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In the first part of this thesis we focused on the benefits and detriments of (synthetic)
colloids versus crystalloids for fluid resuscitation in circulatory shock. We explored
whether cardiac response depends on the type of fluid administered, and critically
reviewed the literature on the crystalloid-colloid volume ratio in determining
hemodynamic effects and discussed current views on the potential hazards of
synthetic colloids in sepsis. The second part of this thesis was aimed at monitoring
of fluid therapy. We compared the transpulmonary (thermo)dilution technique
with filling pressure based hemodynamic monitoring in critically ill patients with
different disease etiologies in order to improve understanding and interpretation of
transpulmonary (thermo)dilution derived indices versus filling pressures, which is of
importance because of its potential diagnostic and therapeutic implications.

PART I
Fluids: type, dosing and timing
Chapter 2
In chapter 2 we hypothesized that fluid loading with colloids results in a greater
increase in preload-recruitable cardiac output and stroke work than saline loading.
We assumed that this effect would be more pronounced in nonseptic than in septic
patients because of differences in cardiac function and vascular permeability. Indeed
we demonstrated that fluid loading with colloids resulted in a greater increase in
cardiac filling, cardiac output and stroke work than with saline. However, we also
found that the hemodynamic response to fluid loading in sepsis was similar to that
in nonsepsis. This may suggest that myocardial depression and presumably increased
vasopermeability, as seen in sepsis, are subordinate to the effect of colloids, at
least within the time window of 90 minutes we used for our study. The most likely
explanation for this mechanism is maintaining or even increasing the plasma colloid
oncotic pressure (COP), even when accompanied by increased vasopermeability, as
often seen in sepsis. We found that the volume ratio for reaching similar hemodynamic
endpoints was approximately 1 colloid to 3 crystalloids, based on the difference in
cardiac output increase multiplied by the difference in volume infused.
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Chapter 3
In this chapter we performed an in-depth exploration of the crystalloid-colloid volume
ratio and reviewed the available clinical data order to determine the differences in
hemodynamic effects. The increase in cardiac output after fluid loading is commonly
believed to be caused by increasing the plasma volume. However, this relationship
may not be as straightforward when infused fluids are differently partitioned in
stressed and unstressed volume compartments. Fluid loading may also affect
blood viscosity and may thereby lower cardiac afterload and increase contractility.
Furthermore, baseline cardiac loading and the function of both ventricles may affect
mechanisms of cardiac output increase upon fluid loading. Based on the reviewed
data, we found that the volume ratio is approximately 1 colloid to 2-3 crystalloids,
provided that similar hemodynamic endpoints had been reached. We suggested
that this factor is maintained when multiplying lower ratios with the difference
in hemodynamic endpoints attained, which is an important observation since
the hemodynamic endpoints of the reviewed studies were not defined similarly.
Endpoints of resuscitation varied between studies; from clinical judgment, arterial
and central venous pressures, to pulmonary artery occlusion pressures and cardiac
output as well as variables obtained by transpulmonary thermodilution. This variety in
study endpoints is likely to be responsible, in part, for the widely varying volume ratios
during fluid resuscitation.
Chapter 4
In chapter 4 we discussed the timing, dosing and choice of the type of fluid in patients
with, or at risk for, acute lung injury (ALI) or acute respiratory distress syndrome
(ARDS). Since extravasation of fluids is assumed to be determined by pericapillary
hydrostatic pressure, colloid oncotic pressure (COP), and vascular permeability, the
restraint of fluid loading in ALI/ARDS is based on the assumption that fluid therapy
may worsen pulmonary edema, leading to increased respiratory deterioration.
However, fluid loading does not necessarily lead to edema formation if increased
lymph flow may offset increased fluid filtration. Additionally, the effect of plasma
COP to attenuate filtration, or a low COP to increase filtration, is expected to increase
when the hydrostatic pressure increases and drives fluids out of the bloodstream.
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If hydrostatic pressure does not exceed pulmonary interstitial pressures, then fluid
loading related increase in pulmonary edema will probably not occur. In the steep
part of the cardiac function curve, the type (and dose) of fluid used for resuscitation,
i.e. colloid or crystalloid, probably does not have a major impact on fluid accumulation
in the lungs, regardless of permeability. Therefore, fluid resuscitation remains the
treatment of choice, provided that the patient is likely to be fluid responsive, as is the
case in hypotension and impaired tissue oxygenation, accompanied by clinical signs of
hypoperfusion. After initial resuscitation, fluid restriction may ameliorate pulmonary
edema formation and shorten ventilator days, particularly when permeability is
increased, as is seen in ALI/ARDS. However, this is only likely to be of benefit if
hemodynamically tolerated and when tissue oxygenation and renal perfusion are not
severely compromised.
Chapter 5
We critically reviewed the safety of synthetic colloids in patients with sepsis. We
