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Abstract
Purpose Sleeve gastrectomy (SG) patients have substantially altered anatomy. The mechanism of rapid gastric emptying and the
role of esophageal contractile function in esophago-gastric transit has not been defined. We aimed to determine the mechanisms
of esophago-gastric transit and role of esophageal function following sleeve gastrectomy.
Methods Prospective study of twenty-six asymptomatic participants post SG underwent nuclear scintigraphy and high-resolution
manometry. Fourteen had semi-solid stress barium tomodel the emptying process. Concurrent video fluoroscopy andmanometry
were performed on 7 participants.
Results Demographic data are as follows: age 45.3 ± 15.0 years, 73.1% female, excess weight loss 62.2 ± 28.1% at 8 months.
Scintigraphy showed rapid gastric emptying (24.4 ± 11.4 vs. 75.80 ± 45.19 min in control, p < 0.001) with 35.24 ± 17.12% of bolus
transited into small bowel on initial frame. Triggered deglutitive reflux was common (54.4% vs. 18.2%, p = 0.017). Stress barium
delineated separate vertical and antral gastric compartments with cyclical emptying of 8 stages, including reflux-induced repeated
esophageal peristalsis. During manometry, ramping effects were noted, with sequential swallows producing sustained isobaric
pressurizations in proximal stomach (33.6 ± 29.5 mmHg). Video fluoroscopy showed individual esophageal peristalsis generating
pressurizations at 5.0 ± 1.4 cm below lower esophageal sphincter (LES), at amplitude of 31.6 ± 13.1 mmHg, associated with
intragastric transit. Pressurizations were sustained for 17.3 ± 8.2 s, similar to the prolonged LES contraction (18.5 ± 9.0 s, p = 0.355).
Conclusions Repeated esophageal peristaltic contractions induced isobaric pressurization of proximal stomach, thus providing
the drive to pressurize and empty the vertical compartment of the gastric sleeve. Transit following SG appeared to be esophageal-
mediated and followed a distinct cycle with strong associations with reflux.
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Introduction

The sleeve gastrectomy (SG) is the most common bariatric
surgical procedure performedworldwide. It has rapidly gained

popularity with use outstripping the establishment of compre-
hensive physiological understanding of the procedure. The
mechanics of gastric transit and normal physiological process-
es have not been comprehensively delineated. Significant con-
troversy exists relating to key aspects of the gastric sleeve
including its impact on gastroesophageal reflux disease
(GERD), potential for longer term dilatation and weight regain
and its perioperative complications [1].

Substantial physiological changes have been observed fol-
lowing the gastric sleeve including reduced gastric emptying
half-time [2]. Themechanism and significance of this have not
been defined. Variable effects of the sleeve on esophageal
function have been proposed in studies conducted pre and post
the procedure, although a definitive role of esophageal func-
tion in the mediating mechanisms of the gastric sleeve has not
been established.
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GERD remains a highly controversial issue following SG
and likely linked to esophageal function and the intrinsically
altered physiology post procedure [3, 4]. GERD appears a
common and significant problem, reported as 39% in some
series [5] with 48% of patients requiring proton pump inhib-
itors after surgery [6]. This is a significant conundrum due to
the already increased propensity of GERD in patients with
obesity [7, 8].

Staple line leak is one of the most significant perioperative
complications [9, 10]. Leaks tend to have a prolonged and
difficult course, resulting in substantial morbidity and eco-
nomic cost [11]. Ninety percent of leaks occur close to angle
of His, indicating a common etiology and causative mecha-
nism [12–14]. The initiation and perpetuation of sleeve leaks
are significantly attributed to the narrow tube demonstrating a
high resting intraluminal pressure [13, 15]. Similar patholog-
ical basis has been inferred to perpetuate reflux following
sleeve gastrectomy [16]. Limited objective evidence supports
this premise and an improved physiological understanding
may well translate to improved preventative and treatment
strategies.

