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Abstract

BACKGROUND

Despite much work having been conducted on magnetic compression anastomosis
(MCA) in the digestive tract, there are no reports on the influence of magnetic force on

the anastomosis.

AIM
To investigate the effect of different magnetic force magnets on the MCA of the

digestive tract.

METHODS

Two groups of gnets of the same sizes but different magnetic forces were designed
and produced. A total of 24 Sprague-Dawley rats were randomly assigned into two
groups (powerful magnet group and common magnet group), with 12 rats in each
group. Two types of maﬁets were used to complete the colonic side-to-side
anastomosis of the rats. The operation time and magnet discharge time were recorded.

The anastomotic specimens were obtained 4 wk after the operation and then the burst




pressure and diameter of the anastomosis were measured, and the anastomosis was

observed via the naked eye and subjected to histological examination.

RESULTS

The magnetic forces of the powerful and common magnet groups at zero distance were
8.26 N and 4.10 N, respectively. The colonic side-to-side anastomosis was completed in
all 24 rats, and the operation success rate and postoperative survival rate were 100%.
No significant difference was noted in the operaﬁm time between the two groups. The
magnet discharge time of the powerful magnet group was slightly longer than that of
the common magnet group, but the difference was not statistically significant (P =
0.513). Furthermore, there was no statistical difference in the burst pressure (P = 0.266)
or diameter of magnetic anastomosis (P = 0.095) between the two groups. The gross
specimens of the two groups showed good anastomotic healing, and histological

observation indicated good mucosal continuity without differences on healing.

CONCLUSION
In the rat colonic side-to-side MCA model, both the powerful magnet with 8.26 N and
the common magnet with 4.10 N showed no significant impact on the anastomosis

establishment process or its effect.
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Core Tip: Magnetic compression anastomosis, which is a new type of anastomosis, has
been extensively studied in digestive tract anastomosis in animals and humans.

Previous studies have focused on the feasibility and safety of different magnetic designs
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for gastrointestinal anastomosis. Moreover, some scholars have proposed the
hypothesis that magnetic force may affect the anastomosis effect. In this study, two
groups of magnets matched for shape and size but with different magnetic forces were
used in colonic side-to-side anastomosis experiments. The findings demonstrated that
magnetic force in the range of 4.10-8.26 N did not affect the colonic side-to-side

anastomosis.

INTRODUCTION

Since Obora reported the study of microvascular magnetic anastomosis in 1978,
magnetic compression anastomosis (MCA) has attracted the attention of clinicians. The
research on MCA and its clinical application in gastroenterology comprises
esophagealll3], gastrointestinall-¢l, and small bowel”? anastomosis. Other examples
include vascular(011l and ureterovesicall’2l anastomosis. During MCA of the digestive
tract, the pathological process is ischemia-necrosis-shedding in the compressed tissues
between the magnets and adherence-repair-healing in the surrounding tissues!!31.

In MCA of the digestive tract, owing to differences in the materials, shape, size, and
magnetic force of magnets used by various researchers, there is a lack of comparability
in the quantitative indicators of the research findings (anastomosis establishment time,
anastomosis size, and magnet discharge time). Some scholars also believe that there is
an “optimal magnetic force” in MCA and have accordingly suggested that the magnetic
force should be within this range when designing magnetic anastomosis devicesl!413].
Of course, the design of magnetic anastomosis device should also consider the tissue
thickness, tissue edema, inflammation degree, and other related factors. However, there
are only a few relevant studies, and, in the available studies, there are some flaws in the
experimental design, which limit the results or obtained conclusions. Based on our
cumulative research experience as a team, we believe that although magnetic devices
used in digestive tract MCA should have a certain magnetic force, there might only be a

lower limit for this force and not an optimal range. We propose this hypothesis based
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on our observation that the problem faced quite often is the magnetic force being too
small to meet the demand, rather than it being too high.

In this study, a powerful magnet with a magnetic force more than two times that of
common magnets was designed. The colon of Sprague-Dawley (SD) rats was used as a
model to explore the influence of different magnetic forces on the MCA effect in the

digestive tract.

