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Abstract

Almost 15 years have passed since the first paper on the possibility of using
magnets to prevent gastro-esophageal reflux (GER) was published and so it is
time to assess the results obtained with the first magnetic device available on the
market, the Linx magnetic sphincter augmentation (MSA) and to consider what
other options are forthcoming. MSA demonstrated an anti-reflux activity similar
to that of Nissen fundoplication, considered the “gold standard” surgical
treatment for GER disease, and caused less gas-bloating and a better ability to
allow vomiting and belching. However, unlike Nissen fundoplication, this mag-
netic device is burdened by complications, which are roughly similar to those of
the non-magnetic anti-reflux Angelchik prosthesis, that, after considerable use in
the eighties, was shelved due to these complications. It is interesting to note that
some of these complications show the same pathophysiological mechanism in
both devices. The upcoming new magnetic devices should avoid these complic-
ations, as their anti-reflux magnetic mechanism is completely different. The
experiments in animals regarding these new magnetic appliances were examined,
remarking their advantages and drawbacks, but the way to apply them in surgical
practice is long and difficult, although worthy, as they represent the future of
magnetic surgery.

Key Words: Gastro-esophageal reflux disease; Magnetic sphincter augmentation device;
Nissen fundoplication; Angelchik prosthesis; Lower esophageal sphincter; Dysphagia

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The idea of a magnetic device aimed to prevent gastroesophageal reflux was
conceived and realized more or less 15 years ago, for which it is time to take stock and
consider its future. The first and only device available nowadays in the market is the
Linx magnetic sphincter augmentation. Its effectiveness was examined and compared
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to that of Nissen fundoplication, whereas its complications, similar to those of the
Angelchik prosthesis, were described and their pathophysiology discussed. Fur-
thermore, the pros and cons of the upcoming magnetic anti-reflux devices were
examined, underlining the fact that, working with a mechanism completely different to
that of the first device, many of its complications could be avoided.

Citation: Bortolotti M. Magnetic challenge against gastroesophageal reflux. World J
Gastroenterol 2021; 27(48): 8227-8241

URL: https://www.wjgnet.com/1007-9327/full/v27/i48/8227 .htm

DOI: https://dx.doi.org/10.3748/wjg.v27.148.8227

INTRODUCTION

It is well known that gastrointestinal sphincters may undergo a weakening in their
function of blocking the retrograde flux of contents as at the gastro-esophageal
junction level, giving rise to the gastro-esophageal reflux (GER) and the antegrade
flux, as at the anal level, causing fecal incontinence. Researchers have tried to
strengthen these sphincters by means of medical and surgical treatments, with varying
success, and in these last few years they have started using magnets.

Until a few years ago magnetic devices were used only in laparoscopic and end-
oscopic surgery, providing alternatives for retraction, anchoring, compression,
mobilization, and anastomosis[1]. In particular, circular magnets applied face to face
have been used to create an “anastomosis” between two adjacent intestinal loops,
through necrosis of the compressed tissues, in order to bypass the stop caused by
scarring stenosis or by an inoperable cancer obstructing the intestinal lumen[2]. This
latter appliance of the magnetic force made me think that the reciprocal attraction of a
couple of low power magnets placed face to face outside the opposite walls of a
sphincter, may squeeze it, thereby closing the lumen. Thus, some fifteen years ago I
described in a bench-top experiment this novel idea of strengthening a gut sphincter
with magnets and sent the article to the Journal of Biomechanics in 2003, but “oddly”
the article was only published in 2006[3]. As illustrated in Figure 1 in this study a
couple of magnetic plaques were applied with the opposite polarities facing each other
on the opposite sides of a flaccid tube perfused with water by means of a pump at a
certain pressure. The plaques, which attract one another, squeeze the lumen of the
tube thereby blocking the flux of the content (like a sphincter that prevents reflux).
When the endoluminal pressure is increased above the attraction force of the magnets,
the plaques detach themselves, allowing the flow to resume (like a sphincter that
opens). On the other hand, when the endoluminal pressure is decreased, the attraction
force again prevails and the plaques again squeeze the lumen (to prevent reflux).
Furthermore, the force of closure of the plaques can be increased or decreased as
desired using magnets with a different force of attraction.

