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Abstract

Background: High-resolution esophageal manometry (HREM), derived esophageal
pressure topography metrics (EPT), integrated relaxation pressure (IRP), and distal
latency (DL) are influenced by age and size. Combined pressure and intraluminal im-
pedance also allow derivation of metrics that define distension pressure and bolus
flow timing. We prospectively investigated the effects of esophageal length on these
metrics to determine whether adjustment strategies are required for children.
Methods: Fifty-five children (12.3 + 4.5 years) referred for HREM, and 30 healthy
adult volunteers (46.9 + 3.8 years) were included. Studies were performed using the
MMS system and a standardized protocol including 10 x 5 mL thin liquid bolus swal-
lows (SBM kit, Trisco Foods) and analyzed via Swallow Gateway (www.swallowgat
eway.com). Esophageal distension pressures and swallow latencies were determined
in addition to EGJ resting pressure and standard EPT metrics. Effects of esopha-
geal length were examined using partial correlation, correcting for age. Adult-de-
rived upper limits were adjusted for length using the slopes of the identified linear
equations.

Key Results: Mean esophageal length in children was 16.8 + 2.8 cm and correlated
significantly with age (r = 0.787, P = .000). Shorter length correlated with higher EG)J
resting pressure and 4-s integrated relaxation pressures (IRP), distension pressures,
and shorter contraction latencies. Ten patients had an IRP above the adult upper
limit. Adjustment for esophageal length reduced the number of patients with ele-
vated IRP to three.

Abbreviations: CC, Chicago Classification; DCI, distal contractile integral; DL, distal latency; EGJ, esophagogastric junction; EGJOO, EGJ outflow obstruction; EPT, esophageal pressure
topography; HREM, high-resolution esophageal manometry; IDDSI, International Dysphagia Diet Standardization Initiative; IEM, ineffective esophageal motility; IRP 4s, integrated
relaxation pressure; SBM, standardized bolus medium; TZ, transition zone; UES, upper esophageal sphincter.

Disclaimer: Although ESPGHAN Motility Network is associated, this work neither represents ESPGHAN policy nor is endorsed by ESPGHAN.

An overview of abbreviations of pressure-impedance metrics can be found in Figure 1.
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1 | INTRODUCTION

Upper gastrointestinal symptoms, such as regurgitation, chest
pain, and dysphagia are common in children and esophageal motil-
ity disorders and are often considered in the differential diagnosis.
High-resolution esophageal manometry (HREM) with esophageal
pressure topography (EPT) has standardized the assessment of
esophageal motility. The Chicago Classification (CC) framework
provides a diagnostic classification of esophagogastric junc-
tion (EGJ) outflow disorders including achalasia, and major and
minor disorders of peristalsis.! EPT criteria have not been devel-
oped for the pediatric population; therefore, implementation of
the CC for the analysis of pediatric HREM studies has been chal-
lenging.?® Recent retrospective pediatric studies have identified
age- and size-related differences with smaller/younger children
demonstrating higher integrated relaxation pressure (IRP 4s),
higher distal contractile integral (DCI), and shorter distal latency
(DL).* These effects appear to relate to esophageal organ growth,
rather than developmental changes in neurological pathways and
mechanisms.>

The probability of an incorrect EPT diagnosis of a major motil-
ity disorder, such as disorders of EGJ outflow and/or esophageal
spasm, increases if no age-appropriate normal values are used.*®
When applied with impedance, HREM is able to quantify other crit-
ical biomechanical factors that may lead to symptom generation,
most importantly failure of complete bolus transport and elevated
luminal distension pressures.®® Enhanced pressure-impedance-
derived metrics potentially identify causes of dysphagia and allow
determination of biomechanical changes associated with proce-
dures such as Nissen fundoplication, laparoscopic gastric banding,
and EGJ dilatation.’*! These novel methods were recently gen-
eralized via the web-based application Swallow Gateway™.”214
However, the effect of esophageal length on integrated pressure-
impedance metrics has not been evaluated and, while previously
described, the effect on standard EPT metrics requires confirma-
tion and quantification for clinical use. We therefore undertook a
prospective study to investigate which of the suite of diagnostic
parameters currently calculable by Swallow Gateway™ are influ-
enced by shorter esophageal length and, for those parameters af-
fected, to develop adjustment strategies to enable HREM analysis

to be correctly applied.

