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 27 

Abstract  28 

 29 

According to Guyton’s model of circulation, mean systemic filling pressure (MSFP), 30 

right atrial pressure (RAP), and resistance to venous return (RVR) determine venous 31 

return. MSFP has been estimated from inspiratory hold-induced changes in RAP and 32 

blood flow. We studied the impact of positive end expiratory pressure (PEEP) and 33 

blood volume on venous return and MSFP in pigs. MSFPRAO was measured by 34 

balloon occlusion of right atrium and MSFPinsp_hold extrapolated from RAP/pulmonary 35 

artery flow (QPA) relationships during inspiratory holds at PEEP 5 and 10 cmH2O, 36 

after bleeding and in hypervolemia. MSFPRAO increased with PEEP [PEEP 5, mean 37 

(SD) 12.9 (2.5) mmHg; PEEP 10 14.0 (2.6) mmHg, p=.002] without change in QPA 38 

[2.75 (.43) vs. 2.56 (.45) L/min, p=.094]. MSFPRAO decreased after bleeding and 39 

increased in hypervolemia [10.8 (2.2) and 16.4 (3.0) mmHg respectively p<.001], with 40 

parallel changes in QPA. Neither PEEP nor volume state altered RVR (p=.489). 41 

MSFPinsp_hold overestimated MSFPRAO [16.5 (5.8) mmHg vs.13.6 (3.2) mmHg; p=.001; 42 

mean difference 3.0 (5.1) mmHg]. Inspiratory holds shifted the RAP/QPA relationship 43 

rightwards in euvolemia because inferior vena cava flow (QIVC) recovered early after 44 

an inspiratory hold nadir. The QIVC nadir was lowest after bleeding [36 % (24 %) of 45 

pre-inspiratory hold at 15 cmH2O inspiratory pressure] and the QIVC recovery most 46 

complete at lowest inspiratory pressures independent of volume state [range from 80 47 

(7) % after bleeding to 103 (8) % at PEEP 10 cmH2O of QIVC before inspiratory hold]. 48 

The QIVC recovery thus defends venous return, possibly via hepatosplanchnic 49 

vascular waterfall. 50 
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 51 

New and Noteworthy:  52 

Enhanced recovery of QIVC during inspiratory holds shifts the RAP/QPA relationship to 53 

the right. Hence, MSFPinsp_hold overestimates the MSFPRAO. The preferential QIVC 54 

recovery helps to maintain venous return during sustained increased inspiratory 55 

airway pressure. The underlying mechanism is likely to be a hepatosplanchnic 56 

vascular waterfall.  57 

 58 

Keywords: right atrial pressure, mean systemic filling pressure, mechanical 59 

ventilation, blood volume, cardiac output 60 

Part of the data has been presented as a poster in the 36th International Symposium 61 

on Intensive Care and Emergency Medicine, 15th to 18th March 2016, in Brussels. 62 

 63 

  64 
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Introduction 65 

Positive pressure ventilation has complex cardiovascular effects, which often 66 

necessitate administration of fluids or vasoactive drugs to support hemodynamics. 67 

Changes in hemodynamic measurements during the ventilator cycle have been 68 

proposed as a means to assess the potential response of cardiovascular system to 69 

fluids (45, 48, 49, 58). 70 

 71 

The effects of positive pressure ventilation and application of positive end expiratory 72 

pressure on cardiac output can be explained by the interactions of the venous return 73 

function and cardiac function (19) – a concept proposed by Guyton more than 50 74 

years ago (24). The effects of positive intrathoracic pressures on cardiac function 75 

have been well elucidated in patients with respiratory and circulatory failure (11, 59). 76 

In contrast, the effects of mechanical ventilation on the venous return function are 77 

more difficult to evaluate due to lack of clinically available methods to assess its 78 

variables. 79 

The total blood volume consists of unstressed and stressed volume. The unstressed 80 

volume fills the vasculature without pressurizing, whereas the stressed volume 81 

causes elastic recoil pressure(47). The mean systemic filling pressure is the elastic 82 

recoil pressure caused by the stressed volume in the systemic circulation. It can be 83 

quantified during an acute no flow state (28). Venous return according to Guyton’s 84 

model is driven by the gradient between MSFP and right atrial pressure. Thus, at 85 

zero blood flow the RAP equals the MSFP. When the rate of venous return is plotted 86 

as a function of RAP, it follows a linear function and the slope of the curve is the 87 

inverse of resistance to venous return, RVR (24, 27, 39, 60). The RVR reflects the 88 
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composite resistance of all systemic vascular beds for the blood flow returning to the 89 

heart(25, 68). 90 

In Guyton’s model, the working heart serves dual roles. It lowers RAP and thereby 91 

enables venous return and it provides the mechanical energy that maintains driving 92 

pressure for peripheral tissue perfusion (44, 46). Even though Guyton’s model of the 93 

circulation is heavily criticized (2, 3, 36) and debated (6, 7, 44, 46, 56), approaches 94 

based on this concept have gained renewed interest for explaining hemodynamic 95 

instability and planning therapeutic interventions (19, 31, 43, 55, 70, 71). Specifically, 96 

changes in MSFP could help to assess changes in stressed volume. 97 

Since MSFP cannot be directly measured in clinical practice, surrogate approaches 98 

have been proposed (42). These include extrapolation from pressure/flow 99 

relationships during inspiratory hold maneuvers (27, 39, 60), extrapolation from 100 

peripheral venous and arterial pressures during instantaneous vascular occlusion 101 

(21), and mathematical modeling (12, 54, 55). However, an important limitation of the 102 

interventional methods used to estimate MSFP is that they may trigger vascular 103 

reflexes and other adaptive responses that can alter MSFP and RVR. These 104 

approaches assume that Guyton’s model for steady state conditions would be 105 

applicable  in the presence of transient changes in pressures and flow – an 106 

assumption that has not been validated. 107 

 108 

We used a porcine model to address the following questions: 1) Do changes in 109 

PEEP, volume status and tidal breaths alter MSFP and the slope of the venous return 110 

curve? 2) Does a measurement of MSFP obtained with inspiratory hold maneuvers 111 

correspond to MSFP measured by right atrial occlusion? 3) Do inspiratory hold 112 
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maneuvers modify the hemodynamic variables of the venous return function, and do 113 

PEEP and volume status modify these responses? The answers to these questions 114 

have important implications for the attempts by investigators to use respiratory 115 

maneuvers to assess MSFP. 116 

 117 

Glossary 118 

 119 

Cvascular  Compliance of the vascular system 120 

FIO2   Fraction of inspired oxygen 121 

HES   Hydroxyethyl starch 122 

IVC   Inferior vena cava 123 

MAP   Mean arterial pressure 124 

MSFP   Mean systemic filling pressure 125 

MSFPinsp_hold Mean systemic filling pressure obtained via extrapolation of 126 
pressure-flow relationships with airway occlusion 127 

MSFPRAO mean systemic filling pressure; measured during right atrial 128 
balloon occlusion at end expiratory lung volume  129 

PA Pulmonary artery 130 

PAW Airway pressure 131 

PAP   Pulmonary artery pressure 132 

Pinsp   Inspiratory airway pressure 133 

PEEP   Positive endexpiratory pressure 134 

QPA   Pulmonary artery blood flow 135 

QIVC   Inferior vena cava blood flow 136 

QSVC   Superior vena cava blood flow 137 

RA   Right atrium 138 

RAP   Right atrial pressure 139 
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RAPtm   Right atrial transmural pressure 140 

RVR   Resistance to venous return 141 

SVC   Superior vena cava 142 

TV   Tidal ventilation 143 

VRdP   Venous return driving pressure 144 

Vs   Stressed volume 145 

Vu   Unstressed volume 146 

 147 

Materials and methods 148 

The study complied with the Guide for the Care and Use of Laboratory Animals, 149 

National Academy of Sciences 1996, and Swiss National Guidelines and was 150 

approved by the Commission of Animal Experimentation of Canton Bern, Switzerland 151 

(approval number BE 71/14). Twelve domestic male pigs [body weight 39.1 (SD 1.7)] 152 

kg were fasted for 12 hours with free access to water. The first two pigs were used in 153 

pilot studies to establish the instrumentation and the feasibility of the study 154 

procedures. Ten pigs were included in the study. After premedication with 155 

intramuscular ketamine (20 mg/kg) and xylazine (2 mg/kg) anesthesia was induced 156 

with midazolam (0.5 mg/kg) and the pigs were orally intubated. Anesthesia was 157 

maintained with propofol (4 mg/kg/h) and fentanyl (5 μg/kg/h) and the depth 158 

controlled by repeatedly testing the response to nose pinch. Additional injections of 159 

fentanyl (50 μg) or midazolam (5 mg) were given as needed. Muscle relaxation was 160 

induced with rocuronium (0.5 mg/kg) for the study measurements. The pigs were 161 

mechanically ventilated in a volume controlled mode (Servo-I, Maquet Critical Care, 162 

Solna, Sweden) using positive end-expiratory pressure of 5 cm H2O, a FIO2 of .30, 163 
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and a tidal volume of 300 mL [7.7 (0.3) mL/kg body weight]. Respiratory rate was 164 

adjusted to maintain an end-tidal pCO2 of 40 mmHg.  165 

Installations 166 

The following catheters were surgically placed for the measurements of arterial and 167 

venous pressures: two double-lumen catheters in the superior vena cava via the right 168 

and left jugular vein, a catheter in the right carotid artery, an arterial and a venous 169 

catheter in the right hind limb, and introducer sheaths in the right and left femoral 170 

veins. A median sternotomy was used to enter the thoracic cavity. The pericardium 171 

was opened and appropriately sized transit time ultrasonic flow probes (Transonic 172 

