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Abstract
Lattuada, M. 2013. Effect of Ventilatory Support on Abdominal Fluid Balance in a Sepsis
Model. Acta Universitatis Upsaliensis.  Digital Comprehensive Summaries of Uppsala
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In patients affected by acute respiratory failure or acute respiratory distress syndrome (ARDS)
the leading cause of death is failure of different vital organs other than the lungs, so called
multiple organ dysfunction syndrome (MODS). The abdominal organs have a crucial role in the
pathogenesis of this syndrome.

There is a lack of knowledge regarding the mechanisms by which mechanical ventilation can
affect the abdominal compartment. One hypothesis is that mechanical ventilation can interfere
with abdominal fluid balance causing edema and inflammation.

We addressed the question whether different levels of ventilatory support (mechanical
ventilation with different levels of positive end-expiratory pressure, PEEP, and spontaneous
breathing with or without PEEP) can influence abdominal edema and inflammation in both
healthy and endotoxin-exposed animals.

The effect on lymphatic drainage from the abdomen exerted by different degrees of
ventilatory support was evaluated (paper I). We demonstrated that endotoxin increases
abdominal lymph production, that PEEP and mechanical ventilation increase lymph production
but also impede lymphatic drainage; spontaneous breathing improves lymphatic drainage from
the abdomen.

By adapting a non-invasive nuclear medicine imaging technique and validating it (paper
II), we have been able to evaluate extravascular fluid accumulation (edema formation) in
the abdomen over time (paper III) demonstrating that edema increases during endotoxemia,
mimicking a sepsis-like condition, and that spontaneous breathing, compared to mechanical
ventilation, reduces extravascular fluid. Pro-inflammatory cytokines TNF-α and IL-6 in
intestinal biopsies are reduced during spontaneous breathing compared to mechanical
ventilation.

Abdominal edema results in increased intra-abdominal pressure (IAP): in paper IV we
analyzed the effect of increased intra-abdominal pressure on the respiratory system. Pulmonary
shunt fraction increased with high IAP both in healthy and LPS animals, resulting in decreased
level of oxygenation. These changes are only partially reversible by reducing IAP.

In conclusion, mechanical ventilation is a life-saving tool but the possible side effect at the
extra-pulmonary level should be considered, and the introduction of some degree of spontaneous
breathing when clinically possible is a suggested choice.
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Abbreviations 

ALI Acute Lung Injury 
APP Abdominal Perfusion Pressure 
ARDS Acute Respiratory Distress Syndrome 
ATM Atmospheric Pressure 
Crs Compliance of the respiratory system 
CO Cardiac Output 
CPAP Continuous Positive Airway Pressure 
CVP Central Venous Pressure 
ELISA Enzyme Linked Immunosorbent As-

say 
etCO2 End-Tidal CO2 tension 
FiO2 Fraction of Inspired Oxygen 
HE Hematoxylin Eosin 
HMW High Molecular Weight 
HR Heart rate 
IAP Intra-abdominal pressure 
In Indium 
IL Interleukin 
LMW Low Molecular Weight 
LPS Lipopolysaccharide 
MAP Mean Arterial Pressure 
MODS Multiple Organ Dysfunction Syn-

drome 
MV Mechanical Ventilation 
NI Normalized Index 
paCO2 Partial Pressure of CO2 in a Arterial 

blood 
paO2 Partial Pressure of O2 in a Arterial 

blood 
PAOP Pulmonary Artery Occlusion Pres-

sure 
PAP Pulmonary Artery Pressure 
Paw Pressure in the airways 
PEEP Positive end-expiratory pressure 
PP Penumoperitoneum 
Pv Pressure in veins 



 

 

RBC Red Blood Cells 
ROI Region Of Interest 
SB Spontaneous breathing 
Tc Technetium 
TD Thoracic Duct 
TNF-α Tumor Necrosis Factor-alfa 
TD Thoracic Duct 
V/Q Ventilation/Perfusion relationship 
Vt Tidal Volume 
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Introduction 

General aspects 
The pathophysiology of acute respiratory failure refers to a diffuse and 
overwhelming inflammatory reaction of the pulmonary parenchyma, induced 
by a variety of underlying diseases (sepsis, severe pneumonia, peritonitis, 
multiple trauma, lung transplant rejection etc.)(1). In patients affected by 
acute respiratory failure or acute respiratory distress syndrome (ARDS) the 
leading cause of death is failure of different vital organs other than the lungs, 
developing a multiple organ dysfunction syndrome (MODS)(2,4). The ab-
dominal organs have a crucial role in the pathogenesis of this syndrome. 

During sepsis, the inflammatory reaction and the activation of the cytokines 
network results in increase in vascular permeability with fluid extravasation 
and edema (5,10); in the abdomen the increase in free fluid causes ascites. 
Capillary fluid reabsorption as well as lymphatic drainage counteract ex-
travascular fluid accumulation (11-14). 

Ascitic fluid together with other phenomena (such as increase in intestinal 
gas/fluid volume because of paralytic ileus) leads to an increase in pressure 
inside the abdominal cavity (intra-abdominal pressure, IAP). Intra-
abdominal hypertension can impede microvascular circulation, with tissue 
hypoperfusion and ischemia, and can push the diaphragm cranially and im-
pede respiratory excursions (15-21). 
 
Positive pressure mechanical ventilation is a lifesaving tool in patients with 
acute respiratory failure, but can also be responsible for complications at 
pulmonary and extra-pulmonary levels (22). The mechanisms of these side 
effects are different, including increase in intra-thoracic pressure, amplifica-
tion of the inflammatory response and many others.  

