
Introduction

Brain circulatory physiology is not yet fully under-
stood and there are still competing theories about the

modulating role of myogenic, neurogenic and meta-
bolic mechanisms [13]. Independently from their
biological realisation two fast regulating principles of
cerebral perfusion are well accepted. The cerebral
autoregulation maintains stable cerebral blood flow
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j Abstract Background Ade-
quate cerebral blood flow (CBF) is
mainly governed by neurovascular
coupling (NC) which adapts local
CBF to underlying cortical activity,
and cerebral autoregulation (CA)
that tends to maintain constant
CBF despite changes in arterial
blood pressure (BP). Since it was
suggested that resistance vessels
play an important role in both
mechanisms, we investigated their
regulative interplay by performing
a functional transcranial Doppler
(f-TCD) test under different
orthostatic conditions.
Methods Fifteen healthy volun-
teers performed a visual reading
test stimulation task after stabilized
in sitting, supine and upright
position on a tilt table. Simulta-
neously, BP and heart rate (HR)
were recorded by a photoplethys-
mographic method and CBF
velocity was measured with TCD in
left posterior cerebral artery, and,
as a reference, also in right middle
cerebral artery. Evoked flow veloc-
ity (FV) responses were evaluated
by a control system approach for
systolic and diastolic data. Param-

eters studied were baseline FV with
eyes closed, stable FV under stim-
ulation (gain), oscillatory feature
(natural frequency) and damping
(attenuation) of the control system
model, rate time, and also systolic
and diastolic BP and HR. ANOVA
test was used for comparing the
values of variables in different
postural settings, inferring statisti-
cal significance at a p < 0,05 level.
Results Although there was a sig-
nificant variation on the different
orthostatic conditions in systolic
(p = 0,027) and diastolic
(p = 0,001) BP and HR
(p = 0,0001), there was no signifi-
cant change in the basal or evoked
CBF velocities. Conclusions An
intact CA compensates the differ-
ent orthostatic conditions com-
pletely thus allowing an
independent regulation of NC
according to the metabolic needs of
cortical stimulation.

j Key words Doppler transcranial
monitoring Æ brain activation
studies Æ cerebrovascular hemody-
namics Æ neurovascular cou-
pling Æ cerebral autoregulation
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for a wide range of systemic blood pressure as long as
the fluctuations remain between 50–150 mmHg mean
blood pressure [12]. The neurovascular coupling
adapts local cerebral blood flow in accordance with
the metabolic needs and activity of the underlying
cortex [7]. It is assumed that the small arteriolar
resistance vessels are the effector structures of both
mechanisms [15]. Also, from a system-theory point of
view similar effectors have been suggested because
both mechanisms show near to identical response
times [1]. However, since both mechanisms are con-
tinuously active they interfere biologically and func-
tionally at least at the level of the resistance vessels.
Consequently, the question arises if the interplay
might affect the regulative properties in such a way
that the regulative compensation of one mechanism
affects the properties of the other. Although this
question appears in first sight theoretical, the ques-
tion of interference gains relevance in many areas of
brain circulatory investigations. The neurovascular
coupling mechanism is fundamental for many func-
tional activation tests as performed with techniques
such as MRI, PET, SPECT and transcranial Doppler
(TCD). By performing cortical activation tasks it is
intended only to modulate the neurovascular cou-
pling. In practice, the obtained results depend on both
mechanisms: functional activation studies with
transcranial Doppler are normally performed in a
sitting position whereas for technical reasons all MRI
investigations are performed in a supine position.
Therefore, the functional tests are performed in dif-
ferent orthostatic conditions with different compen-
sative levels of cerebral autoregulation. Although the
cerebral autoregulation will compensate for the
orthostatic difference it is to the best of our knowl-
edge unknown if the change in the tone of the resis-
tance vessels might influence the results of the
neurovascular coupling.

To investigate this issue, we studied the regulative
properties of the neurovascular coupling under dif-
ferent stable orthostatic conditions in healthy young
volunteers.