Systems, Inc., Ithaca, NY, USA) were placed around the main pulmonary artery, the 173 

superior vena cava and the inferior vena cava. Another catheter was placed in the 174 

main trunk of the PA and a 12×20 mm balloon catheter for measurement of 175 

pericardial pressure (Tyshak II, Numed, Canada) was fixed in the pericardium at the 176 

level of the right atrium (35). All catheters and cables were guided outside the 177 

thoracic cavity. The pleural cavities were drained and placed under pressure of minus 178 

20 cm H2O until the measurements were started. The pericardium was closed by a 179 

continuous mattress suture, the sternum with figure of eight sutures, and the wound 180 

in layers. The urinary bladder was drained via a cystostomy. An esophageal balloon 181 

catheter (Sidam, Mirandola, Italy) was orally inserted to estimate changes in pleural 182 

pressure (14). The position of the pericardial and esophageal balloons was confirmed 183 

by chest compression during an expiratory hold (61). A catheter with a 50 mm×34 184 

mm inflatable high compliance balloon (Amplatzer sizing balloon, St. Jude Medical, 185 

St. Paul, MN, USA) was introduced under fluoroscopy through the femoral vein 186 

sheath into the RA and a multilumen catheter was placed in the IVC. The position of 187 

the RA balloon and the catheters for measurement of pressure in the SVC and IVC 188 
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(both placed intrathoracically), as well as the location of the RA for zero reference of 189 

intravascular pressures were confirmed by fluoroscopy. 190 

 191 

During surgery, Ringer’s lactate was infused at a rate of 10 mL/kg/h, and in case of 192 

relevant blood loss supplemented by boluses of Ringer’s lactate or hydroxyethyl 193 

starch (6% Voluven; Fresenius Kabi, Bad Homburg, Germany). After surgery the 194 

infusion rate was 3 mL/kg/h. Antibiotic prophylaxis was given as 1.5 g cefuroxime at 195 

skin incision and 4 hours later. Non-fractionated heparin was infused at a rate of 196 

10’000 units/24 hours as thrombosis prophylaxis.  197 

 198 

Data acquisition 199 

Intravascular (carotid artery, PA, RA, SVC and IVC), esophageal, pericardial and 200 

airway pressures were measured using transducers (xtrans®, Codan Medical, 201 

Germany) and a multi-modular patient monitor (S/5 Critical Care Monitor®; Datex-202 

Ohmeda, GE Healthcare, Helsinki, Finland), which also provided continuous ECG, 203 

end-tidal pCO2 and body temperature. All pressure signals and the ultrasonic blood 204 

flow signals were recorded at 100 Hz in a data acquisition system (Labview™; 205 

National Instruments Corp., Austin, TX, USA), and processed off line using a 206 

customized analysis software (Soleasy, Alea Solutions, Zürich, Switzerland). The 207 

pressure transducers were calibrated using a water scale and the flow transducers 208 

zeroed and calibrated electronically before the study measurements. Baseline drift 209 

was checked, including zero flow in vivo, at the end of the experiment.  210 

 211 

After surgery, 90 minutes were allowed for stabilization. Then, two 100 mL boluses of 212 

HES were given to replace any potential remaining perioperative volume deficit, and 213 
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in case of a stroke volume increase of >10 %, one further bolus was given. In the first 214 

animal Ringer’s lactate was given instead of HES. After the volume boluses, baseline 215 

hemodynamics were recorded at PEEP 5 cm H2O.  216 

 217 

Study protocol 218 

 219 

The protocol consisted of a series of five experimental conditions, at which the 220 

variables of the venous return function were individually assessed. In the first two 221 

conditions PEEP 5 cm H2O and PEEP 10 cm H2O were applied in random order. 222 

Three volume states followed at PEEP 5 cm H2O. The volume states started with 223 

euvolemia followed by stepwise bleeding (6 and 3 mL/kg body weight) and 224 

hypervolemia after rapid retransfusion of twice the bled volume with the shed 225 

heparinized blood diluted in1:1 with HES.  226 

 227 

In each condition, MSFP was assessed during a circulatory arrest induced by balloon 228 

occlusion of the right atrium (MSFPRAO) and extrapolated from inspiratory hold 229 

maneuvers (MSFPinsp_hold). Detailed descriptions are given below. The order of 230 

MSFPRAO and MSFPinsp_hold maneuvers was randomized using opaque sealed 231 

envelopes. A graphical summary of the protocol is given in Figure 1. As in steady 232 

state conditions, pulmonary artery blood flow and cardiac output are essentially the 233 

same, we use QPA and cardiac output interchangeably. 234 

 235 

MSFPRAO 236 

To measure the MSFPRAO a right atrial balloon was rapidly filled under fluoroscopic 237 

control with a mixture of radiocontrast and saline for 60 seconds at end expiratory 238 

lung volume. PA pressure and flow tracings confirmed circulatory arrest. MSFPRAO 239 
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was estimated as mean value of SVC and IVC pressure curves for 3 seconds as they 240 

approached a plateau at 9-12 seconds of RA occlusion before the onset of 241 

sympathetic reflex vasoconstriction, which was identified as a further increase in all 242 

intravascular pressures (Figure 2). The MSFPRAO was considered as the reference 243 

for true MSFP and was therefore used as the upstream pressure in all calculations of 244 

resistance to venous return unless indicated otherwise. Similar approaches have 245 

been used by others (51). 246 

 247 

Total blood volume, stressed and unstressed volume and vascular compliance 248 

Blood volume was measured using indocyanine green dye dilution (29) during 249 

baseline conditions at PEEP 5 cm H2O, during euvolemia before bleeding, and in 250 

hypervolemia after retransfusion (Figure 1). The plasma dye concentration was 251 

measured by spectrophotometry. Ten blood samples were taken at 20 seconds 252 

intervals starting at 120 seconds after a bolus injection. The dye disappearance rate 253 

from plasma was extrapolated to time zero to calculate the plasma volume, and the 254 

blood volume using the mean hematocrit of an arterial and venous blood sample. 255 

 256 

The blood volume measured at euvolemia before the bleeding and the rapid blood 257 

volume changes (bleeding, hypervolemia after retransfusion of blood and HES) were 258 

used to plot MSFP as a function of blood volume and to calculate the corresponding 259 

linear regression The intercept at zero MSFP represents the unstressed volume (Vu), 260 

and the slope of the linear regression line the inverse of vascular compliance 261 

(Cvascular). Assuming linear compliance (15, 40, 53, 67) across the blood volumes 262 

measured, the stressed volume corresponding to the MSFPRAO could be calculated 263 

(15, 40, 76) (Figure 3). 264 

 265 
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Reference function for venous return 266 

The reference venous return function was constructed with the mean RAP and QPA of 267 

ten heart cycles during tidal ventilation immediately preceding the balloon occlusion, 268 

and the MSFPRAO. VRdP was calculated for each pig and experimental condition as 269 

MSFPRAO-RAP and RVR as (MSFPRAO-RAP)/QPA. Thus, RVR is equal to the inverse 270 

of the slope of a line connecting QPA and RAP before the atrial balloon occlusion and 271 

the subsequent MSFPRAO.  272 

 273 

Extrapolation of MSFPinsp_hold with inspiratory hold maneuvers 274 

Expiratory and inspiratory hold maneuvers at the respective PEEP and plateau 275 

pressures of 15, 20, 25 and 30 cm H2O were done by adjusting tidal volume. 276 

Accordingly, the difference between inspiratory hold pressures and PEEP was 277 

smaller at PEEP 10 cm H2O when compared to the other conditions. 278 

 279 

QPA and RAP were taken as mean values over three cardiac cycles after 9 seconds 280 

of each expiratory and inspiratory hold. MSFPinsp_hold was defined as the zero flow 281 

intercept extrapolated from the plot of QPA as a function of RAP at these different 282 

airway pressures (Figure 4) (27, 38-42). A goodness of fit r2>0.7 was considered as 283 

prerequisite for inclusion in analysis.  284 

 285 

Effect of tidal breathing 286 

The impact of changing from tidal ventilation to expiratory hold was assessed using 287 

the mean RAP and QPA of ten heart cycles during tidal ventilation preceding the 288 

expiratory hold and from the beginning of the expiratory hold. 289 

 290 
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Flow behavior in the thoracic veins 291 

The impact of the inspiratory holds on SVC and IVC blood flows was evaluated. The 292 

relative decreases in SVC and IVC blood flows to the nadir beat of each flow during 293 

the inspiratory hold were compared to the values of a tidal breath preceding the 294 

respective inspiratory hold. Similarly, the three cardiac cycles used to calculate the 295 

MSFPinsp_hold during the inspiratory holds were compared to those during the tidal 296 

breath preceding the inspiratory holds in order to document flow recovery from the 297 

nadir during the inspiratory hold (Figure 4 Panel C).  298 

 299 

Transmural pressures of the SVC and right atrium 300 

Transmural pressure was calculated as intravascular minus esophageal pressure for 301 

the SVC and as RAP minus pericardial pressure for the right atrium (35), 302 

respectively. We report differences in transmural pressure between experimental 303 

conditions and changes from inspiration to expiration during the airway maneuvers. 304 

We have used this approach previously (5), as absolute esophageal pressures are 305 

less reliable than their changes from inspiration to expiration (22, 23).  306 

Statistical analysis 307 

Data were analyzed using SPSS software (Version 21; SPSS Inc., Chicago Illinois, 308 

