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Abstract
Background

we conducted this study to compare four arterial load parameters and determine which arterial load
parameters directly impacted arterial pressure regarding pressure, �ow, and arterial system relationship.

Methods

We conducted a cross-sectional study in patients with sepsis who underwent volume expansion (VE).
Hemodynamic parameters were recorded before and after VE. The relationship between the change of
mean arterial pressure (%MAP) and that of the dynamic arterial elastance (EaDyn), effective arterial
elastance (Eaeff), net arterial elastance (EaNet), and net arterial resistance (RaNet) was analyzed.

Results

Sixty-two patients were included. The DEaDyn(%) was not correlated with DMAP(%) (r=0.048, P=0.826).
Meanwhile, DEaeff(%), DEaNet(%), and DRaNet(%) were correlated with DMAP(%) (r=0.495, P<0.001;
r=0.453, P<0.001; and r=0.485, P<0.001, respectively). A multiple linear regression model was analyzed
for identifying predictors of DMAP(%) by including DCO(%) and each %change of arterial parameters. The
best-�t model was found by including DCO(%) and DEaeff(%) in the regression equation (R2=0.823,

adjusted R2=0.817). The model was adjusted by age, sex, Acute Physiology and Chronic Health
Evaluation II (APACHE II) score, Sequential Organ Failure Assessment (SOFA) score, arterial lactate level,
norepinephrine dosage, ventilator setting, method of VE, and �uid responsiveness and found that DCO(%)
and DEaeff(%) remained statistically signi�cant predictors of DMAP(%) (P<0.001 and P<0.001,
respectively).

Conclusion

The Eaeff was the best AL parameter that correlated with the changes in MAP. Furthermore, the model that
included the ∆Eaeff(%) provided the best predictive performance for ∆MAP(%) induced by VE,
independent of the �uid responsiveness and norepinephrine dosage.

Introduction
Fluid administration is the �rst treatment of choice in sepsis or septic shock resuscitation. (1) The main
objective of initial �uid therapy is to restore the arterial pressure for adequate tissue perfusion—the
arterial pressure results from the interaction between the blood �ow and the arterial system. Fluid therapy
increases blood �ow or cardiac output (CO). Also, it affects the arterial system. (2)

The arterial system parameters were described as the arterial load (AL) according to a two-element
Windkessel's model. To date, the arterial parameters researched for an arterial load assessment were
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vascular resistance (3–5), arterial compliance (elastance) (6), effective arterial elastance (Eaeff) (7), and
dynamic arterial elastance (EaDyn) (4). Garcia et al. validated those parameters predicting mean arterial
pressure (MAP) responsiveness to a �uid bolus in patients with circulatory failure. (4) They concluded
that the EaDyn was the best predictor for predicting MAP responsiveness. However, the previous study did
not clarify which parameters directly in�uenced to changing of MAP regarding sepsis. In addition, a study
in an animal model demonstrated the different changes in arterial elastance, arterial resistance, and Eadyn

after phenylephrine and nitroprusside infusion (5)

The validation of arterial load parameters in sepsis or septic shock patients has never been researched.
Therefore, we conducted this study to compare four arterial load parameters and determine which arterial
load parameters directly impacted arterial pressure regarding pressure, �ow, and arterial system
relationship.

Methods

Patients
We conducted a cross-sectional study at a medical intensive care unit in a university hospital in Bangkok,
Thailand. Our institutional ethics committee approved the present study. The present study was
performed following the ethical standards laid down in the 1964 Declaration of Helsinki and its later
amendments. In addition, we obtained written informed consent from each patient's next-of-kin.

This study consecutively enrolled participants aged 18 years or older with newly developed sepsis who
had initial MAP less than 65 mmHg at an emergency department combined with all following criteria: 1)
required �uid challenge according to physician's discretion at the time of ICU admission; 2) required
invasive mechanical ventilation. The exclusion criteria were arrhythmias, pregnancy, pulmonary edema,
cardiac failure, brain edema, atrial �brillation, contraindications for arterial catheter placement, and pulse
contour CO monitoring. The criteria made the diagnosis of sepsis of the Surviving Sepsis Campaign
Guideline 2016 (1). Figure 1 illustrates eligible participants as well as all excluded and included
participants.

