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We attempted a new approach based on & modern dynamical system thecry to
reconstruct the arterial blocod pressure signals in relation to heart rate
fluctuations of developing chick embryos. The dynamical systems approach
in general is to medsl a phenomencn that is presented by a single time series
record and approximate the dynamical property (e.g., heart
fluctuations) of & system basad only on information contained in a
single-variable (arterial blood pressure) of the system. The time-sseriss
data of the arterial bleod prassure was reasonstructed in 3~dimensional space
to draw characteristic orbits. Sincae the reconstructed orbits of the blood
pressure should retain information contained in the pressure signals, we
attempted to derive instantanecus heart rate (IHR) from the recenstructed
orbits. The derived IHR presenting HR Fluctuations coeincided well with the
IHR obtained conventicnally from the peak-to-peak time intervals of the

rate

maximum blood pressurs.

Movements of tha reconstrueted eorbits of the

arterial bloed pressure in 3-dimensional space reflected HR fluctuations

{i.e., transient decelerations and accelerations}.
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1 INTRODUCTION

Incubated avian eggs have been used as
an experimental model for investigation of
developmental physiology'>®!'. Physiological
functions of embryos developing inside an
eggshell are completely independent of
maternal functions and some physiological
variables can easily be measured while
maintaining adeguate gas exchange through the

eggshell. 2among those variables, embryonic
heart rate of chickens (HR) is determined
throughout nearly the whole period of
incubation by detecting the cardiogenic

signals with various invasive and noninvasive
methodg!l 3468182120240 1 carheterization of the
allantoic artery, which is made by taking
advantage of the eggshell, makes it possible
to measure the blood pressure during the last
half of incubation prior to pipping"?2%2%28,
Allantoic arterial blood pressure was recently
used to determine instantaneous heart rate
{IHR) of developing chick embryeos'”. Blood
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was determined from individual peak-to-peak
pressure is a simple moncphasic wave and IHR
intervals of the wave. Various patterns of HR
fluctuations were found in late embryos.
From a viewpoint of systems information
engineering, the blood pressure wave composed
of low-freguency signals and the derived IHER
containing HR fluctuations seem to be a
favorable biological model for analysis using
modern dynamical systems theory (deter-
ministic approach)®. The dynamical systems
approach is to model irregularly time-varying
phenomena (time-series data) and approximate
the dynamical property of a system based only
on information contained in a single variable
of the system””. Although the theory of the
dynamical systems approach has been tested in
many artificial system models, it has seldom
been applied to biclogical phenomena. Thus in
relation to the symposium on cardiac rhythms
in animals, we attempted to apply the dynamical
systems approach to reconstruct the arterial
blocd pressure signals as an orbit in a high
dimensional space and derive IHR from
reconstructed orbits. In the present attempt,
the single wariable that is used in the
dynamical systems approach is arterial blocod
pressure and the dynamical properties that are
derived are the fluctuations of IHR.
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2 MATERTALS AND METHODS

2.1 Arterial blood pressure signals

In a previous study, the arterial bloocd
pressure of the allantoic circulation was
measured to derive IHR and investigate
development of HR fluctuations in chick embryos
‘", A catheter comprised of a hypodermic
needle and polyethylene tube was implanted in
the allantoic artery through a small opening
in the eggshell. The catheter was fixed onto
the eggshell with clay and the opening was
closed with wvinyl tape and epoxy glue. A
conventional strain gauge manometer was
connected to the catheter, and the pressure
signals were amplified and filtered by a
polygraph amplifier to matech the input signal
level of an analeg-to-digital converter. The
pressure signals were sampled at 100 Hz,
recorded con a microcomputer, and restored by
the following sinc function®:

BR() - 3 Brgp SLEBOID]
== 2nfe(t-3-I)

where I is the sampling interval {i.e., 10 ms),

and £, is Nyquist'’s reflection frequency (50

Hz) .

