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Abstract In earlier work, we suggested that the start of

the isovolumic contraction period could be detected in

arterial pressure waveforms as the start of a temporary pre-

systolic pressure perturbation (AICstart, start of the Arteri-

ally detected Isovolumic Contraction), and proposed the

retrograde coronary blood volume flow in combination

with a backwards traveling pressure wave as its most likely

origin. In this study, we tested this hypothesis by means of

a coronary artery occlusion protocol. In six York-

shire 9 Landrace swine, we simultaneously occluded the

left anterior descending (LAD) and left circumflex (LCx)

artery for 5 s followed by a 20-s reperfusion period and

repeated this sequence at least two more times. A similar

procedure was used to occlude only the right coronary

artery (RCA) and finally all three main coronary arteries

simultaneously. None of the occlusion protocols caused a

decrease in the arterial pressure perturbation in the aorta

during occlusion (P [ 0.20) nor an increase during reactive

hyperemia (P [ 0.22), despite a higher deceleration of

coronary blood volume flow (P = 0.03) or increased cor-

onary conductance (P = 0.04) during hyperemia. These

results show that the pre-systolic aortic pressure perturba-

tion does not originate from the coronary arteries.

Keywords Isovolumic contraction � Coronary–aortic

interaction � Coronary occlusion � Pulse wave analysis

1 Introduction

The arterial blood pressure waveform and its propagation

characteristics contain a vast amount of information on

various aspects of cardiovascular structure and function [1,

12], including arterial stiffness [4, 11], mechanical function

of the heart [3, 18], and the severity of shock [7, 15].

Despite intense examination of the aortic pressure curve,

small details are prone to be overlooked or erroneously

discarded as noise. In a previous study, we reported the

presence of an arterial blood pressure perturbation pre-

ceding aortic valve opening in the common carotid artery

in a group of healthy subjects as well as in the central aorta

in a group of patients following aortic valve replacement

[17]. The onset of this perturbation not only correlated in

time with the preceding R-top of the ECG, but was also

shown to coincide with the onset of the ventricular iso-

volumic contraction.

The exact cause of the perturbation was not determined

in that study, but we hypothesized that the arterial pressure

perturbation originated from the coronary arteries. During

contraction, blood is almost instantly squeezed out of the

myocardial vascular bed forward into the coronary sinus

and backward into the coronary arteries. The latter causes a

sharp decline in coronary blood volume flow [3, 20] or

even a retrograde coronary blood volume flow, as well as a

small pressure wave, traveling backwards toward the aorta

[5, 21]. Both retrograde coronary blood volume flow and
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coronary pressure waves could contribute to the arterial

pressure perturbation occurring prior to aortic valve

opening.

In light of these considerations, we set out to test the

hypothesis that coronary retrograde blood volume flow in

combination with a backwards traveling coronary pressure

wave during ventricular isovolumic contraction are the

origin of the arterial pre-systolic pressure perturbation. For

this purpose, we assessed the pressure perturbation in the

aorta in anesthetized swine before, during and after coro-

nary artery occlusion. Specifically, we hypothesized that if

the arterial pressure perturbation originates from the cor-

onary artery circulation, it should be abolished by coronary

artery occlusion. Conversely, during coronary reactive

hyperemia following the release of occlusion the arterial

pressure perturbation should be augmented.

2 Materials and methods

Experiments were performed in six 3–4 month-old female

Yorkshire 9 Landrace swine (44 ± 12 kg, mean ± SD) in

accordance with the Guide for the Care and Use of Labo-

ratory animals (NIH Publication No. 85-23, revised 1996)

and with approval of the Erasmus MC Animal Care

Committee.

2.1 Instrumentation

Animals were sedated with intramuscular injection of

Xylazine (2.25 mg/kg) and Tiletamine (5 mg/kg) plus

Zolazepam (5 mg/kg) [10], anesthetized with a bolus of

intravenous pentobarbital (15 mg/kg), intubated and ven-

tilated with a tidal volume of 10 ml/kg. Ventilation rate

was adjusted to keep blood gas concentrations within

their physiological ranges. Anesthesia was maintained by

a continuous pentobarbital infusion (6–12 mg/kg/h IV)

[19].