Rationale and Aims of the Thesis 
The general idea is to study if and how different ventilatory management can 
influence abdominal fluid balance in its different components (extravascular 
fluid drainage and accumulation, altered permeability because of inflamma-



 

 12 

tion), and on the other hand to evaluate the effects of increased intra-
abdominal pressure on the respiratory system.  

The Papers 
In paper I the role of lymphatics in draining abdominal extravascular fluid 
was tested in experimental sepsis. We also compared the effect on thoracic 
duct lymph flow of mechanical ventilation with different levels of PEEP and 
spontaneous breathing with a continuous positive airway pressure (CPAP) of 
5 cm H2O. In addition, the influence of different outflow pressures was stud-
ied. The effect of increased intra-abdominal pressure (IAP) on lymph flow 
was also tested. 

Since abdominal edema is common in sepsis and acute respiratory failure, a 
technique that observes and measures the phenomenon over time may clarify 
the mechanisms underlying the clinical observations. 

In paper II the purpose was to 1) modify a double isotope technique and 
test the binding efficiency and kinetics of an intravascular and a diffusible 
marker and 2) to compare the edema as assessed by the isotope technique 
with microscopy and physiology measurements. To obtain a range of edema 
formations we studied both healthy and endotoxin-exposed pigs. 

In paper III we addressed the question whether different ventilatory 
strategies affect abdominal edema formation and whether inflammation in 
abdominal organs can be associated to the different ventilatory strategies. To 
study this  we applied the double isotope gamma camera technique to evalu-
ate edema formation (as defined in paper II) and observed the animals during 
the induction of septic injury (LPS infusion) and after allocation into groups: 
high PEEP (15 cmH2O) in mechanical ventilation, spontaneous breathing in 
CPAP PEEP 5 cmH2O and mechanical ventilation PEEP 5 cmH2O. The in-
flammatory response in the intestinal tissue was measured (concentration of 
pro-inflammatory markers TNF-α and IL-6 in intestinal and pulmonary tis-
sue and plasma). 

The intra-abdominal fluid accumulation causes an increase in IAP. Thus 
paper IV was designed to evaluate the effects of artificially increased IAP 
on the respiratory system (oxygenation, mechanics, ventilation/perfusion 
mismatch, morphological changes on CT) in both LPS exposed and control 
animals. Not only increase in IAP was studied, but also abdominal unloading 
with decrease of intra-abdominal pressure. 
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Material and Methods 

All the studies were approved by the local animal ethics committee. A total 
of 98 piglets of Swedish country breeds from a local breeder were used (32 
in paper I, 24 in paper II, 30 in paper III, 12 in paper IV).  

Anesthesia 
Anesthesia was induced with i.m. injection of 0.04 mg/kg atropine (NM 
Pharma AB, Sweden), 6 mg/kg tiletamine-zolazepam (Zoletil, Vibrac Labo-
ratories), and 2.2 mg/kg xylazine chloride (Rompun, Bayer AG). After in-
duction, a ear vein was cannulated and an opioid, 5 μg/kg fentanyl (Fentanyl 
B. Braun, Germany), was injected. Muscle relaxation was obtained with 0.25 
mg/kg pancuronium bromide (Pavulon, Organon Technika, Sweden) when 
indicated.  

Anesthesia was maintained with a continuous infusion of ketamine 30 
mg/kg/h (Ketaminol Vet., Veterinaria AG, Switzerland), 0.1 mg/kg/h mida-
zolam (Dormicum, Roche, Switzerland), 4 μg/kg/h fentanyl and 0.25 
mg/kg/h pancuronium bromide in glucose 2.5%. After induction of anesthe-
sia, the pigs were mechanically ventilated (VT=10ml·kg-1, FIO2=0.50 and 
PEEP=5cmH2O, frequency adjusted to normal arterial pCO2) during the sur-
gical preparation and the induction of septic injury (see below). 

Monitoring 
Cardio-circulatory and respiratory data were recorded continuously.  

For cardiovascular monitoring and blood sampling, a branch of the femo-
ral artery (a. Saphena) was cannulated. A triple lumen thermistor-tipped bal-
loon catheter (Swan-Ganz, 7 Fr) was introduced into the pulmonary artery 
via the right external jugular vein, CO was measured by thermodilution. 
Through the same access a central venous catheter was inserted. 

A tracheotomy was performed and a cuffed tracheal tube (inner diameter, 
7 mm) was inserted. The animals were ventilated using Maquet Servo i ven-
tilator (Maquet, Solna, Sweden). 

During surgery animals were ventilated in volume-controlled mode, respi-
ratory rate 20-22 breaths/minute, tidal volume (Vt) 10-12 ml/kg, inspira-
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tion:expiration ratio of 1:2, positive end-expiratory pressure of 5 cmH2O, 
inspired fraction of O2 0.5. Minute ventilation was adjusted to normocapnia 
by changes of frequency or tidal volume. End tidal CO2 tension was con-
tinuously measured. 

Septic injury 
Sepsis was induced by continuous infusion of endotoxin. 

After baseline measurements (30 minutes after the end of surgical ma-
nipulations), a continuous intravenous infusion of endotoxin (lipopolysac-
charide, LPS, Escherichia Coli serotype 0111:B4, diluted in saline) was in-
stituted at the rate of 15 μg/kg/h for 150 minutes. During the remaining part 
of he experiment endotoxin infusion was continued at 5 μg/kg/h. 

Specific methodologies 
Specific methodologies have been used and details are given in the single 
publications. Here is given an overview of the different methodologies. 

