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Aim. To study “patterns” and connections of signaling pathways derived from the rat arterial pulse waveform (APW) under the
condition of transient NO increase. Methods and Results. The right jugular vein of anesthetized Wistar rats was cannulated for
administration of NO donor S-nitrosoglutathione. The left carotid artery was cannulated to detect APW. From rat APW, 35
hemodynamic parameters (HPs) and several their crossrelationships were evaluated. We introduced a new methodology to
study “patterns” and connections of different signaling pathways, which are suggested from hysteresis and nonhysteresis
crossrelationships of 35 rat HPs. Here, we show parallel time-dependent patterns of 35 HPs and some of their crossrelationships
under the condition of transient increase of NO bioavailability by administration of S-nitrosoglutathione. Approximate
nonhysteresis relationships were observed between systolic blood pressure and at least 11 HPs suggesting that these HPs, i.e.,
their signaling pathways, responding to NO concentration, are directly connected. Hysteresis relationships were observed
between systolic blood pressure and at least 14 HPs suggesting that the signaling pathways of these HPs are indirectly
connected. Totally, from the crossrelationships of 35 HPs, one can obtain 595 “patterns” and indication of direct or indirect
connections between the signaling pathways. Conclusion. We described the procedure leading virtually to 595 relationships,
from which “patterns” for transient NO increase and direct or indirect connections of signaling pathways can be suggested.
From a clinical perspective, this approach may be used in animal models and in humans to create a data bank of patterns of
crossrelationships of HPs for different cardiovascular conditions. By comparison with unknown patterns of studied APW with
the data bank patterns, it would be possible to determine cardiovascular conditions of the studied subject from the recorded
arterial blood pressure. Additionally, it can help to find molecular mechanism of particular (patho-) physiological conditions or
drug action and may have predictive or diagnostic value.

1. Introduction

Nitric oxide (NO) is a gaseous free radical occurring also in
biological systems, where it is produced by the nitric oxide
synthase (NOS) family. The NO/NOS system exerts a broad
spectrum of signaling functions including modulation of car-
diovascular pathophysiological conditions [1–6]. The NO

donor, S-nitrosoglutathione (GSNO), has been thought to
be a store of NO and may have potentially therapeutic bene-
ficial effects in cases of NO deficiency [7]. Several signaling
pathways were explored to understand biological effects of
NO [5, 8, 9].

The information obtained from the shape of an arterial
pulse waveform (APW) analysis can provide insight into
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many diseases. Several APW parameters were shown to be
useful for characterization of the cardiovascular system
[10–19]. Recently, we introduced measurement of 35 parallel
time-dependent rat hemodynamic parameters (HPs) from
which crossrelationships can be evaluated [20]. The present
work is also based on the hypothesis that it is possible to
characterize the cardiovascular system in many pathophysio-
logical conditions just from the detailed shape of APW. The
HPs and their crossrelationships may provide “patterns” for
particular cardiovascular conditions, as we obtained for con-
ditions of prolonged decreased NO bioavailability [20].

The molecular mechanism of the pathophysiology of
living organisms, effect of drugs, signaling pathways, and
their connections are extensively studied [6, 21–23]. To
address this problem in cardiovascular signaling, we looked
for specific “patterns” of time dependence of 35 HPs and
some of their crossrelationships in the condition of tran-
sient increase of NO bioavailability. Since effects of NO
were transient, it was possible to study nonhysteresis/hys-
teresis time-dependence changes of 35 HPs. From the
crossrelationships, the “patterns” of direct or indirect sig-
naling pathways were suggested.

2. Methods

2.1. Ethical Approval. All procedures were approved by the
State Veterinary and Food Administration of the Slovak
Republic (C.k. Ro 3123/17-221) according to the guidelines
from Directive 2010/63/EU of the European Parliament.
The procuration of animals, the husbandry, and the experi-
ments conformed to the European Convention for the Pro-
tection of Vertebrate Animals used for Experimental and
other Scientific Purposes (Council of Europe No 123, Stras-
bourg 1985). Experiments were carried out according to the
guidelines laid down by the animal welfare committee of
the Biomedical Research Center, Slovak Academy of Sci-
ences, Bratislava, and conformed to the principles and regu-
lations, as described in the editorial by Grundy [24].

2.2. Animals, APWMeasurement, and Data Evaluation.Male
Wistar rats (n = 10; 340 ± 40 g) were purchased from the
Department of Toxicology and Laboratory Animal Breeding
at Dobra Voda, Slovak Academy of Sciences, Slovakia. The
rats were housed under a 12 h light-12 h dark cycle, at a con-
stant humidity (45-65%) and temperature (20-22°C), with
free access to standard laboratory rat chow and drinking
water. The veterinary nursing care was provided by the Cen-
tral Animal Housing Facility of Pavilion of Medical Sciences
(registration number SK UCH 01017). Rats were anesthe-
tized with Zoletil 100 (tiletamine+zolazepam, 80mgkg-1,
i.p.) and xylazine (5mgkg-1, i.p.). The animals were under
anesthesia during the whole experiment and were euthanized
with an overdose of Zoletil/xylazine via the jugular vein at the
end of the surgical procedure. APW continuous measure-
ment, data analysis, and processing were done essentially as
described in [20]. Basically, the right jugular vein of the anes-
thetized rat was cannulated for administration of experimen-
tal substances or medication. Chirurgical operation started
on average ten minutes after administration of anesthesia
and lasted for 18 ± 4 min. Next, 10-15min was needed to
stabilize systolic BP. After stabilization of the systolic blood
pressure (BP), the NO donor GSNO (32nmol kg-1), prepared
in 0.9% saline solution, was administered into the right jugu-
lar vein (500μl kg-1) over 15 s period; thus, the first GSNO
administration was 40-50min after anesthesia administra-
tion. The left common carotid artery (arteria carotis commu-
nis) was cannulated to insert the fiber-optic microcatheter
pressure transducers (FISO LS 2F Harvard Apparatus,
USA) connected to the FISO Series Signal Conditioners,
and the EVO Chassis was used to measure APW. The ana-
logue signal was filtered by low-pass filter 2.5 kHz, digitalized
at 10 kHz, and analyzed by an application written in
MATLAB (the MathWorks, Inc., Natick, MA, USA) to iden-
tify and analyze ten points (a–j) of APW, which are marked
in Figure 1(a). The definition and abbreviation of the 35
HP parameters calculated from APW points are stated in
the following section. Since points a and j fluctuated with
time intervals ~5-10ms and ~1mmHg BP, respectively
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Figure 1: The left common carotid artery pulse waveform (APW) in the anesthetized rat. (a) Control APW (red) with marked ten points
(black) before GSNO administration. APW recorded 15 s after GSNO (32 nmol kg-1) i.v. administration (blue). (b) Fluctuation of
minimum diastolic BP, point a (a1 or a2).
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(Figure 1(b)), when it was necessary, the data were filtered to
average the fluctuation.

