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Abstract Objective: Few compara-
tive data exist on the responses of the
subcutaneous and splanchnic circula-
tions to evolving endotoxic shock. We
therefore compared continuous sub-
cutaneous pO2 (pO2sc) and pCO2
(pCO2sc) with simultaneous continu-
ous gut luminal pCO2 (pCO2gi) in an
animal model of endotoxaemia and
examined whether changes in gas
tensions track tissue energy charge
(EC). Design: Prospective observa-
tional study. Subjects: Fourteen an-
aesthetized rats, 7 controls and 7 ex-
perimental. Interventions: Controls
were injected with saline, the experi-
mental group with 20 mg/kg Kleb-
siella endotoxin. pCO2sc, pO2sc, and
pCO2gi were measured continuously.
Plasma lactate concentrations were
measured at defined periods during
the study. After 2 h ileal segments
were snap frozen and assayed for
tissue EC. Measurements and results:
Endotoxaemia resulted in a signifi-
cant decrease in mean arterial blood
pressure (132€9 to 71€20 mmHg) and
pO2sc (71€23 to 33€22 torr) and a
significant increase in pCO2gi (58€10
to 90€20 torr) and pCO2sc (56€6 to
81€25 torr). During endotoxaemia
pCO2gi was directly correlated with
pCO2sc (R 2=0.5) and inversely cor-
related with pO2sc (R 2=0.63). Plasma
lactate concentrations were signifi-
cantly elevated from baseline in the
endotoxin limb. The mean EC was
not significantly different in the two
groups. Conclusions: Both subcuta-
neous tissue gas tensions and intesti-
nal luminal carbon dioxide tensions
are rapidly responsive during evolv-
ing hypodynamic endotoxic shock.
Alterations in tissue gas tensions were
not associated with dysoxia.
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Introduction

The compensatory neurohumoral mechanisms triggered
during the evolution of shock cause redistribution of
blood flow away from the splanchnic and cutaneous cir-
culations [1, 2]. This forms the basis of gastric tonometry
as an early indicator of covert shock [3]. Data derived
from gastric tonometry have been shown to prognosticate
outcome in critically ill patients [4, 5, 6, 7]; however,
errors in gastric luminal pCO2 measurement and the bi-
carbonate assumption may lead to errors in the estimation
of intramucosal acidosis [8, 9]. In addition, the presence
of luminal blood and enteral feeds may delay and blunt
the tissue pCO2 response to mucosal ischaemia [10]. Our
group has examined the other known “early responder”
site to shock namely the subcutaneous tissue. In an animal
model of haemorrhage we have demonstrated a close
concordance between the subcutaneous tissue and ileal
luminal gas tensions during shock and resuscitation [11].
We have subsequently confirmed both the feasibility of
measuring subcutaneous pO2 and its good correlation
with changes in mucosal CO2 tensions in patients during
burns shock and resuscitation [12]. This in addition to
other published data constitutes a large body of evidence
supporting the usefulness of subcutaneous monitoring in
hypovolaemic shock [13, 14].

In endotoxic shock, however, a number of factors limit
the usefulness of published data on tissue oxygenation.
Tissue oxygen tensions measured during sepsis do not
change in any consistent direction from baseline [15, 16,
17, 18, 19]. Although published data on tissue oxygen-
ation during endotoxaemia provide information on ileal,
urinary and skeletal muscle pO2, these measurement
techniques are unlikely to reach clinical application ow-
ing to technological and logistical problems. Also, in-
formation on concomitant changes in tissue pCO2 during
endotoxaemia is sparse [20]. There is a paucity of data on
subcutaneous gas tensions during endotoxaemia and their
concordance with ileal mucosal gas tensions. Finally, the
true relationship between tissue oxygen tensions and
dysoxia must be clarified before tissue pO2 can reliably be
used as a marker of cellular dysoxia.

We designed an experimental model of sepsis to ex-
amine the following questions: (a) How do subcutaneous
gas tensions change in response to an endotoxic insult?
(b) Do changes in subcutaneous gas tensions reflect mu-
cosal hypercapnia during endotoxaemia? (c) What is the
relationship between gut luminal and subcutaneous gas
tensions, on the one hand, and gut energy stores, on the
other, during endotoxaemia?

