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Mechanical ventilation and pressure-volume loops 

 

Summary 

 

 

Respiration changes intrathoracic pressure and lung volumes in a cyclic manner, which 

affect cardiac function. Invasive ventricular pressure-volume (PV) loops can be 

recorded during ongoing mechanical ventilation or in transient apnea. No consensus 

exists considering ventilatory mode during PV loop recording. The objective of this 

study was to investigate the magnitude of any systematic difference of bi-ventricular PV 

loop variables recorded during mechanical ventilation versus apnea. PV loops were 

recorded simultaneously from the right ventricle and left ventricle in a closed chest 

porcine model during mechanical ventilation and in transient apnea (n=72). Variables 

were compared by regression analyses. Mechanical ventilation versus apnea affected 

regression coefficients for important PV variables including right ventricular stroke 

volume (1.22, 95%CI [1.08-1.36], p=0.003), right ventricular ejection fraction (0.90, 

95%CI [0.81-1.00], p=0.043) and right ventricular arterial elastance (0.61, 95%CI 

[0.55-0.68], p<0.0001). Right ventricular pressures and volumes were parallelly shifted 

with Y-intercepts different from 0. Few left ventricular variables were affected, mainly 

first derivatives of pressure (dP/dt(max): 0.96, 95%CI [0.92-0.99], p=0.016, and 

dP/dt(min): 0.92, 95%CI [0.86-0.99], p=0.026), which might be due to decreased heart 

rate in apnea (Y-intercept -6.88, 95%CI [-12.22;-1.54], p=0.012). We conclude, that 

right ventricular stroke volume, ejection fraction and arterial elastance were mostly 

affected by apnea compared to mechanical ventilation. The results motivate future 

standardization of respiratory modality when measuring PV relationships.  
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Introduction 

 Pressure-volume (PV) loop recording provides the most comprehensive 

evaluation of ventricular function with both load-dependent and -independent variables 

[1]. The use of PV recording is therefore recommended in preclinical research [2,3].  

 Ventilation causes cyclic changes in intrathoracic pressure and lung volumes 

that affect ventricular function, especially right ventricular (RV) function. Increased 

intrathoracic pressure can affect venous return and thereby RV preload and volumes 

whereas transpulmonary pressure gradient can affect RV outflow. Due to the higher 

pressures in the left ventricle (LV), the respiratory influence is presumably smaller [4–

6]. Previous studies have mostly investigated the cardiac effects from different phases 

of the ventilatory cycle (i.e. inspiration versus expiration) but not focused on the entire 

respiratory cycle as a whole [6,7]. PV loops can be recorded in apnea or during ongoing 

ventilation, and, for the latter, analysis would include an average of the entire 

respiratory cycle. However, there is no established standard for setting of ventilation 

during recording of PV data despite a plausible systematic difference.    

The lack of consensus is evident in the literature. Examples exist of animal 

studies with both RV and left ventricular (LV) PV loops recorded in apnea [8–11] as 

well as examples of studies using an average of respiratory cycles [12–14]. 

Unfortunately, papers often fail to provide ventilatory information during PV recordings 

[15–17]. The same inconsistency exists in human PV studies [18–20]. The magnitude of 

a potential systematic difference between mechanical ventilation versus apnea has not 

been investigated, but would be important in preclinical cardiovascular research to 

ensure reproducibility, validity and translational impact. 

 The aim of the present study was to correlate bi-ventricular PV recordings 

measured during ongoing mechanical ventilation versus transient apnea. We aimed to 

establish which PV variables were affected by ventilation versus apnea and the 

magnitude of any difference. 
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Materials and Methods 

Ethical approval 

 The Danish Animal Research Inspectorate had approved the study (license no. 

16-15-0201-00840). All animals were treated according to Danish law and standards of 

animal care. The study complies with the ARRIVE guidelines [21]. 

