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Abstract

Aims Combined head up tilt (HUT) and lower body
negative pressure (LBNP) can be used to exploit the full
spectrum of cardiovascular control mechanisms and to
reveal characteristics of individual blood pressure control.
We studied whether the response to combined HUT and
LBNP was reproducible within subjects and whether
characteristic response patterns could be distinguished
between different subjects.

Materials and methods Ten healthy young males were
subjected to combined HUT and graded LBNP to achieve a
presyncopal end point in four tests, each separated by more
than 2 weeks. Heart rate, blood pressure and thoracic
impedance were monitored, cardiac output and peripheral
vascular resistance were computed.

Results From supine control to presyncope, heart rate,
mean arterial blood pressure, pulse pressure and stroke
index changed as expected. The time courses of heart rate
and stroke volume as well as orthostatic tolerance times
(15 £ 6 to 18 = 7 minutes, n.s) appeared reproducible
between trials within subjects but different between dif-
ferent subjects.
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Conclusion LBNP-tilt approach was repeatable in time
and pattern. Furthermore, differences observed between
subjects indicated preferred activation of selected pathways
of blood pressure control in different individuals while at
the same time, reproducibility measured within the same
subject showed that preferential mechanisms were highly
conserved within the same individual. These characteristics
are a prerequisite to use the combined graded orthostatic
paradigm for hemodynamic testing and identification.
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Introduction

Combined head-up tilt (HUT) and lower body negative
pressure (LBNP) induce cardiovascular and neuroendocrine
changes, which depend on stress intensity and duration. The
initial effects of upright posture occur due to fluid shifts
related to hydrostatic changes. Because the arterial hydro-
static indifference point between supine and upright is
located at heart level, and the venous hydrostatic indifference
point below it [10], respectively, both carotid baroreceptor
loading and cardiac filling are reduced upon assumption of an
upright position. The firing rates from carotid and cardio-
pulmonary receptors decrease, medullary feedback patterns
change and trigger neurohumoral responses, including
sympathetic activation [22, 23, 32]. Additional LBNP
diminishes cardiac preload even further [1, 6], so that the
stimulus combination eventually leads to cerebral under-
perfusion and consequently a presyncopal situation.

The rationale of this study was to explore the combi-
nation of HUT and graded LBNP as an approach to identify
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potentially characteristic individual cardiovascular stress
response patterns. A well-defined combined stress, there-
fore, would stimulate a reproducible response when
repeated in the same subject while it would evoke different
responses when applied to different subjects. It was not the
aim to identify underlying physiological mechanisms
causing a given response but to analyze the measured data
by statistical means.

Materials and methods
Subjects

The study was done in healthy, non-obese, non-medicated
and non-smoking males who were free from any somatic or
mental condition as assessed in a medical exam before the
test. The study criteria were met by ten subjects of
25 £ 3 years of age with a body mass of 75 & 12 kg, a
body height of 179 & 6 cm, a heart rate of 65 £ 10 bpm at
supine rest. To avoid effects of confounding variables such
as height, gender, or athletic training on orthostatic toler-
ance [13], subjects had to be physically fit; their maximum
specific power output was 4.3 + 0.45 W/kg. In one sub-
ject, data were only available from 3 tests, as a result 39
test runs entered final analysis.

Each subject was studied 4 times with an interval of
2 weeks or more between tests. Subjects were told to refrain
from vigorous exercise, smoking or alcohol during any part
of the study. All subjects were advised to keep their fluid
and salt intake according to their usual dietary habits [4, 35].
We, however, did not attempt to monitor sodium balance as
sodium balance is a controversial issue which goes beyond
classical concepts [34]; inter-compartmental sodium shifts
occur from and to the interstitial (“third”) compartment
which potentially invalidate the significance of day to day
sodium input (dietary analysis) or output (urinary mea-
surements), respectively [16, 33]. We have observed earlier
that sodium intake (between 3 and 10 g NaCl per day) does
not influence extracellular volume estimates from bioim-
pedance changes in normotensive men [17].

Subjects were familiarized with the test protocol and
gave written informed consent to participate in the study.
The study was approved by the Graz University Ethics
Board and performed in accordance with the 1989 WMA
Declaration of Helsinki.

