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1 Introduction

1.1 The evolution of minimally invasive surgery (MIS) in children

Minimally invasive surgery is defined as a special surgical technique that is done 

through small incisions with video assistance. Due to its well-known benefits, this method 

has revolutionized the traditional open surgery (1).

MIS has many advantages over traditional  open approach.  Patients have less 

postoperative discomfort, stress, and pain so they require relatively decreased doses of 

narcotics. Recovery time is obviously faster that allows shorter hospital stay and rapid 

return to normal life. Smaller size of the incisions and reduced scarring have positive 

influence on cosmetic satisfaction. With avoiding thoracotomy, later risk for scoliosis and 

chest wall deformities are lower. Surgeons can visualise obscure areas of abdomen or 

thorax with the help of a high-definition video camera. In summary, MIS has more 

potential benefits for patients than open surgery (2).

Minimally  invasive  laparoscopic  surgery  began  to  develop  in  the  1980s. 

Initially, this technique was applied only for simple procedures and diagnostic purposes. 

The  first  procedure,  which  later  became  widely  adopted,  was  laparoscopic 

cholecystectomy,  performed  by  Philippe  Mouret in  1987.  Following  this,  due  to 

advancements in technology, minimally invasive surgery underwent rapid and significant 

development. The simpler grasping tools initially used were replaced by more refined 

instruments suitable for dissection, cutting, suturing and haemostasis (3).

The use of laparoscopy in children was introduced by George Berci and Stephen 

Gans  in  1971  (4).  Two  decades  later,  Steven  Rothenberg  was  the  first  to  perform 

thoracoscopic procedures in children (5). Since then, minimally invasive pediatric surgery 

has  become popular  worldwide,  there  is  more and more  demand for  even complex 

procedures to be completed using this technique (6). 

Minimally  invasive  surgery  in  children  started  with  simpler  rather  ablative 

surgery like cholecystectomy, appendicectomy, empyema surgery, splenectomy. It is now 

essential in the surgery of undescended intraabdominal testicles. It is more and more used 

for reduction of intussusception, inguinal hernia repair, pyloromyotomy, pull-through for 

Hirschprung's disease and high imperforate anus or treatment of intestinal malrotation. 

There is now a demand for more complex reconstructive procedures where intracorporeal 
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suturing required for example fundoplication. The demand is still growing and abolishing 

the age limits like that of the minimally invasive pyeloplasty. MIS procedures are now 

competing with open procedures in neonates like congenital diaphragmatic hernia and 

esophageal atresia repair (7, 8, 9).

The  development  of  the  MIS  equipment  is  noticeable,  the  simpler  surgical 

instruments like grasping tools initially used were replaced by more refined instruments 

suitable  for  dissection,  cutting,  and  haemostasis  and  suturing  (6). Significant 

miniaturization of the instruments happened as well, to date wide range of instruments are 

available for infants as well with a diameter of 3 mm.

The development of advanced vessel sealing devices like ultrasonic scalpel and 

advanced bipolar technology, or self-locking secure clips made ablative surgery quicker 

and safer. 

However,  there  is  a  limit  of  miniaturisation  as  well,  sealing  and  cutting 

instruments  are  mainly  available  in  5  mm.  This  applies  to  purpose  made  devices 

especially for those developed to anastomose hollow viscera. Linear and circular staplers 

are available, but again they are mainly available for adults due to their sizes.

With laparoscopy surgeons can visualise obscure areas of abdomen or thorax 

with  the  help  of  a  video  camera.  The  resolution  of  the  video  imaging  improved 

significantly in the last decade, to date 4K technology gives the surgeon crystal-clear 

details even with a 5 mm diameter telescope. The introducing of 3D imaging significantly 

improved depth perception facilitates precise suturing; however, these telescopes are only 

available with 10 mm diameter, which are still quite bulky for infants. 

Despite the high costs the robot assisted surgery is thought to be superior to 

laparoscopy and rapidly progressing in children as well. Surgical robots are providing 

supreme  3D  visualisation  and  extreme  manoeuvrability  compared  to  laparoscopy. 

However, there are some losses as well. For example, the instruments of the most used 

robotic systems are still too bulky for neonates and toddlers, they usually require 8-10 mm 

ports.  Although  surgeons  at  the  Royal  Manchester  Children’s  University  Hospital 

reported good initial (not yet published) experience during the ongoing clinical trial with 

a new robotic system (5 mm instruments and 10 mm telescope) in infants weighting even 

less than 5 kgs . But keeping the ports 4 fingers away from each other to prevent clashes of 

the robotic arms remains a challenge. Another anomaly of the most robotic systems is the 
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missing haptic feedback.  The robotic driven instruments can cause significant crash 

marks on the tissue. To avoid these the suturing of the anastomosis is requiring a special 

non-touch technique, which again may be challenging especially for example in a small 

calibre pyelo-ureteric anastomosis. Although development in this area is remarkable in 

the latest generation of surgical robots.

Despite the massive technical advancement detailed above the small volume of 

body cavities and the small size of the organs are representing the major challenge of MIS 

in children especially in neonates and infancy (10). Lengthy complex procedures are not 

well tolerated by immature neonates, the absorption of CO2  and increased intraabdominal 

pressure  can  easily  lead  to  hypercapnia,  respiratory  acidosis  decreases  in  cerebral 

oxygenation  and  neurodevelopmental  impairment.  The  more  complex  procedures 

(esophageal  atresia  repair,  pyeloplasty)  in  more  and  more  smaller  children  demand 

mastery of complex skills with a steep learning curve (11, 12). 

We  believe  there  is  still  a  space  for  new innovative  technical  solutions  i.e. 

purpose built devices to simplify and shorten complex procedures like pyeloplasty or 

repair of esophageal atresia.  New verified models for surgical simulation are essential in 

testing and development as well as in the training of surgeons to push the boundaries of 

MIS in children. 

The aim of this thesis is to serve all these domains. 

1.2 The role of simulation-based surgical training

Simulation-based training (SBT) has a significant role in surgical education (13). 

It is essential especially in minimally invasive pediatric surgery due to inadequate case 

volume, wide variety of pediatric diseases and the increasing number of trainees (14).

Complex  procedures,  such  as  laparoscopic  pyeloplasty  and  thoracoscopic 

esophageal atresia repair are associated with steep learning curve and requires advanced 

skills from the surgeon because of intracorporeal suturing and knot tying. 

SBT provides the opportunity to develop surgical skills effectively, repetitively 

in a safe environment. It may also lead to improved patient outcomes, shorter operative 

time, lower risks of complications, cost savings and can be used to test novel equipment 

and procedures (15, 16).
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Guidelines of British Association of Urological Surgeons (BAUS) and European 

Society of Pediatric Endoscopic Surgeons (ESPES) recommend that every trainee should 

complete a "dry lab" course and practice on simulators to reach a standard laparoscopic 

skill level (17, 18). 

Practice on models is very important not just for trainees, but also for experts 

(19).

Up to 2018 40 pediatric  surgery training models  have been described in the 

literature, but only a few of them are commercially available and validated up to now (20).

Wide range of surgical models can be used for training or experiments (Figure 

1). Hybrid models and synthetic models including simple box trainers (pelvic trainers), 

3D-printed models with or without sensors, virtual reality models are mainly designed for 

training purposes. Experimental models include human cadaver models and animal-based 

models such as animal tissues, non-survival and survival animal models are mainly used 

to investigate novel surgical techniques but also offer the surgeons to acquire advanced 

operative skills. 

Figure 1: Types of training and experimental surgical models
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Properly validated low-fidelity synthetic models have the advantages that they 

can be made from inexpensive materials, they are easy to replicate and can be available 

for domestic use and promote repeated practice (21).

Currently,  3D-printed  and  virtual  reality  simulators  are  very  trendy  and 

commonly used for surgical training. The potential benefit of these is clear, but they are 

still expensive, and this limits their access for the trainees especially in low- and middle-

income countries (22). 

Animal-based 'wet lab' models, such as live animals and animal tissues usually 

provide the most realistic experience, but these require special handling, cold storage, 

separate place or laboratory for practice, thorough clean-up and disinfecting procedures 

after the practice to prevent infections. These models are not suitable and comfortable for 

domestic use and usually available only in specific institutions or expensive courses. 

Rabbits and pigs are the most popular simulation animal models in minimally 

invasive pediatric surgery due to their anatomic and histological similarity to humans and 

ease of handling. Pig models seem to be more ideal because rabbits have higher risk of 

aspiration, they are less hardy, and they are only feasible to simulate neonatal surgical 

procedures (23).

High-fidelity  models  however  are  not  always  clearly  better  than  low-fidelity 

models in surgical training (24). 

Surgical simulators need to be validated before using them for training. There 

are several types of validation that can be used to describe a simulator, including content 

validity (suitability of the simulator for measuring laparoscopic surgical skill), construct 

validity (capability of the simulator to differentiate between novice and expert surgeons), 

concurrent validity (comparison with other simulators), predictive validity (suitability for 

predicting future surgical performance) and face validity. Face validity is the simplest 

method for validity, refers to the realism of the simulator based on nonexperts' subjective 

evaluation (21). 

1.3 The role of purpose-made anastomosis devices

The introduction of surgical staplers significantly eased operations in small body 

cavities and narrow surgical spaces. The first type of these machines was developed by the 
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Hungarian Hümér Hültl, who was the first to create such a device in the world. The stapler 

was  first  used  in  1908  for  creating  a  stomach  wall  anastomosis,  allowing  for  the 

prevention of stomach contents from spilling into the abdominal cavity when the stomach 

was cut. Thanks to this innovation, the surgical time was greatly shortened, and the 

number of postoperative complications, such as peritonitis, was significantly reduced. 

The precursor of modern staplers, which are still used today, was developed by Aladár 

Petz in 1920. In the two-row stapler, nickel-silver staples were used, and its usability was 

easier than the original. Today’s rechargeable straight or circular staplers use titanium 

staples and greatly facilitate abdominal, thoracic, and gynaecological surgeries. They are 

also capable of creating multiple staple rows and cutting through tissues between the rows 

(25).

Magnetic compression anastomosis (MCA), also known as magnamosis is an 

alternative anastomotic technique. This sutureless anastomosis has been formed by two 

rare-earth permanent magnets placed in hollow organs, inducing central necrosis and 

peripheral remodelling of the tissue (Fig. 2).

Figure 2: Schematic drawing of magnetic compression anastomosis: compression of 

two magnets inducing central necrosis and peripheral remodelling of the tissue 

The  original  idea  of  compression  anastomosis  came  from  some  innovative 

surgeons in the mid-nineteenth century who would like to avoid the usually fatal intestinal 

anastomotic  insufficiency. These devices consisted of two metal rings with a central 
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spring  or  metal  buttons (27).  These  were  the  forerunners  of  magnetic  anastomosis 

devices. The method of magnamosis was firstly described by Obora et al. in 1978 creating 

microvascular magnamosis in experimental animals (28).

The main advantage of  magnamosis  is  the  reduction of  the  potential  risk of 

anastomotic leakage by providing equal and continuous tissue compression compared 

with conventional hand-sewn anastomosis. Creation of a watertight anastomosis helps 

reduce postoperative complications, stricture rate and shorten the recovery period (29).

Potentially if the introduction and removal of the magnets into organs may be 

carried out  using minimally  invasive  approach open procedures  can be replaced by 

minimal invasive ones.

Magnamosis  may be  advantageous  for  neonates  with  limited  working space. 

Performing intracorporeal suturing in them demand experience and complex skills and it 

can be very time-consuming (10). 

Moreover, since there is no suture material remaining in the anastomosed organs' 

wall when using magnets, there is no need to be concerned about foreign body reactions in 

the mucosa and submucosa, as well as the potential risk of contamination associated with 

penetrating the mucosa. These factors can prevent scarring and formation of strictures. 

The local healing process and tissue remodelling can happen theoretically faster using 

magnets (30).

Due to their potential toxicity and increased corrosion risk, rare-earth magnets 

require  special  coatings  when used for  medical  purposes,  usually  gold,  titanium, or 

parylene (poly-para-xylene). The choice of material and coating for the magnets must 

consider the intended location and tissue type in which they will be used. For example, in 

the small intestine, magnets exposed to gastric acid and digestive juices should have a 

more resistant coating. The migration of magnets can be prevented by securing one 

magnet of the pair to the target organ. The use of magnets is not recommended for 

individuals  with  pacemakers  or  implanted defibrillators,  as  the  static  magnetic  field 

generated may interfere with their function (31).

After numerous animal experiments, Jansen et al. carried out the first successful 

magnamosis  during colostomy closure (colo-colonic anastomosis) in humans in 1980 

using two magnetic rings without any postoperative complications (32). This represented 

a significant breakthrough in surgery, followed by numerous publications on the potential 
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clinical  applications of  magnetic  anastomosis.  In 1989,  it  was used to treat  urethral 

stricture (Isakov et al.), in 1992 for small bowel fistulas (Stepanov et al.), and in 1993 for 

biliary  stricture  (Saveliev  et  al.).  Since  then,  it  has  been  successfully  used  for 

gastrointestinal  anastomoses  as  well  as  cholecysto-enteric,  pancreatico-enteric,  and 

esophageal anastomoses (31).

Mascagni reported the successful treatment of complete hypopharyngeal stenosis 

in a 72-year-old man using magnetic anastomosis.  One ring magnet was introduced 

through a gastrostomy created due to feeding difficulties, and the other was introduced 

through the mouth, fixed to a gastroscope, with continuous X-ray monitoring. On the 11th 

day, after the anastomosis had formed, the magnet pair spontaneously exited, allowing for 

endoscopic balloon dilation of the stricture (33).

In  recent  years,  magnetic  anastomosis  has  also  gained  use  in  cardiovascular 

surgery. It is now used for the creation of arteriovenous fistulas in patients requiring long-

term dialysis. A specialized magnet-tipped catheter is placed in the artery and vein, and 

their ends are joined using a radiofrequency electrode to establish a new connection 

between the vessels. This method significantly reduces radiation exposure compared to 

traditional vascular surgical procedures (34).