MATERIALS AND METHODS

Ethical statement

The experimental protocol was approved by the Animal Ethics Committee of Xi'an
Jiaotong University (license No. 2021-1534). A total of 24 SD albino rats (male = 12,
female = 12) weighing 200-250 g were acquired from the Laboratory Animal Center of
the Xi'an Jiaotong University (Xi'an, China) and used as experimental animals. The
research protocol and all experimental procedures were conducted strictly in
accordance with the Guidelines for the Care and Use of Experimental Animals issued

by the Xi’an Jiaotong University Medical Center.

Magnets

Two types of magnets were used in this study. One was a common magnet, which was
processed using N 35 sintered-type neodymium-iron-boron (NdFeB). This magnet is a
cylinder of diameter 5 mm and height 3 mm, and its surface is nickel-coated. The other
one is a powerful magnet, which was processed using N 52 sintered NdfeB; its size and
surface coating is the same as that of the common magnet. The two types of magnets are
shown in Figure 1. At zero distance, the magnetic forces of the two types of magnets
were 410 N and 8.26 N, respectively. The magnetic displacement curves of the two

magnets are depicted in Figure 2, and their physical parameters are listed in Table 1.

Study design
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This study aimed to investigate the effect of the magnetic force on the MCA of the
digestive tract. A transanal colonic side-to-side anastomosis model with minimal effect
on the outcome was used. The SD rats were randomly categorized into common and
powerful magnet groups, and the two types of magnets were used to complete the
colonic side-to-side anastomosis. The operation time and magnet discharge time were
recorded. Anastomotic specimens were obtained by euthanizing the animals 4 wk after
the operation. The burst pressure and diameter of the anastomosis were measured, and
the formation of the anastomosis was observed via the naked eye and by using a light

microscope (Nikon Eclipse E100, Nikon Corporation).

Surgical procedure

The SD rats were fed with a slag-free liquid diet 2 d before the surgery. In addition, they
were fasted, and their water intake was restricted 4 h before the surgery. The animals
were anesthetized via the intrﬁeritoneal injection of pentobarbital sodium solution (30
mg/kg). After confirming the loss of the paw withdrawal reflex, the animals were fixed
to a temperature-controlled operating table and their hypogastrium was shaved. The
abdominal cavity was accessed via a 3 cm median incision in the skin of the lower
abdomen and abdominal musculature in all rats. A magnet was pushed through the
anus into the distal colon. A cotton swab was used to push it into the proximal colon
under direct vision, at which time another magnet was pushed through the anus into
the distal colon. After adjusting both magnets in their appropriate positions, they were
attracted near the anti-mesenteric of the colon. The colon was placed back in the
abdominal cavity, which was closed with a silk suture. The surgical procedure is

illustrated in Figure 3.

Postoperative care
After the recovery from anesthesia, the animals were fed normally. During the first 3 d
after surgery, intramuscular pethidine (0.1 mg/100 g) was injected every 12 h. The

mental state, feeding, and defecation of rats were closely monitored after the operation.
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The stool was checked daily until the magnet was expelled through the anus. The

magnet discharge time was recorded for each rat.

a'ssue harvest and burst pressure

The rats were euthanized viz an intraperitoneal injection of pentobarbital sodium
solution (60 mg/kg) 4 wk after the surgery, and anastomotic gross specimens were
obtained (the proximal end was colon bypass anastomosis with 3-5 cm of the proximal
colon, and the distal end was the anus). A catheter was introduced through the other
end and ligated using a single silk suture. The entire anastomosis segment was
immersed in 0.9% saline. Subsequently, the intraluminal pressure was increased
gradually, and the value was recorded when the first air bubble leaked from the colon

and rose to the surface of the liquid. This pressure was considered the burst pressure.

Anastomotic gross observation and anastomotic diameter measurement

The colon specimens were dissected longitudinally from both sides of the anastomosis,
and the formation of the anastomosis was observed via the naked eye. The tip of the
conical aperture scale was inserted into the colon anastomosis, and the intestinal
anastomosis specimen was slid toward the end of the handle with appropriate force.
When the resistance increased, the movement was stopped. At this time, the scale
corresponding to the conical aperture scale indicated the magnetic anastomosis

diameter.

istological analyses
The anastomotic specimen was soaked overnight in 10% formalin for fixation and
embedded in paraffin, and a 4 pm-thick section was prepared from the anastomosis.
The sections were stained with hematoxylin and eosin (H&E) and Masson trichrome

and examined under a bright-field microscope.
Statistical analyses
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IBM SPSS statistical softwareﬁersion 20.0 was used for data analyses. Normally
distributed quantitative data were described using mean and gstandard deviation,
whereas non-normally distributed data were represented as median. Differences
between the groups were compared using an independent samples f-test or a

nonparametric test. P < 0.05 indicated a significant difference.

