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causes of death associated with
civilian trauma (16, 33, 35) and is the leading cause of
potentially survivable death on the battlefield (3, 14). Therefore, identifying physiological changes in response to blood
loss (BL) is important because it can promote timely assessment of patient status and appropriate triage. Clinical studies
of BL are difficult to perform due to the heterogeneity of
patients, injuries, volume of BL, and resuscitation efforts.
Standardized laboratory studies in which graded hypovolemia
is induced via BL or dehydration provide a standardized way of
measuring the effects of hypovolemia; however, the removal of
an adequate volume of blood to mimic clinically relevant
hemorrhage in conscious humans in a laboratory is invasive
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and may not be practical. Therefore, lower body negative
pressure (LBNP) is frequently used to simulate BL in conscious humans. The application of LBNP results in a central
volume shift to the lower body, which creates central hemodynamic conditions that are believed to mimic those obtained
during actual BL (12). Recent evidence indicates that LBNP is
a valid surrogate to simulate hemodynamic responses to BL in
anesthetized baboons (23). Data obtained from human experiments also suggest that LBNP creates a hemodynamic environment that is similar to BL (20, 30, 36). In this context, it has
been proposed on the basis of a review of LBNP and BL
studies that LBNP creates similar compensatory and hemodynamic responses as BL (12). However, a direct comparison of
physiological responses during LBNP and BL have been conducted in only two previous studies, both of which involved
only a mildly reduced blood volume of 450 ml (20, 30).
Notably, these studies did not compare hemodynamic responses throughout progressive reductions in circulating blood
volume to responses obtained during graded LBNP.
Reductions in central blood volume cause not only changes
in hemodynamics, but also blood analyte responses. Central
hypovolemia generated by LBNP or BL is a strong activator of
the sympathetic nervous system and increases circulating catecholamines (11, 13, 15, 24, 28). Additionally, arterial and
atrial mechanical stretch receptors sense the decrease in blood
pressure during acute reductions in central blood volume and
initiate the release of volume-regulating hormones such as
arginine vasopressin (1, 2, 11, 18, 24, 37). Therefore, it is
plausible that blood analyte responses to LBNP are comparable
to the blood analyte responses observed during BL. However,
similar to the lack of a comparison of hemodynamic adjustments between LBNP and BL, a direct comparison of blood
analyte responses to LBNP and BL has not been fully elucidated.
Despite the idea that LBNP mimics BL, a direct comparison
of multiple hemodynamic and blood analyte responses to
reductions in central venous pressure (CVP) and pulse pressure
(PP) obtained by graded LBNP and graded BL has not been
performed in conscious humans. The purpose of this study was
to compare hemodynamic responses elicited during a bout of
graded LBNP to those observed during graded BL in conscious
humans. We hypothesized that hemodynamic responses to
graded LBNP (0, 15, 30, and 45 mmHg of LBNP) would
mimic hemodynamic responses observed during graded BL (0,
333, 667, and 1,000 ml of BL) across a wide range of CVP and
PP, and that these responses would be strongly correlated
between the two protocols. Additionally, we hypothesized that
the blood analyte responses to LBNP and BL would be similar.
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May 29, 2014; doi:10.1152/japplphysiol.00070.2014.—The purpose
of this study was to compare hemodynamic and blood analyte responses to reduced central venous pressure (CVP) and pulse pressure
(PP) elicited during graded lower body negative pressure (LBNP) to
those observed during graded blood loss (BL) in conscious humans.
We hypothesized that the stimulus-response relationships of CVP and
PP to hemodynamic responses during LBNP would mimic those
observed during BL. We assessed CVP, PP, heart rate, mean arterial
pressure (MAP), and other hemodynamic markers in 12 men during
LBNP and BL. Blood samples were obtained for analysis of catecholamines, hematocrit, hemoglobin, arginine vasopressin, and
blood gases. LBNP consisted of 5-min stages at 0, 15, 30, and 45
mmHg of suction. BL consisted of 5 min at baseline and following
three stages of 333 ml of hemorrhage (1,000 ml total). Individual r2
values and linear regression slopes were calculated to determine
whether the stimulus (CVP and PP)-hemodynamic response trajectories were similar between protocols. The CVP-MAP trajectory was
the only CVP-response slope that was statistically different during
LBNP compared with BL (0.93 ⫾ 0.27 vs. 0.13 ⫾ 0.26; P ⫽ 0.037).
The PP-heart rate trajectory was the only PP-response slope that was
statistically different during LBNP compared with BL (⫺1.85 ⫾ 0.45
vs. ⫺0.46 ⫾ 0.27; P ⫽ 0.024). Norepinephrine, hematocrit, and
hemoglobin were all lower at termination in the BL protocol compared with LBNP (P ⬍ 0.05). Consistent with our hypothesis, LBNP
mimics the hemodynamic stimulus-response trajectories observed
during BL across a significant range of CVP in humans.

