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A device for non-invasive electrical stimulation of the phrenic nerve
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Abstract

Results obtained from studies of the development of a device for non-invasive electrical stimulation of the phrenic nerve
are presented. A block diagram of the device and schematics of key functional blocks are presented and the design of the
device and the original software for its operation are described.

Introduction

Artificial pulmonary ventilation (APV) is associated with
a number of physiological complications, including venti-
lator-induced diaphragm dysfunction (VIDD). VIDD is the
development of inspiratory weakness in patients connected
to ventilators for long periods and is among the reasons for
unsuccessful termination of respiratory support. The mech-
anisms of development of VIDD are associated with oxida-
tive stress, proteolysis, and mitochondrial dysfunction, as
well as passive overstretching of diaphragm fibers. Some
30-80% of patients in intensive care units require mechan-
ical respiratory support. Mechanical ventilation for even
6-8h leads to significant weakening of the diaphragm [1].

The clinical picture in this situation consists of an im-
pairment to respiratory mechanics and patients being unable
to breathe independent even when there is no other res-
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piratory disorder. Atrophy of the diaphragm muscles dur-
ing mechanical ventilation begins within 24 h, progresses
rapidly, ad is accompanied by significant clinical conse-
quences. VIDD is therefore an extremely relevant problem
in modern medicine [2, 3].

Electrical stimulation of the phrenic nerve using inva-
sive electrodes allows the condition of the diaphragm to be
maintained by means of spasmodic contraction of the di-
aphragm muscles. However, widespread use of this method
is limited by its risks, as well as the technical and environ-
mental requirements of placing and maintaining invasive
electrodes [4-6].

Non-invasive phrenic nerve stimulation is a promising
alternative as a method of maintaining diaphragm function
by overcoming these limitations [7-9].

The aim of the present report was to describe the princi-
ple of operation and design of an original device for non-
invasive electrical stimulation of the phrenic nerve using
electrodes applied to the neck.

Description of the device

Full-scale tests assessing the impact on the human phrenic
nerve of application of the device for transcutaneous electri-
cal stimulation of the diaphragm described in [10] showed
that its stimulating signal lacks the necessary power. On the
basis of the data from these tests, the following adjustments
were made to the design of the device:

1. an increase in the amplitude of the stimulation pulse cur-
rent to 150mA at a load of 2kQ;

2. an increase in the number of stimulation channels to six
to support determination of optimal electrode positions
during electrical stimulation;

3. the minimum possible duration of filling pulses was
made 1 usec with an accuracy of 0.5 usec or better.

@ Springer


https://doi.org/10.1007/s10527-024-10336-9
http://crossmark.crossref.org/dialog/?doi=10.1007/s10527-024-10336-9&domain=pdf

R.V.Lietal.

368
-15,+5,+15V Source of current
AC/DC MCU controlling the
converter MCU DAC
High-tension .
source Electromagnetic Multiplexer
(300V) relay

Electrodes

Fig. 1 Block diagram of the device

Structural diagram

Based on the above requirements, a working prototype of
a device for non-invasive stimulation of the phrenic nerve
(hereinafter referred to as the device) was developed and
constructed. The structural diagram of the device is shown
in Fig. 1.

Two independent AC/DC converters are used to provide
all the supply voltages required for device operation. One
power supply converts the 220V input voltage into the + 15
and + 5V voltages required to operate the control elements
and to generate pulses—the microcontroller (MCU), digi-
tal-to-analog converter (DAC), multiplexer, operational am-
plifiers, etc.). The second power supply outputs a voltage
of up to 300V as needed to generate the specified current
through loads of 0-15kQ.

The device is controlled by an ARM family microcon-
troller type STM32F303CBT6. The MCU is clocked from

Fig.2 Stimulating signal shape Am
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a ZQ1 quartz resonator at 8 MHz; its own clock frequency
is increased to 72MHz using a phase-locked loop system.
The MCU is programmed via a standard SWD interface us-
ing a specialized external programme. For ease of use, the
microcontroller firmware can be updated via the USB in-
terface. The MCU is also used to organize communication
with a personal computer (PC) via the USB interface using
a proprietary protocol. The USB interface circuits in this
IC are protected from electrostatic discharges using a cir-
cuit design based on USBLC6-2SC6 protective diodes. The
circuit also employs blocking capacitors to maintain the in-
stantaneous voltage value in the power circuits at a constant
level by blocking noise caused by the fact that the current
consumption of the MCU is not constant over time.

