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Abstract
Background:

We previously demonstrated feasibility, safety, and a reproducible histologic
bulking effect after injection of dextranomer hyaluronic acid copolymer (DxHA) into the
gastroesophageal junction (GEJ) of rabbits. In the current study, we investigated the
potential for DxHA to augment the lower esophageal sphincter (LES) in a porcine model
of gastroesophageal reflux disease (GERD).

Methods:

12 Yucatan miniature pigs underwent LES manometry and 24-hour ambulatory
pH monitoring at baseline, after cardiomyectomy, and 6 weeks after randomization to
endoscopic injection of either DxHA or saline at the LES. After necropsy, the foregut,
including injection sites, was histologically examined.

Results:

Pigs in both groups had similar weight progression during the study period, with
two mortalities prior to randomization. Cardiomyectomy successfully induced GERD in
all animals measured by arise in the median percentage of time pH<5 from 0.6% to
11.6% (p=0.02). Endoscopic injection of DxHA resulted in a higher median difference m
LES length (1.8 cm vs. 0.4 cm, p=0.03), 120% increase in the median LES pressure
difference (median change of pressure -0.5 mmHg i saline group, 0.1 mmHg in DxHA
group, p=0.8), and 124% decrease in the median difference in the number of reflux
episodes in DxHA group in comparison with saline group (p=0.6). Histologically,
mjection of DXHA induced a foreign body reaction with fibroblasts and giant cells.

Conclusions:
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Porcine cardiomyectomy is a reproducible animal GERD model. Injection of
DxHA augments the LES. Further studies are required to elucidate a potential therapeutic

effect n human GERD.
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Résumé
Contexte:

Nous avons auparavant démontré la faisabilité, I'absence de danger et un effet de
grossissement histologique reproductible aprés 'injection de copolymere d’acide
hyaluronique/dextranomeére (DxHA) dans la jonction gastroesophagienne (GEJ) de
lapins. Dans notre étude, nous avons étudié la capacit¢ du DxHA d’augmenter le
sphincter inférieur de I'cesophage (SIO) dans un modele porcin de la maladie de reflux
gastroesophagien (GERD).

Méthodes:

Douze porcs miniatures du Yucatan ont ét¢ soumis a une manométrie du SIE et a
une surveillance du pH ambulatoire de 24 heures au niveau de base, aprés une
cardiomyectomie, et de six semaines apres des injections aléatoires de DxHA ou de
solution saline au SIO. Aprés I'autopsie, I'intestin antérieur, y compris les points
d’injection, ont été examinés histolo giquement.

Résultats:

Les poids des porcs des deux groupes ont progressé¢ de facon semblable durant la
période de I'étude, etil y a eu deux mortalités avant les injections aléatoires. La
cardiomyectomie a induit avec succes une maladie de reflux gastroesophagien (GERD)
chez tous les animaux, qui a ét¢ mesurée par une augmentation du pourcentage médian
du pH temps <5de 0,6 % a 11,6 % (p = 0,02). L’injection endoscopique de DxHA a
provoqué une différence médiane plus €levée dans la longueur du SIO (1,8 cm plutét que
0,4 cm, p = 0,03), une augmentation de 120 % dans la différence de pression médiane

dans le SIO (variation médiane de pression de -0,5 mm de Hg dans le groupe ayant recu
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des injections salines et de 0,1 mm de Hg dans le groupe ayant recu des injections de
DxHA, p =0,8) et une diminution de 124 % dans la difference médiane du nombre de
périodes de reflux du groupe ayant recu du DxHA comparativement a celui ayant recu
une solution saline (p = 0,6). Histologiquement, I'injection de DxHA a produit une
réaction a un corps étranger qui s’est manifestée par des fibroblastes et des cellules
géantes.
Conclusions:

La cardiomyectomie porcine est un modele animal reproductible de la maladie de
reflux gastroesophagien (GERD). L’ijection de DxHA augmente le SIO. D’autres études
sont nécessaires pour €¢lucider un effet thérapeutique éventuel applicable a la GERD

humaine.
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1.0 Background:

Gastroesophageal reflux disease (GERD) is a very common condition affecting up
to 20% of the pediatric population with a higher prevalence in those with neuromuscular
disorders [1,2]. In several large population-based surveys, 17-40% of adults reported
GERD symptoms within the last three months [3,4]. Although GERD-related mortality
is very low, quality of life is significantly impaired i patients with GERD, demonstrating
more impairment than patients with diabetes, hypertension, arthritis, or mild heart failure
[5-12]. Proton pump inhibitors (PPIs) are the mainstay of medical treatment of GERD in
both children and adults [13-15]. PPIs result in 70-80% resolution of symptoms and
healing of esophagitis, but to 80% recurrence rate is observed when treatment is
discontinued [15-17]. Despite the efficacy of PPIs in adult, it remains suboptimal in
reducing GERD-related symptoms in the pediatric population [18-23]. Moreover, safety
of PPIs has been questioned in recent reports [19,24-27]. Anti-reflux surgery (ARS),
namely laparoscopic fundoplication, is reserved for patients with poor response to
medical treatment or GERD-related complications. Although this procedure is one of the
most common pediatric surgical operations performed in the United States, studies have
shown a wide range of outcomes, with success rates between 75% and 100% [28,29]. In
fact, studies by Lee and colleagues have shown no reduction in GERD-related admission
one year after fundoplication, and up to 75% of children continuing anti-reflux
medications a year after surgery [21,28,30-36]. Recent randomized controlled trials have
not proven the advantages of laparoscopic fundoplication i children, previously
published in multiple cases series [37,38]. The American Pediatric Surgical Association

has encouraged research into alternative therapies for GERD in children [39]. The
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stronger enthusiasm for fundoplication in the adult population has been tempered by
published medium and long-term results of randomized trials, which failed to show a
significant advantage of laparoscopic fundoplication over PPIs [40,41]. When compared
to children, ARS is slightly more effective in adults, however, up to 60% of adult patients
continue to require PPIs after surgery to control their symptoms [17,42-45].
Perioperative complications after ARS can be as high as 54%, with up to 33% incidence
of postoperative dysphagia in those patients [28,46].

Several alternative endoscopic treatments have been developed over the past
decades, but have not gained wide acceptance because of either safety or efficacy
concerns [47-56]. Some endoscopically ijectable polymers had mitially shown
promising results. However, substantial concern regarding their safety resulted in their
recall [51,52]. To our knowledge, no agents are currently approved for this indication.

Dextranomer hyaluronic acid co-polymer (DxHA), also known as Deflux® (Salix
Pharmaceuticals, Raleigh, North Carolina, USA) is a biocompatible polymer composed
of dextranomer micropspheres, of 80-250 um in diameter, suspended in stabilized non-
animal hyaluronic acid. DxHA induces a foreign body fibrous tissue reaction at the site of
mjection. It does not migrate, is non-immunogenic, and is stable for long periods with no
reports of adverse long-term effects [57]. Since its introduction into the pediatric urologic
practice in the late 1990s, this agent has resulted in a paradigm shift in the treatment of
vesicoureteral reflux disease (VUR) [68,59]. This agent has also been used in other
conditions such as closure of recurrent tracheoesophageal fistula, umbilical hernia,

urinary and fecal incontinence, and for cosmetic purposes [58,60-64].
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Our group has been interested in the potential role of DxHA as a treatment for
GERD. We have previously demonstrated the feasibility and safety of DxHA mjection in
the gastroesophageal junction (GEJ) n rabbits. Its injection was able to induce a bulking
foreign body reaction without causing esophageal obstruction or perforation [65]. The
purpose of this study was to investigate the effect of the endoscopic injection of DxHA in

the GEJ in a porcine GERD model.
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2.0 Methods
Approval of the research protocol was obtained from McGill University Animal

Care Committee following the guidelines imposed by the Canadian Council of Animal

Care (protocol 2012-7056). Figure 1 depicts the experimental design of the study.

Six weeks
Two weeks
I [ DxiA pH+
( A —y injection Manometry +
pH + H+ _ (6pig) Necropsy

Manometry Cardiomyectomy M P —_— .
2o 4nometry Saline pH+ |

(12 pigs) ) ) injection Manometry +
—_— (4 pigs) | Necropsy |

Figure 1: Experimental design.
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2.1 Personnel:

The research personnel included two pediatric surgeons, two gastroenterologists,
two pathologists, a surgical resident, a research assistant with surgical experience, two
animal care technicians, and a veterinarian. All personnel received the necessary animal
care training required by the university Animal Care Committee.

2.2 Animals:

Fourteen Yucatan miniature swine weighing 8.4+1.3 kg (obtained from Memorial
University, Newfoundland, Canada) were used for the experiment. This strain was
specifically chosen because of its slow growth curve, as well as record of success with
previous surgical studies. Once received from the vendor, each piglet was placed in a
separate cage. All cages were equipped with feeders, and a sipper providing unlimited
access to water. The swine were fed a basic research diet Teklad Miniswine® (Harlan
Laboratories, Indianapolis, Indiana, USA). Every day, the cage was cleaned and all pigs
underwent a clinical examination.