2.3. Description of 35 HPs. Ten points a–j (in italicized let-
ters) are from Figure 1(a), and they mark the values of BP
and time that are used to define (calculate) specific HP. The
letters in parentheses (A) to (R) and (AA) to (RR) refer to
graphs in the figures, and each one represents HP; for exam-
ple, (B) in Figure 2(a) represents heart rate. For more details,
see [20].

(A) Systolic blood pressure in mmHg; point c or f.

(B) Heart rate in min−1; 60/ðj − aÞ; ðj − aÞ represents
the time interval between a and j; a and j are
two reference points to diastolic BP value

(C) Systolic area in mmHg s; integral BP of a to h; h
refers to BP at the dicrotic notch (dicrotic BP)

(D) dP/dtmax in mmHgms−1; maximum derivative at
point b; P is BP in mmHg

(E) dP/dtmax relative level; relative level (RL for short)
of point b; ðb − aÞ/ðc ðor f Þ − aÞ in mmHg/mmHg
(dimensionless)

(F) dP/dtd in mmHgms−1; negative maximum deriv-
ative at point i; point i is the BP at the middle of
the time interval between h and j

(G) dP/dtd relative level, relative level of point i;
ði − aÞ/ðc ðor f Þ − aÞ in mmHg/mmHg
(dimensionless)

(H) dP/dtd − dP/dtmax in s; time interval between b
and i, dP/dtd − dP/dtmax = ði − bÞ

(I) dP/dtd − dP/dtmin in s; time interval between g
and i, dP/dtd − dP/dtmin = ði − gÞ; dP/dtmin is the
negative maximum derivative at the point g

(J) Diastolic blood pressure in mmHg; the point a or j

(K) Pulse BP in mmHg; ðc − aÞ or ð f − aÞ
(L) Diastolic area in mmHg s; integral BP of h to j

(M) dP/dtmin in mmHgms–1; dP/dtmin is the maxi-
mum negative derivative at the point g

(N) dP/dtmin relative level, relative level of point g;
ðg − aÞ/ðc ðor f Þ − aÞ in mmHg/mmHg
(dimensionless)

(O) dP/dtmin delay in s; delay in s of point g; ðg − aÞ
time interval between a and g

(P) dP/dtd delay in s; delay in s of point i; ði − aÞ time
interval between a and i

(Q) dP/dtd − dP/dtmax in mmHg; ði − bÞ BP difference
between b and i

(R) dP/dtd − dP/dtmin in mmHg; ði − gÞ BP difference
between g and i

(AA) Systolic blood pressure in mmHg; point c or f. Plot
(AA) is the same as (A)

(BB) Anacrotic notch in mmHg; BP at point d

(CC) Anacrotic notch relative level; relative level of
point d; ðd − aÞ/ðc ðor f Þ − aÞ in mmHg/mmHg
(dimensionless)

(DD) Anacrotic notch delay in ms; delay in ms of point
d; ðd − aÞ time interval between a and d

(EE) Anacrotic notch relative delay; relative delay (RD
for short) of point d; ðd − aÞ/ðj − aÞ in ms/ms
(dimensionless)

(FF) ½Dicrotic notch ðDiNÞ in s� − ½anacrotic notch ðAnN
Þ in s� in s; ðh − dÞ time interval between d and h

(GG) ½ðDiN −AnNÞ in s�/½dP/dtmin inmmHg μs−1� in
s/mmHgμs−1; ðh − dÞ/g

(HH) ½ðDiN −AnNÞ in s�/½dP/dtmax inmmHg μs−1� in
s/mmHgμs−1; ðh − dÞ/b

(II) ½AnN inms� − ½1max ðpoint c or the 1stmaximumÞ
inms� in ms; ðd − cÞ time interval between c and d

(JJ) Augmentation index relative; ð f − cÞ/ð f − aÞ in
mmHg/mmHg (dimensionless)

(KK) Dicrotic notch in mmHg; BP at the point h

(LL) Dicrotic notch relative level; relative level of point
h; ðh − aÞ/ðc ðor f Þ − aÞ in mmHg/mmHg
(dimensionless)

(MM) Dicrotic notch delay in ms, delay in ms of point h;
ðh − aÞ time interval between a and h

(NN) Dicrotic notch relative delay; relative delay of
point h; ðh − aÞ/ðj − aÞ; in ms/ms (dimensionless)

(OO) ½DiN inmmHg� − ½AnN in mmHg� in mmHg;
ðh − dÞ BP difference between d and h

(PP) ½ðDiN −AnNÞ inmmHg�/½dP/dtmin inmmHgm
s−1� in mmHg/mmHgms−1; ðh − dÞ/g

(QQ) ½ðDiN −AnNÞ inmmHg�/½dP/dtmax inmmHgm
s−1� in mmHg/mmHgms−1; ðh − dÞ/b

(RR) ½AnN inmmHg� − ½1max ðpoint c or the 1st
maximumÞ inmmHg� in mmHg; ðd − cÞ BP dif-
ference between c and d

