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a b s t r a c t

Slow oscillations around 0.1 Hz are characteristic features of both the cardiovascular and central nervous
systems. Such oscillation have been reported, e.g. in blood pressure, heart rate, EEG and brain oxygenation.
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Hence, conscious intention of a motor act may occur only as a result of brain activity changes in frontal
and related brain areas, or might be entrained by slow oscillations in the blood pressure. Twenty-six
subjects were asked to perform voluntary, self-paced (at free will) brisk finger movements. Some subjects
performed self-paced movements in relatively periodic intervals of around 10 s at the decreasing slope
of the slow 0.1-Hz blood pressure oscillation. Our study reveals the first time that self-paced movements,
at least in some subjects, do not stem from “free will” based on brain activity alone, but are influenced

scilla
aroreflex loop by slow blood pressure o

oluntary, self-paced finger movement is preceded by an increased
evel of brain activity in form of a negative potential shift, the so
alled “Bereitschaftspotential”, starting 1–2 s prior to movement
nset [6]. Functional magnetic resonance imaging (fMRI) studies
ave recently demonstrated that free decisions to perform right or

eft finger movements showed activation in medial and lateral fron-
opolar corticies 7 s before the subject’s motor decision [20]. This
aises an interesting question: does conscious intention of a motor
ct occur in any phase-relationship to slow oscillations in the blood
ressure? In other words, does conscious free will stem from brain
ctivity alone [10], or can it also depend on the interoceptive sys-
em, including internal bodily events such as slow blood pressure
aves [4]?

Functional MRI studies during rest, sometimes combined with
EG [14] or heart rate [7], have shown that there are fluctuations
etween 0.01 and 0.1 Hz in the resting-state fMRI BOLD signal. This
ork shows that the 0.1 Hz blood pressure oscillations and/or heart

ate oscillations are among many variables responsible for fluctu-
tions of brain activity.

People have various physiological rhythms, such as cardiovascu-
ar, respiratory and blood pressure rhythms [13]. Of special interest

re slow blood pressure waves, with a frequency of around 0.1 Hz
nd respiratory rhythms between 0.2 and 0.5 Hz. The 0.1 Hz com-
onent may be related to the “eigenfrequency” of the baroreflex,
hich implies that this frequency can be seen as a type of resonance

∗ Corresponding author. Tel.: +43 316 873 5303; fax: +43 316 873 5349.
E-mail address: pfurtscheller@tugraz.at (G. Pfurtscheller).

304-3940/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
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tions.
© 2009 Elsevier Ireland Ltd. All rights reserved.

phenomenon within the baroreflex loop and/or the cardiovascu-
lar system [21,23]. Other slow oscillations also exist, such as the
0.15-Hz rhythm in the heart rate and arterial blood pressure, which
exhibit varying phase and frequency coupling with the respiration
induced through neurons in the reticular formation of the brain
stem [16].

Twenty-six naive subjects (12 males, 14 females), aged 19–31
years (M = 23 ± 2.8), participated in the present study. All sub-
jects were right-handed and had normal or corrected to normal
vision. All experiments were in compliance with the World Medi-
cal Association Declaration of Helsinki. The protocol was approved
by the Ethics committee of the Medical University of Graz and
the subjects gave informed written consent before the experi-
ment. First, a 5-min recording was made while subjects rested to
assess the spontaneous low-frequency oscillations around 0.1 Hz
in the blood pressure during rest conditions. Next, subjects were
instructed to perform voluntary, self-paced (at free will) brisk
finger movements within a period of 10 min. No other instruc-
tion was given. Each subject’s right index finger rested on a
micro switch with a defined pressure point. Hence, a sloping
edge was detected and stored that was synchronous to each
movement onset. Similarly, a rising edge was synchronous to the
offset.