Protocol
Experiments were carried out between 9 and 11 am in a
semi-dark, quiet room maintained at 23-24°C and 50-55%

humidity. The test persons were fasting and voided before
commencement of the experiments.
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Each experiment started with a 30-minute supine rest to
acquire cardiovascular steady state conditions. At minute
zero, the tilt table was brought to 70° head-up position.
After five more minutes, —20 mmHg LBNP was added,
and increased by 10 mmHg every 3 minutes. As soon as
presyncopal signs or symptoms occurred, the table was
brought back to 0° and LBNP was stopped at once. The
criteria of presyncope were any of the following: (a) arterial
blood pressure drop below systolic 80 mmHg or by
>25 mmHg/minute, diastolic by >15 mmHg/minute, and/
or heart rate decrease by >15 bpm, (b) lightheadedness,
dizziness, visual disturbances, nausea, stomach awareness,
clammy skin, excessive sweating, or skin pallor [18].

During the test, the subjects were instructed to avoid
undue movements of the lower limbs and to breathe nor-
mally. Test persons were secured and had access to an
emergency shutdown (automatic return to supine and
pressure neutralization) at all times.

Perturbation

The test was carried out at the Institute of Adaptive and
Spaceflight Physiology (http://www.meduni-graz.at/iap/
AHST.htm) using a tiltable LBNP chamber equipped
with a footrest. The sealing was maintained at the iliac
crest, as sealing position has been shown to affect hemo-
dynamic responses [12]. The transition from supine to
upright position as well as changes in the chamber pressure
buildup were completed within 10 seconds. Suction was
provided using a commercially available vacuum cleaner
located in an adjacent room. The execution of the pre-
programmed test protocol and synchronous recording of all
data from the cardiovascular monitoring system was
managed by LabView®.

Measurements

Electrodes were placed at the neck and thoracic regions,
the latter specifically at the midclavicular line at the
xiphoid process level [8]. Continuous hemodynamic mon-
itoring included blood pressure, heart rate (3-lead ECG),
and thoracic impedance (Task Force Monitor®, CNSys-
tems, Graz, Austria). Total peripheral resistance index
(TPRI) was calculated as mean arterial blood pressure/
cardiac index [14]. Thoracic impedance (TI) was used to
estimate changes in thoracic fluid content [29].

Sample size and analysis of data
Sample size

Means and standard deviations of orthostatic tolerance
times were calculated from previous studies [9, 22, 23].
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Using these values in an online power and sample size cal-
culator http://biostat.mc.vanderbilt.edu/twiki/bin/view/Main/
PowerSampleSize), the number of subjects required, for an
80% test power, was n = 10. All data are presented as
mean £ SD. Significance was assumed for an alpha error
probability <0.05.

Cross-correlation (CC) analysis was used to assess
reproducibility of heart rate and stroke volume responses as
a function of time, as well as heart rate to stroke volume
relationships comparing consecutive trials per person
using Matlabs XCORR algorithm. This algorithm produces
an estimate of the correlation between two random
sequences:

C(m) = E[A(n + m)conj(B(n))] = E[A(n)conj(B(n — m))]

XCORR, an unbiased estimator, normalizes the sequence
so that the autocorrelations at zero-lag are equal to unity
(MatLab R2007a, The MathWorks Inc.).

To characterize the non-linear dynamic features of the
test by appropriate statistical means, datasets were cre-
ated from the original signal by computing the Fourier
transform and randomizing the imaginary part in the
frequency domain. Following this randomization in the
frequency domain, data were then transformed back to
the time domain by inverse Fourier transformation. Such
data have the same mean, standard deviation, and power
spectrum as the original data [33] and can be used as so-
called “surrogate” data for statistical analysis. For every
original dataset, 100 such datasets were calculated and
correlated with the original signal. The 95th percentile of
the correlation coefficient of this comparison was then
used to reject the null hypothesis, namely that there was
no difference between a random signal produced by the
original trial and a signal from another trial. Compari-
sons were done using a paired ¢ test. Thus, if the
correlation coefficient of the 95th percentile (taking in
account alpha error p < 0.05) of the randomized signal
was lower than the correlation coefficient in another trial,
the differences between runs were more likely to be due
to physiological mechanisms than to the randomization
itself.

As orthostatic tolerance was different between subjects,
intra-individual responses were studied using data 64 sec-
onds before HUT commencement and 64 seconds
preceding a fully completed LBNP run.

Baseline and presyncopal hemodynamic variables
shown are calculated for a time frame of 60 seconds before
graded orthostatic stress and before presyncope.

Coefficient of variation (CV, in percent) was used for
comparing the degree of variation of one data series to
another (that is, inter-individual and intra-individual
variabilites).

