
Abstract
Effect of  posture on the hypercapnic ventilatory re-
sponse was studied on the anaesthetized rats by using
rebreathing techniques in the supine and head-down
positions. There were no statistically significant alter-
ations in tidal volume, frequency, minute ventilation,
and PETCO2 between the head-down and supine posi-
tions during breathing at rest. However, the
esophageal pressure inspiratory swings were signifi-
cantly greater in the head-down compared with supine
position. Moreover, we found that body position did
not affect the hypercapnic ventilatory response, but
did affect the relationship between inspiratory driving
pressure and the increase of  end tidal PCO2. Greater
inspiratory pressure is required to maintain the same
level of  the ventilatory response to hypercapnia in the
horizontal position with the head-down. We believe
that the discrepancy between postural alterations in
the hypercapnic ventilatory and pressure responses is
presumably a result of  decreased lung compliance and
increased airflow impedance of  respiratory system in
the head-down position.
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INTRODUCTION

Changes in the body position from upright to both
supine and head-down evoke central hypervolemia in-
duced by increased venous return because of  volume
shift from the peripheral to central compartment. It
has been shown that central hypervolemia is induced
during episodes of  obstructive sleep apnea, asthmatic
attack, and also when microgravity. Our previous
study has found that in anesthetized animals central
hypervolemia increases respiratory resistance, decreas-
es lung ventilation, and weakens compensatory re-
sponse to mechanical loading [1]. The aim of  the pres-
ent study was to investigate the influence of  hyperv-
olemia on the chemical control of  breathing.

Postural influences on ventilatory responsiveness to
chemoreceptor stimuli have already been shown. The
ventilatory responses to hypoxia and hypercapnia were
measured in normal subjects in the upright, sitting,
and supine positions. Most studies have reported a
substantial reduction in the hypoxic ventilatory re-
sponse in the supine position compared with that in
the upright position in humans [2, 3, 4, 5]. It has also

been suggested that the ventilatory response to CO2 is
not influenced by changes in posture. However, re-
sponses to peripheral and central chemoreceptor stim-
uli seem identical and essentially independent of  body
position [6]. No statistically significant differences in
the ventilatory response, tidal volume response, and
frequency response to hypoxia between the lying and
sitting postures have been found [7]. On the other
hand, in normal subjects during hypercapnic stimulat-
ed breathing, ventilation was less in the supine than
seated position [8]. Yoshisaki et al [9] reported a shift
in the CO2 ventilatory response curve upward or left-
ward in the head-up compared with supine position. 

The purpose of  present study was to investigate the
effects of  the head-down position on the ventilatory
and inspiratory driving pressure responses to hyperox-
ic progressive hypercapnia in experimental animals. 

MATERIAL AND METHODS

The study was approved by a local Ethics Committee.
The experiments were performed on 18 tracheo -
tomized rats (mean weight 300 ± 10g), which were
anesthetized with urethane (1 g/kg, i.p.). The level of
anesthesia was sufficient to eliminate pain reflexes. As-
sessing corneal reflex and responses to tactile stimuli
monitored the anesthetic depth. Tracheostomy was
performed through a midline ventral neck incision.
Cannula inserted into distal part of  trachea bellow the
larynx. 

The hypercapnic ventilatory response was measured
by using rebreathing techniques. The hyperoxic, pro-
gressive hypercapnia rebreathing was carrying out by a
modified form of  the Read rebreathing method [10].
For the hypercapnic rebreathing test, animals breathed
from a bag with gas mixture of  60% O2, 7% CO2, 
balanced with N2. The end-tidal fraction of  CO2
(PETCO2) was analyzed by a rapidly responding
quadruple mass spectrometer (model MC-100, Insti-
tute of  analytic instrument-making, RAS), which was
calibrated immediately before and after use with
known gas mixtures carried onboard. A gradual rise in
the end-tidal CO2 concentration was recorded for 4
min and was monitored on a breath-to-breath basis. At
the end of  rebreathing period, end-tidal O2 was on av-
erage more than 190 mmHg, eliminating the possibili-
ty of  any hypoxic stimulus. The hypercapnic ventilato-
ry responses were performed in the supine and head-
down positions (the tilt on -30 degree rotation). The
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baseline record was taken in supine position when the
control parameters stabilized. After that animals were
shifted in head-down tilt (HDT) position for 30 min.