focused on synthetic colloid associated mortality and risk of acute kidney injury. When
comparing colloids versus crystalloids for fluid resuscitation in critically ill patients it
has been suggested in systematic reviews that resuscitation with colloids may not
reduce the risk of death, in spite of their hemodynamic superiority. This observation
may however partially relate to poorly defined clinical or hemodynamic endpoints
and monitoring targeted to values proven to be associated with survival, as well as
their insufficient application in clinical practice, so that potential benefits may not
outweigh adverse effects. Moreover, looking critically at the extracted and analyzed
data, most studies were not powered for mortality nor was mortality defined as a
primary outcome measure. To date, there is no strong evidence that the use of
synthetic colloids for resuscitation purposes negatively influences mortality in sepsis
as compared to crystalloids. The risk of renal toxicity with the use of HES solutions
must be qualified according to type, concentration and volume of the HES solution.
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General discussion
Despite current guidelines and expert opinions1-6, there is still no widespread consensus
on the preferred type of fluid to be used for resuscitation purposes in general. Since
this part of the thesis was mainly focused on the use of synthetic colloids, in particular
HES solutions, versus crystalloids, we will discuss the latest insights regarding pros
and cons of HES.
Hydroxyethyl starches: PRO
Currently, there is sufficient evidence that in a variety of conditions the use of colloids
results in more (rapid) plasma volume expansion and hemodynamic optimization than
resuscitation with crystalloids, and based on the available data the volume ratio is
approximately 1 colloid to 2 crystalloids, provided that similar hemodynamic endpoints
will be achieved (this thesis). As a result, administering less volume of colloidal fluids
compared to crystalloids for reaching the same hemodynamic endpoint(s) may prevent
deleterious overhydration and perhaps prolongation of mechanical ventilation and
ICU stay. This insight may be beneficial for patients at risk for pulmonary edema, in
particular patients with ALI/ARDS. Indeed, it has been suggested that HES solutions
may protect or ameliorate ischemia-reperfusion, sepsis induced lung injury and
pulmonary capillary leakage7-15. Biophysiologically, medium molecular weight HES may
plug leaks in injured endothelium and reduce interstitial edema16,17. Biochemically,
HES may decrease sepsis or ischemia-reperfusion induced inflammatory responses
and neutrophil recruitment, and thus attenuates endothelial dysfunction and reduces
pulmonary capillary permeability while crystalloid solutions cause more hemodilution,
which in turn causes endothelial and red blood cell edema, decreases the surface
area for tissue oxygen exchange, and worsens tissue and pulmonary edema18.
In patients with ALI/ARDS, the use of HES significantly improved hemodynamics
without worsening pulmonary edema, and it even attenuated pulmonary vascular
permeability19. It may be suggested that modulation of the oncotic pressure by
administration of colloids may influence development of pulmonary edema. However,
the importance of oncotic pressure in the limitation of flux is only conceivable if the
barrier is intact. In case of endothelial lesions, interstitial fluid composition will contain
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more proteins than plasma, theoretically limiting the contribution of increasing the
plasma entotic pressure20. In a small series of mechanically ventilated patients with
ALI/ARDS with hypoproteinemia and presumably a low COP, albumin and furosemide
versus furosemide alone ameliorated gas exchange and other surrogate indices of
pulmonary edema21. In hypoalbuminemic critically ill patients with a presumably
low COP, albumin administration was associated with less positive fluid balances
and improved pulmonary function22. This effect may also be true for HES solutions.
However, at present convincing evidence that albumin or HES treatment is justified
for limitation of pulmonary edema or respiratory morbidity in patients with ALI/ARDS
is lacking.
Hydroxyethyl starches: CON
With regard to harmful side effects, the comparative safety of (synthetic) colloids has
recently been extensively reviewed3,23. Potentially detrimental effects are focused on
the HES solutions and consist mainly of renal toxicity and impaired coagulation.
Acute Kidney Injury
The mechanism of potential HES-induced acute kidney injury (AKI) is poorly understood.
It may include reabsorption of the macromolecule into (proximal) renal tubular cells
leading to osmotic nephrotic lesions24 or renal plugging due to hyperviscosity of
the filtrate, and is associated with a decrease of glomerular filtration pressure by a
more rapid increase in intracapillary oncotic pressure than hydrostatic pressure25. The
prolonged elevation of COP, reached by a higher molecular weight (Mw) and a more
extensive molar substitution (MS) as accomplished by first and second generation
HES solutions, might explain why these old generation HES products could be more
nephrotoxic, than the third generation tetrastarches. Indeed, older generations of
HES (Mw ≥200 kDa) have been shown to be an independent risk factor for acute
kidney injury (AKI) in patients with severe sepsis or septic shock26 and their use should
therefore be discouraged, while recent work suggest that resuscitation with third
generation tetrastarches is not associated with increased development of AKI27-30 or
