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The postural reduction in middle cerebral artery 
blood velocity is not explained by PaCO2 
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INTRODUCTION In the normocapnic range, MCA Vmean changes ~3.5 % per mmHg 
carbon dioxide tension in PaCO2 and a decrease in PaCO2 will reduce CBF by vasoconstriction 
(the CO2 reactivity of the brain). When standing up MCA Vmean and the PETCO2 decrease, 
suggesting that PaCO2 contributes to the reduction in MCA Vmean. In a fixed body position 
PETCO2 tracks changes in the PaCO2 but when assuming the upright position, Q decreases and 
its distribution over the lung changes, while VE increases suggesting that PETCO2 decreases 
more than PaCO2. This study evaluated whether the postural reduction in PaCO2 accounts for 
the postural decline in MCA Vmean.  
 
METHODS  From the supine to the upright position, VE , Q, PETCO2, PaCO2, 
MCA Vmean and the NIRS determined cO2Hb were followed in seven subjects.  
 
RESULTS  When standing up, MCA Vmean (from 65.3±3.8 to 54.6±3.3 cm·s-1; 
mean±S.E.M.; P < 0.05) and cO2Hb (–7.2±2.2 μmol·l-1; P < 0.05) decreased. At the same time 
the pulmonary ventilation perfusion (VE/Q) ratio increased 49±14% (P < 0.05) with the 
postural reduction in PETCO2 overestimating the decline in PaCO2 (–4.8±0.9 mmHg vs.           
–3.0±1.1 mmHg; P < 0.05).  
 
CONCLUSION  When assuming the upright position, the postural decrease in MCA 
Vmean seems to be explained by the reduction in PETCO2 but the small decrease in PaCO2 
makes it unlikely that the postural decrease in MCA Vmean can be accounted for by the cerebral 
CO2 reactivity alone. 
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Introduction 
Cerebral autoregulation indicates that blood flow to the brain is adjusted to remain relatively 
stable in the face of wide changes in its perfusion pressure.230 However, when humans assume 
the upright position, gCBF,232 the TCD determined MCA Vmean,23 and the NIRS determined 
cO2Hb decrease.169, 268 Such reductions in indices of gCBF take place even though the cerebral 
perfusion pressure remains within what is considered to be its autoregulatory range. 
The PaCO2 has a pronounced influence on CBF and when assuming the upright position, 
PaCO2 and the PETCO2 decrease.20, 265 Hypocapnia induces a decrease in gCBF by 
vasoconstriction162 and the postural decrease in gCBF is at least partially caused by the postural 
decline in PaCO2.206 
The sensitivity of the CBF to CO2 is expressed as percentage change per mmHg PaCO2 (the 
CO2-reactivity of the brain)162 and it is quantified non-invasively by relating changes in MCA 
Vmean to those in PETCO2. In the normocapnic range, MCA Vmean changes ~3.5 % per mmHg 
PETCO2.114, 141 During the transit from the supine to the upright position, VE increases and the 
following reduction in PETCO2 seems to explain the decrease in MCA Vmean.36  However, when 
standing up Q declines 82, 98 and its distribution over the lungs changes222 with an alteration in 
VE/Q ratio. The postural decrease in PETCO2, therefore, would be likely to overestimate the 
decrease in PaCO2. The aim of this study was to examine whether the postural decline in PaCO2 
accounts for the concomitant postural decrease in MCA Vmean. 
 
 
Methods 
Thirteen healthy non-smoking subjects (4 women; aged 26 (range 21-38) years; weight 75 
(range 50-88) kg; height 182 (range 162-194) cm) participated in the study. All subjects received 
verbal and written explanation of the objectives and techniques of measurements, as well as 
risks and benefits associated with the study and subsequently provided written informed 
consent in accordance with the Helsinki Declaration (the Copenhagen Ethical Committee KF 
01-120/96). None of the subjects used any cardiovascular medication. 
 
Protocol 
At least 2 hours after a light meal without caffeine-containing beverages, the subjects presented 
in a room with an ambient temperature of 22° C. After instrumentation they remained supine 
for at least 30 min before 5 min of supine baseline recordings were obtained. Then the subjects 
stood up and remained in the free standing position for 5 min. 
 