Hemodynamic Responses during LBNP and Blood Loss

suction. Subjects were not allowed to cross their legs and were
instructed to refrain from contracting any muscles in the lower body
throughout the protocol.
BL protocol. Following a 5-min baseline period, three aliquots of
333 ml of blood were removed via gravity from an antecubital vein.
A 5-min period separated each aliquot to emulate the three stages of
LBNP. The removed blood was stored in standard preservative/
anticoagulant bags and was periodically agitated to prevent clotting.
Subjects were instructed not to cross their legs or contract any muscles
in their lower body throughout the protocol.
Data and Statistical Analysis

RESULTS

Of the 12 subjects who volunteered to participate in this
study, 2 did not complete both protocols (both subjects completed 667 ml of BL and 30 mmHg of LBNP); additionally, 1
subject did not complete the LBNP protocol (completed 30
mmHg of LBNP), and 1 subject did not complete the BL
protocol (completed 333 ml of BL). These protocols were
terminated early due to presyncope symptoms or syncope. Data
obtained from subjects who did not complete 667 ml of BL or
30 mmHg of LBNP were excluded from regression analyses. A
sample size of 8 subjects (age 32 ⫾ 3 yr; height 185.3 ⫾ 1.8
cm; weight 91.3 ⫾ 3.4 kg; BMI 26.6 ⫾ 0.8 kg/m2) was used
for ANOVA analyses due to the missing data points. The mean
time for blood removal was 483 ⫾ 163 s (⬃41 ml/min) for the
three aliquots. The first aliquot took 538 ⫾ 134 s (⬃37
ml/min), the second aliquot took 468 ⫾ 160 s (⬃43 ml/min),
and the final aliquot took 436 ⫾ 194 s (⬃46 ml/min). The time
to fill each aliquot was not statistically distinguishable (P ⫽
0.068). The correlation of the amalgamated hemodynamic
values obtained during BL and LBNP are presented in Figure
2. Tables 1 and 2 display the mean and range of individual r2
values of the hemodynamic variables vs. CVP and PP, respectively. The mean and range of individual regression line slope
values of hemodynamic variables vs. CVP and PP are presented in Tables 1 and 2 as well. The mean and individual
hemodynamic values generated at each stage across the range
of CVP and PP during LBNP and BL are displayed in Figs. 3
and 4, respectively. The mean hemodynamic values obtained at
each stage during both protocols are presented in Table 3. The
mean and range of individual regression line slope values
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achieved by plotting blood analyte responses against CVP and
PP are displayed in Table 4. The mean blood analyte data
obtained at baseline and at protocol termination are presented
in Table 5. The mean and individual catecholamine values
generated at baseline and at protocol termination plotted
against CVP and PP are displayed in Fig. 5.
Central Venous Pressure
There was a strong correlation of amalgamated CVP values
between BL and LBNP (r2 ⫽ 0.99) (Fig. 2A).
Heart Rate
There was a strong correlation of amalgamated heart rate
values between BL and LBNP (r2 ⫽ 0.97) (Fig. 2B). Individual
r2 values (P ⫽ 0.371) and regression line slopes (P ⫽ 0.158)
generated from the relationships between heart rate and CVP
from each protocol were statistically similar between BL and
LBNP (Table 1). Individual r2 values (P ⫽ 0.010) and regression line slopes (P ⫽ 0.024) produced from the relationships