USA). Paired t-test (for the two PEEP levels) and analysis of variance for repeated 309 

measures (for the three volume states) were used to analyze hemodynamics during 310 

tidal ventilation and at end expiratory lung volume. Analysis of variance for repeated 311 

measures was used to compare MSFPRAO and MSFPinsp_hold (within subject factor 312 

method, grouping factor experimental condition), venous return function during tidal 313 

ventilation and end expiratory hold (within subject factors breathing and PEEP). The 314 

effect of static inspiratory pressure on venous return function at the two PEEP levels 315 
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was assessed using analysis of variance for repeated measures (within subjects 316 

factors Pinsp and PEEP level). The effect of Pinsp on venous return function was 317 

assessed separately in each volume state, and compared between the volume states 318 

at each Pinsp using analysis of variance for repeated measures. The effect of 319 

inspiratory holds on blood flow decrease and restoration was analyzed using 320 

repeated measures analysis of variance (for vena cavas within subject factors vessel 321 

and Pinsp, for QPA flow pattern and Pinsp; PEEP and volume state as grouping factors). 322 

All data are shown as mean (SD). 323 

  324 
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RESULTS 325 

Of the 10 animals studied, one died due to rupture of the right atrium and superior 326 

vena cava before the first set of measurements and a second animal developed 327 

prolonged ventricular fibrillation before measurements at euvolemia were completed. 328 

Hence, 42 of the planned 50 MSFPRAO measurements could be performed. The 329 

inflation of the right atrial balloon resulted in an abrupt cessation of PA blood flow, 330 

verified as disappearance of the PA pressure pulsatility (Figure 2). All 42 occlusions 331 

could be maintained for 60 seconds, and the hemodynamics were rapidly restored 332 

after deflation of the atrial balloon. 333 

1) Do changes in PEEP, volume state and tidal breaths alter MSFP and the slope of 334 

the venous return curve? 335 

At PEEP 10 cm H2O as compared to PEEP 5 cm H2O, both RAP and MSFPRAO 336 

increased, but RAP increased more than MSFPRAO so that VRdP decreased and 337 

RVR did not change. ΔRAPtm did not change between PEEP levels. (Table 1, Figure 338 

5a). Acute bleeding reduced MSFPRAO more than RAP, and hence, VRdP and QPA 339 

decreased. Hypervolemia increased MSFPRAO more than RAP, and VRdP and QPA 340 

increased relative to their euvolemia levels. The volume state had a significant effect 341 

on ΔRAPtm. Bleeding and hypervolemia did not change RVR (Figure 5b). The 342 

relationship between VRdP and QPA over the volume states was highly linear (Figure 343 

6). 344 

RAP increased and QPA decreased with tidal breathing slightly but significantly in all 345 

study conditions when compared to an expiratory hold (Figure 7 a and b). There was 346 

a small decrease in RVR with tidal breathing in all volume states (Figure 7 b). 347 
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The Cvascular, was 3.2 (.7) mL×mmHg-1×kg-1. The respective Vs before bleeding was 42 348 

(9) mL×kg-1, or 43 (10) % of the total blood volume. 349 

2) Does MSFPinsp_hold correspond to MSFPRAO? 350 

Three of the MSFPinsp_hold assessments had to be discontinued due to hemodynamic 351 

instability (in two animals: one at PEEP 10 cm H2O, two after bleeding), and two were 352 

excluded due to lack of a sufficient linear fit. Paired comparisons - possible for 37 353 

measurements of MSFPRAO - showed that MSFPinsp_hold was significantly higher than 354 

MSFPRAO [16.5 (5.8) mmHg vs.13.6 (3.2) mmHg; p=.001; mean difference 3.0 (5.1) 355 

mmHg for all paired measurements; Table 2]. The VRdP and RVR based on 356 

MSFPinsp_hold were both higher than MSFPRAO-based values (p<.001 and p=.003, 357 

respectively). 358 

3) Do inspiratory hold maneuvers modify the hemodynamic variables of venous 359 

return function, and does PEEP and volume status modify these responses? 360 

At both PEEP levels the QPA and RAP obtained during inspiratory holds shifted to the 361 

right from the reference venous return curve based on the MSFPRAO. This was not 362 

the case after bleeding and in hypervolemia (Figure 8 a and b, Table 2). 363 

 364 

The inspiratory hold maneuvers produced a rapid initial decrease of QPA, which 365 

partially recovered during sustained hold (Figure 4 and Table 3). The QPA nadir was 366 

reached during the first two cardiac cycles after starting the inspiratory hold, and the 367 

respective nadirs of the vena cava flows occurred during the preceding cardiac cycle. 368 

The maximum decrease in blood flow was different between the IVC and the SVC 369 

and modified by the PEEP level and the Pinsp (Table 4 and 5). Overall, the QIVC 370 

decreased more than the QSVC and was lowest after bleeding. This difference 371 
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between the vessels was most prominent at PEEP 5 cm H2O and euvolemia (Table 4 372 

and 5). 373 

The QIVC recovered most at lowest inspiratory pressures independent of volume state 374 

and more than the QSVC did (Table 4). The recovery occurred before the time point 375 

used to estimate MSFPinsp_hold. There were no significant differences between the 376 

QIVC and QSVC in the maximum decrease or in the recovery from QPA nadir after 377 

bleeding and in hypervolemia. 378 

The inspiratory hold maneuvers led to a progressive and linear increase in the 379 

inspiratory hold induced changes in transmural pressure of the SVC, indicating that 380 

transmural pressure became progressively lower with increasing plateau pressure 381 

(Figure 9). 382 

  383 
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DISCUSSION 384 

 385 

The main findings of our study were  386 

1) Increased PEEP during positive pressure ventilation with moderate tidal volumes 387 

produced an increase in MSFP, which almost completely compensated for the 388 

concomitant increase in RAP and did not change RVR. Consequently, cardiac output 389 

did not change. When blood volume was altered, MSFP and RAP changed in the 390 

same direction, but RAP was less affected. Accordingly, VRdP and cardiac output 391 

decreased and increased in parallel with blood volume, but again RVR did not 392 

change.  393 

2) MSFPinsp_hold overestimated the MSFPRAO in euvolemic conditions, regardless of 394 

the PEEP level, whereas in bleeding and hypervolemia the observed values were 395 

very similar.  396 

3) The inspiratory hold maneuvers shifted the venous return pressure/flow 397 

relationship to the right of the reference venous return curve in euvolemic conditions 398 

but did not do so in bleeding or hypervolemia. 399 

 400 

In order to explain the shift of the pressure/flow relationship during the inspiratory 401 

holds and the consequent overestimation of MSFPRAO by MSFPinsp_hold during 402 

euvolemia but not with bleeding or hypervolemia, we analyzed the time course of 403 

changes in both caval and pulmonary artery flows. QPA decreased initially very rapidly 404 

but was then partially recovered (see Table 3). As expected, the nadir of vena cava 405 

flows preceded that of the QPA by one cardiac cycle but the patterns of decrease and 406 

recovery of blood flows differed between the IVC and the SVC in euvolemic 407 
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conditions. Although QIVC initially decreased more than QSVC, it recovered more 408 

completely in the euvolemic condition but not in bleeding or hypervolemia, and thus 409 

changes in caval flow during recovery patterns matched the shifts of the 410 

pressure/flow relationship in the three conditions. This recovery in QIVC occurred very 411 

rapidly within a few heartbeats, making reflex activation unlikely, and indicates that 412 

there must have been other adaptive mechanisms in the vascular compartments 413 

drained by the IVC. This flow recovery we observed cannot be explained by Guyton’s 414 

model. 415 

 416 

Two distinct mechanisms control hepatosplanchnic blood flow, when the outflow 417 

pressure is increased depending upon the venous pressure. The hepatic drainage 418 

has a vascular waterfall – or Starling resistor - that can be overcome when the 419 

outflow pressure is greater than 5 mmHg which will change the pressure/flow 420 

relationship (4, 9, 50). At higher outflow pressures, liver venous resistance 421 

decreases, consistent with passive distention of the venous system (9). In isolated 422 

porcine liver, distensibility appears to be maximal at outflow pressures above 10 423 

mmHg (9). We have previously shown in intensive care patients that the venous 424 

driving pressure across the liver does not change in response to a 5 cm H2O PEEP 425 

increase from 7-11 cm H2O (range in individual patients) to 10-14 cm H2O (34). Thus, 426 

these two mechanisms could act in concert to defend the hepatosplanchnic and IVC 427 

venous return. When RAP acutely increases, first the waterfall/Starling resistor is 428 

overcome and then there is distention of the vessels. These compensations would 429 

not occur in the hypervolemia condition because the higher RAP would have 430 

overcome the resistor and the drainage would already be maximally distended. Portal 431 

venous pressure equilibration with MSFP is delayed up to at least seven seconds in 432 
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hypovolemic conditions (20), and provides additional drainage of the splanchnic 433 

compartment. A waterfall with collapse in the IVC, as shown by Fessler in dogs (16), 434 

may provide an additional mechanism. Vessel compression has been shown to occur 435 

in the SVC during mechanical ventilation and it is accentuated in hypovolemia (74, 436 