may even preserve renal function and attenuate tubular damage31. The underlying
disease may play a distinctive role; the risk of AKI may be greater during severe sepsis32
than in trauma or in an elective surgical setting3,32.
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Coagulopathy
The risk of potential adverse effects of HES solvents on coagulation is still under
debate. The mechanism of impaired coagulation is only partially explained by the
observation that the hydroxyethylated glucose polymer may reduce von Willebrand
factor and interferes with fibrinogen polymerization and platelet function33,34. It has
been suggested that the degree of coagulopathy depends on the pharmacokinetic
properties of the HES molecules, such as molecular weight or the degree of substitution
of carbon atoms with hydroxyl moieties34. To date, there is only circumstantial
evidence that low molecular weight HES is associated with hypocoagulation35. Data
from randomized controlled trials have so far not revealed any coagulation differences
attributable to HES solvent or source material23. Nevertheless, it seems reasonable
that administration of HES products should be discouraged in patients with massive
bleeding.
Recent studies
Very recently, two large multicenter studies (the Scandinavian Starch for Severe
Sepsis/Septic Shock (6S) trial36 and the CRYSTMAS study37) comparing HES 130/0.4
versus crystalloids (Ringer’s acetate and 0.9% NaCl respectively) in patients with
severe sepsis/septic shock have been published. The 6S trial group randomly assigned
patients with severe sepsis to fluid resuscitation in the ICU with either 6% HES 130/0.4 or
Ringer’s acetate at a dose of up to 33 ml per kilogram of ideal body weight per day. The
primary outcome measure was either death or end-stage kidney failure (dependence
on dialysis) at 90 days after randomization. Fluid administration occurred when ICU
clinicians judged that volume expansion was needed, in other words, there was no
predefined fluid loading protocol. The results of this study demonstrated an increased
risk of death at day 90 with the use of HES 130/0.4 compared to Ringer’s acetate in
patients with severe sepsis/septic shock. In addition, patients receiving HES were more
likely to require renal-replacement therapy (RRT), as compared with those receiving
Ringer’s acetate. The authors suggest that long-term toxic effects of HES deposition
in tissues / organs may be responsible for the increased mortality; a high fraction of
HES is taken up and deposited in tissues, where it can not be metabolized and acts as
a foreign body, inducing potential toxicity. However, their explanation may be refuted
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since only one patient (of 87) in the HES group was still dependent on RRT after 90
days, which may thus suggest potential reversibility of HES induced AKI. Furthermore,
it cannot be excluded that other (confounding) factors may have influenced the
increased mortality in the HES group. For instance, the amount of blood transfusions
was significant higher in the HES group; already in the past is has been demonstrated
that red blood cell transfusions are independently associated with increased morbidity
and mortality in ICU patients38. Moreover, the results of this study are contradicted by
the results of the other large, multicenter trial, the CHRYSTMAS study. This FrenchGerman study compared the hemodynamic efficacy and safety of HES 130/0.4 versus
NaCl 0.9% for hemodynamic stabilization in patients with severe sepsis. The maximum
allowed dose for both treatment groups was 50 mL/k/day on the first day and 25 mL/
kg/day from the second to the fourth day. Primary endpoint was the amount of study
drug (mL) required to achieve initial hemodynamic stability. Hemodynamic stability
was defined as a mean arterial pressure ≥65 mm Hg and at least two of the following
three parameters maintained for four hours: central venous pressure 8-12 mm Hg,
urine output >2 mL/kg, and central venous oxygen saturation ≥70%. Safety objective
was to assess the occurrence of kidney dysfunction, coagulation disorders, and
pruritis. The results of this study demonstrated that significantly less HES (mean 1379
mL) compared to NaCl (mean 1709 mL) was required to reach hemodynamic stability.
Furthermore, HES had no negative effects on kidney function, coagulation, or pruritis.
It may be suggested that the presence of a predefined fluid loading protocol in the
CHRYSTMAS study may have explained, at least in part, the differences in outcome
compared to the 6S trial. Fluid administration based on predefined hemodynamic
goals may limit the possible deleterious effects of synthetic colloids on renal function;
in the 6S trial, the median cumulative volume of HES was 3000 mL compared to
the mean 1379 mL in the CRYSTMAS study, while resuscitation in both studies was
assumed to be adequate. This suggestion may be confirmed by a German study32
showing that fluid resuscitation by HES 130/0.4 in patients with severe sepsis was
associated with a greater incidence of acute kidney injury. In this study a median of 46
mL/kg of HES 130/0.4 was administered, which corresponds with approximately 3000
mL. The indication for colloid administration was left to the discretion of the attending
physician and also here, no predefined resuscitation protocols were used. It can be
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hypothesized that the administration of lower, or more precisely, effective volumes of
HES would have reduced the incidence of acute kidney injury. In summary, the results
of these very recent studies may well suggest that HES induced kidney injury is not
only particularly dose-dependent but also potentially reversible.