between heart rate and PP from both protocols were statistically greater in LBNP compared with BL (Table 2).
Mean Arterial Pressure
There was a good correlation of amalgamated MAP values
between BL and LBNP (r2 ⫽ 0.74) (Fig. 2C). Individual r2
values (P ⫽ 0.007) and regression line slopes (P ⫽ 0.037)
produced from the relationships between MAP and CVP from
each protocol were statistically greater in LBNP compared
with BL (Table 1). Individual r2 values (P ⫽ 0.902) and
regression line slopes (P ⫽ 0.567) produced from the relationships between MAP and PP from each protocol were not
statistically similar between BL and LBNP (Table 2).
Pulse Pressure
There was a strong correlation of amalgamated PP values
between BL and LBNP (r2 ⫽ 0.99) (Fig. 2D). Individual r2 values
(P ⫽ 0.113) and regression line slopes (P ⫽ 0.105) calculated
from the relationships between PP and CVP from each protocol
were statistically similar between BL and LBNP (Table 1).
Arterial Oxygen Saturation, Blood Gases, Hematocrit,
and Hemoglobin
Individual r2 values (P ⫽ 0.733) and regression line slopes
(P ⫽ 0.999) calculated from the relationships between arterial
oxygen saturation and CVP from the LBNP and BL protocols
were not distinguishable (Table 1). Individual r2 values (P ⫽
0.311) and regression line slopes (P ⫽ 0.102) generated from
the relationship between arterial oxygen saturation and PP
from each protocol were not statistically distinguishable between BL and LBNP (Table 2). The arterial partial pressure of
oxygen, partial pressure of carbon dioxide, and pH responses
were similar between BL and LBNP at baseline and protocol
termination (Table 5). The regression line slopes for the arterial
partial pressure of oxygen, partial pressure of carbon dioxide, and
pH were not different between BL and LBNP when the responses
were plotted against CVP or PP (P ⬎ 0.05). The regression line
slopes of hematocrit plotted against CVP and PP were different
between BL and LBNP (P ⫽ 0.002 and P ⬍ 0.001, respectively)
(Table 4). The regression line slopes of hemoglobin plotted
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Data were collected and variables were analyzed offline using
signal processing software (WinDaq; DATAZ Instruments, Akron,
OH). Data were analyzed and averaged over the last 2 min of each
stage for statistical analysis. To explore the relationship between BL
and LBNP, individual subject r2 values and linear regression line
slopes were calculated for each variable for both protocols. Paired
t-tests were used to determine whether the r2 values and slopes of the
regression lines of the hemodynamic variables fell on similar trajectories throughout a range of CVP and PP during each protocol. If data
were not normally distributed, the Wilcoxon signed rank test was
used. The amalgamated r2 value and linear regression line slopes were
also calculated using linear regression analysis using group mean
values obtained at each stage vs. the group mean CVP and PP
obtained during each stage of both protocols. Protocol ⫻ stage (2 ⫻
4) repeated measures ANOVA was used to determine whether values
obtained during the LBNP protocol were similar to the corresponding
stages of the BL protocol. If a significant main or interaction effect
was obtained, Tukey’s post hoc analysis was performed to determine
where differences existed. Group data are presented as mean ⫾ SE.
The alpha level was set at 0.05.

