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Abstract

In the twenty-first century, increasing studies suggest that magnetic devices are
employed for technical innovation and solving clinical bottleneck problems. Magnetic
surgery technology uses specially designed magnetic medical instruments or equip-
ment to transform the "non-contact” magnetic force into a particular force. This could
play a specific function in clinical diagnosis and treatment, such as vascular anastomo-
sis, tissue compression, instrument anchoring, surgical navigation, space expansion,
and controlled tracing. According to different application methods and principles,
magnetic surgery technology can be divided into the following five core categories:
magnetic compression technique (MCT), magnetic anchor technology (MAT), mag-
netic navigation technology (MNT), magnetic levitation technology (MLT), and mag-
netic tracer technology (MTT). Some of these technologies present great superiority
and tend to replace traditional approaches, which are widely used in multiple diseases,
including digestive, gynecological, breast, and urinary. From this perspective of multi-
disciplinary, magnetism could be utilized in clinical practice well, and magnetic surgery
has tremendous potential in clinical treatment. The application of magnetic surgery
makes operation greatly simplified and the postoperative complications reduced.
Meanwhile, the biological security of magnetic surgery is assessed, and a uniform
standard needs to be established. Despite some challenges that still exist in the devel-
opment of magnetic surgery, it is necessary to investigate and explore more novel
technologies, which bring clinical benefits to patients.

Keywords: Magnetic surgery, Magnetic compression technique, Minimally invasive,
Clinical treatment, Biocompatibility

Background

Surgery serves as an important approach for the prevention and treatment of human dis-
eases and performs a pivotal role in facilitating people’s quality of life [1, 2]. With advances
in science and technology, surgery is gradually evolving to solve clinical problems more
effectively. Milestone events such as aseptic techniques, anesthesia, and transfusion have
laid the foundation for the development of modern surgery [3, 4]. Since then, various sur-
gical methods are emerging and booming. The optimization of surgery technologies is
exploring and discussing in globally [5]. In recent years, laparoscopic technique, and robot
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technology push for minimally invasive surgery, making operations more precise and safer
[6]. For example, laparoscopic major liver resection produces favorable efficacy in terms
of lesser blood loss, fewer operative morbidities, and faster recovery [7]. Although mini-
mally invasive surgery has improved clinical outcomes of patients, there are lots of room
for progress. Multidisciplinary support and integration might accelerate the innovation and
development of surgery. Currently, the telesurgery using 5G technology has favored fea-
sible treatment option for patients, reducing health care costs [8]. The nanomaterials are
employed to precision imaging-guided surgery, which assisted surgical therapy [9]. Mag-
netic surgery (MS) is a new comprehensive clinical technology integrating clinical medi-
cine, materials science, and biomechanics, performing significant advantages in many
aspects, such as vascular anastomosis, stricture recanalization, and surgical anchoring [10].
The medicine and other disciplines crosses, penetrates, and integrates, promoting surgical
technologies and delivering substantial benefits to human health. Meanwhile, surgical pro-
cedures require continual focus and advancement to address diseases more effectively.

As we known, many surgical treatments involve major trauma and lack of minimally inva-
sive surgery [11]. With scientific progress and economic development, people have growing
concerns about health and beauty. The large incisions unsightly sutures and residual scars
bother people striving for beauty [12]. Meanwhile, the occurrence of postoperative compli-
cations is also an important concern in surgery [13]. More explorations for new technolo-
gies might solve these problems, reducing complications, making a beautiful appearance,
and minor trauma. Magnetic surgery technology uses specially designed magnetic medical
instruments or equipment to transform the “non-contact” magnetic force between mag-
netic substances into a particular force. This can play a specific function in clinical diagnosis
and treatment, including vascular anastomosis, tissue compression, instrument anchoring,
surgical navigation, space expansion, controllable tracer, and other functions [14, 15]. It has
important application value in the minimally invasive diagnosis and treatment of diges-
tive, gynecological, mammary, and urinary diseases [16]. Over the past 40 years, magnetic
medicine has achieved fruitful results, both solving some clinical bottlenecks and optimiz-
ing some treatment approaches. According to different application methods and princi-
ples, magnetic surgery technology can be divided into the following five core categories:
magnetic compression technique (MCT), magnetic anchor technology (MAT), magnetic
navigation technology (MNT), magnetic levitation technology (MLT), and magnetic tracer
technology (MTT).

Along with multidisciplinary concepts and innovations in medical technology, many
more patients get benefits and prolong survival. In this context, we delve into the theo-
retical cornerstone of magnetism in clinical practice. We focus on the development and
application of magnetic surgery technologies. Additionally, we summarized the biological
security of magnetic fields, magnetic materials, and magnetic surgery technologies. This
review identifies the latest advances and tremendous potential of magnetic surgery in clini-
cal treatment.

The theoretical cornerstone of magnetism in multidisciplinary knowledge
Magnetic field and magnetic force

The magnetic field exists in the space around magnets, currents, and moving charges
[17]. All magnetic fields are generated by electric charges in motion. Magnetic force is
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generated when a magnet and an electric current are placed in a magnetic field. The
application of magnetic forces has been explored and practiced for a long time. For
instance, using large magnetic fields and superconducting magnets, magnetic resonance
imaging (MRI) is employed for medical diagnosis [18]. Relying on the natural diamag-
netism of specific materials, the magnetic force on magnets could be utilized to levitate
biological samples [19]. The superparamagnetic iron oxide nanoparticles (SPIONs) could
be labeled on immune cells for immunoimaging and be linked with cationic liposomes
for concentration and delivery [20]. Moreover, the magnetic property is the properties
of the interaction between matter and magnetic fields. In other words, it is the magnetic
property of the matter itself in response to the magnetic field [21]. Magnetism means
that paramagnetic substances attracted by magnetic fields tend to move toward areas
with strong magnetic fields. While diamagnetic materials tend to move towards areas
with weaker magnetic fields, repelling magnetic fields [22]. The progress of a substance
that does not originally harbor magnetic properties but obtains magnetic properties is
characterized as magnetization. In conversely, the process is defined as demagnetization
[23, 24]. Generally, according to the magnetization characteristics of magnetic materi-
als, they can be divided into three categories, such as superparamagnetic, soft magnetic,
and hard magnetic. Compared with paramagnetic materials, the paramagnetic suscep-
tibility of superparamagnetic materials is several orders of magnitude higher [21]. Iron,
chromium, and iron oxide as common superparamagnetic materials are widely used in
MRI and magnetic separation [25]. Soft magnetic materials have typical characteristics,
harboring high permeability and low coercivity, and good reversibility of magnetization
[26]. These materials are commonly used in electronic equipment such as transform-
ers, inductors, and motors. Hard magnetic material is a kind of magnetic material with
high coercivity, high remanence, and low permeability [27]. The difficulty in magnetiz-
ing and demagnetizing is a typical characteristic. Among these hard magnetic materi-
als, rare earth NdFeB is popularly employed in biomedical fields such as medical robots,
artificial hearts, and targeted drug delivery [28]. The application of magnetism and mag-
netic materials in clinical therapy is mainly based on three properties: (a). Non-contact
without direct contact between the magnets can produce a strong interaction force in
the space; (b). Negative correlation between the magnetic force size and the distance,
the closer the distance between the magnetic poles, the greater the magnetic force. This
makes it especially suitable for scenes with small spaces so that magnetic surgical instru-
ments can be compact. (c). Strong directivity of the force between the magnetic poles.
When there is a dislocation between the magnets relative to the predetermined suction
position, the magnetic force can make the magnets themselves correct the dislocation
and return to the pre-set alignment suction position.

