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Abstract
Elevation of the head and expiratory negative airway pressure (ENAP) ventilation can both significantly alter cardiovas-
cular hemodynamics. The impact of head-up tilt (HUT) position on mechanically regulated ENAP ventilation-induced 
hemodynamics was assessed in microminipigs under halothane anesthesia (n = 4) in the absence and presence of adrenergic 
blockade. Supine ENAP ventilation increased cardiac output, but decreased mean right atrial, systolic pulmonary arterial, 
and mean left atrial pressures without significantly altering heart rate or aortic pressure. With HUT, the magnitude of ENAP 
ventilation-induced reduction in right and left atrial pressures was attenuated. HUT minimally altered ENAP ventilation-
induced increase in cardiac output and reduction in pulmonary arterial systolic pressure. In addition, with up to 10 cm of 
HUT there was a significant increase in mean right atrial pressure with and without the ENAP ventilation, whereas HUT did 
not alter the other hemodynamic variables irrespective of ENAP ventilation. These observations suggest that head elevation 
augments venous return from the brain irrespective of the ENAP ventilation. Additional studies with pharmacological adr-
energic blockade revealed that ENAP ventilation-induced increases in cardiac output and decreases in pulmonary systolic 
pressure were minimally altered by sympathetic nerve activity, irrespective of the head position. However, the observed 
ENAP ventilation-induced decreases in right and left atrial pressures were largely dependent upon adrenergic activity. These 
experimental findings may provide insight into future clinical application of HUT and ENAP for patients with head injury 
and hypotension.

Keywords Expiratory negative airway pressure · Head-up tilt · Hemodynamic response · Mechano-physiology · 
Microminipig

Introduction

The impact of mechanically regulated, expiratory nega-
tive airway pressure (ENAP) ventilation has been studied 
in different pathologic states in porcine models including 

cardiac arrest [1–3], hemorrhagic hypovolemic shock [4, 
5], and head injury [6], as well as in patients [7–12]. In a 
recent study using anesthetized microminipigs [13], ENAP 
ventilation significantly increased the heart rate and cardiac 
output, but decreased the mean right atrial pressure (RAP), 
systolic pulmonary arterial pressure (PAP) and mean pul-
monary capillary wedge pressure (PCWP), partly through 
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an interaction with the sympathetic nervous system. These 
findings suggested a potential mechanical means to normal-
ize ventricular filling pressures and to restore adequate tissue 
perfusion during acute heart failure. Indeed, in a pilot study 
using microminipigs, ENAP ventilation fully restored the 
cardio-hemodynamic collapse induced by an excessive dose 
of selective serotonin reuptake inhibitor fluvoxamine [13], 
which has negative chronotropic, inotropic and dromotropic 
effects and can cause hypotension [14].

Cardiopulmonary resuscitation (CPR) with head-up 
tilt (HUT) position can improve the outcomes of patients 
with out-of-hospital cardiac arrest, since it can enhance the 
venous return from cerebral circulation and decrease intrac-
ranial pressure, thereby increasing cerebral forward blood 
flow and improving neurological intact survival [15–19]. 
Similar hemodynamic benefits to those observed with HUT 
during CPR may accrue in patients with acute heart fail-
ure presenting with orthopnea. The efficacy of the orthop-
neic position in acute heart failure is generally considered 
to depend on the decrease in venous return from the lower 
extremities when patients sleep propped up in bed or sit 
in a chair [20]. In addition to those putative hemodynamic 
mechanisms, the HUT procedure by itself could be expected 
to reduce the stretch of arterial vessel wall around the carotid 
baroreceptor, which might trigger the autonomic baroreflex 
and disinhibit the sympathetic discharge [21].

Both the ENAP ventilation and the HUT position can be 
used as therapeutic interventions as mechanical provoca-
teurs. The combination of these interventions may become 
an efficacious strategy for treating patients with acute heart 
failure; however, it is not known how the HUT procedure 
may affect the impact of ENAP ventilation-induced hemo-
dynamic responses. Thus, the purpose of this study was to 
assess the effects of the HUT position on the pulmonary 
and systemic circulation, with and without ENAP ventila-
tion under the physiologically controlled conditions. Fur-
ther assessment was performed after the pharmacological 
adrenoceptor blockade to examine if the potential effects 
of these two mechanical interventions were altered by sym-
pathetic nerve activity [13]. Studies were performed with 
anesthetized microminipigs that are non-rodent experimental 
animals optimized for life science research [22].