 

Animals 

 Danish, female slaughter pigs (crossbreed of Landrace, Yorkshire and Duroc) of 

60 ± 2 kg were used which corresponds to 4-5 months of age. No immune or genetic 

modification was used. Pigs were housed in pens with concrete floors. Snout contact 

was possible through fences but the animals were led out daily for free physical 

activation. The light-dark cycle was 12:12 hours. The pigs received a conventional diet 

and free access to water. Each animal served as experimental unit. For further details, 

see [22]. 

 

Design 

 This was a secondary analysis of data recorded for a previous, prospective, 

interventional study [22]. The original study consisted of nine consecutive time points 

for each animal: a baseline measurement followed by measurements after acute 

pulmonary embolism induction and different degrees of RV afterload reduction. Only 

PV data recorded during ongoing ventilation were analyzed for the original study. 

However, at each of the nine timepoints of data collection, PV data were recorded both 

during ongoing mechanical ventilation as well as during transient apnea in end-

expiration. Each pair of measurements (i.e. ventilation and apnea) from each of the nine 

time points were recorded with less than 30s interval, under the same hemodynamic and 

interventional conditions with only the ventilation as difference. The PV data recorded 

in apnea are accordingly only used in the present study.  

 Inclusion criteria for the present study were timepoints where PV loops were 

recorded in both apnea and during ventilation from the group of animals (n=8) with 

different degrees of RV afterload reduction. With eight animals going through the nine 

timepoints of the study design, a total of n=72 PV recordings were to be compared in 

the present study. PV loops from both the RV and LV were recorded simultaneously 
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and both included in the present study. For the PV loops recorded during ongoing 

ventilation, we used an average of three ventilatory cycles, i.e. the number of included 

PV loops for each timepoint would depend on heart rate. For the PV loops recorded 

during apnea, we used an average of as many PV loops as possible, typically 5-10 

loops.  

No animals died before experiments were concluded. The experiments were 

terminal and animals were euthanized by a lethal dose of pentobarbital.  

 

 

Pressure-volume loop instrumentation and recordings 

 The procedures have been described in detail previously [13,22]. Sheaths were 

inserted guided by ultrasound to be minimally invasive. An 8F sheath (Terumo 

Radifocus Introducer II, Japan) was placed in the left carotid artery for LV access, and a 

16F sheath (Check-Flo Performer, Cook Medical, USA) was placed in the left external 

jugular vein for RV access. 

Bi-ventricular PV catheters (emka Technologies, Paris, France) were inserted 

using a closed chest approach guided by fluoroscopy. Catheters were connected to 

admittance control units (ADV500, Transonic Scisense, London, Canada) and 

PowerLab 8/35 (ADInstruments, Oxford, UK). Data were recorded in LabChart 

(ADInstruments). Calibration was performed per manufacturer instructions based on 

phase and magnitude signals. Stroke volume was calibrated by thermodilution using an 

average of three injections of 10 mL 5% isotonic glucose of 5 oC.  

Data was analyzed offline with the observer blinded to protocol timepoints. Data 

during ongoing ventilation was analyzed as an average of three respiratory cycles. Data 

from apnea was analyzed as an average of as many loops as possible only including PV 

loops without PV-shifting caused by mechanical ventilation (see Discussion).  

For the present study, outcome measures were the following PV variables for 

both RV and LV; end-systolic volume (ESV), end-diastolic volume (EDV), end-systolic 

pressure (ESP), end-diastolic pressure (EDP), stroke volume (SV), stroke work (SW), 

ejection fraction (EF), arterial elastance (Ea), maximal and minimal first derivative of 

pressure (dP/dtmax and dP/dtmin) and tau. Those are mostly load-dependent variables.  
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Anesthesia and mechanical ventilation 

 Premedication for transportation consisted of Zoletil (0.1 mL kg-1, mixture of 

tiletamine 25 mg mL-1, zolazepam 25 mg mL-1, butorphanol 10 mg mL-1, ketamine 100 

mg mL-1 and xylazine 20 mg mL-1). Animals were anesthetized with propofol (5 mg kg-

1 h-1) and fentanyl (12.5 ug kg-1 h-1) [22]. We did not use neuromuscular blockers as it 

could mask insufficient anesthesia. However, the general anesthesia was sufficient to 

totally suppress spontaneous inspiratory efforts during apnea.  