We felt that a more precisely defined mechanical physiol-
ogy of the gastric sleeve would add significant insights into a
range of key clinical issues. Our central aim was to better
define the key physiological processes associated with the
gastric sleeve relating to the mechanisms of transit,
intraluminal pressurization, and the role of esophageal con-
tractile function.

Methods

Patient Selection

Ethics approvals were obtained from The Alfred Hospital
Human Research and Ethics Committee (HREC) no. 380/16
and The Avenue Hospital HREC no. 236. All procedures
performed in studies involving human participants were in
accordance with the ethical standards of the institutional
and/or national research committee and with the 1964
Helsinki declaration and its later amendments or comparable
ethical standards. Informed consent was obtained from all
individual participants included in the study.

Asymptomatic patients following SG were recruited in this
prospective study.

Inclusion Criteria Age above 18 and below 65 years, primary
SG, greater than 4 months postoperative, significant weight
loss (> 30 kg or > 20% total body weight loss [17]), or were
demonstrating ongoing weight loss, asymptomatic without
significant reflux, or other gastrointestinal symptoms (dyspha-
gia, abdominal pain, bloating, nausea/vomiting) or periopera-
tive complications were the inclusion criteria. An anatomical

unremarkable gastric sleeve was confirmed with a liquid con-
trast barium swallow.

Exclusion Criteria Current pregnancy or breast-feeding, previ-
ous esophago-gastric or bariatric surgery, known esophago-
gastric motility disorder, neurological or metabolic condition
such as uncontrolled hypothyroidism, or scleroderma that sig-
nificantly affect esophago-gastric motility (patients with un-
complicated diabetes mellitus were accepted into the study)
were the exclusion criteria.

Controls (matched for age, gender, preoperative weight,
and BMI; ratio 2 cohort: 1 control) were used for comparative
purposes for nuclear scintigraphy only [18].
Surgical Technique

All procedures were performed laparoscopically as previously
described [19]. The stomach was mobilized and sleeved using
tri-staplers (ECHELON FLEX™ GST system), commenced
4 cm from the pylorus, over 36 French bougie. The staple line
was imbricated using a running suture. Contrast swallow was
performed day 1 postoperative. All patients underwent modi-
fied diet protocol of gradual transition from liquid to semi-
solid diet with addition of a proton pump inhibitor for 6 weeks
postoperative. Normal diet was instituted after 6 weeks with
cessation of proton pump inhibitor if clinically not required.

Data Collection and Research Protocol

Baseline and postoperative weight and BMI, and the use of
proton pump inhibitor (PPI) were recorded. Previously vali-
dated questionnaires on reflux, dysphagia, and SF-36 quality
of life were used to evaluate postoperative outcomes [20–22].
Overall satisfaction with the surgery was graded using a Likert
scale: 0 (not satisfied) to 10 (very satisfied).

All patients underwent nuclear scintigraphy and high-
resolutionmanometry.Willing participants were subsequently
consented for stress barium and concurrent high-resolution
manometry with video fluoroscopy to better delineate and
demonstrate key concepts identified in the initial nuclear scin-
tigraphy and high-resolution manometry studies (Fig. 1).

Nuclear Scintigraphy

Scintigraphy was performed using a Siemens Symbia™ Evo
Excel Gamma Camera. Images were processed on a General
Electric Xeleris™ Functional ImagingWorkstation Version 4.

Following an overnight fast, two erect semi-solid esopha-
geal transits were performed, each with a swallow of 1 spoon-
ful of prepared radiolabeled semi-solid porridge: 30 g of oat-
meal, 100 ml of full cream milk, 1 teaspoon of sugar, and
30 MBq of Tc-99m Calcium Phytate (Austin Health,
Melbourne, Australia). Images were acquired at 1 s per frame
for 60 s in the posterior projection. Following this, the patient
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was instructed to consume as much of the meal as tolerable in
15 min. With the patient in supine position, gastric emptying
images were acquired in the left anterior oblique 30° projec-
tion at 5 s per frame for 90min. Two liquid esophageal transits
were then performed in supine position, each with a single

swallow of 10 MBq of Tc-99m Calcium Phytate in 10 ml of
water administered by a syringe. Images were acquired at 1 s
per frame for 60 s in posterior projection.

