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Abstract

Background—The functional lumen imaging probe (FLIP) measures luminal cross-sectional 

area and pressure during volumetric distension. By applying novel customized software to produce 

FLIP topography plots, organized esophageal contractility can be visualized and analyzed. We 

aimed to describe the stimulus thresholds and contractile characteristics for distension-induced 

esophageal body contractility using FLIP topography in normal controls.

Methods—Ten healthy controls were evaluated during endoscopy with FLIP. During stepwise 

bag distension, simultaneous intra-bag pressure and luminal diameter measurements were obtained 

and exported to a MatLab program to generate FLIP topography plots. The distension volume, 

intra-bag pressure, and maximum esophageal body diameters were measured for the onset and 

cessation of repetitive antegrade contractions (RACs). Contraction duration, interval, magnitude, 

and velocity were measured at 8 and 3-cm proximal to the EGJ.

Results—Eight of ten subjects demonstrated RACs at a median onset volume of 29 ml (IQR, 25 

- 38.8), median intra-bag pressure of 10.7 mmHg (IQR, 8.6 - 15.9), and median maximum 

esophageal body diameter of 18.5 mm (IQR, 17.5 - 19.6). Cessation of RACs occurred prior to 

completion of the distension protocol in three of the eight subjects exhibiting RACs. Values of the 

RAC-associated contractile metrics were also generated to characterize these events.

Conclusions—Distension-induced esophageal contractions can be assessed utilizing FLIP 

topography. RACs are a common finding in asymptomatic controls in response to volume 

distention and have similar characteristics to secondary peristalsis and repetitive rapid swallows.
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Introduction

The functional lumen imaging probe (FLIP) is a commercially available device for the 

assessment of esophageal geometry during volumetric distention (EndoFLIP™, Crospon 

Inc, Galway, Ireland). By utilizing multiple closely-spaced impedance planimetry channels 

within a balloon, the FLIP measures luminal cross-sectional areas at discreet locations along 

the length of the measurement segment during controlled volumetric distension. When 

combined with measurement of the intra-bag pressure, distensibility can be calculated. The 

FLIP has primarily been used within the esophagus to evaluate the distensibility of the 

esophagogastric junction (EGJ) and to inform treatment in achalasia patients (1-5). 

Demonstration of abnormal distensibility of the esophageal body utilizing the FLIP in 

eosinophilic esophagitis patients has also shown promise in its ability to prognosticate food 

impaction risk or the need for dilation therapy (6, 7).

We recently developed customized software to convert high-resolution impedance 

planimetry into FLIP topography plots in order to display data as a space-time-luminal 

diameter continuum during volumetric distention (8). Our initial analysis focused on 

defining regional differences along the length of the esophagus in distensibility by filtering 

out vascular and respiratory activity and also cancelling out esophageal contractions in order 

to focus on the passive mechanical properties of the esophageal wall. However, in the 

process of that data analysis we observed esophageal contractions occurring in response to 

distension that we suspected to be the equivalent of contractions previously described 

(sometimes termed reactivity) using single measure impedance planimetry (9-11). 

Additionally, we observed propagating contractions that appeared to be a form of peristalsis 

elicited by volumetric distention.

Since the essential function of the esophagus is to transport and clear bolus from the 

esophagus, we hypothesized that the FLIP could help define the normal contractile response 

to volumetric distention and that this could have clinical relevance as a new measure of 

esophageal function. The FLIP is uniquely suited for this evaluation as it provides 

simultaneous measurement of luminal diameters and pressure during controlled distension 

through the body of the esophagus and EGJ. Initial reports on FLIP utilized an assembly 

with an 8-cm FLIP balloon. However, the recent introduction of a 16-cm balloon has 

allowed for the concurrent evaluation of the EGJ and the esophageal body with the 

advantage of improved spatial resolution. Hence, the aim of this experiment was to define 

the esophageal contractile response to volumetric distention in healthy control subjects using 

FLIP topography. In addition, we sought to quantify FLIP measures of contractility in a 

format similar to manometry.
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Methods

Subjects

Ten asymptomatic, healthy volunteers (ages 20-49; 6 female) were studied. These subjects 

have been previously described (12). After a ≥ 6-hour fast, all subjects underwent upper 

endoscopy that excluded hiatal hernia, esophagitis, stricture, and/or mucosal changes 

suggestive of eosinophilic esophagitis. None of the subjects had a history of malignancy or 

gastrointestinal surgery. Informed consent was obtained from each subject and the study 

protocol was approved by the Northwestern University Institutional Review Board.