RESULTS

Procedural parameters

The colonic side-to-side anastomosis was performed successfully in all experimental
animals with magnets inserted through the anus. During the operation, the
implantation of the magnet was smooth, and it successfully completed the attraction
after reaching the target position without perforation or bleeding. The operation times
of the powerful and common magnet groups were 11.6 + 2.3 min and 11.8 + 2.4 min,
respectively, with no statistical difference between the two groups (P = 0.865). The

intraoperative procedures of the two groups are presented in Figure 4.

Survival rate and postoperative adverse events
All rats survived until 4 wk after the surgery (survival rate 100%). The mental state and
food intake of the animals were normal after the operation, and there were no

postoperative complications, such as bleeding or intestinal obstruction.

Expulsion time of the magnets

When the anastomosis was formed, all magnets were smoothly discharged from the
body. The magnet discharge time of rats in the powerful magnet group (5.3 + 1.4 d) was
slightly longer than that in the common magnet group (5.6 + 1.1 d), but there was no
statistical difference between the two groups (P = 0.513).

Tissue harvest, burst pressure, and anastomotic measurements
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All experimental animals were euthanized 4 wk after the surgery, and colon samples of
at least 3 cm on both ends, including the anastomosis, were obtained. The burst
pressure of the anastomosis was measured using the water pumping method, and the
results showed a lack of statistical difference between the two groups (261.3 + 6.0
mmHg vs 264.3 £ 6.9 mmHg, P = 0.266). The anastomotic diameters of the two groups
were 5.5 + 0.4 mm and 5.8 + 0.5 mm, respectively, with no statistical difference (P =

0.095).

Gross and histological appearance of the anastomosis

The colons on both sides of the anastomosis were dissected longitudinally, apd the
mucosa of the anastomosis was smooth without retention of any foreign body (Figure
5A and B). H&E and Masson staining indicated good continuity of the mucosal layer of
the anastomosis (Figure 5C and D). There was no significant difference in the

anastomosis between the two groups.

DISCUSSION

Several feasibility studies have been performed on MCA, a new suture-free anastomosis
method; however, its clinical application is limited['617]. On the one hand, there are few
commercial magnetic anastomosis medical devices, and on the other hand, the basic
research on MCA is weak. Some scholars believe that the magnetic force plays a
pertinent role in MCA, which is related to the success of the anastomosisl!®l. Therefore,
some researchers have examined the optimal magnetic range for MCA in different
tissues. Xue et all'’! using the dog as the animal model, concluded experimentally that
0.2-0.3 MPa is the most suitable magnetic force for choledochojejunal magnetic
pressure. Another study reported that the magnetic force of 6.27-13.3 N is most suitable
for small intestine anastomosis in dogs['®l. However, there are presently only a few
reports on the correlation between magnetic compression and the optimal magnetic

force. There are differences in the schemes used, and the evaluation criteria for the
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optimal magnetic force are inconsistent. Hence, we believe that such studies are not
suaicient.

Under a continuous magnetic force field, the intestinal wall compressed between the
magnets is thought to undergo a pathological process of ischemia-necrosis-shedding.
Simultaneously, the intestinal wall tissue adjacent to the magnets is believed to undergo
adherence-repair-healing, which results in the formation of the anastomosis. The
process of pathological change has reached a wide consensus in magnetic surgery
research and has been recognized by most researchers. Based on this fact, some
researchers believe that when the magnetic force is increased, the time of tissue
ischemic necrosis and the time of magnetic anastomosis formation are reduced; on the
contrary, when the magnetic force is reduced, the time of tissue ischemic necrosis and
the time of magnetic anastomosis formation are increased. However, there is no
consensus on the most suitable time for the formation of magnetic anastomosis. The so-
called long or excessive anastomosis formation time may come from the subjective will
of the researcher. Therefore, attempts have been made to shorten the time for
establishing magnetic anastomosis by increasing the magnetic force. Nonetheless, some
scholars have raised objections that excessive magnetic force can reduce the tissue
ischemia-necrosis-shedding time, resulting in the incomplete healing of the tissues
around the magnet. This could reduce the magnetic anastomotic burst pressure, which
is an adverse consequence.

