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Abbreviations 

 

ANOVA                                    analysis of variance 

ASA                                          American Society of Anesthesiology 

BMI                                          body mass index 

CO2                                           carbon dioxide  

CPR                                          capillary perfusion rate 

CVP                                          central venous pressure 

Ea                                             actual daily energy provided enterally 

Et                                             daily total energy requirement 

H
+
                                             hydrogen ion, proton 

HCO3
-
                                       bicarbonate ion 

H2CO3                                      carbonic acid 

ICU                                           intensive care unit 

MAP                                         mean arterial pressure 

MOF                                         multi-organ failure 

O2ER                                        oxygen extraction rate 

PCO2                                         partial pressure of CO2 

PaCO2                                        arterial partial pressure of CO2 

PcvaCO2                                     central venous to arterial PCO2 gap  

PETCO2                                     end-tidal partial pressure of CO2 

PgCO2                                       gastric partial pressure of CO2 

PgaCO2                                     gastric to arterial PCO2 gap 

PgcathCO2                                  PgCO2 measured by the conventional catheteter 

PgprobeCO2                                 PgCO2 measured by the new probe 

PiCCO                                      pulse contour continuous cardiac output 

PSLCO2                                                        sublingual partial pressure of CO2 

PSLCO2 gap                              sublingual mucosal to arterial PCO2 difference  

PtCO2                                                            tissue partial pressure of CO2 

PtaCO2                                       tissue to arterial PCO2 gap 
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pHi                                            gastric intramucosal pH 

pKa                                           dissociation constant 

RBCV                                       red blood cell velocity 

RGV                                         residual gastric volume 

SaO2                                          arterial oxygen saturation 

ScvO2                                        central venous oxygen saturation 

seLac                                        serum lactate concentration 

VMI                                          videomicroscopic imaging 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 

 

1. INTRODUCTION 

 

There is growing body of evidence that monitoring regional perfusion and 

microcirculation is necessary in the critically ill, as normal parameters of global oxygen 

delivery do not exclude tissue hypoperfusion. Sustained tissue hypoperfusion is associated 

with cellular hypoxia and metabolic dysfunction in each patient groups, and eventually leads 

to organ failure and death [1,2]. Inadequate regional perfusion may also have serious 

consequences in high-risk patients undergoing major surgery, so rapid correction of such 

derangements is important in order to reduce the occurence of postoperative complications. In 

case of haemodynamic instability the redistribution of circulation directs blood flow away 

from the splanchnic area to vital organs, which process may result in the normalization of the 

macro-haemodynamic variables. This is the so called compensated shock phase, in which 

different neurohumeral processes serve the survival of the organism at the expense of 

decreased perfusion to peripheral tissues. However, while systemic haemodynamic 

parameters remain within normal limits, ischaemia may remain undiagnosed and persists 

exerting its deleterious effects [2-5]. In order to minimize organ injury, decreased regional 

oxygen delivery should be diagnosed and treated as soon as possible.  

The significance of monitoring gastrointestinal mucosal perfusion in the clinical practice 

is based on specific features. The gastrointestinal tract is highly susceptible to the sympathetic 

and endocrin responses associated with shock, so in haemodynamic stress situations its blood 

supply decreases early, providing possibility for the prompt diagnosis of shock. On the other 

hand, the ischaemic injuries related to compensatory vasoconstriction contribute to the 

development of multiple organ failure [6-8]. In addition, owing to anatomical characteristics, 

the oral cavity, the stomach or in special cases the gut offer easily accesible sites for 

monitoring the high risk patients.  

Tissue capnometry provides an opportunity for the indirect evaluation of regional blood 

flow. This method is based on the principle that tissue hypercarbia is a general phenomenon 

during hypoperfusion. Mucosal capnometry is a term referring to the localisation of the 

applied sensors or probes used for monitoring the partial pressure of carbon dioxide (PCO2) in  
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mucous membranes. Carbon-dioxide is an important end-product of cellular respiration, 

generated mainly by oxidative metabolism in the tricarboxylic acid (Krebs) cycle. Under 

aerobic circumstances the CO2 molecule is produced in large amounts in the mitochondria. 

The magnitude of CO2 production depends not only on the energy content but on the 

respiratory quotient of the metabolized substrates. In hypoxic conditions, when oxygen 

delivery decreases below a critical level, tissue CO2 content may also rise. In this case of 

anaerobic CO2 generation intracellular H
+
-ions will be accumulated and subsequently 

buffered by bicarbonate:  

H
+
 + HCO3

- 
↔ H2CO3 ↔ CO2 + H2O.   

The consequential intracellular acidosis increases CO2 formation [9]. Undoubtedly, the 

disturbance of regional oxygen delivery results in tissue hypercapnia, but according to several 

investigations the predominant process is ischaemia not dysoxia which eventually leads to 

tissue PCO2 elevations [10-15]. It means that tissue capnometric monitoring is a feasible 

technique for the assessment of regional perfusion. As CO2 diffuses easily both in tissues and 

through biological membranes, the CO2 content of the capillaries equilibrate quickly with the 

overlying mucosal or the luminal CO2. Thus the PCO2 measured by a sensor positioned next 

to a mucosal surface of an organ or in the lumen of a hollow viscus reflects primarily the 

PCO2 in the examined tissue. Because acute changes in the PCO2 of the arterial blood (PaCO2) 

result in comparable changes of tissue PCO2 (PtCO2), it should be interpreted in relation to 

PaCO2 [16]. By subtracting PaCO2 from PtCO2 special gap values can be calculated, which are 

more sensitive and accurate indicators of hypoperfusion than the mucosal PCO2 alone, as they 

are independent of concurrent changes in PaCO2: 

PtCO2-PaCO2 = PtaCO2 gap. 

PtaCO2 gap: tissue to arterial PCO2 gap 

 

Different sites of the gastrointestinal tract are available for tissue capnometry and the 

assessment of the adequacy of mucosal blood flow. Gastric tonometry is based upon the 

monitoring of gastric mucosal PCO2 level (PgCO2), sublingual and buccal capnometry 

measure mucosal PCO2 of the proximal gastrointestinal tract [17-19].  
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The method of gastric tonometry is long established, has good prognostic value and is 

capable of the objective assessment of the patients condition [7,20,21]. According to a 

recently published meta-analysis it can also be used in guiding therapy of the critically ill 

[22]. Still, for about a decade the method has practically disappeared from clinical monitoring 

and the devices from the market, which can be explained by several technical problems 

encountered during the history of gastric tonometry [23]. In the first decades after the 

introduction of gastric tonometry [24,25] intramucosal pH (pHi) was calculated via the 

Henderson-Hasselbalch equation:  

 

pHi= 6,1 + log HCO3
-
/pCO2 x α x F(SS) . 