Functional lumen imaging probe system and study protocol

The FLIP assembly consisted of a 240-cm long, 3-mm outer diameter catheter with an 

infinitely compliant bag (up to a distension volume of 60 mL) mounted on the distal 18 cm 

of the catheter. The bag housed 17 ring electrodes spaced 1 cm apart and a solid-state 

pressure transducer positioned at the distal end of the bag to provide simultaneous 

measurement of 16 channels of CSA and intra-bag pressure. The bag was tapered at both 

ends to assume a 16-cm long cylindrical shape that formed the impedance planimetry 

segment. The impedance planimetry segment had a minimum-to-maximum range of 

measureable CSA within the infinitely compliant range of 21 - 380 mm2; assuming the 

lumen cross-sections are circular, this corresponded to a diameter of 5.2 - 22 mm. Values 

greater than 380 mm2 (22-mm diameter) could be measured, but mechanical properties of 

the bag would be engaged above this limit. Measurements from the impedance planimetry 

electrode pairs and the pressure transducer were sampled at 10 Hz with the data acquisition 

system and transmitted to the recording unit.

Subjects underwent upper endoscopy in the left lateral decubitus position. Moderate 

sedation with 5-10 mg midazolam and 50-200 μg fentanyl was administered during the 

procedure. The FLIP probe was placed transorally and positioned with the distal 1-3 

impedance sensors distal to the EGJ as confirmed by demonstration of a waist in the 

impedance planimetry segment at a bag distension volume of 20-30 ml. The endoscope was 

withdrawn before initiation of the FLIP study protocol. Simultaneous CSAs and intra-bag 

pressures were measured during 5 ml step-wise distensions beginning with 5 ml and 

increasing to 60 ml. Each distension volume was maintained for 10 - 20 seconds. The 

recording unit was set to stop infusing and display an alarm message if the intra-bag 

pressure exceeded 60 mmHg to avoid unintended dilation.

Data analysis

Data including distension volume, intra-bag pressure, and 16 channels of CSA 

measurements (via impedance planimetry) for all studies were exported to MATLAB (The 

Math Works, Natick, MA, USA) for further analysis using a customized MATLAB 

programs. This program filtered vascular and respiratory artifact, and generated tracings of 

each channel’s measured luminal diameter and also generated topography plots of the 

interpolated luminal diameters (Figure 1). Additionally, the program identified the EGJ-

midline by searching for the minimal CSA of the distal six impedance planimetry channels.
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Esophageal contractions were identified by a transient decrease of ≥5 mm in luminal 

diameter detected in ≥2 adjacent axial impedance planimetry channels. A threshold of 5 mm 

was established to avoid measurement of residual vascular and respiratory fluctuations. 

Contractions were classified as antegrade or retrograde and considered repetitive when ≥3 

occurred consecutively without interruption. Presence or absence of repetitive antegrade 

contractions (RACs) as well as RAC cessation were recorded as dichotomous variables. 

Distension volume, intra-bag pressure, and maximum esophageal body diameter (measured 

2-10 cm proximal to the EGJ midline) were measured at the times of onset and cessation of 

RACs.

RAC characteristics were further analyzed at loci corresponding to 3 and 8-cm proximal to 

the EGJ (5 and 10 impedance planimetry channels above the EGJ-midline) with 

measurements of contraction duration, interval, and magnitude, as illustrated in Figure 2. 

