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Abstract

Background: Every year, more than 2.5 million critically ill patients in the ICU are
dependent on mechanical ventilation. The positive pressure in the lungs generated
by the ventilator keeps the diaphragm passive, which can lead to a loss of myofibers
within a short time. To prevent ventilator-induced diaphragmatic dysfunction (VIDD),
phrenic nerve stimulation may be used.

Entrepreneurship, University

of Bern, Bern, Switzerland

3 Department of Cardiology, Bern
University Hospital, University

of Bern, Bern, Switzerland

4 Department Neurology, Bern
University Hospital, University

of Bern, Bern, Switzerland

Objective: The goal of this study is to show the feasibility of transesophageal phrenic
nerve stimulation (TEPNS). We hypothesize that selective phrenic nerve stimulation can
efficiently activate the diaphragm with reduced co-stimulations.

Methods: An in vitro study in saline solution combined with anatomical findings

was performed to investigate relevant stimulation parameters such as inter-electrode
spacing, range to target site, or omnidirectional vs. sectioned electrodes. Subsequently,
dedicated esophageal electrodes were inserted into a pig and single stimulation pulses
were delivered simultaneously with mechanical ventilation. Various stimulation sites
and response parameters such as transdiaphragmatic pressure or airway flow were
analyzed to establish an appropriate stimulation setting.

Results: Phrenic nerve stimulation with esophageal electrodes has been demon-
strated. With a current amplitude of 40 mA, similar response figures of the diaphragm
activation as compared to conventional stimulation with needle electrodes at 10mA
were observed. Directed electrodes best aligned with the phrenic nerve resulted in up
to 16.9 % higher amplitude at the target site in vitro and up to 6 cmH20 higher trans-
diaphragmatic pressure in vivo as compared to omnidirectional electrodes. The activa-
tion efficiency was more sensitive to the stimulation level inside the esophagus than
to the inter-electrode spacing. Most effective and selective stimulation was achieved at
the level of rib 1 using sectioned electrodes 40 mm apart.

Conclusion: Directed transesophageal phrenic nerve stimulation with single stimuli

enabled diaphragm activation. In the future, this method might keep the diaphragm

active during, and even support, artificial ventilation. Meanwhile, dedicated sectioned
electrodes could be integrated into gastric feeding tubes.

Keywords: Phrenic nerve stimulation, Diaphragm activation, Critical care, Esophageal
catheter, Intensive care unit, Lung and diaphragm protective, Transesophageal
stimulation, Ventilation induced diaphragmatic dysfunction, Hospital mortality
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Introduction

Every year, more than 2.5 million patients in intensive care units (ICU) require mechani-
cal ventilation (MV). These critically ill patients occupy 21% to 39% of ICU units [1].
Although lifesaving, prolonged MV is associated with adverse effects, as the source of
ventilation exerts a positive pressure on the lungs while, the diaphragm remains inac-
tive. Due to the lack of diaphragmatic activity, the diaphragm recedes. Six hours of MV
in humans already decreases diaphragmatic contractility. After only 18—-69 h of MV [2],
more than half of the cross-sectional area of the diaphragmatic myofibers is reduced [3],
leading to ventilator induced diaphragmatic dysfunction (VIDD). After MV, the respira-
tory muscle must be slowly re-accustomed to its own breathing, i.e., weaned off the ven-
tilator. VIDD-related complications such as prolonged weaning or weaning failure occur
in almost half of patients ventilated for 24 h or longer and can result in an extended stay
in the ICU [4]. Shortening weaning and reducing complications associated with MV is
highly desirable [5, 6].

Electrical stimulation of the intact phrenic nerves inducing a contraction of the inac-
tive diaphragm may provide a solution. The idea of activating the diaphragm with elec-
trical pulses goes back many years. As early as 1872, Duchenne defined phrenic nerve
stimulation (PNS) as physiologically the best way to mimic natural breathing [7], fol-
lowed by the first study in 1873 to cure asphyxia [8]. Long-term diaphragm pacing as a
contemporary therapeutic tool for a patient with primary hypoventilation can be traced
back to the pioneering work of Glenn [9], who introduced the first respiratory pace-
maker to the market in 1995 [10].

Similar to diaphragmatic pacemakers, various PNS concepts have been investigated
to prevent VIDD, but they suffer from major complications. Conventional noninvasive
transcutaneous stimulation of the phrenic nerve has manifested no relevant co-stimu-
lations in healthy volunteers [11]. The optimal electrode position varies greatly between
patients. Depending on the placement of the electrode array, central venous access is
blocked, which most ventilated patients in the ICU require. Studies using transcutane-
ous PNS in critically ill patients are still lacking. Cervical magnetic phrenic stimulation
also resulted in bilateral diaphragm activation [12]. The strong magnetic fields induced
by the bulky coils, however, may lead to interferences with the vital sign monitoring and
currently lacks selectivity in ICU patients [13]. Invasive PNS was recently tested suc-
cessfully through a transvenous electrode catheter [14—16]. This application is, however,
limited to patients with existing subclavian venous cannulation [15, 17]. Other invasive
methods include electrical percutaneous stimulation [18, 19] and direct diaphragm pac-
ing using implanted electrodes [20, 21], where the latter is not suitable for temporary
applications in the ICU.

We propose a novel method using multiple esophageal electrodes for PNS to over-
come the drawbacks of existing diaphragm activation methods. Directed esophageal
electrodes may enable plane-selective stimulation of the phrenic nerve. Esophageal elec-
trodes also profit from a self-cleaning, stable electrochemical environment, allowing for
long-term instrumentation [22] with low infection potential [23, 24]. A simple insertion
criterion [25] may be adopted from long-term transesophageal ECG recording to omit
X-ray-based electrode placement in the future. Furthermore, esophageal electrodes are
sensitive to diaphragmatic electromyography (EMG) [26] and, thus, may give a direct
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feedback of successful diaphragm activation. The present study tests the feasibility of
transesophageal PNS (TEPNS) for the activation of the diaphragm.

