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Abstract—The Empirical Mode Decomposition (EMD) is a gen-
eral signal processing method for analyzing nonlinear and nonsta-
tionary time series. The central idea of EMD is to decompose a time
series into a finite and often small number of intrinsic mode func-
tions (IMFs). An IMF is defined as any function having the number
of extrema and the number of zero-crossings equal (or differing at
most by one), and also having symmetric envelopes defined by the
local minima, and maxima respectively. The decomposition pro-
cedure is adaptive, data-driven, therefore, highly efficient. In this
contribution, we applied the idea of EMD to develop strategies
to automatically identify the relevant IMFs that contribute to the
slow-varying trend in the data, and presented its application on the
analysis of esophageal manometric time series in gastroesophageal
reflux disease. The results from both extensive simulations and real
data show that the EMD may prove to be a vital technique for the
analysis of esophageal manometric data.

Index Terms—Empirical mode decomposition, esophageal
motility, gastroesophageal reflux disease, lower esophageal
sphincter.

I. INTRODUCTION

GASTROESOPHAGEAL reflux disease (GERD) is one of
the most prevalent gastrointestinal diseases [1]. It is char-

acterized by excessive reflux of gastric content (acid, pepsin,
etc.) into the esophagus causing symptoms (heartburn, acid re-
gurgitation, etc.) and mucosal inflammation and injuries. GERD
occurs when the lower esophageal sphincter (LES) is of low
pressure and/or relaxes inadequately, and stomach contents leak
back, or reflux, into the esophagus. The LES is a ring of muscle
at the bottom of the esophagus that acts like a valve between
the esophagus and stomach. Therefore, LES functions as a bar-
rier, preventing the reflux of gastric content into the esophagus.
When the LES is weak, the powerful acid which helps digest the
food can reflux back into the esophagus causing inflammation
and pain.

There is a positive pressure gradient between the stomach
and the esophagus that tends to promote the reflux from the
stomach into the esophagus. LES normally can counteract this
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pressure gradient and effectively prevent reflux by maintenance
of a relatively higher resting pressure. Low resting LES pressure
usually leads to episodes of gastroesophageal reflux. This has
been frequently observed in patients with severe GERD [2], [3].
The use of the LES pressure to help diagnosing GERD, although
controversial [4], has nevertheless been considered as a potential
predictor of erosive esophagitis [5].

The purpose of esophageal manometry is to measure LES
pressure and evaluate esophageal contractions. The station pull-
through method is usually performed to measure the location,
length and resting pressure of the LES as well as its pressure
during swallows. The normal range of the LES resting pres-
sure is 15–35 mmHg. Fig. 1 shows a typical recording of the
esophageal manometric data. The elevated pressure with sharp
rising edge is the LES pressure which is extremely important in
the diagnosis of GERD. The signal is highly nonstationary due
to the nature of the station pull-through operation. The respi-
ratory contamination is another added variation which poses a
major challenge to the analysis of LES pressure. At the trough,
middle and valley of the respiration are all used in current clin-
ical practice to estimate the LES pressure, but none is accurate
for the assessment of esophageal dismotility. It is the subject
of this paper to accurately measure LES pressure and evaluate
esophageal contractions.

In this paper, we present a general nonlinear, nonsta-
tionary data analysis method—empirical mode decomposition
(EMD)[6]—for the analysis of esophageal manometric data. An
automatic procedure is developed for the extraction of the LES
pressure based on the statistical properties of the IMFs derived
from the EMD. Through extensive computer simulations and
real data, we show that the EMD is indeed capable of removing
the considerable noise contaminated the LES pressure signal.

