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a b s t r a c t
Objectives: Using different techniques, reduction of cerebral blood flow (CBF) during orthostatic stress
were demonstrated. One study reported flow reduction of the right internal carotid (ICA) and vertebral
(VA) artery during orthostatic stress by Doppler imaging, with different effects on the 2 vessels. Global
CBF changes, using this technique, have not been reported. Therefore, flow of the ICA, VA and global
CBF were measured during head-up tilt testing.
Methods: 33 healthy volunteers underwent tilt testing. At three time points (supine, half way and at the
end of the test) Doppler imaging of the ICA and VA was performed, as well as PetCO2 measurements.
Results: Global CBF was significantly reduced by 4.5 ± 2.8% halfway the test and by 6.0 ± 3.4% at the end.
All 4 artery flows were significantly reduced during the tilt, without differences between them. Despite
small changes in PetCO2 there was a significant relation between de CBF decrease and PetCO2 decrease
(p < 0.05).
Conclusions: Orthostatic stress in HV results in a small but significant reduction of CBF by a homogenous
reduction in the four cerebral vessels and is modulated by PetCO2 changes.
Significance: CBF changes can be measured during tilt testing using Doppler VA and ICA imaging.
Ó 2018 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Positional changes from supine to sitting or standing result in a
decrease of cerebral blood flow (CBF) as demonstrated by different
techniques (Yoshimoto et al., 1994; Ouchi et al., 2001; Oblak et al.,
2002; Alperin et al., 2005; Wang et al., 2010; Bronzwaer et al.,
2014). CBF measurements by extracranial Doppler echography of
the internal carotid and vertebral arteries (ICA and VA) in the
supine position have been described in a number of studies
(Schoning et al., 1994; Deane and Markus, 1997; Seidel et al.,
1999; Dorfler et al., 2000; Scheel et al., 2000; Yazici et al., 2005;
Oktar et al., 2006; Albayrak et al., 2007; Nemati et al., 2009;
Nevo et al., 2010; Sato et al., 2012; Liu et al., 2013). Using this technique the decrease in CBF during head up tilt table testing was also
demonstrated in one small study (Sato et al., 2012) of healthy volunteers (HV). The authors studied only the right ICA and VA before
and during tilt testing and reported a difference in vasculature
response to the orthostatic stress of the right ICA and VA: the
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decrease in right VA blood flow after tilting was not significant
from supine, in contrast to the significant decrease of the right
ICA blood flow of 9.4% (Sato et al., 2012).
As total CBF changes during tilting have not been reported
before, the aim of the study was to measure both left and right
ICA and VA blood flows in a large group of HV before and during
tilting, allowing assessment of total CBF changes during tilting.
2. Subjects, material and methods
2.1. Subjects
Initially 41 HV underwent head up tilt table testing (HUT). None
had signs or symptoms of cerebral- and cardiovascular disease, the
electrocardiogram (ECG) and echocardiogram were normal. One
HV with a delayed orthostatic hypotension (OH) and profound
hypocapnia and 1 with a vasovagal syncope were excluded. Furthermore, 3 HV were excluded because of an insufficient Doppler
image quality. In three HV the right or left VA were hypoplastic
(2 right and 1 left VA) defined by a supine flow <30 ml/min
(Schoning et al., 1994). These HV were also excluded, leaving 33
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HV included in this study. Three times after tilting (directly post
tilt, at 10 and 20 min post tilt) HV were asked for dizziness/lightheadedness. Seven (21%) reported dizziness/light-headedness
directly post tilting, at 10 min complaints were present in 3 (9%),
and after 20 min these complaints were absent in all. All had a normal heart rate and blood pressure response during HUT, none had a
postural orthostatic tachycardia syndrome (POTS) (Task Force for
the et al., 2009; Freeman et al., 2011). The study has been carried
out in accordance with Declaration of Helsinki. All HV gave
informed consent, the study was approved by the MEC of the
Slotervaart hospital in Amsterdam.
2.2. Methods
HV underwent HUT with 20 min in the supine and 25–30 min in
the upright position (70 degrees). They were investigated in the
morning, at least 3 h after a light breakfast or in the afternoon 3
h after a light lunch. No formal hydration protocol was applied,
but subjects were asked to ingest an ample amount of fluid.
Heart rate (HR), systolic, diastolic and mean blood pressures
(SBP, DBP and MAP) were continuously recorded by finger plethysmography using the Nexfin device (BMeye, Amsterdam, NL). Using
an independent radio-controlled clock the starting time of HR and
BP recording as well as the time of the start of tilting was noted. HR
and blood pressures were extracted from the Nexfin device and
imported into an Excel spreadsheet. HR and blood pressures at
the radio clock corrected echo time intervals (see below) were
averaged.
ICA and VA Doppler frames were acquired by one operator
(FCV), using a Vivid-I system (GE Healthcare, Hoevelaken, NL)
equipped with a 6–13 MHz linear transducer. Flow data of the
ICA were obtained 1.0–1.5 cm distal to the carotid bifurcation
and of the VA at the C3–C5 level. Care was taken that the insonation angle was less than 60 degrees, that the sample volume was
positioned in the center of the vessel and that it covered the width
of the vessel. High resolution B mode images, color Doppler images
and the Doppler velocity spectrum (pulsed wave mode) were
recorded in one frame. The order of imaging was fixed: left ICA, left
VA, right ICA, and right VA. At least 2 consecutive series of 6 s per
artery were recorded. Moreover the recording time of the first and
last analyzed artery was noted. These times were corrected to the
times of the radio clock.
In the supine position image acquisition started 8 ± 1 min prior
to tilting (supine data) and during the upright position 2 series
were acquired: one series was started at 13 ± 3 min (mid HUT data)
and one at 24 ± 3 min. (end HUT data). Image acquisition lasted 4.
0 ± 1.5 min.
During the study period end-tidal PCO2 (PetCO2) was monitored using a Lifesense device (Nonin Medical, Minneapolis USA).
2.3. Data analysis
Calculations of blood flow were performed by one operator
(CMCvC). Automated mean blood flow velocities (MFV) were
obtained. Vessel diameters were manually traced by CMCvC and
FCV independently on B-mode images, from the intima to the
opposite intima. Differences in vessel diameter were resolved by
consensus. Surface area was calculated as proposed by Sato et al.
(2011): the peak systolic and end diastolic diameters were measured, and the mean diameter was calculated as: mean diameter
= (peak systolic diameter  1/3) + (end diastolic diameter  2/3).
Arterial flow was calculated from the mean blood flow velocity
 the surface area. Flow in the individual arteries was calculated
in 3–6 cardiac cycles and data were averaged. Total CBF was calculated by adding the flow of the 4 arteries.

