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Abstract 24 

Spontaneous breathing has beneficial effects on the circulation, since negative intrathoracic 25 

pressure enhances venous return and increases cardiac stroke volume. We quantified the 26 

contribution of the respiratory pump to preserve stroke volume during hypovolemia in awake, 27 

young, healthy subjects. Non-invasive stroke volume, cardiac output, heart rate and mean 28 

arterial pressure (Finometer) were recorded in 31 volunteers (19 females), 19-30 years old, 29 

during normovolemia and hypovolemia (approximating 450-500 ml reduction in central blood 30 

volume) induced by lower body negative pressure. Control-mode non-invasive positive 31 

pressure ventilation was employed to reduce the effect of the respiratory pump. The ventilator 32 

settings were matched to each subject’s spontaneous respiratory pattern. Stroke volume 33 

estimates during positive pressure ventilation and spontaneous breathing were compared with 34 

Wilcoxon matched-pairs signed-rank test. Values are overall medians. During normovolemia, 35 

positive pressure ventilation did not affect stroke volume or cardiac output. Hypovolemia 36 

resulted in an 18% decrease in stroke volume and a 9% decrease in cardiac output (p<0.001). 37 

Employing positive pressure ventilation during hypovolemia decreased stroke volume further 38 

by 8% (p<0.001). Overall, hypovolemia and positive pressure ventilation resulted in a 26% 39 

reduction in stroke volume (p<0.001) and 13% in cardiac output (p<0.001), compared to 40 

baseline. Compared to the situation with control-mode positive pressure ventilation, 41 

spontaneous breathing attenuated the reduction in stroke volume induced by moderate 42 

hypovolemia by 30% (i.e., -26% vs. -18%). In the critically ill patient with hypovolemia or 43 

uncontrolled hemorrhage, spontaneous breathing may contribute to hemodynamic stability, 44 

while controlled positive pressure ventilation may result in circulatory decompensation. 45 

 46 

Keywords: cardiac output, cardiac stroke volume, hypovolemia, respiratory pump  47 
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New and Noteworthy 48 

Maintaining spontaneous respiration has beneficial effects on hemodynamic compensation, 49 

which is clinically relevant for intensive care patients. We have quantified the contribution of 50 

the respiratory pump to cardiac stroke volume and cardiac output in healthy volunteers during 51 

normovolemia and central hypovolemia. The positive hemodynamic effect of the respiratory 52 

pump was abolished by non-invasive low-level positive pressure ventilation. Compared to 53 

control-mode positive pressure ventilation, spontaneous, negative-pressure ventilation 54 

attenuated the fall in stroke volume by 30%.  55 

 56 

 57 

  58 
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Introduction 59 

Spontaneous respiration has important beneficial effects on circulatory homeostasis (26, 32), 60 

aside from its vital role in gas exchange and acid-base balance (33). Importantly, favorable 61 

effects on the circulation by spontaneous respiration have been demonstrated in both patients 62 

and healthy individuals (36, 45). The negative intrathoracic pressure generated during 63 

inspiration enhances venous return and increases cardiac preload, stroke volume (SV), and 64 

cardiac output (CO) (8, 41, 46). During severe dehydration or acute hypovolemia due to 65 

hemorrhage, preserving spontaneous respiration can delay hemodynamic decompensation (32). 66 

In a randomized study, paced slow breathing of 6 breaths per minute with increased tidal 67 

volumes (VT) resulted in improved tolerance to orthostatic stress induced by head-up tilt and 68 

lower body negative pressure, compared to spontaneous breathing with a mean respiratory rate 69 

(Rf) of 20 breaths per minute (26). Analogously, hyperventilation with both increased Rf and 70 

VT has been observed experimentally in response to progressive hypovolemia (6) and is a 71 

common clinical finding in hemodynamically unstable patients, e.g. those with severe sepsis 72 

