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Abstract

Esophageal peristalsis involves a sequential process of initial inhibition (relaxation) and excitation
(contraction), both occurring from the cranial to caudal direction. The bolus induces luminal
distension during initial inhibition (receptive relaxation) that facilitates smooth propulsion

by contraction travelling behind the bolus. Luminal distension during peristalsis in normal
subjects exhibits unique characteristics that are influenced by bolus volume, bolus viscosity,

and posture, suggesting a potential interaction between distension and contraction. Examining
distension-contraction plots in dysphagia patients with normal bolus clearance, ie, high-amplitude
esophageal peristaltic contractions, esophagogastric junction outflow obstruction, and functional
dysphagia, reveal 2 important findings. Firstly, patients with type 3 achalasia and nonobstructive
dysphagia show luminal occlusion distal to the bolus during peristalsis. Secondly, patients with
high-amplitude esophageal peristaltic contractions, esophagogastric junction outflow obstruction,
and functional dysphagia exhibit a narrow esophageal lumen through which the bolus travels
during peristalsis. These findings indicate a relative dynamic obstruction to bolus flow and
reduced distensibility of the esophageal wall in patients with several primary esophageal motility
disorders. We speculate that the dysphagia sensation experienced by many patients may result
from a normal or supernormal contraction wave pushing the bolus against resistance. Integrating
representations of distension and contraction, along with objective assessments of flow timing
and distensibility, complements the current classification of esophageal motility disorders that

are based on the contraction characteristics only. A deeper understanding of the distensibility of
the bolus-containing esophageal segment during peristalsis holds promise for the development of
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innovative medical and surgical therapies to effectively address dysphagia in a substantial number
of patients.
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Epidemiology of Dysphagia Symptom

A cross-sectional study of the US population found a dysphagia prevalence of 16%

in the general population, with 92% experiencing symptoms in the previous week.!
Sixteen percent of the respondents described their symptom to be either “quite a bit” or
“very severe”. Drinking liquids to help with dysphagia was reported by 86% and taking
longer time to finish eating by 77%. Dysphagia prevalence increases with age and other
comorbidities such as gastroesophageal reflux disease (30.9%), eosinophilic esophagitis
(EOE) (8.0%), and esophageal stricture (4.5%). Interestingly, only half of individuals

with dysphagia sought medical care for their difficulty swallowing. An earlier study

found the dysphagia incidence to be 7.8% in the US.2 A similar study in Australia and
Argentina reported prevalence rates of 16%3 and 13%,* respectively. Therefore, similar to
the heartburn and reflux disease, dysphagia is highly prevalent in the western world. On the
other hand, dysphagia rate was reported to be lower in the Asian population,® only 1.7% in
China.

Etiology of Dysphagia
Dysphagia generally can be categorized into oropharyngeal and esophageal. The focus
of this article is on esophageal dysphagia, which can be due to structures extrinsic
and/or intrinsic to the esophagus. Mediastinal structures such as blood vessels, heart, and
mediastinal tumors may compress the esophagus resulting in obstruction to the passage of
swallowed contents. Dysphagia, due to the pathology intrinsic to the esophagus, may be
further divided into mucosal and neuromuscular. Rings and web in the esophagus, e.g.,
Schatzki ring is a common cause of dysphagia and one can diagnose it with a well-done
barium swallow and endoscopy exam. Inflammation of the esophageal mucosa related
to viral (herpes) and fungal (candida) infection may cause dysphagia and odynophagia,
and these are easily diagnosed with endoscopy and biopsy, and treated with antiviral
and antifungal agents, respectively. Reflux disease and esophagitis resulting in mucosal
inflammation and strictures is a common cause of dysphagia and reflux disease; it can
also be easily diagnosed with endoscopy and pH/impedance monitoring of the esophagus.
Scleroderma esophagus may lead to recalcitrant reflux disease and esophageal stricture.
During the last 3 decades, EOE has attracted significant interest.6 Endoscopy with biopsy
showing an eosinophil count of =15 HPF allows one to make a definitive diagnosis of
EOE.” A normal endoscopy and biopsy in patients with dysphagia should be followed
by high-resolution manometry impedance high resolution manometry impedance (HRMZ)
study to assess the esophageal motor and lower esophageal sphincter function.8 The Chicago
Classification of esophageal motility disorders has allowed specific criteria to diagnose
esophageal motility disorders into major (achalasia, nutcracker/jackhammer esophagus,
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esophagogastric junction outflow obstruction (EGJOQ), and absent peristalsis) and minor
ones (ineffective peristalsis, fragmented peristalsis).® These criteria are based on the
contraction phase of peristalsis. Except for patients with achalasia esophagus and EGJOO,
the reason for dysphagia in patients with major and minor motility disorders remains unclear
because minor motor disorders are seen not infrequently in asymptomatic individuals.10
Also, it is not clear why patients with supernormal contraction phase of peristalsis, ie,
nutcracker esophagus and jackhammer esophagus should have dysphagia.11:12 Furthermore,
30%-50% of patients referred for HRMZ study with dysphagia turn out to have a normal
study and can be classified into functional dysphagia (FD)314 (Figure 1). According

to the ROME criteria, FD is characterized by sensation of abnormal esophageal bolus
transit with no evidence of structural lesions, i.e., gastroesophageal reflux disease, EOE,
and histopathology-based esophageal motor disorders.® FD is a diagnosis of exclusion;

and its prevalence in the general population is not clear. Seven percent and 8% of the
respondents from a house holder survey reported dysphagia that was unexplained by the
questionnaire ascertained disorders, with less than 1% reporting frequent dysphagia.1>:16
Zero point six percent of patients with functional gastrointestinal disease complain of
frequent dysphagia.l’ Since the majority of patients referred for HRMZ studies have normal
barium swallow, normal endoscopy, and normal esophageal mucosal biopsy, one can argue
that patients with normal HRMZ studies would likely fit into the category of FD. Above
suggests that the etiology of dysphagia in many patients remains unknown and is the subject
of discussion in this review. The majority of the patients seen in my clinical practice (Mittal)
fall into this category. A brief review of physiology of peristalsis is presented before its
discussion in the context of dysphagia and why these patients may have normal esophageal
function testing.