The semi-solid and liquid transit images were processed as
follows:

Fig. 1 Flow diagram of
investigative techniques,
including purpose and significant
findings
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1) A region of interest (ROI) was drawn around the esoph-
agus and radioactivity counts were reformatted into a
time-activity curve (TAC).

2) Each swallow was graded by a nuclear medicine physi-
cian qualitatively as normal or delayed. A normal transit
was defined as complete clearance across the gastro-
esophageal junction within 15 s in at least one of the
swallows.

3) Presence of reflux into the esophagus in any swallow was
considered abnormal. Mild reflux was classified as reflux
into the distal third of the esophagus, moderate as reflux
into the middle third, and severe as reflux into the upper
third.

Gastric emptying images were processed as follows:

1) Three ROIs were drawn over the esophagus, stomach,
and small bowel.

2) Overall gastric emptying half-time was calculated.
3) TAC: counts in the esophagus, stomach, and small bowel

of the first and the last frames were expressed as propor-
tions of each ROI over total ROI. Emptying of the esoph-
agus and stomach were measured as counts of each frame
compared to counts of the first frame.

Stress Barium

Stress barium technique was adapted from a previously
established technique [23]. An initial liquid barium swallow
was performed after an overnight fast: 2 swallows of 5 ml
liquid barium (imaged in anterior view) then 2 swallows of
5 ml liquid barium (imaged in lateral view).

To distend the stomach, patients were required to consume
2 swallows of 1 spoonful of barium-soaked porridge (30 g of
oatmeal, 100 ml of full cream milk, 1 teaspoon of cane sugar
and liquid barium) followed immediately by undiluted liquid
barium (up to 80 ml) until they felt excessively full or
displayed symptoms of dysphagia, discomfort, or nausea.
Continuous fluoroscopic screening was taken in anterior view.
Delayed images up to 5 min were taken to demonstrate pas-
sage of bolus into the small bowel.

Qualitative analyses of gastroesophageal bolus transit and
anatomical appearance were performed, including anatomical
appearance, transit, reflux events, repeat peristaltic contrac-
tions, transpyloric flow, and presence of gastric contraction.

High-Resolution Esophageal Manometry

Esophageal manometry was performed in supine position af-
ter an overnight fast. A 16-channel silicone manometry cath-
eter attached to a water-perfused system (Mui Scientific,
Ontario, Canada) was inserted trans-nasally, with the distal

sensor positioned 2 cm below the inferior border of the lower
esophageal sphincter (LES). Data were recorded in real time
using TRACE!1.2 (written by G. Hebbard using LabVIEW,
National Instruments, Austin, TX).

All subjects underwent a standardized protocol [24].

1) Supine basal recording for 60 s.
2) 5 deep breaths.
3) 10 wet swallows of 5 ml of water each.
4) Volume stress test.

Basal end-expiratory intragastric pressure was used as a
reference. Esophageal motility was analyzed from 10 swal-
lows of 5 ml of water as previously described [25]. LES basal
pressure was defined as the median peak end-expiratory pres-
sure over 5 consecutive respiratory cycles, following a mini-
mum 15-s period of no peristaltic activity. LES relaxation was
recorded as the median nadir pressure at the initiation of
swallowing. Crural diaphragm was identified at the axial level
of maximal inspiratory pressure. Axial separation of LES and
diaphragm was measured from the lower border of crural di-
aphragm and upper border of LES in inspiration.