Conclusions & Inferences: We prospectively confirmed that certain EPT metrics, as
well as potential useful adjunct pressure-impedance measures such as distension
pressure, are substantially influenced by esophageal length and require adjusted di-

agnostic thresholds specifically for children.

adjustment, Chicago classification, children, high-resolution esophageal manometry,

Key Points

e In children, patient's size influences high-resolution
esophageal manometry (HREM) derived esophageal
pressure topography (EPT) metrics. The influence of
patient's size on HREM derived combined pressure and
intraluminal impedance metrics is unknown. We pro-
spectively investigated the effects of esophageal length
on these HREM metrics to determine whether adjust-
ment strategies are required for children.

e Based on HREM data of 50 children referred for clini-
cal investigation, we found shorter esophageal length
to correlate with higher esophagogastric junction rest-
ing pressure, 4-s integrated relaxation (IRP), distension
pressures, and shorter contraction latencies.

e Our study confirms previously described effects of
esophageal length on EPT metrics that are used in the
Chicago Classification of esophageal motility disorders
and adds to this information by describing effects on

measures of bolus distension pressure and flow timing.

2 | METHODS

2.1 | Patients

Data from pediatric patients (age 0-18 years) referred for clinical
HREM at the Gastroenterology Unit of the Women's and Children's
Hospital, Adelaide, Australia, between March 2018 and March 2019
were prospectively captured (de-identified) as part of an ongoing
pediatric motility service clinical audit of routine assessment, and no

informed consent from patients was required.

2.2 | Controls

Patients were compared to a cohort of 30 healthy adult volunteers (11
male, mean age 46.9 + 18.5 [19-78] years, BMI 23.3 + 3.8 [17.4-31.5]
kg/m?, mean esophageal length 20.0 + 1.5 [range 16.8-22.6] cm) who
were prospectively recruited via community advertisement. Adult
control participants gave informed consent. Subjects reported no
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FIGURE 1 Derivation of swallow function metrics. The central plot shows esophageal pressure topography during swallowing of a 5 mL
thin liquid bolus. Pressures generated along the esophagus and the esophagogastric junction (EGJ) are shown by colors (reds show highest
pressure), and distension by the swallowed bolus is determined using impedance (pink line indicating peak distension). The plots above

and below show the pressure and impedance signals at the upper esophageal sphincter (UES) and EGJ region margins which record bolus
distension as liquid is transported from esophagus into stomach. The plot right shows the axial pressures recorded along the esophageal
body at the time point when the lumen proximal of the EGJ was maximally distended (star symbol). The standard pressure topography
metrics evaluated are shown in black or white text. These were (i) distal contractile latency time (DL), (i) distal contractile integral (DCI,
within yellow box), and (iii) 4s EGJ-integrated relaxation pressure (IRP 4s, within red box). The enhanced pressure-impedance-derived
metrics are shown in pink text. Distension pressure (DP) measurements were guided by impedance. Three DP metrics (DPA, DPCT, and
DPE) were determined to approximate the pressures during different phases of esophageal bolus transport; (iv) accommodation (DPA within
region from UES (line a) to transition zone (TZ, line b), ie, a-b), (v) compartmentalized transport (DPCT from TZ to EGJ margin, ie, b-c), and (vi)
esophageal emptying (DPE from EGJ margin to crural diaphragm (CD), ie, c-d). The other parameters evaluated included; (vii) the swallow to
distension latency (SDL) and (viii) distension to contraction latency (DCL) which were both determined relative to when the lumen proximal
of the EGJ was maximally distended (star symbol), (ix) impedance ratio (IR), a parameter defining bolus clearance, determined by the average