•
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Table 1. Mean and range of individual r2 values and
individual regression line slope values of hemodynamic
variables vs. central venous pressure
r2

0.67
0.54

0.14–0.95
0.02–0.98

Slope

Slope Range

⫺2.42
⫺1.53

⫺4.58 to ⫺0.46
⫺5.29–0.12

0.68
0.35*

0.23–0.99
⬍0.01–0.66

0.93
0.13*

0.08–3.48
⫺1.30–2.12

0.72
0.49

0.01–0.97
⬍0.01–0.92

1.81
1.23

0.03–4.37
0.09–3.63

0.52
0.46

0.03–0.95
0.01–0.98

⫺0.04
⫺0.04

⫺0.28–0.23
⫺0.68–0.32

0.85
0.73

0.44–0.99
⬍0.01–0.93

3.69
3.59

1.86–5.26
0.25–5.74

0.68
0.61

0.18–0.99
⬍0.01–0.98

0.10
0.10

⫺0.02–0.24
⫺0.13–0.31

0.51
0.53

0.24–0.99
0.02–0.99

⫺0.26
0.07

⫺0.63–0.17
⫺0.75–0.99

BL, blood loss; LBNP, lower body negative pressure; MAP, mean arterial
pressure; SaO2, arterial oxygen saturation; TPR, total peripheral resistance.
*Different from LBNP, P ⬍ 0.05.

protocol were statistically similar between BL and LBNP
(Table 2).
Cardiac Output
There was a good correlation of amalgamated cardiac output
values between BL and LBNP (r2 ⫽ 0.80). Individual r2 values
(P ⫽ 0.433) and regression line slopes (P ⫽ 0.642) generated
from the relationships between cardiac output and CVP from
each protocol were statistically similar between BL and LBNP
(Table 1). Individual r2 values (P ⫽ 0.945) and regression line
slopes (P ⫽ 0.121) produced from the relationships between
cardiac output and PP from each protocol were statistically
similar between BL and LBNP (Table 2).
Oxygen Delivery
The regression line slope generated from the relationship
between oxygen delivery and CVP during LBNP was not
statistically different from the slope obtained during BL (P ⫽
0.164) (Table 4). The regression line slope produced from the
relationship between oxygen delivery and PP was also statistically indistinguishable between LBNP and BL (P ⫽ 0.064)
(Table 4).
Total Peripheral Resistance
There was a modest correlation of amalgamated total peripheral resistance values between BL and LBNP (r2 ⫽ 0.53)
(Fig. 2F). Individual r2 values (P ⫽ 0.907) and regression line
slopes (P ⫽ 0.124) produced from the relationships between
total peripheral resistance and CVP from each protocol were
statistically similar between BL and LBNP (Table 1). Individual r2 values (P ⫽ 0.364) and regression line slopes (P ⫽
0.849) generated from the relationships between stroke volume
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and PP from each protocol were statistically similar between
BL and LBNP (Table 2).
Catecholamines
The regression line slope generated from the relationship
between norepinephrine and CVP during LBNP was steeper
than the slope obtained during BL (P ⫽ 0.011) (Table 4). The
regression line slopes produced from the relationships between
norepinephrine and PP from each of the protocols were not
statistically distinguishable (P ⫽ 0.129) (Table 4). The regression line slope produced from the relationship between epinephrine and CVP (P ⫽ 0.816) and between epinephrine and
PP (P ⫽ 0.470) were not different between protocols.
Arginine Vasopressin
The regression line slopes obtained from plotting arginine
vasopressin against CVP were not statistically distinguishable
between BL and LBNP (P ⫽ 0.152) (Table 4). Additionally,
the regression line slopes generated between arginine vasopressin and PP were not different between protocols (P ⫽ 0.936)
(Table 4).
DISCUSSION

