
Introduction

The healthy human maintains a relatively constant cerebral 
blood flow (CBF) in response to changes in arterial blood pres-
sure (ABP); the process by which this occurs is termed cerebral 
autoregulation (CA) [1]. Impaired dynamic CA, referring to 
CBF responses to rapid ABP changes occurring over seconds, 
may contribute to the pathophysiology of vasovagal or neurally 
mediated syncope, associated with an acute reduction in CBF.

It has long been known that the parasympathetic nervous 
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system may play a role in cerebrovascular regulation [2,3]. In 
addition, the pathophysiology of Alzheimer’s disease is charac-
terized by a cholinergic denervation of cerebral microvessels and 
a diminished cerebral perfusion [4,5].

In more recent human studies [6,7], cholinergic blockade by 
glycopyrrolate abolished the exercise-induced increase in cere-
bral perfusion, and impaired cerebral autoregulation at frequen-
cies above 0.04 Hz. Glycopyrrolate was used to block muscarinic 
receptors on the endothelium of cerebral vessel because it does 
not penetrate the blood-brain barrier in contrast to atropine 
[8]. However, cerebral vessels are surrounded by nerve fibers 
that originate from peripheral nerve ganglia and intrinsic brain 
neurons, respectively. The regulation of cerebrovascular tone is 
under control of the intrinsic innervations, as well as the extrin-
sic innervations [9]. Thus, atropine may be better than glycopyr-
rolate to evaluate parasympathetic role in cerebrovascular tone.

Atropine is an anticholinergic drug which is commonly used 
for treatment of bradycardia, cardiopulmonary resuscitation, and 
organophosphate poisoning. Specially, vagolytic (10–15 µg/kg) 
dose of atropine which is sufficient to block parasympathetic 
nervous system [10] is often used clinically in urgent situations. 
However, the effect of atropine on CA is little known in human. 
Therefore, we hypothesized that cholinergic block with atropine 
would attenuate cerebral vasodilation response during acute or-
thostatic hypotension. We evaluated dynamic CA and cerebro-
vascular resistance (CVR) during standing after administration 
of atropine in human.

Materials and Methods

Subjects

Ten healthy subjects (5 men and 5 women) with a mean age of 
29 ± 3 years, height of 169 ± 8 cm, and weight of 61 ± 12 kg par-
ticipated in this study. All subjects were nonsmokers and normo-
tensive. Subjects were instructed to refrain from consuming caf-
feinated or alcoholic beverages at least 24 hours prior to study. The 
experimental protocol was approved by the Institutional Review 
Board of our hospital, and all subjects were verbally informed of 
the intent and procedures of the study with written consent ob-
tained prior to data collection. The study was registered with the 
Clinical Research Information Service (number KCT0000211).

Instrumentation

Subjects were instrumented for heart rate measurement on 
an electrocardiography lead II (Hewlett-Packard 78352A, Palo 
Alto, USA) and beat-by-beat photoplethysmographic ABP 
(Finometer, Finapres Medical Systems BV, Amsterdam, Neth-
erland). End-tidal CO2 was measured via a nasal cannula using 
a mass spectrometer (Marquette Electronics, Milwaukee, WI, 
USA). A 2-MHz Doppler probe (Companion III, Viasys Health-
care, Madison, WI, USA) was placed over the temporal window 
to measure blood flow velocity in the middle cerebral artery 
(MCA) [11] with a probe fixation device used to stabilize the 
Doppler probe for the duration of the study. 

All physiological signals were digitized at 500 Hz using a 
commercially available data acquisition converter (Windaq, 
Dataq Instruments, Akron, OH, USA) with a personal computer 
and stored for subsequent off-line analysis. A 25-gauge catheter 
was inserted into a forearm vein for drug administration.

