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Abbreviations

CO  cardiogenic oscillations 
Crs   compliance of the respiratory system 
ETT  endotracheal tube 
FL  flow limitation 
ID  inner diameter 
Paw  airway pressure 
Pes  esophageal pressure 
Ppeak   peak airway pressure 
PRohrer tracheal pressure calculated according to the 

Rohrer approach 
Ptr  tracheal pressure 
Rrs  total resistance of the respiratory system 
RS  respiratory system 

  time constant 
Te   expiration time
V ex fract,15  expired tidal volume at 15% of expiration time 
VT  tidal volume
V-P curve  volume-pressure curve 
V- v curve volume-flow curve 
WOB  work of breathing 

PETT  pressure drop across the endotracheal tube 
v   flow 
v crit critical flow
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Introduction

For gas to flow in and out of the lungs, a pressure difference must be created 
by an energy source. During controlled ventilation, the energy source for 
forcing gas to flow into the lungs is the ventilator, whereas during assisted 
spontaneous ventilation the inspiratory muscles constitute a second energy 
source. The driving force for expiration is the elastic recoil of the respiratory 
system and the activity of the expiratory muscles. Another energy source is 
the mechanical energy produced by the beating heart and transferred to the 
lungs. This transfer depends, among others, on the mechanical conditions of 
the respiratory system to which the energy of the beating heart is transferred. 

The shape of the tubing system also affects gas flow. The tubing system is 
made up of two major compartments: a) the artificial tubing system includ-
ing the endotracheal tube (ETT), and b) the natural tubing system i.e. the 
central airways distal to the tip of the ETT, which with respect to flow resis-
tance can be regarded as the second compartment. 

 The analysis of the flow signal has therefore the potential to add informa-
tion on the above factors and expand our understanding of the mechanical 
conditions of the respiratory system. Those conditions are derived from: 
elastic forces, resistive forces resulting from the flow of gas through the 
airways and the tubing system including the ETT, viscoelastic forces attrib-
uted to stress adaptation within the lung and chest wall (1) and forces such as 
inertial forces and compressibility of gas (which, at least in healthy lungs 
and at normal breathing frequencies, are of minor importance).  
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Background

Calculated vs. measured tracheal pressure
The ventilator-dependent patient has to overcome different loads (2), among 
others: a) resistive and elastic loads of various origins due to the condition of 
the impaired function of the respiratory system, and b) the flow-dependent 
resistive load of the endotracheal tube (which is a load both during inspira-
tion and expiration). 

The ventilatory support should compensate for these loads to a degree that 
is compatible with the patient’s reduced capability to perform work of 
breathing (WOB). Whereas the loads imposed by the diseased respiratory 
system would be reduced only gradually with the recovering process, the 
load imposed by the ETT could and should be reduced immediately. For 
unloading a spontaneously breathing patient of the ETT-related flow de-
pendent resistive pressure drop (which, for example, is done in Automatic 
Tube Compensation), the tracheal pressure (Ptr) must be known (3-10). Di-
rect determination is a possibility (11-13), but can be cumbersome and is 
hardly possible on a long term continuous breath-by-breath basis, whereas 
calculating Ptr non-invasively from flow and pressure data available from the 
ventilator can be a less invasive option (14,15). This method has been vali-
dated for controlled mechanical ventilation, but data for spontaneous breath-
ing are lacking. In study I, we provided more systematic data to support the 
hypothesis that Ptr can be calculated reliably during both controlled me-
chanical ventilation and spontaneous breathing.  

Factors determining the rate and shape of the expiratory 
flow signal 
The expiratory flow profile depends on a) the forces that drive flow (most 
importantly: elastic recoil of the respiratory system which can be approxi-
mated by volume/compliance) and b) the resistance to v  i.e., airway resis-
tance (including the tubing system) determined by the flow rate and the di-
ameter (more generally: the shape) of the airways and the tubing system 
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(ETT) through which expiratory gas is expired (16). Thus each analysis that 
focuses on whether and how and to what degree expiratory flow is deceler-
ated is faced with two questions: Is flow decelerated because of an obstruc-
tion or is it decelerated because of a decrease in elastic recoil (increase in 
Crs) or any combination thereof. Therefore in order to detect partial ETT 
obstruction, Crs should be monitored breath by breath in addition to monitor-
ing the expiratory flow profile. Study II and III describe how the expiratory 
flow signal shape changes with partial ETT obstruction in volume and pres-
sure controlled ventilation, whereas study IV describes a new non-invasive 
tool to monitor Crs during ongoing ventilation.  

Endotracheal tube obstruction during mechanical 
ventilation 
Mechanical ventilation is one of the cornerstones of modern intensive care. 
The endotracheal tube is one of the important means to deliver mechanical 
ventilation to critically ill patients. However the endotracheal tube is associ-
ated with increased patient work of breathing (WOB) (17,18). The  deposi-
tion of respiratory secretions (19,20), can result in narrowing of the effective 
inner diameter of the ETT (21). Partial ETT obstruction and tracheal narrow-
ing will result in further increase in patient WOB and eventually difficulties 
in weaning the patient (17,18,22,23). Narrowing of the ETT in the tracheally 
intubated and mechanically ventilated patient is common (24), in one study 
up to 22% of the ETTs were significantly narrowed (ID<7.0 mm) when ex-
amined after extubation (25). Partial obstruction of the ETT can appear as 
early as at 24 h after intubation (25). Increase in Ppeak and decrease in VT are 
traditionally assumed to be the relevant warning signs of ETT obstruction in 
volume and pressure controlled ventilation, respectively. These warning 
signs may be unreliable with low grades of ETT obstruction (26). Partial 
ETT obstruction may, therefore, pass unrecognized. A potential alternative 
to Ppeak and VT is monitoring the flow signal of passive expiration (26,27). 
Any obstruction acts as a brake on expiratory v increasing the time required 
for emptying the lung. This can be described in terms of the expiratory time 
constants ( E (28). The decelerating effect of an ETT obstruction is most 
pronounced with the high v of early expiration, increasing E during early 
expiration and yielding a typical E over expiratory volume pattern that is 
easy to recognize. 