(38) or hemorrhage (13). The effects of the respiratory pump on the circulation have also been 73 

indirectly demonstrated with the use of an impedance threshold device, used as a therapeutic 74 

measure in hypovolemia and hypotension (8, 36, 37, 45). The impedance threshold device 75 

enhances the physiological effects of the respiratory pump by applying resistance during 76 

spontaneous inspiration, thus augmenting the decrease in intrathoracic pressure.  The use of this 77 

device during hemodynamic instability maintained cardiac SV and arterial blood pressure and 78 

delayed presyncope by optimizing the physiological effects of spontaneous respiration on the 79 

circulation (7, 35, 36). In normovolemic and hypovolemic anesthetized pigs, continuous 80 

application of negative intrathoracic pressure via an intrathoracic pressure regulator increased 81 

mean arterial blood pressure and improved cerebral and coronary perfusion pressures; the 82 

effects were more pronounced during severe hypovolemia (47).   83 
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Mechanical positive pressure ventilation, on the other hand, can result in hemodynamic 84 

decompensation, particularly during hypovolemia (30, 31).  In the intensive care unit (ICU), 85 

pressure or volume controlled ventilatory modes delivering tidal breaths at a predetermined rate 86 

are usually changed to supported modes as soon as patient pathophysiology allows. In supported, 87 

or assisted, ventilatory modes the patient's spontaneous inspiratory effort triggers the delivery 88 

of each positive pressure tidal breath, and importantly, the patient's diaphragmatic and 89 

intercostal muscle contractions contribute to filling the lungs. As a result, intrathoracic positive 90 

pressures are often lower in supported modes (20). Modern ICU ventilators can be triggered by 91 

a patient’s inspiratory effort also during controlled modes, thus assisting additional, 92 

spontaneous breaths (5). This is in contrast to most ventilators used in the operating room, 93 

where the anaesthetic doses necessary during surgery usually abolish spontaneous breathing 94 

efforts. 95 

The use of positive pressure ventilation abolishes the negative intrathoracic pressure during 96 

inspiration, thus the beneficial circulatory effects of the respiratory pump are reduced (41). 97 

Moreover, positive end expiratory pressure (PEEP) is often applied to expand the lung, prevent 98 

atelectasis, and recruit alveoli for oxygenation. The use of PEEP, however, further impedes 99 

venous return (3, 27, 41). The negative effects of positive pressure ventilation on venous return 100 

and cardiac preload are more pronounced during hypovolemia (30, 31). Positive pressure 101 

ventilation is thus an additional challenge for already hemodynamically compromised patients. 102 

In a clinical setting, the anaesthetic agents necessary to make the patient accept orotracheal 103 

intubation will further impede the circulation through their sympatholytic, vasodilatatory and 104 

cardiodepressant effects (1). Critical care and trauma patients who received early prehospital 105 

intubation and mechanical ventilation were more prone to circulatory collapse with poor 106 

outcomes (32). 107 
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We aimed to investigate the isolated effect of mechanical ventilation on cardiac SV, and to 108 

quantify the contribution of the respiratory pump to preserving cardiac SV during hypovolemia, 109 

in awake, young healthy subjects. To this end we used a lower-body negative-pressure (LBNP) 110 

chamber to induce central hypovolemia, and controlled non-invasive ventilation (NIV) to 111 

reduce the effect of the respiratory pump. We hypothesized that the reduction in SV and CO 112 

induced by hypovolemia would be more pronounced during concomitant NIV due to a 113 

reduction of the beneficial circulatory effects of the respiratory pump. 114 

115 
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Materials and Methods 116 

Subjects 117 

Thirty-seven young healthy volunteers (nineteen females), aged 19–30 years, were recruited 118 

and gave written, informed consent to participate. All procedures conformed to the Declaration 119 

of Helsinki. The regional ethics committee (ref.no: 2012/2251 and 2014/2228, January 2015) 120 

approved the protocol and procedures.  121 

This study is a combined side-analysis of two previous experimental series with the exact same 122 

experimental protocol, performed in the same laboratory. Output variables were collected and 123 

processed in the same way and with the same equipment. Twenty-two subjects were recruited 124 

for the first experimental series (2012) and fifteen for the second (2015). The first experimental 125 

series examined if heart rate variability and SV variability could be used to detect central 126 

hypovolemia during spontaneous breathing and positive pressure ventilation (11). The second 127 

experimental series assessed the effects of positive pressure ventilation and hypovolemia on 128 

cerebral blood flow (39) and tested a possible role of respiratory sinus arrhythmia as a 129 

regulatory mechanism for cerebral perfusion (40). The outcome variables were variability in 130 

