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Abstract. Cardiac output is controlled by the autonomic nervous system by changing the heart rate and/or
the contractions of the heart muscle in response to the hemodynamic needs of the whole body. This control
is a result of permanent competition between the sympathetic and the parasympathetic nervous systems.
Malfunction of these mechanisms causes the postural orthostatic tachycardia syndrome and/or the chronic
fatigue syndrome. Evaluation of functionality and efficiency of the control mechanisms can give valuable
diagnostic information in the early stages of dysfunction of the heart control systems and help to monitor
the healing process or rehabilitation period after interventions. Quantitative evaluation of ECG P-wave
changes evoked by an orthostatic test (which evokes a sudden misbalance in the interplay between the
sympathetic and the parasympathetic heart control) by using a newly developed method based on the
principal component analysis and clusterization by testing statistical hypothesis of uniformity provides a
quantitative estimate for functionality and efficiency of the heart rate control mechanisms.

Keywords:sympathetic and parasympathetic nervous systems, ECG P-wave morphology, principal com-
ponent analysis, clusterization by testing statistical hypothesis of uniformity.

Introduction

Cardiac output is controlled by the autonomic nervous system by changing the heart
rate and/or contractions of the heart muscle in response to the homodynamic needs of
the whole body. Sympathetic influencesaccelerate the heart rate, increase the contrac-
tions of the heart muscle whereas parasympathetic influences cause opposite effects.
The heart rate is determined by the rate of spontaneous electrical activity of the cells
usually located in the sinoatrial node. This rate is the result of permanent interplay
between sympathetic and parasympathetic influences [2]. Malfunction of these mech-
anisms causes the postural orthostatic tachycardia syndrome and/or the chronic fatigue
syndrome [14]. Some systematic diseases can impact the autonomic heart control. Im-
pairment of the autonomic heart control is observed in various stages of diabetic neu-
ropathy [16]. Defibrillating shocks delivered to the heart in an attempt to stop severe
rhythm disorders inescapably impair the autonomic heart control [3], [11]. The same
outcome may be expected after surgical interventions, catheter ablation procedures,
etc. Evaluation of the functionality and efficiency of the control mechanisms can pro-
vide valuable diagnostic information in the early stages of dysfunction of the heart
control systems and help to monitor the healing process or the rehabilitation period
after interventions.
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Different topology of sympathetic and parasympathetic nerve ganglia in the
heart [9] as well as different mechanisms of action of the systems [15] cause different
dynamic characteristics of the sympathetic and the parasympathetic heart rhythm con-
trol. These differences allow to identify the mechanisms and evaluate them separately
by using heart rate variability criteria [15]. More detailed investigations are based on
an ECG P-wave morphology analysis [6]. The P-wave shape reflects the spread of the
electrical excitation front over the atria, which could be influenced by sophisticated
heart rhythm control mechanisms. Electrical excitation of the heart starts in a group
of cells with the highest spontaneous electrical activity called the true pacemaker
that is normally situated in the sinoatrial node. There exist other groups of cells with
spontaneous electrical activity that are situated either in the sinoatrial node or beyond
it and are activated by electrical excitation coming from the true pacemaker. They
are called latent pacemakers. Such pacemaker cell groups are most densely concen-
trated in the sinoatrial node [1]. The release of neuromediators from nerve terminals
influences spontaneous activity of the closest pacemaker cell groups. As has been re-
ported [9], the topology of neural ganglionated sub plexuses suggests that during a
parasympathetic activity the neuromediators are released in the site of the true pace-
maker, and the spontaneous activity of the true pacemaker is suppressed. Thus it is
possible that a latent pacemaker, whose activity has been less impacted, would take
over the role of the true pacemaker. Different sensitivity of the pacemaker cell groups
to the parasympathetic activity in the sinoatrial node and other sites of the right atria
as reported by [5] supports the above idea of the existence of a mechanism of the true
pacemaker shifting within the sinoatrialnode or beyond it. This phenomenon has been
studied previously [13]. Shifting of the pacemaker site causes specific changes in the
heart rate [5]. The electrical excitation front spreads over the atria having originated
from the true pacemaker site. If the location of the true pacemaker shifts, this will be
reflected as changes in the electrical excitation front spread and ECG P-wave mor-
phology [6]. The more distant are the true pacemaker shifts, the more pronounced are
the changes in the P-wave morphology.