Data from four subjects were rejected from further analysis

due to high blood pressure, irregular respiration, extra ventricular
contractions or recording artefacts. We measured the movement-
to-movement intervals (MMIs) and calculated the mean ± SD and
median for each of the remaining 22 subjects. Analysing the MMIs
revealed a great intersubject variability. We formed three groups

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:pfurtscheller@tugraz.at
dx.doi.org/10.1016/j.neulet.2009.10.060
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Table 1
Characteristic data from group A.

Subj./sex Age (years) Mean HR during
rest (bpm) ± SD

Mean BP during
rest (mmHg) ± SD

MMI Number of MMIs Rest EF (Hz) BPdia

BPsys BPdia Mdn (s) SDn

AS2/m 26 70 ± 4 96 ± 6 64 ± 3 7.3 0.25 80 0.10
AS4/f 23 76 ± 3 107 ± 2 72 ± 1 9.9 0.24 59 0.11
AS6/m 23 92 ± 5 114 ± 4 77 ± 3 9.2 0.13 63 0.09
AS7/m 20 70 ± 5 108 ± 5 62 ± 2 7.3 0.36 79 0.11
AS8/f 20 75 ± 4 100 ± 5 54 ± 2 12.4 0.30 47 0.09
AU2/m 27 72 ± 6 125 ± 7 75 ± 3 12.2 0.28 48 0.10
AU3/m 23 65 ± 11 126 ± 4 74 ± 3 8.9 0.39 66 0.12
AT7/m 23 62 ± 5 113 ± 8 60 ± 2 10.4 0.35 43 0.11
AQ9/m 26 70 ± 3 117 ± 3 86 ± 1 12.0 0.25 58 0.08

Mean 23.4 72 112 69 10.0 0,28 60 0.10
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he table presents age, heart rate (HR), systolic (BPsys) and diastolic (BPdia) blood p
SDn), number of MMIs and the dominant spectral peaks around 0.1 Hz during rest

rom the self-paced condition according to the median and the
ormalized SDn (mean/SD):

Group A: median ≥7 s and <13 s and SDn <0.4
Group B: median ≥13 s.
Group C: median <7 s and SDn <0.4

Group A: 9 subjects showed relatively constant intervals
etween consecutive movements of 10.0 s ± 2.0 (mean ± SD).
roup B: 8 subjects performed self-paced movements in random

ntervals of 20.8 s ± 6.3. Group C: 5 subjects performed relatively
ast and periodic self-paced movements in intervals of 4.55 s ± 1.32.
ubjects in group C were excluded from further analysis because
f their short inter-movement intervals related frequently to res-
iratory cycles. The remaining subjects executed the self-paced
ovements either relatively periodically, with a frequency close

o 0.1 Hz (group A), or randomly (group B). Tables 1 and 2 present
dditional analyses of data from these two groups.

We continuously recorded the ECG bipolarly at electrodes
laced on the thorax (filter setup: 0.5-100 Hz), blood pressure
BP), respiration and prefrontal changes of (de)oxyhemoglobin
Hb/HbO2). For BP recording, a continuous non-invasive monitor-
ng system (CNAPTM Monitor 500, CNSystems) was used. Data were
ecorded from the proximal limb of the index or middle finger.
he respiration patterns were obtained by using a respiratory sen-
or (Respiratory Effort Sensor, Pro-Tech Services Inc., filter setup:

.1–100 Hz). Hb/HbO2 were recorded with a custom made one-
hannel near-infrared spectroscopy (NIRS) system [1]. The system
ses the continuous wave (CW) method and measures hemody-
amic concentration changes in HbO2 and Hb. The sources and the
etector were placed over the frontal cortex 1.5 cm to the left and

able 2
haracteristic data from group B (For further explanation see Table 1).