Pigs were started on liquid diet (Ensure®, 1 bottle twice a day) starting 48 hours
before each procedure, and allowed water only for 24 hours prior to the procedure. All
procedures were performed under general anesthesia and endotracheal intubation. On the
day of the procedure, the animals were sedated using intramuscular ijection with a
mixture of Butorphanol (0.1 mg/kg), Acepromazine (0.2 mg/kg), and Atropine (0.05
mg/kg). After a period of a mnimum of 15 minutes, they were given Ketamine
mtramuscularly (0.14 ml’kg). Anesthesia was induced using Isoflurane inhalant at a 5%
delivery or via intravenous Propofol induction (10 mg/ml) titrated to effect. The animals

were then intubated in dorsal or lateral recumbent position with a 5.5 mm cuffed
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endotracheal tube. Upon achieving the desired effect, an intravenous 22-gauge catheter
was introduced mto the auricular vein. Lactated Ringers solution was infused at a rate of
10 ml/kg/hour during the procedure. Anesthesia was mamtained with Isoflurane at a rate
of 2% for the remainder of the procedure.

2.3 Preliminary tests:

Prior to mitiating the study, manometry and 24-hour ambulatory pH
measurements were performed on two animals to confirm feasibility and ascertain that
the tracings obtained can be interpreted by the research team. Subsequently, a
laparoscopic cardiomyectomy was attempted on both pigs. However, both procedures
required conversion in order to adequately identify the GEJ and all the muscle layers. It
became clear that laparoscopy is inferior to the open technique with respect to the ability
to identify the esophageal and gastric muscle fibers, the adequacy of cardiomyectomy,
and the risk of accidental perforation especially on the gastric side.

24 Lower esophageal sphincter manometry:

Esophageal manometry was performed using a commercial stationary water-
perfused manometry system including a low-compliance pneumohydraulic capillary
mfusion pump with a flow rate of 0.5 m/min (model PIP-4-8, MUI Scientific,
Mississauga, Ontario, Canada), a polygraph (Medtronic, Ontario, Canada), and a
commercial computer. The four-channel water perfused esophageal catheter (PE 4-3-3-3,
MUI Scientific, Mississauga, Ontario, Canada) was used for manometry with four
sensors 3 cm apart from each other and with a radial orientation of 90°. This allowed for
the collection of four data sets for a given site within the esophagus with a single

dynamic measurement. At each level along the esophagus, a mean pressure was obtained
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from all the four sensors.

This procedure was done for each pig under general endotracheal anesthesia as
described. After priming the manometry catheter, it was connected to the manometry
system, and the responsiveness of the sensors was then tested by sequentially occluding
each of the four catheter openings and observing a sharp upstroke on the pressure tracing.
Failure to observe such a response was possibly due to residual air bubbles in the catheter
or the manometry system that needed to be evacuated. Subsequently, the system was
calibrated at 0 and 50 cm levels relative to the transducer. The catheter was then passed
through the snout of the pig guided by direct visualization through the mouth using a
laryngoscope. To ensure that the catheter was not coiled in the oropharynx, it was
advanced into the esophagus using a Magill forceps until the four sensors were in the
stomach. Using a stationary pull-back technique, the catheter was manually pulled out
with a speed of 5 mm/min through the lower sphincter of the esophagus (LES), with
registration of the pressure within the LES by all four sensors. It was absolutely crucial to
establish gastric and esophageal baseline pressures on either side of the LES and to
recognize the respiratory mnversion point within the LES. The lower border of the LES
was determined at the station that demonstrated a consistent rise of pressure above the
gastric baseline pressure, whereas the upper border of the LES was determined at the
station that showed a drop of pressure to esophageal baseline pressure. Before removing
the catheter, the distance between the upper border of the LES and the snout was
measured for the subsequent insertion of the pH probe. This measurement was repeated
three times and the mean values were recorded to allow for more accurate readings. From

the data obtained, which were automatically recorded as pressure curves via a polygraph
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on a standard PC using GastroTrac (version 4.3.0.47, Alpine Biomed ApS, Skovlunde,
Denmark), we measured the total length, abdominal length, and resting pressure of the
LES, as previously described by Zaninotto et al [66]. All three manometric measurements
were performed in every experimental animal before and 2 weeks after cardiomyectomy
as well as at 6 weeks after injection of DxHA or Saline.

2.5 24-hour ambulatory esophageal pH measurements:

After completing the manometry measurement and under the same general
endotracheal anesthesia, a single-sensor, internal reference pH catheter (MUI Scientific,
Mississauga, Ontario, Canada) was used to obtain 24-hour pH measurement. Initially, the
probe was calibrated using standard pH=1 and pH=7 solutions. Calibration was achieved
with a Digitrapper pH 400 (Medtronic, Minneapolis, Minnesota, USA). After successful
calibration, the probe was inserted through an adjusted simple intravenous line tube in
order to make the probe more rigid to withstand coiling in the nasopharynx. It was very
important to ensure that the sensor at the tip of the probe was exposed and not covered
with the over-tube to be able to measure pH. Using multiple 2-0silk sutures, the probe
was fixed to the over-tube to prevent the probe from sliding inside the tube especially
when the animal was ambulatory. Subsequently, the pH probe was mserted through the
pig’s snout and guided through the mouth with the aid of a laryngoscope and a Magill
forceps, and advanced mto the esophagus. A continuous fluoroscopy was used in the first
few animals to ensure proper placement of the probe, and that it was not coiling in the
chest. However, after the first few msertions, we realized that direct visualization and
using the over-tube was sufficient for proper placement. Then, the tip of the probe was

