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ABSTRACT Early detection and management of shock are important in optimizing clinical outcomes. One regional
marker, sublingual capnography (SLCO), is particularly appealing as redistribution of blood flow away from the sublingual
mucosa can happen very early in the compensatory phase of hypovolemic shock. Our objective was to test the hypothesis
that SLCO, would detect early hypovolemia in a human laboratory model of hemorrhage: progressive lower body negative
pressure until onset of cardiovascular collapse. Eighteen healthy nonsmoking subjects (10 males, 8 females) with mean age
of 28 (SD, 8) years, body weight of 72 (SD, 13) kg, and height of 172 (SD, 9) cm were recruited to participate, of whom
17 completed the experiment. Average time to presyncope was 1,579 + 72 s (mean + SE). At the time of cardiovascular
collapse, lower body negative pressure altered (P < 0.001) systolic blood pressure (mean + SE: 130 + 3 vs. 98 + 2 mm Hg),
pulse pressure (mean + SE: 58 + 2 vs. 33 £ 2 mm Hg), and heart rate (mean + SE: 63 + 3 vs. 102 + 6 beats/min) when
compared with baseline, whereas SLCO, did not change (49.1 + 1.0 vs. 48.6 £ 1.5 mm Hg, P  0.624). In a model of
progressive central hypovolemia in humans, we did not detect metabolic derangements in the sublingual mucosa as mea-

sured by SLCO..
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INTRODUCTION

Early detection and management of shock, defined as in-
adequate delivery of oxygen to the end-organs in relation to
tissue oxygen consumption, are important in optimizing clinical
outcomes after severe trauma (1). Traditional markers of hypo-
perfusion such as mental status, heart rate (HR), blood pres-
sure, and urine output may not be sufficient in detecting early
hemorrhage because evidence of inadequate tissue perfusion
(i.e., base deficit, lactate, and venous saturation) may exist de-
spite normal values of these traditional indices (1-3). To some
degree, global markers of hypoperfusion, such as blood lactate
and base deficit, are also problematic, especially early in the
subclinical or compensated shock state (4). Elevations of these
markers are seen only when an imbalance exists between their
production, under anaerobic conditions, and elimination via the
kidney and the liver. Other global indices, such as central or
mixed venous saturation, fall in the same category and may not
be helpful in the early compensated state because only a global
mismatch between oxygen delivery and consumption would
result in an abnormally low value. On the other hand, regional
markers of hypoperfusion are particularly appealing because
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blood flow is redistributed away from “nonvital” organs, such
as the gut and the skin, to maintain cerebral and coronary flow
throughout the compensatory phase of hemorrhage (5-9).

One such regional marker is gut mucosal tissue carbon
dioxide (CO,) and, by derivation, pH assessed via gastric
tonometry. In a small randomized controlled trial involving
trauma patients, Ivatury et al. (10) reported that a number of
patients (n = 13) had evidence of gastric tissue dysoxia (by
gastric mucosal pH), although global indices (lactate and base
deficit) remained normal. This subgroup of patients had a sig-
nificantly higher mortality (54%) than those with no evidence
of gastric hypoperfusion (7%) (10). Thus, gastric tonometry was
able to uncover a subset of patients, missed by global indices,
who were indeed in compensated shock. Others have demon-
strated similar findings in other clinical populations (11-13).