of all ratio values along the esophageal body from UES to EGJ (see plot far right), and (x) pressure flow index (PFIl), a composite score
determined based on values for DPE, RP, and DCL (formula inset). PFI defines flow resistance at the EGJ

signs and symptoms of dysphagia or gastroesophageal reflux disease;
did not have a history of diabetes; oropharyngeal, cervical, or upper
gastrointestinal surgery; allergy to local anesthetic and were not tak-
ing any medications known to alter gut motility. Based on standard
EPT analysis and established diagnostic thresholds, most controls had
normal motility according to the CC V3.0 (n = 27, 90%), the remaining

three controls had ineffective esophageal motility (IEM).

2.3 | HREM protocol

Motility recordings in patients and controls were performed accord-

ing to the same protocol and with a 2.5-mm-diameter solid-state

catheter incorporating 32 1-cm-spaced pressure sensors and 16 2-
cm-long impedance segments (Unisensor USA Inc, Portsmouth, NH).
Topical anesthesia (2% lignocaine spray or gel) is used if required
(case by case), and patients are studied sitting in a semi-reclined pos-
ture. Clinical pediatric HREM in our Center is typically performed off
proton-pump inhibitors (minimum 72 hours). Raw data were acquired
at 20 Hz (Solar Gl acquisition system, MMS, The Netherlands). The
bolus test protocol optimally includes repeat administration (at >20-
seconds intervals) of 10 x 5mL thin liquid and 10 x 5 mL extremely
thick liquid. In addition, 10 x 1 cm? solid (white bread) may be trialed
(case by case). While the protocol is usually well tolerated the num-

ber of repeats may be titrated down (case by case). The minimum
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pediatric protocol for a diagnostic outcome was completion of
2 x 5 mL thin liquid consistency swallows. To ensure standardized
bolus conductivity across different consistencies, a commercially
available bolus medium product conforming to the International
Dysphagia Diet Standardization Initiative (IDDSI) was used (SBMkit,
Trisco Foods Pty Ltd, Brisbane, Australia).®> Provocative multiple
rapid swallow testing is sometimes utilized (case by case), and pa-
tients with a clinical suspicion of rumination spectrum disorder are
given a light sandwich meal and then undergo a period of extended

monitoring for up to 1 hour after commencement of study.1'13*16

2.4 | HREM analysis

Pressure and impedance data were exported (asci format) and up-
loaded (de-identified) to the online Swallow Gateway™ application
(open-access via www.swallowgateway.com) for analysis (Figure 1).
The methodology for analysis of bolus swallows to derive swallow
function metrics has been described in detail before 12151722 |
cases of piecemeal repeat swallowing, the penultimate swallow was
used to set swallow onset and calculate swallow latency.!® As the
primary aim of this study was to assess esophageal length effects on
physiological measures, studies with a minimum of two adequately
captured liquid swallows were included, recognizing that we con-
sider this number of swallows inadequate for accurate CC diagnosis.
Resting EGJ pressure relative to gastric pressure was determined by
derivation of the EGJ Contractile Index (EGJ-CI) over three respira-
tory cycles.23’24 Esophageal length (cm) was determined from the
EPT plot by subtracting the position of UES lower margin from the
position of the EGJ upper margin.

2.5 | Statistical analysis

Statistical analysis was performed using SPSS Statistics 25 (IBM
Corporation). Continuous data were summarized as mean + SD or
median (IQR) according to normality. Between-group comparisons
(between patients with vs without history of gastrointestinal tract
surgery and between patients vs controls) were performed using
paired samples Student's t test or Mann-Whitney U test. A P-value
<.05 was considered to represent statistical significance. Partial
correlations were performed to assess the relationship between es-
ophageal lengths and swallow function metrics, while controlling for
age. Multiple linear regressions were used to examine the relation-
ship between metrics with clinical variables. Estimated cutoff values
were created by using the slope of the linear equation defining the
trend to estimate the optimal cutoff value for each metric. The mean
esophageal length of healthy control subjects (20.0 + 1.5 cm) was
used to determine the threshold below which esophageal length-ad-
justed cutoff values should apply.

