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Data Compression for Storing and Transmitting
ECG's/VCG's
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anp JOHN H. TRIEBWASSER

Abstract—A data compression technique is given which yields a com-
pression ratio slightly better than 12 to 1 for cardiograms and is imple-
mentable with either a mini- or microcomputer. The technique involves
two applications of the discrete Karhunen-Loéve expansion, intrinsic
components, principal factors, or principal components, all synonyms.
The first application reduces the effects of respiration and the various
orientations of different patients’ hearts, and requires the solution of a
3 X 3 matrix eigenvalue, eigenvector problem for each beat. The second
application involves expressing the transformed cardiogram in a
Karhunen-Loéve series, and requires the solution of the eigenvalue,
eigenvector problem for a large matrix. However, the solution, which
must be obtained only once for all time, can be performed off line.
(The same eigenvectors are used for all patients.) Comparisons are
given of the cardiograms reconstructed from the compressed data with
the original cardiograms.

I. INTRODUCTION

ANY PAPERS are available in the engineering litera-
M ture which review the mathematical, physiological, and

engineering aspects of cardiography. McFee and Baule
{1] and Cox et al. [2] are excellent examples and both articles
have extensive bibliographies. This paper will deal with specific
problems: Transmitting cardiograms from one place to another
and storing large quantities of cardiograms in machine readable
form. However, the techniques presented are applicable to any
stochastic signals.
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The United States Air Force School of Aerospace Medicine
(USAFSAM) presently has stored in its Central Electrocardio-
graphic Library more than 800 000 ECG’s, and these files are
growing at a rate of over 100 per day. In order to ease the
workload on Air Force physicians and to make this valuable
source of data more accessible to medical researchers, tech-
niques have been investigated for 1) automating the measure-
ments a cardiologist extracts from the cardiograms and 2)
storing the cardiograms in a machine readable form. The first
problem encountered is how to get cardiograms stored on
microfilm and paper into a digital computer. Two approaches
to this problem are being tried. An optical scanner is being
developed for digitizing ECG’s/VCG’s stored on paper and
microfilm. At the same time, systems are being investigated
whereby the cardiograms are transmitted via telephone to
USAFSAM, digitized and stored [3]-[5]. This is routine pro-
cedure at many hospitals; however, organizations that offer
this service have reported noise problems associated with trans-
mitting ECG’s/VCG’s in the form of FM modulated signals
over the telephone lines [5]1-[7]. One obvious solution is to
digitize the signal at the site it is taken and to transmit digitized
data—0’s and 1’s are much less susceptible to noise than is an
analog signal. In order to meet the American Heart Associa-
tion recommendations, one must use 9 bits and sample at a
minimum of 500 samples/second [8] which for a 12 lead ECG
yields a grand total of 54 000 bits/s (BAUD). The conclu-
sion reached is that in order to either transmit digitized ECG’s/
VCG’s or store large quantities of them, some data compres-
sion technique is required. Furthermore, whatever the data
compression technique, the cardiogram must be able to be



faithfully reconstructed from the compressed data. Faithfully
reconstructed, a very imprecise term, is used to mean that
there is no discernible difference between the original and the
reconstructed cardiogram; at the present time it is impossible
to define what is clinically significant beyond the cardiologist
not being able to detect any significant difference between the
two.

