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Abstract

BACKGROUND

The magnetic compression technique has been used to establish an animal model
of tracheoesophageal fistula (TEF), but the commonly shaped magnets present
limitations of poor homogeneity of TEF and poor model control. We designed a T-
shaped magnet system to overcome these problems and verified its effectiveness
via animal experiments.

AIM
To investigate the effectiveness of a T-shaped magnet system for establishing a
TEF model in beagle dogs.

METHODS
Twelve beagles were randomly assigned to groups in which magnets of the T-
shaped scheme (study group, n = 6) or normal magnets (control group, n = 6)
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were implanted into the trachea and esophagus separately under gastroscopy. Operation time, operation success
rate, and accidental injury were recorded. After operation, the presence and timing of cough and the time of
magnet shedding were observed. Dogs in the control group were euthanized after X-ray and gastroscopy to
confirm establishment of TEFs after coughing, and gross specimens of TEFs were obtained. Dogs in the study
group were euthanized after X-ray and gastroscopy 2 wk after surgery, and gross specimens were obtained. Fistula
size was measured in all animals, and then harvested fistula specimens were examined by hematoxylin and eosin
(HE) and Masson trichrome staining.

RESULTS

The operation success rate was 100% for both groups. Operation time did not differ between the study group (5.25
min * 1.29 min) and the control group (4.75 min + 1.70 min; P = 0.331). No bleeding, perforation, or unplanned
magnet attraction occurred in any animal during the operation. In the early postoperative period, all dogs ate freely
and were generally in good condition. Dogs in the control group had severe cough after drinking water at 6-9 d
after surgery. X-ray indicated that the magnets had entered the stomach, and gastroscopy showed TEF formation.
Gross specimens of TEFs from the control group showed the formation of fistulas with a diameter of 4.94 mm *
1.29 mm (range, 3.52-6.56 mm). HE and Masson trichrome staining showed scar tissue formation and hierarchical
structural disorder at the fistulas. Dogs in the study group did not exhibit obvious coughing after surgery. X-ray
examination 2 wk after surgery indicated fixed magnet positioning, and gastroscopy showed no change in magnet
positioning. The magnets were removed using a snare under endoscopy, and TEF was observed. Gross specimens
showed well-formed fistulas with a diameter of 6.11 mm + 0.16 mm (range, 5.92-6.36 mm), which exceeded that in
the control group (P < 0.001). Scar formation was observed on the internal surface of fistulas by HE and Masson
trichrome staining, and the structure was more regular than that in the control group.

CONCLUSION

Use of the modified T-shaped magnet scheme is safe and feasible for establishing TEF and can achieve a more
stable and uniform fistula size compared with ordinary magnets. Most importantly, this model offers better
controllability, which improves the flexibility of follow-up studies.
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Core Tip: The magnetic compression technique has been successfully used to establish animal models of tracheoesophageal
fistula (TEF) in beagle dogs. However, for TEF, use of the common circular magnet shape is associated with poor
homogeneity and poor controllability of model. In this study, we used a modified T-shaped magnet system to establish a
TEF, and the results showed this approach could obtain a more stable and uniform fistula size compared with standard
magnets. Most importantly, the proposed model offers better controllability, which improves the flexibility of subsequent
studies.
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INTRODUCTION

Tracheoesophageal fistula (TEF) is a rare condition in clinic that is difficult to treat. Methods for treatment of TEF include
endoscopic treatment and surgical treatment[1-4], and no uniform and standardized surgical method has been
developed. Good animal models hold great significance for studying the occurrence and development of human diseases,
pathophysiological conditions, and prognosis after treatment. In small animals, TEF can generally be established by
puncture injury[5], while larger animal models of TEF, such as those in pigs and dogs, are generally established by
surgical operation[6,7]. The operation for establishing TEF animal models via the surgical method is complicated and
time-consuming.

With the magnetic compression technique, upon placement of magnets in the empty organs where anastomosis is to
occur, the magnets are attracted together, and the compressed tissue undergoes pathological changes of ischemia,
necrosis, and shedding[8], resulting in the establishment of a new channel. The magnetic compression technique can be
used for vascular anastomosis[9-11], digestive anastomosis[12-15] and ureteral anastomosis[16,17]. Five years ago, we
first proposed application of the magnetic compression technique for establishing animal models of TEF in beagle dogs.
Subsequent animal experiments fully verified the feasibility of the method and its advantages of a simple operation, little
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trauma, and high success rate[18]. However, in continued research, we found that this method is limited by poor control-
lability of model establishment time and time-limited requirements for subsequent therapeutic intervention.

To overcome the above shortcomings, we developed an improved T-shaped magnet design scheme on the basis of our
previous research, and in the present study, we investigated the feasibility of this scheme for establishing a TEF model
compared with the use of ordinary shaped magnets in beagle dogs.