During coronary artery surgery, it is also used for creating vessel anastomoses 

(Ventrica Magnetic Vascular Port System®). Other vascular surgical uses have not yet 

been established in clinical practice, although animal experimental results are promising 

(35).

These new techniques introduced into adult surgery are expected to be adapted 

for pediatric surgery with further modifications.

The first magnetic anastomosis in a child, an ileo-ileal anastomosis, was reported 

by Toselli in 2017 (36), followed by several successful gastrointestinal and esophageal 

magnetic anastomoses (37).

According to a summary publication from a Moscow centre, between 1980 and 

1995, nearly 250 animal experiments were conducted at the institute focusing on the 

gastrointestinal  and  urological  surgical  use  of  magnets  and  magnetic  compression 

anastomoses. During this period, 86 children aged 2 to 10 years underwent magnetic 

anastomosis, for conditions such as short-segment post-traumatic urethral stenosis, non-

sutured  esophageal  recanalization  for  esophageal  atresia  or  stenosis,  anorectal 
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anastomosis  in  Hirschsprung's  disease,  ileostomy  closure,  and  extravesical 

ureterocystoneostomy formation. Magnetic anastomosis was successful in more than 87% 

of clinical cases. The most common complications were focal necrosis or perforation 

caused  by  excessive  compressive  force,  too  thick  tissue  interposition  between  the 

magnets, or anastomosis insufficiency and stricture due to insufficient magnetic strength 

(38).

In  recent  decades,  several  research groups  have  focused on the  treatment  of 

congenital esophageal atresia with magnets, and research on this subject is still ongoing. 

Although  the  mortality  rate  for  esophageal  atresia  has  significantly  decreased, 

anastomotic  insufficiency  remains  a  relatively  common  complication,  with  leakage 

occurring in 10-15% of cases and esophageal stricture in 30-60% (39, 40).

Magnetic  anastomosis  has  also  been  successfully  used  to  solve  esophageal 

strictures that did not respond to conservative treatment or endoscopic balloon dilation 

(41).

Magnets  that  have  been  used  in  various  experiments  are  quite  different  in 

characteristics, design and pull force and the anastomosis can be end-to-end or end-to-side 

with use of them.

Subsequently,  it  has  been  demonstrated  in  several  studies  that  magnetic 

compression anastomosis technique is a viable, reliable and effective alternative method 

to  conventional  hand-sewn  anastomosis:  safe  and  patent  gastrojejunal,  jejunoileal, 

colocolonic, cholecysto-enteric, pancreatico-enteric and esophageal anastomoses have 

been performed (42-46).

One of the major limiting factors of widespread use of magnetic anastomosis 

devices is introduction magnets in a minimally invasive way.

1.4 Traditional  and  minimal  invasive  management  of  pyelo-ureteral  junction 

obstruction

Pyelo-ureteral junction obstruction (PUJO) is defined as inadequate drainage of 

urine from the renal pelvis. It can lead to hydronephrosis, increased intrapelvic pressure 

resulting in progressive deterioration of renal function.
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The most common cause of PUJO in infants is a developmental defect of the 

upper part of the ureter (intrinsic obstruction). In older children the obstruction is usually 

related to an extrinsic obstruction caused by aberrant crossing pole vessels, fibrous bands 

adhesions and kinks (47).

Congenital hydronephrosis including PUJO is a relatively common anomaly of 

the upper urinary tract, prevalence is estimated at 14,88 in 10000 live births with a male 

predominance according to EUROCAT database (48).

Hydronephrosis is frequently detected antenatally with ultrasound however the 

majority of these cases do not require surgery due to spontaneous resolution. According to 

the current European Association of Urology (EAU) and European Society for Paediatric 

Urology (ESPU) guidelines surgical intervention should be considered when the antero-

posterior diameter of the renal pelvis increased (more than 20 mm) on the ultrasonography 

and calyceal dilatation is present,  the split renal function is impaired (less than 40%) and 

there is poor drainage on the dynamic diuretic isotope renal scintigraphy, or there is a 

symptomatic obstruction (febrile urinary tract infection, symptomatic stones, intermittent 

abdominal pain) (49).

Dismembered  Anderson-Hynes  pyeloplasty  has  become the  gold  standard  of 

PUJO  treatment.  It  involves  resection  of  redundant  pelvis  and  PUJ,  incision  and 

spatulation of the ureter and performing a pyelo-ureteral anastomosis. Trans-anastomotic 

stent typically remains in place for 7 days-to few weeks and removal can be conducted 

with or without general anaesthesia depending on the stent used (50).

This  procedure  can  be  performed  open,  laparoscopically  and  with  robot 

assistance.

The  minimal  invasive  approach  especially  the  laparoscopic  one  require  complex 

procedure  demands mastery of complex skills with a steep learning curve.  The most 

challenging part of this procedure are intracorporeal suturing and knot-tying (51). Robot 

assisted procedure seems somewhat easier, however still could be challenging.

In 2020 Cserni et al. came up with an idea to develop a purpose-built device to 

simplify  and  shorten  laparoscopic  pyeloplasty.  The  Pyelo-Ureteral  Magnetic 

Anastomosis (PUMA) device was made from two neodymium magnets, one fixed on a JJ 

stent, another one freely moving, and a custom-made needle fixed in the stent. The first 

experiments  have  been  performed  at  the  University  of  Szeged  Albert  Szent-
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Györgyi Medical School, Institute of Surgical Research in 2020 (52). The benefits and 

feasibility of PUMA device have been demonstrated in pig model. In this proof of concept 

study PUMA were performed in five pigs and anastomoses were found widely patent four 

weeks after the procedure in two pigs, however the animal model used did not allow 

longer term observation. 

1.5 Surgical training and simulation models of pyeloplasty

The ideal model should be high fidelity, easily reproducible, widely available, 

cheap, should not pose infection risk and should have long shelf life. 

Creating  a  live  animal  model  for  laparoscopic  pyeloplasty  is  challenging. 

Creation of partial ureteric obstruction and dilated renal pelvis without causing scarring, 

infection  and  losing  the  kidney  is  not  easy.  Endoclips,  ligature,  suture-ligature  or 

electrical injury has been reported with various results (53). Fu et al. trimmed the small 

intestine to the renal pelvis creating a laparoscopy pyeloplasty model in an anaesthetized 

pig (54). These models require specific facilities (large animal laboratories) and causing 

suffering to animals and are expensive.

Animal specimen, hybrid, synthetic and virtual reality simulation models have 

been described as well (55).  All of them have been designed to facilitate a realistic 

experience with different degree.

The  animal  specimen models  are  reconfigured  skin  of  a  chicken  thigh  (56), 

chicken crop stitched to a pig kidney (57), pig bladder-urethra model (58), carp swim 

bladder stitched to a pig kidney (59), half a sheep bladder stitched to a loop of bowel (22). 

These models are realistic, cheap and some of the easily available, however they need 

special requirements for handling and storage.

Synthetic training models range from latex glove to simple balloon models  to 3D-

printed silicone based models (60-62). These models are easy to handle and store, some of 

them are cheap but have various fidelity.
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1.6 Traditional  and  minimal  invasive  management  of  congenital  esophageal 

atresia

Esophageal  atresia  (EA)  is  a  congenital  anomaly  characterised  by  the 

discontinuity  of  the  esophagus  with  or  without  tracheoesophageal  fistula.  Failure  of 

tracheoesophageal separation during embryonic foregut development may be caused by 

genetic, epigenetic and environmental factors (63).

The  birth  incidence  of  this  malformation  varies  between  2,34  in  10000  live 

births with a slight male predominance in Europe according to EUROCAT database (64).

Classification of EA is based on the presence or absence of tracheoesophageal 

fistula (TEF) and location of the atresia. The most common variant of EA is associated 

with distal TEF (Vogt type: IIIb, Gross type: C), accounts for 85% of all EA cases (65).

Due  to  the  early  disturbance  of  organogenesis  (fourth  to  sixth  weeks  of 

gestation)  EA is  often  (up  to  50%)  associated  with  cardiac,  genitourinary,  cardiac, 

vertebral, palate, laryngotracheal and limb anomalies as well as with trisomy 21 and 18 

(65).

Although prenatal diagnosis of EA is important since delivery can be planned at 

a specialised neonatal surgical centre, sensitivity of fetal ultrasonography is only 10%. 

Nonspecific signs such as polyhydramnios and absence of stomach bubble detected in the 

third trimester may indicate EA. Shortly after birth inability to swallow saliva can cause 

episodes of choking, coughing and respiratory distress (66). 

In cases of suspected EA impossible introduction of a nasogastric tube into the 

stomach can confirm the diagnosis of EA. Performing a perioperative plain X-ray is 

suggested to gain information about gap length and presence of a distal fistula (67).

The overall survival rate of EA is between 85 and 95%, however, postoperative 

morbidity  including  anastomotic  leakage,  stricture,  respiratory  illness,  and 

gastroesophageal reflux remains significant (68).

After careful preoperative management and stabilization of the neonate, surgical 

repair should be performed under general anaesthesia.

Right  posterolateral  thoracotomy  was  the  procedure  of  choice  before  the 

thoracoscopic era. Extrapleural approach through the 4th or 5th intercostal space has been 

preferred (67).
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However,  thoracoscopic  repair  of  esophageal  atresia  demands  mastery  of 

complex skills with a steep learning curve. Performing an esophageal anastomosis in a 

neonatal  thorax  is  considered  the  most  technically  challenging  minimally  invasive 

procedure in pediatric surgery (69).

In experienced hands rates of anastomotic leakage and stricture formation do not 

differ between open and thoracoscopy approach (70).

Since operative time of thoracoscopic approach is usually longer compared with 

the conventional approach, the ERNICA consensus conference suggests that duration of 

thoracoscopic repair should not be longer than 3 hour and the maximum insufflation 

pressure  of  CO2 should  not  exceed  5  mmHg.  In  this  way  the  risk  of  negative 

pathophysiological effects of prolonged hypercarbia can be reduced (67).

Ideally, after closure of the fistula with non-absorbable sutures or by placing a clip, 

and identification and mobilisation of the upper and lower esophageal pouches, an end-to-

end primary anastomosis should be accomplished using interrupted full-thickness sutures 

(67). 

If the gap is too long to achieve primary anastomosis (more than 3 cm or greater  

than the height of 2 vertebral bodies), delayed primary anastomosis after  traction or 

elongation techniques, or even esophageal replacement procedures should be attempted 

(71).

After  feasibility  of  magnets  for  esophageal  anastomosis  has  been  proven  in 

several animal models, magnamosis has been introduced as a new alternative method for 

esophageal atresia repair in human neonates.   

Hendren  first  described  the  use  of  magnets  for  the  treatment  of  long  gap 

esophageal atresia in children in 1976 with the use of electromagnetic bougienage to 

approximate the esophageal ends and to allow easier delayed anastomosis (72).

In 2009, Zaritzky and co-workers reported the first case series of patients with EA 

who treated by magnetic compression anastomosis using rare-earth permanent magnets 

(73).

Up to now, 28 successful esophageal magnetic anastomoses cases were reported 

all over the world (Table 1). 
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Table 1: Reported esophageal magnamosis cases in the literature 

Author,
Date

Number of 
patients

Time to 
magnamosis

(Days)

Stricture
(No of 

patients)

Leak
(No of 

patients)
Follow-up

Zaritzky.
2009

5 4,8 4 none n.d.

Zaritzky,
2014

9 4,2 8 none 9,3 years

Lovvorn,
2014

2 7,5 2 none n.d.

Dorman,
2016

1 13 1 none 15 months

Ellebaek,
2018

1 5 1 none 15 months

Slater,
2019

13 6,3 13 none n.d.

Wolfe,
2020

1 5 1 none 11,4 months

Liu,
2020

1 36 0 1 18 months

Conforti,
2021

5 8 4 none 6 months

Muensterer,
2021

3 10,3 3 none 15,7 months

Muensterer,
2022

1 7 1 none 13 months

TOTAL 28
(Repetitive 

cases 
excluded)

 26 (92,9%) 1 (0,04%)

In the published cases positioning of magnets into upper and lower esophageal 

pouches have been delivered endoscopically (through mouth and gastrostomy) under 
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fluoroscopy guidance. All previously developed catheter-based magnetic anastomosis 

devices (FlourishTM Pediatric Esophageal Atresia Device, Connect-EA Device) consist of 

two neodymium-iron-boron magnets but design, mating surface geometry and pull force 

of them were different. 

Although recently reported procedures are really promising, they are not offering 

significant advantages in the most common type of EA with TEF as thoracoscopy or 

thoracotomy  for  the  ligation  of  fistula  and  performing  additional  gastrostomy  for 

placement of the distal pouch magnet are still required (73, 74).

Therefore, more recent studies propose magnamosis procedure for patients with 

EA only in selected cases: for patients without a TEF or for whom a TEF has been 

previously  closed,  for  patients  with  a  maximum gap  between  the  upper  and  lower 

esophageal pouches of 4 cm or for patients with severe comorbidities (75, 76).

One limitation of esophageal magnamosis can be the high rate (over 90%) of 

postoperative anastomotic stricture. However, in the reported cases magnamosis have 

been mainly performed in patients with long gap and pure EA (without TEF) after failed 

primary repair or thoracoscopic esophageal lengthening procedures which are potential 

individual  risk  factors  for  anastomotic  stricture  probably  due  to  the  tension  on  the 

anastomosis (76, 77).

Anastomotic stricture after hand-sutured, conventional esophageal anastomosis 

is the most common complication, occurring in 32 to 59% of patients (78).

Furthermore, no anastomotic leakage has been actually reported. This may be 

the  main  advantage  of  magnamosis  since  it  can  lead  to  later  anastomotic  stricture. 

Incidence of anastomotic leakage after traditional esophageal atresia repair is 10-15% 

(79).

Esophageal anastomosis can be achieved after an average of 7 days, though there 

is a close connection between anastomosis time and the strength of the magnets (80).

Previous  case  studies  have  already  demonstrated  that  magnetic  compression 

anastomosis can be successfully used for the treatment of refractory strictures after EA 

repair (81, 82).