Methods

Experiments were performed in four male microminipigs 
(Fuji Micra Inc., Shizuoka, Japan) weighing approximately 
10 kg. The animals were individually housed in stainless 
steel cages on a 12 h light (6:00–18:00)–dark (18:00–6:00) 
cycle, and were given 200 g/day of standard pellet diet 
(MMP pellets, Marubeni Nisshin Feed Co. Ltd., Tokyo, 
Japan) and free access to tap water. The animal rooms were 

maintained at a temperature of 23 ± 2 °C and a relative 
humidity of 50 ± 20%. All experiments were approved by 
the Toho University Animal Care and User Committee (No. 
18-51-394) and performed in accordance with the Guide-
lines for the Care and Use of Laboratory Animals of Toho 
University.

Induction of general anesthesia

Microminipigs were pre-anesthetized with an intramuscu-
lar injection of ketamine (16 mg/kg) and xylazine (1.6 mg/
kg) [13]. A 24G cannula was introduced into a superficial 
auricular vein for anesthetic injection of 1 mg/kg of propo-
fol. Then, the animal was positioned supine. After intuba-
tion with a 6-mm cuffed endotracheal tube, anesthesia was 
maintained by inhalation of halothane (1% v/v) vaporized in 
oxygen with a volume-limited ventilator (SN-480-3; Shinano 
Manufacturing Co., Ltd., Tokyo, Japan). Tidal volume and 
respiratory rate were set at 10 mL/kg and 15 breaths/min, 
respectively.

Surgical preparations

Two 6 F-size catheter sheaths (FAST-CATH™ 406104; St. 
Jude Medical, Daig Division, Inc., Minnetonka, MN, USA) 
were used; one was inserted into the right femoral artery 
toward aorta, and the other was done into the right femoral 
vein toward inferior vena cava. Heparin calcium (100 IU/
kg) was administered to prevent the blood clotting through 
a flush line of the catheter sheath placed at the right femoral 
vein. A 5 F-size catheter was inserted into the aorta through 
the catheter sheath placed at the right femoral artery, tip of 
which was positioned at a level of diaphragm to measure 
the aortic blood pressure. A triple lumen thermodilution 
balloon catheter (132F5; Edwards Lifesciences, Irvine, CA, 
USA) was inserted into the right side of the heart through the 
catheter sheath placed at the right femoral vein to measure 
the RAP, PAP, PCWP and cardiac output. The cardiac out-
put was measured using a standard thermodilution method 
with a cardiac output computer (MFC-1100; Nihon Kohden 
Corporation, Tokyo, Japan). Pulmonary vascular resistance 
(PVR) was calculated using the mean pulmonary arterial 
pressure, cardiac output and PCWP with the following equa-
tion: PVR = (mean pulmonary arterial pressure − PCWP)/
cardiac output. The electrocardiogram was obtained from the 
A–B lead. The electrocardiogram and cardio-hemodynamic 
variables were continuously monitored with a polygraph sys-
tem (RM-6000; Nihon Kohden Corporation).

Preparation of ENAP circuit

The intra-tracheal airway pressure was estimated using 
the pressure transducer, which was placed between the 
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endotracheal tube and the exhaust port of the ventilator, 
as previously described [13]. The ENAP generation sys-
tem consists of an exhaust port, a T-shaped pipe with a 
custom-made, one-way impedance threshold valve (ITV) 
with a cracking pressure of − 25  cmH2O (Resusci-valve 
ITV™, CPRx LLC, Minneapolis, MN, USA), and an aspi-
rator as a vacuum source (DAS-01, AS ONE Corpora-
tion, Osaka, Japan), which were connected with plastic 
tubes in series as previously described [13]. When the ITV 
is inactivated and the ENAP is turned off (ENAP OFF), 
there is bidirectional airflow without resistance. Thus, the 
pressure within the ENAP circuit was kept at the atmos-
pheric air pressure during both expiratory and inspiratory 
phases, and the standard intra-tracheal airway pressure was 
provided by artificial ventilation to the animals (Fig. 1, 
top). When the ITV was activated (ENAP ON), the nega-
tive pressure gradually increased within the ENAP cir-
cuit toward − 25  cmH2O by the aspirator, since the ITV 
did not bypass the airflow. When the negative pressure 
exceeded − 25   cmH2O (< − 25   cmH2O), the threshold 
valve of the ITV automatically opened, keeping the pres-
sure in the ENAP circuit below or equal to − 25  cmH2O 
(≥ − 25  cmH2O). During the expiratory phase, the tidal 
volume of expiratory gas from the animal was drawn to the 
ENAP circuit. The intra-tracheal airway pressure became 
more negative during expiratory phase by the aspirator 
(Fig. 1, bottom), since the ITV functioned to impede the 
airflow into the ENAP circuit. During the next inspira-
tory phase, the exhaust port was closed, so that the gen-
erator system could create up to − 25  cmH2O of negative 
pressure.