6,1: pKa of CO2                                                                                                                    

HCO3
-
: arterial bicarbonate concentration                                                                               

PCO2: gastric intraluminal PCO2                                                                                                

α: constant representing the solubility of CO2 in the plasma (= 0,03)                                    

F(SS): correction factor proportional to the equilibrium time 

 

Unfortunately the pHi calculation was based on a flawed assumption that gastric intramucosal 

HCO3
-
 concentration equals that of the arterial blood, which was measured and substituted in 

the equation. This assumption can cause errors in the determination of pHi [26,27], thus the 

estimation of pHi has been gradually abandoned in favour of the calculation of PCO2 gap 

values. The next main problem with gastric tonometry was the long equilibrium time resulting 

in significant latency in the measurements. Thus researchers applied correction factors in 

order to get quicker results, and calculated the PCO2 value corresponding to the actual 

intramucosal PCO2. This was the so called „steady state adjusted PCO2”. The longer 

equilibration was used the smaller was the correction factor required, and the risk of error was 

also smaller. However, steady state is uncommon in our patient groups, the balance between 

oxygen delivery and cosumption is challeneged in many ways. Therefore this feature was 

obviously unfavourable in case of this monitoring modality designed for use in areas of 

perioperative medicine, intensive therapy or emergency medicine etc., where acute 

deterioration of the patients’ condition can be anticipated. These drawbacks of gastric 
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tonometry were partly solved by the switch from liquid to gas tonometry, and by the 

automatization of the method [28,29]. Still there are other factors like catheter dead space, 

patient dyscomfort, high costs, the interference of gastric acid and enteral feeding, which 

made the classical method cumbersome and impractical [23,30,31]. The new, quick 

equilibrating, silicone rubber gastric tonometer invented in our university was designed to 

exploit the advantages and eliminate the drawbacks of the conventional method. This simple, 

balloon-free U-shaped tube has already been investigated in experimental animals, but human 

application was restricted to critically ill or anaesthetized children [32-35]. 

 In parallel with the „retirement” of gastric tonometry researchers have found 

alternative sites for mucosal capnometry. The sublingual or buccal mucosa offer easily 

accessible locations for tissue capnography. Although these regions strictly are not part of the 

splanchnic area, PCO2 values measured in the oral and gastric mucosa proved to be 

interchangeable according to several studies, and parallel changes of sublingual or buccal 

PCO2 were detected with decreasing blood flow [18,36-38]. According to experimental data 

even the severity of shock can be estimated by these methods [39-41], and sublingual PCO2 

measurement in bleeding trauma patients gave similar results [42]. The prognostic value of 

tissue PCO2 monitoring is confirmed in case of sublingual capnometry, too [43-45]. 

Although the different versions of mucosal capnometry are promising techniques in 

the diagnosis and management of circulatory failure, more information is required to define 

their role during anaesthesia, and in the monitoring and management of the critically ill. The 

lack of availibility of feasible bedside monitors may contribute to the shortage of clinical data, 

so the improvement of appropriate, minimally invasive and cost-effective methods should be 

encouraged to gain more clinical evidence in this field. 

 

2. AIMS 

 

The main goal of our investigations was to acquire clinical and experimental data by 

mucosal capnometric monitoring of the gastrointestinal perfusion. During our investigations 

we used specially designed capillary tonometric probes developed for tissue PCO2 

measurements.  
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Study I provides practical experiences with a new, simple, balloon-free gastric tonometric 

probe, and reports the results of simultaneous in vitro and in vivo measurements with the 

conventional, ballooned gastric air tonometer and the new device. This is the first clinical 

study about the use of the new gastric tonometric method in adults. In Study II a new 

sublingual mucosal capnometric probe was tested in an animal model of haemorrhagic shock. 

This is one of the leading causes of hypovolemia in clinical practice. The main goal of these 

investigations was to evaluate the results of sublingual capnometry during shock, and 

correlate these results with direct microcirculatory measurements gained by videomicroscopic 

imaging (VMI). Another aim was to investigate how the capnometry-derived values relate to 

global indicators of haemodynamic changes during haemorrhage and resuscitation. Study III 

is a prospective clinical investigation examining the relationship between gastric emptying, 

indirectly assessed gastric mucosal perfusion and systemic oxygenation parameters in 

critically ill patients receiveing early enteral nutrition. 

 

The investigations related to the thesis were performed in order to: 

I. Measure the CO2 uptake of a new gastric tonometric probe and the reference method 

simultaneously in vitro and in vivo, in volunteers and in anaesthetised patients 

undergoing surgery. 

II. Monitor the changes in sublingual PCO2 measured by a new sublingual capnometric 

probe in haemorrhage of different severity, and investigate the correlation of 

capnometry with microcirculatory and global oxygenation parameters in an 

experimental setting. 

III. Determine the influence of mucosal perfusion abnormalities on gastric emptying 

during early enteral feeding in critically ill patients. 

IV. Examine the influence of mucosal perfusion abnormalities detected by our new device 

on the efficiency of tube feeding during early enteral nutrition in critically ill patients. 
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3. MATERIALS AND METHODS 

 

3.1. Study I: a new gastric tonometric method 

3.1.1. Technique for the paired in vitro measurements with the new capillary tonometric probe 

(probe) and the conventional, ballooned air tonometric device (catheter) 

The new balloonless gastric tonometric probes applied in our investigations is entirely made 

of silicone rubber, which is highly permeable of gases. It has already been introduced in an 

animal study and the former human investigations carried out exclusively in infants and 

children [32-35]. The probes used in adults were 65 cm in length with a lumen diameter of 2 

mm and a wall thickness of 0.25 mm in case of the larger diameter tube, and with a lumen 

diameter of 0.8 mm and a wall thickness of 0.2 mm in case of the smaller diameter tube. For 

the comparison of the in vitro uptake of CO2 by the probe and the catheter (TRIP, NGS 

catheter; Tonometrics, Helsinki, Finland) a glass container was used as an equilibrium 

chamber. The part of the new probe up to the fastening ring and the balloon part of the 

catheter were inserted simultaneously into the chamber, which was then sealed in an airtight 

manner. For the measurement of different PCO2 levels, appropriate quantities of nitrogen and 

carbon dioxide were mixed with a precision gas blender to reach the desired CO2 partial 

pressure inside the equilibration chamber. The mixtures were filling the chamber at a flow 

rate of 10 L/min. During the tonometric measurements, the PCO2 level of the gas mixture 

inside the chamber was determined by the microcapnograph (Sidestream Microcap Handheld 

Capnograph; Oridion Medical Ltd, Jerusalem, Israel) by measuring the CO2 content of the gas 

flowing from the container. Figure 1. shows the schematic drawing of the new gastric 

tonometric probe and the capnograph. During the study, the equilibration chamber was 

submerged in water thermostated at 37°C. 
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Figure 1. The U-shaped balloonless silicone gastric tonometric probe and the 

microcapnograph. 

