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ABSTRACT
Cardiovascular diseases remain the leading cause of worldwide mortality. Recent advancements in microelectronics have 
created novel opportunities for the development of innovative, intelligent devices that can perform unique electromechanical 
functions. Microelectromechanical systems are microscopic devices measuring between 20 and 1000 µm and integrated with 
microelectronics. They are used in the diagnosis and treatment of diseases, monitoring body functions, and in bioprosthetics. 
They possess the potential to improve the diagnosis, treatment, and prevention of life-threatening conditions. The advent of 
mobile technologies has led to the development of novel approaches that can enhance the efficiency of healthcare systems. 
Medical telemetry systems enable the remote measurement of physiological parameters via wireless technology. Implantable 
medical devices offer a wide range of diagnostic and therapeutic applications. This article provides an overview of current 
research focusing on implantable microelectromechanical systems with remote signal transmission in cardiology practice, 
describes in detail their practical operating principles and information transmission mechanisms, and reports the findings of 
their application in clinical trials. A comprehensive review of relevant publications suggests that this branch of medicine can 
be widely employed in clinical practice, enabling the personalized monitoring of patients and the prevention of life-threatening 
complications.
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АННОТАЦИЯ
Сердечно-сосудистые заболевания остаются основной причиной смертности в современном мире. Последние дости-
жения в области микроэлектроники открывают новые горизонты для разработки инновационных интеллектуальных 
устройств с уникальными электромеханическими свойствами. Микроэлектромеханические системы — это микроско-
пические устройства размером от 20 до 1000 мкм, интегрированные с микроэлектроникой. Они находят применение 
в диагностике и лечении болезней, мониторинге состояния организма и биопротезировании. Такие устройства способны 
улучшить диагностику, лечение и профилактику жизнеугрожающих состояний. Использование мобильных технологий 
способствовало появлению новых способов совершенствования системы здравоохранения. Медицинские телеметри-
ческие системы позволяют считывать физиологические параметры человека на расстоянии с помощью беспроводных 
технологий. Имплантируемые медицинские устройства имеют широкий спектр диагностических и терапевтических воз-
можностей. Цель статьи — обобщить данные литературы о существующих имплантируемых микроэлектромеханических 
системах с дистанционной передачей сигнала в кардиологической практике, описать физические принципы их работы 
и передачи информации, а также представить результаты их применения в клинических исследованиях. На основании 
анализа источников можно предположить, что это направление медицины будет широко применяться в клинической 
практике и в будущем позволит осуществлять персонализированное наблюдение за пациентом и даст возможность 
предотвратить развитие жизнеугрожающих осложнений.
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INTRODUCTION
Since the 1970s, cardiovascular diseases have caused up to 
30% of deaths in most developed countries [1]. In the USA, Can-
ada, and a significant portion of European countries, this rate 
was even higher, reaching ≥40% of total mortality [2]. In Rus-
sia, from the mid-1970s to 2014, the proportion of deaths from 
cardiovascular diseases exceeded 50% of total mortality [3].

Since the beginning of the 21st century, there has been 
a trend toward a decrease in mortality from cardiovascular 
diseases due to improved prevention of acute coronary syn-
drome, better quality of emergency medical care, and an in-
creased number of surgical and X-ray endovascular inter-
ventions, which have significantly reduced mortality  [4, 5]. 
Despite these measures, according to the World Health Or-
ganization (WHO), there has been a renewed trend toward 
an increase in mortality since 2015. In 2015, the number of 
deaths from cardiovascular diseases was 17.7  million and 
increased to 20.5 million in 2023 [6]. As the number of pa-
tients with cardiovascular diseases increases, the burden on 
the healthcare system grows, leading to additional costs [7]. 
In 2018, the Russian Federal Project “Combating Cardiovas-
cular Diseases” was initiated as part of the National Project 
“Healthcare.” According to the Ministry of Health of the Rus-
sian Federation, as a result of the project’s implementation 
in 2018–2022, mortality from cardiovascular diseases de-
creased by ≥10%, but the rate remains high  [8]. In this re-
gard, substantial efforts are directed toward studies aimed at 
improving monitoring, prevention, and treatment strategies.

Implantable electromechanical devices have become one 
of the most promising developments. These devices are im-
planted into the body, do not require prolonged hospitaliza-
tion, and allow remote monitoring of the patient’s condition 
and vital parameters  [9]. Implantable tonometers and glu-
cose meters can detect changes in blood pressure and glu-
cose levels at an early stage of cardiovascular disease [9]. 
These devices allow doctors to remotely monitor patients, 
adjust treatment, and prevent serious complications  [9]. 
In cardiology practice, implantable devices are particularly in 
demand because the controlled parameters (heart rate, blood 
pressure, rhythm, glucose level) are of great clinical impor-
tance and can help prevent the development of life-threaten-
ing complications [10].