75). We show now indirect evidence of a progressive compression of the SVC with 437 

the inspiratory hold maneuver. The linear relationship between changes in vessel 438 

flow and transmural pressure in the studied range of airway pressures (Figure 9) 439 

suggests vessel closure if airway pressures would be further increased. Since the 440 

relationship between transmural pressure change and blood flow change may not be 441 

linear once the vessel is close to collapse (52), we cannot reliably estimate the critical 442 

closing pressures. For caval vein closure, higher transduction of airway or pleural 443 

pressure to the SVC than to the right atrium must be present. This has been shown 444 

by Fessler (16) and later in patients by Lansdorp (35). Our data show unchanged 445 

transmural atrial pressure between PEEP levels, which further supports this 446 

possibility. 447 

A fourth mechanism that may contribute is the hepatic arterial buffer response. It 448 

increases the hepatic arterial flow acutely, when portal venous flow decreases. Low 449 

systemic blood flow reduces the hepatosplanchnic blood flow and partially abolishes 450 

these compensation mechanisms (30). In hypervolemia, the increased RAP would be 451 

expected to reduce the hepatic blood flow defense by exceeding the waterfall and by 452 

approaching the limits of the distensible system. Thus there was no shift in 453 

MSFPinsp_hold. Since we did not measure hepatic blood flow, these proposed 454 

mechanisms need further confirmation. Venous return via the azygos vein directly 455 

into the right atrium was not accounted for, but may also have contributed to the flow 456 

recovery (26, 30). A fifth possible mechanism is an on-going shift of volume from the 457 
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arterial to venous compartments during the inspiratory hold. This seems unlikely as 458 

the sole explanation, since the volume shift necessary to explain the mean difference 459 

between MSFPRAO and MSFPinsp_hold would be in the range of 300 mL and would 460 

have to occur within seconds. The volume transfer from the arterial to the venous 461 

tree due to elastic recoil during circulatory standstill has been estimated to be around 462 

4 mL/kg (64).  463 

Regardless of the mechanism, volume status modified the shift of the QPA/RAP. The 464 

main interest in estimation of MFSP in the clinical setting is to understand better the 465 

complex hemodynamic problems and the response to therapeutic interventions. Our 466 

results clearly demonstrate that MSFPRAO and MSFPinsp_hold  are not interchangeable 467 

and that MSFPinsp_hold  overestimates the MSFPRAO. The impact of volume status on 468 

the QPA/RAP in our model of healthy anesthetized pigs was quantitatively moderate. 469 

Overall, our values obtained with the balloon occlusion method are in the same range 470 

as others have obtained in pigs (53) and dogs (51) with the same method, and are 471 

also close to the MSFP of ICU patients promptly after death, as reported by Vieillard-472 

Baron and co-workers (62). In contrast, the MSFP values obtained with the 473 

inspiratory hold method in postoperative and septic patients are considerably higher 474 

(42, 57). Our results provide a possible mechanism for such unexpectedly high 475 

MSFP values. Since considerably larger volume shifts than in our study are common 476 

in patients with hemodynamic problems, shift of QPA/RAP during inspiratory holds 477 

may be more pronounced. The MSFPinsp_hold values exceeding 30 mmHg reported in 478 

septic patients (57) may at least in part be explained by the direct physiologic effects 479 

of inspiratory holds.  480 

 481 
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Before criticizing our methodology, the conceptual issues related to the interpretation 482 

need to be discussed. The physiologic relevance and the actual existence of MSFP 483 

during on-going blood flow has been heavily debated. The MSFP is not located in 484 

any particular subdivision, but represents the stressed volume of the entire systemic 485 

vasculature. We consider it as the weighted mean of elastic recoil pressures in all 486 

systemic vascular beds, as measured after venous pressure equilibration during zero 487 

flow induced by RA occlusion. It will change if volume shifts alter the stressed 488 

volume, or if vascular elastance changes. When venous return is reduced during an 489 

inspiratory hold, volume will increase in the systemic vascular compartment due to 490 

reduced outflow and sustained inflow, until a new steady state has been reached(73). 491 

The low elastance compartment will receive most of this volume shift. Since the 492 

pulmonary circulation and the heart contribute to the volume shift, the stressed 493 

volume of the systemic circulation will increase, and consequently also the elastic 494 

recoil pressure caused by the stressed volume, i.e. the MSFP. The increase in MSFP 495 

due to such volume shifts in our experimental conditions would be very small - 496 

around 1-2 % (data not shown) and consistent with the result from other groups (73). 497 

Such volume shifts could therefore not account for the observed differences between 498 

MSFPRAO and MSFPinsp_hold. 499 

A second important issue is whether RA pressure acts as back pressure to venous 500 

return, or whether it only responds passively to volume shifts when flow changes, as 501 

proposed by Levy and Brengelmann (8, 36). Our study was not designed to solve this 502 

central point in the debate between proponents of Guyton and those of Levy. As 503 

discussed by Tyberg (69), “It must be acknowledged that both interpretations are 504 

model-based and both are internally consistent. Thus, it is very difficult or perhaps 505 

impossible to ‘prove’ one at the expense of the other”. 506 
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The observed linearity of the RAP/QPA relationship during the inspiratory hold 507 

maneuvers is compatible with both Levy’s and Guyton’s models, while neither would 508 

a priori predict the occurrence of Starling resistors/waterfalls(73) or flow recovery 509 

situations as we describe them.  510 

There are some important methodological limitations to our study. Since we only 511 

measured the MSFPRAO during expiratory holds, it is possible that MSFP changes 512 

during the respiratory cycle. We tried to address this by plotting the QPA/RAP during 513 

tidal breathing and end expiratory hold with the MSFPRAO (Figure 7). These venous 514 

return curves were almost superimposed. However, we observed a very small but 515 

significant decrease in RVR during tidal breathing as compared to expiratory hold – 516 

i.e. the QPA and RAP during tidal breathing shifted slightly down and to the right 517 

(Figure 7). It is unlikely that compliance changes could occur during one breath (60). 518 

An alternative explanation for this apparent change in RVR is that tidal inflations may 519 

enhance volume shifts from the pulmonary circulation, and therefore increase the 520 

MSFPRAO without changing RVR (10). Volume shifts in pulmonary blood volume 521 

during mechanical ventilation are small and depend on the zone conditions of the 522 

lung (10). Given the large Cvascular in our experiment, the effect on MSFP would be 523 

negligible. To further assess the behavior of MSFP during mechanical ventilation, 524 

MSFPRAO at expiratory hold and tidal breathing should be compared in future studies.  525 

The balloon obstruction of the right atrium for determination of MSFP (51) is likely to 526 

result in slightly higher values than those obtained using ventricular fibrillation, since 527 

the beating heart shifts some volume from the pulmonary to systemic circulation(63). 528 

MSFPRAO therefore dissociates from mean circulatory filling pressure obtained after 529 

instantaneous cardiac arrest and full equilibration of all intravascular pressures. This 530 
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difference is likely to be marginal, since previous comparisons of balloon derived 531 

MSFP with potassium induced cardiac arrest showed no difference(53). 532 

Furthermore, we did not use reflex blockade in our experiment, since it is not relevant 533 

for the clinical application of MSFP estimation. Anesthetic drugs may therefore have 534 

influenced the measurements. 535 

Previous studies on the effects of increased intrathoracic pressure and positive 536 

pressure ventilation on venous return function have provided controversial results. 537 

Fessler et al. found that a PEEP of 15 cm H2O vs no PEEP had no impact on VRdP 538 

in a ventricular fibrillation canine model, and since cardiac output decreased, the 539 

RVR had to increase (18). The increase in resistance to venous return with PEEP 540 

was confirmed with a venous bypass preparation (17). A brief change of airway 541 

pressure from 0 to 15 cm H2O during apnea and ventricular fibrillation raised MSFP 542 

to the same extent as RAP was increased by apneic airway pressure. Since cardiac 543 

output decreased in response to higher airway pressure, the RVR must have 544 

increased (33). Nanas and Magder also found that increasing PEEP from 0 to 20 cm 545 

H2O had no effect on VRdP, but increased RVR (51). Changing from spontaneous 546 

breathing to positive pressure ventilation in rats increased the MSFP and decreased 547 

the VRdP and cardiac output without an effect on RVR (13). 548 

 549 

In contrast to previous studies, we found no change in RVR in response to PEEP. 550 

The differences in experimental setting and the measurement of variables of RVR, 551 

that is RAP, MSFP, and cardiac output, should be considered in interpreting the 552 

results. Most previous studies used much higher airway pressure changes and larger 553 

tidal volumes, 12-15 as compared to 7-8 mL/kg in the present study (13, 17, 18, 51). 554 

Furthermore, we used the same airway plateau pressures during the inspiratory hold 555 
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maneuvers with lower and higher PEEP. Accordingly, only PEEP and end expiratory 556 

lung volume were increased, resulting in lower airway driving pressure at the higher 557 

PEEP. This is likely to explain the modest effects of PEEP on cardiac output. In 558 

addition, we have previously shown in intensive care patients that a 5 cm H2O PEEP 559 

increase from 7-11 cm H2O (range in individual patients) to 10-14 cm H2O has no 560 

effect on cardiac output (34). The mechanical effects of high PEEP with high tidal 561 

volumes on venous return, right heart function, and pulmonary vasculature are likely 562 

to be very different from our approach, and may explain much of the seemingly 563 

controversial results. On-going tidal positive pressure breathing (18), or turning 564 

ventilator off but not in a specific point of breath (51) may also modify the response. It 565 

is conceivable that on-going inflations during the assessment of MSFP may enhance 566 

volume shift from the pulmonary circulation (10), and therefore increase the MSFP to 567 

values higher than during normal circulation. This would result in an apparently 568 

higher RVR. 569 

Our results on effects of PEEP cannot be extrapolated to conditions where higher 570 

PEEP levels are commonly used, such as acute lung injury. However, transmission 571 

of higher airway pressures to pleural pressures in acute lung injury may be 572 

attenuated due to impaired lung compliance (32). 573 

Despite the higher MSFP estimates with the inspiratory hold method, the QPA/RAP 574 

response to the transient changes appeared remarkably linear, still consistent with 575 

