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Abstract
Background—The Distal Contractile Integral (DCI) is an index of contractile vigor in high-
resolution esophageal pressure topography (EPT) calculated as the product of amplitude, duration,
and span of the distal esophageal contraction. The aim of this study was to develop an automated
algorithm calculating DCI.

Methods—DCI was calculated conventionally using ManoView™ software in EPT studies from
72 controls and 20 patients and compared to the calculation using a MATLAB™ ‘region growing’
algorithm. This algorithm first established the spatial limits of the distal contraction (the proximal
pressure trough to either the distal pressure trough or to the superior margin of the lower
esophageal sphincter at rest). Pixel-by-pixel horizontal line segments were then analyzed within
this span starting at the pressure maximum and extending outward from that point. The limits of
‘region-growing’ were defined either by the spatial DCI limits or by encountering a pressure < 20
mmHg. DCI was then calculated as the total units of mmHg-s-cm greater than 20 mmHg within
this domain.

Key Results—Excellent correlation existed between the two methods (r=0.98, p<0.001). DCI
values obtained with the conventional calculation were slightly but significantly greater than with
the region-growing algorithm. Differences were attributed to the inclusion of vascular pressures in
the conventional calculation or to differences in localization of the distal limit of the DCI.

Conclusions & Inferences—The proposed region-growing algorithm provides an automated
method to calculate DCI that limits inclusion of vascular pressure artifacts and minimizes the need
for user input in data analysis.
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INTRODUCTION
In high resolution esophageal pressure topography (EPT) the vigor of the distal esophageal
contraction is characterized by its amplitude, duration, and vertical length (1–3). The
resulting metric is termed Distal Contractile Integral (DCI) and calculated as the product of
the mean amplitude of the contraction (excluding the 20 mmHg footprint) times its duration
times its length between the proximal (P) pressure trough and either the distal (D) pressure
trough or the proximal margin of the lower esophageal sphincter (LES). The DCI is
expressed in units of mmHg-s-cm. In the Chicago Classification for esophageal motility
disorders in EPT hypertensive peristalsis is defined as a mean DCI greater than 5,000
mmHg-s-cm in the context of normal contractile latency (2). An extreme phenotype of
hypercontractility is defined by the presence of at least one test swallow resulting in a
contraction with a DCI > 8,000 mmHg-s-cm (4). Consequently, the DCI is a fundamental
parameter to identify hypertensive motility disorders in EPT.

The current method to calculate DCI consists of manually delineating a space-time box
encompassing the distal esophageal contraction, calculating the average intraluminal
pressure within that box and multiplying that value (less 20 mmHg) by the duration and the
length of the box (2). Even if the calculation is automated with the software provided by the
manufacturer this method requires user input to delineate the space-time box of interest. It
may also lead to the inclusion of extraneous pressure signals within that box in the
computation such as repetitive vascular artifacts that are separated from the major
contractile complex.

Region-growing is an algorithmic method for image segmentation. This signal processing
technique automatically extracts features from an image which are then further used for a
variety of classification tasks (5). Basically, a point of interest is identified on the image
based on a characteristic such as density and adjacent areas are then systematically
interrogated to see if they also possess that characteristic. Region-growing has fairly wide
applications in medical image analysis such as quantifying the size or volume of mass
lesions in ultrasound or CT imaging (6–7). The application of region-growing to calculate
DCI may provide an entirely automated method minimizing the need for user input and
automatically excluding many pressure artifacts. The aim of this study was to develop and
test an automatic region-growing algorithm for calculating DCI in clinical EPT studies.

SUBJECTS AND METHODS
Subjects

EPT studies of 72 healthy volunteers (40 males, mean age 27 years, range 19–48 years) were
included in this analysis. Volunteers were recruited by advertisement or word of mouth and
had no history of esophageal symptoms (heartburn, regurgitation, dysphagia), previous
gastro-intestinal surgery, or significant medical illness. The study protocol was approved by
the Northwestern University Institutional Review Board and informed consent was obtained
from each subject.