Pneumotachography was used to measure peak air-
flow and respiratory rate. Airflow integrated to vol-
ume. The value for minute ventilation was calculated
from the mean tidal volume and respiratory frequency
of  ten respiratory cycles. 

Records of  the esophageal pressure inspiratory
swings (PesI) were used as indirect measure of  the
force of  inspiratory muscle contractions and as a re-
flection of  inspiratory driving pressure. Latex balloon
positioned in the lower one-third of  the esophagus al-
lowed measuring esophageal pressure swings. The bal-
loon was filled with air and connected via catheters
(inner diameter 1.5 mm, length 30 cm) to a differential
pressure transducer.

Both responses of  tidal volume (VT), frequency (f),
minute ventilation (VE) and esophageal pressure (PesI)
to increase in PETCO2 were analyzed by linear regres-
sion. The slope of  ventilatory response to hypercapnia
as ∆VE/∆ PETCO2 and the slope of  esophageal pres-
sure response to hypercapnia as ∆PesI/∆ PETCO2 were
obtained at PETCO2 of  65 mmHg in both supine and
head-down tilt positions.

Data were expressed as means ±SE. Statistical com-
parisons between measurements in supine position
and at 30 min in head-down position were performed
using one-way analysis of  variance for repeated meas-
ures. Differences were considered significant at a value
of  P<0.05.

RESULTS

Table 1 demonstrates indices of  breathing pattern in
anaesthetized tracheostomized animals in supine and
HDT position during rest breathing. There were no
statistically significant alterations in tidal volume, fre-
quency, minute ventilation, and PETCO2 in HDT posi-
tion compared with the supine position. At the same
time, the esophageal pressure inspiratory swings were
significantly greater in the head-down position. 

When hypercapnia stimulated breathing, a signifi-
cant correlation between VE, VT and increase in 
PET CO2 was found in both supine and HTD positions
(Fig. 1 Panels A and B). Respiratory rate did not corre-
late with the gradual rise in the end-tidal CO2 concen-
tration in both positions (Fig. 1, Panel C). A compari-
son of  the VE and VT responses to hypercapnia re-
vealed no significant differences between the two body
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Fig. 1. Regression curves de-
scribing the relationship be-
tween minute ventilation (A),
tidal volume (B), respiratory
frequency (C), and esophageal
pressure (D), on one side, and
progressive hypercapnia in the
supine (solid lines) and head-
down-tilt (dashed lines) posi-
tions, on the other side.



positions. As shown in Fig. 1, VE-PET CO2 and VT-
PETCO2 relationships were practically identical in the
supine and HDT positions. The slope of  the ventilato-
ry response to hypercapnia, which reflects the rate at
which ventilation rises with increasing PETCO2, was
the same in both position and amounted to 6.3 ± 1.4
and 6.3 ± 1.3 ml . min-1 . mmHg-1, respectively (Fig. 2,
Panel A). However, our data demonstrated significant
differences in the inspiratory pressure response related
to alterations in the body position. The increase in
PesI seen during hypercapnia in the supine position
was significantly less than that in the HDT position.

Fig.1 (Panel D) illustrates that the relationship be-
tween PesI and PETCO2 was steeper when head-down
than supine. The slope of the pressure response to hy-
percapnia amounted to 0.47 ± 0.04 mmH2O . mm Hg-1

in the supine position and1.14±0.18 mmH2O.mmHg-1

in the HDT position. Thus the rate at which inspirato-
ry pressure rose with increasing PETCO2, was 2.4-fold
greater in the HDT than supine position (P<0.01)
(Fig. 2, Panel B).

DISCUSSION

We observed, as did other investigators [11, 12], that
ventilatory responses to hypercapnia were not related
to alterations in the body position. Ventilatory respon-
siveness to CO2 was the same in the two body position
(supine and head-down tilt). Our previous study has
shown that in contrast to the hypercapnic ventilatory
response, the hypoxic ventilatory response decreases
in the head-down position [5]. These data are in ac-
cord with the results of  studies in which hypoxic ven-

tilatory responses were compared in the standing or
sitting postures compared with the supine position [4,
9]. Thus, change in the body position affects differen-
tially hypoxic and hypercapnic sensitivity of  the
breathing system, decreasing the ventilatory response
to hypoxia, but not to hypercapnia. The reduction in
the hypoxic response in the HDT position compared
with that in the supine position may be related to
changes in the activity of  arterial chemoreceptors. As
it known, carotid body chemoreceptors respond
markedly to changes in blood pressure when condi-
tions are hypoxic, becoming less active as blood pres-
sure increases [3]. In the HDT position, there is a sub-
stantial increase in blood pressure at the level of  the
carotid bodies. In contrast to the hypoxic ventilatory
response, the hypercapnic response is determined by
the activation of  central chemoreceptors whose activi-
ty is not directly related to alteration in blood pressure. 