Additionally, contraction wave velocities were measured using the slope of the lines both 

from the start of contractions (v1) and from the nadir diameters (v2) (Figure 2). Finally, the 

contraction-associated change in intra-bag pressure was measured as the difference in nadir 

and peak pressure associated with a contraction (Figure 3). These metrics were applied to 

the first five RACs (initial RACs) and, if present, to RACs continuing at 50 ml distension 

(late RACs).

Statistical analysis

Numerical results were expressed as median and interquartile range (IQR). Intra-subject 

comparison of contraction metrics was made between the initial and late RACs to assess for 

changes during the course of the protocol using the Wilcoxon signed ranks test. Measures 

were considered statistically different at a p-value <0.05.

Results

Repetitive contraction thresholds

Repetitive antegrade contractions were observed in 8/10 (80%) subjects; RAC onset 

occurred at a median (IQR) distension volume of 29 ml (25-35.8), intra-bag pressure of 10.7 

mmHg (8.6-15.9), and maximum esophageal body diameter of 18.5 mm (17.5-19.6). All 

subjects demonstrating RACs exhibited a preceding period of disorganized esophageal 

contractility with or without single or paired propagating contractile waves similar to the 

example in Figure 1. Similar disorganized esophageal contractility was observed in the two 

subjects that did not develop RACs. Three of the eight subjects with RACs had cessation of 

RACs prior to the end of the distension protocol. One subject had onset/cessation of RACs 

at distension volumes of 20/30 ml, pressures of 9.6/10.2 mmHg and maximum esophageal 

body diameters of 17.9/21.4 mm. The second had RAC onset/cessation at volumes of 30/60 

ml, pressures of 8.38/21.1, and maximum esophageal body diameters of 17.7/21.8 mm. The 

third subject had RAC onset/cessation at volumes of 35/40 ml, pressures of 13.9/15.8, and 

maximum esophageal body diameters of 18.2 /19.7mm.
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Contraction characteristics

Metrics for contractile properties were obtained for a total of 66 RACs: 39 initial (first five) 

RACs from eight subjects and 27 late (at the 50-ml distension volume) RACs from six 

subjects. Initial and late RACs were compared to assess for changes in metrics during the 

course of the distension protocol (Table 1). In the six subjects that exhibited both, the late 

RACs demonstrated decreased contraction duration at 8-cm, but not 3-cm proximal to the 

EGJ. There was also decreased contraction magnitude for late contractions, although this 

marginally missed achieving significance at the site 3-cm proximal to the EGJ. The 

contraction intervals and velocities were unchanged between initial and late RACs.

Contraction-associated pressures

Median intra-bag pressure increases associated with RACs was 20.8 mmHg, (IQR 7.9-22.7 

mmHg). Comparison of pressure changes associated with initial RACs (18.4 mmHg, IQR, 

6.0-22.2 mmHg) and late RACs (22.6 mmHg, IQR, 18.4-28.1 mmHg) did not demonstrate a 

significant difference (p = 0.225). The median peak pressures observed during all RACs was 

42.2 mmHg (IQR, 21.1-53.4 mmHg); the median peak intra-bag pressures measured with 

initial RACs (34.8 mmHg, IQR, 15.9-45.8) were lower than those with late RACs (53.9 

mmHg, IQR, 45.5-62.1) (p = 0.028). The timing of pressure changes relative to regional 

contraction is depicted in Figure 3. The bag diameter increased to greater than 22 mm (the 

diameter limit below which the bag compliance was infinite) in six of the eight subjects with 

RACs; hence, pressure increases in these subjects likely represent some contribution of the 

bag properties.

Discussion

Using the FLIP with a 16-cm length balloon spanning the distal esophageal body and EGJ 

and incorporating a specialized program to generate FLIP topography plots, we observed 

organized, repetitive antegrade contractions (RACs) in the esophageal body of healthy 

control subjects during volumetric distension. Because FLIP topography localizes the EGJ 

throughout the study, we were able to characterize these contractions based on their location 

relative to the EGJ. The majority, though not all, of the subjects demonstrated RACs during 

the study protocol. We generated threshold values for development of distension-induced 

RACs, as well as developed and report RAC-related metrics including contraction duration, 

magnitude, and interval, for normal controls. Our results suggest that these antegrade 

contractions represent a peristaltic response to sustained volumetric distention, likely 

secondary peristalsis.

