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Abstract

Aim: Increasing venous return during cardiopulmonary resuscitation (CPR) has been shown 

to improve hemodynamics during CPR and outcomes following cardiac arrest (CA). We 

hypothesized that a high central venous pressure amplitude (CVP-A), the difference between 

the maximum and minimum central venous pressure during chest compressions, could serve 

as a robust predictor of return of spontaneous circulation (ROSC) in addition to traditional 

measurements of coronary perfusion pressure (CPP) and end-tidal CO2 (etCO2) in a porcine model 

of CA.

Methods: After 10 minutes of ventricular fibrillation, 9 anesthetized and intubated female pigs 

received mechanical chest compressions with active compression/decompression (ACD) and an 

impedance threshold device (ITD). CPP, CVP-A and etCO2 were measured continuously. All 

groups received biphasic defibrillation (200J) at minute 4 of CPR and were classified into two 

groups (ROSC, NO ROSC). Mean values were analyzed over 3 minutes before defibrillation by 

repeated-measures Analysis of Variance and receiver operating characteristic (ROC).

Results: Five animals out of 9 experienced ROSC. CVP-A showed a statistically significant 

difference (p=0.003) between the two groups during 3 minutes of CPR before defibrillation 

compared to CPP (p=0.056) and etCO2 (p=0.064). Areas-under-the-curve in ROC analysis for 

CVP-A, CPP and etCO2 were 0.94 (95% Confidence Interval 0.86, 1.00), 0.74 (0.54, 0.95) and 

0.78 (0.50, 1.00), respectively.

Conclusion: In our study, CVP-A was a potentially useful predictor of successful defibrillation 

and return of spontaneous circulation. Overall, CVP-A could serve as a marker for prediction of 
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ROSC with increased venous return and thereby monitoring the beneficial effects of ACD and 

ITD.

Introduction

Each year, emergency medical services respond to more than 350,000 adult out-of-

hospital cardiac arrests (CA) in the United States with similar numbers in Europe.1,2 

Functionally favorable survival is still less than 10% with little demonstrated increase 

since 2012.3 Modern mechanical adjuncts for cardiopulmonary resuscitation (CPR) aim 

to improve outcome by targeting and enhancing venous return, such as active compression-

decompression (ACD) CPR and the impedance threshold device (ITD).4-8

To date, there is no parameter to quantify or monitor venous return during CPR. Although 

central venous pressure (CVP) is used to estimate blood volume, studies have shown that 

high mean CVP values are harmful during CPR and might not reflect venous return.9-11 

Further, mean CVP does not reflect the change of direction in venous blood flow during 

compression and decompression.12,13 Previously, we demonstrated that the CVP amplitude 

(CVP-A), reflecting the difference between the maximum and minimum central venous 

pressure (CVPMin) during chest compressions, might reflect changes in blood volume more 

accurately and serve as a marker of venous return and CPR quality.14

Thus, the objective of this study was to evaluate CVP-A as a marker to predict successful 

defibrillation and the return of spontaneous circulation (ROSC) compared to coronary 

perfusion pressure (CPP) and end-tidal CO2 (etCO2) using ACD + ITD CPR in a porcine 

model of CA.

Methods

This study is a post-hoc analysis of the control group (9 animals) of a previously conducted 

study (unpublished). We were able to use the data for our exploratory and confirmatory 

study and, thus, comply with the 3Rs principle of humane animal research. The original 

study was approved by the Institutional Animal Care and Use Committee of the University 

of Minnesota (protocol number: 1810-36421A). All animal care was compliant with the 

National Research Council’s 1996 Guidelines for the Care and Use of Laboratory Animals. 

This study is reported in accordance with the ARRIVE guidelines.15

Preparatory Phase

Nine Yorkshire female farm-bred pigs were used with an average weight of 42.3 kg. 

Anesthesia, surgical preparation, data monitoring, and recording procedures used in this 

study have been described previously.16-18 Briefly, intramuscular ketamine and xylazine 

were administered as sedation (5 ml of 100 mg/ml dose and 1 to 3 mg/kg, respectively). 

This was followed by inhaled isoflurane at an end-tidal concentration of 1-1.4 Vol%. 

Endotracheal intubation was performed with a 7.5-mm endotracheal tube. Animals were 

ventilated with a tidal volume of 10 ml/kg using an air-oxygen mixture (30% O2, 70% 

N2) and volume control ventilation (Narkomed, Draeger Medical, Telford, Pennsylvania). 