Methods

The study was structured in two main parts. First, a dedicated in vitro measurement
setup was built and an appropriate TEPNS protocol with customized esophageal elec-
trodes was examined. Second, an in vivo study with a sedated porcine model was per-
formed. TEPNS was optimized for and performed at the level rib 1 and C5 as indicated
by preceding anatomical studies and the in vitro experiments. The in vivo trial was
approved by the Veterinary Department of the Canton of Bern, Switzerland, and was
performed in compliance with the Guide for the Care and Use of Laboratory Animals.

Multielectrode esophageal catheter

A customized multielectrode esophageal catheter was developed with a total of 10 elec-
trode sections that are built partially as round, i.e., omnidirectional electrodes (5 mm
length, 3 mm diameter, 47.12 mm? surface, AISI304/1.4301) and partially as three sec-
tioned (sections 6 and 8), i.e., directed electrodes in the circumference (5 mm length,
1.83 mm width, 9.15 mm? surface, AISI316 L/1.4404) as depicted in Fig. 1. The distance
between electrodes 1 to 3 measured 15 mm, the distance between electrodes 4 to 10
was 10 mm each. The thermoplastic polyurethane catheter tube had a total length of
150 mm.

In vitro setup

In vitro measurements with omnidirectional and directed electrodes were performed.
In an isotonic saline solution (0.90% w/v of NaCl, 308 mOsm/L), the esophageal elec-
trode catheter was placed and aligned with sensing electrodes mimicking the phrenic
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Fig. 1 Multipolar esophageal catheter equipped with ten electrode sections. All sections contain
omnidirectional electrodes, except sections 6 and 8, which include three directed electrodes in the
circumference
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Fig. 2 In vitro test setup A used for the analysis of stimulation intensities with directed as compared to
omnidirectional electrodes and animal trial setup B with dedicated stimulation and measurement equipment

nerve, as illustrated in Fig. 2A. Bipolar stimulation pulses were generated by the cur-
rent stimulator DS8R (Digitimer, UK) and delivered from two selected electrodes of the
esophageal catheter. The attenuated pulses were measured and digitized by the high-res-
olution biosignal amplifier g.USBamp (G.TEC, AT). Each measurement was performed
3-5 times with a cathodic square pulse length of 10 mA amplitude and 400us duration.
Three stimulation parameters were examined to study their effect on the pulse ampli-
tudes (Appendix 1). The distance between the stimulation and measurement electrodes
was varied from 20 mm to 50 mm, in accordance with pig anatomy. The spacing between
the stimulation electrodes was changed from 10 mm to 105 mm; meanwhile, omnidirec-

tional and directed electrodes were compared to each other with fixed spacing.

In vivo trial

An animal trial was done using a 60 kg domestic pig, which was sedated, mechanically
ventilated and placed on the back. Anesthesia was administered with Sevoflurane. The
multielectrode catheter (Fig. 1) was inserted into the esophagus to the desired positions
using real-time X-ray imaging and connected to the stimulation device (Fig. 2). A pre-
liminary anatomical study with pigs [27] showed similar courses of the left and right
phrenic nerve and similar branches and connections to the truncus as compared to the
human body and was decisive for the choice of the two stimulation positions. For stimu-
lation position 1, the catheter electrode #5 was aligned with the level of rib 1, position
2 was at the level of the nerve origin at vertebrae C6 (electrode #6). In addition, needle
electrodes (0.34 mm? worksurface) were used to puncture the phrenic nerve paraster-
nal to obtain a positive control of PNS and concurrent diaphragmatic activation. The
three stimulation sites were characterized and compared based on pressure measure-
ments acquired with a differential pressure transducer (Harvard Apparatus, US) con-
nected to a two-site balloon catheter (Nutrivent, IT), two respiration effort sensors on
stretching belts (G.TEC, AT) placed on the thorax and abdomen, respectively, an airflow
sensor (Sensirion, CH) and two tri-axial-accelerometer (BIOPAC, US) placed on the left
and right side, as shown in Fig. 2B. Single stimulation pulses were delivered immedi-
ately after the exhale phase of the mechanical ventilation. The amplitude and duration of
stimulation pulses ranged from 10 mA and 200 ps (equals 2000 nC/pulse) to 60 mA and
400 ps (equals 24000 nC/pulse), respectively. MATLAB R2020b (Mathworks, USA) was
used for the signal analysis. For all measurement series, median values from five time
samples of the measurement device were calculated, focusing on the transdiaphragmatic
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pressure (Pdi) and the behavior of the left and the right accelerator and the lower res-
piratory belt.

Results

Optimal measurement protocol

Target intensity of the attenuated stimulation pulses as a function of the interelectrode
spacing and distance to the target structure is depicted in Fig. 3. As expected, the meas-

ured potential follows the function f(x) = , with x being the spacing, — the
c

a(x —b)? +¢
maximal intensity at spacing b, and a the width of the intensity curve keeping the dis-
tance constant. A higher distance to the target site incrementally flattens the intensity
curve (| a), decreases the maximal intensity (1 ¢) that occurs at a higher spacing (1 b).
The directed electrodes (current density: 1.092mA/mm?) facing the stimulation target
achieved 16.9% higher intensity as compared to the omnidirectional electrodes
(0.212mA /mm?) for a distance of 20 mm to the target and independent of the spacing.
The gain decreases for higher distances to the target and was 9.89% at 50 mm distance.
In contrast, directed electrodes not aligned with the measurement electrodes generate
up to 10.14% and 4.6% less intensity than omnidirectional electrodes at 20 and 50 mm
distance to the target, respectively. If the expected distance of 20—30 mm to the phrenic
nerve is considered, the suitable interelectrode spacing for the in vivo trial would be
between 20 and 40 mm.