The biological effect of steady-state magnetic field

A steady-state magnetic field refers to the strength and direction of the magnetic field
that has no changes in a certain time and space, which are mainly involved in mag-
netic surgery. In contrast, a magnetic field whose strength changes with time is called a
dynamic magnetic field, which is usually employed for magnetic particle imaging (MPI)
and magnetic hyperthermia [29]. Controlled magnetic fields are characterized by their
adjustable magnitude, orientation, and gradient, which are deliberately manipulated in
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real-time or in a stepwise manner to perform specific tasks, such as those in magnetic
anchoring and magnetic navigation [30, 31]. For instance, during procedures like mag-
netic navigation of a capsule endoscope, the external magnetic field is adjusted at low
frequencies to guide the device along a desired path or to anchor it at a specific loca-
tion [32]. The rate of change of these fields is slow enough that, for the purpose of cal-
culating the forces and torques on the magnetic device, they can be considered static
at any given instant. This “quasi-static” nature is fundamental to the precise spatial and
angular control required for these applications. Steady-state magnetic fields Much sci-
entific research also suggests that the steady-state magnetic field plays crucial roles on
multiple levels, encompassing regulating blood flow, promoting bone metabolism, inhib-
iting tumor growth, and regulating blood sugar levels [33]. The steady-state magnetic
field with diverse parameters can differently regulate the body’s blood flow. Inconsist-
ent results might be generated from many aspects, such as the state of the research
object, the period of magnetic field processing, the processing time, the object of obser-
vation, and the magnetic field gradient [34]. Generally, the steady-state magnetic field
might balance the circulatory system and become an effective alternative for improv-
ing vascular disease, such as excessive or insufficient blood flow [34]. The steady-state
magnetic field is also associated with regulating the proliferation and differentiation of
bone tissue cells. These biological characteristics improve osteoporosis, promote frac-
ture healing, and relieve osteoarthritis effects [35]. Meanwhile, a steady-state magnetic
field reveals clinical treatment potential in tumors [36]. Using magnetic nanorobots
could deliver both chemotherapy drugs and targeted drugs specifically to tumor blood
vessels, promoting the efficacy and development of drug therapy. Apart from the steady-
state magnetic field, the dynamic magnetic field also displays therapeutic significance.
The high-frequency alternating magnetic field acts on magnetic nanoparticles generat-
ing heat energy and then inducing tumor cell death [37]. The electromagnet-generated
steady-state magnetic field further combined with an electric field could effectively ame-
liorate the insulin action deficiency in Type 2 diabetes mellitus (T2DM) mice [38]. The
biological effect of steady-state magnetic field harbors therapeutic prospects and poten-
tial in cancer theranostics and might overcome some limitations of conventional cancer
treatments.

The NdFeB permanent magnet materials with high-performance

Currently, the magnetic materials related to magnetic surgery mainly include rare
earth permanent magnet materials (e.g., samarium cobalt and NdFeB), magnetic
ferro-trioxide nanoparticles, and electromagnetism. The magnetic properties of rare
earth permanent magnet materials are superior to others in medical applications
[39]. The development of rare earth permanent magnets has experienced three gen-
erations, the first generation SmCo5, the second generation Sm2Co1l7, and the third
generation NdFeB. The NdFeB permanent magnet material has excellent magnetic
properties, including high coercivity, high remanence, and high magnetic energy
products [40]. Owing to the outstanding performance and low cost of NdFeB, this
material has been widely used in many fields. Meanwhile, NdFeB harbors good his-
tocompatibility, thus it is also an ideal choice for magnetic materials in magnetic sur-
gery technologies. The disadvantage of NdFeB is poor corrosion resistance, so there is
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an urgent need to improve the corrosion resistance and promote surface protection
technology. The commonly used industrial NdFeB surface treatment methods include
electroplating, electroless plating, physical vapor deposition, spraying, composite sur-
face modification, and so on. Although these methods can meet most industrial and
daily life needs, whether can also meet the requirements of magnetic surgery. Many
experimental studies are performed to explore and evaluate the optimal NdFeB mag-
net surface modification scheme suitable for human implantation.

NdFeB permanent magnet materials were first used in oral orthodontics [41]. With
the birth and expansion of magnetic surgery-related technologies in the past 40 years,
the scope of in-body implantation of NdFeB magnets has increased significantly, basi-
cally covering the cavity organs and tissue spaces of the entire human body. Further-
more, different magnetic surgical techniques require that the magnets be retained in
the body for different times, from a few minutes to a lifetime. We summarized the
external environment of the magnets related to the magnetic surgery in Table 1. The
research on surface modification is relatively backward, and no unified standard has
been formed at home and abroad. Most foreign scholars use polymer material as the
surface treatment scheme, while domestic scholars mostly employ titanium nitride
coating treatment. Here, we collected some NdFeB surface modification schemes in
the literature as shown in Table 2.

Table 1 The external environment of the magnets related to the magnetic surgery

Magnetic surgery-related
techniques

Suitable application fields Magnets exposed to external

environment
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Magnetic compression technique
(MCT)

Magnetic anchor technology (MAT)

Magnetic navigation technology
(MNT)

Magnetic levitation technology
(MLT)

Magnetic tracer technology (MTT)

Side-to-side anastomosis [42], gas-
troenterostomy [43], small bowel
anastomosis [44], colic anastomosis
[45], vesicostomy [46], esophageal
stenosis/atresia recanalization [47],
biliary stenosis/atresia recanaliza-
tion [48], hepatoenterostmoy [49],
pancreaticojejunostomy, gastroin-
testinal fistulas [50], gastrointestinal
fistula repair [51], end-to-end
anastomosis [52], and so on

Orthodontics clinic, stamp reduc-
tion card surgery [53], correction of
skeletal deformities [54], magnetic
anchoring assisted endoscopic
mucosal resection [55], and so on

magnetic navigation magnetic
catheter and magnetic capsule
endoscopy [56], magnetic naviga-
tion bronchoscope [57], and so on

Cervical space expansion device,
artificial joint, and so on
Lymphatic tracing [58], digestive
tract radiography, and so on

Vessel lumen', gastric cavity', enteric
cavity!, ureter/bladder', esophagus',
biliary tract'" pancreatic duct"™,
abdominal cavity"", thorax", tissue
space, and so on

Oral cavity", abdominal cavity/,
thorax, tissue space”, digestive tract,
and so on

vessel lomen!, respiratory tract,
digestive tract', and so on

v /v

Tissue space", articular cavity"",

and so on

Tissue space‘, gastrointestinal tract‘,
and so on

'Temporary implant: the retention time is usually less than 72 h; "Short-term implant: the retention time is usually less than
30 days; "Medium- and long-term implant: the retention time is usually between 30 to 90 days; VLong-term implant: the
retention time is usually greater than 90 days or permanent implant
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Table 2 The surface modification of medical NdFeB
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Authors Application object Implanting position Surface modification  Retention time
Avalianietal. [49]  Human Biliary tract and duo- Polyurethane 7-10 days
denum
Graves et al. [44] Human Small intestine Polycarbonate 17-85 days
Matsuzaki et al. [55] Dog Stomach Polyamide <1days
Yanetal. [51] Human Vagina Titanium nitride 16 days
Klima et al. [42] Human Blood vessel Titanium nitride Permanent time
Ganzetal. [59] Human Abdominal cavity Titanium shell Permanent time
Bonavinaetal.[60] Human Abdominal cavity Titanium shell Permanent time
Wang et al. [52] Dog Abdominal cavity Titanium nitride and 180 days
shell
Liuetal. [61] Dog Abdominal cavity Titanium nitride and 180 days
polypropylene shell
Fan et al. [62] Dog Biliary tract and jejunum  Titanium nitride and 14 days
metal shell
Uygun et al. [50] Rat Stomach and extraperi-  Chrome plating 20 days
toneal
Jamshidi et al. [43]  Pig Small intestine Polytetrafluoroethylene  7-14 days

(PTFE)

The history and development of magnetic surgery

In 1978, Obora et al. first provided a new surgical anastomosis, magnetic compression
anastomosis, which was used for femoral artery anastomosis in dogs and neck vascular
anastomosis in rats [63]. During the same year, Kanshin et al. achieved suture-free anas-
tomosis in gastrointestinal surgery for dogs, harnessing the mechanical squeezing effect
generated by magnetic attraction [64]. Then, Jansen et al. also utilized magnetic rings
to achieve distal colonic anastomosis and completed favorable anastomosis outcomes in
1980 [65]. In this stage, Japanese research is in a relatively leading position, especially
the Yamanouchi’s team. They achieved great success and initially formed a “magnetic
compression anastomosis (MCA)”. The advent of NdFeB permanent magnetic materi-
als in 1984, pioneered by M. Sagawa, further unlocked the immense potential of mag-
netic medicine, captivating the interest of researchers worldwide. Based on magnetic
medicine, the operation of surgery displayed a great prospect of development. Although
various magnetic surgical techniques emerged such as artery anastomosis and gastroin-
testinal anastomosis, most research is mainly concentrated in the animal experimental
demonstration stage, and the clinical application is limited.