Measurements  
The subjects were instrumented with electrocardiogram electrodes, non-invasive blood 
pressure measurement and PETCO2 (see page 13). Systemic hemodynamics were calculated as 
described on page 13. Arterial blood samples to determine PaCO2 and PaO2 were drawn 2 and 
1 min prior to standing up and after 2 and 4 min standing (see page 15 and 16).  
To ascertain that changes in MCA Vmean relate to cerebral blood flow, in 7 subjects, the 
postural changes in both MCA Vmean and cO2Hb were followed as descibed on page 13 to 15. 
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Blood pressure (ABP), heart rate (HR), stroke volume (SV), cardiac output (Q), systemic vascular resistance (SVR) of 13 
subjects in the supine and upright positions. Values are mean ± S.E.M. * Different from supine (P < 0.05) 

Statistical analysis  
The signals of ABP, the envelope curve of the TCD spectrum from the MCA, cO2Hb, PETCO2 
and a marker signal were A/D converted at 100 Hz. The ventilatory gas analysis was recorded 
for each breath and data were stored for off-line analysis. MABP and MCA Vmean were the 
integral over one heart beat and HR was the inverse of the interbeat pressure interval. Beat-to-
beat data were transformed to equidistantly resampled data at 1 Hz (ventilatory data at 0.25 Hz 
accounting for respiratory rate by polynomial interpolation). PaCO2 samples were compared 
with PETCO2, averaged over the 30 to 10 s prior to blood sampling. Both in the supine and 
upright positions, PaCO2 and PETCO2 were expressed as the average of the two determinations. 
Data are expressed as mean±S.E.M. or mean and range when indicated. Changes within groups 
were examined by Friedman’s repeated measures of analysis of variance on ranks with the 
Dunnet adjustment to control for the family-wise Type I error-rate. Changes between groups 
were examined with the Student’s t test when data fitted a normal distribution and otherwise 
with the Mann-Whitney rank sum test. A P-value < 0.05 was considered to indicate a 
statistically significant difference. 
 
Table 3.1.1     Carbon dioxide and cardiovascular variables 

           SUPINE UPRIGHT 

  Systolic ABP (mmHg) 124 ± 3 127 ± 2 
  Mean BP (mmHg) 80 ± 2 88 ± 3* 
  Diastolic BP (mmHg) 62 ± 2 74 ± 3* 

  HR (min-1) 65 ± 3 88 ± 2* 

  SV (%) 100 65 ± 3* 
  Q (%) 100 87 ± 3* 
  SVR (%) 100 128 ± 5* 

  PETCO2 (mmHg) 40.2 ± 0.7 35.8 ± 0.7* 
  PaCO2 (mmHg) 40.8 ± 0.4 38.3 ± 0.9* 

 
 
 
Results 
PaCO2 and PETCO2  
From the supine to the upright position in 13 subjects, mean and diastolic BP, HR and SVR 
increased while SV and Q decreased (Table 3.1.1; all P< 0.05). In the supine position the 
PaCO2 was 40.8±0.4 mmHg and PETCO2 was 40.2±0.7 mmHg. The changes in PaCO2 and 
PETCO2 were correlated (ΔPETCO2= –2.75 + 0.84 ΔPaCO2; R2 = 0.71) (Figure 3.1.1) but the 
reduction in PETCO2 vs. PaCO2 upon standing was larger (–4.4±0.5 vs. –2.5±0.6 mmHg; P < 
0.05; Table 3.1.1).  
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VE/Q ratio, MCA Vmean and cO2Hb  
Relative to the supine position, the VE/Q ratio increased by 49±14% in the upright position 
due to an increase in VE from 7.4±0.5 to 10.1±1.0 L·min-1 and a decrease in Q of –15.1±3.8% 
(all P < 0.05) (Figure 3.1.2). Posture did not affect the SaO2 or PaO2 (Table 3.1.2). The upright 
posture also resulted in a decrease in cerebral perfusion as cO2Hb declined –7.2±2.2 μmol·l-1 
(P < 0.05) and MCA Vmean by  –16.4±3.2% (from 65.3±3.8 to 54.6±3.3 cm·s-1; P < 0.05). 
Thus during standing MCA Vmean decreased 5.5% per mmHg reduction in PaCO2. 
 
