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Abstract: Shortening of RR intervals is often associ-
ated with prolonging QT intervals in dynamic stud-
ies of the cardiovascular activity in horses. This be-
haviour is typical, but not the only one in equine
heart. We designed several original mathematical
models describing all types of relationships RR/QT.
The model structureswere based on principles of the
heart activity control by both the vegetative neural
branches. The obtained simulation results showed
that the most important parameter for explaining
various types of RR/QT relationshipsin the dynamic
experiment is balance between activities of neural
branchesin the heart.

Introduction

Cardiovascular system in horses is specific in vari-
ous ways. In our project we analyze the dynamic
changes of the electrical part of myocardium as a tool
for exposing the system control mechanisms of a heart
activity. Generally accepted image is based on two con-
tradictory control subsystems — activities of the sympa-
thetic (stimulating) and parasympathetic (inhibiting)
neural branches. Both the branches have their nerve
ends leading to atria (near sinus node) and ventricles.

Because of practical difficulties with direct measur-
ing of the neural activities, we have used two indirect
indicators determined by balance between the activities
of neural branches. We supposed that two mutually in-
dependent control mechanisms can be fully described
by two indicators — RR intervals that can serve as an in-
direct indicator of the balance between both the neural
branches in heart atria, and QT intervals as mediators of
the neural balance in ventricles.

Thereisalot of published studies in human cardiol-
ogy intent on the relationship between RR and QT in-
tervals, mostly obtained from a static experiment with-
out dynamic changes in heart rate. That is probably why
cardiologists accepted the direct linear relationship be-
tween RR and QT intervals, e.g. shortening of RR inter-
valsis associated with shortening of QT intervals.

Despite of the clear correlation in human ECG sig-
nal the relationship RR/QT in equine ECG is different.
We have made experiments with the external stimula-
tion of the equine heart, then classified equine ECG sig-
nals (35 records) and divided them into four classes:

a. 30% of records had similar relationship RR/QT

with human ECG (Figure 83),

b. 33% of records represented inverse relationship

between RR and QT intervals — QT intervals

were clearly prolonged during shortening of RR
intervals (Figure 8b),
c. 22% of records combined both the previous
classes (Figure 9),
d. 15% of records had either no or non-identifiable
changein QT intervals.
We believe that various reactions of heart ventricles
(QT intervals) could help us to understand more detail
structure of heart control.

Materials and M ethods

The basic structure of the cardiovascular system
used in al our modelsis depicted in Figure 1. The basic
structure of a real cardiovascular system is closed-loop
— with a feedback control. Our model structure without
the feedback represents compromise between simplicity
and validity of the model.
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Figure 1. Principle structure of the cardiovascular sys-
tem control

Our open-loop system is controlled by empirically
described input signal

A. s‘n[z”(t—zl)—”ju ,
T 2 .
N, = if,<t<t,+T ®)
0, otherwise,

where T is a duration of the input impulse and ¢,
represents its lag after some reference starting point (see
also Figure 2).
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Figure 2: Input signal N

As it follows from our previous studies [3] we used
the formula

RR(1) = RRg,; — kg N (6) + kpp N p (1) (1)

for generating sequences of RR intervals. RRg,y isa
basic heart period of the sine node not influenced by the
nervous system. Ng(f) and Np(f) represent sympathetic
and parasympathetic activity levels. kg, kpz are gain
factors that express levels of influence of each neura
branch upon the duration of RR intervals. Similarly,

or (1) =0T, _kSQNs(t_TSQ)"‘
+kPQNP (t_TPQ)

2

describes an equation generating QT intervals where
Tsp and 7pp are delays in sympathetic and parasympa-
thetic neural branchesin heart ventricles and ks, kpg are
gain factors, similar to those in the eq. (1). OT, is a ba
sic length of QT interval at neura ventricular blockade.
Both the delays are associated with the finite velocity of
spreading the nervous stimul ation.