A few years after the aforementioned publication, an increasing number of papers
from 2008 to today on the use of magnets to strengthen gut sphincters, and in par-
ticular the lower esophageal sphincter (LES), became available. The first magnetic
device available on the market to strengthen a weak LES, called Linx magnetic
sphincter augmentation (MSA), appeared in an article[4] approximately 13 years ago
and represented a clever evolution of the first idea previously published in 2006[3].
This paper was followed by many other studies and so today it is time to consider the
surgical magnetic story, assess its successes and failures, as well as drawbacks and
complications, and look to the future with the upcoming magnetic devices. A literature
search was carried out essentially in the PubMed database, with the following search
terms: “magnetic sphincter augmentation device”; “Linx reflux management system”;
and “antireflux magnetic devices”. From the articles thus found, the most significant
and representative were chosen to fulfil the aim of the study. However, a systematic
review is not the purpose of this study, but, starting from state-of-the art , I have tried
to provide a perspective for future research.
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Figure 1 Benchtop experiment to demonstrate the possibility of creating a sphincter with two magnetic plaques. A: Schematic illustration of
the bench model used to study the new anti-reflux device based on magnets. On the right there is a flaccid polyethylene tube 2.8 cm in diameter, mimicking the
gastro-esophageal junction. It is squeezed perpendicularly by two rectangular magnets made of plastoferrite (Flexo) 2 cm x 4 cm x 0.5 cm with an attraction force of
0.36 N/cm?, when in contact and 0.16 N/cm?, at a distance of 7 mm. It creates a high pressure zone 2 cm wide, that divides the tube in segment E (esophagus) and G
(stomach). The tube is perfused with water by a pump and the pressure variations in each segment are detected with 2 pressure transducers and recorded by a
polygraph; B: Intraluminal pressure variations in segment G (bottom) and E (top). The pressure in segment G (stomach) was progressively increased by the pump
and when it reached approximately 11.5 mmHg, the magnets, simulating the sphincter, get detached, so that the pressure in segment E (esophagus) starts to
increase, mimicking a gastro-esophageal reflux and reaching the level of the segment G. Once the pump stops the pressure falls and the magnets adhere again,
closing the passage. Exchanging the letter E for G and G for E, this sequence of events may represent the passage of a bolus through the zone squeezed by the
magnets. A-B: Citation: Bortolotti M. A novel anti-reflux device based on magnets. J Biomech 2006; 39: 564-7. Copyright®© The Authors 2020. Published by Elsevier.
The authors obtained permission for use of the figure from the Elsevier Publishing Group (Supplementary material).

THE MSA DEVICE

The first MSA device to prevent GER (LINX Reflux Management System) was
produced by Torax Medical, Inc., Shore View, MN, United States, and was utilized in a
2008 study by Bonavina et al[4]. It consisted of a “collar” of titanium beads with a
magnetic core of neodymium interlinked along an independent flexible titanium wire
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(Figure 2). The magnets were allowed to slide against one another along the wire, self-
attracting by their magnetic force and self-detaching under the action of an opposing
force, as the expanding pressure that dilates the “collar”. In this manner they can
attach and detach each other, thereby tightening or widening the collar which,
consequently, closes and opens the esophageal lumen below. This “magnetic collar” is
placed around the abdominal esophagus at the patient’s LES level, by adapting its
circumference by increasing or decreasing the number of magnetic beads.

Effectiveness of the Linx MSA device (“magnetic collar”) in preventing GER

The first clinical trial[4] with the “magnetic collar” MSA, carried out in 2008 on 38
GERD patients, reported that, after a mean follow-up of 209 d, the GERD-Health
Related Quality of Life (HRQL) score significantly decreased from 26.0 to 1.0, whereas,
3 mo after insertion, 89% of patients were off anti-reflux medications, and 79% had a
normal 24-h pH recording test. Mild dysphagia occurred in 45% of patients. A
subsequent study[5] performed in 2013 on 100 patients showed that at the 1-year
follow-up there was a normalization or a 50% or greater reduction in esophageal acid
exposure at 24-h pH test in 64% of patients, together with an improvement of 50% or
more in GERD-HRQL scores in 92% of patients. In addition, there was a 50% or greater
reduction in the use of proton-pump inhibitors (PPIs) and a significant increase in LES
pressure. However, 36% of patients did not reach the normal esophageal acid
exposure, whereas at the 1-year follow-up, esophagitis was still present in 10% of
patients and had developed in 8%.

More or less similar results regarding the effectiveness in preventing GER were
obtained by other investigators[6-11] in the following years up to 2020. One of the
recent most complete studies from a single referral center was that of Ferrari et al[12],
who followed up 124 patients for six up to 12 years (median 9 years) after insertion of
the MSA device. The mean total GERD-HRQL score significantly improved from 19.9
to 4.01, PPIs were discontinued by 79% of patients, the mean total percent time with
pH < 4 at 24-h pH recording significantly decreased from 9.6% to 4.1% and 89% of
patients achieved intra-esophageal pH normalization. However, the term normal-
ization is inexact, being only an improvement. In fact, although there was a significant
decrease in the total % time pH < 4, the total number of reflux episodes, and partic-
ularly of those longer than 5 min, did not significantly decrease (Table 1)[12]. This
indicates that the MSA device may not completely seal the gastro-esophageal junction
and explains why in this study gastrointestinal endoscopy after a follow-up of 6 years
revealed a grade A esophagitis in 4.7% of patients and incomplete intestinal meta-
plasia in 2.8%. In addition, the fact that the number of reflux episodes was not
significantly decreased, whereas the total % time of acid exposure was significantly
decreased, indicates that the mean duration of each reflux episode is decreased.
However, this short duration does not depend on the closure of the gastro-esophageal
junction by the MSA device, but it is due to an improved peristaltic clearance activity
of the distal esophagus, which rapidly cleanses the mucosa from the refluxed acid[13].
In conclusion, after MSA device insertion the number of reflux episodes does not
change significantly, but esophageal acid exposure after each reflux decreases with
some benefits for the mucosa.