The implementation of modern diagnostic devices with 
wireless signal transmission in medical practice can signif-
icantly reduce the burden on healthcare and decrease the 
number of diagnostic procedures in outpatient and special-
ized clinics by reading the parameters of interest through an 
implantable device without invasive methods. Stents with 
built-in sensors used to restore vascular patency will allow 
doctors to remotely monitor patients’ condition and make in-
formed decisions about their further management and treat-
ment adjustments [11].

The study aimed to provide an overview of the available 
research focusing on implantable microelectromechanical 

systems with remote signal transmission in cardiology prac-
tice; to describe in detail their physical operating principles 
and information transmission mechanisms; and to report 
the findings from their application in clinical trials.

The review is based on an analysis of scientific publica-
tions describing microelectromechanical systems in the med-
ical field from 2004 to 2024 and published in internation-
al and national databases, including PubMed, ResearchGate, 
and eLIBRARY.RU. Data on the physical operating principles 
of sensors, their applications, remote parameter monitor-
ing capabilities, and results of clinical trials were selected.

The development of implantable sensors for remote 
monitoring is driven by the desire to more accurately cap-
ture critical physiological parameters of the body [12]. Ideally, 
such devices would help remotely determine indications for 
treatment and adjust therapy in real time [13].

Microelectromechanical systems (MEMS) are devices in 
which a mechanical component operates in conjunction with 
an electrical circuit. They represent a further development 
of microfabrication, allowing for the registration of physical 
processes and the creation of devices that include pressure- 
and flow-rate-sensing elements  [14]. Implantable sensors 
are devices implanted into the body to track various biolog-
ical parameters or biomarkers. Electronic and optoelectron-
ic sensors have different properties determined by their pur-
pose in studies. These devices are extremely complex, and 
their functions can range from those that interact with brain 
tissue through tightly arranged microscopic needles  [15] to 
more complex systems and even therapeutic devices such as 
retinal implants [16].

The medical field of implantable devices imposes strict 
requirements on their design. The microfabrication methods 
developed for creating integrated circuits have been adapted 
for the production of biomedical devices [12]. This has made 
it possible to implant miniaturized devices into the human 
body through continuous advances in microfabrication tech-
nologies [17]. For example, a modern pacemaker can be only 
2.5 cm in size and weigh <15 g [18]. As MEMS continue to de-
velop, implants will decrease in size, which will also reduce 
the invasiveness of the procedures required for their implan-
tation [19]. The design of such implantable devices is limited 
by the specifics of their use, particularly due to complications 
associated with electrochemical corrosion of materials and 
immune reactions of the body [20].

The development of MEMS for medical purposes is as-
sociated with several challenges at the stages of production 
and integration. It is primarily necessary to ensure the bio-
compatibility and inertness of the materials from which these 
devices are made to avoid immunological reactions or tox-
ic effects on the human body [20, 21]. The limited size of im-
plantable sensors requires the use of materials with high 
mechanical stability that must also possess sufficient plas-
ticity, such as intravascular sensors integrated into coronary 
stents  [22, 23]. Moreover, each sensor-integrated material 
has a different electrical response to mechanical loads (e.g., 
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piezoelectric and capacitive materials have different physical 
characteristics)  [21, 23, 24]. In cardiology practice, such de-
vices are particularly in demand due to the high clinical im-
portance of monitoring vital parameters in patients [10].

The primary method of implanting intravascular sensors 
into the cardiovascular system is endovascular surgery. This 
is a modern field of medicine that uses access through pe-
ripheral vessels. Unlike traditional open surgeries, endovas-
cular procedures are considered less traumatic, allowing 
patients to regain a higher quality of life more quickly  [25]. 
To date, transcatheter examinations are among the most ac-
curate methods for cardiovascular system assessment [25]. 
Endovascular surgery includes a wide range of procedures, 
such as coronary artery stenting, stent graft placement for 
treating arterial aneurysms and stenoses, as well as diag-
nostic procedures [26].