Several data compression techniques exist which yield from
3 to 1 uptol0tol reductions in the amount of data required.
These include techniques whereby a beat is stored and trans-
mitted; after which, only the differences in successive beats are
transmitted [9], techniques whereby only changes from
sample-to-sample are transmitted (7], [10] and techniques
whereby combinations of changes and slopes are transmitted
[11], [12]. When one knows precisely how the cardiograms
reconstructed from the compressed data are to be used and, if
the reconstructions adequately satisfy that use, one is not con-
cerned with discernible differences. While the cardiograms
reconstructed from the compressed data of [7], [9]-[12]
certainly perform their desired use adequately, a comparison
of the reconstructions with the original waveforms show that
there are discernible differences which for some uses would
lead to difficulties. Other researchers have reported various
compression ratios using the technique whereby the cardio-
grams are represented as some linear combination of known
functions. Fourier series were used in [13], orthonormal
exponentials were used in [14], and Karhunen-Loéve series
were used on portions of the waveform in [15]1-[17]. Sub-
optimal versions of the Karhunen-Loéve series were used in
[18], [19]. Haar transforms and the discrete cosine transform
were also used in [19]. Observe that if one uses orthogonal
functions to represent cardiograms, one is faced with the prob-
lem of identifying a heartbeat so that it can be aligned with
the functions (the epoch problem [14]). Once the epoch
problem is determined, any of the series could be implemented
with analog equipment. In [20] and [21], techniques are
given for solving both the epoch and series representation prob-
lems with analog, orthonormal exponential filters.

Because of the digital computer power available today
(micro, mini, mega) and its low cost, the approach to data
compression reported in this paper has been implemented on a
digital computer. It is a combination of sending and’storing
deviations from a known reference signal, and representing
those deviations as linear combinations of orthogonal func-
tions. As a first step, the VCG’s are filtered to attenuate high-
frequency noise with a fourth order Butterworth filter set for
a 100-Hz cutoff frequency, straightens and digitized at a rate
of 500 samples/second and passed through a preprocessor
which shifts the baseline to zero, and calibrates the signals
[22]. Next, a beat is identified by locating a window of fixed
length N on the point on the x lead corresponding to the
maximum negative slope (fiducial point] so that 45 percent of
the beat precedes the fiducial point and 55 percent follows it
[22]. At this point the data compression, which is the subject
of this paper, begins.

II. FIRST EXPANSION

Since it is well known that the discrete Karhunen-Loéve
expansion [23], intrinsic components [24], principal factors
[25], [26], or principal components {27], all synonyms, are
optimal with respect to mean-square error and entropy, they
will be used twice. First, in order to remove the effects of
respiration and the various orientations of different patients’

703

QRS LOOP

Fig. 1. QRS and T loops in principal plane.

FRANK PRINCIPAL PLANE

COORDINATES

]

Fig. 2. A VCG coordinatized on the left in the Frank system and on
the right in the principal plane coordinate system.

COORDINATES

hearts [28], a special case of the expansion as applied in
{161, [17], [24]1-[26], [28] will be used. That is, the
digitized VCG signals are used to compute a 3 X 3, symmetric
matrix

x(i)
(i)
z(i)

where x(i), (i), and z(i) are the x, y, and z components of
the VCG coordinatized in the Frank coordinate system [1],
[2], [29], and NV is the number of samples in the beat. The
eigenvalues and eigenvectors of this matrix are determined and
the VCG transformed from the Frank coordinate system to
the eigenvector coordinate system. As was previously re-
ported [1], [24]-[26], this transformation causes over 90
percent of the energy in the VCG to be contained in the plane
defined by the eigenvectors corresponding to the two largest
eigenvalues (principal plane). Observe that eigenvectors are
not unique (if +u is an eigenvector, so is -u) and that when the
two largest eigenvalues are almost the same, small perturbations
can cause large changes in the eigencoordinate system. There-
fore, a second rotation is performed on the data. An examina-
tion of Fig. 1 shows that the angular spread of the T loop is
much smaller than the angular spread of the QRS loop; there-
fore, the first axis of the final coordinate system (u) is deter-
mined from the T loop in the principal plane. It is aligned
with the longest vector in the T loop. The v axis also lies in
the principal plane, is perpendicular to the u axis and is
oriented such that the QRS loop rotates counterclockwise

1 N
S=172 [x(#) y(7) 2(3)] (1)
i=1
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in the principal plane. The w axis, which is perpendicular to
the principal plane, is chosen so that (u, v, w) is a right-handed
coordinate system.