Future perspectives
In future randomized trials comparing (synthetic) colloids with crystalloids for fluid
resuscitation that deviate from the ratio, the accuracy of hemodynamic monitoring
and guiding fluid therapy should be evaluated since potential dissimilar resuscitation
between groups may confound interpretation of relative benefits and detriments
of solution types. The use of predefined resuscitation algorithms - to minimize
inter-physician variability - based on cardiac output responses upon fluid loading
may answer the question whether indeed two times less colloids (compared to
crystalloids) are needed to reach similar resuscitation endpoints, and if so, whether
potential harmful side effects of synthetic colloids will be minimized. Furthermore,
whether randomization implies administration of only colloids versus only crystalloids
is debatable, particularly when the study period is longer than 24 hours; in daily
practice patients usually do not receive exclusively colloids or exclusively crystalloids
for resuscitation purposes30,39. Therefore, future studies should preferably be
performed on a “real life” basis, combining the administration of both colloids and
crystalloids. Currently, some other large prospective trials comparing new generation
tetrastarches or albumin with crystalloids for fluid resuscitation in the critically ill are
ongoing. In the Australian-New Zealand Crystalloid Versus Hydroxyethyl Starch Trial
(CHEST), all-cause mortality at 90 days will be compared after infusion of low molecular
weight HES or saline (www.clinicaltrials.gov NCT00935168). Once treatment has been
assigned, the participant will continue to receive either starch or saline only for all fluid
resuscitation requirements in intensive care. The treating clinical team will decide the
amount and frequency of the fluid given for resuscitation. A French multicenter trial
is currently recruiting and comparing all types of colloids, including albumin versus
all types of crystalloids on efficacy and safety by 28-day mortality and need for renal
replacement therapy (NCT00318942). The amount and speed of fluid loading will
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be at the physicians’ discretion and the amount of starch should not exceed 30 mL/
kg/24 hours. Throughout the whole ICU stay, patients will receive only crystalloids or
only colloids for fluid resuscitation, according to randomization. However, in both
studies, a predefined fluid loading protocol is lacking, and patients will receive either
crystalloids or colloids during resuscitation. So, also here, the question concerning the
colloid-crystalloid controversy will probably not be answered.