Head‑up tilt

Microminipigs were positioned supine. As shown in Fig. 2, 
the upper half of the body, including the head and thorax, 
was positioned in three different angles; namely, the upper 
half of the body was kept in the horizontal recumbent posi-
tion with head-up tilt of 0 cm (HUT0, 0°), and that was 
raised up from the operating table by inserting the blocks 
of styrofoam behind the head attaining head-up tilt of 5 cm 
(HUT5, about 15°) and head-up tilt of 10 cm (HUT10, about 
30°) based on a previous report [15], which was different 
from reverse-Trendelenburg position.

Experimental protocol

Effects of HUT procedure on the ENAP ventilation-
induced hemodynamic responses were assessed in the 
absence and presence of the adrenergic blockade. After 
confirming the stability of the hemodynamic condition 
with the animal in the HUT0 position, the intra-tracheal 
airway pressure was measured without the ENAP ventila-
tion at the end of the expiratory phases during successive 
three respiratory cycles. Also, to minimize scattering in 
each of the hemodynamic values, we measured the heart 
rate, systolic/diastolic aortic blood pressure, RAP, PAP and 
PCWP using the last beat during the expiratory phase in 
a similar manner to that of intra-tracheal airway pressure. 
The cardiac output was measured three times irrespective 
of the respiratory phases, since about 10 s were needed to 

Fig. 1  Typical tracings of intra-tracheal pressure at a supine position 
without (top) and with (bottom) the expiratory negative airway pres-
sure (ENAP) ventilation. Note that the airway pressure was kept at 
zero during the expiratory phase when the ENAP ventilation was not 
used (ENAP OFF), whereas it became negative during the expiratory 
phase when the ENAP ventilation was used (ENAP ON)

Fig. 2  Schematic diagram of surgical preparations and head-up tilt 
(HUT) procedure. Hemodynamic variables were measured in three 
HUT positions, in which head of the animal was kept at 0 cm level 
(HUT0, top), and raised up to 5 cm level (HUT5, bottom left) and to 
10 cm level (HUT10, bottom right) from the operating table. ENAP 
expiratory negative airway pressure, ECG electrocardiogram, AoP 
aortic blood pressure, RAP mean right atrial pressure, PAP systolic 
pulmonary arterial pressure, PCWP mean pulmonary capillary wedge 
pressure, CO cardiac output



1811Heart and Vessels (2022) 37:1808–1815 

1 3

calculate the cardiac output, which was 2.5 times longer 
than the 4 s respiratory cycle. Next, the ENAP ventilation 
was started, and after 1 min to allow for its full mechanical 
effect, measurements similar to those made with ENAP 
OFF were performed. Next, the same set of measure-
ments, without and with the ENAP ON ventilation, was 
repeated in the HUT5 and HUT10 positions. Then, 1 mg/
kg of phentolamine and 0.3 mg/kg of propranolol were 
intravenously administered to pharmacologically block 
the sympathetic nerve. After 1 min to allow for their full 
pharmacological effect, noradrenaline (0.3 μg/kg) and iso-
proterenol (0.03 μg/kg) were intravenously administered 
to confirm α- and β-adrenoceptor blockade, respectively, 
as previously described [13]. After confirming that the 
maximum elevations of the mean blood pressure and heart 
rate by noradrenaline and isoproterenol were < 10 mmHg 
and < 10 bpm, respectively, each hemodynamic variable 
was recorded without and with the ENAP ventilation in the 
same manner in the HUT0, HUT5 and HUT10 positions, 
respectively, as those before the adrenergic blockade. After 
the termination of experiment, the catheter sheaths were 
removed, the animals were allowed to recover, and a physi-
cal examination of the animals was performed daily for 
1 week thereafter.