3.1.2. Study population and measurement technique during the first adult in vivo application 

of the new gastric tonometric method 

The first experiences on the insertion and measurement with the probe were obtained from 10 

healthy volunteers. In their cases no special premedication was applied except for a light 

spray of lidocaine into the throat to facilitate the insertion process. In this pilot study both 

fasting and 3-hour postprandial tonometric measurements were performed on 2 consecutive 

days, inserting a new probe each day. In this study group, only the gastric tonometric 

measurements were recorded. In the clinical part of the examinations 50 adult patients 

scheduled for neurologic, orthopedic, trauma, and cardiac surgery were enrolled (Table 1). 

The exclusion criteria were nonfasting state, pregnancy, a contraindication to nasogastric tube 

insertion, erosive gastritis or esophagitis and gastric or duodenal ulcer. The individuals who 

met the eligibility criteria were fully informed during the preoperative visit about the purpose 

of the study and the insertion of the catheters, and their written consent was obtained. In the 

case of 2 critically ill, ASA V patients the written consent was obtained from the escorting 

first-grade relatives.  
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Table 1. Characteristics of the patients involved in Study I. 

 

In each clinical case H2-receptor blocker medication was administered preoperatively. The 

anaesthesia method was not standardized. In most cases, intravenous induction with a 

combination of benzodiazepines, opioids, and propofol was followed either by inhalational 

maintenance with isoflurane/sevoflurane in nitrous oxide and oxygen with additional opioid 

boluses, or total intravenous anesthesia using the combination of sufentanyl and propofol. 

After induction the tonometric probes were inserted nasogastrically or orogastrically into each 

anaesthetized patient, which was followed by endotracheal intubation. The minute ventilation 

was adjusted to maintain arterial carbon dioxide partial pressure (PaCO2) at 35 to 45 mm Hg. 

Each patient received a 20G arterial catheter into the radial artery (Arterial Cannula with 

Floswitch, BD, Swindon, UK). PaCO2 values were determined with a Stat Profile pHOx Plus 

blood gas analyzer (Nova Biomedical, Waltham, MA. U.S.A.) at 37°C and were corrected for 

the patient's actual body temperature. Samples for the end-tidal carbon dioxide partial 

pressure (PETCO2) measurements in the operating room were obtained from the sampling line 

of the anesthesia machine (Dräger Zeus or Primus; Dräger Inc, DrägerwerkAG Lübeck, 

Germany), whereas PETCO2 values in the intensive care unit were measured with the 

microcapnograph. The data obtained were recorded in parallel with the measurements of 

PCO2 values obtained by the probe (PgprobeCO2). The room air, which initially fills the probe, 

equilibrates with the environmental PCO2 throughout the full length of the probe within 10 

minutes. After the equilibration period of 10 minutes, the microcapnograph, which aspirates 

the gas content of the probe at a flow rate of 60 mL/min, was used for the periodic 

measurement of PgprobeCO2. Between two measurements the capnograph was turned off. After 
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the transfer of the equilibrated filling medium, the probe refills automatically with fresh room 

air, becoming ready for equilibration for the next measurement. 

3.1.3. Technique for the in vivo paired tonometric measurements with the new probe and the 

catheter 

The subgroup of patients involved in this part of the study belong to the clinical cases 

described in the previous section, thus enrollment and exclusion criteria are the same. In these 

12 patients 101 parallel measurements were performed after inserting both the catheter and 

the probe. The TRIP-catheters were used as reference during the simultaneous in vivo 

measurements, similarly to the in vitro experiments. The PCO2 levels obtained with the 

catheter (PgcathCO2) were analyzed automatically in 10-minute cycling times by a Tonocap 

monitor (Datex-Ohmeda, Helsinki, Finland). Under general anaesthesia the probe was 

inserted first (nasogastrically or orogastrically), and it was followed by the nasogastric 

insertion of a catheter. The insertion of the tonometric tools was immediately followed by 

orotracheal intubation. The correct position of the catheter was verified by auscultation over 

the epigastrium, while the position of the probe could be verified radiologically. In general, 

the inappropriate positioning of the probe (eg. kinking or rolling-up in the esophagus) is 

indicated by a flexible resistance encountered during the insertion, or by an abnormal CO2 

pattern on the capnogram resulting from the partial or complete obstruction of the lumen.  

3.1.4. Statistical analysis. In order to compare the PgprobeCO2, PaCO2 and Pgprobe-aCO2 means, 

the ASA groups were combined as follows: ASA I + II, ASA III, and ASA IV + V. To 

compare the means of PgprobeCO2, PaCO2 and Pgprobe-aCO2 in the 3 ASA groups, a mixed model 

repeated-measurements analysis of variance method was used, where not only the group 

differences but also the individual within-subject variation in time can be modeled as well. 

Group means were compared based on estimated marginal means with Sidak adjustment for 

multiple comparisons. Means of in vitro measurements were compared by Student's paired t 

test. P-values < 0.05 were considered statistically significant. To examine the agreement 

between the two simultaneous measurements for the in vivo tonometric study Bland-Altman 

analysis was performed on the multiple measurement results per individual. Bias, defined as 

the mean difference between values; precision, defined as the SD of the bias; and limits of 

agreement, defined as bias ± 1.96 SD were determined. SPSS 15.0 for Windows (SPSS, 

Chicago, Ill) was used for statistical calculations. 
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3.2. Study II: sublingual tonometry in haemorrhagic shock 

3.2.1. Animals and instrumentation 

The experiments were performed on the EU Directive 2010/63/EU on the protection of 

animals used for experimental and other scientific purposes and carried out in strict adherence 

to the NIH guidelines for the use of experimental animals. The study was approved by the 

National Scientific Ethical Committee on Animal Experimentation (National Competent 

Authority), with the license number: V./142/2013. The study was conducted in the research 

laboratory of the Institute of Surgical Research in a manner that does not inflict unnecessary 

pain or discomfort upon the animals. Thirty six Vietnamese mini-pigs of both genders, 

weighing 16-25 kg underwent a 24-hr fasting preoperatively with free access to water; the 

animals were randomly allocated into control (sham operated; n=9) and hemorrhagic shock 

groups (shock; n=27). Anesthesia was induced by an intramuscular injection with a mixture of 

ketamine (20 mg/kg) and xylazine (2 mg/kg) and maintained with a continuous infusion of 

propofol (50 μg/kg/min iv; 3 mg/kg/hr). After endotracheal intubation, the animals were 

mechanically ventilated with room air (Harvard Apparatus, South Natick, MA, U.S.A.). The 

tidal volume was set at 9±2 ml/kg, and the respiratory rate was adjusted to maintain the PaCO2 

in the range of 35-45 Torr (4.7-6.0 Pa). The depth of anesthesia was assessed by monitoring 

the jaw tone regularly. The animals were placed in supine position on a heating pad for 

maintenance of the body temperature between 36 and 37 
o
C. For measurement of the 

sublingual PCO2 (PSLCO2) the new sublingual capillary tonometer (see below) was placed 

under the tongue, and a specially designed latex face mask was used to close the oral cavity. 