Moreover, our data demonstrated that although the
hypercapnic ventilatory response was not altered by a
change in body position, the pressure response to hy-
percapnia was significantly increased in the HDT com-
pared with the supine position. Thus, greater inspira-
tory driving pressure was required to maintain the
same level of  the ventilatory response to hypercapnia
compared with the horizontal position with head-
down. The increase in the negative intrathoracic pres-
sure observed in the present study points to the inten-
sification of  inspiratory muscle efforts in the HDT
position during the hypercapnic stimulated breathing.
This speculation is confirmed by results of  another
study which have shown that different body positions
are accompanied by alterations in the activity of  respi-
ratory muscles [11]. Moreover, while the slopes of  the
ventilatory response to increasing arterial CO2 tension
were similar in the supine and sitting positions, the
EMG-VE relationship showed steeper slopes in the
supine than sitting position. Despite similar ventilatory
responses to CO2 -rebreathing in the lying and upright
positions, the supine position in humans required a
higher activation of  inspiratory muscles [11].

We believe that the discrepancy between postural
alterations in the hypercapnic ventilatory and pressure
responses is presumably a result of  decreased lung
compliance and increased airflow impedance of  the
respiratory system in the HDT position. Our previous
study has shown that central hypervolemia evoked by
tilting significantly increases mechanical loading [1].
Significant increases in both resistive and elastic com-
ponent of  respiratory resistance were found in the
HDT compared with supine position. An increase in
the central venous pressure can cause a swelling of  the
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Table 1. Indices of  breathing pattern in anesthetized tra-
cheostomized rats in supine and HDT positions during
breathing at rest.

Indices Supine HDT

PETCO2 (mmHg) 32.8 ±3.1 33.0 ±2.8
VT (ml) 0.9 ±0.1 0.9 ±0.1
f  (min-1) 100 ±10 108 ±19

VE (ml . min-1) 91.1 ±8.4 93.1 ±10.8
PesI (mmH2O) 22.5 ±2.9 34.6 ±5.2*

PETCO2 - end-tidal fraction of  CO2; VT – tidal volume; f  –
inspiratory rate; VE – minute ventilation; PesI - peak
esophageal pressure; Values are means ±SE. *Significant dif-
ference from the supine position; P<0.05.

Fig. 2. Slope of  the ventilatory (A) and
esophageal pressure (B) responses to hy-
percapnia at PETCO2 of  65 mmHg in
both supine and head-down tilt positions.
(*) Significant difference between the
slopes in supine and head down-tilt
(HDT) positions (P<0.05).



bronchial mucosa [13, 14]. Beside, a larger intratho-
racic blood volume evokes an increase in lung elastic
recoil [15]. In their turn, airway dimensions and resist-
ance are dependent on lung recoil pressure. As it is
known, increased mechanical loading limits ventilatory
responses of  the respiratory system to chemoreceptor
stimulation. So, a grater increase in inspiratory driving
pressure in response to progressive hypercapnia in the
HDT position was not evoked by the corresponding
increase in the ventilatory response. At the same time,
in contrast to the hypoxic ventilatory response, the hy-
percapnic response was not decreased in the HDT po-
sition. Similar results have been obtained in a study on
the effects of  posture on ventilatory responses in hu-
mans, where, with a shift from upright to supine posi-
tion, the ventilatory response to hypoxia but not to hy-
percapnia was decreased [4]. 

Postural independence of  the hypercapnic ventila-
tory response has an important biological significance,
as a major function of  the respiratory system is the
elimination of  surplus CO2 and the maintenance of
pH and PCO2 within narrow limits despite an alter-
ation evoked by metabolism or environment.

We conclude that central hypervolemia evoked by
postural influence decreases ventilatory responsiveness
to hypoxia and demands higher activation of  the inspi-
ratory muscles to maintain the postural independence
of  the ventilatory response to hypercapnia. These al-
terations in the chemoreceptor control of  breathing
further weaken the compensatory opportunities of  the
respiratory system during the head-down body posi-
tion.
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