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Human cardiovascular variability,
baroreflex and hormonal adaptations
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1. We studied cardiovascular variability, baroreflex and blood volume regulating hormones to
determine the relative roles of autonomic regulation and hormones during blood donation.
2. The sympathetic response was studied by measuring the R–R interval and systolic blood pressure
variability using coarse graining spectral analysis in eight blood donors. Beat-by-beat R–R
intervals and blood pressure were recorded for 20 min before and 5 min after a whole-blood
donation of 480³10 ml (about 7 ml/kg of blood volume, over 4 min). Plasma catecholamines,
vasopressin, atrial natriuretic peptide, endothelin, active renin, osmolality, Na+, K+, haemoglobin and haematocrit were measured just before and after blood withdrawal.
3. Blood donation led to increases in the plasma catecholamines (adrenaline, 21³2 versus
35³3 pg/ml ; noradrenaline, 229³26 versus 323³37 pg/ml ; dopamine, 34³3 versus
66³9 pg/ml) and in systolic blood pressure (130³6 versus 140³5 mmHg). These changes were
independent of ionic or slow endocrine mechanisms. Heart rate, cardiovascular variability and
the spontaneous baroreflex sensitivity did not change despite the increase in blood pressure and
catecholamines. Thus the peripheral vascular control was probably involved.
4. We conclude that the absence of any change in heart rate usually observed during nonhypotensive hypovolaemic stress is probably due to the sympathetic activation being counterbalanced by the high supine vagal tone at the heart and not to the heterogeneous nature of the
sympathetic neural response or to changes in sympathetic and parasympathetic activity without
any change in autonomic balance.

INTRODUCTION
Blood pressure depends in part on the blood volume.
Despite large variations in liquid input and output, the
blood pressure remains well regulated over a small range.
Short-term regulation is due to reflexes and mid- and
long-term regulation relies on endocrine mechanisms.
The long-term regulation of blood pressure by controlling blood volume has been extensively studied

because of its role in hypertension. Short-term regulation
has also been studied during postural fluid redistribution
and after the loss of large volumes of blood, which lead to
a change in blood pressure. These studies can help clarify
the changes that occur in haemorrhagic shock. There
have been fewer studies on short-term adaptation to a
non-hypotensive acute drop in blood volume, although it
is common during mild haemorrhage or blood donation.
Clinicians are sometimes confronted with (pre-) syncopal
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symptoms in these situations. There is also a 10 %
decrease of blood volume during space flights lasting
several days and in ground-based simulated weightlessness, after which subjects may experience orthostatic
intolerance when standing [1]. A better understanding of
the relationships between changes in blood volume and
the stability of the cardiovascular system could improve
the prediction and prevention of orthostatic intolerance.
The short-term consequences of a mild drop in blood
volume are still unclear. The (low-pressure) cardiopulmonary baroreceptors are probably unloaded. The
central venous pressure [2], cardiac filling pressure [3]
and left atrial volume [3] all decrease, and the lack of any
decrease in blood pressure without a change in heart rate
suggests that the (high pressure) arterial baroreceptors
are not involved [4]. Several explanations have been given
for the adaptation to a specific unloading of cardiopulmonary baroreceptors [5] without any definitive
answer. This study was carried out to verify that a
donation of 10 % of the donor’s blood volume caused a
rapid resetting of the baroreflex and that the lack of a
consistent change in heart rate during this protocol could
result from the heterogeneous sensitivity of peripheral
effectors to a sympathetic stimulation.

MATERIALS AND METHODS
Subjects
A group of eight healthy subjects [seven men and one
woman ; age, 33³3 (range 25–45) years ; height, 175³2
(167–181) cm ; weight, 69³3(56–82) kg], volunteered for
this study. They were regular blood donors from the
hospital staff and were familiar with the blood donation
room and procedure. None suffered from any chronic
disease, had any recent acute disease, or was taking any
medication. The subjects were given a complete description of experimental procedure and they signed a
consent form. No cigarettes or caffeine-containing
beverages were allowed for 12 h before the experiment.
The data collection procedure was approved by the
Comite! Consultatif de Protection des Personnes MidiPyre! ne! es I.

