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Abstract

Purpose Hypovolemia decreases preload and cardiac
stroke volume. Cardiac stroke volume (SV) and its variabil-
ity (cardiac stroke volume variability, SVV) have been pro-
posed as clinical tools for detection of acute hemorrhage.
We compared three non-invasive SV measurements and
investigated if respiration-induced fluctuations in SV may
detect mild and moderate hypovolemia in spontaneously
breathing humans.

Methods Ten healthy subjects underwent experimental
central hypovolemia induced by lower body negative pres-
sure to —60 mmHg or onset of presyncopal symptoms. SV
beat-to-beat was estimated simultaneously by ultrasound
Doppler, finger arterial blood pressure curve and imped-
ance cardiography. SVV was calculated by spectral analy-
sis between 0.15 and 0.40 Hz.

Results Relative changes in SV did not show significant
differences between the methods. The SVV measured
by ultrasound Doppler and arterial blood pressure curve
decreased at —30 mmHg to 32 % (ultrasound Doppler:
95 % CI 18-47, arterial blood pressure curve: 95 % CI
21-43) and at maximal simulated hypovolemia to 23 %
(ultrasound Doppler: 95 % CI 14-81) and 21 % (arterial
blood pressure curve: 95 % CI 9-33) of baseline variability.
The variability in cardiac stroke volume from the imped-
ance cardiography did not change significantly during
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the simulated hypovolemia, to 88 and 76 % of baseline
variability.

Conclusion Cardiac stroke volume estimated by ultra-
sound Doppler and by arterial blood pressure curve showed
parallel variations beat-to-beat during simulated hemor-
rhage, whereas impedance cardiography did not appear to
track beat-to-beat changes in cardiac stroke volume. The
variability in cardiac stroke volume was decreased dur-
ing mild and moderate hypovolemia and could be used for
early detection of hypovolemia.

Keywords Hemorrhage - Hypovolemia - Lower body
negative pressure - Cardiac stroke volume - Stroke volume
variability - Stroke volume measurement

Abbreviations

bpc Arterial blood pressure curve
HR Heart rate

HRV Heart rate variability

imp Impedance cardiography

LBNP Lower body negative pressure
MAP Mean arterial blood pressure
MAPV  Mean arterial blood pressure variability

PP Pulse pressure

PPV Pulse pressure variability
Resp Index of thorax volume
NY Stroke volume

SvVv Stroke volume variability
usd Ultrasound Doppler

Introduction

Uncontrolled hemorrhage is one of the leading causes of
civilian trauma deaths (Sauaia et al. 1995), and the main
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cause of death on the battlefield (Kelly et al. 2008). Dur-
ing the early stages of hemorrhage, the physiological com-
pensatory mechanisms of the body preserve adequate blood
pressure in an attempt to maintain sufficient perfusion to
vital organs. At the sudden onset of cardiovascular col-
lapse, blood pressure falls without warning, and it may be
too late to initiate lifesaving treatment. Early detection of
acute hemorrhage is, therefore, crucial for increasing sur-
vival rates. We are in need of tools to detect hemorrhage at
an early stage.

Venous return shows a relatively immediate reduction
during central hypovolemia, for example, during hemor-
rhage, and reduced preload causes a rapid change in car-
diac stroke volume (SV) (Fu and Levine 2014; Goswami
et al. 2009; Hanson et al. 1998). Monitoring of SV changes
has been proposed as a clinical tool for early detection of
acute hemorrhage and assessment of its severity (Conver-
tino et al. 2006; Johnson et al. 2014; Leonetti et al. 2004).
The drop in SV during hemorrhage reflects the degree of
blood loss, but it is nonetheless difficult to track SV con-
tinuously in patients who are hemorrhaging (Convertino
et al. 2006).

To estimate the respiratory variability in SV (SVV) by
power spectral analysis, continuous beat-to-beat recordings
of SV lasting a few minutes are needed. There are several
non-invasive ways of obtaining such recordings, there is
but no generally accepted standard method. Three com-
monly used non-invasive techniques to estimate SV are:
(a) from the arterial blood pressure curve (Bogert and van
Lieshout 2005); (b) by ultrasound Doppler (Eriksen and
Walloe 1990); (c) by impedance cardiography (Fortin et al.
2006).