1.7 Surgical training and simulation models of esophageal atresia
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A wide variety of esophageal atresia models have been created from cadaveric, 

animal, hybrid, synthetic and  virtual reality, models. Some have been used for improving 

surgical skills or studying the validation of new methods and devices. 

Although  human  cadaver  models  can  provide  a  realistic  simulation  for 

esophageal atresia repair, they are rarely used due to ethical issues, the limited number of 

neonatal cadavers and the difficulty of handling them (83).

Animal models are extensively used for  planning and performing new surgical 

techniques. Pig model is one of the most popular animal models for EA, it is appropriate 

for simulating thoracoscopic surgery in a neonate. Animal tissues and euthanized animals 

have been utilized for various experiments such as investigation of lengthening, tensile 

testing and alternative surgical methods (84, 85). They also provide an opportunity to 

conduct pilot studies prior to perform procedures in live animals (23). 

Survival animal models can be used for monitoring of esophageal motility or 

anastomotic healing and allow for refining and optimizing novel surgical techniques. 

Overall, the average survival time is about 4 weeks for pigs with PEG tube placement and 

pigs usually weigh between 10 and 20 kg in most studies (86).  Recently, long-term 

survival pig models have been developed to study  long-term outcomes of esophageal 

anastomosis. In these models esophageal bypass loop and bifurcated esophagus have been 

created for oral nutrition (87, 88).

Hybrid models consist of real animal tissues such as surgically modified fetal 

bovine tissue are quite underused for surgical skills training because of its high cost and 

the risk of contamination (89).

Synthetic  models  have  been  mainly  used  for  surgical  training.  The  simplest 

types of synthetic EA models were made of water balloons and plastic tubes (90, 91).

For more realistic simulation, 3D-printed EA repair models with various types of 

TEF have been designed. They mimic the texture of anatomical structures of a neonate 

using a silicone EA/TEF model inserted in a rib cage with synthetic skin overlay (92). 3D-

printed models with sensors allow also objective measurement of technical skill, force 

and motion. They help improve operative performance of trainees (93).

Virtual reality simulators are gaining increasing popularity; however, they are 

hardly available for trainees in low-income countries.
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2 Objectives

2.1 New, easy, cheap training model for laparoscopic pyeloplasty  validity and 

comparison to existing models

The primary objective of  this  study was to establish the face validity  of  the 

balloon model.  We utilized the subjective evaluations of trainees to demonstrate the 

usability  and  practical  applicability  of  our  balloon  model  in  comparison  to  other 

pyeloplasty models.

2.2 Testing the pyelo-ureteral magnetic anastomosis device in domestic pig model

It  has  been  demonstrated  PUMA  device  makes  pyelo-ureteral  anastomosis 

significantly shorter and simpler in simulators. The procedure and the removal of the 

device was feasible in minipigs.  Well-formed anastomosis  was found 4 weeks after 

removal of the device, however no long-term observations performed.

Our  aim was  to  reproduce  the  results  in  domestic  pig  model  with  extended 

postoperative observation time to achieve long-term results.

2.3 New  training  model  and  magnetic  device  for  minimal  invasive  repair  of 

esophageal atresia 

Our aim was to develop the concept of a new magnetic device for thoracoscopic 

repair  of esophageal  atresia based on the PUMA device and test  it’s feasibility and 

compare with hand sutured anastomosis in different models of esophageal atresia.
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3 Methods

3.1 Methods of comparison of laparoscopic pyeloplasty training models study

3.1.1 Balloon model (BM)

The  balloon  model  proposed  by  our  team  was  made  from  commercially 

available spherical and sausage shape birthday balloon.  The spherical balloon (40 mm 

diameter) represents the dilated renal pelvis while the sausage balloon with diameter of 5 

mm represents the proximal ureter. The spherical balloon was cut and sutured to a kidney 

shaped sponge and was glued to a piece of cardboard (Figure 3).

Figure 3: Balloon model 

(Source: Hornok Z et al. J Pediatr Urol. 2023;19(4):471-473.)  
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3.1.2 Finger glove model (FGM)

This model was published by Raza et al. (63). It is made from a latex glove. Palm 

of the glove (80 mm in diameter) represented the dilated renal pelvis, finger of the glove 

(20 mm in diameter) represented the proximal ureter and a knot on it was considered as 

pyelo-ureteral junction obstruction (Figure 4).

Figure 4: Finger glove model 

(Reproduced after Raza et al., source: Hornok Z et al. J Pediatr Urol. 2023;19(4):471-

473.)  
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3.1.3 Chicken thigh model (ChTM)

This model was published by Ooi et al. (56). It is made from reconfigured and 

sutured skin of a chicken thigh represented dilated renal pelvis (40 mm in diameter) and 

ureter (8 mm in diameter) (Figure 5).

Figure 5: Chicken thigh model 

(Reproduced after Ooi et al., source: Hornok Z et al. J Pediatr Urol. 2023;19(4):471-

473.)  

 

3.1.4 Chicken crop model (ChCrM)

Jhala et al. reported this model (94). It is made from chicken crop stitched to pig  

kidney. Crop filled with water simulated the dilated renal pelvis (50 mm in diameter) and 

chicken esophagus represented the proximal ureter (5 mm in diameter) (Figure 6).
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Figure 6: Chicken crop model 

(Reproduced after Jhala et al., source: Hornok Z et al. J Pediatr Urol. 2023;19(4):471-

473.)  

 

3.1.5 Experimental design

Twenty-two (n=22) trainees attending their mandatory laparoscopic skill training 

course were recruited in the study. They worked in various surgical specialities, including 

general surgery (n=10), pediatric surgery (n=4), gynecology (n=4), urology (n=3) and 

neurosurgery (n=1). All of them had fewer than 6 years operative experience, the mean 

time  was  2.5  years.  Most  of  them  (72.73%)  had  minimal  previous  laparoscopic 

experience, while the others had no laparoscopic experience at all (Table 2).
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Table 2: Demographic data of trainees 

(Source: Hornok Z et al. J Pediatr Urol. 2023;19(4):471-473.)  

Surgical specialities Number of trainees (%)
general surgery 10 (45%)

pediatric surgery 4 (18%)

gynecology 4 (18%)

urology 3 (14%)

neurosurgery 1 (5%)

Operative experience
1 year 1 (5%)

2 years 14 (64%)

3 years 5 (23%)

4 years 0

5 years 1 (5%)

6 years 1 (5%)
Laparoscopic experience

yes 16 (73%)

no 6 (27%)

None of the trainees were able to carry out the whole pyeloplasty procedure, so 

they  were  asked to  test  the  models  with  performing some intracorporeal  knots  and 

continuous suture on each model laparoscopically. Models were placed into a pelvitrainer 

with a 10-mm, 30 degree laparoscope, three 5-mm instruments (two needle holders and a 

scissor) and 5/0 Vicryl suture were used (Fig. 7).

The study was conducted after the approval of the ethical committee and obtaining 

written informed consent of participants.

3.1.6 Assessment of face validity of the models

After receiving a short explanation of the models, participants completed a 7 items 

Likert-based, non-validated questionnaire about their experience with the models. The 5-

point Likert scale is a type of psychometric response scale in which participants specify 

their level of agreement to a statement in five points: (1) very poor; (2) poor; (3) fair; (4) 
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good; (5) excellent. The models were assessed based on design, realism, similarity in size, 

tactile sensation, suturability, usability, and handling.

Then a  yes/no  question (“Which models would you like to use before a real 

case?”) was asked of them. 

Figure 7: Resident doctor is working on chicken thigh model placed in box trainers

3.1.7 Statistical analysis

A one-way Analysis of Variance (ANOVA) calculator was used to compare the 

models. Data are presented as the mean ± standard error of the mean (SEM).
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3.2 Methods  for  testing  the  pyelo-utereric  magnetic  anastomosis  device  in 

domestic pig model

The experiment was conducted in 5 female domestic pigs (35 kg) in accordance 

with  the  National  Institutes  of  Health  guidelines  and  EU directive  2010/63  for  the 

protection of animals used for scientific purposes and was approved by the National 

Scientific Ethical Committee (PE/EA/787-7/2019) (95).

The  transperitoneal  laparoscopic  procedure  was  performed  in  the  left  lateral 

recumbency position. After identifying the unilateral ureter, a rubber vessel string was 

placed around the ureter and clipped with a titanium clip, ensuring it was not overly tight 

to avoid complete obstruction, while allowing sufficient expansion of the pyelon for the 

subsequent laparoscopic pyeloplasty performed 4 and 8 weeks later. The device was then 

removed 4 weeks after the procedure during cystoscopy or direct vesicostomy. Eight 

weeks later, the pigs were terminally sacrificed, and the anastomoses were subsequently 

examined (95).

In the experiment, N35 neodymium nickel coated magnetic cylinders measuring 4 

mm outer diameter,  2 mm inner diameter and 8 mm length were used. The magnet 

inserted into the ureter was fixed to a JJ stent, while the magnet placed into the pelvis was 

attached to the tip of a Malecot catheter. The JJ stent and the Malecot catheter were 

secured to the ureter and pelvis using needles attached to their ends, after which the pelvic 

closure was performed using a V-lock (95).

3.3 Methods of the EMAD application 

3.3.1 The concept of the device

The Esophageal Magnetic Anastomosis Device (EMAD) was built with two N35 

neodymium magnetic rings (Euromagnet Hungary Kft.). These magnets are made from an 

alloy of neodymium, iron and boron and are plated with a triple layer of nickel-copper-

nickel for protection against corrosion. They have an outer diameter of 4 mm, an inner 

diameter of 2 mm and a height of 8 mm with a strong pull force of 846 grams (8,3 N).
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The first magnet (“lower pouch magnet”) was fixed to a 6 Fr soft feeding tube and 

a special, 3/8 circle, custom-made needle (MEDITŰ Kft., Makó, Hungary). The second 

magnet is “free” in order to be administered orally into the upper pouch (Figure 8).

Figure 8: The design of the Esophageal Magnetic Anastomosis Device (2.) is based on 

the Pyelo-Ureteral Magnetic Anastomosis Device (1.) 

3.3.2 Synthetic model

The synthetic model of EA/TEF was made up of spherical and tubular shaped 

birthday balloons. Trachea, azygos vein and vagus nerve made of plastic tubes represent 

the real anatomical structure (Figure 9). 
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Figure 9: The synthetic EA/TEF model 

(Source: Hornok Z et al. J Pediatr Surg. 2022:S0022-3468(22)00631-5.)

It was fixed in a term infant sized baby doll purchased on-line. The doll was cut 

in half in the sagittal plane to mimic the working space of the neonatal chest. It was 

arranged in the left hemidecubitus position to simulate the real surgical position. A 5-mm 

port was inserted in the fifth intercostal space at the lower edge of the scapula for a USB 

camera that was connected to a personal computer. A 3-mm port was inserted into the 

right thoracic cavity in the third intercostal space of the midaxillary line and a 5-mm port 

was inserted in the fifth intercostal space of the dorsal area for instruments (Figure 10).
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Figure 10: The baby doll simulator with two ports and a USB camera

(Source: Hornok Z et al. J Pediatr Surg. 2022:S0022-3468(22)00631-5.)

3.3.3 Assessment of anastomotic construction time

Ten (n=10) medical students with no previous laparoscopic surgery experience 

were asked to perform esophageal anastomoses with the EMAD in the synthetic model. 

Prior to the procedure all participants viewed a short instructional video.

Ten (n=10) general surgical trainees attending on their mandatory laparoscopic 

skill training  were asked to perform conventional laparoscopic single layer hand sutured 

end-to-end anastomosis with 6 knots in the synthetic model. All the trainees demonstrated 

competency performing the designated task.

Time was measured from the moment the instruments touched until removal of 

all instruments. The operating time (t) with the EMAD was recorded and compared to the 

classic anastomosis (Figure 11).
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Figure 11: Magnamosis (1.) and hand sutured anastomosis (2.) in the synthetic models

3.3.4 Tissue samples 

Rabbit esophagus is similar in size to the human neonatal esophagus. Esophagi 

were taken from fifty, on-farm sacrificed, adult New Zealand white rabbits (weighing 2,5 

to 3 kg) of both sexes. Length of resected esophagi was equal (10 cm). 

Esophagi  were  transected  transversely  and  were  randomly  divided  into  two 

groups. End-to-side magnamosis (MA) in group A (n=25) and end-to-end, hand-sutured, 

conventional anastomosis (CA) with single layer interrupted suture in group B (n=25) 

were performed (Figure 12). For the interrupted suture anastomosis, two corner sutures 

were followed by two sutures each in the anterior and posterior esophageal wall using 

USP 4-0 polydioxanone sutures. All anastomoses were performed by the same surgeon.
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Figure 12:  Magnamosis (Group A) and hand sutured anastomosis (Group B) in the ex 

vivo rabbit esophagi

3.3.5 Assessment of bursting pressure

Bursting pressure was measured in both groups according to the principle of 

communicating vessels. A clamp was placed on the distal end of the esophagus while 

through the proximal end it was being filled with methylene blue stained water at a steady 

rate by elevating infusion bag (Figure 13). 

At that point of the hydrostatic pressure where the anastomosis started to leak 

used to determine the bursting pressure of the anastomosis.
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Figure 13: Illustration of bursting pressure measurement by elevating an infusion bag 

according to the principle of communicating vessels

3.3.6 Assessment of tensile strength

Tensile strength was measured also in these two groups. One end of the resected 

specimen was mounted on a table, and the other end was attached by traction sutures to a 

dynamometer. The ends were stretched at a constant speed (Figure 14). 

At that point of the pulling force where the ends of the anastomosis started to 

come apart used to determine the tensile strength of the anastomosis.
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Figure 14: Comparison of tensile strength of classic and magnetic anastomosis on 

rabbit esophagi by a dynamometer

3.3.7 Euthanized pig model

Five  pigs,  weighing  between  3-4  kg,  aged  1  week,  obtained  from Research 

Institute for  Animal Breeding, Nutrition and Meat Science, Herceghalom were used to 

establish the procedure. 