Material and methods

The study was approved by the University of Queensland Animal
Ethics Experimentation Committee. The principles of laboratory

animal care met the standards of the National Institutes of Health as
well as those of the National Health and Medical Research Council
of Australia. The study was a prospective randomized interven-
tional study with controls. The animals were randomized by a
sealed envelope technique into one of two groups: controls and
endotoxaemic group

Surgical preparation

After a water-only overnight fast 14 male Sprague-Dawley rats
(310–470 g) were anaesthetized with sodium pentobarbitone
(60 mg/kg intraperitoneally) and ventilated via a tracheostomy with
oxygen and isoflurane using a Harvard Rodent Ventilator. Isoflu-
rane was chosen as the maintenance anaesthetic agent for its fa-
vourable cardiovascular profile in maintaining perfusion to the
splanchnic and the cutaneous circulations [21]. Cannulae
(22 gauge) were placed in the common carotid artery and the
jugular vein for mean arterial blood pressure (MAP) monitoring
and intravenous access, respectively. A 10-cm-long silastic tube
was inserted into the subcutaneous tissue of the skin on the ven-
trolateral aspect between the groin and the axilla. At laparotomy a
silastic tube of the same length was placed in the proximal ileum. A
multiparameter tissue gas sensor (Paratrend 7, Diametrics Medical,
Bucks, UK) was inserted into the subcutaneous and ileal silastic
tubing. pCO2 measurements from ileal lumen (pCO2gi) and pO2 and
pCO2 measurements from the subcutaneous tissue (pO2sc, pCO2sc)
were recorded continuously. Minute ventilation was adjusted until
the arterial pCO2 was in the range 30–50 mmHg. Normal saline was
infused into the carotid artery at 3 ml/h. Normal saline was chosen
as the administered crystalloid to replicate clinical resuscitated
sepsis as closely as possible, a situation in which normal saline is
commonly infused. The inspired isoflurane concentration was ad-
justed to maintain a MAP of approx. 100 mmHg. The ileal tem-
perature was kept within the range 35–38� C.

Experimental design

Following surgical preparation, vascular cannulation and placement
of sensors the animals were observed for 30 min to achieve steady
state conditions. When stability was achieved, the following pro-
tocols were followed: in the control group (n =7) an intravenous
bolus of 1 ml normal saline was administered; in the endotoxaemic
group [19] (n =7) an intravenous bolus of endotoxin (Klebsiella
serotype 0127:B8, Sigma Pharmaceuticals) at a dose of 20 mg/kg in
1 ml saline was administered. The mean weights of the rats in the
two groups were comparable (415€19 in controls vs. 438€25 g in
the endotoxin limb). The total maintenance fluid input was adjusted
to be 3 ml/100 g per hour throughout the experiment. All animals
were monitored for 120 min after the injection. At the end of the
120-min period a small segment of ileum was snap-frozen using
clamps pre-cooled in liquid nitrogen, and stored at �70�C for later
assay of ATP, ADP and AMP content and energy charge (EC). At
the end of the experiment all animals were killed under anaesthesia
by bilateral thoracotomy.

Physiological measurements

Tissue gas tensions was measured by the Paratrend 7, comprised of
optodes for the measurement of pH, pCO2 and pO2 and a ther-
mocouple for the measurement of temperature [22]. The mean 90%
in vitro response times of the pH, pCO2 and pO2 sensors are 70, 143
and 76 s respectively. Subcutaneous and ileal luminal gas tensions
and temperature were measured continuously using this device. At
the beginning and end of each experiment the sensor was calibrated
with calibration gases at 37�C. Arterial blood pressure was mea-
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sured continuously using a pressure transducer with output dis-
played on a portable monitor (Model 1275A, Hewlett-Packard,
Waltham, Mass., USA). Arterial blood specimens were analysed for
blood gases and lactate concentrations (ABL 620, Radiometer
Copenhagen, Denmark).