Capnography was performed with a Microcap
®
 handheld capnograph (Oridion Medical Ltd, 

Jerusalem, Israel). The sublingual mucosal-to-arterial PCO2 difference (PSLCO2 gap) was 

calculated by subtracting PSLCO2 from the simultaneously taken PaCO2 values. For central 

venous access the left jugular vein was catheterized. A three lumen central venous catheter (7 

F; Edwards Lifesciences LLC, Irvine, U.S.A) was introduced for blood sampling and fluid 

administration using aseptic surgical technique. The central venous pressure (CVP) was 

monitored continuously with a computerized data-acquisition system (SPELL Haemosys; 

Experimetria Ltd., Budapest, Hungary). For hemodynamic measurements a special 

thermodilution catheter (Pulsiocath, PULSION Medical Systems AG, Munich, Germany) was 

placed into the left femoral artery. The cardiac output was monitored by transpulmonary 

thermodilution and continuous pulse contour analysis (PiCCO method). The right carotid 
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artery was also catheterised for bleeding (7F; PE, Access Technologies, Illinois, USA). The 

blood gas measurements were carried out by taking arterial and central venous blood samples 

simultaneously according to the study protocol, which were then analyzed by co-oximetry 

with a blood-gas analyzer (Cobas b221, Roche, Austria). Simplified oxygen extraction rate 

(O2ER) was calculated according to the standard formula from arterial (SaO2) and central 

venous oxygen saturations (ScvO2): O2ER = (SaO2-ScvO2)/SaO2. From the central venous and 

arterial blood gas values the central venous-to-arterial PCO2 gap (PcvaCO2) was also 

determined. 

For direct evaluation and noninvasive visualization of the sublingual microcirculation the 

intravital OPS imaging technique (Cytoscan A/R, Cytometrics, Philadelphia, PA, USA) was 

used. A 10x objective was placed onto the sublingual mucosa, and microscopic images were 

recorded with an S-VHS video recorder (Panasonic AG-TL 700, Matsushita Electric Ind. Co. 

Ltd, Osaka, Japan). Quantitative assessment of the microcirculatory parameters was 

performed off-line by frame-to-frame analysis of the videotaped images. Red blood cell 

velocity (RBCV; μm/s) changes in the postcapillary venules were determined in three 

separate fields by means of a computer-assisted image analysis system (IVM Pictron, 

Budapest, Hungary) [46]. Capillary perfusion rate (CPR; 1/1) was determined as the length of 

continuously perfused microvessels per the total length of capillaries in the observational area. 

During quantitative assessment of CPR we used a diameter limitation for determination of the 

microvascular network. Exclusively those vessels were selected for analysis, whose diameters 

were less than 20 μm. All microcirculatory evaluations were performed by the same 

investigator. 

3.2.2. Description of the new sublingual capnometric probe 

The new sublingual capillary tonometer (Mediszintech Ltd, Budapest, Hungary) is a specially 

coiled silicone rubber tube (ID: 1.5 mm, OD: 2.0 mm, length: 640 mm) with high 

permeability for gases, which is formed into a multiple V-shape by using a mould and is 

glued along five lines (Fig. 2). To prevent the soft-walled tube from flattening, a polyamid 

fiber of 0.3 mm thickness is inserted along its full length. Thereby after folding the tube a 

sufficient gap remains ensuring the free transport of the filling medium. The afferent and 

deferent parts of the tube are fixed together at their branching. The end of the deferent tube is 

equipped with a Luer connector. The filling material is room air, which equilibrates quickly 
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with the PCO2 content of the capillaries in the sublingual mucosa. After the required 

equilibration time it can be aspirated and measured by capnometry.  

 

 

Figure 2. Depiction of the new sublingual tonometric device. 

The duration of the full equilibration of the sublingual probe is about 15 minutes. The PCO2 

of the aspirated gas is measured by infrared spectrophotometry. The results are immediately 

displayed in units of mmHg. 

3.2.3. Experimental protocol 

The preparation period was followed by a 30 min resting period. After baseline measurements 

at 0 min (T0) in the shock group, hemorrhagic shock was induced by bleeding the animals 

through the right carotid arterial catheter into a heparin (100 IU/ml) containing reservoir. The 

target mean arterial pressure (MAP) of approx. 40 mm Hg was reached in 10-15 min, and was 

kept by repeated bleeding periods until the 60th min of the experiment (T2). The amount of 

shed blood was precisely monitored. The average blood loss was about 25 mL/kg 15 min after 

the onset of hemorrhage, which increased to an average of around 40 mL/kg by the end of 

bleeding at T2. This was about 50% of the animals’ circulating blood volume. At 60 min (T2) 

volume resuscitation with colloid solution (hydroxyethyl starch 130 kDa/0.4, 6% Voluven
®
, 

Fresenius, Germany) was started. 75% of the starting MAP was reached in 10-15 min. In case 

of decreasing blood pressure further colloid infusion was given, but the total amount of 
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colloid infusion was maximized in 25 mL/kg. This means that the pigs were partially 

resuscitated and remained hypovolemic in the following period between 60 and 180 min (T2 

and T6). The reason for choosing this protocol was to enable us to investigate the alterations 

of different macro- and microcirculatory parameters in two well separated periods: severe 

shock and moderate hypovolemia. Hemodynamic-, arterial- and central venous blood-gas 

measurements and tissue capnometry were repeated and recorded every 30 min for duration of 

3 hr (T0-T6). Videomicroscopic imaging was performed at baseline (T0), at 60 (T2) and 180 

min (T6). Animals in the control group were not submitted to bleeding. They underwent the 

same operation procedure, and received the same instrumentation and monitoring. In this 

group 0.9% sodium chloride was infused at a rate of 10 mL/kg/h during the experiment. 

Hemodynamics, blood gas analysis and microcirculatory measurements were performed at the 

same time points (Fig. 3.). 

 

  

Figure 3. Flow diagram representing the experimental protocol in both groups of animals. 

MAP: mean arterial pressure, T0-T6: seven time points of measurements *: indicates the 

implementation of different types of measurements 
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3.2.4. Statistical analysis. The statistical software package SigmaStat for Windows (Jandel 

Scientific, Erkrath, Germany) was applied for data analysis. After testing for normality 

parametric methods were used. Two-way repeated measures analysis of variance (ANOVA) 

was applied for statistical analysis. For the analysis of differences between the sham operated 

and the hemorrhagic shock groups, the time dependent differences from the baseline (𝑇0) for 

each group were assessed by Holm-Sidak post hoc test. When we examined the effect of 

partial resuscitation starting at 60 minutes (𝑇2), we performed multiple pairwise comparisons 

of 𝑇3–𝑇6 results versus 𝑇2 data serving as control. The pairwise comparison of different 

variables was made with Pearson-correlation. P-values < 0.05 were considered statistically 

significant. The numeric data in the text and values on the figures are given as mean and 

standard deviations. 