Physiology of Esophageal Peristalsis

The neuromuscular apparatus of the smooth muscle distal esophagus is endowed with an
integrated system that has the capacity to alternate from relaxation that reduces resistance
to bolus flow (relaxation), to contraction that actively drives the bolus flow. Bayliss and
Starling, at the turn of the 19t century studied peristalsis in the small and large intestines
of dogs and observed that peristalsis consists of initial inhibition, followed by contraction
(“the law of intestine”).18:19 Along those lines, esophageal peristalsis also consists of initial
inhibition followed by excitation. Each swallow initiates an esophageal contraction (primary
peristalsis) following a latency period in the proximal skeletal and distal smooth muscle
esophagus. The latency in the skeletal muscle esophagus is due to the sequential activation
of neurons in the nucleus ambiguous of the vagus nerve nucleus. On the other hand, in

the case of smooth muscle esophagus, the latency is related to either a central (sequential
activation of neurons in the dorsal motor nucleus of vagus) or a peripheral mechanism.2°
The latter can be either neurogenic (myenteric plexus and inhibitory motor neurons),

or myogenic?! (syncytium formed by the muscles through which depolarization spreads
sequentially). Nitric oxide containing nerves in the myenteric plexus play an important role
in the inhibitory phase of peristalsis and the latency period.22 One can measure the latency
period in-vivo (distal latency) from the high-resolution manometry (HRM) -recording; it is
the time interval from the onset of swallow (onset of upper esophageal sphincter (UES)
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relaxation) to the onset of contraction in the most distal part of the esophagus.?® A shorter
distal latency (<4.5 sec) is a hallmark of diffuse esophageal spasm, and it is due to the
impaired inhibitory, nitric oxide containing nerves of the myenteric plexus.2224 Indirect
evidence of inhibition during peristalsis can also be observed in human recordings with
repetitive swallowing (deglutitive inhibition).2> If one swallows twice, less than 2 seconds
apart, the 2nd swallow inhibits the contraction from the first swallow. Multiple swallows

at short intervals result in only 1 contraction, which follows the last swallow. Electro-
physiologic recordings provide direct proof of inhibition and contraction during esophageal
peristalsis.28 Both, primary peristalsis?’ (swallow-induced) and secondary peristalsis?®
(esophageal distension-induced) result in hyperpolarization and depolarization of the resting
membrane potential of the smooth muscle, which are equivalent of inhibition and excitation,
respectively. The inhibition results in receptive relaxation, which allows distension of the
esophagus before contraction so that the latter can propel the bolus with minimal resistance.

Unlike the lower esophageal sphincter, manometry recordings do not reveal a resting

tone in the esophagus and therefore relaxation of the esophagus can’t be recorded by
manometry.2? To demonstrate relaxation of the esophagus, Sifrim created artificial high-
pressure zones in the esophagus by distending small balloons and observed its relaxation in
normal subjects but not in patients with diffuse esophageal spasm.30:3! Ultrasound imaging
studies reveal that during swallow-induced peristalsis, the esophagus distends in the shape
of an “American Football”, as the bolus travels through the esophagus.32 Above implies
that the degree of inhibition in the distended segment varies and the maximal inhibition
during peristalsis in the esophagus is located at the point of peak distension, which moves
sequentially through the esophagus. In other words, similar to contraction, the inhibition/
distension wave also travels sequentially through the esophagus during peristalsis (Figure 2).
Thus, as timing and amplitude of the contraction are the markers of the excitatory phase,

the timing and amplitude of distension is a marker of the inhibitory phase of peristalsis. In
healthy subjects, the 2 phases of peristalsis are spatiotemporally linked, and breakage of this
linkage can be a marker of the peristaltic dysfunction. Measuring luminal distension during
peristalsis is challenging and not done routinely in the current clinical practice.

Measuring Luminal Cross-sectional Area/esophageal Distension During

Peristalsis

Barium esophagogram is a simple method to assess the esophageal diameter during
peristalsis. Schatzki reported maximal esophageal diameter of 40 mm in the context of
Schatzki ring.33 Others found maximal diameter of distal esophagus, ranging from 20 to 33
mm (median 25 mm).34-37 The reason for this large range is likely is related to number

of factors; 1) barium esophagograms are not done in a standardized manner, and thus are
highly operator dependent, 2) bolus volume, viscosity and subject posture (supine, prone,
or upright) are important determinants of the luminal dimensions during peristalsis, 3)
single vs multiple swallows during bolus passage may make a difference in the esophageal
distension (luminal dimensions) and, 4) definition of distal esophagus may vary because the
phrenic ampulla, widest portion of the esophagus, is likely a part of the stomach because
axial shortening of the esophagus results in a physiological sliding hiatus hernia with each
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peristaltic contraction, 5) abdominal compression during swallow study if done, increases
resistance to outflow and may increases the luminal diameter. A single-plane, 2D X Ray
imaging allows one to measure the width of the esophagus, which is called its diameter. Bear
in mind that the transit of bolus through a tube is dependent on its luminal cross-sectional
area (CSA). If the esophagus were to distend in a circular fashion during peristalsis, the
luminal CSA calculation from the esophageal width seen on barium swallow study would
be valid. However, such is not the case, as revealed by intraluminal ultrasound imaging and
computerized tomography (CT) scan imaging. Based on the CT scan imaging, esophagus
expands 33% more in the lateral than in anterior-posterior direction during distension.38
Also bear in mind that small changes in the diameter can make large difference in the
luminal CSA, (CSA =mr,2 r being the radius). The CSA for diameters of 13 mm, 15 mm, 17
mm and 20 mm would be, 133 mm2, 177 mm2, 227 mmZ, and 314 mm?, respectively.

Our laboratory has used high-frequency intraluminal ultrasound catheters for almost 30
years to study luminal distension during reflux events and peristalsis.3%49 Using 2 high-
frequency intraluminal ultrasound catheters located at 2 cm and 10 cm above the lower
esophageal sphincter (LES), it was observed that similar to contraction, the esophagus also
distends sequentially along the length of the esophagus during peristalsis.32 Furthermore,
the esophagus distends in the shape of an “American Football” (not in a cylindrical fashion)
at each location in the esophagus during peristalsis. The “American Football” shape of the
bolus during esophageal transit is also observed during barium swallow if one records transit
following a single swallow, especially in the supine position. Endoflip studies that record
distension-induced esophageal peristalsis also reveal above phenomenon during repetitive
antegrade contraction (Figure 2). Mean CSA at 12 cm and 2 cm above the LES were 120
mm? and 275 mm? as recorded by ultrasound (US) images in one study (10 ml bolus and
subject in supine position).32 The CT scan images show CSA values of approximately 160,
180 and 395 mm? at the level of carina, left atrium, and phrenic ampulla, respectively (10 ml
bolus in the supine position). The difference in CSA in the distal esophagus is likely related
to the location, it might be distal esophagus or phrenic ampulla.3®

The impedance methodology is another possible technique to measure the luminal CSA, it
has been used in many organ systems, ie, heart, stomach, and esophagus. One can record
left ventricular volume, cardiac ejection fraction,*! gastric volume and gastric emptying#2:43
using impedance methodology. Since 1980’s, impedance technique has been in use to
measure the CSA of a distended balloon in the esophagus, in-vivo.** Functional luminal
imaging probe, currently used in clinical practice, is also based on the Ohm’s law of
electricity and impedance principles.® It actually measures luminal CSA, which is then
converted mathematically to diameter, based on the assumption of a circular geometry

of the esophagus. The HRMZ catheters currently used for routine clinical manometry
studies have intraluminal impedance electrodes located every 2 cm along the length of

the esophagus. These impedance recordings are currently used to detect whether bolus
clearance during peristalsis is complete or incomplete. Kim found a significant linear
correlation between the luminal CSA measured by intraluminal US imaging and inverse of
impedance (also called admittance).#® The difficulty though is that subjects may swallow air
residing in the oropharynx, along with the swallowed saline bolus,38 which confounds the
impedance values recorded in the esophagus and hence confounds the accurate measurement
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of esophageal luminal CSA.#7 One can mitigate above situation by swallowing in the
Trendelenburg position, air being lighter than liquid gets separated during transit through the
esophagus.*” Nguyen?8:49 and Omari®9:>1 found that following swallow of saline bolus, the
nadir impedance (a marker of maximal luminal CSA/distension) travels sequentially through
the esophagus. Luminal CSA measured by impedance technique recordings performed with
the subject in the Trendelenburg position, is similar to the one measured by intraluminal US
images, (median value of 125 mm2, at 7 cm above LES).*” Therefore, it is possible to record
luminal CSA/distension during peristalsis from the HRMZ recordings, thus opening the door
for recording distension-contraction plots of peristalsis during routine clinical manometry
studies. Omari has championed the use of automated impedance manometry in patients with
oropharyngeal swallowing disorders2 and nonobstructive dysphagia,®® which in principle is
similar to the concept of distension-contraction plots.