HR and SV and internal carotid artery blood flow respectively in the previous studies. 131 

Descriptive statistics were however reported for SV estimates separately for these datasets. 132 

None of the subjects had any cardiovascular or respiratory disorder or any other known 133 

pathology, none smoked or used any other nicotine or tobacco products, and none used any 134 

medication (except contraceptive pills). All undertook weekly exercise (median 5 hours, range 135 

2–10 hours). The subjects were instructed to abstain from coffee, tea and exercise on the day of 136 

experiments and to have a light meal two hours prior to each experiment. All reported that they 137 
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had consumed fluids as usual prior to arrival in the laboratory. They abstained from alcohol for 138 

at least 24 hours prior to the experiment. 139 

Experimental protocol 140 

The subjects visited the laboratory twice before the experimental day. During these visits they 141 

were acclimatized to the laboratory and practiced using the non-invasive ventilator. On the 142 

experimental day before the beginning of the experiment, the subjects rested supine for a few 143 

minutes and practiced with the ventilator to determine their spontaneous breathing pattern (Rf, 144 

VT, inspiratory time, need for PEEP). During the experiment, the subjects lay supine in the 145 

LBNP chamber (17), which was sealed on the level of the iliac crest to prevent air leakage. The 146 

LBNP chamber induced a pressure drop to -30 mmHg within a heartbeat (0.3 s) and achieved 147 

an equalization of pressure at the same rate. A NIV face mask (Respireo Primo F Non Vented, 148 

Air Liquide Medical Systems, Italy), adjusted to each subject’s face, was used throughout the 149 

procedure. The subjects took breaths of normal depth and rate when breathing spontaneously; 150 

the tidal volume during spontaneous breathing was however not recorded. During control-mode 151 

NIV, the subjects passively accepted the tidal volume and respiratory rate provided by the 152 

ventilator (VIVO50, Diacor a/s, Oslo, Norway), pre-set to just exceed each individual's values 153 

during spontaneous breathing. The ventilator settings (median (range)) were: inspiration time: 154 

1.3 sec (1.2–1.8); respiratory frequency: 15 breaths per min (11–17); target tidal volume: 750 155 

ml (500–1050); PEEP: 2.5 cmH2O (1-4). Maximum and minimum inspiratory pressures were 156 

set to 14 cmH2O and 4.5 cmH2O respectively. Medians and 95% Confidence Intervals (95% 157 

CI) of recorded peak inspiratory pressure (PIP), mean inspiratory pressure (Pmean), PEEP, and 158 

VT are presented in Table 1. 159 

The experimental protocol started with a baseline recording of ten minutes. Immediately after 160 

this baseline period, we abruptly induced central hypovolemia by LBNP of -30 mmHg in all 161 
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subjects. After ten minutes of central hypovolemia, the chamber pressure was abruptly returned 162 

to atmospheric pressure and a ten-minute recovery recording was made. All three experimental 163 

situations (baseline, LBNP, and recovery) included five minutes of spontaneous breathing and 164 

five minutes of NIV. The initial ventilation mode (spontaneous or NIV) was randomized. Figure 165 

1 shows one sequence of the experimental states. 166 

The LBNP was terminated if the subject experienced any presyncopal symptoms (dizziness, 167 

nausea, vision loss) or signs (reduction of mean arterial blood pressure >15 mmHg or increase 168 

in heart rate to >120 beats per minute). 169 

Instrumentation and Recordings 170 

Respiratory movements were registered using a belt around the upper abdomen (Respiration 171 

and Body position Amplifier, Scan-Med a/s, Drammen, Norway). Instantaneous HR was 172 

obtained from the duration of the R-R interval from a three-lead ECG signal (SD-100, Vingmed, 173 