An example of the transformation is shown in Fig. 2, where
a single beat of a VCG is shown coordinatized in the Frank
(x, y, z) system and in the (u, v, w) coordinate system. Ob-
serve that, in the latter system, the major portion of the QRS
and T loops are contained in the u and y leads, while the P
loop is split equally among the three leads. This was expected—
the eigenvectors corresponding to the two largest eigenvalues
define the plane which contains the most energy and most of
the energy (amplitude squared) is contained in the QRS and
T loops.

The planar nature of the QRS portion of the VCG has long
been known by cardiologists and several approaches have been
made to display the VCG in that plane for examination [30],
[31]. However, these techniques involved human beings
entering rotation angles by turning knobs, and the results were
not as consistent as the results obtained mathematically.

III. SECOND EXPANSION

Prior to the next expansion, a previously determined “popu-
lation mean heartbeat™ is subtracted from the transformed
VCG. The mean beat was determined by averaging 900
patients’ rotated VCG’s. The purpose of this subtraction was
twofold. First, it was anticipated that the range of the differ-
ences would be smaller than the range of the VCG’s, which
would reduce the number of bits required. Secondly, the
statistical expected value of the difference is zero. Unfortu-
nately, when a large ensemble of patients was used, the range
of the deviations from the ‘“mean heartbeat™ was as large as
the range of the original VCG. However, because of the simpli-
fications resulting from using variables with a mean value of
zero, the differences were used.

The expansion as applied in [15]-[17] was applied to the
differences, where the basis functions were previously deter-
mined and stored in the computer.

The formula used for calculating the coefficients is

i=1,2," M )

where the ;s are the coefﬁcients in the expansion, the ;s are
the basis functions, pis the patient vector and M is the number
of terms in the expansion. The components of the patient
vector are defined to be the differences in the heartbeat and
the mean beat.

@ =¢1Tp’

[ u(1) - upp(1) |

u(2) - 4y (2)

u(N) - up (N)
v(1) - v,,(1)
v(2) - v, (2)

AN) - v, (N)
w(l) - 1w, (1)
w(2) - w,(2)

W) - W) |

where u,,(i), v, (i), and w,,(i) are the values of the mean
VCG in the transformed coordinate system.

The basis functions, which are determined once and for all
time off-line, are the eigenvectors corresponding to the M
largest eigenvalues of the matrix

1 X T

A= 2 PiPi (3)
i=1

where N is the number of patients used in determining the
functions and p; is the patient vector of the ith patient—the
eigenvectors are calculated once off-line and then stored.
Functions are obtained from the eigenvectors via the same
rule that was used to convert the difference between the
heartbeat and the mean beat to a vector.

o7 =[0(1) g;(2) - * - g; (N)].

That is, the jth component of the ith eigenvector is the value
of the ith basis function at the jth sample.
The VCG’s are reconstructed by adding to the mean VCG

N
P
=1

and transforming the results from the principal plane coordi-
nates (u, v, w) to the Frank coordinate system.

4)

IV. EIGENVECTOR CALCULATION

The expansions of both Sections II and III are based on
determining the eigenvalues and eigenvectors of nonnegative
definite and symmetric matrices. The first expansion requires
the determination of the eigenvalues and eigenvectors for each
patient; however, the matrices are only 3 X3 [see (1)}. In
order to perform the second expansion, a one-time determina-
tion of the M largest eigenvalues and corresponding eigen-
vectors of a 3N X 3N matrix is required [see (3)]—a much
more formidable task.