12

Cardiogenic oscillation 
Mechanical variables of the RS are determined from corresponding pres-
sure/flow data collected at the airway opening. The results strongly depend 
on the sampling frequency and the resolution at which those data are ana-
lyzed. For example: if the end-expiratory and the end-inspiratory point of a 
breath are connected by a straight line and compliance is calculated from the 
slope, the assumption of linearity implied imposes that compliance is con-
stant throughout the entire inspiration. Looking into inspiration at higher 
resolution (applying multiple occlusions during inspiration) indicates that 
intratidal compliance is non-linear (29). At higher resolution the non-
linearity is getting even more pronounced since now cardiogenic oscillations 
(CO) become visible. They are due to heartbeats generating repeated asym-
metric deformations of the adjacent lung that propagate to the airways result-
ing in fluctuations in flow and pressure. Rather than smoothing off CO, 
Bates and collaborators (30) have looked at CO as indicators of the activity 
of an in-built natural oscillator acting on the lung. CO represent the repeti-
tive answer of the RS to what can be regarded as local mechanical distur-
bances of a system that tries to reacquire its equilibrium, and how this equi-
librium is reacquired contains information on the degree to which the RS is 
mechanically stressed by the actual ventilator settings. 

Cardiogenic oscillations that appear on the volume-pressure curve (V-P 
curve) of the lung reflect a transfer of mechanical energy from the beating 
heart to the lungs. As a result of this energy transfer intrapulmonary gas mix-
ing is enhanced. This was first described by Torsten Gordh in 1945, who 
stated in his thesis ‘‘these diminutive cardio-respiratory exchanges with dif-
fusion pressure of the oxygen molecules are thus found sufficient to maintain 
an adequate oxygenation of the blood for the support of a human life, as well 
as in animals’’(31). The same findings were confirmed later in more recent 
studies (32). On the other hand the mechanical aspect of the energy transfer 
caused by CO has not been studied. Since the conditions of heart-lung en-
ergy transmission are determined by the elastic and resistive properties of the 
RS, the shape of the CO on the V-P curve reflect those properties. The 
analysis of CO can be a cheap tool for monitoring breath-by-breath the elas-
tic properties of the RS (Crs) as well as the mechanical answer of the RS to 
repeated mechanical disturbances i.e. mechanical or assisted ventilation. 
This could give insight into the development of the underlying pulmonary 
disease and how appropriately the ventilator settings respond to the actual 
needs of the RS. Moreover the information gained from the CO about the Crs
can help in addition to monitoring the expiratory signal profile in detecting 
partial ETT obstruction. 
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Aims

1. To calculate tracheal pressure from flow and to compare it with meas-
ured tracheal pressure (study I).

2. To analyze whether endotracheal tube narrowing in volume and pres-
sure-controlled ventilation can be detected non-invasively with the help 
of the flow signal, and to compare flow signal analysis with Ppeak and 
VT monitoring (study II & III). 

3. To analyze whether and how cardiogenic oscillations indicate the me-
chanical properties of the RS, mainly Crs (study IV). 
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Materials and Methods 

Animal model 
The studies were conducted in accordance with the Helsinki convention for 
the use and care of animals. The local Ethics Committee for Animal Experi-
mentation reviewed and approved the studies. A total of 45 piglets were 
studied (mean body mass 25.1 kg ± 1.5 (mean ± SD)): 18 piglets in study I, 9 
piglets in study II, 11 piglets in study III and 7 piglets in study IV. 

Anesthesia
After premedication (tiletamine 3 mg · kg -1 and zolazepam 3 mg · kg -1;
xylazine 2.2 mg · kg -1; atropin 0.04 mg · kg -1 i.m, anesthesia was induced 
with 100-500 mg ketamine plus 1 mg · kg -1 morphine and maintained with 
ketamine (20-30 mg · kg -1 · h -1) plus morphine (0.5-2.0 mg · kg -1 · h -1).
Neuromuscular block, when needed was achieved by pancuronium bromide 
infusion (0.25 mg · kg -1 · h -1).

Fluid therapy 
Animals received sodium chloride 4.5 g · L -1 with glucose 25 g · L -1 at 10 
mL · kg -1 · h -1 and a 5 mL · kg -1 bolus of dextran-70 (Macrodex 70, 
Pharmacia Infusion AB, Uppsala, Sweden) to insure normovolemia. 

Monitoring and Measurements 
ECG signals were obtained from a standard V5 lead. Intravascular catheters 
were surgically placed for the collection of blood for arterial and mixed ve-
nous blood gas analysis (ABL5 and Hemoximeter OSM3, Radiometer, Co-
penhagen, Denmark) and measurement of central venous, pulmonary artery 
(via the external jugular vein), and aortic pressures (via the carotid artery). 

The position of the catheters was confirmed by pressure tracing. Cardiac 
output was determined by thermodilution. Ventilation was applied through 
an endotracheal tube (ETT, Mallinckrodt, Athlone, Ireland) by a Servo 300 
ventilator (Siemens - Elema, Solna, Sweden). Airway pressures were meas-
ured with a side-port at the site of the pneumotachograph and fed to a pres-
sure transducer. v was measured with a heated Fleisch pneumotachograph 
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(Pneumotach Amplifier Series 1110; Hans Rudolph Inc, Wyandotte, Mis-
souri, USA) placed between the ETT and the Y-piece. Signals were sampled 
and fed to a data acquisition system (Acqknowledge, version 3.2.7, BioPac 
Systems, Inc, Goleta, CA, USA). The static compliance of the respiratory 
system (Crs) was determined (using a 5 seconds end-inspiratory and end-
expiratory hold). 

In study I, tracheal pressure was directly measured 2-3 cm above the ca-
rina with a catheter tip transducer (OLM intracranial pressure monitoring kit, 
model 110-4B, Integra Neurosciences Camino, San Diego, CA. USA), posi-
tioned outside the tracheal tube under direct inspection after the tracheo-
stomy. The measured Ptr was compared off-line with the calculated Ptr using 
the pressure-flow data acquired at the proximal outlet of the tracheal tube. 

In study II total resistance of the respiratory system (Rrs) was calculated 
according to Milic-Emili (33), whereas in study III, Rrs was calculated by 
using the least squares fit technique (34,35). 

Protocols and data analysis 
In study I, the animals were allocated to 3 groups: one group (n=12) received 
volume controlled ventilation (VC) before and after broncho-alveolar lavage, 
to study whether lavage-induced changes of the impedance of the respiratory 
system would affect the reliability of the calculated Ptr. Tidal volumes of 
150, 250, 300, 400, and 500 ml and either zero PEEP (healthy animals), or 
12 cm H2O PEEP (surfactant-deficient animals) were consecutively applied. 
Ventilator frequency was 20 min -1. Three animals received pressure support 
ventilation (PS), PEEP was set to 5 cm H2O and the pressure support to 5 
cm H2O above PEEP level, and another three received bi-level positive air-
way pressure ventilation (BiPAP), PEEP at 5 cm H2O for 3 seconds; upper 
pressure level 10 cm H2O for 3 seconds; set frequency 10 min -1. FiO2 was 
0.5 throughout.  

