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Abstract

ABSTRACT

Background: Both hypo- and hypervolemia increase the risk for postop-
erative complications after major abdominal surgery. Fluid needs vary
amongst patients depending on differences in preoperative dehydration,
intraoperative physiology and surgical characteristics. Goal-directed fluid
therapy (GDFT) aims to target the right amount of fluid administration in
each patient by evaluating the effect of fluid boluses on haemodynamic
parameters such as stroke volume. It has been shown to reduce postoper-
ative morbidity and is generally recommended for high-risk surgery. The
overall aim of this thesis was to evaluate whether more simple devices for
GDFT result in clinical benefit, thus facilitating the application of GDFT
in more patients.

Aim: To compare performance and clinical benefit of pleth variability
index (PVI), a non-invasive, easy-to-use device for GDFT, with the refer-
ence method of loesophageal Doppler; to evaluate methods for measuring
preoperative dehydration and its effect on fluid handling by the body; and
to confirm the expected clinical benefits of GDFT in patients undergoing
oesophageal resection, a high risk procedure.

Methods: In Studies I-III 150 patients scheduled for open abdominal
surgery of at least 2 hrs were randomised to GDFT with either PVI or oe-
sophageal Doppler. In the first half of the cohort, both monitors were
connected to compare intraoperative performance. In 30 patients pre-
operative dehydration was analysed. In study IV |64 patients undergoing
oesophageal resection were randomised to GDFT using pulse contour
analysis or standard treatment.

Results: The concordance between PVI and oesophageal Doppler for in-
dicating the need for and effect of a fluid bolus was low, and both had only
limited capacity to predict the effect of a fluid bolus. Both methods result-
ed in comparable amounts of fluid being administered and similar clinical
outcome. Preoperative dehydration was limited but did impact on fluid
handling. Patients receiving GDFT during oesophageal resection received
more fluid and more dobutamine compared to controls, but this did not
result in jany clinical benefit.
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ABBREVIATIONS

ASA American Society of Anesthesiologists

BSA body surface area (m?2)

BW body weight (kg)

CaO- arterial oxygen content (ml/ml)

CI cardiac index, CO/BSA (I/min/m?2)

CO cardiac output (1/min)

CONSORT Consolidated Standards of Reporting Trials
CvP central venous pressure (mmHg)

DI dehydration index

DO. delivery of oxygen to the tissues (ml/min)

ERAS Enhanced Recovery After Surgery
GDFT goal-directed fluid therapy

Hb haemoglobin

HR heart rate (/min)

IBW ideal body weight (kg)

ICU intensive care unit

IQR interquartile range

MAP mean arterial pressure (mmHg)
ni non-inferiority

PI perfusion index (%)

PAC pulmonary artery catheter

PLR passive leg raising

PVI pleth variability index (%)

ROC receiver operating characteristic
SevO2 central venous saturation (%)
SD standard deviation

Y% stroke volume (ml)

SVO stroke volume optimisation
SvO2 mixed venous saturation (%)
SVV stroke volume variation (%)
VO. consumption of oxygen by the tissues (ml/min)



Introduction

INTRODUCTION

Background

For the human organism, life and function are dependent on functioning
cells. Since most cells in the human body have no direct access to the en-
vironment outside the body, functioning cells are dependent on being sur-
rounded by a fluid, the interstitial fluid, which provides them with sub-
stances they need, such as oxygen and glucose, and also removes sub-
stances which are by-products of cellular metabolic processes, e.g. carbon
dioxide. Replenishing the interstitial fluid with needed ingredients and
removing by-products is done by specialised organs in the body, some-
times on quite a distance from the actual cell and the fluid surrounding it.
Therefore the body is equipped with a transport system, henceforth called
circulation, where the heart pumps around blood which passes specialised
organs for the uptake and removal of specific substances, and equilibrates
with the interstitial fluid elsewhere in the body.

An adequate flow of blood is dependent on 1. a sufficient volume of
blood, consisting of both oxygen-transporting red blood cells and plasma,
enough to fill the vascular bed and the heart; 2. functioning blood vessels
enabling the blood to flow from the tissues to the heart (venous return),
and after being pumped out, to reach the smallest blood vessels, capillar-
ies, and there equilibrate with the interstitial fluid, as well as causing
some resistance to flow leading to adequate blood pressure; and 3. a heart
that pumps out an adequate amount of blood with every heart beat
(stroke volume SV) a sufficient number of times per minute (heart rate
HR), resulting in an adequate flow of blood (cardiac output CO). The
product of CO (ml/min) and arterial oxygen content C.0. (ml/ml) equals
DO., the amount of oxygen delivered to the body (ml/min).

