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Abstract  19 
 20 
Background: Esophageal neuro-mechanical wall states are the physical 21 

manifestations of circular muscle inhibition and contraction, resulting from neural 22 

inputs, and leading to bolus propulsion. A novel method infers esophageal neuro-23 

mechanical wall states through simultaneous determination of pressure and diameter 24 

in vivo using impedance manometry. We hypothesised that changes in esophageal 25 

neuro-mechanical wall states relate to conscious awareness of esophageal bolus 26 

passage (“bolus perception”). 27 

Methods: Seven healthy participants were selected for perception of solid bolus 28 

passage and were compared to seven healthy participants with no conscious 29 

awareness of solid bolus passage. Participants were studied using impedance 30 

manometry (MMS Solar, Unisensor, 20Hz). Subjects swallowed ten 5ml liquid and ten 31 

2 cm square saline soaked bread boluses and rated bolus perception using a visual 32 

analogue scale. Esophageal neuro-mechanical wall states were calculated and 33 

analysed. Proportions of time spent in states with and without luminal distension were 34 

compared using two-proportions Z-test.  35 

Results: Bolus perception was associated with neuro-mechanical wall states 36 

corresponding to luminal distension more frequently than matching states without 37 

distension in the proximal esophagus (P < 0.001) and transition zone (P < 0.001), 38 

while there were no differences for the distal esophagus. 39 

Conclusion: In healthy volunteers perceived swallows relate to changes in 40 

esophageal neuro-mechanical wall states in the proximal esophagus. We postulate 41 

these changes relate to bolus retention and summation of active and passive wall 42 

tension activating intramural tension receptors. 43 

  44 



 

 

New and noteworthy 45 
 46 
This study explores esophageal neuromechanical wall states, derived from changes 47 
in pressure and impedance-derived distension, in relation to conscious awareness of 48 
esophageal solid bolus transit in healthy volunteers.  49 
 50 
There are increases in neuromechanical wall states indicative of esophageal 51 
distension in healthy volunteers with conscious awareness of bolus transit, as 52 
compared to unaware individuals.  53 
 54 
Bolus-based esophageal distension is postulated as a mechanism for esophageal 55 
symptoms such as dysphagia.  56 
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Introduction 85 

 86 

Esophageal symptoms are markers of esophageal disease and determinants for 87 

invasive investigations such as endoscopy, manometry or reflux monitoring studies. 88 

Esophageal sensation originates through chemical and/or mechanical stimuli relayed 89 

via vagal and spinal afferent pathways to the nucleus tractus solitarius, thalamus and 90 

primary somatosensory cortex (3,26,34). Sensory inputs modulate esophageal 91 

inhibition and contraction in response to bolus characteristics such as consistency, 92 

volume and temperature (33) and may lead to esophageal symptoms such as 93 

dysphagia and chest pain (22). Individuals may describe conscious awareness of the 94 

presence of the bolus in the esophagus during swallowing, referred to as bolus 95 

perception. A related sensation of conscious awareness of bolus hold-up or retention 96 

referred to as dysphagia, is regarded as a medical condition indicating swallowing 97 

difficulty (6).  98 

 99 

It has been postulated that bolus perception may result from changes in contractile 100 

motor patterns in the esophagus (10,22), however current evidence does not support 101 

this hypothesis. Studies have attempted to correlate both bolus passage or hold-up 102 

with manometry, including high-resolution manometry (2,5,10,19,37). Neither 103 

esophageal symptoms, nor bolus perception, appeared to consistently correlate with 104 

changes in esophageal contractility or radiological or impedance-based hold-up 105 

(2,10,37). Studies using radiology, have shown bolus perception to be associated both 106 

with bolus retention (2) or rapid passage (5), but considering both conditions may 107 

occur in the same subject during perception, the significance of such findings are 108 

unclear.  109 



 

 

 110 

Novel pressure flow analysis methods had revealed an increased rate of distal 111 

intrabolus ramp pressure in association with perception in healthy volunteers (30), 112 

subjects with post-fundoplication (21,27) and non-obstructive dysphagia (4,28). Ramp 113 

pressure refers to the increased and rapidly rising distal intrabolus pressures that are 114 

indicative of distal flow restriction, such as that seen with a non-relaxing lower 115 

esophageal sphincter, or alternatively represent rapid bolus transit through an 116 

esophagus of static diameter or decreased distensibility. Resulting intramural tension 117 

may lead to conscious awareness of bolus passage through activation of intramural 118 

mechano- and nociceptors. The interrelationships between esophageal distention, 119 

intrabolus pressures and compliance have previously been shown to result in 120 

conscious awareness of bolus presence, with distension being of major importance 121 

