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Introduction

Gastroesophageal reflux (GER) can affect 50% of infants 
younger than three months old (1). Up to 50% of GER 
is due to increased abdominal pressure overcoming the 

esophageal sphincter pressure which is low in early birth 

infants (2-4). The consequences can lead to a pathological 

disease even in neonates and young infants (5) which is 

stressful for babies and infants as well as for the parents/
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carers. 
This is not an area which is rich in pharmacological 

interventions, there has been a mixed response to the use of 
acid suppression with H2-receptor antagonists and proton 
pump inhibitors (PPIs) and there remains a concern over 
both usage and potential side effects (6,7). Antacids are also 
used and more frequently feed thickening products (8). 
Alginate preparation are well established and proven feed 
thickeners in babies and infants (9,10). The promotion of 
cross-linking by calcium ions and milk proteins present in 
the infant gastric environment, increasing viscosity which 
adds to gelling and feed thickening. Alginate products are 
especially important post feeding which is when babies and 
infants present with maximum symptoms. 

There is a need for more safe and effective products for 
treating GER in babies and infants and importantly a need 
for in vitro models to screen and evaluate these products. 
This paper describes the development and validation of an 
in vitro infant stomach model to be used for characterising 
new feed thickening products for suppressing reflux in 
neonates and infants. Although the developed model was 
in vitro it was important to develop a model which was 
physiologically as accurate as possible. The new model 
was maintained in a 37±0.5 ℃ environment containing an 
artificial stomach with a volume of 85 mL which mimicked 
the volume of a baby’s stomach (11). There is little literature 
on the esophageal length between upper esophageal 
sphincter and the lower esophageal sphincter in babies. 
However, one study in pediatric patients suggested an 
esophagus length of 10 to 14 cm (12). The model which has 
been developed included a 12 cm esophagus marked in 1 cm 
increments with a reservoir to collect any refluxate above 

12 cm. A controlled reflux event was created by applying 
100 mL of air via a syringe using the force provided by a 
0.3 kg weight which allowed for a pressure gradient to pass 
through the stomach and into the esophagus provoking 
an event which mimicked reflux. Any excess refluxate post 
the reflux event was collected in the reservoir above the 
esophagus and the volume (mL) recorded. 

The baby/infant stomach model was validated by three 
independent operators comparing a control of Infant 
Formula Milk (Milk control) with a commercially available 
Infant Alginate Formulation. The validation method and 
the results are described later in this paper. 

We present the following article in accordance with the 
TRIPOD reporting checklist (available at http://dx.doi.
org/10.21037/aoe-20-78).

Methods

Model development 

GER in infants is common and the development of new 
products to alleviate the distress and suffering in neonates 
and infants is important. The infant stomach model was 
developed to meet the demand for introducing effective new 
products to treat the condition. The development of the 
model went through varies guises until the model described 
here was finally developed and validated. The basis of the 
model uses an inverted egg incubator which allowed for an 
accurate temperature control to be maintained at 37±0.5 ℃, 
see Figure 1. The interior of the incubator was removed to 
make room for a rig to suspend the artificial stomach with 
a total stomach volume of 85 mL. The artificial stomach 
was a paediatric urinary leg bag supplied by Great Bear 
Healthcare Limited, Cardiff, UK.

Within the temperature-controlled unit was tubing 
to allow for internal pressure to be applied which passed 
through the stomach and contents and in turn generated 
a volume of refluxate. The refluxate passed into tubing 
to mimic an infant esophagus at the top of the artificial 
stomach see Figure 2. 

The artificial esophageal tubing was marked in 1 cm 
increments [0–12] to allow for the measurement of the 
volume and height (cm) of a reflux event with a collection 
vessel to collect reflux which occurs above 12 cm (12,13), 
see Figure 3.

A reflux event was simulated by applying an internal 
pressure which passed through the artificial stomach 
containing the 85 mL volume of meal and which in turn 

Figure 1 Project model capable of simulating internal reflux.
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generated a volume of refluxate which passed into the 
artificial esophagus allowing the volume and height of the 
refluxate to be measured. 

As this is an in vitro study, there were no patients 
or human tissue involved in this study and thus the 
requirement of ethical approval and informed consent were 
waived.

Model validation

The infant stomach model was validated by a series of 
experiments comparing the refluxate volumes of an Infant 
Formula Milk Control and Infant Gaviscon (positive 
control). Three operators conducted a series of experiments 
to demonstrate the model’s robustness, ease of use and 
reproducibility. 

The total volume of the artificial stomach was 85 mL, 
the optimum dose response curves at a weight of 0.3 g and 
at a range of internal pressures are illustrated in Figure 4. 

