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Chapter 9

Ventilator-induced central venous pressure 

variation can predict fluid responsiveness in 

postoperative cardiac surgery patients
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Abstract
Background: Ventilator-induced dynamic haemodynamic parameters 
such as stroke volume variation (SVV) and pulse pressure variation 
(PPV) have been shown to predict fluid responsiveness in contrast 
to static haemodynamic parameters such as central venous pressure 
(CVP). We hypothesized that the ventilator-induced central venous 
pressure variation (CVPV) could predict fluid responsiveness.
Methods: Twenty-two elective cardiac surgery patients were studied 
postoperatively on the Intensive Care Unit during mechanical ventila-
tion with tidal volumes of 8-10 ml/kg without spontaneous breathing 
efforts or cardiac arrhythmia. Before and after administration of 500 
ml hydroxyethyl starch, SVV and PPV were measured using pulse 
contour analysis by modified Modelflow® while CVP was obtained 
from a central venous catheter positioned in the superior vena cava. 
CVPV was calculated as 100 × (CVPmax − CVPmin) / [(CVPmax + CVPmin) / 2].
Results: Nineteen patients (86%) were fluid responders defined as an 
increase in cardiac output of ≥ 15% after fluid administration. CVPV de-
creased upon fluid loading in responders, but not in non-responders. 
Baseline CVP values showed no correlation with a change in cardiac 
output in contrast to baseline SVV (r = 0.60, p = 0.003), PPV (r = 0.58, p 
= 0.005) and CVPV (r = 0.63, p = 0.002). Baseline values of SVV > 9% and 
PPV > 8% could predict fluid responsiveness with a sensitivity of 89% 
and 95% respectively, both with a specificity of 100%. Baseline CVPV 
could identify all fluid responders and non-responders correctly at a 
cut-off value of 12%. There was no difference between the area under 
the receiver operating characteristic curves of SVV, PPV and CVPV.
Conclusion: The use of ventilator-induced CVPV could predict fluid re-
sponsiveness similar to SVV and PPV in postoperative cardiac surgery 
patients.
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Introduction
Fluid administration is often used as the first step of resuscitation in 
haemodynamically unstable critically ill patients, although research 
has shown that a positive response to a fluid challenge, generally 
defined as an increase in cardiac output of ≥ 15%,1 statistically equals 
a coin flip in daily practice.2,3 Both insufficient and overzealous fluid 
loading have been shown to increase morbidity and mortality,4,5 mak-
ing accurate prediction of fluid responsiveness crucial. Static cardiac 
filling pressures such as central venous pressure (CVP) and pulmonary 
artery occlusion pressure are unable to predict fluid responsiveness 
accurately.6 However, dynamic parameters using ventilator-induced 
changes such as stroke volume variation (SVV) and pulse pressure 
variation (PPV) can predict fluid responsiveness in a variety of clinical 
settings, but require a regular heart rhythm, tidal volumes > 8 ml/kg 
and absence of spontaneous breathing.7