Characteristics of Distension Contraction Waveforms in Normal Subjects

In normal subjects, using concurrent MII, manometry and X-Ray fluoroscopy, 4 phases of
liquid bolus flow tied to pressure topography landmarks can be identified.53 The phase

I (accommodation phase) represents the time between the opening and closing of the

UES during which bolus is propelled by the pharyngeal pump into the esophagus. Phase

Il (compartmentalization phase) represents the time period between the UES closure, to
the arrival of the contraction wave in the transition zone. No bolus leaves the esophagus
during phase | and 1I. Phase 111 (esophageal emptying phase) is the time during which
peristaltic contraction propels bolus to the contraction deacceleration point (CDP).>* Phase
IV (ampulla emptying phase) is the time from the CDP to the completion of bolus transit
into the stomach. Distension-contraction plots reveal that esophageal distension during
passage of bolus during peristalsis varies along the length of the esophagus. The distension
values increase from proximal to the distal location in the esophagus.>°°6 Based on barium
swallow studies and CT imaging, the phrenic ampulla is the location of maximally luminal
distension. The computer software program (Distension Plots) allows one to visualize
distension (measured from the impedance part of HRMZ recordings) and contraction
(measured by pressure sensors) in several formats, ie, waveforms, color topographical
plots and videos of esophageal distension during peristalsis. These recordings show the
amplitude and location of distension and temporal correlation between contraction and
distension during bolus transit through the esophagus at close intervals (every 1-2 cm).
For the numerical analysis, instead of quantifying distension at one specific location in

the esophagus, DPlot provides the average distension value in 4 equal segments of the
esophagus, starting from the lower edge of UES to the CDP of peristaltic contraction.

The CDP is located above phrenic ampulla, and thus values reported in our publications

do not include the phrenic ampullary region. We are not certain whether the impedance
technique can measure phrenic ampullary distension values accurately; the reason is that
the stomach and esophagus are lined by columnar and squamous epitheliums that have

low and high impedance values, respectively. Axial shortening of the esophagus during
peristalsis results in relative movement between the sensors on the manometry catheter and
esophagus, eg, a sensor locate in the lower esophageal sphincter before swallow may moves
into the stomach during peristalsis. Before peristalsis, the recording electrode located in the
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esophagus may move into the phrenic ampulla with peristalsis and can confound the luminal
CSA calculation.

Several studies show the effect of bolus volume and viscosity, and posture on the
characteristics of esophageal contraction waveforms.>’-59 Distension-contraction plots
shows a similar effect of the above variables on the amplitude of distension waveforms
during primary peristalsis6%:61 (Figure 3). In addition, these studies also show alterations in
the temporal correlation between distension and contraction waveforms during esophageal
transit. Ten milliliters of 0.5 N saline, swallowed in the Trendelenburg position has been
used for our studies because we reasoned that a 5 ml bolus used during clinical studies is
not enough volume to study esophageal distension and it is less likely to distinguish patients
from normal. The important characteristics of distension waveform during peristalsis are
1) the lumen distends in the shape of an “American Football” at each location, along the
entire length of the esophagus, 2) the peak of distension moves sequentially along the
esophagus, 3) amplitude of distension increases from the proximal to distal location along
the length of esophagus, and 4) peak distension velocity and bolus flow rate decrease from
proximal to distal location in the esophagus.2 With regards to the temporal correlation
between distension and contraction waveform, the important features are; the pharyngeal
pump propels swallowed bolus into the mid esophagus quickly (without any assistance from
esophageal contraction) resulting in a significant time interval between the distension and
contraction waves in the proximal, mid, and at times in the distal esophagus. On the other
hand, there is a closer temporal correlation between the contraction and distension wave

in the distal esophagus. Trendelenburg position and increase in bolus viscosity increases
the amplitude of distension, decreases velocity of bolus movement, and distance traveled
by bolus due to pharyngeal pump.62 Distension-contraction waveforms are more closely
aligned with each other throughout the length of esophagus with a viscous bolus.

The luminal distension may affect contraction and vice versa via several mechanisms.
Larger distension resulting in an increase in the muscle fiber length will generate greater
contraction based on the length-tension principle described in the context of cardia muscles
(Starling principle). Luminal distension by a moving bolus can influence contractions and
vice versa, also through the activation of peripheral and central neural reflex pathways.%3
Greater distension results in greater esophageal wall tension, an important stimulus for the
activation of vagal and spinal sensory pathways associated with the conscious perception of
swallowing and esophageal symptoms.54-66

Bolus Flow and Distension Contraction Patterns in Patients With Dysphagia

Ineffective esophageal contractions (low amplitude, fragmented, or failed) following a
swallow result in either no clearance or incomplete bolus clearance from the esophagus.5’
The latter is also observed in patients with achalasia esophagus. However, the patterns of
esophageal emptying are different in the 3 types of achalasia. In patients with achalasia
type 1, characterized by low amplitude or absent esophageal contraction and impaired LES
relaxation, the entire swallowed bolus remains in the esophagus when there is no assistance
from gravity (supine position).®8 In patients with type 2 achalasia, a unique pattern of
longitudinal muscle contraction leads to reduction in the esophageal luminal volume that
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results in esophageal pan-pressurization, and if and when esophageal pressure exceeds LES
pressure there is partial/incomplete esophageal emptying.®® In patients with type 3 achalasia
(same entity as diffuse esophageal spasm in prior literature), impedance recordings reveal
that distal esophagus empties completely, however, ultrasound imaging reveals that distal to
the bolus, there is luminal occlusion and thinning of the muscle layers 68970 (Figure 4). As
a consequence, bolus is compressed between the contraction proximal to bolus and luminal
occlusion distal to bolus. Latter results in high bolus pressure and bolus travelling closer to
the contraction peak. Abnormality in the phrenic ampulla phase of emptying can been seen
in patients with the obstructive crus of the diaphragm (hiatus).’! The esophagus empties
completely in these patients, but the bolus is trapped in the phrenic ampulla may reflux
back into the esophagus at the termination of peristaltic contraction, especially if the LES
pressure were to be low.

