
Longitudinal shortening of the esophagus during peristaltic contraction has been previously analyzed
globally using spaced mucosal clips. This method gives a relatively crude measurement. In this study,
local longitudinal shortening (LLS) was evaluated using simultaneous high-resolution endoluminal
ultrasound (HREUS) and manometry based on basic principles of muscle mechanics. We sought to
determine if there are regional differences in LLS of the esophageal muscle during swallow-induced
peristaltic contraction and evaluate shortening of the circular smooth muscle (CSM) and longitudinal
smooth muscle (LSM) of the esophagus.

Twenty normal subjects underwent simultaneous HREUS/manometry at 4 levels (5, 10, 15, and
20 cm above the upper border of the lower esophageal sphincter [LES] high-pressure zone) in
the esophagus with 5-mL swallows of water. Ultrasound images were recorded with synchronized
manometric pressure data. The images were digitized and the cross-sectional surface area (CSA) of
the LSM, CSM, and total muscle (TM) were measured at baseline (at rest) and at peak intraluminal
pressure (implying peak CSM contraction) during swallowing. LLS was calculated for the CSM and
LSM using the principle of mass conservation, whereby the change in CSA relative to the resting
CSA is quantitatively equal to the relative change in length of a local longitudinal muscle segment.

CSM, LSM, and TM all shortened longitudinally, with the circular muscle shortening more than
the longitudinal muscle, LLS of the CSM and TM layers at 5 cm above the LES was signiÞcantly
greater than at 20 cm (CSM: 30% difference,P < .001; TM: 18% difference,P < .05). The greater
shortening of LSM at 5 versus 20 cm was found not to be statistically signiÞcant (11% difference,
P > .05). Peak intraluminal pressure strongly correlated with peak muscle thickness of all layers at
all levels (r = 0.96Ð0.98).

LLS increases from the proximal to the distal esophagus during bolus transport. CSM and LSM
both shorten longitudinally, with CSM shortening more than LSM. The increase in LLS increases
the efÞciency of peristaltic contraction and likely contributes to the axial displacement of the LES
preceding hiatal opening and esophageal emptying.
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TABLE 1. MEAN ± SD OF THEESOPHAGEALMUSCLECROSS-SECTIONAL AREA OF
THE CSM AND LSM AT 4 LEVELS

CSM (cm2) LSM (cm2)

Baseline Contraction Baseline Contraction

5 cm 0.207± 0.050 0.529± 0.122 0.208± 0.060 0.443± 0.150
10 cm 0.192± 0.046 0.458± 0.111 0.185± 0.040 0.394± 0.118
15 cm 0.191± 0.044 0.398± 0.091 0.184± 0.044 0.349± 0.098
20 cm 0.189± 0.044 0.368± 0.097 0.182± 0.039 0.340± 0.095

Figure 3 shows the meanA/A* ± SD of the CSM, LSM,
and TM, respectively, at 4 levels with 5-mL wet swallows.
Figure 4 shows the meanA/A* value of the CSM, LSM,
and total muscle at 4 levels (largerA/A* implies higher
LLS).

Difference in Muscle Shortening Between Circular
Smooth Muscle and Longitudinal Smooth Muscle

There were signiÞcant differences in muscle shortening
between CSM and LSM at all the levels except 20 cm
above the LES. LLS of CSM was higher than LLS of
LSM (15% difference at 5 cm,P < .001; 12% difference
at 10 cm,P < .001; 12% difference at 15 cm level,P <

.001; 4% difference at 20 cm,P > .05).

Correlation Between the Mean Peak Pressure and the
Esophageal Muscle Thickness

Peak intraluminal pressure was strongly correlated with
peak TM thickness for the 20 subjects during 5-mL wet
swallows (r = 0.98 at all levels). There were also strong
correlations between peak intraluminal pressures and the
thickness of the CSM and LSM at all levels (r = 0.97 and
0.96, respectively).

