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Abstract 35 

Hypoxia increases heart rate (HR) in humans by sympathetic activation and vagal withdrawal. However, 36 

in anaesthetized dogs hypoxia increases vagal activity and reduces HR if pulmonary ventilation does not 37 

increase and we evaluated whether that observation applies to awake humans. 38 

Ten healthy males were exposed to 15 min of normoxia and hypoxia (10.5 % O2), while respiratory rate 39 

and tidal volume were volitionally controlled at values identified during spontaneous breathing in 40 

hypoxia. End-tidal CO2 tension was clamped at 40 mmHg by CO2 supplementation. β-adrenergic 41 

blockade by intravenous propranolol isolated vagal regulation of HR. 42 

During spontaneous breathing hypoxia increased ventilation by 3.2 ± 2.1 l min-1 (p = 0.0033) and HR by 43 

8.9 ± 5.5 beats min-1 (p < 0.001). During controlled breathing, respiratory rate (16.3 ± 3.2 vs. 16.4 ± 3.3 44 

breaths min-1) and tidal volume (1.05 ± 0.27 vs. 1.06 ± 0.24 l) were similar for normoxia and hypoxia, 45 

whereas the HR increase in hypoxia persisted without (8.6 ± 10.2 beats min-1) and with (6.6 ± 5.6 beats 46 

min-1) propranolol. Neither controlled breathing (p = 0.80), propranolol (p = 0.64), nor their combination 47 

(p = 0.89) affected the HR increase in hypoxia. Arterial pressure was unaffected (p = 0.48) by hypoxia 48 

across conditions. 49 

The hypoxia-induced increase in HR during controlled breathing and β-adrenergic blockade indicates 50 

that hypoxia reduces vagal activity in humans even when ventilation does not increase. Vagal 51 

withdrawal in hypoxia seems to be governed by the arterial chemoreflex rather than a pulmonary 52 

inflation reflex in humans. 53 

 54 
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New and Noteworthy 58 

Hypoxia accelerates heart rate of humans by increasing sympathetic activity and reducing vagal activity. 59 

Animal studies have indicated that hypoxia-induced vagal withdrawal is governed by a pulmonary 60 

inflation reflex that is activated by the increased pulmonary ventilation in hypoxia. The present findings, 61 

however, indicate that humans experience vagal withdrawal in hypoxia even if ventilation does not 62 

increase, indicating that vagal withdrawal is governed by the arterial chemoreflex rather than a 63 

pulmonary inflation reflex. 64 

  65 
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Introduction 66 

Hypoxia is a concern for high altitude dwellers and for patients suffering from pulmonary or 67 

cardiovascular diseases. Hypoxia triggers a variety of responses that defend systemic O2 delivery in the 68 

face of reduced arterial O2 tension (PaO2) and content (CaO2). One of these responses is an acceleration 69 

of resting heart rate (HR) that is governed by sympathetic activation and vagal withdrawal (40). The 70 

underlying autonomic modifications are triggered by activation of the arterial chemoreflex. However, 71 

while sympathetic activation is a direct response to chemoreflex activation (20, 38, 42), the regulation of 72 

vagal withdrawal may be more complex. In anaesthetized dogs, systemic hypoxia (2, 26, 30) or the 73 

perfusion of carotid chemoreceptors with hypoxic blood (3, 16) facilitate vagal withdrawal. However, 74 

these interventions facilitate vagal activation and HR slowing if pulmonary ventilation is kept stable or 75 

the lungs are denervated (2, 3, 16, 26, 30). These findings indicate that the direct effect of arterial 76 

chemoreflex activation is an increase in vagal activity, which is, however, overruled by vagal withdrawal 77 

occurring in response to the chemoreflex-induced increase in ventilation and pulmonary inflation (32). 78 

Nevertheless, whether this explanation applies to awake humans is unclear. In contrast to anaesthetized 79 

dogs, humans still experience HR acceleration in hypoxia if increases in pulmonary ventilation are 80 

prevented (18) or after pulmonary denervation (41). This may indicate that activation of the arterial 81 

chemoreflex by hypoxia reduces vagal activity even in the absence of increases in ventilation and 82 

pulmonary inflation. However, another explanation could be that the tachycardic effect of chemoreflex-83 

induced sympathoactivation outweighed the bradycardic effect of concomitant vagal activation in these 84 

studies. To distinguish between these two explanations, we compared HR between normoxia and 85 

hypoxia while respiratory rate (RRes) and tidal volume (VT) were volitionally controlled at values identified 86 