placed 2 cm above the manometrically identified upper border of the LES, and marked at
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the snout level to allow recognition of changes in its position. The probe was then
secured externally with several interrupted O silk sutures spaced 5 cm apart, starting from
the snout proceeding to the animal’s back, leaving enough slack between the sutures to
allow the animal freedom of movement without displacing the probe. Finally, a custom-
made dorsal harness with a pocket was used to house the Digitrapper. Before awakening
the pig, it was of utmost importance to keep the harness tight with several sutures, if
needed, simply because the animal would try to remove it once the pig was fully awake.
Upon recovery, the animal was allowed fiee access to water and food in a private cage to
avoid disruption of the system by other pigs. After 24 hours, the sutures were cut and
probe was removed without the need for any sedation. Data were uploaded to a computer
using GastroTrac software (version 4.3.0.47, Alpine Biomed ApS, Skoviunde, Denmark).
Acid reflux was defined as a drop in esophageal pH below 5. Data obtained were the
number of reflux episodes, number of long refluxes (>5 min), longest reflux episode
(min), total time of pH<5 (min), percentage of time pH<5, mean duration of reflux
episodes (min). Demeester and Boix-Ochoa scores, modified to pH<5, were calculated.
2.6 Cardiomyectomy:

Following the preparation described and under general anesthesia, the pig was
placed in supine position and the abdomen was shaved. Iodine solution was used to
disinfect the incision site followed by regular laparotomy draping. Prophylactic antibiotic
(cefazolin) was mjected intravenously at a dose of 20 mg/kg and intramuscular njection
0f 0.01 mg’kg Buprenorphine was given for analgesia. Al4-french orogastric tube was
inserted. The abdomen was accessed through an upper midline laparotomy from the

xiphoid to the umbilicus. A self-retaining abdominal retractor was placed to optimize
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exposure. The left lobe of liver was gently retracted to the right in order to expose the
GEJ. To further improve exposure, the elongated spleen was packed down and to the left.
The GEJ was identified with the help of the orogastric tube and the phrenoesophageal
membrane was incised. The anterior peritoneal reflection of the oesophagus was incised
and the anterior and posterior vagal trunks were identified and preserved. If any of the
short gastric vessels were found to be under tension, they were ligated. After full
mobilization of the GEJ, a Penrose drain was placed around the lower esophagus to allow
manipulation of the GEJ. At the GEJ, an anterior longitudinal myotomy was performed
by incising the longitudinal and the circular muscle fibers using a No. 15 blade and a fine
Metzenbaum scissors. The myotomy was extended 3 cm caphalad on the esophagus and 3
cm caudad on the stomach (Figure 2). Care was exercised to avoid inadvertent mucosal
perforation. Once the submucosal plane was entered, the esophageal muscles were gently
peeled away 1 cm on both sides. Both pieces of muscle were then excised creating a
myectomy segment that was 6 cm in length (3 cm at the esophageal side and 3 cm at the
gastric side) and 2 cm in width centered at the GEJ. An essential part of the myectomy
was to ensure dividing the gastric sling and clasp muscle fibers, a step that required
careful dissection and carried the highest risk of mucosal perforation. In case of
mnadvertent perforation, a primary repair with 4-0 absorbable monofilament sutures was
done. We found that bleeding from excised muscle edges could be easily controlled with
pressure. Once hemostasis was msured, the abdomen was closed in the standard fashion
with absorbable monofilament sutures. The skin was closed with subcuticular sutures to
avoid the presence of any material externally. OpSite® waterproof spray was used as a

dressing. The animal was awakened and extubated. An intramuscular injection of
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Buprenorphine 0.01 mg/kg was administered for analgesia. The pigs were allowed free
access to food and water, unless mucosal perforation occurred. In that case, water was
allowed for 24 hours until the pig was evaluated by the surgeon. Postoperatively,
cephalexin (25 mg/kg) was administered orally twice a day for a total of 10 days. In the
postoperative period, animals were visited frequently by the surgeon and animal health
technician to evaluate their appetite, weight gain, wound, and their fecal and urine output.
Two weeks after surgery, the animals underwent manometry and 24-hour pH

measurements as described earlier.

