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Abstract Continuous positive airway pressure (CPAP) is
a treatment modality for pulmonary oxygenation difficul-
ties. CPAP impairs venous return to the heart and, in turn,
affects cerebral blood flow (CBF) and augments cerebral
blood volume (CBV). We considered that during CPAP,
elevation of the upper body would prevent a rise in CBV,
while orthostasis would challenge CBF. To determine the
body position least affecting indices of CBF and CBV, the
middle cerebral artery mean blood velocity (MCA V,...)
and the near-infrared spectroscopy determined frontal cere-
bral hemoglobin content (cHbT) were evaluated in 11
healthy subjects during CPAP at different body positions
(15° head-down tilt, supine, 15°, 30° and 45° upper body
elevation). In the supine position, 10 cmH,O of CPAP
reduced MCA V, .. by 9+ 3% and increased cHbT by
4 4+ 2 umol/L  (mean £ SEM); (P <0.05). In the head-
down position, CPAP increased cHbT to 13 & 2 pmol/L
but left MCA V.., unchanged. Upper body elevation by
15° attenuated the CPAP associated reduction in MCA
Vinean (=7 £ 2%), while cHbT returned to baseline (1 +
2 umol/L). With larger elevation of the upper body MCA
Vimean decreased progressively to —17 &+ 3%, while cHbT
remained unchanged from baseline. These results suggest
that upper body elevation by ~15° during 10 cmH,O0 CPAP
prevents an increase in cerebral blood volume with minimal
effect on cerebral blood flow.
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Introduction

Continuous positive airway pressure (CPAP) and upper
body elevation are applied for treatment of respiratory
insufficiency because they improve pulmonary oxygena-
tion by increasing pulmonary functional residual capacity
(Sevransky etal. 2004). In the post-operative setting,
CPAP is used for alveolar recruitment and/or for the pre-
vention of atelectasis (Pinilla et al. 1990; Ricksten et al.
1986) and in patients with obstructive sleep apnoea nasal
CPAP is applied to for prevention of upper airway
obstruction (Mansfield et al. 2004). Another means of
improving pulmonary function and preventing ventilator-
associated pneumonia in patients is a backrest elevation
(Dellinger et al. 2004; Drakulovic et al. 1999). A semi
recumbent position also improves upper airway stability
in patients with obstructive sleep apnoea (Neill et al.
1997).

Both CPAP and upper body elevation affect cerebral
hemodynamics. In supine humans, cerebral arterial inflow
and venous outflow pressures are similar to the correspond-
ing pressures at the level of the heart. Thus, elevation of the
intrathoracic pressure by CPAP impairs venous return to
the heart and, in turn, affects cerebral blood flow (CBF) and
augments cerebral blood volume (CBV) (Pott et al. 2000).
With progressive elevation of the upper body, the neck
veins collapse (Dawson etal. 2004; Gisolf etal. 2004;
Valdueza et al. 2000) thus protecting the brain from an
increased intrathoracic pressure (Toung etal. 2000). In
neuro-intensive care, the backrest is elevated ~30° to pre-
vent a gravitational increase in CBV and thus intracranial
pressure (ICP) (Fan 2004). On the other hand, upper body
elevation reduces the central blood volume and decreases
arterial pressure at the level of the brain. During CPAP,
blood flow velocity in the middle cerebral artery (MCA
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Vinean) 18 reported to increase (Haring etal. 1994), to
decrease (Kolbitsch et al. 2000; Scala et al. 2003), or to
remain unaffected (Bowie et al. 2001; Droste et al. 1999).
These discrepancies appear to relate to different degrees of
head elevation and control of the arterial carbon dioxide
(CO,) tension among the studies. Therefore, the purpose of
this study was to determine the body position least affecting
indices of CBF and CBV, the MCA V,_ ., and the near-
infrared determined total frontal cerebral hemoglobin con-
centrations (cHbT) in healthy subjects during CPAP at
different upper body positions.