Results

From supine control to presyncope, heart rate increased
from 65 £+ 10 to 141 + 20 bpm, mean arterial blood
pressure dropped from 90 £ 10 to 76 + 12 mmHg, pulse
pressure from 51 + 9 to 30 £ 9 mmHg, stroke index from
53 £ 8 to 27 + 3 ml/m? and total peripheral resistance
index from 2130 & 655 to 1560 £ 403 dyne second
m?/cm’, respectively (all changes p < 0.05).

Thoracic impedance, measured from the last 60 seconds
of baseline to 60 seconds preceding presyncope, increased
from 28 £ 5 (CVof 7+ 3%) to 33 £5 (CV of 6 = 1%)
Ohms (all persons across 4 trials). Inter-individual range of
the thoracic impedance in these two phases was 23-35 (CV
6 £+ 4%) and 27-41 (CV 6 % 3%), respectively.

Individual orthostatic tolerance, quantified as the time
from HUT to the development of presyncopal signs or
symptoms, ranged from 8.4 to 30.0 minutes for all per-
sons across 4 trials (Fig. 1). For the whole group, the
tolerance time was 16.4 4+ 6 minutes with a CV of
14.5 + 4.9%.

Orthostatic tolerance was quite different between per-
sons, but well reproducible on an individual basis across
trials. Repetitions of the trials did not seem to influence
orthostatic tolerance from the 1st to the 4th trial (15 £ 6 to
18 £ 7 minute, n.s.). However, the CV between the sub-
jects in the trials ranged from 7.9 to 20.6%.

Figures 2 and 3 demonstrate, for two individuals (I and
J), different patterns of heart rate and stroke volume time
course during graded orthostatic stress leading to syncope
as a typical example. In test subject I, heart rate (panel 2a)
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Fig. 1 Orthostatic tolerance (quantified as the time from tilting until
presyncope) in all subjects across all trials. Each dot represents a trial
and the line between the dots is the individual mean orthostatic
tolerance, respectively. In subject E, only three runs are shown (as in
the first trial a machine failure occurred and presyncopal state was not
reached)
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Fig. 2 Heart rate (a) and stroke
volume (b) time course during
different stages of the four trials
in person I. The relationship
between heart rate and stroke
volume for each trial is shown
in ¢
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Fig. 3 Heart rate and stroke
volume during different stages
of the four trials in person J.
Panels as in Fig. 2
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Table 1 Summary of cross correlation (CC) between heart rate and
stroke volume in all subjects (A to J)

Subject Heart rate:stroke volume
cCy,y CCss CCs5 CCys

A —0.906 —0.798 —0.789 —0.726
B —0.936 —0.880 —0.936 —0.813
C —0.899 —0.776 —0.769 —0.891
D —0.785 —0.932 —0.718 —0.650
E —0.486" —0.836 —0.706 —0.642
F —0.843 —0.695 —0.709 —0.881
G —0.648 —0.799 —0.855 —0.758
H —0.855 —0.796 —0.888 —0.897
I —0.815 —0.939 —0.782 —0.792
J —0.625 —-0.774 —0.849 —0.824

# Refers to machine failure and shut down during trial 1

and stroke volume (panel 2b) changed rather steadily
during the protocol.

In contrast, subject J increased heart rate and reduced
stroke volume in a stepwise fashion at the beginning of
orthostasis (Fig. 3).

Heart rate and stroke volume were inversely related in
all persons (Table 1).

While in some subjects values of heart rate and stroke
volume appeared to be rather homogeneously distributed
along the inverse heart rate to stroke volume relationship
(e.g. subject I, Fig. 2), data appeared to be heterogeneous
and clustered in other subjects (for example subject J,
Fig. 3).

Reproducibility with regard to heart rate and stroke
volume responses (Tables 2 and 3, respectively) was
measured among different trials (1, 2, 3 and 4) by cross
correlation (CC). T-tests for CC,, versus CC;g5, CC3

Table 2 Cross correlation of heart rate across trials (1-4)

versus CCg, etc., resulted in p values <0.001 for all
comparisons to the surrogate data.

Discussion

Using the combined orthostatic stress paradigm, our car-
diovascular stress protocol resulted in reproducible heart
rate and stroke volume responses across persons. The close
reproducibility of heart rate and stroke volume, when
individual trials are separated by at least 2-week intervals,
suggests surprisingly consistent physiological order within
individual subjects. Strategies for maintaining blood pres-
sure in orthostatically induced central hypovolemia, were
different between subjects, but specific hemodynamic
mechanisms were employed each time to maintain blood
pressure within subjects.