during spontaneous breathing in hypoxia and vagal control of the heart was isolated by β-adrenergic 87 

blockade. We also assessed indices of HR variability (10) and circulating pancreatic polypeptide (39) as 88 

markers for vagal activity. 89 
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Based on studies in anaesthetized dogs demonstrating that arterial chemoreflex activation by hypoxia 90 

enhances vagal activity if ventilation does not increase (2, 3, 16, 26, 30), we hypothesized hypoxia to 91 

reduce HR during controlled breathing and β-adrenergic blockade. 92 

  93 
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Methods 94 

This study was approved by the Ethical Board of the Copenhagen region (H-17010143) and conformed 95 

to the Declaration of Helsinki with subjects providing oral and written consent for participation. 96 

 97 

Protocol 98 

Ten healthy males (24 ± 3 yrs., 180 ± 7 cm, 76 ± 4 kg) reported to the laboratory for familiarization and 99 

two experimental days. During familiarization, the subjects were seated and breathed a hypoxic gas 100 

mixture (10.5 % O2) through a mouthpiece for 15 min. End-tidal CO2 pressure (PETCO2) was monitored 101 

breath-by-breath (Quark CPET, Cosmed, Italy) and clamped at 40 mmHg by manual titration of CO2 to 102 

the inspirate. Breath-by-breath RRes and VT were averaged over the last five minutes and used as 103 

individual targets for controlled breathing. Controlled breathing was subsequently practiced with air as 104 

inspirate. During controlled breathing, RRes was paced by a metronome and VT displayed to the subjects 105 

for maintaining the target value while PETCO2 was clamped at 40 mmHg. 106 

Both experimental days started on the same hour separated by > 48 h. Subjects were instructed to 107 

refrain from alcohol, caffeine, or heavy exercise 24 h prior. Catheters were inserted into an artery of the 108 

non-dominant arm and an antecubital vein. Subjects were then seated upright for i.v. administration of 109 

propranolol on one day and saline on the other day in randomized order and with the subjects unaware 110 

of what was administered. The subjects then conducted spontaneous and controlled breathing trials in 111 

normoxia and hypoxia, each lasting 15 min. The order between normoxia and hypoxia as well as 112 

between spontaneous and controlled breathing was randomized, and subjects were blinded to the 113 

inspirate. Between trials one hour of recovery was included. A sandwich was provided after the second 114 

trial and drinking water was ad libitum. 115 

 116 



 

8 
 

Measurements 117 

The HR was recorded by three-lead ECG and intra-arterial pressure by a transducer placed at heart level. 118 

Arterial pressure was also assessed by the volume clamp method on the middle finger of the right hand 119 

to estimate cardiac stroke volume and cardiac output (Nexfin, BMEYE, Amsterdam, Netherlands). Total 120 

peripheral resistance (TPR) was mean intra-arterial pressure (MAP) divided by cardiac output. Averages 121 

over the last five minutes of each trial were used for analysis. 122 

 123 

Blood sampling 124 

At the end of each trial arterial blood was collected in a heparinized syringe for determination of blood 125 

gases (ABL 800, Radiometer, Copenhagen, Denmark). Another sample was collected in a heparinized 126 

vacutainer with plasma immediately separated and stored at - 80 °C for determination of noradrenaline 127 

by enzyme immunoassay (2-CAT ELISA, LDN GmbH & Co, Nordhorn, Germany). Furthermore, pancreatic 128 

polypeptide was determined by radioimmunoassay in blood collected after controlled breathing with 129 

propranolol. 130 

 131 

Heart rate variability 132 

The HR variability was evaluated on the RR interval time series obtained over the last five minutes of 133 

each trial. Both time and frequency (fast Fourier transform) domain indices of short-term HR variability 134 

were determined by software (Kubios HRV, Kuipio, Finland) in accordance with the guidelines from the 135 

Task Force of the European Society of Cardiology and the North American Society of Pacing 136 

Electrophysiology (43). 137 

 138 
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Breath-hold maneuver 139 

This experiment was conducted in a subgroup of five subjects as an alternative approach to prevent the 140 

hypoxia-induced increase in ventilation. At the end of the spontaneous breathing trials in normoxia and 141 

hypoxia, subjects exhaled to residual volume and then inhaled 3 l of either pure O2 or the hypoxic gas 142 

mixture from a rebreathing bag, where after they held their breath as long as comfortably possible. The 143 

same measurements as during the breathing trials were carried out but no blood was collected. Arterial 144 