Measurement
All included participants underwent measurement of hemodynamic parameters at baseline and after
volume expansion (VE). The systolic blood pressure, diastolic blood pressure, pulse pressure variation
(PPV), stroke volume variation (SVV), CO, and heart rate were recorded simultaneously. We used a pulse
contour analysis device (Vigileo monitor, Software Ver. 03.01; Edwards Lifesciences, Irvine, CA, USA) and
the FloTrac sensor (Edwards Lifesciences) to measure CO and SVV. The mean values of the three
determinations before and after the VE were recorded for further analysis.
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We measured the PPV by a Philips IntelliVue MP70 monitor (Philips Medical Systems). Before recording,
the arterial waveform was veri�ed for signal quality, and standard zeroing and leveling were performed.
Acceptable signal quality was determined by the presence of a typical arterial waveform without an over-
damped or under-damped signal. The average of three PPV values before and after VE was recorded.

The AL was de�ned as arterial elastance and arterial resistance (RaNet). The arterial elastance was
classi�ed into 1) effective arterial elastance (Eaeff); 2) net arterial elastance (EaNet); and 3) dynamic
arterial elastance (EaDyn). The Eaeff was derived from arterial blood pressure measurement, as described
in a study by Kelly et al. (7). Their research showed a strong correlation between Eaeff and Ea(PV) [a
parameter calculated by the left ventricular end-systolic pressure (LVESP) divided by the stroke volume
(SV)], which was de�ned as the gold standard for Ea (7)]. To calculate Eaeff, we �rst estimated the LVESP
from the arterial pressure with 0.9 x systolic arterial pressure. Next, the Eaeff was computed from the
estimated LVESP divided by the SV (7). Another, the EaNet was calculated by the pulse pressure (PP)/SV
(5). Then, the RaNet was de�ned by the PP/CO. Finally, the EaDyn was calculated by the PPV/SVV.

Study Protocol
All eligible participants were temporarily sedated, paralyzed, and placed on fully controlled mechanical
ventilation. The ventilation mode was either volume- or pressure-controlled ventilation at the physician's
discretion. The tidal volume was 8 mL/kg (predicted body weight). The preset respiratory rate was set at
16 breaths/min. The positive end-expiratory pressure was set at 8 to 10 cm H2O. The plateau pressure
was kept at ≤ 30 cm H2O. All treatments, including the vasopressor dosage, were maintained during the
study period.

The VE in each subject was prescribed according to the discretion of attending physicians. The VE was
performed with 1,000 mL of crystalloid (0.9% normal saline) over 1 hour or 500 mL of 5% human albumin
over 30 minutes (8, 9).

We also collected data about �uid responsiveness. The responders were de�ned as participants whose
CO increased more than 10% from baseline after VE.

Statistical analysis
A sample size of 58 participants was calculated with a conventional effect size = 0.35, α = 0.05, and 1 − β 
= 0.98 for a �xed-factor model of multiple regression. All participants were primarily analyzed in terms of
their baseline characteristics. Data were presented as mean ± standard deviation or number, depending
on the variable type. The relationship between each AL parameter at baseline and MAP at baseline was
analyzed by Pearson's correlation and was presented with the correlation coe�cient. The delta value and
percentage change from the baseline of all AL parameters were analyzed to determine their relationship
with the percentage change of MAP from baseline (%MAP). These results were presented with the
correlation coe�cient. Multiple linear regression was performed to assess the predictors of %MAP.
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Physiologically, changes in MAP should be associated with changes in CO and AL parameters. Therefore,
we analyzed four different models for predicting %MAP by multiple linear regression and compared the
R2 and adjusted R2 values to identify the �ttest model for predicting %MAP. We also analyzed the �ttest
model by adjusting age, �uid responsiveness, and vasopressor use by multiple linear regression. The
collinearity test was used to identify the relationships among variables in each model. In addition, the
tolerance statistic and variance in�ation factor were analyzed to determine the degree of collinearity.

The participants were also divided into two groups based on an increase or decrease in MAP after VE to
analyze the predictive performance of all AL parameters, presented as the area under ROC, sensitivity,
speci�city, negative predictive value, positive predictive value, and threshold values for prediction.

