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Abstract
Mucosal capnometry involves the monitoring of partial pressure of carbon dioxide (PCO2) in mucous membranes.
Different techniques have been developed and applied for this purpose, including sublingual or buccal sensors, or
special gastrointestinal tonometric devices. The primary use of these procedures is to detect compensated shock in
critically ill patients or patients undergoing major surgery. Compensatory mechanisms, in the early phases of shock,
lead to the redistribution of blood flow towards the vital organs, within ostensibly typical macro-haemodynamic
parameters. Unfortunately, this may result in microcirculatory disturbances, which can play a pivotal role in the
development of organ failure. In such circumstances mucosal capnometry monitoring, at different gastrointestinal
sites, can provide a sensitive method for the early diagnosis of shock. The special PCO2 monitoring methods assess
the severity of ischaemia and help to define the necessary therapeutic interventions and testing of these monitors
have justified their prognostic value. Gastrointestinal mucosal capnometry monitoring also helps in determining the
severity of ischaemia and is a useful adjunctive in the diagnosis of occlusive splanchnic arterial diseases. The supplementary functional information increases the diagnostic accuracy of radiological techniques, assists in creating individualized treatment plans, and helps in follow-up the results of interventions. The results of a pilot study focusing
on the interrelation of splanchnic perfusion and gastrointestinal function are given and discussed concerning recent
advances in mucosal capnometry.
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Introduction

The clinical significance of monitoring the gastrointestinal circulation is based on several factors. It is well
recognized that in the early phase of shock, compensatory mechanisms lead to the redistribution of blood
flow from the gut to other organs, resulting in the normalization of macrohemodynamic parameters. Consequently, in spite of normal values of global oxygen
delivery, gastrointestinal hypoperfusion may occur
and remains undiagnosed by conventional monitoring tools. This phenomenon explains the sensitivity of
*
·
·
·
·
·