Esophageal electrode placement

Figure 4 illustrates the experimental in vivo setting. For the X-ray of the pig’s chest and
neck, the pig is lying on its back. The inserted needle electrode is shown in Fig. 4A. Fig-
ure 4B shows the position of the esophageal electrodes, with electrode #6 placed at the
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Fig. 3 Peak-to-peak amplitude of the measured stimulation pulses at 10mA as a function of the
interelectrode spacing, emulated distance to nerve and electrode type. The markers indicate measurements
with directed electrodes facing toward the nerve (*) and pointing 120°away (o). At the distance of 20-30 mm
to the nerve, a smaller interelectrode spacing of 20 mm to 40 mm produces a higher potential as compared
to higher spacing. An additional gain of up to 16.9% is measured through aligned electrode segments.
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Fig. 4 Posterior-anterior X-ray of the pig chest and neck during the trial. The locations of the stimulation
electrodes are marked in green. A) Parasternal insertion site of the needle electrode used to puncture the left
phrenic nerve at level rib 1 / C7. B) Esophageal electrodes #5 and #6 with the shortest expected distance to
the phrenic nerve aligned at the same level, i.e, rib 1/C7

A Needle electrode single pulse B Esophageal catheter single pulse
Tigger 'f Trigger 1
puise for pulse for
simuaton of stimulation o
os}
X W
fcﬁ ob—ad oy ! 1 i 1 { ~ ECG A " d
osf | | 1 | | | | mv) )
Left | Left [
01 of
n sccoloaton i
magnitude | magnitude o | o
@ I (9
9
R, Rght
occdraon o[ acceleration ©11 "
mogruce o | magnitude 9T ‘
@
T 10} Top o}
stretching | RN o P stretching —
— e = e " 1
D, o gl =
(mm) 10 (mm) 10
tom 5o Bottom ;o)
stretching | —— — stretching | —
L o~ L
bk O e bon O ¥ =
(mm) 10 (mm) 1"
Esophageal '°[ Esophageal 10f
e oh it
(emHz0) -10f (emH20) 20F
Gastic 0f Gastic  10F
; by ] “;r pressure  OF
(om
(emH20) 100
T o} Tans- 1
diaphragmatic 5| diaphragmatic 10+
pressure Z}L pressure ‘“"
(emh20) 5} (emhz0) 'L

Airway fiow 20}
(Umin)  OF
20-

Fig. 5 Capture of the multimodal signals after the delivery of a single stimulus with the punctured needle
electrode (left) and esophageal electrodes symmetrical to level rib 1 and 40 mm spacing (right). Due to
directed TEPNS, similar Pdi values are achieved compared with needle electrode stimulation, but with
significantly higher bilateral acceleration values

level of rib 1. This is considered the first zero-position. For the second zero-position, the
catheter was moved proximally until electrode #6 was at the level of vertebra Cé.

PNS samples

Fig. 5A shows representative multimodal measurements during stimulation of the
left phrenic nerve with a unipolar needle electrode using a current intensity of 10 mA
(equals a current density of 39.41mA/mm?). As expected, a much higher peak accelera-
tion was recorded for the left as compared to the right side. With the upper respiration
belt, a stronger extension of 10.2 mm can be observed as compared to the lower respira-
tion belt achieving 4.9 mm. The Pdi shows a positive peak of 0.4 cmH2O manifesting
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as remarkable inward flow of about 7.9 L/min superimposing the ventilation pattern. In
Fig. 5B, stimulation was performed with the split esophageal electrode aligned to the left
nerve with a current amplitude of 40 mA to achieve a similar airflow pattern. The esoph-
ageal stimulation with an increased energy resulted in higher bilateral acceleration peaks
as well as stronger belt excursion (top and bottom) as compared to the needle stimu-
lation. The induced peak negative pressure in the esophagus of more than 20 cmH20
manifests as Pdi pressure of 12.4 cmH20O and an inward flow of 7.7 L/min simultaneous

to the outflow pattern of the ventilation.

Diaphragm activation and co-stimulation

The stimulation-induced Pdi as a function of the electrode spacing and level in the
esophagus is shown in Fig. 6. Impulses delivered with electrode positions more proximal
to the reference levels, rib 1 and C6, are given in negative range. Impulses delivered dis-
tal to the reference levels, are given in positive range. Similar to the in vitro results (see
Fig. 3), a higher Pdi of up to 30% could be induced with the best aligned directed elec-
trode (D2, current density: 4.37mA /mm?), as compared to omnidirectional electrodes
(0.85mA/mm?) resulting in an average Pdi of 9.5 cmH2O at a spacing of 40 mm. The
poorly aligned electrodes induced an even smaller Pdi of 7.5 (D3) cmH2O and 5.8 (D1)
cmH20 (max. —38.95% with respect to 9.5 cmH20). With a shorter spacing of 20 mm
the highest Pdi pressure of 9.1 cmH20 was achieved by stimulating 10 mm more distal.
Overall, symmetrical stimulation around rib 1 induced a considerably higher Pdi than
at level C6, for which a maximum of 4.4 cmH2O was obtained with 20 mm electrode
spacing. The tidal volume by the MV was 9.72 ml/kg body weight on average. Delivery
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Fig. 6 Stimulation-induced Pdi as a function of the esophageal stimulation level around rib 1 (orange
shades) and C6 (green), and the electrode spacing (10-40 mm) with a stimulation intensity of 40 mA.The
horizontal dashed line indicates phrenic nerve capture with the punctured needle electrode placed at rib
1.The zero level, aligned accordingly to rib 1 or C6, is depicted by a vertical line. A significantly higher Pdi
is generated at the stimulation position of rib 1 than at the level of C6. Furthermore, a gain in Pdi can be
observed by the best aligned directed electrode as compared to the omnidirectional electrode
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of single stimuli using directed TEPNS resulted in a tidal volume of up to 0.53 ml/kg,
which is comparable to 0.59 ml/kg produced by the needle electrode stimulation (Fig. 5).