Final conclusion
To date there is still no widespread consensus on the preferred type of fluid to be used
for resuscitation purposes in critically ill patients, although the use of older generations
of HES solutions (medium or high molecular weight) should be discouraged, at least
in patients with sepsis (grade 1B). That in a variety of conditions the use of (synthetic)
colloids results in more (rapid) plasma volume expansion and hemodynamic
optimization than resuscitation with crystalloids may argue in favor for the use of
colloids, thereby taking the maximum recommended dose of synthetic colloids into
account. The discussion of low molecular weight HES solutions on mortality and on
the potential detrimental effects on kidney function is currently very topical, but has
not been settled yet. A most recently updated systematic review and meta-analysis
on 6% HES 130/0.4 versus other resuscitation fluids demonstrated no difference
in the relative risk of death in acutely ill patients40, while the European Society of
Intensive Care Medicine (ESICM) task force41 on colloid volume therapy in critically
ill patients recommend not to use newer generations of HES solutions (130/0.4) in
patients with severe sepsis or those at risk for acute kidney injury, unless applied in
the context of clinical trials (level of evidence grade 2C). Grade 2C evidence however,
constitutes a weak recommendation based on low or very low quality evidence42,43,
and is therefore not very persuasive. New trials comparing low molecular weight HES
versus crystalloids for fluid resuscitation in critically ill patients are urgently required
to address the safety and efficacy of such a fundamental intervention in intensive
care medicine, provided that they are adequately performed based on predefined
hemodynamic goals.
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PART II
Monitoring fluid therapy
Chapter 6
In chapter 6 we hypothesized that during fluid loading, in patients after cardiovascular
surgery with reduced systolic cardiac function (reflected by global ejection fraction,
GEF) as compared to those with normal function, filling pressures may be superior
to filling volumes for predicting and monitoring fluid responsiveness, and vice versa.
Indeed, we found that pulmonary artery occlusion pressure (PAOP) is more useful
than global end-diastolic volume (GEDV) for predicting fluid responsiveness in patients
with impaired systolic function (and subsequent cardiac dilatation), while GEDV is
more useful in patients with normal systolic function. This finding can be explained
by the assumption that in hearts with systolic dysfunction and dilatation, a rightand downward shift on the cardiac function curve and a left- and upward shift along
the curvilinear pressure-volume curve at end-diastole (when there is a concomitant
decrease in ventricular compliance), preload recruitability may be more dependent
on and thus better predicted and monitored by pressures than by volumes. These
data argue in favor of using PAC derived filling pressures for guiding fluid therapy in
patients with reduced systolic cardiac function after cardiovascular surgery.
Chapter 7
In this chapter we evaluated and compared filling volumes to pressures, in determining
the cardiac response upon fluid loading according to systolic cardiac function
(reflected by GEF) in patients with sepsis induced hypotension and hypothesized that
sepsis-induced cardiac dilatation is pivotal to maintain fluid responsiveness, even in
the dysfunctional heart. Our main finding was that fluid responsiveness is maintained
by cardiac dilatation, as measured by increased values of GEDVI. In contrast, patients
with both systolic dysfunction and inability to dilate were not fluid responsive,
possibly due to systolic right ventricular or diastolic dysfunction, in view of their
increase in CVP. Patients with near-normal systolic function are fluid non-responsive
when operating in the plateau phase of the cardiac function curve or, again, are
responsive through cardiac dilatation when operating in the steep part of the cardiac
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function curve. The dilatation associated with fluid responsiveness, as measured by an
increase in GEDV is thus independent of systolic cardiac function. Our study suggests
that transpulmonary (thermo)dilution-derived GEDVI is more helpful than CVP, in
monitoring fluid responsiveness and non-responsiveness and their mechanisms in
sepsis induced hypotension, but normal or target levels of preload (GEDVI 680-800
mL/m2) may not apply in this condition.
Chapter 8
In chapter 8 we reviewed current insights concerning the measurement of extra
vascular lung water (EVLW) as an index of pulmonary edema and suggested that
this parameter is a useful adjunct to assess lung injury, cardiogenic edema and
overhydration, and to guide treatment in critically ill patients since fluid resuscitation,
if not carefully monitored, may induce harmful fluid overloading and subsequent
pulmonary edema. The ability to measure the amount of pulmonary edema at the
bedside, using the transpulmonary (thermo)dilution technique may allow the clinician
to hopefully prevent pulmonary overhydration by detecting changes in EVLW upon
fluid loading. The gold standard for EVLW measurement by (thermo)dilution is
postmortem gravimetry in animal models of lung edema and high correlations have
been observed even in toxic pulmonary edema, which mimics ALI/ARDS in humans.
Preliminary data show that EVLW monitoring may guide treatment. Despite its
potential there are some drawbacks which are inherent to the technique. EVLW may
be underestimated in underperfused lung areas. Some types of pulmonary edema are
less well reflected in EVLW measurements than others, which is partly associated with
redistribution of intrapulmonary blood flow. Furthermore, cardiac output may also
be too high for thermal equilibration with the extravascular distribution volume, and
positive end-expiratory pressure may increase the distribution of the thermal indicator
and increase EVLW. Potential areas of clinical evaluation of the EVLW measurements
include treatment for ARDS and resorption of pulmonary edema, strategies to
prevent or limit ventilator-associated lung injury, monitoring fluid resuscitation and
manipulating fluid balances.
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Chapter 9
In chapter 9, we conducted a two-center prospective, randomized controlled trial
in order to assess superiority of EVLW-guided versus PAOP-guided fluid therapy for
limiting fluid overloading. We hypothesized that the risk of fluid overloading will be less
when fluid administration is restricted by upper limits of EVLW and GEDV than using
upper limits of PAOP, which could be translated into more ventilator free days while
safeguarding adequate resuscitation. Furthermore, we explored whether disease
etiology, i.e. septic and nonseptic shock may differ in this respect. We randomized a
total number of 120 patients; 60 patients received a transpulmonary thermodilution
technique (TPTD) catheter and 60 patients a pulmonary artery catheter (PAC).
Randomization was stratified per center for sepsis versus nonsepsis. Fluid therapy
together with the need for vasopressor and/or inotropic agents was aimed at wellknown endpoints of resuscitation (MAP>65 mm Hg, ScvO2>70% or SvO2>65%, lactate
clearance, diuresis >0.5 mL/kg/hr). Fluid therapy was discouraged when upper limits
of EVLW (10 mL/kg PBW) and GEDV (850 mL/m2) were reached in the TPTD group
and PAOP (18-20 mm Hg) in the PAC group. The main finding of this study was that
the primary endpoint, ventilator-free days, did not differ between monitoring with
the TPTD versus PAC. However, the use of the TPTD algorithm compared to the PAC
algorithm resulted in more days on the ventilator and increased length of ICU stay in