Pigs were housed under controlled conditions, including a 12 h light-dark cycle 

and a temperature of 25±2 °C, with free access to breast milk and water. They were kept 

together in a separate box, equipped with appropriate enrichments.

Pigs were initially sedated with 2 ml ketamine hydrochloride (Calypsol®) in 

combination  with  1  ml  xylazine  (CP-Xilazin®)  intramuscular  injection.  Thereafter 

euthanasia was conducted with 2 ml pentobarbital (Euthoxin®) injection infused through 

the marginal ear vein.

The  study was  conducted  in  accordance  with  the  Hungarian  Act  on  Animal 

Protection 1998/XXVIII and the EU directive 2010/63 for the protection of animals used 

for scientific purposes. The study was approved by the Animal Experimentation Scientific 

Ethics Committee (License number: PE/EA/787-7/2019).
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3.3.8 Description of the procedure

The instruments needed for the procedure demonstrated in Figure 15.

Figure 15: Setup consisted of a curved 3-mm laparoscopic needle holder, a 3-mm 

laparoscopic forceps, a semi-flexible endoscopic forceps, a 3-mm laparoscopic scissor, 

5 and 3 mm trocars and an endoscopic camera with light source (created by the author)

The  piglets  were  placed  in  left  recumbency  position.  Recommend  port 

placement has been adopted based on previous studies (96).

A 5 mm optical visiport trocar was placed under video control at the tip of the 

scapula. Another 5 mm port was placed in the 4th intercostal space close to the spine and 

another 3 mm port at the anterior axillary line (Figure 16). 10 Hgmm CO2 insufflation was 

used. It is possible to insert another 3 mm port if necessary.
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Figure 16: Port sites and position in the euthanized pig model

The azygos vein, the trachea, the esophagus were identified, the parietal pleura 

was opened. The esophagus mobilized and dissected. The upper pouch ligated with either 

an endoloop or a 5 mm clip. The first magnet of the EMAD was inserted through the 5 mm 

port and directed into the lower pouch. The needle of the device was pulled into the chest 

and stitched in an inside-outside fashion into the lower pouch. The needle was cut and 

removed. The lower pouch of the esophagus was closed with a clip. A semi-flexible 

endocopic forceps was introduced into the upper pouch from the mouth and was pushed 

through the wall of the upper pouch, the end of the stent was grasped and pulled out 

through the mouth. The 2nd magnet was then introduced and pushed down on the stent 

into the upper pouch while the stent was pulled cephalad direction until the 2 pouches with 

the magnets met head on.

3.3.9 Statistical analysis

Two-tailed Student's t-test was used for comparison of the results. P-values below 

0.05 were considered statistically significant. Data are presented as the mean ± standard 

error of the mean (SEM).
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4 Results

4.1 Results of the comparison of laparoscopic pyeloplasty training models study

4.1.1 Evaluation of the questionnaire

BM  received  mean  score  of  4,41±0,59  for  design,  4,00±0,76  for  realism, 

4,23±0,75 for similarity in size, 3,14±0,83 for tactile sensation, 3,45±0,96 for suturability, 

4,64±0,49 for handling and 4,09±0,87 for usability.

However, ChCrM was found to be significantly better compared it with the three 

other models in almost every characteristic, BM seemed to be significantly superior to 

FGM and ChTM in design, realism and similarity in size (p=0,00001).

86,36% (19/22) of trainees were equally satisfied with BM and ChCrM and would 

use both to practice before performing the procedure in real patients.

FGM  was  poorly  rated  in  every  characteristic  respectively,  but  regarding 

handling, all trainees considered it excellent. The differences were statistically significant 

(p=0,00001) (Table 3).

BM received mean score of 4.41 ± 0.59 for design, 4.00 ± 0.76 for realism, 4.23 

± 0.75 for similarity in size, 3.14 ± 0.83 for tactile sensation, 3.45 ± 0.96 for suturability, 

4.64 ± 0.49 for handling and 4.09 ± 0.87 for usability.

Based on a yes/no question (“Which models would you like to use before a real 

case?”) 86.36% (19/22) of trainees were equally satisfied with ChCrM and BM and would 

use both to practice before performing the procedure in real patients. 
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Table 3: Trainees subjective scores on the models, based on a 5-point Likert scale

(Source: Hornok Z et al. J Pediatr Urol. 2023;19(4):471-473.)  

  BM FGM ChTM ChCrM
design 4.41 ± 0.59 2.59 ± 1.05 3.82 ± 0.91 4.82 ± 0.50
realism 4.00 ± 0.76 2.14 ± 0.99 3.45 ± 1.06 4.77 ± 0.43
size 4.23 ± 0.75 3.00 ± 0.69 3.86 ± 0.56 4.45 ± 0.74
tactile sensitivity 3.14 ± 0.83 2.32 ± 0.72 3.86 ± 0.64 4.64 ± 0.49
handling 4.64 ± 0.49 5.00 ± 0 2.09 ± 0.61 1.50 ± 0.51
suturability 3.45 ± 0.96 2.95 ± 0.95 3.91 ± 0.68 4.23 ± 0.61

usefulness 4.09 ± 0.87 3.14 ± 0.89 4.09 ± 0.75 4.73 ± 0.46

MEAN SCORE 3.99 ± 0.53 3.02 ± 0.95 3.58 ± 0.69 4.16 ± 1.19

4.1.2 Face validity mean scores of the models

On a 5-point Likert-scale, face validity mean score of the FGM was 3.02 ± 0.95, 

the ChTM scored 3.99 ± 0.53, the BM reached 3.58 ± 0.69 and the ChCrM scored 4.16 ± 

1.19. The differences between face validity mean scores were statistically significant 

(p=0.00001) (Fig. 17).
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Figure 17: Analysis of face validity of models 

(Source: Hornok Z et al. J Pediatr Urol. 2023;19(4):471-473.)  

4.2 Results of the PUMAd study

Pig  Nr  1  died  shortly  after  the  ureter  ligation,  though  the  cause  of  death 

remained unknown (95). 

Due to the small caliber of the distal ureters, it was not possible to insert the 

PUMA device in pig Nr 2 (49 kg). As a result, pig Nr 2 was terminally sacrificed at the end 

of the second surgery (95). 

In pig Nr 3 (49 kg), the device could only be inserted after the removal of the 

plastic coating around the magnet placed in the ureter. Four weeks later, X-rays revealed 

that the two magnets had moved further apart from each other, and consequently, the 

animal  was  terminally  sacrificed.  Hydronephrosis  and  inflammation  were  observed; 

however, the anastomosis was successfully formed and exhibited a good caliber (95).
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The PUMA device was easily inserted into the distal ureters of pig Nr 4 (96 kg) 

and pig Nr 5 (68 kg) eight weeks after the initial  surgery. However,  pig Nr 4 died 

following the second surgery due to malignant hyperthermia. No autopsy was performed 

(95).

The device  was  removed from pig  Nr  5  four  weeks  later,  and an  antegrade 

contrast study performed eight weeks thereafter showed a patent anastomosis. At this 

point, the animal was terminally sacrificed, and an autopsy was conducted. No stenosis of 

the anastomosis was observed (95).

4.3 Results of the EMAD study

4.3.1 Anastomotic construction time

The construction time of magnamosis (tMA) (n=10) was significantly shorter 

(4,62,06  min  and  11,142,78  min)  compared  with  tCA  (n=10)  (30,84,29  min), 

p0,001. 

Performing magnamosis  with  the  EMAD took medical  students  significantly 

longer than experienced surgical trainees (11,142,78 min  vs. 4,632,06 min, p0.001).

Medical students were unable to complete CA at all (Fig. 18).
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Figure 18:  Comparison of construction time for magnamosis (MA) and conventional 

anastomosis (CA) performed by medical students and surgical trainees in the synthetic 

model (Source: Hornok Z et al. J Pediatr Surg. 2022:S0022-3468(22)00631-5.)

4.3.2 Bursting pressure

Mean bursting pressure of the MA (n=25) was significantly higher (90 cmH2O) 

compared with the CA (n=25) (14,083,32 cmH2O), p0,001. Bursting pressure was 

above 90 cmH2O in all cases of magnamosis (Fig. 19). 
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Figure 19: Comparison of bursting pressure of  magnamosis (MA) and conventional 

anastomosis  (CA) in  rabbit  esophagi (Source: Hornok  Z  et  al.  J  Pediatr  Surg.  

2022:S0022-3468(22)00631-5.)

4.3.3 Tensile strength

Mean tensile strength of the MA (n=25) (1,830,29 N) was significantly lower 

than the CA (n=25) (3,550,43 N), p0,0001 (Fig. 20).
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Figure  20:  Comparison  of  tensile  strength of  magnamosis  (MA)  and  conventional 

anastomosis  (CA) in  rabbit  esophagi (Source: Hornok  Z  et  al.  J  Pediatr  Surg.  

2022:S0022-3468(22)00631-5.)

4.3.4 Feasibility of EMAD in euthanized pigs

The procedure was feasible in five euthanized pigs.  No handheld suturing of 

anastomosis was necessary.
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5 Discussion

5.1 Laparoscopic pyeloplasty training models study

It  was  not  unexpected  both  of  the  animal  tissue  models  scored  better  mean 

values  than  the  plastic  models  and  the  candidates  felt  they  could  replicate  human 

hydronephrosis  well. 

It  was  surprising  the  simplest  FGM,  which  was  poorly  rated  in  every 

characteristic respectively, but regarding handling, all trainees considered it excellent. 

The BM was found to be significantly superior to FGM and ChTM in design, 

realism and similarity in size (p=0.00001), however it seemed better only than FGM in 

terms of tactile sensitivity (p=0.0011). In handling and suturability BM just hardly lagged 

behind FGM and ChTM however the differences were not statistically significant. BM 

received  generally  high  values,  it  scored  below  4  only  in  tactile  sensitivity  and 

suturability. 

Both synthetic, homemade model can be easily built with few, very low-cost 

materials (negligible compared to the 3D-printed kidney model, which is available for 70 

GBP) and can be find in general stores. The costs of chicken thigh and pig kidney are low 

too and easily available, however  the chicken crop is just by-products of meat industry,  

and one can only get it from slaughterhouse.

Our new synthetic model has proven validity as a cost-effective, clean, cheap, 

hygienic and easy access alternative to other laparoscopic pyeloplasty models, and it 

seems to be suitable for teaching, training and workshops. It can be an appropriate tool for 

practice of intracorporeal suturing and hand-eye coordination which are prerequisite for 

successful laparoscopic pyeloplasty.

At the end of the study, every trainee stated that they would be willing to use the 

BM for practice before a real surgery.

The fact that of trainees were equally satisfied with ChCrM and BM that almost all 

trainees said they would you like to use the BM before a real case indicates the BM can be 

considered as useful high-fidelity, easy access, cheap, hygienic, domestic use training tool 

for laparoscopic pyeloplasty.
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5.2 PUMAd study

Cserni  et  al.  previously  demonstrated  the  concept  of  the  PUMA  device  in 

laparoscopic pyeloplasty in six Vietnamese minipigs. The longest follow-up period after 

the removal of the PUMA device was four weeks. In all six cases, the anastomosis was 

successfully completed and remained patent (52). In the most recent study, the follow-up 

period was doubled again, lasting 8 weeks (95). In the case of pig Nr 3, the removal of the 

plastic coating caused asymmetry in the magnet pair, which may explain the separation of 

the magnets.

5.3 EMAD study

We built a fully synthetic, simple and low-cost EA/TEF model using the same 

birthday balloons we used for the pyeloplasty balloon model. The size of the balloon (with 

diameter 15 mm) is closer to the esophagus than the ureter. To limit the working space for 

the EA-TEF repair we placed the balloons into a realistic newborn sized baby doll.

Using  PUMA or  EMA required  no  previous  laparoscopic  skills  only  a  few 

minutes video tutorial and some verbal advice. Medical students were able to perform the 

manoeuvre, while they were not able to perform laparoscopic suturing and knot tying 

without basic training. Anastomosis construction time was significantly shorter with the 

magnetic device because it eliminated the need of hand-held suturing and intracorporeal 

knot tying. To complete EMA they required one third of the time their more experienced 

counterparts with the laparoscopic suturing. This is clear evidence the EMA simplifies 

and shortens the procedure and cuts learning curve.

Rabbit  esophagus  has  been  widely  used  for  practice  and  training  of 

thoracoscopic EA repair and study anastomotic failure on esophagus (97). The size of the 

adult rabbit esophagus is comparable to that of a human newborn (on average 5 mm in 

diameter and 8-10 cm in length) and was easy to access from slaughterhouse (98, 99). 

Rabbit esophagi were used to evaluate bursting pressure. Anastomotic leak was 

not observed in any of the magnamosis until 90 cmH2O pressure, so bursting pressure of 

the magnamosis was significantly higher compared to conventional anastomosis. The 

anastomotic  leak  point  of  the  hand  sutured  anastomosis  was  much  closer  to  the 

physiological intraluminal pressure (around 18 cmH2O) reported in neonates than that of 
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the MA (100). This suggests the MA provides better seal and may explain why less 

anastomotic leak seen after MA in clinical studies (37, 46, 72).

MA is probably eliminating human error with suturing too.

Tension between the two ends of the anastomosis is a significant problem in EA-

TEF repair. Anastomosis under significant tension is one of the most common reasons of 

anastomotic leak. 

It remains very difficult to assess how much tension the anastomosis can bear 

and there is no tool available except the surgeons experience. In one study the estimated 

safe tension should not exceed 0.75 N (is equals to 76,48 gram-force) (84).

The  anastomosis  performed  with  EMAD  results  in  end-to-side  anastomosis. 

Previous studies described end-to-side repair of esophageal atresia with ligation of the 

fistula  as  a  possible  alternative  method  to  end-to-end  anastomosis  and  anastomotic 

leakage is not higher in neonates who underwent end-to-side anastomosis compared to 

end-to-end (101, 103).

Use of endoclips for TEF closure makes the procedure faster and more effective. 

However, there are no reported long-term complications with this method (103).

49



6 Conclusions

Anastomotic leakage rate remains an important cause of postoperative morbidity 

and mortality after esophageal atresia repair with or without fistula, with poor suturing 

techniques and anastomotic tension being the main pathophysiological factors (104).