We chose a sample size of seven in each limb. As one of the
important aims of our study was to examine differences in gut EC, a
sample size of seven would have allowed us to detect a difference
in EC of 0.2 with a power of 0.9.

Time points of data collection

Arterial blood gases and plasma lactate concentrations were mea-
sured pre-endotoxin injection and at 60-min intervals subsequently.
Gas tensions in the subcutaneous tissue and in the ileum were
collected at 1-min intervals. Samples of ileum for nucleotide assay
were collected at 120 min following injection of saline or endo-
toxin.

Biochemical analysis of nucleotides

The biochemical assay of nucleotides was based on the method
described by Cross et al. [23]. Values for total adenine nucleotides
(TAN; i.e. ATP +ADP+AMP) and EC [i.e. ATP+(0.5*ADP/TAN)]
were calculated from the measured levels of tissue nucleotides [24]
and expressed per gram of protein. The nucleotide assays were
performed by an investigator who was blinded to both the experi-
mental group and to the corresponding tissue gas tension data.

Data analysis

A professional biostatistician analysed the data. Generalized linear
models were fitted to the time series. All models accounted for the
fact that data were obtained as repeated measurements per subject
over time. The models (a) considered whether there were linear
trends with time (steady increase or decrease as the most clinically
relevant trend of interest) and (b) assessed whether the observed
relationship was influenced by limb (interaction effect). Model
error structures were specified to account for the repeated measures
nature of the collected data.

The baseline gas tension in each vascular bed was defined as the
mean value recorded for the 5 min prior to endotoxin injection. The
peak pCO2 and the nadir pO2 values during the shock phase were
defined as the value with the greatest deviation from baseline. The
magnitude of change in tissue gas tensions during endotoxaemia

was calculated as the difference between the baseline and nadir
values. Within animal gas tension differences were determined by
paired t test. Analysis of variance for repeated measures was used
to determine the time point at which gas tensions changed signif-
icantly from baseline during endotoxaemia. Pearson’s correlation
coefficient was used to examine the relationship between subcu-
taneous and ileal luminal gas tensions. Regression analysis was
used to examine the relationship between tissue gas tensions and
nucleotide assays and EC. Unless otherwise specified, results are
presented as mean €SD. Statistical significance was defined to be at
the conventional 95% level (two-tailed).

Results

Haemodynamic data

The mean baseline MAP in the control group was
117€14 mmHg, reaching a nadir value of 108€13 mmHg
during the 2-h period (p =0.13). In the endotoxin limb
there was a significant drop in MAP from 132€9 mmHg
at baseline to a nadir value of 71€20 mmHg (p <0.001).
At the end of the 2 h significant differences persisted in
MAP between controls (132€16 mmHg) and the endo-
toxin limb (99€34 mmHg, p =0.04). MAP changes in both
limbs are illustrated in Fig. 1.

Blood gas data

There were no significant differences in arterial gas ten-
sions or pH between the two limbs at any stage during the
study (Table 1).

Tissue gas tensions

Tissue pO2

Endotoxaemia resulted in a statistically significant de-
crease in pO2sc (p <0.05; Table 2). Although there was a

Fig. 1 Changes in mean minute
MAP following saline or endo-
toxin injection. Grey squares
Control; black diamonds endo-
toxin; representative error bars
(1 SD) are shown; arrow A time
of injection of saline or endo-
toxin
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downward drift of the pO2sc in controls, these did not
reach statistical significance.

Tissue CO2

Baseline tissue CO2 tensions in the two study groups were
comparable in both the subcutaneous tissue and in the
ileal lumen (Table 2). Endotoxaemia resulted in a statis-
tically significant increase in pCO2gi (p<0.05) and pCO2sc

(p <0.05). No significant changes in tissue pCO2 were
observed in controls.

Time course of changes

Following endotoxin injection, both pCO2gi and pO2sc
responded rapidly. The times to significant change from
baseline were 21 min (p =0.01) and 25 min (p =0.04) for
pCO2gi and pO2sc, respectively. The time to significant
change for pCO2sc from baseline was 29 min (p =0.03).
The changes in pO2sc and pCO2gi during the experiment
are illustrated in Fig. 2.