Guyton’s model. This suggests that despite the perturbations, a new steady state 576 

with a new resultant MSFP is achieved rapidly.  577 

 578 

The further issue is the measurement of cardiac output as surrogate of venous 579 

return. Most previous studies on the effects of PEEP have used intermittent 580 

transcardiac thermodilution measurements (13, 18, 51), whereas we measured QPA 581 
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beat-by-beat, which allowed us to evaluate the MSFPRAO with the pressure and flow 582 

measurements right before the balloon occlusion. A similar approach was used in a 583 

landmark description of right ventricular heart lung interactions (59) and in the initial 584 

description of inspiratory holds for estimation of MSFPinsp_hold (73). The estimations of 585 

MSFPRAO in critical care patients have used arterial pulse contour analysis (37, 39-586 

42, 57). Cardiac output measured by arterial pulse contour analysis does not track 587 

acute changes in venous return during brief periods because of the time delay 588 

between the change in outputs of the right and left ventricles. This is caused by 589 

buffering by the pulmonary vasculature and the transit time for rightsided changes to 590 

reach the left side during the respiratory cycle (10, 65, 72). 591 

 592 

In conclusion, we found that during positive pressure ventilation with moderate levels 593 

of PEEP and low tidal volumes consistent with current recommended clinical practice 594 

(1, 66), PEEP produced modest changes in venous return, which were due to 595 

changes in VRdP and without alterations in RVR. This indicates that the concepts of 596 

mechanisms by which PEEP modifies hemodynamics should be revised when low 597 

tidal volumes and airway driving pressures are used. Furthermore, we conclude that 598 

inspiratory holds alter the venous pressure flow relationships, so that their use for 599 

bedside assessment of MSFP may be misleading and needs to be further studied. 600 

 601 

Acknowledgements 602 

The authors especially thank Michael Lensch for his expert support with the 603 

measurement equipment. Furthermore, we would like to thank Olgica Beslac, Daniel 604 

Mettler, Daniel Zalokar and Marcos Delgado for their valuable help with the surgical 605 

preparation and the experiment. 606 



27 
 

 607 

Disclosures 608 

The Department of Intensive Care Medicine of the University Hospital Bern, 609 

Inselspital, has, or has had in the past, research contracts with Orion Corporation, 610 

Abbott Nutrition International, B. Braun Medical AG, CSEM SA, Edwards 611 

Lifesciences Services GmbH, Kenta Biotech Ltd, Maquet Critical Care AB, Omnicare 612 

Clinical Research AG and research and development/consulting contracts with 613 

Edwards Lifesciences SA, Maquet Critical Care AB, Nestlé and Orion Pharma (the 614 

money was paid into a departmental fund). The Department of Intensive Care 615 

Medicine has received unrestricted educational grants from the following 616 

organizations for organizing a quarterly postgraduate educational symposium, the 617 

Berner Forum for Intensive Care: Fresenius Kabi, GSK, MSD, Lilly, Baxter, Astellas, 618 

AstraZeneca, B. Braun, CSL Behring, Maquet, Novartis, Covidien, Mycomed, Orion 619 

Pharma and RobaPharma. 620 

 621 

Authors Contributions 622 

 623 

DB: conception of study and design of the protocol, preparation and performance of 624 

the experiment, data analysis and interpretation, drafting and revisions of the 625 

manuscript 626 

PWM: contribution to the protocol design, performance of the experiment, data 627 

analysis and interpretation, drafting and revisions of the manuscript 628 

AW: conducted the cardiac surgery, contribution to and revision of the manuscript 629 

AB: performance of the experiment and revision of the manuscript 630 



28 
 

SB: preparation and performance of the experiment and revision of the manuscript 631 

MH: protocol design, preparation and performance of  the experiment, revision of the 632 

manuscript 633 

SS: protocol design, data interpretation, revision of the manuscript 634 

SMJ: conception of study, data interpretation, revision of the manuscript 635 

SM: data analysis and interpretation, drafting and revision of the manuscript 636 

JT: conception of study, data analysis including statistics and data interpretation, 637 

drafting and revising the manuscript. Study sponsor 638 

All authors approved the final version of the manuscript 639 

  640 



29 
 

References 641 

1. Ventilation with lower tidal volumes as compared with traditional tidal volumes for acute 642 
lung injury and the acute respiratory distress syndrome. The Acute Respiratory Distress Syndrome 643 
Network. N Engl J Med 342: 1301-1308, 2000. 644 
2. Beard DA, and Feigl EO. CrossTalk opposing view: Guyton's venous return curves should not 645 
be taught. The Journal of physiology 591: 5795-5797, 2013. 646 
3. Beard DA, and Feigl EO. Understanding Guyton's venous return curves. American journal of 647 
physiology Heart and circulatory physiology 301: H629-633, 2011. 648 
4. Beloucif S, Brienza N, Andreoni K, Ayuse T, Takata M, O'Donnell CP, and Robotham JL. 649 
Distinct behavior of portal venous and arterial vascular waterfalls in porcine liver. Journal of critical 650 
care 10: 104-114, 1995. 651 
5. Berger D, Bloechlinger S, Takala J, Sinderby C, and Brander L. Heart-lung interactions during 652 
neurally adjusted ventilatory assist. Critical care (London, England) 18: 499, 2014. 653 
6. Brengelmann GL. The classical Guyton view that mean systemic pressure, right atrial 654 
pressure, and venous resistance govern venous return is/is not correct. Journal of applied physiology 655 
(Bethesda, Md : 1985) 101: 1532, 2006. 656 
7. Brengelmann GL. Counterpoint: the classical Guyton view that mean systemic pressure, right 657 
atrial pressure, and venous resistance govern venous return is not correct. Journal of applied 658 
physiology (Bethesda, Md : 1985) 101: 1525-1526; discussion 1526-1527, 2006. 659 
8. Brengelmann GL. A critical analysis of the view that right atrial pressure determines venous 660 
return. Journal of applied physiology (Bethesda, Md : 1985) 94: 849-859, 2003. 661 
9. Brienza N, Ayuse T, O'Donnell CP, Permutt S, and Robotham JL. Regional control of venous 662 
return: liver blood flow. American Journal of Respiratory and Critical Care Medicine 152: 511-518, 663 
1995. 664 
10. Brower R, Wise RA, Hassapoyannes C, Bromberger-Barnea B, and Permutt S. Effect of lung 665 
inflation on lung blood volume and pulmonary venous flow. Journal of applied physiology (Bethesda, 666 
Md : 1985) 58: 954-963, 1985. 667 
11. Buda AJ, Pinsky MR, Ingels NB, Jr., Daughters GT, 2nd, Stinson EB, and Alderman EL. Effect 668 
of intrathoracic pressure on left ventricular performance. N Engl J Med 301: 453-459, 1979. 669 
12. Cecconi M, Aya HD, Geisen M, Ebm C, Fletcher N, Grounds RM, and Rhodes A. Changes in 670 
the mean systemic filling pressure during a fluid challenge in postsurgical intensive care patients. 671 
Intensive care medicine 39: 1299-1305, 2013. 672 
13. Chihara E, Hashimoto S, Kinoshita T, Hirose M, Tanaka Y, and Morimoto T. Elevated mean 673 
systemic filling pressure due to intermittent positive-pressure ventilation. The American journal of 674 
physiology 262: H1116-1121, 1992. 675 
14. Chiumello D, Gallazzi E, Marino A, Berto V, Mietto C, Cesana B, and Gattinoni L. A validation 676 
study of a new nasogastric polyfunctional catheter. Intensive care medicine 37: 791-795, 2011. 677 
15. Drees JA, Rothe, and  CF. Reflex Venoconstriction and Capacity Vessel Pressure-Volume 678 
Relationships in Dogs. Circulation research 34: 360-373, 1974. 679 
16. Fessler HE, Brower RG, Shapiro EP, and Permutt S. Effects of positive end-expiratory 680 
pressure and body position on pressure in the thoracic great veins. The American review of 681 
respiratory disease 148: 1657-1664, 1993. 682 
17. Fessler HE, Brower RG, Wise RA, and Permutt S. Effects of positive end-expiratory pressure 683 
on the canine venous return curve. The American review of respiratory disease 146: 4-10, 1992. 684 
18. Fessler HE, Brower RG, Wise RA, and Permutt S. Effects of positive end-expiratory pressure 685 
on the gradient for venous return. The American review of respiratory disease 143: 19-24, 1991. 686 
19. Funk DJ, Jacobsohn E, and Kumar A. Role of the venous return in critical illness and shock: 687 
part II-shock and mechanical ventilation. Critical care medicine 41: 573-579, 2013. 688 
20. Gaddis ML, Rothe CF, Tunin RS, Moran M, and MacAnespie CL. Mean circulatory filling 689 
pressure: potential problems with measurement. The American journal of physiology 251: H857-862, 690 
1986. 691 