The maximum and/or minimum value for healthy adult controls
served as the reference values for the metrics evaluated. For EPT
metrics, adult normal values previously published by Bogte et al
2013,% based on the same acquisition system and catheter technol-
ogy, were additionally explored as a comparator.

3 | RESULTS

3.1 | Study cohort

Fifty-five pediatric patients underwent HREM investigation during
the allotted period, and 50 were suitable for inclusion based on the
completeness and quality of the HREM study (21 male, mean age
12.3 years, range 1.0-17.7 years). Median esophageal length of pa-
tients was 17.3 cm (range 9.9-22.2) vs 22.2 cm (range 16.8-22.6) in
controls (P < .00) which correlated significantly with age and height
(r=0.787 and r = 0.834, respectively, both P < .0001).

Median number of liquid swallows captured suitable for analysis
was 10 (range 2-15). Piecemeal deglutition occurred in 6 patients
(age range 1-7.5 years). Included patients were mostly referred
with a history of typical reflux symptoms (retrosternal pain, nau-
sea, and/or vomiting). Six pediatric patients had esophageal atresia,
and seven underwent antireflux surgery prior to HREM analysis, of
which two were esophageal atresia patients. Thirty-five patients
underwent diagnostic pH-impedance (pH-MII) monitoring with 16
returning abnormal findings. Eighteen patients were investigated
with an extended postprandial protocol due to clinical suspicion of
rumination spectrum disorder, and this confirmed the evidence of
rumination in eight of the patients. Characteristics of patients and
controls are shown in Table 1 and their outcomes of pH-MIl and
(extended) HRIM studies in relationship to Chicago Classification in
Table 2.

3.2 | Effect of esophageal length on diagnostic EPT
metrics and Chicago Classification

Partial correlation was performed to determine the relationship
between esophageal length and EPT metrics while controlling for
age. DCI was significantly lower in patients with esophageal atre-
sia compared to patients postfundoplication and patients without
history of surgery of the Gl tract (P < .001). Esophageal length was
not correlated with DCI (r = 0.135, P = .263). None of the other EPT
metrics differed significantly between the three patient groups.
However, shorter esophageal length was correlated with higher EGJ-
Cl (r = -0.232, P = .041), higher IRP 4s (r = -0.434, P = .000), and
shorter DL (r = 0.350, P = .003; Figure 2). Exclusion of patients with
a history of gastrointestinal tract surgery was not on influence on
the observed trends. Median IRP 4s and DL were also significantly
higher and shorter, respectively, in children when compared to the
healthy adult controls (13.7 mm Hg [IQR 9.4-13.7] vs 6.6 mm Hg [IQR
3.9-11.3]) and 6.7 seconds [IQR 6.0-7.1] vs 7.8 seconds [IQR 7.0-8.8],
both P =.000.

Following adjustment for esophageal length, 10 patients were
found to have an IRP 4s exceeding the upper limit set based on
Swallow Gateway-derived adult values, of which one patient was
post-esophageal atresia repair and one postfundoplication (Figure 2).
One patient had had a known history of achalasia with recurring
symptoms of dysphagia (patient 1). Despite having a borderline IRP
4s, one other patient showed a HREM pattern typical for achalasia
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TABLE 1 Characteristics of pediatric patients and healthy adult
controls