Changes in mucosal and subcutaneous CO2 gap
(tissue pCO2�arterial pCO2)

The mucosal CO2 gap was similar at baseline in endo-
toxin and control groups (22€11 mmHg vs. 19€
11.5 mmHg, respectively. Following endotoxin adminis-
tration there was a statistically nonsignificant trend to-
wards an increase in the mucosal CO2 gap at both 60 min
(32€18 mmHg, p =0.18) and 120 min (p =0.24). No such
trends were noted in controls. The subcutaneous CO2 gap
was also similar at baseline in endotoxin and control
groups (21€8 mmHg vs. 17€9 mmHg, respectively, p
=0.41). Following endotoxin administration there was
a significant increase in the CO2 gap at 60 min
(32€11 mmHg, p =0.05) and a non-significant rise at
120 min (38€33 mmHg, p =0.24).

Table 1 Arterial blood gas and pH data

Control Endotoxin p

Arterial pH
Baseline 7.37€0.001 7.38€0.001 0.46
End 7.32€0.002 7.27€0.01 0.20

PaCO2 (torr)
Baseline 40€8 35€4 0.14
End 42€7 41€9 0.71

PaO2 (torr)
Baseline 310€82 342€62 0.46
End 267€128 272€50 0.93

Table 2 Summary of tissue gas tension data

Control Endotoxin

pO2sc (torr)
Baseline 82€28 71€23
Peak/nadir 54€27 33€22*

pCO2sc (torr)
Baseline 58€6 56€6
Peak/nadir 65€11 81€25*

pCO2gi (torr)
Baseline 58€10 58€10
Peak/nadir 64€11 90€20*

p<0.05

Fig. 2 Mean tissue gas tensions following saline or endotoxin in-
jection. White open triangles pCO2gi in control limb; white filled
triangles pCO2gi in endotoxin limb; black open squares pO2sc in
control limb; black filled squares pO2sc in endotoxin limb; black

open diamonds pCO2sc in control limb; black filled diamonds
pCO2sc in endotoxin limb; arrow A time of injection of saline or
endotoxin. To avoid crowding of data and to preserve clarity, only
representative error bars are shown
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Relationship between the subcutaneous
and ileal luminal gas tensions

During endotoxaemia pCO2gi was directly correlated with
pCO2sc (R 2=0.5; p <0.001) and inversely correlated with
pO2sc (R 2=0.63; p <0.001; Fig. S1 in Electronic Sup-
plementary Material). Analysis of the relationship in in-
dividual animals also revealed a strong correlation (Table
S1 in Electronic Supplementary Material) between pO2sc
and pCO2gi in five of the seven animals. There was a
variable degree of correlation between the subcutaneous
and the mucosal CO2 gaps at baseline (R 2=0.45, p =0.09),
at 60 min (R 2=0.83, p <0.01) and at 120 min (R 2=0.42, p
=0.1).

Plasma lactate concentrations

Plasma lactate concentrations were comparable at base-
line in the two groups, but in the endotoxin limb there
were increases both at 60 min (p <0.05) and at 120 min (p
=0.06; Fig. 3).

Nucleotides and energy charge

Mean gut mucosal ATP concentrations in the control and
the experimental limbs were 0.46€0.12 and 0.36€0.07 �
mol/g, respectively. Mean ECs in control limb and en-
dotoxin limbs were 0.81€0.02 and 0.78€0.03, respectively
(p =0.07).

Relationship between mucosal CO2 gap and indices
of dysoxia (mucosal EC vs. lactate)

EC was assessed once (at 120 min). There was a poor
correlation between the final CO2 gap and EC (R 2=0.08,
p =0.58) in the endotoxin limb. There was a correlation
between the final CO2 gap and plasma lactate concen-
tration at 120 min (R 2=0.4).