Figure 2: Appearance of the completed myectomy.
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2.7  Endoscopic injections:

A 45 cm custom-made rigid endoscope was designed with the help of an engineer
(Fiegert-Endotech, Sunrise, Florida, USA). A sheath, made from stainless steel, was
attached to the 30 ° scope and worked as a channel for the needle used for the injections.
A 2-week recovery period was allowed after the surgery, during which computer-
generated randomization to either DXHA or saline was performed. The animal was then
placed under general anesthesia and the scope was advanced through the pig’s mouth.
After the GEJ was identified, a semi-rigid beveled needle was advanced through a
working channel in the scope. Submucosal mjections of DXHA or saline were performed
mn three different quadrants away from the muscle-deficient cardiomyectomy site to avoid
mjecting outside the esophagus. A volume of 1 ml of DxHA or saline was injected in
each site. A 30 second waiting period was allowed for the implant to stabilize before
withdrawing the needle. Immediate mucosal bulging indicated successful implantation
(Figure 3). Six animals had DxHA mjections, whereas four animals received saline
mjections. After completing the injection session, the animal was awakened and

extubated. Free access to water and food was allowed immediately after the procedure.
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Figure 3: Endoscopic view during injection. Bulging mucosa indicated successful

implantation.

2.8 Recovery period:

A 6-week recovery period was allowed after the implantation, during which
animals were weighed daily. Their behavior and feeding patterns were recorded. The
animal health technicians performed daily assessments, and a veterinarian was consulted
upon observing any abnormal signs. At six weeks after injections, the animals underwent
a third manometry and 24-hour ambulatory pH measurements.

2.9 Euthanasia and necropsy:
The pigs were sedated via intramuscular mnjection with a mixture of Butorphanol

(0.1 mg/kg), Acepromazine (0.2 mg/kg), and Atropine (0.05 mg/kg). After a minimum of

© Abdullah Alshehri, 2013 21



15 minutes, they were given ketamine (0.14 mlkg) intramuscularly. Anesthesia was then
maintained using 5% isoflurane gas, and subsequently an intravenous injection of sodium
pentobarbital at a dosage of 120 mg/kg was given for euthanasia. Upon confirmation of
death by animal health technician, necropsy was performed through a midline sternotomy
and laparotomy. En bloc resection of esophagus, stomach, liver, and lungs was
performed. Specimens were kept in formalin and sent to the pathologists.

2.10  Histological assessment:

Gross and histological examinations were performed by two pathologists. Several
sections were made from the GEJ at different levels and stained with Hematoxylin-
Phloxine-Saffron stain. Specimens were examined for response to the injection within the
GEJ, type of cellular reaction, signs of implant migration, reaction outside the esophagus,
stenosis, or perforation. Additionally, liver and lungs were examined for abnormal
reaction and evidence of aspiration respectively.

2.11  Statistical analysis:

Weight progression was compared using ANCOVA controlling for the weight at
time of injection. Paired continuous data were compared using paired Wilcoxon-signed
rank test. Unpaired comparison of continuous data was performed using Mann-Whitney
test. P-value of less than 0.05 was considered significant. Analysis was performed using
IBM SPSS statistics 20.0 and reviewed by a biostatistician. Pathology results were

reported qualitatively.
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3.0 Results:

During the study period, two pigs died a few days after performing uneventful

cardiomyectomy and prior to randomization. One animal had recurrent vomiting with

aspiration pneumonia diagnosed on necropsy. The other pig also died in the postoperative

period with signs of acute heart failure of unknown etiology. None of these two animals
received endoscopic mjection of saline or DXHA, and they were excluded from the
analysis. The other 10 pigs survived through the study period without clinical signs of
esophageal perforation or obstruction. No allergic reaction was observed due to

mjections. All pigs continued to gain weight with no significant difference between

DxHA or saline groups as determined by ANCOVA (p=0.98) (Figure 4).
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Figure 4: Weekly weight progression of animals in each group.
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The effect of cardiomyectomy to induce reflux is shown by comparing
manometry and pH measurements pre and post cardiomyectomy using paired Wilcoxon-
signed rank test (Table 1). The reductions in LES pressure, total length, and abdominal
length were not statistically significant. Surgery resulted in decreasing median LES
pressure from 1.35 mmHg (IQR: 1 to 3.03 mmHg) to 1 mmHg (IQR: 0.63 to 1.6 mmHg)
(p=0.06). Significantly increased esophageal acid exposure was demonstrated by increase
i the percentage of time pH<5 after cardiomyectomy from a median of 0.6% (IQR: O to
3%) to 11.6% (IQR: 1.9 to 27.8%) (p=0.02). Furthermore, the total time of pH<S5
significantly increased from a median of 9 minutes (IQR: 0 to 39 minutes) to a median of
147 minutes (IQR: 147 to 350 minutes) (p=0.02), and the duration of the longest reflux
episode significantly increased from a median of 1 minute (IQR: 0 to 10 minutes) to a
median of 28 minutes (IQR: 2 to 64 minutes) (p=0.01). In contrast, changes in the
number of refluxes, number of long refluxes (>5 minutes), and mean duration of reflux
episodes were not statistically significant. Despite that Demeester score significantly
increased after cardiomyectomy from a median of 1.1 (IQR: 0.1 to 7.3) to a median of
11.1 (IQR: 8.3 to 25.8) (p=0.03), Boix-Ochoa score did not significantly change after

cardiomyectomy.
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Preoperative data Postoperative data