Wave restoration by eq. 1 using 401
sampling points {i.e., j = 200) was examined
to correspond tc a signal sampled at 8,000 Hz
{sampling time interval = 125 pysec), ensuring
caleculatien of IHR with an error in accuracy
of less than 1 beat/min. After restoration of
the systolic pressure wave, the maximum point
was found in the restored wave, the time
interval between the two adjacent maxima (.t
in sec) was determined, and IHR was calculated
by IHR=60/.t {beats/min, bpm). Inthepresent
study, we used the arterial blood pressure
signals that were measured previously as above.
Prior to use of the previously measured

pressure signals, we examined 4dgain the
accuracy of the pressure signals, which were
sampled at 50 Hz (instead of 100 Hz) and
restored by eq. 1 with 401 sampling points. In

the test experiment, the catheter was implanted
in the allantoic artery of an 18-day-old embryo
as mentioned above and the arterial pressure
was sampled at a frequency of 8,000 Hz instead
of 50 Hz. IHR was calculated from the time
intervals between two consecutive peaks of
maximum pressure (referred to as HRywe) . Then,
single values from every 160 sampling points
{which corresponded to pressure signal sampled
at 50 Hz) were extracted, and the pressure wave
was restored by eq. 1 with 401 sampling points
from the extracted values. IHR was calculated
for restored pressure waves in the same manner
(referred to as HR ..} - It was found that HR,,...
was consistent with HRgy,, ensuring the
accuracy of the pressure signals that were
previcusly measured at a sampling frequency of
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100 Hz and restored by the sinc functiozn.

2.2 Orbit reconstruction

In the dynamical systems approach, an
orbit {attractor) of a single variable (i.e.,
blood pressure 1in the present study) is
reconstructed (embedded) in a high dimensional
{i.e., m-dimensional) space from the time-
series data of the variable. The embedding
dimension, m, showld be no less than 3 for
irregularly time-varying signals. Inorderto
present a pattern of the orbit as a wvisible
figure on a computer screen, we reconstructed
the orbit in 3-dimensional space. For
time-series data of a given blood pressure,
BP(t) (0<t<T; T=one cardiac period), we assumed
a suitable time delay t, which is discretional
and determined empirically, .then took two more
values, BP{t+r) and BT{(t+2t}). These three
values of blood pressure at time t were then
put on individual axes of a 3-dimensiocnal
rectangular-coordinate, giving a vector with
coordinates. An orbhit of the vector was drawn
by varying time t by 125 usec during one cardiac
pericd with coordinates, thus giving a
reconstructed orbit of blood pressure during
the T-period. The 3-dimensional orbits were
drawn consecutively for time-series data of the
blood pressure during nT period where n is
discretional real number. The presentationof
orbit patterns was made only for a part of the
pulse pressure (i.e., during nT period}, and
the position of 3-dimensional rectangular-
coordinate axes was arbitrarily drawn to
present differences in orbit size between young
and late embryos, and changes in orbits during
the heart beat of individual embryos.

2.3 Derivationof IHR from reconstructed orbits

The reconstructed orbit is another
presentation of blood pressure and must include
information contained in the time-series
signal of blood pressure; that is, IHR also
should be included. Thus we attempted to
derive IHR from the reconstructed orbits. If
the time delay t is considered adequately:;
empirically a value within one-tenth of the
cardiac period T, a wvector comprising of
[BP({t), BP(t+t), BP(t+21}} rotates in the 3-
dimensional space during one cardiac period and
forms an open or closed orbit. wWhen the orbit
is not closed, it forms a thin sheet-like
configuration during nT pericd. Suppose a
plane crosses at right angles to the sheet-
like orbits at an arbitrary position in space.
Then the time interval between points of the
orbits which cross the plane in sequence is
determined successively (i.e., .t in sec), and
the HR is calculated by HR=60/.t in bpm and
plotted on the computer meniter seguentially.