DISCUSSION

The current study applied the basic principle of mass
conservation, as described by Nicosiaet al. (4), to high-
resolution ultrasonography images during rest and peak
contraction, so that differences in LLS along the axis
of the esophagus during bolus transport could be eval-
uated. The CSAs of the longitudinal and CSM were quan-

TABLE 2. MEAN ± SD OF THEESOPHAGEALMUSCLETHICKNESS OF
THE CSM AND LSM AT 4 LEVELS

CSM LSM

Baseline Contraction Baseline Contraction

5 cm 0.063± 0.018 0.168± 0.029 0.064± 0.018 0.124± 0.034
10 cm 0.054± 0.013 0.146± 0.027 0.059± 0.017 0.112± 0.024
15 cm 0.057± 0.016 0.132± 0.019 0.056± 0.011 0.103± 0.026
20 cm 0.056± 0.014 0.111± 0.027 0.055± 0.012 0.097± 0.023

tiÞed at 5, 10, 15, and 20 cm above the LES, localized
manometrically from the high-pressure zone. The ratio of
the CSA in the resting state to peak CSA during bolus
transfer is the LLS parameter. To this end, CSA mea-
surements were made at rest and at peak intraluminal
pressure. Because the ultrasound images are especially
clear and the borders of the thickened muscle very dis-
tinct at these times, the measurements are at their most
accurate.

Nicosiaet al.(4) found that increasing LLS was highly
correlated with increases in intraluminal pressure, indi-
cating that the peristaltic wave of circular muscle squeeze
is accompanied by a wave of LLS, with peak circu-
lar muscle contraction closely aligned with peak LLS,
L/L* = 0.36.

Two interesting conclusions can be drawn from the cur-
rent study. The Þrst is that the distal esophagus shortens
signiÞcantly more than the proximal esophagus during
peristaltic contraction. It is possible that the transition
from fully striated muscle at the upper esophagus to fully
smooth muscle in the lower esophagus may be involved
in the increase in LLS from proximal to distal esopha-
gus. In any event, the increase in LLS likely has important
functional consequences.

Pal and Brasseur (5) demonstrated that LLS reduces
the CSM Þber tension required to maintain closure during
peristalsis. Thus, an increase in LLS increases the efÞ-
ciency of peristalsis as the bolus tail moves into the distal
esophagus and the process of esophageal emptying begins.

It is well established that the LES displaces axially as the
bolus tail moves into the distal esophagus, as Þrst shown
by Doddset al. (7), and it has been shown that this axial
displacement is part of the process of ampulla formation

TABLE 3. MEAN ± SD OF THELLS PARAMETER(A*/ A) OF THECSM,
LSM, AND TM AT 4 LEVELS

5 cm 10 cm 15 cm 20 cm

CSM 0.40± 0.09 0.43± 0.10 0.49± 0.11 0.53± 0.11
LSM 0.49± 0.12 0.50± 0.14 0.55± 0.14 0.55± 0.13
TM 0.44± 0.10 0.46± 0.10 0.52± 0.12 0.54± 0.11
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Fig 3. The degree of LLS at each level of the esophagus. The graph on the left is for CSM, the graph in the middle is for TM, and the graph on the
right is LSM.

(8) in preparation for the forced opening of the hiatus and
esophageal emptying (6). It is probable that the increase
in LLS, as the bolus tail moves into the distal esophagus,
is part of a transitional process from peristalsis in the main
body of the esophagus, to ampullary formation and axial
displacement of the LES in preparation for hiatal opening,
and esophageal emptying.

A second observation is a statistically signiÞcant greater
level of LLS in the CSM than in the LSM. Nicosiaet al.
(4) did not observe a statistically signiÞcant difference.
Part of the CSM shortening can be explained as a conse-
quence of transmission of the shear force across the con-
nective tissue between the CSM and LSM layers during
longitudinal shortening of the LSM. It is surprising that
LLS in the CSM was measured to be greater than LLS in
the LSM layer in the distal esophagus. The mechanism
for this additional LLS of the CSM relative to LSM is
unclear.

Fig 4. MeanA/A* i n CSM, LSM, and TM layers at 5, 10, 15, and 20 cm
above the upper border of the LES. LargerA/A* implies higher LLS.

CONCLUSION

The distal esophagus shortens signiÞcantly more than
the proximal esophagus. Both the CSM and LSM layers
shorten locally in the axial direction. The CSM shortens
more than the LSM in the distal esophagus. Local short-
ening of longitudinal muscle in tight coordination with
contraction of circular muscle Þbers greatly increases the
efÞciency of the forces required to maintain closure at
the bolus tail during esophageal emptying when greater
closure forces are needed.
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