Protocol

This study was randomized and double-blind comparison of 
subjects between the vagolytic 10 µg/kg atropine and placebo (an 
equal volume with normal saline) groups [10]. At least, 14 days 
were allowed between experiments. All subjects received two 
types of infusions. Ten min after injection of atropine or placebo, 
6 min of baseline data were collected in the sitting position. 

Orthostatic hypotension was induced to assess dynamic CA 
by an active sit-to-stand procedure as described previously [12]. 
Subjects sat in a straight-backed chair with their legs elevated at 
a 90° angle for 5 min, then stood upright for 1 min. The initia-
tion of standing was timed from the moment both feet touched 
the floor. After these two sit-to-stand trials, subjects performed 
a 6 min standing for the transfer function analysis of ABP and 
CBFV signals (Fig. 1). During the studies, the hand with the Fi-
napres cuff was held at heart level to eliminate hydrostatic pres-
sure effects. Respiration was paced by aural entrainment at 0.25 
Hz (15 breaths/min) during all data collection periods to control 
normocapnia (the end-tidal partial pressure of CO2 between 37 
and 40 mmHg) and to permit the spectral analysis of physiologi-
cal variables, without the influence of respiratory cycles. 

Placebo or
atropine

(10 g/kg)� Sitting data collection

Standing#1 Standing#2

Standing data collection

Rest Sitting Rest Standing

10 min 6 min 1 min 1 min 6 min5 min

Fig. 1. General experimental protocol 
used for application of the sit-to-stand 
procedure. The study was a randomized, 
double-blind comparison both 10 µg/kg 
atropine and placebo (an equal volume 
of normal saline) groups. 
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Data processing and analysis

Off-line analysis was done using a MATLAB program (The 
MathWorks, Natick, MA, USA). Beat-to-beat R-R intervals 
(RRI), mean values of ABP (MAP) and cerebral blood flow ve-
locity (CBFV) were determined from the R wave of the ECG and 
the maximum and minimum of ABP or CBFV (Fig. 2). To eval-
uate the beat-to-beat dynamics of ABP and CBFV responses to 
acute posture changes, the differences were calculated between 
the baseline value measured during the sitting position (average 
over a period of 50 seconds) and the value during standing at 
the nadir of ABP (average of 5 values surrounding the nadir) for 
both MAP and CBFV [12,13]. Then these values for each group 
were averaged. We also computed these changes as a percentage 
of the baseline value.

Cerebrovascular response to transient orthostatic hypoten-
sion was assessed by calculation of the absolute and percent 
change in CVR (ABP/CBFV) from the sitting position (average 
of 50 seconds) to the nadir of ABP during standing (average of 5 
values) [12].

To evaluate the effect of atropine on the dynamic CA, coher-
ence and transfer function analysis using the ABP and CBFV 
signals’ autospectra [14] during the 5-min sitting and stand 
periods were also performed for each trial. Coherence (C) of the 
frequency content (f) between the ABP and CBFV time series 
was calculated from the power spectra (P) for the sitting posi-
tion using the following formula: 

where χ is the input signal (mean ABP) and y is the output 
(CBFV). The transfer function gain (H) was also computed for 
the sitting position using the following formula:

    

This method assesses autoregulation by examining the rela-
tive change in beat-by-beat CBFV with each beat-by-beat change 
in ABP.

The spectral power of ABP and CBFV, mean value of transfer 
function gain, phase and coherence function were calculated in 
the very-low-frequency (VLF, 0.02–0.07 Hz), low-frequency (LF, 
0.07–0.15 Hz), and high-frequency (HF, 0.15–0.30 Hz) ranges. 
These ranges reflect different patterns of the dynamic pressure-
flow relationship [14,15]. CA maintains CBFV relatively constant 
by using changes in CVR to buffer changes in ABP that would 
otherwise cause large fluctuations in CBFV. In the very-low-
frequency ranges, the damping effect of CA on changes in ABP 
is effective [14]. Coherence function between 0 and 1 reflects 
the linear relation between ABP and CBFV. If low coherence 
(< 0.5) observes at very-low-frequency (autoregulatory) ranges, 
this indicates nonlinear property of CA. Phase reflects the tem-
poral relation between oscillations of ABP (input function) and 
CBFV (output function). A phase decreases during conditions 
of compromised cerebral circulation. Transfer function gain 
as the ratio of the amplitudes of CBFV and ABP was taken to 
reflect the ability of the cerebrovascular bed to buffer changes in 
CBFV induced by transient changes in ABP. If autoregulation is 
functioning properly, changes in ABP cause minimal changes in 