SVV is already in clinical use for detection of hypo-
volemia in mechanically ventilated patients, where an
increase in SVV is an indicator of fluid-responsive hypo-
volemia (Marik et al. 2009). In a pre-hospital setting, the
patient is spontaneously breathing and we are, therefore,
in need of a detector that is operating in spontaneously
breathing humans. We have previously found that SVV
differentiates between normovolemia and hypovolemia
during mild hypovolemia and spontaneous breathing by
one method of SV estimation (Elstad and Wallge 2015).
In this study, we wanted to simulate both mild and mod-
erate hypovolemia and hypothesized that SVV would be
an efficient way of tracking the development of a simu-
lated hemorrhage. The primary aim of this study was to
investigate SVV as a candidate for detection of central
hypovolemia in the early stages of hemorrhage. The sec-
ondary aim was to compare three non-invasive methods of
simultaneously measured SV and their ability to track SV
beat-to-beat.
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Methods
Subjects

Ten young, healthy non-smoking volunteers (five females)
[median and 95 % confidence interval (CI): age 21.5 years
(20, 23.5 years), height 174 cm (167.5, 179.5 cm), weight
67.5 kg (58.5, 76.5 kg), exercise level 7 h per week (4, 10 h
per week)] underwent experimental central hypovolemia
through LBNP until —60 mmHg or onset of presyncope
(defined below). Prior to the experiment, the subjects were
asked not to eat (2 h before), to refrain from strenuous exer-
cise and consumption of caffeine (12 h before), and not to
consume alcohol (24 h before). All female subjects deliv-
ered a urine pregnancy test on the same day as the experi-
ment. The subjects received written and oral information
and were familiarized with the experimental protocol and
the procedures in a separate session. Written informed con-
sent was obtained from all participants, and the study was
submitted to and approved by the Regional Ethical Commit-
tee (REK reference number S-08774d). All the experiments
conformed to the Declaration of Helsinki (revised 2008).

Experimental protocol

The subjects rested in a supine position with their lower
extremities inside the LBNP chamber, which was air
sealed at the level of the iliac crest. Our custom-built
LBNP chamber and pressure control system are designed
to induce rapid (within 0.3 s) or gradual changes in LBNP
(Hisdal et al. 2003). LBNP is a valid method for studying
hemodynamic parameters during simulated hemorrhage
(Hinojosa Laborde et al. 2014; Johnson et al. 2014). The
subjects wore thick socks to keep their feet warm despite
the decrease in pressure inside the LBNP chamber. The
noise level from the LBNP device is similar to that from a
vacuum cleaner. A standard vacuum cleaner was switched
on during the experiments to minimize variations in the
background noise level, and thus reduce the known physi-
ological effects that abrupt noise has on human physiology
(Wesche et al. 1998). The room temperature was kept at
25-28 °C so that the lightly dressed subjects were in their
thermoneutral zone (Elstad et al. 2014).

The experimental protocol included a stepwise introduc-
tion, a ramp phase and a plateau phase for the tolerant sub-
jects. The protocol had five different phases as illustrated in
Fig. 1a; 5 min at baseline (atmospheric pressure, 0 mmHg)
followed by a sudden decrease in pressure to —30 mmHg;
3 min at —30 mmHg; a gradual decrease in pressure from
—30 to —60 mmHg during a 10-min period; 3 min at
—60 mmHg; 5-min recovery at 0 mmHg. We chose this
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Fig. 1 The experimental protocol. a The lower body negative pres-
sure (LBNP) protocol. The horizontal lines indicate the four phases
used for data analysis. b Raw data of stroke volume from one sub-
ject who completed the full protocol. The black curve shows stroke
volume from ultrasound Doppler (SV,y), the light gray curve stroke
volume from the arterial blood pressure curve (SVy ) and the dark

gray curve stroke volume from impedance cardiography (SVimp)- The

discontinued vertical lines indicate where the LBNP was turned on
and off. LBNP lower body negative pressure

combination of step and ramp protocol to achieve both
rapid and slow changes in cardiovascular parameters.
LBNP of —30 mmHg has been shown to simulate a mod-
erate blood loss and —60 mmHg simulates severe blood
loss (Cooke et al. 2004). The subjects breathed spontane-
ously during the experiments. The protocol was prema-
turely halted if the subject suffered a sudden fall in heart
rate of >15 beats/min, a sudden fall in blood pressure of
>15 mmHg or systolic blood pressure <70 mmHg. LBNP
was terminated immediately if the subject wished to stop
the experiment or if any symptoms of presyncope occurred,
such as dizziness, nausea, tinnitus, sweating, heat sensa-
tion, or reduced field of vision.

Measurements

Heart rate (HR) was obtained from the duration of each
R-R interval of the three-lead ECG signal (VINGMED SD

100, Horten, Norway). Respiratory chest movement was
obtained using a belt around the upper abdomen (Respi-
ration and Body Position Amplifier, Scan-Med a/s, Dram-
men, Norway). Mean arterial blood pressure (MAP) was
calculated by the integration of the blood pressure wave
divided by the RR interval (program for real-time data
acquisition (version REGIST3), Morten Eriksen, Oslo,
Norway). Pulse pressure (PP) was calculated in REGIST3
by subtracting minimal pressure from maximal pressure
within each RR interval. Continuous SV was measured
simultaneously by three different, non-invasive methods
during the experimental protocol. Each method is described
separately below.