Each operator carried out 24 experiments including 
the Milk Control (Infant Formula Milk, SMA Pro) and 
the Infant Formula Milk (Milk Formulation) with the 
addition of Infant Gaviscon with five reflux events for 
each experiment. All experiments were carried out in a 
randomised order. The Milk Control formulation was 
prepared by adding 12.9 g (3 scoops) SMA Pro to 90 mL 
of water at 37 ℃ and shaking for one minute. 1M HCL 
was used to adjust to a pH of 4.80 with the temperature 
maintained at a constant 37±0.5 ℃. Experiments using the 
Milk Control began by adding 35 mL Milk Control to the 
paediatric leg urinary bag used as the artificial stomach, 
followed by a further 15 mL of water at 37 ℃ and then a 
final 35 mL Milk Control was added, making a total volume 
of 85 mL. After five minutes a reflux event was created 
(applied by 100 mL air using the force provided by the 0.3 kg  
weight). The reflux event was measured and collected (g) 
along with measuring and recording the height the reflux 

Figure 2 Picture showing the 85 mL stomach volume.

Figure 3 Artificial esophagus with collection vessel.

Figure 4 A graph showing the level of refluxate using 0.3 kg 
weight and at varying pressures (volume of air) with a stomach 
volume of 85 mL (n=3 each data point).
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travelled (mm) within the model. Any refluxed Milk Control 
was replenished. Each experiment was repeated five times 
and reflux events carried out at five-minute intervals. 

The experiments using Infant Gaviscon began with 
addition of 35 mL Milk Formulation to the artificial 
stomach followed by adding a dose of the Infant Gaviscon 
(each sachet of Infant Gaviscon (0.65 g) was mixed with 
5 mL water until a paste was formed (after approximately 
one minute) then 10 mL of water was added and well 
mixed (30 seconds), the 15 mL mix was then added to the 
artificial stomach by syringe. This was followed by a further 
35 mL of the Milk Formulation added to the artificial 
stomach. After five minutes a reflux was created, and any 
reflux measured and collected as previously described. The 
experiment was repeated until five reflux events had been 
completed, reflux events were carried out at five-minute 
intervals. The artificial stomach and contents remained in 
situ at 37 ℃ for the duration of the experiment. 

Statistical analysis

Throughout the study all analysis was performed using 
Analysis of Variance (ANOVA), and t-test analysis 
conducted using GraphPad Prism 8.3.0 (GraphPad 
Software, San Diego, CA 92018, USA).

Results

The validation study used three trained operators to 
investigate the differences in response between a Milk 

Control and Infant Gaviscon (positive control). In the 
study of 72 experiments there was no significant difference 
in the refluxate volumes for the Milk control within each 
reflux event when comparing between the three individual 
operators, see Figure 5. This demonstrated the infant 
stomach’s model robustness and reproducibility. 

Similarly, there were no significant differences between 
the three operators within each reflux event during 
the Infant Gaviscon series of experiments, once again 
highlighting the model’s good reproducibility. For example, 
within reflux event 4, operator one recorded a mean 
refluxate volume of 1.26 g and operator two recorded a 
similar volume of refluxate 1.18 g. Figure 6 illustrates the 
mean volume of refluxate collected (g) after each reflux 
event following Infant Gaviscon.

The reflux suppression properties of Infant Gaviscon are 
illustrated in Figure 7. Operator three recorded an average 
of 6.67 g of refluxate for the Milk Control compared to 
only 2.80 g recorded for Infant Gaviscon (P=0.0102). A 
significant difference in the volume of refluxate collected 
when comparing the Milk Control with Infant Gaviscon 
was shown by all three operators. 

The Infant Stomach Model offered a validated and 
reliable in vitro method for differentiating between a Milk 
Control and a proven product for treating infant reflux. 

Discussion

GER is common in newborn infants and alginate-based feed 
thickeners are frequently used as first line treatment. Other 

Figure 5 The Mean amount of refluxate collected following the 
Milk Control (n=12, +1 SEM).

Figure 6 The Mean amount of refluxate collected following Infant 
Gaviscon (n=12, +1 SEM).
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agents used as feed thickeners are sodium carboxymethyl 
cellulose, pectin, cellulose, bean gum and cereal rice. 
GER occurs more frequently in neonates compared to 
older infants and children and in premature neonates 
the occurrence is even higher, most commonly due to 
inappropriate relaxation of the lower esophageal sphincter 
(14,15). 

The epidemiology of GER in the infant is interesting 
with regurgitation common and occurring at least once 
daily in 50% in infants up to three months of age. The 
prevalence of regurgitation peaks at four months of age with 
around 70% of infants regurgitating at least once daily (16).  
Regurgitation declines precipitously dropping to 14% by 
seven months of age and to less than 5% between 10 and 
14 months of age (17). During year two a further decline in 
regurgitation is reported (18). 