A high fidelity lumen pressure sensor catheter (SPC

780C, Millar Instruments, Houston, Texas, USA) was

inserted via the right carotid artery and advanced to mea-

sure aortic pressure *2 cm distal to the aortic valve.

Balloon occluders (Fine Science Tools 3 mm) were posi-

tioned around the left anterior descending (LAD), left

circumflex (LCx) and right (RCA) coronary arteries. Cor-

onary blood volume flow probes (3 mm, Transonic, Ithaca,

New York, USA) were placed around the proximal LAD

and RCA distal to the occluders for measurement of cor-

onary blood flow. An electromagnetic aortic blood volume

flow probe (Skalar, Delft, The Netherlands) was placed

around the aorta just distal to the coronary arteries to

monitor aortic blood volume flow.

2.2 Signal recording

ECG, aortic pressure and aortic and coronary blood volume

flow signals were fed into a data acquisition board (National

Instruments, Austin, Texas, USA, sample frequency

2000 Hz) and stored for offline processing. ECG and

pressure transducer signal were amplified using a custom

made amplifier system (EMI, Rotterdam, The Netherlands).

Matlab (Natick, Massachusetts, USA) was used for storage

and automated post processing of the recorded signals.

2.3 Protocol

After 30 min of stabilization, triplicate 25 s sham mea-

surements of ECG, aortic pressure and LAD and RCA

blood volume flows were obtained. Subsequently, the LAD

and LCx were simultaneously occluded three times for 5 s

with a minimum interval of 20 s to allow restoration of

coronary blood volume flow to baseline [6]. This procedure

was followed by three 5 s occlusions of the RCA separated

by 20 s. Finally, all three coronary arteries were simulta-

neously occluded three times, using the same 5 s occlusion

and 20 s reperfusion intervals.

2.4 Data analysis

Measurement equipment introduced a[10 ms delay in the

ECG compared to the aortic pressure and coronary blood

volume flow signals. The delay was compensated for during

post processing prior to extracting hemodynamic features.

All signals were low pass filtered with a cut-off frequency of

80 Hz to remove noise. The onset of each heart cycle was

identified using the Q-top of the ECG. From the aortic

pressure recording, the maximum systolic (SBP), minimum

diastolic (DBP), and mean blood pressure (MBP) values

were determined. The onset of the arterial pressure pertur-

bation, termed AICstart (start of the Arterially detected Iso-

volumic Contraction, Fig. 1) was identified as the position of

the maximum of the second derivative of the aortic blood

pressure (d2P/dtmax
2 ) preceding the aortic valve opening [23].

To quantify the pressure perturbation in the aortic pressure

following AICstart, the pressure perturbation area (PPA)

enclosed by the aortic pressure and a tangent was calculated.

The tangent started at AICstart and ran through the point

where it touched the aortic pressure curve again (Fig. 1). The

results from the occlusion and reactive hyperemia data were

normalized to the five cycle pre-occlusion PPA average.

Mean coronary blood volume flows (CBF) in the LAD

and RCA were calculated and divided by MBP to calculate

LAD and RCA vascular conductance changes. At the onset

of ventricular contraction, coronary blood volume flow

decreases sharply. The rate of decrease, i.e., slope of the

CBF signal, can be used in conjunction with coronary
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artery pressure for wave intensity analysis [13, 14] to

quantify the intensity of the backwards traveling pressure

wave during early ventricular contraction. However, cor-

onary artery pressure was not measured in the present study

and hence not available. Consequently, the early systolic

coronary blood volume flow slope was used as an indicator

for wave intensity behavior during early ventricular con-

traction, assuming that the slope of coronary artery pres-

sure does not change significantly during reactive

hyperemia compared to the pre-occlusion slope.

The results of 5 cardiac cycles preceding the onset of

occlusion, 5 cycles immediately after the onset of occlu-

sion and 5 cycles following the cessation of occlusion were

stored in Excel (Microsoft, Seattle, Washington, USA).

The cardiac cycles occurring during the transition from

open to fully occluded coronary arteries were excluded

from the analysis (typically one to two cycles). Similarly,

the cardiac cycles after the release of the occlusion and

prior to maximum reactive hyperemia were also excluded

from the analysis (typically one to two cycles).