Horten, Norway). Non-invasive finger arterial pressure was recorded continuously from the left 174 

middle finger, positioned at heart level (Finometer, Finapres Medical System, Amsterdam, The 175 

Netherlands). The pressure output was transferred to the recording computer, and beat-by-beat 176 

mean arterial blood pressure (MAP) was calculated by numerical integration. The Finometer 177 

also provided SV calculated by the ModelFlow algorithm (4). A capnograph incorporated in 178 

the VIVO50 registered the partial pressure of end-expiratory CO2 levels (PETCO2). 179 

ECG recordings were originally sampled at 300 Hz, respiratory movements and SV were 180 

sampled at 100 Hz.  The instantaneous arterial pressure output was sampled at 100 Hz, 181 

transferred to the recording computer, and beat-to-beat MAP was calculated by numerical 182 

integration. The signals were recorded via a dedicated data collection and analysis program 183 

(Program for real time data acquisition: Morten Eriksen, Oslo, Norway).  184 
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Signal processing and Analysis 185 

All recorded signals from each experimental run were visually inspected, and all time intervals 186 

with technically successful recordings from each subject were included in the subsequent 187 

analyses. All data were resampled at 4 Hz and beat-to-beat CO was calculated from SV and HR. 188 

The total peripheral resistance (TPR) was calculated from MAP divided by CO. Medians were 189 

calculated along 2-minute intervals of continuous, technically successful recordings. 190 

Comparisons were performed in the four different experimental states: normovolemia with 191 

spontaneous breathing (Baseline), normovolemia with NIV (NIV), LBNP with spontaneous 192 

breathing (LBNP) and LBNP combined with NIV (LBNP + NIV). For each experimental state, 193 

the median of all observations in the same state for each subject was used in the subsequent 194 

statistical analysis. The median was preferred as it was a better measure of central tendency in 195 

our dataset than the mean value.   196 

Statistics 197 

Non-parametric statistical analyses were chosen because SV in our dataset was not normally 198 

distributed. Reported values are medians and 95%CI calculated by Hodges-Lehmann’s estimate. 199 

The Friedman test for four related samples was used to test the difference in SV across the four 200 

experimental states, and the Wilcoxon matched-pairs signed-rank test against a two-sided 201 

alternative (18) was used for the pairwise comparisons (StatExact, Cytel Studio 7; Cytel Inc., 202 

Cambridge, MA, USA). Cardiovascular variables during NIV and spontaneous breathing were 203 

compared, both during normovolemia and hypovolemia. For SV, our main outcome variable, 204 

the Wilcoxon test p-values were Bonferroni-corrected; the level of statistical significance was 205 

set to p=0.01 before analyses.  206 

  207 
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Results 208 

Thirty-one of the 37 subjects (fourteen females, median age 22 years (range: 19–30)) completed 209 

the protocol without any subjective discomfort or other termination criteria. Three females were 210 

excluded due to technical problems (one subject), pre-syncope immediately at induction of 211 

LBNP (one subject), and frequent extrasystoles invalidating Finometer measurements (one 212 

subject). The last three excluded subjects (one male and two females) were unable to tolerate 213 

the ventilator. The thirty-one subjects included in the present analysis completed all six 214 

experimental states (baseline, LBNP, recovery with and without NIV) at least once. Figure 1 215 

shows recordings from one representative subject. Group values of SV and CO during the 216 

various experimental states are shown in Figure 2, values of HR, MAP, Rf and PETCO2 are 217 

shown in Table 2. 218 

Overall, during normovolemia, NIV did not induce changes in HR, SV, CO or MAP. Induction 219 

of central hypovolemia (LBNP) during spontaneous ventilation caused a reduction in SV and 220 

CO. A concurrent, transient reduction in MAP was rapidly restored, thereafter both MAP and 221 

HR increased. The combination of LBNP and NIV reduced SV and CO even more, MAP did 222 

not change while HR increased further (Table 2).  223 

Effect of LBNP and NIV on cardiovascular variables 224 

Employing NIV during normovolemia did not alter SV (–0.6% corresponding to –0.5 ml (–225 