The stimulation-induced bilateral acceleration as a function of the electrode spacing
and level in the esophagus is shown in Fig. 7. All stimulations at the level of rib 1 pro-
duced higher acceleration peaks than with the case of stimulation by needle electrode.
Maximal left acceleration was 0.08 g for stimulation with the needle electrode and, at a
distance of 40 mm, 0.36 g, 0.46 g and 0.34 g and 0.43 g for stimulation with the omnidi-
rectional, the best aligned directed electrode (D2) and the nonaligned electrodes (D1 and
D3), respectively. When dividing the left (filled markers) and right accelerometer values
(empty markers), a ratio of 3.11 & 0.15 for stimulation with the needle electrode and, at a
distance of 40 mm, a ratio of 1.40 £+ 0.25,1.68 £ 0.06 and 1.27 + 0.13 for stimulation with
the omnidirectional, the best aligned directed electrode (D2) and the nonaligned elec-
trodes (D1 and D3), respectively. At the stimulation position around C6 (green mark-
ers), the acceleration values are much lower compared to stimulation around rib 1 with
20 mm spacing. A smaller left-to-right ratio of 1.944 £ 0.11 was observed 10 mm more

distal to the zero position than at rib 1.

Discussion

Lung and diaphragm protective MV is highly desirable. This study shows the feasibility
of a novel method using electrical pulses delivered from a dedicated esophageal cath-
eter to activate the diaphragm. The preferred stimulation protocol includes a pair of
sectioned electrodes with a spacing of 40 mm that has been placed at the level of rib 1
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Fig. 7 Left (L, filled markers) and right (R, empty markers) acceleration amplitude as a function of the
esophageal stimulation level around rip 1 (orange-shades) and C6 (green) as well as the electrode spacing
(10-40 mm) with a stimulation intensity of 40 mA. The average left and right acceleration amplitude achieved
during stimulation with the needle electrode is indicated as an upper and lower dashed line, respectively.
Compared to impulses from the needle electrode, significantly higher acceleration values are measured
through stimulation with esophageal electrodes at the level of rib 1, which are as attributed to a higher
amount of co-stimulation
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approximately 30 mm from the phrenic nerves. Directed single stimuli applied with an
intensity of 40 mA resulted in a similar diaphragm activation pattern as compared to
stimuli delivered from an optimally punctured needle electrode with an intensity of 10
mA and are favorable with respect to the resulting Pdi as compared to omnidirectional
stimulation.

Influence of distance to target structure and interelectrode spacing

This study reveals that TEPNS with dedicated electrodes and catheter placement was
possible with four times higher current intensity than stimulation with a parasternal
electrode placed close to the left phrenic nerve. The punctured electrode, however,
provides a much higher current density and most likely lower impedance as compared
to the esophageal electrodes. Symmetrical stimulation near rib 1, in particular from 0
to +20 mm distal to rib 1, was more efficient than around C6, i.e., twice the Pdi (9.1
c¢cmH20 compared with 4.4 cmH20O at 20 mm interelectrode distance) and higher left-
sided activation were observed, as shown in Figs. 6 and 7. This is most likely due to two
main facts: first, both the distance and the amount of intervening tissue between the
esophageal electrodes and the phrenic nerves may be higher at level C6 level than rib 1.
Both alter the stimulus intensity at the target site, an effect demonstrated by the in vitro
experiments shown in Fig. 3 and shown previously [28]. The likelihood of stimulating
nerves other than the phrenic nerve also increases, which would explain the smaller
left-right acceleration ratio, i.e., the lower stimulation selectivity at level C6. Second, a
higher amount of motor fibers of the phrenic nerves are innervated more distal to the
nerve origin, which is consistent with other studies [29]. As reported by Watanabe et al,
larger electrodes exhibit higher voltages. However, smaller electrodes result in deeper
activation and better selectivity. Nevertheless, small electrode spacings diminished the
selectivity, confirming the results of this study that at the same current of 40 mA and
concurrent higher current density, directional stimulation at a larger spacing of 40 mm
resulted in a higher Pdi (30 %) as compared to omnidirectional electrodes.

TEPNS was observed to have a higher sensitivity to the targeted stimulation position
(rib 1 vs. C6) than to the inter-electrode spacing. This finding correlates with previ-
ous results obtained by Benson et al. for transesophageal atrial stimulation [30]. Their
study attributed a smaller effect to the bipolar stimulation with an interelectrode spac-
ing ranging from 15.22 to 28 mm, as compared to the correct catheter placement on the
stimulation efficiency. However, the effect of the spacing on the stimulation efficiency is
higher when the electrodes are closer to the target structure, as proven by the in vitro
experiment (see Fig. 3) and indicated in the in vivo trial (see Fig. 6). As known from
the preliminary anatomy study of the pig, a distance from the esophagus to the nerve of
about 30 mm was expected at both stimulation positions, level rib 1 and level C6. The
electrode spacing of 40 mm, therefore, increased the Pdi only marginally compared to
20 mm. Smaller spacings theoretically allow more precise focus on the stimulation inten-
sity at the target nerve, known from other applications, such as neuromuscular electrical
stimulation [31]. In contrast, with a large spacing of, e.g., 105 mm, a more intense stim-
uli may be achieved at more remote structures (following the voltage curves in Fig. 3)
and may also innervate multiple nodes of the phrenic nerve, but the spatial focus of the
stimulation is lost. Co-stimulations are more likely to be expected in such cases, as well.
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As supported by the bilateral acceleration measurements, Fig. 7, much higher co-stimu-
lations are observed by stimulation with esophageal electrodes particularly at a spacing
of 40 mm than with the needle electrode. To balance stimulation efficiency and amount
of co-stimulations, a smaller spacing of 20 mm is proposed for TEPNS.