With the exploration of biological mechanisms and the progress of animal experi-
ments and clinical research, the concept of “magnetic anastomosis” was first proposed
by Professor Harrison in 2009 [43]. Then, this technology is popularly used in the fields
of general surgery, obstetrics and gynecology, and vascular surgery. Meanwhile, mag-
netic-related research is blooming everywhere in China. Our team guided by Professor
Yi Lyu did a lot of basic and clinical work in magnetic materials and surgical fusion, then
first proposed the concept of “magnetic surgery” in 2010. Magnetic surgery technology
is summarized into the following five categories: MCT, MAT, MNT, MLT, and MTT.
Encouragingly, the “First International Conference on Magnetic Surgery” initiated by
Professor Yi Lyu was successfully held in Xi’an from June 1 to 3, 2018.
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These technologies were widely used in the domestic and overseas. For example, using
the MCT, Professor Yi Lyu successfully carried out the first magnetic squeeze dredg-
ing operation for children with benign esophageal stenosis in China. Harrison et al.
employed MAT and reported the application of a magnetic mini-mover device (3MP
device) in the correction of the funnel chest [66]. The electromagnetic navigation bron-
choscopy (ENB) achieved clinical utility in the diagnosis and treatment of lung cancer.
The magnetic tracer technology is mainly used for sentinel lymph node tracing in breast
cancer at present [58]. The Corheart 6 is a newly developed levitated continuous flow
left ventricular assist device based on magnetic suspension technology currently under-
going multicenter clinical trials in China [67]. We summarize the important novel find-
ings in the research history of magnetic surgery and illustrate Fig. 1.

The concept and application of five core magnetic surgery technologies
Magnetic compression technique (MCT)

Magnetic compression technique (MCT) uses the special properties of magnetic force
to complete some specific clinical operations, such as the connection of organs, tissue
pressing closure, and flow limiting of lumen contents. Magnetic compression anas-
tomosis (MCA) as an important branch of MCT refers to a comprehensive approach

to restore lumen continuity. This process is achieved through laparotomy, endoscopic
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operation, or interventional technology with the help of “non-contact” magnetic force
between magnets. Currently, MCA changes the traditional lumen anastomosis and
lumen occlusion/stenosis recanalization and is mainly used in the following three clini-
cal areas: gastrointestinal lumen anastomosis, digestive tract occlusion/stenosis reca-
nalization, and vascular anastomosis [68]. The MCA achieves sutures-free anastomosis
and has many advantages, such as little tissue damage, no foreign body remaining at the
anastomotic site, and good anastomosis healing [68].

Alimentary canal lumen anastomosis is the most common operation in digestive sur-
gery. Currently, the commonly used methods of alimentary canal lumen anastomosis
include manual suture and mechanical anastomotic anastomosis. The manual suture is
complicated and has a high incidence of postoperative complications, especially lapa-
roscopic surgery. Mechanical staplers are often used for lumen diameters larger gastro-
intestinal anastomosis rather than small gastrointestinal anastomosis. The MCA comes
into being in this situation for better clinical operation and many pathophysiological
changes occur during anastomosis [69]. Firstly, the tissue between magnets is squeezed
by magnetic force and ischemia gradually begins to appear. Secondly, necrosis occurred,
and the anastomotic tissue located around the magnet generated adhesiveness. Finally,
anastomotic tissue healed with each other and completed lumen anastomosis. The MCA
could be used in gastroenteric anastomosis, biliary-enteric anastomosis, pancreatic-
intestinal anastomosis, and other small lumen reconstructions of the digestive tract,
improving anastomosis efficiency and quality. From 2012 to 2015, Liu et al. performed
MCA to carry out clinical biliary-enteric anastomosis in 41 patients [70]. The average
anastomosis time of 10.5 min and the median follow-up time was 547.5 days. Notably,
no anastomose-related complications were found during the follow-up period.

Gastrointestinal stenosis/occlusion is also a common surgical disease. The traditional
treatment is to restore the continuity of the digestive tract under laparotomy or thora-
cotomy. This kind of surgery is traumatic, has a high incidence of postoperative recur-
rence and a high recurrence rate, and usually requires multiple operations [71]. For
surgical intolerance, patients are only treated with external permanent drainage or fis-
tula to maintain life [71]. The MCA provides a novel treatment strategy the magnet is
placed on both sides of the stenosis/occlusion site by natural lumen or interventional
means. Then, the obstruction can be removed, and the lumen continuity can be restored
by mutual attraction between magnetic forces promoting tissue necrosis and shed-
ding [72]. In 2014, Russell et al. successfully used MCA to treat a child with congeni-
tal anorectal malformation [73]. Zaritzky et al. also reported that MCA was successfully
employed to treat 17 patients with digestive tract obstruction, stenosis, or atresia [74].
Moreover, the MCA also can safely and effectively resolve complete biliary obstruction
that is not feasible using endoscopic or percutaneous treatment approaches. Lee et al.
recently substantiated MCA is a useful alternative method to treat biliary stricture in
post-living donor liver transplantation (LDLT) and post-cholecystectomy patients [75].
The MCA is an effective solution for lumen stenosis, promoting clinical outcome.

Vascular anastomosis is a common operation in plastic surgery and organ transplanta-
tion, and the speed and quality of vascular anastomosis are also the key factors affect-
ing the postoperative outcome. Traditional vascular anastomosis is mainly completed by
manual suture, which is complicated, time-consuming, and laborious, giving the target
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organ a long period of ischemia or bruising time, and the postoperative complications
are high. The MCA can serve as a rapid method for vascular anastomosis because of
its unique characteristics [76]. Liu et al. used this method to perform rapid anastomo-
sis of blood vessels in canine liver transplantation, and the results indicated that MCA
significantly shortened the time of the liver-free stage [77]. In 2019, Yi Lyu et al. carried
out magnetic-assisted rapid vascular anastomotic technology to clinical liver transplant
patients for the first time, reducing the “hopeless period” from 30 to 40 min reported
internationally to 9 min and 50 s, creating a new world record. In conclusion, MCA
as a new type of lumen anastomosis technique, has presented good results in clinical

practice.

Magnetic anchor technology (MAT)

Magnetic anchor technology (MAT) is the magnetic attraction between magnets and
magnets or between magnets and paramagnetic substances, making anchored magnets
perform non-contact spatial anchoring on the target magnets [78]. The core princi-
ple of MAT involves using an external magnet, positioned outside the body, to control
an internal magnet placed within the body. By manipulating the external magnet, an
operator can adjust the position and the direction of force on the internal magnet in
real-time, thereby enabling surgical tasks such as traction, fixation, or manipulation
of tissues and organs. The MAT could use magnetic force to perform non-invasive or
minimally invasive treatment in the body cavity which is difficult to achieve with tradi-
tional approaches. The internal magnet can produce forces in different directions with
the control movement of the external magnet, providing an “operation triangle” for the
operator. This new technology can effectively solve the entanglement defect of main
and auxiliary instruments and illumination camera instruments in endoscopic surgery,
reduce the number of puncture holes in the abdominal wall, and shorten the operation
time [79]. In 2007, the University of Texas Southwestern Medical Center performed
MAT to complete single-hole laparoscopic nephrectomy and natural duct cholecystec-
tomy in pigs. The operations were successful, and no skin and abdominal wall necrosis
occurred in the animal model [80]. With the progress of MAT, the magnetic anchoring
and guidance system (MAGS) is proposed, further driving clinical application. Cadeddu
and Dominguez et al. applied MAGS devices in clinical practice and successfully assisted
in many laparoscopic surgeries, resulting in less trauma, and more intelligent and indi-
vidual, minimally invasive surgery. In 2018, RIVAS et al. reported the results of the first
prospective clinical trial of magnetic surgery, which evaluated the use of MAGS in lapa-
roscopic cholecystectomy and concluded it safe and effective [81]. MAGS also began to
emerge in more surgical operations such as video-assisted thoracoscopy and endoscopic
submucosal dissection. The MAT and MAGS have broad scientific research and applica-

tion space, promoting clinical technology progress.

Magnetic navigation technology (MNT)

Magnetic navigation technique (MNT) driving and targeting traction on response
magnet (RM) or paramagnetic substance using targeting navigation magnet (NM). In
the magnetic field along the destination path to the target location, thereby helping to
inspect or carry equipment to the desired location [82]. In 2013, Rodrigues et al. inserted
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a catheter with an electromagnetic tracking sensor into the desired puncture site, during
the ureteroscopy of six pigs [83]. A tracking needle with a similar electromagnetic track-
ing sensor was then used to locate the kidney and ureter, and all renal pelvis punctures
were successful. More successful experience of MNT was successfully applied to car-
diovascular surgery and gastrointestinal capsule endoscopic navigation [84]. The MNT
has been employed in various electrophysiological procedures, encompassing catheter
ablation of ventricular tachycardia (VT) and atrial fibrillation (AF) ablation. Capsule
endoscopy is an emerging technology, at the forefront of digestive endoscopy technology
development, it has the advantages of being painless, non-invasive, convenient, and fast,
and has been widely used in the examination of gastrointestinal diseases [85]. In 2010,
Swain and Keller et al. added NdFeB permanent magnet materials to the traditional cap-
sule endoscope and used a magnetic handle to control the direction [86, 87]. Compared
with the traditional method, this capsule endoscopy with MNT could control the time of
capsule endoscopy passing through the esophagus, adjust the direction in the stomach,
fix point movement, long-term retention, and examine any part of the stomach. In the
future, it is expected to expand the application practice of the MNT in more medical
fields.