Technically, both invasive and noninvasive measurement 
of intravascular pressure in a specific area of the vessel are 
possible. Invasive measurement is more accurate but re-
quires endovascular or open surgical procedures, which in-
creases the traumatic nature of the intervention and the risk 
of tissue and vascular damage and can lead to adverse con-
sequences [22]. Using a pressure-sensing device implanted 
through transcatheter access enables a more accurate as-
sessment of blood circulation parameters necessary to as-
sess the condition of a particular area of the vessel [22]. Mea-
surement using previously implanted sensors is safer and 
less dependent on technical factors but can show significant 
deviations from true values, especially at low blood pressure 
levels. Implantable intravascular pressure sensors would al-
low autonomous monitoring of pressure changes in the af-
fected area with high accuracy after a single implantation, 
eliminating the need for repeated invasive procedures [22].

There are several approaches to classifying these sen-
sors, each allowing consideration of different aspects of their 
function and operating mechanisms [27]. In this overview, we 
present a classification based on the physical principle of sig-
nal generation, the method of power transmission to the de-
vices, and the physical method of sensor operation.

TYPES AND OPERATING PRINCIPLES 
OF THE DEVICES
According to the method of signal excitation, wired and 
wireless methods of energy transfer for signal excitation are 
distinguished [28]. Wired systems are not suitable for long-
term monitoring of specific parameters and are used for 
measurements at a single point in time, as they require con-
stant energy transfer and the presence of a detection system. 
Prolonged use of invasive monitoring methods is associated 
with a high risk of infectious complications and significantly 
limits the patient’s daily activity. Therefore, most solutions for 
monitoring physiological parameters use fully implantable 
devices with wireless data transmission between the sensor 
and an external monitoring system [29].

According to the mechanism of energy consumption, 
implantable devices are divided into active, passive, and hu-
man-powered types.

Active implantable devices are equipped with a built-in 
electrical power source [30]. They have a high level of func-
tionality due to electronic circuits and a power supply in-
tegrated into a single system. However, the complexity of 
the design, various layout methods, and insufficient reliabil-
ity of interaction with other devices are the main disadvan-
tages of active implantable devices. These include electric 
pacemakers, cardioverter-defibrillators, and blood pres-
sure–sensing devices for monitoring the pulmonary artery, 
presented by scientists in 2010 [30, 31]. The sensor in such 
a device is a capacitor, the charging time of which varies de-
pending on the distance between the plates under pressure. 
The relationship between energy capacity and operating time 
is shown in Fig. 1a.

For the presented circuit, the charging time is calculated 
using the following formula:

where VMEMS and CMEMS are the voltage and capacitance of 
the MEMS capacitor, respectively; Kp is the process parame-
ter; W is power; L is inductivity; and VDD is the source voltage.

The presented device has all the inherent disadvantages 
of implantable systems with active elements, including large 
size and limited service life. This played a significant role in 
the development of new technologies, emphasizing the use 
of a MEMS capacitor as a sensor in implantable pressure-
sensing devices operating on passive circuits [31].

Implantable passive medical devices do not have a built-
in power source for generating diagnostic pulses, which re-
sults in a simpler design [37]. For example, by combining an 
inductor with a capacitive sensor or a surface acoustic wave 
sensor, implantable passive devices can perform various 
functions, such as measuring pressure, temperature, and de-
tecting ions [38].

Wireless charging of implantable passive devices is 
a promising area, as it does not require direct intervention for 
reuse and significantly increases the service life of such de-
vices [39]. Implantable passive devices use electromagnetic 
coils instead of batteries to receive energy from an external 
coil by induction, thereby avoiding the limitations associated 
with built-in power sources [40].

Until recently, a coil with a diameter of ≤1 cm was re-
quired to transfer electromagnetic energy beyond the surface 
layers of tissue. Research conducted by scientists at Stanford 
University has led to the development of high-performance 
wireless power systems that can be integrated into minia-
turized medical devices such as stents. The use of magnet-
ic resonance and radio-frequency identification made it pos-
sible to overcome these limitations [39].

Some implantable medical devices may be equipped 
with a rechargeable battery and a receiving coil  [41]. 

t = 
VMEMS · CMEMS

Kp · (W / L) · (1 − λ · VDD + VMEMS · λ)
,
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Fig. 1. Equivalent and functional circuits of sensor-based and biotechnical systems: a, a simplified circuit for capacity vs. time [31]; b, a circuit equivalent to 
human tissues [32]; c, an electrostatic variable capacity generation system [33]; d, a piezoelectric pressure-sensing device [34]; e, smart-stent signal trans-
mission [35]; and f, an equivalent circuit for transmitting/receiving magnetic resonators [36].