Drugs

Phentolamine  (Regitin® inj, Novartis Pharma K.K., Tokyo, 
Japan) was diluted with saline to a concentration of 3.33 mg/
mL. Propranolol  (Inderal® inj, AstraZeneca K.K., Osaka, 
Japan), isoproterenol (Proternol-L inj, Kowa Company, Ltd., 
Nagoya, Japan), noradrenaline (Nor-adrenalin inj, Daiichi 
Sankyo Co., Ltd., Tokyo, Japan), ketamine  (Ketalar®, Dai-
ichi Sankyo Co., Ltd.), xylazine  (Celactal®, Bayer Health-
care Co., Tokyo, Japan), propofol (propofol inj [FK], Frese-
nius Kabi Japan K.K., Tokyo, Japan), halothane  (Fluothane®, 
Takeda Pharmaceutical Co., Ltd., Osaka, Japan) and heparin 
calcium  (Caprocin®, Sawai Pharmaceutical Co., Ltd., Osaka, 
Japan) were purchased.

Statistical analysis

Data are presented as mean ± SEM (n = 4). We used three 
data points for each pig to compare the hemodynam-
ics between the HUT interventions. The statistical sig-
nificances within a parameter were evaluated by two-way, 
repeated measures analysis of variance (ANOVA) followed 
by Fisher’s LSD test. Hemodynamic parameters with the 
HUT0 position, between before and after the pharmacologi-
cal adrenoceptor blockade, were assessed by paired t test. A 
p value < 0.05 was considered to be statistically significant.

Results

During this study, there were no cases of hemodynamic 
collapse leading to death. Furthermore, there was no evi-
dence of respiratory distress, obvious lung pathology or 
neurological deficit up to 1 week after the experiment.

Effects of HUT positioning on the ENAP 
ventilation‑induced hemodynamic responses 
before the adrenergic denervation

Typical tracings of intra-tracheal pressure without and 
with the ENAP ventilation in the HUT0 position before the 
adrenergic denervation are depicted in Fig. 1. The intra-
tracheal pressure at the end-expiratory phase in the HUT0, 
HUT5 and HUT10 positions, without the ENAP ventila-
tion were − 0.2 ± 0.3, − 0.1 ± 0.5 and − 0.1 ± 0.7  cmH2O, 
respectively, and with the ENAP ventilation, they were 
− 14.9 ± 3.4, − 12.4 ± 1.0 and − 13.9 ± 2.2  cmH2O, respec-
tively (not shown in the figure). No significant difference 
was observed in these intra-tracheal pressures among 
the HUT0, HUT5 and HUT10 positioning, indicating 
that the HUT procedure did not affect the intra-tracheal 
pressure during the end-expiratory phase, without or 
with the ENAP ventilation. In addition, the PVR in the 
absence and presence of ENAP ventilation was 4.8 ± 0.6 
and 5.0 ± 0.5 mmHg/L/min in the HUT0, 4.7 ± 0.8 and 
5.0 ± 0.7 mmHg/L/min in the HUT5, and 5.1 ± 0.9 and 
3.8 ± 0.6 mmHg/L/min in the HUT10, respectively (not 
shown in the figure). No significant difference was detected 
in these PVR values with ENAP OFF versus ENAP ON 
ventilation, indicating that the ENAP ventilation hardly 
altered the PVR.