2.5 Statistics

All group data are summarized as mean ± SD. A paired

Student’s t-test was used to test for statistical significance

of the changes from baseline to occlusion and from base-

line to reperfusion. A P value below 0.05 was considered

statistically significant. Statistical analysis of the coronary

blood volume flow and aortic pressure data was performed

using Excel (Microsoft, Seattle, Washington, USA).

3 Results

3.1 Systemic hemodynamics

The applied protocols of 5 s occlusion followed by 20 s

reperfusion did not significantly influence heart rate (HR),

SBP, MBP and DBP (Table 1).

3.2 Effect of occlusion

Contrary to our hypothesis, no changes in PPA occurred

during any of the occlusion combinations (all P [ 0.20,

Figs. 2, 3). Furthermore, neither LAD ? LCx nor RCA

occlusion protocols influenced coronary blood volume

flow, vascular conductance or early systolic blood volume

flow slope in the non-occluded coronary arteries (Table 1).

3.3 Effect of reactive hyperemia

Coronary vasodilatation and reactive hyperemia occurred

in the LAD and RCA after release of coronary artery

occlusion (Table 1). Compared to baseline values, mean

CBF in the LAD and RCA increased by 79 ± 27% and

72 ± 19%, respectively. The steepness of the early systolic

blood volume flow slope in both LAD and RCA increased

(i.e. the slope became more negative) under influence of

reactive hyperemia, although it reached levels of statistical

significance only following LAD ? LCx occlusion

(P = 0.03, Table 1). PPA was not enhanced by reactive

hyperemia following any of the occlusion combinations

(all P [ 0.22, Fig. 4).

4 Discussion

In earlier work, we hypothesized that the arterial pressure

perturbation in the aorta preceding aortic valve opening

originated from the coronary circulation during contrac-

tion. More specifically, we considered retrograde coronary

blood volume flow in combination with a pressure wave

traveling backwards in the coronary arteries toward the

aorta during early systole as cause of the perturbation [23].

Retrograde coronary blood volume flow was first reported

by Porter in 1896, and occurs during early ventricular

systole [3, 20]. Wave intensity analysis, applied to the

waves traveling in the coronary arteries, showed a back-

wards traveling pressure wave during ventricular
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Table 1 Hemodynamic data

mean CBF mean coronary blood

volume flow, LAD left anterior

descending coronary artery, LCx left

circumflex coronary artery, RCA
right coronary artery, BL baseline,

CAO coronary artery occlusion,

H hyperemia

Values are mean ± SD.

** P \ 0.01 compared to the pre-

occlusion value. * P \ 0.05

indicates a significant difference

compared to the pre-occlusion value

Protocol step

BL CAO H

Heart rate (bpm)

sham 86 ± 41 86 ± 41 86 ± 42

LAD ? LCx 90 ± 43 90 ± 43 90 ± 43

RCA 90 ± 49 90 ± 49 90 ± 49

LAD ? LCx ? RCA 98 ± 57 98 ± 57 97 ± 57

Maximum systolic blood pressure (mmHg)

sham 118 ± 23 120 ± 25 119 ± 23

LAD ? LCx 122 ± 27 126 ± 28 121 ± 24

RCA 111 ± 20 114 ± 20 113 ± 19

LAD ? LCx ? RCA 114 ± 25 116 ± 26 111 ± 20

Mean blood pressure (mmHg)

sham 100 ± 22 101 ± 23 101 ± 21

LAD ? LCx 104 ± 25 106 ± 26 102 ± 23

RCA 93 ± 18 95 ± 19 95 ± 18

LAD ? LCx ? RCA 97 ± 23 98 ± 24 94 ± 20

Minimum diastolic blood pressure (mmHg)

sham 83 ± 20 83 ± 21 84 ± 20

LAD ? LCx 86 ± 24 88 ± 24 85 ± 22

RCA 76 ± 17 77 ± 17 78 ± 16

LAD ? LCx ? RCA 80 ± 21 82 ± 21 78 ± 18

Mean CBFLAD (ml/min)

sham 52 ± 16 51 ± 17 52 ± 15

LAD ? LCx 57 ± 24 – 105 ± 53*

RCA 64 ± 5 66 ± 6 64 ± 6

LAD ? LCx ? RCA 61 ± 26 – 103 ± 39**

Mean CBFRCA (ml/min)