Lymph flow 
Lymph flow was continuously measured by an ultrasonic flow probe around 
the thoracic duct (TD). The main lymphatic structure that drains lymph from 
the abdomen to the central circulation was reached at the diaphragm level 
before its entrance into the thorax. 
 

 

 
Figure 1. Details on the flow probe (right) and actual dimensions (left) 
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In phase 2 in paper I, the TD was cannulated with an external shunt, collect-
ing lymph in a measuring beaker. The procedure allowed to drain lymph 
against different outflow pressures. 

Double isotope technique 
A double-isotope technique was applied: red blood cells (RBC) were used as 
an intravascular marker and labeled with Technetium 99m (99mTC); transfer-
rin was used as a diffusible marker that mixes with both intravascular and 
extravascular spaces. This marker was labeled with Indium 111 (111In). Im-
ages were acquired on a dual-head gamma camera (InfiniaTM, GE Health-
care) equipped with all-purpose medium-energy collimators. Acquisition 
was started 20 minutes after injection and planar images were dynamically 
acquired for 4 hours at a frame rate of 1 frame/15 minutes, measuring the 
energy emission for the two isotopes simultaneously. 

Abdominal edema formation in a selected region of interest (ROI) was as-
sessed by calculating a normalized index (NI): 

 
NI (ti) =   InROI(ti) / InROI(t0)  X   Tcbl(ti) / Tcbl(t0) 
     
               Inbl(ti) / Inbl(t0)          TcROI(ti) / TcROI(t0) 
 
where InROI  = ROI transferrin count, Inbl = transferrin count in the blood, 

TcROI = RBC count in the ROI, Tcbl = RBC count in the blood, t0 = time of 
labeling, ti = time of measurement. 

Quality test: in four animals, ex-vivo testing of efficiency and stability of 
labelling was performed.  In order to evaluate the efficiency of labeling two 
2-ml samples were obtained. One was centrifuged to separate RBC and 
plasma, in the second sample measurements were made in whole blood.  The 
efficiency of RBC labeling was tested by calculating the ratio of 99mTc activ-
ity in RBC / whole blood. The efficiency of transferrin labeling was tested 
by calculating the ratio of 111In activity in plasma / whole blood. Stability At 
different time points, plasma proteins were separated using gel-separating 
columns with a cut-off size of 5 kDa. Fractions of proteins with different 
molecular weight were tested for 111In activity. 

Histology 
In order to test whether NI and objective anatomical changes could be re-
lated, considering microscopy as gold standard, the width of intestinal villi 
and lymphatic vessel diameter in the villi were analysed in 8 animals (4 
healthy and 4 LPS exposed animals).  

A small (3-5 cm) laparotomy was performed along the right subcostal line 
under sterile condition. A ribbon marker was placed around a jejunal portion 
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in order to access the intestine with minimal tissue trauma. Four different 
intestinal biopsies were taken over time during the protocol.  

Tissues were treated according to standard histological methods (standard 
HE staining) and analyzed for diameter of the lymphatic space along the vil-
lus and diameter of the villus itself at the same level (from basal membrane 
to the opposite basal membrane). 

Cytokine measurements 
At the end of the protocol, tissue biopsies from intestine, liver and lung were 
obtained, as well as plasma samples. Pro-inflammatory cytokines TNF-α and 
IL-6 concentration in tissue sample and plasma were measured by the 
ELISA technique. 

V/Q measurement 
Briefly, a mixture of 6 inert gases (sulfur hexafluoride, ethane, cyclopropane, 
enflurane, diethylether and acetone) were dissolved in Ringer Acetate and 
infused into a peripheral vein for at least 40 min. At steady state arterial and 
mixed venous blood samples were obtained and expired gas was collected 
using a pre-warmed chamber. Inert gas concentrations were measured by gas 
chromatography (HP 5890; Hewlett-Packard, Waltham, MA) and the blood-
gas partition coefficients computed. The ratio between arterial/mixed venous 
concentration (retention) and mixed expired/mixed venous concentration 
(excretion) were used to obtain retention-solubility and excretion-solubility 
correlations. Using a mathematical analysis these correlations were trans-
formed into a 50-compartment distribution model and the ventila-
tion/perfusion relationship estimated. 
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Results 

Overview of the results 
In the present thesis we have tested the effect of mechanical ventilation with 
different levels of PEEP and spontaneous breathing on abdominal fluid bal-
ance by evaluating drainage of fluid through the lymphatic pathway, the net 
effect of extravasation of fluid in the extravascular space with the double 
isotope technique and finally how the respiratory system is impaired when 
abdominal edema causes increased IAP.  

Thus, mechanical ventilation was associated with an increased level of 
extra-vascular fluid in the abdomen (ascites) and intestinal swelling (dilated 
villi) compared to spontaneous breathing (SB). Moreover, the edema was 
accompanied by an increased inflammatory reaction. Finally, the increased 
abdominal pressure significantly impaired the respiratory function in both 
healthy and LPS exposed animals and the abdominal unloading did not re-
store respiratory function back to pre-loading in the endotoxin-exposed ani-
mals during the follow-up period of 30 minutes. 

Paper I 

Effect of LPS infusion 
LPS infusion induced a significant increase in lymph flow from the abdomi-
nal cavity. Compared to the intact thoracic duct (study I), lymph flow was 
lower when the TD was cannulated but a similar increase during the septic 
injury was observed. When outflow pressure was set at zero (atmospheric 
pressure), lymph flow was higher compared to an outflow pressure corre-
sponding to central veins (CVP) (figure 2, study 2). 
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Figure 2.  Study 1: lymph flow was measured in the intact thoracic duct, i.e. without 
surgical intervention. Study 2: the thoracic duct was cannulated and the effect of 
different outflow pressures (ATM - Atmospheric Pressure and CVP -  Central Ve-
nous Pressure) was tested. 