(1). 122 

 123 

In the human esophagus, we have recently described a method that allows the 124 

neuro-mechanical state of the esophageal wall to be predicted in vivo by describing 125 

the relationships that exist between changes in intraluminal diameter (measured on 126 

x-ray or inferred from impedance) and the corresponding changes in pressure 127 

(manometry) at the same location in space and time (7,20,31). These “neuro-128 

mechanical wall states” allow us to determine the timing and location of neurally 129 

mediated contractions and relaxations of smooth muscle. In addition, we can 130 

determine if changes in diameter are due to passive distension; an increase in 131 

diameter resulting from content being forced into an area, or passive relaxation; a 132 

decrease in diameter due to the wall collapsing when a bolus passes. Under normal 133 

circumstances a bolus distending the digestive tract cause ascending excitation and 134 



 

 

descending inhibition, resulting in bolus propulsion. As the bolus moves into a new 135 

region the process is repeated (8,35). Normally this occurs without our perception. 136 

However, if the descending inhibition is impaired, a bolus may be retained within a 137 

region or be forced into region that is not fully accommodating. In either situation, the 138 

increase in wall tension could result in varying levels of perception or pain. In this 139 

study, we hypothesise that perception of a bolus in the oesophagus would be 140 

temporally associated with changes in the neuro-mechanical state of the esophageal 141 

muscle, leading to activation of mucosal and muscular-mucosal mechanoreceptors 142 

(3). 143 

 144 

  145 



 

 

Methods  146 
 147 

Subjects 148 

Twenty healthy volunteers were recruited by community advertisement for a series of 149 

manometric studies to test the effects of excitatory and inhibitory drugs on esophageal 150 

contractility. From this group of twenty we selected the seven subjects (4 male, age 151 

30±5 yrs) who reported solid bolus perception (defined below) during swallowing for 152 

each of two separate baseline studies in the control phase of the study. Seven non-153 

perceiving subjects (3 male, age 30±5 yrs), who reported no perception for both 154 

baseline studies were selected for comparison. The remaining six subjects reported 155 

perception inconsistently between their baseline studies and were excluded. All 156 

subjects were screened for symptoms of esophageal dysphagia via a modified version 157 

of a validated questionnaire (9) and all subjects reported no abnormal swallowing 158 

symptoms. Inclusion criteria included no evidence of; i) gastroesophageal reflux 159 

disease; ii) previous upper gastrointestinal surgery; iii) medications affecting either 160 

upper gastrointestinal motility or potentially perception (such as tricyclic or other 161 

antidepressant medications).  162 

 163 

All subjects gave written, informed consent after having had the study procedure 164 

explained to them. Esophageal impedance manometry was performed on each 165 

subject on two separate occasions, two weeks apart. The study was approved through 166 

the institutional human research ethics committee (Ethics number 14/17). 167 

  168 

High-Resolution Impedance Manometry 169 

Subjects were intubated with an impedance manometry catheter (2.7mm diameter 32 170 

x 1cm spaced pressure/16 x 2cm length impedance segment catheter - Unisensor, 171 



 

 

Attikon, Switzerland) through an anaesthetized nostril (topical Lignocaine 1%). The 172 

manometric assembly was inserted so that sensors spanned the esophago-gastric 173 

junction (EGJ) with a minimum of 2-3 pressure sensors inside the stomach. Following 174 

intubation subjects were allowed ten minutes to accommodate. In a sitting position 175 

subjects were then asked to swallow ten 5ml liquid bolus (saline solution 0.9% NaCl), 176 

followed by 10 viscous and solid (2x2cm saline soaked bread) boluses. Pressure and 177 

impedance data were recorded at 20Hz, using a Medical Measurement Systems 178 

(MMS) GI Solar manometry system (Enshede, The Netherlands). 179 

 180 

Perception  181 

Subjects were asked to rate conscious awareness of bolus passage or non-passage 182 

on a visual analogue scale (VAS). They were asked to wait 30 seconds, following the 183 

initiation of swallowing, before rating bolus perception. This was done to allow enough 184 

time for peristalsis to pass down the entire length of the esophagus, plus a refractory 185 

time (23). The VAS consisted of a 10cm-long line marked at 0cm with the wording 186 