The algorithm used to solve the second eigenvalue eigen-
vector problem is from Wilkinson and Reinsch [32]. The
algorithm which was originally coded in Algol has been trans-
lated into Fortran [16] and has been implemented on an IBM
360/75 computer. Typical examples of the core and times
required by the program are

10 Eigenvectors of 20 Eigenvectors
150 X 150 Matrix 300 X 300 Matrix
Time 3.62 min 9.61 min
Core 224K 352K
V. RESULTS

Over 1000 VCG’s have now been compressed, reproduced and
the reproduction compared to the original waveforms. Inorder
to ease the eigenvalue, eigenvector calculation, the sampling rate
was reduced to 250 samples/second and a 200 sample window
(N =200) was used. The mean VCG and the first four eigen-
vectors are shown in Figs. 3 and 4. Observe that the w com-
ponent (normal to the principal plane) had only negligible
strength in the first four eigenvectors. In fact, w had only
negligible effects on the first 11 eigenvectors. This is as
expected—the major portion of the energy is contained by the
u, v leads; therefore, they will be represented first. Compari-
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Fig. 3. The mean VCG in the principal plane.
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Fig. 4. The first four eigenvectors.

sons of reconstructions from 40 and 60 coefficients (M =40
and M = 60) with the original are given in Fig. 5 for a typical
VCG. Finally, the expansions were performed on each of the
leads separately. Comparisons of reconstructions from 20
coefficients per lead, a total of 60 coefficients, with the origi-
nal are given in Fig. 6.

In order to demonstrate the advantage that using an optimal
expansion offers over using the discrete Fourier transform,
reconstructions of the same VCG were obtained by applying
the fast Fourier transform to each of the leads separately. The
sampling rate used was 500 samples/second and 512 samples
were used. This made the fundamental frequency approxi-
mately 1 hertz. Observe that, since the coefficients are now
complex numbers, two real numbers are required for each
frequency. Comparisons of reconstructions from the first
10 Fourier coefficients (20 numbers/lead), which corresponds
to 10 Hz, with the original VCG are shown in Fig. 6. Com-
paring the Karhunen-Loéve results to the Fourier results

confirms the theory and clearly shows that, if one wishes to’

either transmit or store 60 numbers and reconstruct the 3
leads of a VCG, then Karhunen-Loéve expansion is far superior
to the Fourier Transform. This is a result of the highly non-
stationary characteristics of the VCG—although the VCG’s of
different patients are not identical, there is a definite observ-
able similarity. The theory predicts that the Karhunen-Loéve
transform is superior to the Fourier transform for nonsta-
tionary random signals; however, it has been shown that, for
periodic stationary signals, the Karhunen-Loéve transform be-
comes the Fourier transform [16].
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Fig. 5. Reconstructions obtained with 40 and 60 KL coefficients.
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Fig. 6. Reconstructions obtained with 20 KL coefficients/lead and
20 Fourier coefficients/lead.

VI. CONCLUSIONS

A data compression technique for VCG’s based on two
applications of “principal components” (discrete Karhunen-
Loéve expansions) has been derived. It has been observed that
both expansions, or transformations, require the determination
of the eigenvectors of real, nonnegative definite and symmetric
matrices. The first transformation, which is used to remove
diagnostically insignificant patient-to-patient variations from
the VCG’s, requires the eigenvectors of a 3 X 3 matrix for each
patient—a relatively easy task. The second transformation,
which is the key ingredient to the data compression, requires
that the eigenvectors of a representative matrix be determined
once and for all time (all patients use the same eigenvectors);
however, the matrix is rather large. A technique for deter-
mining the largest eigenvectors of large matrices was developed
by Wilkinson and Reinsch and programmed in Algol. These
programs have been translated to Fortran IV and the tech-
nique is operational on an IBM 360/75 computer.

Results obtained with over 1000 VCG’s sampled at a rate of
250 samples/second have been given. An examination of those
results shows that the reconstructions using 60 coefficients
(20 per lead) faithfully reproduce all but the P wave portion of
the VCG’s. The reduction from 250 sample/second (approxi-
mately one beat for a resting VCG) to 20 coefficients per lead
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is a little better than 12 to 1. This compression ratio has been
obtained by others; however, these reconstructions are far
superior to those obtained with other techniques. Finally,
others have observed that the discrete Karhunen-Loéve func-
tions are the most efficient to use; however, they have stated
that the computations were too complex and proceeded to use
suboptimal functions [14], [18]-[21]. We have now shown
that the calculations are not too complex; furthermore, since
the large-matrix-eigenvalue, eigenvector problem is solved,
once and for all time off-line, this data compression scheme
can be implemented with either a microcomputer or mini-
computer.