The respiratory rate was adjusted to maintain a partial pressure of carbon dioxide (PaCO2) 
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of 40 mmHg as measured by arterial blood gas (Gem 3500, Instrumentation Laboratory, 

Bedford, Massachusetts). The aortic blood pressure was recorded continuously with a Millar 

catheter (Mikro-Tip Transducer, Millar Instruments, Houston, Texas) placed through an 8-F 

left femoral arterial sheath into the descending thoracic aorta. A second Millar catheter was 

inserted into the right atrium through an 8-F sheath placed into the right external jugular 

vein to record CVP. All sheaths were placed percutaneously using ultrasound guidance.

Measurements

Hemodynamic data, electrocardiograms, as well as end-tidal CO2 (etCO2) (Cardiocap/5, 

Datex-Ohmeda, Louisville, Colorado) were continuously recorded (250 Hz, Labview 

2015, National Instruments, Austin, Texas). The measurements from both Millar catheters 

were used for acquisition of diastolic blood pressure (DBP), CVP, CVP-A and CVP at 

maximal decompression (CVPMin). Coronary perfusion pressure (CPP) was calculated as the 

difference of DBP and CVPMin during CPR.19 Compression force, rate and depth were also 

continuously recorded throughout all experiments and controlled during CPR to assure all 

animals received identical CPR quality. For post-hoc analysis, all data blocks were converted 

and merged into LabChart 8 (ADInstruments, Colorado Springs, CO).

Experimental Protocol

After the surgical preparation and a short stabilization period, baseline values were recorded 

(Figure 1). Ventricular fibrillation (VF) was induced by delivering direct intracardiac current 

with a pacing wire through the right jugular vein and confirmed by electrocardiogram 

(ECG). At VF initiation, mechanical ventilation was suspended. After 10 minutes of 

untreated VF, basic life support (BLS) with ACD + ITD CPR and mechanical ventilations 

(30% O2, 70% N2) at a rate of 10 respirations per minute was initiated for all animals. The 

depth of chest compressions was slowly increased over the first minute until a depth of 20% 

of the anteroposterior diameter was achieved. All other mechanical CPR parameters were 

kept constant with a rate of 100 compressions per minute and a compression/decompression 

duty cycle of 50%. Three minutes after the start of chest compressions, all animals received 

an intravenous bolus of epinephrine 0.5 mg, 25 mg amiodarone and 50 mEq bicarbonate per 

protocol. After 4 minutes of CPR, animals in VF confirmed by ECG were defibrillated with 

up to 8 200-J biphasic shocks with 2 min of CPR interspersed. ROSC was defined as a mean 

arterial blood pressure >60 mmHg for at least 3 minutes. Animals that needed more than 

2 shocks or additional chest compressions were classified as NO ROSC. Further treatment 

after ROSC was not part of this study.

Statistical Analysis

The first minute of CPR was excluded from statistical analysis and the 3 minutes before 

defibrillation were analyzed in 8-second intervals. Unless otherwise indicated, all parametric 

values are expressed as a mean ± standard error of the mean (SEM), all non-parametric as 

median (interquartile range). Differences between groups in baseline values were assessed 

using unpaired Student’s t-test or Mann-Whitney U test, according to parametric vs non-

parametric data distribution, respectively.
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For continuous hemodynamic data, a repeated-measures analysis of variance (two-way 

ANOVA) with Bonferroni’s multiple comparison test was employed for group comparisons 

over 3 minutes. Differences were considered statistically significant when p<0.05 (two-

tailed). Receiver operating characteristic (ROC) curves with area-under-the-curve (AUC) 

analyses were used to prove the ability of CVP-A, etCO2 and CPP to discriminate between 

ROSC vs. NO ROSC. The Youden index was calculated to determine the cutoff values with 

the optimal balance of sensitivity and specificity.20 Since we have used multiple test results 

from the same pig, we adjusted ROC and AUC for intra-cluster correlations by using an 

additional analysis in R (R Core Team [2021], Vienna, Austria) with a clustered ROC R 

Package.21-23 All other calculations and graphics were performed using Graphpad Prism 

(Prism 9, GraphPad Software, LA Jolla, CA, USA).

Results

Nine animals were instrumented without complications. After successful induction of VF 

and 4 minutes of CPR, all animals were still in VF and defibrillated. Four animals 

achieved ROSC with 1 shock and another animal with 2 shocks; these animals required 

no further chest compressions (ROSC group). Two animals achieved ROSC after prolonged 

resuscitation requiring additional medications and >2 defibrillations, and 2 animals never 

achieved ROSC after 8 defibrillations (NO ROSC group). There were no significant 

differences in baseline values between the ROSC and NO-ROSC groups in either group 

(Table 1), as well as in the measurement of compression depth and force during CPR 

(supplemental Figure 1).