Methods

Eleven healthy volunteers (I woman), aged 25 years (20—
32; mean and range), height 183 cm (169-190); weight
79 kg (65-102) participated in this investigation. All sub-
jects provided written informed consent prior to the study
as approved by the Ethics Committee for Copenhagen and
Frederiksberg (KF 01 287338).

The subjects were allowed a light breakfast on the day
of the experiment with no restrictions on requirements of
fluid intake. Changes in cerebral concentrations of oxy-
genated (cHbO,) and deoxygenated hemoglobin (cHb)
were assessed by a NIRO 500 near-infrared spectroscopy
(NIRS) apparatus (Hamamatsu Photonics Corp., Osaka,
Japan). The light source and the sensing optode were fas-
tened to the left forehead and covered with a dark cloth for
light shielding. Changes in the total cerebral hemoglobin
concentration (cHbT) were the sum of cHbO, and cHb.
The proximal segment of the right MCA was insonated at
a depth of 50-54 mm through the “temporal window”
using a Doppler apparatus (DWL, Sipplingen, Germany).
After the best signal-to-noise ratio was established, the
probe was fastened to the head with adhesive ultrasonic
gel (Tensive, Parker Laboratories Inc., Fairfield, NJ, USA)
and secured using a custom-made headband. A soft plastic
mask (VBM Medizintechnik GmbH, Sulz, Germany) was
fitted over the subject’s nose and mouth using elastic
bands. CPAP was applied using a Whisperflow fixed flow
generator using pressurized room air and Whisperflow
isobaric CPAP valves at 5 and 10 cmH,O opening pres-
sure (Caradyne, Galway, Ireland). No valves were used in
the first positional cycle. A pressure manometer verified
the pressure retainment of the system throughout the respi-
ratory cycle. The end-tidal carbon dioxide tension
(PetCO,) was measured (Datex-Ohmeda Inc., Madison,
WI, USA) and finger arterial pressure was measured with
a Finometer (Finapres Medical Systems, Amsterdam,
The Netherlands). The cuff was applied to the midphalanx
of the middle finger of the dominant hand and placed at
heart level.
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Instrumentation occurred at 9 a.m. in a room at 22°C and
thereafter, the subjects were made to lie supine in a hospital
bed and allowed to rest for 10 min. In order to account for
changes in MCA V... due to changes in the arterial CO,
tension, the subjects performed a CO,-reactivity test. Dur-
ing normoventilation in the supine position, PetCO, and
MCA V.., were measured, followed by two periods of
30 s with moderate voluntary hyperventilation aiming to
decrease PetCO, by 1 and 2 kPa, respectively. Following
4 min of supine rest, the backrest was elevated by 15°, 30°
and 45°, and, finally, the subjects were in a 15° head-down
position; with each position maintained for 4 min. The
same sequence of events was repeated with CPAP of 5 and
10 cmH,0. All variables were A/D converted and sampled
at 100 Hz, 16 bit, on PCI-Base 1000 hardware and Next-
View software (BMC Messsysteme GmbH, Berlin,
Germany).

Data analysis

The MCA velocity traces were inspected offline and arti-
facts were removed using MATLAB 7.1 analysis software
(MathWorks, Natick, MA, USA). The finger arterial pres-
sure curve was analyzed using Beatscope software (Fina-
pres Medical). Beat-to-beat systolic, diastolic and mean
arterial (MAP) pressures, as well as stroke volume (SV)
were computed from the arterial pressure pulse wave by
off-line Modelflow analysis. This method computes an aor-
tic flow waveform by simulating a nonlinear, time-varying
model of the aortic input impedance, thereby calculating
SV reliably (Harms et al. 1999). Cardiac output (CO) was
SV times heart rate (HR) and total peripheral resistance
(TPR) was the ratio of mean arterial pressure (MAP) to CO.
For each upper body position, blood pressure at the level of
the MCA (MAP),-,) was calculated as MAP at the level of
the heart minus the hydrostatic difference. MCA beat-to-
beat systolic, diastolic and mean flow velocities were deter-
mined from the outline curve of the transcranial Doppler
spectrum using Beatscope software. NIRS data were nor-
malized to baseline, defined as values from the sample
interval in the supine position without CPAP. All variables
were transformed to equidistantly resampled data at 1 Hz
by polynomial interpolation and averaged over 30 s prior to
the end of each intervention.