With the ability to measure luminal CSA, and temporal correlation between the peak
distension and contraction from HRMZ recordings, studies show abnormal patterns of
luminal distension and temporal correlation between distension and contraction in patients
with nutcracker esophagus, EGJOO and function dysphagia (Figures 5 and 6). The 3
parameters that distinguish patients from normal are 1) rapid bolus flow through the
proximal and midesophagus resulting in a shorter time interval (T1) between the onset of
swallow and peak luminal distension in the distal esophagus, 2) lower amplitude of luminal
distension or CSA, and 3) a shorter time interval between the peak luminal distension and
peak contraction and a smaller duration of distension wave during peristalsis.”? The first 2
parameters are related, they are the due to a narrow lumen esophagus during the distension
phase of peristalsis. As expected by the Poiseuille law of physics, swallowed bolus propelled
by the pharyngeal pump will travels faster through a narrow as compared to wide lumen
esophagus, and thus arrives in the distal esophagus faster. An analogy of the above may be
seen in daily life, eg, constricting the opening of a garden hose results in an increase in the
velocity of ejected water stream which gets further into the lawn. A shorter time interval
between the distension and contraction wave is due to dynamic obstruction to flow cause by
luminal collapse distal the bolus that compresses bolus between the contraction and luminal
closure distal to bolus.48:69.70

A solid food challenge test during manometry, championed by Sweiss, Fox and others

over many years show that a greater number of patients with dysphagia have abnormal
esophageal motility and reproduction of dysphagia symptom during manometry studies with
a solid food than with saline bolus swallows.”3=75 In one of their reports, only 35% of
patients with dysphagia were found to have major motility disorders with saline swallows
as compared to 67% with solid bolus (cheese and onion pasties or soft-cooked long grain
rice).” More impressive was the reproduction of symptoms during manometry study, which
is extremely rare with saline swallows (1%), as compared to 61% with the solid food.

A likely explanation for the above is that that a solid bolus requires a wider lumen than

the liquid bolus to get through the esophagus. The differences in contractions between the
liquid and solid bolus swallows is likely due to relative obstruction to the passage of solid
bolus through the esophagus. There are many challenges, however, with using solid food
during routine manometry studies: 1) studies take longer time, 2) standardized meal must
vary according to the ethnicity and liking of the individual, and 3) one can’t assume that
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normality of motor patterns is identical with different types of solid foods. We suspect, that
the above challenges have prevented wide acceptance of solid food challenge during routine
clinical HRMZ studies.

Genesis of Esophageal Symptoms Based on the Alteration in Bolus Flow

Pattern

Dysphagia is an important symptom of all patients with motility disorders. However, in
general, there is a poor correlation between the severity of symptoms and severity of
manometric abnormalities.”®77 Patients with achalasia esophagus have greater symptom
severity (dysphagia associated with weight loss) as compared to other motility disorders.”8
However, many patients with minor motility disorders may present with significant
dysphagia and weight loss. A recent study found that the anxiety score is a better predictor
of symptom severity than the manometric abnormalities.”® It is difficult to know though
whether greater anxiety is because of greater dysphagia severity or vice versa. Dysphagia

is often associated with incomplete emptying of the esophagus during peristalsis, eg in
achalasia esophagus, the column of liquid barium in the upright position of > 5 cm, at

1 minutes after swallowing of 100-200 ml of barium is a marker of symptom relief.”®
During manometry investigations, however, it is rare for patients to complain of dysphagia
with incomplete bolus clearance.89 Wall tension and strain are important stimuli for

the activation of physiological and nociceptive afferents located in the spinal and vagus
nerves.55:66 Balloon distension in the esophagus generates circumferential passive tension
in the esophageal wall. Heathy subjects perceive balloon distension at all levels in the
esophagus; however, the proximal esophagus appears most sensitive to this stimulus which
most likely relates to regional differences in the wall tension, sensory afferent innervation
and/or mechanoreceptor density.29:81.82 |n healthy subjects who perceive dysphagia with
solid boluses, dysphagia sensation is associated with bolus hold-up within the lumen of

the proximal esophagus in the transition zone. Hold-up of a noncompressible solid bolus
causes a sustained luminal distension. Might be that the circular muscle contracting and
moving over the static bolus produces dysphagia sensation, and conscious awareness.83 The
mechanisms of symptom generation in the setting of complete bolus clearance is likely
different. In patients with type 3 achalasia/diffuse esophageal spasm, we found luminal
occlusion and thinning of the muscle layers distal to the bolus during peristalsis, which
results in a contraction wave pushing bolus against resistance,’® (Figure 4). Similarly, in
patients with high-amplitude esophageal contractions, EGJOO and FD, contraction wave
propels liquids through a narrow esophagus that results in larger luminal pressure and
greater wall tension during the distension wave of peristalsis.84 Patients generally do not
report dysphagia during manometry studies, when swallowing saline bolus. Majority of the
patients have symptoms when swallowing solid rather than the liquid bolus.8° It is likely
that the wall stress and strain values achieved during liquid bolus transit are not high enough
to produce symptoms, and not representative of what happens during solid bolus swallow.
We believe that dysphagia related to the bolus flowing through a narrow lumen esophagus is
analogous to the dyspnea sensation experienced by patients with bronchospasm (air flowing
through a narrow trachea-bronchial tree). It may be that higher than normal tension value
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observed in patients during manometry studies is a marker of abnormality, which become
clinically significant with solid bolus swallows result in dysphagia sensation.

Pathogenesis of Low Distensibility of Esophageal Wall in Patients With

Motility Disorders

A recent study found that patients with FD have stiffer or less compliant esophageal

wall as compared to normal subjects. Hill (1938)86 proposed that the compliance function
(volume change relative to pressure change) of a muscular tube is related to 3 factors: 1)
viscoelastic elements or the connective tissue within the muscle, 2) viscoelastic properties
of the muscle itself, and 3) active muscle contraction. Proximal and distal esophagus are
made of skeletal and smooth muscles, respectively, and these have different compliances
as revealed by supraphysiological levels of distending pressure.29:81.82 The majority of the
described esophageal motility disorders affect the distal/ smooth muscles esophagus which
has tone that reduces its compliance thus making the lumen less distensible at the time

of initial opening until such time as neural inhibitory mechanisms are activated to cause
muscle relaxation. Lack of descending inhibition or impaired relaxation of the circular and
longitudinal muscle layers during peristalsis would be an example of the active element of
esophageal wall reducing luminal distensibility. Studies show that patients with nutcracker
esophagus®’ and EOE®® have discoordination between the circular and longitudinal muscle
layers of the esophagus, which can cause low distensibility.89 An increase in muscle
thickness (muscle hypertrophy in nutcracker esophagus and other motility disorders®) and
mucosal fibrosis in patients with EOE are examples of passive elements that may reduce
esophageal distensibility. On the other hand, FD patients whilst exhibiting dysregulated
bolus flow and distensibility patterns do not generally have an increase in the muscle

layer thickness at baseline or at peak distension.9? We have observed that unlike normal
subjects, patients with achalasia esophagus show lack of sliding between the LES and crural
diaphragm,®2 which we believe might be another factor causing low distensibility in the
bolus domain segment of the esophagus during peristalsis. It is likely that more than one
factor is responsible for the low esophageal wall compliance in the motility disorders of
esophagus.