3. Results

3.1. Crossrelationships between HPs after Repeated GSNO
Administration. Since the effect of GSNO on 35 HPs was
transient, it was possible to evaluate stability/reproducibility
of our detection and data processing system which was nec-
essary to know in order to estimate the hysteresis of signaling
pathways. In the following experiments, we tested how the
detailed changes of the APW shape are reproducible in high
time and pressure resolution. For better visual comparison,
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Figure 2: (a) Time-dependent changes of HPs of anesthetized rat after four subsequent i.v. bolus administrations of 32 nmol kg−1 GSNO
(marked by dash lines). Each administration and recording HP has a different color. The red line starts 3 s before GSNO administration.
(b) Relationships of HPs to systolic BP after the first three administrations of 32 nmol kg−1 GSNO. The data and colors were taken from (a).
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plots (A) and (AA) presenting systolic BP in the figures are
the same. The plot of the augmentation index relative (e.g.
Figure 2(a), (JJ)) was not possible to determine in cases when
the highest point at APW was c and not f (Figure 1; note that
point f representing maximal systolic BP can be different
from the point c representing the 1st maximal BP).

The time-dependent changes of 35 HPs after 4 times con-
secutive administration of NO donor, 32 nmol kg−1 GSNO,
are shown in Figure 2(a). The time-dependent changes of
35 HPs were well reproducible after the second and the third
but less after the fourth GSNO administration. Some, but not
all, HPs “followed” the time-dependent changes of systolic or
diastolic BP.

In order to find “patterns” of the time-dependent parallel
changes between HPs, their crossrelationships were studied.
An example of the crossrelationships between the HPs and
the systolic BP after the first, second, and third subsequent
administrations of GSNO shows again that the patterns were
reproducible (Figure 2(b)). It is noticeable that data between
the first and the second administration are reproducible
within ~1-2mmHg and 1-2ms, or e.g., the changes of time
interval “DiN-AnN” were reproducible within the window
of 6ms (Figure 2(b), (FF)). The high sensitivity of the
recorded system proved not only the clear detection of the
anacrotic notch (Figure 1(a), d), but also the detection of
the time and pressure fluctuation of diastolic BP between
points a1 and a2, as it is seen from nonfiltered time-
dependent HPs (Figure 1(b)).

Comparison of the crossrelationship between the HPs
and systolic BP after the first and the fourth administration
of GSNO shows that the patterns of the relationships of the
fourth administration were not properly preserved or some
of the relationships were “shifted” (Figure S1) indicating
that reproducibility was lower than in the previous case
(Figure 2(b)). It is supposed that the lower reproducibility
was due to the time-dependent reduced efficiency of
anesthetics.

The crossrelationship of HPs of the three GSNO admin-
istrations revealed a pattern for each HP. For example, in the
systolic BP-HP crossrelationship, nonhysteresis (approxi-
mate linear) relationships were observed between systolic
BP and (RL/D is an acronym for relative level/delay) the fol-
lowing: dP/dtmax‐RL (E), dP/dtd‐RL (G), diastolic BP (J),
pulse BP (K), dP/dtmin (M), dP/dtd − dP/dtmax (Q), AnN
(BB), AnN delay (DD), DiN (KK), DiN −AnN (OO), and ð
DiN −AnNÞ/dP/dtmax (QQ) (Figure 2(b)). It is supposed
that the nonhysteresis relationship indicates that the signal-
ing pathway(s) of HPs, responding to NO concentration, is
directly connected; i.e., the NO signaling pathway(s) regu-
lates directly both of the HPs.

Hysteresis loop relationships were observed between sys-
tolic BP and the following: heart rate (B), systolic area (C),
dP/dtmax (D), dP/dtd (F), dP/dtd − dP/dtmax (H), diastolic
area (L), dP/dtmin delay (O), dP/dtd delay (P), Din −AnN
(FF), ðDiN −AnNÞ/dP/dtmax (HH), DiN delay (MM), or
DiN-RD (NN). The hysteresis loop relationship indicates
that the signaling pathway(s) of these HPs is delayed of each
other or they are indirectly connected with systolic BP. Some
pathways are faster than others, and/or “the later” pathways

are responding to “the earlier” ones, causing the hysteresis
delay. It is noticed that even in the case when the pattern of
the third administration (green line) was shifted (e.g.
Figure 2(b), (B), (H), (P)), the shape of the patterns remained
similar. One can characterize the crossrelationship between
the particular HP (taken from the 35 HPs) and other HPs
and describe totally the 595 plots. Each of these crossrelation-
ships reflects a specific connection between signaling path-
ways regulating the two particular HPs. Each plot of the
two HPs is the pattern for the specific cardiovascular condi-
tion, and some of them may be unique for changes of NO
concentration in the cardiovascular system. Figure 2(b)
shows a 2-dimensional relationship only. The time dimen-
sion could be obtained if three-dimensional graphs are con-
structed. However, we found them too complex for visual
presentation.

3.2. Nonhysteresis/Hysteresis Relationships between HPs
during Transient Increased NO Bioavailability. To look for
details of patterns of crossrelationships between HPs and
the connection between different pathways during transient
increase of NO bioavailability, we better evaluated the time
interval of decrease (red line) and increase (blue line) of sys-
tolic BP after GSNO administration. Figure 3(a) shows an
example of the time-dependent changes of 35 HPs. Some
HPs did follow, but some did not, the decrease/increase of
systolic BP, as shown, e.g., in plots (B), (F), (H), (L), (N),
(O), (P), (R), (EE), (FF), (MM), or (RR). Figure 3(b) shows
an example of the relationship of 34 HPs to systolic BP after
administration of GSNO. The relationship of HPs to systolic
BP in the other nine rats is shown in Figures S2A-S2I. The
data taken from Figure 3(b) and S2A-S2I from ten rats
revealed nonhysteresis/hysteresis relationships, “direct” or
“delayed-indirect” connections, between different pathways
(Figure 3(c)).