The major finding of this study was that physiological
reproducibility in heart rate and stroke volume differed
from the “surrogate” data across the trials. By comparing
surrogate data with original ones across trials, we con-
cluded that the correlation between trials was higher than
between trial and surrogate data from the trial. This con-
firmed that physiological reproducibility in heart rate and
stroke volume differed from the simulated ‘“surrogate”
data across the trials thus suggesting that these represented
real physiological responses rather than by chance [2].

Syncope is a common clinical condition. It can arise in
normal subjects on standing up from a supine, or crouched,
position or on return from the microgravity environments
of bed rest or spaceflight. In physiological terms, typical
syncope develops because cardiac preload critically
decreases due to low venous blood return. This ultimately
reduces brain perfusion below a certain level, which

HRZ HR3 HR4 HRsurrogate
HR, Cio =078 & 0.12%%* Cis = 0.77 & 0.12%% Ci4 = 0.78 & 0.09%** C1 surrogaie = 046 %+ 0.13
HR, Cos = 0.79 & 0.10%%* Cou = 0.78 & 0.10%%* Casurrogate = 0.50 % 0.08
HR; C34 = 0.77 £ 0.09%** C3 surrogate = 0.48 £ 0.09

Paired t-test between Cross Correlation Coefficents of trials 1,2,3,4 (C, 5, Cy 3,...,C3,4) to trial and surrogate (C surrogates Ca.surrogates C3,surrogate)

% < 0,001

Table 3 Cross correlation of stroke volume across trials (1-4)

SV2 SV3 SV4 SVsurmg:.\te
SV, Ci, = 0.83 & 0.11%%* Cp3 = 0.83 & 0.13%** Ci4 = 0.79 & 0.15%%* C1 surrogaie = 049 + 0.1
SV, Cps = 0.84 & 0.11%** Cos = 0.81 & 0.11%%* Cy surrogare = 0.53 %+ 0.06
SV; Cs4 = 0.80 £ 0.16%** C3 surrogate = 0.47 £ 0.09

Designations as in Table 2
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triggers a “neurocardiogenic” reflex response (“vasovagal
attack”) that reduces heart rate, cardiac output, and con-
sequently blood pressure [28]. Presyncope is a state
immediately preceding a syncopal event, defined as a
sudden, transient loss of consciousness that is specifically
due to decreased cerebral perfusion [21].

We intended to investigate the full range of cardiovas-
cular stress response up to the point when syncope is
imminent. During simulated spaceflight missions and to
study etiologies of syncope in clinical practice, it is nec-
essary to create and to deal with situations that produce
high levels of cardiovascular stress. Combined HUT and
LBNP have been used—sometimes as a surrogate for
centrifuge rides—to study features of cardiovascular and
humoral regulation under severe stress conditions and to
induce presyncopal signs and symptoms [6, 20, 24, 30].
Previously, we have also used combined orthostatic stress
to observe sex-based differences in the neurohormone
galanin [18] and cardiovascular effects of Chinese herbs
[9]. The advantage of combined graded orthostatic stress is
the absence of medication to induce syncope. For example,
in nitroglycerin induced vasovagal syncope studies [11] the
effects of this drug on the cardiac output make it difficult to
ascertain what would be the hemodynamic responses in
subjects who are healthy or not on this medication. Fur-
thermore, we avoided intravenous cannulation, which has
been shown to spuriously affect cardiovascular responses
and orthostatic tolerance [31].

Neurally mediated syncope is presumably a result of
venous blood pooling in the lower body [26]. Central
hypovolemia induced by the combined HUT and graded
LBNP observed in our study is similar to what has been
reported [27]. Parasympathetic traffic between heart and
brainstem interferes with sympathetic activity, resulting
in a drop in peripheral vascular resistance and heart rate
[26]. Blood pressure decreased in the last 60 seconds
before presyncope in all of our ten test subjects, and in
all runs, which is in agreement to previous findings [0,
20, 24]. Brown et al. [3] found a decay in the stress
induced increase of total peripheral resistance (TPR)
falling from 40% at 2 minutes of stress to 20% in
1 minute before presyncope occurred. In our study, TPRI
was 27% below supine control when presyncope was
reached (a significant result, pointing toward a rather
homogenous response pattern in this group of subjects).
This indicates that peripheral vasoconstriction protected
arterial pressure as long as sympathetic activity was high.
When syncope became imminent, a loss in TPR occured
fairly quickly.