1.5%, –0.4%, p=0.4)) and did not induce changes in HR, CO or MAP (Table 2, Figure 2). In 226 

contrast, even during spontaneous ventilation, hypovolemia resulted in a marked decrease in 227 

SV (–18.3% corresponding to –15.6 ml (–20.5%, –15.3%, p<0.001) and an increase in HR of 228 

+11% (+8%, +13%, p<0.001) that however did not fully counteract the reduction in SV. As a 229 

result, CO decreased by 9.4% (–12.2%, –7.3%) during LBNP (p<0.001, Figure 2). The added 230 
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use of NIV during hypovolemia resulted in an additional decrease in SV (–8.2% corresponding 231 

to –5.8 ml (–10%, –6.1%, p<0.001) and an additional increase in HR by 5% (+2%, +6%, 232 

p<0.001) compared to values observed during LBNP alone. Again, the HR increase did not 233 

fully compensate for the reduced SV, causing CO to decrease by an additional 3.3% (–7.5%, –234 

2%, p=0.001).   Overall, the combined challenge of LBNP and NIV resulted in a large reduction 235 

in SV (–26% corresponding to –23 ml (–29.5%, –22.7%, p<0.001) and in CO (–13.2% (–17.8%, 236 

–12%, p<0.001) compared to baseline (Figure 2).  237 

 Friedman test for related samples confirmed that SV was different among the experimental 238 

states (p<0.0001).  239 

MAP increased by 4% (+3%, +6%) from baseline to LBNP (p<0.001) due to an increase in 240 

TPR, but did not change further from LBNP alone to LBNP + NIV (Table 2). 241 

Effect of LBNP and NIV on PETCO2 242 

PETCO2 as expected decreased slightly with the use of control-mode NIV, both during 243 

normovolemia and hypovolemia (p<0.001, Table 2). Also during spontaneous ventilation, a 244 

decrease in PETCO2 was observed during hypovolemia induced by LBNP (p=0.001). The 245 

combination of LBNP and NIV decreased PETCO2 the most (p<0.001). The reduction in 246 

PETCO2 may have been caused by an increase in VT, since overall respiratory rate was 247 

unchanged between normovolemia and hypovolemia. However, VT was not directly measured 248 

during spontaneous breathing. 249 

  250 
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Discussion 251 

In this study we experimentally assessed the effect of combined abrupt central hypovolemia 252 

(via lower body negative pressure, LBNP) and control-mode positive pressure ventilation (NIV) 253 

on central cardiovascular variables in young healthy subjects. Our aim was to examine how 254 

respiration-induced negative intrathoracic pressure contributes to preserve cardiac SV and CO 255 

during hypovolemia. Our findings show that spontaneous respiration contributed to the 256 

maintenance of SV and CO during LBNP of -30 mmHg, which corresponds to a moderate 257 

hemorrhage of 450-500 ml of blood loss (16). When normal, spontaneous negative-pressure 258 

respiration was replaced with control-mode NIV during LBNP, SV decreased and the 259 

concomitant increase in HR was insufficient to maintain the CO observed  during LBNP alone.  260 

NIV elevates the intrathoracic pressure during inspiration to positive values and thus reduces 261 

the efficacy of the respiratory pump, which normally increases the venous return of blood to 262 

the right heart via the decrease in intrathoracic pressure (10, 41). From a circulatory viewpoint, 263 

hemodynamically unstable patients both in the prehospital setting and after hospital admission 264 

may thus benefit from preserving spontaneous respiration as long as they are able to generate 265 

sufficient reductions in intrathoracic pressure with inspiration (32). Respiratory depression due 266 

to cerebral pathology, pulmonary pathology resulting in hypoxia and hypercapnia, and 267 

muscular fatigue may however limit this option. Early tracheal intubation and control-mode 268 

positive pressure ventilation may however precipitate hemodynamic compromise in such 269 

patients (32), by abolishing the respiratory pump and through the necessary use of anaesthetic 270 

agents, which to varying degrees are sympatholytic, cardiodepressant and vasodilatory (25) .  271 