The nonhysteresis or mostly nonhysteresis relationships
(direct signaling pathways) were observed between systolic
BP and the following: diastolic BP (J), pulse BP (K), dP/d
tmin (M), AnN (BB), dP/dtd-RL (G), AnN delay (DD), AnN
– 1max (II), DiN (KK), dP/dtmax (D), dP/dtmax-RL (E), dP/
dtd − dP/dtmax (Q), DiN −AnN (OO), ðDiN −AnNÞ/dP/d
tmin (PP), or ðDiN −AnNÞ/dP/dtmax (QQ).

The pronounced hysteresis and/or approximately wedge-
shaped hysteresis (delayed-indirect signaling pathways)
relationships were observed between systolic BP and the fol-
lowing: systolic area (C), dP/dtd (F), diastolic area (L), dP/d
tmin-RL (N), dP/dtmin delay (O), dP/dtd − dP/dtmin (R),
DiN −AnN (FF), ðDiN −AnNÞ/dP/dtmax (HH), DiN-RL
(LL), DiN delay (MM), heart rate (B), dP/dtd − dP/dtmax
(H), dP/dtd delay (P), or AnN – 1max (RR). The nonhyster-
esis/hysteresis responses were not pronounced in the rest of
the HPs (Figure 3(c)). Using the same procedure for each
couple of 35 HPs, one can describe totally the 595 direct/in-
direct signaling pathways.

3.3. Rates of Time-Dependent Changes of HPs after Transient
Increase of NO Bioavailability. The time-dependent changes
of HPs after GSNO administration (Figure 3(a)) allowed us
to estimate and compare rates of the changes of different
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HPs to the transient decrease of systolic BP. To compare the
rates of the responses of HPs with changes of systolic BP after
GSNO administration, the time differences between local
minimum or maximum of the time-dependent values of
HPs and the control minimum of systolic BP (pink line in
Figure 3(a)) were manually evaluated. The rate of HP
changes, depicted as plots (B), (E), (F), (H), (I), (M), (O),
(P), (DD), (EE), (FF), (GG), (II), and (MM), was faster (at
least part of them) than the rate of changes of systolic BP.
The changes of HPs, depicted as plots (D), (G), (L), (N),
(Q), (R), (FF), (HH), (LL), and (PP), were slower than the
changes of systolic BP. The rates of other HPs were not clear
(Figure 4). The different rates may reflect different “speeds”
of signaling pathways responsible for the changes of the
related HPs.

3.4. Effect of Increase of NO Bioavailability on HPs. Since the
decrease of systolic BP was observed during GSNO adminis-
tration, it is supposed to reflect the increase of NO bioavail-
ability. The time-dependent changes of HPs during the
decrease of systolic BP are shown in Figure 5. Each color in

the figure represents individual rats. Systolic BP of control
measurements was mostly (7/10) in the range 97-
102mmHg. However, most of the other control HPs (before
GSNO administration) had apparently greater variability,
e.g., see plots (B), (D), (F), (H), (I), (L), (N), (O), (P), (Q),
(R), (CC), (DD), (EE), (FF), (GG), (HH), (LL), (NN), or
(RR) (Figure 5). After GSNO administration, some of the
HP values were “scattered” more, e.g., systolic BP (A) or
systolic area (C), and some of them less, e.g., dP/dtmax
(D), dP/dtmin-RL (N), or dicrotic notch relative level
(LL), indicating a complex effect of NO on the cardiovas-
cular system (Figure 5). Figure 6 shows the average time-
dependent changes of 35 HPs observed on 10 independent
rats during increase of NO bioavailability resulting from
GSNO administration. The time-dependent changes were
observed in most of the HPs.

3.5. Comparison of Increase with Prolonged Decrease of NO
Bioavailability on 35 HPs. In our previous study, we evalu-
ated time-dependent changes of 35 HPs in the condition of
prolonged decrease of NO bioavailability caused by
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Figure 3: (a) Time-dependent changes of HPs of anesthetized rat after i.v. bolus administration of 32 nmol kg−1 GSNO (marked by black dash
lines). The minimum value of systolic BP is marked by pink dash lines. The red line starts 3 s before GSNO administration. The red part of the
curve corresponds to the decrease of systolic BP and the blue one to the increase of systolic BP. (b) Relationships of HPs to systolic BP after
administrations of 32 nmol kg−1 GSNO. The red line represents the decrease of systolic BP from the control BP before GSNO administration
to the lowest BP, and the blue line represents the increase of systolic BP from the lowest systolic BP to the control systolic BP ((A) or (AA) of
(a)). The hysteresis was arbitrary defined as HP-systolic BP loop > 5mmHg of systolic BP. (c) Nonhysteresis/hysteresis patterns of the
relationships of HPs to systolic BP after administrations of 32 nmol kg−1 GSNO. Data were taken from (b) and S2. The total number of
rats in which nonhysteresis (blue) or hysteresis (red) patterns were observed is n = 10. The hysteresis was arbitrarily defined as HP-systolic
BP loop > 5mmHg of systolic BP.
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administration of NOS inhibitor, N(ω)-nitro-L-arginine
methyl ester (L-NAME) (see Figure 3 in [20]). We compared
those data with the data obtained under the conditions of
increased NO bioavailability by GSNO (Figure 6). The com-
parison of the effects of time-dependent increase (by GSNO)
and decrease (by L-NAME) of NO bioavailability on HPs
revealed that only 17 out of 35 HPs have an opposite clear
trend indicating a possible direct relation to NO bioavail-
ability (Table 1). Interestingly, 10 HPs have the same
time-dependent trend during increase or decrease of NO
bioavailability, which may indicate that they reflect the cardio-
vascular system in an optimal NO bioavailability condition.
For example, pulse BP, as an important parameter of the
cardiovascular system reflecting arterial stiffness, increased
during both increasing and decreasing NO bioavailability.
Effect on the remaining 8 HPs was even more complex, show-
ing an unclear or noncorrelated biphasic time-dependent
response during increase and decrease of NO bioavailability.