Orthostatic tolerance has been studied using vasodila-
tors, body tilt and/or LBNP under various circumstances
[7, 11, 19]. Orthostatic tolerance times within our subjects
were neither extremely short nor particularly long

(Fig. 1). Depending on individual characteristics, this
stress elicited a wide range of orthostatic tolerance times
and heart rate to stroke volume relationships when mea-
sured in a group of healthy individuals. However, the
response re-examined in the same individual was highly
reproducible. It is possible that the lack of difference
observed in our study could be attributed to the minimi-
zation of several confounding variables in our study such
as age, height, gender and duration of LBNP at specific
levels. In our protocol, test subjects reached presyncope
much faster than those in other studies did and it is
possible that this could have led to this highly repro-
ducible pattern in the responses.

Reproducibility of LBNP tolerance has been demon-
strated when the same protocol was used at the same time
of day [19]. These investigators also reported that subjects
adapted to repeated LBNP sessions with increased LBNP
tolerance on the third successive exposure. This was also
confirmed in another study [5] that demonstrated an
increase in tolerance times following one week of tilt
training in patients. Conversely, applying graded ortho-
static stress to the same subjects four times, separated by
72 hours [25] or two weeks (Goswami et al. 2008,
unpublished observations) demonstrated no differences in
the tolerance times to presyncope across trials. Since no
objective end point exists for an LBNP tolerance it is
possible that some differences between studies can be
attributed to ambiguity associated with LBNP tolerance
end point determination [19] or to a lay-off effect when
tests are more than one week apart. For example, aircrews
that have not flown at high gravitational acceleration G for
a week develop a reduction in G tolerance on return to
flying [15].

There is a variety of efferent pathways to control blood
pressure, and the gains for the various actuators such as
heart rate, cardiac contractility, venous compliance, and
peripheral resistance can be different to reach the same
goal. Heart rate and stroke volume responses across the
trials showed high reproducibility across the entire graded
orthostatic stress in all the persons. However, the rate of
increases or decreases in these variables showed clear
inter-individual differences. From Figs. 2 and 3, it can be
seen that these two persons apparently maintained blood
pressure in a different way despite having similar ortho-
static tolerance times. To maintain blood pressure and
cardiac output in some persons, for example, both heart
rate and total peripheral resistance increased during the
orthostatic stress (while stroke volume showed drastic
reductions during HUT) while in others the fall in stroke
volume was more gradual across the entire protocol and
these persons responded by heart rate increases alone, with
minimal change in total peripheral resistance. These pat-
terns appeared to be typical for individual persons.
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Limitations

It appeared that the orthostatic tolerance in trial 4 was
longer than trial 1 for most subjects thus suggesting that
some degree of physiological adaptation to the orthostatic
stress actually existed. Considering that this indicated dif-
ferent stages of LBNP the reproducibility may appear less
remarkable and needs to be considered in follow up studies.
However, statistically we did not observe any differences
in the tolerance over the trials. It is possible that we were
unable to statistically demonstrate its existence due to our
small sample size.

More pattern combinations than those observed in this
study might exist, including differences according to gen-
der, age, or ethnic origin. This study was carried out in
healthy subjects with no history of syncope, and it cannot
be ruled out that in diseased persons the cardiovascular
system operates differently, with a possible resetting of
baroreceptor reflexes or changed sensitivities due to med-
ications which act at receptor level, such as beta blockers
or angiotensin-2 antagonists. More studies are needed to
understand potential differences between the developments
of syncope in healthy persons vs. patients with a medical
history of orthostatic instability.

Conclusions

Our data, using the method of surrogate data analysis,
suggested that the combined HUT/LBNP stress paradigm
reveals individually reproducible presyncopal stress
response patterns and provides a promising technique for
further analysis of cardiovascular control mechanisms.

No long-term (>2 weeks) ‘learning effect’ was found,
suggesting that the protocol used in this study might be
useful as a standard tool for longitudinal studies of ortho-
static competence. This can be of particular interest for
clinical investigations where the goal is to evaluate drug
effects on cardiovascular stability without involving addi-
tional (e.g. syncope-enhancing) agents and where cross-
influence between drugs might blur properties of the
treatment to be tested in the first place.

The combined orthostatic stress paradigm might give
similar insight into individual cardiovascular stability as
that attained by human centrifuge runs, albeit, with much
lower operational demands. The test could also be used to
develop algorithms for analysis of circulatory system
parameters in healthy persons such as astronauts or in
diseased persons. However, as indicated by the high intra-
individual coefficient of variation across orthostatic toler-
ance times, caution must be observed when interpreting
data especially in subjects undergoing repeated syncope or
experimental interventions with novel medications.
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