Experiment
The experiment took place in the blood donation room of
the Etablissement de Transfusion Sanguine de Nı# mes.
Two hours after a light lunch the subjects were interviewed and examined as part of the regular medical
check-up before each blood donation. Their resting heart
rate and manometer blood pressure were measured. The
subjects then laid in the comfortable blood donation
chair for 10 min during which time ECG electrodes and
a finger blood pressure cuff were fitted. R–R intervals
and systolic blood pressure were then recorded on a beatto-beat basis over 15–25 min. A 20-ml blood sample was
# 1998 The Biochemical Society and the Medical Research Society

taken by direct venous puncture after this first recording.
A trained phlebotomist performed all venepunctures.
The regular blood donation was collected in a standard
blood collection bag over about 4–5 min. The subjects
did not perform hand grip during the phlebotomy to
avoid any influence of isometric exercise on the sympathetic response. A second blood sample was obtained
after clamping directly from the tubing for the regular
medical screening and 20 ml for the experiment. The
second beat-by-beat recording was then made after
stabilization of heart rate and blood pressure (about
5 min after the end of the donation). At the end of the
second recording the subject was allowed to stand and go
for a snack.

Blood sample analysis
Each blood sample was divided in two ; 5 ml was mixed
with EDTA and 15 ml was placed in heparinized tubes.
The haematocrit and haemoglobin were immediately
determined in the EDTA samples using a cell counter
(Onyx, Coulter, FL, U.S.A.). The heparinized samples
were immediately centrifuged at 1500 g for 10 min at
4 °C. The plasma was stored at ®40 °C until assayed.
Plasma sodium and potassium (IL Flame photometer,
Milan, Italy) and osmolality (Fisk OR Osmometer, MA,
U.S.A.) were measured. The plasma concentrations of
catecholamines (adrenaline, noradrenaline and dopamine) were measured by HPLC with electrochemical
detection [6]. Plasma vasopressin [7], atrial natriuretic
peptide [8], endothelin [9] and active renin (Renin IRMA,
Pasteur Kit, ref. 79897) were determined by radioimmunoassay.

Recordings
Two-lead surface ECG and Finapres 2300 (Ohmeda,
Engelwood, CO, U.S.A.) blood pressure signals were
recorded from each subject before and after blood
donation. Recordings were long enough to obtain at least
1024 heartbeats (15–25 min). A peak detection circuit
was used to discriminate the R-wave from the ECG. The
impulse train was processed in real-time on a personal
computer via an analogue-to-digital converter (DAS16G, Keithley-Metrabyte, Taunton, MA, U.S.A.) at a
sampling frequency of 1000 Hz and a resolution of 12
bits. The beat-by-beat R–R intervals and systolic and
diastolic blood pressures were stored for later analysis.
Each series was searched for abnormal values (defined as
values 25 % greater or less than the preceding value)
before analysis. Very few were identified (! 1 %).
Abnormal intervals were typically due to a missed beat,
or to triggering the T-wave as well as the QRS complex.
A beat was inserted when one was missed, while the two
short interval values were deleted when the T-wave was
triggered and a beat was inserted by interpolation. The
filtered R–R interval and systolic blood pressure data
were then aligned sequentially to obtain equally spaced
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samples of R–R interval series and systolic blood pressure
series [10]. The mean arterial blood pressure (2}3 of
diastolic blood pressure plus 1}3 of systolic blood
pressure) and pulse arterial blood pressure (systolic blood
pressure minus the preceding diastolic blood pressure)
were computed. The recording conditions were strictly
controlled to approach stationarity. Each subject was
familiar with the experiment room and was made familiar
with the equipment before the first recording. Subjects
were asked to avoid any movement, to breathe quietly,
and to be as relaxed as possible but not to sleep. The
experiment room was quiet and air-conditioned with no
bright light.

was fitted to each individual sequence for a subject during
the data analysis period. The mean response slope was
taken as the average of these individual regressions.
Parlow et al. [15] showed that the same methods provide
values of baroreflex sensitivity similar to those obtained
with the drug-induced method. We also computed the
gain in the mid-frequency band (0.07–0.14 Hz) for
systolic blood pressure and R–R intervals by crossspectral analysis [16]. The spontaneous baroreflex and
the gain in the mid-frequency band were computed three
times for each subject, in the last 5 min of the predonation recording, and in the first and last 5 min of the
post-donation recording.