End tidal CO2 measurements were imported into an Excel
spreadsheet and PetCO2 data at the radio clock corrected echo time
intervals were averaged.
2.4. Statistical analysis
Data were analyzed using SPSS 21. Distribution of data was
tested by the Mann Whitney test. As all data were normally distributed, the data are presented as the mean ± SD. A p value < 0.0
5 was considered significantly different. HUT mid data and HUT
end data were compared to supine date using paired-samples ttests. Linear regression analysis was performed between the
change in PetCO2 and the %CBF change at the end of the study.
For reproducibility measurements intraclass correlation coefficients (ICC’s) were calculated using SPSS. Both ICA and VA mean
flow velocities, diameters and flows were recalculated for 21 ICA
and for 10 VA cycles. For intra-observer variation data were analyzed at least 3 month after the first assessment by CMCvC, for
inter-observer variation FCV also performed the measurements.
3. Results
33 healthy volunteers participated. Included were 9 males and
24 females with a mean age of 41 ± 16 years. BMI was 25 ± 5 kg/
m2, BSA (Du Bois) 1.87 ± 0.18 m2. No differences were found
between morning and afternoon sessions (data not shown).
The ICC’s for intra-observer variation of the ICA flow velocity,
diameter and flow were 0.99, 0.78 and 0.86, respectively. For the
VA these values were 0.97, 0.91 and 0.92, respectively.
The ICC’s for inter-observer variation of the ICA flow velocity,
diameter and flow were 0.99, 0.82 and 0.87, respectively. For the
VA these values were 0.97, 0.80 and 0.91, respectively.
Table 1 shows the measurements of hemodynamics, PetCO2
data, and cerebral flow data in the supine position, at 13 min post
tilt (mid HUT data) and at end of the tilt period (end HUT). Heart
rate significantly increased by mean 16 bpm during tilting, systolic
blood pressure decreased mean 8 mmHg at the end of HUT. Dias-