Omnidirectional vs. directional stimulation

Variations in capture thresholds between differently oriented nerve fibers can be high-
lighted by sectioned electrodes, which suggests a higher sensitivity to directed stimula-
tion pulses as proposed by other studies [32]. Using finite element models, Grill et al
demonstrated that the size of the electrode circumference significantly varied the cur-
rent density on the electrode surface. Therefore, the stimulation efficiency can be
increased by 20% for axons parallel to the electrode and by 35% for axons perpendicular
to the electrode. In addition to the spatial selective nerve, the in-vitro measurements
(see Fig. 3) demonstrated an increase of 16.9 % in voltage amplitude by the target-
directed electrode as compared to the omnidirectional electrodes with the same spacing.
In case the stimulation was performed with electrodes facing 120° to the target and hav-
ing a spacing of 85 mm, the measured voltage amplitude was almost the same as when
stimulating with a smaller spacing of 45 mm to 55 mm using directed electrodes, i.e.,
with almost half the spacing. This implies that stimulation with a directed electrode not
only increases the current density (charge), i.e., improves the focus of the stimulation
energy to the phrenic nerve, but also reduces co-stimulation of the surrounding tissue
or other nerves. Although the orientation of the sectioned electrodes could not be deter-
mined (see Fig. 4) during the animal trial, the pressure and acceleration data obtained
support this hypothesis. The directed electrodes mostly facing one of the phrenic nerves
increased the Pdi by a factor 1/3 compared to stimulation with the omnidirectional elec-
trode. With the electrodes not facing the phrenic nerves, 1/5 and 2/5 lower Pdi were
obtained. It is worth noting that the increase and decrease in Pdi is considerably higher
than the gain and loss in measured voltage amplitude in vitro. In contrast to the saline
solution, which manifests a homogeneous media with omnidirectional impedance field,
the impedance field in vivo may rather be inhomogeneous with respect to the electrode’s
circumference. Increasing distance to the electrode potentially results in additional loss
of stimulation energy toward non-target tissue [33].

Given the proximity of the sympathetic nervous system, no sympathetic effect of
TEPNS was noted throughout the whole animal trial. However, relevant co-stimulations
could be observed. Since the single stimuli invoked a weak twitch of the diaphragm
(see Fig. 5A for stimulation with an optimally punctured needle electrode), the bilat-
eral acceleration signals reflected a superposition of both, diaphragm activation and
co-stimulation, (Figs. 5, 6 and 7). The latter is mainly attributed to stimulation of the
brachial plexus leading to a twitching of the extremities. In each stimulation setting,
the esophageal electrodes produced higher acceleration values (left and right) than the
needle electrode, which is probably related to the higher distance from the nerve and
the deteriorated focus. The ratio from the left to the right accelerometer can be used to
assess the stimulation selectivity. The high acceleration ratio of 3.11 & 0.15 produced by
the needle electrode demonstrated diaphragm activation mainly on the left side through
left phrenic nerve stimulation. For the best aligned electrode D2, the accelerometer ratio
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was about 0.28-—0.42 times higher than for the omnidirectional or the nonaligned elec-
trodes D1 and D3, confirming our hypothesis to achieve higher stimulation selectivity
with directed electrodes. The observed acceleration values at the level of C6 and using
a spacing of 20 mm are comparable to the values achieved with the needle electrode,
which speaks for less co-stimulation. However, the small acceleration ratio confirms the
lack of selectivity of omnidirectional TEPNS.

Strength and limitations

This study should be considered as a preliminary study to prove the feasibility of TEPNS.
The stimulation protocol was limited to single stimuli, and TEPNS efficiency and selec-
tivity for diaphragm activation were assessed by Pdi and bilateral acceleration ratio. The
single stimuli did not result in a complete diaphragmatic activation that would trigger an
inspiratory and expiratory cycle, but rather in a twitch of the muscle. Optimization of a
dedicated stimulation protocol, i.e., pulse frequency, duration, amplitude of pulse trains,
with respect to physiological diaphragmatic activation was beyond the scope of the pre-
sent feasibility study, but should be investigated in future animal trials.

Comprehensive anatomical and in vitro experiments were performed preliminary
to the in vivo study. Although the proof of TEPNS and concurrent diaphragm activa-
tion is based on one animal trial only, the findings with respect to important stimula-
tion parameters such as inter-electrode spacing and directed electrodes are consistent.
Moreover, relevant Pdi could repetitively be induced by directed stimulation around
rib 1, similar to the stimulation with an invasive needle electrode. Applying the opti-
mal transesophageal setting as suggested by this study, future in vivo trials should per-
form trains of stimulation pulses that imitate a natural diaphragm contraction and, thus,
induce a physiological breathing cycle. It will also be necessary to apply direct diaphragm
EMG measurements, such that the strength of inhalation can be recorded as a function
of the stimulation intensity and level of diaphragm activation. In the best case, the cath-
eter-based transesophageal stimulation with dedicated electrodes may be equipped with
side-sensitive EMG electrodes to record and control the activation efficiency with a sin-
gle probe.

In addition, the directed electrodes (three in the circumference), could only be aligned
with an accuracy of £60deg to one of the phrenic nerves. The accuracy of the alignment
may be refined and optimized with a novel LCP design and bonding process [34] using
a scaffold structure to increase the number of electrodes in the circumference of the
catheter. In the future, efficient and selective transesophageal stimulation might make
mechanical ventilation more physiological, as well as provide lung- and diaphragm pro-
tection, thus minimizing discomfort or the risk of weaning failure and thereby reliev-
ing the ICU. The easy-to-place esophageal electrodes might be an elegant solution to be
integrated into already in place gastric feeding tubes and, thus, provide a smart system
for improved ICU care.

Conclusion
Transesophageal stimulation by single stimuli enables activation of the diaphragm.
The insertion of the stimulation catheter into the esophagus makes the treatment

minimally invasive, which is a major advantage over currently available technologies.
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To cope with geometric variations between individuals, a correct anatomical place-
ment and individual selection of the inter-electrode spacing are relevant factors for
PNS. Directed electrodes aligned with the phrenic nerve improve the stimulation effi-
ciency and selectivity, which are relevant factors for future application of this novel
method for intensive care patients who require mechanical ventilation.

Appendix 1—Parameter settings
Based on various parameter settings, the intensity of the measured voltage amplitude
is assessed. The influencing factors of the respective parameters are described below.