Despite some promising early clinical findings, however,
gastric tonometry has not been widely adopted because of lo-
gistical challenges that make measurements cumbersome and
impractical (14). Recently, more proximal areas of the gastro-
intestinal tract, such as the esophagus, sublingual tissue, and
buccal mucosa, have been determined to be appropriate surro-
gates for assessing regional perfusion and dysoxia of the gut
in animal models of hemorrhage (15-17). Baron et al. (18) re-
cently reported that partial pressure of sublingual CO, (SLCO,)
predicted survival in hypotensive trauma patients and had
equivalent diagnostic ability to lactate and base deficit. Alter-
ations in the sublingual tissue also appear to correlate with
alterations seen in the gastric mucosa during hemorrhagic shock
(15). Thus, it is likely that alterations in SLCO,, which signal
the presence of tissue dysoxia in the sublingual tissue bed,
would be present before global indices become elevated.
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Lower body negative pressure (LBNP) is utilized in healthy
human subjects as an experimental model of progressive hypo-
volemia taken to the point of hemodynamic collapse (19). Prior
work using this model has demonstrated that certain regional
markers of tissue perfusion are altered (20-26), whereas global
indices remain within clinically normal limits (4). Microcir-
culation of the sublingual mucosa is clearly decreased with
progressive hypovolemia using this model (4). It is not clear,
however, whether a reduction in regional pertusion to this tissue
bed translates to metabolic alterations, as measured by SLCO,.
This group recently demonstrated that tissue dysoxia as mea-
sured by forearm muscle oxygen saturation (SmO) also occurs
early in this model of hypovolemia (21). Utilizing the same
LBNP model, we performed the current study to compare the
metabolic alterations in the sublingual tissue, as measured by
SLCO,, to SmO,. We hypothesized that measurements of SLCO,
would reflect early tissue dysoxia during progressive central
hypovolemia.

MATERIALS AND METHODS

Subjects

Eighteen healthy nonsmoking subjects (10 males, 8 females) with a mean
age of 28 (SD, 8) years, body weight of 72 (SD, 13) kg, and height of 172
(SD, 9) cm were recruited to participate. A complete medical history and
physical examination were obtained on each of the potential subjects. Subjects
were instructed to maintain their normal sleep pattern, refrain from exercise,
and abstain from caffeine and other autonomic stimulants such as selected
prescription or nonprescription drugs for at least 24 h before each experimental
protocol. In addition, female subjects underwent an initial urine test immediately
before experimentation to ensure that they were not pregnant.

During an orientation session that preceded each experiment, all subjects
received a verbal briefing and a written description of all procedures and risks
associated with the experiments and were made familiar with the laboratory, the
protocol, and the experimental procedures. Each subject gave written informed
voluntary consent to participate in the experiment. This study was conducted
under a protocol reviewed and approved by the institutional review board of
the Brooke Army Medical Center, Fort Sam Houston, Tex, and was performed
in accordance with the approved protocol.

Model of central hypovolemia

LBNP was used in the present investigation as an experimental tool to
simulate loss of central blood volume (e.g., hemorrhage) in humans (19). With
the use of a neoprene skirt designed to form an airtight seal between the subject
and the chamber, the application of LBNP (below the iliac crest) with the
subject in a supine position results in a redistribution of blood away from the
upper body (head and heart) to the lower extremities and abdomen (Fig. 1A).
Thus, this model provides a unique method of investigating the conditions of
controlled, progressive, experimentally induced hypovolemic hypotension. Abso
lute equivalence between the magnitude of negative pressure applied and the
magnitude of actual blood loss cannot, at this time, be determined, but review of
both human and animal data reveals ranges of effective blood loss (or fluid dis
placement) caused by LBNP (19). Based on the magnitude of central hypo
volemia, we have previously proposed that negative pressure 10 to 20 mm Hg
induces hemodynamic responses equivalent to those resulting from blood loss
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Fic. 1. Subject in the LBNP device (A) and the LBNP protocol (B).
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ranging from 400 to 550 mL; negative pressure 20 to 40 mm Hg equates to blood
loss ranging from 550 to 1,000 mL; and negative pressure greater than 40 mm
Hg induces hemodynamic responses equivalent to those resulting from blood
loss approximating 1,000 mL or more (19, 27).