The overarching results of this investigation indicate that
LBNP elicits similar hemodynamic stimulus-response relationships as BL throughout the ranges of CVP and PP that were
attained. That is, with the exception of heart rate and MAP, the
relationship between indices of central blood volume (i.e.,
CVP and PP) and hemodynamic responses produced by stepwise decreases in circulating blood volume were mimicked by
progressive reductions in LBNP. This is demonstrated by the
similar response trajectories across the wide range of CVPs and
PPs that were achieved for multiple hemodynamic variables
between the two protocols. Therefore, our results provide the
first direct comparison of data from human subjects who have
undergone more than 450 ml of BL and LBNP. Furthermore,
Table 2. Mean and range of individual r2 values and
individual regression line slope values of hemodynamic
variables vs. pulse pressure
r2

Heart rate
LBNP
BL
MAP
LBNP
BL
SaO2
LBNP
BL
Stroke volume
LBNP
BL
Cardiac output
LBNP
BL
TPR
LBNP
BL

0.86
0.57*

r2 Range

0.57–0.98
0.03–0.99

Slope

Slope Range

⫺1.85
⫺0.46*

⫺6.12 to ⫺0.38
⫺2.19–0.76

0.70
0.43

0.04–1.00
⬍0.01–0.66

0.43
0.67

⫺0.29–1.95
⫺0.20–1.52

0.59
0.42

⬍0.01–0.99
⬍0.01–0.99

0.08
⫺0.01

⫺0.14–1.05
⫺0.40–0.31

0.86
0.86

0.49–0.99
0.29–1.00

2.76
2.17

1.16–8.94
1.02–4.74

0.69
0.66

⬍0.01–0.96
0.03–0.99

0.06
0.09

⬍0.01–0.11
⬍⫺0.01–0.22

0.52
0.64

⬍0.01–0.96
⬍0.01–0.99

⫺0.19
⫺0.18

⫺0.68–0.04
⫺0.47–0.12

*Different from LBNP, P ⬍ 0.05.
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Heart rate
LBNP
BL
MAP
LBNP
BL
Pulse pressure
LBNP
BL
SaO2
LBNP
BL
Stroke volume
LBNP
BL
Cardiac output
LBNP
BL
TPR
LBNP
BL