The agreement between calculated and measured Ptr was assessed. Tra-
cheal pressure was calculated according to Guttmann and colleagues, (14) 
(called PRohrer), using the Rohrer equation (36): 

PETT = k1 · v  + k2 · v 2

with PETT being the flow-dependent resistive pressure drop across the 
ETT,  k1 and k2 being the ETT coefficients and v  being the flow rate.

The agreement between the measured and the calculated tracheal pres-
sures curves was evaluated in terms of root mean square error (RMS), indi-
cating how much these curves differ on average.  

In study II the piglets were ventilated with volume controlled ventilation 
(PEEP of 4 cm H2O). The ETT was stepwise obstructed (three grades) with 
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a graded external clamp. The expiratory flow over volume curve was ana-
lyzed as follows (28): The slope of the flow/volume curve has the dimension 
of time. For a description and comparison of slope change, the flow/volume 
curve is divided into 5 slices. The slope of a straight fitted line (least squares 
fit) is equal to the derivative dV / d v which has the dimension of time and 
can be directly read as the expiratory time constant of that particular slice. 
The time constants of the 5 consecutive slices are plotted over the expired 
volume. The expiratory v curves were assessed for intrapulmonary flow 
limitation (FL) with the method described by Lourens et al. (37).  

In study III the trachea of 11 anesthetized piglets was first intubated with 
an ETT of 9.0 mm inner diameter (ID). Subsequently, the 9.0 ID ETT was 
removed and replaced by an ETT of ID 8.0 mm, 7.0, and finally 6.0 ID mm 
(corresponding to a 26%, 43% and 55% decrease in cross-sectional area 
compared with ETT of ID 9.0 mm). This way, 3 standardized levels of a 
pure concentric “obstruction” over the whole length of the ETT were step-
wise produced. VT of the first 15% (Vex fract,15) of expiration time (Te) was 
also calculated by flow integration. The expiratory volume-flow (V- v )
curve was analyzed as follows: the first derivative of the expiratory volume-
flow relation (dV /d v ) was calculated for each of the data points sampled at 
2000 Hz. The resulting curve has the dimension of time and each data point 
equals the E (= compliance  resistance) at that particular lung volume. 
Any obstruction acts as a brake on expiratory v  increasing the time to empty 
the lung and, thus, increasing E for which higher values are read from the 
expiratory dV /d v . The higher v  the more pronounced is the "brake"- ef-
fect of an ETT obstruction, and this makes early expiration with its high 
flow the appropriate segment of the dV /d v plot for detecting obstruction. 
We decided to identify obstruction (that is the different IDs of the ETTs) by 
reading off the value for E after 250 milliseconds of Te, corresponding to 
15% of Te. The choice of 15% of expiratory time or 250 ms was based on 
the following: 50% of the expiratory VT in ETT with ID 9.0 mm was ex-
haled in the first 15% of expiration. We decided to use these somehow arbi-
trary 15% of Te as the cut-off point for defining obstruction.  

In study IV, the animals were monotonously ventilated during seven 
hours at unchanged settings. To assess the effects of the heartbeats on the V-
P curves, a straight line was fitted to the first 40 data points (corresponding 
to 200 milliseconds) of the V-P curve immediately following a cardiogenic 
oscillation using the least squares method. We observed a sudden increase in 
volume following a heartbeat, which we attributed to a regional lung volume 
gain due to the heartbeat “kick”. The volume gains were determined as the 
volume difference (or difference in intercepts) between the straight line fits 
to the post- or preheart beat segment, respectively. 
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Statistics
All values are expressed as mean and 95% (lower to upper) confidence in-
terval. Confidence intervals of mean differences were also calculated. Dif-
ferences in variables within the groups were assessed using repeated meas-
ure analysis of the variance. Statistical significance was assumed with p 
0.05. In study I, the agreement between measured and calculated Ptr was 
assessed in terms of the root mean square error (RMS), giving the mean de-
viation for all data points under consideration. In study III, we chose 20% 
increase in E and 20% decrease in VT (20% of mean E, and VT values for 
ETT 9.0 corresponds to 80 ms, and 60 mL) as the threshold that would 
probably be considered relevant under clinical conditions. Since 50% of tidal 
volume was exhaled during the first 15% of expiration time, we chose a de-
crease of 10% of Vex fract,15 as the relevant threshold to detect partial ETT 
obstruction (corresponding to 20 mL).   
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Results

Calculated vs. measured tracheal pressure (Study I) 
402 breaths were analyzed for agreement with the results obtained by the 
method according to (14). The average deviation of calculated Ptr from 
measured Ptr was 0.7 cm H2O (95% CI 0.6-0.8) over the entire respiratory 
cycle. Agreement was equally good for inspiration and expiration and for 
VC, PS, and BiPAP, respectively (Table 1). 

Mode RMS (Entire cycle) 

(cm H2O) 

RMS (Inspiration) 

(cm H2O) 

RMS (Expiration) 

(cm H2O) 

VCPEEP0 0.6 (0.57 to 0.65) 0.5 (0.55 to 0.63) 0.6 (0.56 to 0.67) 

VC PEEP12 0.6 (0.57 to 0.62) 0.5 (0.54 to 0.62) 0.5 (0.55 to 0.62) 

PS 0.7 (0.72 to 0.76) 0.9 (0.91 to 0.94) 0.5 (0.56 to 0.59) 

BiPAP 0.7 (0.75 to 0.80) 1.0 (0.97 to 1.04) 0.6 (0.61 to 0.66) 

Table1.  Agreement between measured and calculated tracheal pressure in terms of 
RMS indicating the average difference between measured and calculated Ptr over the 
entire respiratory cycle, and for inspiration and expiration separately. VC = volume-
controlled ventilation; PS = pressure support ventilation; BiPAP = bi-level positive 
airway pressure ventilation. Values are mean (lower to upper 95% confidence inter-
val).  
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Expiratory flow signal vs. peak airway pressure in 
partial endotracheal tube obstruction with volume-
controlled ventilation (Study II) 
In the unobstructed tube and with grade 1 and 2 obstruction, E was signifi-
cantly higher in early and mid-expiration (slice 1-3), compared with late 
expiration. With grade 2 and grade 3 obstruction, E increased in early expi-
ration (slice 1 and 2, p  0.05) while in late expiration (slice 5), E increased 
significantly only in grade 3 obstruction (Figure 1).  