The transmitting coil, located outside the body, creates a mag-
netic field that transmits energy through the skin to the receiv-
er. The alternating current induced in the receiving coil is con-
verted by the rectifier into direct current. However, this method 
of energy transfer is limited in the depth of signal penetra-
tion due to absorption by human tissues and organs (Fig. 2).

The efficiency of energy transfer and the level of its ab-
sorption largely depend on the electrophysical properties of 
biological tissues [42]. The reflected and transmitted energy 
of an electromagnetic wave through the interfaces between 
different tissues is determined by their relative permittivity, 
conductivity, and frequency [42]. The electrical properties of 
the tissues under consideration (skin, fat, and muscle) can 
be represented by an equivalent circuit for modeling (Fig. 1b), 
where R is resistance, G is conductance, L is inductance, and 
C is capacitance [32]. The numerical values for the equivalent 
circuit presented above are shown in Table 1.

It is also necessary to consider the potential risks for peo-
ple exposed to electromagnetic fields. Recent clinical studies 
indicate that electromagnetic radiation can have a therapeu-
tic effect in certain cases, but it can also cause changes in the 
levels of antioxidant markers in the blood, indicating a po-
tential health risk. Further research is needed to study the 
mechanisms underlying the effects of electromagnetic radia-
tion on the human body and to determine the safe limits of its 
impact in detail [44].

Human-powered implantable devices use surrounding 
human tissues as a source of primary energy  [45]. These 
systems capture gravitational, chemical, mechanical, ther-
mal, or electromagnetic energy and convert it into electrical 
energy [46]. The main issue is that the amount of energy at 
the output is quite small, but with the advent of ultra–low-
power circuits, this method of energy transfer has become an 
attractive solution for powering implants [47].
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Fig. 2. Signal penetration depth vs. resonance frequency in the receiver/
transmitter.

Table 1. Bioelectrical parameters of human tissues [43]

Bioelectrical 
parameter Blood Muscle Skin

R, Ohm/m 0 0 0

G, 1/Ohm · m 2,623 4,037 3,533

L, μH/m 1,257 1,257 1,257

C, pF/м 6,270 6,552 3,542

In a study conducted by Japanese researchers led by Ryoi
chi Tashiro, an electrostatic generator with variable capac-
itance was developed to power an electric pacemaker [33]. 
The generator is equipped with a variable capacitor that con-
verts mechanical energy into electrical energy through a lin-
ear variation of capacitance from Cmin to Cmax. When a con-
stant voltage V0 is applied, the generator stores electrostatic 
energy Ebefore. When the capacitance changes to Cmin un-
der the influence of external forces, the voltage increases:

Then, the generator acquires energy according to the for-
mula below:

The generator circuit described above is shown in Fig. 1c 
and includes an initial charge source (ICS), a variable capac-
itor (VC) whose capacitance can be adjusted by an external 
mechanical force, an energy storage capacitor (SC), and two 
rectifying diodes (D1 and D2). The battery is used only once 
to supply an electric charge to the capacitor in the microcir-
cuit at the start of power generation. There are two phases 
in one operating cycle. First, when the AC voltage is low, the 
microcircuit supplies an electric charge to the VC in a coun-
terclockwise direction (ICS–D1–VC–ICS). Then, as the C1 ca-
pacitance gradually decreases under the influence of an ex-
ternal force, the V1 voltage increases. Next, the charge from 
the VC enters the storage capacitor in a clockwise direction 
(ICS–VC–D2–SC–ICS). Simultaneously, the electric charge 
returns and refills the microcircuit. The amount of electric 
charge in the microcircuit remains constant during one oper-
ating cycle. Consequently, the electrical energy in the storage 
capacitor increases; that is, the mechanical work performed 
by the external force is converted into electrical energy.

A study of the generator’s operability was conducted on 
laboratory animals, with the ventricular wall of the heart 
chosen as the implantation site because its contractions 
have a large amplitude and occur continuously. In the exper-
iment, an electrostatic generating system with variable ca-
pacitance was able to produce 36 µW to power a pacemak-
er for >2 h [33].

Obviously, additional work is required to achieve either 
greater power output for devices with long service life or fur-
ther progress in reducing the energy consumption of minia-
ture devices, which will ensure energy transfer to implant-
able devices with limited access to energy sources [48].

According to the physical operating principle, sensors 
are divided into piezoelectric and capacitive types.

The piezoelectric effect occurs due to charge asymmetry 
within the crystal structure. In a piezoelectric material, ions 
move more easily along one axis than along others. When 
exposed to an external force, the ions are displaced in such 
a way that the opposite sides of the crystal acquire opposite 

electric charges. When the crystal is connected to a high-im-
pedance circuit, a measurable electric current is generat-
ed [49].