Subj./sex Age (years) Mean HR during
rest (bpm) ± SD

Mean BP during
rest (mmHg) ± SD

BPsys BPdia

AS3/f 22 62 ± 3 113 ± 3 72 ± 2
AS5/m 31 68 ± 4 94 ± 4 56 ± 2
AT8/f 24 63 ± 4 102 ± 3 72 ± 2
AU1/m 23 89 ± 3 146 ± 2 87 ± 2
AU4/f 20 64 ± 3 107 ± 4 67 ± 2
AU5/f 24 70 ± 7 141 ± 3 108 ± 5
AU7/f 20 65 ± 3 103 ± 4 69 ± 2
AT6/m 27 68 ± 5 109 ± 4 71 ± 2

Mean 23.9 69 114 75
STD 3.7 9 19 16
2.0 0,08 13 0.01

re (BP), movement to movement intervals (MMIs) with median and normalized SD
his dominant peak is termed “eigenfrequency”.

right of position FP1 according to the international 10/20 system
for EEG recording. A digital 3 Hz low pass Butterworth filter of order
5 with an attenuation of 30 dB in the stop band was used to allow
down sampling to 10 Hz. Afterwards, a 0.01 Hz high pass filter was
used to remove baseline drifts. For more details about the system
see [1].

From the ECG, the QRS complexes were automatically detected
based on an algorithm using a filter bank to decompose the ECG
signal into various subbands. Afterwards, an interval series was
formed, linearly interpolated, resampled at 4 Hz and displayed
as HR intervals (RRI) series. From the BP recording, the beat-to-
beat systolic (BPsys) and diastolic (BPdia) pulse pressures were
extracted, linearly interpolated, resampled by 4 Hz and also time
series generated. A transfer function model [9] was used to remove
respiratory-related variability from instantaneous HR-, RRI-, BPdia-
and BPsys-time series and Hb/HbO2 signals. Auto spectra were cal-
culated from the RRI, BP beat-to-beat time series and HbO2 by
applying Welch’s method with a Hanning window. The single seg-
ments had a length of 100 s, with 50 s overlap. Welch’s method was
also used to estimate cross power spectral density and magnitude
squared coherence (COH2). For the phase-relationships, we chose
the frequency with the highest squared coherence between RRI and
BPdia series. With this frequency, it is possible to identify the phase-
and time-delay from the cross power spectra. (time-delay = phase-
delay/(2 × pi × frequency)). Fig. 1 presents the examples of different
time series and their spectra. Each time series displays slow oscil-

lations as documented by the 0.1-Hz peaks in the power spectra. In
the spectra of BP and HbO2, additional peaks at ∼0.24 Hz are visible
due to the respiration.

The power spectrum was calculated from the 5-min BPdia time
series during rest. When one dominant peak was found in the

MMI Number of MMIs Rest EF (Hz) BPdia

Mdn (s) SDn

16.5 0.47 24 0.11
14.2 0.65 36 0.08
15.4 0.1 39 0.08
31.1 0.32 19 0.11
28.0 0.35 20 0.09
16.4 0.14 36 0.11
24.4 0.31 24 0.1
20.5 0.17 30 0.1

20.8 0.31 29 0.1
6.3 0.18 8 0.01
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ig. 1. Example of blood pressure (mmHg), RR intervals (ms), �HbO2 and respirati
ith the corresponding power spectra for BP, RRI and HbO2. Dominant peaks were

y bold numbers in the far right column). All other subjects showed either unclear p
elected automatically.

ower spectrum between 0.07 and 0.13 Hz, it was interpreted as the
eigenfrequency” of the cardiovascular system (see Tables 1 and 2).

In a first step, both the respiration corrected beat-to-beat
lood pressure and heart rate interval time series were averaged
cross all subjects of each group starting 6 s prior and ending
s after each movement onset. Fig. 2 presents the examples of

he individual averaged diastolic blood pressure time courses and
eat-to-beat heart rate responses, together with their grand aver-
ge time courses. Prior to movement onset, the beat-to-beat heart
ate intervals increased in all 9 group A subjects, who also clearly
isplayed a decreasing slope in their 0.1-Hz blood pressure oscil-

ations. Both the blood pressure decrease and the beat-to-beat
ncrease were highly significant (see indicated time windows in
ig. 2; paired sample t-test p < 0.01 and p < 0.005, respectively). No
uch movement-related changes were found in group B.