Ppeak did not increase significantly from its native level of 13.0 cm H2O
(12.1 to 13.1) with grade 1 and 2 obstruction (Figure 3, right panel). With 
grade 3 obstruction, it increased to 20 cm H2O (16.7 to 23.2, p  0.05). In-
trapulmonary flow limitation was not detected under any conditions, or in 
any animal (for a representative animal see Figure 2). 
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Figure 1. Expiratory time constants of consecutive segments ("slices") over volume 
(5 slices corresponding to 90% VT) with unobstructed ETT of ID 8.0 mm (unOB, 
black circle); and grade 1, 2 and 3 obstruction, respectively. Symbols indicate mean 

 SD, n = 9.Values in table are mean (95% confidence interval), unOB to grade 3, 
bottom to top. ETT ID = endotracheal tube inner diameter. Ppeak = peak airway 
pressure. * P  0.05.
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Figure 2. Flow over volume plot with different grades of obstruction in a represen-
tative animal. Upper Panel: Expiration; bottom: inspiration. In the expiratory panel 
the upper most plot is recorded with an unobstructed ETT of ID 8.0 mm (unOB), 
from top to bottom follow obstruction grade 1, grade 2 and grade 3. Note the endex-
piratory flow with grade 3 obstruction. ETT ID = endotracheal tube inner diameter. 
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Expiratory flow signal vs. tidal volume in partial 
endotracheal tube obstruction with pressure-controlled 
ventilation (Study III) 
E at the 15% of expiration time increased with the 3 steps of ETT narrow-

ing (Table2). There was no relevant decrease in VT (Table 2). On the other 
hand Vex fract,15 decreased with each step of ETT narrowing (Table 2).

Conditions E 15% 
[ms]

V ex fract, 15 
[mL] 

VT
[mL] 

ETT ID 9 380  
(320 to 440) 

195 
(183 to 207) 

392 
(363 to 421) 

ETT ID 8 491 
(404 to 577) 
{88 [18 to 
159]} 

180 
(172 to 188) 
{11.5 [6.8 to 
16.1]} 

398 
(371 to 425) 
{8.1 [-31 to 47]} 

ETT ID 7 635* 
(463 to 807) 
{282 [119 to 
446]} 

146*# 
(140 to 152) 
{34.2 [26.9 to 
41.6]} 

399 
(361 to 437) 
{3.9 [-40 to 48]} 

ETT ID 6 794*# 
(679 to 909) 
{384 [286 to 
482]} 

134*#% 
(128 to 139) 
{60.6 [52.9 to 
68.3]} 

392 
(350 to 433) 
{0.4 [-50 to 51]} 

Table 2. ETT ID = endotracheal tube inner diameter. E = expiratory time constant. 
VT = tidal volume. The first line in each cell  (in bold) indicates mean; the second 
line (in (parenthesis)) indicates upper to lower limits of 95% confidence interval;  
the third line indicate {mean difference to the ETT9.0 [lower to upper limit of the  
95% confidence interval of the mean difference]}ETT9.0, n = 8. ETT8.0, n = 11. 
ETT7.0, n = 11. ETT6.0 n = 10.  
* relevant increase compared to ETT9.0 
# relevant increase compared to ETT8.0   
% relevant increase compared to ETT7.0   
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Cardiogenic oscillations and compliance (Study IV) 
With the ventilator delivering a constant inspiratory flow, the modulating 
effect of the heartbeats on the volume over pressure curve could be seen 
(Figure 3). The heartbeat-induced inspiratory volume gain were immediately 
followed by a slow-down of the airway pressure (Paw), appearing as a devia-
tion from its’ linear increase and causing a concavity in the V-P curve (“car-
diac kicks”, see arrows in Figure 3).

If the compliance of the respiratory system is constant and the ventilator 
delivers a constant inspiratory flow, the V-P relation should be a straight line 
that extends the slope of its initial segment (that is the segment from start 
until point c1, labeled “slope 1” in Figure 4). Instead, there are distinctive 
heartbeat – induced sudden volume gains (points c1, c2, and c3 in Figure 4) 
on the V-P relation. These cardiac kicks shift the volume to a higher level 
with minimal increase in Paw (Figure 4). After a cardiac kick, the volume 
continues to increase, now in a more steady way, (see segments after points 
c1- c2, and c2-c3 in Figure 4), until the next cardiac kick. At beginning of 
the experiment, the first heartbeats induced a lung volume gain of 14 (10 to 
17) mL, whereas at the end of the seven hours experimental period, volume 
gain per heartbeat was 7 (2 to 9) mL (p  0.05). The volume gain was asso-
ciated with the compliance of the respiratory system (Crs), which continu-
ously decreased from 27 to 21 mL · cm H2O-1 (p  0.05); beginning vs. end 
of the experiment. 
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Figure 3. Heartbeat-induced lung volume gains during constant-flow mechanical 
inflation in a representative animal. Plot of lung volume vs. airway pressure (Paw) at 
the beginning of the experiment (thin loop) and after 7 hours of ventilation (thick 
loop). Arrows denote heartbeat-induced volume gains at nearly constant pressure.  
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Figure 4. Changes in Pes and Paw in relation to phases of the cardiac cycle during 
constant-flow mechanical inflation in a representative animal. ECG (ventricular 
filling, atrial systole, isovolumic contraction, rapid ejection, and reduced ejection), 
Pes, and lung volume (V) are plotted vs. Paw. ECG and Pes are expressed in arbitrary 
units and lung volume in liters. Time course of Paw is also indicated. Paw = airway 
pressure. Pes = esophageal pressure. 
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Discussion

We were able to show by the 4 studies that we performed, that the flow sig-
nal carries important information about the mechanical properties of the RS, 
including the tubing system, during ongoing mechanical ventilation. 
Changes in the resistive properties of the RS produced by partial ETT ob-
struction were detected by changes in the shape of the expiratory flow signal. 
Changes in the elastic properties of the RS were detected by the analysis of 
the CO shape. In mechanically ventilated patients, Crs and Rrs of the RS 
change due to the disease process or intervention or just due to monotonous 
mechanical ventilation i.e these changes are dynamic. The flow signal is a 
dynamic signal, in other words, the flow curve displayed by most modern 
ventilators would provide the clinician with online information about the 
state of the RS and how it is interacting with the respirator. Such information 
would help the care-giver to set the ventilator accordingly.  