Electrocardiography

Arterial blood pressure

Cerebral blood flow velocity

1 = 2
.127
Volt

2.500

171.6

2 = 10
65.2
MA3

46.6

61.7

3 = 11
24.2
MA7

8

Fig. 2. Arterial blood pressure and cerebral 
blood flow velocity response during 
the sit-to-stand procedure. Continuous 
beat-to-beat arterial blood pressure and 
cerebral blood flow velocity measured 
during the sit-to-stand procedure after 
atropine injection in a healthy subject. 
The black arrow represents point at which 
stand was initiated.
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CBFV, and thus transfer function gains should be low. When au-
toregulation is impaired, changes in ABP cause large changes in 
flow and thus gains should be high. Thus, a larger gain indicates 
that any given changes in blood pressure leads to a larger change 
in cerebral blood flow, implying impaired autoregulation [16,17].

Autonomic system response to each experimental condition 
was assessed with a power spectral density (Welch’s periodo-
gram) of R-R interval (RRI) variability and spontaneous baro-
reflex function, which was evaluated by 1) frequency-domain 
transfer function analysis of RRI and systolic ABP in the low-
frequency (BRSLF, 0.04–0.15 Hz) and 2) time-domain baroreflex 
sequences (BRSseq) analysis of RRI and systolic ABP, as described 
previously [18]. 

Statistics

All data are expressed as mean values ± SD. All scaled vari-
ables were tested for normality using the Shapiro-Wilk test. 
Because the distribution of both LF and HF components of RRI 

variability were skewed, the data were analyzed after a natural 
logarithmic (ln) transformation. To determine the effects of po-
sition and cholinergic blockade, hemodynamic variables, trans-
fer function coherence, gain, phase, and spectral power of RRI, 
ABP, CBFV were compared using two way repeated-measures 
analysis of variance with Bonferroni test for multiple compari-
sons and Friedman’s test with Tukey post hoc test, as appropri-
ate. The differences of all other variables were compared using 
paired t-tests. All statistical procedures were performed using 
personal computer-based software (Sigmaplot 11.0, Systat Soft-
ware, Inc., CA, USA). Statistical significance level was accepted 
at P < 0.05.

Results

Cardiovascular and cerebral hemodynamics 

Average BP, CBFV, and CVR during sitting as well as the first 
60 seconds of standing are shown in Fig. 3. A summary of the 
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Fig. 3. Group-averaged cerebrovascular responses during the sit-to-stand procedure. Normalized arterial blood pressure (ABP, lower right), cerebral 
blood flow velocity (CBFV, lower middle) and cerebral vascular resistance (CVR, lower left). The black arrows and time 0 represents point at which 
subject’s feet touched the floor and stand was initiated. Note that at the nadir of ABP after standing, the change of ABP was not different in both 
groups. However, CBFV was significantly more decreased in the atropine group than the placebo (P = 0.028). CVR was decreased significantly in the 
placebo group during posture change (P < 0.05), in contrast, lesser decreased in the atropine group.
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cardiovascular responses to atropine and standing is presented 
in Table 1. In the sitting position, compared with the placebo 
group, HR increased significantly in the atropine group (P < 0.05). 
ABP, CBFV, and CVR were unchanged by atropine administra-
tion.