Modern piezoelectric sensors are usually equipped with 
a membrane that transmits liquid pressure to a transduc-
er element, which simultaneously functions as a sensor. In 
a piezoelectric sensor, the measured value is transmitted di-
rectly through solid metal parts to the transducer element. 
The mechanical stress generated in this way polarizes the el-
ement due to the piezoelectric effect, producing a proportion-
al electric charge at the output (Fig. 1d) [50].

Piezoelectric materials such as polyvinylidene and alu-
minum nitride have a lower Young’s modulus than traditional 
brittle lead zirconate titanate composites used in ultrasound 
systems, which simplifies their manufacture and integra-
tion into flexible substrates with higher mechanical tensile 
strength. Small, compact, and thin pressure sensors can be 
manufactured by placing piezoelectric materials between 
metal electrodes [51].

The main advantages of the piezoelectric sensor are high 
sensitivity at low pressure values (<5 kPa), low hysteresis, 
and vibration resistance, which allows the use of pressure 
sensors in most industrial applications [52]. A significant dis-
advantage of this measurement method is circuit complexi-
ty and low reliability; therefore, its main field of application 
is the transcatheter examination of the cardiovascular sys-
tem [52].

The capacitive pressure-sensing device operates by 
changing the capacitance that occurs when exposed to 
a pressure difference, which leads to a change in the distance 

Cmax Cmax

Cmin Cmin
· ·Eafter = Ebefore

1 1
2 2

· Cmin · V2 = · Cmax · V2
0

  =

V = 
Cmax

Cmin
· V0
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Fig. 3. Pressure-sensing device for monitoring abdominal aortic aneu-
rysms [58].

between the plates and the subsequent conversion of these 
changes into an electrical signal. This device was first de-
veloped in the early 1960s [52]. Capacitive pressure-sensing 
devices have demonstrated the main advantages of capaci-
tive sensing, namely high pressure sensitivity [53], low pow-
er consumption, and low temperature cross-sensitivity [54].

Capacitive pressure-sensing devices usually consist of 
a dielectric material fixed between conductive electrodes, 
which provides good sensitivity to high pressures. An addi-
tional advantage of this blood pressure measurement meth-
od is its simple design and the possibility of wireless pow-
er transfer by combining a capacitor with an inductor to form 
a resonant circuit with a movable upper capacitor plate. In 
this case, a change in pressure can be detected by a change 
in the resonant frequency due to a change in capacitance [35]:

Due to the ease of wireless connection, this device is 
widely used in the development of smart-stent and stent-
graft systems  [56]. Fig. 1e shows the operating principle of 
the smart stent described above. Using an impedance-mea-
suring device connected to an external antenna, it is possi-
ble to measure the resonant frequency characteristics of the 
sensor, which indirectly indicate intravascular pressure [56].

According to the method of energy transfer to the de-
vice through human tissues, ultrasound and electromagnetic 
methods are distinguished.

Ultrasound energy transfer
The ultrasound energy transfer method is implemented in 
the PAPIRUS II system (Boston Scientific, Marlborough, USA). 
The sensor is designed to detect pressure in the aneurysmal 
area of the aorta, detect endoleaks, and monitor pressure af-
ter the placement of a stent graft. This implantable device is 
also used to measure pressure in the pulmonary artery in pa-
tients with chronic heart failure [57]. PAPIRUS II consists of 
an implant and an external unit. The implant contains a pres-
sure sensor, a piezoelectric transducer, a control circuit, and 
a battery (Fig. 3).

This method of energy transfer makes it possible to dis-
pense with built-in power sources, extending the service life 
of the implant [58]. The activated device measures pressure 
using the capacitive method. Within 10 s, the full waveform of 
pressure fluctuations is recorded, allowing analysis of their 
dynamics [58]. The transmitted analog signal is susceptible 
to electromagnetic interference, as any changes in the sur-
rounding electric field can induce additional noise and distor-
tion [59, 60].

German scientists were able to overcome the issue of an-
alog signal susceptibility to electromagnetic interference by 
using digital signal transmission instead of analog [58]. The 
sensor, designed to detect pressure in the aneurysmal sac, 
can detect endoleaks and monitor pressure after the place-
ment of a stent graft. The developed pressure-sensing device 

is designed as a capsule that contains the necessary passive 
components (capacitors, receiving coil, and Zener diodes) as 
well as a digital data processing unit [58].