Conclusion

High-resolution manometry (HRM) and Chicago classification® have been a huge step
forward in the diagnosis of esophageal motility disorders. However, majority of patients
seen in the current clinical practice of the first author of this paper fall into the category

of FD, which raises the question, why so many patients with dysphagia have normal
esophageal function testing? The simple answer may be that the current techniques used

to measure esophageal distension during peristalsis are not adequate. The HRM and current
scheme of classifying esophageal motor disorders in the current format emphasize only half
of the story of peristalsis, probably the less important of the 2 halves, ie, the contraction
phase of peristalsis. Esophagus in the resting state is a collapsed tube with no lumen. For
the bolus to reach its destination, ie, stomach, the esophageal lumen must first distend to

a size larger than the swallowed bolus, irrespective of the driving force, or the push of the
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peristaltic contraction. A simple analogy is that of a car, it cannot get through a roadway
that is smaller than its own width, irrespective of the horsepower of its engine. Studies show
that a contraction amplitude of 20-30 mm Hg, which may be considered as the horsepower
of peristaltic engine, is enough to propel the barium bolus efficiently,9 provided that the
esophageal lumen is wide open (Figure 7). Patients with scleroderma esophagus, with
complete absence of the contraction phase of peristalsis,® do not develop dysphagia until
they develop reflux stricture. The majority of patients with EOE have normal contraction
phase of peristalsis; dysphagia in these patients is due to the lack of esophageal distension,
thought to be related to submucosal fibrosis?>-97 or possibly due to impaired inhibition of
the peristaltic reflex.88 Patients with achalasia esophagus do extremely well once obstruction
at the LES is reduced, even in the absence of esophageal contractions and peristalsis.

Since humans eat in an upright posture, pharyngeal pump and gravity can be enough for

the bolus to reach to the stomach. Barium swallow, is not an ideal test to measure the
luminal dimension of the esophagus, even if done methodically, it is likely to overestimate
the luminal CSA. Ultrafast CT scanning and US imaging to measure luminal CSA are
impractical.38 The intraluminal impedance recordings, which are already part of the HRMZ
recording, and distension-contraction plots, which can measure luminal CSA, velocity

of bolus flow, temporal correlation between distension and contraction, and esophageal
distensibility during peristalsis can provide a better picture of esophageal motor function.
Future studies are needed to determine the cause of non-compliant esophagus which we
contend is prevalent in large number of patients with dysphagia, who have normal motility
and normal bolus transit based on the current diagnostic criteria. A better understanding

of the distension function of esophagus during peristalsis and direct correlation of bolus
perception and distention-contraction properties will likely lead to improvements in the
diagnosis of dysphagia. The question though remains regarding the optimal treatment for the
impaired distension function of the esophagus and whether improvement in the distension
function will lead to improvement in dysphagia symptom.

This work was supported by NIH Grant R01 DK109376.

Abbreviations used in this paper:

CSA cross-sectional area

EGJOO esophagogastric junction outflow obstruction
EOE eosinophilic esophagitis

FD functional dysphagia

HRMZ high resolution manometry impedance

LES lower esophageal sphincter

Gastro Hep Adv. Author manuscript; available in PMC 2024 February 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mittal and Zifan

References
1

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Page 12

. Adkins C, Takakura W, Spiegel BMR, et al. Prevalence and characteristics of dysphagia based on a

population-based survey. Clin Gastroenterol Hepatol 2020; 18:1970-1979.e2. [PubMed: 31669055]

. Camilleri M, Dubois D, Coulie B, et al. Prevalence and socioeconomic impact of upper

gastrointestinal disorders in the United States: results of the US Upper Gastrointestinal Study. Clin
Gastroenterol Hepatol 2005; 3:543-552. [PubMed: 15952096]

. Eslick GD, Talley NJ. Dysphagia: epidemiology, risk factors and impact on quality of life-a

population-based study. Aliment Pharmacol Ther 2008;27:971-979. [PubMed: 18315591]

. Chiocca JC, Olmos JA, Salis GB, et al. Prevalence, clinical spectrum and atypical symptoms of

gastrooesophageal reflux in Argentina: a nationwide population-based study. Aliment Pharmacol
Ther 2005; 22:331-342. [PubMed: 16098000]

. Wong WM, Lai KC, Lam KF, et al. Prevalence, clinical spectrum and health care utilization

of gastrooesophageal reflux disease in a Chinese population: a population-based study. Aliment
Pharmacol Ther 2003; 18:595-604. [PubMed: 12969086]

. Dellon ES, Hirano I. Epidemiology and natural history of eosinophilic esophagitis. Gastroenterology

2018; 154:319-332.e3. [PubMed: 28774845]

. Dellon ES, Liacouras CA, Molina-Infante J, et al. Updated international consensus diagnostic

criteria for eosinophilic esophagitis: proceedings of the AGREE conference. Gastroenterology
2018;155:1022-1033.e10. [PubMed: 30009819]

. Aziz Q, Fass R, Gyawali CP, et al. Functional esophageal disorders. Gastroenterology

2016;150:1368-1379.

. Yadlapati R, Kahrilas PJ, Fox MR, et al. Esophageal motility disorders on high-resolution

manometry: Chicago classification version 4.0((c)). Neurogastroenterol Motil 2021;33:e14058.

. Rogers BD, Gyawali CP. Making sense of nonachalasia esophageal motor disorders. Gastroenterol
Clin North Am 2021;50:885-903. [PubMed: 34717877]

Benjamin SB, Richter JE, Cordova CM, et al. Prospective manometric evaluation with
pharmacologic provocation of patients with suspected esophageal motility dysfunction.
Gastroenterology 1983;84:893-901. [PubMed: 6832564]

Cattau EL Jr, Castell DO, Johnson DA, et al. Diltiazem therapy for symptoms associated with
nutcracker esophagus. Am J Gastroenterol 1991;86:272-276. [PubMed: 1998307]

Castell DO, Richter JE. Edrophonium testing for esophageal pain. Concurrence and discord. Dig
Dis Sci 1987; 32:897-899. [PubMed: 3608734]

Pandolfino JE, Ghosh SK, Rice J, et al. Classifying esophageal motility by pressure topography
characteristics: a study of 400 patients and 75 controls. Am J Gastroenterol 2008;103:27-37.
[PubMed: 17900331]

Drossman DA, Li Z, Andruzzi E, et al. U.S. householder survey of functional gastrointestinal
disorders. Prevalence, sociodemography, and health impact. Dig Dis Sci 1993;38:1569-1580.
[PubMed: 8359066]

Galmiche JP, Clouse RE, Balint A, et al. Functional esophageal disorders. Gastroenterology 2006;
130:1459-1465. [PubMed: 16678559]

Kwan AC, Bao T, Chakkaphak S, et al. Validation of Rome Il criteria for functional gastrointestinal
disorders by factor analysis of symptoms in Asian patient sample. J Gastroenterol Hepatol
2003;18:796-802. [PubMed: 12795751]

Bayliss WM, Starling EH. The movements and innervation of the small intestine. J Physiol
1899;24:99-143.