Comparison between MSA and Nissen fundoplication

The clinical results of MSA are not overwhelming when compared to those of Nissen
fundoplication, which is considered paramount in GER surgical treatment. Nissen
fundoplication showed excellent GER symptom control, low rates of complications
and reoperations in long-term follow-up studies[14], whereas only 15% of patients
reported recurrent symptoms[15]. In a review of studies with a long-term outcome
[16], the control of reflux symptoms, such as heartburn and regurgitation, was achi-
eved in 84% to 97% of patients, and in another similar review[17] good and excellent
results were reported in 85%-95% of patients, with reflux recurrence in only 1%-8.5%,
and dysphagia in 0%-10%.

Of great interest are the comparative studies of MSA vs Nissen fundoplication
(Table 2). In two studies of a systematic review and meta-analysis, one with 1211
patients[18], and the other with 688 patients[19], postoperative GERD-HRQL and PPI
suspension were similar in both the MSA and fundoplication groups, but MSA
resulted in less gas-bloating and a greater ability to belch and vomit. Similar results
were obtained in other comparative studies[20-23]. However, Riegler et al[20] found
that the percentage of MSA patients with PPI suspension was significantly higher than
that of fundoplication patients, whereas Warren et al[23] found the opposite results.
Skubleny et al[19] noted that the occurrence of gas-bloating was not statistically
different between the two treatments. In addition, Aiolfi et al[18] reported the
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Table 1 Esophageal pH measurements (mean  SD) off proton pump inhibitors[12]

Baseline 6-12 yr
Measure Pvalue
n=124 n=91
Total time (%)
pH<4 9.7 (6.4) 42(4.9) <0.001
Upright 9.7 (7.8) 4.6 (4.9) <0.001
Supine 8.3 (9.6) 3.3 (7.4) <0.001
Reflux episodes
Total number 92.2 (92.2) 71.5 (67.7) 0.125
Number lasting > 5 min 6.1 (6.0) 4.3 (5.8) 0.036
Longest (min) 329 (34.2) 19.6 (31.5) 0.005
DeMeester score 40.7 (26.5) 16.3 (18.8) <0.001

Jaishideng®

occurrence, although not statistically significant, of dysphagia requiring endoscopic
dilatation in 9.3% of patients of the MSA group vs 6.6% of the fundoplication group,
whereas Warren et al[23] observed that mild dysphagia was significantly more
frequent in MSA patients. Skubleny et al[19] found a trend with 24% of MSA patients
requiring dilatation vs 3.3% in those with fundoplication. In addition, Sheu et al[24]
stated that dysphagia associated with MSA lasted longer, was more severe and
required dilatation more frequently compared with fundoplication. The operative time
in patients with MSA was shorter than in those with fundoplication[18,19,21,23].
Finally, both the MSA intervention[25] and fundoplication[26] were followed by the
regression of intestinal metaplasia. In conclusion, although there are no randomized
controlled trials to more properly compare MSA results with those of Nissen
fundoplication, it can be said that both systems are roughly similar in preventing GER.
However, on the one hand MSA has the advantage of less gas bloating and greater
ability to vomit and belch, while on the other hand it has the disadvantage of a more
prolonged and severe dysphagia, requiring more frequent endoscopic dilatation and,
in some cases, device removal, as we will see later, along with other complications.

MSA complications and their pathophysiology

The most frequent complication after MSA device insertion was dysphagia; however,
its occurrence was highly variable. Ganz et al[5] reported that 68% of patients
developed dysphagia in the immediate postoperative period, which decreased to 11%
after 1 year. Twenty seven percent of these patients underwent esophageal dilatation
and 3% required device removal, whereas in the remaining patients dysphagia
spontaneously improved after some months. In a review of 35 studies[27], the most
common postoperative complication was dysphagia ranging between 6% and 83%,
whereas Ayazi et al[28] reported a 15.5% rate of persistent postoperative dysphagia in
a group of 380 patients who underwent MSA device insertion. Thirty-one percent of
these patients required at least one dilatation due to dysphagia or chest pain and the
overall positive response rate to this procedure was 67%, whereas 1.8% required
device removal. Schwameis et al[29] compared to pseudoachalasia the difficult transit
at the level of the esophago-gastric junction caused by the MSA device, because it
mimics the clinical and pathophysiological manifestations of idiopathic achalasia.