Second, the phase-relationship between RRI and BPdia were
nalysed for both groups by calculating cross spectra. The results
re summarized in Table 3. We found that the mean time delay
aried between 2.6 and 2.9 s without any significant differences
etween both groups, or between rest and movement conditions.
herefore, in all subjects from groups A and B, across both condi-

ions, the 0.1-Hz BPdia oscillation led the 0.1-Hz HR oscillation by
2.6 s.

Third, we investigated whether any relationship exists in group
between the “eigenfrequency” derived from the resting state and

he movement-to-movement intervals. The subjects who exhib-
e courses during self-paced movements (indicated by vertical lines) in subject AS6
in only 4 subjects in group A and 5 subjects of group B (indicated in Tables 1 and 2
r two peaks within the investigated interval, whereby always the largest peak was

ited relatively constant movement-to-movement intervals around
10 s displayed a weak negative correlation (r = −0.524, p = 0.182),
with its “eigenfrequency”. This weakness of the relationship is not
surprising, since only 4 subjects displayed clear spectral peaks in
the BP time series during rest (marked in Fig. 3 by circles). The
weak correlation might also result from the small number of sub-
jects, and because (in some subjects), one pressure wave sometimes
occurred between consecutive movements, and other times, two
blood pressure waves occurred instead. Summarizing, the weak
correlation seen here may result from the small sample size and
some confounds.

One of the goals of the complex, non-linear cardio-baroreceptor
control system [18,21] may be to guarantee the blood and oxygen
supplies, respectively, of all body parts and especially the cen-
tral nervous system (CNS). An interesting feature of this system
is the slow oscillation with a strong preference for frequencies
around 0.1 Hz [23]. Noteworthily, such 0.1-Hz oscillations have
been reported at different brain locations and in different physi-
ological signals. For example, Cooper et al. [3] reported irregularly
rhythmical changes at a frequency of about 0.1 Hz in the oxygen
availability of cortical tissue, Schroeter et al. [17] reported on spon-

taneous low-frequency oscillations of oxyhemoglobin at optodes
places over the occipital cortex, and Witte et al. [24] described the
occurrence of EEG bursts in full-term newborns (“tracé alternant”
EEG pattern) in intervals of approximately 10 s. Recently, slow fre-
quency fluctuations in the range between 0.01 and 0.1 Hz have been
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Fig. 2. Diastolic blood pressure and HR interval time series changes obtained in groups A (upper panels) and B (lower panels). (Left): Diastolic blood pressure changes ((BPdia);
(Right): HR interval time series changes ((RRI). Individual and grand average time courses and the mean ± SDs calculated in consecutive 500-ms windows are displayed. The
horizontal line at second 0 marks movement onset. Note also the 500-ms time windows displaying significant differences (*p < 0.05; **p < 0.01) either to 0 s (RRI) or 0.5 s prior
to movement onset (BPdia).

Table 3
Phase-delays between BPdia and RRI oscillations around 0.1 Hz for groups A (left) and B (right) for rest and self-paced (SP) movement conditions with COH2 > 0.5.

Subj. BPdia vs. HR group A Subj. BPdia vs. HR group B

SP Rest SP Rest

Freq (Hz) Angle (◦) Time (s) Freq (Hz) Angle (◦) Time (s) Freq. (Hz) Angle (◦) Time (s) Freq. (Hz) Angle (◦) Time (s)

AS2 0.12 −102 −2.37 0.12 −111 −2.57 AS3 0.10 −72 −2.01
AS4 0.12 −131 −3.04 0.10 −100 −2.77 AS5 0.10 −98 −2.72 0.08 −90 −3.14
AS6 0.10 −129 −3.60 0.10 −134 −3.72 AT8 0.10 −88 −2.45 0.08 −114 −3.96
AS7 0.12 −113 −2.60 0.12 −108 −2.49 AU1 0.12 −132 −3.05 0.11 −130 −3.29
AS8 0.12 −85 −1.97 0.08 −50 −1.72 AU4 0.10 −85 −2.36 0.10 −91 −2.53
AU2 0.12 −116 −2.70 0.13 −104 −2.23 AU5 0.10 −85 −2.35 0.09 −68 −2.24
AU3 0.13 −77 −1.65 0.13 −73 −1.56 AU7 0.08 −89 −3.08 0.08 −95 −3.28
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AT7 0.12 −99 −2.59 0.12 −93 −2.15
AQ9 0.12 −112 −2.60 0.10 −94 −2.61
Mean 0.12 −107 −2.57 0.11 −96 −2.58
STD 0.01 18 0.56 0.02 24 0.71