Bayliss WM, Starling EH. The movements and innervation of the small intestine. J Physiol
1901;26:125-138. [PubMed: 16992571]

Goyal RK, Chaudhury A. Physiology of normal esophageal motility. J Clin Gastroenterol
2008;42:610-619. [PubMed: 18364578]

Sarna SK, Daniel EE, Waterfall WE. Myogenic and neura control systems for esophageal motility.
Gastroenterology 1977;73:1345-1352. [PubMed: 913976]

Gastro Hep Adv. Author manuscript; available in PMC 2024 February 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mittal and Zifan

Page 13

22. Yamato S, Spechler SJ, Goyal RK. Role of nitric oxide in esophageal peristalsis in the opossum.
Gastroenterology 1992;103:197-204. [PubMed: 1612326]

23. Pandolfino JE, Roman S, Carlson D, et al. Distal esophageal spasm in high-resolution
esophageal pressure topography: defining clinical phenotypes. Gastroenterology 2011;141:469—
475. [PubMed: 21679709]

24. Conklin JL, Murray J, Ledlow A, et al. Effects of recombinant human hemoglobin on motor
functions of the opossum esophagus. J Pharmacol Exp Ther 1995; 273:762-767. [PubMed:
7538582]

25. Meyer GW, Gerhardt DC, Castell DO. Human esophageal response to rapid swallowing: muscle
refractory period or neural inhibition? Am J Physiol 1981;241:G129-G136. [PubMed: 7270690]

26. Decktor DL, Ryan JP. Transmembrane voltage of opossum esophageal smooth muscle and
its response to electrical stimulation of intrinsic nerves. Gastroenterology 1982;82:301-308.
[PubMed: 7054030]

27. Rattan S, Gidda JS, Goyal RK. Membrane potential and mechanical responses of the opossum
esophagus to vagal stimulation and swallowing. Gastroenterology 1983;85:922-928. [PubMed:
6884715]

28. Paterson WG. Electrical correlates of peristaltic and nonperistaltic contractions in the opossum
smooth muscle esophagus. Gastroenterology 1989;97:665-675. [PubMed: 2753327]

29. Mayrand S, Diamant NE. Measurement of human esophageal tone in vivo. Gastroenterology 1993;
105:1411-1420. [PubMed: 7901108]

30. Sifrim D, Janssens J, Vantrappen G. A wave of inhibition precedes primary peristaltic contractions
in the human esophagus. Gastroenterology 1992;103:876-882. [PubMed: 1499938]

31. Sifrim D, Janssens J, Vantrappen G. Failing deglutitive inhibition in primary esophageal motility
disorders. Gastroenterology 1994;106:875-882. [PubMed: 8143993]

32. Abrahao L Jr, Bhargava V, Babaei A, et al. Swallow induces a peristaltic wave of distension that
marches in front of the peristaltic wave of contraction. Neurogastroenterol Motil 2011;23:201—
207, €110. [PubMed: 21083789]

33. Schatzki R The lower esophageal ring. Long term follow-up of symptomatic and asymptomatic
rings. Am J Roentgenol Radium Ther Nucl Med 1963;90:805-810.

34. Lee J, Huprich J, Kujath C, et al. Esophageal diameter is decreased in some patients with
eosinophilic esophagitis and might increase with topical corticosteroid therapy. Clin Gastroenterol
Hepatol 2012;10:481-486. [PubMed: 22309879]

35. Tamhanker T, Halls JM, Giuseppe P, et al. The video-esophagogram: defining normality to evaluate
patients with esophageal disease. Gastroenterology 2004; 126:A427.

36. Tamhanker A, Huprich J, Bremner C. The small caliber esophagus: clinical features and
radiological diagnosis. Gastroenterology 2004;126:A447.

37. Muinuddin A, O’Brian PG, Paterson WG. Diffuse esophageal narrowing in eosinophilic
esophagitis (EOE): a barium contrast study. Neurogastroenterol Motil 2013; 25:11, Abstract.

38. Pouderoux P, Ergun GA, Lin S, et al. Esophageal bolus transit imaged by ultrafast computerized
tomography. Gastroenterology 1996;110:1422-1428. [PubMed: 8613047]

39. Rhee PL, Liu J, Puckett JL, et al. Measuring esophageal distension by high-frequency intraluminal
ultrasound probe. Am J Physiol Gastrointest Liver Physiol 2002; 283:G886-G892. [PubMed:
12223348]

40. Tipnis NA, Rhee PL, Mittal RK. Distension during gastroesophageal reflux: effects of
acid inhibition and correlation with symptoms. Am J Physiol Gastrointest Liver Physiol
2007;293:G469-G474. [PubMed: 17556589]

41. de Mey C, Belz GG, Nixdorf U, et al. Relative sensitivity of four noninvasive methods in
assessing systolic cardiovascular effects of isoproterenol in healthy volunteers. Clin Pharmacol
Ther 1992;52:609-619. [PubMed: 1458770]

42. Huerta-Franco MR, Vargas-Luna M, Capaccione KM, et al. Effects of metoclopramide on gastric
motility measured by short-term bio-impedance. World J Gastroenterol 2009;15:4763-4769.
[PubMed: 19824108]

43. McClelland GR, Sutton JA. Epigastric impedance: a noninvasive method for the assessment of
gastric emptying and motility. Gut 1985;26:607-614. [PubMed: 3891533]

Gastro Hep Adv. Author manuscript; available in PMC 2024 February 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mittal and Zifan

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 14

Rao SS, Gregersen H, Hayek B, et al. Unexplained chest pain: the hypersensitive, hyperreactive,
and poorly compliant esophagus. Ann Intern Med 1996; 124:950-958. [PubMed: 8624062]

McMahon BP, O’Donovan D, Liao D, et al. Analysis of abdominal wounds made by surgical
trocars using functional luminal imaging probe (FLIP) technology. Surg Innov 2008;15:208-212.
[PubMed: 18757380]

Kim JH, Mittal RK, Patel N, et al. Esophageal distension during bolus transport: can it be detected
by intraluminal impedance recordings? Neurogastroenterol Motil 2014; 26:1122-1130. [PubMed:
24861157]

Zifan A, Ledgerwood-Lee M, Mittal RK. Measurement of peak esophageal luminal cross-
sectional area utilizing nadir intraluminal impedance. Neurogastroenterol Motil 2015;27:971-980.
[PubMed: 25930157]

Nguyen HN, Silny J, Albers D, et al. Dynamics of esophageal bolus transport in healthy
subjects studied using multiple intraluminal impedancometry. Am J Physiol 1997;273:G958-
G964. [PubMed: 9357841]

Nguyen HN, Domingues GR, Winograd R, et al. Relationship between bolus transit and
LES-relaxation studied with concurrent impedance and manometry. Hepatogastroenterology
2006;53:218-223. [PubMed: 16608028]

Nguyen NQ, Holloway RH, Smout AJ, et al. Automated impedance-manometry analysis detects
esophageal motor dysfunction in patients who have non-obstructive dysphagia with normal
manometry. Neurogastroenterol Motil 2013;25:238-245, e164. [PubMed: 23113942]

Myers JC, Nguyen NQ, Jamieson GG, et al. Susceptibility to dysphagia after fundoplication
revealed by novel automated impedance manometry analysis. Neurogastroenterol Motil
2012;24:812—e393. [PubMed: 22616652]

Omari T, Cock C, Wu P, et al. Using high resolution manometry impedance to diagnose upper
esophageal sphincter and pharyngeal motor disorders. Neurogastroenterol Motil 2023;35:e14461.

Lin Z, Yim B, Gawron A, et al. The four phases of esophageal bolus transit defined by
high-resolution impedance manometry and fluoroscopy. Am J Physiol Gastrointest Liver Physiol
2014,307:G437-G444. [PubMed: 24970774]

Pandolfino JE, Leslie E, Luger D, et al. The contractile deceleration point: an important
physiologic landmark on oesophageal pressure topography. Neurogastroentero Motil 2010;22:395-
400, €90.