O2 saturation was instead evaluated by pulse oximetry (OxiMax N-600, Nellcor, Minneapolis, USA) on 145 

the subjects’ forehead. Variables averaged over the first 25 sec were included in the analysis 146 

representing the time all subjects could hold their breath in normoxia and hypoxia. Two breath-hold 147 

tests with saline failed for technical reasons and we therefore present only the results with propranolol. 148 

 149 

Propranolol 150 

Bolus administration of propranolol (2 ml, 1 mg/ml) was repeated until there was no further reduction 151 

in HR, with an additional bolus administered thereafter. Further 2 – 4 ml was administered prior to each 152 

breathing trial, except in a few cases where intact β-adrenergic blockade was indicated by pronounced 153 

bradycardia (HR < 50 beats min-1), resulting in a final dose of 16.7 ± 3.3 mg (0.22 ± 0.05 mg kg-1 154 

bodyweight). 155 

 156 

Statistics 157 

The main hypothesis was tested by Student’s t-test comparing HR during controlled breathing with 158 

propranolol between normoxia and hypoxia. Student’s t-test was also used to assess the effect of 159 

hypoxia during the breath-hold. To correct for the influence of covariates, we used a mixed model for 160 
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repeated measures (MMRM). Exploratory analysis of all variables and across all conditions was 161 

conducted by stepwise backward selection MMRM with hypoxia, propranolol, and controlled breathing 162 

as main effects. A main effect was not allowed to leave the model unless all interactions with the effect 163 

were already eliminated. Main effect p-values were considered representative for all conditions if there 164 

were no interactions with the other main effects. Correlations were evaluated by the Pearson 165 

coefficient. All statistical analyses were performed in SAS Enterprise Guide 7.11 (Cary, NC, USA). A p-166 

value < 0.05 was considered statistically significant and values are presented as mean ± SD unless stated 167 

otherwise. 168 

  169 
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Results 170 

Cardiorespiratory and blood gas variables together with plasma noradrenaline across all conditions are 171 

presented in table 1. Figures 1-4 illustrate individual results during controlled breathing and breath-hold 172 

with propranolol. 173 

 174 

Methodological evaluation 175 

On the experimental days barometric pressure ranged from 745 – 772 mmHg and the partial pressure of 176 

O2 in the inspirate from 144 – 150 mmHg in normoxia and from 72 – 76 mmHg in hypoxia. As intended, 177 

hypoxia reduced all indices of arterial oxygenation (p < 0.001). Controlled breathing ensured similar (p > 178 

0.05) RRes, VT and hence VE during normoxia and hypoxia and clamping PETCO2 kept arterial CO2 tension 179 

(PaCO2) similar between normoxia and hypoxia (p = 0.39). After propranolol and saline administration at 180 

the beginning of the testing day HR was 56.8 and 65.6 beats min-1 (p = 0.049), respectively. 181 

 182 

Hypoxia during spontaneous breathing and saline 183 

Hypoxia increased VE by 3.3 ± 2.1 l min-1 (p < 0.0033) and HR by 8.9 ± 5.5 beats min-1 (p < 0.001). Also 184 

cardiac output increased in hypoxia (p < 0.001) whereas stroke volume was maintained (p = 0.66). 185 

Systolic arterial pressure (SAP, p = 0.88), MAP (p = 0.48) and diastolic arterial pressure (DAP, p = 0.44) 186 

were not affected whereas TPR decreased (p < 0.001) despite an increase in arterial noradrenaline 187 

concentration in hypoxia (p = 0.0052). 188 

Indices of HR variability are presented in table 2 (see legend for abbreviations). Hypoxia reduced SDNN 189 

(p = 0.0060), RMSSD (p = 0.011), pNN50 (p = 0.011), LF PSD expressed in ms2 (p = 0.026), and TP (p = 190 

0.0081), whereas the other indices were unaffected (p > 0.05). 191 
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 192 

Hypoxia during spontaneous breathing and propranolol 193 

The effects of hypoxia seen during spontaneous breathing and saline also manifested with propranolol, 194 

including the increase in HR (7.9 ± 2.7 beats min-1), which was similar to that during spontaneous 195 

breathing and saline (p = 0.64). 196 

 197 

Hypoxia during controlled breathing and saline 198 

Also during controlled breathing, hypoxia had the same effects as during spontaneous breathing and 199 

saline, except that VE, as intended, did not increase. The increase in HR in hypoxia was 8.6 ± 10.2 beats 200 

min-1, which was similar (p = 0.80) to the increase during spontaneous breathing and saline. 201 