Patients Controls
(n=50) (n=30)
Age,y 12.3+4.5 46.9+3.8
(1-18) (19-78)
Male gender (%) 21 (42) 11 (37)
Weight, kg 49.9 +20.6 72.2+12.8
(9.0-102.0) (55.0-96.0)
Height, cm 159.9 + 23.1 172179
(82.0-193.2) (152.0-193.0)
Mean esophageal length,cm  16.8 +2.8 20.0+1.5

Median esophageal length, 17.3(9.9-22.2) 20.2 (16.8-22.6)

cm (range)
BMI, z-score 20.0+4.5 23.3+3.8
(11.9-30.6) (17.4-31.5)
Presenting symptoms n (%)?
Regurgitation/vomiting 25 (50) NA
Dysphagia 6(12)
Chest pain 8 (16)
Feeding difficulties 4 (8)
Nausea 4(8)
Throat clearing 2 (4)
Dental erosions 1(2)

Abbreviation: BMI, body mass index.
#Multiple symptoms per patient possible. Data are mean + SD (range).

type Il with panesophageal pressurization and was diagnosed as such
also supported by the clinical image and corroborative evidence of
aberrant timed barium swallow (patient 2). One patient with esoph-
ageal atresia and eosinophilic esophagitis (patient 3) demonstrated
panesophageal pressurizations that resembled that typically seen in
Type Il achalasia; this suggests esophageal outflow obstruction, pos-
sibly associated with EoE. A second patient who had suffered cere-
brovascular accident (patient 4), developed swallowing difficulties
after being prescribed the benzodiazepine drug, Clobazam, to con-
trol seizures. This patient was therefore investigated on this therapy
due to suspicion that the dysphagia may have been drug-induced,
manometry demonstrated an elevated IRP 4s, and premature distal
contraction thus resembling the pattern typical for Type Ill achalasia.
The remaining seven patients with elevated IRP 4s values were con-
sidered “putative EGJOO.” Two patients had an average DL below
the adjusted study cutoff (Figure 2); one was patient 4 as described
above, the other was diagnosed with IEM as all swallows with short
DL were ineffective (average DCI 102 mm Hg.cm.s, patient 5).

3.3 | Effect of esophageal length on enhanced
pressure-impedance metrics

Impedance ratio was significantly higher in patients post-esopha-
geal atresia repair and patients with achalasia (P = .001). None of the

other pressure-impedance metrics differed between groups. Partial
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correlation was performed to determine the relationship between
esophageal length and enhance pressure-impedance metrics while
controlling for the two included groups. Esophageal length was not
correlated with ramp pressure (r = -0.078, P = .518), impedance
ratio (r = -0.065, P = .592), or pressure flow index (-0.172, P = .151).
However, shorter esophageal length was correlated with higher
distension pressures throughout the esophageal body (Figure 3)
and shorter swallow—distension latency (SDL; r = 0.550, P = .000)
and distension to contraction latency (DCL; r = -0.270, P = .023).
Exclusion of patients with a history of gastrointestinal tract surgery
was not an influence on the observed trends. Of the three disten-
sion pressures evaluated, median DPE was significantly higher in
children when compared to the healthy adult controls (7.0 mm Hg
[IQR 3.2-11.6] vs 5.0 mm Hg [IQR 1.7-6.9], P = .017). SDL and DCL
were also significantly shorter in pediatric patients vs adult con-
trols (SDL = 3.1 seconds [IQR 2.4-3.6] vs 4.9 seconds [IQR 4.0-5.5],
P =.000 and DCL = 3.5 seconds [IQR 2.9-4.5] vs 3.2 seconds [IQR
2.4-3.6] P =.026).