Subjects and Methods

This study was performed in Hospital S. João, a 1200-bed university
hospital in Oporto. The local institutional ethical committee ap-
proved the study. After information and instruction each volunteer
gave informed consent to participate in the study.

j Subjects

Fifteen healthy young adult volunteers (8 male and 7 female) with
the mean age of 26.8 ± 8.8 years, ranging from 18 to 48 years, were
included. These volunteers lacked any cardiovascular risk factors
and did not take any medication, except for birth control pills. They

abstained from caffeine more than 12 hours before the tests. Pre-
viously to the study, all volunteers performed a cervical and
transcranial duplex scan, with a HDI 5000 device (Philips, USA).
Normal findings and a good temporal acoustic bone window to
ensure a good acquisition of velocity curves during the whole test
were required as an inclusion criterion.

j Hemodynamic monitoring and reading test

The study was carried out in a quiet room with a constant
temperature of approximately 22�C. Systolic and diastolic blood
pressure and heart rate were monitored with a non-invasive finger
cuff Finapres device (model 2300; Ohmeda, Englewood, CO, USA)
holding the finger at heart level. A hand support was used to permit
a constant position throughout the tests in the three different
postural conditions [11]. Following previously described ap-
proaches for insonation through the temporal transcranial ultra-
sonic bone window [3], 2 MHz pulsed wave Doppler monitoring
probes were positioned in order to record the flow velocity in the
P2 segment of the left posterior cerebral artery (PCA) with a
Multidop T2 Doppler device (DWL, Sipplingen, Germany). Also the
M1 segment of the right middle cerebral artery (MCA) was in-
sonated as a reference for monitoring non-specific effects in the test
situation. The probes were mounted on an individually fitted
headband. Beat-to-beat peak systolic and end diastolic blood flow
velocities were recorded. The recordings were considered as tech-
nically adequate when the blood flow velocities could be detected
bilaterally in good conditions, with a clear envelope of the velocity
spectrum during the whole cardiac cycle.

The visual evoked paradigm consisted of 10 cycles, each with a
resting phase of 20 s with closed eyes and a stimulating phase of
40 s of silent reading text columns of a news magazine. Changes
between phases were signalled acoustically using a tone. One test
set had a total duration of 10 minutes, and was repeated in each
position - supine, sitting and standing tilted in a tilt table (70�
head-up, with an electrically-driven table, with a footboard sup-
port). The headband with the probes was kept in the same position
during the whole study. The reading test and its reliability were
validated against a checkerboard stimulation paradigm [16]. Con-
tinuous beat-to-beat recordings of systolic and diastolic arterial
blood pressure and peak systolic and end diastolic cerebral blood
flow velocities were stored together with the calculated heart rate
on the Doppler device.

j Data analysis

To become independent from the insonation angle, the comparison
of evoked blood flow data was made after transforming the absolute
data into relative changes of flow velocity, separately for the peak
systolic and end diastolic blood flow velocities, using the following
form:

DBFV ¼ 100 �ðVStim � VavRÞ=ðVavRÞ
where DBFV refers to the relative increase in blood flow velocity,

VStim the peak systolic or the end diastolic blood flow velocity
during stimulation, and VavR the averaged peak systolic or end
diastolic blood flow velocity during rest five to zero seconds before
the stimulation started.

Ten cycles of 20 s rest (closed eyes) and 40 s stimulation (silent
reading) were averaged for each volunteer at each position.

A control system approach [15] was used to quantify the
averaged relative evoked flow changes of each volunteer in each
postural setting. Peak systolic and diastolic blood flow velocities
were evaluated separately. According to control system theory any
regulative process, which convolutes an input signal to an output
signal, can be approximated by a mathematical polynom [9]. In the
present case the input signal is the change between conditions of
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rest and activation, which is expressed mathematically as a unit-
step function changing from zero to one, according to conditions of
rest and activation. The output of the assumed regulative system is
the measured flow velocity response. Knowing the input and output
signal a mathematical polynom with a distinct order of the
numerator and denominator can be approximated which suffi-
ciently describes the input-output relation. The minimal control
system model, which describes the main dynamic features of the
flow velocity response, is assumed as the model of the system. A
proportional derivative second order lag system with dead time
(PDT2) model was found sufficient to describe the flow velocity
response evoked by visual stimulation. The features of this model
are explained in more detail in the following.

The input and output data were analysed by using a commercial
software tool for identifying and specifying control systems (Vas-
cochecker, DWL, Sipplingen, Germany), which transformed the
relative blood flow averaged velocity curves of each volunteer into
terms of a second-order linear system with the following equation
G(s):

GðsÞ ¼ ½Kð1 þ TvsÞ�=½s2=x2 þ 2n=x � s þ 1�
where K represents the gain, Tv the rate time, x the undampened
natural angular frequency (natural frequency), and n the attenua-
tion parameter of the system [9].