In study I, calculated tracheal pressure agreed well with measured tra-
cheal pressure over the entire respiratory cycle, both in mechanical ventila-
tion and assisted spontaneous breathing (PS and BiPAP). Measured Ptr has 
its methodological drawbacks: a) it is not easy to position the catheter cor-
rectly, (for example the position of the catheter could change with lung vol-
ume i.e., with VT and/or with PEEP). b) Thin measuring catheters are easily 
obstructed, c) and thick catheters, that are placed inside the ETT, affect flow 
pattern and increase the tracheal tube resistance. Moreover measuring Ptr at 
the tip of the catheter in an axial direction (like the one used in the study) 
overestimates the expiratory pressure because of the dynamic pressure com-
ponent resulting from expiratory gas flowing towards the catheter tip (Ber-
noulli effect) (38). On the other hand any sudden change in the flow at the 
transition of the tracheal tube to the trachea, could lead to kinetic energy 
dissipation by flow separation, resulting in some  pressure loss (38,39).  
Consequently, the catheter must be positioned carefully and Ptr measured 
where the gas flow is fully developed, which, if anything, is an arduous task.  

Certainly, calculation of Ptr has also its drawbacks, mainly because it de-
pends on the knowledge of the true ID of the tracheal tube. If the ETT is 
narrowed by secretions, which is quite common (25), assuming an un-
changed native, unobstructed ETT makes calculation of Ptr incorrect, since 
the wrong coefficients (k1 and k2) will be used in the calculations. The nar-
rowing increases the flow-dependent resistive PETT, and the calculated Ptr 
will be overestimated during inspiration and underestimated during expira-
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tion. This problem is common to all methods to calculate Ptr and not specific 
for the Rohrer approach since all calculation methods rely on correct infor-
mation about the ID of the ETT. 

Within the frame of closed-loop ventilation, the ultimate goal is that the 
respirator (using flow signal) would be able to identify the true actual ID of 
the ETT and use this for calculating Ptr. This, for example, is the basis for 
setting the support in Automatic Tube Compensation appropriately. The first 
step toward that goal was reached in study II and III, where we were able to 
use the expiratory flow signal to detect different grades of ETT obstruction. 

Higher degrees of ETT obstruction caused by kinking or blocking of the 
ETT represent a medical emergency and should be treated immediately, 
whereas lower grades of obstruction caused by formation of biofilm or ad-
herence of secretion on the inner surface of the tube, can be an important 
cause of morbidity in the tracheally intubated and mechanically ventilated 
patient (40,41). The work of breathing (WOB) induced by ETT is around 
10% of the total WOB performed by the patient (42), moreover any obstruc-
tion would cause a relevant increase in the patient WOB (17,18), which is of 
great implication for the spontaneously breathing patient. Respiratory fatigue 
could be caused, for example. 

Guided by the typical over expiratory volume pattern even minor de-
grees of ETT obstruction during volume controlled ventilation (study II) 
were detectable. By contrast, Ppeak which is traditionally used to detect ETT 
obstruction failed to increase up to a level that would be regarded clinically 
relevant.

The geometry of the ETT, i.e. its ID and the v  rate are the main determi-
nants of the inspiratory pressure that is needed to overcome the resistance of 
the ETT. The physical properties of the gas (including humidity and baro-
metric  pressure), length and curvature of the ETT play a minor role in de-
termining the PETT (43,44). In order for Ppeak to increase, flow should 
reach a critical threshold ( v crit) (45), i.e. it’s only when the ETT narrows 
down to an ID where a new v crit  is arrived at, that v gets turbulent and 
Ppeak increases sharply. From the equation used to calculate the Reynolds 
number (17,45), it can be derived that, assuming a v of 9 L · min -1, the 
cross-sectional area of an ETT with ID 8.0 mm can be reduced by 36%, or, 
with a v of 6 L · min -1, by 72%, respectively, before v gets turbulent. With 
an inspiratory v of 0.17 L · s -1 (10.2 L · min -1) (as the flow used in the 
study), the v crit would correspond to an ETT with an ID of 7.0 mm (17,45). 
In other words: Ppeak would not increase to any clinically detectable level 
until the ID is narrowed to 7.0 mm. That means less pronounced grades of 
tube obstruction could pass without being noticed.  

In pressure-controlled ventilation (study III), E of 15% of expiration 
time increased with each step of ETT obstruction (decreasing ETT ID), 
whereas VT did not decrease although Rrs increased to 260% with ETT ID 
6.0 compared with ETT ID 9.0 (Figure 5).  
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Figure 5. Relative changes (ETT9.0 = 100%) in resistance of the respiratory system (gray 
boxes); time constant of 15% of expiration (diamonds) and tidal volume (filled circles) with 
decreasing inner diameter of the endotracheal tube (ETT). 
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In pressure-controlled ventilation, the physician sets a target pressure level 
that is immediately reached with the high initial inspiratory v . Subsequently 
with ongoing volume delivery, v  must decrease to maintain the targeted 
pressure level, yielding the decelerating v  pattern of pressure-controlled 
ventilation. Depending on the set pressure, frequency and inspiration to expi-
ration (I:E) ratio, v  reaches zero or near zero level after 30 to 50% of inspi-
ratory time had elapsed. Tidal volume is determined by the preset pressure, 
compliance and resistance of the respiratory system. The high flow rate 
achieves Ppeak rapidly, allowing increased alveolar recruitment, at lower 
Ppeak (46-48). Consequently monitoring Ppeak is not meaningful in pressure-
controlled ventilation, since pressure is preset. Instead, VT is monitored. In 
case of a partial obstruction of the endotracheal tube (ETT), initial v  can 
not increase to the same level as with an unobstructed ETT, but volume con-
tinues to be delivered as long as there is inspiratory no-flow time available 
that is now used for delivering v . To be able to continue delivering the full 
VT, a ventilator in pressure controlled mode compensates for a partial ETT 
obstruction by extending the delivery time of v , i.e. gradual ETT narrowing 
results in a shift of volume/flow delivery, volume is delivered throughout 
inspiration instead. Given the inspiratory time is sufficiently long, full VT
will be delivered despite ETT obstruction.

