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Abstract

Dynamic arterial elastance (Eadyn) is the reapplication of effective arterial elas-
tance into a practical bedside derivative useful for assessing blood pressure 
response to various interventions. Typically, the complex interaction of ventricu-
lar and arterial systems requires the use of invasive and technically difficult mon-
itors. Now, with the advent of Eadyn the dynamics of arterial load become available 
with minimally invasive monitors. Furthermore, the introduction of Eadyn into 
current algorithms for perioperative and critical care fluid management has been 
shown valid and impactful on clinical outcomes.

Key Points
 1. Stroke volume variation and pulse pressure variation predict cardiac output 

responsiveness to intravenous fluid administration, not mean arterial pressure 
responsiveness.

 2. The ratio of pulse pressure variation to stroke volume variation predicts mean 
arterial pressure responsiveness to intravenous fluid administration and norepi-
nephrine titration.

 3. The use of Dynamic Arterial Elastance decreases length of time in the cardiotho-
racic intensive care unit when employed as part of post-operative management.

 4. The generalizability of the clinical utility of Dynamic Arterial Elastance is mod-
est and further study is still needed.
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 Introduction

Blood pressure is the potential energy needed to overcome resistive forces in capillary 
beds and achieve blood flow through tissues. This flow delivers the necessary substrate 
for energy production, allows immune surveillance, and transfers various ligands and 
waste products in order to maintain homeostasis. Insufficient flow risks cellular 
disruption and tissue dysfunction manifesting as pathologic states such as kidney 
injury, heart failure, liver failure, poor wound healing, and infection. This crucial link 
between blood pressure and flow emphasizes the need to balance flow with an adequate 
mean arterial pressure, especially in the operating room and critical care settings.

Interventions employed to achieve a favorable hemodynamic balance are not 
without risk and prediction of their utility is of great importance to the anesthesiolo-
gist. The historic trend has been empiric fluid administration as the mainstay of 
managing hypotension, but this trend has shifted. It is now recognized that exces-
sive intravascular fluid administration can be detrimental for patients [1]. The use of 
excessive vasopressor is also problematic. While there are numerous predictive 
methods of determining the cardiovascular responsiveness to various interventions, 
the most accurate lack the efficacy for widespread use. Thus, the search for non- 
invasive, user-friendly methods has progressed.

Two commonly employed methods are stroke volume variation and pulse pres-
sure variation. While useful, these modalities predict increases in cardiac output 
(CO), not MAP, offering an incomplete assessment of the arterial system [2, 3]. 
Interestingly, by simply comparing pulse pressure variation (PPV) to stroke volume 
variation (SVV) a more complete hemodynamic picture emerges. Coined “Dynamic 
Arterial Elastance,” PPV/SVV can predict MAP responsiveness to fluid administra-
tion and norepinephrine titration with promising accuracy [4–9].

This chapter explores the physiology of dynamic arterial elastance (Eadyn) in 
terms of the influence of arterial system characteristics on arterial waveforms. 
Subsequently, the chapter examines the clinical evidence followed by a proposed 
method for implementing dynamic arterial elastance (Eadyn) into clinical practice.

 Arterial Waveforms and the Arterial Tree

Pulse pressure is the transformation of stroke volume to a pressure wave in accor-
dance with arterial system properties. Likewise, the variation of pulse pressure as 
stroke volume varies is a result of arterial system properties. These primary arterial 
system properties are effective arterial elastance (Ea) and impedance (Z). Essentially, 
the degree to which PPV couples with SVV depicts the relative states of effective 
arterial elastance (Ea) and impedance (Z).

Effective arterial elastance and impedance are the dynamic equivalents of sys-
temic vascular resistance. The static approach, where CO = MAP/SVR, assumes a 
quasi-steady hemodynamic state, smoothing over the pulsatile nature of the cardio-
vascular system. Amongst other things, this results in a false depiction of SVR as the 
sole proportioning factor for the transformation of energy between pressure and flow. 
This results in an over appreciation of vessel radius in determining pressure and flow 
dynamics, ignoring arterial tone. By embracing the pulsatility of the cardiovascular 
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system arterial tone becomes a codominant factor. In fact, arterial tone and vessel 
radius are major elements of both effective arterial elastance (Ea) and impedance (Z).