Table 1
Hemodynamic and cerebral flow measurements during tilt testing.
Supine

Mid HUT

End HUT

Heart rate (bpm)
SBP (mmHg)
DBP (mmHg)
MAP (mmHg)

61 ± 10
135 ± 14
78 ± 7
100 ± 10

78 ± 16****
128 ± 15*
81 ± 9 ns
97 ± 12 ns

77 ± 16****
127 ± 15***
80 ± 8 ns
98 ± 11 ns

PetCO2 (mmHg)

37 ± 3

35 ± 3****

36 ± 3***

Total CBF (ml/min)

638 ± 77

****

599 ± 74****

****

609 ± 75

ICA-L blood flow (ml/min)
ICA-R blood flow (ml/min)
VA-L blood flow (ml/min)
VA-R blood flow (ml/min)

245 ± 47
237 ± 41
88 ± 27
68 ± 24

234 ± 50
225 ± 37****
85 ± 28
65 ± 23**

232 ± 44****
220 ± 41****
83 ± 28*
64 ± 23**

ICA-L flow velocity (cm/s)
ICA-R flow velocity (cm/s)
VA-L flow velocity (cm/s)
VA-R flow velocity (cm/s)

24.7 ± 5.1
25.2 ± 5.2
16.8 ± 3.4
15.5 ± 4.3

23.3 ± 5.6
25.0 ± 4.8
17. ± 3.7
14.7 ± 3.6*

24.9 ± 5.3
24.2 ± 4.9
16.6 ± 4.4
14.8 ± 3.8

ICA-L diameter (mm)
ICA-R diameter (mm)
VA-L diameter (mm)
VA-R diameter (mm)

4.63 ± 0.46
4.50 ± 0.50
3.29 ± 0.45
3.06 ± 0.49

4.47 ± 0.58**
4.40 ± 0.46
3.24 ± 0.54
3.05 ± 0.52

4.49 ± 0.50*
4.43 ± 0.51
3.25 ± 0.52
3.05 ± 0.50

CBF = cerebral blood flow, DBP = diastolic blood pressure, ICA = internal carotid
artery, MAP = mean arterial pressure, SBP = systolic blood pressure, VA = vertebral
artery.
*
p < 0.05 versus supine.
**
p < 0.01 versus supine.
***
p < 0.005 versus supine.
****
p < 0.001 versus supine.
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tolic blood pressure and mean arterial pressure did not change.
PetCO2 decreased mean 2 mmHg at mid HUT and 1 mmHg at
end HUT.
Total CBF decreased significantly from supine 638 ± 77 ml/min
to 609 ± 75 ml/min at mid HUT and to 599 ± 74 ml/min at end
HUT (both p < 0.001 compared to supine): see Fig. 1. The CBF
decrease at end HUT was significantly higher at the end of the tilt
compared to mid HUT (p < 0.05). Linear regression showed that
there was a weak but significant relation between the decrease
of the PetCO2 (PetCO2 base minus end) and the percent decrease
of CBF at the end of the study: %decreaseCBFendHUT = 0.52delta
PetCO2 + 5.05 (p < 0.05).
The low number of HV (n = 3) with dizziness/light-headedness
at the time of mid HUT precluded a CBF change comparison of
HV with and without complaints.
Left and right ICA and VA blood flows also decreased significantly during HUT compared to supine. Blood flow velocities of
the left and right ICA remained unchanged during HUT compared
to supine, as well as the velocity of the left VA. There was a marginal difference in the right VA blood velocity mid HUT versus
supine, but not at end HUT versus supine.
The left ICA diameters decreased significantly during HUT, the
right ICA diameters also decreased but were not significant. VA
diameters did not change from supine to HUT.
Fig. 2 shows the comparisons between the left and right ICA
blood flow and left and right VA blood flow. Left ICA flow was systematically higher than the right ICA flow, but the differences were
not significant. Left VA flow was significantly higher than the right
VA flow during supine and HUT.
Fig. 3 shows the percent decrease during HUT compared to
supine. The decreases in ICA and VA’s during HUT were significant
different from zero, and no differences between the 4 vessels were
found.
4. Discussion