In this study we demonstrated how P-wave changes evoked by an orthostatic test
(which evokes sudden misbalance in the interplay between the sympathetic and the
parasympathetic heart control) could be quantitatively evaluated by using the method
based on the principal component analysis. Our preliminary results showed that these
quantitative estimates form certain clusters when represented in multidimensional
space what could reflect a pacemaker shift between certain anatomical locations. The
estimates of centers of these clusters could reflect typical P-wave shapes related to
certain pacemaker locations. Such evaluation of ECG P-wave morphology changes
during evoked sympathetic/parasympathetic misbalance could reveal valuable infor-
mation about status of autonomous heart activity control of patient.

Applied methods

Twelve lead ECG signal recordings during orthostatic test were used for searching
quantitative estimate of efficiency of the heart rate control mechanisms (balance of
the sympathetic and the parasympathetic nervous systems). Control group recordings
were made from healthy patients (n = 20) in age of 21±2 years. Other recordings were
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made from patients (n = 10) in age between 45 and 71 years, part of them (n = 10)
had transient periods of atrial fibrillation.

The vectors of samples representing P-wave in each of the 12 ECG leads consisting
of 70 samples were connected one by one into one vector consisting of 840 samples
in total. The obtained vector represented P-wave of one ordinary cardiocycle. All 840
sample-long vectors representing P-waves in one ECG recording during an orthostatic
test were joined into the following matrix:

x =
a1,1 a1,2 . . . a1,n

a2,1 a2,1 . . . a2,n

. . . . . . . . . . . .

am,1 am,2 . . . am,n

, (1)

wheren – number of the P-wave shapes during one cardio cycle,m – number of cardio
cycles of one test recording. An example of the standard P-wave two dimensional ar-
ray during one orthostatic test is given in Fig. 1. The principal component analysis was
done for P-wave array ofeach patient. This method of the signal decomposition repre-
sents the signal by finite sum for concrete signal optimal, ortonormal basis functions
multiplied by corresponding coefficients (2). It is linear combination of basic functions
ϕ and their coefficients.

ai =
n∑

k=1

wi,kϕk. (2)

Coefficients, which describe P-wave vector of each cardio cycle, are calculated by
formula (3):

wi = �T xi. (3)

Fig. 1. Variety of P-wave during typical recording (A), the shapes of first 10 principal components (B).
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These ortonormal coefficients of the basic functions picture P-wave form during
each cardio cycle as a point in then-dimensional orthogonal space, wheren is minimal
sufficient number of basic functions. It is defined according to methodology, which
is more generally described [7]. It is mentioned in previous researches that several
shapes of P-waves during all orthostatic test recordings and images of cardio cycles,
which represent these waves group, forming clusters of special form. Those clusters
were separated by testing statistical hypothesis of uniformity [12]. Foreach vectorwi

Euclidian distances till all other vectors were calculated:

dij =
√√√√

m∑
k=1

(wik − wjk)
2, (4)

k-closest neighbors were selected. Distances till them were denotedd ′
i1, . . . , d

′
ik , where

d ′
i1 � d ′

i2 � . . . � d ′
ik. We introduce the null hypothesis, that all points around vector

wi are equally distributed. Thelth neighborhood of the vectorwi is called sphere,
which radius is equal todil – the Euclidian distance tilllth closest neighbor. LetQ is
a part ofRm – the smallest parallelepiped, which contains all data. Each side of this
parallelepiped is calculated according to formula (5):

aj =
(

max
i

wij − min
i

wij

)
, j = 1, . . . ,m. (5)

The volume of the parallelepiped is calculated according to formula (6):

VQ =
m∏

j=1

aj . (6)

Assuming that all points are uniformly distributed inQ, the probability that any
point will get in to lth neighborhood of the vectorwi is equalp = Vil/VQ, where

Vil =




πbd2b
il

b! , if d = 2b,

2 · (2π)bd2b+1
il

(2b + 1)!! , if d = 2b + 1,

(7)

d – dimension of the data,b – whole number of the fractiond/2. We define the critical
valuel′, the lowest value satisfying the condition (8):

m∑
i=l′

Ci
np

i(1− p)m−i � α, (8)

whereα is the significance level, usuallyα = 0,05,p = Vil/VQ.
If l > l′, then hypothesis H0 is rejected andlth neighborhood is considered to be

an accumulation. The vectorwi is calledk-dense if alllth neighbors of vectorwi for
l = 2, . . . , k are accumulations. Herek is an input parameter between 3 and 10. Non
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k-dense points are temporarily filtered, that is discarded from the sample. The condi-
tion of k-density is tested for remaining points. The filtering is over then all vectors
becomek-dense. Thekth neighborhoods of points remaining after filtration areaccu-
mulations. On the basis of accumulations, the nuclei and number of clusters are deter-
mined as follows. Each vector and itsk closest neighbors construct primary clusters.
These clusters are merged together if overlap more thank/2 their vectors. The itera-
tion algorithm is over then no one of clusters have more thenk/2 overlapping vectors.
After this iterationm vectors are left. The formation of cluster nuclei is accomplished
by excluding cases attributed to the nuclei of several clusters. Let us define the vectors
attributed and not attributed to the cluster nuclei, respectively, as(w

(1)
1 ,w

(1)
2 , . . . ,w

(1)
m1)

and(w
(0)
1 ,w

(0)
2 , . . . ,w

(0)
m2).