The aim of extending the described model was to
find the internal structure of the subsystems SYM and
PSYM (see Figure 3), their mutual relationship and in-
fluence on the heart activity control. The models for
simulating both static and dynamic properties of the
mentioned types of nerve fibres have structures depicted
in Figure 3, as published in [1].
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Figure 3: Basic structure of nervous fibres' model

The sensitivity of each neural branch is modelled
with bottom-limited piecewise linear function (Figure 4)

b
agpNy+bg, if Ny>-—F ©)
ds.p
0 otherwise

Ns,P =

where indexes “S” and “P” represent sympathetic
and parasympathetic branch, agp is the sensitivity coef-
ficient. Inertia of the nerves is modelled by the first-

order low-pass filter described by the frequency re-
sponse

F . — i e—jer 4
(1) joT, +1 (4)

where o represents an angular frequency, Ty is a
time constant of the filter, 7y is a unit delay and & is a
gain of filter. The inertia is associated with the limited
delay in response of the cells to their excitation. Finaly,
the “time-delay” block 7 represents a final velocity of
spreading the excitation along nerves and through heart
tissue.
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Figure 4: Sympathetic and/or parasympathetic sensitivi-
ties, Ns, Np

Previous paragraphs describe basic elements imple-
mented in al our models. We stated a hypothesis that
the unusual behaviour of the electric part of the heart is
caused by the unusual structure of nervous control
mechanisms in equine organism.
To verify the hypothesis we have designed several
model structures and make some simulation experi-
ments (Figure 5, Figure 6, Figure 7).
The serial model (Figure 5) was based on knowledge
of vegetative nervous system anatomy in the horse:
Each branch has
a. acommon part for control of artia and ventricles
(PSYM and PSYMg, respectively SYM and
SYMgin Figure5),

b. separated part that depends on the common part
and controls only ventricles (PSYMqg and SYMq
in Figure 5).

Obvious dependences between structure of the RR
block and that for QT intervals make the model difficult
to analyze. That was the reason to modify its structure
in order to RR and QT parts become mutually inde-
pendent, see Figure 6. As we discuss below in this pa-
per, properties of the serial and parallel model are simi-
lar in a specific range defined by our experimental con-
ditions.

Another hypothesis is depicted in Figure 7: The un-
usual relationship RR/QT can be simulated by an addi-
tional control mechanism managed by direct RR-QT
relationship. The hypothesis is based on physiological
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background of myocardium cells [2] where it is de-
scribed an obvious dependency between frequency of
impul ses stimulating the cell and length of cell depolari-
sation.
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Figure 5: Serial model, [3]
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Figure 6: Parallel model, [3]
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Figure 7. Parallel model with direct RR-QT confine-
ment

Results

The simulation results were compared to the 10 most
representative sets of experimental data. The criterion
for choosing records was noiseless signal with consider-
able changes in the sequences of RR and QT intervals as
responses to impulse stimulation. The aim of the work
was to define properties of controlling subsystems. We
have identified some of the model parametres as time
constants of the filters (Tsg,, Trry Tsop Tro, @NAIOr Tgy,
TPRS} TSQS) TPQS)! time del ays (TSQP’ Tprop and/or T50s) TPQS)
and gain factors (kso, kpg, and/or ks, kpos). We used
Matlab® Optimization Toolbox as an optimization tool.
A root mean sguare error between simulated and real
experimental data has been used for an optimization and
its minimum was searched by the gradient method. The
identification results for two different types of records
are summarized in Table 1:

a. direct dependency QT on RR intervals — shorten-
ing of the RR intervals is followed by the short-
ening of QT intervals (Figure 8a)

b. unusua relationship between RR and QT that is
not explained yet — shortening of the RR causes
almost immediate prolonging of the sequences of
QT intervals (Figure 8b).

Table 1: Summary of optimized parameters for two dif-
ferent relationships between sequences of RR and QT
intervals (compared seria and parallel models, Figure 5
and Figure 6)

record 1 (velvet-s el 1-2002-04-24)| record 2 (nikita- sel - 2002-04-24)
parallel model serial model jparallel model serial model
TSRp:255 TSRSZZSS TSRp:4S TSRs:4S
Tpry=25s |Tppy=25S [Tpg,=4S Trrs =4S
TSQPZZOS TSQs:]-gS TSQp:]-?S TSQs:18S
Tpr:18S TPQs:]-?S Tpr:15S TPQs:18S
Tsop = 20s Ts0s = 18s Tsop = 6.4s Ts0s = 4s
Tpop = 20s Tpos = 20s Tpop = 44s Tpos = 1.2s
kSQp =-49 kSQs =-51 kSQp =-38 kSQs =-4.2
kvop = — 44 kpos = —46 hpoy =—42  kpoy = — 46
Discussion

If we compare corresponding parameters of the se-
rial and parallel models (Table 1, Figure 5 and Figure 6)
we see similar values not only for RR intervals (it is ex-
pected because RR branch in the parallel model is same
asinthe serial model) but also to QT intervals.