At the nadir of ABP after standing, HR increased, ABP de-
creased similarly in both groups. However, CBFV was significantly 
more decreased in the atropine group than the placebo (P = 0.028). 
Thus, CVR was decreased significantly in the placebo group 
during posture change (1.56 ± 0.44 vs. 1.38 ± 0.38, P < 0.05), in 
contrast, lesser decreased in the atropine group (1.60 ± 0.50 vs. 
1.53 ± 0.42, P = 0.193). The percent changes in CVR was also 

significantly lesser in the atropine group (-3.3 ± 6.7%) than the 
placebo group (-10.5 ± 10.3%, P = 0.039).

ABP was fully recovered 1 minute after standing in both 
groups. But, the decreased CBFV during standing was partially 
recovered 1 minute after standing in the atropine group (53.4 
± 0.7 cm/sec, 90% of the sitting position) compared with in the 
placebo group (55.2 ± 0.9 cm/sec, 96% of the sitting position, 
P < 0.01) (Fig. 3).

Spectral and transfer function analysis 

Spectral power densities of RRI, ABP and CBFV during sit-
ting and standing sessions are shown in Table 2 and Fig. 4. In 
the sitting position, ln LFRRI spectral power in the atropine group 
was significantly lower than in the placebo (P < 0.05). LFABP and 
LFCBFV spectral powers were not different in both groups. During 
posture change, ln LFRRI spectral power was not change in both 
groups. However, LFABP and LFCBFV spectral powers were signifi-
cantly increased in the atropine group (P < 0.05, respectively) 
compared with the sitting position. LFABP spectral power in the 
standing position was higher significantly in the atropine group 
than the placebo (P = 0.008).

In the sitting position, LF/HF of RRI variability in the atro-
pine group was significantly higher than the placebo (P < 0.05). 
During posture change, LF/HF of RRI variability was signifi-
cantly increased in both groups (P < 0.05, respectively) com-
pared with the sitting position.

In the sitting position, BRSLF and BRSseq were significantly 
lower in the atropine group than the placebo group (P < 0.05, 
respectively). During posture change, BRSLF and BRSseq were not 
significantly changed in both groups.

Fig. 5 shows transfer function analysis of beat-to-beat chang-
es in ABP and CBFV during both sitting and standing sessions. 
Coherence in the VLF range remained below 0.5 in the placebo 
group during both positions, but was significantly increased in 
the atropine group during the standing session (0.55 ± 0.14), 
compared with during the sitting session (0.45 ± 0.14, P = 0.006). 

Table 1. Cardiovascular and Cerebral Hemodynamics to Postural Change 

Sitting Standing Difference % Difference

HR (bpm) Placebo 77.7 ± 10.4 99.8 ± 11.8† 22.1 ± 6.7 29.2 ± 11.0
Atropine 97.8 ± 10.9* 118.8  ± 10.1*,† 21.0 ± 3.0 21.8 ± 4.5

ABP (mmHg) Placebo 87.3 ± 10.7 62.2 ± 9.5† -25.0 ± 8.2 -28.6 ± 8.3
Atropine 92.4 ± 15.6 67.3 ± 11.4† -25.1 ± 11.1 -26.5 ± 9.2

CBFV (cm/s) Placebo 59.5 ± 15.8 47.4 ± 12.9† -12.0 ± 5.8 -19.6 ± 8.4
Atropine 61.2 ± 16.3 46.3 ± 12.0† -15.0 ± 7.0* -23.7 ± 8.5

CVR (mmHg/cm/s) Placebo 1.56 ± 0.44 1.38 ± 0.38† -0.18 ± 0.22 -10.5 ± 10.3
Atropine 1.60 ± 0.50 1.53 ± 0.42 -0.08 ± 0.14 -3.3 ± 6.7*

Values are mean ± SD. The value of standing is calculated at the nadir of ABP. HR: heart rate, ABP: arterial blood pressure, CBFV: cerebral blood flow 
velocity, CVR: cerebrovascular resistance. *P < 0.05 vs. placebo. †P < 0.05 vs. Sitting.