30 
 

21. Geerts BF, Maas J, de Wilde RB, Aarts LP, and Jansen JR. Arm occlusion pressure is a useful 692 
predictor of an increase in cardiac output after fluid loading following cardiac surgery. Eur J 693 
Anaesthesiol 28: 802-806, 2011. 694 
22. Guerin C, and Richard JC. Comparison of 2 correction methods for absolute values of 695 
esophageal pressure in subjects with acute hypoxemic respiratory failure, mechanically ventilated in 696 
the ICU. Respir Care 57: 2045-2051, 2012. 697 
23. Gulati G, Novero A, Loring SH, and Talmor D. Pleural pressure and optimal positive end-698 
expiratory pressure based on esophageal pressure versus chest wall elastance: incompatible results*. 699 
Critical care medicine 41: 1951-1957, 2013. 700 
24. Guyton AC, Lindsey AW, Abernathy B, and Richardson T. Venous return at various right 701 
atrial pressures and the normal venous return curve. The American journal of physiology 189: 609-702 
615, 1957. 703 
25. Guyton AC, Lindsey AW, and Kaufmann BN. Effect of mean circulatory filling pressure and 704 
other peripheral circulatory factors on cardiac output. The American journal of physiology 180: 1955. 705 
26. Harig F, Hoyer E, Labahn D, Schmidt J, Weyand M, and Ensminger SM. Refinement of pig 706 
retroperfusion technique: Global retroperfusion with ligation of the azygos connection preserves 707 
hemodynamic function in an acute infarction model in pigs (Sus scrofa domestica). Comparative 708 
medicine 60: 38-44, 2010. 709 
27. Hartog EA, Jansen JR, Moens GH, and Versprille A. Systemic filling pressure in the intact 710 
circulation determined with a slow inflation procedure. Pflugers Archiv : European journal of 711 
physiology 431: 863-867, 1996. 712 
28. Henderson WR, Griesdale DE, Walley KR, and Sheel AW. Clinical review: Guyton--the role of 713 
mean circulatory filling pressure and right atrial pressure in controlling cardiac output. Critical care 714 
(London, England) 14: 243, 2010. 715 
29. Jacob M, Conzen P, Finsterer U, Krafft A, Becker BF, and Rehm M. Technical and 716 
physiological background of plasma volume measurement with indocyanine green: a clarification of 717 
misunderstandings. Journal of applied physiology (Bethesda, Md : 1985) 102: 1235-1242, 2007. 718 
30. Jakob SM, Tenhunen JJ, Laitinen S, Heino A, Alhava E, and Takala J. Effects of systemic 719 
arterial hypoperfusion on splanchnic hemodynamics and hepatic arterial buffer response in pigs. 720 
American journal of physiology Gastrointestinal and liver physiology 280: G819-827, 2001. 721 
31. Jansen JR, Maas JJ, and Pinsky MR. Bedside assessment of mean systemic filling pressure. 722 
Current opinion in critical care 16: 231-236, 2010. 723 
32. Jardin F, Genevray B, Brun-Ney D, and Bourdarias JP. Influence of lung and chest wall 724 
compliances on transmission of airway pressure to the pleural space in critically ill patients. Chest 88: 725 
653-658, 1985. 726 
33. Jellinek H, Krenn H, Oczenski W, Veit F, Schwarz S, and Fitzgerald RD. Influence of positive 727 
airway pressure on the pressure gradient for venous return in humans. Journal of applied physiology 728 
(Bethesda, Md : 1985) 88: 926-932, 2000. 729 
34. Kiefer P, Nunes S, Kosonen P, and Takala J. Effect of positive end-expiratory pressure on 730 
splanchnic perfusion in acute lung injury. Intensive care medicine 26: 376-383, 2000. 731 
35. Lansdorp B, Hofhuizen C, van Lavieren M, van Swieten H, Lemson J, van Putten MJ, van der 732 
Hoeven JG, and Pickkers P. Mechanical Ventilation-Induced Intrathoracic Pressure Distribution and 733 
Heart-Lung Interactions. Critical care medicine 2014. 734 
36. Levy MN. The cardiac and vascular factors that determine systemic blood flow. Circulation 735 
research 44: 739-747, 1979. 736 
37. Maas JJ, de Wilde RB, Aarts LP, Pinsky MR, and Jansen JR. Determination of vascular 737 
waterfall phenomenon by bedside measurement of mean systemic filling pressure and critical closing 738 
pressure in the intensive care unit. Anesthesia and analgesia 114: 803-810, 2012. 739 
38. Maas JJ, Geerts BF, and Jansen JR. Evaluation of mean systemic filling pressure from pulse 740 
contour cardiac output and central venous pressure. Journal of clinical monitoring and computing 25: 741 
193-201, 2011. 742 



31 
 

39. Maas JJ, Geerts BF, van den Berg PC, Pinsky MR, and Jansen JR. Assessment of venous 743 
return curve and mean systemic filling pressure in postoperative cardiac surgery patients. Critical 744 
care medicine 37: 912-918, 2009. 745 
40. Maas JJ, Pinsky MR, Aarts LP, and Jansen JR. Bedside assessment of total systemic vascular 746 
compliance, stressed volume, and cardiac function curves in intensive care unit patients. Anesthesia 747 
and analgesia 115: 880-887, 2012. 748 
41. Maas JJ, Pinsky MR, de Wilde RB, de Jonge E, and Jansen JR. Cardiac output response to 749 
norepinephrine in postoperative cardiac surgery patients: interpretation with venous return and 750 
cardiac function curves. Critical care medicine 41: 143-150, 2013. 751 
42. Maas JJ, Pinsky MR, Geerts BF, de Wilde RB, and Jansen JR. Estimation of mean systemic 752 
filling pressure in postoperative cardiac surgery patients with three methods. Intensive care medicine 753 
38: 1452-1460, 2012. 754 
43. Magder S. Bench-to-bedside review: An approach to hemodynamic monitoring - Guyton at 755 
the bedside. Critical care (London, England) 16: 236, 2012. 756 
44. Magder S. The classical Guyton view that mean systemic pressure, right atrial pressure, and 757 
venous resistance govern venous return is/is not correct. Journal of applied physiology (Bethesda, Md 758 
: 1985) 101: 1533, 2006. 759 
45. Magder S. Clinical usefulness of respiratory variations in arterial pressure. Am J Respir Crit 760 
Care Med 169: 151-155, 2004. 761 
46. Magder S. Point: the classical Guyton view that mean systemic pressure, right atrial pressure, 762 
and venous resistance govern venous return is/is not correct. Journal of applied physiology 763 
(Bethesda, Md : 1985) 101: 1523-1525, 2006. 764 
47. Magder S, and De Varennes B. Clinical death and the measurement of stressed vascular 765 
volume. Critical care medicine 26: 1061-1064, 1998. 766 
48. Michard F, Boussat S, Chemla D, Anguel N, Mercat A, Lecarpentier Y, Richard C, Pinsky MR, 767 
and Teboul JL. Relation between respiratory changes in arterial pulse pressure and fluid 768 
responsiveness in septic patients with acute circulatory failure. Am J Respir Crit Care Med 162: 134-769 
138, 2000. 770 
49. Michard F, and Teboul JL. Using heart-lung interactions to assess fluid responsiveness during 771 
mechanical ventilation. Critical care (London, England) 4: 282-289, 2000. 772 
50. Mitzner W. Hepatic outflow resistance, sinusoid pressure, and the vascular waterfall. The 773 
American journal of physiology 227: 513-519, 1974. 774 
51. Nanas S, and Magder S. Adaptations of the peripheral circulation to PEEP. The American 775 
review of respiratory disease 146: 688-693, 1992. 776 
52. Noordergraaf A. Veins. In: Circulatory System Dynamics. London: Academic Press, 1982. 777 
53. Ogilvie RI, Zborowska-Sluis D, and Tenaschuk B. Measurement of mean circulatory filling 778 
pressure and vascular compliance in domestic pigs. The American journal of physiology 258: H1925-779 
1932, 1990. 780 
54. Parkin G, Wright C, Bellomo R, and Boyce N. Use of a mean systemic filling pressure 781 
analogue during the closed-loop control of fluid replacement in continuous hemodiafiltration. 782 
Journal of critical care 9: 124-133, 1994. 783 
55. Parkin WG, and Leaning MS. Therapeutic control of the circulation. Journal of clinical 784 
monitoring and computing 22: 391-400, 2008. 785 
56. Permutt S. The classical Guyton view that mean systemic pressure, right atrial pressure, and 786 
venous resistance govern venous return is/is not correct. Journal of applied physiology (Bethesda, Md 787 
: 1985) 101: 1528, 2006. 788 
57. Persichini R, Silva S, Teboul JL, Jozwiak M, Chemla D, Richard C, and Monnet X. Effects of 789 
norepinephrine on mean systemic pressure and venous return in human septic shock. Critical care 790 
medicine 40: 3146-3153, 2012. 791 
58. Pinsky M, and Payen D. Functional hemodynamic monitoring. Critical care (London, England) 792 
9: 566 - 572, 2005. 793 