Effective arterial elastance (Ea) describes the pressure wave of a stroke volume as 
the result of arterial tone and peripheral vascular resistance  in accordance with the 
2-element Windkessel model of arterial waveforms. For clarification, elastance is 
synonymous with tone, and is an intrinsic property of the arterial walls. Its measure is 
the rate of pressure rise as volume is introduced into an elastic structure. Depicted 
physiologically, the large central arteries stretch and temporarily store a volumetric 
portion of a stroke volume. These vessels resist this stretch and attempt to return to their 
original size, causing a rise in pressure upon systole with subsequent steady decline in 
pressure as blood discharges to the periphery during diastole. Due to the finite ability 
of arterial vessels to stretch an increase in total arterial volume results in an exponential 
increase in rate of pressure rise (See Fig. 5.1). Because PVR controls outflow from the 
large elastic capacitance vessels it also controls their total volume at a given heart rate 
and thus effective arterial elastance. The incorporation of PVR into arterial elastance is 

Fig. 5.1 Vascular 
Compliance curve (Top) and 
its inverse, Elastance 
(bottom). The elastance curve 
may be altered at baseline, 
for example in 
atherosclerosis. Elastance 
also varies by vascular bed 
and arterial tone. The dashed 
line depicts the change in the 
pressure volume relationships 
for compliance and elastance
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the distinction between arterial elastance as an intrinsic property and effective arterial 
elastance as an in vivo property. Effective arterial elastance (Ea) is the result of arterial 
tone (AKA elastance) and peripheral vascular resistance [10–13].

The 2-element Windkessel model uses Ea to accurately predict end systolic pres-
sure and diastolic pressure, but is inaccurate in predicting peak systolic pressure 
[10] (see Fig. 5.2). The difference between peak systolic pressure and end systolic 
pressure in the aorta is relatively minor. However, as the pressure wave traverses the 
arterial system end systolic pressure and peak systolic pressure vary quite drastically 
[12]. The phenomenon is known as distal pulse pressure amplification and can be 
attributed to excess pressure (Pex) [14, 15].

Excess pressure (Pex) is the result of reverberation or pressure wave reflection 
perpendicular to flow beginning and ending in systole. This pressure wave adds to 
the pressure-volume wave predicted by the 2-element Windkessel in early systole 
and its effects are negligible by end systole. Excess pressure (Pex) explains the dis-
crepancy between peak systolic pressure and end systolic pressure [15].

Fig. 5.2 Excess Pressure waveform represented by the Joukowsky equation plus the 2-element 
Windkessel. The summation illustrates their gross contributions to the arterial waveform. The peak 
of the pressure volume graph is end systolic pressure, whereas the peak of the arterial waveform 
summation graph is the systolic pressure

excess pressure Pressure - Volume

Arterial Waveform
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The Joukowsky equation elegantly describes how Pex results in peak systolic pres-
sures greater than end systolic pressures. The equation is: dP = QZ, where Q = wave 
speed, Z = impedance and dP approximates excess pressure (Pex) [16]. Wave speed 
(Q) is determined by ventricular contractility and arterial elastance. Impedance (Z) is 
proportional to elastance and SVR. This is all to show Pex increases as elastance, SVR, 
and contractility increase [16, 17]. As suggested, the phenomenon of distal pulse pres-
sure amplification  illustrates the role of excess pressure in stroke volume to pulse 
pressure transformation and serves as an important example of its role in Eadyn.

Impedance (Z) increases from the proximal to distal arterial tree because of a 
change in intrinsic properties of the arterial walls and total caliber of vessel lumen. 
The main intrinsic property resulting in increased impedance is the increased 
smooth muscle to elastin ratio in peripheral arteries resulting in increased elastance 
or intrinsic tone. In addition, the typical taper of total vessel radius near the periphery 
results in increased SVR. Together the changing arterial properties as the pressure 
wave traverses the arterial system results in an increase in Pex and thus distal pulse 
pressure amplifications [15]. The concept is quite obvious when observing arterial 
waveform tracings at proximal sites versus more distal sites.

