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Abstract

Obijectives: Using high resolution impedance manometry (HRIM), this study
characterized the esophago-gastric junction (EGJ) dynamics in children with
esophageal atresia (EA).

Method: Esophageal HRIM was performed in patients with EA aged less than
18 years. Objective motility patterns were analyzed, and EGJ data reported.
Controls were pediatric patients without EA undergoing investigations for
consideration of fundoplication surgery.

Results: Seventy-five patients (M:F=43:32, median age 1 year 3 months
[3 months—17 years 4 months]) completed 133 HRIM studies. The majority
(64/75, 85.3%) had EA with distal tracheo-esophageal fistula. Compared with
controls, liquid swallows were poorer in patients with EA, as evident by
significant differences in distension pressure emptying and bolus flow time
(BFT). The integrated relaxation pressure for thin liquid swallows was
significantly different between EA types, as well as when comparing patients
with EA with and without previous esophageal dilatations. The BFT for solid
swallows was significantly different when compared with EA types.
Conclusions: We have utilized HRIM in patients with EA to demonstrate
abnormalities in their long-term EGJ function. These abnormalities correlate
with poorer esophageal compliance and reduced esophageal peristalsis across
the EGJ. Understanding the EGJ function in patients with EA will allow us to
tailor long-term management to specific patients.
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Esophageal atresia (EA) is a congenital condition,
often linked to a distal tracheo-esophageal fistula

Assessment of Esophago-Gastric Junction Dynamics through High-Resolution Impedance Manometry
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1 | INTRODUCTION

Esophageal atresia (EA) is the most significant
congenital anomaly of the esophagus, and affects up
to 1 in 2600 Australian newborns.’ Congenital impair-
ment of neural innervation, as well as narrowing and
reduced compliance at the surgical anastomosis, may
impact upon the mechanism of the esophago-gastric
sphincter, particularly in patients with long-gap EA.
Such changes, including changes in tension in the
esophagus, may also lead to increased susceptibility to
gastro-esophageal reflux (GER). It is not uncommon for
patients with EA to have severe enough GER to
warrant fundoplication, which may occur in 10%—-45%
of patients with EA.23

Currently, there are no published objective motility
data that have assessed the esophago-gastric junction
(EGJ) in patients with EA. The development of high
resolution impedance manometry (HRIM) have facili-
tated accurate and reliable measurement of the EGJ
mechanics.* These include contractility and relaxation,
as well as esophageal bolus transport and emptying.
HRIM has been utilized in children to assess for
dysphagia in other conditions, such as achalasia and
diffuse esophageal spasm, and in pre- and post-
fundoplication settings.>” The HRIM technique has
yet to be systematically applied in patients with EA.

The aim of our study, as part of a larger HRIM study
investigating patients with EA, was to understand the
motility mechanics in EA, with a particular focus on
the EGJ.

2 | METHODS

Eligible patients with EA were identified from the Nate
Myers Oesophageal Atresia Database, at The Royal
Children's Hospital, Melbourne (RCH). This is the
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What is Known

» Swallowing difficulties in children with repaired
esophageal atresia suggest the mechanism of
the sphincter at esophago-gastric junction
may be disrupted in these patients.

» Objective data that characterize the esophago-
gastric junction in children with esophageal
atresia are lacking from the literature.

What is New

¢ Poorer liquid swallow function in the esopha-
geal atresia group compared with the control
group was detected for distension pressure
emptying (mean difference 6.65 mmHg) and
bolus flow time (mean difference —0.86 min).

* Integrated relaxation pressure for thin liquid
swallows was significantly different when
compared with esophageal atresia types.

world's largest single-center prospective database of
patients with EA, with data collected from 1948
onwards. Carers of eligible patients were contacted
for recruitment, via letters and phone calls, or face-to-
face discussions if they were present in the hospital for
clinical indications (outpatient visits, inpatient admis-
sions). Data for both asymptomatic and symptomatic
patients were collected.