32 
 

59. Pinsky MR. Determinants of pulmonary arterial flow variation during respiration. Journal of 794 
applied physiology 56: 1237-1245, 1984. 795 
60. Pinsky MR. Instantaneous venous return curves in an intact canine preparation. Journal of 796 
applied physiology: respiratory, environmental and exercise physiology 56: 765-771, 1984. 797 
61. Pinsky MR. Why knowing the effects of positive-pressure ventilation on venous, pleural, and 798 
pericardial pressures is important to the bedside clinician?*. Critical care medicine 42: 2129-2131, 799 
2014. 800 
62. Repesse X, Charron C, Fink J, Beauchet A, Deleu F, Slama M, Belliard G, and Vieillard-Baron 801 
A. Value and determinants of the mean systemic filling pressure in critically ill patients. American 802 
journal of physiology Heart and circulatory physiology 309: H1003-1007, 2015. 803 
63. Rothe CF. Mean circulatory filling pressure: its meaning and measurement. Journal of applied 804 
physiology (Bethesda, Md : 1985) 74: 499-509, 1993. 805 
64. Rothe CF. Reflex vascular capacity reduction in the dog. Circulation research 39: 705-710, 806 
1976. 807 
65. Sakka S, Reinhart K, and Meier-Hellmann A. Comparison of pulmonary artery and arterial 808 
thermodilution cardiac output in critically ill patients. Intensive care medicine 25: 843 - 846, 1999. 809 
66. Samary CS, Santos RS, Santos CL, Felix NS, Bentes M, Barboza T, Capelozzi VL, Morales MM, 810 
Garcia CS, Souza SA, Marini JJ, Gama de Abreu M, Silva PL, Pelosi P, and Rocco PR. Biological Impact 811 
of Transpulmonary Driving Pressure in Experimental Acute Respiratory Distress Syndrome. 812 
Anesthesiology 123: 423-433, 2015. 813 
67. Shoukas AA, and Sagawa K. Control of total systemic vascular capacity by the carotid sinus 814 
baroreceptor reflex. Circulation research 33: 22-33, 1973. 815 
68. Sondergaard S, Parkin G, and Aneman A. Central venous pressure: soon an outcome-816 
associated matter. Current opinion in anaesthesiology 29: 179-185, 2016. 817 
69. Tyberg JV. How changes in venous capacitance modulate cardiac output. Pflugers Archiv : 818 
European journal of physiology 445: 10-17, 2002. 819 
70. Uemura K, Kawada T, Kamiya A, Aiba T, Hidaka I, Sunagawa K, and Sugimachi M. Prediction 820 
of circulatory equilibrium in response to changes in stressed blood volume. American journal of 821 
physiology Heart and circulatory physiology 289: H301-307, 2005. 822 
71. Uemura K, Sugimachi M, Kawada T, Kamiya A, Jin Y, Kashihara K, and Sunagawa K. A novel 823 
framework of circulatory equilibrium. American journal of physiology Heart and circulatory 824 
physiology 286: H2376-2385, 2004. 825 
72. van den Berg PC, Grimbergen CA, Spaan JA, and Pinsky MR. Positive pressure inspiration 826 
differentially affects right and left ventricular outputs in postoperative cardiac surgery patients. 827 
Journal of critical care 12: 56-65, 1997. 828 
73. Versprille A, and Jansen JR. Mean systemic filling pressure as a characteristic pressure for 829 
venous return. Pflugers Archiv : European journal of physiology 405: 226-233, 1985. 830 
74. Vieillard-Baron A, Augarde R, Prin S, Page B, Beauchet A, and Jardin F. Influence of superior 831 
vena caval zone condition on cyclic changes in right ventricular outflow during respiratory support. 832 
Anesthesiology 95: 1083-1088, 2001. 833 
75. Vieillard-Baron A, Chergui K, Rabiller A, Peyrouset O, Page B, Beauchet A, and Jardin F. 834 
Superior vena caval collapsibility as a gauge of volume status in ventilated septic patients. Intensive 835 
care medicine 30: 1734-1739, 2004. 836 
76. Yamamoto J, Trippodo NC, Ishise S, and Frohlich ED. Total vascular pressure-volume 837 
relationship in the conscious rat. The American journal of physiology 238: H823-828, 1980. 838 

  839 



33 
 

Figure Captions 840 

Figure 1: The course of the experimental protocol is depicted. The experiment was 841 

divided in two parts. Part A examined the effects of changes in positive end 842 

expiratory pressure on the venous return function. Part B assessed the effects of 843 

volume changes. 844 

Figure 2. Time course of intravascular pressures after balloon occlusion (black 845 

arrow) of the right atrium. The mean of pressures from 9 to 12 seconds after 846 

occlusion were used to estimate the MSFPRAO. Sympathetic activation is apparent as 847 

an increase in all pressures approximately 10 seconds later. 848 

Figure 3: An exemplary extrapolation of stressed and unstressed volume is shown. 849 

Blood volume was measured at Euvolemia with ICG, see methods. After bleeding 850 

and retransfusion, MSFPRAO was measured. Stressed volume could be extrapolated 851 

with a linear regression (40, 51). The slope of the line equals the inverse of vascular 852 

compliance (elastance).Equation for the above graph, MSFP = -19.939 + (0.0077 × 853 

Blood Volume), r2 = 0.988., Cvascular=129.9 mL/mmHg, 3.2 mL×mmHg-1×kg-1. 854 

Vu:unstressed volume, Vs:stressed volume. 855 

Figure 4:  856 

The figure describes the inspiratory hold maneuvers and their analysis. Expiratory 857 

holds at the given PEEP and inspiratory holds at plateau pressures of 15, 20 and 25 858 

cm H2O were performed over 30 seconds at all experimental conditions (Panel A). 859 

Extrapolation of MSFPinsp_hold: Mean values for QPA and RAP of the first three cardiac 860 

cycles occurring 9 seconds into the maneuver (green shade, Panel B and C) were 861 

taken and extrapolated to zero flow in order to estimate MSFPinsp_hold (Panel D). 862 
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Flow behavior in the thoracic veins: Inspiration causes an immediate drop in flow, 863 

visible as a single nadir beat for the caval veins (red shade in Panel B and C), 864 

transmitted to the pulmonary artery in the next heartbeat. Partial restoration of flow 865 

can be observed during the following beats. To assess these dynamic flow changes, 866 

the mean for all heartbeats during a full respiratory cycle preceding the inspiratory 867 

hold is used as baseline (blue shade Panel B and C). Flow decrease is presented as 868 

ratio of the nadir beat (red shade) to baseline (blue shade). Flow restoration is 869 

presented as the ratio of mean flow during the three beats at 9 seconds (green 870 

shade) to baseline (blue shade). 871 

 872 

Figure 5: Effect of PEEP (Panel A) and acute alterations in blood volume (Panel B) 873 

on venous return function. Right atrial pressure and pulmonary artery blood flow were 874 

measured during tidal breathing for 10 cardiac cycles and the MSFPRAO as the mean 875 

of the caval pressures for 3 seconds at zero flow 9 seconds after right atrial balloon 876 

occlusion at end-expiratory lung volume. The expiratory hold was started immediately 877 

before the right atrial balloon was filled. The lines connect the mean values, while 878 

RVR was calculated in every individual animal, for details see Table 1. Effect of 879 

PEEP: MSFPRAO p=.002, RAP: p<.001, QPA p=.094; effect of volume: MSFPRAO 880 

p<.001; RAP: p<.001, QPA p<.001; Values are shown as means, error bars indicate 881 

one standard deviation. 882 

 883 

Figure 6: Linear regressions were done over the three volume states for venous 884 

return driving pressure VRdP (=MSFP – RAP) and QPA. The relationship is highly 885 

linear with a median r2 of 0.976 (range 0.726 - 1). 886 

 887 
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Figure 7. Effect of tidal ventilation on venous return function. Right atrial pressure 888 

and pulmonary artery blood flow was measured for 10 cardiac cycles during tidal 889 

breathing and during an expiratory hold immediately before the inspiratory hold 890 

maneuvers. The respective right atrial pressure and pulmonary artery blood flow 891 

values were plotted with the MSFPRAO to show the venous return during tidal 892 

breathing and at end-expiratory lung volume. Values are shown as means, error bars 893 

indicate one standard deviation. TV: tidal ventilation, exp: end expiration. 894 

Solid line: end expiration; dotted line: tidal ventilation 895 

a.) PEEP 5 cm H2O and PEEP 10 cm H2O 896 

Effect of tidal ventilation: RAP p<.001, QPA p<.001, RVR p=.161 897 

b.) euvolemia, bleeding, hypervolemia  898 

effect of tidal ventilation RAP: p<.001, QPA p<.001, RVR p<.001 899 

Figure 8: Venous return at end-expiratory lung volume and inspiratory holds. Right 900 

atrial pressure and pulmonary artery blood flow was measured over three cardiac 901 

cycles from 9 seconds into each expiratory and inspiratory hold and plotted with the 902 

MSFPRAO of each condition. The QPA and the corresponding RAP during inspiratory 903 

holds for each individual animal were used to construct individual linear regression 904 

lines. Their zero flow intercepts represent the MSFPinsp_hold for each animal and study 905 

condition, details see methods and figure 4. Values at expiratory hold values and the 906 

respective MSFPRAO were used as the reference venous return function. Values are 907 

shown as means, error bars indicate one standard deviation. 908 

a.) PEEP 5 cm H2O (triangle upwards) and PEEP 10 cm H2O (triangle 909 

downwards), grey scale indicating increasing airway plateau pressure: 910 

Statistics: 911 
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effect of PEEP: RAP p=.037, QPA=.713 912 

effect of Pinsp: RAP p<.001, QPA p<.001 913 

Pinsp*PEEP interaction: RAP p=.031, QPA p=.020 914 

 915 

b.) Euvolemia (circle), bleeding (square), hypervolemia (diamonds), grey scale 916 

indicating increasing airway plateau pressure: 917 

Statistics: 918 

effect of Pinsp: in all volume states, RAP p<.001, QPA: euvolemia p<.001, 919 

bleeding p= .001, hypervolemia p<.001 920 

effect of volume state: at all pressure levels: RAP p<.001, QPA p<.001 921 

 922 

Figure 9. Respiratory changes in transmural pressure of the SVC were analyzed 923 

over the inspiratory hold manoeuvers. With increasing plateau pressure, the change 924 

became progressively and linearly more negative, suggesting vessel compression. 925 

The linear regression equations are  926 

for PEEP 5 cmH2O: ΔPtm = -2.352 + (0.00325 × QSVC), r2 = 0.98 927 

 for PEEP 10 cm H2O: ΔPtm =  = -1.839 + (0.00331 × QSVC), r2 = 0.855 928 

 929 

  930 
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Tables 931 

Table 1. Effect of PEEP and blood volume on hemodynamics  932 

 

 

PEEP       5 
cmH2O (n=9) 

PEEP          
10 cmH2O    

(n=9) 

p Euvolemia     
PEEP 5 cmH2O 

(n=8) 

Bleeding        
PEEP 5 cmH2O 

(n=8) 