For calculation of MCA V.., — CO,-reactivity, the last
15 s of baseline and the two periods of hyperventilation
were obtained. The CO,-reactivity was calculated using
polynomial interpolation, assuming a linear relationship
between PetCO, and MCA V.. for the range of PetCO,
investigated. In order to assess whether changes in MCA
Vinean Were determined by changes in the CO, tension, the
individual CO,-reactivity was used to adjust MCA V
values to the baseline PetCO.,.
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Statistics

Data are expressed as mean = SEM unless otherwise indi-
cated. Changes over time were examined by Friedman’s
repeated measures analysis of variance on ranks. Changes
between interventions were examined with the Student—
Newman—Keul’s test and a P < 0.05 was considered statis-
tically significant.

Results
Effects of CPAP

In the supine position 5 cmH,0O CPAP had no effect on
MCA V, can» O cHDT, while cHbO, increased 2 £ 2 pmol/L
(Fig. 1). MAPy;c,, HR, SV, and CO remained unchanged
(Fig. 2). Increasing CPAP to 10 cmH,0O diminished MCA
Vinean DY 9 £ 3% from baseline, while cHbT increased
4 £+ 2 umol/L and cHbO, increased further to 5 £ 2 pmol/L.
SV decreased by 3 +3% from baseline with MAPy;-,
unchanged (Fig. 2). PetCO, tended to decline with increas-
ing levels of CPAP without reaching statistical significance

(Fig. D).
Effects of upper body elevation

With increasing levels of upper body elevation, MCA V...
decreased. The largest decrease was by 8 £2% from
baseline at 45°; also cHbO, decreased with upper body
elevation reaching statistical significance at 45° (4 +
2 umol/L) while cHbT remained unchanged (Fig. 1).
MAP, 5 decreased 7 = 3 mmHg from baseline at 45° even
though TPR increased 107 +26dyn s™'cm™ (~15%).
With a small increase in HR and a proportional reduction in
SV (5 £ 2%), CO did not change (Fig. 2). Also PetCO, was
stable.

Effects of CPAP and upper body elevation

5 cmH,0 CPAP at 45° upper body elevation decreased
MCA V.., 11 £3% and to 17 £3% when increasing
CPAP to 10 cmH,0. At CPAP of 0 and 5 cmH,O and
regardless of the degree of upper body elevation, cHbT
remained unchanged. CPAP of 10 cmH,O had no effect on
cHDT as long as the upper body was elevated at least 15°.
The increased cHbT with 10 cmH,O CPAP when supine,
returned to baseline with 15° upper body elevation
(1 £ 2 pmol/L). With both 5 and 10 cmH,0 CPAP, cHbO,
decreased when the upper body was elevated 15° and did
not decrease further with higher elevation (Fig. 1). In posi-
tions with the upper body elevated, SV decreased by
4.8 £ 0.8% for each 5 cmH,0 increase of CPAP, reaching
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Fig. 1 Cerebral and ventilatory responses to continuous positive air-
way pressure (CPAP) at different body positions. Changes in middle
cerebral artery mean blood velocity (AMCA V,...), changes in frontal
cerebral total, oxygenated and deoxygenated hemoglobin concentra-
tions (AcHbT, AcHbO,, AcHb), and end-tidal carbon dioxide tension
(PetCO,) during CPAP 0 cmH,0 (circles), 5 cmH,O (squares), and
10 cmH,O (triangles), respectively. Filled symbols, different from
baseline (supine, CPAP 0 cmH,0) P < 0.05. * Different from CPAP
0cmH,0 at the same body position (CPAP effect), P <0.05.
# Different from supine at the same level of CPAP (positional effect),
P<0.05

a nadir of —14 = 4% at 45° with 10 cmH,0 of CPAP. In
the upper body elevated positions HR did not change with
the application of 5 cmH,O, but increased with 10 cmH,O
of CPAP. CO tended to decline when CPAP was applied,
but this did not reach statistical significance (Fig. 2).