Magnetic levitation technology (MLT)

The magnetic levitation technique (MLT) applies the basic characteristics of the same
pole repulsion between magnets to achieve special medical purposes [88]. Heart fail-
ure is the final stage of the development of various heart diseases and is also one of the
main death factors in patients with heart disease. Ventricular assist devices also known
as artificial hearts, provide cardiac replacement support and prolong prognosis survival
[89]. An artificial heart is a complex and precise medical device that has undergone
three major transformations, including the first generation of large-volume pulsating
blood flow device in the 1990s, the second generation of axial flow device in the early
twenty-first century and the latest third generation of magnetic levitation device [89].
The artificial heart based on MLT is called the “third generation of magnetic levitation
artificial heart implantation’, which is characterized by magnetic levitation non-contact
bearing, small size, and belongs to the world’s most advanced artificial heart. This tech-
nology solves the oversize of the first-generation pulsating blood flow device and signifi-
cantly decreases thrombosis of the second-generation axial flow device [90]. Artificial
joint replacement is an effective treatment for bone and joint diseases, which can effec-
tively reduce the pain caused by joint deformation and restore joint function [91]. How-
ever, long-term wear greatly limits its service life, the application of MLT might enhance
joint stability by reducing friction. The detailed mechanism is that a NdFeB permanent
magnet is placed in the prosthesis, with the help of the magnetic repulsion of the con-
cave and convex surfaces, reducing the burden on the joint-bearing surface. In 2018, our
team proposed an MLT cervical traction device, which harbors the functions and effects
of axial traction, horizontal rotation, and magnetic therapy. This MLT cervical traction
device improves the existing technology, breaks through the limitations of the patient’s
head movement, and promotes the patient’s treatment experience. With the develop-
ment of clinical traits, the MLT would solve more clinical problems and play a greater

role in clinical medicine.



Liu et al. BioMedical Engineering OnLine (2026) 25:36 Page 11 of 20

Magnetic tracer technology (MTT)

The magnetic tracer technique (MTT) injects liquid magnetic-related substances into
the lumen of the human body, or the organs connected with the lumen. The magnetic
substances diffuse along the lumen or metabolic pathway and are monitored and tracked
by magnetic detection equipment in vitro [92]. The gastric tumor is a common tumor of
the digestive system and the combination of two mirrors (laparoscopy combined with
gastroscopy) is often used in clinical practice to accurately locate tumor lesions [93].
Although it can achieve accurate location, it limits the flexibility of surgical arrange-
ments owing to the need for endoscopists. Our team made some attempts for better
clinical practice using MTT and successfully used MTT to locate gastric tumor markers.
In this experimental study, all 6 Beagle dogs were successfully implanted with trace mag-
nets under gastroscopy. After gastroscopy 24 h, the tracking magnet was successfully
implanted under laparoscopic surgery, and then the tracking magnet and the tracing
magnet automatically attracted each other to form a sandwich structure of “tracer mag-
net—stomach wall—tracing magnet”. This progress completed the localization and iden-
tification of gastric tumors under laparoscopy. In addition, the MTT is also employed to
conduct laparoscopic radical NOSES treatment of rectal cancer. The surgical application
of MTT needs further development and more clinical experiments.

In conclusion, the innovative technology of magnetic surgery can simplify current sur-
gical procedures, reduce the difficulty of operation, shorten operation time, and improve
the therapeutic effects. We summarized the characteristics of these technologies in
Fig. 2.

The extended application of magnetic surgery technology

Magnetic surgery techniques are numerous and developing rapidly. Although five core
classifications have summarized as MCT, MAT, MNT, MLT, and MTT, some expanded
application of magnetic surgery technologies are emerging and solving clinical problems.
For example, the Magnetic sphincter augmentation (MSA) is an ingenious and laparo-
scopically implantable device, which is created to restore Lower Esophageal Sphincter
(LES) barrier based on magnetic force. The MSA can be classified as MCT with flow
limiting of lumen contents. Moreover, the MSA also can be defined as Magnetic sphinc-
ter technology (MST) owing to this idea could perform on multiple sphincters, such as
esophagus, urethral, and rectum.

Gastroesophageal reflux disease (GERD) is a very prevalent condition affecting up
to 30% of the population in western countries [94]. Magnetic sphincter augmentation
(Linx™) is an innovative laparoscopic procedure for GERD that provides a more stand-
ardized surgical option for patients dissatisfied with medical therapy and for those with
early stage disease who would not usually be considered ideal candidates for fundoplica-
tion [60]. The Linx is a mechanical device manufactured in different sizes and designed
to augment the physiologic barrier to reflux by magnetic force. The device consists of a
series of titanium beads containing a magnetic core and interlinked with independent
titanium wires to form an expandable ring. Magnetic sphincter augmentation is effective
in (a) reducing typical reflux symptoms and use of proton-pump inhibitors, (b) decreas-
ing esophageal acid exposure, and (c) improving patients’ quality of life. Safety issues
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Fig. 2 The five core magnetic surgery technologies. After systematic investigation and summary,

magnetic surgery technologies could mainly be classified into the following five core categories: magnetic
compression technigue (MCT), magnetic anchor technology (MAT), magnetic navigation technology (MNT),
magnetic levitation technology (MLT), and magnetic tracer technology (MTT). The representative clinical
application of each technology was displayed

such as device erosions or migrations have been rare and not associated with mortal-
ity. The device can be easily removed laparoscopically, if necessary, thereby preserving
the option of fundoplication or other therapies in the future. A potential limitation of
the Linx procedure is the contraindication to undergo scanning in>1.5 Tesla magnetic
resonance systems. Ganz et al. reported a similar MSA device is prospectively assessed
in 100 patients with GERD. This MSA device is also making siginicant clinical benefits.
Using MST might also treat stress urinary incontinence that affecting humans’ health
and quality of life. The female stress urinary incontinence harbored high morbidity is
mainly caused by urethral hypermobility and intrinsic sphincter deficiency [95]. Solving
the relaxation of pelvic-floor musculature and promoting poor urethral closure might
make clinical cure. Our team developed a magnetic control device, including permanent
magnet and magnetic hydrogel. The first, permanent magnet, is fixed to the medial part
of the inferior end of the pubis.The second, magnetic hydrogel, is injected into the hori-
zontal urethrovaginal septum where the permanent magnet is located. In the non-void-
ing state, the magnetic hydrogel is attracted to the permanent magnet and the urethra is
closed. While, the increasing urethral pressure overcomes the magnetic force between
the magnetic hydrogel and the permanent magnet, and the urethra opens in urinating.
Similarly, using magnetic force designs the corresponding device might also resolve fae-
cal incontinence. Here, the magnetic devices for treating GERD and female stress uri-

nary incontinence are shown in Fig. 3.
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Fig. 3 Magnetic device for solving gastroesophageal reflux disease and stress urinary incontinence. The
principle is using magnetic force to complete flow limiting of organ contents. The diseases are caused by

the functional deficiency of sphincter and magnetic devices could perform sphincter augmentation. The
panel A exhibits the magnetic device in closed position prevents food reflux by augmentation of the lower
esophageal sphincter. In the open position, it allows normal physiological function, such as transport of food,
belching, and vomiting. The panel B displays the magnetic device in closed postion prevents urine passing as
urethral pressure less than magnetic force, while the magnetic device in open postion allows urine passing as
urethral pressure over magnetic force

The assessment of biological security

Biological security is a key issue that needs more consideration. For the safety of mag-
netic field, some studies proved that researchers placed tumor-bearing mice at 9.4 T
88 h, and no harmful effects were found [96]. Moderate liver injury was observed at
24.5 T 9 h. The biological security of a magnetic field is mainly dependent on magnetic
flux intensity and exposure time. Meanwhile, the US FDA has increased the safe strength
limit of the steady-state magnetic field to 8 T, further promoting the clinical application
of magnetic surgery.

Major international bodies have defined clear exposure limits. The International Com-
mission on Non-Ionizing Radiation Protection (ICNIRP) recommends an occupational
exposure limit of 2 T for the head and trunk, and 8 T for the limbs, which are regarded
as spatial peak values [97]. A crucial caveat is the significantly lower limit for person-
nel with Active Implantable Medical Devices (AIMDs), such as pacemakers or defibril-
lators. For these individuals, the recommended ceiling is much lower, typically 0.5 mT,
to prevent device interference [98]. It is important to contextualize these limits with the
actual magnetic field strengths of current surgical systems. The external magnets used
for technologies like magnetic navigation bronchoscopy or catheter ablation typically
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generate fields in the range of 50-100 mT in the immediate operational area [99-101].
This operational magnetic field strength is approximately 20-40 times lower than the
general occupational exposure limits established by the ICNIRP. Furthermore, due to the
rapid decay of magnetic field strength with distance, personnel standing even a short
distance from the magnetic source are exposed to a much weaker field. Therefore, the
screening of personnel for AIMDs and the clear demarcation of the 0.5 mT safety line
are suitable. The magnetic fields generated by current adjustable systems are well within
established safety parameters for operating room staff.