Patients up to 18 years old were eligible to
participate. The study employed a prospective longitu-
dinal cohort study design. This study was approved by
the RCH Human Research Ethics Committee (HREC
35089A and HREC 35089B).

HRIM was performed with a pediatric solid-state
catheter (8 Fr, 2.7 mm diameter; with 32 x1cm spaced
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pressure sensors; 16 x2cm impedance electrode seg-
ments; UniSensor) linked to a Medical Measurement
Systems (MMS) program (Laborie). Catheter placement
was performed by an experienced manometry nurse, and
correct placement determined by the pressures recorded
on the MMS program. Esophageal body motor activity and
bolus transport patterns were collected.

Participants sat upright during the study and followed
the following protocol for swallows: 10 swallows of thin
standardized bolus medium (SBM) or equivalent [IDDSI
(International Dysphagia Diet Standardization Initiative)] 0O;
10 swallows of thick SBM or equivalent (IDDSI 4); and 5
swallows of solids (bread) or equivalent (IDDSI 7). Liquid
volumes were standardized at 5mL when the child was
able to swallow this volume. This was delivered either via a
syringe or spoon, at one go, depending on child
cooperation. Solid swallows (bread) were given to the
child to take a bite from, and swallows recorded after a
period of mastication.

Limitations in the pediatric setting were also
accounted for, and the protocol adjusted according to
the individual child's ability to swallow and/or cooper-
ate. The catheter was removed before the conclusion
of the study recording. At the time of the study, parents
(or patients who were old enough) also completed a
validated dysphagia questionnaire modeled on the
composite dysphagia score of Dakkak and Bennett
(Supporting Information: Content 1).® The question-
naire assessed dysphagia for nine different food types
with increasing viscosity (water to meat; scale 0-45; no
dysphagia=0). This questionnaire was utilized as it
provides a quick and convenient assessment with
accuracy and clinical utility.®

Each deidentified study was uploaded to Swallow
Gateway™ (swallowgateway.com; version© 2020), a
web-based application for HRIM analysis and multi-
disciplinary communication.® Analysis was undertaken
in collaboration by three to five clinicians (STT, NS, AC,
TO, and/or SK). All clinical data were obtained from the
RCH electronic medical record (Epic). Data points
included gestational age, birth weight, VACTERL
association (vertebral anomalies, anorectal mal-
formation, cardiac anomalies, tracheo-esophageal fis-
tula, renal anomalies, limb anomalies), chromosomal
abnormalities, intraoperative findings, postoperative
complications, need for esophageal dilatations, swal-
lowing difficulties, and choking episodes. Types of EA
were classified according to the Gross classification:
Type A—pure EA, Type B—EA with proximal tracheoe-
sophageal fistula (TEF), Type C—EA with distal TEF,
Type D—EA with double TEF, Type E—isolated TEF."°
Patients with EA and VACTERL association were
identified in accordance with current clinical definitions
for VACTERL association, that is, three or more of the
aforementioned VACTERL anomalies."’ Esophageal
dilatations typically focused on addressing the area of
previous surgical anastomosis, given its propensity for

]
narrowing and reduced compliance. Study data were
collected and managed using REDCap (Research
Electronic Data Capture) electronic data capture tools,
hosted at the Murdoch Children's Research Institute
(MCRI).'2

For the analysis of HRIM metrics, patients with good
quality studies were assessed. This was defined by
having undertaken at least three analyzable bolus
swallows of thin SBM, thick SBM, or solids.®'® Due to
the invasive nature of HRIM, generating normative data
in healthy children is not ethical. Therefore, as controls,
data were utilized from a previous cohort of children
without EA. These children had undergone HRIM for
GER symptoms as part of a series of investigations for
consideration of a fundoplication surgery. Metrics
pertaining to EGJ function analyzed have been
previously described and included the EGJ resting
pressure, EGJ contractile integral (Cl), integrated
relaxation pressure over 4 s (IRP4s), intrabolus disten-
sion pressure during esophageal emptying (DPE), and
bolus flow time (BFT).% 1422

Statistical analysis was conducted utilizing Minitab
Statistical Software for Mac© (2020). Descriptive
statistics are median and ranges for patient demo-
graphics and mean and standard error for HRIM
metrics. Analysis was undertaken with a general linear
model. Esophageal length was included as a co-variate
in the analysis, as it is known to affect biomechanical
findings on HRIM.® Esophageal length is thought to
influence metrics such as EGJ resting pressure, IRP4s,
and distension pressures. Since esophageal length will
be expectedly variable across children of different
ages, we controlled for length to allow the detection of
differences in metrics independent of this factor.