Altogether, PPV/SVV describes the relative state of Ea and Z as described by Pex 
and the 2-element Windkessel. Arterial tone, peripheral vascular resistance, imped-
ance, and LV contractility determine the rate of left ventricular energy dissipated to 
arterial walls via perpendicular wave reflections (Pex) and vessel wall recoil 
(Windkessel). The fact that theoretical and experimental data predict a PPV/SVV 
around 0.8 as the threshold value at which a patient is not likely to respond to a fluid 
bolus is proof of concept. Furthermore, studies validating PPV/SVV find its predic-
tive capabilities to be independent of SVR. Thus, PPV/SVV offers an assessment of 
dynamic arterial characteristics beyond the ability of static hemodynamic models.

Combining Joukowsky and Windkessel

 Data and Utility

Clinically, the elegance of PPV/SVV is the ability to assess complex hemodynamic 
characteristics with minimally invasive to potentially non-invasive monitors. 
Because PPV/SVV is a ratio of change absolute values are not necessary. More 
specifically, PPV and SVV are derivatives of the Frank Starling curve and PPV/
SVV is the derivative of Z and/or Ea curves. This means, theoretically at least, any 
measure of SVV and PPV would suffice as long as these methods can track change 
with reasonable accuracy.

Monge et al., one of the first groups to assess the validity of Eadyn, used two sepa-
rate methods of measurement in the intensive care unit (ICU). Both study patient 
populations were mechanically ventilated, preload dependent (by SVV or PPV), with-
out evidence of cardiac pathology. Over half of the patients were septic. Interestingly, 
there was no difference in hypotensive and normotensive patients in the ability of 
Eadyn to predict MAP response of >10% after a 500 mL bolus of NS (Fig. 5.3). Also, 
over half of the patients received norepinephrine or dopamine infusions, which were 
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not titrated during the study. Moreover, MAP response continued with repeat boluses 
until subsequent measure of PPV/SVV decreased. The end result of the two validation 
studies: PPV/SVV of 0.73 (grey zone 0.72–0.88) predicted MAP increase >10% with 
a 500 cc bolus of NS with a sensitivity of 90.9% and a specificity of 91.5% [6].

The first validation study by Monge et al. was challenged on the possibility of 
“mathematical coupling.” In this study, the FloTrac/Vigileo platform was used to 
measure both PPV and SVV from radial arterial line tracings. Because the Vigileo 
uses waveform characteristics to modify its assessment of stroke volume it was 
thought the use of the same waveform tracing for both PPV and SVV would errone-
ously couple the two, invalidating the results of the study [18]. In response, the 
follow-up study used an esophageal Doppler for SVV and radial arterial waveforms 
for PPV. The studies had similar results [5, 6]. 

As with the utilization of different platforms for tracking PPV/SVV, cautious 
interpretation and implementation is warranted for different patient populations. 
The Ea value is different in patients with and without hypertensive disease [19]. 
Pertinent to anesthesia and critical care, a study in cirrhotic patients undergoing 
liver transplantation did not show Eadyn to be predictive of MAP response to fluid 
bolus [20]. Furthermore, Eadyn was not predictive of pressure response to fluid 
administration in a study of which >50% of participants were undergoing vascular 
procedures secondary to atherosclerosis [21]. On a positive note, Eadyn has been 
validated in patients undergoing robot assisted laparoscopic prostatectomies [9].

An area of increasing investigation is the use of PPV/SVV to predict MAP respon-
siveness for the titration of norepinephrine (NE). The end point of three studies showed 
PPV/SVV to be useful for predicting which patients would have a MAP decrease 
>10% with an unspecified decrease in NE [4, 7, 8]. Most importantly, one study showed 
decreased time of NE infusion and time in the ICU when using Eadyn as part of an algo-
rithm for weaning NE [7]. The cutoff values for predicting MAP decrease with NE 
decrease are ~0.85–0.90 with a near 100% sensitivity and ~ 70% specificity [4, 7, 8].

Fig. 5.3 The relationship of 
pulse pressure variation to 
stroke volume variation 
depicts a tangential line along 
the pressure volume curve of 
arterial vessels. This 
relationship can be used to 
predict the pressure response 
of the arterial system to an 
increase in volume
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As a caveat, the physiology of PPV and SVV coupling has brought with it the 
debate as to whether or not it is a measure of ventriculo-arterial coupling. 
Nomenclature aside, based on its physiology, its importance as a measure of arterial 
system characteristics likely requires normal cardiac and autonomic function [14, 
19, 22–24]. Patients with normal cardiac reserve and effective baroreceptor 
responses will respond harmoniously with changes in arterial load. Whereas patients 
with alteration in cardiac function, whether it be acute, chronic, and/or pharmaco-
logically induced, the threshold value for prediction may be altered [19, 22–24].