When lymph drainage was drained against zero pressure (ATM) flow was 
higher compared to the measurement with an outflow pressure equal to CVP 
(Fig. 2). Spontaneous breathing with CPAP PEEP 5 cmH2O compared to 
mechanical ventilation resulted in better (higher) lymphatic drainage. Details 
are presented in Paper I. 

Ventilation and spontaneous breathing 
Spontaneous breathing with CPAP PEEP 5 cmH2O compared to mechanical 
ventilation resulted in better (higher) lymphatic drainage from the abdomen 
as shown in Fig. 2a.. 
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Figure 2a: Percentage change in lymph flow during mechanical ventilation with 
PEEP 5 or 15 cm H2O and during spontaneous breathing with CPAP 5 cm H2O. 
Note the higher flow with CPAP. 

Effect of increased IAP 
In healthy animals, lymph flow showed no significant changes over the study 
period. An increase in IAP tended to lower lymph flow in LPS animals. Af-
ter deflation, lymph flow increased. For further details, see paper I. 

Paper II 
The results from bench studies showed efficient labeling for the intravascular 
(non-extravasating) marker (ratio 99mTc activity RBC / whole blood): > 95% 
as well as for the diffusible (extravasating) marker (ratio 111In activity plas-
ma / whole blood): > 98%. 
 
Moreover, consistent data for validating the double isotope technique in the 
abdominal compartment were obtained. A synthesis of the changes in NI 
under different study conditions is given in figure 3. The top line, expression 
in the increase in NI in the septic animals, correlates with the data from his-
tology.  
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Figure 3. Changes in NI over time. SB spontaneous breathing, MV mechanical ven-
tilation, LPS lipopolysaccharide.  

Histology 
The analysis of biopsies was performed by a microscopist unaware of the 
experimental condition and results correlated with the NI data over time. An 
expemple is shown in Fig 4. 

 

 
 

Figure 4 Correlation between the diameter of intestinal villi and NI. .Ø diameter in 
μm. 
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Paper III 
The main result was that SB significantly reduced abdominal fluid accumu-
lation compared to mechanical ventilation, with a non-significant effect for 
PEEP level (although a mean increase was seen with higher PEEP). 

 
 

 
 

Figure 5. Changes over time in NI in the study groups. Details in the text. 

 
 

Inflammation 
Data from ELISA show that TNF-α and IL-6 in liver and intestine were sig-
nificantly lower in the spontaneously breathing group with a CPAP of 5 cm 
H2O compared to both MV groups with either PEEP of 5 or 15 cm H2O (fig. 
7). 

 
 
 
 
 
 
 



 

 22 

 
 

 
Figure 6. Cytokine concentration in tissue biopsies in the different groups. 

However, inflammatory marker concentrations in the lung and in plasma 
were similar in the spontaneously breathing and in the mechanically venti-
lated animals (see Fig 7). 
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Figure 7. TNF-α and IL-6 in lung tissue and in plasma. Note the similarity in the 
inflammatory marker concentrations irrespective of ventilatory mode. 

Paper IV 
LPS-exposed animals and healthy controls were studied. Increase in intra-
abdominal pressure was responsible for severe cardiovascular and respira-
tory system alterations, with a greater impact under septic conditions (see 
text) 

Pulmonary shunt fraction increased in septic with LPS infusion. Both 
LPS-exposed and control animals suffered a significant increase in shunt 
fraction when IAP was increased by CO2 inflation in the abdomen, even 
though in control animals shunt increase was significant only after 120 min-
utes. 

Shunt increase was reversible in control animals, but in the septic group 
the shunt observed after deflation vas still significantly higher compared to 
baseline before PP. 
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In parallel with the shunt increase there was also an impairment in arterial 
oxygenation during PP. 

 

 
 

Figure 8. Shunt changes in the LPS (left) and Control animals (right). 

A preliminary CT analysis of morphological changes during PP in both 
healthy and LPS exposed animals show increase or appearance of densities 
in the lung and they persisted even after abdominal deflation in the LPS-
exposed animals during the 30 minutes that the animals were followed after 
deflation (Fig. 9).  

 
 

 

 

Figure 9. Example of CT scan image at the base of the lung in healthy controls be-
fore (left) and after (right) PP. Note the increase in atelectasis, mainly in lower right 
lung region. 
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Discussion 

Induction of septic injury by endotoxin infusion was accompanied by in-
creased abdominal lymph drainage. Moreover, spontaneous breathing, com-
pared with mechanical ventilation, increased lymph flow from the abdomen 
to the central circulation. 

The positive effect of spontaneous breathing in lymphatic return may be 
explained by a lower intrathoracic pressure. This should cause less imped-
ance for abdominal fluid to enter the thorax. The presence of muscular activ-
ity by itself, with abdominal muscle contraction as well as diaphragmatic 
activity, can promote the entrance of interstitial fluid into the lymphatic cap-
illaries. In fact, periodic compression and expansion of capillary lymphatics 
(induced by rhythmic tissue deformations) play a key role in promoting the 
entrance of interstitial fluid into lymph vessels, and a complex system of 
valves provides unidirectional flow (23).  

Cannulation itself seems to interfere with lymph flow (lower flow in 
study 2, paper I). Interruption to vessel pumping activity and/or higher resis-
tance due to the presence of the cannula are likely mechanisms. 