A water stress test to induce isobaric intraluminal pressure
in the proximal stomach was performed with five consecutive
swallows of 10 ml of water. Each swallow was administered
once the peristalsis contraction of the previous swallow had
reached the lower esophageal sphincter.

Concurrent Video Fluoroscopy and Manometry

Fluoroscopy was performed using the stress barium protocol,
with an in situ manometry catheter advanced to position the
distal sensor 5 cm beyond the lower esophageal sphincter for
simultaneous manometric measurement.

Manometric measurements recorded were basal and peak
pressure of LES and proximal intragastric, isobaric distal
esophageal pressure, and LES contractile pressure. The length
of the high-pressure zone was assessed as the area of contig-
uous end-expiratory pressure greater than 5 mmHg beyond
the distal esophagus during the 10 swallows. Secondary peri-
staltic contractions were defined as peristalsis occurring in the
absence of a conscious swallow.

Data Presentation and Statistical Analysis

Continuous values were reported as mean and standard devi-
ation unless otherwise stated. Median and interquartile range
(IQR) were used to represent non-parametric continuous data.
For comparative parametric data, Students t tests or analysis of
variance (ANOVA) was used. The Mann-Whitney U test and
Wilcoxon rank test were used for non-parametric data. Binary
data was represented in whole numbers and percentage, and
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Table 1 Demographic and
postoperative clinical outcomes Sleeve

gastrectomy
Obese
control

p
value

N 26 11

Age (years) 45.3 ± 15.0 40.7 ± 13.0 0.373*

Female gender, n (%) 19 (73.1) 10 (90.9) 0.391^

Preoperative weight (kg) 128.5 ± 15.7 121.0 ± 16.3 0.200*

Preoperative BMI (kg/m2) 47.5 ± 6.6 45.8 ± 6.6 0.479*

Postoperative outcomes

Follow-up duration from surgery, median (IQR) (months) 8.0 (13.0)

Weight at follow-up (kg) 92.8 ± 16.2

BMI at follow-up (kg/m2) 34.9 ± 7.5

Excess weight loss (%) 62.2 ± 28.1

Total body weight loss (%) 27.5 ± 9.8

Use of PPI, n (%) 11 (42.3)

Reflux score, median (IQR), 0 = no reflux to 72 = severe reflux 12.0 (16.5)

Dysphagia score, median (IQR), 0 = no dysphagia to 45 = severe
dysphagia

15.0 (29.5)

Overall satisfaction with surgery, median (IQR), 0 = not satisfied
to 10 = very satisfied

10.0 (2.0)

Quality of life (SF-36), median (IQR) Sleeve
gastrecto-
my

Physical functioning 95.0 (32.5)

Role physical 100 (0)

Role emotional 100 (0)

Vitality 65.0 (32.5)

Mental health 84.0 (20.0)

Social functioning 100 (12.5)

Bodily pain 90.0 (50.0)

General health 75.0 (15.0)

Physical component score 53.5 (15.1)

Mental component score 53.4 (9.9)

*Student t test
^ Fisher exact test

Fig. 2 Schematic of triggered
deglutitive reflux on esophageal
swallow. The red arrows
represent the trajectory of the food
bolus. No reflux—the majority of
the food bolus was seen moving
from the proximal esophagus to
the distal esophagus within 60 s
after ingestion. Triggered
deglutitive reflux—the majority
of the radioactive food bolus
moved to the distal esophagus,
however refluxed up to the mid
esophagus
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analyzed using Fisher’s exact test. A two-sided p value of 0.05
was considered statistically significant.

Data was compiled using a customized Microsoft Access
2010 (Microsoft Corporation, Redmont, WA, USA) connect-
ed to SQL server. Statistical analysis was performed using
SPSS version 26 (SPSS Inc., Chicago, IL, USA) and
GraphPad Prism version 8.3.0 (GraphPad Software, San
Diego, CA USA).