Beat-to-beat SV from the left side of the heart was
obtained by ultrasound Doppler (SV,y) (VINGMED SD
100, Horten, Norway) (Eriksen and Walloe 1990). The
diameter of the rigid aortic ring used in the calculation of
SV estimated by ultrasound Doppler was determined by
parasternal 2D ultrasound imaging (VIVID 7, GE Ving-
med, Horten, Norway) during a separate session before the
experimental day. As the aortic ring is rigid, the diameter
measured at rest would not differ from the diameter during
the application of LBNP. The ultrasound Doppler recorded
beat-to-beat SV from estimates of the blood velocity in the
aorta (Eriksen and Walloe 1990). An angle of 20° between
the direction of the sound beam and the bloodstream was
assumed in the calculations. The output of the SD-100
maximum velocity estimator was transferred online to the
recording computer. SV, was calculated by multiplying
the value obtained by numerical integration of the recorded
instantaneous maximum velocity during each R-R interval
by the area of the orifice (Eriksen and Walloe 1990). SV 4
has been validated against thermodilution (Eriksen and
Walloe 1990).

Finger arterial pressure was recorded continuously
from the middle left finger positioned at heart level
(FINOMETER, Finapres Medical System, Amster-
dam, The Netherlands) (Bogert and van Lieshout 2005;
van Lieshout et al. 2003). The Finometer provided arte-
rial blood pressure, from which pulse rate (PR) and SV
from blood pressure curve (SV,,) were calculated by
ModelFlow (Bogert and van Lieshout 2005). PR from
the Finometer was needed for the subsequent process-
ing. SV, measured by ModelFlow is in good accordance
with SV, during supine rest (van Lieshout et al. 2003)
and reflects the progression of SV during LBNP (Reisner
et al. 2011).

The third SV;,, measurement was estimated from
impedance cardiography using Task Force Monitor
(SVin,) (sampling rate 40 kHz, TASK FORCE MONI-
TOR™, Model 3040i, CNSystems Medizintechnik, Graz,
Austria) (Fortin et al. 2006; Gratze et al. 1998). This
impedance cardiography device uses two sensors on the
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neck and two sensors on the thorax, which detect electri-
cal impedance changes in the thorax. Impedance varies
in inverse proportion to fluid/volume in the thorax, i.e.,
greater impedance to current flow with reduced thoracic
volume and is assumed to be related to the instantane-
ous blood flow in the aorta (Marik 2013). The impedance
changes are used to calculate hemodynamic parameters
(Gratze et al. 1998), including SV (Fortin et al. 2006).
Impedance cardiography provides satisfactory estimates
of SV in resting conditions (Warburton et al. 1999). Both
absolute values for SV;,, and changes in SV, are similar
to SV estimated by echocardiography during LBNP (Got-
shall et al. 1999).

Data processing

ECG, arterial blood pressure wave, respiration signal and
maximal aortic blood velocity were transferred online
(sampled at 100 Hz) to a recording computer running a
dedicated data collection and analysis program (program
for real-time data acquisition; Morten Eriksen, Oslo, Nor-
way), which calculated SV, from velocity time integral
and area. The recordings were further processed in a MAT-
LAB program specifically designed for this purpose (MAT-
LAB® R2013b, MathWorks® Inc, http://www.mathworks.
com). Each recording was processed to filter the calibration
signal from blood pressure recording. Every calibration sig-
nal lasted three to five heartbeats and there were between
0 and 2 calibration signals in each analyzed interval. The
calibration signal was recognized and linear interpolation
was made beat-to-beat between the last successful and first
successful measurement. Each filtration was also visually
checked. The data files sampled beat-by-beat were added to
the data file sampled at 100 Hz, and this file was resampled
at 4 Hz with the custom-built program in MATLAB (Elstad
et al. 2009).