patients with nonseptic shock (in contrast to septic shock patients), which may relate
to cardiac comorbidity and a more positive fluid balance with the use of the TPTD in
the nonseptic shock group. This may suggest that the upper limits of GEDV and EVLW
for fluid administration may have been too high, and thus interfered with ventilator
weaning through intermittent hydrostatic pulmonary edema. It may be hypothesized
that fluid restriction (with an upper limit of 7 mL/kg rather than 10 mL/kg) might have
resulted in less prolonged ventilation in these patients.
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General discussion
That fluid resuscitation guided by hemodynamic monitoring may be helpful and may
influence outcome was recently suggested in a cohort of over 3000 children with severe
sepsis in a resource-limited setting (casu quo without monitoring). Administration of
fixed volume of fluid boluses significantly increased 48-hour mortality compared to
no bolus-fluid resuscitation44. This finding suggests that fluid resuscitation should be
assessed on individual needs, aimed on the prevention or restoration of (impending)
tissue hypo-oxygenation. The use of a hemodynamic monitoring tool may help the
clinician to guide this patient-tailored fluid therapy. The pulmonary artery catheter
(PAC) has been used for decades for monitoring hemodynamics in the perioperative
setting or in critically ill patients. However, the use of the PAC in general has rapidly
decreased over the last decade, mainly due to negative results of prospective,
randomized trials that failed to show any associated clinical benefit while its use was
associated with more complications, in particular cardiac arrhythmias45-47. Newer, less
invasive techniques as the transpulmonary thermodilution may decrease the risk of
adverse events and the use of volumetric parameters have been suggested to reflect
cardiac preload better than filling pressures48,49. In addition, the TPTD technique has
demonstrated to be able to display the amount of pulmonary edema, which may
improve the efficacy and safety of fluid therapy.
Pulmonary artery catheter
Over the last decade, a more than 50% reduction in the use of the pulmonary artery
catheter has been observed50, particularly due to an alleged lack of evidence for any
clinical benefit associated with this technique. The apparent lack of benefit of the PAC
may relate in part to adverse effects of insertion, improper use, poor interpretation
of hemodynamic data, and inadequate treatment decisions based on the collected
variables. Importantly, the use of a PAC has to comply with three conditions. First,
correct measurement (zeroing, calibration, elimination of artifacts and proper reading
of the values), second, correct interpretation (pressures, cardiac output and SVo2 and
their interaction), and third, correct application of the values obtained51.
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In the Fluid and Catheter Treatment trial (FACTT)47, a pivotal study that may be partly
responsible for the declining use of the PAC, patients were only included 36 hours after
admission, at a time when further invasive monitoring probably would not be useful.
It is of interest to note that this study used PAC-derived filling pressures not to guide
resuscitation but to limit it, to consider the issue whether limited resuscitation to avoid
increasing pulmonary edema in ARDS can improve outcome. This study suggested
that the use of this protocol together with routine monitoring of the circulation with
the PAC in ARDS, once it is stabilized, cannot be justified. That this tool may be of use
in other critically ill patients has recently been demonstrated in a systematic review
and meta-analysis of the use of preemptive hemodynamic intervention to improve
postoperative outcomes in moderate and high-risk surgical patients. Half of the
reviewed studies concerned PAC monitoring with hemodynamic objectives of oxygen
delivery, cardiac index, and SvO252 Overall, preemptive hemodynamic intervention
significantly reduced mortality and surgical complications. In addition, subgroup
analysis showed a significant reduction in mortality in studies using PACs. Of course,
probably not the PAC itself, but rather the use of predefined treatment algorithms
aimed at hemodynamic endpoints may have improved outcome. It may be postulated
that, if used and interpreted correctly and coupled with a treatment algorithm, the
PAC may improve outcome compared to standard care.
In this thesis we focused on the value of the PAC derived filling pressures versus
transpulmonary dilution derived filling volumes because of potential diagnostic and
therapeutic implications, in patients with different disease etiologies. Our data confirm
the concept that disease etiology is relevant, suggesting that septic patients do have
different cardiorespiratory (patho)physiology compared to nonseptic / postoperative
(cardiac) surgery patients and that combining these conditions for the evaluation of
protocols for hemodynamic management may conceal differences. Pressure-guided
monitoring using PAC may help to better understand cardiac dynamics in patients with
compromised cardiac function, as seen in patients with non-compliant stiff hearts as
a result of myocardial stunning due to (controlled) ischemia-reperfusion after cardiac
surgery53-55, as was also suggested previously56,57. The dynamics of PAOP measurements
upon fluid loading may reflect diminished left ventricular reserve; an increase from 8
up to 20 mm Hg for instance may warn the clinician for the development of hydrostatic
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pulmonary edema if fluid loading will continue. In this way, fluid therapy can be guided
by closely monitoring the changes in filling pressures upon fluid loading in order to
prevent exceeding critical values, even if fluid responsiveness is present.
Transpulmonary thermodilution technique
Global end-diastolic volume. Volumetric parameters such as GEDV have been
proposed as a superior surrogate for cardiac preload than filling pressures48,49, since
in mechanically ventilated patients atmospheric pressure-referenced filling pressures
may be confounded by airway pressures, and may thereby poorly predict cardiac
preload58,59. As a consequence, the use of GEDV has also been proposed in various
treatment algorithms. Their use has pointed towards improved outcome in cardiac
surgery patients49, which has led to the inclusion of this parameter into current
guidelines for postoperative cardiac surgery patients60. In these guidelines, target
values of 640-800 mL/m2 are recommended for GEDV60, which is approximately in line
with the proposed algorithm of the PiCCO® technology manufacturer (700-800 mL/m2,
Figure 1). However, there are important concerns to these proposed target values, as
these values are primarily based on initial measurements in healthy individuals and on
expert opinion, ignoring cardiac function, age, gender, and severity of illness. Indeed,
it was demonstrated that GEDV, whether indexed or non-indexed, is dependent on
age and gender, at least in spontaneous breathing patients without a hemodynamic
compromised condition61. Furthermore, these measured mean values show wide
confidence intervals due to a large variance between individuals (Table 1). Since
GEDV also includes the volume of the aorta from the aortic valve to the tip of the
thermistor on the arterial catheter, a possible explanation for the age related increase
in GEDV, may be an increased aortic diameter at older age together with elongation
of the aorta. Furthermore, as we demonstrated in chapter 7, high values of GEDV may
represent (bi)ventricular dilatation and as a consequence, target values may depend
on cardiac systolic function.
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ELWI (mL/kg)