These parameters describe all dynamic properties of the entire
evoked flow curve. The rate time indicates the initial steepness of
the flow velocity increase. Natural frequency and attenuation de-
scribe oscillatory features of the system; natural frequency is as-
sumed to represent the tonus and the speed of the system, whereas
the attenuation describes dampening features of the system such as
the elastic properties of the wall vessel [14]. The parameter gain
describes the relative flow velocity difference between stable flow
conditions of rest and stimulation. The program also calculated the
absolute resting peak systolic and end diastolic blood flow velocity
with eyes closed, VavR , for the time span five to zero seconds before
the stimulation started.

j Statistics

ANOVA test was used to compare the resting flow velocities, blood
pressure data, heart rate and each of the control system parameters
for each of the different postural settings, inferring statistical sig-
nificance at a p < 0.05 level. Post hoc Fisher tests were performed
to compare between the three conditions if significance occurred.

Results

j Systemic data:

Figure 1 shows the variation of systolic and diastolic
systemic blood pressure values and of heart rate in
this healthy population in the positions of supine,
sitting on a chair and upright in a tilt table at 70�.

Averaged systolic/ diastolic arterial blood pressure
of subjects was 111 ± 15 / 68 ± 13 mmHg at supine,
125 ± 17 / 84 ± 15 mmHg at sitting and 123 ± 14 /
83 ± 12 mmHg at tilted-up positions. The mean
arterial blood pressure was respectively 81 ± 15,
98 ± 15 and 94 ± 13 mmHg at the three different
postural settings. The heart rate changed from
71 ± 11 bpm at supine, 79 ± 13 bpm at sitting and
89 ± 11 bpm at tilted-up position.

There was a significant variation of systemic he-
modynamic parameters at the three postural condi-
tions. ANOVA test revealed a significant variation for
systolic and diastolic systemic blood pressure and
heart rate when comparing the three positions, as
expressed in (Fig. 1).

The post hoc analysis showed that the arterial
pressure had a significant increase in sitting and til-
ted-up positions compared with lying position. There
was no significant variation between sitting and tilted
up positions. For heart rate the values were signifi-
cantly higher in upright position comparing to seat
position and also between sitting position and lying
position (Table 1).

j Cerebrovascular data:

Blood flow velocity monitored in the middle cerebral
artery showed no statistical significant differences
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Fig. 1 Variation of systolic and diastolic systemic blood pressure and of heart
rate in the positions of supine, sitting and upright

Table 1 Statistics of systemic hemodynamic data variation with changing in
position

Systolic blood pressure:
supine-sitting p = 0.013
supine-tiltup p = 0.038
sitting-tiltup p = 0.678

Diastolic blood pressure:
supine-sitting p = 0.001
supine-tiltup p = 0.002
sitting-tiltup p = 0.775

Heart rate:
supine-sitting p = 0.044
supine-tiltup p < 0.0001
sitting-tiltup p = 0.017
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comparing resting and reading conditions. Neither
resting flow velocities in the PCA nor flow velocity in
MCA varied with orthostatic conditions.

For each postural condition, (Fig. 2a) shows the
subjects averaged measured and modelled relative
changes in peak systolic visual evoked blood flow
velocity against time, in seconds, in relation to non-
stimulating conditions. The beginning of the stimu-
lation phase represents the zero point of time scale.
All the curves showed the characteristic dynamic time
course of neurovascular coupling with an initial
acceleration phase, and after an overshoot the velocity
stabilized at a constant lower level, that ended with
closure of the eyes. The modelled curves correspond
to a PDT2 system. The same is shown in (Fig. 2b) for
the end diastolic evoked flow curves.

According to the equation G(s), the parameters
rate time, natural frequency, attenuation and gain
were calculated. The results of the analysis with mean
and SD of the control-system parameter values for

sitting, supine ant tilted-up positions are described in
(Table 2). There was no significant change of resting
flow velocity and evoked flow velocity parameters in
the cerebral blood flow velocities both for systolic and
for diastolic values between sitting, supine and tilt-up
positions. The results of the ANOVA test are also
given in (Table 2).

Discussion

From the results of our Doppler investigation we
conclude that in healthy subjects the dynamic regu-
lative properties of the neurovascular coupling
mechanism are not affected by the tested orthostatic
conditions. It appears that the cerebral autoregulative
mechanism allows an operation of the neurovascular
coupling independent from the systemic circulation.
Furthermore, the compensative range appears wide
enough so that both mechanisms do not interfere
adversely at the level of the resistance vessels. The
near to congruent flow velocity responses indicates a
fine tuned interplay between both mechanisms.