The effect of the different HUT positions on the ENAP 
ventilation-induced hemodynamic responses are sum-
marized in Fig. 3. The heart rate, systolic/diastolic aortic 
blood pressure, cardiac output, RAP, PAP and PCWP at 
the HUT0 position without the ENAP ventilation were 
54 ± 2  bpm, 95 ± 3/62 ± 3  mmHg, 1.22 ± 0.10  L/min, 
8.7 ± 0.8 mmHg, 22.3 ± 0.9 mmHg, and 11.0 ± 0.9 mmHg 
(Fig. 3, blue circles), respectively, whereas those with the 
ENAP ventilation were 56 ± 2 bpm, 98 ± 4/65 ± 3 mmHg, 
1.41 ± 0.10 L/min, 7.4 ± 0.8 mmHg, 20.4 ± 0.8 mmHg and 
8.7 ± 1.2 mmHg (Fig. 3, red squares), respectively. The 
HUT procedure increased the RAP with the HUT10 posi-
tion compared with that at HUT0 in the absence and pres-
ence of the ENAP ventilation. There were no significant 
changes observed in the other hemodynamic variables with 
the HUT10 positioning. Significant differences with ENAP 
OFF versus ENAP ON ventilation were observed in car-
diac output with the HUT0, HUT5 and HUT10 positions, 
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RAP with the HUT0 and HUT5 positions, PAP at the 
HUT0, HUT5 and HUT10 positions, and PCWP at the 
HUT0 and HUT5 positions. No other significant differ-
ences were observed.

Effects of HUT positioning on the ENAP 
ventilation‑induced hemodynamic responses 
after the adrenergic denervation

After administration of phentolamine and propranolol, the 
maximum increases in the mean arterial pressure and heart 
rate with noradrenaline and isoproterenol were < 10 mmHg 
and < 10 bpm, respectively. The intra-tracheal pressures at 
the end-expiratory phase of the HUT0, HUT5 and HUT10 
positions, without the ENAP ventilation, were − 0.3 ± 0.5, 
− 0.2 ± 0.5 and − 0.6 ± 0.4   cmH2O, and with the ENAP 
ventilation they were − 15.5 ± 3.2, − 15.0 ± 3.3 and 
− 15.7 ± 3.6  cmH2O, respectively (not shown in the figure). 
No significant difference was observed in these intra-tracheal 
pressures among the HUT0, HUT5 and HUT10 position-
ing, indicating that the HUT procedure did not affect the 
intra-tracheal pressures during the end-expiratory phase, 

without or with the ENAP ventilation in the absence of 
the sympathetic nerve activity. In addition, the PVR in the 
absence and presence of ENAP ventilation was 7.1 ± 2.0 
and 5.9 ± 1.3 mmHg/L/min in the HUT0, 6.0 ± 1.0 and 
4.6 ± 0.7 mmHg/L/min in the HUT5, and 5.3 ± 0.8 and 
4.2 ± 0.8 mmHg/L/min in the HUT10, respectively (not 
shown in the figure). No significant difference was detected 
in these PVR values with ENAP OFF versus ENAP ON ven-
tilation, indicating that the ENAP ventilation hardly altered 
the PVR.

The effects of the different HUT positions on the ENAP 
ventilation-induced hemodynamic responses are summa-
rized in Fig. 4. The heart rate, systolic/diastolic aortic blood 
pressure, cardiac output, RAP, PAP and PCWP at the HUT0 
position without the ENAP ventilation were 59 ± 3 bpm, 
91 ± 3/63 ± 2 mmHg, 1.26 ± 0.07 L/min, 7.8 ± 0.5 mmHg, 
24.7 ± 2.5 mmHg, and 10.7 ± 1.0 mmHg (Fig. 4, blue cir-
cles), respectively, whereas those with the ENAP ventilation 
were 58 ± 2 bpm, 95 ± 2/63 ± 2 mmHg, 1.40 ± 0.09 L/min, 
7.1 ± 0.9 mmHg, 22.7 ± 2.2 mmHg, and 9.7 ± 0.5 mmHg 
(Fig. 4, red squares), respectively. No significant differ-
ences were observed in any of the hemodynamic param-
eter assessed with the HUT 0 position between before and 
after the pharmacological adrenoceptor blockade. RAP was 

Fig. 3  Summary of effects of head-up tilt (HUT) procedure on the 
hemodynamic variables without (ENAP OFF) and with (ENAP ON) 
the expiratory negative airway pressure (ENAP) ventilation before 
the pharmacological adrenergic denervation. Note that the ENAP 
ventilation-induced decrease in the RAP and PCWP was observed at 
HUT0 and HUT5, but not at HUT10. Heart rate (HR), systolic/dias-
tolic (SBP/DBP) aortic blood pressure (AoP), cardiac output (CO), 
mean right atrial pressure (RAP), systolic pulmonary arterial pressure 
(PAP) and mean pulmonary capillary wedge pressure (PCWP) with-
out (blue circles) and with (red squares) the ENAP ventilation were 
shown along with actual values. Data are presented as mean ± SEM 
(n = 4). *p < 0.05, and **p < 0.01