Stimulation amplitude: To protect the tissue and prevent possible co-stimulation,
the current amplitude should be kept as low as possible. In humans, motor nerves
are stimulated percutaneously with about 10-20 mA. Direct muscle stimulation from
60-80 mA, stimulation directly on the nerve with 1-2 mA. Since various muscle lay-
ers and connective tissue types have to be overcome from the esophagus, a cathodic
square stimulus of 10 mA is used for the initial situation. In addition, an amplitude
of 10 mA is suitable, as the available measuring devices do not exceed the measuring
limit at close distances to the nerve.

Distance between the stimulation electrode and the nerve: To examine the influ-
ence of the distance between the stimulation site and the nerve more precisely, the
measuring electrodes on the PCB (imitation of the nerve) can be moved. The dis-
tances to the stimulation electrode can be varied from 10 mm to 100 mm. These cor-
respond to the distances that will also be found in the in vivo experiment. Due to the
anatomy of pigs, special attention should be paid to distances of 20 mm—-40 mm. As
a starting point, the measurements are carried out with a distance to the nerve of
35 mm.

Inter-electrode spacing: The effect of the distance between the electrodes was evalu-
ated for a distance between the electrodes of 10 mm to 105 mm in 10 and 15 mm steps.
The electrode configuration was always selected in relation to electrode 1 on the tip of
catheter to check the minimum and maximum spacing under the same conditions. In
addition, current impulses were delivered by connected split electrodes, where only the
electrode segments EL 8.1, 8.2 and 8.3 are connected, as in-plane-stimulation. All these
electrode configurations correspond to longitudinal stimulation of the nerves. Only the
in-plane-stimulation, leads to transversal nerve stimulation.

Acknowledgements

The authors gratefully thank Dr. med. vet D. Casoni and K. Nettelbeck from the Experimental Surgery Institute of the
Inselspital Bern for providing the laboratory facilities and support for in vivo experiments. They would also like to thank O.
Limanoski and L. Grau Roma and their team for the support for the medical imaging and during the ex vivo studies.

Author contributions

All authors have contributed to the study conception and design. EK planned and conducted the in vitro experiments.
AH had the lead for the concept and performance of animal study and the experimental data acquisition. OS supervised
the in vivo neurophysiological data acquisition. TN had the project lead and was responsible for the scientific objec-
tives. Data analysis was performed by EK, in cooperation with SK and LG. EK wrote the publication. All authors read and
approved the final manuscript.

Funding
This study was supported in part by the Swiss National Science Foundation (SNF Spark Project-Nr. CRSK-3_190637/1) and
in part by the University of Applied Science Bern by BFH Research Grant for Doctoral Students.



Kaufmann et al. BioMedical Engineering OnLine (2023) 22:5 Page 13 of 14

Availibility of data and materials
Data can be made available upon request after publication through a collaborative process. Please contact the cor-
responding author for additional information.

Declarations

Ethics approval and consent to participate

The animal studies were conducted in accordance with the principles of laboratory animal care and were approved
by the Committee of the Cantonal Animal Experiments Commission of Bern and conducted in collaboration with the
Department for Biomedical Research (DBMR) of the University of Bern.

Consent for publication
All authots and coauthors provided consent.

Competing interests

Dr. Haeberlin has received research grants from the Swiss National Science Foundation, the Swiss Heart Foundation, the
University of Bern, the University Hospital Bern, the Velux Foundation, the Hasler Foundation, the Swiss Heart Rhythm
Foundation, and the Novartis Research Foundation. He is Co-founder and CEO of Act-Inno, a cardiovascular device test-
ing company. He has received travel fees/educational grants from Medtronic, Philips/Spectranetics and Cairdac without
impact on his personal remuneration.

Received: 22 September 2022 Accepted: 18 January 2023
Published online: 30 January 2023

References

1. Wunsch H, Kramer A, Gershengorn HB. Validation of intensive care and mechanical ventilation codes in medicare
data. Arq Neuro-Psiquiatr. 2017;45(7):711-4. https://doi.org/10.1097/ccm.00000000000023 16.

2. Levine S,Nguyen T, Taylor N, Friscia ME, Budak MT, Rothenberg P, Zhu J, Sachdeva R, Sonnad S, Kaiser LR, Rubinstein
NA, Powers SK, Shrager JB. Rapid disuse atrophy of diaphragm fibers in mechanically ventilated humans. New Engl J
Med. 2008;358(13):1327-35. https://doi.org/10.1056/NEJM0a070447.

3. Berger D, Bloechlinger S, von Haehling S, Doehner W, Takala J, Z’Graggen WJ, Schefold JC. Dysfunction of respiratory
muscles in critically ill patients on the intensive care unit. J Cachexia Sarcopenia Muscle. 2016;7(4):403-12. https://
doi.org/10.1002/jcsm.12108.

4. Jaber S, Petrof BJ, Jung B, Chanques G, Berthet J-P, Rabuel C, Bouyabrine H, Courouble P, Koechlin-Ramonatxo C,
Sebbane M, Similowski T, Scheuermann V, Mebazaa A, Capdevila X, Mornet D, Mercier J, Lacampagne A, Philips A,
Matecki S. Rapidly progressive diaphragmatic weakness and injury during mechanical ventilation in humans. Am J
Respir Crit Care Med. 2011;183(3):364-71. https://doi.org/10.1164/rccm.201004-06700C.

5. Supinski GS, Callahan LA. Diaphragm weakness in mechanically ventilated critically ill patients. Crit Care.
2013;17(3):120. https://doi.org/10.1186/cc12792.

6. SchepensT, Goligher EC. Lung- and diaphragm-protective ventilation in acute respiratory distress syndrome. Anes-
thesiology. 2019;130(4):620-33. https://doi.org/10.1097/ALN.0000000000002605.

7. Duchenne G-B. De I'Electrisation Localisee et de Son Application a la Pathologie et a la Therapeutique. Sydney:
Wentworth Press; 1872.