3 RESULTS
Figure 1 shows the arterial blood

pressure of a 12-day-old embryo (panel A) and
its reconstructed orbits (strange attractor)
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drawn in 3-dimensional space (panel B}. Blood
pressure is presented for 30 min, and pressure

%600 15:07 15:12 30:00
Time (min:sec)
.y:BP{tH{}ms}
% : BP(}
z : BP(1+80ms)
Fig. 1. Time-series recerd of the arterial blood

pressure (top panel) and 18 orbits reconstructed in
the 3-dimensional space (bottom panel). The embryo
was l2-day-old.
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¥ : BP{t+30ms)

Fig. 2. The arterial blood pressure (top panel} and
reconstructed orbits (bottom panel) in an 18-
day-cld embzyc. For comparison between Figs. 1 and
2, the scales for the blood pressure record and
reconstructed orbits are identical in both figures.

waves during a 5-sec period are shown in the
middle of the recording at a faster chart speed
{panel BA}. In young embryos, the blood
pressure was low compared with late embryos and
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formed simple monophasic waves. A single
orbit was reconstructed from a blood pressure
wave of one-cardiac period, and panel B

presents 18 reconstructed orbits which
correspond to the pulse pressure waves
presented in the middle of panel A. The time

delay (t) of 40 msec was taken arbitrarily so
that the orbits could make characteristic
figures.

Figure 2 shows another example of the
arterial blood pressure of an 18-day~old embryo
{panel A} and its reconstructed orbits (panel
B). Arxterial blood pressure increased with
embryonic development, but the waves were still
monophasic {panel A). As embryos grew, their
activities increased and induced artefacts in
the pressure signals; i.e., abruptly recorded
spikes marked by an arrow. Beside these
artefacts, the blood pressure signals
fluctuated as shown throughout and in the
middle of the recording. The reconstructed
orbits were drawn by taking arbitrarily t of
30 msec (panel B) for 19 pressure waves during
the 5-sec period {14:46~14:51 inpanel A}. The
orbits moved towards the left along the x-axis
with heart beats and reached the left most
position at the 12th beat, which lowered the
ninimum pressure (as shown by an asterisk in
about the middle of recording in panel A} and
thereafter orbits moved towards the right
again.

Because a single orbit is reconstructed
from a pulse pressure wave during one cardiac
period, duration of the cardiac period is known
by cutting the orbits by an arbitrary plane {as
shown by a thick line in panel B of Fig. 2) and
measuring the time interval between points on
the orbit crossing the plane successively.
Then, the IBR in bpm is calculated from the time
interval. Figure 3 presents the same arterial
blood pressure as shown in Fig. 2 (panel &),
IHR calculated conventionally from peak-to-
peak time intervals of the blood pressure
{panel B), and IHR derived from the
reconstructed orbits as menticned above (panel
C} and 18 reconstructed orbits corresponding
to arunof heart beats with a stable rate (panel
D), decelerated rate (panel E) and accelerated
rate (panel F}, respectively. The IHR derived
from the reconstructed orbits of the arterial
pressure (panel C) concides well with the IHR
obtained by conventional calculation from the
time interval of the maximum blood pressure
(panel B}. The reconstructed orbits for 18
cardiac periods during HR deceleration and
acceleration present different changes in
patterns and movements between them. When the
HR is stable (marked by D in panel C, and panel
D), the reconstructed orbits of the arterial
pressure form a narrow band. When the HR
decelerates, the orbits move leftwards along
the x-axis, reach the left most position
corresponding to the minimum of HR and then move
towards the original position obtained for
stable HR (i.e., towards the right) (marked by
E in panel C, and panel E}. Contrarily, the
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reconstructed orbits move towards the right
along the x~axis as the HR accelerates (marked
by F in panel C, and panel F},

Figure 4 shows the arterial blood
pressure recorded from a 20-day-old embryo
(upper tracing in panel A), the IHR calculated
from the time interval of the maximum blood
pressure (lower tracing in panel A} and the
reconstructed orbhits (panels B, C and D} of
blood pressure signals for the period indicated
by the letters B, C and D in panel A. During
a 33-sec recording, a single-beat acceleration
and deceleration (B) and then an accelerated
HR with single-beat deceleration (D} occurred.