mucosal capnometry for the diagnosis of compensated
shock. Unfortunately, during this redistribution phase,
increased intestinal permeability and microcirculatory
insufficiency can result in tissue hypoxia, which may
eventually lead to toxin translocation from the gut into
the circulation, causing organ dysfunction and the development of multiple organ failure [1,2]. In haemorrhagic shock, buccal PCO2 monitoring proved to be
useful in both the diagnosis and the quantification of
bleeding [3-5]. In animal experiments, buccal PCO2
values were found to be sensitive to hypoperfusion,
and also showed a strong correlation with outcomes,
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compared to traditional vital signs or blood gas parameters. Similar findings have been reported, using
sublingual capnometric monitoring during bleeding,
in both human and animal studies [6,7]. The results
of a haemorrhagic shock model in pigs, when complex hemodynamic and blood gas measurements were
performed in addition to sublingual capnometry and
orthogonal polarisation spectral imaging (OPS) during severe bleeding, were recently detailed [8]. The results suggest that, sublingual to arterial PCO2 gap values, correlated well with microcirculatory parameters
gained by videomicroscopy, and the combination of
capnometric monitoring with arterial and central venous blood gas parameters may improve the diagnostic
accuracy of haemodynamically relevant haemorrhage
or other types of hypoperfusion. The utility of mucosal
PCO2 monitoring was also verified in septic shock in
pigs when the early signs of circulatory insufficiency
were detected by simultaneous intestinal mucosal capnometry monitoring and microcirculatory assessment
using OPS, but not by conventional clinical parameters
like arterial blood pressure, urinary output or lactate
levels [9].
Mucosal capnometry and respiratory monitoring
In patients with stable haemodynamics and good peripheral circulation tissue PCO2 changes closely follow
the arterial PCO2 alterations. The first application of a
ballooned gastric tonometer in a pediatric population
with respiratory paralysis was based on this principle
[10]. As these patients did not suffer from circulatory
failure, they only had a minor difference of 2-3 mmHg
between their gastric and arterial PCO2. In such circumstances, sudden changes of the absolute value of
gastric or other gastrointestinal mucosal PCO2 may
indicate respiratory disturbances. This was the case of
a nine-month infant, born with combined congenital
cardiac abnormalities, in whom an abrupt increase in
gastric PCO2 was detected during aggressive mechanical ventilation, and was followed by the diagnosis of
a severe respiratory complication of tension pneumothorax [11]. In a validation study of a new sublingual
capillary tonometer, performed in COPD patients,
sublingual PCO2 values decreased in parallel with arterial blood PCO2 during hyperventilation [12]. These
observations suggest that in patients without compromised circulation sublingual capnometry may indicate
short term changes in arterial PCO2.
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Gastric tonometry in the diagnosis of splanchnic
artery stenosis
Acute gastrointestinal ischemia has a high incidence
in shock, which condition is a common scenario in
perioperative medicine and intensive care [13,14]. In
most cases it is not related to significant anatomical
stenoses of gastrointestinal tract vessels, but it is due to
compensatory vasoconstriction. This condition is also
named non-occlusive mesenteric ischemia (NOMI).
The main goals of its therapy include the restoration of
circulating blood volume and stabilization of haemodynamics. Splanchnic ischemia, however, may also be
due to arteriosclerosis or external compression of the
coeliac and mesenteric arteries. Various vague ischaemic symptoms may develop, which depend on the duration and the degree of blood flow reduction. Strong
abdominal pain and “acute abdomen” is characteristic
in acute splanchnic syndrome (ASS), while postprandial pain and weight loss are typical but non-specific
symptoms in chronic splanchnic syndromes (CSS)
[15]. Gastrointestinal tonometry has a role in the diagnosis of ongoing ischemia, as the association of hypoperfusion with increased PCO2 has been observed
in ischaemic models and animal experiments [16-18].
While the diagnosis of an acute abdominal catastrophe is simple, recognizing chronic ischemia may be
extremely difficult. Kolkman developed a diagnostic
approach in which gastrointestinal tonometry played a
pivotal role [19,20]. The sensitivity of gastric tonometry was increased by using a ten-minute bicycle exercise test or a test meal, and coined the term, gastric
exercise tonometry (GET). These tests can provoke and
detect mucosal ischaemia, and can be successfully used
for the diagnosis of different occlusive arterial diseases
[21]. Combined non-invasive screening with exercise
tonometry and duplex ultrasonography showed excellent accuracy in detecting chronic gastrointestinal ischemia while the application of various imaging methods can give morphological diagnosis only. Besides, in
this series of investigations, GET proved its practicability in the selection of patients who can most benefit
from surgery or PTA/stent placement.
The correlation between gastric mucosal perfusion
and emptying in a pilot study
Enteral feeding is undoubtedly superior to parenteral
nutrition [22,23]. Effective enteral nutrition, however,
requires functioning gastrointestinal tract, often missing in the critically ill patient [24]. The factors neces-
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sary for the maintenance of the physiological structure
and mucosal perfusion (Figure 1), are often compromised due to circulatory disturbances in patients in an
ICU. Although good peripheral circulation is unlikely
when unstable haemodynamics exist, regional hypoperfusion may be present due to normal macro-hemodynamic and oxygenation parameters [9,25,26]. This
fact underlines the potential importance of monitoring
regional perfusion in this group of patients.
Mucosal capnometry is the monitoring of the partial
pressure of carbon dioxide (PCO2) in mucous membranes. Its history began with the invention of gastro tonometry [10], which method allowed the measurement
of intraluminal PCO2 and the calculation of intramucosal pH (pHi) in the gastric mucosa. The method was
first used in the University of Szeged, Hungary for the
adjustment of ventilators in poliomyelitic children with
respiratory insufficiency [10]. As these patients were
haemodynamically stable, the gastric carbon-dioxide
levels closely followed systemic arterial carbon-dioxide
values. This observation was confirmed in animal experiments and in human volunteers with normal perfusion, in whom the changes in alveolar ventilation and
arterial PCO2 resulted in parallel changes of the tonometric variables [27-29]. The significance of gastric tonometry, in detecting the failure of regional perfusion,
was recognized later, when substantial differences were
found between gastric and arterial PCO2 in various
clinical and experimental studies [30]. The magnitude
of this difference, the so-called gastric-to-arterial PCO2

gap (PgaCO2), corresponds with the severity of the disease and splanchnic perfusion failure and proved to
be an important prognostic factor [31,32]. More than
3000 articles have been published on this topic, in the
areas including intensive care, perioperative and transplantation medicine, traumatology, sepsis, and cardiology, yet gastric tonometry is still not used as much as
would be expected. This might be due to pitfalls of pHi
calculation, the interference of gastric acid and enteral
feeding, and technical difficulties [16,33] which have
lead to the gradual abandonment of tonometric monitors. Despite the development of gastric tonometry.
[34], interest turned to the capnometric monitoring
at other sites of the gastrointestinal mucosa. In the last
decades, several investigators have reported a correlation between the PCO2 values of the oral and gastric
mucosa in different pathological conditions [35,36]
and has resulted in the use of sublingual or buccal
mucosal capnometry. These methods do not have the
limitations of gastric tonometry and are increasingly
used for the measurement of PCO2 in the mucosa, and
the calculation of mucosal-to-arterial PCO2 gap [3,37].
Currently buccal or sublingual mucosal capnometry
has wide range applications in medical research and a
remarkable potential for patient monitoring.
The aim of the study is to present the results of a
preliminary investigation concerning the relationship
between gastric emptying and regional perfusion detected by gastric mucosal capnometry in critically ill
patients.