A transcranial Doppler approach was utilized in
the present investigation because a diagnostic tool
with a high temporal resolution and a high flexibility
to allow investigations under different orthostatic
conditions was needed. Although the Doppler mea-
sures rather velocity than flow, there is good evidence
that the flow velocity changes correlate closely with
flow changes [8, 10]. Calibre effects of the insonated
basal cerebral vessels between the different conditions
are not likely, as it was shown that basal cerebral
vessels remain constant in pressure changes of up to
20 mmHg [2, 5, 17]. We performed a visual stimula-
tion since it does not affect cardiac or systemic he-
modynamic parameters and the changes between
phases of activation and rest can be carried out easily
by opening and closing the eyes. Furthermore, the low
spatial resolution of the technique is not a limitation,
since the insonated posterior cerebral artery almost
exclusively supplies the visual cortex.

A limitation of the non-invasive study is that we
did not measure the cerebral perfusion pressure di-
rectly, but assumed the change from measurements of
systemic blood pressure. According to standardized
protocols in the literature we measured the blood
pressure at heart level and abstained from Finapres
measurements at the brain level. Nevertheless, for the
interpretation of data the hydrostatic difference be-
tween heart and brain that emerged in the transition
from a supine to a sitting or standing position has to
be considered. Since the hydrostatic difference affects
the arterial as well as venous side of the cerebral
circulation simultaneously and in an opposite manner
the orthostatic difference should be neutralised.
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Fig. 2 Relative blood flow velocity change in the P2-segment of the posterior
cerebral artery due to the reading tests plotted against time. The black curves
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second-order linear system. Recorded and modelled time course of blood flow
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239



Therefore, changes in arterial blood pressure will in-
crease the cerebral perfusion pressure. However, the
transition from a sitting to a standing phase does not
have an affect on hydrostatic pressure. Compensating
an additional pooling effect of venous blood in the
legs the heart rate increases maintaining systemic
blood pressure constant. The present data support
former studies which showed that physiologic varia-
tion in heart rate does not affect the neurovascular
coupling [14].

A slight drop in the CO2 partial pressure changing
from a supine to a standing position has been re-
ported in literature [6]. It was assumed to be caused
by a downward orientation of the diaphragma, in-
crease in tidal volume and functional residual capacity
and thus better ventilation [6]. Since the pCO2 level
bears a strong effect on the cerebral blood flow [13]
such an effect also has to be considered. We abstained
from capnography to minimize additional effects in
measurements. Mask ventilation itself can affect the
respiration, might lead to stress and can affect the
cerebral circulation, an effect described as R-waves in
the literature [4]. Although it is known that a change

in the pCO2 pressure co-directionally changes flow
velocity levels as well as the rate time parameter in
functional TCD tests, since we did not find such dif-
ferences we assume that the pCO2 levels remained
stable in the present investigation. Unspecific effects,
such as changes in attention, systemic blood pressure,
or ventilation, due to changing between conditions of
rest and activation can be excluded since flow velocity
levels in the MCA territory remained nearly constant.

Taken together we conclude that the data from
activity-induced flow velocity responses measured
under different orthostatic conditions can be com-
pared with each other as long as an intact cerebral
autoregulation can be assumed.

Further studies have to follow to investigate the
matter in patients with orthostatic intolerance in
which regulative properties of the cerebral autoregu-
lation are exhausted and thus regulative properties of
the neurovascular coupling can also be affected.

j Acknowledgements The authors thank DWL for technical sup-
port with transcranial Doppler Multidop T2 Doppler device (DWL,
Sipplingen, Germany).

Table 2 Analysis of mean and SD of the control-system parameter values for sitting, supine ant tilted-up positions

Resting velocity (cm/s) Rate time (s) Gain (%) Natural frequency (s)1) Attenuation

systolic data
supine 67.74 ± 24.50 4.32 ± 3.01 15.27 ± 8.14 0.23 ± 0.06 0.54 ± 0.22
sitting 63.46 ± 18.70 4.68 ± 2.47 14.87 ± 7.2 0.24 ± 0.06 0.53 ± 0.19
tilt-up 65.28 ± 18.57 3.89 ± 2.35 13.52 ± 7.11 0.24 ± 0.08 0.52 ± 0.31
ANOVA: p = 0.81; n.s. p = 0.65; n.s. p = 0.73; n.s. p = 0.76; n.s. p = 0.96;n.s.

diastolic data
supine 27.73 ± 10.07 7.48 ± 5.38 23.98 ± 12.18 0.25 ± 0.08 0.52 ± 0.19
sitting 26.07 ± 10.35 9.76 ± 6.98 24.43 ± 13.26 0.22 ± 0.07 0.59 ± 0.36
tilt-up 28.32 ± 8.68 6.10 ± 4.41 20.28 ± 13.88 0.20 ± 0.10 0.66 ± 0.53
ANOVA: p = 0.83; n.s. p = 0.25; n.s. p = 0.67; n.s. p = 0.38; n.s. p = 0.66; n.s.
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