Zifan A, Song HJ, Youn YH, et al. Topographical plots of esophageal distension and contraction:
effects of posture on esophageal peristalsis and bolus transport. Am J Physiol Gastrointest Liver
Physiol 2019; 316:G519-G526. [PubMed: 30676774]

Mittal RK, Muta K, Ledgerwood-Lee M, et al. Relationship between distension-contraction
waveforms during esophageal peristalsis: effect of bolus volume, viscocity and posture:In Press.
Am J Physiol 2020; 319(4):G454-G467.

Hollis JB, Castell DO. Effect of dry swallows and wet swallows of different volumes on
esophageal peristalsis. J Appl Physiol 1975;38:1161-1164. [PubMed: 1141133]

Blonski W, Vela M, Hila A, et al. Normal values for manometry performed with swallows of
viscous test material. Scand J Gastroenterol 2008;43:155-160. [PubMed: 18224562]

Blonski W, Hila A, Jain V, et al. Impedance manometry with viscous test solution increases
detection of esophageal function defects compared to liquid swallows. Scand J Gastroenterol
2007;42:917-922. [PubMed: 17613920]

Mittal RK, Muta K, Ledgerwood-Lee M, et al. Relationship between distension-contraction
waveforms during esophageal peristalsis: effect of bolus volume, viscosity, and posture. Am J
Physiol Gastrointest Liver Physiol 2020;319:G454-G461. [PubMed: 32755311]

Ledgerwood M, Zifan A, Lin W, et al. Novel gel bolus to improve impedance-based
measurements of esophageal cross-sectional area during primary peristalsis. Neurogastroenterol
Motil 2021;33:e14071.

Zifan A, Gandu V, Ledgerwood M, et al. Bolus flow and biomechanical properties of the

esophageal wall during primary esophageal peristalsis: effects of bolus viscosity and posture.
Neurogastroenterol Motil 2021;34: e14281.

Gastro Hep Adv. Author manuscript; available in PMC 2024 February 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mittal and Zifan

Page 15

63. Dinning PG, Wiklendt L, Omari T, et al. Neural mechanisms of peristalsis in the isolated rabbit
distal colon: a neuromechanical loop hypothesis. Front Neurosci 2014; 8:75. [PubMed: 24795551]

64. Sengupta JN. An overview of esophageal sensory receptors. Am J Med 2000;108(Suppl 4a):87S-
89S. [PubMed: 10718458]

65. Sengupta JN, Kauvar D, Goyal RK. Characteristics of vagal esophageal tension-sensitive afferent
fibers in the opossum. J Neurophysiol 1989;61:1001-1010. [PubMed: 2723726]

66. Sengupta JN, Saha JK, Goyal RK. Stimulus-response function studies of esophageal
mechanosensitive nociceptors in sympathetic afferents of opossum. J Neurophysiol 1990;64:796—
812. [PubMed: 2230925]

67. Gyawali CP, Sifrim D, Carlson DA, et al. Ineffective esophageal motility: concepts, future
directions, and conclusions from the Stanford 2018 symposium. Neurogastroenterol Motil
2019;31:e13584.

68. Hong SJ, Bhargava V, Jiang Y, et al. A unique esophageal motor pattern that involves longitudinal
muscles is responsible for emptying in achalasia esophagus. Gastroenterology 2010;139:102-111.
[PubMed: 20381493]

69. Kim TH, Patel N, Ledgerwood-Lee M, et al. Esophageal contractions in type 3 achalasia
esophagus: simultaneous or peristaltic? Am J Physiol Gastrointest Liver Physiol 2016;310:G689-
G695. [PubMed: 26950858]

70. Park S, Zifan A, Kumar D, et al. Genesis of esophageal pressurization and bolus flow patterns in
patients with achalasia esophagus. Gastroenterology 2018;155:327-336. [PubMed: 29733830]

71. Pandolfino JE, Kwiatek MA, Ho K, et al. Unique features of esophagogastric junction pressure
topography in hiatus hernia patients with dysphagia. Surgery 2010; 147:57-64. [PubMed:
19744454]

72. Mittal RK, Muta K, Ledgerwood-Lee M, et al. Abnormal esophageal distension profiles in patients
with functional dysphagia: a possible mechanism of dysphagia. Gastroenterology 2021;160:1847—
1849.e2. [PubMed: 33307025]

73. Ang D, Misselwitz B, Hollenstein M, et al. Diagnostic yield of high-resolution manometry
with a solid test meal for clinically relevant, symptomatic oesophageal motility disorders: serial
diagnostic study. Lancet Gastroenterol Hepatol 2017;2:654-661. [PubMed: 28684262]

74. Hollenstein M, Thwaites P, Butikofer S, et al. Pharyngeal swallowing and oesophageal motility
during a solid meal test: a prospective study in healthy volunteers and patients with major motility
disorders. Lancet Gastroenterol Hepatol 2017;2:644-653. [PubMed: 28684261]

75. Murray FR, Fischbach LM, Schindler V, et al. Solid swallow examination during high resolution
manometry and EGJ-distensibility help identify esophageal outflow obstruction in non-obstructive
dysphagia. Dysphagia 2022;37:168-176. [PubMed: 33609164]

76. Xiao Y, Kahrilas PJ, Nicodeme F, et al. Lack of correlation between HRM metrics and symptoms
during the manometric protocol. Am J Gastroenterol 2014; 109:521-526. [PubMed: 24513804]

77. Muta K, Mittal RK, Zifan A. Rhythmic contraction but arrhythmic distension of esophageal
peristaltic reflex in patients with dysphagia. PLoS One 2022;17:60262948.

78. Carlson DA, Gyawali CP, Roman S, et al. Esophageal hypervigilance and visceral anxiety
are contributors to symptom severity among patients evaluated with high-resolution esophageal
manometry. Am J Gastroenterol 2020;115:367-375. [PubMed: 31990697]

79. Blonski W, Kumar A, Feldman J, et al. Timed barium swallow: diagnostic role and predictive value
in untreated achalasia, esophagogastric junction outflow obstruction, and non-achalasia dysphagia.
Am J Gastroenterol 2018; 113:196-203. [PubMed: 29257145]

80. Mittal RK, Shaffer HA, Parollisi S, et al. Influence of breathing pattern on the esophagogastric
junction pressure and esophageal transit. Am J Physiol 1995; 269:G577-G583. [PubMed:
7485510]

81. Patel RS, Rao SS. Biomechanical and sensory parameters of the human esophagus at four levels.
Am J Physiol 1998;275:G187-G191. [PubMed: 9688644]

82. Mayrand S, Tremblay L, Diamant N. In vivo measurement of feline esophageal tone. Am J Physiol
1994; 267:G914-G921. [PubMed: 7977755]

Gastro Hep Adv. Author manuscript; available in PMC 2024 February 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mittal and Zifan

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

Page 16

Cock C, Leibbrandt RE, Dinning PG, et al. Changes in specific esophageal neuromechanical wall
states are associated with conscious awareness of a solid swallowed bolus in healthy subjects. Am
J Physiol Gastrointest Liver Physiol 2020;318:G946—-G954. [PubMed: 32281396]

Zifan A, Gandu V, Mittal RK. Esophageal wall compliance/stiffness during peristalsis in patients
with functional dysphagia and high-amplitude esophageal contractions. Am J Physiol Gastrointest
Liver Physio 2022;323:G586-G593.

