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The dicrotic notch analyzed by a numerical model. 

 

Abstract 

Divergent concepts on the origin of the dicrotic notch are widespread in medical 

literature and education. Since most medical textbooks explain the origin of the dicrotic 

notch as caused by the aortic valve closure itself, this is commonly transmitted in 

medical physiology courses. We present clinical data and numerical simulations to 

demonstrate that reflected pressure waves could participate as one of the causes of the 

dicrotic notch. Our experimental data from continuous arterial pressure measurements 

from adult patients undergoing vascular surgery suggest that isolated changes in 

peripheral vascular resistance using an intravenous bolus of phenylephrine (a selective 

alpha 1-receptor agonist and thus a potent vasoconstrictor) modify the dicrotic notch. 

We then explore the mechanisms behind this phenomenon by using a numerical model 

based on integrated axisymmetric Navier-Stokes equations to compute the 

hemodynamic flow. Our model illustrates clearly how modifications in peripheral artery 

resistance may result in changes in the amplitude of the dicrotic notch by modifying 

reflected pressure waves. We believe that this could be a useful tool in teaching medical 

physiology courses. 

 

Highlights 

 Aortic valve closure is the most widespread explanation for the dicrotic notch. 

 Reflected pressure waves may participate in forming the dicrotic notch.  

 A 1D numerical model based on Navier-Stokes equations can test this hypotheses.  

 Changes in terminal resistance modify reflected waves and thus the dicrotic notch.  

 Vasoconstrictors modify the morphology of the dicrotic notch in human subjects. 
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Introduction 

The dicrotic notch is a small and brief increase in arterial blood pressure that appears 

when the aortic valve closes. This landmark has been widely referred to in the 

descriptive analysis of the arterial waveform (especially of aortic and radial arteries) and 

is commonly used as an equivalent of end-systolic left ventricular pressure (8,11). 

 

Most medical textbooks explain the origin of the dicrotic notch as caused by the aortic 

valve closure itself (5,10,19,26,29,34). These authors claim that towards the end of the 

ejection phase, blood flow across the aortic valve falls to very low values, until it 

actually reverses, producing a backflow that closes the aortic valve. As both flow and 

pressure are strongly coupled, this momentary backflow would produce a small positive 

shift in the aortic pressure trace. The dicrotic notch would therefore be the result of a 

short period of backward flow of blood immediately before the aortic valve closes. 

Many studies support this theory and have stressed that both events occur 

simultaneously (14,15). 

 

On the other hand, there are clinical data that emphasize that the morphology of the 

dicrotic notch is related to the value of mean arterial pressure and, therefore, to 

peripheral vascular resistance (7,11). Peripheral vascular resistance is mainly influenced 

by the vascular tone of small distal arteries (diameter smaller than 500 μm), called 



arterioles (18). Pressure waves created by the heart travel through the arteries and reflect 

back towards the heart at places with high-vascular tone (such as the arterioles) and also 

at every vascular bifurcation (20). Hence, blood pressure waveforms can be viewed as a 

large addition of the forward pressure waves generated by the heart and the backward 

components due to multiple reflections, in particular, from the sites of distal resistance 

(17,24,33). This backward component would modify the mean arterial pressure and also 

change the morphology of the forward pressure wave, resulting in the creation of the 

dicrotic notch. The speed of these reflected waves depends on the mechanical and 

geometrical characteristics of the vessels (25) but their amplitude depends directly on 

the value of peripheral resistance, that is, on the degree of vasoconstriction or 

vasodilation of the arterioles (30,32). In the following, the influence of the peripheral 

resistance will be quantified by a reflection coefficient (Rt=Ra/Ia), which is the ratio of 

the reflected amplitude (Ra) to the incident amplitude (Ia). Some authors state that a 

high vascular tone also increases the speed of the reflected waves (34). We consider that 

this would only change the amplitude of the reflected waves, not the speed, and will be 

addressing this matter in our experiments.  

 

Based on this hypothesis, the presence of the dicrotic notch, created by the reflected 

waves, would induce a secondary pressure peak in the aorta, interrupting the aortic 

pressure downslope during end-systole. The increased pressure gradient between the 

aorta and the left ventricle would be sufficient to create a momentary backflow and 

close the aortic valve at higher diastolic levels, explaining why both the dicrotic notch 

and the aortic valve closure occur at the same time. We have arguments to put forward 

that this second approach responds to a better understanding of how the cardiovascular 

system actually works. 

 

Understanding the dicrotic notch as a result of reflected pressure waves suggests that 

this landmark contains valuable information on the peripheral vascular network. We 

believe that this is an important concept to underline in cardiovascular physiology 

courses; therefore we present a teaching example that combines theoretical reasoning, 

numerical modeling and human experimental data. We propose a 1D model to study the 

role of reflected waves in the origin of the dicrotic notch, and compare the results from 

numerical simulations to experimental data from adult patients. 