Many experiments also demonstrated the biological security of magnetic materials
implanted in vivo [102]. The structural planning of magnetic surgical instruments should
follow the four design principles; including magnetic force meets functional needs,
safety and no damage, volume minimization, and shape optimization. Excessive mag-
netic force may cause safety hazards to patients, while too small a magnetic force does
not meet the functional requirements. Firstly, according to different application scenar-
ios, the functional requirements for magnetic instruments are different. These magnetic
materials should meet the clinical application situation, such as compression, anchor,
and navigation. Secondly, the excessive magnetic force reduces the movement sensitiv-
ity of the working unit and weakens the advantages of MAT. Meanwhile, an excessive
magnetic anchoring force acts on the tissue between internal and external magnets for
a long time, resulting in tissue ischemic necrosis [103]. Thirdly, the volume of the mag-
net should be minimized, so that the magnetic energy can be used with maximum effi-
ciency. A bigger magnet performs a greater risk of infection, mechanical damage, and
rejection in clinical practice. Finally, the magnetic field distribution is directly affected
by the shape of the magnet. In the same space, different magnetic field distributions pro-
duce different magnetic field effects. The optimal shape of the magnet could promote
better clinical application [104]. Overall, the biological security of magnetic surgery is
very important in the process of exploration and development.

Design principles for magnets in clinical applications

The design of magnets for clinical applications is governed by four key principles: (1)
functional adequacy of magnetic force; (2) safety and prevention of tissue injury; (3)
volume minimization; (4) shape optimization. A delicate balance must be struck, as an
excessive magnetic force can pose safety risks to the patient, whereas an insufficient
force will fail to meet the functional requirements for procedures such as anastomotic
reconstruction.

Functional needs also dictate the magnet’s geometry. In the treatment of biliary stric-
tures, a cylindrical magnet is required to match the circular lumen of the bile duct. This
design must also be equipped with a tail-end fixation structure to facilitate connection
and placement via a delivery system. From a clinical perspective, magnet design must
pursue volume minimization and shape optimization to reduce the risk of tissue dam-
age and simplify surgical manipulation. However, a significant design conflict arises,
as creating a larger anastomosis to promote tissue reconstruction and lower compli-
cation risks often necessitates the use of larger magnets. The ideal size is frequently
unachievable due to constraints imposed by anatomical space and the limited maneu-
verability of endoscopic or laparoscopic instruments. Moreover, the clinical use of larger
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magnets increases the risks of infection, mechanical injury, and immune rejection.
Future advancements will require innovative designs and structural optimization. The
goal of such innovations is to reconcile the demands of clinical maneuverability with the
need for effective anastomotic reconstruction within confined anatomical spaces.

Limitations

While magnetic surgery performs immense potential, its continued development and
widespread clinical adoption hinge on addressing several critical challenges. These limi-
tations primarily involve the material properties of the magnets, the long-term biologi-
cal effects of exposure to strong magnetic fields, and the need for application-specific
device design.

Surface modification and biocompatibility of magnetic materials

A significant hurdle lies in the inherent material properties of some high-performance
magnets, which can be brittle and exhibit poor corrosion resistance. Within the com-
plex biochemical environment of the human body, inadequately surface-treated mag-
netic devices may degrade over time [105, 106]. This degradation can lead to a decay in
magnetic force, compromising the therapeutic efficacy of the device. Furthermore, the
disintegration of the magnet could release potentially harmful metallic ions, raising con-
cerns about long-term systemic toxicity and biocompatibility. Therefore, optimizing the
surface modification strategies for these devices, in close collaboration with materials
science experts, is crucial to ensure their stability and safety following implantation.

Biological safety of magnetic fields

The Earth’s natural magnetic field is approximately 50 uT, whereas tissues and cells sur-
rounding an implanted surgical magnet are exposed to a field that can be hundreds or
even thousands of times stronger. A critical question is whether this prolonged, localized
exposure significantly impacts the physiological activity of normal cells. A growing body
of research has begun to investigate the biology effects of magnetic fields, suggesting
beneficial outcomes such as improved cellular oxidative stress, enhanced pancreatic cell
viability, and promotion of hepatocyte regeneration after injury [38, 107, 108]. However,
a comprehensive understanding is still lacking. Clarifying biological effects of magnetic
fields have on cells and tissues is essential for safety assessment and is a prerequisite for
the broader clinical translation of magnetic surgery technologies.

Optimization of magnetic device design

The clinical effectiveness of a magnetic device is highly dependent on its physical design,
including its size, shape, and magnetic force, which must be tailored to specific appli-
cations. In the treatment of gastrointestinal strictures, the magnets must have a pre-
cise geometry and force profile to ensure accurate apposition of tissues and to prevent
postoperative complications such as anastomotic leaks or restenosis. Consequently, the
design of magnetic devices requires a sophisticated approach that integrates anatomi-
cal considerations with the intrinsic properties of the magnetic materials. Future efforts
must focus on optimizing these designs to meet the diverse and demanding needs of
various clinical scenarios.
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Conclusions and further perspectives

The development of magnetic surgery has attracted increasing attention, with remark-
able breakthroughs in theoretical innovation, technological advancement, and clinical
practice. The five core magnetic surgery technologies have been employed in solving
more clinical challenges. There are also some problems become increasingly clear to
researchers. It is urgent to establish the clinical application operation standard and
clinical quality control standard to guide clinical practice. Randomized controlled clini-
cal trials are required to further evaluate the safety and clinical superiority of magnetic
surgical technologies, thereby improving the level of clinical evidence. Integrating the
advantages of materials science, magnetism, biomechanics, and other related disciplines
further solves the interdisciplinary problems faced in the development of magnetic sur-
gery. People interested in magnetic surgery should encourage and attract medical device
companies to participate in the design, development, and processing of new techniques,
further accelerating clinical application.

Future breakthroughs in magnetic surgery will be deeply dependent on interdisci-
plinary convergence. The cross-pollination of mechanical engineering and minimally
invasive surgery will expand the applications of magnetic technologies, enabling more
flexible and sophisticated operational maneuvers in complex surgical scenarios. Con-
currently, the synergy between medical imaging and artificial intelligence (Al) is set
to redefine the paradigm of precision therapy in magnetic surgery. The development
of a closed-loop control system integrating "imaging, magnetic fields, and instrument
motion" will dramatically enhance surgical accuracy. Furthermore, the fusion of materi-
als science and biomedical engineering will continue to push the performance bound-
aries of magnetic instruments, leading to the development of advanced, composite
implantable devices that possess both magnetic control functions and active biological
therapeutic effects. Magnetic surgery is expected to continue flourishing through con-
tinuous innovation, ultimately benefiting a broader range of patients.

Acknowledgements
Not applicable.

Author contributions

YiLyu and Long Liu made the conceptualization, data curation, investigation, and writing—original draft. Yi Lyu, Jiahong
Dong made the conceptualization, funding acquisition, and writing—review and editing. Shugin Xu, Shuang Bai,

Jiaru Xu, Yan Li, Luigi Bonavina, DongKi Lee, Linbiao Xiang, and Dinghui Dong made the writing review and editing. Yi
Lyu, Long Liu, and Shugin Xu have verified the underlying data. All authors read and approved the final version of the
manuscript.

Funding

This study was supported by National Key Research and Development Plan (2023YFF0713700), Major research program
of National Natural Science Foundation (92048202), and Basic Scientific Research Business of Central Universities
(sxzy022024018).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.



Liu et al. BioMedical Engineering OnLine (2026) 25:36 Page 17 of 20

Author details

'Department of Hepatobiliary Surgery, the First Affiliated Hospital of Xi‘an Jiaotong University, Xi‘an 710061, Shaanxi,
China. 2National Local Joint Engineering Research Center for Precision Surgery & Regenerative Medicine, the First Affili-
ated Hospital of Xi'an Jiaotong University, Xi'an 710061, Shaanxi, China. 3Shaanxi Province Center for Regenerative Medi-
cine and Surgery Engineering Research, the First Affiliated Hospital of Xi'an Jiaotong University, Xi'an 710061, Shaanxi,
China. “Shaanxi Provincial Key Laboratory of Magnetic Medicine, the First Affiliated Hospital of Xi‘an Jiaotong University,
Xi'an 710061, Shaanxi, China. >Xi'an Jiaotong University Health Science Center, Xian Jiaotong University, Xi'an 710061,
Shaanxi, China. 6Department of Biomedical Sciences for Health, Division of General Surgery, University of Milan, IRCCS
Policlinico San Donato, Milan, Italy. ’Department of Internal Medicine, Gangnam Severance Hospital, Yonsei University
College of Medicine, Seoul 06273, Korea. 8Hepatopancreatobiliary Center, Beijing Tsinghua Changgung Hospital, School
of Clinical Medicine, Tsinghua University, Beijing 100084, China.