The reconstructed orbits present
characteristic figures for these HR
fluctuations. For 18 pressure signals, the

reconstructed orbits present a similar pattern
corresponding to stable HR, resulting in narrow
band {(marked by C in panel A, and panel C). The
reconstructed orbits of 18 pressure signals
marked by B in panel A constitute two narrow
bands correspending to two different levels of
HR baseline, and the orbit moves posteriorly
along the =z-axis corresponding to HR
acceleration and then soon moves anteriorly
corresponding to subsequent deceleration.
When the HR acceleration occurs duringmultiple
heart beats (marked by D in panel A, and panel
D), the orbits moving antericrly constitute a
wide band compared with the single acceleration

(panel B). The subsequent single deceleration
corresponds to the orbit, which moves
anteriorly.

4 DISCUSSION

The beat-to-beat HR; i.e., IHR, in avian
embryos developing inside the eggshell is
determined from cardicgenic signals detected
noninvasively or invasively'®"'**. scme of
the cardiogenic signals used for IHR
determination are ballistocardiogram (BCG),
acoustocardiogram (ACG), electrocardiogram
(ECG) and arterial blood pressure. IHR is
calculated from the time interval between the
two adjacent peak waves. The BECG which has
sharp spike waves seems to be the most favorable
cardiogenic signal for IHR determination. In
avian eggs, the ECG is detected by electrodes
implanted immediately inside the shell
membrane or the choricallantoic membrane in
order to minimize injury to the embryo and egg
contents., However, the ECG signal is often
disturbed by embryonic activities, because the
electrodes do not contact directly the body of
the embryo, resulting in freguent interruption
of IHR determination. Compared with the ECG
and other cardiogenic signals, the blood
pressure which is detected by the needle
catheter implanted into the allantoic artery
is less influenced by embryonic activities.
Hochel et al.'” measured the blood pressure of
the allanteoic artery in chick embryos and
presented the IHR by determining the time
interval between the peaks of pressure waves
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(i.e., maximum blcod pressure). The guestion
that arises is, in the event that the HR is

25

BP (mmHg)

IHR (bpm)

] : F
i i i
ol — . . £

[HR (bpm)

30
Time {min)

.
canrse
.

.
wagaet?
-

IHR (bpm}

fig. 3. The arterial pressure (BP, panel A),
instantaneous heart rate (IHR) calculated from time
intervals of the two adjacent peaks of blood pressure
{panel B}, IHR derived from the orbit reconstuction
{panel C), and reconstructed orbits (panels D, E and
F) corresponding to IHR indicated by the letters,
D, E and F, respectively, in panel C. Time delay
{t) used for orbit recenstruction was 30 msec.
Asterisk in panels A and B indicate the arterial
klood pressure and IER which correspond to the
arterial pressure and reconstructed orbits shown in
panels A and B of Fig. 2. Arrows in panel A are the
same as in panel A of Fig. 1, indicating artefacts
induced by embryonic activities. Other spikes and
fluctuations of blood pressure in general seem to
coincide chronologically with HR decelerations and
accelerations.

calculated from the time interval between the
minimem blood pressures or from the time
interval between arbitrary levels of the
pressure signals, is the same IHR obtained?
The present determination of IHR from the
reconstructed orbits showed that the IHR
determined from the maximumblood pressure wave
was the same as that derived from an arbitrary
level of the pressure signals (Fig. 3}. This
suggests that even if the IHR is calculated from
the minimum blocd pressure, the same IHR is
obtained and the conventiconal way of IHR
calculation from the maximum pressure wave may
be acceptable. Additionally, there is
evidence that the IHR derived from the
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reconstructed orbits coincides with the IHR
cbtained in conventional calculation from the
maximum blood pressure signal, certifying that
physiological information of the arterial
blood pressure is retained in the reconstructed
orbits.