The higher abdominal lymph flow when draining against atmospheric 
pressure, i.e. into the beaker, instead of draining back to central circulation 
against the central venous pressure, suggests that more fluid may enter the 
extravascular space from the capillaries than can be drained via the lym-
phatic system. The reason is three-fold. Firstly, the systemic capillary pres-
sure is increased by mechanical ventilation because of increased right atrial 
pressure. This increases the pressure gradient across the capillary wall, pro-
moting extravasation of plasma. Secondly, the increased intrathoracic pres-
sure compresses the thoracic duct, the major lymph vessel that drains the 
abdomen and brings lymph back to the blood stream via the subclavian 
veins. This compression reduces abdominal lymph flow. Thirdly, systemic 
venous pressure is also increased for the same reason as the capillary pres-
sure and this impedes lymph flow back to the systemic circulation. This is 
illustrated in Figure 10 
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Figure 10. Suggested mechanisms for edema formation in the abdomen. 1. Increased 
capillary leakage because of  impeded vascular return ( Pv ↑, increased Pressure in 
abdominal veins) 2. Impeded lymphatic drainage (compression of thoracic duct in 
the thorax, and increased venous pressure causing an increased impedance for lymph 
to enter the systemic circulation). 

To get an approximate estimation of how large the abdominal lymph flow is 
and how much it can be reduced by mechanical ventilation porcine experi-
ments may give some information by comparing abdominal lymph flow dur-
ing spontaneous breathing and mechanical ventilation. Thus, septic injury by 
endotoxin infusion was accompanied by increased abdominal lymph drain-
age during mechanical ventilation with a PEEP of 5 cm H2O from 145 to 350 
mL/hr. Spontaneous breathing with a continuous positive airway pressure 
(CPAP) of 5 cm H2O increased abdominal drainage via the thoracic duct by 
approximately 100 mL/hr. Simple extrapolation to the weight of humans, 
assuming all other conditions to be similar to those of the pig, suggests that 
abdominal edema drainage increases by 250 mL/hr by allowing spontaneous 
breathing (CPAP) compared with mechanical ventilation, or by approxi-
mately 6 L per 24 hrs. Although speculative, the calculation suggests that the 
lymph drainage may play an important role in edema absorption and that 
mechanical ventilation may interfere with this adsorption pathway. These 
rough calculations prompted us to continue with our experiments on ab-
dominal edema formation. 
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Our results also suggest that spontaneous breathing can promote lym-
phatic drainage from the abdomen. Under septic conditions, when lymph 
flow is high because of increased extravascular fluid leakage, spontaneous 
breathing or possibly the combination of spontaneous and mechanical 
breaths like in APRV (Airway Pressure Release Ventilation) may prevent or 
reduce extravascular fluid accumulation. 

Abdominal organ edema is a serious complication in case of severe sepsis 
with possible impairment of barrier function of the intestine with bacterial 
translocation and reduced organ perfusion (25, 26). For this reason we de-
cided to modify a double isotope technique previously used to estimate ede-
ma in the lung (27, 29), in order to follow non-invasively and over time 
transferring extravascular accumulation (NI, indicating edema). 

Possible technical drawbacks, e.g. unbound isotopes or unstable labeling, 
have been excluded by bench experiments (30). 

During LPS infusion, NI increased significantly over time compared to 
healthy animals, in which NI remained almost constant to 1 during 5 hours: 
these data are consistent with the expected alteration induced by altered 
permeability. 

We tested if NI changes correlate to an “objective “ measurement of tis-
sue structural changes over time, structural changes that we interpret as re-
flecting edema formation. Intestinal tissue is sensitive to edema (31-33) and 
we checked if increased size of lymphatic vessels, indicating activation of 
the draining system for extravascular fluid and proteins, or villi size were 
reflected by NI changes. The NI was calculated at the same time point as 
when biopsies were taken and in the same abdominal regions. Biopsies, al-
though carefully obtained, imply some degree of tissue trauma. We tried to 
balance the need of serial tissue samples from a similar intestinal region with 
the risk of tissue damage and bleeding (both conditions that would interfere 
with microscopy and NI) and evaluated 4 time points, and each point was the 
average of 15 or more microscopy measurements. NI showed a significant 
positive correlation with the histological finding both regarding lymphatic 
vessels and villi dimensions (figure 5).  To our knowledge, this is the first 
study that validates dynamic data from the double isotope technique with 
serial biopsy findings: these results support the use of NI changes in estimat-
ing abdominal fluid and protein accumulation and consequently edema. 

We could also see an increase in the concentrations of TNF-α and IL-6 in 
the intestine and liver with mechanical ventilation and much less so with 
spontaneous breathing and CPAP. Previous studies have shown increased 
expression of pro-inflammatory cytokines in abdominal organs in animals 
exposed to injurious mechanical ventilation (34). In the present study we 
have also seen an inflammatory response during “conventional” mechanical 
ventilation with no intention to make the ventilation “injurious”. During 
spontaneous breathing with CPAP of 5 cm H2O much less inflammation and 
edema were seen. Moreover, lung and plasma concentrations of the inflam-
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matory markers did not differ between mechanical ventilation and spontane-
ous breathing, suggesting that the different concentrations in the abdominal 
organs were not caused by a spread from the lung or other extra-abdominal 
organs but rather reflect different degrees of tissue synthesis in the intestine 
and the liver.  