Received: 21 June 2025 Accepted: 18 January 2026
Published online: 29 January 2026

References

1. Binkley CE, Reynolds JM, Shuman A. From the eyeball test to the algorithm-quality of life, disability status, and

clinical decision making in surgery. N Engl J Med. 2022;387(14):1325-8.

2. de’Angelis N, Schena CA, Marchegiani F, Reitano E, De Simone B, Wong GYM,, et al. WSES guidelines for the preven-
tion, detection, and management of iatrogenic urinary tract injuries (IUTls) during emergency digestive surgery.
World J Emerg Surg. 2023;18 (1):45.

Giangrande PL. The history of blood transfusion. Br J Haematol. 2000;110(4):758-67.

Hughes ES, Moynihan B. Operative aseptic precautions in large bowel surgery. Med J Aust. 1969;2(18):905-6.

5. Casale P Lughezzani G, Buffi N, Larcher A, Porter J, Mottrie A. Evolution of robot-assisted partial nephrectomy:
techniques and outcomes from the Transatlantic Robotic Nephron-sparing Surgery Study Group. Eur Urol.
2019;76(2):222-7.

6. SaeidiH, Opfermann JD, Kam M, Wei S, Leonard S, Hsieh MH, et al. Autonomous robotic laparoscopic surgery for
intestinal anastomosis. Sci Robot. 2022;7(62):eabj2908.

7. Wei Chieh AK, Chan A, Rotellar F, Kim KH. Laparoscopic major liver resections: current standards. Int J Surg.
2020;825:169-77.

8. LiJ,Yang X, Chu G, Feng W, Ding X, Yin X, et al. Application of Improved Robot-assisted Laparoscopic Telesurgery
with 5G Technology in Urology. Eur Urol. 2023;83(1):41-4.

9. Wang C, Fan W, Zhang Z, Wen Y, Xiong L, Chen X. Advanced nanotechnology leading the way to multimodal
imaging-guided precision surgical therapy. Adv Mater. 2019;31(49):e1904329.

10. Lee WG, Evans LL, Johnson SM, Woo RK. The evolving use of magnets in surgery: biomedical considerations and a
review of their current applications. Bioengineering. 2023;10(4):442.

11. LiuG, Zhang P, Liu Y, Zhang D, Chen H. Self-lubricating slippery surface with wettability gradients for anti-sticking
of electrosurgical scalpel. Micromachines. 2018;9(11):591.

12. Orlov A, Gefen A.The potential of a canister-based single-use negative-pressure wound therapy system deliver-
ing a greater and continuous absolute pressure level to facilitate better surgical wound care. Int Wound J.
2022;19(6):1471-93.

13. ShenY, Zhang L, Wu P, Huang Y, Xin S, Zhang Q, et al. Construction and evaluation of networks among multiple
postoperative complications. Comput Methods Programs Biomed. 2023;232:107439.

14. Bennardo F, Barone S, Vocaturo C, Nucci L, Antonelli A, Giudice A. Usefulness of magnetic mallet in oral surgery
and implantology: a systematic review. J Pers Med. 2022;12(1):108.

15. Cao J, Chen.Is HPB robotic-assisted surgery an evolution or a revolution in laparoscopy? Hepatobiliary Surg Nutr.
2023;12(1):84-7.

16. Davalos G, Lan BY, Diaz R, Welsh LK, Roldan E, Portenier D, et al. Single-center experience with magnetic retraction
in colorectal surgery. J Laparoendosc Adv Surg Tech A. 2019;29(8):1033-7.

17. Jiang N, NiiY, Arisawa H, Saitoh E, Onose Y. Electric current control of spin helicity in an itinerant helimagnet. Nat
Commun. 2020;11(1):1601.

18. Lyu M, Meil, Huang S, Liu S, Li Y, Yang K, et al. M4Raw: a multi-contrast, multi-repetition, multi-channel MRI
k-space dataset for low-field MRI research. Sci Data. 2023;10(1):264.

19. Abels JA, Moreno-Herrero F, van der Heijden T, Dekker C, Dekker NH. Single-molecule measurements of the persis-
tence length of double-stranded RNA. Biophys J. 2005,88(4):2737-44.

20. Castro E, Mano JF. Magnetic force-based tissue engineering and regenerative medicine. J Biomed Nanotechnol.
2013;9(7):1129-36.

21. Kubelick Kb, Mehrmohammadi M. Magnetic particles in motion: magneto-motive imaging and sensing. Theranos-
tics. 2022;12(4):1783-99.

22. Gaeta M, Cavallaro M, Vinci SL, Mormina E, Blandino A, Marino MA, et al. Magnetism of materials: theory and prac-
tice in magnetic resonance imaging. Insights Imaging. 2021;12(1):179.

23, Kunii S, Masuzawa K, Fogiatto AL, Mitsumata C, Kotsugi M. Causal analysis and visualization of magnetization
reversal using feature extended landau free energy. Sci Rep. 2022;12(1):19892.

24, WeiY,Wu Z, Dai Z, Zhou B, Xu Q. Design of a magnetic soft inchworm millirobot based on pre-strained elastomer
with micropillars. Biomimetics (Basel). 2023;8(1):22.

25. Mishra A, Dubash TD, Edd JF, Jewett MK, Garre SG, Karabacak NM, et al. Ultrahigh-throughput magnetic sort-
ing of large blood volumes for epitope-agnostic isolation of circulating tumor cells. Proc Natl Acad Sci USA.
2020;117(29):16839-47.

Hw



Liu et al. BioMedical Engineering OnLine (2026) 25:36 Page 18 of 20

26.

27.

28.

29.

30.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

Wu Z,Wang C, Zhang Y, Feng X, Gu Y, Li Z, et al. The AC Soft Magnetic Properties of FeCoNi (x)CuAl (1.0 </=x </=
1.75) High-Entropy Alloys. Materials (Basel). 2019;12 (24):4222.

Pawlik K, Pawlik P, Wyslocki JJ, Kaszuwara W. Structural and magnetic studies of bulk nanocomposite magnets
derived from rapidly solidified Pr-(Fe,Co)-(Zr,Nb)-B alloy. Materials (Basel). 2020;13(7):1515.

Qian B, Shen A, Huang S, Shi H, Long Q, Zhong Y, et al. An intrinsically magnetic epicardial patch for rapid vascular
reconstruction and drug delivery. Adv Sci. 2023;10:e2303033.

Zhang Y, Gao X, Xu C. The sequestration of Cr (VI) by zero valent iron under a non-uniform magnetic field: an
interfacial dynamic reaction. Chemosphere. 2020;249:126057.

Cao Q,Deng R, Pan'Y, Liu R, Chen Y, Gong G, et al. Robotic wireless capsule endoscopy: recent advances and
upcoming technologies. Nat Commun. 2024;15(1):4597.

LiuR, Guo,Yin G, Tuo H, Zhu'Y, Yang W, et al. Magnetic anchoring device assisted-laparoscopic sleeve
gastrectomy versus conventional laparoscopic sleeve gastrectomy: a retrospective cohort study. Heliyon.
2024;10(5):226875.

Bae S, Kwon J, Kim J, Jang G. Optimal motion control of a capsule endoscope in the stomach utilizing a magnetic
navigation system with dual permanent magnets. Micromachines (Basel). 2024;15(8):1032.

Selva-Sarzo F, Fernandez-Carnero S, Sillevis R, Hernandez-Garces H, Benitez-Martinez JC, Cuenca-Zaldivar JN. The
direct effect of magnetic tape ((R)) on pain and lower-extremity blood flow in subjects with low-back pain: a
randomized clinical trial. Sensors (Basel). 2021:21(19):6517.

Javadi Eshkalak N, Aminfar H, Mohammadpourfard M, Taheri MH, Ahookhosh K. Numerical investigation of blood
flow and red blood cell rheology: the magnetic field effect. Electromagn Biol Med. 2022;41(2):129-41.

Zhang M, HuW, Cai C, Wu Y, Li J, Dong S. Advanced application of stimuli-responsive drug delivery system for
inflammatory arthritis treatment. Mater Today Bio. 2022;14:100223.