T
3k
[
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£
X |
o
20}
. ., 300
' {250
LI T Il LLLTY astues (%
.".'W ‘3,
e
. 4200 T
L 1 LJ L I -
B C D
‘ W 150
(W3 L
0 5 28 33
Time {sec)
E 350,
£ . ‘v,
-~ 250"--c e tansagpp||eevornnenensinnians Taes "- Ak
5 - "y N -
= 15048 S D

Fig. 4. The arterial bloed pressure (upper tracing
in panel A), IHR obtained from the pressure wave
{(lower tracing in panel A) and the reconstructed
orbits (panels B, C and D) c¢orresponding to the
arterial blood pressure indicated by the letters,
B, C and D, respectively, in panel A. Time delay
(T) was 30 msec.

In the dynamical systems approach, a
time-varying single variable; i.e., the
arterial blood pressure, BP(t), is
reconstructed by drawing of [BP(t), BP{t+t),
BP(t+2t), »=++, BP(t+{m-1)}) T}. In the present
report, embedding dimension, m, of 3 was taken
to show the orbit in a visikle way (i.e., in
figures). <t was determined empirically to
within one-tenth of a cardiac pericd so that
the orbit could show characteristic patterns.
In other words, pattern of the orbit was not
fixed, but changed by the value of 1. For
reconstructed orbits of the blood pressures
shown in Figs. 1 and 2, ¢ was taken arbitrarily
ag 40 msec and 30 msec, respectively, to show
similar orbit patterns. In the young embryo
(12 days), the magnitude of the reconstructed
orbits was small compared with the late embryo
{18 days), because the pulse pressure was Low.
In addition, the orbits formed a narrow band
centered on a closed circle in the young embryo
(panel B in Fig. 1} and the orbits in the
l8-day-cld embryo tended to move towards a
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direction parallel to the x-axis, forming the
orbits as a sheet-like configuration with a
wide band {panel B in Fig. 2). The direction
of movement and width of the band during several
cardiac cycles reflect the HR fluctuations
(Figs. 3 and 4). When the HR is stable, the
orbits constitute a narrowband (panel D in Fig.
3 and panel C in Fig. 4). When the HR changes
irreqularly, the orbits formwide bands (panels
E and F in Fig. 3, and panels B and D in Fig.
4). The HR fluctuations comprising transient
deceleration and acceleration are presented by
orbits moving in opposing directions
corresponding to decelerated HR (panel E in
Fig., 3) and accelerated HR {panel F in Fig. 3).
In other examples of orbits representing a
combination of a single acceleration and
deceleration (panel B in Fig. 4) and sustained
accelerations with single deceleration (panel
DinFig. 4), the orbits shrink along the z-axis
corresponding to the HR accelerations and then
widen when the single deceleration occurs.
However, we do not know at present the
physiological significance of these orbit
patterns.

As far as the IHR is concerned, it is
sufficient to determine IHR from the time
intervals of the maximum blood pressure and
thus record time-series data only for a part
of the maximum presure signals. Meanwhile,
the IBR cbtained from the chick embryos shows
various fluctuation patterns that interest us
as towhether they are deterministic phenomena.
I1f we have time-series signals for the arterial
blood pressure for the whole cardiac periods,
the dynamical systems analysis (deterministic
approach) can be attempted. In the present
report, we could show characteristic figqures
of the reconstructed orbits for the arterial
blood pressure of the embryos and derive IHR
from the reconstructed orbits. Since this is
the first attempt at using the dynamical
systems approach, we assumed an embedding
dimension, m, tc be 3. The next step for orbit
reconstruction should be to work on a higher
dimensional space (i.e., m should be more than
3) and additionally a correlation dimension
should be determined. Although in future
studies additional calculations must be made
to examine whether the HR fluctuations are

chaotic phenomena, the HR fluctuations
conprised of heart rate variability and heart
rate irregularities will make favorable

bioclogical subjects for nonlinear time-series
analysis.
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