 202 

Hypoxia during controlled breathing and propranolol 203 

Figure 1 presents individual values for RRes (Fig. 1a), VT (Fig. 1b) and VE (Fig. 1c) illustrating that 204 

ventilation was matched between normoxia and hypoxia. Otherwise, hypoxia had the same effects as 205 

during spontaneous breathing and saline. Figure 2 illustrates individual responses in HR, which increased 206 

in hypoxia by 6.60 ± 5.64 beats min-1 (p = 0.0049). This increase was similar to that developed during 207 

spontaneous breathing and saline (p = 0.89). The HR increase in hypoxia was unaffected by variations in 208 

VE (p = 0.79), PaCO2 (p = 0.44), SAP (p = 0.78), MAP (p = 0.72), DAP (p = 0.42), and TPR (p = 0.092). With 209 

either VE, PaCO2, SAP, MAP, DAP, or TPR as covariate the estimated HR increases in hypoxia (mean ± 210 

SEM) were 6.6 ± 1.4 (p = 0.012), 6.0 ± 1.3 (p = 0.0089), 6.6 ± 1.8 (p = 0.0047), 6.7 ± 1.8 (p = 0.0047), 6.8 ± 211 

1.8 (p = 0.0040), and 4.3 ± 1.9 beats min-1 (p = 0.052), respectively. Individual HR increases in hypoxia 212 

were correlated to reductions in PaO2 (r = -0.84, p = 0.0022), but not to reductions in arterial O2 213 
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saturation (r = -0.49, p = 0.15) or CaO2 (r = -0.43, p = 0.20). 214 

Individual values for cardiac output, stroke volume, MAP, and TPR are presented in figure 3, with cardiac 215 

output being increased by 0.58 ± 0.60 l min-1 (p < 0.001, Fig. 3a), stroke volume (p = 0.66, Fig. 3b) and 216 

MAP (p = 0.48, Fig. 3c) unchanged, and TPR reduced by 10.5 ± 9.6 % (p < 0.001, Fig. 3d) in hypoxia. The 217 

arterial concentration of pancreatic polypeptide was 42.3 ± 20.7 and 44.8 ± 18.0 pmol l-1 (p = 0.96) in 218 

normoxia and hypoxia, respectively. 219 

 220 

Hypoxia during breath-hold and propranolol 221 

Subjects held their breath for 55.8 ± 32.5 and 30.8 ± 5.6 sec in normoxia and hypoxia, respectively. Pulse 222 

oximetry failed in one subject; in the other four subjects the minimal arterial O2 saturation during the 223 

breath-hold in hypoxia was 77.3 ± 8.5 %, whereas it remained > 96 % in normoxia. The HR was higher in 224 

hypoxia than in normoxia in all subjects by 6.34 ± 3.23 beats min-1 (p = 0.012, Fig. 4). Stroke volume was 225 

lowered (115 ± 9 and 107 ± 12 ml; p = 0.020) without affecting cardiac output (6.76 ± 0.97 and 6.98 ± 226 

1.24 l min-1; p = 0.25), but MAP decreased (97.5 ± 11.7 and 89.7 ± 18.2 mmHg; p = 0.015) and also TPR 227 

(14.6 ± 2.9 and 13.1 ± 3.3 mmHg min l-1; p = 0.071) tended to decrease in hypoxia. 228 

  229 
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Discussion 230 

Contrary to the hypothesis, hypoxia increased HR during controlled breathing with β-adrenergic 231 

blockade. Thus, unlike in anaesthetized dogs, hypoxia seems to reduce vagal activity in awake humans 232 

even if ventilation does not increase. Hypoxia without an increase in ventilation can occur in e.g. chronic 233 

obstructive pulmonary disease (47) or sleep apnoea (17). The present findings imply that hypoxia 234 

reduces vagal activity in these conditions, which may have clinical implications since chronic reductions 235 

in vagal activity constitute a risk factor for cardiovascular health (44). 236 

Hypoxia accelerates resting HR in humans by sympathetic activation and vagal withdrawal (40). 237 

Experiments in anaesthetized dogs indicate that hypoxia-induced vagal withdrawal is governed by a 238 

pulmonary inflation reflex activated by increased ventilation (26). If inflation reflex-activation is 239 

prevented by mechanically controlling ventilation or by pulmonary denervation, hypoxia facilitates vagal 240 

activation that reduces HR (2, 26, 30). In humans, however, hypoxia still accelerates HR if ventilation 241 

does not increase (18) or after pulmonary denervation (41). This increase in HR could be related to 242 

sympathetic activation that manifests even in moderate hypoxia in humans (38), but only in severe 243 

hypoxia in dogs (31). Hypoxia-induced sympathetic activation is amplified if ventilation does not 244 

increase (24, 42) and could overrule the bradycardic effect of concomitant vagal activation. 245 