Experimental protocol

All subjects were instrumented with an infrared finger photoplethysmograph
(Finometer Blood Pressure Monitor; TNO TPD Biomedical Instrumentation,
Amsterdam, the Netherlands) and an electrocardiogram to record beat by beat
arterial pressures and HR. The Finometer blood pressure cuff was placed on the
middle finger of the left hand, which in turn was laid at heart level. Excellent
estimates of directly measured intra arterial pressures during various physio
logical maneuvers have been demonstrated with this device (28 30). End tidal
CO, (ETCO,) was monitored on a breath by breath basis as subjects exhaled
into a face mask (BCI Capnocheck Plus; Smiths Medical Inc, Waukesha, Wis)
and was also used to calculate respiratory rate. A probe was placed under the
tongue for continuous measurement of SLCO, using a modification of the
MicroStat system (ExoStat Medical, Prior Lake, Minn). SmO, and muscle pH
(pHm) were determined noninvasively by using near infrared spectroscopy,
with the sensor placed over the flexor digitorum profundus muscle in the right
forearm as described previously (21, 31).

All subjects underwent exposure to an LBNP protocol designed to test their
tolerance to experimentally induced hypotensive hypovolemia. The LBNP pro
tocol consisted of a 5 min rest period (0 mm Hg) followed by 5 min of chamber
decompressionto 15, 30, 45,and 60 mm Hg and additional increments
of 10 mm Hg every 5 min until the onset of cardiovascular collapse or the
completion of 5 min at 100 mm Hg (Fig. 1B). Cardiovascular collapse was
identified in real time by the attending investigator by a precipitous fall in sys
tolic arterial pressure (SAP) greater than 15 mm Hg concurrent with the onset
of presyncopal symptoms such as bradycardia, gray out (loss of color vision),
tunnel vision, sweating, nausea, or dizziness.

Data analysis

Data from one of the 18 original subjects were not used because of widely
varying SLCO> readings resulting because the subject did not maintain the
probe in a stationary position under the tongue. The final sample size for all
SLCO; and hemodynamic data analysis was thus 17. Hemodynamic data were
sampled at 500 Hz, digitized to computer (WinDAQ; Dataq Instruments,
Akron, Ohio) and then imported into commercially available data analysis
software (WinCPRS; Absolute Aliens Oy, Turku, Finland). Individual R waves
from the electrocardiogram were marked at their occurrence in time and used
for subsequent identification of SAP and diastolic arterial pressure (DAP)
generated from the Finometer. R R intervals were used to calculate HR. Mean
arterial pressure (MAP) was calculated by dividing the sum of SAP and twice
DAP by 3. Pulse pressure was calculated by subtracting DAP from SAP. Using
the arterial pressure waveform as input, we estimated stroke volume (SV) on a
beat to beat basis using the pulse contour method (32). SLCO, and SmO, data
were collected independently at 0.2 and 0.05 Hz, via software specific to each
sensor, and subsequently downloaded for analysis.

Statistical analysis

Subjects reached cardiovascular collapse (i.e., maximal LBNP tolerance)
at different absolute LBNP levels based on their individual physiological re
sponses. As such, we chose to normalize each individual’s data by reapportion
ing their responses to equal fractions between 0% LBNP tolerance (baseline)
and 100% LBNP tolerance, the level at which the LBNP protocol was termi
nated as a result of impending cardiovascular collapse (presyncope). This ap
proach has been used previously (4, 31) because it allows the consideration of
data from all subjects relative to their maximum capacity for LBNP tolerance.

Baseline values were calculated by averaging each variable over the last
3 min of the pre LBNP baseline period. Similarly, values for all variables were
averaged over the last 3 min of each LBNP level and for 1 min before presyncope.
Paired Student ¢ tests were used for comparing baseline values with those at
100% LBNP tolerance. A one way (LBNP level) randomized block (subjects)
analysis of variance for repeated measures was used for comparing outcome
variables over time. If there was a low probability that a difference occurred by
chance alone, Bonferroni corrected comparisons with baseline measurements were
performed to determine the first level of LBNP that could be distinguished stat
istically from the baseline. Linear regression analysis was used to correlate
changes between variables of interest. All data are presented as mean = SE except
where otherwise noted, and exact P values are presented for all comparisons.