Results
In total, 62 participants with sepsis were enrolled in the present study (Fig. 1). All participants received
�uid resuscitation and norepinephrine infusion before ICU admission. Their baseline characteristics are
shown in Table 1, and their hemodynamic data before and after VE are shown in Table 2.
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Table 1
Baseline characteristics

Variables  

Age, years 60.98 ± 15.95

Gender  

Female 26 (41.9)

Male 36 (58.1)

Source of infection  

Bloodstream 11 (17.7)

Central nervous system 2 (3.2)

Gastrointestinal tract 8 (12.9)

Genitourinary tract 5 (8.1)

Others 3 (4.8)

Respiratory tract 29 (46.8)

Skin or soft tissue 4 (6.5)

Fluid responsiveness  

Responders 24 (38.7)

Non-responders 38 (61.3)

BMI, kg/m2 20.32 ± 3.93

APACHE II score 28.18 ± 8.31

SOFA score 11.58 ± 4.06

Lactate level, mmol/L 5.16 ± 4.43

Norepinephrine dose, mcg/kg/min 0.29 ± 0.22

FiO2 0.59 ± 0.24

TV, mL/kg of PBW 9.82 ± 2.02

RR, breaths/min 19.11 ± 4.28

Data are presented as mean ± standard deviation or n (%).

BMI, body mass index; APACHE, Acute Physiology and Chronic Health Evaluation II; SOFA, Sequential
Organ Failure Assessment; FiO2, fraction of inspired oxygen; TV, tidal volume; PBW, predicted body
weight; RR, respiratory rate; PEEP, positive end-expiratory pressure
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Variables  

Minute ventilation, L/min 9.96 ± 2.63

PEEP, cm H2O 7.45 ± 2.27

Data are presented as mean ± standard deviation or n (%).

BMI, body mass index; APACHE, Acute Physiology and Chronic Health Evaluation II; SOFA, Sequential
Organ Failure Assessment; FiO2, fraction of inspired oxygen; TV, tidal volume; PBW, predicted body
weight; RR, respiratory rate; PEEP, positive end-expiratory pressure

Table 2
Hemodynamic data at baseline (before VE) and after VE

Hemodynamic variables Before VE

(n = 62)

After VE

(n = 62)

P-value

Heart rate, beats/min 104.31 ± 27.32 101.85 ± 25.36 0.037

MAP, mmHg 69.85 ± 14.33 75.55 ± 16.12 0.001

PP, mmHg 45.90 ± 16.72 51.47 ± 19.45 0.001

PPV, % 9.50 ± 6.36 9.79 ± 6.36 0.569

SV, mL 50.71 ± 20.55 57.17 ± 25.42 0.000

SVV, % 12.18 ± 8.99 8.89 ± 4.57 0.000

CO, L/min 5.09 ± 2.09 5.63 ± 2.59 0.001

EaDyn 1.24 ± 0.86 1.37 ± 1.19 0.231

Eaeff, mmHg/mL 1.94 ± 0.85 1.95 ± 1.08 0.812

EaNet, mmHg/mL 1.00 ± 0.45 1.01 ± 0.57 0.734

RaNet, mmHg.min/L 10.02 ± 4.55 10.35 ± 5.29 0.311

Data are presented as mean ± standard deviation.

VE, volume expansion; MAP, mean arterial pressure; PP, pulse pressure; PPV, pulse pressure variation;
SV, stroke volume; SVV, stroke volume variation; CO, cardiac output; EaDyn, dynamic arterial elastance;
EaArt, arterial pressure-derived arterial elastance; EaNet, net arterial elastance; RaNet, net arterial
resistance

The VE induced distinct changes in MAP. Sixteen participants developed a reduction of MAP despite
receiving VE. Meanwhile, the remaining participants developed an increasing MAP. In the former group,
the SV was unchanged after VE, but the MAP was decreased. In the latter group, VE increased both SV
and MAP (Table 3).
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Table 3
Comparison of hemodynamic parameters before and after VE in patients with different responses to VE
Hemodynamic
variables

Decrease in MAP

(n = 16)

P-
value

No decrease in MAP

(n = 46)