Fig. 4  Summary of effects of head-up tilt (HUT) procedure on the 
hemodynamic variables without (ENAP OFF) and with (ENAP ON) 
the expiratory negative airway pressure (ENAP) ventilation after the 
pharmacological adrenergic denervation. Note that the ENAP ventila-
tion-induced decrease in the RAP or PCWP was not observed at any 
HUT position. Heart rate (HR), systolic/diastolic (SBP/DBP) aortic 
blood pressure (AoP), cardiac output (CO), mean right atrial pres-
sure (RAP), systolic pulmonary arterial pressure (PAP), and mean 
pulmonary capillary wedge pressure (PCWP) without (blue circles) 
and with (red squares) the ENAP ventilation were shown along with 
actual values. Data are presented as mean ± SEM (n = 4). **p < 0.01
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higher in the HUT5 and HUT10 positions compared with 
the HUT0 position, without and with the ENAP ventilation, 
whereas no significant changes were detected in the other 
hemodynamic variables. Significant differences between 
without and with the ENAP ventilation were detected in the 
cardiac output and PAP in the HUT0, HUT5 and HUT10 
positions, whereas no significant differences were detected 
in the other variables.

Discussion

Similar to taking a deep breath, the ENAP ventilation 
enhances venous blood flow back to the heart, lowers the 
RAP and PAP and increases the cardiac output as well as 
arterial pressures [23]. This study assessed how the cardio-
vascular effects of ENAP ventilation [13] might be modi-
fied by the HUT position, which also lowers intracranial 
pressure and increases venous blood flow from the brain 
to the heart. The results demonstrated that placement of 
the heart in the HUT position attenuated the magnitude of 
the ENAP ventilation-induced reduction in the RAP and 
PCWP, but had no significant effect on ENAP ventilation-
induced changes in the cardiac output or PAP. In addition, 
the potential role of the autonomic nervous system in help-
ing to modulate ENAP-induced changes in hemodynamics 
was also investigated.

Effects of HUT position on each hemodynamic 
variable

Before adrenergic blockade (Fig. 3), the HUT10 position 
increased the RAP compared with the HUT0 position, both 
without and with the ENAP ventilation. There were no other 
significant changes in the other hemodynamic variables with 
the combination of HUT positioning. The results suggest 
that the HUT position may have increased the venous return 
from cerebral circulation to the heart, independently of the 
intrathoracic pressure, resulting in the elevation of preload 
to the right ventricle in the intact animals. The effect of HUT 
positioning on the RAP was augmented after the adrener-
gic blockade (Fig. 4); HUT positioning further increased 
the RAP with HUT5 and HUT10 positions, in the presence 
of adrenergic blockade, without and with the ENAP ven-
tilation. The new observations indicate that the effects of 
HUT positioning on the RAP are negatively regulated by the 
sympathetic nervous system. RAP is increased with HUT 
positioning, likely due to the effects of gravity on venous 
return to the heart. One can speculate that adrenergic block-
ade may have reduced α1 and ß2 receptor-mediated venous 
compliance [24, 25], thereby further increasing the RAP 
during HUT.

It is noteworthy that HUT positioning did not alter the 
cardiac output or systemic blood pressure, without or with 
the ENAP ventilation, independently of the adrenergic 
blockade. The results demonstrate that the HUT-induced 
enhancement of the venous return did not alter the mag-
nitude of orthodromic blood flow under the experimental 
conditions used. This observation suggests that the increase 
of venous return from the cerebral circulation may be coun-
terbalanced by other factors, perhaps a decrease of venous 
return from the lower extremities of the body.

Effects of HUT positioning on ENAP 
ventilation‑induced changes in hemodynamics

In the absence of adrenergic blockade (Fig. 3), ENAP ven-
tilation increased the cardiac output in the HUT0, HUT5 
and HUT10 positions, but decreased the RAP and PCWP 
in the HUT0 and HUT5 positions, as well as the PAP with 
the HUT0, HUT5 and HUT10 positions. The heart rate and 
aortic blood pressure were unaltered by ENAP at any of 
the HUT positioning. After the adrenergic blockade, ENAP 
ventilation-induced hemodynamic responses were blunted 
at each of the HUT positioning, except for the PAP (Fig. 4). 
Thus, the effects of total adrenergic blockade were similar 
to our previous observations performed at supine and flat 
position [13], which support the reproducibility and validity 
of the current results.