II. METHODS

A. The Measurement of LES

A thin, flexible, plastic tube called a manometry catheter
with four solid-state pressure sensors along its wall was gently
passed through the nose, down the back of the throat, and
into the esophagus. The distance between adjacent pairs of
sensors was 5 cm. Once the catheter was in place, the subject
was instructed to lay supine on his back with his arms and
hands at his sides, and the catheter was taped to his nose to
prevent movement. The tube inside the esophagus allows the
pressures generated by the esophageal muscle to be measured
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Fig. 1. A 10-min recording of the esophageal manometric data. The elevated pressure with sharp rising edge is the LES pressure as labeled with a horizontal bar.

during rest or swallows. The procedure was performed using
the pull-through method. Initially, all sensors are located in the
stomach and then the catheter is pulled up 1-cm at the time,
a high pressure is measured when a sensor enters the lower
esophageal sphincter. In some cases, the sensor is pulled through
the sphincter several times to ensure an accurate measure of
the LES pressure. The procedure takes approximately 45 min
to 1 h and the patient should be fasting for 4–6 h before the
study. The data is sampled at 4 Hz.

B. Empirical Mode Decomposition (EMD)

EMD is a general nonlinear, nonstationary signal processing
method. The EMD method was initially proposed for the
study of ocean waves [6], and found immediate applications in
biomedical engineering [7], [8]. The major advantage of EMD
is that the basis functions are derived directly from the signal
itself. Hence, the analysis is adaptive, in contrast to Fourier
analysis, where the basis functions are linear combinations of
fixed sinusoids.

The principle of EMD is to decompose a signal into a sum of
oscillatory functions, namely intrinsic mode functions (IMFs),
that: 1) have the same numbers of extrema and zero-crossings
or differ at most by one; and 2) are symmetric with respect to
local zero mean. With these two requirements, the meaningfully
instantaneous frequency of an IMF can be well defined. Oth-
erwise, if blindly applied to any signal, the instantaneous fre-
quency may result in a few paradoxes [9], [10]: it may go be-
yond the band for bandlimited signal or it may not represent one
of the frequencies in the Fourier spectrum in the global sense.
As such, the two conditions of an IMF allow the calculation of
a meaningfully instantaneous frequency. Specifically, the first
condition is similar to the narrow-band requirement, whereas
the second condition modifies a global requirement to a local

Fig. 2. A toy example of EMD Decomposition. Left column: a Gaussian
amplitude-modulated linear chirp (top), a triangular waveform (middle) and
their composite signal (bottom). Right column (from top to bottom): two
components (IMFs) extracted by EMD revealing a striking agreement with the
signals shown in the left column, as well as the last final residue.

one by using the local mean of the envelopes defined by the local
maxima and the local minima, and is necessary to ensure that the
instantaneous frequency will not have unwanted fluctuations as
induced by asymmetric waveforms. To make use of EMD, the
signal must have at least two extrema—one maximum and one
minimum to be successfully decomposed into IMFs.

Given these two definitive requirements of an IMF, the
sifting process for extracting IMFs from a given signal ,

is described as follows.

1) Identify all the maxima and minima of .
2) Generate its upper and lower envelopes, and

, with cubic spline interpolation.
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Fig. 3. The simulation example of extraction of the LES pressure signal using the EMD and the lowpass filtering. (a) A segment simulated LES pressure signal.
(b) Respiratory artifacts obtained from a sensor in the stomach. (c) Artificially generated Gaussian noise (see text for details). (d) The synthesized composite signal
using (a)–(c) in thin line, and the extracted pressure signal using EMD in thick line. (e) The same as (d) except the thick curve obtained by the low-pass filtering.

Fig. 4. Ten IMF components and the residual (C11 on the bottom) of simulated LES pressure signal in Fig. 3(d) obtained by EMD method.

3) Calculate the point-by-point mean from upper and lower
envelopes, .

4) Extract the detail, .
5) Check the properties of :

• if meets the above-defined two conditions, an IMF
is derived and replace with the residual

;
• If is not an IMF, replace with .

6) Repeat Steps 1)–5) until the residual satisfies some stop-
ping criterion.