The average of all values over three minutes of CPR showed a significant difference between 

ROSC and NO ROSC group (Table 2). Further analysis of continuous hemodynamic data 

by two-way ANOVA revealed that CVP-A (p=0.003) showed a statistically significant 

discriminating ability between ROSC and NO ROSC in comparison to CVP (p=0.045), CPP 

(p=0.056), etCO2 (p=0.064), DBP (p=0.250), and CVPMin (p=0.380) (Figure 2).

For ROC, the AUC of CVP-A was 0.94 (95% Confidence Interval [CI] 0.86, 1.00) vs. CPP 

0.74 (0.54, 0.95) vs. etCO2 0.78 (0.50, 1.00) (Table 3, Figure 3). The optimal threshold 

to discriminate between ROSC and NO ROSC evaluated with the Youden Index identified 

a CVP-A >77.2 mmHg (Sensitivity 80.19 [CI 71.60, 86.66] %, Specificity 98.91 [94.10, 

99.94] %), etCO2 >33.1 mmHg (Sensitivity 89.57 [82.64, 93.93] %, Specificity 66.30 

[56.17, 75.14] %) and CPP >21.1 mmHg (Sensitivity 45.28 [36.14, 54.76] %, Specificity 

94.57 [87.90, 97.66] %) to be associated with a higher likelihood of ROSC.

Discussion

Our study evaluated the role of CVP-A during chest compressions in a porcine model of 

CA and ACD + ITD CPR and suggests this variable as a potentially useful marker for 

predicting ROSC. Compared with other existing markers of blood flow during CPR and 

predictors of successful defibrillation, we not only introduced CVP-A as a new and at least 

equivalent parameter but also demonstrated better discriminatory power compared with CVP 

and etCO2.
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We showed that increased CVP-A with values greater than 77 mmHg over 3 minutes of 

CPR in our model are associated with a higher chance of successful defibrillation and 

ROSC. In contrast to our study, a high CVP-A during CPR has not always been reported 

as beneficial during resuscitation from CA. Hilty et al., for example, noted that venous 

pulsation during chest compressions reflects retrograde venous blood flow in the direction 

of the brain and periphery.12 In particular, simultaneous arterial and venous pressure towards 

the brain causes venous congestion with the potential of additional brain injury during 

CPR.24 Magliocca et al. attributed a higher CVP-A to increased intrathoracic pressure 

and showed that higher intrathoracic pressure swings, along with a high CVP-A, were 

associated with lung injury and reduced oxygenation in a CPR swine model;25 this study 

also revealed that a higher CVP-A (around 50 mmHg) in animals with mechanical CPR 

(LUCAS® 3.0) was significantly associated with pulmonary edema, increased lung weight, 

and decreased respiratory compliance compared to a lower CVP-A during manual CPR 

(around 30 mmHg). In comparison to those findings, our study shows an even higher 

CVP-A (at least 80 mmHg and higher) using ACD CPR and, importantly, also an ITD 

to avoid constantly elevated intrathoracic pressures during decompression. Studies using 

similar forms of CPR have also reported elevated CVP peaks together with a low CVPMin 

during compression and decompression. Although these studies showed a higher venous 

return, CVP-A was not calculated or addressed.26-29

Unfortunately, these observations from other studies do not provide a physiological 

explanation for the improved rate of successful defibrillation with high CVP-A in our study 

or the adverse effects of high CVP-A in other studies. In addition, we also demonstrated 

a higher mean CVP in animals with ROSC that had been described as detrimental 

for defibrillation success in other studies,9,10,30,31 which ascribed worse outcome with 

insufficient chest recoil and leaning during chest decompressions, in particular, to lead to 

higher intrathoracic pressures and CVPMin during decompression. This could cause a lower 

CPP, which is detrimental for defibrillation success.32,33 Since CVPMin was not statistically 

different between ROSC and NO ROSC, we could conclude that the CPP solely depended 

on the DBP in our study and that high mean CVP and CVP-A do not influence CPP. This 

independence of CVP-A to other vital parameters was also seen in a porcine CPR study 

of Lee et al. who were able to show that changes in right atrial pressure are correlated to 

the mechanical power and effects of chest compressions and not to the condition of the 

animal.34

However, the present study still indicates a relation of CVP-A and CPP with potential 

defibrillation success, since animals of the ROSC group, with a higher CVP-A early on, 

not only show a trend towards higher CPP and etCO2, but also show higher CPP and DBP 

values after epinephrine administration. This observation contributes to our hypothesis that 

higher CVP-A reflects achievement of a critical threshold of blood flow during CPR with 

ACD and ITD and a higher venous return that leads to an improved effect of epinephrine.