Median | 25% | 75% | Median | 25% | 75% "
Manometry:
LES pressure (mmHg) 1.35 1 3.03 1 0.63 | 1.6 | 0.06
LES total length (cm) 3.68 2.5 7 2.1 1.75 | 3.5 | 0.08
LES abdominal length (cm) 2 1 2.75 1 0.5 1.1 | 007
PH measurement:
Number of refluxes 10 1 178 218 107 | 311 | 0.06
Number of long refluxes 0 0 1 4 0 16 | 0.05
Time of pH<5 (min) 9 0 39 147 24 350 | 0.02
Percentage of time pH<5 0.6 0 3 11.6 1.9 | 27.8 | 0.02
Mean duration of reflux 029 | 0 | 05| 08 | 021|154 s
episodes (min)
Duration of longest reflux
opisode (fm.n | 1 0 10 28 2 | 64 | o0l
Demeester score 1.1 0.1 7.3 11.1 83 | 25.8 | 0.03
Boix-Ochoa score 0.5 0.5 1 1 0.5 | 20.7 | NS
Table 1: Preoperative and postoperative manometry and pH data in 10 pigs,

comparison was performed using paired Wilcoxon-signed rank test. (NS: non significant)

When comparing the six pigs in the DxHA group and the four pigs in the saline
group, there was no statistically significant difference in either manometry or pH
measurements as determined by Mann-Whitney U test (Table 2). In order to control for
the difference between baseline values, another comparison was performed between
postoperative and postinjection median differences. We noted an increase in LES length
in the DXHA compared to saline group (1.8 cm vs. 0.4 cm, p=0.03). This observation was
consistent when performing subgroup analysis of DxHA group only (6 pigs) comparing
postoperative and postinjection median LES length (1.8 cm vs. 3.3 cm, p=0.06) (Figure

5).
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DxHA

Saline

Median | 25% 75% Median 25% 75% P
Amount of injected agent
(ml) 3 2.9 4.5 8 6 12.3
Manometry:
LES pressure (mmHg) 0.9 0.8 1.8 0.6 0.5 09 | Ns
LES total length (cm) 33 2.7 43 3.4 2.9 43 | NS
LES abdominal length (cm) 1.8 0.9 23 1 1 1 NS
PH measurement:
Number of refluxes 258.5 69 381.5 324 228.5 | 370 | NS
Number of long refluxes 4.5 1.8 13.3 4 0.8 10.3 | NS
Time of pH<5 (min) 181.5 95 471.5 | 158.5 93.3 385 | NS
Percentage of time pH<5 12.9 7.1 33.1 11.2 6.8 26.8 | NS
Mean duration of reflux
episodes (min) 0.9 0.7 1.7 0.7 0.3 1.2 | NS
Duration of longest reflux |10 5 | 56 | 1663 | 63 | 158 | 87 | s
episode (min)
Demeester score 14.2 8.4 30.1 14.6 13.5 23 NS
Boix-Ochoa score 4.1 0.5 35.8 7.3 0.5 56.8 | NS

Table 2:

Manometry and pH data in DxHA group (6 pigs) and saline group (4

pigs). Comparisons were performed using Mann-Whitney test. (NS: non significant)
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Figure 5: Box plot of the LES total length in the DXHA group at baseline, post

cardiomyectomy, and 6 weeks post injection.

We also calculated the percentage of the change in each median value between
postoperative and postinjection data sets. In comparison to saline, DxHA resulted in
120% increase in the median LES pressure difference (median change of pressure -0.5
mmHg in saline group, 0.1 mmHg in DxHA group, p=0.8), and 124% decrease in the
median difference in the number of reflux episodes between both groups (median change
in the number of reflux episodes -22 in the DxHA group, +91.5 in the saline group,

p=0.6).