The plasma concentrations of the inflammatory markers were higher than 
in the abdominal organs. However, the animal had been exposed to intrave-
nous endotoxin infusion that must have provoked an inflammatory response 
in different circulating cells in the immune system. Moreover, quantitative 
differences in plasma and tissue concentrations cannot be interpreted as simi-
lar quantitative differences in inflammatory response. 

All these findings may suggest that the concept “protective ventilation” shall 
have another focus than being protective against the lung. It might equally 
well be protective against non-pulmonary organs. In view of the more fre-
quent cause of death by abdominal organ failure than lung failure we suggest 
that the abdomen should have focus in addition to the lung when creating 
“protective ventilation”.  

Consistently with the study from Quintel et al. (35), in paper IV we were 
able to demonstrate that increase in intra-abdominal pressure affects pulmo-
nary function in the injured lung. We also tested the effect of increased IAP 
by PP in the healthy lung.  In the literature several papers investigate the ef-
fect of increased IAP and PP in distal organs (36-40). We consider it inter-
esting that in our paper we were able to demonstrate that changes induced by 
increase in IAP are only partially reversible with deflation of the abdomen. 
This suggests compression atelectasis by the abdominal distension and that 
the atelectasis remains after deflation. It is possible that a recruitment ma-
neuver of the lung, by raising airway and alveolar pressure to 40 cm H2O or 
more may have reopened the collapsed lung. It should thus be kept in mind 
after abdominal deflation. 
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Conclusions 

Study I 
In our endotoxin model, the cardiorespiratory effects were consistent with 
findings seen in clinical sepsis. At the pulmonary level, a transient but dra-
matic increase in pulmonary artery pressure was observed, with a second rise 
that after 2,5 hours had reached a steady-state pulmonary hypertension. 
Lymph flow from the abdomen to the thorax was increased approximately 6 
times during the induction of the injury, demonstrating that the increased 
extravascular fluid that accumulates in the abdomen is at least in part drained 
by the lymphatic system. 

 

Study II 
The double isotope technique was validated for the study of abdominal ede-
ma. 

NI was significantly higher in the mechanically ventilated animals com-
pared to those that were just mechanically ventilated, and unrestricted spon-
taneous breathing caused less edema in the abdomen. 

 

Study III 
Mechanical ventilation, compared to spontaneous breathing, was associated 
with increased intra-abdominal edema, as estimated by the double isotope 
technique. Inflammatory markers in intestinal biopsies were more expressed 
in the mechanically ventilated animals compared to the spontaneously 
breathing ones, in our sepsis-like model.  

 

Study IV 
An increase in intra-abdominal pressure affected the respiratory system both 
in endotoxin-exposed and in healthy control animals. Significant effects (in-
creased shunt, decrease in PaO2) were observed in the LPS-exposed animals. 
The impairment in respiratory function was not fully reversed with deflation 
in the septic animals, and a tendency to higher shunt was observed also in 
the healthy animals. 
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Perspective and Limits 

The thesis opens the important issue of lymphatic drainage. Several aspects 
still need to be clarified such as lymphatic drainage through the diaphragm 
of abdominal free fluid, the analysis of the lymph itself that drains back to 
the central circulation and that can possibly affeect the lung.  As for lung 
lymphatic, the measurement of lung lymphatic drainage in different experi-
mental settings is interesting but technically challenging. 

 
In the future, nuclear medicine technique can be used to evaluate continu-
ously edema formation in single abdominal organs, possibly in conjunction 
with density studies with CT. Functional changes in more prolonged experi-
ments is also a possible future perspective. 

 
No therapeutical interventions were performed because the investigation of 
the effect of ventilatory support per se was the main purpose. Other modes 
of ventilation as ell as different drugs can be tested that can be expected to 
affect abdominal edema such as vasoactive drugs, diuretics, steroids and oth-
ers. 

 
Different combinations of spontaneous breathing and mechanical ventilation, 
or levels of PEEP different than zero, 5 or 15 can be considered, as well as 
the effect of ventilation on the abdomen in a different injury model (e.g. 
oleic acid injection, lavage). 



 

 31 

Acknowledgments 

The present thesis is the result of several years of work, and over those years 
my life has changed under different aspects. In my experience as a re-
searcher, and later as a PhD student, something has never changed: the grati-
tude I know I owe to all the people I worked with in Uppsala.  

 
But I want to express my gratitude in particular to: 

 
Göran Hedenstierna: my supervisor, mentor and outstanding scientist. Al-
ways supportive with suggestions and constructive comments. I hope you 
know that I would have gave up the program without your help and enthusi-
asm. 

 
Filip Fréden: my co-supervisor. Thank you for teaching me the basics of 
animal research, and for your help as a co-author.  

 
Luciano Gattinoni:  my Professor in Milan. Thank you for the opportunity 
you gave me, and for all I learned over the years. 
 
Agneta Ronéus, Karin Fagerbrink and Eva-Maria Hédin: you are the 
first persons I met when I entered the Lab, back in 2001: that was one of the 
luckiest encounter of my research career. Thank you for help, for the late 
experiments  we had and for your patience. My total respect goes to you all 
not only because of your professional skills, but even more because you are 
beautiful persons. 
  
All my Co-Authors, with a special mention for Enn Maripuu and Maria 
Bergquist. I thank you for the time we spent together, the friendly attitude 
and last but not least the scientific support. 

 
 
Cristina Marenghi:  for your role in beginning all this. And for the fun we 
had during the boring week-end shifts while I was in training.  

 
Nino Stocchetti: Professor in Neuro-Intensive Care in Milan. I remember 
with great pleasure my time as a young medical student with you. 

 



 

 32 

 
All my colleagues in Milan with a special mention for Gabriella Giurati, 
Enzo, Roberta, Monica, Rita, Federica, and all those I worked with. 