Furthermore, all values of CPP and etCO2 in our study were higher than the cutoff values 

for ROSC described in other studies, highlighting improved discrimination of CVP-A for 

predicting ROSC.32,35-39
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Limitations

This initial retrospective analysis of experiments with a limited number of animals will 

need to be confirmed by a prospective study. In particular, the outcome under the different 

methods of CPR (e.g. standard CPR, ACD only, ITD only) will need to be analyzed to 

elucidate a possible influence of either of these.

Despite demonstrating significant differences of vital parameters for animals with and 

without ROSC, this study did not evaluate the cause of those differences in the two 

groups. Since baseline values and treatment were not different, we can only attribute those 

findings to anatomic differences causing a different response to the same treatment. Most 

importantly, the study was performed in young healthy swine and electrically induced VF, 

in contrast to the typical human CA patient with the burden of cardiovascular and ischemic 

heart diseases. This study did not investigate short- or longer-term survival or neurological 

outcome which will require prospective validation.

Conclusion

In this porcine model of CA and high-quality CPR, CVP-A was a potential predictor for 

successful defibrillation and ROSC and as least as reliable as etCO2 or CPP. Overall, CVP-A 

could serve as a robust marker for prediction of ROSC with increased venous return and 

thereby monitor the beneficial effects of ACD and ITD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental Protocol
ACD = active compression-decompression; ACLS = advanced life support; BLS = basic 

life support; CPR = cardiopulmonary resuscitation; CVP = central venous pressure; Epi = 

epinephrine; ITD = impedance threshold device; ROSC = return of spontaneous circulation; 

VF = ventricular fibrillation.

Balzer et al. Page 9

Resuscitation. Author manuscript; available in PMC 2024 May 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Hemodynamic Data
(A) End-tidal CO2 (etCO2), (B) coronary perfusion pressure (CPP), (C) diastolic blood 

pressure (DBP), (D) central venous pressure minimum (CVPMin), (E) mean central venous 

pressure (CVP), (F) central venous pressure amplitude (CVP-A) over the 4 min of 

cardiopulmonary resuscitation (CPR) (mean ± SEM, p values for two-way ANOVA ROSC 

vs. NO ROSC).
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Figure 3. Receiver Operating Characteristic Curves
ROC curves evaluating the ability of end-tidal CO2 (etCO2), coronary perfusion pressure 

(CPP) and central venous pressure amplitude (CVP-A) to discriminate between ROSC and 

NO ROSC after 3 min of CPR and defibrillation. Area under the curve (AUC) of CVP-A: 

0.94, 95% CI: (0.86, 1.00); CPP: 0.74, 95% CI: (0.54, 0.95); etCO2: 0.78, 95% CI: (0.50, 

1.00).
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Table 1

Baseline values of animals before cardiac arrest

ROSC
group
(n=5)

NO ROSC
group
(n=4)

p

Weight (kg) 42.1 (40.9, 47.5) 43.2 (40.8, 44.2) 0.90

Heart rate (beats/min) 99.7 ± 4.8 98.7 ± 3.7 0.88

Mean Arterial Pressure (mmHg) 87.9 ± 6.9 84.6 ± 8.0 0.77

Oxygen Saturation (%) 98.5 (95.0, 99.6) 99.8 (94.6, 99.9) 0.28

End-tidal CO2 (mmHg) 40.0 ± 0.3 41.3 ± 2.9 0.64

All parametric values are mean ± SEM, non-parametric values are median (25th, 75th quartile). ROSC: return of spontaneous circulation.
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Table 2

Hemodynamic measurements averaged over 3 minutes

ROSC
group
(n=5)

NO ROSC
group
(n=4)

p

Central Venous Amplitude (mmHg) 88.56 ± 1.37 62.40 ± 0.74 <0.001

End-tidal CO2 (mmHg) 43.19 ± 0.86 34.55 ± 0.90 <0.001

Coronary Perfusion Pressure (mmHg) 21.32 ± 0.86 15.44 ± 0.55 <0.001

Central Venous Pressure (mmHg) 30.91 ± 0.66 25.03 ± 0.30 <0.001

Central Venous Pressure Minimum (mmHg) 6.54 ± 0.63 5.06 ± 0.28 0.01

Diastolic Blood Pressure (mmHg) 31.26 ± 0.76 26.78 ± 0.54 0.002

All parametric values are mean ± SEM. ROSC: return of spontaneous circulation.
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Table 3

Receiver Operating Characteristic Statistic

AUC CI

etCO2 0.78 0.50, 1.00

CPP 0.74 0.54, 0.95

CVP-A 0.94 0.86, 1.00

Receiver operating characteristics (ROC) curves with area-under-the-curve (AUC) analyses were used to compare the ability of end-tidal CO2 
(etCO2), coronary perfusion pressure (CPP) and central venous pressure amplitude (CVP-A) to discriminate between ROSC and NO ROSC. CI: 

95% Confidence Interval
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