Nevertheless, HR acceleration by hypoxia during controlled breathing with β-adrenergic blockade argues 246 

against this explanation and indicates that hypoxia reduces vagal activity in humans independent of 247 

increases in ventilation and pulmonary inflation. 248 

The vagal activation that hypoxia facilitates in mechanically ventilated dogs is attributed to activation of 249 

carotid chemoreceptors since it can be reproduced by perfusion of isolated carotid bodies with hypoxic 250 

blood (3, 16) and prevented by separate perfusion of carotid bodies with normoxic blood (15). 251 

Conversely, activation of chemoreceptors in the aortic arch facilitates a mild increase in HR indicating 252 
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vagal withdrawal (12, 25). Aortic chemoreceptors also seem to be involved in the human response to 253 

hypoxia as indicated by preserved HR response to hypoxia after carotid body resection (36). In humans, 254 

selective carotid chemoreceptor activation by adenosine infusion into the carotid artery reduces HR 255 

(45), suggesting vagal activation, whereas systemic adenosine (13, 35) or hypoxia (40), activating both 256 

carotid and aortic chemoreceptors, reduces vagal activity (independent of changes in ventilation, as 257 

demonstrated here). It hence seems that carotid and aortic chemoreceptors trigger qualitatively 258 

different effects on vagal activity (12, 25). If both chemoreceptor types are stimulated, vagal withdrawal 259 

by aortic chemoreceptors seems to overrule vagal activation by carotid chemoreceptors in humans but 260 

not in anaesthetized dogs, potentially since anesthesia influences chemoreflex function (49) or since 261 

aortic chemoreceptors are scarce (14) or at least difficult to detect in dogs (11). Antagonistic effects of 262 

aortic and carotid chemoreceptors on vagal activity could also explain why hypoxia reduced HR during 263 

controlled breathing with propranolol in one subject (see figure 2). Due to biological variation, the 264 

carotid chemoreceptors may have dominated over aortic chemoreceptors in this individual. In fact, the 265 

subject presented with the strongest ventilatory response to hypoxia, which supports high sensitivity of 266 

the carotid chemoreceptors (36). 267 

HR variability is widely used to evaluate cardiac autonomic function and here we have focused on 268 

markers for vagal activity (i.e., RMSSD, pNN50, HF PSD) (10). RMSSD and pNN50 were lower in hypoxia 269 

than normoxia, even when ventilation was controlled, supporting that vagal activity decreased. The HF 270 

PSD component (in ms2) was also lower in hypoxia although this did not reach statistical significance. HR 271 

variability is affected by changes in ventilation (43), which complicates its use in hypoxia, but as 272 

controlled breathing prevented changes in ventilation this limitation did not apply. Pancreatic 273 

polypeptide was also used as an index of vagal activity (39), but was unaffected by hypoxia. This is in line 274 

with reports of a reduction in pancreatic polypeptide after extended but not in acute hypoxia (34, 37). 275 

The reason for this delayed response is unclear since vagal withdrawal occurs in hypoxia within minutes 276 
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(29, 40). Potentially, hypoxia affects vagal transmission to the heart and to the pancreas differently. 277 

Arterial pancreatic polypeptide concentration is also low under resting conditions (39), which makes it 278 

more suitable for the detection of increases than decreases in vagal activity. Finally, pancreatic 279 

polypeptide is affected by food ingestion (1), which due to our randomized protocol occurred at 280 

different time points relative to the normoxic and hypoxic trials. 281 

Hypoxia increases sympathetic traffic to skeletal muscle and likely other vascular beds (20, 38, 42), as 282 

reflected here by enhanced plasma noradrenaline. However, the vasoconstrictive effect hereof is 283 

overruled by local vasodilatory responses, so that TPR decreases (4). Vagal withdrawal in hypoxia could 284 

hence reflect a response of the arterial baroreflex to increase HR and cardiac output and thus defend 285 

MAP. During pharmacological systemic vasodilation the vagal arm of the baroreflex increases HR by ~ 286 

1.19 beats min-1 per mmHg decrease in MAP (27). Thus, ~ 5.5 mmHg reduction in MAP would generate 287 

the HR increase that hypoxia induced during controlled breathing with propranolol. A decrease in MAP > 288 

5 mmHg occurred in hypoxia in only three subjects, one of whom experienced a reduction in HR. 289 