The occurrence of dysphagia or incomplete GER prevention may have various
explanations. The length of the “magnetic collar” (MSA) circumference, which must be
adapted to each patient by adding or removing some beads, may increase exposure
risk due to an incorrect measurement. Furthermore, sometimes by adding a bead, the
collar may be too large, giving rise to incomplete GER prevention, whereas, by not
adding the bead, the collar may be too tight, causing dysphagia. This phenomenon
could occur in patients with smaller esophageal circumferences. Dysphagia and
uncontrolled GER, which appear some time after surgery, could also be explained in a
different way. The MSA device, as the months go by, may be “encapsulated” by
fibrous tissue, as demonstrated by necropsy performed in a porcine model 11 mo after
MSA implantation[30]. This “encapsulation” of the MSA device due to a fibrotic
reaction was also confirmed in patients, in whom the “magnetic collar” was explanted
because of complications[31,32]. The fibrosis around the magnetic mechanisms of the
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Table 2 Comparison of magnetic sphincter augmentation and fundoplication

Aiolfi et al[18] Skubleny et al[19] Riegler et al[20] Reynolds et al[21] Guidozzi et al[22] Warren et al[23]

MSA  FUNDO Pvalue MSA  FUNDO Pvalue MSA FUNDO Pvalue MSA FUNDO  Pvalue MSA FUNDO Pvalue MSA FUNDO  Pvalue
Type of study Systematic review and meta- Systematic review and meta- O. prospective multicenter O. retrospective review from a Systemic review and meta- Multi institutional retrospective

analysis analysis study single center analysis cohort study
N. patients (1) 686 525 415 273 202 47 52) 67 632 467 169 185
Follow-up (mo)  6-12 6-12 7-12 7-16 12 12 12 12 15.5 15.8 12 12
GERD-HRQL POR =048 0.101 205vs3 19.7vs32 NS 20vs3  23wvs35 0177 43 p. &l 1o 0.47 WMD = 0.34 0.525 21vs3 190vs 4 0.17
score
PPIsuspension  POR =0.81 0.548 81.4%'  81.5%' 0.68 81.8%  63.0% 0.009 85% 92% 0.37 POR =1.08 0.877 76% 88% 0.02
Gas/bloating POR =0.39 <0001  267%' 53.4%' 0.06 10.0%  31.9% <0.001 23% 53% <0.01 POR =0.34 0.004 47% 59% 0.008
Ability to vomit ~ POR =10.1 <0001  935%' 49.5%" <0.0001 91.3%  44.4% <0.001 4% 19% <0.01 95% 43% <0.001
Ability to belch ~ POR =5.53 <0001  952%'  65.9%' <0.00001 98.4%  889% 0.007 10.0% 36% <0.01 POR =12.34 <0.001  96.5% 69.2% <0.001
Dysphagia POR =1.56 0.119 33.9%'  47.1%" 0.43 7% 10.6% 0.373 46% 56% 0.25 POR =0.94 0.822 58% 47% 0.31
Operative time ~ 42-73 76-118 63.7 76.8 66 82 <0.01 60 76 <0.001
(min)

1Weighted mean percent values. MSA: Magnetic sphincter augmentation; FUNDO: Fundoplication; O.: Observational; WMD: Weighted mean difference; POR: Pooled odds ratio; NS: Not statistically significant; vs: Signifies preoperative
versus postoperative score; p.: Postoperative.

MSA device could hamper the detachment and reattachment of the magnetic beads,
which should slip along the wires, when the “collar” has to open or close, causing
dysphagia or GER, respectively. Another cause of dysphagia is described in the
subheading below.