At the end of this process, the signal can be expressed as
follows:

where is the number of IMFs, denotes the final residue
which can be interpreted as the dc component of the signal, and

are nearly orthogonal to each other, and all have nearly
zero means. Due to this iterative procedure, none of the sifted
IMFs is derived in closed analytical form.
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Fig. 5. Illustration of the EMD acting as a low-pass filter through the reconstruction of the data from the IMF components.

In practice, after a certain number of iterations, the resulting
signals do not carry significant physical information, because,
if sifting is carried on to an extreme, it could result in a pure fre-
quency modulated signal of constant amplitude. To avoid this
we can stop the sifting process by limiting the normalized stan-
dard deviation , computed from two consecutive sifting
results. The is defined as

The is usually set between 0.2 and 0.3. By construc-
tion, the number of extrema is decreased when going from one
residual to the next, and the whole decomposition is guaranteed
to be completed with a finite number of modes.

Fig. 2 shows a simulated example of EMD decomposition,
where the analyzed signal (bottom left) is composed of a
Gaussian amplitude-modulated linear chirp (top left) and a
triangular waveform (middle, left). The EMD, when applied to
the signal, yields two IMF components and the final residual
shown in Fig. 2 (right column). These two IMFs bear a striking
similarity to the signals shown in Fig. 2 (left column). With
the presence of the nonharmonic triangular waveform, any
harmonic analysis such as Fourier transform would end up
with a much less compact and physically less meaningful
decomposition [11].

C. Statistical Identification of Trend

By the nature of the decomposition procedure, the data is de-
composed into fundamental components, each with distinct
time scale. More specifically, the first component as the smallest
time scale which corresponds to the fastest time variation of
data. As the decomposition process proceeds, the time scale in-
creases, and hence, the mean frequency of the mode decreases.

Based on this observation and the above equation, we may de-
vise a general purpose time-space filtering as

where , . For example, when and
, it is a high-pass filtered signal; when and ,

it is a low-pass filtered signal; when , it is a
bandpass filtered signal. The above equation forms the basis for
our application of esophageal manometric data described below,
where we use it as a low-pass filtering.

The use of the EMD as a filter is essentially a partial recon-
struction process, either from fine-to- coarse (i.e., high-pass fil-
tering by adding fast oscillations up to slow oscillations), from
coarse-to-fine (i.e., low-pass filtering), or a collection of inter-
mediate IMF oscillation components (i.e., bandpass filtering).
In case of the fine-to-coarse partial reconstruction, for example,
the filtered signal can be specifically written as:

where , is the total number of IMFs in the data.
The only open question for utilizing the above equation as a
filter is how to choose the parameter . We tackle this ques-
tion by taking advantage of IMFs’ statistics that each has
zero-mean. As such, we design a three-step procedure to iden-
tify the slow-varying trend: 1) the mean and the standard devi-
ation of taken over time are performed as a function of ;
2) one sample -test is employed to determine when the mean
significantly departs from zero; and 3) once is identified as a
significant change point, partial reconstruction with IMFs from

up to the residual renders us the slow-varying trend in the



1696 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 52, NO. 10, OCTOBER 2005

Fig. 6. The mean and its standard deviation of the fine-to-coarse reconstruction as a function of index K . The vertical dash-line at K = 6 indicating that the
mean departs significantly from zero (p < 0:01). The filtered pressure signal partially reconstructed from IMFs 7–11 is shown in Fig. 3(d) (thick line).

Fig. 7. Power spectra of composite signal (thick line) shown in Fig. 3(d) in thin line and of the data obtained by summing the faster time-scale IMFs from C1 to
C6 (thin line). The vertical dash-line at 0.12Hz indicating the cut-off frequency used in the low-pass filtering and the selection of six components here is due to
Fig. 6.

data. In what follows, we apply this simple idea to characterize
the LES pressure.