However, as hypoxia can reset the baroreflex to higher pressures (21), its activation could decrease 290 

despite maintained MAP. Nevertheless, a major contribution of the baroreflex seems unlikely since 291 

inclusion of either TPR or arterial pressures as covariate did not support an effect on the hypoxia-292 

induced increase in HR. In context of the baroreflex the subjects’ seated upright position also needs 293 

consideration. This position was chosen because in the supine position baroreflex-induced vagal 294 

activation might have limited the potential for further vagal activation by hypoxia (19). 295 

The breath-hold was an alternative approach to prevent changes in ventilation. Inhalation of pure O2 296 

before the normoxic breath-hold likely increased PaO2 above normal level, which was necessary to 297 

prevent the development of hypoxia. Conversely, the hypoxic breath-hold was presumably associated 298 

with progressively more severe hypoxia. We do not consider this an important limitation since the 299 
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qualitative effect of hypoxia on vagal activity is unlikely to change with small variations in the severity of 300 

hypoxia. An earlier study has reported that hypoxia increases HR during a breath-hold (22), but intact 301 

sympathetic control of the heart did not allow evaluation of vagal activity. The tachycardic effect of 302 

hypoxia during the breath-hold with propranolol further supports that hypoxia reduces vagal activity 303 

independent of an increase in ventilation. Of note, a breath-hold (9) or sleep apnea (5, 33) induce 304 

bradycardia and heart beat pauses at high altitude, indicating increased vagal tone. The difference to 305 

the current findings could be the longer (days to weeks) hypoxic exposure in these studies as the 306 

number of heart beat pauses during sleep apnea increases with duration of exposure (5). Whether 307 

regulation of vagal activity changes with extended hypoxic exposure could be tested by repeating the 308 

current experiments in chronic hypoxia. 309 

Although in humans increased ventilation seems not required for hypoxia-induced vagal withdrawal it 310 

may contribute. The VE was higher during controlled than spontaneous breathing both in normoxia and 311 

hypoxia (see table 1), which was unexpected since controlled breathing mimicked VE during 312 

spontaneous breathing in hypoxia on the familiarization day. Maybe VE on the familiarization day was 313 

increased by the awareness of hypoxia. Controlled breathing also enhanced HR and this effect persisted 314 

with propranolol supporting that an increase in VE reduces vagal activity. Whether this effect is governed 315 

by the pulmonary inflation reflex is unclear as the reflex is weak in humans (48). Alternatively, activation 316 

of central respiratory motor neurons (28) or a reduction of arterial baroreflex activity (46) can reduce 317 

vagal activity if ventilation increases. Nevertheless, the contribution of these mechanisms to vagal 318 

withdrawal in hypoxia seems small since the HR response to hypoxia was similar between spontaneous 319 

breathing, where VE increased by ~ 30 %, and controlled breathing, where VE did not increase. 320 

 321 

Methodological considerations  322 
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Sympathoactivation might have facilitated the HR increase by hypoxia if propranolol did not completely 323 

block cardiac β-adrenergic receptors. We did not pharmacologically challenge the receptor block, as that 324 

might have affected the subsequent breathing trial, but administered propranolol in boluses until no 325 

further effect on HR occurred, where after one additional bolus was injected (40). The final dose of 326 

propranolol corresponded to the dose that completely blocks cardiac β-adrenergic transmission in 327 

humans (23). An extension of the protocol would have been administration of a muscarinic antagonist. If 328 

this would have abolished the hypoxia-induced increase in HR during controlled breathing and 329 

propranolol it would have provided further evidence for vagal withdrawal. However, as during 330 

spontaneous breathing the combination of propranolol and muscarinic blockade abolishes the HR 331 

response to hypoxia (29, 40), it seems unlikely that this would not have been the case during controlled 332 

breathing. It should furthermore be considered whether we included enough subjects to test our 333 

hypothesis, particularly for the breath-hold experiments. Since the hypoxia-induced increase in HR 334 

reached statistical significance during both controlled breathing and breath-hold we do not consider 335 

insufficient statistical power a limitation. We included only male subjects since in females variations of 336 

vagal activity throughout the menstrual cycle would complicate the comparison of the testing days (8). 337 

However, as the effect hypoxia on HR (6) and HR variability (7) is similar between men and women it is 338 

unlikely that during controlled breathing hypoxia would have had a different effect on HR in females. 339 

In conclusion, hypoxia increases HR in humans even if ventilation does not increase and sympathetic 340 

control of the heart is inhibited. This supports that vagal withdrawal in response to hypoxia is a direct 341 

consequence of arterial chemoreflex activation rather than of pulmonary inflation. 342 