Time series analysis

Statistics

The means and S.D.s of the R–R interval and systolic and
diastolic blood pressure were obtained for each recording. The fractal components of R–R interval variability and of systolic blood pressure variability were
analysed by subjecting the 1024-data-point time series to
coarse graining spectral analysis (CGSA) [11]. CGSA
discriminated fractal random walks from simple harmonic motion based on characteristics that the original
and rescaled (coarse grained) time series had random
phase relationships only for fractal signals. Two rescaled
versions of the original time series were obtained by
sampling every second value or holding each value for
two sample points. The fractal component was plotted in
a log-power versus log-frequency plane and the spectral
exponent (β) was estimated as the slope of the linear
regression of this plot from 2.5 % of Nyquist frequency
to 0.3 Hz or higher, if the plot was still linear at higher
frequencies [12]. The CGSA method also provided a
power spectrum for the harmonic (or regular oscillatory)
components which have been used to evaluate the cardiac
autonomic outflow [11]. Harmonic spectral components
were analysed to determine the power in the lowfrequency (0.0–0.15 Hz), high-frequency (0.15–0.50 Hz)
and total (0.0–0.50 Hz) domains of heart rate variability
and of blood pressure variability spectral analysis. The
spectra were only divided into two frequency domains
because autonomic regulation of the heart depends only
on the two branches of the autonomic nervous system
and because CGSA allows measures of the harmonics
over the whole frequency range. The frequency domain
measures determined were those previously recommended [13].

Spontaneous baroreflex
Beat-by-beat data for the R–R interval and systolic blood
pressure were examined for the occurrence of spontaneous baroreflex sequences [14]. Three or more consecutive heartbeats in which changes in systolic pressure
of at least 1 mmHg were accompanied by directionally
similar changes in R–R interval of at least 1 ms were
considered to be baroreflex responses. A linear regression

Values are expressed as means³S.E.M. The statistical
comparison of values before and after blood donation
was performed using a Wilcoxon test for paired data for
each of the blood and cardiovascular parameters. The
difference of spontaneous baroreflex and gain in the midfrequency band between the three determinations was
assessed by the Kruskal–Wallis test for paired data. The
significance level was set at P % 0.05.

RESULTS
The total blood volume taken was 480³10 ml (about
7 ml}kg), including the experimental and screening
samples. Blood donation was well tolerated and no
subject showed any vagal sign, (pre-) syncopal symptom
or orthostatic intolerance when standing 30 min after
donation.

Blood samples (Table 1)
The plasma adrenaline, noradrenaline and dopamine
concentrations were slightly but significantly higher after

Table 1

Blood and plasma assay results

The plasma parameters before and after blood donation. NS, not significant.

Osmolality (mosmol/kg H2O)
Vasopressin (pg/ml)
Atrial natriuretic peptide (pg/ml)
Endothelin (pg/ml)
Active renin (pg/ml)
Haemoglobin (g/l)
Haematocrit (%)
Na+ (meq/l)
K+ (meq/l)
Adrenaline (pg/ml)
Noradrenaline (pg/ml)
Dopamine (pg/ml)

Before

After

P value

301³2
2.9³0.6
20.8³3.0
5.9³1.0
10.6³2.3
142³3
42.3³0.9
136.3³0.6
4.1³0.2
21³2
229³26
34³3

302³3
3.0³0.7
22.8³3.1
5.5³1.0
10.1³2.4
142³3
42.1³0.9
136.2³0.7
3.9³0.1
35³3
323³37
66³9

NS
NS
NS
NS
NS
NS
NS
NS
NS
P % 0.05
P % 0.05
P % 0.05
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Figure 1

Cardiovascular recordings and their spectral analysis of one subject before and after blood donation

Panels (a) and (b) represent systolic blood pressure (upper curves) and heart rate series (lower curves ; heart rate is shown instead of R–R intervals for scale convenience).
The spectral analysis diagrams of R–R interval (c and d) and of systolic blood pressure (e and f) show the regular fast Fourier transform (thin spectrum) and the coarse
graining spectral analysis (dark spectrum) before (c and e) and after (d and f) a blood donation. The difference between thin and dark spectrum corresponds to the
fractal noise contained in the series.
blood donation. The other blood parameters measured
were not altered by the blood donation.