 
Discussion 
We measured MCA Vmean, PaCO2 and PETCO2 during the transition from the supine to the 
standing position and confirmed that the MCA Vmean declines with PaCO2. The new finding is 
that when assuming the upright position, the postural decrease in MCA Vmean seems to be 
explained by the reduction in PETCO2 (a CO2 reactivity of 3.4 %·mmHg-1) but that the larger 
reduction in PETCO2 than in PaCO2 illustrates that PETCO2 cannot be applied to estimate the 
cerebral CO2 reactivity during change in body position. Accordingly, the postural decrease in 
MCA Vmean seems to be larger than can be accounted for by the reduction in PaCO2. 
The PaCO2 has a dominant influence on gCBF and the CO2 reactivity of the brain is quantified 
as the slope of the CBF – PaCO2 relationship.219 Since in supine humans, PETCO2 follows 
PaCO2286 and changes in gCBF are followed by MCA Vmean19, the CO2 reactivity of the brain is 
reported as the slope of the MCA Vmean – PETCO2 relationship.114, 161 The CO2 reactivity of the 
brain is then reported as ~3.5 %·(mmHg PETCO2)-1 141 and in accord with the postural 
reductions in MCA Vmean (-16%) and PETCO2 (4.5 mmHg).36 The MCA Vmean – PETCO2 
relationship  is non-linear with a lower sensitivity of MCA Vmean to changes in CO2 in 
hypocapnia compared with hypercapnia114 further supporting that the postural decrease in 
MCA Vmean cannot be accounted for by the cerebral CO2 reactivity alone. However, there are 
other influences than PaCO2 on gCBF when posture is changed.  

Figure 3.1.1 
Postural decrease in end-tidal carbon dioxide 
(PETCO2) versus arterial carbon dioxide 
(PaCO2). Subjects with (filled circles) and 
without cerebral monitoring (open circles). 
Dotted line: line of identity. Linear regression 
line: ΔPETCO2= -2.75 + 0.84 Δ PaCO2. 
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In the upright position VE  increases related to the gravitational pull of the abdominal contents 
on the diaphragm with an increase in VT and pulmonary dead space.20, 223 More importantly, 
the hydrostatic pressure gradient down the lung affects pulmonary perfusion. When standing 
up air expired from the basal alveoli is diluted by that from the relatively underperfused apical 
alveoli.12, 88, 223 Thus, the premise of a stable VE/Q ratio is not met when humans assume the 
upright position and changes in PETCO2 overestimate those in PaCO2 (Figure 3.1.1). 

Figure 3.1.2  
End-tidal carbon dioxide tension (PETCO2), 
ventilation (VE), tidal volume (VT), 
breathing frequency (f), oxygen uptake (VO2) 
and carbon dioxide production (VCO2) in the 
supine and upright position. Dotted line 
indicates position change. Data points 
represent minute averages ± S.E.M. in 7 
subjects. * P < 0.05 vs. supine. 
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Changes in end-tidal (PETCO2) and arterial carbon dioxide (PaCO2) and oxygen (PaO2) tension and saturation (SaO2) 
of the blood, middle cerebral artery blood velocity (MCA Vmean), regional cerebral tissue oxygenation, ventilation (VE) and 
cardiac output (Q) of 7 subjects assuming the upright position. Values are mean ± S.E.M. All upright values differ 
significantly from supine (P < 0.05). 

Table 3.1.2     Carbon dioxide, cerebral hemodynamics and VE/Q during standing up 
          SUPINE         UPRIGHT         CHANGE 

PETCO2 (mmHg) 40.3 ± 0.4 35.5 ± 0.7 -4.8 ± 0.9 
PaCO2 (mmHg) 39.7 ± 1.1 36.7 ± 1.2 -3.0 ± 1.1 

MCA Vmean (cm·s-1) 65.3 ± 3.8 54.6 ± 3.3 -10.7 ± 2.3 
cO2Hb (μmol·L-1)     -7.2 ± 2.2 

PaO2 (mmHg) 106 ± 3 107 ± 6 1 ± 4 
SaO2 (%) 97.5 ± 0.2 97.9 ± 0.2 0.4 ± 0.2 

VE (L·min-1) 7.4 ± 0.5 10.1 ± 1.0 2.7 ± 0.8 

Q (%) 100 84.9 ± 3.8 -15.1 ± 3.8 
 
 
 
 
 