Zhang G, Liu X, LiuY, Zhang S, Yu T, Chai X, et al. The effect of magnetic fields on tumor occurrence and progres-
sion: recent advances. Prog Biophys Mol Biol. 2023;179:38-50.

Rivera-Rodriguez A, Rinaldi-Ramos CM. Emerging biomedical applications based on the response of magnetic
nanoparticles to time-varying magnetic fields. Annu Rev Chem Biomol Eng. 2021;12:163-85.

Carter CS, Huang SC, Searby CC, Cassaidy B, Miller MJ, Grzesik WJ, et al. Exposure to static magnetic and electric
fields treats type 2 diabetes. Cell Metab. 2020;32(4):561-74.e7.

Kim H, Lee SH, Wentworth A, Babaee S, Wong K, Collins JE, et al. Biodegradable ring-shaped implantable device for
intravesical therapy of bladder disorders. Biomaterials. 2022;288:121703.

Dai Z, Li K, Wang Z, Liu W, Zhang Z. Magnetic-Property Assessment on Dy-Nd-Fe-B Permanent Magnet by Thermo-
dynamic Calculation and Micromagnetic Simulation. Materials (Basel). 2022;15(21):7648.

Noar JH, Shell N, Hunt NP. The performance of bonded magnets used in the treatment of anterior open bite. Am J
Orthod Dentofacial Orthop. 1996;109(5):549-56 (discussion 57).

Klima U, MacVaugh H, 3rd, Bagaev E, Maringka M, Kirschner S, Beilner J, et al. Magnetic Vascular Port in minimally
invasive direct coronary artery bypass grafting. Circulation. 2004;110 (11 Suppl 1):1155-60.

Jamshidi R, Stephenson JT, Clay JG, Pichakron KO, Harrison MR. Magnamosis: magnetic compression anastomosis
with comparison to suture and staple techniques. J Pediatr Surg. 2009;44(1):222-8.

Graves CE, Co C, Hsi RS, Kwiat D, Imamura-Ching J, Harrison MR, et al. Magnetic Compression Anastomosis (Mag-
namosis): first-In-Human Trial. J Am Coll Surg. 2017;225(5):676-81.e1.

Zhang H, Tan K, Fan C, Du J, Li J, Yang T, et al. Magnetic compression anastomosis for enteroenterostomy under
peritonitis conditions in dogs. J Surg Res. 2017;208:60-7.

Uygun |, Okur MH, Cimen H, Keles A, Yalcin O, Ozturk H, et al. Magnetic compression ostomy as new cystostomy
technique in the rat: magnacystostomy. Urology. 2012;79(3):738-42.

Zaritzky M, Ben R, Zylberg Gl, Yampolsky B. Magnetic compression anastomosis as a nonsurgical treatment for
esophageal atresia. Pediatr Radiol. 2009;39(9):945-9.

Oya H, Sato Y, Yamanouchi E, Yamamoto S, Hara Y, Kokai H, et al. Magnetic compression anastomosis for bile duct
stenosis after donor left hepatectomy: a case report. Transplant Proc. 2012;44(3):806-9.

Avaliani M, Chigogidze N, Nechipai A, Dolgushin B. Magnetic compression biliary-enteric anastomosis for pallia-
tion of obstructive jaundice: initial clinical results. J Vasc Interv Radiol. 2009;20(5):614-23.

Uygun |, Okur MH, Cimen H, Keles A, Yalcin O, Ozturk H, et al. Magnetic compression gastrostomy in the rat. Pediatr
Surg Int. 2012;28(5):529-32.

Yan XP, Zou YL, She ZF, Ma F, Zhang J, Liu WY, et al. Magnet compression technique: a novel method for rectovagi-
nal fistula repair. Int J Colorectal Dis. 2016;31(4):937-8.

Wang SP, Yan XP, Xue F, Dong DH, Zhang XF, Ma F, et al. Fast magnetic reconstruction of the portal vein with
allogeneic blood vessels in canines. Hepatobiliary Pancreat Dis Int. 2015;14(3):293-9.

Athanasiou T, Ashrafian H, Glenville B, Casula R. Coronary artery bypass with the use of a magnetic distal anasto-
motic device: surgical technique and preliminary experience. Heart Surg Forum. 2004;7(6):356-9.

Graves CE, Hirose S, Raff GW, Igbal CW, Imamura-Ching J, Christensen D, et al. Magnetic Mini-Mover procedure for
pectus excavatum IV: FDA sponsored multicenter trial. J Pediatr Surg. 2017,52(6):913-9.

Matsuzaki |, Hattori M, Hirose K, Esaki M, Yoshikawa M, Yokoi T, et al. Magnetic anchor-guided endoscopic submu-
cosal dissection for gastric lesions (with video). Gastrointest Endosc. 2018;87(6):1576-80.

Carpi F, Pappone C. Stereotaxis Niobe magnetic navigation system for endocardial catheter ablation and gastroin-
testinal capsule endoscopy. Expert Rev Med Devices. 2009;6(5):487-98.

Khan AY, Berkowitz D, Krimsky WS, Hogarth DK, Parks C, Bechara R. Safety of pacemakers and defibrillators in
electromagnetic navigation bronchoscopy. Chest. 2013;143(1):75-81.

Sekino M, Kuwahata A, Ookubo T, Shiozawa M, Ohashi K, Kaneko M, et al. Handheld magnetic probe with
permanent magnet and Hall sensor for identifying sentinel lymph nodes in breast cancer patients. Sci Rep.
2018;8(1):1195.

Miholic J, Sporn E. Esophageal sphincter device for gastroesophageal reflux disease. N Engl J Med.
2013;368(21):2038-9.



Liu et al. BioMedical Engineering OnLine (2026) 25:36 Page 19 of 20

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

Bonavina L, Saino Gl, Bona D, Lipham J, Ganz RA, Dunn D, et al. Magnetic augmentation of the lower esophageal
sphincter: results of a feasibility clinical trial. J Gastrointest Surg. 2008;12(12):2133-40.

Liu SQ, Lei P, Cao ZP, Lv'Y, Li JH, Cui XH. Nonsuture anastomosis of arteries and veins using the magnetic pinned-
ring device: a histologic and scanning electron microscopic study. Ann Vasc Surg. 2012,26(7):985-95.

Fan C, Zhang H, Yan X, Ma J, Wang C, Lv Y. Advanced Roux-en-Y hepaticojejunostomy with magnetic compressive
anastomats in obstructive jaundice dog models. Surg Endosc. 2018;32(2):779-89.

Obora Y, Tamaki N, Matsumoto S. Nonsuture microvascular anastomosis using magnet rings: preliminary report.
Surg Neurol. 1978;9(2):117-20.

Kanshin NN, Permiakov NK, Dzhalagoniia RA, Nikulin BI, Kuznetsov AA. Sutureless anastomoses in gastrointestinal
surgery with and without steady magnetic field (experimental study). Arkh Patol. 1978;40(8):56-61.

Jansen A, Keeman JN, Davies GA, Klopper PJ. Early experiences with magnetic rings in resection of the distal colon.
Neth J Surg. 1980;32(1):20-7.

Harrison MR, Gonzales KD, Bratton BJ, Christensen D, Curran PF, Fechter R, et al. Magnetic mini-mover procedure
for pectus excavatum IlI: safety and efficacy in a Food and Drug Administration-sponsored clinical trial. J Pediatr
Surg. 2012;47(1):154-9.

Fang P, Yang Y, Wei X, Yu S. Preclinical evaluation of the fluid dynamics and hemocompatibility of the Corheart 6
left ventricular assist device. Artif Organs. 2023;47(6):951-60.

Kamada T, Ohdaira H, Takeuchi H, Takahashi J, Ito E, Suzuki N, et al. New technique for magnetic compression
anastomosis without incision for gastrointestinal obstruction. J Am Coll Surg. 2021;232(2):170-7.e2.

Zhang MM, Li CG, Xu SQ, Mao JQ, Zhang YH, Shi AH, et al. Magnetic compression anastomosis for reconstruction
of digestive tract after total gastrectomy in beagle model. World J Gastrointest Surg. 2023;15(7):1294-303.

Liu XM, Yan XP, Zhang HK, Ma F, Guo YG, Fan C, et al. Magnetic anastomosis for biliojejunostomy: first prospective
clinical trial. World J Surg. 2018;42(12):4039-45.

Guyton KL, Hyman NH, Alverdy JC. Prevention of perioperative anastomotic healing complications: anastomotic
stricture and anastomotic leak. Adv Surg. 2016;50(1):129-41.

Zhang M, Shi A, Liu P, Ye D, Zhang H, Mou X, et al. Magnetic compression technique for esophageal anastomosis
in rats. J Surg Res. 2022,276:283-90.