 

Methods 

Invasive arterial pressure measurements in representative patients 

Experimental data were obtained from continuous invasive arterial pressure 

measurements with a fluid-filled catheter from the right radial artery of adult patients 

undergoing peripheral vascular surgery at the Hôpital Universitaire Pitié-Salpêtrière in 

Paris, France. The study was approved by the IRB of the Hôpitaux Universitaires La 

Pitié-Salpêtrière, adheres to the requirements of the U.S. Federal Policy for the 

Protection of Human Subjects (45 CFR, Part 46), and is in accordance with the ethical 

principles of the Declaration of Helsinki. We used a disposable pressure transducer 

(TruWave, Edwards Lifesciences®) with a natural frequency of 40 Hz for a standard 

kit, which has shown to be appropriate for measuring blood pressure (9,28). Data were 

registered using an analogue-digital converter (MP150, BIOPAC Systems Inc.) and the 

AcqKnowledge software. Data acquisition rate was 100 Hz. 

 

Quantitative waveform analysis was done by measuring the time between the minimum 

value of the original radial pressure wave and the peak value of the reflection wave. 

http://www.hhs.gov/ohrp/humansubjects/guidance/45cfr46.html
http://www.hhs.gov/ohrp/humansubjects/guidance/45cfr46.html


Additionally, the relative time-position of the reflected wave within the pressure cycle 

(i.e., time between the minimum value of the original pressure wave and the peak value 

of the reflection wave divided by the overall cycle length) was studied to test the 

hypothesis of the reflection wave travelling faster as a result of the increased vascular 

tone. Systolic and diastolic arterial pressure values were computed from the maximum 

and minimum values of the original radial pressure wave. The amplitude of the dicrotic 

notch was computed from the peak value of the reflection wave. After defining a time-

window for each of these points by visual assessment, exact locations were identified 

using the first time-derivative of the pressure signal (dP/dt). Values were averaged over 

a 10-second interval. We compared data from before and after an intravenous bolus of 

phenylephrine (50-100 μg), which is a selective alpha 1-receptor agonist and thus a 

potent vasoconstrictor without any direct effect on heart rate and contractility. A brief 

transitional period was allowed between one state and the other. To better compare the 

dicrotic notch before and after the phenylephrine IV bolus, time was normalized to the 

duration of one cycle and pressure was normalized to the nearest inflexion point before 

the dicrotic notch (identified as the local minimum of the first time-derivative). 

Statistical analysis involved paired-Student’s t-test (two-tailed) for before-after testing 

and independent Student’s t-test (two-tailed) for comparisons among groups (α=0.05) 

using R studio free statistical software. Data are presented as mean ± standard deviation. 

 

Theoretical reasoning and numerical model 

The aim of the numerical model is to accurately describe the flow of blood in the 

systemic network. Blood is a non-Newtonian fluid, governed by the 3D Navier-Stokes 

equations, interacting with the viscoelastic arterial wall as it propagates through the 

network. The computational cost of solving this problem numerically even for a single 

vessel is extremely high. Through the following series of relevant approximations, the 

complexity of the problem can be reduced. A simplified model of the systemic network 

is considered, using only a limited number of arteries. The heart is modeled by a 

periodic flow input signal (Figure 3), and therefore no retroaction between the flow in 

the aorta and the heart is considered. The influence of the peripheral vascular bed is 

taken into account through a terminal reflection coefficient (Rt) set individually for each 

terminal segment. The geometry of the arteries is simplified to straight tubes with a 

circular cross-section and viscoelastic walls, in which the shear rate is high enough to 

consider blood as a Newtonian fluid. Combining the previous hypotheses, the Navier-

Stokes equations can be simplified to the following 1D equations, expressed in terms of 

the cross-section area (A) and the flow rate (Q), describing the flow of blood and its 

interaction with the viscoelastic arterial wall in each artery of the model for all times: 

 

 

Equation 1. 

 

Equation 2. 

 

where ρ is the density of the fluid and Cf is the viscous friction coefficient. The 

coefficients 

 

 
and 



 
respectively represent the elastic (or compliant) and viscoelastic response of the arterial 

wall and contain the physical parameters of the problem. We used the Young’s modulus 

E, the Poisson ratio ν, the viscoelastic coefficient ϕ, the neutral cross-sectional area A0 

and the arterial thickness h. These parameters are prescribed for each artery of our 

model network (31). More details on the assumptions of this model can be found in 

Ambrosi et al and in Caro et al (3,6).  