MATERIALS AND METHODS

Ethical statement

The experimental protocol was approved by the Committee for Ethics of Animal Experiments of Xi’an Jiaotong
University (license No. XJTUAE2023-2207). Twelve beagles (6 males and 6 females), > 1 year old and weighing 10-15 kg,
were obtained from the Laboratory Animal Center of the Xi'an Jiaotong University (Xi’an, China). The research protocol
and all experimental procedures were strictly in accordance with the Guidelines for the Care and Use of Experimental
Animals, issued by the Xi’an Jiaotong University Medical Center. We fully safeguarded animal welfare and minimized
animal suffering in this research.

Magnet devices
The control group used cylindrical magnets. The magnet system of the control group consisted of two parts: The
daughter magnet and the parent magnet. The daughter magnet was a cylindrical magnet with a diameter of 6 mm, a
height of 6 mm, and a central hole with a diameter of 2 mm. The parent magnet also was a cylinder with a diameter of 9
mm, a height of 6 mm, and a central hole with a diameter of 3 mm. Both the daughter magnet and the parent magnet
were fabricated from N50 sintered NdFeb, with saturation magnetization in the height direction and nitriding coating on
the surface (Figure 1A-C).

A composite magnet design scheme was used in the study group. The T-shaped magnet comprised a magnet part and
a base part. The magnet part was a cylindrical magnet with a diameter of 6 mm, a height of 6 mm, and a central hole with
a diameter of 2 mm. The magnet was fabricated from N50 sintered NdFeb material with saturation magnetization in the
height direction and titanium nitride coating on the surface. The base was a 3D-printed plastic ring with an outer
diameter of 10.0 mm, an inner diameter of 6.5 mm, and a height of 2.0 mm. One end of the magnet was inserted into the
central hole of the plastic ring and fixed firmly with a binder (Figure 1D-F). The daughter magnet in the study group was
identical in size and structure to the parent magnet. The maximum magnetic force between the daughter and parent
magnets was 11 N in the study group and 10 N in the control group.

Study design

The 12 beagles were randomly divided into two groups: the study group (3 males and 3 females) and the control group (3
males and 3 females). The modified T-shaped magnet scheme was applied in the study group, and normal cylindrical
magnets were used in the control group.

Surgical procedures

The beagles were fasted for 12 h before surgery. For the operation, they were anesthetized by intravenous injection of 3%
pentobarbital sodium (1 mL/kg) and fixed in the supine position. Once loss of the paw withdrawal reflex was confirmed,
the dogs were placed on an operating table in the supine position. The procedure and method for magnet placement were
the same as those described in our previous article[18]. Briefly, the glottis was sufficiently exposed, and the daughter
magnet was inserted into the trachea (Figure 2A). Then the parent magnet was inserted into the cervical esophagus, and
the parent magnet and daughter magnet automatically attracted together (Figure 2B). Neck X-ray and gastroscopy were
used to confirm the target location and accurate coupling of the parent and daughter magnets. After a period of time, the
parent magnet and daughter magnet are expected to fall off into the distal esophagus, and TEF can be established
(Figure 2C). The T-shaped magnet scheme components were inserted into the trachea and esophagus in the study group
using the same method as the control group (Figure 2D and E). TEF formation was observed after magnet removal under
endoscopy (Figure 2F).

The operation time, operation success rate, and occurrence of accidental injury were recorded. Dogs in the control
group were euthanized after X-ray and gastroscopy to confirm the establishment of TEF after coughing, and gross
specimens of TEF were obtained. Dogs in the study group were euthanized after X-ray and gastroscopy at 2 wk after
surgery, and gross specimens of TEF were obtained.

Postoperative care

All dogs were managed in a single cage after emergence from anesthesia. Pethidine hydrochloride (1 mg/kg) was
injected intramuscularly every 12 h for 3 d after operation for analgesia. After the operation, the general conditions of the
experimental dogs, including the presence and timing of cough and the time at which the magnets left the neck were
observed. X-ray examinations are usually performed every other day beginning on the fourth day after surgery to
determine whether the magnet has departed from its initial position. Of course, if the dog has a cough during the
observation period, X-ray examination is performed immediately to determine whether the magnet has moved from its
initial position.
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Figure 1 Conventional cylindrical magnets and T-shaped magnet scheme used for the magnetic compression technique. A-C: The daughter
magnet and parent magnet used in the control group; D-E: The T-shaped magnets used in the study group.
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Figure 2 Schematic diagram of the magnetic compression process. A: The daughter magnet was inserted into the trachea of control dogs; B: The
parent magnet was inserted into the esophagus of the control dog where it was then attracted with the daughter magnet; C: The parent magnet and daughter magnet
fall off into the distal end of the esophagus, and the tracheoesophageal fistula (TEF) is established in the control group; D: The T-shaped magnet was inserted into
the trachea of study dogs; E: Another T-shaped magnet was inserted into the esophagus of the study dog where it attracted with the magnet in the trachea; F: The
endotracheal magnet was removed under endoscopy; the endoesophageal magnet entered the distal end of the esophagus; and the TEF was established in the
study group. DM: Daughter magnet; PM: Parent magnet; TEF: Tracheoesophageal fistula.