P-
value

Before VE After VE Before VE After VE

Heart rate,
beats/min

104.06 ± 
25.85

103.00 ± 
26.46

0.115 104.39 ± 
28.09

101.46 ± 
25.25

0.062

MAP, mmHg 75.23 ± 
14.38

70.81 ± 
15.30

< 
0.001

67.99 ± 
13.98

77.20 ± 
16.23

< 
0.001

PP, mmHg 48.06 ± 
19.71

47.19 ± 
20.96

0.592 45.15 ± 
15.72

52.96 ± 
18.91

< 
0.001

PPV, % 7.83 ± 4.96 8.83 ± 5.27 0.144 10.06 ± 6.79 10.11 ± 6.79 0.932

SV, mL 50.83 ± 
20.03

51.60 ± 
19.46

0.518 50.68 ± 
20.94

59.11 ± 
27.11

< 
0.001

SVV, % 8.88 ± 5.73 8.13 ± 4.48 0.343 13.33 ± 9.67 9.15 ± 4.61 0.001

CO, L/min 4.96 ± 1.59 4.95 ± 1.47 0.906 5.12 ± 2.24 5.87 ± 2.85 < 
0.001

EaDyn 1.12 ± 0.62 1.05 ± 0.38 0.675 1.28 ± 0.94 1.48 ± 1.36 0.151

Eaeff, mmHg/mL 2.00 ± 0.77 1.87 ± 0.69 0.015 1.92 ± 0.89 1.98 ± 1.19 0.469

EaNet, mmHg/mL 0.99 ± 0.35 0.94 ± 0.32 0.260 1.00 ± 0.49 1.03 ± 0.63 0.449

RaNet, mmHg.min/L 10.25 ± 4.27 9.88 ± 4.14 0.474 9.95 ± 4.69 10.51 ± 5.66 0.158

Data are presented as mean ± standard deviation.

VE, volume expansion; MAP, mean arterial pressure; PP, pulse pressure; PPV, pulse pressure variation;
SV, stroke volume; SVV, stroke volume variation; CO, cardiac output; EaDyn, dynamic arterial elastance;
EaArt, arterial pressure-derived arterial elastance; EaNet, net arterial elastance; RaNet, net arterial
resistance

Analysis of correlation between MAP and baseline AL
parameters
No correlation was found between baseline MAP and AL parameters. Also, the correlation was not found
between percentage changes of MAP from baseline (%MAP) and the baseline values of EaDyn (r = 0.066,
P = 0.641 vs. r = 0.037, P = 0.794), Eaeff (r = 0.123, P = 0.342 vs. r = 0.126, P = 0.328), EaNet (r = 0.107, P = 
0.410 vs. r = 0.135, P = 0.297), or RaNet (r = 0.011, P = 0.933 vs. r = 0.025, P = 0.846).
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Analysis of percentage changed values
The %MAP was correlated with the percentage change from the baseline of PP (r = 0.717, P < 0.001), SV (r 
= 0.423, P = 0.001), SVV (r = − 0.309, P = 0.014), CO (r = 0.467, P < 0.001), Eaeff (r = 0.495, P < 0.001), EaNet

(r = 0.453, P < 0.001), and RaNet (r = 0.485, P < 0.001). No correlation was found between the %MAP and
the percentage change from the baseline of EaDyn (r = 0.103, P = 0.632). The multiple linear regression
was performed to analyze the percentage change from the baseline of all AL parameters. The results
showed that only percentage change from baseline of Eaeff (%Eaeff) correlated with %MAP (P < 0.001).

Model analysis
Theoretically, changes in MAP were the interaction between CO and AL; therefore, we analyzed the
relationships among the changes in MAP, CO, and each AL parameter. We included %MAP, percentage
change from baseline of CO (%CO), and EaDyn (%Eadyn) in the �rst model. We then replaced the %EaDyn

with the % Eaeff, the percentage change from baseline of EaNet (%EaNet) and RaNet (%RaNet) in the
remaining models, respectively. Table 4 shows the results of the multiple linear regression analysis of the
four models. The highest R2 was established in the model that included %Eaeff in the equation.
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Table 4
Multiple linear regression model to predict %MAP in 62 patients

