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ABSTRACT Early detection and management of shock are important in optimizing clinical outcomes. One regional
marker, sublingual capnography (SLCO2), 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 SLCO2 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 T 72 s (mean T SE). At the time of cardiovascular
collapse, lower body negative pressure altered (P G 0.001) systolic blood pressure (mean T SE: 130 T 3 vs. 98 T 2 mm Hg),
pulse pressure (mean T SE: 58 T 2 vs. 33 T 2 mm Hg), and heart rate (mean T SE: 63 T 3 vs. 102 T 6 beats/min) when
compared with baseline, whereas SLCO2 did not change (49.1 T 1.0 vs. 48.6 T 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 SLCO2.
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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 (1Y3). 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

blood flow is redistributed away from Bnonvital[ organs, such

as the gut and the skin, to maintain cerebral and coronary flow

throughout the compensatory phase of hemorrhage (5Y9).

One such regional marker is gut mucosal tissue carbon

dioxide (CO2) 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 (11Y13).

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 (15Y17). Baron et al. (18) re-

cently reported that partial pressure of sublingual CO2 (SLCO2)

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 SLCO2, which signal

the presence of tissue dysoxia in the sublingual tissue bed,

would be present before global indices become elevated.
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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 SmO2 with each progressive LBNP

level (Fig. 2). Our current observation of reduced SmO2 in this

experiment reproduced the exact same pattern observed and

reported in a prior experiment (21). For the purpose of early

detection of hypovolemia, SmO2 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 PCO2, 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 Bclean[ laboratory model may also be seen as a

benefit, as we were able to assess the relationship between

SLCO2 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 SLCO2 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 SmO2, ETCO2, SV,

and MAP with progressive LBNP, we did not detect metabolic

derangements in the sublingual mucosa as measured by SLCO2.

Thus, SLCO2 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 SLCO2 may be detected in the continuum of

hypovolemic shock. Importantly, early markers of tissue hypo-

perfusion and dysoxia such as SmO2, which are abnormal long

before true shock, may have utility and require clinical study.
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