eported in the resting-state fMRI BOLD signal related to HR [7,19]
r EEG power fluctuations in various frequency bands [14]. All these
bservations suggest a close relationship between brain activity
uctuations at frequencies around 0.1 Hz and the timing of mental
rocesses associated with (at least) the preparation and initiation
f self-paced movements. Here, we report for the first time that a
low decrease of the 10-s blood pressure slope may act as a type of
rigger for cortical activity changes associated with the initiation of
oluntary movements.

In group A, we have to consider two types of mutually interact-
ng 0.1 Hz oscillations. The first are the motor actions that result
rom central changes in motor excitability induced through 0.1 Hz
scillations (motor responses being entrained to 0.1 Hz pressure
scillations). The second oscillations are the induced blood pres-
ure changes (“exercise pressor response” [12]) through muscle
ctivation with a frequency of 0.1 Hz (physiological oscillations

eing entrained to behavioral responses). During a “steady-state”
ondition with two mutually interacting 0.1-Hz oscillations, the
mportant condition of the baroreflex is fulfilled: the blood pres-
ure change leads clearly the heart rate change (see Table 3).
he heart rate changes are induced by “central commands” [22]
T6 0.10 −85 −2.37 0.10 −73 −2.02
ean 0.10 −92 −2.55 0.09 −95 −2.92
D 0.01 18 0.37 0.01 22 0.69

which impinge upon brainstem cardiovascular nuclei and induce
the pre-movement deceleration ([15], see Fig. 2 upper right dia-
gram) closely related to the pre-movement blood pressure decrease
(Fig. 2 upper left diagram). The preparatory HR deceleration is fol-
lowed by a fast return to the baseline and a post-movement cardiac
acceleration [9,11].

Why did only some subjects execute self-paced movements
in ∼10-s intervals, and how did the cardiovascular features dif-
fer between groups A and B? No difference between both groups
was found in the “eigenfrequency” during rest (see Tables 1 and 2).
No significant difference was found in the phase-coupling of
0.1-Hz oscillations in BPdia and RRI time series (see Table 3).
Remarkably, 7 males were in group A, but only 2 males were
in group B. This is interesting because there is strong evidence
that males have a higher baroreflex gain than females [2]. This
could indicate that subjects with higher baroreflex gain are more

likely to exhibit self-paced movements in close phase-relationship
to the 10-s blood pressure oscillations. Further research should
explore whether “central commands” and/or stronger CNS inhi-
bition through baroreceptor activation [8] could also differentiate
between groups.
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Fig. 3. Relationship between mean movement-to-movement intervals and “eigen-
frequency” defined in the resting state without movement while performing
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oluntary, self-paced finger movements. Each subject is illustrated by a distinct
ymbol. The line fits the relationship in a least squares calculation (coefficient of
etermination R2 = 0.28). The encircled subjects displayed clear spectral peaks in
he BP time series.

Summarizing, some subjects (group A) performed voluntary,
elf-paced movements in relatively periodic intervals of around 10 s
t the decreasing slope of the slow 0.1-Hz blood pressure oscil-
ation. This means somatic markers [5] might be responsible for
nitiation of self-paced movements in some subjects, where the
eigenfrequency” of the blood pressure waves play a special role.
ur study indicates that self-paced movements, at least in some

ubjects, do not stem from “free will” from brain activity alone, but
re influenced by slow blood pressure oscillations.
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