Sweis R, Fox M. High-resolution manometry-observations after 15 years of personal use-has
advancement reached a plateau? Curr Gastroenterol Rep 2020;22:49. [PubMed: 32767186]

Hill AV. Mechanics of the contractile element of muscle. Nature 1950;166:415-419. [PubMed:
14775693]

Korsapati H, Bhargava V, Mittal RK. Reversal of asynchrony between circular and longitudinal
muscle contraction in nutcracker esophagus by atropine. Gastroenterology 2008;135:796-802.
[PubMed: 18675815]

Korsapati H, Babaei A, Bhargava V, et al. Dysfunction of the longitudinal muscles of the
oesophagus in eosinophilic oesophagitis. Gut 2009;58:1056-1062. [PubMed: 19136515]

Mittal RK. Regulation and dysregulation of esophageal peristalsis by the integrated function of
circular and longitudinal muscle layers in health and disease. Am J Physiol Gastrointest Liver
Physiol 2016;311:G431-G443. [PubMed: 27445346]

Dogan I, Puckett JL, Padda BS, et al. Prevalence of increased esophageal muscle thickness in
patients with esophageal symptoms. Am J Gastroenterol 2007; 102:137-145. [PubMed: 17266691]
Kwiatek MA, Hirano I, Kahrilas PJ, et al. Mechanical properties of the esophagus in eosinophilic
esophagitis. Gastroenterology 2011;140:82-90. [PubMed: 20858491]

Mittal RK, Ledgerwood M, Caplin M, et al. Hiatal fibrosis in achalasia esophagus. Am J Physiol
Gastrointest Liver Physiol 2023;325:G368-G378. [PubMed: 37581423]

Kahrilas PJ, Dodds WJ, Hogan WJ, et al. Esophageal peristaltic dysfunction in peptic esophagitis.
Gastroenterology 1986;91:897-904. [PubMed: 3743966]

Ahuja NK, Clarke JO. Scleroderma and the esophagus. Gastroenterol Clin North Am
2021;50:905-918. [PubMed: 34717878]

Schoepfer AM, Safroneeva E, Bussmann C, et al. Delay in diagnosis of eosinophilic

esophagitis increases risk for stricture formation in a time-dependent manner. Gastroenterology
2013;145:1230-1236.e1-2. [PubMed: 23954315]

Hirano I, Aceves SS. Clinical implications and pathogenesis of esophageal remodeling in
eosinophilic esophagitis. Gastroenterol Clin North Am 2014; 43:297-316. [PubMed: 24813517]
Hsieh LY, Chiang AWT, Duong LD, et al. A unique esophageal extracellular matrix proteome
alters normal fibroblast function in severe eosinophilic esophagitis. J Allergy Clin Immunol
2021;148:486-494. [PubMed: 33556465]

Gastro Hep Adv. Author manuscript; available in PMC 2024 February 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mittal and Zifan Page 17

A Katz & Castell 1987 B Pandolfino & Kahrilas 2008 C Mittal & Zifan 2023

1% 59

I Normal
[ Hypertensive

[ Aperistalsis

[ Peristaltic Dysfunction
[ Achalasia

I Functional Obstruction
[Coes 38%
] Abnormal LES tone

I Normal

I neffective

[ EGJ00

[ Achalasia

[ Diffuse Spasm
HAEC

[ Normal 9.9%

19%
47%

16%

18.0%

18.0% 27%
Traditional Manometry High-Resolution Manometry High-Resolution Manometry

Figure 1.
(A-C) Prevalence of esophageal motor disorders in patients with dysphagia referred for

esophageal manometry from 3 tertiary care centers.
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Figure 2.
Bolus moves through the esophagus in the shape of an “American Football” during

peristaltic transport during primary and secondary peristalsis, recorded by 3 different
methods: 1) ultrasound image derived data, 2) Antegrade contraction recorded by Endoflip
technique, and 3) impedance derived luminal cross-sectional area of the esophagus.
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10ml saline supine 10ml viscous supine
0

Figure 3.
Effect of posture and bolus viscosity on the distension-contraction waveforms. Esophageal

distension shown as waveform and contraction as color heat map. Saline bolus in the
supine position arrives much faster in the mid and distal esophagus as compared to the
Trendelenburg position (A and C). The latter position slows the speed of bolus and bolus
travels closer to the contraction wave along the length of the esophagus. Viscous bolus
moves slowly through the esophagus in close relationship with the onset of contraction.
Supine (B) vs Trendelenburg (D) position with viscous bolus did not influence the temporal
relationship between contraction and dissension waveform. Reproduced with permission
from Mittal RK, Muta K, Ledgerwood-Lee M, et al. Relaionship between distension-
contraction waveforms during esophageal peristalsis: effect of bolus volume, viscocity and
posture:In Press. Am J Physiol 2020; 319(4):G454-G467.
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Figure 4.

m-Mode US image at 5 cm above the LES along with impedance line tracing to show the
relationship between bolus arrival, bolus clearance, luminal distension, and muscle thickness
with swallows in normal subject (A), and 3 patients with achalasia esophagus type 3 (B-D).
X axis is time in these recordings. Yellow arrows show that unlike normal subject, there is
luminal closure before arrival of bolus in achalasia 3 esophagus which results in delayed
arrival of bolus in the distal esophagus and bolus travelling closer to the contraction wave.
D shows luminal opening, followed by collapse (green arrow) and then opening again in
this swallow. Time 1 = time between the onset of swallow and bolus arrival, Time 2 = time
between bolus arrival and bolus clearance. Reproduced with permission from Park S, Zifan
A, Kumar D, et al. Genesis of esophageal pressurization and bolus flow patterns in patients
with achalasia esophagus. Gastroenterology 2018;155:327-336.
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Figure5.
Distension-contraction plots in a normal subject (A), a patient with nutcracker esophagus

(C), function dysphagia (B) and esophagogastric junction outflow obstruction (D).
Distension is seen as waveform and contraction as a color topograph. Note that the bolus
arrives in the distal esophagus much ahead of the contraction. Also note that the amplitude
of distension is smaller in patients. Finally, note the difference in the distension waveform
between normal and patients.
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Figure 6.
Distension-contraction plots in a normal subject (A), a patient with nutcracker esophagus

(C), function dysphagia (B) and esophagogastric junction outflow obstruction (D). Serial
images during one swallow in each subject. These 4 subjects are same as in Figure 5. Note
the differences in the temporal relationship between distension and contraction in normal
subject vs patients. Also the amplitude of distension is smaller in patients with dysphagia but
different diagnosis based on the manometry study.
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Figure7.
The schematic show relationship between contraction and distension in normal subject

(top row), patient with functional dysphagia (middle row) and patient with achalasia 3
esophagus (bottom row) Top row: The esophagus distends in the shape of an “American
Football” ahead of the contraction. Middle row: Note a narrow lumen esophagus distal to the
contraction wave that results in rapid transit of bolus to the distal esophagus. Bottom row:
Note, luminal occlusion distal the distension that impedes the bolus flow.
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