Neonate and infant GER is a growing market sector and 
the development of new products treating GER in neonates 
and infants is important and especially appropriate when 
GER changes from simply being mild and physiological 
to becoming pathological due to an increase in frequency 
and severity of reflux episodes. This can lead to insufficient 
caloric intake and a slowing of growth in the infant. The 
bigger concern is as the infant gets older the frequency of 
the GER can lead to more serious diseases later in life. 

There are no infant stomach models currently available 
for screening new potential feed thickening products for 
suppressing reflux in neonate and infants. Any such model 
needs to be robust, reproducible and to be physiologically 
relevant. Such a model is described here along with the 
achievement of a full model validation demonstrating not 

only the model’s robustness and reproducibility but also the 
functionality of feed thickener agents. 

There is a long history for the use of feed thickeners 
having been used to treat neonate and early infant GER 
for several decades with the theory being that increasing 
feed thickness will retain the feed in the stomach for longer 
and slow down or prevent reflux into the esophagus. The 
feed thickeners have been associated with decreasing GER 
symptoms including regurgitation and helping to improve 
sleep (19), a very important benefit for stressed parents 
and carers. As often seen with clinical evaluation studies 
there are some reports that feed thickeners make the GER 
symptoms worse for example Orenstein et al. [1992] (20) 
reported an increase in coughing episodes. However, the 
evidence is mainly supportive of infant feed thickeners 
being relatively free of major side effects although there 
was a report published stating acute bowel obstruction in 
neonates receiving feed thickeners containing cellulose and 
pectin (21). 

In contrast to the negative report’s alginate preparations 
have proven efficacy in the treatment of GER in neonates 
and infants (22-24). Alginate reacts with gastric acid to 
produce alginic acid and forms a viscous gel that thickens 
the stomach contents which in turn makes reflux into the 
esophagus more difficult. This is increased even more by 
cross linking by calcium ions and milk proteins present in 
the feed within the infant gastric environment increasing 
viscosity and in turn adds to gelling and feed thickening. 
However, even with the demonstrable efficacy the 
guidelines for the use of alginates with GER are somewhat 
contradictory. The British National Institute for Health 
Care (NICE) guideline supports the use of alginate as 
a treatment option (25), whereas the guidelines of the 
European and North American Societies for Paediatric 
Gastroenterology, Hepatology and Nutrition (ESPGHAN, 
NASPGHAN) do not recommend the use of alginates (26). 
In a recent study (27) alginates significantly reduced GER 
related symptoms in infants decreasing both acid and non-
acid GER symptom episodes. 

What has been missing in neonate and infant product 
development was a viable physiological relevant model 
which mimicked how a product behaved in the stomach 
and a model where the height and volume of refluxate 
traveling up the esophagus could be recorded which could 
also measure total reflux suppression when appropriate. 
We know that most GER episodes are caused by transient 
relaxation of the lower esophageal sphincter triggered 
by postprandial gastric distention (22), so being able to 

Figure 7 The Mean amount of refluxate collected (n=12, +1 SEM) 
comparing the Milk Control to Infant Gaviscon.

Milk Control vs. Infant Gaviscon

P=0.0007 against operator 1
P=0.0005 against operator 2
P=0.0102 against operator 3

Milk Control
Infant Gaviscon
Milk Control
Infant Gaviscon
Milk Control
Infant Gaviscon

Operator 1 Operator 2 Operator 3

W
ei

gh
t (

g)

10

8

6

4

2

0



Annals of Esophagus, 2021Page 6 of 7

© Annals of Esophagus. All rights reserved. Ann Esophagus 2021;4:4 | http://dx.doi.org/10.21037/aoe-20-78

monitor gastric refluxate was an important aspect of the 
model. 

The model was fully validated by three trained 
independent operators as described in the method section of 
this paper, comparing a Milk control with Infant Gaviscon, 
a commercially available feed thickener. The study 
validators completed 72 experiments with 5 reflux events 
induced per experiment, the optimum pH was established at 
pH 4.8 and the pH along with the temperature at 37±0.5 ℃ 
were maintained throughout the studies. Naturally in vitro 
models can never truly replace what is happening in vivo. 
However, the validation study demonstrated how robust the 
model was with no significant differences between the three 
validation operators following studies with the Milk control. 
All three operators showed consistent and significant reflux 
suppression following the administration of Infant Gaviscon 
with no differences between operators. 

Within the limitations of the infant stomach model the 
artificial stomach and the artificial esophagus mimic that 
of neonates and young infants. The internal pressure was 
pre-set and was used to mimic a reflux event, it would have 
been advantageous if this could have been more variable to 
represent changes that can happen although the majority of 
the GER events would be post-prandial. 

The successful development of the Infant Stomach 
model has allowed for a well validated working model 
for screening new treatments for GER in neonates and 
infants. The model opens new opportunities in product 
development for this sector.
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