Results

Patient Details

The demographic and postoperative clinical outcomes of
twenty-six patients are summarized in Table 1. Median
follow-up duration from surgery was 8.0 (IQR 13.0) months
with excess body weight loss of 62.2 ± 28.1%, high reported
satisfaction, and few adverse symptoms.

Nuclear Scintigraphy Esophageal Transit and
Esophago-gastric Clearance

Esophageal Bolus Clearance

Semi-solid and liquid transits in SG patients were comparable
to the controls. Nineteen SG patients (72.7%) demonstrated
no hold-up of liquid and 21 (81.8%) demonstrated no hold up
of semi-solid materials, compared to control at 81.8% (p =
0.228) and 45.5% (p = 0.183) respectively. Reflux of semi-
solid material were similar; 81.8% of SG patients did not
demonstrate reflux compared to 90.9% of controls (p =
0.999). However, reflux during liquid swallows, characterized
by immediate triggered deglutitive reflux (Fig. 2), was more
common post SG. Fourteen (54.4%) demonstrated moderate
reflux compared to two (18.2%) in the control groups (p =
0.017).

Accelerated Gastric Transit

Rapid gastric emptying was observed post SG, with emptying
half-time of 24.4 ± 11.4 min compared to 75.80 ± 45.19 min
(p < 0.001) (Fig. 3a).

On the initial acquisition frame, most of the radioactivity
counts expectedly accumulated in the stomach (SG cohort
62.6 ± 18.1% vs. controls 74.3 ± 18.5%, p = 0.08). Notably,
a significant proportion of counts were found in the small
bowel in post SG patients compared to controls on the initial
frames (35.24 ± 17.12% vs. 18.66 ± 13.42%, p = 0.007) (Fig.
3b). Expectantly, most of the counts were observed in the
small bowel at the conclusion of the scan in post SG patients,
significantly more than the controls (94.8 ± 3.8% vs. 65.1 ±
25.9%, p < 0.001). Little remained in the esophagus (0.5 ±
0.3% vs. 2.2 ± 1.6%, p < 0.001) and stomach (4.7 ± 3.6% vs.
32.7 ± 24.6%, p = 0.08) at 90 min.

Graduated Co-dependent Esophageal Clearance

Further analysis of esophagus and stomach emptying revealed
a co-dependent emptying pattern post SG (Fig. 3c) compared
to controls (Fig. 3d). The esophagus and stomach appeared to
empty proportionally rather than as two distinct entities as was
observed in the control patients with an intact stomach.

Stress Barium

Stress barium was performed on fourteen willing SG patients.
The initial liquid barium studies were unremarkable and dem-
onstrated rapid flow within a narrow gastric tube into the
duodenum, without substantial hold up, stricture, or active
reflux.

A consistent, cyclical, filling, and emptying pattern was
observed. This consisted of a sequence of eight specific events
(Fig. 4a, b). Two separate components of the sleeve were seen
clearly in 13 patients. No peristaltic contractions were ob-
served in the vertical component of the sleeve. In all of the
patients, the vertical component appeared to fill, distend, and
then demonstrate the opening of the incisura. In 4 patients,
incisural opening was observed in concert with a suspected
repeated peristalsis.

After filling of the vertical compartment of the sleeve, 8
patients demonstrated a complete cyclical pattern and 5 dem-
onstrated a partial cyclical pattern (with omission of some
elements of the cycle) and 1 patient demonstrated unimpeded
flow, without evidence of the cyclical pattern. This was pre-
sumed due to a larger diameter sleeve.

With opening of the incisura, delivery was achieved into
the antrum, often secondary to lateral movement of the sleeve.
Conversion of the two compartments into one occurred in 13
patients. Subsequently, in 78.6% of the cases, the antrum ap-
peared to contract as a reflex (due to distension) and immedi-
ately deliver content to the duodenum. Reflux of semi-solid
and liquid was clearly observed (n = 4) or suspected (based on
a small volume of liquid contrast reflux) (n = 7) from the ver-
tical component of the sleeve into the esophagus.