 

Despite these simplifications, this system of equations contains all the necessary 

physical behaviors to accurately describe blood flow in a network. The most important 

feature is its ability to capture the propagation of waves along the arteries, as a result of 

the elastic properties (or compliance) of the arterial wall, represented by the coefficient 

β in equation 2. As these waves propagate in the network, the viscosity of the wall 

(described by the coefficient Cν in equation 2) and the viscosity of the fluid (described 

by the coefficient Cf in equation 2) are responsible respectively for the diffusion of the 

signal in the axial direction and its attenuation. The model also describes the reflection 

of the waves at each bifurcation and terminal segment. The coefficient Rb represents the 

reflection occurring at a bifurcation and depends on the geometrical and mechanical 

properties of the parent and daughter arteries of the bifurcation. On the contrary, 

terminal reflection coefficients (Rt) are imposed numerically. These terminal reflection 

coefficients are set to model the reflective (or resistive) behavior of the peripheral 

vascular network. It is important to note that both internal and terminal reflections play 

an important role in modifying the waveforms as they propagate in the network. 

 

In the following numerical computations, we used three different simplified models of 

the systemic network (Figure 1). The first was taken from the literature and represents 

the 55 principal segments of the human arterial network, which is a simplified 

construction based on vascular nuclear magnetic resonance images. The geometrical 

and mechanical parameters for each of the 55 segments were taken from the literature 

(31). For the sake of simplicity, the reflection coefficients for all terminal segments had 

the same value, Rt. The second model describes a single artery. The mechanical and 

geometrical parameters of this single segment are identical to those of the aorta of the 

55 arteries model and can be found in Table 1.The third model is a single bifurcation 

formed of one parent artery and two daughter arteries. The geometrical and mechanical 

parameters of the parent artery are those of the single artery model. The two daughter 

arteries are identical and their parameters are presented in Table 2. 

 

The governing equations are solved using a finite volume method that was validated on 

in vitro data (31). 

 

Results 

EXPERIMENTAL DATA 

In order to test the hypothesis that the presence of the dicrotic notch is related to the 

degree of peripheral vasoconstriction, we recorded the arterial pressure waveform 

registered continuously from the arterial line of patients undergoing peripheral vascular 

surgery. Data were taken from short, stable periods during the surgery, in which the 

only modification introduced was the injection of an intravenous bolus of 

phenylephrine. No vascular clamping or additional drug modifications were taking 



place at the time. Periodic oscillations in pressure waves were due to respiratory 

variations, which may be emphasized in patients under mechanical ventilation.  

 

Figure 2A shows data from Patient 1, an 81 year-old female smoker with arterial 

hypertension undergoing abdominal aorta prosthetic replacement after the diagnosis of 

an infrarenal abdominal aortic aneurysm. After an IV bolus of 100 μg of phenylephrine, 

not only did the systolic arterial pressure increase significantly from 94.1/52.3 to 

109.5/56.1 mmHg (p<0.01), but also the peak value of the dicrotic notch became higher 

(56.2±2.9 vs. 60.2±2.8 mmHg; p<0.01) (Figure 2A; left and middle panels). To 

additionally compare the dicrotic notch before and after the phenylephrine IV bolus, 

time was normalized to the duration of one cycle and pressure was normalized to the 

nearest inflexion point before the dicrotic notch. There was a statistically significant 

increase in the normalized peak value of the main wave (1.28±0.04 vs. 1.31±0.03; 

p=0.03) and in the normalized peak value of the dicrotic notch (0.71±0.01 vs. 

0.76±0.02; p<0.01) after the IV bolus of phenylephrine. The proportional increase in the 

normalized peak value of the main wave (2%) was significantly smaller than the 

proportional increase in the normalized peak value of the dicrotic notch (6%) (p<0.01) 

(Figure 2A; right panel). The time between the minimum value of the original pressure 

wave and the peak value of the dicrotic notch did not change after phenylephrine 

injection (0.40±0.02 vs. 0.41±0.03 seconds; p=0.35) nor did the relative time-position of 

the dicrotic notch within the pressure cycle (0.69±0.03 vs. 0.69±0.04; p=0.88). These 

results indicate that, after vasoconstriction, the dicrotic notch only increases its 

amplitude; it does not appear earlier in the cycle.  

 

Figure 2B shows the arterial pressure waveform of Patient 2, a 56 year-old obese female 

without any known history of heart disease, undergoing a right femoral-popliteal 

bypass. Continuous invasive pressure measurements show that with an initial blood 

pressure of 124.5/82.4 mmHg the patient had a monophasic waveform that lacked any 

noticeable dicrotic notch. After an IV bolus of 50 μg of phenylephrine, blood pressure 

increased significantly up to 195.6/105.2 mmHg (p<0.01) and waveform morphology 

changed showing a clear dicrotic wave interrupting the end of the diastolic slope. 