Model Variables Coe�cient
b

Coe�cient
β

95% CI for b P-
value

R2 Adjusted
R2

LB UB

1 %CO −0.484 −0.301 −1.179 0.210 0.160 0.093 0.007

%EaDyn 0.020 0.040 −0.190 0.229 0.848

Constant 5.668   −1.611 12.947 0.120

2 %CO 0.812 0.846 0.695 0.929 < 
0.001

0.823 0.817

%Eaeff 0.797 0.865 0.685 0.910 < 
0.001

Constant 0.834   −1.813 3.482 0.531

3 %CO 0.509 0.530 0.327 0.690 < 
0.001

0.484 0.464

%EaNet 0.456 0.517 0.289 0.622 < 
0.001

Constant 3.252   −1.212 7.716 0.150

4 %CO 0.479 0.498 0.298 0.659 < 
0.001

0.482 0.465

%RaNet 0.465 0.515 0.295 0.635 < 
0.001

Constant 2.732   −1.758 7.222 0.228

MAP, mean arterial pressure; CI, con�dence interval; LB, lower bound; UB, upper bound; CO, cardiac
output; EaDyn, dynamic arterial elastance; EaArt, arterial pressure-derived arterial elastance; EaNet, net
arterial elastance; RaNet, net arterial resistance

Further analysis of adjusted variables was performed to determine the in�uence of age, sex, APACHE II
score, SOFA score, arterial lactate level, the dosage of norepinephrine, fraction of inspired oxygen, minute
ventilation, positive end-expiratory pressure, and �uid responsiveness on the predictability of %CO and
%Eaeff. The results showed that both %CO and %Eaeff remained predictors of %MAP (Table 5).
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Table 5
Multiple linear regression analysis adjusted by age, sex, APACHE II score, SOFA score, arterial lactate level,

norepinephrine dosage, FiO2, minute ventilation, PEEP, and �uid responsiveness

Variables B Beta P-value 95% Con�dence interval for B

Lower bound Upper bound

%CO 0.376 0.455 < 0.001 0.173 0.578

%Eaeff 0.547 0.784 < 0.001 0.406 0.687

Fluid responsiveness 3.337 0.096 0.421 −4.922 11.596

Age −0.057 −0.066 0.491 −0.223 0.108

Sex −2.203 −0.080 0.374 −7.130 2.724

APACHE II score 0.116 0.069 0.541 −0.262 0.494

SOFA score −0.381 −0.115 0.328 −1.156 0.394

Lactate level, mmol/L 0.708 0.176 0.082 −0.092 1.508

NorE dosage, mcg/kg/min 0.908 0.022 0.821 −7.111 8.927

FiO2 10.495 0.157 0.094 −1.857 22.847

MV −0.032 −0.006 0.952 −1.068 1.005

PEEP −0.076 −0.015 0.867 −0.977 0.826

Constant −0.139   0.988 −18.803 18.525

APACHE, Acute Physiology and Chronic Health Evaluation II; SOFA, Sequential Organ Failure
Assessment; FiO2, a fraction of inspired oxygen; PEEP, positive end-expiratory pressure; CO, cardiac
output; EaArt, arterial pressure-derived arterial elastance; NorE, norepinephrine; MV, minute ventilation

We performed a collinearity diagnostic test for each model. The analysis showed a weak relationship
between %CO and each AL parameter (see supplementary �le).

Analysis of predictive performance
We divided the participants into two groups according to an increase or decrease in MAP after VE. We
found that 42 participants (67.7%) showed an increased MAP, and 20 participants (33.3%) showed a
decreased MAP after VE. The baseline values of EaDyn, Eaeff, EaNet, and RaNet had poor predictive
performance in predicting an increase or decrease in MAP. The AUC was 0.626 [P = 0.311, 95% CI
(con�dence interval) = 0.380–0.872], 0.444 (P = 0.655, 95% CI = 0.195–0.694), 0.448 (P = 0.676, 95% CI = 
0.200–0.696), and 0.489 (P = 0.929, 95% CI = 0.252–0.725), respectively. Regarding the percentage
change in the AL parameters, the AUC of %EaDyn, %Eaeff, %EaNet, and %RaNet for predicting an increase or
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decrease in MAP was 0.570 (P = 0.571, 95% CI = 0.314–0.827), 0.859 (P = 0.004, 95% CI = 0.711–1.000),
0.837 (P = 0.007, 95% CI = 0.667–1.000), and 0.822 (P = 0.009, 95% CI = 0.646–0.999), respectively.