RESULTS

Average values for all variables of interest at baseline and
100% LBNP tolerance are presented in Table 1. All variables

Copyright © 2012 by the Shock Society. Unauthorized reproduction of this article is prohibited.
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TasLe 1. Absolute values of measured variables at baseline and at
100% LBNP tolerance

100% LBNP

Variable Baseline tolerance P

Systolic blood pressure, mm Hg 130 =+ 3 98 + 2 <0.001
Diastolic blood pressure, mm Hg 731 66 = 1 <0.001
Pulse pressure, mm Hg 58 + 2 33:2 <0.001
Stroke volume, mL 1083 +6 49+5 <0.001
Heart rate, beats/min 63+ 3 1026 <0.001
Respiratory rate, breaths/min 161 141 0.003
End-tidal CO,, mm Hg 42708 322:15 <0.001
Muscle oxygen saturation, % 61618 503=21 <0.001
Muscle pH 740 +0.01 736+0.02 <0.001
Sublingual PCo,, mm Hg 491+:10 486:15 0.624

were statistically distinguishable between these time points,
with the exception of SLCO,. Average time to presyncope
was 1,579 £ 72 s; subjects reached presyncope at different
levels of LBNP (—45 mm Hg [1], =60 mm Hg [6], =70 mm
Hg [7], =80 mm Hg [1], =90 mm Hg [2]). Time to presyncope
above includes 300 s of baseline; thus, LBNP was applied for
an average of 1,279 s (approximately 21 min).

Group mean trends for MAP, SV, SmO,, pHm, SLCO,, and
ETCO, during LBNP are graphically depicted in Figure 2.
Compared with baseline, MAP did not begin to decrease until
80% LBNP tolerance. SV was lower than baseline at 40% of
maximal LBNP, whereas SmO,, pHm, and ETCO, were lower
than baseline at 60% of maximal LBNP. In contrast, SLCO, did
not change from baseline throughout the experiment.

Amalgamated linear regressions (R?) describing relationships
between SV and SLCO,, SmO,, and pHm were (.20, 0.95, and
0.87, respectively (Fig. 3).

CHUNG ET AL.

DISCUSSION

Jin et al. (33) first reported an increase in CO, in the sub-
lingual tissue in animals subjected to profound and sustained
hemorrhagic shock. Since then, SLCO, has been evaluated in
a number of clinical studies involving critically ill patients in
various states of shock (34-36), including hemorrhage (18, 37),
with consistently positive findings. Using a preshock model
of simulated hemorrhage in humans, we sought to determine
whether SLCO, would change early in the course of central
hypovolemia, before the onset of frank shock as indicated by
hypotension and alterations in systemic metabolic indices.

The most interesting finding of the current study is that met-
abolic alteration in the sublingual tissue estimated by continu-
ous SLCO, was not detected, despite the fact that previous
studies have demonstrated that mesenteric and sublingual per-
fusion is altered in this model (4, 20, 22-24, 26, 38). This
finding was particularly surprising because ETCO,, SV, and
MAP decreased at various levels of LBNP. Most importantly,
SO, decreased in the musculature of the forearm with pro-
gressive decreases in SV, reflecting the early peripheral vaso-
constriction that occurs in this model (19). This observation
suggests that SLCO; is not a sensitive, early indicator of the
development of central hypovolemia compared with SmO,.