Performing  minimally  invasive  procedures  in  neonates,  partially  due  to  the 

limited working space demands mastery of complex skills with a steep learning curve (2). 

The most challenging part of these procedures is intracorporeal suturing and knot-tying 

(51).

Since case volume of various rare and complex reconstructive operations such as 

surgical management of EA and PUJO is low, opportunities for trainees to gain sufficient 

practical experience are limited. Therefore, simulation models play an important role in 

surgical training, especially in minimally invasive surgery but only several validated 

specific pediatric surgical training models are available so far (20).

However, the above-mentioned complex procedures require advanced minimally 

invasive surgical skills, before operating on a real patient, the most crucial step should be 

achieving the necessary basic endoscopic suturing skills on simulators.

This  is  supported  by  the  observation  that  there  is  an  increased  risk  of 

complications after laparoscopic pyeloplasty during the learning curve (Parsons et al. 

2004) (105).

Frede et al. (2000) found that regular practice on low-fidelity surgical training 

models can reduce surgery time by 50% and knot-tying time by 75% (106).

Fu  et  al.  (2007)  found  that  improper  surgical  technic  and  lack  of  essential 

laparoscopic  skills  correlate  with  anastomotic  failure.  Incidence  of  postoperative 

complication  rate  can  be  reduced  by  development  of  surgical  skills.  It  has  been 

demonstrated that the quality of an anastomosis is primarily determined by the quality of 

the first knot and the appropriate distance between sutures (54).

Scott  et  al.  (2000)  demonstrated  that  regular  practice  on  simple,  synthetic 

training models can clearly improve operative performance (107).

Katz et al. (2003) asked trainees to perform laparoscopic tasks on a chicken leg 

model and studied the importance of continuous training. They found that continuous 

practice significantly improved the surgical performance of trainees who had no prior 
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experience with laparoscopic procedures. After a short period of time, they were able to 

perform urethrovesical anastomosis as well (108).

Low-cost, inanimate, simple models are suitable for trainees to improve their 

eye-hand  coordination,  depth  perception  in  2D  space  and  gain  proficiency  in 

manipulation of the instruments. These low-fidelity, easily reproducible models can be 

used by trainees at  home or in the hospital  outside the operating room, without the 

assistance of an expert.

Barsness  et  al.  (2015)  has  previously  determined  that  it  is  not  necessarily 

required to use real tissue to acquire basic laparoscopic suturing and knot-tying skills; a 

low-cost, synthetic model is sufficient for this purpose (109).

After acquiring sufficient  laparoscopic suturing and knot-tying skills  on low-

fidelity models, trainees can focus on practising more precise movements. More realistic 

high-fidelity animal tissue, euthanized and anaesthetized animal models or simulators 

with advanced technology can be used to reproduce the entire operative procedures. 

However, high-fidelity models are not necessarily superior to low-fidelity models (24).

Models made from ex vivo animal tissues require special handling and storage 

to prevent the spread of germs. They are not reusable and portable but behave similarly to 

living human tissues. In certain countries, use of human cadavers and live animals for 

surgical training is not permitted due to ethical considerations. The high cost of 3D printed 

models, virtual reality, augmented reality simulators limit their usage in low- and middle-

income countries.

Since pyeloplasty is the most common pediatric urological complex procedure, 

we reviewed the pyeloplasty models published in the literature so far and selected one 

synthetic and two animal tissue models of them. We compared the face validity of these 

models  to  that  of  the  balloon  model,  which  was  previously  used  for  planning  the 

preliminary experiments using the PUMA device.

Our results demonstrates that a low-fidelity model constructed from synthetic 

materials at low cost like our balloon model can be an excellent tool for basic laparoscopic 

surgical training. Placing this simple, easily available and reproducible model  into a 

conventional box trainer enables regular practice at home, thereby shortening learning 

curve and improving basic skills.
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The  main  advantage  of  magnetic  compression  anastomosis  is  to  reduce  the 

potential risk of leakage by eliminating the need of suturing and by providing equal and 

continuous tissue compression compared with conventional hand-sewn anastomosis.

The  principle  of  the  esophageal  clamp  anastomosis  technique  published  by 

Okmian et al. (1969), tested in piglets, bears resemblance to magnamosis. In contrast to 

the sutureless clamp anastomosis and magnamosis, in the traditional sutured anastomosis 

the magnetic compressive force and tension are not evenly distributed throughout the 

entire circumference of the esophageal end but rather concentrated on the sutured sections 

(110).

Oetzmann's  study (2019) also provides evidence for  the benefits  of  the even 

distribution of traction forces at the anastomotic site, showing that continuous esophageal 

anastomosis is advantageous compared to simple interrupted sutures and provides a larger 

contact surface (111).

Due to the high tension exerted on the sutures, microchannels caused by needle 

punctures can widen, leading to leakage (Livaditis et al., 1969) (112).

Using  a  rabbit  model,  Blair  at  al.  (1988)  demonstrated  that  a  similar 

microleakage  can  be  caused  by  the  inflammatory  process  that  develops  around  the 

sutures, which can eventually result in the formation of strictures (113).

Recently, the feasibility of magnetic compression anastomosis technique with 

PUMA device has been demonstrated for pyeloureteral anastomosis in pigs (52).

The  esophageal  anastomosis  is  in  many  ways  similar  to  the  pyelo-ureteral 

anastomosis.  In  both a  smaller  calibre tube (ureter  and the  lower pouch) should be 

anastomosed to a larger calibre tube (renal pelvis, upper pouch). Each anastomosis has to 

be made meticulously without leak to reduce postoperative stricture rate. 

Both the ureter and the esophagus are very similar. They contain the same layers 

in their walls and have the ability to dilate in cases of distal obstruction (114).

The created EA/TEF balloon model, similar to the pyeloplasty balloon model, 

was not only suitable for practicing laparoscopic suturing and knot-tying but also for 

testing the novel magnetic method by placing it inside a doll, simulating the limited 

working space in a neonate. 

Our findings show that creating a magnamosis is much less time-consuming than 

conventional hand-sewn anastomosis and can be easily mastered. The results of a large-
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scale study showed that thoracoscopic hand-sewn anastomosis performed in neonates 

required an average of 217 minutes (115).

Our investigations indicate that this operative time can be significantly reduced 

with the use of magnets, although precise clinical data regarding the time required for 

esophageal magnamosis is not available in the literature.

To demonstrate the tissue fragility of a human neonate's esophagus, we used ex 

vivo rabbit esophagi for assessment of bursting pressure and tensile strength. 

In this study, both the bursting pressure and the tensile strength were used to 

assess  the  integrity  of  the  anastomosis.  Bursting  pressure  accurately  reflects  the 

intraluminal  pressure generated during swallowing in the  esophagus and its  circular 

distribution around the anastomosis. It allows for immediate detection of any potential 

surgical technical errors. The quality of anastomoses can be primarily determined by its 

watertightness. On the other hand, tensile strength values gradually decrease during the 

early postoperative period due to collagenolysis occurring during the healing process of 

the anastomosis. Tensile strength reflects the resistance of the esophageal wall to forces 

exerted longitudinal direction, in contrast to the bursting pressure (116).

Based on our results, it can be presumed that despite the expected lower tensile 

strength values in a live model during the early postoperative period, the anastomosis 

maintains its stability. We assume that the well-sealing magnamosis prevents leakage.

The  cause  of  anastomotic  failure  (leakage  and  subsequent  stricture)  is 

multifactorial.

Oetzmann et al. (2019) investigated the effect of extent of esophageal resection 

on esophageal blood flow in anaesthetized pigs using laser Doppler flowmetry. They 

found that the magnitude of tension exerted on the anastomosis does not influence the 

blood flow of the anastomotic suture line. In such cases, the overall circulation of the 

organ  deteriorates  uniformly.  As  a  consequence,  the  inadequate  circulation  of  the 

anastomosis is most likely induced by the inappropriate surgical technique itself (117). 

Referring to the clamp anastomosis experiments conducted by Okmian we can 

conclude that  the absence of direct  mucosa-to-mucosa contact does not  increase the 

frequency of stricture occurrence (109). From this, we can infer that a similar situation can 

be observed in magnamosis as well.
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Although our study does not focus on the design of the magnets themselves but 

rather on the completely thoracoscopic placement of the magnets into the esophagus, 

various experiments using magnetic  devices containing magnets  of  different  shapes, 

strengths and gradient force distribution on the compressed tissue have been published in 

the literature, aiming to reduce the possibility of stricture formation. There are numerous 

studies that  investigate the appropriate and safe force required between the magnets 

without causing the development of fistulas or ulcers.

Takada et al.  findings suggest that over-tension, damage to blood supply and 

leakage at the anastomotic site can be avoided if the tension between the two pouches does 

not exceed the safe value of 0,75 N, and the level of tension between the pouches can be 

regulated by using magnets of properly selected strength (84). 

Magnamosis can be created in cases where hand-sewn primary anastomosis is 

feasible. In 85% of all EA cases, distal fistula is present, and in such cases, there is 

generally no significant tension between the pouches,  allowing for the feasibility of 

primary anastomosis, including magnamosis. Thus, the risk of compromised blood supply 

and subsequent anastomotic insufficiency is low. 

Our assumption is that if these properly selected magnets, after being placed in 

the pouches, do not attach or easily separate, it indicates that the esophageal anastomosis 

would not be secure, and the surgeon needs to switch to a different method such as Foker 

process.

Moreover,  using  the  EMAD,  ligation  of  the  fistula  can  be  performed 

thoracoscopically in cases with fistula. 

Furthermore,  magnamosis  can  also  be  used  in  long  gap  cases  following 

elongation procedures when the gap length has decreased to a point where an anastomosis 

can be created with minimal tension, and it can be useful for the treatment of refractory 

postoperative esophageal strictures as well (118).

One  of  the  major  advantages  of  the  EMAD  over  previously  demonstrated 

magnetic anastomosis devices for EA treatment is that there is no need for gastrostomy for 

the introduction of magnets into the pouches. The procedure can be fully performed 

thoracoscopically.
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In our preliminary experiments, the method of EMAD was successfully feasible 

in terminated pigs as well. This is encouraging because the size and anatomy of a few days 

old pig are very similar to that of a human neonate.
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7 Summary

1) The new birthday balloon model is valid, simple, synthetic, inexpensive, hygienic, 

easily  reproducible  and  readily  available  for  regular  daily  practice  of  the 

pyeloplasty procedure and testing new innovative concepts like the magnetic 

pyeloplasty and magnetic esophageal anastomosis.

2) Despite the limitations (significant scar formation, and relatively small ureter 

diameter) the domestic pig model with surgically induced hydronephrosis was 

suitable for testing the laparoscopic application of PUMA device.

3) The laparoscopic application of the device and the removal of the device was 

feasible.

4) The pyelo-ureteral anastomosis remained patent as long as the follow-up was 

technically possible (8 weeks after the removal of the magnetic device).

5) The thoracoscopic magnetic compression anastomosis is feasible with the EMAD 

in synthetic and newborn animal model of EA.

6) The EMAD may significantly simplify the procedure and shortens the operative 

time while providing the benefits of watertight magnetic anastomosis with the 

potential that it eliminates the need for gastrostomy formation to introduce the 

second magnet.

7) The significant difference seen in tensile strength between the magnetic and hand 

sawn anastomosis suggests an EMAD could help surgeons to avoid creating tens 

anastomosis and reduce risk of later anastomotic stricture.

8) The magnetic anastomosis proved superior over the hand sawn anastomosis in 

bursting pressure. This may explain the clinical experience of Zaritzky et al. with 

the Flourish device and suggests EMAD may reduce risk of anastomotic leak.
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Abstract Objective The pyeloureteral anastomosis remains the most challenging part of
pyeloplasty. A purpose-built anastomotic device could simplify this step and potentially
improve outcomes. The concept of a pyeloureteral magnetic anastomosis device
(PUMA) was proven in minipigs, but only in short term. Our aim was to test the
PUMA in domestic pigs and achieve a prolonged follow-up period.
Methods Five female domestic pigs underwent laparoscopy and ligation of the left
ureter. Four weeks later, laparoscopic implantation of the PUMAwas planned. Removal
of the device and a retrograde contrast study were scheduled after another 4 weeks.
The experiment was terminated when the animals could no longer be properly cared
for due to their weight.
Results Due to unexpected smaller ureteric diameters, a modified PUMA could only
be successfully inserted in pig number 3 (49 kg). Four weeks later, the device was found
to be dislocated, but the anastomosis remained patent. After modifying the study
protocol, the PUMA was successfully implanted in pigs number 4 (96 kg) and 5 (68 kg)
8 weeks after ureteric ligation. Pig 4 developed malignant hyperthermia and died. In
pig 5, themagnets were removed 4 weeks later. After an additional 8 weeks, the animal
reached 135 kg and was terminated. The anastomosis remained patent and preserved
its diameter.
Conclusion Despite limitations, our study successfully demonstrated that the PUMA
can achieve a patent ureteric anastomosis in domestic pigs. This suggests a potential
for minimally invasive ureteric anastomosis in clinical settings. Further research is
needed to optimize the technique and validate its effectiveness in humans.
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Introduction

The Anderson–Hynes pyeloplasty is the gold standard pro-
cedure for the surgical management of ureteropelvic junc-
tion (UPJ) obstruction and has evolved over the past decades.
Although the open approach in young children remains a
targeted, quick, and effective option, with access via an
approximately 4-cm incision, the advantages of minimally
invasive techniques such as laparoscopy and robotic surgery
outweigh those in older children and adolescents (i.e., less
postoperative pain, shorter hospital stay, smaller scar, and
quicker recovery).1,2 The outcomes between the different
techniques are comparable, with a success rate of more than
90%.3,4 Themost crucial part of the procedure is the qualityof
the pyeloureteral anastomosis. An insufficient anastomosis
may lead to urinary leakage and/or stricture formation,
resulting in an unsatisfactory outcome.5,6 Laparoscopic su-
turing of the anastomosis is significantly more challenging
than the open surgery; it is time-consuming and has a steep
learning curve. The robotic technique, with its superior
instrument maneuverability, offers some relief in suturing,
but due to the lack of haptic feedback in most robots, it only
allows the nontouch technique when performing the anas-
tomosis. Moreover, while robots have reduced the learning
curve, they have not improved outcomes, operating time, or
hospital stay.4 Currently, the relatively large, bulky robotic
instruments (5mm) and the clashing of robotic arms limit
their use in smaller patients, while with transperitoneal
laparoscopy, there is technically no age limit when per-
formed by experienced hands.7

Suturing the pyeloureteral anastomosis remains the most
critical and demanding part of the procedure, regardless of
the technique used. In this context, there is a clear need for an
anastomotic suturing device, similar to the circular stapler
used in intestinal anastomoses, to ease, and improve the
quality of the anastomosis. However, designing and
manufacturing such a miniature instrument presents a
significant challenge.