Tissue analysis
All harvested TEFs were visually inspected and measured before processing for pathological examination by hematoxylin
and eosin (HE) and Masson trichrome staining.

For fixation, the TEF specimens were soaked overnight in 10% formalin. After fixation, each specimen was embedded
in paraffin, and 4-pm-thick sections were prepared from the anastomosis. The sections were stained with HE and Masson
trichrome stains and examined under a bright-field microscope.

Statistical analysis

All data were analyzed using SPSS statistical 20.0 software. The normality of the study variables was assessed by Shapiro-
Wilk test. Normally distributed quantitative data are presented as mean + SD values, while data that did not conform to a
normal distribution are described as median values. Differences between the study and control groups were determined
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using an independent sample f-test or a nonparametric test, with P < 0.05 indicating a significant difference.

RESULTS

Procedural parameters

The magnet placement operations were successful in all 12 dogs (Figure 3A, B, E, and F), and no bleeding, asphyxia, or
injury of the trachea and esophagus occurred during the operation. The operation time did not differ significantly
between the study group (5.25 min + 1.29 min; range, 4.00-7.50 min) and the control group (4.75 min + 1.70 min; range,
3.50-8.00 min; P = 0.331). Cervical X-ray showed that the magnets attracted well (Figure 3C, D, G, and H). The operation
success rate was 100% in both groups.

Survival rate and postoperative observation

None of the animals exhibited cough after recovery from anesthesia, and all dogs ate generally well after surgery. The
dogs in the control group developed coughs 6-9 d after surgery. X-ray examination indicated that the magnets had left the
esophagus and entered the stomach (Figure 4A and B). Further gastroscopy showed the TEF formation (Figure 4C and D),
and thus, the animals were euthanized for collection of gross specimens of TEF (Figure 4E-G). None of the dogs in the
study group had obvious coughs after operation. X-ray examination of the neck indicated that the magnets remained in
good position (Figure 5A and B). The magnets were removed under gastroscopy 2 wk after operation, and the TEF was
well formed (Figure 5C and D). The dogs in the study group were euthanized, and the gross specimens of TEF were
obtained (Figure 5E-C).

Gross and histological appearance of anastomosis

In the gross specimens, the esophagus and trachea showed normal morphology in both the study group and the control
group. Except for the fistula between the trachea and esophagus, no obvious tissue adhesion was observed between the
trachea and esophagus, and no obvious thickening of the mucosa of the trachea was observed. The shape and patency of
fistulas in the study group were better than those in the control group. The diameter of fistulas in the study group was
6.11 mm + 0.16 mm (range: 5.92-6.36 mm), which was greater and showed less variability in shape than that in the control
group of 4.94 mm * 1.29 mm (range, 3.52-6.56 mm; P < 0.001). Histological observation showed that the trachea and
esophageal mucosa converged along the medial surface of the fistula (Figure 6).

DISCUSSION

In addition to inducing digestive tract anastomosis, the magnetic compression technique can also be used to create
“therapeutic” fistulas. Uygun et al[19-21] reported experimental studies on the use of the magnetic compression technique
in gastrostomy[19], colostomy[20], and cystostomy[21] in rats. The essence of endoscopic gastrointestinal bypass
anastomosis is also enterostomy[22-26]. Although animal models generated using the magnetic compression technique
represent pathological ostomy, the histopathological changes are the same.

The results of the present study indicate that the magnetic compression technique can be applied to establish a canine
TEF model in a minimally invasive manner, and that the T-shaped magnet scheme offers an improved system compared
with traditional round magnets. Compared with the control procedure, the newly developed procedure using the T-
shaped magnet scheme showed distinct advantages, such as after the establishment of the TEF, the magnets remained at
the fistula, where they would not cause serious complications, such as coughing and lung infection in the short term. At
the time of further interventional treatment, the magnets can be removed from the fistula. In comparison, a disadvantage
of the control procedure is that after the formation of TEF, an interventional operation must be performed as soon as
possible to prevent serious lung infection caused by aspiration, which can lead to death of the animal. In general, the
newly developed approach provides researchers with more flexible experimental arrangements than the control
procedure. The magnet used in this study has a unit price of $10, which is a low-cost experimental consumable.