Cardiovascular parameters
Figure 1 presents the cardiovascular recordings of one
subject and their corresponding spectral analysis before
and after blood donation. Blood donation led to a slight
but significant increase in systolic and mean blood
pressures. Heart rate, pulse and diastolic blood pressure
were not altered (Table 2). Spectral analysis of R–R
interval variability showed no alteration of the autonomic
# 1998 The Biochemical Society and the Medical Research Society

influence on the heart. Blood donation induced a significant increase in the high-frequency component of
blood pressure variability (Table 3). This effect disappeared when the spectral components were normalized. The spectral exponent of R–R interval variability
tended to increase after blood donation but it did not
reach a significant level. Fractal analysis of blood pressure
variability did not show any difference either for the
percentage of fractal or for the spectral exponent (β). The
spontaneous baroreflex was similar at the three determinations (just before : 11.9³1.4 ms}mmHg, just after :
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Table 2

Cardiovascular parameters

The cardiovascular parameters before and after blood donation. BP, blood
pressure ; NS, not significant.

Systolic BP (mmHg)
Diastolic BP (mmHg)
Mean BP (mmHg)
Pulse BP (mmHg)
R–R interval (ms)

Before

After

P value

130.3³6.1
69.2³5.5
89.9³5.9
62.3³3.0
841³34

140.4³5.1
74.6³4.2
97.1³4.6
67.4³2.5
877³37

P % 0.05
NS
P % 0.05
NS
NS

11.8³2.8 ms}mmHg, and about 15 min after blood
donation : 11.1³2.1 ms}mmHg). The number of spontaneous events was never less than 17. The gain of the
mid-frequency band tended to increase between the three
determinations but it did not reach a significant level (just
before : 11.3³1.4, just after : 12.0³1.6, and about 15 min
after blood donation : 10.6³1.3 ms}mmHg).

DISCUSSION
Blood donation can activate the sympathetic nervous
system since plasma catecholamines and systolic blood
pressure increased. Neither heart rate nor heart rate
variability were influenced by the blood donation. The
blood pressure variability spectral analysis was not
clearly altered. This rapid adaptation does not seem to
have involved any endocrine mechanisms [4,17].
Heart rate and blood pressure are both very susceptible
to external disturbance or stress. The recording conditions were therefore strictly controlled to ensure that
the variability was due to the intrinsic cardiovascular
regulatory system (see Materials and Methods section).
The rise in the plasma concentration of catecholamines
and the increase in blood pressure suggest that our

Table 3

protocol led to an overall sympathetic activation. Much
of neuronally released noradrenaline is metabolized
locally or sequestered by neuronal re-uptake. Thus an
increase in plasma noradrenaline is not necessarily a good
indicator of sympathetic activation. However, Rea et al.
[2] confirmed the overall sympathetic activation by
recording muscle sympathetic nerve activity during mild
changes in blood volume produced by haemorrhage. The
significant increase in the high-frequency component of
systolic blood pressure variability is not concordant with
a sympathetic activation. The normalized high-frequency
component of systolic blood pressure variability did not
change. Heart rate was not altered, despite the overall
sympathetic activation. This profile has not always been
observed after blood donation or a mild drop in blood
volume [2,17–20]. Our results also contrast with those
observed after a plasmaphoresis [21]. This procedure led
to an increase in the total power and in the absolute
power of the low-frequency component of blood pressure variability [21]. The plasmaphoresis was completed
within 50 min and the procedure is very different from a
regular blood donation. The response of a reflex system
could depend on the experimental procedure used. The
time taken for the decrease in blood volume could be an
important factor [22] ; in our study it was very fast (about
4–5 min). The species studied is probably also an important factor. Some experimental studies on haemorrhage have been performed in animals. Persson [4]
pointed out the species specificity of arterial and cardiopulmonary baroreceptor interactions. These points explain the differences in the responses observed during a
mild drop in blood volume.
The lack of change in the haematocrit or blood
haemoglobin means that the blood loss was not offset by
any transcapillary fluid shift by the time the second blood
sample was taken. The endocrine system was not
activated in response to the experimental stimulus, which
is logical considering that hormones are mild, long-term

Spectral analysis

Results of R–R interval and systolic blood pressure CGSA before and after blood donation. LF, low-frequency power ; HF, high-frequency power. Statistical significance :
*P % 0.05.
R–R interval

Systolic blood pressure

Before
Total power
LF
LF/Total power
HF
HF/Total power
LF/HF
β
% Fractal

After
2

1193³165 (ms /Hz)
163.07³34.46 (ms2/Hz)
0.14³0.02
129.26³50.71(ms2/Hz)
0.09³0.03
5.1³3.1
1.098³0.120
77³3 %