While there is no substitute for clinical judgment, the ratio of PPV/SVV is 
another tool to help predict hemodynamic status. It is different, although representa-
tive of SVR as a dynamic arterial load on stroke volume. Data are limited and sug-
gest unique considerations in certain patient populations warranting further studies 
before use in these groups (i.e. atherosclerosis, cirrhosis, cardiac dysfunction). 
Furthermore, different methods of measurement and algorithms may alter validity 
and optimal predictive values. An understanding of the physiology will help the 
clinician interpret Eadyn in a given clinical scenario. Currently, only general recom-
mendations for the clinical implementation of Eadyn can be provided.

Eadyn should be used in patients who are expected to or are actively suffering 
from hypotension to determine the role of vasopressors and/or fluid administration. 
Cardiac variables should be considered if Eadyn is below threshold and a patient is 
not fluid responsive by PPV or SVV.

Recommendations can be made in the setting of hypotension or anticipated 
hypotension for patients not receiving pharmacologic hemodynamic support. 
Vasopressors and/or inotropes should be administered prior to or in lieu of giving a 
fluid bolus to patients who are below the pressure responsiveness threshold. Fluids 
should be administered if Eadyn is predictive of a pressure response to a fluid bolus 
and Eadyn reassessed. If Eadyn remains above threshold after a fluid bolus the patient 
may warrant an additional bolus of fluid. If Eadyn decreases below threshold after a 
fluid bolus the patient is likely no longer pressure responsive to fluids, and therefore 
vasopressors or inotropes should be considered if hypotension persists.

Patients receiving norepinephrine infusion with Eadyn below threshold should 
continue norepinephrine with further investigation into the etiology for vasoplegia. 
Norepinephrine should be decreased if Eadyn is above a threshold, though the decre-
ment has yet to be empirically determined. The use of Eadyn for the titration of nor-
epinephrine is the only clinically positive outcome associated with Eadyn [7].

A challenging area of Eadyn interpretation is the scenario of preload dependence 
by SVV or PPV with an Eadyn below threshold. Pharmacologic support should be 
given but administration of a fluid bolus is unclear. There are two potential paths 
as Eadyn reaches threshold following vasopressor administration: 1. either the patient 
remains hypotensive, or 2. the MAP goal is achieved. If Eadyn reaches threshold 
while titrating pharmacologic support, yet the patient remains hypotensive a fluid 
bolus should be given. In the patient who achieves MAP goals after pharmacologic 
support the clinician should question whether or not flow is being sacrificed for 
pressure. A fluid bolus should be considered when Eadyn is above threshold in a 
preload responsive patient receiving vasopressor/inotropic support in an attempt to 
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wean pharmacologic support. Aside from norepinephrine, there are currently no 
studies examining the effect of vasopressors/inotropes on Eadyn. Therefore, the 
validity of Eadyn and/or its threshold value may be altered when interpreting in the 
setting of vasopressors/inotropes other than norepinephrine.

The many caveats to the day-to-day use of Eadyn warrant a reminder of the physi-
ology of Eadyn. Its role in hemodynamic assessment is as an indicator of dynamic 
systemic vascular resistance. As with all clinical tools an understanding of its physi-
ology should guide its bedside implementation.

 Conclusion

Eadyn adds a unique tool to the clinician’s armamentarium for the assessment of 
hemodynamic status. The pulse pressure varies according to stroke volume varia-
tion as the result of Z and Ea. Studies validating Eadyn are promising in predicting 
pressure responsiveness to fluid bolus and norepinephrine titration. The use of Eadyn 
for decreasing norepinephrine use is associated with a decreased length of ICU stay 
and should be considered for this purpose. Further studies on outcomes in various 
populations need to be conducted. There may be a role for Eadyn in Enhanced 
Recovery After Surgery protocols with cautious interpretation based upon patient 
characteristics and clinical circumstances. Clinicians should start tracking Eadyn in 
practice to further assess the validity and outcomes associated with its use.
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