PR and SV, were calculated by the Finometer, and
the output was delayed by approximately 1.5 s before it
was transferred to the recording computer. To adjust these
curves to fit the time of recording, the continuous record-
ings were shifted by approximately —1.5 s (individually
between 1.25 and 1.75 s), so that the PR was matched to
the HR ;. The signal from cardiothoracic impedance was
recorded on a separate computer. The HR,  was used to

imp
adjust SV;,,, with the time of recording, so that the HR;

1m]
was matched to the HR 4 both derived from ECG. Ever}ll)
recorded signal from each experimental run was visually
inspected, and only time intervals with successful record-
ings were included in the subsequent analysis. A success-
ful recording is a recording of physiological data without
loss of signal and minimum noise. Four time intervals for
each subject were included for further analysis, wherever
possible.
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Analysis

The time alignment between the recordings was visually
inspected in GraphPad (GRAPHPAD Prism 6; Graph-
Pad Software, Inc., La Jolla, California, USA). The data
reported were analyzed in four time epochs of 120 s;
baseline (0 mmHg LBNP), —30 mmHg LBNP, maximal
LBNP and recovery (0 mmHg LBNP). Maximal LBNP
is given as the range of lowest pressures completed by
ten subjects: during the transient increase of LBNP from
—40 to —60 mmHg (7 subjects) or during the plateau
at —60 mmHg LBNP (3 subjects). The 120-s long time
epochs were selected on the base of successful recordings.

Variability analysis

SV varies with respiration, due to variations in intratho-
racic pressure, and subsequent effects on preload (Toska
and Eriksen 1993; Elstad et al. 2001). These respiration-
related variations can be quantified by applying variabil-
ity analysis at respiratory frequency (Johnson et al. 2014;
Marik et al. 2009; Reisner et al. 2011). To calculate SVV
through variability analysis, beat-to-beat recordings of SV
are needed (Elstad 2012).

Cardiovascular variability during respiration was cal-
culated from the fast Fourier transform spectral analysis
integral between 0.15 and 0.4 Hz during four phases of
the experimental protocol, using epochs of 120-s duration
as mentioned above, in Sigview (SIGVIEW, version 2.5.1,
http://www.sigview.com). Variability analysis computed as
power integral between 0.15 and 0.4 Hz was applied to all
three SV methods. Because the Finometer signal was lost
during maximal LBNP in one subject, SVV,,,. could only
be calculated for nine subjects at this stage. SVV;,,, was
calculated for nine subjects because recordings from the
tenth subject were unsatisfactory (as this subject had varia-
tions in SV, >100 ml/beat). The comparison between the
methods was performed on the maximal subjects available
at each stage, 8—10 subjects.

Statistics

The non-parametric median and 95 % confidence intervals
(CI) given by Hodges—-Lehmann estimation were calculated
from epochs of 120 s for SV and SVV at four previously
described phases, by StatXact® (CYTEL STUDIO 10, Cytel
Inc., Cambridge, MA, USA). 95 % CI found by Hodges—
Lehmann estimation corresponds to the Wilcoxon one-sam-
ple test (Hollander and Wolfe 1999). Kruskal-Wallis one-way
analysis of variance by ranks for three groups was used to
test for difference in the three methods between baseline and
—30 mmHg LBNP (http://vassarstats.net/kw3.html, Hgyland
and Wallge 1977). Wilcoxon matched-pair sign rank test was
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Table 1 Hemodynamic responses at four levels of lower body negative pressure

—40 to —60

Recovery

Baseline LBNP level (mmHg)
-30
Respiratory frequency (Hz) 0.29 (0.25, 0.32) 0.23 (0.19, 0.29)*
MAP (mmHg) 83.0 (72.5, 89.8) 80.6 (69.1, 88.8)*
PP (mmHg) 63.3 (52.1, 67.0) 60.6 (50.4, 65.7)
HR,, (bpm) 62.7 (55.2, 68.0) 66.2 (61.2,71.7)
HR, 4 (bpm) 62.5 (54.9, 67.9) 65.6 (60.6, 71.1)
HR;,,, (bpm) 62.6 (55.0, 68.0) 66.0 (60.8, 71.8)
SV (ml) 88.1(77.0,99.5) 74.7 (63.9, 86.4)*
SV, (ml) 78.2 (67.5,92.7) 59.1 (52.5, 68.6)*
SV,,,, (ml) 99.1 (83.8, 158.3) 80.3 (74, 132.6)*

imp

0.23 (0.18, 0.28)*
78.4 (67.8, 88)*

45.9 (35.7, 50.3)*
86.3 (72.5, 96.8)*
86.3 (76.7, 95.8)*
86.7 (76.9, 96.3)*
55.5 (46.1, 67.6)*
42,5 (33.7, 55.5)*
63.7 (529, 110.8)

0.28 (0.25, 0.32)
81.9 (75.8, 89.3)
56.6 (47.2, 62.4)*
58.2 (50.9, 64.5)*
57.6 (50.2, 64.2)*
57.9 (50.7, 64.6)*
89.5 (77.9, 100.9)
80.7 (68.7, 93.0)
105.2 (89.8, 164.5)

Hodges—Lehmann’s estimates with 95 % confidential intervals. Group data, n = 10 unless otherwise specified