“none” and at the 10cm with the wording “stuck/pain”. Subjects were judged to have 187 

been consciously aware (“aware”) of bolus passage, if their average scores for ten 188 

solid bolus swallows increased by ≥1 cm compared to their average rating for ten liquid 189 

swallows given a zero rating (a few subjects marked up to a maximum of 0.5cm, but 190 

verbally stated no perception).  Subjects were classified as “perceivers” if they were 191 

“aware” of solid swallowing for both studies done two weeks apart and likewise as 192 

“non-perceivers” if their rating remained between 0 and 0.5 for both studies. An equal 193 

number of non-perceivers to perceivers were included in our analyses. Six subjects 194 

with inconsistent reports between the first and second studies were excluded.  195 

 196 



 

 

Neuro-mechanical Wall States Framework 197 

Esophageal neuro-mechanical wall states describe neural inputs by motor nerves 198 

(“neuro”) and consequent contraction by esophageal circular muscle (“mechanical”) in 199 

relation to bolus movement. Following Costa et al. (7), neuro-mechanical wall state 200 

maps (see technical description below) where created from the changes in pressure 201 

and the corresponding changes in admittance at the same location. Admittance is a 202 

measure derived from the inverse of impedance (1/impedance) and this measure has 203 

been shown to correlate with the cross-sectional area of the lumen (7).  The 204 

combination of the directionality (increasing, decreasing, static) of pressure and 205 

admittance data produce a “matrix” of neuro-mechanical wall states (Table 1). These 206 

neuro-mechanical wall states change in location and time as diameters and pressures 207 

change in relation to each other. 208 

 209 

Studies in the isolated rabbit colon indicated that there are twelve possible neuro-210 

mechanical wall states of the intestinal circular smooth muscle (Table 1) from which 211 

the neuro-mechanical origin can be inferred. We have demonstrated that eight of these 212 

states (described below; Figure 1C) are commonly seen during healthy swallows 213 

associated with complete and unperceived radiologically visualised bolus transit into 214 

the stomach (20). These neuro-mechanical states and their usual sequences over 215 

time as a bolus passes any given point in the esophagus can be seen in Figure 1. We 216 

successfully validated and were able to apply this methodology, in vivo and without 217 

concurrent imaging, using admittance (1/impedance) recordings to infer luminal 218 

diameter change (7,20).  219 

 220 

Technical Description: Calculation of Neuro-mechanical Wall States  221 



 

 

Acquired impedance pressure data were exported as text files (.csv) for further 222 

analysis. The exported impedance trace was converted to admittance which is 223 

positively correlated with diameter (linearly correlation with cross-sectional area; (Kim 224 

et al.(15)) The pressure-admittance data for each bolus swallow was converted to a 225 

pressure-diameter map from which neuro-mechanical state map was derived utilising 226 

our previously published approach (38).  227 

 228 

In short, the data were modelled as Gaussian distributions for the time derivative of 229 

admittance, the time derivative of pressure, and the location of the boundary between 230 

luminal occlusion and distention (determined from the value of admittance). The 231 

Gaussian distributions yielded probabilities that pressure and diameter were 232 

increasing or decreasing at each sample, and that diameter was occluded or 233 

distended. These probabilities were combined using a Hidden Markov Model to 234 

classify each sample into its mechanical state. Parameter values of the Gaussian 235 

distributions were identical across all swallows and subjects. 236 

 237 

Once the mechanical states were calculated across the entire esophageal body, they 238 

were grouped into three distinct regions; the proximal esophagus, transition zone and 239 

distal esophagus. Time windows covering the full-time extent of each swallow were 240 

selected by hand, and the relative proportions of time spent in dilated, as compared to 241 

occluded states, were determined as an indication of prolonged bolus-based 242 

distention. (Because relative time proportions were of interest, rather than absolute 243 

time durations, the length of the time window was allowed to vary from one swallow to 244 

the next.) Proportions were calculated as the average over all sensors in each region, 245 

averaged over the two recording occasions.  246 



 

 

Statistical Analysis 247 

Data were analysed using Sigmaplot 13.0 (Systat, Armonk, NY) for Windows™ and 248 