 Animals were intubated (7.5 mm, Smith Medical ASD Inc, USA) by direct 

laryngoscopy. They were mechanically ventilated (Datex-Ohmeda S/5, Avance, GE 

Helathcare, USA) with the PCV-VG setting (pressure control ventilation – volume 

guaranteed); a setting delivering a preset tidal volume but with a decelerating flow at 

the lowest possible peak inspiratory pressure with a preset respiratory rate (RR) and 

during a preset inspiratory time. Tidal volume was set to 500 mL (8 ml kg-1). No 

positive end-expiratory pressure (PEEP) was added, and the adjustable pressure limiting 

(APL) valve was set to minimum yielding an internal PEEP of 2-3 cmH2O. Inspiration-

to-expiration ratio was 1:2. RR was adjusted prior to baseline evaluation targeting a 

normal end-tidal CO2 of 5.0-5.5 kPa. Apnea was obtained by transient (< 10s) switch of 

the selector knob from ventilator mode to bag mode but without disconnecting the 

animal from the ventilator. 

 

Statistics 

 Sample size calculation is described in the original study [22]. Data was 

evaluated for normal distribution by Shapiro-Wilks test and QQ plots. Data is presented 

as mean (SD) or with 95% confidence intervals (95%CI). Under the null-hypothesis of 

no difference between ventilation and apnea, PV data recorded in each ventilatory mode 

would correlate on a straight line with slope=1 and Y-intercept=0. Accordingly, we 

correlated each PV variable by least squares methods fitting a straight line by nonlinear 

regression under the assumption of no batch effect. Slopes and Y-intercepts including 

95%CI were calculated as well as r2 values for goodness of fit, and we tested slopes 

versus a hypothetical value of 1 and Y-intercepts against a hypothetical value of 0. A p-

value < 0.05 was considered statistically significant. We used Prism 9.0.0 (GraphPad 

Software, LCC, USA) for analyses. 
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Results 

A total of n=72 timepoints were included. Animals were ventilated with an RR 

of 14.6 (1.2) min-1. Ventilatory peak pressure was 20.9 (2.0) cmH2O.  

Heart rate (HR) correlated well between ventilation and apnea (slope 1.04, 

95%CI 0.95-1.13, p=0.374, r2=0.89), but its Y-intercept was decreased to -6.88 (95%CI 

[-12.22; -1.54], p=0.012).  

We observed a high degree of goodness of fit with r2-values over 0.80 for 

practically all PV variables from both ventricles. A majority of PV variables correlated 

well with slopes not significantly different from 1. But, the slopes of certain variables 

like RV EF, RV SV, and RV Ea were different from 1 (Table 1 and Figure 1). For LV, 

this was the case for LV EDP and dP/dt (Table 2 and Figure 2). 

RV volumes and pressures were parallelly shifted evident by Y-intercepts 

different from 0. The same applied to RV EF and Ea (Table 1). Of the LV variables, 

only dP/dtmin was parallelly shifted with a Y-intercept different from 0 (Table 2).  
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Discussion 

In the present study, we correlated frequently reported PV-variables recorded 

during ongoing ventilation versus transient apnea and observed significant magnitudes 

of difference for key PV variables. Apnea compared to ongoing ventilation affected RV 

ejection fraction, stroke volume, arterial elastance, dP/dtmin, and tau, and RV volumes 

and pressure were parallelly shifted. Only LV dP/dt and end-diastolic pressure were 

affected by mechanical ventilation. 

These findings are important since no recommendation or consensus exists on 

how to record PV data, whereas thorough guidelines detailing best practice in other 

fields of preclinical cardiovascular research have been published [23,24]. Similar 

recommendations on PV measurements including ventilation versus apnea would be of 

interest. On one side, PV recordings during apnea can avoid pressure-volume changes 

from mechanical ventilation [10], while recordings during ongoing ventilation mimic 

intrathoracic cyclic changes from normal spontaneous respiration [5]. Nevertheless, 

mechanical ventilation differs from spontaneous respiration by being positive pressure 

ventilation reducing venous return during inspiration, which is opposite from 

spontaneous respiration.  