Discussion

In this study the primary finding was that both subcuta-
neous pO2 and ileal luminal CO2 are rapidly responsive to
endotoxaemia. The magnitude of change in pCO2sc was
less than that of pCO2gi. However, there was a strong
correlation between tissue gas tensions in both circulatory
beds. These observations are very similar to our findings
in haemorrhagic shock [11]. The fall in tissue pO2 with
endotoxaemia is due to a reduction in tissue perfusion and
thus a reduction in tissue oxygen delivery. Tissue pCO2
may increase as a result of flow stagnation or anaerobic
metabolism or a combination of both. The rises in CO2
gap is more in keeping with flow stagnation. This is
consistent with the data of Vallet et al. [25] who have
demonstrated that preservation of perfusion to the tissues
during dysoxia would not be accompanied by changes in
CO2 gap. The inert metabolic nature of the skin compared
to the gut mucosa [26, 27] may explain the differences in
CO2 responses between the two tissues. The marginally
elevated baseline tissue CO2 tensions observed in their
study mirrored our findings in rodents pre-haemorrhage
[11]. Whilst this raises the question of tissue hypoperfu-
sion, the normal baseline tissue oxygen tensions and
plasma lactate concentrations coupled with the presence
of haemodynamic stability make tissue hypoxia an un-
likely contributor to the baseline tissue hypercapnia.

Are tissue gas tensions correlated with indices of dysoxia?

Dysoxia was not demonstrable, as evidenced by unaltered
tissue EC in the endotoxaemic limb despite significant
alterations in tissue pO2 and pCO2, CO2 gap, and plasma
lactate concentrations. This confirms that tissue gas ten-
sions are sensitive to minor perturbations in perfusion but
not specific for dysoxia. Dysoxic changes are a feature of
severe sustained reductions in perfusion. The increase in
CO2 gap is therefore likely to be due to flow stagnation
rather than anaerobic metabolism [28].

Why does pO2 not rise with endotoxaemia in this model?

Cytopathic hypoxia, thought to be an important patho-
physiological process in sepsis [29], is characterized by
an elevated tissue oxygen tension in the presence of de-
ranged cellular energetics. However, our study is one of
many to report a decline in tissue pO2 in sepsis [15, 16,
20]. Potential reasons for this include: (a) failure of en-
dotoxin to induce cytopathic hypoxic changes as evi-
denced in our study by normal EC in both limbs, (b)
differences in experimental models (hyperdynamic vs.
hypodynamic sepsis), and (c) endotoxin induced micro-
vascular shunting of blood flow away from the vicinity of
the probe [30].

Fig. 3 Mean plasma lactate concentrations in controls (black dia-
monds) and endotoxin group (grey squares)
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equilibration between mucosa and lumen, and (b) pub-
lished data have shown a close correlation between me-
senteric venous and intestinal luminal gas tensions in a
porcine model under physiological conditions and during
mesenteric ischaemia [31].

As we did not measure blood flow, the hyper/hypo-
dynamic nature of the model created cannot be deter-
mined with certainty. To mimic the clinical syndrome of
resuscitated sepsis the animals were given sufficient fluid
to maintain a MAP above 100 mmHg throughout most of
the experiment (Fig. 1). Under these conditions a hyper-
dynamic state is a frequent finding. However, there is
considerable dose response variability within the same
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chosen was slightly higher than hyperdynamic doses used
in a previous experiment [19]. It is possible therefore that
with this dose we created a hypodynamic model.
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unlikely to have major effects on vasomotor tone or
cardiac performance [42].

In conclusion, we have demonstrated that continuous
subcutaneous tissue gas tensions and intestinal luminal
carbon dioxide tensions respond rapidly during evolving
endotoxic shock. We have also shown that alterations in
tissue gas tensions are not associated with dysoxic
changes. Continuous subcutaneous oxygen and carbon
dioxide tension measurement has the advantages of being
minimally invasive, rapidly responsive and not subject to
interference by factors such as luminal contents or duo-
denal reflux. Whilst the results from this study are en-
couraging, and the data add to the growing literature on
new techniques to monitor tissue oxygenation, this mode
of monitoring requires further evaluation in humans to
assess its usefulness, safety and its ability to predict
outcome in critical illness.
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