The use of NIV usually impedes the circulation less, since the patient remains awake or only 272 

lightly sedated and contributes muscularly to each breath (33). Negative circulatory effects are 273 

more pronounced in anesthetized and intubated patients, especially when high inspiratory 274 



Published in Journal of Applied Physiology, 24 May 2018 

https://doi.org/10.1152/japplphysiol.01009.2017 14 

 

pressures and high levels of PEEP are imposed to restore oxygenation (28). Controlled 275 

ventilation with the use of muscle paralytic medication, mostly used in the operating room, 276 

completely abolishes the respiratory pump (21). In contrast, supported ventilator modes use the 277 

inspiratory pressure deflection or the electrical activity of the diaphragm (Neurally Adjusted 278 

Ventilatory Assist mode) to trigger the ventilator, thus synchronising the delivery of inspiratory 279 

positive pressure from the ventilator with the patient's breathing efforts. This maintains 280 

diaphragmatic ventilation and attenuates the reduction in venous return and right ventricular 281 

performance, producing a respiratory pattern that resembles spontaneous breathing (2, 42). In 282 

ventilated pigs, applying a negative airway pressure during expiration reduced intrathoracic 283 

pressure and enhanced venous return, similar to during spontaneous inspiration (47). In 284 

intubated patients with brain injury, a decrease in intracranial pressure and improved cerebral 285 

perfusion pressure was demonstrated during short periods of using this device producing 286 

negative intrathoracic pressure during expiration (24). 287 

The effects of positive intrathoracic pressure on SV and CO are mainly mediated by the 288 

reduction in venous return. Though it is a hemodynamic variable receiving considerable 289 

attention and discussion in the ICU and the operating room, venous return is not easily 290 

quantified in a clinical setting. One study assessed the driving pressure for venous return in 291 

patients on controlled mechanical ventilation by estimating the mean systemic filling pressure 292 

during repeated 12-second end-inspiratory hold maneuvers (29). This method can be used to 293 

evaluate conditions for venous return in ventilated patients (22, 29), although limited to patients 294 

on controlled modes. In the present study, we showed that NIV reduced SV and CO in 295 

hypovolemic, otherwise healthy humans. This finding provides evidence that even low-level 296 

positive-pressure ventilation can produce negative hemodynamic effects on compromised 297 

intensive care patients, via reduction in venous return. Careful titration of the applied airway 298 



Published in Journal of Applied Physiology, 24 May 2018 

https://doi.org/10.1152/japplphysiol.01009.2017 15 

 

pressure against the driving pressure for venous return may attenuate the negative circulatory 299 

effects of mechanical ventilation. 300 

An LBNP of –30mmHg is clinically similar to an early stage of an uncontrolled hemorrhage. 301 

At this stage the cardiovascular changes may be subtle, as traditional vital signs such as arterial 302 

blood pressure, HR, and arterial oxygen saturation are either insensitive or non-specific to mild-303 

moderate blood loss (9). This may delay diagnosis and treatment. Particularly in a prehospital 304 

setting and during transport of traumatized or critically ill patients, the detection of a 305 

compensated hypovolemia may be difficult. The very slight increase in HR and the actual 306 

increase in MAP observed during LBNP in our study subjects demonstrate how the well-307 

functioning compensatory abilities of young healthy individuals might easily disguise an 308 

uncontrolled hemorrhage. SV and CO are more sensitive to changes in blood volume (39), but 309 

monitoring of these variables is not usually available outside the operating theater or ICU. 310 

Additionally, the wide range of normal SV and CO would make interpretation of absolute 311 

values difficult, particularly without continuous monitoring. Close attention to symptoms and 312 

signs of hypoperfusion, e.g. altered mentation and reduced skin perfusion, is therefore key in 313 

the handling of critically ill patients. Adding controlled ventilation to an unrecognized 314 

hypovolemia, albeit compensated, could hasten circulatory collapse. 315 

In ICU patients, supported rather than controlled ventilator modes are generally aimed for. 316 