3 | RESULTS

A total of 75 patients underwent 133 HRIM studies over
the period of November 2015 to April 2021—35
patients underwent one study, 24 patients underwent
two studies, 14 patients underwent three studies, and 2
patients underwent four studies. There were 80 control
patients [M:F 38:42, median age 13 years (range 1-18
years, IQR 9 years 6 months—15 years 8 months)] that
each underwent one study. Patient demographics are
described in Table 1. There were 33 patients with
documented endoscopic findings, of which 7 (21.2%)
showed evidence of esophagitis. Of the 75 initial
studies, 64 (85.3%) were considered “good quality”
for inclusion in the analysis. Of the 80 control studies,
76 (96.0%) were considered “good quality.” Analysis of
the EGJ metrics, and comparison between EA and
control groups, are presented in Table 2 and Figure 1.

We demonstrated that the distension pressure
emptying (DPE) for thin (IDDSI 0) and thick (IDDSI 4)
liquid swallows were significantly different, with patients
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TABLE 1 Demographics for the EA group (N =75).
Number Percentage
Male 43 57
EA type
Type A 5 7
Type B 2 3
Type C 64 85
Type D 0 0
Type E 4 5
VACTERL 23 31
Requirement for =1 esophageal 9 12
dilatation
Requirement for fundoplication surgery 45 60
Median Range
Gestational age (weeks) 38 31-41%°
Birth weight (kg) 2.9 1.2-4.5
Age at time of study (years) 1.25 0.25-17.33
IQR 1-7

Abbreviation: EA, esophageal atresia.

TABLE 2 EGJ metrics—All patients with EA compared with controls.

with EA having a higher DPE compared with controls
[mean difference: 6.65mmHg, 95% CI: (4.02,
9.27)mmHg, p<.01 (IDDSI 0); mean difference
4.41 mmHg (IDDSI 4); 95% CI: (1.22, 7.59) mmHg,
p =.01 (IDDSI 4)]. Additionally, the BFT for thin (IDDSI
0) and thick (IDDSI 4) liquid swallows were also
significantly different, with patients with EA having a
lower BFT compared with controls [mean difference:
-0.86s, 95% CI (-1.43, -0.30)s, p<.01 (IDDSI 0);
mean difference: -0.66s, 95% Cl (-1.22, -0.09)s,
p =.02 (IDDSI 4)]. Only 27/64 (42.2%) patients with EA
were able to complete the solid swallow protocols.

A subgroup analysis of only patients with Type C EA
was also undertaken and compared with the control group;
Type C EA is the most common EA variant, in which the
EA is associated with a distal TEF. Among the 64 initial
studies that were deemed “good quality,” 53 (82.8%) were
patients with Type C EA (Supporting Information: Con-
tent 2). In this subgroup analysis, the DPE for thin (IDDSI
0) and thick (IDDSI 4) swallows were significantly different,
with patients with Type C EA having a higher DPE
compared with controls [mean difference: 6.28 mmHg,
95% CI: (3.38, 9.18)mmHg, p<.01 (IDDSI 0); mean
difference 3.77mmHg (IDDSI 4); 95% CI: (0.31,
7.23) mmHg, p=.03 (IDDSI 4)]. Additionally, the BFT for