III. RESULTS

A. Simulations

Computer simulations were conducted to validate the perfor-
mance of the EMD method. The simulated esophageal mano-
metric signal [Fig. 3(d), thin line] was composed of a simulated
pressure signal [Fig. 3(a)], actual respiratory artifacts [Fig. 3(b)]

obtained from a sensor in the stomach, and simulated Gaussian
noise of different noise level proportional to the strength of the
pressure signal [Fig. 3(c)]. The pressure signal is divided into
five quantile-based levels and contaminated by Gaussian noise
with five different noise variance ranging from 1.0 to 3. The
EMD method yields ten IMF components together with the final
residual as shown in Fig. 4.

To illustrate how the EMD can be used as a low-pass filter,
we reconstituted the original data from the IMF components.
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Fig. 8. The IMFs for the data show in Fig. 1 through the EMD method.

Fig. 9. The mean and its standard deviation of the fine-to-coarse reconstruction as a function of index K . The vertical dash-line at K = 7 indicating that the
mean departs significantly from zero (p < 0:01).

The step-by-step reconstruction is shown in Fig. 5 where the
original data is plotted in gray lines and partial sum of the IMFs
in thick lines. The very first plot shows the data and the last com-
ponent c11, the residue of the sifting, which denotes the dc com-
ponent in the data. The very last plot shows the summation of all
the IMFs, which looks like the original data. The intermediate
plots show the progress of addition of the IMF components. If
we stopped at any step, the data was filtered.

Fig. 6 shows the evolution of the mean (the curve below
the zero-line) and its standard deviation (the error bars) of the
fine-to-coarse partial reconstruction as a function of , with

indicating that the mean departs significantly from zero

. The filtered pressure signal partially reconstructed
from IMFs 7–11 is shown in Fig. 3(d) in thick line, where we
can see clearly that the EMD is able to track the pressure signal
very well.

To quantify the performance of the EMD method, we used
the root-mean-square error (RMSE) as the error measure

where is the filtered
pressure signal [Fig. 3(d), thick line], is the original pres-
sure signal [Fig. 3(a)], and is the number of time points. The
RMSE is 1.4532, which is believed to be negligible.

Comparison with conventional low-pass filtering is shown
in Fig. 3(e), where the low-pass filtered data (thick line) is
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Fig. 10. Extraction of the LES pressure signal using the EMD. The original recording is shown in thin line and the filtered pressure signal (thick line) is obtained
from the partial reconstruction with IMFs 8 to 11 shown in Fig. 8.

superimposed on the simulated esophageal manometric signal
(thin line). The selection of the cut-off frequency in the low-pass
filtering (indicated by vertical dash-line at 0.12Hz in Fig. 7) is
determined by comparison of power spectra of composite signal
with that of data obtained by summing the faster time-scale
IMFs from C1 to C6, where these six IMFs, established in
Fig. 6, represent the noise contamination in the simulated
composite signal. It is evident that the sharp edges of the
LES pressure are not preserved by the low-pass filter method,
which is otherwise important for accurate measurement of the
duration of the LES pressure. The RMSE is 5.7103. Indeed,
the EMD performed better than the low-pass filter method.

B. Applications to Esophageal Manometric Data

The experimental data described previously were used in this
study. As our first example, we applied the EMD to the data
shown in Fig. 1. The EMD method yielded ten IMF components
as well as the residual as shown in Fig. 8. The filtered pressure
signal (by summing the last 4 components from C8 to C11; the
selection of the 4 components was determined by our 3-step
statistical procedure presented in Fig. 9 with as the
change point), shown in Fig. 10 in thick line, is superimposed
on the data in thin line.

To further illustrate the effectiveness of the EMD method,
two more applications are presented in Fig. 11(a) and (b), re-
spectively. In each example, data are shown as thin lines and the
extracted LES pressure signal as thick lines. As we can see from
both examples, the EMD performs equally well as previous ex-
ample regardless of the high nonstationarity of the data.