3.6. Effect of Transient Increase in NO Bioavailability on
Distinct Fluctuation of Diastolic BP. Administration of
GSNO influenced also a minor fluctuation of diastolic BP.
The high sensitivity of the recording system detected the dis-
tinct diastolic BP fluctuation between two points (Figure 1,
points a1 and a2), which is clearly seen from the measure-
ment of time interval between anacrotic notch (d) and dia-
stolic BP (a1 or a2), and this time interval ðd − a1Þ or

ðd − a2Þ can be depicted as the plot of anacrotic notch delay
(Figure 7(a), (DD)). The higher value of anacrotic notch
delay in ms (Figure 7(b)) indicates that diastolic BP at point
a1 was lower than at point a2. The time dependence of the
anacrotic notch delay more or less reflected the time-
dependent changes of systolic BP and the position of the ana-
crotic notch in mmHg (Figure 7(a)). The comparison of the
fluctuation between the a1 and a2 values at single pulses,
the ratio of a2/a1 pulses, showed that 30 s after the GSNO
administration, when systolic BP decreased, the a2/a1 ratio
decreased to zero and returned back when systolic BP
returned to the control values—before GSNO administration
(Figure 7(c)).

4. Discussion

Our work is based on the hypothesis that it is possible to
characterize the cardiovascular system in pathophysiologi-
cal conditions just from the shape of APW [20]. From
the data, it is evident that the presented approach detects
subtle changes of APW with sufficient reproducibility
under equal experimental conditions. The NO donor
GSNO was i.v. administered continuously for 15 s, during
which systolic BP gradually decreased for ~18 s, and later, BP
increased. This is in agreement with fast inactivation of NO
in plasma by binding to oxyhemoglobin with subsequent con-
version to methemoglobin and nitrate [4, 25] and with reports

Ti
m

e a
dv

an
ce

/d
el

ay
 o

f H
Ps

 fr
om

 m
in

im
um

 o
f s

ys
to

lic
 B

P 
(m

in
)

−0.4

0.0

0.4

0.8

−0.4

0.0

0.4

0.8

(A) (B) (C) (D) (E) (F) (G) (H) (I) (J) (K) (L) (M) (N) (O) (P) (Q) (R)

(BB) (DD) (FF) (HH) (JJ) (LL) (NN) (PP)
(AA) (CC) (EE) (GG) (II) (KK) (MM) (OO) (QQ)

(RR)

Figure 4: Comparison of time advance/delay of the responses of HPs with comparison to minimum of systolic BP (0min, Figure 3(a)) after
i.v. administration of GSNO (means ± SE; n = 10). The red circle symbol represents the average advance response and the black one the
average delay response.

10 BioMed Research International



40

70

−15

−10

−5

−10

−5

0.15

0.18

Time (s)
0 10 20

Time (s)
0 10 20

0.08

0.10

0.3

0.6

210

260

0.15

0.18

0.08

0.10

1.6

2.6

4

6

0.2

0.4

1

2

0.4

0.5

−0.16

−0.08

−1.5

−0.5

30

50

80

100 (A)

(B)

(C)

(D)

(E)

(F)

(J)

(K)

(L)

(M)

(N)

(O)

(P)

(G)

(H)

(I)

(Q)

(R)

H
ea

rt
 ra

te
(m

in
−1

)
Sy

sto
lic

 ar
ea

(m
m

H
g 

s)
d
P

/d
t m

ax
re

l. 
le

ve
l

d
P

/d
t m

ax
(m

m
H

g 
m

s−1
)

d
P

/d
t d

(m
m

H
g 

m
s−1

)
d
P

/d
t d

re
l. 

le
ve

l

d
P

/d
t d

−d
P

/d
t m

ax
(s

)

d
P

/d
t d

−d
P

/d
t m

in
(s

)
Sy

sto
lic

 b
lo

od
pr

es
su

re
 (m

m
H

g)

D
ia

sto
lic

 b
lo

od
pr

es
su

re
 (m

m
H

g)
 

D
ia

sto
lic

 ar
ea

(m
m

H
g 

s)
d
P

/d
t m

in
re

l. 
le

ve
l

d
P

/d
t m

in
de

la
y 

(s
)

d
P

/d
t d

de
la

y 
(s

)

d
P

/d
t d

−d
P

/d
t m

ax
(m

m
H

g)

d
P

/d
t d

−d
P

/d
t m

in
(m

m
H

g)
d
P

/d
t m

in
(m

m
H

g 
m

s−1
)

Pu
lse

 b
lo

od
pr

es
su

re
 (m

m
H

g)

32 nmol kg−1 GSNO 32 nmol kg−1 GSNO

A
ug

m
en

ta
tio

n
in

de
x 

re
l.

D
iN

 - 
A

nN
 (m

m
H

g)
/d
P

/d
t m

ax
(m

m
H

g 
m

s−1
)

D
iN

 - 
A

nN
 (m

m
H

g)
/d
P

/d
t m

in
(m

m
H

g 
m

s−1
)

A
nN

-1
m

ax
(m

m
H

g)
 

D
ic

ro
tic

 n
.

re
l. 

de
la

y
D

iN
 −

 A
nN

(m
m

H
g)

D
ic

ro
tic

 n
.

re
l. 

le
ve

l
D

ic
ro

tic
 n

.
de

la
y 

(m
s)

D
ic

ro
tic

 n
.

(m
m

H
g)

A
nN

-1
m

ax
(m

s)
A

na
cr

ot
ic

 n
.

(m
m

H
g)

A
na

cr
ot

ic
 n

.
re

l. 
le

ve
l

A
na

cr
ot

ic
 n

.
de

la
y 

(m
s)

A
na

cr
ot

ic
 n

.
re

l. 
de

la
y

D
iN

 −
 A

nN
(m

s)

D
iN

 - 
A

nN
 (s

)
/d
P

/d
t m

in
(m

m
H

g 
𝜇

s−1
)

D
iN

 - 
A

nN
 (s

)
/d
P

/d
t m

ax
(m

m
H

g 
𝜇

s−1
)

Sy
sto

lic
 b

lo
od

pr
es

su
re

 (m
m

H
g)

0.0

0.5

−5

0

−15

−5

8

16

Time (s)
0 10 20

Time (s)
0 10 20

9

12

0.3

0.4

70

90

0

15

−20

0

0.6

0.8

25

30

−100

−50

0.3

0.6

0.07

0.12

56

63

80

100

40

80

80

100 (AA)

(BB)

(CC)

(DD)

(EE)

(FF)

(JJ)

(KK)

(LL)

(MM)

(NN)

(OO)

(PP)(GG)

(HH)

(II)

(QQ)

(RR)

32 nmol kg−1 GSNO 32 nmol kg−1 GSNO

Figure 5: Time-dependent changes of HPs of anesthetized rat after i.v. bolus administration of 32 nmol kg−1 GSNO (marked by dash line).
The decreasing part of the systolic BP was evaluated only; n = 10. Each color represents an individual rat.