EA Control EA minus control

Mean SE Mean SE Mean difference 95% CI p Value
EGJ, n 64 76
Resting pressure (mmHg) 38.99 3.86 47.08 3.44 -8.09 -19.86, 3.69 0.18
Cl (mmHg.cm) 51.65 5.17 54.83 4.61 -3.18 -18.96, 12.60 0.69
IDDSI 0, n 60 75
IRP4s (mmHg) 9.23 1.10 9.87 0.95 -0.64 -3.92, 2.65 0.70
DPE (mmHg) 11.26 0.87 4.61 0.75 6.65 4.02, 9.27 <0.01
BFT (s) 1.52 0.19 2.38 0.16 -0.86 -1.43, -0.30 <0.01
IDDSI 4, n 61 75
IRP4s (mmHg) 9.06 0.97 10.08 0.84 -1.02 -3.94, 1.90 0.49
DPE (mmHg) 12.07 1.06 7.66 0.92 4.41 1.22,7.59 0.01
BFT (s) 1.77 0.19 243 0.17 -0.66 -1.22, -0.09 0.02
IDDSI 7, n 27 73
IRP4s (mmHg) 9.76 2.03 13.04 1.15 -3.28 -8.17, 1.61 0.19
DPE (mmHg) 12.22 1.96 9.90 1.11 2.32 -2.40, 7.04 0.33
BFT (s) 1.96 0.24 1.83 0.14 0.13 -0.45, 0.71 0.66

Abbreviations: BFT, bolus flow time; Cl, contractile integral; EA, esophageal atresia; EGJ, esophago-gastric junction; IDDSI, International Dysphagia Diet

Standardization Initiative; IRP4s, integrated relaxation pressure.
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Esophagogastric junction
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FIGURE 1
junction.

IDDSI 0 swallows were significantly different, with patients
with Type C EA having a lower BFT compared with
controls (mean difference: -0.69s, 95% CI (-1.43,
—-0.04) s, p =.04). When BFT was compared with Dakkak
dysphagia scores, no significant differences were found
(IDDSI 0: p=.21, IDDSI 4: p=.13, IDDSI 7: p=.07).

Within the EA group, we also investigated the
association between the EGJ parameters with EA type,
and any previous esophageal dilatations (Table 3 and
Supporting Information: Content 3). We demonstrated that
the IRP4s for thin (IDDSI 0) swallows was significantly
different among the EA types: Type E had the highest
IRP4s (22.88 +3.77 mmHg) when compared with the
other EA types (Type A or B 13.03+3.02mmHg, Type
C 9.56 + 1.04 mmHg, p =.01).

In addition, the BFT for IDDSI 7 swallows was
significantly different among the EA types. Type C EA
had the highest BFT (2.03+0.33s) when compared
with the other types (Type A or B 0.07 +0.65s, Type E
1.92+1.15s, p=.04). The IRP4s for thin (IDDSI 0)
swallows was lower in the group with prior esophageal
dilatations when compared with the group without
previous dilatations [mean difference -4.29 mmHg,
95% CI (-8.40, -0.19) mmHg, p =.04].

e

Integrated relaxation pressure (mmHg)

IDDSI 0 : ° |

IDDSI 4 I @

IDDSI 7

[ ]

-8 -4 0
Mean difference with 95% ClI (EA - Control)

Bolus flow time (s)

IDDSI 0

®

IDDSI 4 ‘» °

IDDSI 7

®

-1.5 -1.0 -0.5 0.0 0.5
Mean difference with 95% CI (EA - Control)

EGJ metrics—Mean differences of all patients with EA compared with controls. EA, esophageal atresia; EGJ, esophago-gastric

4 | DISCUSSION

In our study, we aimed to characterize EGJ function in
patients with EA and compare these findings with
controls. The few published studies that have utilized
HRIM in children with EA have suggested abnormali-
ties in gastro-esophageal function within this patient
cohort.?*2” In our study, the DPE and the BFT for
liquid swallows differed significantly between the EA
and control groups. When Type C EA was specifically
compared with control groups, DPE for liquid swallows
differed, and BFT differed for only the thin liquid
swallows. Distension pressure during esophageal
emptying was higher in the EA group, suggesting a
poorer compliance in this group of patients, when the
food bolus empties from the esophagus into the
stomach. This finding was only limited to liquid
swallows, as there insufficient patients able to complete
solid swallows to accurately perform a comparison. The
higher DPE in liquid swallows in the EA group was not
unexpected, due to the predictable impairment of bolus
clearance.