Twenty patients (4 males, mean age 56 years, range 24–78) selected from a set of 2,000
clinical EPT studies were also studied. Patients with absent peristalsis or prior gastro-
intestinal surgery were excluded. Patients were selected with the criterion that they exhibited
at least one test swallow with a DCI (calculated with the software provided by the
manufacturer) greater than 4,000 mmHg-s-cm but no swallow with a DCI greater than
10,000 mmHg-s-cm. The rationale for this criterion was for the selected studies to include at
least one swallow with a DCI value close to the thresholds for defining hypertensive
peristalsis and hypercontractility.
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High Resolution Manometry (HRM) Protocol
HRM studies were done with a 4.2 mm outer diameter solid-state assembly with 36
circumferential sensors spaced at 1-cm intervals (Given Imaging, Los Angeles, CA). Before
recording, transducers were calibrated at 0 and 300 mmHg using externally applied pressure.
Studies were done in a supine position after at least a 6-hr fast. The manometry assembly
was placed transnasally and positioned to record from the hypopharynx to the stomach with
about 3 intra-gastric sensors. The catheter was fixed in place by taping it to the nose. The
manometric protocol included a 5-min period to assess basal sphincter pressure and ten 5-ml
water swallows.

DCI calculation with ManoView™ software
For each swallow, DCI was firstly calculated using ManoView™ software (Given Imaging,
Los Angeles, CA). Instances of failed swallows were excluded. One reviewer manually
delineated the proximal and distal limits of the space-time box for inclusion in the DCI. The
proximal limit (P) was identified as the pressure minimum between the proximal and distal
contraction or at the distal margin of the break in the 20-mmHg isobaric contour if a break
was present. The distal limit of the space time box was either the distal pressure trough (D)
or the proximal margin of the LES at 20 mmHg isobaric contour after the termination of the
peristalsis, depending on whether or not a pressure minimum, D, was present. The DCI
value was then calculated automatically by the software for each swallow.

DCI calculation with region-growing algorithm
The region-growing algorithm for DCI calculation was written in MATLAB™ (Version 6,
2000, The MathWorks Inc., Natick, MA, U.S.A.), a computer program customized for
processing binary data. Manometric data were exported from ManoView™ into
MATLAB™. Instances of failed peristalsis were excluded.

The logic of the region-growing algorithm was as follows. First, a maximal spatial pressure
variation plot of the greatest contractile pressure at each locus along the esophagus was
calculated to identify the spatial positions of P and D (if present) (8) (Figure 1). Specifically,
the spatial position of P was located at the minimal pressure point between the proximal and
the distal esophageal segments (upper red dotted horizontal line in Figure 1). The spatial
position of D was located at the minimal pressure point between the distal esophagus and the
proximal border of the EGJ (lower red dotted horizontal line in Figure 1A). If no minimal
pressure point was identified between the distal esophagus and the EGJ, the distal limit was
located at the proximal margin of the EGJ after the termination of peristalsis (lower green
dotted horizontal line in Figure 1B). Secondly, pixel-by-pixel horizontal line segments were
then analyzed for the segment spanning from P to the distal limit of the DCI region. The
starting point for the “region-growing” algorithm was the maximal pressure point on the
spatial pressure variation plot. The search was extended outward proximally and distally
from that point. The limits of region-growing were defined by intersecting the proximal or
distal limits of the region of interest or by encountering a pressure < 20 mmHg. Finally DCI
was calculated as the volume of the defined pressure domain greater than 20 mmHg and
expressed as mmHg-s-cm.

Statistical Analysis
The mean DCI and the greatest individual DCI were given for each subject. Data were
expressed as mean (± SD) and 5th, 25th, 50th, 75th and 95th percentiles. The paired t-test was
used to compare the mean and the greatest DCI obtained from the 2 different methods of
DCI calculation. Pearson’s correlation coefficient was also calculated to assess the
relationship between the two DCI calculations.
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RESULTS
Table 1 summarizes the DCI data calculated using ManoView™ software and region
growing algorithm for 72 controls. The values given by ManoView™ were significantly
greater than those given by the region growing algorithm (p < 0.01 for mean DCI and for the
greatest DCI). The mean differences between the 2 methods of calculation were 136 (± 232)
and 174 (± 242) mmHg-s-cm for the mean and the greatest DCI respectively. The linear
correlation was very strong between the two methods (r=0.98, p<0.001 for mean DCI and
r=0.98, p<0.001 for greatest DCI, Figure 2).