11BioMed Research International



H
ea

rt
 ra

te
(m

in
−1

)
Sy

sto
lic

 ar
ea

(m
m

H
g 

s)
d
P

/d
t m

ax
re

l. 
le

ve
l

d
P

/d
t m

ax
(m

m
H

g 
m

s−1
)

d
P

/d
t d

(m
m

H
g 

m
s−1

)
d
P

/d
t d

re
l. 

le
ve

l

d
P

/d
t d

−d
P

/d
t m

ax
(s

)

d
P

/d
t d

−d
P

/d
t m

in
(s

)
Sy

sto
lic

 b
lo

od
pr

es
su

re
 (m

m
H

g)

D
ia

sto
lic

 b
lo

od
pr

es
su

re
 (m

m
H

g)
 

D
ia

sto
lic

 ar
ea

(m
m

H
g 

s)
d
P

/d
t m

in
re

l. 
le

ve
l

d
P

/d
t m

in
de

la
y 

(s
)

d
P

/d
t d

de
la

y 
(s

)

d
P

/d
t d

−d
P

/d
t m

ax
(m

m
H

g)

d
P

/d
t d

−d
P

/d
t m

in
(m

m
H

g)
d
P

/d
t m

in
(m

m
H

g 
m

s−1
)

Pu
lse

 b
lo

od
pr

es
su

re
 (m

m
H

g)

40

60

-12

-8

-6

-3

0.15

0.16

Time (s)
−5 0 5 10 15 20

Time (s)
−5 0 5 10 15 20

0.08

0.09

0.3

0.5

240

270

0.16

0.17

0.085

0.090

1.8

2.4

4.8

5.6

0.2

0.3

1.2

1.6

0.45

0.50

−0.15

−0.12

-1.2

-0.8

30

40

90

100
(A)

(B)

(C)

(D)

(E)

(F)

(J)

(K)

(L)

(M)

(N)

(O)

(P)(G)

(H)

(I)

(R)

(Q)

32 nmol kg−1 GSNO 32 nmol kg−1 GSNO

0.0

0.5

−4

−2

−12

−9

10

13

9

10

0.34

0.36

75

85

10

20

−20

−10

0.65

0.75

24

28

−90

−60

0.2

0.4

0.10

0.12

55

60

84

90

60

80

90

100
(AA)

(BB)

(CC)

(DD)

(EE)

(FF)

(JJ)

(KK)

(LL)

(MM)

(NN)

(OO)

(PP)(GG)

(HH)

(II)

(RR)

(QQ)

A
ug

m
en

ta
tio

n
in

de
x 

re
l.

D
iN

 - 
A

nN
 (m

m
H

g)
/d
P

/d
t m

ax
(m

m
H

g 
m

s−1
)

D
iN

 - 
A

nN
 (m

m
H

g)
/d
P

/d
t m

in
(m

m
H

g 
m

s−1
)

A
nN

-1
m

ax
(m

m
H

g)
 

D
ic

ro
tic

 n
.

re
l. 

de
la

y
D

iN
 - 

A
nN

(m
m

H
g)

D
ic

ro
tic

 n
.

re
l. 

le
ve

l
D

ic
ro

tic
 n

.
de

la
y 

(m
s)

D
ic

ro
tic

 n
.

(m
m

H
g)

A
nN

-1
m

ax
(m

s)
A

na
cr

ot
ic

 n
.

(m
m

H
g)

A
na

cr
ot

ic
 n

.
re

l. 
le

ve
l

A
na

cr
ot

ic
 n

.
de

la
y 

(m
s)

A
na

cr
ot

ic
 n

.
re

l. 
de

la
y

D
iN

 - 
A

nN
(m

s)

D
iN

 - 
A

nN
 (s

)
/d
P

/d
t m

in
(m

m
H

g 
𝜇

s−1
)

D
iN

 - 
A

nN
 (s

)
/d
P

/d
t m

ax
(m

m
H

g 
𝜇

s−1
)

Sy
sto

lic
 b

lo
od

pr
es

su
re

 (m
m

H
g)

Time (s)
−5 0 5 10 15 20

Time (s)
−5 0 5 10 15 20

32 nmol kg−1 GSNO 32 nmol kg−1 GSNO

Figure 6: Time-dependent changes of HPs of anesthetized rat after i.v. bolus administration of 32 nmol kg−1 GSNO (marked by dash
line). The decreasing part of systolic BP was evaluated only. The data are means (SE) of values from Figure 5 (n = 10).
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that nitrovasodilators produce characteristic changes in the
shape of a rabbit peripheral pulse wave specific to NO [17, 26].

The origin of the short (width~10ms) and deep (~5-
15mmHg) anacrotic notch (point d in Figure 1(a)) is not
yet fully understand. It may result from a sudden decrease
in the rate of acceleration of pressure, sudden and short
increase of blood volume of the arterial tree, and/or reflection
waves from the arterial tree. We do not know what the minor

time/pressure fluctuation of diastolic BP (Figures 1(a) and
1(b), point a—a1 or a2, and Figure 7) reflects. But the obser-
vations that point a fluctuated between two distinct positions
and that it was influenced by NO bioavailability and by
decrease/increase of BP indicate that it might be (patho-)
physiologically important (Figure 7).