© Abdullah Alshehri, 2013 27



The histologic results are shown in Table 3. Gross examination of the GEJ by two
pathologists revealed an area of increase thickness with no luminal narrowing in DxHA
mjected animals. Microscopically, DxHA implants were identified tracking from the
submucosa to the muscularis propria of all 6 specimens accompanied by foreign body
fibrous tissue reaction with giant cells and collagen deposition (Figure 6). No fibrous
tissue reaction was seen in the saline group. In 4 out of 6 DXHA specimens, acute
mflammatory cells (micro-abscesses) were identified close to the mjection site. No
evidence of perforation or peri-esophageal inflammation was noted. DxHA did not
migrate above or below the site of mjection. There was no histologic evidence of GERD

mn any of the specimens.
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Figure 6: Microscopic exammation of the GEJ 6 weeks after DxHA implantation

stained with Hematoxylin-Pholxine-Saffron stain.
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Foreign i
. | Injection _DxHA body il Fibroblasts | Micor-
Pigs implant > cells Comment
type reaction presence | abscess
presence presence
presence

1 Saline No No No No No | No inflammation noted

2 Saline No No No No No | No inflammation noted

3 | Saline No No No No No | No inflammation noted

4 | Saline No No No No No | No inflammation noted

5 | DxHA Yes Yes Yes Yes No | DxHA identified outside the muscularis propria
DxHA identified in the muscularis propria.

6 | DxHA Yes Yes Yes Yes Yes | Presence of abscess with a small amount of DxHA outside the
muscularis propria

7 | DxHA Yes Yes Yes Yes No | DxHA tracks outside the muscularis propria

s | DxHA Yes Yes Yes Yes Yes DxHA 1d‘ent1f{ed ogts1de the muscularis propria.
Abscess identified in the submucosa

9 | DxHA Yes Yes Yes Yes Yes | DxHA identified in the muscularis propria

10 | DxHA Yes Yes Yes Yes Yes DxHA pr.esent w?thm a4 cm abscess located oults1de the
muscularis propria and near the myomectomy site

Table 3:

Histology results
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Discussion:

GERD is a very common condition affecting both children and adults with an
emerging evidence that it’s prevalence is rising. In Western populations, the prevalence
of GERD is estimated to be 10-20% in children and adults [1,67-71]. GERD is an
established risk factor for Barrett’s esophagus and esophageal adenocarcinoma [72,73].
Recent reports have shown rising trends in the incidence rates of esophageal
adenocarcinoma in the United States that coincide with increased prevalence of GERD
[74]. 1t has been established that symptoms of GERD adversely affect health-related
quality of life (HR-QOL), and result in significant cost to the health care system
[8,75,76]. In 2009, GERD was the most frequent outpatient diagnosis with almost 9
million visits in the United States, with an estimated cost of US $390 million per year
[77]. Medical treatment in the form of acid suppressing medications, primarily PPIs, are
typically offered to the patients with variable success rates particularly those with severe
GERD or underlying neuromuscular disorders [14,19,23,25,78,79]. Despite the efficacy
of PPIs in controlling GERD-related symptoms, high rates of recurrence are observed
once treatment is discontinued [15,18,19,23,80]. Recently, the safety of these agents,
particularly PPIs, has been questioned as increased risks of community acquired
pneumonia, gastroenteritis, Clostridium difficile colitis, and hypomagnesemia have been
observed [19,26,27,81-84]. ARS, namely fundoplication, is commonly offered to
patients with refractory or complicated GERD. Outcomes of ARS have been recently
challenged since a large proportion of patients remains on PPIs after the surgery
[21,29,30,32,33,35,36,39,40,85-87]. As aresult, extensive research for an effective

alternative treatment has been conducted over the past few decades with mixed results
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[47-52,54]. Augmenting the LES with polymer injections has been investigated as a
potential anti-GERD strategy [47,49-53,55]. Some of these polymers were synthetic,
while others were biocompatible. Enteryx® is a liquid agent, composed of ethylene vinyl
alcohol and dimethyl sulfoxide, that consolidates after being endoscopically injected at
the GEJ. Initial results in animal studies and adult patients were promising [51,53].
However, serious side effects resulted from improper placement of this bulking agent.
Intra-aortic injection of Enteryx® caused aortoenteric fistula and renal failure from
arterial occlusion leading to its voluntary recall in 2005 [88-90]. Another injectable
agent, Plexiglas®, consists of a suspension of polymethylmethacylate microspheres in
gelatin solution. Once mjected, it is phagocytized by macrophages and subsequently
replaced by fibroblasts and collagen. A significant decrease in both GERD symptoms and
esophageal acid exposure were achieved. However, this agent was also withdrawn
[52,91]. To our knowledge, there is currently no injectable agent approved for the
treatment of GERD.

Nevertheless, there is still strong evidence that augmentation of the LES pressure
alone may be an effective anti-reflux measure. Ganz et al. recently reported three-year
outcomes of a flexible magnetic ring used to augment the LES pressure, showing an
effective treatment of GERD in most patients [92]. This device exerts its effect
exclusively by augmenting LES pressure. DxHA represents a potentially effective
mjectable agent because of its appealing properties. Its main component, hyaluronic acid,
is a naturally present compound that is non-immunogenic. Studies have shown that
DxHA does not migrate from the original site up to 3 years after injection [93]. A

granulomatous inflammatory reaction and fibrotic encapsulation likely contribute to the
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durability of the implant long after DxHA is hydrolyzed by the body [57]. DXHA has
been effectively used for more than two decades in the treatment of VUR. More recently,
DxHA was mntroduced in a variety of other pediatric applications including, closure of
recurrent tracheoesophageal fistula [63], closure of umbilical hernia [64], and neuropathic
urinary incontinence [94]. In adults, transanal submucosal injection of DxHA has been
shown to be effective for the management of fecal incontinence [95]. This application is
pertinent to our current work. Whereas DxHA injection in the bladder is thought to work
by changing the vesicoureteral angle, injection in the anal sphincter is thought to be
effective due to higher sphincter pressure.