Before
2

1373³270 (ms /Hz)
194.97³29.90 (ms2/Hz)
0.16³0.03
148.84³67.41(ms2/Hz)
0.09³0.02
11.7³6.0
1.315³0.184
76³2 %

After
2

23.34³8.41 (mmHg /Hz)
5.42³2.98 (mmHg2/Hz)
0.19³0.04
0.30³0.12 (mmHg2/Hz)
0.02³0.01
55.90³36.65
2.025³0.113
79³3 %

27.83³8.77 (mmHg2/Hz)
3.90³1.26 (mmHg2/Hz)
0.15³0.03
0.47³0.17 (mmHg2/Hz)*
0.03³0.01
32.38³25.57
1.896³0.146
82³3 %
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regulatory factors. Renin secretion depends on the rate of
haemorrhage [22], but non-hypotensive bleeding does
not seem to cause a rapid change in renin or vasopressin
[22]. Several things could lead to sympathetic activation.
Despite the time course described by Robertson [22],
where the increase in renin began earlier than the increase
in plasma catecholamines, the sympathetic activation that
occurred in our study was not triggered by active renin,
as it did not change. Sympathetic activation could be a
central response to the needle stress or to the emotional
experience of blood donation. The response induced by
haemorrhage in chronically instrumented animals should
not depend on direct central influences which often
interact in human bleeding. It has become common
practice to draw blood samples for plasma catecholamines through an indwelling intravenous catheter or
needle to avoid the needle stress in humans [23].
However, the conditions of the direct venepuncture for
the control sampling are closer to the blood donation
procedure where the indwelling catheter or needle are
avoided (French blood donation regulation). Our study
was performed on experienced blood donors who were
also hospital staff and the level of catecholamines before
the blood donation were in accordance with the standard
values of our laboratory. The sympathetic activation that
occurred in our study could be due to baroreceptors
unloading. A mild drop in blood volume is usually
considered to be a specific stimulus of low pressure
cardiopulmonary baroreceptors [4]. However, non-hypotensive haemorrhage decreases the activity of aortic
baroreceptors, regardless of whether there is a decrease in
the mean aortic pressure [19]. Our protocol with its mild
drop in blood volume and increased systolic and mean
blood pressures probably did not involve arterial baroreceptors. Arterial baroreceptors should act in the opposite way, to decrease heart rate in response to the
increased blood pressure. Oren et al. [3] found that
unloading the left atrium elicited a reflex sympathoexcitatory response with a low level of lower body
negative pressure. Rea et al. [2] showed that the sympathetic responses to low-level lower body negative
pressure and non-hypotensive haemorrhage are similar in
humans. Low-pressure baroreceptor unloading is also
observed during gravitational stress (standing) and prolonged head-down bed-rest in which an alteration of the
fractal component of heart rate variability was reported
[12,24]. The lack of fractal alteration after blood donation
demonstrates that the fractal changes observed during
bed rest or during standing are not related to the blood
volume changes.
Whatever the origin of the sympathetic activation
induced by our protocol, stress or low-pressure receptor
unloading, heart rate is not altered. This surprising
dissociation of blood pressure and heart rate occurred
despite the close link between these two variables. The
lack of alteration of spontaneous baroreflex sensitivity
# 1998 The Biochemical Society and the Medical Research Society