>25
>4.5

<10

2. Optimize SVV (%)*

GEF (%)
or CFI (1/min)

>700

1. GEDVI (mL/m2)

Targeted values

<10

ELWI (mL/kg)

GEDVI (mL/m2)

Measured values

CI (L/min/m2)

Figure 1.1.PiCCO
technology:
decisiondecision
model
Figure
PiCCO
technology:
model.
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Table 1. GEDVI means with 95% confidence intervals for males and females according to age groups.
Age (years)
≤ 40
41-50
51-60
61-70

male
633
667
736
802

GEDVI (mL/m2)
95% CI
(456-880)
(485-916)
(536-1011)
(585-1101)

≥ 70

812

(590-1117)

Female
559
592
654
713

95% CI
(402-779)
(432-812)
(478-897)
(520-977)

720

(520-997)

CI Confidence interval, GEDVI global end-diastolic volume index.

Recently, this concept has also been suggested by others62 and thus we propose
that “normal” or “target” GEDV should be corrected to systolic cardiac function in
critically ill patients. When used as an indicator for preload and preload optimization
during fluid resuscitation, target values may differ considerably in this way (Table 2).
This concept suggests important implications for the resuscitation algorithms being
used. Recently, a meta-analysis demonstrated that the published data for GEDV
are very heterogeneous, particularly in critically ill patients, and often exceeds the
proposed normal values, in which septic patients had a significantly higher GEDV than
postoperative patients63. When GEDVI (indexed for body surface area) is targeted at
640-800 mL/m2 in order to define preload optimization, undertreatment may occur
in older patients, with or without diminished cardiac function, or in patients with
septic shock who may have cardiac dilatation and thus higher GEDV values, which is
pivotal to maintain fluid responsiveness. In other words, a GEDV >800 mL/m2 may be
adequate for one patient, and a GEDV <800 mL/m2 may be misleading and results in a
non-optimal cardiac preload. Targeting GEDV as a parameter for preload optimization
should therefore be assessed individually, taking age, gender, cardiac function,
disease etiology and severity of illness into account.

10

Table 2. GEF corrected volumetric target values.
GEF

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

GEDVI-target (normal)
GEDVI-target (critically ill)