Positive pressure ventilation causes an inspiratory rise in positive in-
trathoracic pressure followed simultaneously by a rise in right atrial 
pressure (RAP). This increase in RAP leads to a decrease in the pres-
sure gradient for venous return determined by mean systemic filling 
pressure (MSFP) minus RAP. The reduced pressure gradient results in 
a decrease of venous return to the right heart as well as a decrease in 
intrathoracic blood volume,8 ultimately resulting in a reduction in 
left ventricular output. Therefore the base for the predictive value of 
SVV and PPV for fluid responsiveness lies in the ventilator-induced 
cyclic inhibition of venous return by changes in RAP. Since CVP is 
negligible higher than RAP in the absence of vena caval obstruction,9 
fluid responsiveness could theoretically also be predicted from the 
variation in CVP, thereby relating variations in input to the right heart 
to variations in output from the left heart. Indeed, previous publica-
tions suggest that inspiratory variations in CVP are inversely related 
to volume status during mechanical ventilation without spontaneous 
breathing.10–12 In other words, the effect of positive intrathoracic 
pressures on venous return is greater during hypovolaemia with low 
MSFP, whereas volume restoration increasing MSFP diminishes the 
impact on variations of CVP.
In this explorative feasibility study, we hypothesised that central venous 
pressure variation (CVPV) could predict fluid responsiveness similar to 
SVV and PPV in mechanically ventilated cardiac surgery patients.
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Methods
Patients
This study used data of two protocols (P01.111, January 29th 2002 and 
P06-149, December 23rd 2006) approved by the Medical Ethics Commit-
tee of the Leiden University Medical Centre, Leiden, The Netherlands. 
Both studies13,14 were performed in accordance with the Declaration 
of Helsinki of the World Medical Association, with 10 patients13 and 
12 patients14 used in this study. Before writing the manuscript the 
present study was registered under ISRCTN60025937 on June 24th 
2015. Patients scheduled for elective coronary artery bypass grafting 
or valve surgery were asked for written informed consent pre-opera-
tively. Patients were excluded in case of previous myocardial infarc-
tion, congestive heart failure, extensive peripheral arterial occlusive 
disease, severe arrhythmia, use of a cardiac assist device, artificial 
pacing, postoperative valvular insufficiency or presence of spontane-
ous breathing during mechanical ventilation. Mechanical ventilation 
(Evita 4, Dräger AG, Lübeck, Germany) was applied in airway pressure 
release ventilation mode adjusted to achieve an arterial pCO2 between 
40 and 45 mmHg with tidal volumes 8-10 ml/kg of predicted body 
weight calculated using the Devine formula,15 a respiratory rate of 12 
breaths/min, a fraction of inspired oxygen of 40% and a positive end-
expiratory pressure (PEEP) of 5 cmH2O in all patients. Peri-operative 
anaesthesia was given according to local protocol using propofol 
and sufentanil and continued upon arrival in the Intensive Care Unit 
(ICU). Peri-operative fluid management was performed at the discre-
tion of the cardiac surgeon and anaesthesiologist.

Monitoring
Prior to surgery, a 20G radial artery catheter was inserted enabling 
arterial pressure pulse contour-derived cardiac output (CO), mean 
arterial pressure (MAP), heart rate (HR), stroke volume (SV) and pulse 
pressure (PP) measurements using the un-calibrated modified Model-
flow® (FMS, Amsterdam, the Netherlands) as previously described.16 
A 16cm 7.5 Fr central venous catheter (MultiCath 3 venous catheter, 
Vygon GmbH & Co, Aachen, Germany) was placed through the right 
jugular vein in the superior vena cava with the position checked on 
chest X-ray. The radial artery and central venous catheter were con-
nected via 120 cm long standard low-compliance tubing to disposable 
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transducers (PX600F, Edwards Lifesciences, Irvine, CA, USA) and 
coupled to monitor modules providing analog signal outputs (HP-
M1006A, Hewlett Packard, Palo Alto, CA, USA). Zero levels of blood 
pressures were referenced to the intersection of the anterior axillary 
line and the fifth intercostal space with use of a vertical adjustable 
laser. Mechanical ventilator airway pressure was measured at the 
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Figure 9.1 Representative 30 second sample of simulta-
neously recorded pressure from the radial artery (Prad), 
central venous pressure (CVP), and ventilator airway 
pressure (Pvent) in a fluid responder (A) and a fluid non-
responder (B). Pulse pressure variation and stroke vol-
ume variation was derived from the Prad signal, while 
central venous pressure variation was calculated from 
the CVP signal.
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proximal end of the endotracheal tube. Arterial pressure, CVP and 
airway pressure were continuously recorded with a resolution of 0.2 
mm Hg at a sample frequency of 100 Hertz and digitally stored.