BFT predicts the period of esophageal bolus
emptying across the EGJ and may also be related to
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increased resistance at the EGJ.242° This suggests a
possibility that the EGJ may be a potential therapeutic
target for managing dysphagia in patients with EA;
however, lowering the EGJ pressure may increase the
likelihood of GER in a patient group already prone to
GER and its associated short- and long-term morbidi-
ties.>® One study in an adult population by Cock et al.
(in asymptomatic healthy volunteers over 80 years of
age) found that BFT and bolus presence time (BPT)
may be utilized to differentiate individuals with failed
bolus clearance.'® However, this has yet to be found as
predictive in the pediatric population.?® In patients with
ineffective peristalsis and/or incomplete EGJ relaxa-
tion, a short BFT may indicate impairment of flow
across the EGJ, with some residual bolus left within the
body of the esophagus.

There was no significant difference found in the BFT
in the solid swallows when patients with EA were
compared with controls, though differences were
demonstrated between EA types. This may relate to
the fact that only 42% of our patients were able to
complete solid swallows, due to their stage of
development and/or limitations with patient coopera-
tion. It should also be noted that BFT has not been
validated for accuracy of solid bolus emptying. A study
by Lin et al. suggested that the BFT is correlated with
dysphagia severity, as a marker of EGJ function.®’
However, we found no correlation between BFT and
Dakkak dysphagia scores in our cohort. We propose
several key methodological distinctions which may
reconcile the apparent differences between the findings
of the current study and those reported by Lin et al. The
study by Lin et al., which did correlate BFT with non-
obstructive dysphagia, was conducted in a distinctly
different patient population, namely adults with a
diagnosis of achalasia. In our study, dysphagia was
assessed with a different questionnaire (Dakkak
dysphagia questionnaire). Our Dakkak dysphagia
questionnaires were completed by caregivers, which
may reflect an inability or refusal to swallow rather than
a true perception of bolus hold-up, which may occur
even when the food bolus transits. However, with
dysphagia symptoms being multi-factorial, there may
also be a contribution from EGJ resistance and/or
resistance at the esophageal anastomosis.

We have found that the IRP4s for thin swallows was
significantly different within the EA cohort, both when
comparison was made between the types of EA, and
when there was a history of previous esophageal
dilatations. The IRP4s describes relaxation of the EGJ
during swallowing and may be used to identify issues
with the structural function of the esophagus, such as
esophageal outflow obstruction. The difference that
was found with Type E EA, when compared with other
EA types, is likely due to these patients having an
isolated tracheoesophageal fistula (without EA). Surgi-
cal correction of Type E EA is typically via a cervical

] -
incision rather than thoracotomy and does not involve
either traction on the EGJ or esophageal anastomosis
to restore esophageal continuity. As such the distinctly
different surgery for Type E EA would not be expected
to impact the anatomy or function of the EGJ, in the
same fashion as surgery for other types of EA.

The difference in IRP4s found among EA types
needs to be interpreted with care, as we had a small
sample size for subgroup analysis here, and there were
only four patients with Type E EA. Further, the IRP4s
for thick and solid swallows were not different across
the EA types. This may have implications for parental
counseling during the period of introduction of solids,
especially with parents who are hesitant to introduce
more solid foods, but are feeding their child thick
pureed food. This information may reframe the thinking
on the well-understood and documented challenges
faced by children with repaired EA in transitioning from
swallowing thick pureed food to swallowing more solid
foods. This may focus the attribution of these chal-
lenges to other areas, such as the anastomosis rather
than the EGJ. If trials of solid foods do indeed manifest
with difficulties with swallowing, we would focus our
therapeutic attention on the anastomosis as a more
likely root cause of the difficulties.