Fig. 2. Comparison between the left and right internal carotid artery flow (figure A)
and between the left and right vertebral artery flow (figure B) during supine
position and during head-up tilt table testing (HUT). **: p < 0.01 left versus right VA.
ICA = internal carotid artery, VA = vertebral artery.

Almost all of the studies examining cerebral flow during headup tilt testing in healthy volunteers (in isolation or being the reference of patient studies) were performed with transcranial Doppler
(Yoshimoto et al., 1994; Schondorf et al., 2001; Oblak et al., 2002;
Wilson et al., 2002; Carey et al., 2003; Razumovsky et al., 2003;

Fig. 3. Percent decrease of the left and right internal carotid arteries and vertebral
arteries flow during HUT, presented as mean + SEM. ICA: internal carotid artery;
VA: vertebral artery.

Fig. 1. Cerebral blood flow (CBF) decrease and percent CBF decrease during head-up
tilt table testing (HUT) compared CBF during the supine position. Data are
presented as mean + SEM. *: p < 0.05 CBF and %CBF decrease mid versus end HUT.
****: p < 0.001 supine CBF versus CBF mid and end HUT.

Asahina et al., 2006; Gonul et al., 2008; Ocon et al., 2009; Wang
et al., 2010; Murrell et al., 2011; Mezei et al., 2013; Riberholt
et al., 2013; Yang et al., 2015; Tymko et al., 2016; Viski et al.,
2016; Castro et al., 2017). Recently, a small study of 6 HV (Sato
et al., 2012) undergoing HUT was published using extracranial
Doppler imaging. The authors measured only right ICA and VA
flows and found a 9.4% decrease of the ICA blood flow and a nonsignificant flow decrease of approximately 3% in the right VA. In
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the current study all 4 cerebral arteries were examined, allowing
total CBF calculation. The data show that in healthy volunteers
during HUT total CBF decreased by 4.5% halfway the tilt and by
6.0% at the end of the study. The effects of changes in CO2 pressures on CBF have been studied extensively and are important
determinants of cerebral flow: (Reivich, 1964; Ainslie and Duffin,
2009; Fierstra et al., 2013; Yoshida et al., 2018). Even in the present
study with small changes in CBF and end-tidal CO2 pressure
changes of mean 1 mmHg at the end of the study, the decrease
of PetCO2 was linearly related to a small but significant decrease
of the cerebral vascular flow. This finding strengthens the validity
of this technique.
Moreover, flow reduction was significant in all 4 arteries and
not significantly different between these arteries (Fig. 2), which
is in contrast to a previous extracranial Doppler study (Sato
et al., 2012). The difference in VA responsiveness to orthostatic
stress between the present study and the abovementioned study
was small and possibly, the low number of participants precluded
a statistical significance in the latter study.
Using extracranial Doppler techniques a large number of HV
studies reported on flow, flow velocity and diameters of the ICA
(Schoning et al., 1994; Deane and Markus, 1997; Dorfler et al.,
2000; Scheel et al., 2000; Yazici et al., 2005; Krejza et al., 2006;
Oktar et al., 2006; Albayrak et al., 2007; Nevo et al., 2010; Sato
et al., 2012; Liu et al., 2013) in the supine position. In the present
study the supine left and right ICA flows are in line with literature
data. In the present study the left ICA flow was not significantly
higher than the right ICA flow, in accordance with 2 previous Doppler studies (Yazici et al., 2005; Albayrak et al., 2007). However,
one recent study in 228 HV showed that blood flow to the hemisphere, dominant for handedness, was increased compared to the
other hemisphere (Jansen van Vuuren, 2017). From this study it