Neurohumoral
regulation

Mucosal perfusion and
oxygen delivery

Gastrointestinal
function

Intraluminal nutrients,
prebiotics
Fig. 1. Factors contributing to the physiologic function of the gastrointestinal tract. (For explanation, see text.)
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Methods

Critically ill, mechanically ventilated patients were
included in our prospective observational study. The
study was approved by the Regional Human Biomedical Research Ethics Committee of the University of
Szeged. All patients were informed of the procedures
and gave written concent.
A conventional nasogastric tube was introduced
into the stomach to provide enteral feeding, and a silicon gastrotonometric device was inserted through the
other nostril, for gastric mucosal PCO2 measurements.
The features of this special probe have been described
earlier [38]. The patients were given proton-pump inhibitors twice a day in order to reduce the interference
of gastric acid. After early cardiopulmonary stabilization 1 kcal/ml standard enteral formula (Nutrison
Standard, Nutricia) was started via the feeding tube.
The caloric requirements were defined as 20-25 kcal/
kg, for obese patients with a BMI > 30 kg/m2. In case
of delayed gastric emptying, with higher residual gastric volume (RGV), the algorithm depicted on Figure
2. was used for dose adjustments. Feeding was stopped
two hours before tonometric measurements, to minimize the confounding effects of nutrition. At the end
of these feeding pauses, overall arterial and central ve-

nous blood-gas analysis and gastric tonometric measurements were performed twice a day (Figure 3). The
main clinical end-points were the amount of RGV in
eight-hour periods and the enteral caloric intake in the
last 24 hours (actual energy=Ea) divided by the previously calculated optimal daily caloric intake (total
energy=Et). The Ea/Et ratio reflected the daily status
of enterally administered nutrients compared to total
caloric needs. The occurrence of feeding intolerance
and complications eg. aspiration, regurgitation, vomitus, bowel distention, and diarrhea were also recorded.
Subgroups were created in a post hoc fashion according to the median PgaCO2 value and divided into “low”
(LG) and “high” (HG) PgaCO2 groups.
The main outcome parameters were the differences
in RGV and Ea/Et ratios. The numeric data in the text
and values on the figures are given as median and 25th
and 75th percentiles.
The Bartlett test was used to verify if samples were
from populations with equal variances and the Kolmogorov-Smirnov test used to determine normal
distribution. Individual groups were compared by
Mann-Whitney test. Data analysis was done using the
statistical software package SigmaStat for Windows
(Jandel Scientific, Erkrath, Germany). The level of statistical significance was set at α = 0.05.

initial rate 25 mL/h (~600 kcal/day)
increase dose by 25 mL/h daily until optimal daily amount
300 mL < RGV*
give procinetic drug **
300 mL < RGV

RGV < 300 mL
continue according to protocol

RGV < 300 mL

decrease infusion rate by 25 mL/h
300 mL < RGV

RGV < 300 mL at 3 sequential measurements

* - RGV measured during the last 8 hours 		
							

** - metoclopramid 10 mg iv. every 8 hours
- erythromicin 200 mg iv. every 12 hours

Fig. 2. Protocol for dose adjustments during early enteral feeding. (RGV, residual gastric volume. For further explanation
see text.)
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Fig. 3. Sampling protocol during early enteral nutrition. (For explanation see text.)

Results

The data of eighty separate measurement points in
eighty critically ill patients were analyzed. The clinical
characteristics of the study population are summarized
in Table 1. The average APACHE II score of the whole
sample was twenty-six points with a calculated mortality risk of about 55%. In 50% of the patients, the average PgaCO2 was lower while in the other 50% higher
than 29 mmHg. This was the median value to develop

the two groups (LG and HG). The amount of RGV was
found significantly lower in the LG as compared to the
HG: 0 (0-50) compared to 50 (30-200) ml, p < 0.001
(Figure 4). Differences in physiological parameters,
such as central venous oxygen saturation (ScvO2), serum lactate (seLac) and central venous-to-arterial CO2
Table 1. Clinical characteristics of the patients involved in
the study
Age (years)

74 (59-87)

Gender (m/f)
APACHE II. score
Mortality risk (%)
Mortality (%)
Diagnosis (n)
intracranial haemorrhage
subarachnoid haemorrhage
sepsis, MOF
cardiogenic shock

4/4
26
55
37
3
2
1
2

Data are expressed as mean (min-max), respectively.

Table 2. Differences in physiological parameters.
LG, “low” group; HG, “high” group; PcvaCO2, central
venous-to-arterial CO2 gap; ScvO2, central venous oxygen
saturation; seLac, serum lactate. Values are expressed as
median and 75th and 25th percentiles.
Fig. 4. Differences in the average residual gastric volume
(RGV) between patients with low (LG) and high (HG)
PgaCO2 levels. (* p < 0.001 Mann-Whitney Rank Sum test.)