Table 2. Spectral Power Analysis of R-R Intervals, Blood Pressure and 
Cerebral Blood Flow Velocity

Sitting Standing

ln LFRRI, ms2 Placebo 4.36 ± 0.67 4.09 ± 1.12
Atropine 2.44 ± 0.73* 2.61 ± 1.32*

ln HFRRI, ms2 Placebo 3.38 ± 0.86 2.40 ± 1.00†

Atropine 0.11 ± 1.05* -0.84 ± 1.09*
LFABP, mmHg2 Placebo 1.93 ± 0.80 2.25 ± 0.94

Atropine 2.04 ± 1.20 4.50 ± 2.89*,†

HFABP, mmHg2 Placebo 0.23 ± 0.18 1.00 ± 0.82†

Atropine 0.48 ± 0.36* 0.71 ± 0.60
LFCBFV, cm2/s2 Placebo 1.41 ± 0.97 1.60 ± 0.57

Atropine 1.27 ± 0.77 3.24 ± 2.87†

HFCBFV, cm2/s2 Placebo 0.40 ± 0.38 1.23 ± 0.84†

Atropine 0.88 ± 1.26 1.02 ± 1.16
LF/HF Placebo 3.28 ± 2.74 8.28 ± 9.91†

Atropine 11.52 ± 9.14* 40.60 ± 41.95*,†

BRSLF Placebo 5.10 ± 1.74 4.35 ± 1.19
Atropine 1.83 ± 0.65* 1.79 ± 1.01*

BRSseq Placebo 8.32 ± 3.44 6.15 ± 3.53
Atropine 2.81 ± 1.33* 2.03 ± 1.17*

Values are mean ± SD. ABP: arterial blood pressure, CBFV: cerebral 
blood flow velocity, RRI: R-R interval, ln: natural logarithmic, LF: low-
frequency, HF: high-frequency, BRSLF: baroreflex sensitivity in low-
frequency, BRSseq: baroreflex sensitivity sequences. *P < 0.05 vs. placebo. 
†P < 0.05 vs. Sitting.
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In the standing position, VLF of coherence in the atropine group 
was increased compared with the placebo group (0.55 ± 0.14 vs. 
0.47 ± 0.16, P = 0.074). Gain and phase in the VLF range were 
not different in the both groups.

Discussion

We found in this study that vagolytic atropine (10 µg/kg) 
causes CBFV to fall significantly more as compared with a 

placebo under sudden postural decreases in ABP. Also, the de-
creased CBFV during standing was delayed a recovery in the 
atropine group. Reduction in CVR was significantly lesser in the 
atropine group than the placebo. Although Gain and Phase in 
the VLF range were not significantly changed with administra-
tion of atropine, transfer function coherence increased during 
the standing session. Considered together, these findings suggest 
that the vagolytic effect of atropine attenuates cerebral vasodila-
tion response, and may fall cerebrovascular reactivity during 
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orthostatic stress.
Concerning brain muscarinic receptors, heterogenous sub-

types of muscarinic receptor have been identified in human 
brain microvessels [19]. The cholinergic dilation of cerebral ves-
sels is abolished in M5 muscarinic acetylcholine receptor knock-

out mice [20], indicating that acetylcholine is an important 
regulator of local CBF for intraparenchymal brain microvessels. 
Furthermore, in Alzheimer’s disease, perivascular cholinergic 
nerve terminals of cerebral microvessels are largely lost, and 
the cortical CBF is diminished [4,21]. Clinically, cholinesterase 
inhibitors have the effect on cerebrovascular reactivity and neu-
rovascular coupling [5,22], and are commonly used for the treat-
ment in the patients of Alzheimer’s disease. In the present study, 
we infused atropine which can penetrate the blood-brain barri-
er; therefore, atropine is believed to act on muscarinic receptors 
within the brain parenchyma, as well as on cerebral vessels at the 
brain surface. Consequently, reduction of CBFV in the atropine 
group during the sit-to-stand procedure may be due to changes 
in cerebrovascular tone from cerebral vessels both at the surface 
and within the brain.

