingClin. Electrophysiol. 2008, 31,
1411-1418.

Kidwai, B.J.; Allen, D.J.; Harbinson, M.T.; Mcintyre, A.; Anderson, J.;Adgey, A.A.J. Waveform
Optimization for Internal Atrial Defibrillation: Effects of Waveform Rounding, Phase Duration,
and Voltage Swing. PacingClin. Electrophysiol. 2001, 24, 1198-1207.

Niebauer, M.J.; Chung, M.K.; Brewer, J.E.; Tchou, P.J. Reduced Cardioversion Thresholds for
Atrial Fibrillation and Flutter Using The Rectilinear Biphasic Waveform. J. Interv. Card.
Electrophysiol. 2005, 13, 145-150.

Walsh, S.J.; Manoharan, G.; Escalona, O.J.; Santos, J.; Evans, N.; Anderson, J.; Stevenson, M.;
Allen, J.D.; Adgey, A.A. Novel rectangular biphasic and monophasic waveforms delivered by a
radio frequency powered defibrillator compared with conventional capacitor based waveforms in
transvenous cardioversion of atrial fibrillation. Europace 2006, 10, 873-880.

Glover, B.M.; McCann, C.; Manoharan, G.; Walsh, S.J.; Moore, M.J.; Allen, J.D.; Escalona, O.;
Anderson, J.M.; Truton, T.G.; Stevenson, M.; et al. A pilot study of a low-tilt biphasic waveform
for transvenous cardioversion of atrial fibrillation. Pacing Clin. Electrophysiol. 2008, 31,
1020-1024.

Kerber, R.E.; Martins, J.B.; Kienzle, M.G.; Constantin, L.; Olshansky, B.; Hopson, R.;Charbonnier, F.
Energy, current, and success in defibrillation and cardioversion: Clinical studies using an
automated impedance-based method of energy adjustment. Circulation 1988, 77, 1038-1046.
Escalona, O.J.; Kodoth, V.; Castro, N.C.; Xavier, S.; Walsh, P.R.; Glover, B.M.; Lau, E.;
Manoharan, G. Linear variation analysis of intracardiac atrial impedance during internal
cardioversion using rectilinear waveforms and energy step up protocol. Comput. Cardiol. 2012,
39, 721-724.

Walsh, P.R.; Escalona, O.J.; Kodoth, V.; McEneaney, D.; Lau, E.; Manoharan, G. Dynamic
changes in intracardiac impedance as a predictive marker during internal cardioversion of atrial
fibrillation. Comput. Cardiol. 2013, 40, 611-614.

Kodoth, V.; Castro, N.C.; Glover, B.M.; Anderson, J.; Escalona, O.J.; Lau, E.; Manoharan, G.
Waveform optimisation for internal cardioversion of atrial fibrillation. J. Electrocardiol. 2011, 44,
689-693.



Sensors 2015, 15 22399

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

Fumagalli, S.; Tarantini, F.; Caldi, F.; Nakhanian, Y.; Padeletti, M.; Boncinelli, L.; Valoti, P.;
Di Serio, C.; Pellerito, S.; Padeletti, L.; et al. Multiple Shocks Affect Thoracic Electrical
Impedance During External Cardioversion of Atrial Fibrillation. Pacing Clin. Electrophysiol. 2009,
32, 371-377.

Fenton, F.H.; Luther, S.; Cherry, E.M.; Otani, N.; Krinsky, V.; Pumir, A.; Bodenschatz, E.;
Gilmour, R.F. Termination of Atrial Fibrillation Using Pulsed Low-Energy Far-Field Stimulation.
Circulation 2009, 120, 467—476.

Luther, S.; Fenton, F.H.; Kornreich, B.G.; Squires, A.; Bittihn, P.; Hornung, D.;Zabel, M,;
Flanders, J.; Gladuli, A.; Campoy, L.; Cherry, E.M.; et al. Low-energy control of electrical
turbulence in the heart. Nature 2011, 475, 235-239.

Escalona, O.J.; Velasquez, J.J.; Waterman, N.; Chirwa, L.; Anderson, J. Transcutaneous dual
tuned RF coil system voltage gain and efficiency evaluation for a passive implantable atrial
defibrillator. Comput. Cardiol. 2010, 37, 569-572.

Walsh, P.R.; Rodrigues, P.A.; Velasquez, J.J.; Watermann, N.; Escalona, O.J. Impedance
compensated passive implantable atrial defibrilator. Electron. Lett. 2014, 50, 1192-1193.
Wheeler, H.A. Inductance formulas for circular and square coils. IEEE Proc. 1982, 70,
1449-1450.

Grover, F.W. Inductance Calculations: Working Formulas and Tables, 1st ed.; Dover
Publications: New York, NY, USA, 1946; pp. 82-113.

Terman, F. Radio Engineering Handbook, 1st ed.; McGraw-Hill Book Company: New York, NY
USA, 1943; pp. 128-134.

Knecht, O.; Bosshard, R.; Kolar, JW.; Stark, C.T. Optimisation of Transcutaneous Energy
Transfer coils for high power medical applications. In Proceedings of the 2014 IEEE 15th
Workshop on Control and Modeling for Power Electronics (COMPEL), Santander, Spain, 22-25
June 2014, pp. 1-10.

Zhang, W.; Wong, S.C.; Tse, C.K.; Chen, Q. Analysis and Comparison of Secondary Series and
Parallel-Compensated Inductive Power Transfer Systems Operating for Optimal Efficiency and
Load-Independent Voltage-Transfer Ratio. IEEE Trans. Power Electron. 2014, 29, 2979-2990.
Chen, Q.; Wong, S.C.; Tse, C.K.; Ruan, X. Analysis, Design, and Control of a Transcutaneous
Power Regulator for Artificial Hearts. IEEE Trans. Biomed. Circuits Syst. 2009, 3, 1932-1945.
Nam, I.; Dougal, R.; Santi, E. Optimal design method for series LCLC resonant converter based
on analytical solutions for voltage gain resonant peaks. In Proceedings of the 2013 Twenty-Eighth
Annual IEEE Applied Power Electronics Conference and Exposition (APEC), Long Beach, CA,
USA, 17-21 March 2013; pp. 1429-1437.

Dissanayake, T.D.; Budgett, D.M; Hu, P.; Bennet, L.; Pyner, S.; Booth, L.; Amirapu, S.; Wu, Y.;
Malpas, S.C. A Novel Low Temperature Transcutaneous Energy Transfer System Suitable for
High Power Implantable Medical Devices: Performance and Validation in Sheep. Artif. Organs
2010, 34, 160-167.



Sensors 2015, 15 22400

34. Slaughter, M.S.; Myers, T.J. Transcutaneous Energy Transmission for Mechanical Circulatory
Support Systems: History, Current Status,and Future Prospects. J. Card. Surg. 2010, 25, 484-489.

35. Leung, H.Y.; Budgett, D.M.; Hu, A.P. Minimizing Power Loss in Air-Cored Coils for TET Heart
Pump Systems. IEEE J. Emerg. Sel. Top. Circuits Syst. 2011, 1, 412-419.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



