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ABSTRACT-For the esophageal contractile activity recorded during
swallowing, a feature extraction scheme has been developed. It
recognizes the time, duration, and amplitudes of local peaks for
each peristaltic wave. The method is based on the Tauberian
approximation for modeling waveforms as a sum of identically
shaped pulses with different time delays and amplitudes. Initial
condltions on the »>ulse properties. are set and an optimal
solution is sought. The method is completely automated and can be
utilized for characterizatlon and classification purposes.

I. INTRODUCTION

Recent advances in computer technology have allowed for the
possibility of on-line analysis of esophageal motility tracing
during swallowing using small computers. ARutomated analysis would
help to establish normative databases and, conseguently, assist
making clinical evaluations of disorders and generating reports.
Such an analysils would reguire an efficient means of
characterizing the esophageal pressure profiles which is usnally
subject to large variabilitles. This is the obJjective of the
present paper.
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Different pzrametsrs have heen used to characterize the
esophageal activity., These include peak anplitude, contractian
deraticn, propagation delay and the number of peaks per
peristsltic wave (Feussner et al., 1987, and Castell and Castell,
1987). However, no attempt has becn made to devise a technigue

that extracts Lhe essentlel fecatures of the peristaltic envelope
in a ferm that is both wuseful and descriptively helpful. These

features are, the times, amplitudes and durations of the
fundamental wavelefs contributing te the peristaltic wave. The
dercermination of Lthese paramet:rs helps to classify and

choracterize physiclogical and pathological wmotility phenomencn
in the tubular esophagus objectively.

ln the present werk an automated technique is  develoced
wrich cxiracts the above parameters from each peristaltic wave
vitheoul & prisril information or intervention. This cechnigue is
based on a Tauberian aoproxwimaticn and has been used successfully
for mutomatic feature extraction of Ilocornotor electromyographic
patterns (Chen and Shiavi, 1990).

IT. MATERTAL
I1.1 Dasta Acquisition and Eguipmneni

The esophageal pressure waves are recorded by an eacphageal
moctility reccerder type Mi9. The esophageal waves are converted
intc an »lectrical signal using a special catheter which contains
three pressure transducers spaced 5 com apart. The recorded
signals are then connected to a 12-bit analeg-to-diglital
converter with a built-in 8-channel. The pressure signal on each
channel is sampled at 20 =ps. To mark the transducer position and
the time the svallow has occurred, ancther tvo channels are usad.

The tecorded dats are transferred to an IEM PS2/20 computer
by a program written in Basic and the transfer of data from the
tive channels iz done in seguential ovder.

IT.2 Physiolugical Data

34 10-minute esqphageal monitoring has been recorded ILor a
group of 5 normal subjects. The catheter was inserted teo each
subject transnasally or through the mouth into esophacus and the
subject wvas allowed to rest for few mninutes prior to the
feginnine of recording. Escophageal recording wvas performed uzing
a station pull-through methad in which the catheter 15 pelled
Back In stepwise fashion. Baseline pressures 3nd responses Eto
swallows are recorded. There have been usually about 15 swallows
per subject.

IT.3 Baseline Evaluation and Correction

Caomputer processing af the esophageal recordings reguires
“he signal teo have reascnably steady baseline since measurements
of wave amplitude are made relative to the baseline. Thus, any
baseline dritt resulting from respiration or any other
physi1ologizal factor must be reduced. For low-fregquency baseline,
nigh-pass filtering can be vsed; however, attempts to filter out
nigher freguency baselipe drifts unforcunately attenuate the
‘aver band fregrency of the signal. Therefore, a polynomial of
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order three or a cubic spline has been found appropriate since
fewer constants need to be ewvaluated. In addition, the powver
spectral density of the cubic spline interpoclators closely
approximates the band-limited white noise spectrum (Horowitz,
1374).,
The baseline removal process consists of estimating the
baseline drift by filling a third-order polynomial through a set
of predetermined points (pefore and after each peristaltic wavel,
and then subtracting the estimate from the original signal, The
results of baseline removal are Illustrated in Fig.l,.