 

Since in both cases the only modification introduced between the two states was the 

addition of a powerful and selective vasoconstrictor, phenylephrine, the presence (or the 

increased amplitude) of the dicrotic notch could be attributed to an increase in the 

peripheral vascular tone. These experimental results suggest that the presence and the 

amplitude of the dicrotic notch are correlated with the value of peripheral resistance. 

Nevertheless, since we did not measure cardiac output or pulse wave velocity, we 

cannot assure there is a causal relationship between the two, based on our experimental 

data.  

 

Given the complexity of a human experimental model, a theoretical model of the human 

vascular network is required to explore the relationship between the amplitude of the 

dicrotic wave and the value of peripheral resistance.  

 

NUMERICAL SIMULATIONS 

In order to explore the hidden mechanisms behind the relationship between the 

amplitude of the dicrotic notch and vascular tone, while overcoming the difficulties of 

obtaining invasive data from humans under different conditions, we propose a 

numerical model of the human systemic arterial tree. 



 

We first present the results obtained using the arterial network of 55 segments, then 

with the single segment model considering one straight artery without bifurcations, and 

finally with a single segment model with a bifurcation (one parent artery that divides 

into two daughter arteries). 

 

55-SEGMENT MODEL 

Numerical simulations compute the flow rate (Q) and the pressure (P) at every chosen 

record point of the 55-segment vascular network. The time evolution of these variables 

was studied in the proximal aorta, as to correlate with experimental data from other 

studies. To study the influence of the shape of the signal as well as backflow, three 

different inlet flow rate signals were considered in order: a parabolic signal without 

backflow (normal), a parabolic signal with backflow (backflow), and a triangular signal 

without backflow (triangular) (Figure 3). The amplitude of the different signals was set 

so that the total volume of blood ejected during each cycle is identical for each input 

signal considered. Backflow was simulated considering a maximum amplitude that is 

one fifth of overall aortic flow (Qmax/5) and a period that is one sixth of overall aortic 

flow period (Tc/6), which probably overestimates real values. Results show that for 

each inlet signal considered, a terminal coefficient of Rt=0 yields a monophasic 

pressure-time curve that perfectly mirrors flow-time curves and lacks a dicrotic notch. 

On the other hand, a terminal coefficient of Rt=0.4 results in a clear dicrotic notch 

which interrupts the downward pressure slope. An even higher terminal coefficient of 

Rt=0.8 produces a higher dicrotic notch that is overimposed on the first pressure wave.  

 

These numerical results from entire network simulations suggest that 1) the presence 

and the amplitude of the dicrotic notch can be modified by simply changing the terminal 

reflection coefficient, and 2) the presence of the dicrotic notch does not depend on the 

shape of the inlet flow signal. Backflow in the aorta is not required to create a dicrotic 

notch. However, using different inlet signals will modify the shape of the dicrotic notch, 

since the reflected waves will not be the same.  

 

These results are in good accordance with our hypothesis that inlet backflow does not 

create the dicrotic notch by itself. In the following simulations, we will therefore 

consider only parabolic inlet signals without backflow. 

 

SINGLE SEGMENT MODEL WITHOUT BIFURCATIONS 

In real experiments as well as in numerical simulations using the 55 arteries model, it is 

difficult to understand the underlying mechanism responsible for the creation of the 

dicrotic notch, since so many effects come into play. To simplify the problem, we used 

a very reduced model of the 55-segment arterial network, considering only one artery 

without bifurcations. In this situation, the variables of interest that influence wave 

morphology (such as terminal reflection (Rt) coupled with classical compliant (β), 

viscous (Cf) and viscoelastic (Cν) effects) can be easily modified, identified and 

therefore studied. We sought to evaluate the influence of each of these variables on the 

dicrotic notch through numerical simulation.  

 

We computed the pressure-time curve of a single-beat impulse in arteries of different 

lengths (L = 1,000 mm, 600 mm, 400 mm and 200 mm) and plotted these curves in the 

same figure. We chose this strategy because the reflection waves resulting from the 

original pressure wave can be clearly identified in single-beat simulations. Likewise, 



individual reflection waves can be easily pointed out in longer vessels, since the 

increased vessel length prolongs the travelling time between the original pressure wave 

and the reflection point, separating the waves apart. Regardless of the overall length of 

the artery, the signal was always measured in the same location (i.e., at 150 mm from 

the beginning of the artery). Since the heart signal is periodic and has two phases 

(systole and diastole) and ejection occurs only during systole, we considered that 

ejection time was half the pulse period by supposing that each phase occupies half of 

the entire pulse period and that the systolic phase is mainly occupied by the ejection 

period (which is only slightly different from physiologic findings).  