�Fig. 3 Nuclear scintigraphy—gastric emptying. a Gastric emptying half-
time. b Proportion of counts in the small bowel in the first 2 minutes. c
Schematic of proportional emptying in controls and sleeve gastrectomy. d
Emptying of the esophagus and stomach in sleeve gastrectomy—the
proportional emptying of the esophagus mirrored the pattern of
emptying of the esophagus. e Emptying of the esophagus and stomach
in obese controls—the esophagus emptied independently of the emptying
of the stomach. (min = minutes)
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Notably, patients did not complain of discomfort or reflux
upon distension of the vertical component of the sleeve.

Figure 4 demonstrates the eight components of the sleeve
emptying cycle:

(1) Vertical compartment filling
(2) Incisural opening allows flow into the distal

compartment
(3) A bi-compartmental appearance to the stomach with sep-

arate vertical proximal and antrum components
(4) Reflux events
(5) Repeated peristalsis
(6) Pan-compartmentalization
(7) Antral contractions in response to distention
(8) Transpyloric flow

Esophageal Motility

Stationary Manometry

Esophageal motor function was generally unremarkable with
a low normal LES basal tone (median 12.6 mmHg, IQR
35.7 mmHg) and LES relaxation (median 61.3%, IQR
14.1%). Fifty percent demonstrated axial separation of LES
and diaphragm, with a median separation of 3.0 cm (IQR
1.1 cm). Thirteen had mildly impaired esophageal peristalsis,
and none had any other motility disorder.

Volume Stress Test

Twenty out of 26 SG patients demonstrated a ramping effect
with subsequent consecutive liquid swallows during station-
ary manometry. This was noted as a sustained (> 2 s) post-
deglutitive isobaric pressurization in the proximal stomach (>
10 mmHg). Isobaric elevation in proximal intragastric pres-
sure was noted with a mean peak pressure of 33.6 ±
29.5 mmHg. Mean difference in proximal intragastric pres-
sure from nadir swallow pressure (ΔP) was 29.5 ±
29.4 mmHg (p < 0.001). An example of ramping is shown in
Fig. 5a.

Two physiological patterns of esophageal response and
intragastric pressurization were noted.

a) Coordinated (Fig. 5b): there was a peristaltic event
followed by completion of the prolonged LES contraction
and increased intragastric pressure (IIGP).

b) Uncoordinated: there was a contraction of esophagus
followed by a reduction in pressure (Fig. 5c), occasionally
with ineffective uncoordinated pan-esophageal contrac-
tions (esophageal decompensation) (Fig. 5d).

Concurrent Video Fluoroscopy and Manometry

Concurrent video fluoroscopy and intraluminal pressure mea-
surement were performed on seven of the SG cohort. Table 2
and Fig. 4b summarize the intraluminal pressures recorded
and correlation with cyclical pattern of emptying on stress
barium. Isobaric intragastric pressure during swallows with
the manometry catheter advanced (mean 5.0 ± 1.4 cm) into
the stomach was 21.6 ± 11.3 mmHg.

Similar to the findings of stationary manometry, individual
esophageal peristaltic contractions were noted to generate iso-
baric pressurizations of the stomach (mean peak proximal
intragastric pressure 31.6 ± 13.1 mmHg). The ΔP achieved
was 27.5 ± 13.3 mmHg (p = 0.002). These intragastric pres-
surizations were sustained for a mean duration of 17.3 ±
8.2 s, almost identical to the duration of the prolonged LES
contraction (18.5 ± 9.0 s, p = 0.355).

Secondary peristaltic contractions repeat swallows and an
oscillatory pattern was observed in all seven patients. Five
patients demonstrated at least one escape event where bolus
escape with relaxation of LES followed by synchronous con-
tractions. Four patients demonstrated abnormal peristalsis as a
response to reflux events.