Although this is the first report utilizing FLIP topography to assess peristalsis, impedance 

planimetry has previously been used to study esophageal contractile in response to 

distension. These prior studies evaluated unsedated subjects using a device housing a single 

impedance planimetry measurement channel and pressure sensor within a bag that was 4-5 

cm in length and 30-50 mm in diameter, along with proximal and distal pressure sensors (9, 

10, 13, 14). The bag was positioned within the esophagus and study protocols involved bag 

pressure-graded distension. Although these methodological differences limit comparisons 

with our study, the threshold pressures reported for induction of secondary peristalsis 
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(means of 11.5 and 13.9 mmHg) (9, 13) were similar to the median pressure we report for 

RAC onset (10.7 mmHg). A diameter threshold for inducing secondary peristalsis was not 

reported in previous studies. However, the FLIP findings we report (median diameter 18.5 

mm) was similar to previous studies using the combination of manometry and intra-

esophageal balloon distension reporting induction of secondary peristalsis with balloon 

diameters of 20-25 mm (15, 16).

Differences in devices, protocols, and metrics may limit the comparison of absolute values 

of contractile metrics reported in this FLIP study with previous studies of secondary 

peristalsis assessed using a single impedance planimetry sensor and/or manometry. 

However, our measured contraction magnitudes and durations were comparable to 

analogous measures from most previous studies (9, 10, 13). Reported differences generally 

arose in studies that identified variations in contraction parameters with increasing 

distension. Discrepant with our findings, longer (manometrically measured) contraction 

durations (up to 13 s) and greater contraction magnitudes (up to 26 mm) were reported to 

occur with increased distension (9, 10, 13, 14, 17). The reduced contraction magnitude at 

higher distension volumes observed in our study is likely related to using non-compressible 

fluid, as opposed to compressible air, for distension. The peristaltic velocities we measured 

(median 1.6-2.0 cm/s) were slightly slower than previous reports of secondary peristalsis, 

with means or medians ranging from approximately 2.2–3.5 cm/s (15, 18-20). Finally, one 

study previously reported contraction frequencies (analogous to our contraction interval) 

increasing to slightly greater than 6 contractions/minute, very similar to the contraction 

interval of 9–10 s seen in our study. However, while they reported increased contraction 

frequencies at higher balloon pressures, our contraction interval remained constant 

throughout the distension protocol. It is also worth noting that the contraction interval of 8–

10 seconds is similar to the duration of deglutitive inhibition reported with multiple 

swallows (21, 22). However, previous reports of the effect of peristaltic inhibition on 

secondary peristalsis are inconsistent (23, 24).

While the potential for assessing peristalsis with FLIP is appealing, the current FLIP 

assembly and protocol are designed to assess distensibility resulting in some limitations. 

One limitation is in the assessment of the intra-bag pressure. With the current device, the 

single pressure sensor was positioned in the stomach. Hence, while the intra-bag pressure is 

accurate when the EGJ was open, this location may limit accuracy when the EGJ is closed, 

such as early in the distension protocol at low distension volumes. Another limitation related 

to a single distal pressure sensor is an inability to determine regional differences in 

mechanical wall state (e.g. auxotonic contraction, auxotonic relaxation, isometric 

contraction, passive dilatation), as occur during the four phases of esophageal bolus transit 

and peristalsis (9, 13, 25). Incorporating additional pressure sensors and using a greater bag 

diameter may help overcome these limitations in future iterations of the FLIP device 

optimized for the assessment of esophageal function.

Another limitation of our study protocol was the potential effect of midazolam and fentanyl 

on RACs. Although these may alter the magnitude and propagation of contractions, there 

was no obvious effect and further work will be required to see if there are dose-dependent 

changes in the contraction magnitude or propagation. Additionally, since the patient was 
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sedated, we cannot confidently exclude the possibility of some primary peristalsis occurring. 

Incorporation of a swallow-detection device, such as surface electromyography (EMG) 

sensors, could help in that regard.