Maintaining and augmenting spontaneous respiration in ICU patients with the use of supported 317 

ventilatory methods result in improved organ perfusion and hemodynamics (14, 15, 33). In 318 

contrast, controlled mechanical ventilation must override the patient's spontaneous respiratory 319 

efforts and often involves deeper sedation. Establishing spontaneous respiration and early 320 

ventilator weaning was related to improved ICU outcomes and lower morbidity (12, 43). 321 
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Importance of the respiratory pump 322 

LBNP has been extensively used to simulate central hypovolemia. LBNP has been validated as 323 

an experimental model of hemorrhage as it has been shown to evoke similar cardiovascular 324 

responses (16, 23). Changes in SV, central venous pressure, and MAP during LBNP and during 325 

actual blood loss were closely correlated (16, 23).  326 

Previous studies have examined the increased tolerance to progressive degrees of LBNP until 327 

presyncope (6, 26, 36). Amplification of the respiratory pump with an impedance threshold 328 

device or by using slow, deep breathing increased LBNP tolerance and delayed presyncopal 329 

symptoms (7, 26, 35, 36). In our study, a decrease in PETCO2 was observed during LBNP. Rf 330 

was unchanged, thus the implied increase in VT may reflect an attempt to optimize the 331 

respiratory pump effect during hypovolemia.  332 

In our study, LBNP of -30 mmHg generated an 18.3% decrease in SV and a 9.4% decrease in 333 

CO, similar to previous studies (16, 19). Combined with NIV however, LBNP decreased SV 334 

by 26% and CO by 13.2%. Thus, even the modest use of the respiratory pump observed during 335 

hypovolemia in our experimental setting was able to attenuate the reduction in SV by 30%, 336 

compared to a situation with control-mode NIV in hypovolemia. The demonstrated respiratory 337 

augmentation of the circulation likely was small compared with that often observed in critically 338 

ill, hemodynamically compromised patients, who may hyperventilate with an Rf of 20–40 339 

breaths/min (13). In such patients induction of anaesthesia and institution of mechanical 340 

ventilation must be performed with utmost care to avoid circulatory collapse. Also, ventilation 341 

modes that allow spontaneous breathing efforts are often preferable (33). 342 

During LBNP, the reduction in SV and CO caused baroreceptor unloading and sympathetic 343 

activation, leading to an increase in HR and a concurrent slight increase in TPR and MAP (Fig. 344 
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1; Table 2). The addition of NIV to LBNP further increased HR. However, with or without NIV, 345 

the HR increase did not fully compensate for the induced hypovolemia, and CO remained 346 

reduced. Our subjects did not however experience any presyncopal symptoms.  347 

Methodological considerations 348 

SV and CO measurements were obtained from non-invasive finger arterial pressure by 349 

ModelFlow (Finometer) (4). SV measured by ModelFlow has been shown to correlate well with 350 

SV measured by Doppler ultrasound (19, 44). ModelFlow has also been compared to electrical 351 

bioimpedance cardiography and tracked the changes of SV and CO during progressive LBNP 352 

(19, 34).  353 

The absence of tidal volume measurements during spontaneous breathing is a limitation of this 354 

study. Tidal volume was measured during NIV states but not while the subjects breathed 355 

spontaneously. During hypovolemia, spontaneously breathing humans may increase their tidal 356 

volume in order to amplify the effect of the respiratory pump (6).  357 

The results of this study could be expanded by progressively increasing the degree of LBNP to 358 

find the level of hypovolemia where the addition of NIV would result in presyncope. Evaluating 359 

the respiratory pump effect on SV at this point would be clinically relevant, as it could indicate 360 

the degree of hypovolemia when the induction of anesthesia and mechanical ventilation in a 361 

bleeding patient result in circulatory decompensation.   362 

Conclusion 363 

We quantified the contribution of the respiratory pump to the preservation of SV during 364 

moderate hypovolemia in healthy subjects by employing control-mode NIV to reduce 365 

spontaneous respiration. Compared to the situation during NIV, spontaneous negative-pressure 366 

ventilation ameliorated the reduction in SV induced by hypovolemia by 30%. In the critically 367 
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ill patient with hypovolemia or uncontrolled hemorrhage, spontaneous ventilation may 368 

contribute to hemodynamic stability. Sedation, intubation and controlled positive pressure 369 

ventilation may accelerate the onset of circulatory collapse. 370 

  371 
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Table 1. Ventilator readings in healthy humans during controlled non-invasive 
ventilation, with and without central hypovolemia induced by lower-body negative 
pressure 