We showed a systematic difference on several PV variables why an established 

standard setting of ventilation would be of relevance. Otherwise, reproducibility and 

validity are reduced and comparability between different studies of different ventilatory 

methodology made difficult. As long as a consensus does not exist, researchers ought to 

state ventilatory information in the papers. Furthermore, the magnitudes of difference 

are of relevance as they may outweigh interventional effects. For example, we show a 

parallel shift of RV EF of 7.5%-points just from apnea compared to ventilation, but a 

similar effect from a pharmacological intervention would be of scientific and clinical 

interest. 

 

Ventilation and right ventricular function 

 We found that several variables on RV function were affected by apnea 

compared to mechanical ventilation with RV SV, EF, arterial elastance, and tau as the 

variables affected to the greatest extent.  
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RV pressures were parallel shifted downwards and volumes upwards which 

affected RV EF and SV correlation coefficients. RV function is greatly dependent on 

preload [25] which changes in a cyclic manner with ventilation [26]. It cannot be 

expected that inspiratory and expiratory effects on cardiac function would directly 

counteract each other since the duration of the phases are different and since airway 

pressure and flow waveforms are not necessarily opposite in the two phases of 

respiration. Accordingly, it is rational to compare the average of a respiratory cycle to 

apnea as the purpose of the present study. Figure 3A-B shows RV PV loops from 

ventilation and apnea and illustrates the high impact of ventilation on RV function. Note 

how RV PV loops in Figure 3A are shifted back and forth on the volume axis by 

ventilation. This emphasizes the high degree of preload dependence of the RV as it 

easily adapts to preload changes exploiting the Starling forces. On the contrary, the RV 

loops are not moving during apnea as illustrated in Figure 3B. 

 Mechanical ventilation increases intrathoracic pressure and reduces RV preload 

[4,26,27] like we observed reduced RV EDP. However, apnea-induced bradycardia 

allowed longer diastolic filling time with increased RV volumes and SV. Our 

observations of reduced HR and increased SV corresponds to human data where cardiac 

output was similar between mechanical ventilation and apnea [28].  

RV arterial elastance (Ea) was numerically highly affected and was 

underestimated in ventilation compared to apnea. This finding is relevant as Ea is a 

measure of ventricular afterload and is part of the ventriculo-arterial coupling. The 

coupling describes ventricular function to its faced afterload and is key in PV 

interpretation [1]. Positive pressure ventilation occurs in mechanical inspiration, and the 

increased intrathoracic pressure and lung volume increase pulmonary vascular 

resistance [4,6,26,27], which is another estimate of RV afterload. The opposite will 

happen in expiration, i.e. decrease pulmonary vascular resistance. In the present study, 

expiration was of longer duration than inspiration which might explain the RV Ea 

decrease that we observed. Furthermore, Ea can be estimated as ESP/SV. The 

correlation coefficient of RV SV was affected by apnea compared to mechanical 

ventilation, whereas RV ESP was not. The increased stroke volume for an unchanged 

pressure also yields a lower elastance. 
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 RV dP/dtmin and tau are two frequently used parameters of RV diastolic function 

and both were changed by apnea in the present study. Intrathoracic pressures from 

mechanical ventilation are transferred to pleural and pericardial pressures which can 

affect diastolic filling [27,29]. 

 

Ventilation and left ventricular function 

 Few variables on LV function were susceptible to mechanical ventilation 

compared to the RV and the magnitudes were smaller. This is illustrated in Figure 3C-D 

where the LV PV loops are very similar.  

 Changes in LV systolic function were only observed in LV dP/dtmax, which is 

frequently reported as a contractility estimate. Mechanical ventilation is not known to 

affect LV contractility [26], and we interpret the observed decrease in LV dP/dtmax to be 

caused by the reduced heart rate. LV volumes and SV may change through the 

respiratory cycle from ventricular interaction and blood pulmonary transit time [4,7] but 

in the present study we averaged the entire respiratory cycle and found no changes.  