50% of VT was exhaled during the first 250 ms of expiration (15% of Te)
with ETT 9.0, whereas with ETT obstruction (ETT 6.0) only one third of the 
VT was exhaled during the same time, the remaining volume was exhaled 
throughout expiration instead (Figure 6). This compensatory mechanism is 
effective until the point where inspiratory/expiratory time is getting too short 
for the v  required for full VT. Not until this compensatory mechanism of 
extending the time during which inspiratory/expiratory v  prevails is ex-
hausted, VT will decrease, now indicating an obstruction problem. Monitor-
ing VT implies integrating v  during its entire delivery time. On the other 
hand monitoring E and Vex fract,15 is rather easy and can be implemented in 
most modern respirators. 
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Figure 6. Expiration time divided into 6 segments of equal sizes (250ms) for ETT 9.0 (gray 
squares) and ETT6.0 (black triangles). With ETT9.0, 195 mL have been exhaled after 250 ms, 
whereas with ETT6.0 only 134 mL have been exhaled after 250 ms. ETT9.0, n = 8. ETT6.0, n 
= 10.Values are mean ± 95% CI.

In study III and IV, we were able to detect partial ETT obstruction by means 
of expiratory flow analysis and at unchanged Crs. In order to develop a com-
plete tool for detecting partial ETT obstruction during ongoing mechanical 
ventilation, Crs must be taken into account, since any change in the elastic 
recoil of the lung and chest wall will have an impact on expiratory v . This 
can be illustrated assuming the conventional RC-model of the lung to which 
the equation of motion applies. The elastic recoil pressure of the respiratory 
system drives expiratory flow. At the end of inspiration the elastic recoil 
pressure is defined by the tidal volume divided by the respiratory system 
compliance. During expiration the recoil pressure drives the expiratory flow 
which is limited by the resistance of the respiratory system (Rrs), the resis-
tance of the ETT (RETT), and the resistance of the expiratory branch of the 
respirator’s breathing circuit (Rex). At the very beginning of expiration the 
compliance is at its maximal volume charge (tidal volume: VT) thus making 
the elastic recoil pressure maximal and hence the maximal expiratory flow 
rate ( v ex, max) which can be calculated as follows:  
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From the above it is obvious that the expiratory peak flow depends on 
respiratory system compliance. In other words, increase in Crs would decel-
erate maximal expiratory flow mimicking partial ETT obstruction. From 
figure 7 one can also deduct that with Crs above 50 mL · cm H2O -1 the 
deceleration is minimal, on the other hand any decrease of Crs below 50 mL · 
cm H2O -1 will result in rapid non linear increase of maximal expiratory 
flow.

exRETTRrsR
rsC
TV

maxex,V
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Figure 7.  Relationship between compliance of the respiratory system and maximal 
expiratory flow for different endotracheal tubes (ETT9.0-6.0) and fixed tidal volume 
(VT= 400 mL).  
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In study IV, the heartbeats were able to provide a non-invasive tool to 
monitor change in Crs during ongoing ventilation. The heartbeats generated 
small sudden lung volume gains and short increase in intratidal compliance. 
Those volume gains decreased with time, reflecting the decrease in compli-
ance during uninterrupted monotonous ventilation. We imagine that the beat-
ing heart (and, indeed, the fluctuations in pulmonary vessel caliber induced 
by the cardiac cycle) compress and locally expand the lung tissue. If there 
was no recruitment, the corresponding lung volume would increase and de-
crease by the same amount, but there would be no residual increase in lung 
volume. By contrast, we observed a heartbeat- induced step increase in net 
lung volume, and this suggests that in fact recruitment occurred. Any cyclic 
decrease in heart and pulmonary vessel volume would reduce the pressure 
around those contracting structures. The maximal total heart volume dimin-
ishes during systole by 10% (49,50).  In front of an airway closure we have a 
large positive pressure due to the ventilator. Behind the closure, in the lung 
region adjacent to the contracting heart, pressure is reduced so that the pres-
sure difference across the closure at the end of a systole is larger and can 
exceed the critical opening pressure of the closure site. As a consequence, 
one or more airways pop open triggering perhaps an avalanche-like process 
(51) which eventually leads to a noticeable lung volume increase visible on 
the V-P curve (52). 

The overall compliance of the respiratory system decreased gradually dur-
ing seven hours of monotonous ventilation, at the same time the lung volume 
gains generated by the cardiogenic oscillations became smaller in magnitude 
despite a constant stroke volume and left ventricular stroke work. With other 
words, cardiogenic oscillations were able to reflect the ongoing change of 
Crs. Hence, the shape and size of cardiogenic oscillations on the flow signal 
during mechanical ventilation can serve as a tool for non-invasive analysis of 
dynamic respiratory mechanics (30). 
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Conclusions

A detailed analysis of the flow signal turned out to be a sensitive and non-
invasive tool of monitoring respiratory system mechanics during dynamic 
ongoing ventilation. The calculation of tracheal pressure, the knowledge of 
which is required if one is to unload the patient from the resistance added by 
the endotracheal tube, compared favorably to the direct measurement of 
tracheal pressure. Monitoring the patency of the endotracheal tube, for which 
no dedicated tool exists at present, was possible by analyzing the expiratory 
flow profile. Examining the fluctuations in pressure and flow at the airway 
opening induced by the beating heart allowed for a non-interventional as-
sessment of respiratory system mechanics among which the elastic recoil is 
most interesting in this context since it drives expiratory flow which has to 
be taken into account, when the decelerating effect of endotracheal tube nar-
rowing is evaluated.
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The future 

Detection of partial ETT obstruction during mechanically supported 
spontaneous breathing and bronchoconstriction
The ability to detect partial ETT obstruction in controlled mechanical venti-
lation is always of clinical relevance to achieve optimal clinical care, but the 
ability to detect partial ETT obstruction in the assisted modes of spontaneous 
ventilation is even of more importance, since any increase in the resistive 
pressure load cause by ETT obstruction has to be compensated by the patient 
himself (17,18), and that can be reflected eventually as difficulties in wean-
ing the patient from the respirator. 

Analyzing the expiratory flow over volume plot where deceleration of ex-
piratory flow indicates partial ETT obstructions might be less valid in the 
assisted modes of spontaneous ventilation, since the elastic recoil forces of 
the respiratory system may change frequently. Any increase or decrease of 
the elastic recoil caused by changes in the respiratory drive would acceler-
ate/decelerate the expiratory flow. An alternative to analyzing the expiratory 
flow signal would be to non-invasively calculate the flow-dependent resis-
tive pressure drop ( PETT) across the narrowed ETT from inspiratory flow, 
transpulmonary pressure, compliance and resistance, and relate maximal 
inspiratory flow to the effective ID of the ETT (using Rohrer’s formula). 
This suggested approach might allow for a semi-quantitative estimation of 
ETT narrowing during mechanically supported spontaneous breathing. 