Study protocol
Before infusion of 500 mL 6% hydroxyethyl starch solution (VoluvenR, 
Fresenius Kabi, Bad Homburg, Germany), baseline measurements of 
HR, MAP, CVP, CO, SV and PP were performed over 30 seconds. SVV 
and PPV were calculated for each ventilator cycle as 100 × (SVmax − 
SVmin) / [(SVmax + SVmin) / 2] and 100 × (PPmax − PPmin) / [(PPmax + PPmin) / 2] 
respectively with SV and PP measured beat-to-beat.17 Similarly, CVPV 
was calculated for each ventilator cycle as 100 × (CVPmax − CVPmin) 
/ [(CVPmax + CVPmin) / 2] (Figure 9.1). SVV, PPV and CVPV values were 
generated automatically offline by MATLAB (Mathworks Inc., Natick, 
MA, USA) averaging 5 consecutive respiratory cycles.18,19 Heart rate 
variation and respiratory rate variation were automatically calcu-
lated as well, with ≥ 10% considered as arrhythmia and spontaneous 
breathing respectively. Next, the 500 ml of fluids was administered in 
20 min, after which measurements were repeated within 10 minutes. 
A fluid responder was defined as a patient with an increase in cardiac 
output of ≥ 15% after 500 ml of fluid loading. All measurements were 
performed within two hours of arrival in the ICU with unaltered ven-
tilatory settings. The infusion rates of the vaso-active drugs were kept 
constant during the experiment.

Statistical analysis
A formal power calculation was not performed since relevant data 
from prior studies were not available. We considered twenty-two 
patients as a sufficient number for this pilot study similar to previous 
trials investigating fluid responsiveness. The Shapiro-Wilk test was 
used to evaluate normal distribution of the data. Haemodynamic 
parameters at baseline between fluid responders and non-responders 
were compared using an independent samples t-test, while com-
parisons of haemodynamic parameters before and after the fluid 
challenge were performed using a paired samples t-test. Correlations 
were determined using Spearman’s rho correlation coefficients. 
Prediction of fluid responsiveness by SVV, PPV and CVPV was tested 
using receiver operating characteristic (ROC) curves with optimal 
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cut-off values estimated by the Youden index. The area under 
the ROC curve (AUROC) of SVV, PPV and CVPV were compared 
using the DeLong test. Data are presented as mean ± standard 
deviation (SD) and if appropriate values are presented with 95% 
confidence intervals. A two-sided p-value < 0.05 was considered 
statistically significant with exact p-values given unless p < 
0.001. Statistical analysis was performed using SPSS Statistics 
version 22.0 (IBM Corporation, New York, NY, USA) and Med-
Calc 14.8.1 (MedCalc Software, Ostend, Belgium).

Results
Baseline characteristics
In total, twenty-two mechanically ventilated patients after 
elective cardiac surgery were eligible for our study and were 
included between May 1st 2006 and March 1st 2011. Data from 
twenty-eight patients have previously been published.13,14 The 
main baseline characteristics of the patients are depicted in 
Table 9.1. Five patients (23%) underwent valve surgery while 
the other seventeen patients (77%) had coronary artery bypass 
grafting, all with less than 50 ml/h blood loss. The vast majority 
of patients (86%) required vaso-active drugs.

Haemodynamic parameters
Nineteen patients (86%) had an increase in CO of ≥ 15% after 500 
ml of fluid loading with the remaining 3 patients (14%) being 
non-responders (Table 9.2). In responders all haemodynamic 
parameters except for HR changed upon fluid loading, with MAP, 
CVP and CO increasing and SVV, PPV and CVPV decreasing. In non-
responders there was an increase in CO yet < 15% by definition, and a 
decrease in SVV while all other haemodynamic parameters remained 
unchanged. Baseline HR, MAP and CO were not different between 
fluid responders compared to non-responders, but baseline CVP was 
lower in responders (p = 0.001). In fluid responders baseline SVV, PPV 
and CVPV were higher (p = 0.04, p = 0.02, p < 0.001) compared to non-
responders.

Variable Value

Age (years) 64.2 ± 11.9

Male 20 (91%)

Height (cm) 177 ± 8

Weight (kg) 88 ± 16

BSA* (m2) 2.07 ± 0.20

BMI (kg/m2) 28.0 ± 5.1

Vt / PBW** (ml/kg) 9.3 ± 1.2

Pei (cmH2O) 21.4 ± 3.8

CABG 17 (77%)

Type of valve surgery

AVR 2

MVR and TVR 2

MVR 1

Dose of anaesthetics

Propofol (mg/h) 264 ± 98

Sufentanil (μg/h) 13.6 ± 3.2

Vaso-active drugs

Norepinephrine alone 13

Dobutamine alone 2

Nitroprusside alone 1

Norepinephrine and dobutamine 3

Dose of vaso-active drugs

Norepinephrine (μg/kg/min) 0.05 ± 0.04

Dobutamine (μg/kg/min) 4.4 ± 2.2

Nitroprusside (μg/kg/min) 0.25

Table 9.1 Baseline patient characteristics (n = 22)