 

3.3. Study III: gastric tonometry during early enteral nutrition 

3.3.1. Patients receiving early enteral feeding  

Critically ill, mechanically ventilated patients were included in this prospective observational 

study. The study was approved by the Regional Human Biomedical Research Ethics 

Committee of the University of Szeged. All patients’ next-of-kin were informed of the 

procedures and gave written consent. In the first 24 hours of treatment 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.  

3.3.2. Feeding and sampling protocols 

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/m
2
 it was calculated for BMI 

of 30. In case of delayed gastric emptying with high residual gastric volume (RGV), the 

algorithm depicted on Figure 4. was used for dose adjustments. 
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Figure 4. Feeding protocol in Study III and the algorythm for dose adjustments 

In order to minimize the confounding effects of nutrition tube feeding was stopped two hours 

before tonometric measurements. At the end of these feeding pauses overall arterial and 

central venous blood-gas analysis and gastric tonometric measurements were performed twice 

a day (Fig. 5).  

 

Figure 5. Sampling protocol during early enteral nutrition 
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The main clinical end-points were the average amount of RGV measured in the eight-hour 

periods, and the enteral caloric intake of the last 24 hours (actual energy=Ea) divided by the 

previously calculated optimal daily caloric intake (total energy=Et). The Ea/Et ratio was 

calculated each day in each individuals, and reflected the daily status of enteral feeding 

compared to total caloric needs. We examined the frequency of elevated PgaCO2                   

(20 mmHg <) and pathological seLac, ScvO2 and PcvaCO2 values. 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. 

3.3.3. Statistical analysis. 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 p < 0.05. 

 

4. RESULTS 

 

4.1. Results of the in vitro and in vivo validation studies 

Sixty in vitro paired measurements were recorded with the new, capillary tonometric probe 

(probe) and the conventional, ballooned air tonometric device (catheter). The results of the in 

vitro paired tonometric measurements in the equilibrium chamber at 3 different CO2 

concentrations (PCO2 of 35, 55, and 80 mmHg) are given in Table 2. The equilibration with 

the catheter was complete only in 16, 6, and 4 cases at the respective concentrations, whereas 

complete equilibration was detected in 18, 11, and 15 cases when using the probe. Although 

the means of the measurements with the two different tonometric devices were significantly 

different at 55 and 80 mmHg PCO2 indicating higher accuracy of the probe, these differences 

were fairly small in case of both methods.  
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Table 2. Results of the in vitro parallel measurements with the new probe and the catheter: the 

differences of the PCO2 values measured by the catheter and by the probe from the actual 

PCO2 values in the equilibrium chamber 

 

The probe is, in general, easily applicable in clinical practice. Its use is well tolerated by the 

patients and does not cause more inconveniences than does the simple insertion of a feeding 

tube. The complaints and technical difficulties that occurred during the insertion are the same 

as those during any nasogastric tube placement. During the 20 insertions into the 10 healthy 

volunteers retching was observed in 6 cases and vomitus in 1 case. When performing 

tonometric measurements with the probe in the 50 surgical cases, the following technical 

problems were encountered: temporary obstruction (6 times), permanent obstruction (once), 

displacement of the instrument (3 times) and failed insertion (once). Nevertheless, we 

consider most of these difficulties as the results of inexperience, because they occurred 

mainly in the initial phase of the study. Epistaxis, a common complication of gastric tubing, 

did not occur. The results of the measurements with the probe in healthy volunteers and in the 

patients of the different ASA groups are shown in Table 3.  
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Study group No. of cases PgprobeCO2 PaCO2 Pgprobe-aCO2 

healthy 

volunteers 

(fasting) 

 

10 

10 

55.3 (3.63) 

  

healthy 

volunteers 

(postprandial) 

 

10 

10 

56.2 (3.51) 

  

patients with 

ASA score 

I+II 

 

10 

144 

44.9 (4.46) 

14 

39.2 (4.23) 

14 

6.2 (6.98) 

patients with 

ASA score 

III 

 

30 

248 

45.5 (7.62) 
117 

35.7 (5.51) 
117 

8.8 (7.99) 

patients with 

ASA score 

IV+V 

 

9 

128 

55.4 (17.83) 

99 

34.1 (5.75) 

99 

22.2 (20.86) 

 

Table 3. Number of the measurements, mean values (SD) of the PgprobeCO2, PaCO2,             

and Pgprobe-aCO2 in the study population. Values are expressed as mean (SD) in mmHg. 

 

The results of the 20 PgCO2 measurements performed in healthy volunteers and those of the 

520 measurements in the surgical cases correspond to the literary data obtained by 

conventional balloon tonometry. The statistical analysis of the intraoperative cases revealed 

that the means of PgprobeCO2 in the ASA I + II and ASA III groups were significantly lower 

than those in the ASA IV + V category (P = 0.002 and P = 0.012, respectively). Mean PaCO2 

values of the ASA I + II group were significantly different from those of the ASA IV + V 

group (P = 0.011). Mean Pgprobe-aCO2 values of the ASA I + II and the ASA III groups are 

significantly lower than the corresponding values of the ASA IV + V group                           

(P = 0.016 and P = 0.024, respectively). 
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The results of the 101 in vivo paired tonometric measurements performed with the catheter 

and the probe are presented on Figure 6. These results were identical in only 11 

measurements. In 13 cases, the PCO2 values measured using the catheter were higher than 

those detected by the probe. On the other hand, in 77 cases, higher PCO2 values were obtained 

with the probe. The Bland-Altman analysis gave a mean difference of 3.64 mmHg between 

the parallel measurements, with a precision (SD) of 4.068 mmHg, indicating that the probe 

gives higher values than the catheter. 

 

 

 

Figure 6. Bias and precision data obtained by Bland-Altman analysis of the 101 paired in vivo 

measurements of the PgprobeCO2 and of the PgcathCO2 during anesthesia. Bias (mean difference 

of parallel measurements): 3.64 mmHg. Precision (SD of differences): 4.068 mm Hg. Limits 

of agreements (bias ± 1.96 SD): −4.33 and 11.62 mmHg. 
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4.2. Sublingual PCO2 monitoring with a new capillary tonometric probe in haemorrhage of 

different severity 

During the haemorrhagic shock model in Study II we performed complex macro-

haemodynamic monitoring and microcirculatory assessment during severe bleeding and 

moderate hypovolaemia. In order to illustrate the macro- haemodynamic condition of the 

animals MAP, HR, CI and GEDVI changes are demonstrated on Figure 7.  