and heart rate with a shift in blood pressure indicates that
the baroreflex is rapidly reset. This resetting could occur
in 90 s [25]. Several factors may reset the baroreflex such
as changes in the vascular wall, in ions or paracrine,
endocrine or central influences. Chronic resetting
depends upon several of these factors [26]. The fast
baroreflex resetting observed here could occur without
ionic or endocrine alterations. Vascular wall alterations
were probably involved because there was probably an
increase in peripheral vascular resistance [4], which
increased blood pressure, but did not change heart rate.
This vasoconstriction was probably not due to a slow
endocrine change. Specific stimulation of low-pressure
baroreceptors generally leads to a peripheral sympathetic
response without any effect on the heart. The absence of
change in heart rate during mild hypovolaemic stress
could result from the absence of a cardiac effect due to the
heterogeneous nature of sympathetic neural responses,
offsetting changes in the mean vagal and sympathetic
cardiac activity, or changes in the sympathetic or vagal
modulation (or both) of heart rate without a change in
mean autonomic tone [5]. The increase in plasma catecholamines indicates an overall sympathetic activation.
The lack of any increase in the R–R interval in response
to the increase in blood pressure could signal cardiac
activation. The normalized low-frequency component of
heart rate variability which is influenced by the sympathetic activity also doubled although this increase was
not significant. Such an increase is moderate when
compared with that observed during tilt or mental stress
[27]. R–R interval variability and mean heart rate were
not altered, indicating that this slight sympathetic stimulation has no effect on the chronotropism, but it does not
necessarily mean that it has no effect on the heart. Levy
and Zieske [28] showed that the effect of the same
sympathetic stimulation on heart rate depended on the
parasympathetic tone, which was not the case for the
effect on heart conduction (dromotropism). Thus a slight
sympathetic activation in the context of a high parasympathetic tone will not affect the heart rate but will
affect the vascular bed, which is only influenced by the
sympathetic branch of the autonomic nervous system.
Taken together, these results suggest that a small activation of the sympathetic nervous system which leads
to a small increase in blood pressure has no effect on heart
rate because its effect is masked by the supine high
parasympathetic tone. The hypothesis which implies
changes in the sympathetic and parasympathetic influences on the heart without any change in the autonomic balance is not supported by our results. There
appears to be no significant change in the spectral analysis
of R–R interval variability.
In conclusion, the slight sympathetic activation that
results from a blood donation leads to a rapid resetting of
the baroreflex which is independent of any ionic or
endocrine influences. The absence of any change in the
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heart rate or in its dynamics during this stimulus is
probably due to the non-linear interaction between
sympathetic and parasympathetic influences on the sinoatrial node. Thus the lack of change in chronotropism
during blood donation could result from the heterogeneous sensitivity of the peripheral effectors to sympathetic stimulation. A study of the overall autonomic
influences on the heart during this kind of response
should be very informative.

ACKNOWLEDGMENTS
This work was supported by grants from Centre
National d’Etudes Spatiales and Groupement d’Inte! re# t
Public Exercice, St Etienne. We thank the subjects, Dr
Guillard and the staff of the Etablissement de Transfusion, Site de Nı# mes for their willing co-operation.

REFERENCES
1 Fortney, S. M., Schneider, V. S. and Greenleaf, J. E. (1996)
The physiology of bed rest. In Handbook of Physiology,
section 4 : Environmental Physiology, vol. II, Chap. 39
(Fregly, M. J. and Blatteis, C. M., eds.), pp. 889–942, Oxford
University Press, New York
2 Rea, R. F., Hamdan, M., Clary, M. P., Randels, M. J.,
Dayton, P. J. and Strauss, R. G. (1991) Comparison of
muscle sympathetic responses to haemorrhage and lower
body negative pressure in humans. J. Appl. Physiol. 70,
1401–1405
3 Oren, R. M., Schobel, H. P., Weiss, R. M., Stanford, W. and
Ferguson, W. (1993) Importance of left atrial baroreceptors
in the cardiopulmonary baroreflex of normal humans.
J. Appl. Physiol. 76, 2672–2680
4 Persson, P. B. (1991) Interaction of arterial and cardiopulmonary reflexes. In Baroreceptor Reflexes (Persson, P. B.
and Kirchheim, H. R., eds.), pp. 126–153, Springer-Verlag,
Berlin
5 Triedman, J. K., Cohen, R. J. and Saul, J. P. (1993) Mild
hypovolemic stress alters autonomic modulation of heart
rate. Hypertension 21, 236–247
6 Sagnol, M., Claustre, M. J., Cottet-Emard, J. M., Pequignot,
J. M. et al. (1990) Plasma free and sulphated catecholamines
after ultra-long exercise and recovery. Eur. J. Appl. Physiol.
60, 91–97
7 Skowsky, W. R., Rosembloom, A. A. and Fisher, D. A.
(1974) Radioimmunoassay measurement of arginine vasopressin in serum : development and application. J. Clin.
Endocrinol. Metab. 38, 278–287
8 Gauquelin, G. and Gharib, C. (1990) Dosage radioimmunologique du facteur atrial natriure! tique plasmatique :
facteurs intervenant dans les modifications de sa concentration. Ann. Biol. Clin. 48, 551–554
9 Allevard, A. M., Gauquelin, G. and Gharib, C. (1991)
Endothelin and atrial natriuretic peptide after exercise
performed until exhaustion in the rat. Life Sci. 49, 1803–1808