PcvaCO2 (mmHg)
ScvO2 (%)
seLac (mmol/L)

LG
6.0 (4.6.7.0)
80 (77-82)
1.1 (0.9-1.2)

HG
7.0 (5.0-8.0)
75 (68-81)
1.6 (1.1-3.2)
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gap (PcvaCO2) levels are summarized in Table 2. There
was no statistically significant difference in the rate and
escalation of enteral feeding, and the Ea/Et quotient
was also found similar in the groups. Complications
attributable to early enteral feeding were uncommon,
short-term diarrhea stopped by feeding-pause were reported in two individuals and suspected regurgitation
and aspiration in one case.

Discussion

During critical illness, the provision of enteral feeding
is crucially important. Unfortunately, gastrointestinal
dysfunction, including dysmotility and malabsorption,
may hinder nasogastric tube feeding. According to the
literature, its aetiology is multicausal [22,23,39,40], and
concomitant complications may inhibit the application
of a more physiologic way of providing nutrition. As
the severity of the illness is associated with higher incidence of gastrointestinal complications and insufficient
enteral calorie delivery, this vicious circle worsens the
clinical outcome and delays recovery. Consequently,
barriers to feeding are of great significance in high risk
patients [40]. Normal splanchnic blood flow is a key
factor in the maintenance of the healthy bowel system.
The relationship between regional and global blood
flow and gastric emptying was investigated in this pilot
study. Mucosal capnometry devices allowed the indirect monitoring of gastrointestinal regional perfusion
[38,41], while from simultaneously drawn arterial and
central venous blood gas parameters assessed patients’
macro-hemodynamic and oxygenation status. The different blood gas values have particular implications for
systemic oxygen balance: ScvO2 refers to the proportion of global oxygen delivery and consumption, PcvaCO2 describes the relationship of cardiac output to
global metabolism and microvascular blood flow, and
seLac is a well-known parameter of inadequate tissue
perfusion related anaerobic metabolism [42]. Although
the measurement of RGV is a rough estimation of gastric emptying, it has been used frequently as an indicator of hindered gastric emptying ang motility. Because
of the lack of other practical techniques it was decided
to monitor RGVs at eight-our intervals to track gastric
motility. During the study, early enteral nutrition was
given to eight critically ill patients, whose calculated
mortality risk exceeded 55%. The applied feeding concept was found to be feasible with adverse effects rarely
encountered. Splanchnic hypoperfusion - reflected by
increased PgaCO2 gap, was a common finding, being
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detected in 70% of all measurements. These abnormalities would have remained hidden without regional perfusion monitoring, and could have contributed to the
development of organ dysfunction, and worsen clinical
outcome. Thirty-seven percent of patients died in the
intensive care unit.
Abnormal values of arterial and central venous
blood gas parameters were infrequent. Pathological
values were recorded for seLac, ScvO2 and PcvaCO2 in
16%, 14% and 39% of all measurements, respectively.
These result demonstrate the relative stability of global
oxygenation and perfusion parameters compared to
those of regional perfusion. The main finding is, that
patients with elevated PgaCO2 had significantly higher
RGVs. As the prediction of feeding intolerance is rather diffucult, the increased amount of gastric residuals
in the patients with compromised tonometric parameters suggest that normalization of these parameters
may positively affect the motility of the stomach. The
concept of improving cardiovascular performance to
reduce gastrointestinal complications in the perioperative period has already been justified in several studies [43-47]. In an examination performed in neonates
decreased Doppler sonographic blood flow in the superior mesenteric artery has been linked to intestinal
dysmotility and feeding intolerance [48]. These data
support the assumption that perfusion of the bowel
system directly affects its motility. A literature review
suggests that the association between elevated mucosal
PCO2 due to decreased splanchnic perfusion and the
direct influence of circulatory parameters on gastric
emptying and enteral feeding has not been reported.

Conclusion

The use of mucosal capnometry and the measurement
of mucosal-to-arterial PCO2 gap in different gastrointestinal areas proved to be useful in numerous laboratory and clinical studies. At present, the most important
clinical aspect is probably the assessment of splanchnic
regional blood flow in special gastrointestinal diseases.
Besides compensated shock can be detected in acutely
ill patients with normal macro-hemodynamic parameters, while selective gut hypoperfusion can be diagnosed in special populations with chronic gastrointestinal ischemia. In the present study, a new application
field of a new gastric tonometry device was tested. The
splanchnic blood flow of high-risk ICU patients receiving early enteral feeding was monitored, and significant
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differences in gastric emptying were found in patients
with elevated mucosal-to-arterial CO2 gap. These data
suggest that the extension of similar examinations to
a greater ICU population may be worthwhile. Taking
into consideration the intensive research and continuous evolution of mucosal capnometry monitoring
methods, the widespread use of such devices in special
medical or surgical patient groups may just be a question of time.
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