sham 57 ± 44 59 ± 47 57 ± 45

LAD ? LCx 34 ± 16 34 ± 16 33 ± 15

RCA 68 ± 45 – 127 ± 82

LAD ? LCx ? RCA 70 ± 45 – 114 ± 74

ConductanceLAD (ml/min/mmHg)

sham 0.54 ± 0.24 0.53 ± 0.24 0.54 ± 0.24

LAD ? LCx 0.61 ± 0.34 – 1.11 ± 0.68*

RCA 0.71 ± 0.25 0.72 ± 0.26 0.71 ± 0.26

LAD ? LCx ? RCA 0.67 ± 0.39 – 1.17 ± 0.64*

ConductanceRCA (ml/min/mmHg)

sham 0.57 ± 0.37 0.57 ± 0.39 0.56 ± 0.38

LAD ? LCx 0.35 ± 0.06 0.35 ± 0.05 0.35 ± 0.06

RCA 0.70 ± 0.40 – 1.30 ± 0.74*

LAD ? LCx ? RCA 0.68 ± 0.37 – 1.17 ± 0.64

LAD early systole volume flow slope (103 ml/min2)

sham -69.5 ± 51.1 -71.2 ± 51.4 -67.5 ± 52.1

LAD ? LCx -79.5 ± 37.9 – -93.7 ± 43.6*

RCA -80.6 ± 45.4 -81.7 ± 47.4 -77.6 ± 44.7

LAD ? LCx ? RCA -83.3 ± 51.2 – -97.7 ± 49.8

RCA early systole volume flow slope (103 ml/min2)

sham -57.2 ± 10.1 -60.9 ± 8.6 -52.2 ± 21.0

LAD ? LCx -47.4 ± 18.8 -46.4 ± 16.7 -50.6 ± 5.5

RCA -66.3 ± 29.6 – -81.6 ± 40.5

LAD ? LCx ? RCA -79.8 ± 49.7 – -97.6 ± 47.6
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isovolumic contraction [3, 5, 18, 21]. Although not

explicitly reported by Davies et al. [5], the presented cor-

onary artery pressure curves contained a clear pressure

perturbation with similar timing properties as the investi-

gated backwards compression wave, leading to our

hypothesis [23]. However, in this study we found no evi-

dence to support our hypothesis, since the aortic pressure

perturbation was not affected by coronary artery occlu-

sion or subsequent hyperemia (respectively, Figs. 3, 4),

indicating that the arterial pressure perturbation does not

originate from the coronary arteries.

4.1 Effect of occlusion

Separate or combined occlusion of the LAD, LCx, and

RCA resulted in either a partial or full block of the inter-

action between the coronary arteries and the aorta. As

coronary blood volume flow is blocked, early systolic
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retrograde blood volume flow and the backwards traveling

coronary pressure waves cannot enter the aorta. If the

coronaries are the origin of the arterial pressure perturba-

tion in the aorta that occurs just before aortic valve open-

ing, occluding one or more coronary arteries is expected to

decrease the magnitude of the perturbation or to abolish it

entirely. Especially the LAD and LCx coronary arteries

were expected to dominate the arterial pressure perturba-

tion as the pressure generated in the left ventricle is higher

than in the right ventricle resulting in a higher backwards

traveling pressure wave in the LAD and LCx as compared

to the RCA [8]. Further, the combined LAD ? LCx blood

volume flow is higher than RCA blood volume flow [16].

Therefore the largest changes in the PPA were expected to

occur during LAD ? LCx occlusion and the three vessel

occlusion. In fact, with a complete three vessel occlusion

the aortic pressure perturbation should be absent. In con-

trast to our initial hypothesis, we did not observe any

decrease in pressure perturbation during any of the three

occlusion protocols.

4.2 Effect of reactive hyperemia

During reactive hyperemia, maximum coronary blood

volume flow increased by as much as 140% (individual data

not shown), which is somewhat lower than the 200%

increase after a 5 s occlusion reported in awake dogs [6]. The

difference can be the result of either species differences or

the use of pentobarbital as an anesthetic agent in the present

study which decreases heart rate [2]. Because the heart rates

in our animals (90 beats per minute) were indeed much

lower than the heart rates reported by Duncker et al.