The other issue that should be addressed is intrapulmonary flow limitation 
due to bronchoconstriction. In flow limitation, expiration is associated with 
dynamic airway collapse shown as transient acceleration at the beginning of 
the expiratory flow curve. This is because gas residing in the collapsing air-
ways is being expelled at a high rate before flow imitation sets in (53). These 
characteristic changes in the expiratory flow profile can eventually be used 
to differentiate partial ETT-obstruction from bronchoconstriction



36

Acknowledgments

This thesis has been made possible by the support of the department of An-
aesthesiology and Intensive care, Akademiska sjukhuset, Uppsala Univer-
sity, Uppsala, Sweden. Moreover I would like to specially thank: 

Michael Lichtwarck-Aschoff, taught me every thing I know about respira-
tion, to whom I’m grateful the rest of my life. 
Ulf Sjöstrand, 
Lars Wiklund, 
Göran Hedenstierna,
Josef Guttmann, 
Torsten Gordh, 
Marco Lattuada, 
Laszlo Vimlati, 
Alois Helmer, 
Bela Suki, 
N. Zugel, 
Anders Hedlund, 
Agneta Markström,  
Anders Nordgren, 
Sten Rubertsson, 
Bo-Johan Norlén, 
Eva and Jan Stenberg, 
and my beloved family: 

Isabella, David and Christina Stenberg Kawati 

Financial support was provided by the Laerdal Foundation for Acute Medi-
cine and the Swedish Heart-Lung Foundation. 



37

References

1. Hildebrandt J. Pressure-volume data of cat lung interpreted by a 
plastoelastic, linear viscoelastic model. J Appl Physiol 
1970;28:365-72. 

2. Grasso S, Puntillo F, Mascia L et al. Compensation for increase in 
respiratory workload during mechanical ventilation. Pressure-
support versus proportional-assist ventilation. Am J Respir Crit 
Care Med 2000;161:819-26. 

3. Haberthur C, Fabry B, Stocker R et al. Additional inspiratory work 
of breathing imposed by tracheostomy tubes and non-ideal ventila-
tor properties in critically ill patients. Intensive Care Med 
1999;25:514-9. 

4. Haberthur C, Mols G, Elsasser S et al. Extubation after breathing 
trials with automatic tube compensation, T-tube, or pressure sup-
port ventilation. Acta Anaesthesiol Scand 2002;46:973-9. 

5. Guttmann J, Haberthur C, Stocker R, Lichtwarck-Aschoff M. [Au-
tomatic tube compensation (ATC)]. Anaesthesist 2001;50:171-80. 

6. Guttmann J, Haberthur C, Mols G. Automatic tube compensation. 
Respir Care Clin N Am 2001;7:475-501, x. 

7. Guttmann J, Haberthur C, Mols G, Lichtwarck-Aschoff M. Auto-
matic tube compensation (ATC). Minerva Anestesiol 2002;68:369-
77.

8. Guttmann J, Bernhard H, Mols G et al. Respiratory comfort of 
automatic tube compensation and inspiratory pressure support in 
conscious humans. Intensive Care Med 1997;23:1119-24. 



38

9. Guttmann J, Bernhard H, Mols G et al. Analysis of respiratory me-
chanics during artificial ventilation. Biomed Tech (Berl) 
1998;43:107-15. 

10. Kuhlen R, Guttmann J, Nibbe L et al. Proportional pressure sup-
port and automatic tube compensation: new options for assisted 
spontaneous breathing. Acta Anaesthesiol Scand Suppl 
1997;111:155-9. 

11. Karason S, Sondergaard S, Lundin S et al. Direct tracheal airway 
pressure measurements are essential for safe and accurate dynamic 
monitoring of respiratory mechanics. A laboratory study. Acta An-
aesthesiol Scand 2001;45:173-9. 

12. Karason S, Sondergaard S, Lundin S, Stenqvist O. Continuous on-
line measurements of respiratory system, lung and chest wall me-
chanics during mechanic ventilation. Intensive Care Med 
2001;27:1328-39. 

13. Karason S, Sondergaard S, Lundin S et al. Evaluation of pres-
sure/volume loops based on intratracheal pressure measurements 
during dynamic conditions. Acta Anaesthesiol Scand 2000;44:571-
7.

14. Guttmann J, Eberhard L, Fabry B et al. Continuous calculation of 
intratracheal pressure in tracheally intubated patients. Anesthesiol-
ogy 1993;79:503-13. 

15. Guttmann J, Kessler V, Mols G et al. Continuous calculation of in-
tratracheal pressure in the presence of pediatric endotracheal tubes. 
Crit Care Med 2000;28:1018-26. 

16. Penman RW, O'Neill RP, Begley L. Lung elastic recoil and airway 
resistance as factors limiting forced expiratory flow. Am Rev Res-
pir Dis 1970;101:528-35. 

17. Bolder PM, Healy TE, Bolder AR et al. The extra work of breath-
ing through adult endotracheal tubes. Anesth Analg 1986;65:853-9. 

18. Shapiro M, Wilson RK, Casar G et al. Work of breathing through 
different sized endotracheal tubes. Crit Care Med 1986;14:1028-
31.



39

19. Villafane MC, Cinnella G, Lofaso F et al. Gradual reduction of en-
dotracheal tube diameter during mechanical ventilation via differ-
ent humidification devices. Anesthesiology 1996;85:1341-9. 

20. Inglis TJ, Lim TM, Ng ML et al. Structural features of tracheal 
tube biofilm formed during prolonged mechanical ventilation. 
Chest 1995;108:1049-52. 

21. Inglis TJ. Evidence for dynamic phenomena in residual tracheal 
tube biofilm. Br J Anaesth 1993;70:22-4. 

22. Brochard L, Rua F, Lorino H et al. Inspiratory pressure support 
compensates for the additional work of breathing caused by the en-
dotracheal tube. Anesthesiology 1991;75:739-45. 

23. Rumbak MJ, Walsh FW, Anderson WM et al. Significant tracheal 
obstruction causing failure to wean in patients requiring prolonged 
mechanical ventilation: a forgotten complication of long-term me-
chanical ventilation. Chest 1999;115:1092-5. 

24. Shah C, Kollef MH. Endotracheal tube intraluminal volume loss 
among mechanically ventilated patients. Crit Care Med 
2004;32:120-5. 

25. Boque MC, Gualis B, Sandiumenge A, Rello J. Endotracheal tube 
intraluminal diameter narrowing after mechanical ventilation: use 
of acoustic reflectometry. Intensive Care Med 2004;30:2204-9. 