 
To Åsa Magnusson: you are more than a friend to me. You and Thea know 
that. It was nice to spend some time with you every time I came to Sweden. 
 
Last but not least, to all my Family, with love and respect. 



 

 33 

References 

1. Bernard GR, Artigas A, Brigham KL, Carlet J, Falke K, Hudson L, Lamy M, 
Legall JR, Morris A, Spragg R. The American-European Consensus Conference 
on ARDS. Definitions, mechanisms, relevant outcomes, and clinical trial coor-
dination. Am J Respir Crit Care Med 1994;149:818-24. 

2. Pinhu L, Whitehead T, Evans T, Griffiths M. Ventilator-associated lung injury. 
Lancet 2003;361:332-40. 

3. Vincent JL, Zambon M. Why do patients who have acute lung injury/acute res-
piratory distress syndrome die from multiple organ dysfunction syndrome? Im-
plications for management. Clin Chest Med(2006); Dec 27(4): 725-31. 

4. Gattinoni L, Pelosi P, Suter PM, Pedoto A, Vercesi P, Lissoni A. Acute respira-
tory distress syndrome caused by pulmonary and extrapulmonary disease. Dif-
ferent syndromes? Am J Respir Crit Care Med (1998); Jul 158(1): 3-11. 

5. Ranieri VM, Suter PM, Tortorella C, De Tullio R, Dayer JM, Brienza A, Bruno 
F, Slutsky AS. Effect of mechanical ventilation on inflammatory mediators in 
patients with acute respiratory distress syndrome: a randomized controlled trial. 
JAMA 1999;282:54-61. 

6. Chiumello D, Pristine G, Slutsky AS. Mechanical ventilation affects local and 
systemic cytokines in an animal model of acute respiratory distress syndrome. 
Am J Respir Crit Care Med 1999;160:109-16. 

7. Lehr HA, Bittinger F,  Kirkpatrick CJ. Microcirculatory dysfunction in sepsis: a 
pathogenetic basis for therapy?. J Pathol 2000; 190: 373-386. 

8. Astiz ME, DeGent GE, Lin RY, Rackow EC. Microvascular function and 
rheologic changes in hyperdynamic sepsis.  Crit Care Med 1995; 23: 265±271. 

9. Barroso-Aranda J, Zweifach BW, Mathison JC, Schmidt-Schonbein GW.  Neu-
trophil activation, tumor necrosis factor, and survival after endotoxic and hem-
orrhagic shock. J Cardiovasc Pharmacol 1995; 25: 23±29. 

10.  Lentsch AB, Ward PA.  Regulation of inflammatory vascular damage.  J Pathol 
2000; 190: 343±348. 

11. Blomqvist H, Berg B, Frostell C, Wickerts CJ, Hedenstierna G. Thoracic lymph 
drainage in the dog: evaluation of a new model. Intensive Care Med 
1991;17:45-51. 

12. Frostell C, Blomqvist H, Hedenstierna G, Halbig I, Pieper R. Thoracic and ab-
dominal lymph drainage in relation to mechanical ventilation and PEEP. Acta 
Anaesthesiol Scand 1987;31:405-12. 

13. Frostell C, Blomqvist H, Pieper R, Hedenstierna G. Separate thoracic and ab-
dominal lymph flow in the dog. Acta Chir Scand Suppl 1986;530:5-7. 

14. Lattuada M, Hedenstierna G. Abdominal lymph flow in an endotoxin sepsis 
model: influence of spontaneous breathing and mechanical ventilation. Crit 
Care Med (2006); 34 (11): 2792-8. 

15. Malbrain ML, De laet IE, De Waele JJ. IAH/ACS: the rationale for surveillance. 
World J Surg (2009); Jun;33(6): 1110-5. 



 

 34 

16. Saggi BH, Sugerman HJ, Ivatury RR, Bloomfield GL. Abdominal compartment 
syndrome. J Trauma 1998; 45(3): 597:609. 

17. Diebel LN, Wilson RF, Dilchavsky SA, Saxe j. Effects of increased intra-
abdominal pressure on hepatic arterial, portal venous, and hepatic microcircula-
tory blood flow. J Trauma 1992; 33: 279. 

18. Cisek JL, Gobet RM, Peters CA. Pneumoperitoneum produces reversible renal 
dysfunction in animals with normal and chronically reduced renal function. J 
Endourol 1998; 12: 95. 

19. Harman PK, Kron IL, McLahlan HD, Freedlender EA, Nolan SP. Elevated in-
tra-abdominal pressure and renal function. Ann Surg 1982; 196: 594. 

20. Blodner M, Bogdanski R, Kochs E, Henke J, Findeis A, Jelen-Esselborn S. Ef-
fects of intrabdominally insufflated carbon dioxide and elevated intraabdominal 
pressure on splanchnic circulation: an experimental study in pigs. Anesthesiol-
ogy 1998; 89: 475. 

21. Bongard F, Painim N, Dubecz S, Klein SR. Adverse consequences of increased 
intra-abdominal pressure on bowel tissue oxygen. J Trauma 1995; 39: 519. 

22. Briel M, Meade M, Mercat A, Brower RG, Talmor D, Walter SD, Slutsky AS, 
Pullenayegum E, Zhou Q, Cook D, Brochard L, Richard JC, Lamontagne F, 
Bhatnagar N, Stewart TE, Guyatt G. Higher vs lower positive end-expiratory 
pressure in patients with acute lung injury and acute respiratory distress syn-
drome: systematic review and meta-analysis. JAMA (2010); Mar 3;303(9) :865-
73. 