Prism 7.0c for Mac™ (Graphpad software, San Diego, Ca). Proportions of neuro-249 

mechanical states were assessed and compared using the two proportions Z-test. For 250 

all statistical calculations, a P-value of < 0.05 was considered significant. 251 

 252 
Results 253 
  254 

Esophageal pressure topography and corresponding mechanical states maps are 255 

pictured in a subject without (Fig. 2A&D) and with esophageal (Figs. 2B&E; C&F) bolus 256 

perception.  257 

  258 

Normal esophageal pressure topography (by Chicago classification) in the non-259 

perceiving subject (Fig. 2A) is matched to a normal neuromechanical states analysis 260 

(Fig. 2D). This neuromechanical states analysis (Fig. 2D) shows initial occluded 261 

quiescence (dark green) followed by proximal to distal progression of isotonic 262 

relaxation (no pressure change; light blue), auxotonic contraction (pressure increases, 263 

while diameter reduces; yellow), occluded isometric contraction then relaxation 264 

(pressure increases (red) and then decreases (dark blue) with lumen completely 265 

occluded), again followed by the “resting state” occluded quiescence (compare Figure 266 

1).  267 

  268 

For the two perceiving examples (Fig. 2B&E) and (Fig. 2C&F) esophageal pressure 269 

topography is again normal by Chicago classification (Fig. 2B; Fig. 2C), however we 270 

see clear evidence of bolus retention (Fig. 2E) manifesting initially as distended 271 

isometric pressure increase (purple) and decrease (pink), followed by distended 272 



 

 

quiescence (light green) due to the bolus being retained at the transition zone level. In 273 

this same subject the retained bolus (light green) is then cleared by a later swallow 274 

(Fig. 2F).  275 

  276 

The proportions of the relative duration for the commonest neuromechanical states 277 

are compared for perceiving and non-perceiving subjects in each esophageal region 278 

(Figure 3). These proportions are similar for the distal esophagus. However, in the 279 

proximal esophagus and transition zone there is an increase in distended isometric 280 

pressure increase (purple) and decrease (pink) and especially distended quiescence 281 

(light green) in those with bolus perception.  282 

  283 

Figure 4 shows the proportion of 100% for “opposing” neuromechanical states 284 

representing similar pressure variables, but either luminal occlusion or distension; in 285 

perceiving and non-perceiving subjects.  Again, differences favouring distended states 286 

occurred in the proximal esophagus and transition zone (Table 2; Fig. 4A&B), while 287 

similar proportions occurred in the distal esophagus (Fig. 4C). Distension 288 

predominates in perceiving subjects whether there are no pressure changes 289 

(distended quiescence/DQ vs. occluded quiescence/OC; light vs. dark green), the final 290 

phase of pressure increase due to esophageal body contraction (distended isometric 291 

pressure increase/DIPI vs. occluded isometric contraction/OIMC; purple vs. red) or in 292 

the initial phase of post-contraction relaxation (dilated isometric pressure 293 

decrease/DIPD vs. occluded isometric relaxation/OIMR; pink vs. dark blue).  294 

 295 
  296 



 

 

Discussion 297 

 298 

In this study, we relate esophageal neuro-mechanical wall states, determined by the 299 

relationship of diameter and pressure over time, to the conscious perception of a 300 

transiting bolus. Bolus perception in healthy volunteers without any evidence of 301 

obstruction occurred only during solid bolus swallowing. Our data demonstrate 302 

heightened perception of solid bolus presence in relation to certain esophageal neuro-303 

mechanical wall states. Three neuro-mechanical wall states appeared to be the most 304 

relevant. Namely, distended quiescence (DQ), where a solid bolus stops within and 305 

locally distends the lumen, and distended isometric pressure increase and decrease 306 

(DIPI/DIPD), where an active circular muscle contraction passes over the solid bolus, 307 

rather than propelling it distally. The sensory apparatus of the esophagus is fine-tuned 308 

to detect such circumstances and, by raising conscious awareness, protects against 309 

potentially dangerous behaviour to warn against swallowing of further food boluses or, 310 

for retrograde flow, to prevent bronchial aspiration (18).  311 

 312 

Our study findings are consistent with our hypothesis that perceived swallows would 313 

demonstrate a change in the normally observed neuro-mechanical wall states. Notably 314 

in healthy subjects, these altered neuro-mechanical wall states were primarily 315 

localised in proximal esophagus and transition zone, rather than distally. Conscious 316 

perception of retained bolus proximally is in keeping with data suggesting increased 317 

proximal sensitivity to passive balloon distention (17,32) and recent data suggesting 318 

that some mucosal sensory nerve endings in the proximal esophagus are superficially 319 

localised (36,37). The proximal esophagus and transition zone represents a complex 320 

interplay between central and peripheral neural mechanisms effecting peristalsis and 321 