 LV inflow is, however, altered by mechanical ventilation with increased 

intrathoracic pressure and lung volumes, which can increase pulmonary vascular 

resistance and decrease lung blood volume and LV preload [6,26,27]. This is 

comparable to our observations on LV EDP and LV dP/dtmin. 

 

Limitations 

 The present study has some limitations to consider. First, mechanical ventilation 

includes cyclic changes in intrathoracic pressure and volume but the conditions are still 

different from spontaneous respiration. Ventilatory apnea will similarly differ from 

voluntary end-expiration breath hold. However, as most preclinical research include 

mechanically ventilated animals, our results are externally valid in such circumstances, 

whereas translation into human, normal physiology must be done with caution. 

Similarly, in the setting of positive intrathoracic pressure, the transmural pressures will 

be different from the direct intracardiac measurements. The oscillation in transmural 

pressure was not directly measured, but we aimed to minimize such effects by the 

respiratory settings without adding PEEP and APL on minimum. Secondly, the 

retrospective analyses included an animal model of increased RV afterload and 

https://app.readcube.com/library/240863cb-3fbe-401d-9069-eaf94350f2c4/all?uuid=5019547053532388&item_ids=240863cb-3fbe-401d-9069-eaf94350f2c4:d452dcdb-4534-4bb4-92cb-cb397314e800,240863cb-3fbe-401d-9069-eaf94350f2c4:84d303bb-a978-4083-824e-09d3524064ee
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afterload-reducing interventions. Accordingly, the spectrum of RV measurements is 

wider than for the LV. Furthermore, we only performed transient apnea and LV 

affection might be delayed due to the ventricles’ serial connection. Longer apnea 

duration may have affected LV function further but would have increased risks of 

cardiovascular reflexes to affect data. Third, PV offers load-independent variables as 

well, but such are always obtained during apnea and preload reduction why inclusion of 

load-independent data was not possible in the present study. First derivative of pressure 

and tau originates from the pressure signal and are therefore not strictly a loop 

component, but the variables are included in the study as they are often recorded and 

reported in studies of invasive pressure measurements. Lastly, we did not include PEEP 

in the present study. PEEP-induced cardiovascular changes have been investigated 

previously [6,29,30] and were beyond the scope of this paper.  
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Conclusions 

We showed that many pressure-volume loop variables were affected by transient 

apnea compared to ongoing mechanical ventilation. Right ventricular variables were 

more often affected than left ventricular variables. The results emphasize the need for 

future standardization of respiratory conditions when measuring PV relationships. 
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Table 1. Right ventricular pressure-volume variables.  

 

Variable Slope 95%CI p-

value 

vs 1 

r2 Y 

interc

ept 

95%CI p-value 

vs 0 

RV ESP 1.01 0.98-1.04 0.563 0.98 ÷2.79 ÷4.13;÷1.44 <0.0001 

RV EDP 1.01 0.92-1.09 0.911 0.88 ÷1.06 ÷1.47;÷0.64 <0.0001 

RV ESV 1.02 0.97-1.07 0.493 0.96 3.05 1.15-4.94 0.002 

RV 

EDV 

0.98 0.86-1.09 0.664 0.81 14.57 ÷0.82-29.96 0.063 

RV SW 1.05 0.95-1.16 0.302 0.86 63.49 ÷146.30-

273.30 

0.548 

RV SV 1.22 1.08-1.36 0.003 0.81 ÷4.64 ÷14.11-4.83 0.332 

RV EF 0.90 0.81-1.00 0.043 0.84 7.51 1.73-13.28 0.012 

RV Ea 0.61 0.55-0.68 <0.00

01 

0.83 0.07 0.00-0.14 0.049 

RV 

dP/dt 

(max) 

1.07 0.99-1.15 0.104 0.91 ÷50.3

6 

÷83.55; 

÷17.16 

0.004 

RV 

dP/dt 

(min) 