In this study, with the use of the T-shaped magnet scheme for esophageal and tracheal compression, the size of the
fistula was equal to the outer diameter of the magnet, and the base of the magnet was larger than the diameter of the
fistula. Therefore, after the formation of the fistula, the magnets would not fall off by themselves as in the control group,
but rather would stay in the TEF. Such a design has two effects: First, it avoids aspiration by the experimental dogs,
which would accelerate lung infection and death; and secondly, retention of the magnets in the fistula for a period of time
is beneficial to the size of the fistula and the stability of the internal surface tissue of the fistula. In the preparation of an
animal model of rectovaginal fistula, previous studies found that the fistula has a tendency to self-heal in the animal
model, and thus, it is necessary to insert foreign bodies in the fistula mouth to promote the stability of the fistula[27,28].
The T-shaped magnet scheme introduced in this study can play exactly such a role.

In the present study, the time at which gross specimens of TEF were obtained was inconsistent between the study
group and the control group. The dogs in the control group were euthanized and killed immediately after the
establishment of TEF, because in the early period the TEF was established, the dogs would cough violently after eating
and drinking, which was painful to the experimental animals. Therefore, to reduce the suffering of animals during the
experiment and follow the ethical norms for animal experiments, we euthanized these dogs immediately after confirming
TEF establishment. In the study group, the specially designed T-shaped magnet scheme avoided the onset of such
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Figure 3 Surgical procedure. A: Endotracheal daughter magnet seen under endoscopy in the control group; B: Endoscopic view of the esophageal parent
magnet in the control group; C and D: Fluoroscopy showing that the parent and daughter magnets were coupled and retained in the target location in the control
group; E: Endotracheal magnet seen under endoscopy in the study group; F: Endoscopic view of the esophageal magnet in the study group; G and H: Fluoroscopy
showing that the magnets were coupled and retained in the target location in the study group.

Fistula

Fistula

Fistula

Figure 4 Gross tracheoesophageal fistula specimens from the control group. A and B: At 6-9 d after surgery, the magnets left the neck and entered
the stomach; C: Bronchoscopy showing a fistula located in the posterior wall of the trachea; D: Gastroscopy showing a fistula located in the anterior wall of the
esophagus; E: Gross specimen of tracheoesophageal fistula; F: Gross specimen showing the fistula in the trachea; G: Gross specimen showing the fistula in the
esophagus.

coughing, allowing us to extend the time to obtain specimens. According to our research results from 5 years ago, the
time for the magnetic compression technique to establish TEF is 4-6 d[18]. The control group in this study showed that
TEF was established 6-9 d after surgery. Therefore, the TEF should be established within about 10 d in the study group.
Therefore, we assumed that 2 wk is enough time for TEF establishment in the study group. Accordingly, we chose to
euthanize the dogs in the study group at 2 wk to obtain TEF specimens. Of course, the purpose of our design of T-shaped
magnets was to provide researchers with more flexible options for further treatment of TEF. Thus, anything longer than
10 d is appropriate.

One limitation of the present study is the small number of experimental animals. Additionally, the observation time
after TEF formation was shorter for the control group than the study group, and the observation time could be
appropriately extended if effective methods could be applied to reduce the choking and pain of the control animals. The
anatomical characteristics of the trachea and esophagus in pigs are more similar to those in humans, and thus, an animal
model of TEF that is more similar to human TEF may be obtained if experimental pigs are adopted.
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Figure 5 Gross tracheoesophageal fistula specimens from the study group. A and B: At 2 wk after surgery, the magnet positions had not changed; C:
Bronchoscopy showing a fistula located in the posterior wall of the trachea; D: Gastroscopy showing a fistula located in the anterior wall of the esophagus; E: Gross
specimen of tracheoesophageal fistula; F: Gross specimen showing the fistula in the trachea; and G: Gross specimen showing the fistula in the esophagus.
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Figure 6 Histological analysis of tracheoesophageal fistula. A and B: Hematoxylin and eosin (HE) and Masson trichrome staining of tracheoesophageal
fistula from the control group (1.5 x); C and D: HE and Masson trichrome staining of tracheoesophageal fistula from the study group (1.3 x).

To date, few reports have described the establishment of animal models of TEF. In one example, a rat model of TEF
was prepared by injecting mitomycin into pregnant rats[29]. For larger animals, surgical methods have been required,
and a pig TEF model was established by surgical methods[6]. A disadvantage of this model is that the operation is
complicated and traumatic, which is not conducive to the next stage of intervention surgery. The successful establishment
of a TEF model in a larger animal by applying the magnetic compression technique is beneficial to the development of
intervention and treatment measures.
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CONCLUSION

The present study demonstrated the feasibility of establishing TEF using the magnetic compression technique and
revealed the advantages of using a T-shaped magnet scheme rather than traditional cylindrical magnets.
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