  343 
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Figure Captions 476 

Figure 1. Pulmonary ventilation during controlled breathing and propranolol 477 

Data points represent individual values and grey columns illustrate the average of these individual 478 

values. RRes, respiratory rate; VT, tidal volume; VE, minute ventilation. No differences were observed 479 

between normoxia and hypoxia. 480 

 481 

Figure 2. Heart rate during controlled breathing and propranolol 482 

Data points represent individual values and grey columns illustrate the average of these individual 483 

values. HR, heart rate. *p = 0.0049 vs. normoxia. 484 

 485 

Figure 3. Circulation during controlled breathing and propranolol 486 

Data points represent individual values and grey columns illustrate the average of these individual 487 

values. CO, cardiac output; SV, cardiac stroke volume; MAP, mean arterial pressure; TPR, total 488 

peripheral resistance. *p < 0.05 vs. normoxia. 489 

 490 

Figure 4. Heart rate during breath-hold and propranolol. 491 

Data points illustrate individual heart rate averaged over the first 25 sec of breath-hold for the five 492 

subjects who participated in this experiment and grey columns illustrate the average of these individual 493 

values. HR, heart rate. *p = 0.012 vs. normoxia.  494 
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Tables and figures 495 

Table 1: Cardiorespiratory variables, blood gases and noradrenaline 496 

 Saline Propranolol 

 Spontaneous Controlled Spontaneous Controlled 

 Normoxia Hypoxia Normoxia Hypoxia Normoxia Hypoxia Normoxia Hypoxia 

RRes (breaths min
-1

) 
2
 13.9 ± 5.0 14.8 ± 4.2 16.3 ± 3.2 16.4 ± 3.3 14.3 ± 5.7 14.5 ± 5.3 16.5 ± 3.2 16.4 ± 3.2 

VT (l) 1.06 ± 0.45 1.17 ± 0.35 1.05 ± 0.27 1.06 ± 0.24 0.90 ±0.44 1.06 ± 0.30 1.04 ± 0.24 1.06 ± 0.25 

VE (l min
-1

) 
1,2,4

 12.5 ± 2.1 15.8 ± 1.8 16.5 ± 3.0 16.7 ± 2.4 10.8 ± 1.9 13.8 ± 2.8 16.6 ± 2.8 16.6 ± 2.5 

PETCO2 (mmHG) 39.8 ± 0.7 40.3 ±1.1 39.9 ±2.1 40.0 ± 0.6 39.4 ± 1.7 40.3 ± 1.2 40.2 ± 0.6 40.1 ± 1.5 

HR (beats min
-1

) 
1,2,3

 69.1 ± 9.4 78.1 ± 8.5 74.2 ± 7.9 82.8 ± 9.2 57.7 ± 5.9 65.6 ± 6.8 61.4 ± 5.5 68.0 ± 5.5 

CO (l min
-1

) 
1,3

 7.3 ± 1.3 8.1 ± 0.7 7.5 ± 1.1 8.5 ± 0.9 6.0 ± 0.8 6.6 ± 0.6 6.2 ± 0.7 6.8 ± 0.7 

SV (ml) 106 ± 13 105 ± 4 103 ± 15 104 ± 10 105 ± 13 101 ± 9 102 ± 11 100 ± 10 

SAP (mmHg)
 3

 130 ± 9 133 ± 12 136 ± 14 137 ± 12 124 ± 18 118 ± 19 128 ± 20 127 ± 22 

MAP (mmHg) 90.7 ± 7.8 91.4 ± 9.1 96.0 ± 10.0 95.5 ± 9.4 88.8 ± 11.9 83.8 ± 13.7 92.2 ± 13.4 90.0 ± 14.4 

DAP (mmHg)
 2

 71.0 ± 7.3 70.8 ± 9.1 76.1 ± 9.0 75.2 ± 8.9 69.7 ± 8.5 65.9 ± 10.8 72.6 ± 9.5 71.1 ± 10.2 

TPR (mmHg min l
-1

) 
1,3

 12.9 ± 2.8 11.3 ± 1.7 12.9 ± 1.7 11.3 ± 1.5 14.9 ± 2.3 12.8 ± 2.3 15.0 ± 2.0 13.3 ± 1.8 

PaO2 (mmHg) 
1,2,4

 117 ± 8 49 ± 4 122 ± 6 50 ± 4  114 ± 8 47 ± 5 124 ± 5 50 ± 6 

SaO2 (%) 
1
 98.0 ± 0.3 84.2 ± 3.2 98.3 ± 0.4 84.3 ± 3.6 97.9 ± 0.4 81.5 ± 5.8 98.2 ± 0.3 84.0 ± 5.7 