Hypervolemia    
PEEP 5 cmH2O 

(n=8) 

p 

Heart rate; beats/min 100 (29) 96 (23) .685 102 (21) 129 (31) 106 (20) .001 

MAP; mmHg 63 (7) 61 (12) .609 60 (10) 50 (11) 63 (12) .012 

PAP; mmHg 18 (3) 20 (3) .018 19 (3) 17 (3) 23 (3) <.001 

RAP;  mmHg 5.9 (1.6) 7.5 (1.4) <.001 5.9 (1.6) 5.1 (1.7) 8.2 (1.9) <.001 

ΔRAPtmexp; mmHg .26 (1.02) .496 - .29 (.62) .98 (1.26) .033 

QPA; L/min 2.75 (.43) 2.56  (.45) .094 2.80  (.46) 2.20  (.42) 3.27  (.42) <.001 

MSFPRAO; mmHg 12.9 (2.5) 14.0 (2.6) .002 13.0 (2.8) 10.8 (2.2) 16.4 (3.0) <.001 

VRdP; mmHg 7.0 (2.2) 6.5 (2.3) .033 7.0 (2.4) 5.7 (1.7) 8.2 (2.2) <.001 

RVR; mmHg/L/min 2.53 (.52) 2.53 (.63) .945 2.49 (.59) 2.60 (.58) 2.50 (.52) .489 

 before PEEP changes 
 

before bleeding after bleeding in hypervolemia  

Blood volume*; mL/kg 96 (14) 98 (16) 89 (15) 113 (21) .008 
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MAP=mean arterial pressure; PAP=mean pulmonary artery pressure; RAP=right atrial pressure; ΔRAPtmexp= expiratory right atrial transmural 933 
pressure, QPA=pulmonary artery blood flow; 934 
mean of 10 cardiac cycles before balloon occlusion during positive pressure ventilation with a tidal volume of 300 mL [7.7( .3) mL/kg]. Values for 935 
ΔRAPtmexp are differences between experimental conditions of expiratory mean values of 5 respiratory cycles before balloon occlusion of 8 pigs 936 
(one pig excluded due to local hematoma around the pericardial balloon catheter). 937 
MSFPRAO=mean systemic filling pressure; measured during right atrial balloon occlusion at end expiratory lung volume 938 
VRdP= venous return driving pressure; VRdP=MSFPRAO – RAP, RVR=resistance to venous return; RVR=VRdP/QPA 939 
*Blood volume after bleeding calculated as volume measured before bleeding – volume of shed blood 940 
p-values: paired t-test for PEEP effect, repeated measures analysis of variance for effect of volume status, repeated measures analysis of variance 941 
for blood volume. Data shown for animals completing each series (PEEP n=9, volume n=8). Values are mean (SD). 942 
  943 
  944 
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Table 2. Comparison of MSFPRAO and MSFPinsp_hold at different PEEP-levels and blood volumes 945 

 

 

PEEP  

5 cmH2O 

(n=8) 

PEEP  

10 cmH2O 

(n=7) 

Euvolemia 

PEEP 5 cmH2O 

(n=8) 

Bleeding 

PEEP 5 cmH2O 

(n=6) 

Hypervolemia 

PEEP 5 cmH2O 

(n=8) 

p* 

MSFPRAO; mmHg 

12.9 (2.6) 14.1 (3.0)  13.0 (2.8) 10.9 (2.6) 16.4 (3.0) 

.002 
MSFPinsp_hold; 

mmHg 

15.7 (2.7) 18.7 (4.0) 15.9 (3.7) 11.9 (2.0) 19.7 (9.8) 

Comparison of all available paired measurements (n=37); * p-value for repeated measures analysis of variance for effect of measurement method; 946 
no interaction (p=.802) between method and underlying clinical condition (PEEP-level, volume status). Values are mean (SD). 947 
 948 

  949 
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Table 3. Blood flow decrease and restoration in pulmonary artery during inspiratory holds  950 

  Pinsp 15 Pinsp 20 Pinsp 25   
  

Baseline minimum 
flow 

flow 
restoration Baseline minimum 

flow 
flow 
restoration Baseline minimum 

flow 
flow 
restoration

interactions 
with flow 
pattern  

[L/min] [L/min] [L/min] [L/min] [L/min] [L/min] [L/min] [L/min] [L/min] p 
      

PEEP 5 
cmH2O 2.83 (.59) 2.08 (.56) 2.48 (.58) 2.77 (.53) 1.78 (.56) 2.21 (.53) 2.72 (.51) 1.37 (.59) 2.00 (.49) PEEP <.001

                    Pinsp <.001 

PEEP 10 
cmH2O 2.35 (.44) 2.02 (.50) 2.27 (.46) 2.44 (.53) 1.78 (.52) 2.13 (.50) 2.43 (.45) 1.56 (.47) 2.02 (.48)   

                      
                      

Euvolemia 2.60 (.58) 1.87 (.65) 2.30 (.56) 2.54 (.57) 1.41 (.62) 2.01 (.53) 2.60 (.67) 1.12 (.65) 1.82 (.50) Pinsp <.001 

                    Pinsp*volume 
<.001 

Bleeding 2.21 (.44) 1.44 (.39) 1.77 (.39) 2.27 (.43) .73 (.46) 1.51 (.35) 1.51 (.57) .60 (.09) 1.19 (.44)   
                      

Hypervolemia 3.24 (.59) 2.63 (.76) 2.92 (.59) 3.12 (.50) 1.90 (.68) 2.56 (.67) 3.08 (.52) 1.63 (.69) 2.27 (.65)   

 951 
Statistics: PEEP-levels: repeated measures analysis of variance for QPA with flow pattern (baseline, nadir, restoration) and Pinsp as within subject 952 
factors and PEEP as grouping factor. The p-values indicate interaction of PEEP and Pinsp with flow pattern. Volume status: Repeated measures 953 
analysis of variance with flow pattern (baseline, nadir, restoration) and Pinsp as within subject factors and volume state as grouping factor. The p-954 
values indicate interaction of Pinsp with flow pattern. Values are mean (SD). 955 
 956 
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Table 4. Blood flow decrease and restoration in caval veins during inspiratory holds at different levels of PEEP 957 

 Maximum decrease in flow (fraction of baseline) p 

Pinsp 15 Pinsp 20 Pinsp 25 vessel Pinsp PEEP interactions * 

PEEP 5 
IVC 0.47 (.22) 0.38 (.20) 0.04 (.21) 

.002 <.001 .012 
vessel*Pinsp*PEEP 

0.037 

SVC 0.65 (.25) 0.47 (.28) 0.37 (.18) 

PEEP 10 
IVC 0.74 (.15) 0.57 (.14) 0.34 (.23) 

SVC 0.74 (.15) 0.64 (.18) 0.40 (.19) 

      

 Flow restoration  (fraction of baseline)  

PEEP 5 
IVC 0.95 (.13) 0.86 (.07) 0.78 (.09) 

.013 <.001 .028 -- 
SVC 0.87 (.08) 0.81 (.10) 0.75 (.19) 

PEEP 10 
IVC 1.03 (.08) 0.93 (.06) 0.90 (0.9) 

SVC 0.94 (.05) 0.89 (.09) 0.84 (.13) 

Blood flow changes as fraction of the respective flows during one breath cycle preceding the inflation (baseline). The maximum decrease is for 958 
the single nadir beat during the inspiratory hold; the flow restoration during the inspiratory hold is the fraction of the three beats used to 959 
extrapolate the MSFPinsp_hold of the baseline breath. Statistics: Repeated measures analysis of variance with vessel and Pinsp as within subject 960 
factors and PEEP as a grouping factor. Post hoc tests within each PEEP level; repeated measures analysis of variance with vessel and Pinsp as 961 
within subject factors. All values mean (SD); n=8 962 

 963 
* significant interactions, if present, are reported with the highest number of interacting variables. 964 
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Table 5. Blood flow decrease and restoration in caval veins during inspiratory holds at different blood volumes 965 

 Minimum flow (fraction of baseline)  

 Pinsp 15 Pinsp 20 Pinsp 25 p 

Euvolemia (n=9) 
IVC 0.43 (.21) 0.19 (.19) 0.16 (.40) 

vessel .003 

Pinsp <.001 

vessel* Pinsp <.001 

 volume .057 

SVC 0.64 (.23) 0.48 (.24) 0.48 (.22) 

Bleeding (n=6) 
IVC 0.36 (.24) 0.07 (.22) -0.11 ( .32) 

SVC 0.55 (.16) 0.33 (.16) 0.17 (.22) 

Hypervolemia (n=8) 
IVC 0.58 (.10) 0.23 (.23) 0.14 (.33) 

SVC 0.65 (.15) 0.48 (.28) 0.39 (.29) 

 

 Flow restoration  (fraction of baseline) 

Euvolemia (n=9) 
IVC 0.93 (.08) 0.79 (.12) 0.75 (.13) 

vessel <.001 

Pinsp <.001 

volume .003 

 

SVC 0.86 (.06) 0.77 (.10) 0.70 (.09) 

Bleeding (n=6) 
IVC 0.80 (.07) 0.69 (.07) 0.55 (.12) 

SVC 0.77 (.07) 0.62 (.12) 0.51 (.17) 

Hypervolemia (n=8) 
IVC 0.91 (.06) 0.81 (.08) 0.75 (.14) 

SVC 0.90 (.10) 0.85 (.16) 0.77 (.17) 

 966 
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Blood flow changes as fraction of the respective flows during one breath cycle preceding the inflation (baseline). The minimum flow is for the 967 
single nadir beat during the inspiratory hold; the flow restoration during the inspiratory hold is the fraction of the three beats used to extrapolate 968 
the MSFPinsp_hold of the baseline breath. Statistics: repeated measures analysis of variance with vessel and Pinsp as within subject factors and 969 
volume state as grouping factor. All values are mean (SD) 970 
 971 
 972 
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