ENAP ventilation-induced reductions in the RAP and 
PCWP were no longer observed after adrenergic blockade 
at any of the HUT positioning. These results can also be 
explained by the hypothesis that adrenergic blockade may 
have decreased the relaxation reserve or compliance of the 
central veins and potentially of the pulmonary vein and/or 
left ventricle as well. Importantly, these findings demon-
strate for the first time the regulatory effects of the adrener-
gic nervous system on ENAP-induced changes in the RAP 
and PCWP during HUT positioning. However, these putative 
regulatory effects appear to be saturated at some point as 
ENAP ventilation-induced impact did not lead to a reduc-
tion in the RAP or PCWP with HUT10 positioning, before 
or after adrenergic blockade (Figs. 3 and 4). Thus, although 
HUT10 positioning can trigger an autonomic baroreflex 
response, the increase of venous return from the cerebral 
circulation may have overcome the reflex-mediated contrac-
tile response of the veins and depleted their potential central 
venous relaxation reserve, resulting in a decrease of venous 
compliance, which may partly explain these findings. Fur-
thermore, HUT positioning did not alter the magnitude of 
the ENAP ventilation-induced increase of the cardiac out-
put or decrease of the PAP before or after the adrenergic 
blockade, indicating these effects may not be significantly 
associated with sympathetic nerve activity.
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Study limitations

First, the results were obtained with normal intact animals 
that might not necessarily reflect those pathological condi-
tions where HUT and ENAP may be of clinical value, such 
as shock, brain injury heart failure, and cardiac arrest. In 
each of these disease states, cerebral circulation as well as 
systemic circulation can be compromised and potentially 
helped with ENAP and HUT positioning [1–13, 15–21]. 
Second, the current results obtained from four animals are 
suggestive, but the findings would be far from conclusive; 
thus, a larger sample size will be required to establish those 
proposed hypotheses under different pathological conditions. 
Third, although we measured the intra-tracheal airway pres-
sure to estimate the intrathoracic one, we need to recognize 
that true intrathoracic pressure was not necessarily obtained 
in this study. Fourth, acute lung injury was not observed in 
this study; however, pulmonary safety profile with the long-
term use of ENAP ventilation remains elusive. It should be 
noted that ENAP ventilation may not be able to be used 
for patients with lung injury, since the use of intrathoracic 
pressure regulator inducing ENAP ventilation was shown 
to compromise pulmonary function without significantly 
improving hemodynamic variables in a porcine polytrauma 
model of hemorrhagic shock and acute lung injury [26]. 
Fifth, the current study did not address the potential roles of 
different α and ß-adrenoceptor subtypes that might impact 
the effect of ENAP ventilation and HUT positioning on 
the RAP and PCWP. Sixth, the PVR was hardly altered by 
ENAP ventilation in the absence or presence of adrenergic 
blockade, indicating that currently applied magnitude of 
negative airway pressure may minimally affect the pulmo-
nary circulation. However, safety margin of the magnitude 
of ENAP ventilation needs to be determined.

Conclusion

Although either ENAP ventilation or HUT positioning alone 
enhanced the venous return from cerebral circulation, the 
effects of the interventions together on the RAP and PCWP 
appear to be somewhat opposite. Addition of HUT position-
ing did not enhance the magnitude of the ENAP ventilation-
induced increases in the cardiac output or decreases in the 
PAP in the intact animals, but ENAP ventilation-induced 
decreases in RAP and PCWP were attenuated by the HUT 
procedure. These findings suggest that the two interven-
tions combined may have saturated the venous capaci-
tance reserve. Pharmacological analysis suggests that the 
ENAP ventilation-induced increases in the cardiac output 
and decreases in the PAP are minimally, if at all, altered by 
sympathetic nerve activity. In contrast, ENAP ventilation-
induced decreases in the RAP and PCWP may be largely 

depend on the sympathetic tone and innervation. These 
experimental findings may have implications related to the 
use of HUT positioning and ENAP ventilation in a range of 
potential clinical applications.
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