10 DeBoer, R. W., Karemaker, J. M. and Strackee, J. (1984)
Comparing spectra of a series of a point events, particularly
for heart rate variability data. IEEE Trans. Biomed. Eng. 31,
384–387
11 Yamamoto, Y. and Hughson, R. L. (1991) Coarse graining
spectral analysis : a new method for studying heart rate
variability. J. Appl. Physiol. 71, 1143–1150
12 Butler, G. C., Yamamoto, Y. and Hughson, R. L. (1993)
Heart rate variability and fractal dimension during orthostatic challenges. J. Appl. Physiol. 75, 2602–2612
13 Task Force of the European Society of Cardiology and the
North American Society of Pacing and Electrophysiology.
Heart rate variability. (1996) Standards of measurement,
physiological interpretation, and clinical use. Circulation 93,
1043–1065
14 Bertinieri, G., di Rienzo, M., Cavallazi, A., Ferrari, A. U.,
Pedotti, A. and Mancia, G. (1985) A new approach to
analysis of the arterial baroreflex. J. Hypertens. 3 (Suppl. 3),
S79–S81
15 Parlow, J., Viale, J. P., Annat, G., Hughson, R. L. and
Quintin, L. (1995) Spontaneous cardiac baroreflex in
humans. Comparison with drug-induced responses. Hypertension 25, 1058–1068
16 Robbe, H. W., Mulder, L. J. M., Ru$ ddel, H., Langewitz,
W. A., Veldman, J. B. P. and Mulder, G. (1987) Assessment
of baroreceptor reflex sensitivity by means of spectral
analysis. Hypertension 10, 538–543
17 Katoh, N., Sheriff, D. D., Cynthia, O. S. and Sagawa, K.
(1989) Relative importance of four pressoregulatory mechanisms after 10 % bleeding in rabbits. Am. J. Physiol. 256,
H291–H296
18 Hosomi, H. and Sagawa, K. (1979) Sinovagal interaction in
arterial pressure restoration after 10 % haemorrhage. Am. J.
Physiol. 237, R203–R209
19 Hakumaki, M. O. K., Wang, B. C., Sundet, W. D. and
Goetz, K. L. (1985) Aortic baroreceptor discharge during
nonhypotensive hemorrhage in anaesthetised dogs. Am. J.
Physiol. 249, H393–H403
20 Shen, Y. T., Knight, D. R., Thomas, Jr., J. X. and Vatner,
S. F. (1990) Relative roles of cardiac receptors and arterial
baroreceptors during haemorrhage in conscious dogs. Circ.
Res. 66, 397–405
21 Girard, A., Phan, M. L., Weise, F. and Elghozi, J. L. (1992)
Effects of plasmapheresis on short-term variability of blood
pressure in healthy donors. Clin. Auton. Res. 2, 299–302
22 Robertson, J. I. S. (1993) The renin–angiotensin system and
the response to haemorrhage. In The Renin–Angiotensin
System, vol. 2 (Robertson, J. I. S. and Nicholls, M. G., eds.),
71.1–71.13, Gower Medical Publishing, London
23 Lake, C. R., Ziegler, M. G. and Kopin, I. J. (1976) Use of
plasma norepinephrine for evaluation of sympathetic neuronal function in man. Life Sci. 18, 1315–1326
24 Hughson, R. L., Yamamoto, Y., Maillet, A. et al. (1994)
Altered autonomic regulation of cardiac function during
head up tilt after 28 day head down bedrest with countermeasures. Clin. Physiol. 14, 291–304
25 Smith, M. L., Fritsch, J. M. and Eckberg, D. L. (1994) Rapid
adaptation of vagal baroreflexes in humans. J. Auton.
Nervous Syst. 47, 75–82
26 Koushanpour, E. (1991) Baroreceptor discharge behavior
and resetting. In Baroreceptor Reflexes (Persson, P. B. and
Kirchheim, H. R., eds.), pp. 9–44. Springer-Verlag, Berlin
27 Malliani, A., Pagani, M., Lombardi, F. and Cerutti, S. (1991)
Cardiovascular neural regulation explored in the frequency
domain. Circulation 84, 482–492
28 Levy, M. N. and Zieske, H. (1969) Autonomic control of
cardiac pacemaker activity and atrioventricular transmission.
J. Appl. Physiol. 27, 465–470
Received 5 January 1998/20 March 1998; accepted 7 May 1998

# 1998 The Biochemical Society and the Medical Research Society

275