1175
1450

1050
1300

950
1050

850
1025

775
925

700
825

625
750

575
675

525
600

475
550

GEF global ejection fraction, GEDVI global end diastolic volume index. (Modified from reference 60).
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Extravascular lung water. A recent meta-analysis demonstrated that EVLW appears to
be a good predictor of mortality in critically ill patients64. In one report, the increase in
mortality was best predicted when EVLW exceeded >10 mL/kg PBW (predicted body
weight) during the first 24 hours after admission to the ICU65, while in another study a
value of a 3-day average EVLW >16 mL/kg even predicted mortality with 100% specificity
and 86% sensitivity66. However, it must be emphasized that sequential EVLW data need
to be interpreted carefully as both under and overestimation of EVLW values may
occur as a result of the technique itself. For instance, extravascular lung water will not
be measured in nonperfused lung areas (as seen in ARDS or when using PEEP) since
the thermal indicator cannot equilibrate within the extravascular space67. Since PEEP
levels and pulmonary perfusion usually alter during the disease process, the change
in EVLW must be correlated to the changes in PEEP and pulmonary perfusion, which
may impede the interpretation of sequential EVLW measurements for clinical decision
making. Moreover, an increase in EVLW is difficult to predict since the amount of EVLW
does not reflect (an increased) pulmonary filtration pressure. For EVLW, normal values
of 3-7 mL/kg have been proposed. However, reviewing the available data on EVLW
in critically ill patients revealed that in septic patients, all the mean values for EVLW
exceeded the upper limit of 7 mL/kg and in nonseptic patients 50% of values63. Thus,
even in nonseptic patients without long-term intensive care treatment and supposedly
without clinically relevant pulmonary edema, half of the EVLW values exceeded the
proposed normal value. This may lead to the suggestion that an upper limit of 7 mL/
kg is too conservative, and may perhaps induce impaired organ perfusion when fluid
administration is withheld. On the other hand, an EVLW of 10 mL/kg is associated
with the development of clinically manifest pulmonary edema49. Therefore, it may be
hypothesized that a restrictive fluid policy when the EVLW is increased (>10 mL/kg)
may affect outcome in terms of ventilator free days or even in mortality. In chapter 9
we examined in both septic shock and nonseptic shock patients whether the risk of
fluid overloading can be diminished if upper limits of EVLW (10 mL/kg) and GEDVI (850
mL/m2) are taken into account to limit fluid loading, compared to a strategy limited by
pulmonary arterial occlusion pressure (PAOP) obtained via a PAC, while safeguarding
adequate resuscitation. EVLW values declined similarly in both septic and nonseptic
patients over the course of shock treatment, and the cardiac index indeed increased
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upon fluid administration, even when initial values of EVLW exceeded 10 mL/kg. This
may seem surprising, but in line with our previous observations, we demonstrated
that, regardless of initial EVLW, in fluid responsive hearts fluid administration mostly
does not increase EVLW68. We speculate that the increase in interstitial pulmonary
edema during fluid loading is predicted by a plateau of cardiac function and
pulmonary vascular filling, rather than by pulmonary vascular permeability, and that
pulmonary edema is not affected when fluid loading occurs in the steep part of the
cardiac function curve68,69. In nonseptic shock patients however, the upper limit of
10 mL/kg of EVLW may have been too high, as these patients had more days on the
ventilator and ICU stay compared to those treated with the PAC algorithm. This may
be attributable, in part, to greater cardiovascular comorbidity in the nonseptic shock
patients, suggesting that the upper limits of EVLW for fluid administration may have
been too high and interfered with ventilator weaning via intermittent hydrostatic
pulmonary edema. Indeed, the course of EVLW did not differ between septic and
nonseptic shock patients, but the frequency of ARDS was much higher in septic shock,
so that hydrostatic pulmonary edema may have been more frequent in patients with
nonseptic shock. We cannot exclude that fluid restriction (with an upper limit of EVLW
≥7 rather than the 10 mL/kg) might have resulted in less prolonged ventilation in these
patients. As suggested before, in patients with sepsis, values of up to 10-12 mL/kg
may be tolerable, although more data is needed in this regard63, while in nonseptic
patients, lower values should probably be proposed. Our results suggest that septic
shock patients may have different cardiorespiratory physiology than nonseptic shock
patients, and that stratification for disease etiology in the evaluation of hemodynamic
management protocols may reveal important differences.

Future perspectives
It may be presumed that developing tool-derived treatment protocols that are
applicable across a heterogeneous population of critically ill patients with complex
co-morbidities is a difficult task. Designing global protocols to guide therapy for
every patient may virtually be a mission impossible. Nevertheless, the use of
treatment algorithms aimed at (hemodynamic) resuscitation endpoints, allow us to
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administer the amounts of fluids and inotropic agents more precisely. By evaluating
– or even predicting - fluid responsiveness, fluid overloading may be prevented,
which may affect length of stay in the ICU or even outcome. To address this issue
randomized trials should be performed, comparing PAC or TPTD guided hemodynamic
management based on predefined algorithms for fluid and inotropic/vasopressor
therapy, including the evaluation of fluid responsiveness in order to optimize
hemodynamics versus treatment based on CVP and/or ScvO2 measurements alone, as
the current Surviving Sepsis Campaign guidelines recommend5. Currently the THEMIS
trial (NCT01263977) is investigating whether duration of septic shock can be reduced
through algorithm driven volume therapy, based on TPTD-derived parameters (GEDV
and EVLW) compared to volume management based on the Surviving Sepsis Campaign
guidelines5. Furthermore, it should be studied whether benefits of one monitoring
technique over the other may depend on disease etiology; i.e. sepsis versus nonsepsis
and/or the influence of impaired cardiac function. There are currently no studies being
performed on this issue.

Final conclusion
In the second part of this thesis we have focused on the differences between PACderived pressure parameters and TPTD-derived volume parameters with regard to
their value in fluid therapy and hemodynamic management of critically ill patients,
taking underlying disease and cardiac function into account. The PAC provides
clinicians numerous important hemodynamic variables that may be helpful to
accurately evaluate the hemodynamic status. It must be stressed however, that the
data generated by the PAC must be interpreted carefully, since numerous inaccuracies
in measurements and interpretation have been reported. If measured and interpreted
appropriately, the PAC helps the clinician to better understand cardiac dynamics in
complex circulatory conditions and in patients with impaired (left ventricular systolic)
cardiac function and may therefore be more useful in monitoring fluid therapy than
volume guided monitoring. In contrast, in patients with sepsis or in patients at great
risk of (increasing) pulmonary edema, as for instance seen in patients with ALI/ARDS,
hemodynamic monitoring using TPTD and measurements of EVLW may be preferable
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in order to prevent harmful overhydration and, as a consequence, prolongation
of mechanical ventilation and ICU stay. Nevertheless, it must be emphasized that
hemodynamic monitoring is unlikely to be associated with improved outcome, if
the data obtained from the monitoring device is insufficiently accurate to be able
to influence therapeutic decision making, if the data obtained are irrelevant to the
patient being monitored, or if changes in management made as a result of the data
obtained are unable to improve outcome.
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