 

 

tone with both active relaxation and passive distension, depending on preceding distal 322 

esophageal activation (14).   323 

 324 

Our observations further suggest that bolus perception, is associated with sustained 325 

periods of distended quiescence and/or distended isometric pressure 326 

increase/decrease because the bolus ceases movement during bolus transit (Figure 327 

5). The precise reason for cessation of bolus movement is unknown. However, we can 328 

hypothesise that it may be related to one of several factors including; i. standardised 329 

bolus size in some subjects being larger relative to their esophageal luminal size, ii. 330 

the texture of the bolus may have been heavier due to a less effective masticatory 331 

pattern or reduced saliva production, or iii. there may have been sub-clinical changes 332 

to wall compliance at the transition zone due to inflammatory changes or compression 333 

by extrinsic structures. Regardless of the specific cause of solid bolus hold up, the 334 

resulting distended quiescence (DQ) is a normal mechanical state characterised by a 335 

distended, but static, luminal diameter and an inactive/inhibited circular muscle. This 336 

state is consistent with passive tension being generated within the esophageal wall. 337 

However, during normal bolus transport, this passive tension is only fleeting because 338 

circular muscle activation and shortening causes the lumen to occlude, switching the 339 

neuro-mechanical wall state from distended quiescence to isotonic contraction and 340 

the muscle tension from passive to active. A sustained time period of distended 341 

quiescence is therefore an inappropriate manifestation of a normal neuro-mechanical 342 

wall state. Failure of contractility, coupled with the size and intrinsic incompressibility 343 

of the solid bolus lodged within the lumen generates sustained passive tension 344 

potentially exceeding the threshold required to activate mechano- or nocireceptors in 345 

the esophageal wall. Failed post-deglutitive contractility has been demonstrated in 346 



 

 

symptomatic patient groups (12). In contrast, distended isometric pressure increase 347 

and decrease are abnormal mechanical states characterised by a distended luminal 348 

diameter upon which is superimposed active circular muscle contraction, followed by 349 

relaxation (29). The critical feature defining the abnormal states is the fact that the 350 

muscle contraction is not able to occlude the lumen due to the intrinsic resistance of 351 

the solid bolus lodged within it.  Based on the length-tension principle, active 352 

contraction with an immovable, incompressible, bolus present will lead to augmented 353 

active and passive muscle tension due to pre-existing muscle length, thus making it 354 

more likely that active wall tension will exceed the threshold required to activate 355 

mechano- or nocireceptors in the esophageal wall (1).  356 

 357 

Other investigators have similarly found increased perception of retained bolus 358 

(2,5,10), but have also described perception of cleared boluses in subjects with 359 

dysphagia symptoms. Bogte and colleagues postulated disordered sensory 360 

perception as the primary determinant of symptoms in dysphagia patients (2). Our 361 

findings offer an alternative explanation for symptoms as being related to changes in 362 

regional esophageal intramural tension. Increased intraluminal distention itself would 363 

lead to increased intramural tension. When esophageal contraction occurs either 364 

moving across the bolus without moving it (bolus retention) or while clearing pre-365 

existing bolus (clearance), intrabolus pressure and consequently intramural tension 366 

further increases, leading to conscious awareness through esophageal wall stretch 367 

receptors (1). Intraluminal pressure changes, such as an increase in the rate of 368 

pressurization (intrabolus pressure slope) in the distal esophagus have independently 369 

been shown to be increased in subjects with post-fundoplication and non-obstructive 370 

dysphagia (4,21,27,28), but also asymptomatic subjects with increased bolus 371 



 

 

perception (30). We postulate such changes, in symptomatic patients, are due to 372 

impaired descending inhibition and may lead to similar neuro-mechanical wall state 373 

changes in the distal esophagus to that seen more proximally in healthy subjects.  374 