Magnetic compression anastomosis (MCA) was originally
developed to simplify and shorten hand-sutured procedures
and reduce the risk of leakage by providing a constant and
uniform tissue seal.8–10 Neodymium magnets are known for
their extreme magnetic strength, allowing for miniaturiza-
tion and leading us to the idea of developing the pyeloure-
teral magnetic anastomosis device (PUMA).11 Using a
synthetic simulator,12 we verified that the procedure be-
came significantly shorter and easier to perform. Further-
more, in a pilot study, we demonstrated that laparoscopic
pyeloplasty using the PUMA was feasible in an artificially
induced hydronephrotic animal model (i.e., Vietnamese
miniature pigs), resulting in a patent pyeloureteral anasto-
mosis. However, the laboratory facilities only allowed for a
short-term follow-up of 4 weeks.11

Adapting to the circumstances, we changed laboratories
and switched to domestic pigs. The aim of the present study
was to reproduce our previous results with an extended
postoperative observation period to achieve follow-up as
long as technically possible.

Materials and Methods

The study was conducted by a stepwise approach13 in five
female domestic pigs in accordance with the National Insti-
tutes of Health guidelines and the European Union directive
2010/63 for the protection of animals used for scientific
purposes andwas approved by the National Scientific Ethical
Committee (PE/EA/787-7/2019).

All animals, weighing�35kg on average at the beginning,
were positioned in a left recumbent position and underwent
a transperitoneal laparoscopy. In a first step, a dilation of the
proximal ureter/renal pelvis (i.e., hydronephrosis model)
was achieved as similarly described previously.14 In brief, a
small incisionwasmade to the peritoneum and the proximal
left ureterwas loosely encircled at 360degreeswith a 20-cm-
long rubber vessel loop that was fixed with a 5-mm clip.
According to the study protocol, laparoscopic pyeloplasty
with insertion of the PUMA was performed 4 weeks later
followed by removal of the device via the ureterovesical
junction (UVJ) after another 4 weeks. Finally, a retrograde
contrast study, autopsy, and assessment of the anastomosis
were planned (i.e., depending on the weight of the animals
�12 weeks after insertion).

Pyeloureteral Magnetic Anastomosis Device
In all cases, N35 neodymium nickel-coated magnetic cylin-
ders with a 4-mm outer diameter, 2-mm inner diameter, and
8-mm length were applied to a 4.8 Fr, 22-cm-long JJ-stent.
The “ureteric”magnetwasfixed to the stent. The free “pelvic”
magnet was inserted into a Malecot catheter tip to prevent
early dislocation and keep the magnets in place after fusion.
To improve the quality of the anastomosis by creating a low-
pressure zone away from the immediate union, both mag-
nets were coated with a 0.5-mm insulation plastic layer. A
surgical needle (31mm1/2 c tapered)was integrated into the
proximal end of the stent using cyanoacrylate glue (►Fig. 1).

Pyeloplasty
After resection of the narrow ureteric segment, the stent
with the (fixed) “ureteral” magnet was threaded into the
(distal) ureter. The proximal part of the stent with the
integrated needle was stitched inside-out from the ureter
10mm below the free end, which was closed with a 5-mm
clip. The stent was then stitched into the “pelvis” (i.e., dilated
proximal ureter) in an outside–inside fashion. Subsequently,
the (free) “pelvic” magnet was threaded onto the stent
aiming for a side-to-side anastomosis. The “pelvis” was
closed with a 4/0 barbed suture (V-loc, Medtronic Limited,
Watford, United Kingdom) without the need for handheld
knot tying (►Fig. 2).

Results

Pig number 1 was lost 3 weeks after ligation of the ureter for
unknown reasons. In the remaining, a moderate hydroneph-
rosis and tortuous dilatation of the proximal ureter was
present during the second laparoscopy that was accompa-
nied by considerable intraabdominal scarring.

European Journal of Pediatric Surgery © 2025. Thieme. All rights reserved.

Pyeloureteral Magnetic Anastomosis Device in Domestic Pigs Kubiak et al.



Application of Pyeloureteral Magnetic Anastomosis
Device in Pigs Number 2 and 3
In pigs number 2 and 3, weighing 49kg each at the time of
the second operation, the diameter of the distal ureter was
small and a 5-mm device could not be introduced. Finally, we
were able to insert the PUMA in animal number 3, but only
after the outer 0.5-mm thick insulation layer of the ureteric
magnet had been removed. Four weeks later X-rays revealed a
dislocation of themagnets above the anastomotic sitewith the
end of the device being slipped up from the bladder into the
ureter, and termination of the animal was decided. Neverthe-
less, at autopsy, a patent anastomosis was noted (►Table 1).

Change of Protocol and Application of Pyeloureteral
Magnetic Anastomosis Device in Pigs Number 4 and 5
Based on our experience we changed our protocol and
decided to delay the insertion of the PUMA for another
4 weeks to possibly come upon ureters with a bigger lumen.
Subsequently, themagnets could be inserted in pig number 4
(weighing 96 kg) with ease. Unfortunately, the animal dete-
riorated at the end of the procedure and died due to malig-
nant hyperthermia. Finally, the PUMA was successfully
applied in pig number 5 (weighing 68kg) 8 weeks after
ligation of the ureter. The large size of the animal with a
long urogenital sinus made cystoscopy difficult, for which

Fig. 2 Application of the pyeloureteral magnetic anastomosis device (PUMA; step 1–4) following resection of the stenotic ureteric segment to
create a side-to-side anastomosis based on magnetic compression force (magnamosis).

Fig. 1 Pyeloureteral magnetic anastomosis device (PUMA).

European Journal of Pediatric Surgery © 2025. Thieme. All rights reserved.

Pyeloureteral Magnetic Anastomosis Device in Domestic Pigs Kubiak et al.



reason the device was rather retrieved by vesicostomy.
The magnets passed easily through the UVJ 4 weeks after
the insertion. A retrograde contrast study revealed a patent
anastomosis of good caliber (►Fig. 3A). After another
8 weeks, the animal weighed 135kg and reached the limits
of the animal laboratory (►Table 1). At autopsy (including
histology), a patent anastomosis was found at the same
caliber as the magnets with only minimal scarring
(►Fig. 3B, C).

Discussion

In the development of the PUMAprototype for in vivo testing,
we assumed that neodymium cylinders with a nickel coating
and N35 magnetization, with an external diameter of 4mm,
an internal diameter of 2mm, and a length of 8mm, would
provide the necessary conditions to create a sufficient anas-
tomosis in children.11 A 4-mm external diameter, hence the

formation of a 4-mm high-pressure zone between the mag-
net pair, would create a sufficiently wide anastomosis (i.e.,
the formation of necrosis between the ureter wall and the
renal pelvis), corresponding to a diameter of 12 F. Moreover,
an internal diameter of 2mmwould allow the integration of
a 4.8 to 6 F JJ stent to ensure postinterventional drainage of
the renal pelvis. Additionally, we applied a 0.5-mm insula-
tion layer (i.e., the sheath of a Malecot catheter) around the
magnetic cylinders to create an external low-pressure zone,
allowing the tissue/anastomosis to heal in a controlled
manner, ideally without the formation of a stricture. The
overall diameter of the device of 5mm should generally fit
easily into the ureter of most patients, as a 5-mm stone can
pass spontaneously through the pelviureteric junction and
UVJ in children aged 6 to 9 years.15,16

In light of our previous experience with six mini-pigs
weighing around 33 kg,11 we anticipated no problems with
the ureter size in domestic pigs weighing 49 kg, which

Table 1 Study results

Animal
number

First operation
Hydronephrotic
modela

Second operation
Application of PUMA

Third operation
Removal of PUMA

Fourth operation
X-rays and autopsy

1 Successfulb NA NA NA

2 Successful Weight: 49 kg
Timing: 4 wk after first op
Outcome: failure to insert
PUMA/first (“ureteric”) magnet
due to small-sized distal ureter

NA NA

3 Successful Weight: 49 kg
Timing: 4 wk after first
operative
Outcome: small-sized distal
ureter; insertion of PUMA only
feasible after reduction in
diameter of the first magnet by
removing plastic insulation

Weight: 90 kg
Timing: 4 wk after second
operative
Outcome: cystoscopy not possible
due to long urogenital sinus;
PUMA moved up into the upper
ureter; autopsy performed; gross
hydronephrosis and UTI noted;
patent anastomosis formed

NA

4c Successful Weight: 96 kg
Timing: 8 wk after first
operative
Outcome: good-sized ureter;
insertion of PUMA performed
with ease;
animal developed malignant
hyperthermia and subsequently
died

NA NA

5c Successful Weight: 68 kg
Timing: 8 wk after first
operative
Outcome: good-sized ureter;
insertion of PUMA performed
with ease

Weight: 80 kg
Timing: 5 wk after the second
operative
Outcome: cystoscopy not possible
due to long urogenital sinus;
removal of PUMA/magnets via
vesicostomy without problems;
retrograde contrast study revealed
patent anastomosis

Weight: 135 kg
Timing: 8 wk after the
third operative
Outcome: retrograde
study showed easy
passage of contrast
through the
anastomosis;
good caliber
anastomosis at autopsy

Abbreviations: PUMA, pyeloureteral magnetic anastomosis device; NA, not applicable; UTI, urinary tract infection.
aLaparoscopy and ligation of the left ureter with a 20-cm rubber loop. Animals weighed 35 kg on average at the first operation.
bAnimal number 1 died of unknown reasons 3 weeks after minimally invasive ligation of the left ureter.
cChange of study protocol in animal number 4 and 5 toward a delay of the PUMA insertion for another 4 weeks.
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corresponds to the weight of a 13-year-old boy according to
UK growth charts. In retrospect,wehave learned that the size
of the ureter in young domestic pigs is significantly smaller
compared with humans. In Clavica et al’s study, ureters of
eight domestic pigs (aged between 6 and 8 months) were
harvested, cut at 15 points from the UPJ to the UVJ, and the
inner and outer diameters were measured. At the junction
between the upper andmid-portion, the internal diameter of
the ureter was 3.0�0.6mm, and the upper part of the mid-
ureter was only 2.4 to 2.6mm.17 This clearly explains our
difficulties with the first two animals when trying to insert
the 5-mm diameter device. The ureter was not stretchable
enough to accommodate the few-centimeter-long device.

In animal number 3, removal of the insulation from the
ureteric magnet reduced the diameter to 4mm, which
enabled us to pass the device into the distal ureter. However,
this resulted in an asymmetric magnetic pair (i.e., loss of a
symmetric low-pressure zone) and may have been the
reason for the magnets dislodging above the newly formed
anastomosis. In any case, we believe it is mandatory to keep
the lumenopen for some time once the anastomosis has been
established to prevent early scarring and subsequent stric-
ture formation. In fact, the outcome after pediatric pyelo-
plasty with a temporary stent left in situ seems superior to
stent-less procedures.18

In addition to the need to create a symmetric anastomosis,
the spare magnet in our device was attached to the tip of a
Malecot catheter. This seemed to prevent early dislocation of
the catheter after fusion and formation of the anastomosis.

Ultimately, our decision to alter the study protocol and wait
an additional 4 weeks in the hope of finding ureters with larger
lumenswassuccessful. The implantationof thePUMAin the last
two animals (number 4 and number 5) was unproblematic.

Unfortunately, we lost one animal (pig number 4) due to
malignant hyperthermia. A careful evaluation of the anesthesia
protocol revealed that vital parameters began to deteriorate

even before the insertion of the device. Therefore, we speculate
that not the PUMA itself, but some of the anesthetic drugs,
environmental factors, or unknown medical conditions must
have triggered the reaction.

Although the insertion of the device was performed with
ease in animal number 5, the maximum observation time
was limited due to a subsequent rapid weight gain in the
domestic pig. Subsequently, the experiment was discontin-
ued at a weight of 135 kg, as both the capacity of the animal
laboratory and the accompanying infrastructure (i.e., the
operating table rated for a maximum total weight of
140 kg) had reached their limits.

This experimental series in five domestic pigs has clear
limitations. Finally, we were only able to complete the
planned protocol and achieve a longer follow-up time in
one animal (i.e., a 20% success rate). In retrospect, it would
have beenmore sensible towait initially until the ureter size
in the test animals was sufficiently large (i.e., weight� 68kg)
to allow the device with a 5mm diameter to be inserted
without difficulty. In theory, reducing the diameter of the
magnets while maintaining the same magnetic strength
might have been another option to overcome our problem
with the small ureteric diameter in domestic pigs. However,
in a test series, we found that smaller magnets (i.e., 3mm
outer diameter, 1.7mm inner diameter, 8mm length, and a
maximum N52 magnetization) did not seem to provide
adequate magnetic force to create a sufficient anastomosis.
Another possible way to reduce the magnet diameter while
maintaining the same strength,which should be tested in the
future, might be achieved through an oblique alignment of
the contact surfaces.

In selecting the animal model, we relied on previous
experience, where minipigs and farm pig models appear to
be optimal for experimental research on upper urinary tract
surgery using an endoscopic approach.19 While the study on
ureteric magnetic anastomosis itself is promising, the

Fig. 3 Following removal of the pyeloureteral magnetic anastomosis device (PUMA) a retrograde contrast study revealed a patent anastomosis
(A), which was confirmed on autopsy (B, C).