 

 

 

 

Figure 7. Changes of macro-haemodynamic parameters: mean arterial pressure (a), heart rate 

(b), cardiac index (c), and global end-diastolic volume index (d). ∗ 𝑝 < 0.05 as compared to 0 

min (𝑇0), #𝑝 < 0.05 as compared to 60 min (𝑇2), and x 𝑝 < 0.05 shock group versus sham-

operated group. 
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The sublingual postcapillary red blood cell velocity (RBCVSL) and the sublingual capillary 

perfusion rate (CPRSL) determined by videomicroscopy decreased significantly in severe 

shock. During partial resuscitation (T2 to T6) both RBCVSL and CPRSL increased in the shock  

group compared to 𝑇2, but still they remained decreased compared to the baseline values. At 

180min (𝑇6), there was no difference in RBCVSL between shock and sham operated groups, 

while CPRSL in the shock group remained significantly lower than in the sham operated group 

(Fig. 8 a,b). 

 

Figure 8. Microcirculatory parameters measured by OPS: red blood cell velocity in 

postcapillary venules (a) and capillary perfusion rate (b). ∗ 𝑝 < 0.05 as compared to 0 min 

(T0), # 𝑝 < 0.05 as compared to 60 min (𝑇2), and x 𝑝 < 0.05 shock group versus sham-

operated group. 

 

The central venous blood derived variables showed characteristic alterations too. 

Corresponding to the significant increase of the oxygen extraction rate the ScvO2 decreased 

during bleeding, while the PcvaCO2 increased (Fig. 9 a,b,c). These changes at 60 minutes 

were significant compared to the baseline values and differed significantly from the 

corresponding values of the sham-operated animals. Fluid resuscitation resulted in a 

significant decrease of the PcvaCO2 at 𝑇3–𝑇6 as compared to 𝑇2, but PcvaCO2 changes within 

the shock group were significant at 𝑇3 compared to 𝑇0. ScvO2 showed a statistically 

significant elevation after resuscitation as compared to 𝑇2 but remained significantly lower as 

compared to the baseline value at 𝑇0 and to the sham-operated group. In case of the oxygen 

extraction rate significant differences were observed between the sham and shock groups at 

𝑇4–𝑇6.  
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Figure 9. Central venous blood gas derived parameters: central venous-to-arterial PCO2 gap 

(a), central venous oxygen saturation (b), and oxygen extraction rate (c). ∗ 𝑝 < 0.05 as 

compared to 0 min (𝑇0), # 𝑝 < 0.05 as compared to 60 min (𝑇2), and x 𝑝 < 0.05 shock group 

versus sham-operated group. 

 

With respect to the sublingual capnometric data significant increases were detected both in the 

PSLCO2 and the PSLCO2 gap values during the haemorrhagic shock phase (Fig. 10), while 

during partial resuscitation a significant improvement of PSLCO2 and PSLCO2 gap was 

detected, still these values remained elevated as compared to baseline (T0). Moreover, at T5 

PSLCO2 was significantly higher than in the sham-operated group. Regarding the PSLCO2-gap, 

it decreased significantly by T3 as compared to T2 in the shock group, but it remained 

significantly higher as compared to T0 throughout the resuscitation period. The PSLCO2 did not 

change significantly over time in the sham operated group (Fig. 10 a,b). The results of the 

correlation analysis are shown on Figure 11 (see text below). 
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Figure 10. Changes of sublingual tonometric variables measured by the new probe: sublingual 

PCO2 (a) and sublingual PCO2 gap (b). * p< 0.05 as compared to 0. min (T0), # p< 0.05 as 

compared to 60. min (T2), x p< 0.05 shock group vs. sham-operated group.  

 

 

Figure 11. Correlations with sublingual capnometry: relationships between sublingual 

mucosal to arterial PCO2 gap and sublingual red blood cell velocity in postcapillary venules 

(a), sublingual capillary perfusion rate (b), central venous oxygen saturation (c) and central 

venous-to-arterial carbon-dioxide partial pressure difference (d). 
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The correlation analysis of the sublingual capnometric and the direct microcirculatory 

parameters obtained by videomicroscopy revealed a statistically significant correlation 

between PSLCO2 gap and RBCVSL (𝑟 = −0.648; 𝑝 < 0.0001) and PSLCO2 gap and CPRSL       

(𝑟 = −0.644; 𝑝 < 0.0001). The PSLCO2 gap also correlated with ScvO2 and PcvaCO2 (𝑟 = 

−0.504 and 𝑝 < 0.0001; 𝑟 = 0.623 and 𝑝 < 0.0001, respectively) (Fig. 11 a,b,c,d). 

 

4.3. The influence of mucosal perfusion abnormalities on gastric emptying assessed by 

residual gastric volumes during early enteral feeding. 

The clinical characteristics of the examined study population are summarized in Table 4. 

 

 

 

Table 4. Characteristics of the patients involved in Study III. 

The average APACHE II score of the study patients was 26 points with a calculated mortality 

risk of about 55%. Elevated PgaCO2 gap was found up to 70% of the measurements, while 

abnormal seLac, ScvO2 and PcvaCO2 were recorded in 16%, 14% and 39% of all 

measurements. 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 low and high PgaCO2 groups 

(LG and HG). The amount of RGV was found significantly lower in the LG as compared to 

the HG: 0 (0-50) versus 50 (30-200) ml, p < 0.001 (Fig. 12). The comparison of blood-gas 

derived parameters of LG with HG (patients with low or high mucosal capnometric 

parameters) showed statistically significant differences regarding ScvO2 and seLac (Table 5). 
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Figure 12. Differences in the average residual gastric volume (RGV) between the two groups. 

Patients were assigned to low (LG) and high group (HG) based on their average PgaCO2 

levels (* p < 0.001 Mann-Whitney Rank Sum test.).  

 

The differences in systemic oxygenation parameters of the two groups, reflected by blood gas 

derived metabolic parameters (such as ScvO2, seLac and PcvaCO2 levels) are summarized in 

Table 5.  

 

 LG HG 

PcvaCO2 (mmHg) 6.0 (4.6-7.0) 7.0 (5.0-8.0)  NS 

ScvO2 (%) 80 (77-82) 75  (68-81)   * 

seLac (mmol/L) 1.1 (0.9-1.2) 1.6  (1.1-3.2)  * 

 

Table. 5. Differences in the PcvaCO2, ScvO2 and seLac levels between patients with low (LG) 

and high (HG) PgaCO2 levels. Values are expressed as median and 75th and 25th percentiles 

(* p < 0.05 Mann-Whitney Rank Sum test). 

 

4.4. The influence of mucosal perfusion parameters monitored by our new device on the 

efficacy of tube feeding.  

In this pilot study there was no statistically significant difference in the rate and escalation of 

enteral nutrition in the two groups. The average Ea/Et quotient was found similarly 0.47 in 

both groups. It means that by gradual increase of the pump rate, about 50% of the total caloric 

requirement could be administered via nasogastric tube feeding by the 3rd to the 5th days of 

the ICU stay. Complications attributable to early enteral feeding were uncommon, short-term 
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diarrhea stopped by feeding-pause was reported in two individuals and suspected 

regurgitation and aspiration in one case. 