In the 20 patients selected because their EPT study contained a test swallow with DCI
(calculated with ManoView™ software) between 4,000 and 10,000 mmHg-s-cm, the values
given with ManoView™ were also greater (Table 2, p<0.01). The mean difference between
the 2 methods was 323 (± 317) mmHg-s-cm. Figure 3 illustrates the very strong linear
correlation between the 2 methods of calculation for these patients (r=0.97, p<0.001).

The region growing algorithm provided a lesser DCI value than the ManoView™ calculation
in 59 control subjects (82%) and 18 patients (90%). Inclusion of pressures attributable to
vascular pulsations in ManoView™ software calculation might explain some of this
difference. The examples illustrated in Figure 4 demonstrate how the region-growing
algorithm had the effect of excluding some vascular artifact from the calculation. Another
source of discrepancy between methods was attributable to the location of distal limit for
DCI calculation. This is illustrated in Figure 5 for 2 of the patients studied. From the
maximal spatial pressure variation plots in panels B and E, it is evident that no pressure
minima existed between the distal esophageal segment and the EGJ. In these cases, the
proximal margin of the EGJ after the termination of peristalsis was utilized as the user-
defined distal limit of DCI calculation.

DISCUSSION
We developed and tested an automated region-growing algorithm for calculating DCI in
clinical EPT studies. DCI calculations in 72 normal subjects and 20 patients with a swallow
characterized by a marginally abnormal DCI (between 4,000 and 10,000 mmHg-s-cm)
demonstrated that the proposed automatic region-growing algorithm gave DCI values very
similar to, although slightly less than using ManoView™ software. The magnitude of the
differences was small and unlikely to be clinically relevant. Hence, the region growing
algorithm described offers the advantages of minimizing the required user input for
calculating DCI and of excluding vascular artifact from the calculation.

The method of DCI calculation presented in this study is rapid and automated, an adaptation
of conventional region-growing methodology to the task of EPT interpretation.
Conventional region-growing methods use pixels as the basic elements of regions (5–6). The
algorithm proposed here uses horizontal line segments as the basic element of a region
owing to the nature of how data are acquired in an HRM study. An added benefit of using
line segments centered on the maximal pressure value in the distal segment is that it makes
the calculation process faster (7). Key to the reproducibility of the DCI calculation is
identifying the spatial limits to be included in the calculation. Because the DCI calculation
excludes pressure below 20 mmHg, a fixed pressure threshold of 20 mmHg can be used as a
uniform criterion for delineating the margins of line segments. Similarly, the proximal limit
is readily identifiable as either the pressure minima, often referred to as the transition zone
(9), or the point at which the pressure diminishes to 20 mmHg. The greatest potential for
variability is in localization of the distal limit for the DCI calculation. In instance in which
there is a pressure minimum between the distal contraction (the combination of S2 and S3 as
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defined by Clouse (10)), and the LES, this is straightforward. However, in instances such as
illustrated in Figure 5 no such minima exists and the user-defined proximal margin of the
LES (or EGJ) is alternatively used. Still, this is a point also used in delineating the proximal
margin for the calculation of the Integrated Relaxation Pressure (IRP) so it does not add to
the steps required of the user in the interpretation process.

Another advantage of the region-growing algorithm is the exclusion of pressure artifacts that
occur either before or after the distal contraction. This could be of importance in instances of
swallows with borderline abnormal DCI. Pressure artifacts encountered in EPT data are
essentially usually attributable to cardiovascular pulsation from structures neighboring of the
esophagus, especially in supine position (11). These pressure signals will be included in the
DCI calculation with ManoView™ software as presented in Figure 4. Although some
advanced signal processing techniques, such as empirical mode decomposition (12), wavelet
decomposition (13) and adaptive and median filtering (14), have been shown to improve the
quality of esophageal manometric data, an active interaction between the user processing the
data and the computer program is required. The proposed region-growing algorithm does not
require any prior information about the EPT data, and does not require any intervention by
the person processing the data and can be implemented for on-line processing. Note,
however, that although vascular signals separated from the main contractile complex by a
pressure trough of less than 20 mmHg will automatically be excluded by the region growing
algorithm those that are superimposed on it will necessarily be included. Similarly, although
intrabolus pressure compartmentalized between the main contractile complex and the EGJ
will be automatically excluded when less than 20 mmHg, this will be included in the
calculation when greater than 20 mmHg, a condition that implies abnormal EGJ relaxation.