Overall, this confirmed the role of esophageal peristaltic
contractions in producing periods of high isobaric intragastric
pressure due to filling and distension of the vertical compart-
ment of the sleeve with prolonged contraction of the lower
esophageal sphincter. A pattern of repeated reflux events
was stimulating repeated esophageal contractions resulting
in re-pressurization of the vertical gastric compartment.

Discussion

We have conducted a series of sequentially linked studies
evaluating the mechanisms of esophageal and gastric transit
following sleeve gastrectomy. A substantially altered para-
digm of mechanical physiology has been established. This
principally consists of esophageal-driven gastric clearance
via anatomically and functionally separate vertical and antral
gastric compartments. A gastric clearance cycle consisting of
8 distinct components resulting in accelerated transit was ob-
served rather than an increased rate of regulated emptying.
Triggered reflux events provoking repeated esophageal peri-
stalsis were intrinsic to the emptying process.

Our initial nuclear scintigraphy studies confirmed previous
work, demonstrating that gastric emptying half-time was re-
duced.We extended that observation by performing a focused
analysis in addition to a simple analysis of time activity
curves. This led to the key observation that a large proportion
of the meal had transited into the small bowel (accelerated
transit), prior to the commencement of the scan.
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Fig. 4 The cyclical pattern of gastric sleeve emptying and intragastric
pressure. Components of the anatomical appearance (a) demonstrated at
differing time points, with corresponding proximal gastric intraluminal
pressures (b). In the cycle, the vertical compartment is seen to fill (1), with
a rapid increase in pressure where the incisura is seen to open (2). At point
(3), there is a closed LES and a bi-compartmental appearance to the
sleeve, with movement around the incisura noted. At point (4), there is

a macro-reflux event noted with a reduction in intraluminal pressure.
Subsequently, a repeat peristaltic contraction (5) with an increase in
intraluminal pressure noted. A continuing peristaltic contraction and
pan-compartmentalization (6) was noted thereafter, followed by antral
contraction (7). Trans-pyloric flow then occurred with reflux across the
incisura into the vertical compartment (8)
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Fig. 5 Ramping effects (stationary manometry—volume-stress test). a
An example of proximal intragastric pressure sequential increase with
ramping with consecutive swallows (arrows demonstrating proximal
intragastric pressure). b Coordinated pattern of esophageal response to
ramping with generation of an isobaric pressure in the proximal stomach.

cUncoordinated pattern of response to repeated swallows where repeated
swallows demonstrating uncoordinated lower esophageal contractions
were noted. d Uncoordinated secondary or reflex contraction (red
arrow) likely due to a reflux event
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This finding suggested that the gastric clearance was imme-
diate and potentially represented a distinct transit process rather
than an increase in the rate of regulated emptying. Further in-
terrogation of the scan led us to identify that a high proportion
of deglutitive reflux occurred immediately on swallowing.

To delineate the mechanism of accelerated transit, we
modeled the initial consumption of a meal using stress barium
and screening fluoroscopy. This permitted concurrent observa-
tion of transit and anatomical change in higher resolution.
Stress barium demonstrated rapid transit of a bolus to the duo-
denum via a dynamic emptying cycle of eight separate compo-
nents. The vertical compartment filled, reflux developed,
followed by further peristalsis, then opening of the incisura,
and ultimately antral contraction leading to transpyloric flow.

The filling of the vertical component appeared directly as-
sociated with esophageal peristaltic contractions and repeated
contractions of variable nature were also suspected. This sug-
gested an esophageal mechanism or piston effect as a principal
driver of sleeve emptying.

Standard esophageal manometry showed that overall
motility was unremarkable and did not suggest these com-
ponents were critical to emptying of the sleeve. A key
finding was a ramping effect with the observation of
peristaltic-induced isobaric pressurization in the proximal
stomach following consumption of a small volume of liq-
uid. This was highly indicative of a low compliance sys-
tem that developed high intraluminal pressures (at a low
volume threshold and from a low basal pressure), as a
response to esophageal peristalsis.