It is suggested that the nonhysteresis of the crossrelation-
ship between two particular HPs revealed a direct connection
between the signaling pathways regulating these two HPs,
whereas hysteresis revealed that the signaling pathways are
indirectly connected or they are time delayed of each other
(Figures 2(b), 3(b), and 3(c)). The HPs related to the
NO/cGMP-mediated relaxation of periphery and coronary
blood vessels, e.g., the diastolic BP, pulse BP, and dP/dtmin,
were found to be in a nonhysteresis relationship to BP. Some
of the HPs in a hysteresis relationship with BP, e.g., heart
rate, dP/dtmax, systolic area, and dicrotic notch delay,
reflected the reflex response of the heart to BP changes. Each
plot of the crossrelationship between two HPs is the pattern
for the particular cardiovascular condition, and some of them
may be unique for changes of NO concentration in the car-
diovascular system. Similarly, from the comparison of the
rates of decrease/increase of HPs (Figure 4), it is suggested
that the rates of HPs, which followed the rate of systolic BP
change, reflect the direct connection between signaling path-
ways and the rates of HPs, and those, which are different to
the systolic BP, reflect the signaling pathways indirectly con-
nected or they are time delayed of each other.

The observation that in spite of stabilization of baseline
systolic BP to ~100mmHg (7/10), other baseline HPs are
not in the same compact range (Figure 5) indicates that using
systolic BP alone as a standard in vivo experimental condi-
tion in animal models should be taken with caution. There
are two possible reasons for the greater variability of control
HP values. At the ~100mmHg of systolic BP, other HPs are
not stabilized because they reflect subtle details of cardiovas-
cular conditions resulting from individual physiological con-
ditions or from the different effect of anesthesia on a
particular rat. Since anesthesia influences HPs [27], it is sup-
posed that a different level of anesthesia may contribute to
the data variability differently.

It was expected that the trend of the time-dependent
changes of most of the HPs should be opposite during
increase (by GSNO) and decrease (by L-NAME) of NO bio-
availability. However, only 17 out of 35 HPs had a clear
opposite trend indicating that these HPs reflect a possible
direct relation of the parameters to NO bioavailability. For
instance, it was suggested that the changes in the relative level
of the dicrotic notch are specific for NO signaling [17, 26].
We found that the relative level of the anacrotic and the
dicrotic notch corresponded with the NO bioavailability pos-
itively and negatively, respectively, and these changes were in
a nonhysteresis relationship with BP. Remarkably, 10 HPs
had the same time-dependent trend during the increase or
decrease of NO bioavailability indicating that they describe
how altered NO bioavailability “detunes” the cardiovascular
system in a similar direction. This may indicate that these
HPs reflect optimal NO bioavailability. Effect on the

Table 1: Comparison of time-dependent effects of increased
(32 nmol kg−1 GSNO; Figure 6) and decreased (25mg kg−1 L-
NAME; data from Figure 3 in [20]) NO concentrations on HPs.

Description GSNO L-NAME

(A) Systolic blood pressure (in mmHg) ↓ ↑

(B) Heart rate (in min−1) ~ ↓

(C) Systolic area (in mmHg s) ↑ ↑

(D) dP/dtmax (in mmHgms−1) ↑ ↓

(E) dP/dtmax relative level ↓ ↓

(F) dP/dtd (in mmHgms−1) ↓↑ ↑↓

(G) dP/dtd relative level ↓ ↑↓

(H) dP/dtd − dP/dtmax (in s) ↑ ↑

(I) dP/dtd − dP/dtmin (in s) ↑↓ ↑

(J) Diastolic blood pressure (in mmHg) ↓ ↑

(K) Pulse blood pressure (in mmHg) ↑ ↑

(L) Diastolic area (in mmHg s) ↓ ↑

(M) dP/dtmin (in mmHgms−1) ↓ ↓

(N) dP/dtmin relative level ↓ ↑↓

(O) dP/dtmin delay (in s) ↑ ↑

(P) dP/dtd delay (in s) ↑ ↑

(Q) dP/dtd − dP/dtmax (in mmHg) ↓ ↑

(R) dP/dtd − dP/dtmin (in mmHg) ↑ ↓

(AA) Systolic blood pressure (in mmHg) ↓ ↑

(BB) Anacrotic notch (in mmHg) ↓ ↑

(CC) Anacrotic notch relative level ↑ ↓

(DD) Anacrotic notch delay (in ms) ↑ ↓

(EE) Anacrotic notch relative delay ↑ ↓

(FF) Dicrotic notch DiNð Þ −Anacrotic notch
AnNð Þ (in s)

↑ ↑

(GG) DiN −AnNð Þ/dP/dtmin (in s/mmHg μs-1) ↑ ↑

(HH) ðDiN −AnN/dP/dtmax (in s/mmHg μs-1) ↓ ↑

(II) AnN − 1max (in ms) ↑ ↓

(JJ) Augmentation index relative ~ ↑

(KK) Dicrotic notch (in mmHg) ↓ ↑

(LL) Dicrotic notch relative level ↓ ↑↓

(MM) Dicrotic notch delay (in ms) ↑ ↑

(NN) Dicrotic notch relative delay ↑ ↓

(OO) DiN −AnN (in mmHg) ↓ ↑

(PP) DiN −AnNð Þ/dP/dtmin
(in mmHg/mmHgms−1)

↑ ↓

(QQ) DiN −AnNð Þ/dP/dtmax
(in mmHg/mmHgms−1)

↓ ↑

(RR) AnN − 1max (in mmHg) ~ ↑
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remaining 8 HPs was even more complex, showing an
unclear or biphasic time-dependent response during the
increase/decrease of NO bioavailability (Table 1). The data
reveal a complex response of the cardiovascular system to
NO bioavailability. However, the actual meaning of most
HPs and their crossrelationships to particular signaling path-
ways is unknown, remaining a challenge for the future study.