DPE, a potential adjunct measure supportive of EGJOO, was
significantly higher in those patients with elevated IRP 4s value
when compared to those with normal IRP 4s (10.7 mm Hg [IQR
7.9-17.2] vs 6.7 mm Hg [IQR 3.1-11.1], P = .016). Six patients
showed elevated DPE above the adult cutoff. Four of these pa-
tients had borderline to elevated IRP 4s thus elevated DPE poten-
tially supported an EGJOO diagnosis in these cases. However, two
patients (6 and 7, Figure 3) with elevated DPE had normal IRP 4s
suggesting adequate EGJ relaxation despite elevated DPE. In both
cases, closer examination revealed that the period of elevated
distension pressure was transient in association delayed timing of
EGJ relaxation. The patients in question demonstrated complete
esophageal bolus clearance based on the impedance recording and
did not report solid bolus hold up (Dakkak score 0). Thus, while
detectible, the clinical relevance of this pattern of elevated DPE in

isolation remains unclear.

4 | DISCUSSION

This prospective study in children referred for HREM investiga-
tion confirms previously described effects of esophageal length
on EPT metrics that are used in the Chicago Classification of es-
ophageal motility disorders and adds to this information by de-
scribing effects on measures of bolus distension pressure and flow
timing. Our study confirms that established diagnostic thresholds
for some metric classes need to be adjusted for esophageal length.
Consistent with our previous pediatric observations, IRP 4s in-
creases and DL reduces in relation to shorter esophageal length.
Esophageal length and associated luminal caliber vary from per-
son to person, across age, gender, and ethnicity groups. Any effect
of esophageal length must also be considered in association with
a range of other physiological and pathological factors, including
the passive wall properties, active neuro-mechanical properties,
extrinsic compression imposed by other organs, the degree of
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FIGURE 2 Scatter-plots of A, mean IRP 4s and B, DL values for all subjects. Established adult cutoff criteria were considered applicable
to those subjects with an esophageal length >20 cm (mean esophageal length of adult controls). Adjusted cutoff values were created by
applying the linear equation defining the trends for esophageal length (solid gray line) at the limit of current adult controls (dashed green
lines) and the cutoff based on Bogte et al 20132° (dashed orange lines). Gray dots: healthy adult controls; black dots: pediatric patients. A,
Upper limit for IRP 4s in healthy controls was 22.4 mm Hg. The following patients with elevated or borderline IRP 4s values are highlighted
in red: Patient 1 is a 14-year-old female with known history achalasia (Type I) referred for worsening of dysphagia. Mean IRP 4s 30 mm Hg
and absent peristalsis, consistent with a diagnosis of Type | achalasia. Patient 2 is a 13-year-old girl who was referred for longstanding solid
dysphagia. HREM showed an IRP 4s 22 mm Hg and panesophageal pressurization. Despite the borderline IRP 4s, this patient was diagnosed
with achalasia Type Il based on corroborative evidence (barium swallow) and typical symptom presentation. Patient 3 is a 6-year-old male
with a complex history of esophageal atresia, VACTERL association and eosinophilic esophagitis referred due to choking episodes. HREM
showed an IRP 4s 26.7 mm Hg and panesophageal pressurization, fitting with an achalasia Type II-like pattern. Patient 4 is a 14-year-old girl
with cerebral palsy referred for dysphagia. HREM showed a Type llI-like pattern (mean IRP 4s 27.3 mm Hg and mean DL 4.6s) which was
thought to be induced by benzodiazepine therapy (Clobazam) to control seizures. The remaining seven patients with elevated IRP 4s values
are highlighted in white and considered ‘putative EGJOQ'. B. Upper limit for DL in healthy controls was 6.0 s. Patients with shortened mean

DL are highlighted in red, including Patient 4 as described above. Patient 5 is a 15-year-old female with dysphagia. Mean DL 5.2 seconds
and 100% of swallows with DCI <450 mm Hg.cm.s (but >100 mm Hg.cm.s), therefore not fulfilling the CC criteria for DES and diagnosed
with IEM. Arrows are pointing at those patients with shortened mean DL if the adult threshold would have been applied. IRP 4s: integrated
relaxation pressure; DL: distal latency; EGJOO, EGJ outflow obstruction; IEM, ineffective esophageal motility

passive longitudinal stretch, active shortening, and the presence/
absence of hiatus hernia morphology.