Each unclassified vector we attribute to the nearest cluster. The distance from an
unclassified vector to the nearest cluster is determined from the formula (9):

min
j

∥∥w
(0)
i − w

(1)
j

∥∥. (9)

By repeating this stage for each of the remaining cases we accomplish the classifi-
cation.

Results

The variety of P-wave shape during typical ECG recording during orthostatic test is
presented on Fig. 1A. The shapes of first 10 principal components (basis functions) for
optimal representation of these P-wave shapes are presented on Fig. 1B. Numeric esti-
mates of P-wave shapes of all cardio cycles during this recording in three-dimensional
space is presented in Fig. 2A. Actually 7 principal components (basis functions) we
needed for optimal representation in this case and all further calculations were made
using 7 ones, but due to visualization possibilities we presented only first three. The
coefficients of principal components were forming from one till three clusters (as in

Fig. 2. P-wave shape variety presented as points in 3-dimensional space (A), number of clusters in all
recordings against average initial RR interval values during supine position (B). Diamonds –
control group, squares – elderly healthy patients,triangles – elderly patients with transient atrial
fibrillation periods.
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this presented case). We expected slower heart rate during supine position to be related
with higher parasympathetic activity and more significant P-wave shape changes and
more clusters in multidimensional representation we can expect during orthostatic test.
However only weak such correlation one can notice in control group data presented in
Fig. 2B. In elderly healthy patients we see 1–2 clusters, while 2–3 clusters we see in
elderly patients with transient periods of atrial fibrillation.

Discussion

Cluster analysis of P-wave shape estimates obtained by means of principal component
analysis revealed new possibilities for analysis and interpretation of data reflecting
electrical excitation spread in the heart. We expect that clusters of P-wave shape esti-
mates in multidimensional space reflect certain anatomical positions of most electri-
cally active cell groups – pacemakers in the right atrium. True pacemaker shift evoked
during orthostatic test is reflected as the shift ofn-dimensional P-wave shape esti-
mate from one cluster to the another. Cluster dimensions could be predicted by several
factors: starting from heart axis movement, noises in the registered signals till sympa-
thetic/parasympathetic impact on electrical excitation spread. However further detail
investigations are needed to prove it.

Comparatively big variety in number of clusters in control group probably is a re-
flection of their physical condition. At the same time only 1 or 2 clusters in elderly pa-
tients reflects age related decay in autonomous heart control [8]. Two or three clusters
in patients of third group (elderly persons with transient periods of atrial fibrillation)
reflect increased parasympathetic activity related with atrial fibrillation [10].
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REZIUMĖ

R. Šimoliūnienė, A. Kriščiukaitis, V. Šaferis, V. Šimatonien˙e. EKG P-bangos klasi↪u skaičiaus
parinkimas, tikrinant statistines hipotezes apie pasiskirstymo tolygum↪a

Širdies veikla autonomiškai reguliuojama priklausomai nuo organizmo aktyvumo ir su tuo susiju-
sios medžiag↪u apykaitos (metabolizmo) intensyvumo. Reguliavim↪a atlieka konkuruodamos simpatin˙e ir

parasimpatin˙e nerv↪u sistemos. Ši↪u reguliacini↪u mechanizm↪u sutrikimai sukelia ortostatin↪e tachikardij↪a,

nuolatinio nuovargio sindrom↪a. Kiekybini ↪u EKG P-bangos form↪u vertinimas ortostatinio m˙eginio metu

atliktas naudojant pagrindini↪u komponenˇci ↪u analiz↪e ir ↪iverči ↪u klasterizacij↪a, tikrinant statistines hipotezes

apie duomen↪u pasiskirstymotolygum↪a, suteikia diagnostiškaisvarbios informacijos ankstyvuosereguliaci-

ni ↪u sutrikim↪u perioduose bei leidžia vertinti reguliacini↪u sistem↪u atsitatym↪a po intervencij↪u, sutrikdžiusi↪u
normal↪u j ↪u funkcionavim↪a.