 

5. DISCUSSION 

 

The re-establishment of adequate tissue perfusion and oxygenation is the ultimate goal 

of resuscitation. Because of the relative independency of micro- and macrocirculation, 

especially in sepsis or in the post-resuscitation phase of critical illness, normal peripheral 

perfusion is not guaranteed by the optimization of classical haemodynamic targets such as 

blood pressure, cardiac output, mental status etc. [4,5,47] Unrecognized occult hypoperfusion 

have a pathogenetic role in the development of postoperative complications in high risk 

surgery too, which explains the success of extended haemodynamic monitoring and goal-

directed therapy in reducing postoperative morbidity [48-50]. These observations have led to 

the growing interest in the monitoring of regional perfusion and microcirculation in various 

patient groups. Of all the different monitoring techniques, mucosal capnometry offers a 

simple, non-invasive or minimal invasive bedside method for the assessment of peripheral 

circulation.  

In Study I we report on the first use of a new gastric tonometric probe in adult humans. 

As part of its validation process we performed in vitro parallel air tonometric measurements 

comparing the CO2 uptake of the new probe and the classical tonometric catheter. Although 

the in vitro CO2 uptake of these instruments had been examined previously [32], we used a 

different protocol and tested the performance of the devices at three different CO2 

concentrations. The paired measurements performed in an equilibrium chamber revealed, that 

the PCO2 values measured by the catheter were mostly lower than those obtained by the 

probe. Complete equilibration was reached more frequently by the new device, and the 

accuracy of the new probe proved to be superior at higher PCO2, although these differences 

are fairly small and probably irrelevant for the clinical practice. During the first clinical 

experiences in our patient group anaesthetized surgical patients and volunteers were involved, 

and continuous medical attention was ensured during controlled conditions. The new method 

is minimally invasive, no injuries to any of the involved individuals were encountered 

resulting from the use of the probe. The adverse effects can be avoided by using local 
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anesthesia in awake patients, and the technical problems encountered during the application of 

the new probe by using proper lubrication before insertion and careful fixation after 

positioning. According to the human experiences gained so far, the small size and the soft 

material of these probes is beneficial in general, which makes it easily applicable in any age 

group including low birth weight neonates. The favorable properties (eg, soft, thin wall) of the 

new tool, however, were found disadvantageous in certain cases. For the insertion of the soft 

tube a guide wire is required, and unintentional displacement may happen during the routine 

nursing procedures. Non-cooperating patients may be able to remove the probe even with 

their tongues, necessitating replacement of the device. Incorrect fixation to the nose or cheek 

may result in kinking of the probe outside the body. Our results from 50 patients undergoing 

major surgery indicate an elevation of both the PgCO2 and PgaCO2 gaps parallel with the 

severity of the general condition of the patients, because higher ASA classification 

corresponds with higher perioperative morbidity and mortality. The hazards of surgical 

interventions are clearly based on operative and patient risk, and haemodynamic stabilization 

plays a key role in postoperative organ function and complications [49-51]. Our observations 

are in accord with the earlier results demonstrating that unstable haemodynamics with 

resultant splanchnic vasoconstriction should be avoided or promptly treated. Provided that 

other investigators in well conducted studies gain further favorable experiences using our 

method, this type of monitoring during high-risk surgery could be a part of the strategy in 

decreasing postoperative morbidity. In Study I parallel in vivo air tonometric measurements 

were performed with the conventional ballooned catheter connected to a Tonocap monitor and 

with the new balloon-free probe connected to a capnograph, too. The new method and the last 

generation of gastric tonometers applying automated recirculating air tonometry were 

compared [52,53]. The results of the in vivo paired measurements revealed that the PCO2 

values measured by the catheter were mostly lower than those obtained by the probe. The 

observed differences could be explained partly by the underestimation of the values obtained 

by the catheter, and by the fundamental differences between the two methods. The 

equilibration time and even more so the response time are rather long in measurements with 

the catheter. During the initiation period of its use, it requires at least two to three cycles for 

the complete equilibration of the gas inside its balloon, whereas when using the probe an 

almost entire equilibrium is reached after 5 minutes [32]. Thus, we suspect that the PCO2 

estimation of the new device may be closer to the actual values. In case of a fairly stable 
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circulation, the probe may detect higher pressure levels, whereas in case of an improvement in 

the splanchnic microcirculation, the probe reacts quicker and could show lower PgCO2. 

Another factor can be responsible for the detected differences: the mucosal circulation of the 

stomach may show minor regional heterogeneity. Because the two tonometers could be placed 

in different gastric regions, local changes may have resulted in higher in vivo deviations, 

compared with the in vitro results.  

Mucosal capnometric monitoring in the sublingual area was carried out by a special 

device in Study II in one of the most common form of shock. For this purpose another new 

device was used, which is a further development of the new gastric tonometer. In this study 

we report on the first in vivo application of the new sublingual capnometric device for 

perfusion monitoring. The major finding of this experiment is, that this non-invasive PCO2 

monitor accurately reflected the changes in submucosal postcapillary blood flow during 

haemorrhagic shock and fluid resuscitation. The measured capnometric values showed good 

correlation both with direct indices of microcirculation as determined by videomicroscopy 

and with global measures of hypovolemia-caused oxygen debt such as ScvO2 and PcvaCO2. 

Although the value of sublingual capnometry in the diagnosis of circulatory failure has been 

reported earlier [18,39], the method is not available for everyday clinical practice. Unlike the 

highly sophisticated and costly devices containing special PCO2-electrodes or fiber optic 

sensors used for this purpose in the prior experimental and clinical studies [31], the device 

applied in our experiments is a simple, non-invasive silicone probe providing real-time 

assessment of peripheral circulation at the bedside.  

In the animals undergoing severe bleeding there were significant changes in macro-

haemodynamic parameters (MAP, HR, CI and GEDVI) during the shock phase and during 

partial resuscitation. The alterations in mucosal PCO2 showed a similar pattern. Loss of 50% 

of the circulating blood volume increased the sublingual PCO2 by 50%: from T0=41.6 ± 8.3 to 

T2=60.1 ± 9.6 Torr, while sublingual PCO2 gap increased by 5 fold. Therefore it seems that 

for this purpose the mucosal to arterial gap values may be more sensitive than sublingual 

PCO2 on its own. We did not observe strong, significant differences in the PSLCO2 and the 

PSLCO2 gap values between the sham-operated and the shock groups in the partial 

resuscitation phase, but there were significant changes in the shock group reflecting the 

hemodynamic changes throughout the experiment. Therefore we suggest that it is the kinetics 

of PSLCO2 rather than the absolute value which deserves attention. This has to be investigated 
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in the future. According to recently published experimental data sublingual PCO2 monitoring 

may be useful in guiding fluid resuscitation and the titration of the volume to replace [54], 

these results were not confirmed in clinical studies yet. In general it is important to note that 

PSLCO2 or PSLCO2 gap has different role and interpretation during “rapid” or “massive” and 