Head-down position

MCA V.., and MAP, -, remained unchanged while cHbT
rose by 9 + 1 umol/L during the head-down position. SV
and CO increased 4 & 2% and 6 + 2%, respectively. Add-

ing 5 and 10 cmH,0 CPAP further elevated cHbT to
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Fig. 2 Circulatory responses to continuous positive airway pressure
(CPAP) at different body positions. Changes in mean arterial pressure
at brain level (MAP,,,), total peripheral resistance (TPR), cardiac
stroke volume (SV), heart rate (HR), and cardiac output (CO) during
CPAP 0 cmH,0 (circles), 5 cmH,0 (squares), and 10 cmH,O (trian-
gles), respectively. Filled symbols, different from baseline (supine,
CPAP 0 cmH,0) P <0.05. * Different from CPAP 0 cmH,O at the
same body position (CPAP effect), P < 0.05. # Different from supine at
the same level of CPAP (positional effect), P < 0.05

11 £ 2 pmol/L and 13 £ 2 pmol/L, respectively, but had
no effect on MCA V.., (Fig. 1). CPAP reduced HR and
CO proportionally. MAPy;-, was unaffected by 5 cmH,0O
of CPAP, but rose with an increase to 10 cmH,0O. Com-
pared to the corresponding supine CPAP level, in the head-
down position, SV was elevated at 5 and 10 cmH,0 CPAP

(Fig. 2).
CO,-reactivity
The CO,-reactivity was 21 £2.7%/kPa (2.8 &+ 0.36%/

mmHg). The CO,-adjusted MCA V., decreased with both
CPAP and upper body elevation, by 12 4+ 3% at 45° upper
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body elevation with a CPAP of 10 cmH,O (data not
shown).

Discussion

This study investigated the influence of upper body position
on MCA V.., and cHbT during continuous positive airway
pressure breathing. In the supine position and especially in
the head down position, CPAP elevated cHbT indicating
impaired cerebrovenous drainage. This effect was elimi-
nated by upper body elevation. On the other hand, CPAP
did not affect MCA V., in the head-down position, but
provoked a decrease in the supine position and with upper
body elevation to 30° and 45°. As indicated by a stable
cHbT and an only minor reduction in MCA V.., 15°
upper body elevation balances the effect of 10 cmH,O of
CPAP on augmentation of CBV and that of orthostasis on a
reduction in CBF.

To appreciate these conclusions it needs to be addressed
that transcranial Doppler monitors blood flow velocity
rather than volume flow, and changes in the diameter of the
insonated vessel could modulate velocity independently of
flow. During craniotomy, the diameter of the MCA remains
unchanged by even large changes in arterial pressure
(Giller 1989). Furthermore, as determined with magnetic
resonance imaging during changes in PetCO, and in simu-
lated orthostasis, the diameter of the MCA remains stable,
suggesting that the MCA is not involved in regulation of
cerebral vascular resistance (Serrador et al. 2000). These
results suggest that changes in MCA V., reflect those in
cerebral blood flow.