Further, when comparing for previous esophageal
dilatations, the group with previous esophageal dilata-
tions had a lower IRP4s. As IRP4s is influenced by
contact and intrabolus pressures, this lower value may
reflect ineffective peristalsis which leads to lower
intrabolus pressures and lower IRP4s. This may be
an indication of dysmotility in patients with EA, affecting
symptomatology. Dysmotility, which manifests as dys-
phagia and/or food bolus obstruction, then in turn
affected dilatation requirement, as dilatations did not
typically directly impact the EGJ. We acknowledge that
these findings are limited by the small sample size of
patients with EA who had undergone dilatation (nine
patients).

In our study, we factored esophageal length into the
analysis. While adult studies may have little need to
compare esophageal length and its impact on metrics,
this is important in the pediatric population, as it has
been shown to affect HRIM metrics.>?* In our analysis,
using the general linear model, we adjusted for
esophageal length as a potential confounder. There-
fore, we are confident that our findings are independent
of the influence of esophageal length, which is highly
variable in a cohort of children from 0 to 18 years of
age, and is highly likely to differ between children with
repaired EA and their age matched peers without EA.
We do, however, acknowledge that the median age at
the time of study was 1.25 years in the EA group and
13 years in the control group.

Our study is limited by challenges faced within the
pediatric population. The standardization of HRIM in
children is affected by child cooperation, taking into
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account age and developmental stage, which may be
exacerbated by parental anxiety and/or previous
traumatic experiences with healthcare. As such,
obtaining many data points can be a challenge. We
do appreciate that the more data points, the better for
internal consistency of measurements. However, due
to this challenge, we have included patients with at
least three analyzable bolus swallows — in our
experience, this is sufficient for meaningful analysis.
Additionally, SBM was not used for all studies, either
because those studies predated the development and
utilization of SBM or because a child's distaste for SBM
resulted in pragmatic exchange of SBM for the patient's
own food to ensure meaningful, good swallow analysis.
Nonetheless, we hypothesize that the impact on our
findings does not negate the clinical implications of our
results.

Controls in our study were children who had
undergone HRIM for reflux symptoms as part of a
work-up for possible fundoplication. In this case, the
EGJ is not expected to be fully representative of the
healthy (i.e., “normal’) population. However, given that
this group of patients are presurgery, the EGJ would
not have been impacted by those anatomical and
physiological changes resulting from surgical dissec-
tion, traction, and esophageal anastomosis, unlike the
EA group. Therefore, the control group was deemed
representative of the non-EA population, bearing this
limitation in mind.

Further, we acknowledge that a large proportion of
patients with EA have undergone a Nissen fundoplica-
tion (60%), which changes the anatomy of the EGJ.
This can affect the HRIM results and may make it
difficult to determine if the HRIM findings reflecting EGJ
dysfunction is attributable to EA alone of fundoplication
changes. Acknowledging this limitation, we also note
that patients within the EA cohort undergo different
surgical changes depending on gap length and need
for repeat surgeries, and that fundoplication adds to
this already varied factor. We also acknowledge that a
limited number of our patients had documented
endoscopic findings. Therefore, it was not possible to
undertake meaningful analysis to compare the pres-
ence of mucosal abnormalities with EGJ morphology.

The application of HRIM to patients with EA has
several important benefits, and we have now
demonstrated its specific utility in understanding
EGJ function. This may help target the management
of EA patients, if HRIM identifies EGJ dysfunction as
contributing to patient symptoms. It may aid in the
decision to perform fundoplication, assess postfun-
doplication changes, or even need for revision
surgery subsequently. With the increasing availabil-
ity of HRIM, its application offers an improved
understanding of the swallowing in these patients,
and the potential to direct and improve patient
care.??

5 | CONCLUSION

This is the largest study of its kind, understanding the
metrics of esophageal contraction in patients with EA.
Utilizing HRIM, we have objectively characterized the
EGJ. Distension pressure emptying and BFT for liquid
swallows were significantly different between the EA
and control groups. Integrated relaxation pressure for
thin liquid swallows was significantly different when
compared for EA types, as well as a previous history of
esophageal dilatations. Understanding the EGJ func-
tion in patients with EA will facilitate individualized long-
term management.
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