0.92 0.85-0.99 0.024 0.90 ÷23.5

3 

÷56.10-9.05 0.154 

RV tau 0.53 0.41-0.64 <0.00

01 

0.53 9.94 4.84-15.05 0.0002 

 

Caption: Slopes and intercepts with 95% confidence intervals (95%CI) from linear fits 

of each variable during mechanical ventilation versus apnea. n=72 for all. RV, right 

ventricular; ESP, end-systolic pressure; EDP, end-diastolic pressure; ESV, end-systolic 

volume; EDV, end-diastolic volume; SW, stroke work; SV, stroke volume; EF, ejection 

fraction; Ea, arterial elastance; dP/dt, first derivative of pressure. 

 

  



Mechanical ventilation and pressure-volume loops 

 

Table 2. Left ventricular pressure-volume variables.  

 

Variable Slope 95%CI p-value 

vs 1 

r2 Y 

interc

ept 

95%CI p-value 

vs 0 

LV ESP 1.02 0.95-1.08 0.626 0.94 ÷3.82 ÷9.86-2.22 0.211 

LV EDP 0.87 0.78-0.96 0.005 0.85 0.02 ÷0.81-0.86 0.957 

LV ESV 1.02 0.94-1.10 0.694 0.90 0.70 ÷4.55-5.94 0.792 

LV EDV 1.01 0.95-1.06 0.744 0.95 ÷1.77 ÷11.58-8.04 0.720 

LV SW 1.05 0.97-1.12 0.254 0.91 ÷463.

6 

÷1115.0-

188.1 

0.160 

LV SV 1.04 0.94-1.14 0.444 0.86 2.80 ÷12.22-6.61 0.554 

LV EF 0.94 0.84-1.03 0.172 0.85 3.42 ÷2.09-8.93 0.220 

LV Ea 1.01 0.93-1.10 0.777 0.89 ÷0.04 ÷0.13-0.05 0.321 

LV dP/dt 

(max) 

0.96 0.92-0.99 0.016 0.98 9.59 ÷49.97-

69.15 

0.749 

LV dP/dt 

(min) 

0.92 0.86-0.99 0.026 0.91 ÷139.

5 

÷276.2; 

÷2.9 

0.045 

LV tau 1.01 0.90-1.12 0.899 0.82 ÷3.52 ÷7.79-0.75 0.104 

 

Caption: Slopes and intercepts with 95% confidence intervals (95%CI) from linear fits 

of each variable during mechanical ventilation versus apnea. n=72 for all. LV, left 

ventricular; ESP, end-systolic pressure; EDP, end-diastolic pressure; ESV, end-systolic 

volume; EDV, end-diastolic volume; SW, stroke work; SV, stroke volume; EF, ejection 

fraction; Ea, arterial elastance; dP/dt, first derivative of pressure. 

  



Mechanical ventilation and pressure-volume loops 

 

Figures with captions 

 

 

Figure 1. Correlation during ventilation versus apnea for right ventricular (RV) end-

systolic pressure (ESP), arterial elastance (Ea), ejection fraction (EF), stroke volume 

(SV), and maximal and minimal first derivative of pressure (dP/dtmax and dP/dtmin). 

Compare to Figure 2 for LV variables. n=72 for all. 

 

 

 

 

Figure 2. Correlation during ventilation versus apnea for left ventricular (LV) end-

systolic pressure (ESP), arterial elastance (Ea), ejection fraction (EF), stroke volume 

(SV), and maximal and minimal first derivative of pressure (dP/dtmax and dP/dtmin). 

Compare to Figure 1 for RV variables. n=72 for all. 



Mechanical ventilation and pressure-volume loops 

 

 

 

 
 

Figure 3. Representative pressure-volume loops from right ventricle (RV) with ongoing 

mechanical ventilation (A) and in transient apnea (B). Note how RV volumes changes 

substantially through the respiratory cycle. Similar loops from the left ventricle (LV) 

with ongoing ventilation (C) and in apnea (D). The differences between ventilatory 

mode are less pronounced for the LV than the RV. Both (A) and (C) shows loops from 

two consecutive respiratory cycles.  

 

 

 