CaO2 (ml l
-1

) 
1,3

 192 ± 8 167 ± 8 193 ± 8 167 ± 9 187 ± 7 158 ± 16 193 ± 5 164 ± 14 

PaCO2 (mmHg) 38.4 ± 2.3 37.9 ± 3.0 37.6 ± 2.8 36.9 ± 3.2 36.8 ± 2.0 37.3 ± 1.6 37.7 ± 1.7 36.4 ± 3.4 

NA (nmol l
-1

) 
1,2,3

 1.10 ± 0.44 1.39 ± 0.56 1.22 ± 0.36 1.80 ± 0.55 1.89 ± 1.02 2.23 ± 0.70 2.29 ± 0.80 2.67 ± 0.43 

RRes, respiratory rate; VT, tidal volume; VE, minute ventilation; PETCO2, end-tidal CO2 tension; HR, heart 497 

rate; CO, cardiac output; SV, cardiac stroke volume; SAP, systolic intra-arterial pressure; MAP, mean 498 

intra-arterial pressure; DAP, diastolic intra-arterial pressure; TPR, total peripheral resistance; PaO2, 499 

arterial O2 tension; SaO2, arterial O2 saturation; CaO2, arterial O2 content; PaCO2, arterial CO2 tension; NA, 500 

arterial noradrenaline. 1p < 0.05 for effect of hypoxia; 2p < 0.05 for effect of controlled breathing; 3p < 501 

0.05 for effect of propranolol; 4p < 0.05 for interaction between the effects of hypoxia and controlled 502 
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breathing. No other interactions between the effects of hypoxia, controlled breathing and/or 503 

propranolol were observed. Values are means ± SD.  504 
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Table 2: Heart rate variability 505 

 Saline Propranolol 

 Spontaneous Controlled Spontaneous Controlled 

 Normoxia Hypoxia Normoxia Hypoxia Normoxia Hypoxia Normoxia Hypoxia 

SDNN (ms) 
1,2,3

 80.5 ± 38.9 48.4 ± 13.6 45.5 ± 12.8 38.0 ± 12.1 90.1 ± 56.8 70.8 ± 42.3 53.5 ± 16.8 51.8 ± 23.9 

RMSSD (ms) 
1,2,3

 64.6 ± 51.2 36.3 ± 15.8 34.2 ± 12.5 29.2 ± 15.3 92.3 ± 96.6 61.8 ± 64.1 51.3 ± 23.3 47.2 ± 27.4 

pNN50 (%) 
1,2,3

 33.1 ± 25.1 15.3 ± 16.0 15.7 13.9 10.6 ± 14.1 46.4 ± 20.5 27.9 ± 25.1 32.2 ± 24.9 26.2 ± 24.2 

LF PSD (ms
2
) 

1,2
 2981 ± 4919 745 ± 759 585 ± 340 488 ± 303 2805 ± 2849 1823 ± 1798 601 ± 341 642 ± 559 

LF PSD (n.u.) 58.8 ± 31.7 46.8 ± 23.4 50.0 ± 19.2 52.1 ± 16.4 52.2 ± 28.4 57.6 ± 30.1 45.9 ± 23.3 47.9 ± 21.0 

HF PSD (ms
2
) 

2
 1998 ± 3353 846 ± 911 619 ± 395 491 ± 436 4552 ± 10717 2373 ± 5649 927 ± 725 772 ± 781 

HF PSD (n.u.) 41.1 ± 31.6 53.2 ± 23.4 49.9 ± 19.1 47.7 ± 16.5 47.7 ± 28.4 42.4 ± 30.1 54.1 ± 23.4 51.9 ± 21.1 

TP (ms
2
) 

1,2,3
 7739 ± 7215 2689 ± 1958 2164 ± 1233 1452 ± 758 10108±14071 7202 ± 10356 2748 ± 2041 2524 ± 2137 

SDNN, standard deviation of between-beats interval; RMSSD, square root of the mean squared 506 

differences of successive between-beats intervals; pNN50, fraction of successive between-beats 507 

intervals differing by more than 50 ms; LF PSD, low frequency power spectral density; HF PSD, high 508 

frequency power spectral density; TP, total power. 1p < 0.05 for effect of hypoxia; 2p < 0.05 for effect of 509 

controlled breathing; 3p < 0.05 for effect of propranolol. No interactions between the effects of hypoxia, 510 

controlled breathing and/or propranolol were observed. Values are means ± SD. 511 
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