IT.4 Selection of Peristaltic waveforms

Automatic selection of peristaltic waveforms are performed
to detect their location. The peak of each swallow is identified
as the maximum point which is above the mean level by three times
the standard deviation. An automatic search was done to locate
the position of the beginning and end cf the swallowing act. The
samples of the detected swallows have been saved with ls of data
prior to the beginning and 1s after the end. This approach
captures a complete peristaltic wave and has been adopted by
PEister et al.(1989}.

I1II. METHODOLOGY

The feature extraction scheme consists of three steps. Each
will be discussed separately. The first step is amplitude
normalization which is necessary because of the variabilities
involved in the measurements. The second step is the spectral
analysis of the peristaltic wvaves because the approximation
technigue is a function oF the harmonic contents of these waves.
Finally, the theory of the Tauberian approximation and the
practical adaptations necessary to make it implementable will be
described in detail.

IIT.1 Amplltiude Mormalization

A major consideration when comparing peristaltic waves
across lIndlviduals is to recognize that absolute magnitudes are
meaningless because of variation in measuring environment: tissue
resistances, transducer placements and other factors. Amplitude
normalization has been introduced to remove this artifact and
allow concentratiun on the shape of the peristaltic waves. It s
implemented simply by dividing the peristaltiec wave values by a
designated factor. This factor has been chosen to be the peak of
the within-subject ensemble peristaltic peaks. This reduces the
variability between the different subjects and allows
inter-subject comparison as well.

11I.2 Spectral Analysils

As mentioned the Tauberian approximation relies on the
spectral compositlon of the peristaltic waves. To ensure
uniformity, the average power spectrum of a number of peristaltic
waves of each section of the escophagus is calculated and is shown
in Fig.2 ( usuvally the esophageal tube is divided intoc three
sections: proximal, middle and distal). Fig.3 shows the
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corresponding percentage cumulative powver density and the
ensemble standard deviatien. It should be noted that 3% percent
of the power resides within 7 Hz with only a deviation of 3
percent.

I11.2 Tauberian Approximation

Since the peristaltic waves created by swalloving is a
composite of successive waves of muscular contraction, an
appropriate mathematical model of these waves 1s one whose
components are pulse-llke. Such a technique s known as the
Tauberian approximation {(Defigueiredo and Hu, 19%B2). 1t wuses a
ptl=e basis function, x[{t), whose shape models adequately the
peaks of the peristaltic wave. The peristaltic envelope, y(t}, is
then modeled as a weighted sum of pulses with different lag times
and 15 represented mathematically by

M
yit) =Zai x(t—fi} (1)
i=1
where a. and 7. are parameters de=zignating the amplitudes and

i i
times of cccurrence of the pulses, and M is the number of pulses.
Examination of the peristaltic waves shows that the function
that most resembles the local peaks of each wave is the
unnormalized and truncated Gaussian function

x(t) = exp ( -t/ 2 ¢%] [tig 2.4 ¢ (2)

Fig.4 zhows x(t) for ¢ = 1.6. Since the model approximation is a
sum of weighted and lagged functions, the features can be more
efficiently determined in the frequency domain and calculated
using Prony's method (Hilderbrand,1965).

ITITI. 4 Prony’s Algorithm

The desired waveform can be expressed as & sum of welighted
and tlme shifted basis functlons as In Egn.(l}. The Fourler
transform of thls equation is:

¥{w) expt—iji} X{w) {31}

I
™7k
W
o

It follows that

H{w) = Yi{w])/ Xl{w}

n
M]
W
-

exp(—jmTi) {43

Hi{w) is computable since vy(«) and ¥X(w) can both be determined by
Fourier transforming the given function y{(t} and the basi=s
function x{t}. Using the discrete Fourier transform, we calculate
the samples of H({(w) at equidistant fregquency points;

W= w + Aoy, k=0,...,K-1 with 2ZM < K

Hk= H(wk) (5}
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M
H = E: ai exp{—jTimk], k=0,...,K-1 {6}
[ 4 C
i=1
The general problem of determining the values aiand T is
dlfficult because of the nonlinear dependence of Hk en  T.. The

timings (rl} can be optimized by using the principle which 1lies

behind Prony's algorithm. It transforms this nonlinear problen
into a problem of £flndling the zeros of one single Eunctlon.