may be inferred that left ICA flow was appr. 29% higher in the
right-handed subjects. In the present study 28 HV (93%) were
right-handed (based on history taking) and in these HV there
was also no difference between the left and right ICA flow. The differences are not clear.
ICA diameters were similar to those reported in literature. ICA
mean flow velocities were presented in 2 studies (Schoning et al.,
1994; Sato et al., 2012) In the present study ICA flow velocities
were mean 24.0 and 23.3 cm/s for the left and right ICA, respectively, and were slightly lower than previously reported
(Schoning et al., 1994; Sato et al., 2012). This might be explained
by the older age in our HV group, as a number of studies found
an inverse relation between age and cerebral flow velocities
(Oblak et al., 2002; Tegeler et al., 2013; Pase et al., 2014).
In the present study VA flows, velocities and diameters are in
line with previous studies (Schoning et al., 1994; Seidel et al.,
1999; Dorfler et al., 2000; Scheel et al., 2000; Yazici et al., 2005;
Oktar et al., 2006; Albayrak et al., 2007; Nemati et al., 2009; Sato
et al., 2012). The right VA flow was significantly lower that the left
VA flow. This was also observed in 2 previous studies (Schoning
et al., 1994; Albayrak et al., 2007). The mechanism is unclear but
a recent study (Jansen van Vuuren, 2017) in right-handed subjects
showed that the length of the origin of the brachiocephalic trunk to
the end of the right common carotid artery, was longer than on the
left side. This longer vessel length resulted in a higher vascular
resistance and thus lower flow. If so, distance from the origin of
the brachiocephalic trunk to the end of the VA artery may also
be longer than on the left side, resulting in a larger resistance over
the total vessel length and lower flows.
Using transcranial Doppler, one study (Wang et al., 2010) compared anterior and posterior flow velocities during HUT in men and
women. Both the anterior and posterior flow velocity decreased
after tilting in both sexes, with a significantly higher posterior flow
velocity decrease in women compared to men. For comparison

with that study, the flows of the left and right VA of the present
study were added and the percent CBF change calculated. There
was no significant difference in CBF change between man and
women (data not shown). But similar to the study of Wang et al.
the number of HV was too small to definitely address this question.
Limitations: the position of sample volumes in the arteries may
slightly differ between the three image acquisitions. This may have
influenced diameter and flow velocity measurements. Furthermore, vessel diameters were manually drawn, because of lack of
automated diameter tracking software. Although consensus determination of the diameters was used, the ICC of diameter calculation was not optimal, in contrast to the automated velocity
determination. The use of edge-detection software may lead to
more objective and accurate diameter measurements, resulting in
less variation of flow measurements. Finally, we did not take into
account the menstrual cycle in women, as has been recommended
(Thomas et al., 2015). However, cycle dependent alterations in
cerebral blood flow velocities have only been described (Krejza
et al., 2013) after vasostimulation.
5. Conclusion
During orthostatic stress in healthy volunteers there is a modest
decrease in CBF and a similar decrease of blood flow in carotid and
vertebral arteries, which is in contrast to a previous study. Moreover, CBF changes are modulated by PetCO2 changes, which further
validates this technique. These data may form the basis for patient
studies and interventions.
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