8. Hufeland, C. Usum uis electriciae in asphyxia experimentis illustratum. Dissertatio Inauguralis Medica, Gottingen,
Germany; 1783

9. Judson JP, Glenn WW. Radio-frequency electrophrenic respiration: long-term application to a patient with primary
hypoventilation. JAMA. 1968;203(12):1033-7.

10.  Avery: EVOLUTION OF PACING. https://averybiomedical.com/company-information/history-of-pacing /#:~ :text=In
1872, Duchennel concluded,to treat asphyxia in 1873 Accessed 28 Nov 2022.

11. Keogh C, Saavedra F, Dubo S, Aqueveque P, Ortega P, Gomez B, Germany E, Pinto D, Osorio R, Pastene F, Poulton A,
Jarvis J, Andrews B, FitzGerald JJ. Non-invasive phrenic nerve stimulation to avoid ventilator-induced diaphragm
dysfunction in critical care. Artif Organs. 2022,46(10):1988-97. https://doi.org/10.1111/aor.14244.

12. Sander BH, Dieck T, Homrighausen F, Tschan CA, Steffens J, Raymondos K. Electromagnetic ventilation: first evalua-
tion of a new method for artificial ventilation in humans. Muscle Nerve. 2010;42(3):305-10. https://doi.org/10.1002/
mus.21698.

13. McAllen RM, Shafton AD, Bratton BO, Trevaks D, Furness JB. Calibration of thresholds for functional engagement of
vagal a, b and c fiber groups in vivo. Bioelectron Med. 2018;1(1):21-7. https://doi.org/10.2217/bem-2017-0001.

14. Reynolds S. Mitigation of ventilator-induced diaphragm atrophy by transvenousphrenic nerve stimulation. Am J
Respir Crit Care Med. 2016. https://doi.org/10.1164/rccm.201502-03630c.

15. Ataya A, Silverman EP, Bagchi A, Sarwal A, Criner GJ, McDonagh DL. Temporary transvenous diaphragmatic neuro-
stimulation in prolonged mechanically ventilated patients: A feasibility trial (RESCUE 1). Crit Care Explor. 2020;2(4):
e0106. https://doi.org/10.1097/CCE.0000000000000106.

16. Dres M, de Abreu MG, Merdji H, Miller-Redetzky H, Dellweg D, Randerath WJ, Mortaza S, Jung B, Bruells C, Moerer
O, Scharffenberg M, Jaber S, Besset S, Bitter T, Geise A, Heine A, Malfertheiner MV, Kortgen A, Benzaquen J, Nelson T,
Uhrig A, Moenig O, Meziani F, Demoule A, Similowski T, Beloncle F, Olivier P-Y, Lemerle M, Asfar P, Mercat A, Bollinger
K, Giesa M, Garcia C, Jacobi T, Lambiris N, Machleid F, Pergantis P, Grube B, Roux D, Ramos SF, Zucman N, Dumont
LM, Federici L, Amouretti M, Ricard J-D, Dreyfuss D, Wittenstein J, Guldner A, Ragaller M, Spieth P, Uhlig C, Harnisch
L-O, Bloos F, Thomas-Riddel DO, Chanques G, Capdevila M, Aarab Y, Garnier F, Brunot V, Klouche K, Moulaire V,


https://doi.org/10.1097/ccm.0000000000002316
https://doi.org/10.1056/NEJMoa070447
https://doi.org/10.1002/jcsm.12108
https://doi.org/10.1002/jcsm.12108
https://doi.org/10.1164/rccm.201004-0670OC
https://doi.org/10.1186/cc12792
https://doi.org/10.1097/ALN.0000000000002605
https://averybiomedical.com/company-information/history-of-pacing%20/#:%7e%20:text=In%201872,%20Duchenne1%20concluded,to%20treat%20asphyxia%20in%201873
https://averybiomedical.com/company-information/history-of-pacing%20/#:%7e%20:text=In%201872,%20Duchenne1%20concluded,to%20treat%20asphyxia%20in%201873
https://doi.org/10.1111/aor.14244
https://doi.org/10.1002/mus.21698
https://doi.org/10.1002/mus.21698
https://doi.org/10.2217/bem-2017-0001
https://doi.org/10.1164/rccm.201502-0363oc
https://doi.org/10.1097/CCE.0000000000000106

Kaufmann et al. BioMedical Engineering OnLine (2023) 22:5 Page 14 of 14

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Corne P, Macone F, Durand F, Marquette CH, Delemazure J, Mayaux J, Morawiec E, Monnier A, Rahmani H, Jandeaux
L-M, Studer A, Helms J, Clere-Jehl R. Randomized clinical study of temporary transvenous phrenic nerve stimula-
tion in difficult-to-wean patients. Am J Respir Crit Care Med. 2022;205(10):1169-78. https://doi.org/10.1164/rccm.
202107-17090C.

Parienti J-J, Mongardon N, Mégarbane B, Mira J-P, Kalfon P, Gros A, Marqué S, Thuong M, Pottier V, Ramakers M,
Savary B, Seguin A, Valette X, Terzi N, Sauneuf B, Cattoir V, Mermel LA, du Cheyron D. Intravascular complications

of central venous catheterization by insertion site. New Engl J Med. 2015;373(13):1220-9. https://doi.org/10.1056/
NEJMoa1500964.

O'Rourke J, Sotdk M, Curley GF, Doolan A, Henlin T, Mullins G, Tyl T, Omlie W, Ranieri MV. Initial assessment of the
percutaneous electrical phrenic nerve stimulation system in patients on mechanical ventilation. Crit Care Med.
2020;48(5):362-70. https://doi.org/10.1097/ccm.0000000000004256.

Soték M, Roubik K, Henlin T, Tyll T. Phrenic nerve stimulation prevents diaphragm atrophy in patients with respiratory
failure on mechanical ventilation. BMC Pulm Med. 2021. https://doi.org/10.1186/512890-021-01677-2.