In a final study, video fluoroscopy was performed with an
in situ manometry catheter advanced into the vertical

compartment of the sleeve. This showed that peristaltic-
mediated isobaric pressurization was occurring at least 5 cm
into the common vertical compartment of the sleeve in concert
with filling. Importantly, these studies confirmed that repeated
esophageal peristaltic contractions (interspersed with reflux
events) were providing the drive to fill, distend, pressurize,
and empty the vertical compartment of the sleeve.

Strengths of our study include the systematic design and
use of multiple complimentary investigational modalities.
Detailed analysis and sophisticated purpose-designed algo-
rithms were used to answer questions that were posed by
initial experiments. In particular, we conducted more detailed
analysis of the nuclear scintigraphy scans, beyond simple
measurement of gastric emptying half-time.

Stress barium was purpose-designed to provide better ana-
tomical delineation of the mechanism of accelerated gastric
transit suggested by the lower anatomical resolution nuclear
scintigraphy scans. Standard esophageal manometry provided
minimal mechanistic information. However, by specific eval-
uation of the ramping effects and utilizing video fluoroscopy
to identify peristaltic contractions during the previously de-
fined emptying cycle, we were able to extract key data and
validate our findings.

While our study demonstrated consistent results from dif-
ferent experimental modalities, we were only able to model
eating and we have not accounted for every possible situation.
We also have not linked these findings to better understanding
the mechanism of weight loss. We have yet to fully character-
ize the motility aspect of the gastric component of the sleeve
itself, although we strongly suspect the vertical compartment
is immotile and acts as a transit vessel. Furthermore, the

Table 2 Concurrent video
fluoroscopy and manometry Video manometry (N = 7)

Separation of LES from diaphragm (cm) 1.8 ± 2.1

LES basal pressure (mmHg) 10.3 ± 7.4

Basal intragastric pressure (mmHg) 4.1 ± 2.4

Length of high-pressure zone (cm) 5.0 ± 1.4

Peak isobaric esophageal pressure (mmHg) 21.6 ± 11.3

Peak isobaric proximal intragastric pressure (mmHg) 31.6 ± 13.1

Duration of proximal intragastric pressurization (s) 17.3 ± 8.2

LES contractile pressure (mmHg) 62.0 ± 25.8

Duration of LES contraction (s) 18.5 ± 9.0

Duration in between peristaltic contraction (min) 16.3 ± 10.4

Oscillation pattern observed, N (%) 7 (100)

Secondary peristalsis observed, N (%) 7 (100)

Escape phenomenon observed, N (%) 5 (71.4)

Relaxation of lower esophageal sphincter during repeat peristalsis observed, N (%) 7 (100)

Repeat swallows observed, N (%) 7 (100)

Abnormal peristalsis observed, N (%) 4 (57.1)
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finding of proximal compartment pressurization may elude to
potential mechanical narrowing of the distal compartment,
which were not characterized in this study.

Our future endeavors will focus on reflux and defining
these syndromes, particularly in the context of the novel find-
ing that mechanical reflux events and substrate retention in the
esophagus appear central to the procedure. Validation of these
findings in another group of sleeve gastrectomy patients with
optimal progress, with repeated measure preoperative and
postoperative, would be of value. We will also focus on
linking this physiology paradigm to neurohormonal processes
to better understand the mechanisms of weight loss [26].

Conclusion

Our study had identified a new physiological schema relating
to emptying following gastric sleeve and defined the role of
esophageal function and reflux events. It is hoped that this will
form a highly useful basis for surgeons addressing key chal-
lenges associated with the gastric sleeve, link to development
of improved diagnostic algorithms, and inform further inves-
tigations of the mechanism of weight loss.
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