26. Tung A, Morgan SE. Modeling the effect of progressive endotra-
cheal tube occlusion on tidal volume in pressure-control mode. 
Anesth Analg 2002;95:192-7. 

27. Guttmann J, Eberhard L, Haberthur C et al. Detection of endotra-
cheal tube obstruction by analysis of the expiratory flow signal. In-
tensive Care Med 1998;24:1163-72. 

28. Guttmann J, Eberhard L, Fabry B et al. Time constant/volume rela-
tionship of passive expiration in mechanically ventilated ARDS pa-
tients. Eur Respir J 1995;8:114-20. 

29. Lichtwarck-Aschoff M, Mols G, Hedlund AJ et al. Compliance is 
nonlinear over tidal volume irrespective of positive end-expiratory 
pressure level in surfactant-depleted piglets. Am J Respir Crit Care 
Med 2000;162:2125-33. 



40

30. Bijaoui E, Baconnier PF, Bates JH. Mechanical output impedance 
of the lung determined from cardiogenic oscillations. J Appl 
Physiol 2001;91:859-65. 

31. Gordh T. Postural circulatory and respiratory changes during ether 
and intravenous anesthesia. Doctoral dissertation 1945;Karolinska 
sjukhuset, Stockholm. 

32. Meyer M, Calzia E, Mohr M et al. Cardiogenic mixing: mecha-
nisms and experimental evidence in dogs. Br J Anaesth 
1989;63:95S-101S. 

33. Milic-Emili J, Robatto FM, Bates JH. Respiratory mechanics in 
anaesthesia. Br J Anaesth 1990;65:4-12. 

34. Wald A, Jason D, Murphy TW, Mazzia VD. A computers system 
for respiratory parameters. Comput Biomed Res 1969;2:411-29. 

35. Uhl RR, Lewis FJ. Digital computer calculation of human pulmo-
nary mechanics using a least squares fit technique. Comput Bio-
med Res 1974;7:489-95. 

36. Rohrer F. Der Strömungswiderstand in den menschlichen Atem-
wegen und der Einfluß der unregelmäßigen Verzweigungen des 
Bronchialsystems auf den Atmungsverlauf in verschiedenen Lun-
genbezirken. Pfuegers Arch 1915;162:225-99. 

37. Lourens M. S, Berg B. V, Hoogsteden H. C, M BJ. Detection of 
flow limitation in mechanically ventilated patients. Intensive Care 
Med 2001;27:1312-20. 

38. Chang HK, Mortola JP. Fluid dynamic factors in tracheal pressure 
measurement. J Appl Physiol 1981;51:218-25. 

39. Loring SH, Elliott EA, Drazen JM. Kinetic energy loss and con-
vective acceleration in respiratory resistance measurements. Lung 
1979;156:33-42. 

40. Adair CG, Gorman SP, Feron BM et al. Implications of endotra-
cheal tube biofilm for ventilator-associated pneumonia. Intensive 
Care Med 1999;25:1072-6. 



41

41. Feldman C, Kassel M, Cantrell J et al. The presence and sequence 
of endotracheal tube colonization in patients undergoing mechani-
cal ventilation. Eur Respir J 1999;13:546-51. 

42. Straus C, Louis B, Isabey D et al. Contribution of the endotracheal 
tube and the upper airway to breathing workload. Am J Respir Crit 
Care Med 1998;157:23-30. 

43. Jarreau PH, Louis B, Dassieu G et al. Estimation of inspiratory 
pressure drop in neonatal and pediatric endotracheal tubes. J Appl 
Physiol 1999;87:36-46. 

44. Lofaso F, Louis B, Brochard L et al. Use of the Blasius resistance 
formula to estimate the effective diameter of endotracheal tubes. 
Am Rev Respir Dis 1992;146:974-9. 

45. Wright PE, Marini JJ, Bernard GR. In vitro versus in vivo com-
parison of endotracheal tube airflow resistance. Am Rev Respir Dis 
1989;140:10-6. 

46. Slutsky AS. Mechanical ventilation. American College of Chest 
Physicians' Consensus Conference. Chest 1993;104:1833-59. 

47. Bernard GR, Artigas A, Brigham KL et al. The American-
European Consensus Conference on ARDS. Definitions, mecha-
nisms, relevant outcomes, and clinical trial coordination. Am J 
Respir Crit Care Med 1994;149:818-24. 

48. Marini JJ, Kelsen SG. Re-targeting ventilatory objectives in adult 
respiratory distress syndrome. New treatment prospects--persistent 
questions. Am Rev Respir Dis 1992;146:2-3. 

49. Carlsson M, Cain P, Holmqvist C et al. Total heart volume varia-
tion throughout the cardiac cycle in humans. Am J Physiol Heart 
Circ Physiol 2004;287:H243-50. 

50. Meyer TE, Karamanoglu M, Ehsani AA, Kovacs SJ. Left ventricu-
lar chamber stiffness at rest as a determinant of exercise capacity in 
heart failure subjects with decreased ejection fraction. J Appl 
Physiol 2004;97:1667-72. 

51. Suki B, Barabasi AL, Hantos Z et al. Avalanches and power-law 
behaviour in lung inflation. Nature 1994;368:615-8. 



42

52. Suki B, Alencar AM, Tolnai J et al. Size distribution of recruited 
alveolar volumes in airway reopening. J Appl Physiol 
2000;89:2030-40. 

53. de Chazal I, Hubmayr RD. Novel aspects of pulmonary mechanics 
in intensive care. Br J Anaesth 2003;91:81-91. 






	Abstract
	Papers
	Contents
	Abbreviations
	Introduction
	Background
	Calculated vs. measured tracheal pressure
	Factors determining the rate and shape of the expiratory flow signal
	Endotracheal tube obstruction during mechanical ventilation
	Cardiogenic oscillation

	Aims
	Materials and Methods
	Animal model
	Anesthesia
	Fluid therapy
	Monitoring and Measurements

	Protocols and data analysis
	Statistics

	Results
	Calculated vs. measured tracheal pressure (Study I)
	Expiratory flow signal vs. peak airway pressure in partial endotracheal tube obstruction with volumecontrolled ventilation (Study II)
	Expiratory flow signal vs. tidal volume in partial endotracheal tube obstruction with pressure-controlled ventilation (Study III)
	Cardiogenic oscillations and compliance (Study IV)

	Discussion
	Conclusions
	The future
	Acknowledgments
	References