The first step in the method is to note that satisfaction of
{6) together with (4] and (5) 1implies that there holds the

following difference equation in the complex coefficlents
TG, with c°=1 ans Cprve-rCy, to be determined:

Z H,_,C= 0, K=M,M+1,...,K-1 (7}

1=a

wvhose characteristic equation is

I
Z cz’ = 0 (8)
L=a
with roots
z, = exp(—jribw}, i=1,2,...,M (9}
Letting
[ Hu—( Ho
H = : b {10a)
L HK—: K~M=1
I- ci HH
c = . , h = : {(10b)
c H
L 1¥) K-1

The set of (7) can be rewritten as

H ¢ =-h (11)

The general solution of thls equatlon is glven by

- x
c = - (H B H n (12)

where * denntes the conjugate complex transpose of a maktrix
{Hermitian). However, for the sake of simplicity and
computational efficiency, the problem can be solved in the real
domain following the variant of the above procedure explained in
detall by DeFlgueiredo and Hu, (1982).
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This leads to the characteristic eguation:
24

ZEL1L= 0 (13}

120 -
vhich has M pair of conjugate roots. c, is relaced to the real

part fHRJ of Hk in the following way:

-

M-t
E: (Ha,k+1 + Hn,k+zu—1) 5 = Hn,k+u (14)
i=o

The timings can be computed from the roots z; of (12) using:

T, = 1/Aw {arctg( -Im z; /Re z, )} (15)

The inverse of the tangent function is not unique, therefore n or
2t has to be added whenever convenient.
Substituting Ti'S into the folloving eguation:
M

an = E a; cos Tiwk {16,

i=1
leads to a system of linear esguations in the a{s the amplitudes

of the basis functions.

IY. COMPUTER IMPLEMENTATION
In order to practically implement the approximation model,
several important conditions must be considered.
1- Fig.5 shows the amplitude spectrum of the pulse function X{w)}.
The frequency band is limlted to 1.5 Hz (9 harmoniecs}, while that
of the average amplitude spectrum of the peristaltic waves Y(w}
is limited to about 8 Hz (50 harmonics). Since X{w) and Y(w) ars
both low freguency processes, the fredquency range of H(w] must bhe
limited to that of X(w} to avoid dividing by small wvalues and
thereby cresting artifactual amplitudes of Hi{w]). However,
limiting the spectral content of Hi{w) may drasticzlly degrade the
gquality of the approximatian. To circumvent this problem, we
adopt an alternative approach (Abou~Chadi et al., 1991} lnstead
of performing the division Y{w)/X(w} 1n the fregquency domain, we
perform it in the 2-domain using a conventional long division.
The z-transform of (1) is:

j¥4
-,
Yiz) = X(z) X a; z ! (17)
i=1
0]
.
or Hiz) = Y{z)/X(z) = Z a, z :

i=
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-1 -k
) b0+ blz + ... +bkz (18)
-1 -k
1 + a;z Tt .. +akz
- -1 -k
= d°+ dlz + ... +dkz
where a, and bk are not necessarlly non-zero wvalued.
1

Having determined H(z) in the form of a powver series of z , hit}
can be obtained and subsequently H(w) and one can proceed with
Prony algorithm in the freguency domain as explalned previously.
It should be noted that the wuse of the z-transform 1is not

elaborate since the ak's and bk‘s are the sample values of x{t)

and yit), respectively. Similarly, d 's are the sample values of

k

h{t}.

2- Since the peristaltic time duration ls mapped onto the unit
clrcle, the fact that the roots are complex pairs poses a
speclfic problem. Because any posltive angle has lts
corresponding negatlve equivalent on the unit cilrcle, one does
not know which of the pair is correct., The solutlion is to place
one root of a palr outside of the feasibillty range, i.e, its lag
time is greater than the perlstaltlc duration. This was
accomplished by extending the time duration to double its value
by simply paddlng with zeros.

3- Because of the noise lmposed on Hﬁs, a substantial property of

Prony's algorithm is lost; the absolute values of the roots Z; in

Egn.(B) are different from unity. This effect has been reduced by
smoothing the recorded esophageal waveform using a Hanning filter
whose coefflcients are 0.25, 0.5, 0.25 rilghtafter digitlzation.
Thls has remcved most artifacts interpreted as unwanted noise.