Although only VCG’s have been considered to date, applying
the second expansion to the 12 leads of an ECG, one lead at a
time, requires no modification. If the 12 leads of the ECG are
partitioned into appropriate groups of threes and if each group
of 3 leads is recorded simultaneously, then each group can be
processed as a VCG. With either approach, the compression
ratios will be the same as the VCG’s (12 to 1).

As was pointed out in the Introduction, the American Heart
Association recommends that cardiograms be digitized at a
rate of 500 samples/second, and, in this paper a rate of 250
samples/second was used. The programs developed are being
extended to handle the recommended rate. Also, techniques
for better representing the P waves are being developed. These
include performing separate expansions on the P wave and the
QRST portion of the signals, and weighting the P wave more
when calculating the eigenvectors. The results obtained will be
reported.

REFERENCES

[1] R. McFee and G. M. Baule, “Research in electrocardiography and
magnetocardiography,” Proc. IEEE, vol. 60, pp. 290-321, Mar.
1972.

J. R. Cox, F. M. Nolle, and R. M. Arthur, ‘Digital analysis of
the electroencephalogram, the blood pressure wave, and the
electrocardiogram,’’ Proc. IEEE, vol. 60, pp. 1137-1161, Oct.
1972,

R. N. Watts, “Some design considerations for narrow-band medi-
cal telemetry over the switched-message network,” IEEE Trans.
Commun. Technol., vol. COM-10, pp. 246-255, June 1971.

J. K. Cooper, S. Abraham, and C. A. Caceres, ‘“Telephone trans-
mission of cardiac and pulmonary data,” Arch. Environ. Health,
vol. 19, pp. 712-718, Nov. 1969.

H. V. Pipberger et al., “Clinical application of a second generation
electrocardiographic computer program,” Amer. J. Cardiol.,
vol. 35, no. 5, May 1975.

R. L. Sandberg and J. 1. Byerly, ‘“Reduction of noise effects on
computer analyzed electrocardiograms,” in Proc. 28th Annu.
Conf. Engineering in Medicine and Biology (New Orleans, LA),
p. 393, Sept. 1975.

M. Bertrand et al., ‘A microprocessor based system for ECG en-
coding and transmission,” in Proc. 28th Annu. Conf. Engineering
in Medicine and Biology (New Orleans, LA), p. 435, Sept. 1975.
H. V. Pipberger et al., “Recommendations for standardization of
instruments in electrocardiography and vectorcardiography,”
Report of subcommittee on instrumentation committee on elec-

(2]

3]

(4]

[s]

t6]

71

(8]

{91

[10]

f11)

[12]

[13]

{14]

[15]

[16]
(17]

[18]

(19]

[20]
{21]

{22]

[23]
[24]

[25]

(26]

[27]

[28]

{29]
[30]

[31]
{32]

PROCEEDINGS OF THE IEEE, VOL. 65, NO. 5§, MAY 1977

trocardiography, American Heart Association, JEEE Trans. Bio-
Med. Eng., vol. BME-14, pp. 60-68, Jan. 1967.

D. L. Cohn and J. L. Melsa, “Application of sequential adaptation
to data rate reduction,” presented at 8th Asilomar Conf. Circuits,
Systems and Computers, Dec, 1974.

D. Stewart and G. E. Dower, “An ECG compression code,” J.
Electrocardiol., vol. 6, no. 2, pp. 175-176, 1973.

J. R. Cox, F. M. Nolle, H. A. Fozzard, and G. C. Oliver, Jr.,
“AZTEC, a preprocessing program for real-time ECG rhythm
analysis,” IEEE Trans. Bio-Med. Eng., vol. BME-15, pp. 128-129,
Apr. 1968.