MSA complications similar to those of the Angelchik prosthesis

Even if the "magnetic collar", hypothetically speaking, is blocked in the open position
by fibrotic “encapsulation”, it could maintain its ability to prevent GER and could
continue to perform a sort of barrier function against GER. The explanation of this
phenomenon could be sought in a mechanism similar to that of another anti-reflux
collar, which is unable to tighten or dilate: The “notorious” Angelchik prosthesis[33].
This prosthesis consisted of a collar with a circular section made of silicone that was
surgically placed around the abdominal esophagus to prevent GER in the eighties of
last century. The Angelchik prosthesis was used for almost 15 years, due to good
results against reflux obtained in several studies[34-36]. Some prospective randomized
trials demonstrated that the Angelchik prosthesis was as effective in preventing GER,
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Figure 2 Schematic drawing of the Linx magnetic augmentation device to insert around the abdominal portion of the esophagus in the
open and closed position. A: Open position; B: Closed position. A-B: Citation: Bonavina L, Saino Gl, Bona D, Lipham J, Ganz RA, Dunn D, DeMeester T.
Magnetic augmentation of the lower esophageal sphincter: results of a feasibility clinical trial. J Gastrointest Surg 2008; 12: 2133-40. Copyright© The Authors 2020.
Published by Springer Nature. The authors obtained permission for use of the figure from Springer Nature (Supplementary material).
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as the Nissen fundoplication[37], and with similar 24-h pH monitoring results[38]. The
anti-reflux mechanism of this device occurs through the prevention of LES unfolding,
when challenged by an increase in intragastric pressure[39] and, mostly, through the
“padding” action against the posterior wall of the abdominal esophagus, which creates
a barrier to GER[40]. In this way it causes a high pressure zone at the LES level, which
can be detected by manometry[34,36]. The “magnetic collar” MSA, just in the hypo-
thesis that its function is hindered by fibrosis, could resemble a sort of Angelchik
prosthesis made of metal, which would produce with its weight, a continuous
pressure against the posterior wall of the abdominal esophagus, closing the lumen to
reflux. However, this mechanism of the Angelchik prosthesis, on the one hand, could
help to control GER, but, on the other hand, could represent an obstacle to bolus
transit, causing persistent, and sometimes severe dysphagia[41]. This fact required the
removal of the prosthesis in some cases[36,42] and was also responsible for some other
more severe complications. In fact, a continuous compression of the plastic collar,
leaning on the esophageal wall, in some cases also caused erosions, fistulas and perfor-
ations of the esophagus and stomach, that sometimes were followed by migration of
the device into the gastric lumen[43-48]. These complications began to appear years
after insertion of the prosthesis, but despite this, it continued to be implanted for years.
In the first decade of the current century the Angelchik prosthesis, which had seemed
to be a good alternative to Nissen fundoplication, was definitely shelved.

In a manner similar to that of the Angelchik prosthesis the MSA “magnetic collar”
too, leaning on the distal esophageal wall, being also heavier, may induce ischemia
and consequently may cause erosion of the wall. The latter complication may be
revealed by persistent severe dysphagia[49,50] or odinophagia[51]. In some cases the
device may protrude more or less deeply into the esophageal lumen[50-54]. The app-
earance of these complications requires device removal. In addition, a prolonged
leaning of the MSA device against the esophageal wall was suspected, but without
clear proof of being responsible, probably through a chronic foreign body reaction, for

an adenocarcinoma found in the distal esophagus of a patient with the MSA device
[55].

Causes and timing of MSA device removal

MSA device removal, however, has been performed not only for the occurrence of
erosions and device protrusion, but also for severe dysphagia, recurrent GER and
epigastric pain. In a retrospective review[54], 5.5% of 435 patients undergoing MSA
device implantation from 2009 to 2017 in a single institution, required removal, the
most common reasons being recurrent GER (54%), dysphagia (38%), or erosion (8%).
In a single referral center[12], 124 patients were followed up for 6 up to 12 years
(median 9 years) after insertion of the MSA device, and 9.2% of patients required
laparoscopic device removal for various reasons: The most frequent were erosions,
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regurgitation, heartburn, and dysphagia, but also foreign body sensation,
odinophagia, pharyngodynia, chronic cough and even the need for a magnetic
resonance study. In another retrospective single center cohort study[31], after a
median follow-up of 48 mo 6.7% of 164 patients were explanted. In almost half of cases
this occurred due to recurrence of heartburn or regurgitation, followed by dysphagia,
and, in the remainder of cases, due to chest pain and full-thickness erosion of the
esophageal wall with partial penetration of the device. The majority of the removals
occurred within two years after implantation[31], whereas for other investigators most
cases of removal for erosion occurred between 1 and 4 years after device placement
[56]. According to the commercial registries in the United States and Europe, the
worldwide clinical experience of 497 magnetic implants established that the median
duration was 2.9 years[5]. In another study[57], the median duration was 274 d in the
first 1000 MSA implanted patients in 82 institutions, whereas Smith et al[58],
consulting the MAUDE database from 2012 to 2016 regarding 3283 implanted patients,
found that the median duration was 1.4 years and more than half of the removals
occurred within the first year. In conclusion, removal was required in 5% to 9.2% of
patients and occurred in the first few years after device placement mainly for
dysphagia, recurrence of GERD symptoms and erosions and the duration varied from
274 d to 2.9 years. These differences in implant removal, as well as in the occurrence of
adverse events, may be due to the fact that the number increases with time, and
therefore the real number in retrospective reviews, likely depends on the follow-up
duration. Moreover, it should also be kept in mind that different sizing protocols may
play an important role in producing important data differences.