Finally normative data for DCI have been established using the calculation method included
in the ManoView™ software calculation owing to the calculation methodology employed.
Our results suggest a statistically significant difference between the values obtained with the
2 methods of calculation in control subjects. In theory the thresholds should be re-defined
for the diagnosis of hypertensive peristalsis or hypercontractility in EPT using this new
method of DCI calculation. However the differences are relatively small and probably not
clinically relevant.

In conclusion, the proposed automated region-growing algorithm calculates DCI on EPT
plots with minimal user input beyond what is already required to identify the timing of the
test swallow and the localization of the sphincteric zones. The ability of the automated
region-growing algorithm performed well compared to DCI calculation by an expert user
utilizing ManoView™ software. As such, the algorithm described provides another building
block for the automated analysis of EPT studies.
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Abbreviations

DCI distal contractile integral

EPT esophageal pressure topography

HRM high-resolution manometry

EGJ esophago-gastric junction
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Figure 1.
Methodology for the location of proximal (P) and distal (D) pressure troughs. Panel A (left)
represents a typical EPT plot for a swallow in a control subject. The 20-mmHg isobaric
contour is identified by the white line. The corresponding maximal spatial pressure variation
plot (right Panel A) depicts the greatest contractile pressure at each axial position along the
esophagus. This plot is used for an automated localization of P and D. P is identified as the
lowest pressure trough in the proximal esophagus (upper red dotted line) and D as the lowest
pressure through in the distal esophagus (lower red dotted line). The location of the pressure
maximum is also indicated. The region growing algorithm begins at the horizontal segment
corresponding to the pressure maximum (black horizontal double arrow) and then extends
proximally and distally from that segment (white dashed arrow). Panel B (left) represents
the swallow of greatest DCI in a patient with the corresponding maximal pressure variation
plot to the right. In this case, no pressure trough is identified in the distal esophagus and the
upper margin of the esophagogastric junction (EGJ) represented by the green dotted line is
instead used as the distal limit for the region growing algorithm.
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Figure 2.
Correlation of DCI values calculated using ManoView™ software and region-growing
algorithm for 72 control subjects. Data are presented for mean DCI in Panel A and for the
greatest DCI in Panel B.
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Figure 3.
Correlation of DCI values calculated using ManoView™ software and region-growing
algorithm for 20 patients with greatest DCI between 4,000 and 10,000 mmHg-s-cm. Data
are presented for mean DCI in Panel A and for the greatest DCI in Panel B.
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Figure 4.
Examples of discrepancies attributable to vascular artifacts between the region-growing
algorithm and ManoView™ software. The same swallow is depicted in MATLAB™ for the
region growing algorithm (Panels A and C) and in ManoView™ (Panels B and D) for a
normal swallow and for a borderline DCI swallow respectively. In Panels A and C the white
area corresponds to the area of DCI calculation with the region-growing algorithm. In Panels
B and D the white dotted boxes delineate space-time boxes for DCI calculation using
ManoView™. Using the region growing algorithm the swallow presented in Panel C is
considered as normal whereas the same swallow is classified as hypertensive using
ManoView™ (Panel D).
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Figure 5.
Examples of utilization of the proximal margin of the esophago-gastric junction (EGJ) after
the end of peristalsis as distal limit for calculating DCI. Panels A and D show DCI values of
two individual swallows from two patients calculated using the region-growing algorithm.
The white areas correspond to the area of DCI calculation. Panels B and E represent the
corresponding maximal spatial pressure variation plots for the EPT presented in Panels A
and B, respectively. Panels C and F represent DCI calculation using ManoView™ for the
same swallows presented in Panels A and B respectively. The space-time box in which DCI
is calculated using ManoView™ is delineated by the white dotted lines.
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