Onders RP, EiImo M, Kaplan C, Schilz R, Katirji B, Tinkoff G. Long-term experience with diaphragm pacing for trau-
matic spinal cord injury: early implantation should be considered. Surg Endosc. 2018;4:705-11. https://doi.org/10.
1016/j.5urg.2018.06.050.

Pimpec-Barthes FL, Legras A, Arame A, Pricopi C, Boucherie JC, Badia A, Panzini CM. Diaphragm pacing the state of
the art. J Thorac Dis. 2016;8:376-86. https://doi.org/10.21037/jtd.2016.03.97.

Niederhauser T, Haeberlin A, Marisa T, Jungo M, Goette J, Jacomet M, Abacherli R, Vogel R. Electrodes for long-term
esophageal electrocardiography. IEEE Trans Biomed Eng. 2013;60(9):2576-84. https://doi.org/10.1109/TBME.2013.
2261067.

Niederhauser T, Haeberlin A, Marisa T, Mattle D, Abacherli R, Goette J, Jacomet M, Vogel R. An optimized lead system
for long-term esophageal electrocardiography. Physiol Measur. 2014;35(4):517-32. https://doi.org/10.1088/0967-
3334/35/4/517.

Niederhauser T, Marisa T, Haeberlin A, Goette J, Jacoment M, Vogel R. High-resolution esophageal long-term

ECG allows detailed atrial wave morphology analysis in case of atrial ectopic beats. Med Biol Eng Comput.
2012;50(7):769-72. https://doi.org/10.1007/s11517-012-0915-7.

Haeberlin A, Niederhauser T, Marisa T, Goette J, Jacoment M, Mattle D, Roten L, Fuhrer J, Tanner H, Vogel R. The
optimal lead insertion depth for esophageal ECG recordings with respect to atrial signal quality. J Electrocardiol.
2013;46(2):158-65. https://doi.org/10.1016/jjelectrocard.2012.12.004.

Sinderby CA, Beck JC, Lindstrém LH, Grassino AE. Enhancement of signal quality in esophageal recordings of dia-
phragm EMG. J Appl Physiol. 1997,82(4):1370-7. https://doi.org/10.1152/jappl.1997.82.4.1370.

Kaufmann EM. Feasibility of transesophageal phrenic nerve stimulation. Master’s thesis. 2020

Gomez-Tames JD, Gonzalez J, Yu W. A simulation study: effect of the inter-electrode distance, electrode size and
shape in transcutaneous electrical stimulation. 2012; https://doi.org/10.1109/EMBC.2012.6346739.

Watanabe K, Kawad S, Moritani T. Effect of electrode position of low intensity neuromuscular electrical stimula-
tion on the evoked force in the quadriceps femoris muscle. BMC Res Notes. 2017. https://doi.org/10.1186/
$13104-017-2630-9.

Benson DW, Sanford M, Dunnigan A, Benditt DG. Transesophageal atrial pacing threshold: role of interelectrode
spacing, pulse width and catheter insertion depth. Am J Cardiol. 1984;53(1):63-7. https://doi.org/10.1016/0002-
9149(84)90684-2.

Vieira TM, Potenza P, Gastaldi L, Botter A. Electrode position markedly affects knee torque in tetanic, stimulated
contractions. Eur J Appl Physiol. 2015;116(2):335-42. https://doi.org/10.1007/500421-015-3289-3.

Grill WM, Wei XF. High efficiency electrodes for deep brain stimulation. Conf Proc IEEE Eng Med Biol Soc. 2009.
https://doi.org/10.1109/iembs.2009.5333774.

Wei XF, Grill WM. Current density distributions, field distributions and impedance analysis of segmented deep brain
stimulation electrodes. J Neural Eng. 2005;2(4):139-47. https://doi.org/10.1088/1741-2560/2/4/010.

Kuert G, Jacomet M, Niederhauser T. Efficient thermobonding process forming a polyurethane based diagnostic
catheter with liquid crystal polymer. Annu Int Conf IEEE Eng Med Biol Soc. 2019. https://doi.org/10.1109/EMBC.2019.
8857913.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1164/rccm.202107-1709OC
https://doi.org/10.1164/rccm.202107-1709OC
https://doi.org/10.1056/NEJMoa1500964
https://doi.org/10.1056/NEJMoa1500964
https://doi.org/10.1097/ccm.0000000000004256
https://doi.org/10.1186/s12890-021-01677-2
https://doi.org/10.1016/j.surg.2018.06.050
https://doi.org/10.1016/j.surg.2018.06.050
https://doi.org/10.21037/jtd.2016.03.97
https://doi.org/10.1109/TBME.2013.2261067
https://doi.org/10.1109/TBME.2013.2261067
https://doi.org/10.1088/0967-3334/35/4/517
https://doi.org/10.1088/0967-3334/35/4/517
https://doi.org/10.1007/s11517-012-0915-7
https://doi.org/10.1016/j.jelectrocard.2012.12.004
https://doi.org/10.1152/jappl.1997.82.4.1370
https://doi.org/10.1109/EMBC.2012.6346739
https://doi.org/10.1186/s13104-017-2630-9
https://doi.org/10.1186/s13104-017-2630-9
https://doi.org/10.1016/0002-9149(84)90684-2
https://doi.org/10.1016/0002-9149(84)90684-2
https://doi.org/10.1007/s00421-015-3289-3
https://doi.org/10.1109/iembs.2009.5333774
https://doi.org/10.1088/1741-2560/2/4/010
https://doi.org/10.1109/EMBC.2019.8857913
https://doi.org/10.1109/EMBC.2019.8857913

	Feasibility of transesophageal phrenic nerve stimulation
	Abstract 
	Background: 
	Objective: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Multielectrode esophageal catheter
	In vitro setup
	In vivo trial

	Results
	Optimal measurement protocol
	Esophageal electrode placement
	PNS samples
	Diaphragm activation and co-stimulation

	Discussion
	Influence of distance to target structure and interelectrode spacing
	Omnidirectional vs. directional stimulation
	Strength and limitations

	Conclusion
	Acknowledgements
	References