4~ Particular attention should be given to the varlous types of
roots that are obtained. Because the coefficients of the
polynomial are real and symmetrlc, for gvery root 1z, both Its
inverse 1/z and its complex conjugate z are also roots. Three
main cases may arise:; 1} A real root. Thls corresponds to zero
delay or 7=128 and is rejected as 1s 1ts Ilnverse. 2) A complex
root of unit modulws. This, together with 1lts complex conjugate,
poses a apecial problem. Because any positlve angle has |its
corresponding negative eguivalent on the unit circle, one does
not know which of the pair is correct. The solution is to place
cne root of a palr outside of the feasibility range, l.e. to make
its lag time greater than the waveform length. This is
accompllshed by extending the waveform length to double its
duratlon by simply padding with zeros. 3) A complex root with
modulug not equal to unity. If z 15 a root of this type, then
/2, z , and 1/z are all distinct recots. If the modulus 1is
within the range from 0.5 to 2.0 and therefore not too dlfferent

from unity (Meyer et al., 1989), a single delay within the range
s retained.
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5- Because not every root is retained due to the above rases the
final number of roots is often less than the initial warder M;
the actual number is usually unpredictable. The optimum number of
the pulses, M, required to approximate all peristaltic waves was
found t£o be 10 and has besn used here.

&- The delays which are computed wusing (15) have vyet to be
rounded because the timings must have discrete values. This
process is found to have negligible effect on the ai's wvhich are
obtained from (16},

7- The dimension of the matrices in the iterative Prony algorithm
is X-2*M, where K is the nunber of nonzero points in the discrete
representation of H{w). It has been found that this dimension
should be gqreater than five for acgurate solutions. In order to
ensure this, the negative freguency region was also utilized as
suggested by Chen and Shiavi, (19%0). Thils greatly increased the
accuracy of the recsults.

¥. RESULTS AND DISCUSSION

Fig.6 shows twop peristaltic waves apnd their Tauberian
approximation models with o= 1.6. The amplitudes and 1lags are
also listed. It is seen that the waves are modeled quite well.
However, there are also several small amplltudes occurring. These
represent extraneous information and may be eliminated.

Most peristaltic waves have been satisfactorily modelled
with o= 1.6. However, for some cases larger values of o have been
found more appropriate to get a hetter model with fewer pulses.

Errors in solution are reflected by the roots of (3} being
off the unit circle. Cbservation of the corresponding envelopes
showed that they contain either brief periods or long duration
peaks; that is, the model =ither contained too many pulses or o
wvas not large enough. Automated determination of the causs of
errors is based on the fact that local peaks wlth long dursations
produced a set of 2, that are nearly egual. Thus, on &an error

condition, if the variance of a, is small then ¢ 15 increased,

otherwise M 15 decreased and the lags are recalculated.

The feature extraction technique has been applied to the
peristaltic waves for each subjeck. The final features of each
peristaltic wave is a set cof parameters comprising the value of o
and pairs of wvalues of time-lag and amplitude of the
corresponding basis functiens (pulses}. The number of sets
depends on the number of local peaks in each peristaltlc.

As with any automated evaluative procedure, a normative
database of feature sets needs to be established. The present
method would be helpfull in this context as it can be used Lo
establlsh classes of parameters for different normal and
pathological esophageal mnmotility patterns, The statistical
distribution of the parameters in each <class would become the
basis for assessing any perlstaltic waveform via its derived
feature set. This 1s the subject of a current investigation which
aims to design a classification scheme for easophageal motility
patterns that is completely automated and can operate without any
user intervention.
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¥I. CONCLUSION

A feature extraction scheme has been developed which
recaognizes the time, amplitude and duration of local peaks of the
esophageal pressure patterns generated during human swallowing.
The scheme utilizes a Tauberian- Prony approximation to analyze
the envelope of the peristaltic waves. The waves are modeled as a
summation of pulses which differ in times of occurrence, duration
and amplitude. These wave parameters can be used for
characterization and classification purposes.
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