J. R. Cox, Jr., H. A. Fozzard, F. M. Nolle, and G. C. Oliver,
“Some data transformations useful in electrocardiography,” in
Computers in Biomedical Research, vol. 3, R. W. Stacy and B. D.
Waxman, Eds. New York: Academic Press, 1969, pp. 181-206.
L. D. Cady, M. A. Woodbury, L. J. Tick and M. M. Gertler, “A
method for electrocardiogram wave-pattern estimation,”’ Circula-
tion Res., vol. 1X, pp. 1078-1082, 1961.

T. Y. Young and W. H. Huggins, “On the representation of elec-
trocardiograms,” IEEE Trans. Bio-Med. Eng., vol. BME-10,
pp. 86-95, July 1963.

S. Karlsson, “Representation of ECG records by Karhunen-Loéve
expansions,” in Dig. 7th Int. Conf. Medical and Biological Engi-
neering (Stockholm, Sweden), p. 105, 1967.

J. S. Halliday, “The characterization of vectorcardiograms for
pattern recognition,’”’ M.S. thesis, M.1.T., Cambridge, MA, 1973.
M. E. Womble, S. K. Mitter, and J. S. Halliday, “Classifying
vectorcardiograms via signal pattern recognition,” C. S. Draper
Lab Report R-766, 1973.

A. R, Hambley, R. L. Moruzzi, and C. L. Feldman, “The use of
intrinsic components in an ECG filter,” JEEE Trans. Bio-Med.
Eng., vol. 21, pp. 469-473, 1974,

N. Ahmed, P. J. Milne, and S. 6. Harris, “Electrocardiographic
data compression via orthogonal transforms,”” IEEE Trans.
Bio-Med. Eng., vol. BME-22, pp. 484 -492, Nov. 1975.

D. Friedman, Detection of Signals by Template Matching. Balti-
more, MD: The Johns Hopkins Press, 1968.

J. R. Sopko and W. H. Huggins, “Two-sided exponential represen-
tation of transient signals: Part I-Epoch considerations,” J.
Underwater Acoust., pp. 109-124, 1965.

M. E. Womble, H. N. Keiser, C. R. Meyer, J. H. Triebwasser and
M. C. Lancaster, “USAFSAM ECG/VCG digitizing and averaging
system,” in preparation.

K. Fukunaga, Introduction to Signal Pattern Recognition. New
York: Academic Press, 1972.

T. Y. Young and W. H. Huggins, “Intrinsic component theory of
electrocardiograms,” JEEE Trans. Bio-Med. Eng., vol. BME-9,
pp. 214-221, 1963, .

A. M. Scher, A. C. Young, and W. M. Meredith, ‘“Factor analysis
of the electrocardiograms. A test of electrocardiography theory:
normal leads,” Circ. Res., vol. 8, pp. 519-526, 1960.

L. G. Horan, N. C. Flowers, and D. A. Brody, “Principal factor
waveforms of the thoracic QRS complex,” Circ. Res., vol. 15,
pp. 131-145, 1964.

H. Hotelling, ‘“Analysis of a complex statistical variable into
principal components,”’ J. Educ. Psychol., vol. 24, pp. 417-441,
1933.

R. C. Wang and T. W. Calvert, “A model to estimate respiration
from vectorcardiogram measurements,” Ann. Bio-Med. Eng.,
vol. 2, pp. 47-57, 1974.

E. Frank, “An accurate, clinically practical system for spatial
vector-cardiography,” Circulation, vol. XIII, pp. 737-749, 1956.
H. V. Pipberger and T. N. Carter, “Analysis of the normal and
abnormal vectorcardiogram in its own reference frame,” Circula-
tion, vol. 25, pp. 827-840, May 1962.

O. H. Schmitt, “Cathode-ray presentation of three dimensional
data,” J. Appl. Phys.,vol. 18, p. 819, 1947,

J. H. Wilkinson and C. Reinsch, Handbook for Automatic Compu-
tation, Vol. II, Linear Algebra. New York: Springer-Verlag,
1971.