EGJ-Cl is a metric to quantify the contractility of the EGJ during
normal respiration?® and has been proposed a superior measure
to discriminate normal from abnormal EGJ barrier function.?* The
increase in EGJ-CI in smaller patients is almost certainly due to
augmented wall tension due to reducing luminal size around a cath-
eter of standard dimensions. This property also influences IRP 4s.
However, IRP 4s is a more complex metric, being influenced by both
luminal distension and wall contact pressures, and thus is subject
to the effects of relative bolus volume and EGJ opening diameter.
Without adjustment, misdiagnosis of EGJOO and achalasia, both
major motility disorders, is more likely. DL is also a critically import-
ant parameter that detects premature contractions, which distin-
guish Type Il achalasia and defines distal esophageal spasm (DES).
In the current study, one patient exhibited a Type lll-like motility
pattern which we suspect may have been related to a benzodiaze-
pine therapy.

The additional new findings of this study are that esophageal
distension pressures were higher and SDL, a measure of bolus flow

latency, was shorter in association with shorter esophageal length

suggesting earlier arrival of the bolus in the distal esophagus. While
the potential diagnostic relevance of SDL is still to be determined,
the measurement of distension pressure may be important for de-
tection of luminal obstruction?® which may occur because of focal
esophageal body rings, webs and strictures, malignancy or failure
of neural lower esophageal sphincter relaxation. These results sug-
gest that diagnostic criteria for potentially useful adjunct measures,
such as distension pressure, should also be adjusted for esophageal
length. In the current study, evidence of elevated IRP 4s was in only
one case associated with elevated distension pressure. Two patients
with otherwise normal motility had elevated esophageal distension
pressures. Closer examination revealed in both cases a pattern of
early bolus pressurization due to delayed timing of EGJ relaxation
rather than failure of relaxation per se (Figure 3). Distension pres-
sures rise with a smaller luminal capacity or increased volume of
swallows. Higher distension pressures in pediatric patients are
therefore consistent with the bolus being, in relative terms, larger in
the esophageal lumen of younger/smaller patients. A recent study in
a comparable pediatric cohort using endoluminal functional lumen
imaging probe (FLIP) found distensibility of the esophageal lumen
to correlate significantly with age, weight, and height. Increasing
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esophageal caliber in older/taller children is likely to be a major fac-

tor underlying this observation.?’

Admittance & Pressure (EG.J margin leve

Goldani et al® previously proposed adjustment of DCI for esoph-
ageal length in children for the interpretation of hypotensive con-

traction. However, consistent with our previous findings, we did not
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FIGURE 3 Scatter-plots of Distension Pressure values for all subjects. Adult cutoff criteria were considered applicable to those subjects
with an esophageal length >20 cm, that is, the mean esophageal length of healthy adult controls. Adjusted cutoff values were created by
applying the linear equation defining the trends for esophageal length (solid gray line) to the established adult SG cutoff (dashed green
lines). Gray dots: healthy adult controls; black dots: pediatric patients. Patients with elevated IRP 4s values considered “putative EGJOO”
are highlighted in white, and Patients 1-4 (see Figure 2) are highlighted in red. A, Cutoff for DPA was 8.3 mm Hg. B, Cutoff for DPCT was
7.9 mm Hg. C, Cutoff for DPE was 13.7 mm Hg. Patients with a DPE outside the upper limit of normal are highlighted in blue in graphs (A-C):
Patient 6 is a 5-year-old female with a history of regurgitation of vomiting, normal pH-MII findings, and normal motility according to CC.
Pressure topography shows double swallowing, and early transient pressurization of the whole esophageal body due to delayed relaxation
of the EGJ. Patient 7 is a 16-year-old female with a history of chest pain shows transient pressurization of the distal esophageal body due

to delayed relaxation of the EGJ. DPA, distension pressure accommodation; DPCT, distension pressure compartmentalized transport; DPE,

distension pressure emptying

find a relationship between lower DCI values and shorter esoph-
ageal Iength.4 DCIl is a complex metric that quantifies the length,
vigor, and persistence of postdeglutitive pressurization in the distal
esophagus. Although length and duration of the DCI region increase
with esophageal length, the measured pressure decreases due to a
reduced relative catheter lumen size in a wider esophagus. It is likely
that these factors negate an overall trend.