Despite the limitations related to pressure measurement and sedation, the application of 

FLIP topography represents a novel method for the assessment of esophageal function in 

response to distension that may complement esophageal manometry, which does not 

typically evaluate secondary peristalsis. In addition to providing a method for assessment of 

esophageal sphincter and wall distensibility, FLIP topography allows one to assess whether 

RACS occur and at what threshold pressure, diameter, and volume. We speculate that 

certain disease states may be associated with a loss of RAC generation and that this could 

have diagnostic and/or therapeutic implication. Manometrically-assessed secondary 

peristalsis was previously reported to differ between normal controls, reflux patients, and 

patients with non-obstructive dysphagia (16, 19, 20, 26). Additionally, several 

pharmacologic agents, including topical lidocaine, baclofen (a GABA-agonist), and 

mosapride (a 5-HT4 agonist) (27-29) have been reported to alter thresholds for eliciting 

secondary peristalsis. Other studies have reported that erythromycin (a motilin agonist) may 

increase contraction frequency and magnitude of secondary peristalsis (but not primary 

peristalsis) and butylscopolamine (an anticholinergic agent) may decrease contraction 

frequency and magnitude in secondary peristalsis (14, 17). Opposed to the primary methods 

of inducing secondary peristalsis in patient studies using infused air or water boluses (which 

may disperse causing potentially inconsistent and/or undetermined degrees of esophageal 

distension), the FLIP offers a method to control and objectively-measure esophageal 

distension. Hence, the response to esophageal distension may have clinically important 

implications and FLIP topography may represent a more user-friendly method to assess it 

during sedated endoscopy.

In conclusion, although FLIP topography requires refinement of the device and study 

protocol to overcome current methodological limitations, it represents an interesting and 

appealing method for esophageal function assessment. With some alterations to the FLIP 

device and optimization of the distension protocol, the FLIP and FLIP topography may 

provide a method to simultaneously assess distensibility of the lower esophageal sphincter 

and esophageal body, while also assessing distention-induced peristalsis. We hypothesize 

that RACs represent a unique metric of peristaltic function that may identify motor 

dysfunction in patients with dysphagia and GERD. Future work will focus on optimizing the 

FLIP design to better characterize motor function and to determine whether abnormalities in 

RACs are present in disease states.
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Key Messages

• Propagating, esophageal contractions induced during esophageal distension can 

be visualized using customized output generated from the functional lumen 

imaging probe (FLIP): FLIP topography.

• The aim of this study was to define the esophageal contractile response to 

volumetric distention in healthy control subjects using FLIP topography.

• The study used a novel analysis technique generated with a customized 

MATLAB program to identify and analyze esophageal contractions during 

volumetric esophageal distension with the FLIP in 10 normal subjects.

• Repetitive, antegrade, contractions induced by esophageal distension were 

observed in the majority (8/10) of the normal subjects. All ten subjects 

demonstrated some degree of unorganized esophageal contractions (reactivity) 

during distension.
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Figure 1. Example of FLIP topography
Data output generated by the customized program over the course of the study protocol from 

a single subject are displayed: 1A) Distension volume (top), 16-channels of luminal 

diameters (middle), and intra-bag pressure (bottom), 1B) 16 channels of diameter changes 

are represented as line tracings as the measurement channels are now axially located along 

the esophagus, and 1C) topographic representation of interpolated diameter changes using a 

color scale. The esophagogastric (EGJ) midline is represented by the superimposed blue 

boxes in 1B and gray line in 1C. The initiation of repetitive, antegrade contractions (RACs) 

is illustrated with vertical dashed lines. In this subject, RACs onset occurs at a distension 

volume of 40-ml and continues through the end of the study protocol. The section within the 

red box (1B) is enlarged in Figure 2. EGJ – esophagogastric junction. Figure used with 

permission from the Esophageal Center at Northwestern.
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Figure 2. FLIP topography metrics
Metrics were measured at the impedance planimetry channels at 5 and 10 cm above the EGJ 

midline to represent the esophageal body 3 and 8 cm proximal to the EGJ. Contraction 

duration (δ) was defined as the time from the time of initial decrease in diameter to the time 

of diameter return to baseline. Contraction interval (í) was the duration between the start of 

consecutive, repetitive contractions. Contraction magnitude (μ) was the change in diameter 

from baseline to the nadir diameter. Contraction wave velocity was measured: 1) as the 

slope of the line from the onset of the contraction (v1), and 2) from the onset of the minimal 

contraction diameters (v2). Figure used with permission from the Esophageal Center at 