“slow” bleeding. No one needs additional indicators during massive bleeding with severe 

hypotension to confirm that the patient is in trouble, and neither is there time for these 

measurements. Therefore the initial objective of haemodynamic stabilization is the restoration 

of the macro-haemodynamic variables, and sublingual capnometry may prove its merit during 

slow bleeding, occult hypovolemia or ongoing hypoperfusion of different origin, when 

macro-haemodynamics are within the normal range. Massive bleeding in our study resulted in 

severe perfusion abnormalities as indicated by significant deterioration of sublingual CPR and 

RBCV, which was also reflected by changes of the sublingual PSLCO2 gap. Although the 

close relationship between the sublingual perfusion and PCO2 has already been described 

[38,55], and investigations on mucosal PCO2 and the microcirculation of the ileum [56,57] 

have been performed in shock, our experiment was the first to describe the correlation 

between sublingual capnometry and the directly measured microcirculatory parameters during 

hemorrhagic shock. With respect to the blood-gas derived parameters in our study, ScvO2, 

O2ER and PcvaCO2 showed significant changes during hemorrhagic shock and partial 

resuscitation. Although in cases of impaired oxygen uptake ScvO2 values can be elevated 

[58,59], our hemorrhagic shock-resuscitation model gives further support to the theory that 

low ScvO2 and high PcvaCO2 indicate hypovolemia. The significant correlation of these 

central venous blood-gas parameters with PSLCO2 gap suggest, that in our bleeding-

resuscitation model these variables were similarly indicative of shock. 

 Mechanically ventillated high-risk ICU patients were enrolled in a pilot study       

(Study III) investigating the influence of regional gastrointestinal perfusion on gastric 

motility. During critical illness the provision of enteral feeding is crucially important. 

Unfortunately, gastrointestinal dysfunction, including dysmotility and malabsorption occurs 

frequently in the ICU, and hinders nasogastric tube feeding, the more physiologic way of 

nutrition [60,61]. The severity of the illness is associated with higher incidence of 

gastrointestinal complications and may lead to insufficient enteral calorie delivery. This 

vicious circle worsens the clinical outcome and delays recovery. Consequently, barriers to 

feeding and optimization of gut function are of great significance in high risk patients [62]. 
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The key factors in the maintenance of the healthy bowel system are the intact neurohumeral 

regulation, intraluminal factors and normal splanchnic blood flow. In our investigation we 

focused on the latter. Gastric motility was assessed by the interval measurements of gastric 

residuals (RGVs), which method offers - as opposed to more difficult scintigraphic or 

absorption tests - a rough estimation of gastric motoric function, but proved to be a practical 

and useful method for everyday clinical praxis. Splanchnic hypoperfusion reflected by 

increased PgaCO2 gap was a common finding in the first days of intensive therapy, as detected 

up to 70% of all measurements. Such abnormalities remain hidden without regional perfusion 

monitoring, and can contribute to the development of organ dysfunction worsening clinical 

outcome. 37% of these high risk patients died in the intensive care unit, whose calculated 

mortality risk exceeded 55%. The main finding of the study is, that patients with elevated 

PgaCO2 had significantly higher RGVs. Although the prediction of feeding intolerance is 

rather diffucult, the increased amount of gastric residuals in the patients with compromised 

gastric tonometric parameters suggest that normalization of perfusion parameters may 

positively affect the motility of the stomach. The results of other studies also support this 

assumption. 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 [63]. In a prospective study of 124 low birth-weight preterm infants prenatal 

haemodynamic disturbances adversely affected gut motility, and the decrease in regional 

blood flow posed higher risk for abdominal problems and a delay in tolerating enteral feeding 

[64]. The close interaction between gastric myoelectrical, secretory activity and mucosal 

blood flow has been described in different experimental models, and interventions 

ameliorating mucosal ischaemia simultaneously improved gastric emptying [65,66]. Not 

surprisingly, in this study abnormal arterial and central venous blood gas parameters occured 

less frequently in the first days of ICU stay. Pathological values of seLac, ScvO2 and 

PcvaCO2 were recorded in 16%, 14% and 39% of all measurements, respectively. These 

results not only demonstrate the relative stability of systemic parameters compared to those of 

regional perfusion, but reflect their role in decision making in our everyday clinical practice. 

The comparison of blood-gas derived parameters of LG with HG (patients with low or high 

mucosal capnometric parameters) showed statistically significant differences regarding ScvO2 

and seLac (Table 5.), but these differences were fairly small and not evaluable with respect to 

clinical practice. In our interpretation - even if the relationship of macro- and microcirculation 
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is often loose -, regional hypoperfusion occurs more commonly in patient groups with 

disturbed global oxygenation and haemodynamics. The results of this pilot study, however, do 

not allow us to draw such conclusions; further investigations are needed to reveal these 

correlations. The applied early enteral feeding concept was found to be feasible during Study 

III, adverse effects were rarely encountered. As mentioned above, there was no statistically 

significant difference in the rate and escalation of enteral feeding between the two groups, the 

Ea/Et quotient was found similar. The feeding protocol we applied was in accord with 

contemporary recommendations, in which the threshold RGV values necessitating dose 

adjustments are significantly higher than the measured RGVs in our patients. Although in 

case of relatively normal gastric emptying gastric residuals should be close to zero [67], 

current guidelines suggest RGVs ≥ 250-300 ml per 6-8 hours as threshold values to reduce the 

rate of tube feeding. Data from recent investigations demonstrate, that both mesenteric 

perfusion abnormalities and slow passage of nutrients into the small intestine may impair 

nutrient absorption [62,68,69], and even smaller amounts of RGV may have negative impact 

on clinical outcomes. 

 

 

6. SUMMARY 

 

The major findings of the thesis are summarized as follows: 

I. We have shown for the first time, that mucosal capnometry with the novel balloon-free 

probe developed in our institute is a valid tool for measuring gastric mucosal PCO2 in the 

adult population. 

II. In our animal experiment on haemorrhagic shock, sublingual mucosal capnometry derived 

variables measured by a new sublingual capnometric probe followed microcirculatory 

changes, and correlated with global parameters describing macro-haemodynamics, too. Hence 

our results indicate that sublingual capnometry may be a useful complementary tool for 

assessing hypovolemia and haemorrhagic shock. 
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III. In a pilot study on critically ill patients on early enteral feeding, we have shown that 

significant differences in gastric emptying were found in patients with higher mucosal to 

arterial CO2 gap as monitored by our newly developed balloon-free air-tonometric probe, 

tested in our first study. These data suggest that implementing these measurements in a 

selected ICU population may be worthwhile. 

 

In conclusion I would like to remark, that considering the intensive research of mucosal 

capnometry, it is necessary to turn these devices into simple, cost-effective and user-friendly 

instruments for the further progress in technical development. Provided that other 

investigators in well-conducted studies gain further favorable experiences using these 

methods, they may be candidates fulfilling these requirements. 
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