Abbreviation: AVR = aortic valve replacement; BSA = 
body surface area; BMI = body mass index; CABG = cor-
onary artery bypass grafting; MVR = mitral valve repair; 
Pei = end inspiratory airway pressure, TVR = tricuspid 
valve repair; Vt / PBW = tidal volume divided by pre-
dicted body weight.
*Calculated using Mosteller formula.
**Calculated using Devine formula.
Data are given as the mean ± SD or number with per-
centage in parentheses.
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Correlation
Baseline HR, MAP, and CO were not correlated 
with the increase in CO after 500 ml of fluid ad-
ministration. However baseline SVV, PPV and 
CVPV were correlated (r = 0.60, p = 0.003; r = 
0.58, p = 0.005; r = 0.63, p = 0.002, respectively) 
with the increase in CO upon fluid loading, 
although baseline CVP was not correlated (p = 
0.291) (Figure 9.2).

Prediction of fluid responsiveness
In Table 9.3 the predictive properties of SVV, 
PPV and CVPV are summarised. A baseline 
SVV value of 9% predicted all non-responders 
and 17 out of 19 responders correctly yielding a 
sensitivity of 89% and a specificity of 100%. A 
baseline PPV value of 8% yielded a sensitivity 

of 95% and a specificity of 100% predicting 18 out of 19 responders and 
all non-responders correctly. At a baseline CVPV cut-off value of 12%, 
all fluid responders and non-responders could be identified correctly. 
There was no difference between the AUROC of SVV vs. PPV (p-value = 
0.45), SVV vs. CVPV (p-value = 0.28) and PPV vs. CVPV (p-value = 0.48).

Discussion
We investigated whether ventilator-induced CVPV can predict fluid 
responsiveness in cardiac surgery patients. Our data show that base-
line CVPV correlated with an increase in CO of ≥ 15% upon 500 ml of 
fluid loading as did dynamic parameters SVV and PPV, while static 
parameters HR, MAP, CVP and CO were not correlated. All patients 
with a baseline CVPV above 12% were correctly predicted as fluid re-
sponders, while all non-responders had a baseline CVPV value below 
12%. After fluid loading, CVPV decreased in fluid responders but not 
in non-responders. There was no difference between the predictive 
properties of SVV, PPV and CVPV. Ventilator-induced CVPV may serve 
as an alternative for SVV and PPV in predicting fluid responsiveness.
Already in 1987, Perel et al. related ventilator-induced variation in 
arterial systolic pressure to hypovolaemia.20 Dynamic parameters 

Haemodynamic
parameters

Responders (n = 19) Non-responders (n = 3)

Baseline 500 ml p-value Baseline 500 ml p-value

HR (beats/min) 81 ± 17 80 ± 16 0.31 86 ± 6 86 ± 6 0.78

MAP (mmHg) 85 ± 19 96 ± 17 0.001 79 ± 13 81 ± 11 0.56

CVP (mmHg) 8.5 ± 2.0 10.5 ± 2.3 <0.001 13.4 ± 2.3 14.7 ± 2.8 0.28

CO (L/min) 5.5 ± 1.5 6.8 ± 1.9 <0.001 5.9 ± 0.8 6.2 ± 0.8 0.03

SVV (%) 19.8 ± 11.9 8.8 ± 4.8 <0.001 7.5 ± 1.6 5.2 ± 1.9 0.01

PPV (%) 16.5 ± 7.6 7.6 ± 3.2 <0.001 5.2 ± 2.0 4.1 ± 2.4 0.51

CVPV (%) 32.2 ± 9.0 23.4 ± 7.6 <0.001 10.6 ± 1.2 9.2 ± 0.6 0.30

Table 9.2 Haemodynamic parameters at baseline and 
after 500 ml in fluid responders and non-responders