European Journal of Pediatric Surgery © 2025. Thieme. All rights reserved.

Pyeloureteral Magnetic Anastomosis Device in Domestic Pigs Kubiak et al.



present model does not seem suitable for achieving a follow-
up time beyond 12 weeks. Recently, An et al reported a
successful formation of ureterovesical anastomoses using
magnetic compression force in New Zealand rabbits. For
this, magnets with a diameter of 5mmwere applied 4 weeks
after the initial ligation of the ureters at the level of theUVJ.20

However, it is questionable whether the rabbit model, due to
the short ureters and differing histology,19 is suitable for our
experimental purposes.

Ultimately, in this test series, a patent pyeloureteral anas-
tomosis could be achieved by laparoscopic application of the
PUMA, considering the technical limits of the prototype and
the hydronephrotic domestic pig model. To the best of our
knowledge, this is the longest observation ever reported on a
magnetic upper ureteric anastomosis in vivo in animals.

Clearly, in recent years, MCA (“magnamosis”) has become
an innovative tool and has already been sporadically applied
in adult21,22 and pediatric urology.10 Nevertheless, we be-
lieve it is important to further extend the follow-up period
with the PUMA in a different experimental setting before
transferring it into medical practice, especially since cases
have been described after renal transplantation in which
pyeloureteral stenosis was observed as a late complication.23
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How I do it
Cheap and clean dry balloon training
model for laparoscopic pyeloplasty
Zita Hornok a,b,*, Andrea Ferencz a, Rainer Kubiak c,
Tamas Cserni a,d
Summary
Simulation-based training (SBT) has a significant role
in training in complex procedure like laparoscopic
pyeloplasty. We propose a new training model for
laparoscopic pyeloplasty which has been compared
to other models. Trainees (n Z 22) evaluated our
balloon model (BM) and three other models -glove
rol.2023.03.029
s). Published by Elsevier Ltd on behalf of Journal of Ped
//creativecommons.org/licenses/by/4.0/).
finger model (GFM), chicken thigh model (ChTM) and
chicken crop model (ChCrM)- subjectively, based on
a 5-point Likert scale. The face validity mean score
of our BM model was 3.58 � 0.69. Our novel model
can be a cost-effective, hygienic, and easy-access
alternative to other laparoscopic pyeloplasty
models.
Simulation-based training (SBT) has a very
important role in surgical education, espe-
cially in minimally invasive pediatric surgery
and urology [1,2].

Our aim was to compare our novel training
model to other three, previously described
laparoscopic pyeloplasty models in terms of
face validity (Fig. 1).

BM is made from a spherical birthday
balloon, representing the dilated renal pelvis
and a sausage balloon, representing the prox-
imal ureter. The spherical balloon was cut and
sutured to a kidney-shaped sponge. The FGM is
made from a latex glove: palm of the glove
represented the dilated renal pelvis, finger of
the glove represented the proximal ureter and
a knot on it was considered as pyeloureteral
junction obstruction [3]. The ChTM is made
from reconfigured and sutured skin of a
chicken thigh represented dilated renal pelvis
and ureter [4]. The ChCrM is made from
chicken crop stitched to pig kidney: crop filled
with water simulated the dilated renal pelvis
and chicken esophagus represented the prox-
imal ureter [5]. All models were created by
the same surgeon (ZH).

Twenty-two trainees (Table 1) attending a
one-day laparoscopic skill training course were
recruited in the study. They performed some
intracorporeal knots and continuous suture on
each model laparoscopically in random order
and the models were assessed based on design,
realism, similarity in size, tactile sensation,
suturability, usability, and handling.

Thereafter they completed a 7 items
Likert-based, non-validated questionnaire.
The 5-point Likert scale is a type of
psychometric response scale in which partici-
pants specify their level of agreement to a
statement in five points: (1) very poor; (2)
poor; (3) fair; (4) good; (5) excellent. A one-
way ANOVA calculator was used to compare
the models.

The study was conducted after the
approval of the ethical committee and
obtaining written informed consent. Semmel-
weis University’s IRB number is IRB00013042.

All results are summarised in a table and a
diagram (Fig. 2, Table 2).

In this study two low-fidelity, synthetic
models and two high-fidelity animal-based
models were compared.

The low-fidelity synthetic models (GFM,
BM) have the advantages of being easy to
replicate and available for domestic use, thus
promoting repeated practice.

The animal-based high-fidelity models
(ChTM, ChCrM) provide a more realistic expe-
rience, but they require special handling,
including cold storage, a separate place or
laboratory for practice, and thorough clean-up
and disinfecting procedures after the practice
to prevent infections. These models are not
suitable and comfortable for domestic use.

The BM was found to be significantly supe-
rior to FGM and ChTM in design, realism and
similarity in size. BM received generally high
values, it scored below 4 only in tactile
sensitivity and suturability.

This study gathered only on non-expert’
feedback. Objective parameters, such as
anastomotic construction time and reliability
were not tested, and the sample size was
small. The trainees assessed the models in
iatric Urology Company. This is an open access article
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Fig. 1 1. Balloon model (BM), 2. Chicken crop model (ChCrM), 3. Finger glove model (FGM), 4. Chicken thigh model (ChTM).

Table 1 Demographic data of trainees.

Surgical specialities Number of trainees (%)

general surgery 10 (45%)
pediatric surgery 4 (18%)
gynecology 4 (18%)
urology 3 (14%)
neurosurgery 1 (5%)
Operative experience

1 year 1 (5%)
2 years 14 (64%)
3 years 5 (23%)
4 years 0
5 years 1 (5%)
6 years 1 (5%)
Laparoscopic experience

yes 16 (73%)
no 6 (27%)

0 1 2 3 4 5 6

design

realism

size

tactile sensitivity

handling

suturability

usefulness

Likert scale

Face validity of models

ChCrM ChTM FGM BM

Fig. 2 Analysis of the survey results.
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Table 2 Trainees subjective scores (mean � SD) on the models, based on a 5-point Likert scale. The differences between face
validity mean scores were statistically significant (p Z 0.00001).

BM FGM ChTM ChCrM

design 4.41 � 0.59 2.59 � 1.05 3.82 � 0.91 4.82 � 0.50
realism 4.00 � 0.76 2.14 � 0.99 3.45 � 1.06 4.77 � 0.43
size 4.23 � 0.75 3.00 � 0.69 3.86 � 0.56 4.45 � 0.74
tactile sensitivity 3.14 � 0.83 2.32 � 0.72 3.86 � 0.64 4.64 � 0.49
handling 4.64 � 0.49 5.00 � 0 2.09 � 0.61 1.50 � 0.51
suturability 3.45 � 0.96 2.95 � 0.95 3.91 � 0.68 4.23 � 0.61
usefulness 4.09 � 0.87 3.14 � 0.89 4.09 � 0.75 4.73 � 0.46
MEAN SCORE 3.99 � 0.53 3.02 � 0.95 3.58 � 0.69 4.16 � 1.19

Balloon model for laparoscopic pyeloplasty 473
random order, which could potentially affect the out-
comesof our study.

BM can be considered as a useful high-fidelity, easy ac-
cess, cheap, hygienic, domestic-use training tool for su-
turing and hand-eye coordination which are prerequisite for
successful laparoscopic pyeloplasty.
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a b s t r a c t 

Background: We designed a new Esophageal Magnetic Anastomosis Device (EMAD) for thoracoscopic 

repair of esophageal atresia (EA) with tracheoesophageal fistula (TEF) without the need of handheld su- 

turing or additional gastrostomy. 

Methods: Synthetic EA-TEF model: Spherical and tubular shaped rubber balloons and a term infant sized 

plastic doll were used. Medical students ( n = 10) and surgical trainees ( n = 10) were asked to perform 

thoracoscopic repair of an “EA” with a hand sutured anastomosis (HA) and with the EMAD. Euthanized 

animal model: The esophagus in 5 piglets (3–4 kg) was dissected and a thoracoscopic esophageal mag- 

netic anastomosis (EMA) was performed. Bursting pressure (BP) and pulling force (PF): HA and EMA were 

created on ex vivo New Zealand white rabbit (2.5–3 kg) esophagi ( n = 25 in each test series). BP and PF 

were measured and compared against each other. 

Results: Medical students were unable to complete HA, but were successful with the EMAD in 

11.1 ± 2.78 min. Surgical trainees completed EMA in 4.6 ± 2.06 min vs. HA 30.8 ± 4.29 min ( p < 0.001). 

The BP following a HA (14.1 ± 3.32 cmH 2 O) was close to the physiological intraluminal pressure reported 

in a neonatal esophagus (around 20 cmH 2 O), whereas the BP with the EMAD was extremely high ( > 90 

cmH 2 O) ( p < 0.001). The PF of an EMA (1.8 ± 0.30 N) was closer to the safety limits of anastomotic tension 

reported in the literature (i.e. 0.75 N) compared with the HA (3.6 ± 0.43 N) ( p < 0.0 0 01). 

Conclusion: The EMAD could simplify, shorten, and potentially improve the outcome of thoracoscopic 

repair for EA with TEF in the future. A high BS and a relative low PF following EMAD application may 

lower the risk of postoperative complications such as esophageal leakage and stricture formation. 

© 2022 Elsevier Inc. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Thoracoscopy in children is well established. However, the re-

quirement of high level endoscopic suturing skills and a long pro-

cedural time in complex operations such as esophageal atresia (EA)

repair reduces the acceptability of MIS in neonates [1] . Addition-

ally, thoracoscopic repair of EA has not been proven to be superior

in terms of postoperative complications compared with an open

repair [2] . 

Magnetic compression anastomosis (MCA) was originally de-

signed to simplify and shorten surgical procedures by eliminating

the need for suturing and to reduce the risk of anastomotic leakage
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by providing equal and continuous tissue compression (i.e. better

seal compared with a conventional hand held suture) [3] . The Har-

rison ring has been approved by the U.S. Food and Drug Admin-

istration (FDA) for intestinal anastomoses [4] ; the Flourish device

was designed to repair long gap EA without tracheoesophageal fis-

tula (TEF) and has been reported to eliminate anastomotic leakage

completely [5] ; the Connect-EA has been successfully used for EA

repair in neonates [6] . However, in both of the latter devices a two-

staged procedure is required - 1) thoracoscopy (or thoracotomy) in

order to ligate the fistula and/or insert a gastrostomy followed by

2) insertion of magnets [ 5 , 6 ]. 

Most recently, our group reported on the pyeloureteral mag-

netic anastomosis (PUMA) device with a unique delivery system,

which significantly simplifies laparoscopic pyeloplasty in an ex-

perimental setting [7] . Based on the PUMA concept, this paper

reports our technique of performing a one-stage procedure -

thoracoscopy for ligation of fistula and simultaneous insertion
geal Magnetic Anastomosis Device (EMAD) to simplify and improve 
ageal fistula: A proof of concept study, Journal of Pediatric Surgery, 
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Fig. 1. Esophageal Magnetic Anastomosis Device (EMAD) with fixed “lower pouch 

magnet” (arrow) and free “upper pouch magnet” (star). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Synthetic EA-TEF model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of magnets together with a transanastomotic feeding tube. Of

note, our primary objective is not to review the validity of using

magnets for creating an esophageal anastomosis since this has

been reported previously [ 5 , 6 ]. Our aim is rather to assess a new

method of delivering the magnets thoracoscopically for simultane-

ous EA and TEF repair. Crucially, there is no need for gastrostomy

and mini-laparotomy, there is no need for endoscopy, and there is

no need for image-intensifier. 

2. Material and methods 

2.1. Device 

The Esophageal Magnetic Anastomosis Device (EMAD) was built

with two N35 neodymium nickel coated magnetic cylinders with

4 mm outer diameter, 2 mm inner diameter and 8 mm length. The

first magnet (“lower pouch magnet”) is fixed to a 6 Fr soft feed-

ing tube and a 3/8 circle, custom-made needle (Medit ̋u KFT, Makó,

Hungary). A second magnet is “free” in order to be administered

orally into the upper pouch ( Fig. 1 ). 

2.2. Assessment of ease, speed and feasibility of using EMAD 

2.2.1. Anastomotic construction time in a synthetic EA-TEF model 

An EA-TEF model was made out of spherical and tubular shaped

rubber balloons fixed in a term infant sized baby doll. It was cut

in half in the sagittal plane and placed in the left hemidecubitus

position in order to simulate a realistic surgical position. Plastic

tubes were used to represent authentic anatomical structures such
Please cite this article as: Z. Hornok, R. Kubiak, D. Csukas et al., Esopha
outcome of thoracoscopic repair for esophageal atresia with tracheoesoph
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as trachea, azygos vein and vagal nerve. A 5 mm port was inserted

in the “fifth intercostal space” at the lower edge of the scapula for

a USB camera that was connected to a personal computer. For in-

strumentation, a 3 mm port was placed into the right thoracic cav-

ity in the “third intercostal space” in the mid-axillary line, and an-

other 5 mm port at the level of the “fifth intercostal space” further

posteriorly ( Fig. 2 ). 

Two groups were studied: ten ( n = 10) medical students with

no previous experience in laparoscopic surgery and ten ( n = 10)

general surgical trainees, who had been enrolled into a laparo-

scopic skills training program. They were asked to perform an

anastomosis within the model by using both methods, a conven-

tional laparoscopic single layer hand sutured end-to-end anasto-

mosis (HA) with 6 knots and the EMAD. Prior to the procedure all

participants viewed a short instructional video. 

The operating time (t) for each method (HA versus EMAD) was

measured from the moment the instruments were touched until

removal of all instruments. 

2.2.2. Euthanized animal model 

Five euthanized piglets (weighing 3–4 kg) were used to per-

form the new EMAD method. All operations were carried out by

the same surgeon (ZH). The piglets were placed in the left recum-

bent position. A 5 mm optical Visiport trocar was inserted under

video guidance just below the tip of the right scapula. A 5 mm port

was placed in the fourth intercostal space close to the spine and

another 3 mm port at the same level with projection to the an-

terior axillary line. A pneumoperitoneum with 10 mmHg CO 2 was

established. The azygos vein, trachea, and esophagus were iden-

tified. Following mobilization, the esophagus was transected. The

upper end was ligated with either an Endoloop or a 5 mm clip.