A NIRS apparatus was used to evaluate changes in the
hemoglobin concentration of superficial brain tissue.
AcHDT, i.e. the sum of changes in oxy- and deoxyhemoglin
reflects changes in total hemoglobin concentration of the
interrogated tissue and was taken to indicate changes in
cerebral blood volume. In the supine and head-down posi-
tions, AcHbT increased with application of CPAP but such
an effect could not be detected with upper body elevation
suggesting a hydrostatic influence counteracting the CPAP-
induced cerebrovenous congestion. With NIRS equipment
similar to that applied in our study, AcHbT is reported to
correlate with the level of expiratory pressure and the mag-
nitude of change is similar to that found in our study
(Elwell et al. 1996). In the head-down position there was a
large increase in AcHbT suggesting a significant increase in
CBV. However, venous stasis to the skin and skull may
have contributed to changes in light attenuation (Firbank
et al. 1998; Rostrup et al. 2002), while an influence from
the tissues surrounding the brain is considered of minor
importance in the supine and head elevated positions
(Owen-Reece et al. 1996).
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Changes in posture and CPAP affect the central blood
volume (Secher and Van Lieshout 2005) and, in turn, stroke
volume of the heart (Leonetti et al. 2004). In the supine
position gravity does not compromise the central blood vol-
ume and only a CPAP of 10 cmH,0 caused a reduction in
SV. With upper body elevation even minor reductions in
preload as imposed by CPAP of 5 cmH,0, diminished SV,
unmasking the reduced central blood volume. In the head
down position no decrease in SV occurred with CPAP,
indicating that the heart is not preload limited, i.e., a “sur-
plus” preload exists, large enough to accept the reduction
by CPAP. An increase in SV from supine to the head down
position has been reported in healthy volunteers (Mclnnis
et al. 2006; Shiraishi et al. 2002; Soubiran et al. 1996), but
may imply that the subjects were not normovolaemic (van
Lieshout et al. 2005). We consider our subjects normovo-
laemic as they were not fasting and had free access to
fluids. Furthermore, in the supine position SV was robust to
preload reduction by 5 cmH,0O of CPAP. It may be specu-
lated that the observed increase in SV upon head down
positioning is facilitated by reduced afterload as TPR
decreased. Both during CPAP and upper body elevation the
decline in CO was not statistically significant, reflecting
baroreflex control of HR that limits the effects of a reduc-
tion in SV on CO. Such compensation appears to be
exhausted with larger elevation of the upper body and
higher intrathoracic pressure, as demonstrated during a Val-
salva manuevre (mouth pressure 40 mmHg) in the sitting
position when CO decreases ~24% (Pott et al. 2003).

Both MCA V..., and SV fell in parallel with upper body
elevation and during CPAP treatment. At the same time
MAP at the level of the MCA was well within the range of
blood pressure where cerebral autoregulation is traditionally
considered to maintain CBF stable (Lassen 1959). These
observations add to evidence that cardiac output and stroke
volume of the heart may influence cerebral vascular resis-
tance and in turn blood flow to the brain independently of
blood pressure (Ide etal. 1998, 1999; Immink et al. 2006;
van Lieshout et al. 2001, 2003). TPR increased with both
upper body elevation and CPAP and was lowest in the head-
down position reflecting the level of systemic sympathetic
activity (Kardos et al. 1997; Nagaya et al. 1995). Systemic
sympathetic activity may also act on resistance vessels of the
brain. Thus, when blockade of the stellate ganglion dimin-
ishes sympathetic discharge to brain vessels, it reverses a
reduction in MCA V. that is associated with lowered car-
diac output (Ide et al. 2000). We suggest that a reduction of
cerebrovascular resistance accounts for the unchanged MCA
Vinean 10t the head-down position when a reduced blood flow
to the brain would be expected by impaired venous outflow.
However, other factors may have contributed to influence
MCAYV, e.g., alterations in the arterial CO, tension, MAP

mean?
and/or the level of cerebral activation.

The arterial CO, tension is a major determinant for
blood flow to the brain. The PetCO, as an indicator for
arterial carbon dioxide tension remained statistically
unchanged during head elevation and CPAP treatment,
although a trend was noted toward a decrease. To evaluate
whether individual changes in MCA V., were dominated
by changes in the arterial carbon dioxide tension, MCA
Vinean Was adjusted for the changes in PetCO, using the
individual CO, reactivity. This CO,-adjusted MCA V...
demonstrated a similar time course. As CPAP increases the
ventilation/perfusion ratio of the lungs, PetCO, overesti-
mates the fall in arterial CO, tension (Immink et al. 2006).
Taken together, these findings suggest that arterial CO,
play only a minor role in regard to the drop in MCA
during CPAP treatment.