Abbreviations: CO = cardiac output; CVP = central ve-
nous pressure; CVPV = central venous pressure varia-
tion; HR = heart rate; MAP = mean arterial pressure; 
PPV = pulse pressure variation; SVV = stroke volume 
variation.
Baseline HR, MAP and CO are not different between 
fluid responders compared to non-responders. In fluid 
responders baseline SVV, PPV and CVPV are higher (p = 
0.04, p = 0.02, p < 0.001) and baseline CVP is lower (p = 
0.001) compared to non-responders.
Data are given as the mean ± SD.
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based on heart-lung interactions have since then been validated in 
a meta-analysis for predicting fluid responsiveness,3 but numerous 
caveats have been well documented recently.21 At the same time, other 
meta-analyses have shown static parameters, for instance CVP, inca-
pable of predicting fluid responsiveness accurately.6,22 Nonetheless, 
CVP is still widely used to guide fluid therapy in the ICU. In a system-
atic review on the predictive value of dynamic parameters on fluid 
responsiveness,3 pooled correlation coefficients were 0.72 for SVV 
and 0.78 for PPV compared to 0.60 for SVV and 0.58 for PPV found in 
our small study. Since no difference between the AUROC for SVV and 
PPV compared to CVPV was observed, our data show that by using 
the variation in CVP induced by mechanical ventilation representing 
changes in venous return and thus preload, fluid responsiveness can 
be predicted similar to SVV and PPV.

     

































     

































 






     





































     




































Figure 9.2 Correlation between the increase in cardiac 
output upon 500 ml of fluid loading and baseline stroke 
volume variation (A), pulse pressure variation (B), cen-
tral venous pressure variation (C) and central venous 
pressure (D). All dynamic parameters were correlated 
with an increase in cardiac output upon fluid loading, 
but no static parameter was correlated.
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The ability to predict fluid responsiveness based 
on dynamic central venous parameters has been 
described previously in the literature. Magder et 
al. showed that the respiratory variation in RAP 
could predict fluid responsiveness in spontaneously 
breathing patients although several requirements, 
such as a sufficient inspiratory effort and absence 
of forced expiration, must be met, otherwise no 
adequate prediction can be made.23–25 This is similar 
for SVV and PPV for which mechanical ventilation 
without spontaneous breathing activity is required 
with tidal volumes > 8 ml/kg.
SVV and PPV were calculated using the modified 
Modelflow® which is an un-calibrated pulse contour 
analysis method. Nevertheless in a previous study 
in cardiac surgery patients, the best results in track-
ing cardiac output changes were acquired using the 

modified Modelflow® compared to other minimally invasive meth-
ods.16 The un-calibrated method affects the accuracy compared to the 
calibrated method, yet the precision is comparable as the percentage 
increase in CO is equally detected by both methods.
SVV and PPV are increasingly investigated as aid in the decision to ad-
minister fluids at the bedside,21 while such monitoring and software 
is not yet available for CVPV. In our study, CVPV was automatically 
calculated offline for each ventilator cycle as 100 × (CVPmax − CVPmin) 
/ [(CVPmax + CVPmin) / 2] and subsequently averaged for 5 consecu-
tive respiratory cycles analogous to the calculation of SVV and PPV. 
Others have used variation in the components of the central venous 
pressure waveform, such as the difference between the a-wave and x-
descent, variation of the base of the a- or c-wave, or by analysing the 
y-descent.11,24,25 However, the components of the central venous pres-
sure waveform are frequently not easy to discern and small errors in 
measurements can interfere with the index. We show that variations 
in beat-to-beat mean CVP can be used instead.
The decrease in SVV, PPV and CVPV upon fluid loading in the group 
of fluid responders was significant, yet the mean values after the fluid 
administration were still higher than those in the group of non-re-
sponders before fluid administration (Table 9.2). The lowest baseline 

Parameter Cut-off AUROC 95% CI Sensitivity Specificity

SVV 9% 0.95 0.76 - 0.99 89 100

PPV 8% 0.98 0.82 - 1.00 95 100

CVPV 12% 1.00 0.85 - 1.00 100 100

Table 9.3 Predictive value of baseline dynamic param-
eters for fluid responsiveness

Abbreviations: AUROC = area under the receiver oper-
ating characteristic curve; Cut-off = threshold discrimi-
nating fluid responders and non-responders; CVPV = 
central venous pressure variation; PPV = pulse pressure 
variation; SVV = stroke volume variation, 95% CI = 95% 
confidence interval. There is no difference between the 
AUROC of SVV vs. PPV (p-value = 0.45), SVV vs. CVPV 
(p-value = 0.28) and PPV vs. CVPV (p-value = 0.48).