A multiplexer allows selection of the direction (channel)
for the current generated by the source controlled by the
DAC. Thus, use of a multiplexer allows the device to be
multichannel, with connections to several patients at the
same time.

An electromagnetic relay provides mechanical switching
of the output signal to each channel. This switching method
increases device safety by ensuring that there are none of
the leakage currents inherent in solid-state semiconductor
relays.

Stimulation signal shape

The stimulation pulse sequence parameters generated by the
PC are transmitted via USB to the MCU, which uses them to
generate pulses using the AD5328BRUZ DAC, after which
the signal is scaled to the required current values using
a linear current source. The controlled current source cir-
cuit was constructed using an MC33274ADR2G op amp
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and a 2SC4106 output transistor with a feedback circuit
connected to the emitter of the transistor such that the feed-
back voltage is proportional to the load current. The shunt
resistor (16Q)) was selected to ensure that the source can
operate with loads of a wide range of resistances (0—15k€2).
This generation method produces high-quality signals (no
noise) with accuracy of no worse than +1mA in setting
the current through the load and no worse than 0.5 usec for
pulse duration.

This method supports generation of stimulation signals
of complex shape (triangular, trapezoidal, sinusoidal) via
changes in amplitude, period, duty cycle, and number of
filling pulses (Fig. 2).

The voltages at the collector and emitter of the output
transistor are “digitized” by the analog-to-digital converters
(ADC) of the microcontroller and processed by software to
identify open circuits in the load power supply. The operat-
ing channel is selected using 74HC4051PW multiplexers.

Fig.4 Appearance of the device (rear)

Operating modes are indicated using three LED installed
on the device body: green, blue, and red. The green LED
indicates connection to the power supply network and a per-
sonal computer, the blue indicates standalone operating
mode, and the red shows that voltage is being generated
in a channel.

Device operation is controlled using specialized software
developed and installed on an external PC, which monitors
functional state and provides visualization of stimulating
signal shape.

The external appearance of the device is shown in Figs. 3
and 4.

Software

The software is designed to configure all the amplitude and
time parameters of the sequence of pulse series, to select
the generation channel, to switch generation mode on and
off, to signal breaks in the load power supply circuit, and
to display information on the ongoing current through and
voltage on the load and on the specified and ongoing load
operating time. Settings are applied to a total of six param-
eters, divided into two groups: signal parameters (period,
duty cycle, maximum amplitude) and filling pulse parame-
ters (number of pulses, duty cycle, and pulse shape). When
the signal period changes, the time between two points of
identical amplitude, one in pulse n and the other in pulse n+
1 of the pulse sequence, changes. The “duty cycle” para-
meter of the signal provides adjustment of the ratio of pulse
and pause within the period, while the “maximum ampli-
tude” sets the amount of current supplied to the load. The
“number of pulses” parameter determines the number of
filling pulses in the signal. The “pulse shape” parameter
sets the slope of the leading and falling edges of the signal
pulse, supporting generation of triangular (‘“Pulse shape, %
17), sinusoidal (“Pulse shape, % 507), rectangular (“Pulse
shape, % 100”), and trapezoidal shapes.

The working window of the program is shown in Fig. 5.

Conclusions

This study developed a device for non-invasive electrical
stimulation of the phrenic nerve and software for its op-
eration. The device minimizes the risk of complications in
patients supported on ventilators and during procedures for
the treatment of various respiratory diseases.

The device provides ample opportunities for selecting
stimulation signal parameters, such that it can be used with
success in collaborative development with specialists at the
V. A. Almazov National Medical Research Center, Rus-
sian Ministry of Health, who developed the original Rus-
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