The first magnet of the EMAD was introduced via the 5 mm port

and directed into the lower pouch. The needle of the device was

then pulled into the chest and stitched in an inside-out fashion

into the lower pouch. Following removal of the needle, the lower

pouch of the esophagus was closed with a clip. Subsequently, a

semi flexible endoscopic forceps was introduced from orally and

pushed through the wall of the upper pouch. The end of the stent

was grasped and pulled out through the mouth. Finally, the second

magnet was introduced and pushed down on the stent into the

upper pouch while the stent was simultaneously pulled towards

cranial until the two pouches with magnets met head on (Video). 

2.3. Validation of anastomotic integrity 

2.3.1. Bursting pressure 

Fifty esophagi with an equal length of 10 cm were taken from

on-farm sacrificed adult New Zealand white rabbits (weighing 2.5

to 3 kg). In order to assess the bursting pressure (BP) they were
geal Magnetic Anastomosis Device (EMAD) to simplify and improve 
ageal fistula: A proof of concept study, Journal of Pediatric Surgery, 
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Fig. 3. Comparison of time for hand sutured end-to-end anastomosis (HA) and use 

of EMAD performed by medical students and surgical trainees. ∗ , medical students 

were unable to complete HA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Comparison of bursting pressure (cmH 2 O) following HA and application of 

the EMAD in rabbit esophagi. ∗ , the maximum of 90 cm hydrostatic head in our 

experimental setting was exceeded in all specimen following the EMAD technique. 

Fig. 5. Comparison of pulling force (Newton) following HA and application of the 

EMAD technique in rabbit esophagi. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

transected transversely and randomly divided into two groups:

end-to-end HA in group A ( n = 25) and end-to-side esophageal

magnetic anastomosis (EMA) in group B ( n = 25). For the HA in-

terrupted suture were performed with two corner stitches followed

by two stitches each in the anterior and posterior esophageal wall

using USP 4–0 polydioxanone. All preparations were carried out by

the same surgeon (ZH). The hydrostatic pressure was measured in

both groups in compliance with the principle of communicating

vessels. A clamp was placed on the distal end of the esophagus

and the proximal end was filled with water stained with methy-

lene blue at a steady rate. The pressure when the anastomosis be-

gan to leak was defined as “bursting pressure”. 

2.3.2. Pulling force 

Fifty esophagi with an equal length of 10 cm were taken from

on-farm sacrificed adult New Zealand white rabbits (weighing 2.5

to 3 kg). Subsequently, the pulling force (PF) was measured in

n = 25 for each group (i.e. HA versus EMDA). For this purpose,

one end of the resected esophagus was mounted on a table and

the other end was attached by traction sutures to a dynamome-

ter. The ends were then stretched at a constant speed. The pulling

force was defined as the pressure applied when the ends of the

anastomosis started to come apart. 

2.4. Statistical analysis 

Data were expressed as mean ( ± SEM) as stated. The Student’s

t -test was applied for comparison of the results. P-values ≤ 0.05

were considered statistically significant. 

3. Results 

3.1. Assessment of ease, speed and feasibility of using EMAD 

3.1.1. Anastomotic construction time in the EA-TEF synthetic model 

The results are presented in Fig. 2 . Medical students were un-

able to complete the conventional hand sutured anastomosis (HA)

at all. Surgical trainees were able to cope with either method. In

the latter subgroup ( n = 10) the time for the esophageal magnetic

anastomosis (tEMA) was significantly shorter (4.6 ± 2.06 min)

compared with tHA (30.8 ± 4.29 min) ( p < 0.001) ( Fig. 3 ). 

Medical students were able to successfully complete an anas-

tomosis with the EMAD. Although it took them considerably

longer than their experienced colleagues (11.1 ± 2.78 min vs.

4.6 ± 2.06 min; p < 0.001), the time was still significantly shorter

in relation to tHA (11.1 ± 2.78 min vs. 30.8 ± 4.29 min) ( p < 0.001).
Please cite this article as: Z. Hornok, R. Kubiak, D. Csukas et al., Esopha
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3.1.2. Procedure in euthanized piglets 

The application of the new EMAD was feasible in 5 euthanized

piglets. No hand held anastomotic suturing was necessary. 

3.2. Validation of anastomotic integrity 

3.2.1. Bursting pressure 

The results are presented in Fig. 4 . The mean BP of the EMA

( n = 25) was significantly higher ( > 90 cmH 2 O) compared with the

HA ( n = 25) (14.1 ± 3.32 cmH 2 O) ( p < 0.0 0 01). Of note, BP was

above 90 cmH 2 O in all cases following magnamosis. 

3.2.2. Pulling force 

The mean maximum PF of the HA ( n = 25) (3.6 ± 0.43 N) was

significantly higher than the anastomosis using the EMAD ( n = 25)

(1.8 ± 0.30 N) ( p < 0.0 0 01) ( Fig. 5 ). 

4. Discussion 

A thorascoscopic repair of an EA is a difficult procedure which

requires extensive training and expertise. The surgery takes place

in a small body cavity (which restricts the ergonomics) and tradi-

tionally requires 8–12 hand sutured stitches. This can take place

under suboptimal conditions (e.g. the anesthetist may struggle

with one lung collapsed, and there may be escape of ventilation

through a large fistula). While speed should never be a major cri-

terion for performing complex surgery, in the context of thoraco-

scopic repair of EA, speed (not haste) is important. 

At present, magnetic anastomotic techniques are mainly applied

for the treatment of long gap EA without TEF [ 5 , 6 ]. We speculate

that, if magnamosis was successful in cases with long gap EA, it
geal Magnetic Anastomosis Device (EMAD) to simplify and improve 
ageal fistula: A proof of concept study, Journal of Pediatric Surgery, 
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could have been even useful for the most common cases of EA

with TEF. The benefits with our EMAD would be that the proce-

dure becomes more simple and easy to perform, with a reduced

operative time, and potentially less complications (i.e. leakage and

stricture formation) compared with the open and/or thoracoscopic

standard procedures, after which postoperative sequelae are still

reported. This paper describes a technique which effectively short-

ens the time taken to perform the most difficult technical part of

the procedure while still achieving a secure anastomosis. It also

obviates the need for a second procedure (i.e. to insert magnets). 

The presented technique was modified from a previously de-

scribed method for performing a pyeloplasty using magnamosis

(PUMA) [7] . In both, a smaller caliber tube (i.e. lower esophageal

pouch or distal ureter) requires connection to a larger caliber

tube/structure (i.e. upper esophageal pouch or renal pelvis) and

meticulous surgical skills are mandatory in order to avoid post-

operative complications including leakage and stricture formation.

This similarity inspired us to develop an EMAD based on the PUMA

concept [7] . 

Our EA-TEF model that was developed to assess the EMAD was

built from similar materials used previously for the PUMA simu-

lator. In fact, the size of the balloons (with a diameter of 15 mm)

resembles the esophagus even more realistically than the ureter

[7] . Overall, our experience with the EMAD was very similar to the

PUMA device. The application of either method seemed to require

no specific previous MIS skills, but only a short video tutorial and

some verbal advice. 

Laparoscopic suturing requires practice and skill. Not surpris-

ingly the medical students were unable to perform a hand sutured

anastomosis without basic training. However, they all completed

the EMA with relative ease. They took a mean of 11.1 min to

perform an anastomosis using the EMAD. Although they required

longer than the surgical trainees their performance with the new

device was still remarkable and still significantly faster compared

with the time taken for a HA by their senior colleagues. We feel

this provides clear evidence that the EMAD simplifies and shortens

the procedure without the burden of a learning curve as described

for thoracoscopic EA repair performed with a standard technique

[8] . 

Rabbit esophagi have been previously used as a model for

thoracoscopic EA repair and research regarding the quality of

esophageal anastomoses [9–11] . The size of the adult rabbit esoph-

agus is comparable with that of a human newborn (on average

5 mm in diameter and 8–10 cm in length). The rationale behind

testing mechanical stability in euthanized animals was to demon-

strate the stability of the device in the „acute postoperative phase”.

Since feeding is commenced normally early via the NG tube and

associated gastroesophageal reflux and/or esophageal dysmotility

are always present to a certain extent, a mechanically more sta-

ble „junction” or “anastomosis” is a clear advantage after EA re-

pair. We observed that the anastomotic leak point following a

hand sutured anastomosis was much closer to the physiological

intraluminal pressure (around 20 mmH 2 O) reported in neonates

[12] compared with that of the EMA. This suggests a better seal

and may explain the lower rate of postoperative anastomotic leak-

age after EMA in clinical studies [4–6] . Moreover, we speculate

that EMA may reduce human errors that occur with hand-held

suturing. 

Increased tension between the two ends of the anastomosis is

a significant problem following EA-TEF repair, particularly in those

cases with a longer distance between both ends (i.e. long gap EA).

Most recently a Canadian group reported on a higher incidence of

stricture formation and the need for numerous dilatations follow-

ing magnetic repair of EA. [13] . However, in their study only two

complicated cases were included, both of which underwent mag-

namosis after primary repair had failed [13] . 
Please cite this article as: Z. Hornok, R. Kubiak, D. Csukas et al., Esopha
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It remains vague to define the exact amount of tension in indi-

vidual patients that is still within tolerable limits in order to min-

imize the risk of postoperative sequelae, including leakage and/or

stricture formation: To the best of our knowledge there is no stan-

dard tool available for this except the surgeon’s experience. In

one study the estimated tension that was considered to be “safe”

should not exceed 0.75 N [14] . 

The maximum pulling force of the magnets used for the EMAD

lay between 3 and 4N according the manufacturer’s manual (Eu-

romagnet KFT, Budapest, Hungary). As a consequence, if the mag-

nets are not correctly aligned (i.e. magnets are not remaining to-

gether) or are easy to separate, the tension between the pouches

is probably beyond the safety limit. In this study, the mean pulling

force in an ex vivo model using rabbit esophagi was significantly

lower with the EMAD compared with a hand sutured anastomosis

(1.8 versus 3.6 N). Therefore, we believe that an EMAD rather may

help the surgeon to assess whether an esophageal anastomosis is

still safe or possibly necessitates a change of strategy, such as ex-

tended mobilization of the upper and/or lower pouch or a staged

repair [ 15 , 16 ]. Ideally, if we knew the minimal force required for

the anastomosis and add the safe tension limit, we could have then

created the optimal magnetic strength for our device. 

The application of our EMAD results in an end-to-side anas-

tomosis. Previous studies have described end-to-side repair of

esophageal atresia with ligation of the fistula as a possible alter-

native to an end-to-end anastomosis with no significant difference

in the postoperative leakage rate [ 17 , 18 ]. 

The use of endoclips for TEF closure is debatable, however,

there are no reported long-term complications with this method

and the use of clips simplifies and shortens the procedure [ 19 , 20 ].

For practical reasons we used simple titanium clips in our model

on five euthanized piglets for closure of the distal esophageal end.

Since a certain amount of tension towards the (clipped) distal

esophageal pouch can be expected this approach could be asso-

ciated with an increased risk (i.e. dislodgement of the clip) in vivo.

We would therefore recommend the application of special endo-

clips ideally with a chevron shape and/or a locking system in order

to provide a tip-to-tip closure and ensuring more secure contain-

ment of the tissue. During the insertion of the EMAD it is also im-

portant to keep an appropriate distance from the esophageal end

of the dissected fistula when the device is being stitched in. This

is in order to further reduce the tension towards the clip by pro-

viding an adequately sized stump. In this context we would like to

stress the point that significant tension of the anastomosis should

be generally avoided. In those cases in which the magnets are not

coming together smoothly, a different technique should be consid-

ered. 

This study is limited because it focuses on a new surgical

method with a new delivery system that was only tested in a sim-

ulator (i.e. plastic doll) and ex vivo tissue, but not within an in

vivo animal model. Survival of the animals (i.e. keeping the an-

imals alive after esophageal dissection and anastomosis with the

EMAD) would have been very difficult. Moreover, the safety and

benefits of magnetic anastomoses have been already shown in an-

imal and human studies [ 6 , 21 , 22 ]. 

The guide wire that is passed via the trocar into the lower

stump to facilitate the insertion of the stent with the needle and

the first magnet attached is considered as being sterile. However,

the grasper which is introduced trough the upper pouch into the

mediastinum in order to pull the stent out into the mouth will cre-

ate a small caliber hole; hence this maneuver may be associated

with an increased risk of infection. Nevertheless, this “iatrogenic

lesion” is significantly smaller (i.e. less than 2 mm) than the outer

diameter of the magnet applied (5 mm). Unless there was no ex-

ceeding tension (e.g. long gap EA), in which case a primary anasto-

mosis with the EMAD is usually not recommended and would have
geal Magnetic Anastomosis Device (EMAD) to simplify and improve 
ageal fistula: A proof of concept study, Journal of Pediatric Surgery, 
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been swapped to another approach/technique, the (second) magnet

will not pass through this hole and should provide an adequate

seal. In this context, as part of the “gold standard” (open and/or

thoracoscopic) EA-TEF repair the upper pouch is opened routinely

to advance an NG tube further into the lower pouch. This is also

a potential source of contamination to the mediastinum, but not

considered as a major risk, particularly since the patients are nor-

mally commenced on prophylactic antibiotics. 

With regard to the analysis of the bursting pressure in rabbit

esophagi all EMDA samples exceeded 90 cmH 2 O. Because of our

experimental setting with a maximum of 90 cm hydrostatic head

exact numbers are missing. Nevertheless, a significant difference

compared with the bursting pressure following a HA could be de-

tected. 

Overall, we feel that the presented investigations provide suf-

ficient evidence for proof of concept and possible benefits of an

EMAD. 

5. Conclusion 

In conclusion, the EMAD based on the PUMA concept may sim-

plify and improve outcome for thoracoscopic repair of EA with TEF

in the future. 

Supplementary materials 

Supplementary material associated with this article can be

found, in the online version, at doi: 10.1016/j.jpedsurg.2022.09.040 . 
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