There are several potential explanations for the lack of
SLCO, change in our LBNP experiment. It is possible that the
degree of hypoperfusion was insufficient to result in an alter-
ation in SLCO, production. Steiner et al. (25) reported that
among 13 healthy volunteers in their LBNP model, gastric
Pco, levels remained unchanged despite a decrease in mesen-
teric flow of approximately 30% (measured by duplex Doppler).
LBNP was limited at —40 mm Hg in their experiment, and only
two of their 13 subjects developed presyncopal symptoms. By
contrast, we applied nearly double the negative pressure (on
average) with significant reductions seen in muscle O, and pH
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(Fig. 2), and all of our subjects reached hemodynamic collapse
and near-syncope (4, 39). Thus, we can surmise that the degree
of hypoperfusion was not likely the reason for the lack of
change in SLCO,. In fact, our group recently reported an
alteration in sublingual perfusion, via video microscopy, as
early as at 20% maximal LBNP, with a maximum decrease of
microcirculatory perfusion of 25% at hemodynamic collapse
(4). It would seem logical that SLCO, would follow suit and be
elevated shortly thereafter.

A second possibility is that the duration of hypoperfusion
was not long enough to result in significant accumulation of
CO, in the sublingual tissue. Tissue CO, can rise via two
proposed mechanisms in the setting of low perfusion. First,
a low-flow state leads to CO, “stagnation” because CO; is not
able to clear adequately even under conditions in which CO,
production is normal (40). Second, decreased tissue perfusion
leads to a subsequent decrease in oxygen delivery. As tissue
perfusion becomes increasingly reduced because of progres-
sive vasoconstriction in the peripheral tissue, oxygen supply to
the tissue fails to meet oxygen demand required to maintain
the metabolic rate of the cells. At this critical threshold of
low oxygen, the cells become dependent on anaerobic metabo-
lism (glycolysis) to provide the energy demands of the tissue
that can no longer be met by aerobic metabolism alone (39).
The subsequent production of lactic acid results in hydrogen
ion production (decreasing pH), which, in combination with
bicarbonate buffers, produces water and CO, (41). A sufficient
duration of tissue hypoperfusion may be necessary for the crit-
ical conversion to anaerobic metabolism and significant tissue
CO, production. In essence, this condition would categorically
be defined as true “shock.” Our group has previously reported
that LBNP provides a unique model for the study of events that
occur before the accumulation of blood lactate and base deficit
(i.e., preshock) (4). We may need to view SLCO, in the same
light. It is possible that SLCO, rises only after the accumula-
tion of intracellular lactate and formation of a hydrogen ion
gradient that promotes ditfusion across the cell membrane. This
cascade of events likely takes time to develop. In essence, this
could be viewed as a major limitation as we tested a marker
of ischemia in a nonischemic model. In our model of pro-
gressive LBNP, the average total duration of simulated hypo-
volemia was 21 min. In the experiment of Steiner et al. (25),
where elevations in gastric Pco, were also not detected, LBNP
was held at 30 mm Hg for 45 min and 40 mm Hg for an addi-
tional 30 min (75 min total). Although more than triple the

duration, it represents a degree of simulated hypovolemia that
is approximately half that induced in our protocol, as indicated
by much greater hemodynamic changes (HR increased by
62% vs. 14%; SV decreased by 52% vs. 38%), and the presence
of hemodynamic collapse and presyncopal symptoms in our sub-
jects. Perhaps a combination of both a relatively high degree of
simulated hypovolemia and a longer duration may be needed to
induce tissue ischemia, resultant shock, and subsequent eleva-
tions in SLCO,. If this supposition is true, and SLCO, changes
only with a higher degree and duration of hypovolemia, how-
ever, the question of “added value” becomes important. That is,
if alterations in SLCO, occur only during severe levels of tissue
dysoxia associated with profound hypotension and frank meta-
bolic alterations (e.g., increases in base deficit and lactate), what
new information does measurement of SLCO, provide to the
clinician over measurement of these standard clinical values?
A third possibility is that there may be a difference between
the induction of gastric mucosal tissue acidosis and CO, pro-
duction during actual hemorrhage and hemorrhage simulated
by LBNP. In a human study, Hamilton-Davies et al. (12)
induced hemorrhage (via phlebotomy of up to 25% blood
volume) in six healthy volunteers and measured various clin-
ical indicators as well as gastric tonometry. They reported
increases in gastrointestinal intramucosal CO,:arterial CO,
gap and decreases in intramucosal pH that began 30 min after
initiation of bleeding (12). Compared with the hemodynamic
and gastric pH data reported by Hamilton-Davies et al. (12),
however, the physiological stress induced by LBNP to a point
of cardiovascular collapse in our experiment was equal to,
or greater than, that produced by their 25% bleed in healthy
human subjects. Whereas the subjects of Hamilton-Davies
et al. (12) displayed only modest reductions in SAP (~13%)
and SV (~16%) with little elevation in HR from a baseline
of 65 beats/min, our subjects demonstrated hypotension at
cardiovascular collapse (presyncope) coincident with a 52%
reduction in SV and tachycardia of 102 beats/min. Furthermore,
the average change in intestinal pH from baseline to maximum
bleed (7.39 to 7.32) in the subjects with actual blood loss (12)
was similar to that in muscle pH in the subjects of the present
investigation (7.40 to 7.35; Fig. 2). Given this comparison and
the pronounced reductions in splanchnic blood flow associated
with LBNP (22-24), it seems unlikely that the absence of a
change in SLCO; in our subjects could be explained by the
inadequacy of our LBNP protocol to induce regional hypo-
perfusion any less than that caused by actual bleeding.