r2 Range

•
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Stage 2

Stage 3

7.1 ⫾ 0.9
5.9 ⫾ 0.8

2.6 ⫾ 0.9a 0.8 ⫾ 0.8ab ⫺0.6 ⫾ 0.8abc
3.6 ⫾ 0.9a 2.2 ⫾ 1.1abd 1.2 ⫾ 1.1abd

62 ⫾ 2.8
59 ⫾ 3.4

64 ⫾ 3.8
60 ⫾ 3.0

71 ⫾ 5.2
63 ⫾ 2.8d

ab

83 ⫾ 6.3
67 ⫾ 3.5ad

abc

95.1 ⫾ 3.2
91.4 ⫾ 2.7

93.0 ⫾ 3.3 92.3 ⫾ 3.3
91.0 ⫾ 2.4 90.3 ⫾ 3.0

87.3 ⫾ 4.0e
89.2 ⫾ 2.7e

66.2 ⫾ 4.3
63.8 ⫾ 3.9

62.2 ⫾ 4.3 57.4 ⫾ 3.8a
61.9 ⫾ 3.4 58.6 ⫾ 4.1

48.7 ⫾ 4.9abc
55.7 ⫾ 4.1ad

96.5 ⫾ 0.7
97.5 ⫾ 0.3

97.0 ⫾ 0.5 96.9 ⫾ 0.4
97.5 ⫾ 0.3 97.4 ⫾ 0.3

96.9 ⫾ 0.3
98.1 ⫾ 0.4d

82.8 ⫾ 3.1 72.8 ⫾ 3.0 63.9 ⫾ 3.4
88.8 ⫾ 3.1d 83.8 ⫾ 2.6d 77.6 ⫾ 3.4ad
a

5.2 ⫾ 0.4
5.3 ⫾ 0.4
18.9 ⫾ 0.9
17.9 ⫾ 1.2

4.6 ⫾ 0.2
5.1 ⫾ 0.3

ab

50.8 ⫾ 3.7
70.6 ⫾ 4.0abcd
abc

4.5 ⫾ 0.3e
4.8 ⫾ 0.2e

4.1 ⫾ 0.2ef
4.7 ⫾ 0.2ef

20.4 ⫾ 0.8 21.0 ⫾ 1.1e
18.2 ⫾ 1.0 18.9 ⫾ 0.8e

21.6 ⫾ 1.0e
19.3 ⫾ 0.7e

bpm, beats per minute; CVP, central venous pressure; PP, pulse pressure;
SV, stroke volume; CO, cardiac output. Stage 1 of LBNP ⫽ 15 mmHg, Stage
2 of LBNP 30 mmHg, Stage 3 ⫽ 45 mmHg. Stage 1 of BL ⫽ 333 ml, Stage
2 of BL ⫽ 667 ml, Stage 3 of BL ⫽ 1,000 ml. Values are means ⫾ SE, n ⫽
8. aDifferent from baseline, P ⬍ 0.05; bdifferent from Stage 1, P ⬍ 0.05;
c
different from Stage 2, P ⬍ 0.05; ddifferent from LBNP, P ⬍ 0.05; estage
main effect, different from baseline, P ⬍ 0.05; fstage main effect, different
from Stage 1, P ⫽ 0.025.

graded LBNP to graded BL in humans. In baboons, decreases
in stroke volume were nearly identical during LBNP and BL
across an extensive range of CVP (23). Our results in humans
reinforce the baboon data indicating that stroke volume during
Table 4. Mean and range of individual regression line slope
values of blood analyte and oxygen delivery responses vs.
central venous pressure and pulse pressure
Central Venous Pressure

Norepinephrine
LBNP
BL
Epinephrine
LBNP
BL
Hematocrit
LBNP
BL
Hemoglobin
LBNP
BL
Arginine Vasopressin
LBNP
BL
Oxygen delivery
LBNP
BL

Pulse Pressure

Slope

Slope Range

Slope

Slope Range

⫺27.8
⫺8.7*

⫺80.7–0.6
⫺32.7–39.5

⫺30.3
⫺5.1

⫺178.1–0.2
⫺42.7–45.0

⫺13.5
⫺14.5

⫺48.3–0.0
⫺36.3 to ⫺1.2

⫺8.9
⫺1.6

⫺24.9–0.0
⫺12.1–45.0

⫺0.22
0.24*

⫺0.58–0.07
⫺0.33–1.18

⫺0.50
0.04*

⫺4.98–0.08
⫺1.17–0.73

⫺0.07
0.08*

⫺0.18–0.05
⫺0.17–0.30

⫺0.16
⫺0.02*

⫺1.53–0.02
⫺0.45–0.11

⫺2.1
⫺4.5

⫺7.8–0.1
⫺20.8–0.6

⫺1.0
⫺0.9

⫺3.2–0.2
⫺3.6–0.9

1.8
10.2

⫺91.4–27.8
⫺142.8–58.2

17.3
38.5

⫺10.6–74.2
⫺25.8–137.3

*Different from LBNP, P ⬍ 0.05.

Norepinephrine (pg/ml)
LBNP
BL
Epinephrine (pg/ml)
LBNP
BL
Hematocrit (%)
LBNP
BL
Hemoglobin (g/dl)
LBNP
BL
Oxygen (mmHg)
LBNP
BL
CO2 (mmHg)
LBNP
BL
pH
LBNP
BL
Bicarbonate (mmol/liter)
LBNP
BL
Arginine vasopressin (pg/ml)
LBNP
BL
Oxygen delivery (ml/min)
LBNP
BL‡