Electromagnetic energy transfer
Wireless energy transfer through the patient’s tissues is 
possible using electromagnetic fields. One example of such 
technology is the Leviticus Cardio circulatory support sys-
tem, developed in Israel [36]. Its operating principle is based 
on Coplanar Energy Transfer technology, which enables en-
ergy transfer between two magnetic coils: one implanted 
in the pleural cavity and the other located on the surface of 
the chest. Energy transfer is achieved through electromag-
netic induction (Fig. 1f)  [36]. The circulatory device can op-
erate autonomously for up to 6–8 h, significantly improving 
patients’ quality of life. An artificial heart ventricle with a ro-
tary or centrifugal pump to support blood circulation is used 
in patients with heart failure until heart transplantation [36]. 

Energy transfer in this system is achieved through two 
resonators that interact via electromagnetic fields. The pow-
er amplifier supplies an alternating current signal to a trans-
mitting resonator consisting of a single-turn excitation circuit 
and a multi-turn coil. The current passing through the trans-
mitting coil creates a magnetic field that induces an elec-
tric current in the second resonator, which is implanted in 
the pleural cavity. This resonator also includes a multi-turn 
coil and a single-turn receiving circuit. The received AC sig-
nal is rectified and converted into a direct voltage, which is 
then fed through the controller to the pump of the artificial 
heart ventricle.

Energy transfer depends on the distance between the 
transmitting and receiving resonators, and their coupling is 
inversely proportional to this distance. The automatic tuning 
system dynamically adjusts the operating frequency, adapt-
ing to changes in the position of the resonators, which allows 
the system to maintain maximum energy transfer efficiency. 
For resonators of the same size, the effective energy transfer 
zone covers a distance of up to two coil radii. The transmis-
sion range can be increased by adding an intermediate coil 

f = = ω 1
2π 2π√LC
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between the transmitting and receiving resonators or by us-
ing multiple relay resonators. However, each additional ele-
ment slightly reduces the overall efficiency of the system due 
to parasitic losses [55].

The clinical application of the Leviticus Cardio system 
was described in two patients aged 51 and 24 years with end-
stage heart failure, who were the first to be implanted with 
this system. The results of early monitoring confirmed the ef-
fectiveness of the system: the battery charge was sufficient 
for 8.5 h of rotary pump operation. During the study, there 
were no device malfunctions or infectious complications as-
sociated with its implantation [61].

EXAMPLES OF IMPLANTABLE MEDICAL 
DEVICES
Coronary stents
Coronary stents are hollow tubular structures with a met-
al frame used to restore the patency of arteries narrowed as 
a result of atherosclerosis [62]. In Russia, the annual num-
ber of endovascular interventions using coronary stents is 
increasing and amounts to approximately 27.5 per 100,000 
population [63]. Peripheral arteries are used for endovascu-
lar access, and selective angiography of the coronary bed is 
performed to detect stenoses that restrict blood flow to the 
myocardium [11]. After the stenting procedure, atherosclerot-
ic changes can lead to restenosis or thickening of the inner 
vessel wall, thrombosis, and proliferation of smooth muscle 
cells [11]. Despite the use of drug-eluting stents that contain 
drugs to suppress endothelial proliferation, stenosis can oc-
cur in up to 15% of cases [64, 65].

To detect thrombosis and monitor coronary artery paten-
cy after stenting, stents with an integrated pressure sensor 
and a communication system (smart stents) based on mi-
cro- or nanoelectromechanical systems have been devel-
oped. These devices have great potential for providing diag-
nostic feedback for the early detection of adverse thrombotic 
events  [62]. This technology can provide valuable informa-
tion about the condition of the coronary bed and is crucial 
for timely intervention and increasing the likelihood of a suc-
cessful revascularization procedure [66].

The prospects for the development of stents with a pres-
sure monitoring system were discussed by Vishnu and Ma-
nivasagam. The main functions of a smart stent should in-
clude accurate measurement of pressure, blood flow velocity, 
and endothelialization control. For example, a stent model 
developed in 2010 detects the growth of endothelial cells by 
changes in surface charge, which lead to changes in the res-
onance and frequency of the device, indicating the process of 
endothelialization.

A new paradigm in smart stent research is the use of 
biodegradable materials for their framework. In particu-
lar, polymer compounds based on lactic acid, such as po-
ly-L-lactide, poly-D-lactide, and polycaprolactone, are used 

with integrated pressure sensor systems. These pressure-
sensing devices are capable of measuring pressures up to 
230 mmHg [11].