Copyright © 2012 by the Shock Society. Unauthorized reproduction of this article is prohibited.
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In contrast, tissue hypoperfusion appears to result in almost
immediate forearm muscle dysoxia as detected by a steady and
reproducible decrease in SmO, with each progressive LBNP
level (Fig. 2). Our current observation of reduced SmO; in this
experiment reproduced the exact same pattern observed and
reported in a prior experiment (21). For the purpose of early
detection of hypovolemia, SmO, appears highly sensitive and,
therefore, very promising for clinical application. Clinical trials
are clearly needed to further investigate whether this method
of detecting subclinical hypovolemic shock can be helpful to
bedside providers.

Some limitations exist for our study. Mesenteric flow, sub-
lingual perfusion, gastric Pco,, lactate, and base deficit were
not directly measured in this experiment. Various assumptions
and comparisons made throughout this article are based on
observations we reported previously in the same model and
corroborated by others (4, 25, 42). However, reproducibility
of our LBNP model has been well established (4, 21, 39, 43),
and no significant demographic differences exist in terms of
sex, age, height, and weight between our current experiment
and others we have performed. Thus, we can reasonably assume
that measurements and observations seen and reported in prior
experiments using the same model hold true for our current
experiment. In addition, it is important to note that this model
does not take into consideration tissue injury, pain, or anesthetic
agents encountered in clinical scenarios. Thus, we are careful
to avoid suggesting that identical measurements would be ob-
tained in the complex clinical environment. On the other hand,
use of this “clean” laboratory model may also be seen as a
benefit, as we were able to assess the relationship between
SLCO, and reduced central volume without confounding fac-
tors such as tissue injury and painful stimuli that might affect
autonomic nervous system activity. Therefore, our results may
be the first to strictly demonstrate the poor relationship between
reduced SV and SLCO, in human subjects. Our model is a
preclinical test bed designed to generate and test various hypoth-
eses that should optimize the design and conduct of future de-
finitive clinical trials.

CONCLUSIONS

Although we were able to reproduce the results seen in prior
experiments with decreases observed in SmO,, ETCO,, SV,
and MAP with progressive LBNP, we did not detect metabolic
derangements in the sublingual mucosa as measured by SLCO,.
Thus, SLCO, may not be a sensitive marker of early hypo-
perfusion before the onset of clinical shock. Animal studies with
more prolonged degrees and duration of ischemia to the point
of true physiologic shock may better characterize the exact time
point in which SLCO, may be detected in the continuum of
hypovolemic shock. Importantly, early markers of tissue hypo-
perfusion and dysoxia such as SmO,, which are abnormal long
before true shock, may have utility and require clinical study.
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