Procedures and consequences of the removal

Furthermore, the operative management of the MSA device removal and especially its
pathophysiologic consequences must be considered. The removal of the device was
carried out using a single stage procedure[31], or, more rarely, in two stages: First
endoscopically for the visible beads, then laparoscopically for the remaining beads
within 3 mo after complete healing[51]. Tatum et al[53] reported that the MSA devices
were removed through laparotomy (4%), laparoscopically (88%), or through a
combination of endoscopy and laparoscopy (8%). After removal, these patients
underwent repeated MSA (33%), fundoplication (21%), gastrectomy (4%), or no
additional procedure (42%). Symptoms prompting removal of the MSA device were
eliminated in 52% of patients and improved in an additional 35%, whereas in 13% of
cases the symptoms persisted. As removal of the MSA device is followed not only by
recurrent GER, but also by a delayed gastric emptying, prokinetics should be added to
the medical therapy with a PPI[49] or surgical treatment with fundoplication[52]. The
onset of delayed gastric emptying after removal may be easily explained by damage to
the right branch of the vagus nerve, which runs along the posterior part of the
abdominal esophagus. This is the region where the penetration and removal of the
MSA device usually takes place. Apart from the occurrence of erosion and removal,
the continuous friction and pressure of the rather heavy MSA “collar”, as well as the
creation of the tunnel around the abdominal esophagus to insert it, both could damage
or irritate the area of vagus nerve passage, with possible motor dysfunction of the
stomach and intestine. A delay in gastric emptying induced by a lesion to the vagus
nerve was found at the 6 mo follow-up in 125 patients after anti-reflux surgery[59].
Consequently, it would be interesting to perform a gastric emptying test before and 6
mo after the insertion of the MSA device in a group of patients undergoing the
procedure, or at least in those complaining of dysphagia.

In conclusion, in patients subjected to MSA device insertion there are complications
and adverse events, the occurrence of which shows great variability from one study to
another. A possible explanation for this can be found in the different sizing protocols
as well as in the duration of the follow-up. Some complications, such as dysphagia or
GER could be considered related to a not so perfect adjustment of the MSA collar
length or, when they appear or worsen after months, might perhaps be due to
wrapping of the working mechanism of the device by a coating of fibrous tissue,
which stiffens with time. Dysphagia may also be linked to the “collar” shape of the
MSA device pressing with its weight on the posterior wall of the distal esophagus, as
the Angelchik prosthesis does. This leaning of the “magnetic collar” on the distal
esophageal wall may be responsible for more severe complications, which manifest
themselves over time, such as erosions and device penetration through the esophageal
wall. The consequent MSA device removal also leaves a functional aftermath at the
gastro-esophageal junction as well as the stomach. Considering the trend over time of
these latter complications, which in some way could recall to mind those of the
Angelchik prosthesis, although much less severe, one might wonder if there may be a
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risk that the the story of the latter will repeat itself with the “magnetic collar”, as was
feared in an article in 2014[60]. However, I do not think this could happen, as the
power of technology will not allow it.

OTHER MAGNETIC TECHNIQUES TO PREVENT GER

As previously mentioned, another way of exploiting magnetic force to prevent GER
was devised in a bench-top study published in 2006[3]. As previously described, this
system consisted of two small magnetic plaques, that, when applied in opposite
positions around the abdominal esophagus, should attract each other, squeezing the
LES, to prevent GER. These magnetic plaques are also capable of detaching them-
selves, when the endoluminal pressure increases above a determined value, to allow
transit of the bolus. The pair of plaques should be surgically inserted at the LES level
to form a magnetic valve with a dynamic closure that should be sufficient to prevent
the reflux of contents, without the risk of fibrosis that blocks them in the open or
closed position, since they are separated by the esophageal lumen.

Another experimental study was subsequently performed to evaluate the feasibility
of this method[61]. Two small magnetic plaques (5 mm % 20 mm x 1.5 mm) made of
plastoferrite were implanted by means of a special endoesophageal device (Figure 3)
in two submucosal longitudinal tunnels in the opposite parts of the distal esophagus
of esophago-gastric specimens taken from an "ex vivo" swine. The magnetic plaques
with the opposite polarities facing, through a reciprocal attraction closed the eso-
phageal lumen (Figure 4), creating a high-pressure zone. The latter was measured by a
manometric catheter passed through the gastroesophageal junction, showing after five
pull-throughs, a mean pressure * SD of 14.2 + 1.27 mmHg, which was significantly
higher than the basal pressure of 1.5 + 0.26 mmHg. This preliminary study suggests
that it could be possible to create functional closure at the LES level with a pressure
sufficient to prevent GER with a couple of magnetic plaques with various attraction
forces, using a safe and simple endoscopic procedure.