 

Pure wave propagation 
We considered first a pure wave propagation, suppressing all source of attenuation and 

diffusion (meaning that no viscous or viscoelastic effects were taken into account, that 

is, both coefficients Cf and Cυ = 0), with a pulse period of 0.1 seconds (i.e., ejection 

time = 0.05 seconds). We initially considered a reflection coefficient (Rt) of 0. As 

expected, our simulation showed a single original pressure wave, that was identical 

regardless of the vessel length, and no reflected waves (Figure 4A). When we increased 

the reflection coefficient up to Rt=0.4 (Figure 4B), two additional reflected pressure 

waves appeared, which had identical amplitudes but were recorded at different times for 

each vessel length. These two waves are the result of the reflection of the original 

pressure wave at the end of the artery and the reflection of the first reflected wave at the 

beginning of the artery. In shorter vessels the two reflection waves are much closer to 

the original pressure wave than in longer vessels (e.g., compare the reflection waves 

from the 600 mm vessel and the 1,000 mm vessel). As the length of the artery 

decreases, the two reflection waves move closer and closer to the original pressure 

wave, since the first reflection wave is travelling a smaller distance at the same speed. 

Eventually, at very short vessel lengths, the two reflection waves merge together with 

the original wave by forming a notch (i.e., the 200 mm vessel). This clearly shows how 

the final morphology of the pressure-time waveform is the addition of the original 

pressure wave and several reflection waves. When we increased again the reflection 

coefficient up to Rt=0.8 (Figure 4C), the pressure-time waveform was similar to Figure 

4B but had a higher amplitude. It is important to note that by increasing the reflection 

coefficient, only the amplitudes of the waves change. The reflected waves do not get 

closer to one another nor to the original pressure wave, that is, they do not increase their 

propagation velocity: the waves arrive at 150 mm at the same time, regardless of the 

reflection coefficient.   

 

These numerical simulations show that the reflection waves originated at the terminal 

reflection site can create a notch on the original pressure and that the amplitude of these 

waves depends on the value of the terminal coefficient (Rt). 

 

Up to this point, we have considered a pulse period of 0.1 seconds, since this allows us 

to identify individual waves more easily. Nevertheless, this would imply a heart rate of 

600 beats per minute. A pulse period of 0.8 seconds would be a more realistic approach, 

yielding a heart rate of 75 beats per minute. Pressure-time curve simulations considering 

a pulse period of 0.8 seconds (i.e., ejection time = 0.4 seconds) show that, once again, 

reflected waves disappear when the terminal reflection is zero (Figure 5A) and increase 

in amplitude as the terminal reflection does (Figures 5B and 5C). With a longer pulse 

period, the reflected waves merge with the original pressure wave even in vessels with 



long lengths (e.g., in the 600 mm vessel they are almost completely merged together) 

(Figure 5B) and the individual elements of these pressure waves are harder to point out. 

 

Considering only the propagation of a wave without viscous attenuation or viscoelastic 

diffusion, we were able to show that in the scope of our experiments, it was possible to 

form a dicrotic notch through positive interactions between reflected waves originated 

at the terminal reflection site and the original pressure wave. Furthermore, we showed 

that when considering a realistic pulse period of 0.8 seconds, the interactions between 

the forward and backward travelling wave were strengthen. 

 

Viscous and viscoelastic effects 

The influence of viscous and viscoelastic effects (respectively governed by the 

coefficients Cf and Cυ) was added in the following series of simulations. Once again, we 

considered a pulse period of 0.1 seconds in order to compare with pure wave 

propagation curves. Figure 6A shows that with a reflection coefficient (Rt) of 0 there is 

a single original pressure wave and no reflected waves. Figures 6B and 6C represent 

numerical solutions for reflection coefficients (Rt) of 0.4 and 0.8, respectively, and we 

observe reflected waves that have higher amplitude for higher reflection coefficient. In 

comparison to pure wave propagation, the reflected waves merge with the original 

pressure wave at longer lengths (e.g., in the 400 mm vessel) when influenced by viscous 

and viscoelastic effects.  

 

These simulations show that the presence of viscosity and viscoelasticity “smoothens 

the curves out”, resulting in the overlap of waves that previously were identified as 

individual elements when considering only pure wave propagation. These results show 

that, when considering viscous and viscoelastic effects, the overlap between waves is 

greater but still dependent on the reflection terminal coefficient. 

 

Changes in elasticity 

The effects of changing the vessel elasticity (E) were studied using the same single 

artery model as before, this time with a length of 600 mm. Figure 7A indicates how, as 

the elasticity increases, the incoming pressure wave appears earlier (since the 

propagation speed is increased) and reaches higher values; however since the reflection 

coefficient (Rt) is 0, the shape of the signal remains the same and does not form a 

dicrotic notch. Figures 7B and 7C consider a reflection coefficient (Rt) of 0.4 and 0.8, 

respectively; thus reflected waves now appear and modify the shape of the signal, 

creating a dicrotic notch. In both these figures, vessels with a higher elasticity have 

higher and earlier reflected waves.  