The findings from this investigation show that even when the magnetic force
difference between the magnets is doubled, there is no significant difference in the
magnet discharge time, anastomotic burst pressure, or colonic anastomotic healing
effect. However, such a conclusion does not completely deny the potential influence of
magnetic force factors on MCA of the digestive tract but merely suggests that the prime
concern should be the minimum magnetic force required for MCA of the digestive tract,
rather than the optimal range. In this study, the magnetic force of a similar-sized
magnet was doubled, but it had no impact on the anastomosis effect. In other words,

even if there is a maximum magnetic force that researchers imagine can cause a match
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to fail, currently available technologies cannot manufacture a magnet with such a
magnetic force.

Although this study appears to have yielded a negative result, it is of great
significance in the basic research on MCA. A simple animal experiment has corrected
our misconceptions about the adverse effects of excessive magnetism. The findings of
this investigation emphasize that developers of magnetic anastomosis devices should
focus on the lower limit of magnetic force, rather than its upper limit. With the
expansion of the application scenarios of MCA, the shapes of magnets are also getting
diversified(20-22], and the magnetic force of these irregularly shaped magnets will also
vary significantly. However, recent studies have shown that the magnetic force change
has no influence on the anastomosis/?>2?3l, which is consistent with our research results.
Based on these results, a preliminary hypothesis regarding MCA was proposed,
referred to as the “Yan-Zhang's Magnetic Force Sea-Level Theory”: In gastrointestinal
magnetic compression anastomosis, as it is constrained by anatomical and functional,
the God limits of magnetic force cannot be reached, yet the lower limits determine
whether the result is submerged in icy seawater or basking in the warm sunshine.
Nevertheless, this study has certain limitations. First of all, there are only two groups in
this experiment, and multiple groups with different magnetic forces should be set up to
enable discoveries. Secondly, there are only a few histological indicators of colon
anastomotic specimens, hence the collagen content of the anastomotic specimens should
be quantitatively detected, and the inflammatory cell infiltration of the anastomotic
specimens should be observed by immunofluorescence staining. Finally, the
observation time of this study is short, so it is possible to obtain anastomotic specimens
of more than 6 months for analysis in future studies. Therefore, designing magnets with
different magnetic gradients and increasing the number of experimental groups may

enhance the reliability of the experimental conclusions.

CONCLUSION
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The present results establish that a magnetic force of >4 N had no significant impact on
the effect of colonic side-to-side anastomosis in rats. This observation suggests that the
minimum magnetic force, rather than the maximum force, required to achieve the

anastomosis warrants our attention in the MCA of the digestive tract.

ARTICLE HIGHLIGHTS

Research background

Magnetic compression anastomosis, as a new type of anastomosis, mainly includes
esophageal anastomosis, gastrointestinal anastomosis and intestinal anastomosis in the
study and clinical application of digestive tract. At present, there are more and more
researches on magnetic compression anastomosis (MCA), but there is no relevant

research report on magnetic force and anastomosis healing.

Research motivation
At present, there are few reports on the relationship between MCA and optimal
magnetic force, and the evaluation criteria of optimal magnetic force are inconsistent.

We think that such studies are not enough.

Research objectives
To investigate the influence of different magnetic magnets on the anastomosis formed

by MCA of digestive tract.

Research methods
Colonic MCA was performed on two groups of rats using two sets of magnets of the
same size but different magnetic forces. The anastomotic specimens were collected 4 wk

after operation to evaluate the formation of the anastomosis in the two groups.

Research results
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There was no significant difference in operation time, bursting pressure and

astomotic diameter between the two groups. The discharge time of the strong magnet
group was slightly longer than that of the common magnet group, but the difference
was not statistically significant. The anastomosis of the two groups of specimens healed

well, the continuity of the mucosa was good, and there was no difference in healing.

Research conclusions
The results indicate that there is no significant difference in the formation of the
anastomosis between the magnets with different magnetic forces used in this

experiment.

Research perspectives
Although this study seems to have a negative result, it has important significance in the

basic research of MCA.
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