A technique inspired by the one just described was devised by Dobashi et al[62]. In
porcine models first “ex vivo” and then “in vivo”, two magnets of neodymium (3 mm x
12 mm) were endoscopically inserted with opposite polarities into two opposite sub-
adventitial tunnels of the distal esophagus, with the aim of closing the lumen with
their reciprocal attraction (Figure 5). The tunnels were created with the aid of blunt
dissection by means of a biliary balloon catheter. Unfortunately, the tunnels “in vivo”
were successful in only five of 10 pigs and the magnet augmentation device was
functionally active in only 4 of them. In another study by the same investigator[63]
neodymium ring magnets (4.8 OD x 1.6 ID mm and 1.6 mm thick) were endoscopically
anchored to the esophageal mucosa with a suture anchor from a needle arm fixed full-
thickness to the esophageal wall, to create a flap. Two to three magnets were placed in
opposite positions at the LES level, to induce closure of the lumen with reciprocal
attraction. This procedure was performed both in nine cadaveric and six surviving
pigs. In the latter animals the mean LES pressure increased from 8.4 to 32.4 mmHg just
after device placement. Repeated endoscopy after two weeks showed intact magnets
in four of 6 animals with a persistent increase in LES pressure. These magnets can be
easily removed, but low durability is expected and it is not known whether these
magnetic rings are really capable of completely sealing the lumen. In conclusion, the
first applications “in vivo” of these different endoluminal magnetic systems did not
yield outstanding results and they clearly require further development. This deserves
to be performed, as they present various advantages with respect to the “magnetic
collar”.

Advantages and shortcomings of the “two plaques system”

With regard to the working mechanism, the system based on a "collar" of magnets in
the MSA device seems perfect at the work-bench, but, once inserted into a living orga-
nism, things change. In fact, the biological reaction could trouble its perfect
functioning, wrapping the device by a coating of fibrous tissue, that with time become
stiffer and could cause thus dysphagia or GER. The mechanism of the two magnetic
plaques, instead is not subject to this possible drawback, because it does not have
mechanical sliding parts, which could be blocked by the deposition of fibrin, possibly
hindering the to and fro movements of the magnets. In fact, the attraction force acts
through the lumen of the esophagus, so that the magnets are free to approach and
separate. The fibrous coating on the magnets may also contribute to securing them in
their crevice in the esophageal wall. Naturally, the magnetic plaques should be
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Figure 3 Extremity of the special endoesophageal probe positioned at the LES level in a sequence of operations for the deployment of a
magnetic plaque seen in profile. A: The mucosa of the distal esophagus is sucked onto the perforated wall of the operative chamber; B: The needle injects
milliliters of saline solution to create a blister in the submucosa; C: The end of the catheter with a blunted bolt creates a pouch in the submucosa; D: The magnetic
plaque (seen in profile) is pushed into the pouch. 1: Esophageal lumen; 2: Delivery probe; 3: Deployment channel; 4: Perforated wall of the aspiration chamber; 5:
Mucosal layer; 6: Submucosal layer; 7: Muscular layer; 8: Needle-catheter; 9: Saline solution; 10: Bolt-catheter; 11: Magnetic plaque seen in profile. A-D: Citation:
Bortolotti M, Grandis A, Mazzero G. A novel endoesophageal magnetic device to prevent gastroesophageal reflux. Surg Endosc 2009; 4: 885-9. Copyright© The
Authors 2020. Published by Springer Nature. The authors obtained permission for use of the figure from Springer Nature (Supplementary material).
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covered by a soft biomaterial to avoid undesirable reactions of the surrounding tissues
and must have an appropriate force of attraction to close the lumen without causing
ischemia and erosions of the underlying compressed tissues.

In this regard another advantage of the “two plaques system", unlike the “magnetic
collar” MSA, lies in the possibility of accurately establishing the force of closure by
choosing magnets with different attraction forces for different conditions. In fact, the
distance between the two plaques may vary from patient to patient and, therefore,
their force of attraction varies with the square of the distance. Consequently, plaques
with greater attraction force are required for greater distances, and vice versa. This
system offers the possibility of choosing, even during insertion, the most suitable
plaques by measuring with a manometric probe or other systems the endoluminal
pressure obtained. The MSA “magnetic collar”, instead, always exerting the same force
of attraction between the beads, could become less effective when the area to surround
is large, thus facilitating reflux. The reverse could occur for small circumferences, with
the creation of an obstacle to content transit and consequent dysphagia.

Furthermore, with the “two plaques system” it is possible to realize an anti-reflux
device that can be inserted endoscopically, as described above. This possibility,
assuming it works with the magnetic plaques, would cost much less than laparoscopy
and the MSA device.