 

These results suggest that an increase in the vessel elasticity could change the overall 

morphology of the wave by increasing the propagation speed and therefore changing the 

timing of interaction between the incoming and the reflected waves. However, this 

depends on the creation of reflected waves, which are caused by terminal reflections –

and not changes in elasticity. 

 

SINGLE SEGMENT MODEL WITH A BIFURCATION 

As we mentioned previously, reflection can also occur at vessel bifurcations. We 

considered only one parent artery that divides into two daughter arteries. We studied the 

pressure-time curve of a single-beat impulse in parent arteries of different lengths 

(1,000 mm, 600 mm, 400 mm and 200 mm), keeping the geometrical and mechanical 



properties of the two daughter arteries constant. Furthermore, we set the reflection 

coefficients at the end of the daughter arteries to zero (Rt=0), ensuring that if a 

reflection occurred, it could only come from the bifurcation. The value of the reflection 

coefficient produced by the bifurcation depends on the geometrical and mechanical 

properties of the parent and the two daughter arteries, and in the configuration we 

consider its value is Rb=0.71. Regardless of the overall length of the artery, the signal 

was always measured in the same location (i.e., at 150 mm from the beginning of the 

parent artery) and a pulse period of 0.1 seconds (i.e., ejection time = 0.05 seconds) was 

used. As for the single-artery model without bifurcations, we considered only pure wave 

propagation (Figure 8). The results presented in Figure 8 are identical to those obtained 

for the single-artery model without bifurcations with a non-zero reflection coefficient 

(Figure 4B). Hence we demonstrated that internal reflection could also play an 

important role in the reflective behavior of the network and influence the shape of the 

dicrotic notch. 

 

 

Discussion 

 

Although the dicrotic notch withholds valuable information on cardiovascular 

hemodynamics, medical textbooks and literature explain its origin in very different 

ways, often leading to divergent interpretations among medical professionals.  

 

We have shown through both numerical simulations and experimental data from adult 

patients that reflected waves may have a role in the origin of the dicrotic notch. Our 

results also suggest that increases in peripheral resistance increase the amplitude but not 

the propagation speed.  

 

A commonly considered etiology of the dicrotic notch is that it is a manifestation of 

aortic valve closure (5,10,19,26). However, this explanation could be incomplete. While 

the closure of the aortic valve generates a transient reversal of blood flow in the aorta 

which can contribute slightly to the shape of the notch (Figure 3), the only reasonable 

explanation for the aortic valve to close at all is the presence of a pressure gradient in 

that direction. This pressure gradient may be caused by the declining ventricular 

pressure during diastole and by the transient increase in aortic pressure caused by 

reflection waves, commonly referred to as the dicrotic notch. We therefore believe that 

even though the appearance of the dicrotic notch is simultaneous to the aortic valve 

closure, this explanation on its own may not be enough, and could be a lost chance for 

reinforcing important hemodynamic concepts.  

 

Other authors do recognize the role of reflected waves in the origin of the dicrotic notch, 

but consider that a rise in the value of the reflection coefficient increases not only the 

amplitude of the reflection waves but also the speed at which they travel (34). Our 

experiments in patients undergoing vascular surgery show that after an IV bolus of 

phenylephrine the dicrotic notch either appeared if it was previously absent or it 

increased its amplitude if it was previously present (Figure 2). Nevertheless, in our 

experiments the relative time-position of the reflection wave in the overall pressure 

wave cycle remained unchanged. Although our experimental data have some 

limitations, since continuous pressure was not recorded using a high-fidelity transducer 

(only a fluid-filled system) and did not asses other variables in the cardiovascular 

system (such as cardiac output, pulse wave velocity or vasoactive responses), these 



findings are in accordance with our numerical simulations and with the concept that the 

speed at which pressure waves travel in a vascular network depends only on the 

structural characteristics of the network. For example, in elderly patients with vascular 

stiffening, reflected waves may move faster and reach the original arterial pressure 

waveform before it has time to decrease, which causes an amplification of the systolic 

pressure and, as a consequence, isolated systolic hypertension. This clinical condition 

illustrates clearly how changes in vascular elasticity can have an influence on the time-

position and the amplitude of the dicrotic notch. Indeed, several studies have used the 

dicrotic notch as a time-reference point to measure pulse wave velocity and as an 

indicator of arterial stiffness (12,13). However, our results suggest that this effect would 

be greatly influenced by modifications in reflected waves, as shown in Figure 7, where, 

in the absence of reflected waves, changes in elasticity do not generate a dicrotic notch. 