A serious complication in the implantation of drug-elut-
ing coronary stents is late thrombosis, which occurs due to 
unprotected stent elements that are not covered with endo-
thelial cells during the healing process [11]. Long-term mon-
itoring of the endothelialization process can help in more 
carefully selecting an antiplatelet therapy. Research in this 
area mostly remains at the modeling and experimental de-
velopment stage.

In a 2010 study, a team of scientists led by Chow intro-
duced a fully wireless implantable pressure monitor inte-
grated into a medical stent. The device transmitted data with 
a resolution of 0.5 mmHg within a range of 0–50 mmHg, re-
ceiving power externally and enabling data transmission at 
a distance of up to 10 cm [31]. Based on these developments, 
an intelligent telemetry stent for wireless monitoring of in-
travascular pressure was introduced in 2014 [31]. A 2023 re-
view highlighted the potential of such devices for continuous 
patient monitoring as well as unresolved issues hindering 
their clinical implementation—biocompatibility, reliability of 
data transmission, and standardization of protocols [31].

Despite the progress, the widespread use of smart stents 
requires additional testing to confirm their safety and effec-
tiveness. Current studies are aimed at solving these prob-
lems to introduce innovative devices into clinical practice [11].

Stent grafts
Stent grafts are an advanced method of providing highly spe-
cialized care for aortic aneurysms. Acute dissection of the 
thoracic aorta is a medical emergency. Type A aortic dissec-
tion is considered the most severe form due to aorto-associ-
ated complications, with mortality reaching 70%–80% [64]. In 
such cases, pharmacotherapy is associated with a mortality 
rate of 50%–70% during the first month and is considered in-
effective [67].

Endovascular plasty of an abdominal aortic aneurysm 
was first performed by Loschi et al. in 1991. Modern moni-
toring protocols following the placement of an endovascular 
stent graft for the correction of aortic aneurysms are based 
primarily on expensive and time-consuming imaging meth-
ods aimed at detecting graft migration and endothelial rup-
tures in aneurysmally altered areas of the aorta [68].

A hybrid stent graft is a structure consisting of a metal 
frame covered with fabric. After placement in the aortic lu-
men, the device functions as a vascular wall replacement. 
However, the use of this method can be accompanied by 
complications, the most common of which is endoleak—the 
leakage of blood into the aneurysmal sac after endovascular 
intervention [69]. Types I, II, and III endoleaks pose the great-
est danger, as they are associated with increased pressure 
in the aneurysmal sac, which can lead to its progressive en-
largement, aneurysm rupture, and, consequently, death due 
to massive bleeding.
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To monitor pressure in the aneurysmal sac, an implant-
able telemetric pressure sensor, the EndoSure Sensor, was 
developed. Integrated into the implant, this sensor helps de-
tect endoleaks and reduces the need for additional exami-
nations using contrast agents. The device consists of elec-
tronic components surrounded by nitinol threads arranged 
in a basket shape, with the active element located at the 
center. The sensor has no battery and draws energy from 
an external source. In vivo tests have shown that the sen-
sor remains functional for several years, demonstrating high 
stability [57].

Ohki et al. presented the results of a clinical trial of 
the EndoSure Sensor  [70]. The study included 90 patients 
from 12 medical centers, with a mean age of 72.3  years. 
The mean aneurysm diameter at the time of examination was 
5.48 ± 1.07 cm. The average procedure time was 205 ± 87 min, 
and the mean blood loss was 471 ± 387 mL. After endovas-
cular aneurysm repair, blood pressure in the aneurysmal sac 
decreased from 59.34 ± 17.8 mmHg to 27.5 ± 18.8 mmHg. The 
sensor was calibrated using direct pressure gauge data dur-
ing implantation and upon removal of the guidewire. To as-
sess the device’s safety and the stability of its readings, a 30-
day patient follow-up was conducted. During this time, no 
signs of endoleak were detected, and the pressure in the an-
eurysmal sac remained stable. Five instances of discrepancy 
between the pressure measured by the sensor and that re-
corded during the endovascular procedure were noted; how-
ever, these did not affect the outcomes. Later, after stent graft 
placement, the pressure in the early postoperative period 
also decreased. No adverse events related to the use of the 
pressure-sensing device were reported [71]. During the ear-
ly postoperative follow-up period, two deaths were recorded, 
but both were associated with the severe course of the un-
derlying disease and comorbid conditions rather than the im-
plantation procedure or sensor operation [5].

Stent grafts, as well as stents with an integrated sensor 
and communication system (smart stent grafts) based on mi-
cro- or nanoelectromechanical systems, have great potential 
for providing diagnostic feedback for endoleak detection [71].