The drawback of this system lies in the fact that at the present time it is difficult to
obtain a stable insertion of the plaques in the esophageal wall. The system by Dobashi
et al[62] with a sub-adventitial tunnel seems to provide excellent fixing, but was
followed by functional success in only four of 10 cases. The other system by Dobashi et
al[63] with 2-3 ring magnets anchored to the distal esophageal wall like a flap was
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Figure 4 Schematic section following a vertical frontal plane through the lower portion of the esophago-gastric wall showing in profile
the two magnetic plaques inserted face to face in the submucosal position at the lower esophageal sphincter level; these attracting each
other close the gastro-esophageal junction. Citation: Bortolotti M, Grandis A, Mazzero G. A novel endoesophageal magnetic device to prevent

gastroesophageal reflux. Surg Endosc 2009; 4: 885-9. Copyright© The Authors 2020. Published by Springer Nature. The authors obtained permission for use of the
figure from Springer Nature (Supplementary material).

Figure 5 Fluoroscopic view after insertion of the magnets. A: Magnets in the sub-adventitial space opposing the respective esophageal walls. A surgical
clamp indicates the level of the esophago-gastric junction and the arrow indicates the magnets attracted to one another and closing the lumen; B: Magnets separated
by the passage of the endoscope. The arrow indicates one of the magnets separated from the other. A-B: Citation: Modified from: Dobashi A, Wu SW, Deters JL,
Miller CA, Knipschield MA, Cameron GP, Lu L, Rajan E, Gostout CJ. Endoscopic magnet placement into subadventitial tunnels for augmenting the lower esophageal
sphincter using submucosal endoscopy: ex vivo and in vivo study in a porcine model (with video). Gastrointest Endosc 2019; 89: 422-428. Copyright© The Authors
2020. Published by Elsevier. The authors obtained permission for use of the figure from Elsevier (Supplementary material).
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successful in only four of 6 surviving pigs after 2 wk. Furthermore, although it
obtained a high endoluminal pressure, it may give the impression of not completely
seal the esophageal lumen against reflux. The insertion of magnets in submucosal
tunnels, chosen by Bortolotti et al[60], by means of a special endoesophageal device is
easy to perform, but it requires a more stable fixing of the devices to the esophageal
wall. A biologic glue and closure of the proximal mucosal opening by a surgical stitch,
could avoid loss of the magnets. To date, no one has attempted to apply the couple of
magnetic plaques outside the esophageal wall, in areas where the vagus nerve does
not pass. Indeed, this idea poses considerable problems in fixing these plaques. The
solution could be obtained by various expedients, such as suture anchors, surgical
stitches and biological glue, whereas the magnetic plaques should have particular
shapes, with hooks, holes for surgical threads etc. I am confident that a good solution
for fixing the plaques outside the esophageal wall will be found by a skilled surgeon.
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Please note that this system with two plaques could also be easily used to prevent
fecal incontinence. A couple of the plaques may be surgically positioned on the right
and left sides of the incontinent anal sphincter, with the opposite polarities facing each
other, so that, by self-attracting they could keep the anal canal closed[64].

CONCLUSION

Considering the clinical effectiveness and occurrence of more or less severe complic-
ations, one might wonder whether the magnetic anti-reflux device MSA actually
represents an extraordinary progress with respect to Nissen fundoplication. One of the
major criticisms to MSA studies is that up to now there has not been any randomized
controlled trial which correctly compared the MSA results with those of Nissen
fundoplication. However, considering the available studies, it can be said that the
MSA system achieves a GER control roughly similar to that of fundoplication with the
advantage of less gas bloating and a greater ability to vomit and belch. On the other
hand, it has the disadvantage of more prolonged and severe dysphagia, requiring
endoscopic dilatation more frequently and, in some cases, device removal[11]. The
latter may also be necessary for some other severe complications, which are for-
tunately infrequent, such as mucosal erosions and device penetration through the
esophageal wall.

It would be of concern if this “magnetic way” for GER treatment could met the same
fate as the Angelchik prosthesis, which tried to replace fundoplication, but after 15
years it was shelved due to numerous and severe complications. I believe this will not
happen in this case, as “magnetic sphincters” represent a real progress in the surgical
treatment of GER. I am convinced that the magnetic technique is not a spark in the
dark followed by the full return of fundoplication for the following reasons: The MSA
device is relatively easier to insert, whereas fundoplication, on the other hand, requires
an expert surgeon for its perfect realization. In addition, I also believe that the
upcoming “two magnetic plaques system” with submucosal or sub-adventitial
tunnels, could be the future of the magnetic era. It is unfortunate that this magnetic
system, which presents many advantages, is not yet available and calls for further
experiments on animals and clinical trials in selected patients, to achieve sufficient
reliability in order to enter into surgical practice. This new road appears to be a long
one filled with obstacles, but I think it is worthwhile trying to continue, unless one
wants to go further into the future by studying the possibility of biocompatible
magnetic nanoparticles to be injected into two longitudinal sections of a weak
sphincter facing one another and then magnetically oriented for the purpose to attract
themselves along with the surrounding muscle, thus closing the lumen. Unfortunately
this is still a dream, but dreams can sometimes come true.
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