Baseline

Termination

148 ⫾ 20
155 ⫾ 22

354 ⫾ 44†
211 ⫾ 29‡

53 ⫾ 7
49 ⫾ 7

144 ⫾ 30*
103 ⫾ 19*

40.8 ⫾ 0.8
41.1 ⫾ 0.8

42.4 ⫾ 0.8†
40.3 ⫾ 0.9†‡

14.2 ⫾ 0.4
14.3 ⫾ 0.4

14.7 ⫾ 0.4†
14.0 ⫾ 0.4†‡

99.5 ⫾ 2.9
105.1 ⫾ 3.5

97.8 ⫾ 3.1
103.8 ⫾ 2.7

42.1 ⫾ 0.9
41.5 ⫾ 0.6

41.7 ⫾ 1.0
41.0 ⫾ 0.7

7.42 ⫾ 0.01
7.42 ⫾ 0.01

7.41 ⫾ 0.01
7.42 ⫾ 0.01

26.2 ⫾ 0.2
26.2 ⫾ 0.3

25.8 ⫾ 0.4*
25.8 ⫾ 0.3*

2.8 ⫾ 0.7
3.4 ⫾ 0.7

19.1 ⫾ 6.2*
13.5 ⫾ 4.0*

948 ⫾ 57
1036 ⫾ 59

809 ⫾ 32*
926 ⫾ 37*

Values are means ⫾ SE, n ⫽ 12. *Stage main effect, different from baseline,
P ⬍ 0.05; †different from baseline, P ⬍ 0.05; ‡different from LBNP, P ⬍
0.05.

graded LBNP accurately models the changes in stroke volume
obtained during graded BL. Additionally, aside from CVP,
stroke volume was the first hemodynamic variable measured
that was statistically different from baseline following 667 ml
of BL. In this context, stroke volume also had the greatest
decrease from baseline to protocol termination in the subjects
who were unable to complete LBNP and BL protocols. In these
nonfinishers, stroke volume fell by 10 –36% before LBNP
protocol termination and stroke volume decreased by 16 –25%
prior to the cessation of the BL protocol. Therefore, these data
support the idea that monitoring stroke volume during BL
provides an accurate reflection of decreases in blood volume
(26) and tracking stroke volume might provide caregivers vital
hemodynamic information that could be used to prevent cardiovascular collapse.
We found statistically different hematocrit and hemoglobin
responses to the LBNP and BL protocols. These findings are
similar to those observed in anesthetized baboons (23). The
reduction in hematocrit and hemoglobin during BL represents
a shift of fluid from the extravascular to the intravascular space
to counteract the reduction in circulating blood volume (1, 25,
27). Whereas the increase in hematocrit and hemoglobin during LBNP is likely due to a plasma volume shift from the
intravascular to extravascular space in the lower body as a
result of the large pressure gradient that occurs during LBNP.
The differences in hemoglobin, hematocrit, and cardiac output
between the protocols generated a lower calculated oxygen
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CVP (mmHg)
LBNP
BL
Heart rate (bpm)
LBNP
BL
MAP (mmHg)
LBNP
BL
PP (mmHg)
LBNP
BL
SaO2 (%)
LBNP
BL
SV (ml/beat)
LBNP
BL
CO (liter/min)
LBNP
BLd
TPR
(mmHg/l/min)
LBNP
BLd

Stage 1

Johnson BD et al.

Table 5. Blood analyte and oxygen delivery responses at
baseline and at termination of LBNP and blood loss
protocols

Table 3. Hemodynamic responses during each stage of
lower body negative pressure and blood loss
Baseline

•
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the subjects who completed the protocols. In this context,
arginine vasopressin might be an additional marker that can be
used in conjunction with the monitoring of other hemodynamic
variables such as stroke volume, which would give caregivers
insight on patient stability during hemorrhagic trauma.

•

Johnson BD et al.

significant range of CVP and PP in humans. Therefore, our
data support the hypothesis that LBNP adequately reflects the
hemodynamic responses observed during BL.
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Conclusions
We observed striking similarities between LBNP and BL in
the stimulus-response relationships of CVP and PP to hemodynamic responses. As such, LBNP mimics the trajectories of
the hemodynamic responses observed during BL across a
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