Our final example is to illustrate the potential of the EMD
method that could be used for the purpose of the diagnosis. In
this example, a segment of the recording (Fig. 12) was taken

before, during and after a swallow of 5 ml water, a clinical
procedure to assess the relaxation of the lower esophageal
sphincter. The relaxation of the LES is considered as normal
if the residual pressure is below 5 mmHg and as abnormal if
the residual pressure is above 8 mmHg during a wet swallow.
From the Fig. 12, we see that, just after 1.5 min, there is a
deep drop of the LES pressure; this relaxation is brief but
extremely important in diagnosing patients with swallowing
disorders, such as achalasia (Achalasia is a motor disorder
of the esophagus characterized by complete loss of the LES
relaxation during swallowing). We see that, from the Fig. 12,
both the EMD method and the low-pass filtering (its cut-off
frequency is determined by the procedure as described in the
Simulations) can be used to reduce the noise contamination of
the data. However, the EMD method is clearly able to track the
brief, sharp drop of the LES pressure (shown thick, solid line
in Fig. 12), whereas the low-pass filtering smoothens out the
brief relaxation, which would unavoidably reduce the accuracy
in the assessment of the LES relaxation.

IV. DISCUSSION AND CONCLUSION

EMD is an emerging new technique for adaptively decomposing
nonstationary signal in a sum of local oscillatory components
(IMFs). It is local in time, fully data-driven, and does not re-
quire any prior knowledge on the nature and the number of
IMF components embedded in the data. This technique has al-
ready been applied with success in biology and medicine [7],
[8], [12], [13]. In this contribution, we applied the idea of EMD
to develop strategies to automatically identify the relevant IMFs
that contribute to the slow-varying trend in the data, and pre-
sented its application on the extraction of the LES pressure in
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Fig. 11. (a) and (b) Two more application examples to extract the LES pressure signal using the EMD. In each panel, the original recording is shown as a thin
line, and the extracted LES pressure signal as a thick red line.

GERD. We showed through both computer simulations and ac-
tual data, that the method is able to successfully extract the
LES pressure signal and compares favorably to the conventional
low-pass filtering.

In the procedure of statistical identification of signal trend,
the t-test is used to determine the significant change point. The
use of the t-test assumes that the samples are drawn from a
random normal distribution. We meet this assumption by using
a large number of samples, the high significant level and sym-
metric sample distributions in the study. In addition, the proce-

dure works efficiently for the data in which it contains a slow-
varying trend.

The decomposition technique is based on the local charac-
teristic time scale of the data, whose basis functions (or IMFs)
used to represent the given signal are nonlinear functions that
are directly extracted from the data. Therefore, the time scale is
defined by the data per se, rather than by a pre-determined value.
Fourier analysis cannot separate these IMFs without using pre-
assigned cut-off frequencies. This is the crucial difference be-
tween EMD and Fourier-based filtering. The use of the EMD
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Fig. 12. A 3-min-long recording was taken before, during and after a swallow of 5 ml water, a clinical procedure to assess the relaxation of the lower esophageal
sphincter. The LES pressure signal extracted by the EMD (solid, fat line) and that by the conventional low-pass filter (dashed line) are overlaid with the raw
recording (solid, thin line). We see, with the low-pass filtering, that the accurate assessment of the LES relaxation becomes impossible. But, the EMD method is
able to track the brief relaxation of the LES pressure very well.

process as a filter and its comparisons with wavelet and Fourier
analyses have just recently been studied [14], [15].

The EMD, although quite simple and highly effective, still
lacks solid theoretical foundations. The application of this
method also usually requires additional steps to be taken to
postprocess the output of EMD. For example, Hilbert transform
can be used to characterize the instantaneous frequencies of
IMFs [5]. In addition, the implementation of EMD requires
some attention to deal with the management of the end points
for cubic splines interpolation in the EMD process and the
selection of the stopping criteria for the sifting. The stopping
criteria, however, are not necessarily unique; the EMD is robust
to various adjustable parameters in the sifting process [16].

All in all, we have introduced here a new method to success-
fully extract the LES pressure in GERD.
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