9

CVPV predicts fluid responsiveness

155 

CVPV value among the fluid responders was 21%, so a baseline cut-off 
value > 12% yet < 21% could still discriminate between fluid responders 
and non-responders as can be depicted from Figure 9.2. This probably 
explains the relative high values of CVPV after fluid loading in the 
fluid responder group, where the SVV and PPV values after fluid load-
ing are below the baseline cut-off values of > 9% and > 8% respectively 
indicating a high probability of unresponsiveness to a second fluid 
bolus. Therefore, an absolute baseline cut-off value of 12% for CVPV 
should be taken with some caution.
Some limitations apply to this study. First, twenty-two controlled 
mechanically ventilated cardiac surgery patients with a regular heart 
rhythm were studied, so the results of this pilot study are certainly 
not generalisable to all ICU patients. In case of spontaneous breath-
ing and/or arrhythmia, by and large limiting the predictive value of 
dynamic parameters, passive leg raising or mini-fluid challenges 
can be used as an alternative tool.8,26 Furthermore, right ventricular 
dysfunction and elevated pulmonary artery pressure, by for instance 
left ventricular dysfunction, can also lead to loss of the predictive 
value of dynamic parameters, so the predictive value of CVPV for 
fluid responsiveness remains unclear in these specific subgroups.27–29 
Sondergaard rightfully pointed out that an exhaustive and coherent 
physiological understanding of the cardiovascular system is needed 
to reliable predict fluid responsiveness.21

Only 14% of patients in our study were classified as fluid non-
responders, with the vast majority of patients requiring vaso-active 
medication. This may be explained by local strict peri-operative fluid 
management necessitating careful extrapolation of the results. The 
positive and negative predictive values may be influenced by the 
high prevalence of fluid responders, yet sensitivity and specificity are 
prevalence-independent test characteristics. Therefore, the observed 
AUROC’s for SVV, PPV and CVPV, which were significantly different 
from the 0.5 line of equality, indicate that the baseline values of all 
dynamic parameters can be used for fluid responsiveness predic-
tion. Furthermore, we used predicted body weight calculated by the 
Devine formula similar to the landmark NHLBI ARDS Network study 
and other lung protective trials influencing tidal volume ventilation 
strategies in daily clinical practice in ARDS and non-ARDS patients 
respectively.30,31 However, in studies investigating the influence of tid-
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al volume on ventilator-induced dynamic parameters, the calculation 
of body weight was not specified.32,33 If we use the actual body weight 
in our study, the average applied tidal volume was 7.8 mL/kg. This 
is below the recommended threshold of 8 mL/kg to reliably predict 
fluid responsiveness using ventilator-induced dynamic parameters,21 
and may in part explain the slightly lower correlation coefficients of 
SVV and PPV observed in our study compared to the aforementioned 
meta-analysis.3

We did not determine extramural pressure in our patients, all 
receiving 5 cmH2O PEEP, to assess transmural pressure as measure 
for cardiac preload. We decided to merely measure intramural CVP 
obtained by a central venous catheter as commonly used in the ICU 
hypothesising that ventilator-induced variations in input to the right 
heart expressed by CVPV are related to variations in output from the 
left heart and thus SVV and PPV. Finally, measurement of CVP from a 
monitoring device with a resolution of 1 mmHg is notorious impre-
cise. To reduce measurement errors, we connected the central venous 
catheter transducer to a module with analog output continuously 
recording with a resolution of 0.2 mmHg. When measuring beat-
to-beat variations of CVP with this precise measurement technique, 
CVPV proved a robust predictor of fluid responsiveness in our study 
population yet needs to be validated in a more extensive trial.

Conclusion
Although central venous pressure is regarded as not useful in the 
determination of fluid responsiveness, detailed analysis of the varia-
tion in central venous pressure induced by mechanical ventilation 
can be used for this purpose. When using CVPV and understanding 
the basic concepts of respiratory changes in venous return, physi-
cians taking care of critically ill mechanically ventilated patients have 
another potential tool to avoid insufficient as well as overzealous fluid 
administration.
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