LBNP lower body negative pressure, PP pulse pressure, MAP mean arterial blood pressure, HR,,,. heart rate from arterial blood pressure curve,
HR,, heart rate from ECG, HR;,,, heart rate from impedance cardiography, SV, stroke volume from ultrasound Doppler, SV,,,. stroke volume

from arterial blood pressure curve, SV,

* Indicate p < 0.05 as compared to baseline

used to compare methods. The slope and regression coef-
ficient (+?) between LBNP and SV from the three methods
was estimated by linear regression during the ramp part of the
protocol in GraphPad. P < 0.05 was considered significant.
Unless otherwise specified, results are given as medians with
95 % Hodges—Lehmann’s confidence interval.

Results
Subject response to LBNP

Ten subjects underwent simulated hypovolemia. In seven
of the ten subjects, the protocol was terminated prema-
turely in response to presyncopal signs or symptoms: a fall
in systolic blood pressure to <70 mmHg (one subject), a
sudden fall in blood pressure of more than 15 mmHg (five
subjects), or dizziness plus reduced field of vision (one
subject). For these seven subjects, the protocol was termi-
nated at LBNP levels of —40, —41, —44, —45, —51, and
—56 mmHg (the latter for two subjects). The hemodynamic
response is given in Table 1.

Stroke volume during LBNP

Raw data from one subject show a similar progressive
decrease in SV with all three methods, which clearly
reflects the progression of LBNP (Fig. 1b). The same trend
is apparent from group data (n = 10) of absolute values of
SV obtained by the three methods, as displayed in Fig. 2a. A
decrease of approximately 36 ml from baseline to the maxi-
mal LBNP stage can be seen for all three methods. At group
level, the baseline values for SV differed somewhat between

stroke volume from impedance cardiography (n = 9)

the three methods (SV,q 78 ml/beat, SV,,,. 88 ml/beat and
SVimp 99 ml/beat) (Table 1). The three methods also gave
different absolute values for SV from the same subject.

We normalized the SV values thus displaying relative
changes for the three methods at group level (Fig. 2b).
Normalized values of SV from group data show that SV 4
decreased by 45 % (95 % CI 37 %, 52 %), SprC by 39 %
(95 % CL 27 %, 45 %) and SV, by 37 % (95 % CI 24 %,
49 %) from baseline to the lowest individual level of LBNP
(Fig. 2b). Differences between the three methods were
not statistically significant. Neither absolute SV values (at
baseline and —30 mmHg LBNP) nor relative SV changes
at —30 mmHg predicted tolerance to LBNP.

Regression analysis of group data (n = 10) shows that
in the ramp part of the protocol (from —30 mmHg LBNP
to —60 mmHg LBNP), HR increased significantly during
pressure reduction, with a regression of 0.9 bpm/mmHg
[95 % CI 0.6, 1.3 bpm/mmHg, * = 0.55 (95 %CI 0.34,
0.75)] (Fig. 3). SV SVyp,. and SV, decreased signifi-
cantly and similarly during pressure reduction, by —0.9 ml/
mmHg decrease in LBNP for all three methods [95 % CI
SV, —1.2, —0.6 ml/mmHg, * = 0.51 (0.35, 0.66); 95 %
CI SV, —1.6, —0.5 ml/mmHg, 7 = 0.70 (0.51, 0.79);
95 % CI SV, —1.3, —0.3 ml/mmHg, 7 = 0.38 (0.17,
0.59)] in the ramp part of the protocol (Fig. 3).

Stroke volume variability during LBNP

Figure 4 shows raw data from 10 s of recordings of SV,
measured by three methods, and the index of thorax vol-
ume at baseline. The absolute cardiovascular variability is
given in Table 2, and the relative cardiovascular variability
is illustrated in Fig. 5b. The three methods for estimating
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SV did not give the same decrease in SVV from baseline
to —30 mmHg of LBNP (Kruskal-Wallis test, p = 0.029).
SVViy,, had a significantly lower variability at baseline
compared to SVV,. (p = 0.04). Both SVV, 4 and SVV,,.
changed significantly (p = 0.002), dropping to 32 % (95 %
CI SVV,iq 18 %, 47 %, 95 % CI SVV,,. 21 %, 43 %)
of baseline values at —30 mmHg of LBNP. In contrast,
SVVip, was 88 % (95 % Cl 42 %, 182 %) (n = 9) of the
baseline value at —30 mmHg of LBNP (Fig. 4), which
was not a significant decrease (p = 0.82). SVV, was
23 % (95 % CI 14 %, 81 %) of baseline value at maximal
LBNP (p = 0.006). SVV,,. was 21 % (95 % C19 %, 33 %)
(n = 9) of baseline value at maximal LBNP (p = 0.004).
Further, at maximal LBNP, SVV;,,, was not significantly

different from its value at —30 mmHg of LBNP, and
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Time (seconds)