 375 

Another possibility is that bolus retention is caused by, or even contributes to, 376 

decoupling of the usually simultaneous circular and longitudinal muscle contraction 377 

(25). This is a known feature of esophageal pathology associated with bolus impaction, 378 

most notably eosinophilic esophagitis (16). During peristalsis muscle layer de-coupling 379 

potentially impairs the ability of the esophagus to distend in a physiological way. Hence 380 

bolus-retention may occur despite inhibitory neurons being normally activated through 381 

longitudinal myogenic stretch-receptor mediated nitric oxide release (11). Such bolus 382 

retention would increase wall-stress as circular muscle contracts onto the bolus 383 

superimposing intrabolus pressure onto bolus-based distention. While a coordinated 384 

muscle response reduces compliance distal to the bolus (24,25), circumstances 385 

increasing compliance distally, including uncoordinated circular/longitudinal muscle 386 

contraction (13), would lead to increased ramp pressures, activating mechano-387 

nociceptive stretch receptors. Such increases have been observed in post-388 

fundoplication and non-obstructive dysphagia (4,21,27,28).  Furthermore, 389 

incoordination between muscle layers is more likely to lead to impaired inhibition of 390 

peristalsis (25), which creates conditions favourable for bolus-retention, similar to that 391 

demonstrated in our study. Studies assessing esophageal neuro-mechanical wall 392 

states in patient groups are needed.  393 

 394 

The study has some limitations. The presence of swallowed air limits the assessment 395 

of neuromuscular states based on changes in impedance which needs to be 396 



 

 

considered in patient studies. As the study only uses two dimensions (pressure, 397 

distension), it is not possible to deduct whether observed changes are due to active 398 

or passive tension and it may not be able to distinguish bolus based distension from  399 

a common cavity pressure (although standard pressure-flow analysis excels at this 400 

distinction). Furthermore, we limited our analysis to a small number of healthy 401 

volunteers who reported bolus perception (conscious awareness), comparing them to 402 

a similar number without perception. Comparing the “perceiving” individuals with an 403 

increased cohort of “non-perceiving” asymptomatic volunteers would strengthen the 404 

current findings but would not alter them. We deliberately excluded cases who 405 

reported perception with some of their studies but not others, as not to introduce a 406 

“mixed” group.  407 

 408 

In conclusion, our study provides novel insights into symptom generation through 409 

studying healthy individuals during solid bolus swallowing. Neuromuscular mechanical 410 

states analysis reveals a shift from contraction with an occluded lumen to contraction 411 

with a distended lumen in association with perception. We postulate contraction onto 412 

retained bolus in the proximal esophagus as leading to increased intramural tension, 413 

triggering intramural mechano-nocireceptors as a mechanism of bolus perception and 414 

dysphagia symptoms. Patient localisation of such a stimulus is poor, as similar 415 

mechanical changes occur throughout the proximal esophagus and transition zone. 416 

Neuro-mechanical wall states provides a model for further exploration of the 417 

relationship between biomechanical changes and symptoms in patients with 418 

dysphagia. 419 

 420 

 421 
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Glossary/Abbreviations 423 