The resulting frequency response (sympathetic
and/or parasympathetic) of the QT branch in the parallel
model can be represented by the first-order filter and in
the serial model the resulting frequency response is the
second-order filter (two serialy plugged in first-order
filters).

From an analysis of sequences of RR and QT inter-
vals we have found out that their useful spectra are in
the frequency band of <0; 0.02> Hz. Due to close simi-
larity of both the frequency responses (see Figure 9) de-
scribed by eq. (4) in the mentioned frequency band
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(with the maximum difference of about 0.4+0.6 dB at
0 Hz), we are not able to decide which of the two above
described models is more suitable to define true struc-
ture of the control mechanisms of myocardium.

(@) record 1 (velvet - s el 1 —

ER[s]—

2.0 rossseeeees RRREEEEEEE '

that there is an insignificant influence of local mecha-
nisms controlling the electrical activity of heart ventri-
clesin healthy organism.

Having chosen the model structure (Figure 6) and
identified its parameters we are able to explain funda-

(b) record 2 (nikita- sel —2002- mental causes of various behaviour of the

QT intervals. We recognised amost linear
dependency with positive slope constant be-
tween optimum parameters of zy, 7, and
Tso, Trp,. It is due to the fact that the devel-
oped model uses linear subsystems only (the
non-linear functions Ng=Ng(Ng) and
Np=Np(Ng) are used in their linear parts
only, see also Figure 4) and the input signal
Ng is used for both sympathetic and para-
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sympathetic branch.

We have proved experimentally that the
simple shape of the QT interval sequences
with one local extreme (classesa. and b.) is
generated by the model using very similar
values of 7, 7pp and Ty, Tpp in both the
neural branches. If the supposition about the
similarity of the above mentioned parame-
ters is not valid then the signals Ng, Ny are

T
CORNVE ] AL 4 | R
H
¥ : ol : ;
0.45 ) LN BRRSER L 045 S
0.4 : : : 0.4 '
300 400 500 600 200 300
ts] = tfs] —

Figure 8: Experimental and simulated data generated by the optimized

parameters (used structure depicted in Figure 6)
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Figure 9: Frequency functions of the first-order filter
(parallel model, Figure 6) and the second-order filter
(serial model, Figure 5) in the sympathetic branch

Because of practical reasons corresponding to sim-
plification of model analysis we have chosen the paral-
lel model for future research. It has two mutually inde-
pendent branches that are supposed to be analysed eas-
ier.

We tried aso to solve the problem of direct RR-QT
relationship: the parallel model (Figure 6, Table 1) was
extended with additional control mechanism, simply de-
scribed by the gain factor & (Figure 7). The parameter
kg was included in the basic set of parameters to be iden-
tified (see Table 1). The identified values of the basic
set of parameters were then aimost unchanged and the
identified value of kz was closed to zero. It means that
relative influence of direct RR-QT control compared
with sympathetic/parasympathetic QT control (SYMg,
PSYMg) was <1.1, 2.1> %. These results made us sure

400 500

mutually shifted in time. The mutual shift
will cause a change of the QT seguence
shape. In the case, one local extreme is sub-
gtituted by biphasic waveform with local
maximum and minimum (class c., Fig. 9).
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Figure 10: Bi-phase sequences of QT intervals (hedal)
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Dependency of parameters kpq, ksp Can be approxi-
mated well by alinear relationship with a negative slope
constant (see the x-y projection of the optimum path in
Fig. 7 and Fig. 8)

kSQ = a.ka + b, (6)

where the estimated values of coefficients a = -2
and b = -13.5 are roughly valid for all analysed records.
If we suppose the simplified criteria 7 = 7o and
Tso = Tp, then the breaking point between the direct
(Figure 8a) and inverse (Figure 8b) dependency of QT
on RR intervals is set for kgp = kpp =—4.5. Then for
kso > kpop We observe the direct dependency (class a.)
and for kso < kpy the inverse dependency (class b.) of
QT on RRintervals.
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