(115 beats per minute, [6]), the oxygen debt build up during

occlusion is lower, explaining the lower magnitude of

reactive hyperemia [20]. In our animals, the effect of reac-

tive hyperemia on the intensity waves traveling through the

coronary arteries could not be calculated, as coronary artery

pressure was not measured [13]. However, Sun et al. [22]

showed that an approximate doubling of LCx coronary blood

volume flow (and a marked decrease in the slope of early

systolic blood volume flow) produced by intracoronary

adenosine was not accompanied by a marked decrease in the

slope of the coronary pressure upstroke. Thus, our results can

be interpreted to suggest that the steeper rate of decrease in

coronary blood volume flow during early systole was

indicative of an increased backwards compression wave. If

the arterial pressure perturbation in the aorta indeed origi-

nated from the coronary arteries, the increase in wave

intensity was expected to increase PPA. However, contrary

to our hypothesis PPA values during reactive hyperemia did

not show an increase compared to baseline values. These

observations are in agreement with the study by Sun et al.

[22], in which the magnitude of the aortic pressure pertur-

bation remained apparently unaltered, despite an eightfold

increase in LCx peak backward compression wave intensity

during vasodilatation. Similarly, they observed that paired

pacing increased peak backwards compression wave inten-

sity, without notably affecting the aortic pressure perturba-

tion. It should be acknowledged that the separation of

forward and backward waves is not straightforward as it

depends on the determined coronary wave speed [13].

However, since Siebes et al. [18] showed that the energy of

forward and backward waves minimally varies with wave

speed over a wide range of values, possible errors in the
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amplitude of the backwards compression wave as reported

by Sun et al. [22] were assumed to be negligible.

It could be argued that loss of retrograde coronary blood

volume flow during hyperemia [6, 20], may have opposed

the backward-wave induced increases in PPA values, but this

is unlikely for several reasons. First, a contribution of ret-

rograde blood volume flow to PPA is not very likely as LAD

retrograde blood volume flow in the present study under

baseline conditions lasted only 44 ± 14 ms with an ampli-

tude of -34 ± 37 ml/min (resulting in a retrograde volume

of 15 ± 16 ll). This low value of retrograde blood volume

flow would produce a pressure perturbation of 19 9

10-6 mm Hg, which is negligible compared to the aortic

pressure change induced by the stroke volume (27 ± 11 ml

under baseline conditions). Furthermore, retrograde blood

volume flow did not occur in two of the six animals although

these two animals did show a clear pressure perturbation.

Second, and most important, we observed that simultaneous

occlusion of all three coronary arteries (which blocked both

coronary retrograde blood volume flow and coronary back-

ward compression waves) had no effect on PPA.

Taken together, the observation that PPA did not change

during either occlusion or reactive hyperemia demonstrates

that the coronary arteries are not the source of the aortic

pressure perturbation.

4.3 Methodological considerations

The quantification of the pressure perturbation is sensitive

to the shape of the aortic pressure curve which may depend

on factors like heart rate, isovolumic contraction period,

vascular stiffness, and systemic vascular resistance. Over

the course of all three occlusion protocols, variability was

low within each animal (4.4 mmHg ms over five consec-

utive heart cycles at baseline), most likely due to the stable

heart rates and blood. In contrast, we observed a large

variability in the absolute values of PPA over the entire

animal group (22.3 ± 13.7 mmHg ms over five consecu-

tive heart cycles at baseline). For one animal, PPA was a

factor 10 smaller compared to the PPA values of the other

animals. The heart rate of this particular animal was high

(167 beats per minute), thereby shortening ventricular

pressure rise time [9]. This might have contributed to a

shift of the arterial systolic pressure upslope toward the

pressure perturbation. This shift leaves little room between

the aortic pressure curve and its touching tangent, thereby

decreasing the calculated PPA.

5 Conclusion

Although we previously have shown that the arterial

pressure perturbation does originate from the contraction of

the heart [23], the present study shows that it cannot be

explained by backflow from the coronary vasculature or a

backwards traveling coronary artery pressure wave pro-

duced by ventricular contraction. Therefore, the simulta-

neous occurrence of the backwards traveling pressure wave

observed in the coronary arteries and the arterial pressure

perturbation in the aorta is merely coincidental [5, 21, 22],

but may reflect a common origin of these two phenomena.
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