Piecemeal deglutition occurs normally when the swallow mech-
anism is challenged with a larger than optimal bolus volume to break
up an orally administered bolus into smaller more manageable vol-
umes.'® This impacts biomechanical swallow measures and should
thus be recognized in HRIM analysis. Piecemeal deglutition of lig-
uid boluses occurred in six of our cohort and was more frequent
in the younger patients (age range 1-7.5 years). In these cases, the
2-3 piecemeal swallows typically occurred in rapid succession and
the penultimate swallow was used to set swallow onset and deter-
mine swallow latencies as this propagates the esophageal contrac-
tile wave. Thus, assessment of distal latency is most meaningful if
assessed against the last swallow in the sequence to reflect peri-
staltic timing. Piecemeal swallow is unavoidable in many cases, and
therefore, we believe that exclusion on these grounds would exclude
younger children from this dataset.

The strengths of our study include a prospective design and
use of a HREM protocol based on a standardized volume and
bolus medium (SBMKkit). All studies in both patients and controls
were carried out by using the same manometric catheter design.
Esophageal length and swallow onset were reliably determined by
visualization of the UES high pressure zone, and impedance indi-
cation of bolus flow. However, our study had limitations which are
important to acknowledge. Firstly, due to ethical considerations,
we included a heterogeneous cohort of pediatric patients referred
for HREM, rather than asymptomatic pediatric controls (not ethi-
cally possible). The study population was predominantly comprised
of gastroesophageal reflux disease patients, who typically dis-
played normal or minor esophageal motor disorders, and therefore
were the most ideal patient population to include for a study of
this nature. Some patients were postesophageal atresia repair, and
some were postfundoplication; these patients were included as we
hypothesized that their esophagus would achieve normal growth
after surgery.28 Additional analyses revealed that their results did
not lie outside the overall distribution and therefore did not skew

the dataset. Additionally, as the clinical relevance of a diagnosis of

IEM remains a matter of current debate, we did not exclude con-
trols with IEM as they appear to have the same symptom profile
and barium study findings as patients with normal motility accord-
ing to the CC.

Our study was neither designed nor powered to explore more
complex associations among HREM metrics, clinical symptoms (eg,
dysphagia), and other tests (eg, pH-MIl monitoring), and this remains
a topic for further prospective research in larger more homogeneous
datasets. The youngest patient able to tolerate the procedure and
swallow 5 mL boluses was 1 year of age. Obtaining useful HREM
data in the very young is challenging as it requires them to tolerate
the procedure and repeat-swallow on command. Further studies are
required to establish a standardized protocol and relevant criteria
for patients <1 year.

In conclusion, we analyzed a prospective series of clinical HREM
studies in a pediatric cohort to tailor criteria for diagnosis of esopha-
geal motility disorders. We have prospectively confirmed that, in re-
lation to 5 mL bolus swallows, certain EPT metrics are substantially
influenced by age/size and that this can change the diagnosis based on
the CC algorithm. The ability to reliably derive enhanced metrics, like
distension pressure, has been generalized via the open-access, non-
commercial web application Swallow Gateway™. These physiological
measures, adjustable for patient esophageal length, may have adjunct
value which complement a CC diagnosis, or detect pressurization
phenomena that may explain symptoms. The current study suggests
that analytical software could be upgraded with automated age ad-
justment of diagnostic thresholds specifically for pediatric patients.
Further research is needed to determine normative thresholds to sup-
port pediatric use of the other manometric systems in current use.
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