There are several possible explanations for the reduction in 
CBFV during orthostatic hypotension after 10 µg/kg atropine 
application. First, the vagolytic effect of atropine attenuate the 
vasodilatory response of cerebral artery by acetylcholine [6,20]. 
Second, the parasympathetic block and/or sympathetic activa-
tion caused by standing procedure may cause a dynamic shift 
in the autoregulatory range to the right (higher pressures). This 
shift may compromise CA during hypotension induced by or-
thostatic stress, contributing to symptoms of presyncope [23]. 
In an animal study [24], the lower limit of CA is shifted towards 
higher blood pressures in parasympathetically denervated rats. 
Thus, a vagolytic effect of atropine might also cause the shift to 
the right in the autoregulatory curve relating ABP to CBF, and 
might attenuate the autoregulatory response during the stand-
ing. Another explanation is that the reduction of HR variability 
and cardiac baroreflex caused by vagolytic atropine may affect 
the changes in CBFV during the change of posture. Previous 
studies suggests HR variability may contribute to changes in 
CBFV independent of its effects on ABP variability [25], and 
that acute cardiac baroreflex dysfunction resulting from cardiac 
autonomic blockade attenuates dynamic CA [26].

In this study, in addition to studying the effects of orthostatic 
hypotension, we also used transfer function analysis to evalu-
ate the effect of atropine on dynamic CA during spontaneous 
fluctuation of ABP. During the sitting session, coherence in the 
VLF range was not different in both groups. However, during 
the standing session, VLF of coherence in the atropine group 
was significantly increased above 0.5 compared with the sitting 
position and the placebo group. That is, the cerebrovascular 
response in the atropine group was more passively or linearly to 
changes in pressure than in the placebo group. Although Gain 
and Phase in the VLF range were not significantly changed, this 
increase of coherence with cholinergic blockade may attenuate 
dynamic CA.

The primary limitation of the current study is the use of tran-
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in arterial blood pressure and cerebral blood flow velocity in the very-
low-frequency range (VLF, 0.02–0.07 Hz), low-frequency range (LF, 
0.07–0.15 Hz), and high-frequency range (HF, 0.15–0.30 Hz) during 
both sitting and standing positions. Coherence in the VLF range was 
significantly increased above 0.5 in the atropine group during the standing 
position. Values are means ± SD. *P < 0.05 vs. Sitting.
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scranial Doppler ultrasonography for measurement of middle 
CBF. For velocity changes to be equivalent to flow changes, the 
diameter of the MCA should remain constant. Numerous stud-
ies have shown that MCA diameter in humans remains relatively 
constant under a variety of hemodynamic conditions [27,28]. 
Therefore, we assumed that beat-to-beat changes in CBFV in the 
present study reflected primarily changes in blood flow.

Another limitation is the dosage (10 µg/kg) of atropine used 
in this study. The dosage of atropine used clinically can be up 
to as much as 40 µg/kg. Although it is known that 10–15 µg/kg 
atropine is sufficient to block the vagus nerve [10,29], we can-
not exclude the possibility that a higher dose of atropine may be 

needed to completely block the cholinergic nerve system [30]. 
Finally, the subjects in this study were healthy volunteers. For 
further evaluation of the effects of atropine on cerebral perfu-
sion, it may be useful to study subjects with compromised he-
modynamics or cerebrovascular disease.

In conclusion, the present study shows that cholinergic block 
by 10 µg/kg atropine attenuated cerebral vasodilation response 
to acute orthostatic hypotension, causing CBFV to fall signifi-
cantly more as compared with a placebo. Our findings have im-
plications for further studies of cerebrovascular tone in various 
clinical conditions associated with vagal impairment.
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