Fig. 4 Ten seconds of a 30-min recording of stroke volume measured
by three different methods and thorax volume (respiration) at base-
line raw data from one subject. The black curve shows stroke volume
from ultrasound Doppler, the light gray curve stroke volume from the
arterial blood pressure curve and the dark gray curve stroke volume
from impedance cardiography. The lowest curve shows respiration,
where an upward slop indicated inspiration (arrow). SV,,. stroke
volume from arterial blood pressure curve, SV, ,; stroke volume from
ultrasound Doppler, SV,,,, stroke volume from impedance cardiogra-
phy, Resp index of thorax volume, LBNP lower body negative pres-
sure

remained at 76 % (95 % CI 23 %, 126 %) (n = 9) of base-
line value (p = 0.77). SVV,,, SVV, 4 and SVV,,, were
restored during recovery to 94 % (95 % CI 64 %, 124 %),
98 % (95 % CI 50 %, 203 %) and 96 % (95 % CI 47 %,
335 %), respectively, of baseline values.

To differentiate between normovolemia and hypo-

volemia, SVV,; <12 ml* detected mild hypovolemia
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Tab!eZ Variability in Baseline LBNP level (mmHg)
cardiovascular parameters
during four phases of the lower -30 —40 to —60 Recovery
body negative pressure protocol
RespV (a.u.?) 9.6 (2.3,17.2) 8.5(3.9,14.3) 10.3 (5.1, 14.5) 10.2 (2.4, 16.2)

MAPV (mmHg?  0.34 (0.09, 0.77)
PPV (mmHg?) 5.20 (2.07,7.55)
HRV (bpm?) 6.8 (2.9, 14.5)
SVVype (ml) 9.7 (6.5, 16.6)
SVV,, (ml?) 20.1 (10.5, 39.3)
SVV,p,p (ml%) 1.8(0.9,7.3)

0.46 (0.23, 0.91)

1.73 (0.66, 2.09)*
2.9(1.5,7.5)
2.9 (1.8,5.6)*
5.1 (3.2, 8.4)%
1.3 (0.7, 2.7)

0.94 (0.59, 3.9)*
2.30 (0.61, 3.79)*
2.6(1.2,6.0)

1.7(0.8,4.0)* (n=9)

4.2 (2.8, 8.1)
1.0 (0.4, 1.7)

0.33 (0.18, 0.54)
2.76 (0.88, 3.50)*
3.9(1.9,23.6)
9.4 (5.8, 14.7)
15.3 (11.1, 39.4)

1.6 (0.6, 3.3)

Hodges—-Lehmann’s estimates with 95 % confidential intervals. Group data, n = 10 unless otherwise speci-

fied

LBNP lower body negative pressure, RespV variability in respiration, PPV pulse pressure variability, MAPV
mean arterial blood pressure variability, HRV heart rate variability calculated from heart rate measured by
ECG, SVV,,, stroke volume variability from ultrasound Doppler, SVV,,,. stroke volume variability from
arterial blood pressure curve (n = 9 at —40 to —60 mmHg LBNP), SVV,,, stroke volume variability from

impedance cardiography (n = 9)

* Indicate p < 0.05 as compared to baseline
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Fig. 5 Relative stroke volume variability during LBNP. Bars indicate
the 95 % confidence interval and the dots their median by Hodges—
Lehmann estimation. The squares represent stroke volume variability
from ultrasound Doppler (n = 10), the circles represent stroke vol-
ume variability from the arterial blood pressure curve (n = 9 at —40
to —60 mmHg of LBNP) and the triangles represent stroke volume
variability from impedance cardiography (n = 9). Asterisk indicates
p < 0.05 as compared to baseline. LBNP lower body negative pres-
sure, SVV,,,. stroke volume variability from arterial blood pressure
curve, SVV, , stroke volume variability from ultrasound Doppler,

SVV,,, stroke volume variability from impedance cardiography

(=30 mmHg) (SVVy,. p = 0.07, SVV,q p = 0.004).
SVV,,. and SVV, <10 ml* (SVV,,. p = 0.01, SVV,y
p = 0.03) were both predictive of hypovolemia.

Discussion

We tested if SVV can detect simulated hypovolemia in
spontaneously breathing volunteers, and investigated how

three different non-invasive methods of SV measurement
track SV beat-to-beat. Our main findings were that changes
in SVV revealed the early stages of simulated hypov-
olemia, and that impedance cardiography did not appear
to track beat-to-beat changes in SV. We suggest that SVV
is a possible detector of mild hypovolemia in spontane-
ously breathing humans; however, impedance cardiography
should be used with caution when estimating SVV.