The main disadvantage of capacitive pressure sensors in 
smart stents and stent grafts is the lack of proven protection 
mechanisms against endothelial buildup, as a result of which 
the mechanical component ceases to function [72].

Pulmonary Artery Pressure-sensing device
CardioMEMS is an implantable pressure-sensing device used 
to measure pressure in the branches of the pulmonary artery 
for the management of pulmonary arterial hypertension. The 
device consists of a liquid crystal reservoir (inductive-capaci-
tive) and operates on the principle described above [58].

Using a portable electronic device and a special sensor 
with an antenna at home, the collected data are converted 
into pressure readings and transmitted to a secure server for 

further processing. The data-reading process is painless: the 
pressure-sensing device with the antenna is applied to the 
body at the intended location of the implant, causing no sig-
nificant sensations. The electronic unit transmits the pulmo-
nary artery pressure measurements to the physician daily, 
allowing treatment for heart failure to be adjusted before the 
onset of clinical signs of congestion. This, in turn, helps re-
duce the number of hospitalizations and deaths [58].

CardioMEMS has demonstrated a significant decrease in 
the number of hospitalizations among patients with NYHA 
class III heart failure [73]. Since 2014, CardioMEMS has been 
officially approved for monitoring patients with heart fail-
ure. In a study by Sarsam et al., successful early detec-
tion of infective endocarditis with aortic valve damage using 
CardioMEMS was reported, which was associated with in-
creased pressure in the pulmonary artery [8].

Additionally, monitoring pressure in the pulmonary ar-
tery using such technologies can be useful for optimizing the 
treatment of patients with pulmonary hypertension and for 
early detection of complications following implantation of an 
artificial heart ventricle. Such an approach expands the pos-
sibilities for comprehensive management of critically ill pa-
tients and improves disease prognosis  [58, 74]. In the Rus-
sian Federation, similar implantable sensors have not yet 
been used in clinical practice, and the field of remote mon-
itoring of patients with cardiovascular diseases using other 
technologies is still developing. This aligns with the global 
trend toward the digitalization and personalization of cardi-
ac care.

In 2018, Feldman et al. studied an implantable pressure-
sensing device in the branches of the pulmonary artery as 
a tool for determining the optimal implantation time and op-
timizing the operation of an artificial heart ventricle [58, 74]. 
The device was implanted in 27 patients for 18 months, dur-
ing which systemic and pulmonary pressure parameters as 
well as blood chemistry parameters were evaluated. All pa-
tients received similar pharmacotherapy. Implantation of the 
artificial heart ventricle was performed earlier than planned, 
based on the increased pulmonary pressure recorded by the 
device [75]. Similar results were obtained in studies by Veenis 
et al., which showed that using a pressure-sensing device in 
the branches of the pulmonary artery improves patient mon-
itoring outcomes in individuals with end-stage heart fail-
ure who subsequently required heart transplantation  [76].

The incidence of complications associated with implant-
able pressure-sensing devices in the branches of the pulmo-
nary artery is extremely low, accounting for approximate-
ly 1% of all implantations. In most cases, complications were 
limited to bleeding at the puncture site after the endovascu-
lar procedure [76]. These results demonstrate the importance 
of implantable pressure-sensing devices in clinical practice 
for pressure monitoring and therapy management in patients 
with heart failure.
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CONCLUSION
The development of microelectronics makes it possible to 
create implantable microcircuits for tracking essential pa-
rameters. These devices are characterized by their small 
size, ability to provide long-term monitoring of the patient’s 
condition, reduced invasiveness of implantation procedures, 
and a personalized approach to treatment. Modern advanc-
es in microelectromechanical systems are opening new av-
enues in cardiology by creating more sophisticated sys-
tems for monitoring physiological parameters of the body. 
In cardiovascular diseases, parameters such as blood pres-
sure and flow rate in the affected area are particularly im-
portant. The implementation of implantable microcircuits in 
clinical practice will help reduce the burden on healthcare, 
decrease the number of hospitalizations, improve the qual-
ity of monitoring, and enable the detection of life-threaten-
ing conditions. Research on MEMS is expanding the scope 
of implantable devices through high-tech developments that 
are modernizing healthcare. Remote monitoring systems ad-
dress several challenges: they reduce the number of invasive 
procedures, allow sensors to be installed once in the desired 
area, support decision-making regarding repeated proce-
dures and treatment adjustments, and provide continuous 
remote monitoring of physiological parameters.
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