In previous work, we have found that injection of DXxHA in the rabbit GEJ was
well tolerated and did not result in esophageal obstruction or perforation. Histologically,
DxHA was able to induce fibrous tissue reaction at GEJ similar to reaction observed in
ureterovesical junction [65]. The rabbit foregut anatomy is remarkably similar to humans.
However, despite several attempts, we were not able to create a reliable GERD model in
the rabbit. The muscular layer of the GEJ in the rabbit is quite thin, rendering myectomy
without perforation very difficult. The rabbit esophagus is narrow, and endoscopic
mjection was not possible. In addition, the rabbit’s stomach never completely empties
and always contains large bezoars from ingested hair. Ambulatory pH measurements in
rabbits were not possible.

Several GERD large animal models have been mvestigated with the aim to further
understand diseases of the GEJ such as GERD, Barrett’s oesophagus, non-acid reflux, or
achalasia. However, there is a lack of a standardized and reproducible GERD model.

Furthermore, no consensus exists on the ideal operative technique to induce GERD. Elton
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et al showed that cardiomyectomy is superior to cardiomyotomy performed on rabbits
with respect to the degree of acid reflux [96]. When compared to partial cardiomyectomy
i rats, total cardiomyectomy resulted in a higher animal loss rate with similar degree of
reflux [97]. Dogs have been used with good results. However, their GEJ should be
approached through the chest because of their short abdominal esophagus [98-102]. We
developed our animal model based on pilot work by Schopf et al [102]. We learned
mmportant lessons during development of our model. The porcine GEJ is quite complex
because of well-developed clasp and sling oblique gastric fibers that act as a natural
partial fundoplication, a phenomenon that was previously observed by Vicente et al
[103]. These fibers have to be divided to induce GERD. We found the dissection of the
GEJ by laparoscopy to be quite difficult due to the ease of entering the pleura and causing
pneumothorax. In addition, an adequate myectomy required significant mobilization of
the GEJ and deliberate division of each muscular layer, which we found significantly
more nvolved than in human operations. Nevertheless, others have reported achieving
the same goal in pigs by laparoscopy [99]. Interestingly, despite a generous myectomy,
we found identification of the myectomy site quite difficult on subsequent endoscopy.
This may have prevented us from injecting exactly at the myectomy site, and may have
influenced our results. Although quite involved, our procedure of 24-hour ambulatory pH
monitoring in pigs was possible and reproducible

This study demonstrates the feasibility and safety of DXHA implantation into the
GEJ in a porcine GERD model. Implantation of DXxHA at the GEJ is technically feasible
using a rigid scope with a beveled needle. However, the tip of the needle must not

traverse the esophageal wall. This may have occurred in some of our injections, and may
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explain the micro-abscesses seen in some animals. More accurate injection may be
facilitated by the use of a needle with limited extension, such as a sclerotherapy needle,
or by employing endoscopic ultrasound. All injected animals survived and thrived
without any evidence of esophageal obstruction or perforation. Functional studies
(manometry and pH measurements) performed 6 weeks after implantation of DxHA
suggested augmentation of the GEJ and decrease in the degree of reflux. In particular, the
length of the high-pressure zone, namely the LES, significantly increased n the DxHA
group. Grossly, the implants were not identified. Nevertheless, there was obvious
thickening at the GEJ probably due to the reaction induced by DxHA. Microscopic
examination ofthe GEJ revealed that DXHA implants were durable and able to incite a
predictable granulomatous fibrous tissue reaction as early as 6 weeks after implantation.
It should be emphasized that this is a small pilot study that does not conclusively
offer data supporting a therapeutic role for DXHA in the treatment of GERD. The small
sample size in each arm and the short survival period limit the power of the study. In
addition, no animal model can duplicate the pathophysiology of human GERD. However,
the data presented here continues to raise the possiility of a therapeutic role for this
agent in GERD i both children and adults. In future work, appropriate sample size
should be calculated. Also, multiple arms might be necessary to examine the dose-
response relationship. Longer survival period may be needed to investigate the
persistence of the effect of DXHA implantation. In addition, further refmements in the
experimental techniques are necessary in order to produce stronger evidence and

potentially allow for a translational research in patients through a limited trial
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