Comparison of three non-invasive methods
of measuring beat-to-beat stroke volume

We compared three non-invasive techniques for beat-to-
beat SV monitoring. Despite somewhat different absolute
values from the three methods at baseline and throughout
the protocol, we found that all three SV methods decreased
by 0.9 ml/mmHg during the gradual decrease in LBNP
from —30 to —60 mmHg. This shows that SV tracks a
gradual hypovolemia, and thus our data support other stud-
ies where changes in SV clearly indicate the progression of
simulated and actual hemorrhage (Convertino et al. 2006;
Cooke et al. 2004; Leonetti et al. 2004; Marik 2013; Reis-
ner et al. 2011). In three of the subjects, the SV, signal
was lost for part of the time at maximal LBNP, possibly due
to either a decrease in blood pressure or profound vasocon-
striction (Imholz et al. 1998). SV;,,, showed the same pro-
gressive decrease during the protocol as SV, and SVy,.
Further, the upper group confidence interval of SV, con-
tained non-physiological values at all stages of the protocol
(Fig. 2a). In fact, in three of the subjects, SV, increased
as the simulated hypovolemia progressed, contrary to what
would be expected as a normal physiological response

when the preload decreases, as during hemorrhage. We
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speculate that the LBNP method influences the configu-
ration of the thorax during chamber decompression, and
blood-filled organs may be displaced during LBNP and
during the respiratory cycle. During LBNP, both the hema-
tocrit and the hemoglobin levels increased due to a plasma
volume shift in the lower body (Johnson et al. 2014). These
plasma volume changes could also influence SV, dur-
ing LBNP, independent of actual changes in central blood
volume.

We found a decrease in SVV during simulated hypov-
olemia in spontaneously breathing subjects in two of the
three methods for non-invasive SV measurement, as pre-
viously described in mild hypovolemia for SVV,,. (Shin
et al. 2010; Elstad and Wallge 2015). SVV,q and SVVy,
gave similar results and both methods tracked SV beat-to-
beat, whereas SVV,,, did not appear to do so. SVV;,,, was
low at baseline compared to SVV,,. (p = 0.04) (Table 2)
and remained low throughout the experiments. We, there-
fore, recommend caution if impedance cardiography is to

be used for beat-to-beat SV estimation.

Variability in cardiac stroke volume as a detector
of central hypovolemia

SVV is already in clinical use to detect central hypo-
volemia in mechanically ventilated patients. During
mechanical ventilation, SVV increases with fluid-respond-
ent hypovolemia, and performs better than SV in detecting
hypovolemia (Marik et al. 2009). However, in a clinical set-
ting when a patient is suffering from hypovolemia due to
hemorrhage, the patient will often breathe spontaneously,
especially in a pre-hospital setting. It is, therefore, desir-
able to find a method of detecting hypovolemia in spon-
taneously breathing humans. Hemodynamic variability in
both time domain and frequency domain is suggested to
detect simulated central hypovolemia in healthy volunteers
(Alian et al. 201 1a, b). A previous study found that patients
with dilated cardiomyopathy had larger SVV than controls
(Caiani et al. 2002). There is a possibility that dilated heart
disorders need different hemodynamic criteria to estimate
the degree of hypovolemia.

There are other methods to estimate the grade of hypo-
volemia from the arterial waveform. The changing fea-
tures in the arterial waveform obtained from the photop-
lethysmograph of an oximeter are suggested as a measure
of the individual capacity to compensate for hypovolemia
(Moulton et al. 2013). During paced breathing in healthy
subjects, graded hypovolemia resulted in decreased SVV .
(Shin et al. 2010) and SVVimp (Siebert et al. 2004). Pulse
pressure variability (PPV) is suggested as another surrogate
measure of SVV in hypovolemia (Marik et al. 2009), but is
still debated in spontaneously breathing subjects (Michard
2005; Hoff et al. 2014).

@ Springer

During spontaneous breathing, as used in the current
study, SV, and SV, decreased by 23 and 17 % from
baseline to —30 mmHg of LBNP, respectively (Fig. 2b),
whereas both SVV,y and SVV,,. decreased by 68 % dur-
ing the same time interval (Fig. 5b). The current study
also shows that increased hypovolemia (from —30 to
—60 mmHg of LBNP) further decreased SVV,, and
SVV, Thus, SVV tracks minor changes during hypov-
olemia, which suggests that it is a more potent variable for
detecting hypovolemia than SV alone. As SVV decreases to
a much greater extent during early hypovolemia compared
to SV, it could be advantageous to monitor SVV instead of
SV. The possibility of capturing these fine, rapid variations
using SVV may prove particularly useful in early pre-hos-
pital detection of hemorrhage, and lead to more successful
treatment. Further studies are needed to test whether a sin-
gle measurement of SVV can detect hypovolemia in spon-
taneously breathing subjects.