5. Conclusion

Our work provides a new insight of exploring APW to char-
acterize novel details of the cardiovascular system, in partic-
ular, conditions, and presents numerous original data
characterizing APW by new HPs and by their crossrelation-
ships. The time-dependent changes of 35 HPs were simulta-
neously evaluated and revealed details of the APW shape at

high time and BP resolutions, which enabled us to detect,
e.g., the anacrotic notch, the minor time/pressure fluctuation
of diastolic BP, and to define several new HPs and present
simultaneously their time-dependent changes and crossrela-
tions. Since effects of NO were transient, we showed the dif-
ferent rates and nonhysteresis/hysteresis time-dependent
changes of 35 HPs, and from their crossrelationships to
systolic BP, the “patterns” and direct/indirect signaling path-
ways were suggested.

The observed time-dependent changes of 35 HPs and
their crossrelationships can serve as patterns for conditions
of transient increase/decrease of NO. However, to determine
which of the patterns are “unique” for increase/decrease of
NO, more studies are needed to define the cardiovascular
system in different particular conditions. The specific
patterns may reveal details of function, connection, and/or
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cooperation of different signaling pathways in the cardiovas-
cular system. The “unique patterns” for NO could be deter-
mined only after knowing patterns for different
pathophysiological cardiovascular conditions, e.g., when spe-
cific membrane channels are blocked or activated by selective
drugs and when specific receptors or particular signaling
pathways are activated and inhibited. From a clinical per-
spective, this approach may be used in animal models and
in humans to create a data bank of patterns of crossrelation-
ships of HPs for different cardiovascular conditions. By com-
parison of unknown patterns of studied APW with the data
bank patterns, it would be possible to determine cardiovascu-
lar conditions of the studied subject from the recorded arte-
rial BP. It can help to find the molecular mechanism of
particular (patho-) physiological conditions or drug action
and may have predictive or diagnostic value.

Data Availability

All findings and conclusions are based on the presented fig-
ures in the main text or in the supplementary information.
Original source files can be sent from the corresponding
author, Dr. Karol Ondrias, upon request.

Conflicts of Interest

The authors declare no conflict of interest.

Authors’ Contributions

K.O. and S.C. conceived and coordinated the study. L.K.,
A.M., L.T., and A.B. performed the rat in vivo experiments.
L.K., A.M., L.T., A.B., M.G., and K.O. collected, analyzed,
and interpreted the data. L.K., A.M., L.T., M.G., and K.O.
wrote the manuscript. K.O., A.M., and S.C. critically revised
the text. M.G. submitted the manuscript. All persons listed
as authors are qualified for authorship.

Acknowledgments

This research was funded by the Slovak Research and Devel-
opment Agency [grant numbers APVV-15-0371 to A.M.,
M.G., L.T., L.K., and K.O.; APVV-15-0565 to A.M, A.B.,
and S.C.], the VEGA Grant Agency of the Slovak Republic
[grant numbers VEGA/2/0079/19 to M.G. and
VEGA/2/0014/17 to K.O.], and the University Science Park
for Biomedicine [ITMS 26240220087].

Supplementary Materials

Figure S1: relationships of HPs to systolic BP after the first
and the fourth administration of 32 nmol kg−1 GSNO. The
data and colors were taken from Figure 2(a). Figure S2A:
relationships of HPs to systolic BP after administration
of 32 nmol kg−1 GSNO. The red line represents the
decrease of the systolic BP from the control BP to the low-
est BP, and the blue line represents the increase of the sys-
tolic BP from the lowest systolic BP to the control systolic
BP (Figure 3(a), (A) or 3(a), (AA)). Figure S2B: relation-
ships of HPs to systolic BP after administration of

32 nmol kg−1 GSNO. The red line represents the decrease
of the systolic BP from the control BP to the lowest BP,
and the blue line represents the increase of the systolic
BP from the lowest systolic BP to the control systolic BP
(Figure 3(a), (A) or 3(a), (AA)). Figure S2C: relationships
of HPs to systolic BP after administration of 32nmol kg−1

GSNO. The red line represents the decrease of the systolic
BP from the control BP to the lowest BP, and the blue line
represents the increase of the systolic BP from the lowest
systolic BP to the control systolic BP (Figure 3(a), (A) or
3(a), (AA)). Figure S2D: relationships of HPs to systolic
BP after administration of 32nmol kg−1 GSNO. The red
line represents the decrease of the systolic BP from the
control BP to the lowest BP, and the blue line represents
the increase of the systolic BP from the lowest systolic
BP to the control systolic BP (Figure 3(a), (A) or 3(a),
(AA)). Figure S2E: relationships of HPs to systolic BP after
administration of 32 nmol kg−1 GSNO. The red line repre-
sents the decrease of the systolic BP from the control BP
to the lowest BP, and the blue line represents the increase
of the systolic BP from the lowest systolic BP to the con-
trol systolic BP (Figure 3(a), (A) or 3(a), (AA)). Figure
S2F: relationships of HPs to systolic BP after administra-
tion of 32nmol kg−1 GSNO. The red line represents the
decrease of the systolic BP from the control BP to the lowest
BP, and the blue line represents the increase of the systolic
BP from the lowest systolic BP to the control systolic BP
(Figure 3(a), (A) or 3(a), (AA)). Figure S2G: relationships of
HPs to systolic BP after administration of 32nmolkg−1

GSNO. The red line represents the decrease of the systolic
BP from the control BP to the lowest BP, and the blue line rep-
resents the increase of the systolic BP from the lowest systolic
BP to the control systolic BP (Figure 3(a), (A) or 3(a), (AA)).
Figure S2H: relationships of HPs to systolic BP after adminis-
tration of 32nmolkg−1 GSNO. The red line represents the
decrease of the systolic BP from the control BP to the lowest
BP, and the blue line represents the increase of the systolic
BP from the lowest systolic BP to the control systolic BP
(Figure 3(a), (A) or 3(a), (AA)). Figure S2I: relationships of
HPs to systolic BP after administration of 32nmolkg−1

GSNO. The red line represents the decrease of the systolic
BP from the control BP to the lowest BP, and the blue line rep-
resents the increase of the systolic BP from the lowest systolic
BP to the control systolic BP (Figure 3(a), (A) or 3(a), (AA)).
(Supplementary Materials)
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