23. Trzewik J, Mallipattu SK, Artmann GM, Delano FA, Schmid-Schonbein GW. 
Evidence for a second valve system in lymphatics: endothelial microvalves. 
FASEB J 2001;15:1711-7. 

24. Guler O, Ugras S, Aydin M, Dilek FH, Dilek ON, Karaayvaz M. The effect of 
lymphatic blockage on the amount of endotoxin in portal circulation, nitric ox-
ide synthesis, and the liver in dogs with peritonitis. Surg Today 1999;29:735-40. 

25. Lemaire LC, van Lanschot JB, Stoutenbeek CP, van Deventer SJ, Dankert J, 
Oosting H, Gouma DJ. Thoracic duct in patients with multiple organ failure: no 
major route of bacterial translocation. Ann Surg 1999;229:128-36. 

26. Montravers P, Chollet-Martin S, Marmuse JP, Gougerot-Pocidalo MA, Des-
monts JM. Lymphatic release of cytokines during acute lung injury complicat-
ing severe pancreatitis. Am J Respir Crit Care Med 1995;152:1527-33. 

27. Groeneveld AB. Radionuclide assessment of pulmonary microvascular perme-
ability. Eur J Nucl Med (1997); Apr 24(4): 449-61. Review. 

28. Bergdahl S, Larsson A, Smith L, Alpsten M, Risberg B. Changes in permeabil-
ity of sheep's lungs by oleic acid are dose dependent. Eur J Surg (1996); 162: 
113-20. 

29. Raijmakers PG, Groeneveld AB, Rauwerda JA, Teule GJ, Hack CE. Acute lung 
injury after aortic surgery: the relation between lung and leg microvascular per-
meability to 111indium-labelled transferring and circulating mediators. Thorax 
(1997); Oct 52(10): 866-71. 

30. van Gelder W, Huijskes-Heins MIE., Hukshorn CJ,  de Jeu-Jaspars CMH., van 
Noort WL, van Eijk HG. Isolation, purification and characterization of porcine 
serum transferrin and hemopexin Comp Biochem Physiol (1995); 111B:171-79. 

31. Onizuka M, Flatebo T, Nicolaysen G. Lymph flow pattern in the intact thoracic 
duct in sheep. J Physiol 1997;503:223-34. 

32. Drake RE, Abbott RD. Effect of increased neck vein pressure on intestinal lym-
phatic pressure in awake sheep. Am J Physiol 1992;262:R892-4. 



 

 35 

33. Bouvet F, Dreyfuss D, Lebtahi R, Martet G, Le Guludec D, Saumon G. 
Noninvasive evaluation of acute capillary permeability changes during high-
volume ventilation in rats with and without hypercapnic acidosis. Crit Care Med 
(2005); Jan 33(1): 155-60. (discussion 250-2). 

34. Hegeman MA, Hennus MP, Heijnen CJ, Specht PAC, Lachmann B, Jansen 
NJG, van Vught AJ, Cobelens PM. Ventilator-induced endothelial activation 
and inflammation in the lung and distal organs. Critical Care (2009); 13: R182. 

35. Quintel M, Pelosi P, Caironi P, Meinhardt JP, Luecke T, Herrman P, Taccone P, 
Rylander C, Valenza F, Carlesso E, Gattinoni L. An increase of abdominal pres-
sure increases pulmonary edema in oleic acid-induced lung injury. Am J Resp 
Crit Care Med (2004) 169: 534-541. 

36. Critchley LAH, Gin T. Haemodynamic changes in patients undergoing laparo-
scopic cholecystectomy: measurement by transthoracic electrical bioimpedance. 
Br J Anaesth 1993; 70: 681. 

37. Schachtrupp A, Toens Ch, Hoer J, Klosterhalfen B, Lawong AG, Schumpelick 
V. A 24-h pneumoperitoneum leads to multiple organ impairment 

38. Citterio G, Vescotto E, Villa F, Celotti S, Pesenti A. Induced abdominal com-
partment syndrome increases intracranial pressure in neurotrauma patients: a 
prospective study. Crit Care Med 200; 29(7): 1466-71. 

39. Andersson L, Lagerstrand L, Thorne A, Sollevi A, Brodin LA, Odeberg-
Wernerman S. Effect of CO2 pneumoperitoneum on ventilation-perfusion rela-
tionships during laparoscopic cholecystectomy. Acta Anaesthesiol Scand. 2002 
May;46(5):552-60. 

40. Greim CA, Brocheit J, Kortlander J, Roewer N, Sculte AM, Esch J. Effects of 
intra-abdominal CO2 infufflation on normal and impaired myocardial function: 
an experimental study. Acta Anestesiol Scand 2003; 47(6): 751-60. 

 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 941

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine.

Distribution: publications.uu.se
urn:nbn:se:uu:diva-207218

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2013


	List of Papers
	Abbreviations
	Introduction
	General aspects
	Rationale and Aims of the Thesis
	The Papers


	Material and Methods
	Anesthesia
	Monitoring
	Septic injury
	Specific methodologies
	Lymph flow
	Double isotope technique
	Histology
	Cytokine measurements
	V/Q measurement


	Results
	Overview of the results
	Paper I
	Effect of LPS infusion
	Ventilation and spontaneous breathing
	Effect of increased IAP

	Paper II
	Histology

	Paper III
	Inflammation

	Paper IV

	Discussion
	Conclusions
	Study I
	Study II
	Study III
	Study IV

	Perspective and Limits
	Acknowledgments
	References