When supine the jugular veins are open in their entire
length and jugular bulb pressure equals central venous pres-
sure (Cirovic et al. 2003; Dawson et al. 2004). Accord-
ingly, in the supine position 10 cmH,O of CPAP led to a
decrease in MCA V., of ~10% while a rise in cHbT sug-
gests augmentation of cerebral capacitance vessels and, in
turn, increased outflow resistance. With upper body eleva-
tion, the jugular veins collapse and the cerebral venous out-
flow path shifts from the jugular to the vertebral venous
system (Dawson et al. 2004; Gisolf et al. 2004; Valdueza
et al. 2000). In the upright position, the jugular veins may
also be reopened by positive pressure breathing (Gisolf
et al. 2004). Interestingly, elevating the upper body by 15°
during 10 cmH,0 of CPAP, increased the MCA V...,
while HbT decreased. This was the case in spite of the
changes in systemic hemodynamics that are induced by
CPAP in that position. Thus, upper body elevation per se
decreases cerebral blood flow through the systemic hemo-
dynamic effects of reduced cardiac preload combined with
the unfavorable position of the brain relative to the heart.
Nonetheless, upper body elevation may support cerebral
blood flow in the presence of cerebral venous congestion
imposed by positive pressure breathing, i.e., by elevating
the brain above the hydrostatic threshold for transmittance
of intrathoracic pressure.

Opening of the jugular veins by positive airway pressure
has been proposed a mechanism to improve cerebral perfu-
sion by reducing jugular venous resistance to flow (Cirovic
et al. 2003). An open jugular vein may be important espe-
cially for prevention of acceleration-induced loss of con-
sciousness when gravitational forces not only displace
blood to the lower extremities, but also aggravate the col-
lapse of the jugular veins. Our results do not indicate that
CPAP supports blood flow to the brain during the moderate
gravitational challenge up to 45° upper body elevation. On
the contrary, these results manifest the importance of
venous return to the heart that is impaired both by gravity
and intrathoracic pressure.

Vmean
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MCA V..., reached a nadir of 17% below baseline in the
45° upper body elevated position with 10 cmH,O CPAP.
This reduction is similar to that observed under everyday
physiological challenges, i.e., standing up (Pott et al. 2000).
Although these changes appear to be of little importance for
healthy subjects, the magnitude of changes in flow and, in
turn, its consequences for the injured brain may be signifi-
cant. In patients suffering from acute intracranial pathology
the backrest of the bed is elevated ~30°. That is the case
although MAP decreases at the level of the brain (Durward
et al. 1983). Usually, a positive effect of upper body eleva-
tion is found on cerebral perfusion pressure, i.e., the differ-
ence between blood pressure at the level of the brain and
intracranial pressure (Fan 2004). Head elevation reduces
cerebral blood flow (Moraine et al. 2000), while averaged
intracerebral tissue oxygen tension remains unaffected,
although the individual changes may be large (Ng et al.
2004). As indicated by our study, a negative consequence
of upper body elevation for blood flow to the brain is aggra-
vated by positive pressure ventilation. The position of the
backrest may, ideally, be based on an individual flow and/
or oxygenation measurement (March et al. 1990). We con-
sider that for patients suffering from cerebral pathology and
in need of pulmonary support by CPAP and upper body ele-
vation, improvements in blood oxygenation may outweigh
the negative consequences on cerebral blood flow.

As indicated by cHbT and MCA V.. a balance
between alleviating cerebral congestion and maintaining
CBF during 10 cmH,0 of CPAP is achieved with 15° upper
body elevation. Further upper body elevation has no conse-
quences for the cerebral blood volume but leads to a pro-
gressive decline in MCA V., suggesting that cerebral
blood flow is compromised.
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