We observed that subjects who tolerated the highest level
of LBNP (—60 mmHg for 3 min) also tolerated low levels
of SV without a decrease in MAP (median SVy,,.: subjects
with high tolerance 39 ml versus 48 ml for subjects with low
tolerance). This suggests that there is no cutoff figure for an
absolute value of SV that indicates presyncope or hemody-
namic decompensation during hemorrhage. On the other
hand, SVV has a cutoff value of 10-12 % for hypovolemia
detection in mechanically ventilated patients (Guinot et al.
2014). In the current study, we found a cutoff of <10 ml? for
detection of mild hypovolemia in both SVV,y and SVVy,
similar to Elstad and Wallge (2015). Further testing in a pre-
hospital setting is needed to explore the potential of SVV as
a diagnostic tool for detection of hypovolemia.

Limitations

First, our study included a limited number of subjects. In
addition, in seven of the subjects, we terminated LBNP
during the transient decrease in LBNP. During maximal
LBNP, the SV varied due to respiration as during rest and
mild hypovolemia, but also due to the increased physi-
ological challenge (Fig. 3) and technical difficulties (man-
ual holding of ultrasound signal during decreased signal
intensity and peripheral vasoconstriction). Consequently,
the confidence interval of SV and SVV during maximal
LBNP became wider, compared to previous time intervals
(Figs. 2, 5). LBNP has a limited ability to model severe
hemorrhagic and traumatic shock. The LBNP method does
not take into consideration numerous co-existing variables
usually present in a clinical situation, such as tissue injury,
anesthesia, pain and fear (Cooke et al. 2004), and subjects
cannot be taken to a level resulting in more severe central
hypovolemia for safety reasons.
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The method we used to produce central hypovolemia
has some limitations. During simulated blood loss through
LBNP, the circulation is intact and the circulatory volume
is constant, with an increase in storage of blood in the dis-
tensible veins in the legs. The simulated blood loss initi-
ates numerous physiological mechanisms comparable to
those elicited during actual acute hemorrhage. However,
during actual blood loss, there is a real decrease in blood
volume, leading to several physiological mechanisms
including changes in vascular properties such as venous
capacitance and arterial compliance that might not be the
same response as during simulated hemorrhage. In addi-
tion, the LBNP response (and thus the volume sequestered
to the lower body) may depend on lower body size, lower
body compliance and vascular compliance.

In the tables we report PP and PPV. We need to empha-
size that the computation of variability from frequency
domain is different from most studies on PPV, which report
variability in time domain.

All three non-invasive SV measuring techniques exam-
ined in this study have limitations. SV, is operator
dependent. SV, may be unreliable at low arterial blood
pressure levels since hypovolemia results in peripheral
vasoconstriction and redistribution of blood during hemor-
rhage. Impedance cardiography has been shown to be sen-
sitive to several factors, for instance the siting of the elec-
trodes on the body, body motion and electrical noise such
as may be expected in a laboratory or intensive care unit
(Marik 2013). These methods may thus be fraught with
logistical and technical difficulties in a pre-hospital setting,
and further testing of SV measurement devices that could
be used for calculation of SVV are needed before the appli-
cation in a pre-hospital setting.

Clinical implications

SVV could in future be used as an early marker for hypo-
volemia in spontaneously breathing patients, for instance
during the first encounter with a trauma patient at an acci-
dent site, during transportation or during triage in military
combat and hereby try to prevent the development of hypo-
volemic shock. SVV could be used to detect a volume defi-
cit in potentially volume-depleted patients and be used as a
guide for monitoring the effects of fluid therapy and lead to
faster appropriate treatment.

Conclusions

Beat-to-beat SV measured during LBNP using ultra-
sound Doppler, finger arterial blood pressure curve and
impedance cardiography showed that SV clearly reflects
the development of a simulated hemorrhage. The three

different methods showed the same relative changes in
SV during simulated hemorrhage. SV estimated by ultra-
sound Doppler and by arterial blood pressure curve showed
parallel variations beat-to-beat during simulated hemor-
rhage, whereas impedance cardiography did not appear to
track beat-to-beat changes in cardiac stroke volume. SVV
decreases during the early phase of hypovolemia in spon-
taneously breathing subjects. SVV detects simulated hypo-
volemia, and further studies could evaluate its capacity to
detect hemorrhage in a preclinical and hospital setting.
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