Russell KW, Rollins MD, Feola GP, Scaife ER. Magnamosis: a novel technique for the management of rectal atresia.
BMJ Case Rep. 2014. https://doi.org/10.1136/bcr-2013-201330.

Zaritzky M, Ben R, Johnston K. Magnetic gastrointestinal anastomosis in pediatric patients. J Pediatr Surg.
2014,49(7):1131-7.

Jang SI, Do MY, Lee SY, Cho JH, Joo SM, Lee KH, et al. Magnetic compression anastomosis for the treatment of
complete biliary obstruction after cholecystectomy. Gastrointest Endosc. 2024;100:1053-60.

Xu XH, Lv, Liu SQ, Cui XH, Suo RY. Esophageal magnetic compression anastomosis in dogs. World J Gastroenterol.
2022;28(36):5313-23.

Liu SQ, Lei P, Cui XH, Lv Y, Li JH, Song YL, et al. Sutureless anastomoses using magnetic rings in canine liver trans-
plantation model. J Surg Res. 2013;185(2):923-33.

Pan M, Zhang MM, Xu SQ, Lyu Y, Yan XP. Magnetic anchor technique assisted endoscopic submucosal dissection
for early esophageal cancer. World J Gastrointest Endosc. 2023;15(10):584-92.

LiY, Zhang M, Shi A, Liu P, Zhang H, Zhang Y, et al. Magnetic anchor technique-assisted thoracoscopic lobectomy
in beagles. Sci Rep. 2022;12(1):11916.

Best SL, Cadeddu JA. Use of magnetic anchoring and guidance systems to facilitate single trocar laparoscopy. Curr
Urol Rep. 2010;11(1):29-32.

Rivas H, Robles |, Riquelme F, Vivanco M, Jimenez J, Marinkovic B, et al. Magnetic surgery: results from first prospec-
tive clinical trial in 50 patients. Ann Surg. 2018;267(1):88-93.

Patterson MS, Dirksen MT, ljsselmuiden AJ, Amoroso G, Slagboom T, Laarman GJ, et al. Primary percutane-

ous coronary intervention by magnetic navigation compared with conventional wire technique. Eur Heart J.
2011;32(12):1472-8.

Rodrigues PL, Vilaca JL, Oliveira C, Cicione A, Rassweiler J, Fonseca J, et al. Collecting system percutaneous access
using real-time tracking sensors: first pig model in vivo experience. J Urol. 2013;190(5):1932-7.

Wang B, Chan KF, Yuan K, Wang Q, Xia X, Yang L, et al. Endoscopy-assisted magnetic navigation of biohybrid soft
microrobots with rapid endoluminal delivery and imaging. Sci Robot. 2021,6(52):eabd2813.

Rauya E, Sha O, Darwazeh R, Zhang BQ. Efficacy and safety of magnetic guided capsule gastroscopy in gastric
diseases. Acta Gastroenterol Belg. 2019;82(4):507-13.

Swain P, Toor A, Volke F, Keller J, Gerber J, Rabinovitz E, et al. Remote magnetic manipulation of a wireless capsule
endoscope in the esophagus and stomach of humans (with videos). Gastrointest Endosc. 2010;71(7):1290-3.
Keller J, Fibbe C, Volke F, Gerber J, Mosse AC, Reimann-Zawadzki M, et al. Remote magnetic control of a wireless
capsule endoscope in the esophagus is safe and feasible: results of a randomized, clinical trial in healthy volun-
teers. Gastrointest Endosc. 2010;72(5):941-6.

Ashkarran AA, Mahmoudi M. Magnetic levitation systems for disease diagnostics. Trends Biotechnol.
2021;39(3):311-21.

Cohn WE, Timms DL, Frazier OH. Total artificial hearts: past, present, and future. Nat Rev Cardiol.
2015;12(10):609-17.

Sawa Y. Current status of third-generation implantable left ventricular assist devices in Japan. Duraheart and
HeartWare Surg Today. 2015;45(6):672-81.

Sugano N, Hamada H, Uemura K, Takashima K, Nakahara I. Numerical analysis evaluation of artificial joints. J Artif
Organs. 2022;25(3):185-90.

Harvell-Smith S, Tung LD, Thanh NTK. Magnetic particle imaging: tracer development and the biomedical applica-
tions of a radiation-free, sensitive, and quantitative imaging modality. Nanoscale. 2022;14(10):3658-97.

Hoshi H. Management of gastric adenocarcinoma for general surgeons. Surg Clin North Am. 2020;100(3):523-34.
Maret-Ouda J, Markar SR, Lagergren J. Gastroesophageal reflux disease: a review. JAMA. 2020;324(24):2536-47.


https://doi.org/10.1136/bcr-2013-201330

Liu et al. BioMedical Engineering OnLine (2026) 25:36

95. Wu JM. Stress incontinence in women. N Engl J Med. 2021;384(25):2428-36.

96. Yang X, Song C, Zhang L, Wang J, Yu X, Yu B, et al. An upward 9.4 T static magnetic field inhibits DNA synthesis and
increases ROS-P53 to suppress lung cancer growth. Transl Oncol. 2021;14(7):101103.

97. International Commission on Non-lonizing Radiation P. Guidelines on limits of exposure to static magnetic fields.
Health Phys. 2009;96(4):504—14.

98. Schenck JF. Safety of strong, static magnetic fields. J Magn Reson Imaging. 2000;12(1):2-19.

99. Tang RB, Wang ZL, Yin YH, Zhang ZH, Li ZQ, Cao J, et al. A multicenter prospective controlled study of catheter
ablation for patients with persistent atrial fibrillation using domestic 3D cardiac electrophysiological mapping
system. Zhonghua Xin Xue Guan Bing Za Zhi. 2016;44(5):401-5.

100. ChenW,LiY,Qian R, Jiang M, Lv L, Ren S, et al. Application of a novel magnetic anchoring and traction technique
in thoracoscopic esophagectomy: a swine experiment. Ann Transl Med. 2021;9(22):1663.

101. Zhang M, Ma J, Gai J, Zhang Z, Wang H, Zhang Y, et al. Magnetic anchor technique assisted laparoscopic cholecys-
tectomy in swine. Sci Rep. 2023;13(1):4864.

102. ChenH, Zhang X, Shang L, Su Z. Programmable anisotropic hydrogels with localized photothermal/magnetic
responsive properties. Adv Sci (Weinh). 2022;9(26):e2202173.

103. Cadeddu J, Fernandez R, Desai M, Bergs R, Tracy C, Tang SJ, et al. Novel magnetically guided intra-abdominal cam-
era to facilitate laparoendoscopic single-site surgery: initial human experience. Surg Endosc. 2009;23(8):1894-9.

104. Papaefthymiou A, Koffas A, Laskaratos FM, Epstein O. Upper gastrointestinal video capsule endoscopy: the state of
the art. Clin Res Hepatol Gastroenterol. 2022;46(3):101798.

105. Radwan-Praglowska N, Radwan-Praglowska J, Lysiak K, Galek T, Janus L, Bogdal D. Commercial-scale modification
of NdFeB magnets under laser-assisted conditions. Nanomaterials (Basel). 2024;14(5):431.

106. Damnjanovic A, Milosev |, Kovacevic N. Enhanced mechanical properties and environmental stability of polymer-
bonded magnets using three-step surface wet chemical modifications of Nd-Fe-B magnetic powder. Heliyon.
2024;10(4):626024.

107. Yu B, Liu J, Cheng J, Zhang L, Song C, Tian X, et al. A static magnetic field improves iron metabolism and prevents
high-fat-diet/streptozocin-induced diabetes. Innovation. 2021;2(1):100077.

108. Song C, Chen H, Yu B, Zhang L, Wang J, Feng C, et al. Magnetic fields affect alcoholic liver disease by liver cell
oxidative stress and proliferation regulation. Research (Wash D C). 2023;6:0097.

Publisher’s Note

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

Page 20 of 20



	The development and application of magnetic surgery in clinical treatment
	Abstract 
	Background
	The theoretical cornerstone of magnetism in multidisciplinary knowledge
	Magnetic field and magnetic force
	The biological effect of steady-state magnetic field
	The NdFeB permanent magnet materials with high-performance

	The history and development of magnetic surgery
	The concept and application of five core magnetic surgery technologies
	Magnetic compression technique (MCT)
	Magnetic anchor technology (MAT)
	Magnetic navigation technology (MNT)
	Magnetic levitation technology (MLT)
	Magnetic tracer technology (MTT)

	The extended application of magnetic surgery technology
	The assessment of biological security
	Design principles for magnets in clinical applications
	Limitations
	Surface modification and biocompatibility of magnetic materials
	Biological safety of magnetic fields
	Optimization of magnetic device design

	Conclusions and further perspectives
	Acknowledgements
	References