Northwestern.
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Figure 3. Contraction-associated intra-bag pressure changes
A) Intra-bag pressure (bottom) and 16-channel diameter changes of the first three repetitive 

antegrade contractions (RACs) in the same subject depicted in Figures 1 and 2. The gray-

shaded boxes indicate times during which the intra-bag pressure is increasing. The 22-mm 

diameter limit is indicated by the horizontal red lines. The shaded blue box represents the 

esophagogastric (EGJ) midline. The blue vertical lines indicate the time points depicted in 

Figure 3B. B) Screen shot images taken during the FLIP study representing the bag 

diameters at time points related to contraction-associated intra-bag pressures. The increase 

in pressure occurred during periods of decreasing diameter (contraction) in the proximal 

impedance channels (representing the mid-esophageal body), but before the contraction 

proximal to the EGJ (where diameters increased, often to greater than 22 mm, as intra-bag 

pressure increased). Increasing pressure also coincided with increasing diameter within the 

EGJ. Figure used with permission from the Esophageal Center at Northwestern.
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Figure 4. Esophageal motility assessment with FLIP topography and esophageal pressure 
topography (EPT)
Topographic plots generated using interpolated esophageal diameter (Left: FLIP 

topography) and pressures (Right: EPT, generated using high-resolution manometry) of two 

subjects: Figure 4A is the same subject represented in Figures 1-3; Figure 4B is another 

subject. The proximal portion of the EPT plot has been removed for comparative display. 

Though the FLIP topography plots represent distension-induced contractions and the EPT 

plots represent the peristaltic response to voluntary swallows of 5-ml water, the similarities 

in motility between FLIP topography and EPT can be appreciated. Figure used with 

permission from the Esophageal Center at Northwestern.
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Table 1

Summary of repetitive antegrade contraction (RAC) metrics. IQR – interquartile range.

All RACs Initial RACs Late RACs

Location* Median IQR Median IQR Median IQR P-value

Duration (s) 8 cm 5.4 4.9 - 6.2 5.9 5.0 - 6.5 5.4 4.9 - 7.3 0.04

3 cm 4.9 4.2 - 5.6 5.0 4.2 - 6.2 4.6 4.3 - 6.2 0.35

Interval (s) 8 cm 8.7 6.3 - 10.2 8.3 6.1 - 9.3 9.9 8.2 - 12.0 0.23

3 cm 8.6 6.8 - 10 8.8 6.7 - 9.9 10.0 8.2 - 11.6 0.89

Magnitude (mm) 8 cm 9.9 6.9 - 12.8 10.9 6.8 - 12.8 9.4 7.7 - 11.9 0.08

3 cm 9.4 8.2 - 11.2 11.1 8.4 - 14.2 7.9 7.0 - 10.2 0.04

Velocity1 (cm/s) 1.6 1.4 - 2.4 1.8 1.4 - 2.4 1.5 1.1 - 1.7 0.14

Velocity2 (cm/s) 2.0 1.7 – 4.0 1.9 1.4 - 4.0 1.8 1.5 - 2.4 0.23

Pressure change
(mmHg)

20.8 7.9 - 22.7 18.4 6.0 - 22.2 22.6 18.4 - 28.1 0.23

Peak pressure
(mmHg)

42.2 21.1 - 53.4 34.8 15.9 - 45.8 53.9 45.5 - 62.1 0.03

*
Measurement location proximal to the esophagogastric junction. 1Wilcoxon signed ranks test was used to compare initial versus late RACS (p-

value).
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