 424 

DIPD  Distended Isometric Pressure Decrease 425 

DIPI  Distended Isometric Pressure Increase 426 

DQ  Distended Quiescence  427 

ITC  Isotonic Contraction 428 

ITR  Isotonic Relaxation  429 

OQ  Occluded Quiescence  430 

OIMC  Occluded Isometric Contraction  431 

OIMR  Occluded Isometric Relaxation 432 
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Figure Legends 588 
 589 
Figure 1 590 
 591 
Figure 1. Esophageal pressure topography with impedance (A) and neuro-mechanical wall states 592 
analysis (B) for a normal non-perceived swallow with successful esophageal bolus transit. The 593 
relationship between pressure and admittance (C & D) is used for calculation of neuro-mechanical wall 594 
states – in this example for the zone between the broken lines on A & B. Neuro-mechanical wall states 595 
are shown in different colours – for fig. 1D the sequence is isotonic relaxation (ITR – light blue), followed 596 
by contraction (ITC - orange). This is followed by auxotonic contraction (ATC - yellow), with 597 
simultaneous change in pressure (increase) and diameter (decrease). When the lumen is completely 598 
occluded (the usual condition following bolus passage), occluded isometric contraction (OIMC – red) is 599 
followed by occluded isometric relaxation (OIMR – dark blue). For the zone between broken lines in fig. 600 
1B this sequence is preceded by a small amount of passive dilatation (PD – grey) and followed by 601 
occluded quiescence (OQ – dark green). At peak distention, momentary dilated quiescence (DQ – light 602 
green) is observed. For further description see Leibbrandt 2016. 603 
 604 
Figure 2 605 
 606 
Figure 2. Esophageal pressure topography (Fig.2A,C,E) and corresponding neuromechanical wall 607 
state maps (Fig.2B,D,F) in a single subject during normal bolus transit with no perception (Fig2A,B) 608 
and bolus retention in the transition zone with bolus perception (Fig. 2C,D) and separately bolus 609 
dislodgement, which was also perceived (Fig. 2E,F). It is not possible to qualitatively distinguish 610 
pressure topography for non-perceived vs. perceived swallows, however neuro-mechanical states are 611 
readily distinguishable: the neuro-mechanical states in the perceived swallows showed increased 612 
proportions of distended states (DQ, DIPI, DIPD). 613 
 614 
Figure 3 615 
 616 
 617 
Figure 3. Proportions of counterpart occluded and distended neuro-mechanical wall states for 618 
subjects without and with bolus perception (conscious awareness of bolus passage) for the 619 
proximal esophagus(3A&B), transition zone (3C&D) and distal esophagus (3E&F). Statistically 620 
increased proportions of distended states were observed in the proximal esophagus and transition 621 
zone. 622 
 623 
Figure 4 624 
 625 
Figure 4. Proportion of occluded and distended neuro-mechanical wall states in different 626 
esophageal regions. Distended states (distended quiescence – DQ; distended isometric 627 
pressure increase – DIPI & decrease – DIPD) are increased in the proximal esophagus and 628 
transition zone, as compared to their occluded counterparts (occluded quiescence – OQ; 629 
occluded isometric contraction – OIMC & relaxation – OIMR).  630 
 631 
Figure 5 632 
 633 
Figure 5. Cartoon of bolus transit and esophageal neuro-mechanical wall states over time. 634 
Neurally induced contractility (peristalsis) is indicated by the position of the arrows, as it travels 635 
aborally through the esophagus.  Neuro-mechanical wall states are superimposed for the zone 636 
between broken lines as they relate to pressure (black line) and admittance (purple line) during 637 
three different scenarios; A: Successful bolus transit; B: Bolus retention and C: “Capture” of 638 
retained bolus by a subsequent peristalsis.  639 
 640 
 641 
 642 
 643 
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Table 1 Twelve neuro-mechanical wall states by pressure and diameter 

changes 

 Pressure Static Pressure Increasing Pressure Decreasing 
Lumen maximally occluded Occluded Quiescence (OQ) Occluded Isometric Contraction 

(OIMC) 
Occluded Isometric Relaxation 

(OIMR) 
Lumen opening  Isotonic Relaxation (ITR) Passive Dilatation (PD) Auxotonic Relaxation (ATR) 
Lumen maximally distended Distended Quiescence (DQ) Distended Isometric Pressure 

Increase (DIPI) 
Distended Isometric Pressure 

Decrease (DIPD) 

Lumen closing Isotonic Contraction (ITC) Auxotonic Contraction (ATC) Passive Shortening (PS) 
 



 

Table 2 Proportions of neuro-mechanical states for perceived and non-
perceived swallows for each esophageal zone 
 
Neuro-mechanical wall 

states 
No perception 

(%) 
Perceived (%) Z-score (P-value) 

Proximal Esophagus 
Distended Quiescence  5 49 7.008 (P<0.001) 
Distended Isometric 
Pressure Increase  

5 50 7.008 (P<0.001) 

Distended Isometric 
Pressure Decrease 

1 34 6.141 (P<0.001) 

Transition Zone 
Distended Quiescence 13 57 6.523 (P<0.001) 
Distended Isometric 
Pressure Increase  

26 76 7.072 (P<0.001) 

Distended Isometric 
Pressure Decrease 

10 52 6.421 (P<0.001) 

Distal Esophagus 
Distended Quiescence 13 23 1.841 (P=0.07) 
Distended Isometric 
Pressure Increase  

20 25 0.847 (P=0.40) 

Distended Isometric 
Pressure Decrease 

13 13 0.000 (P=1.00) 
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