The ~5 mmHg decline in PETCO2 with assumption of the upright position would seem to 
explain the ~15% decrease in MCA Vmean. However, the postural decline in PETCO2 
overestimates the reduction in PaCO2 and the ~5% decrease in MCA Vmean per mmHg decline 
in PaCO2 is too large to explain the postural reduction in MCA Vmean. This conclusion is 
supported by remarkably similar data from Serrador et al.240 Blaber et al.21 demonstrated in 
healthy subjects during head-up tilt with PETCO2 clamped at supine levels that MCA Vmean was 
higher in the isocapnic compared with the eucapnic condition while also during isocapnic 
passive head-up tilt, MCA Vmean declined ~15%. These observations support our finding that 
factors other than PaCO2 modulate the postural decrease in MCA Vmean. 
An influence of O2 should be considered. Acute exposure to a high partial pressure of inspired 
O2 increases brain tissue PCO2, and decreases PaCO2 and gCBF.69, 153 In the present study there 
was no effect of posture on arterial O2 tension and saturation and we consider the contribution 
of O2 minimal. The postural reduction in both MCA Vmean and cO2Hb has been attributed, at 
least in part, to cerebral vasoconstriction related to an increase in sympathetic tone.192, 288, 291 In 
humans both gCBF and MCA Vmean decrease during unilateral trigeminal ganglion stimulation 
272 and increase after stellate ganglionic blockade 113, 263 supporting an influence of sympathetic 
nerves on the cerebral circulation. Thus, orthostatic stress affects cerebral perfusion by 
baroreflex-induced sympathetic outflow to the cerebral circulation independently of the 
influence of PaCO2.161  
 
Assumption of the upright position imposes stress on the cardiovascular system. The 
gravitational displacement of blood away from the thorax to dependent regions of the body 
initiates orthostatic pooling of venous blood affecting the central blood volume with a 
reduction in Q and pulmonary blood supply.82, 98 In healthy subjects during lower body 
negative pressure as a model of postural stress, the reduction in steady-state MCA Vmean 
together with the increase in transfer function gain of MABP to MCA Vmean was initially 
interpreted to indicate a deterioration of cerebral autoregulation.292 Van Lieshout et al. 
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demonstrated that the MCA Vmean decreases in association with the postural reduction in Q 
even though MABP was maintained, indicating a relationship between Q and MCA Vmean 
beyond the influence of ABP.265 Although ABP is the main short-term determinant of muscle 
sympathetic nerve activity in humans via the arterial baroreflex, muscle sympathetic nerve 
activity correlates with Q and SV rather than with mean or diastolic blood pressure.37  
Ogoh et al.192 examined the relationship between Q and MCA Vmean while manipulating Q by 
lower body negative pressure and plasma volume expansion. They demonstrated that MCA 
Vmean and Q were linearly related both at rest and during exercise while phase and gain of the 
transfer function between MCA Vmean and MABP were not altered indicating maintained 
cerebral autoregulation. Considering that a postural reduction in MCA Vmean as in cO2Hb in 
humans is the rule, these findings may be interpreted as being the result of the intrinsic 
adaptive responses of a functioning dCA to a sometimes critical postural reduction in Q rather 
than to a malfunctioning of CA per se.97, 268  
A critical issue is to what extent the MCA Vmean reflects volume flow. The MCA Vmean is 
obtained from the frequency distribution of the Doppler shifts and it is assumed to represent 
flow velocity in the center of the vessel. As observed during craniotomy the vessel diameter 
does not change significantly during variations in ABP of a magnitude that surpasses the 
changes manifest in response to orthostasis.87 Accordingly orthostatic stress, as simulated by 
lower body negative pressure, does not alter the diameter of the MCA as assessed with 
magnetic resonance imaging (MRI)241 and changes in MCA Vmean follow cerebral 133Xe 
clearance.19, 40, 91 Thus, the constancy of the MCA diameter during postural stress relates 
changes in Vmean to those in CBF and cerebral oxygenation.268 The NIRS-determined cO2Hb 
integrates the arterial O2 content and the regional CBF, and as established for skeletal muscle, 
NIRS obtains information on tissue oxygenation and metabolism beyond that obtained by 
venous blood sampling.27, 60 To overcome the uncertainty of each of the methods used to 
evaluate changes in CBF we combined TCD and NIRS as they are based on different physical 
principles, assuming that concordant changes indicate a change in regional CBF.7, 96, 170, 215, 265 
When assuming the upright position, the reduction in PETCO2 overestimated the reduction in 
PaCO2. Although the reduction in PETCO2 seems to explain the postural decrease in MCA 
Vmean, the ~40% smaller decline in PaCO2 makes it unlikely that the entire decrease in cerebral 
perfusion is explained by hyperventilation. 
 
 
 