 

This problem was approached using a 1D model, which has been previously used to 

study the effects of reflected waves on vascular networks both numerically (1,27) and 

experimentally (16,4). Alastruey et al. used this method to conclude that the dicrotic 

notch is a combination of several mechanisms –mainly left ventricle outflow, arterial 

junction reflections and aortic valve closure. However these results were obtained 

through a linear model that did not include viscoelasticity, complementary experimental 

data, or a systematical study of the dicrotic notch (2). Mynard et al. also studied arterial 

wave reflections using a 1D model, this time introducing a heart model (23). However 

these authors did not systematically study the dicrotic notch either. These previous 

studies support the accuracy of this modeling approach for wave reflection analysis. The 

main contribution of our research is the systematical study of the role of reflected waves 

in the origin of the dicrotic notch, starting from experimental data from adult patients, 

and then complementing our analysis with data from a 1D numerical model –first with a 

55 artery model and then with a single artery, progressively making the system simpler. 

 

There are some limitations in the 1D numerical model. First, it does not include a heart 

model, so it does not take into account any feedback between the heart and the vascular 

network. A possible solution for this problem could be the heart model proposed by 

Mynard et al (23). Second, the arterioles, capillaries and veins are all simulated by the 

terminal reflection coefficient (Rt). A more accurate alternative would be to use a 

Windkessel model to estimate systemic resistance and characteristic impedance, with 

the additional costs in complexity. 

 

Both our experimental and numerical data show that increased vasoconstriction is 

related to a higher dicrotic notch. This study is proof of concept that the dicrotic notch is 

mainly determined by the reflection waves and their characteristics.  

 

We propose these experimental and numerical examples as a conceptual and 

educational tool to illustrate how changes in reflection waves can produce modifications 

in the morphology of the dicrotic notch.  
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TABLES 

 

L [mm] R [mm] h [mm] E [kPa] 

200-1000 14.7 1.63 400 

Table 1. Geometrical and mechanical parameters describing the single artery network 

model and the parent artery of the bifurcation network model. 

 

 

L [mm] R [mm] h [mm] E [kPa] 

100 5 1 400 

Table 2. Geometrical and mechanical parameters describing the daughter arteries of the 

bifurcation network model. 

 



FIGURES 

 

 
 

Figure 1. Three different artery models used in our simulations. A. A human arterial 

network of 55 segments based on vascular nuclear magnetic resonance images. The 

influence of the peripheral vascular bed was taken into account through terminal 

reflection coefficients (Rt), which could be modified and, for the sake of simplicity, had 

the same value for all terminal segments. B. A single segment model considering one 

straight artery without bifurcations, where the terminal coefficient (Rt) could be 

modified. The mechanical and geometrical parameters of this single segment were 

identical to those of the aorta of the 55 arteries model and can be found in Table 1. C. A 

single bifurcation model formed of one parent artery that divides into two identical 

daughter arteries. The geometrical and mechanical parameters of the parent artery were 

the same as the single artery model. The two daughter arteries were identical and their 

parameters are presented in Table 2. The terminal coefficient (Rt) of the daughter 

arteries were set to 0 in order to study the value of the reflection coefficient (Rb) at the 

bifurcation, which could be modified. 

A. Patient 1 

Before IV bolus of phenylephrine After IV bolus of phenylephrine Mean cycle comparison 



   
 

B. Patient 2 

Before IV bolus of phenylephrine After IV bolus of phenylephrine 

 
 

 

Figure 2. A. Left and middle panel: Invasive arterial pressure-time waves for Patient 1 

undergoing abdominal aorta prosthetic replacement. Periodic oscillations in pressure 

waves were due to respiratory variations, which were enhanced due to mechanical 

ventilation settings. Initially the patient had a small dicrotic notch. Notice that, after an 

IV bolus of phenylephrine, the dicrotic notch increased its peak amplitude without 

changing its relative time-position within the pressure cycle. This could indicate that 

vasoconstriction induced by phenylephrine increases the amplitude of the dicrotic notch 

without modifying pressure wave travel time. Right panel: Comparison of mean 

pressure tracings over a 10-second interval before (continuous line) and after (dotted 

line) an IV bolus of phenylephrine with time normalized to the duration of one cycle 

and pressure normalized to the nearest inflexion point before the dicrotic notch. The 

proportional increase in the normalized peak value of the main wave (2%) was smaller 

than the proportional increase in the normalized peak value of the dicrotic notch (6%). 

B. Invasive arterial pressure-time waves for Patient 2 undergoing a right femoral-

popliteal bypass. Initially the patient had a monophasic waveform that lacked any 

noticeable dicrotic notch. After an IV bolus of phenylephrine, blood pressure increased 

significantly and waveform morphology changed, with the dicrotic notch interrupting 

the end of the diastolic slope. 