 Controlled NIV 

 Normovolemia Hypovolemia 

PIP (cmH2O) 9.2 (8.0, 10.0) 9.7 (8.8, 10.7) 

Pmean (cmH2O) 4.6 (4.1, 5.1) 4.7 (4.0, 5.0) 

PEEP (cmH2O) 2.3 (1.8, 2.6) 2.2 (1.9, 2.6) 

VT (ml) 733 (667, 787) 754 (683, 799) 

Data are medians and 95% confidence intervals calculated by Hodges Lehmann’s estimate. 
NIV: non-invasive ventilation, PIP: peak inspiratory pressure; Pmean: mean airway pressure; 
PEEP: positive end expiratory pressure, VT: tidal volume. (n=31) 
 

 511 
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Table 2. Changes in cardiovascular and respiratory variables in healthy humans 
challenged with hypovolemia and controlled non-invasive ventilation 

 Normovolemia Hypovolemia 

 Spontaneous 

breathing 

NIV Spontaneous 

breathing 

NIV 

HR (bpm) 57.8 

(54.5, 59.7) 

56.5 

(52.7, 58.5) 

63.8* 

(60.1, 66.3) 

67.1*† 

(63.0, 69.6) 

MAP (mmHg) 72.7 

(69.5, 75.0) 

72.7 

(69.4, 75.0) 

75.5* 

(72.2, 78.4) 

75.4* 

(72.4, 77.7) 

PETCO2 (kPa) 5.0 

(4.7, 5.2) 

4.7* 

(4.4, 4.9) 

4.9* 

(4.6, 5.1) 

4.3*† 

(4.0, 4.6) 

Rf 

(breaths/min) 

 

13.7 

(12.2, 14.3) 

14.7 

(13.8, 15.3) 

12.6 

(11.7, 13.5) 

14.4 

(13.7, 15.0) 

TPR 

(dynes/cm5) 

1208 

(1080, 1320) 

1216 

(1096, 1336) 

1416* 

(1240, 1536) 

1448* 

(1264, 1544) 

Data are medians and 95% confidence intervals calculated by Hodges Lehmann’s estimate. 
Hypovolemia was induced by LBNP. NIV: controlled non-invasive ventilation; LBNP: lower 
body negative pressure; CO: cardiac output; SV: stroke volume; HR: heart rate; bpm: beats 
per minute; MAP: mean arterial pressure; PETCO2: end-tidal CO2; Rf: respiratory rate. TPR: 
total peripheral resistance. Wilcoxon signed rank test was used for pairwise comparisons.  
*p≤ 0.001 compared to normovolemia and spontaneous breathing; † p≤ 0.001 compared to 
hypovolemia with spontaneous breathing. (n=31) 
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Figure legends  514 

Figure 1: Recordings of heart rate (HR), cardiac stroke volume (SV) and cardiac output (CO) 515 

from one subject. The upper panel shows the pressure in the lower body negative pressure 516 

(LBNP) chamber. The induction of LBNP of -30mmHg corresponds to a moderate 517 

hemorrhage of 450-500 ml blood loss. SB: spontaneous breathing, NIV: controlled non-518 

invasive ventilation  519 

 520 

Figure 2: Medians and 95% CI of cardiac stroke volume (SV) and cardiac output (CO) in the 521 

four different experimental states. *p≤ 0.001 compared to baseline. *† p≤ 0.001 compared to 522 

lower body negative pressure (LBNP) alone. NIV: controlled non-invasive ventilation 523 

 524 
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