Discussion
The present study demonstrated a relationship between %MAP changes with the %Eaeff, %EaNet, and
%RaNet, but not with %EaDyn. We also found that the %Eaeff provided the highest predictability of %MAP in
the multiple linear regression model compared with the others. Furthermore, the %Eaeff had the highest
performance for discriminating participants who developed an increase or decrease in MAP after VE. As a
result, our study suggests that the %Eaeff has a strong relationship with %MAP and could be the best
surrogate arterial load parameter.

The Eaeff has been shown to strongly correlate with the arterial elastance derived from the pressure-
volume curve of the heart [Ea(PV)], which is known as a gold standard. (7) Eaeff changes in response to
arterial tone and vasoactive infusion. (5) Also, it reduces after �uid administration (4), which is consistent
with the physiologic response of arterial tone to �uid therapy.

Interestingly, our results showed that the baseline EaDyn was a poor predictor of increasing or decreasing
MAP after VE. In the previous study, the EaDyn has been de�ned as an arterial load parameter (4) because
it is calculated from pressure and volume variation changed along with the cyclic alteration of lung
volume. Therefore, the EaDyn depends not only on the arterial system but also on the lung volume change.
Theoretically, the actual arterial elastance given arterial property is believed to be constant during the
cardiac cycle. (10) Also, it should be assumed to be stable during the breathing cycle. Therefore, we are
concerned about being an arterial load parameter of the EaDyn, which may be affected by the lung
volume, and might not represent the actual arterial elastance.

Even though the EaDyn was proved, by Garcia et al., to be an excellent predictor of MAP responsiveness
compared to the arterial elastance and SVR in patients with circulatory shock receiving the �uid
challenge. (3, 4) However, the study by Khwannimit et al. (11) demonstrated no signi�cantly different
EaDyn between MAP responders and non-responders. In addition, the Eadyn differently responded to
vasodilator and vasoconstrictor from the arterial elastance and resistance variables. (5) It was also found
to have an inverse correlation with MAP in the study, as mentioned earlier.

Regarding the EaNet and RaNet, both variables share similar variables for calculation, namely the PP.
However, the PP is not constant along with the mechanical ventilation. The cyclic mechanical ventilation
affects the PP, making the EaNet and RaNet vary, despite unchanged arterial properties. This reason might
contribute to the results of poorer predictors in both parameters. However, the study by Chemla et al. (6)
validated net compliance (reciprocal of EaNet) to estimate total arterial compliance by area method, used
as a gold standard. They showed a strong correlation (r = 0.98, P < 0.001) between both parameters. In
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this regard, Chemla and the team enrolled different populations from our study; therefore, the
interpretation should not be made similarly.

Our study's limitation was that we did not measure the Ea(PV) at the bedside, which is considered the
gold standard, as performed in the study by Monge García et al. (2). However, the Eaeff has been validated
as a surrogate parameter of Ea(PV) (7) and is feasible at the bedside. A second limitation was that we did
not use the thermodilution method for CO measurement. Pulse contour analysis by the Vigileo system is
not the gold standard of CO measurement. Finally, we could not control some potential confounding
factors, such as the artery's vasomotor tone in participants with sepsis during the VE period, which may
have affected the arterial load. Future human studies are required to understand better the physiologic
effect of medications on the change in the Eaeff.

Conclusions
The %Eaeff was the best AL parameter correlated well with %MAP after VE. In addition, the model that
included the % Eaeff provided the best predictive performance for the %MAP induced by VE, independent
of the �uid responsiveness and dosage of norepinephrine. Meanwhile, % EaDyn did not correlate and was
not a predictor for the %MAP induced by VE.

Abbreviations
MAP, mean arterial pressure; CO, cardiac output; AL, arterial load; Ea, arterial elastance; Ea(PV), arterial
elastance derived from a pressure-volume relationship; Eaeff, effective arterial elastance; EaDyn, dynamic
arterial elastance; VE, volume challenge; PPV, pulse pressure variation; SVV, stroke volume variation; PP,
pulse pressure; SV, stroke volume; APACHE II, Acute Physiology and Chronic Health Evaluation II; SOFA,
Sequential Organ Failure Assessment; EaNet, net arterial elastance; RaNet, net arterial resistance; LVESP,
left ventricular end-systolic pressure; AUC, area under the receiver operating characteristic curve; CI,
con�dence interval
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