Figure 3. Numerical simulation of flow rate (Q) and pressure (P) time curves in the 

proximal aorta of the 55-segment vascular network, using different terminal reflection 

coefficients (Rt). A. A terminal coefficient of Rt=0 yields a monophasic pressure-time 

curve that practically mirrors flow-time curves. Note that the dicrotic notch is 

undetectable. B. A terminal coefficient of Rt=0.4 results in a clear dicrotic notch which 

interrupts the downward pressure slope of the original pressure wave. C. A high 

terminal reflection coefficient of Rt=0.8 produces a higher dicrotic notch that is 

overimposed on the original pressure wave nearly at its peak. Three different inlet flow 

rate signals are illustrated: a parabolic signal without backflow (normal), a parabolic 

signal with backflow (blackflow), and a triangular signal without backflow (triangular). 

The presence of backflow, as well as the shape of the inlet signal, modifies the shape 

but not the time-position of the dicrotic notch. 



 
Figure 4. Pressure-time curve of a single beat impulse in a one-artery model without 

bifurcations, measured at 150 mm from the beginning of the artery, in arteries of 

different lengths. These simulations considered a pulse period of 0.1 seconds and only 

pure wave propagation. A. Considering a reflection coefficient of Rt=0, our simulation 

shows a single original pressure wave that is similar regardless of the vessel length, and 

no reflected waves at all. B. At an Rt=0.4, our simulation shows two reflected waves 

that are much closer to the original pressure wave in shorter vessels than in longer 



vessels (e.g., compare the reflected waves from the 600 mm vessel and the 1,000 mm 

vessel). Eventually, at very short vessel lengths, the two reflection waves merge 

together with the original wave by forming a notch (i.e., the 200 mm vessel). C. At an 

Rt=0.8 our simulation shows that by increasing the reflection coefficient, only the 

amplitudes of the waves change. The reflected waves do not get closer to one another or 

to the original pressure wave, indicating that they do not change their propagation 

velocity. 

 



 
Figure 5. Pressure-time curve of a single beat impulse in a one-artery model without 

bifurcations measured at 150 mm from the beginning of the artery, in arteries of 

different lengths. These simulations considered a pulse period of 0.8 seconds and only 

pure wave propagation. A. At an Rt=0, once again our simulation shows a single 

original pressure wave that is similar regardless of the vessel length, and no reflected 

waves at all. B. At an Rt=0.4 and a longer pulse period than in Figure 4, our simulation 

shows two reflected waves that merge with the original pressure wave even in vessels 



with long lengths (e.g., in the 600 mm vessel they are almost completely merged 

together). C. At an Rt=0.8. By increasing the reflection coefficient, the amplitudes of 

the waves change. With a longer pulse period, the individual elements of these pressure 

waves are harder to point out.  



 



 
Figure 6. Pressure-time curve of a single beat impulse in a one-artery model without 

bifurcations measured at 150 mm from the beginning of the artery, in arteries of 

different lengths. These simulations considered a pulse period of 0.1 seconds and the 

influence of viscous and viscoelastic effects on wave propagation. A. At an Rt=0 our 

simulation shows a single original pressure wave that is similar regardless of the vessel 

length, and no reflected waves. B. At an Rt=0.4. In comparison to pure wave 

propagation, reflected waves merge with the original pressure wave at longer lengths 



(e.g., in the 400 mm vessel). C. At an Rt=0.8 the compliant effect of viscoelasticity 

“smoothens the curves out”, resulting in the overlap of waves that previously were 

identified as individual elements when considering only pure wave propagation. 



 

 
Figure 7. Pressure (P) time curves of a single beat impulse in a one-artery model 

without bifurcations measured at 150 mm from the beginning of an artery with a length 

of 600 mm. These simulations considered a pulse period of 0.1 seconds and viscous and 

viscoelastic effects on wave propagation. A. Considering a reflection coefficient (Rt) of 

0 –therefore, in the absence of reflection waves– increases in vessel elasticity (E) raised 

the propagation speed but did not create a dicrotic notch. B. Considering a reflection 



coefficient (Rt) of 0.4, reflection waves appear. An increase in the vessel’s elasticity (E) 

increased the amplitude and the propagation speed of both the original pressure wave 

and the reflected wave, which therefore appear earlier. C. Considering a reflection 

coefficient (Rt) of 0.8, reflection waves increased their amplitude and reduced their 

timing.  



 

 
Figure 8. Pressure-time curve of a single beat impulse in an artery model with 

bifurcations, measured at 150 mm from the beginning of the parent artery, in arteries of 

different lengths. These simulations considered a pulse period of 0.1 seconds, a 

reflection coefficient (Rt) of 0.4 and only pure wave propagation. Our simulation is 

identical to that obtained for the single-artery model without bifurcations (Figure 4B) 

and demonstrates that internal reflection can also play an important role and influence 

the shape of the dicrotic notch. 
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