Clearly, a well-regulated cellular environment concerning e.g. acidity,
oxygen content and osmolarity, sometimes referred to as homeostasis, is
essential for human life. A major part of the body’s autonomic systems is
therefore devoted to this task.! For instance, when the amount of intersti-
tial fluid decreases a sensation of thirst occurs which leads to intake of
water entering the intestines. This water is then absorbed and enters the
bloodstream and later, by diffusion and leakage through the capillary
wall, the interstitial fluid correcting the fluid deficit. Another example is
that during acute blood loss venous blood vessels contract to mitigate a
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fall in venous return caused by a decreased blood volume; simultaneously
cardiac contractility and heart rate increase, and arterial blood vessels
contract to compensate for a decrease in blood pressure caused by the
diminished cardiac output.

Disturbances of the cellular environment can be caused by several fac-
tors: 1. lack of access to needed substances, such as starvation or suffoca-
tion; 2. malfunctioning of specialised organs responsible for uptake, pro-
duction and/or disposal of certain substances, such as pneumonia or re-
nal failure; 3. malfunctioning of the circulatory system caused by e.g. lack
of blood or cardiac malfunctioning; and 4. (uncommon) primary cellular
malfunctioning overwhelming extracellular compensatory mechanisms,
e.g. certain intoxications or inborn metabolic diseases.

Surgery, and the anaesthesia and analgesia required to endure it, pos-
es a complex challenge to the cellular environment, added to the challeng-
es already caused by the primary disease process necessitating the surgi-
cal procedure, e.g. ileus, as well as concomitant disease processes, e.g.
coronary artery disease:

1. Surgery inevitably causes tissue damage which leads to an inflammato-
ry response. Inflammation has developed during evolution to enable the
body to deal with invading microorganisms, however it entails amongst
others an increase in capillary permeability, leading to an increased
amount of interstitial fluid and a decreased volume of blood.

2. Surgery entails blood loss ranging from either negligible amounts to
major haemorrhages equalling several blood volumes.

3. In order to decrease the risk of aspiration of gastric contents, patients
scheduled for surgery are not allowed to eat and/or drink for a variable
length of time before the procedure. This leads to dehydration, or in some
cases aggravates dehydration already in place.

4. Anaesthetic drugs weaken autonomic compensatory mechanisms such
as increase in heart rate as a response to hypovolemia, and usually cause
vasodilation and varying degrees of cardiac malfunctioning.

5. Anaesthesia and the surgical procedure directly influence specialised
homeostatic organs such as the lungs, kidney and intestines.

A decrease in the amount of body fluid, either cellular, interstitial or
intravascular, is common in surgical (or for that matter even many medi-
cal) patients, and a frequent cause of disability or death in patients if not
treated. Since the normal route for fluids into the body, the gastrointesti-
nal system, is often dysfunctional or inadequate during severe disease, the
ability to infuse fluids directly into the (venous) blood, bypassing the in-

10



Introduction

testine, is a major medical landmark, without which modern surgery
would be impossible. An intravenous infusion of water and salt (saline)
was reported to rescue patients during the cholera epidemics in the early
19th century, and some fifty years later it was reported to be of use in
bleeding patients.234

In the early 20th century the use of intravenous fluids during surgery
became common. It was soon noted that the amounts of fluids that need-
ed to be infused to restore blood volume exceeded measured losses, and
experiences during the Korean and Vietnam wars led to the practice of
infusions of large volumes of fluid, also during elective surgery. This was
done in order to target normal urine production (diuresis) during and af-
ter surgery, as well as to compensate for a suspected sequestration of fluid
in another non-functional compartment, the so-called third space. Excess
fluids were thought to impose no major risk.

First at the beginning of the 21th century it was shown that large
amounts of intravenous fluids are harmful in surgical patients.5 One sug-
gested reason was that intravenous fluids could lead to an increased
amount of interstitial fluid (oedema), especially in injured tissue, which
hinders the delivery of oxygen from the capillaries to the cells.® 7 However
it was also noted that too little fluid was detrimental.8 Therefore the idea
arose to guide the amount of fluid based on physiological parameters and
thus to find the right balance between fluid overload and too little fluid
(Fig 1). This is referred to as goal-directed fluid therapy.

Figure 1. The optimal amount of fluid.

Edema
Organ Dysfunction

Adverse Outcome
Hypoperfusion

Organ Dysfunction
Adverse Outcome

OPTIMAL !

Complications

‘
1
|
|
|
1
1
|
|
1
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|
1

Intravascular Volume

Reprinted from Best Practice & Research Clinical Anaesthesiology 2014;28. Mil-
ler TE, Raghunathan K, Gan TJ. State-of-the-art fluid management in the oper-
ating room, page 261-273. Copyright (2014), with permission from Elsevier.
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The concept that there exists an optimum or “‘sweet spot” (or perhaps
“sweet range”) in fluid administration is supported by recent observations
in large surgical cohorts showing a clear association between both upper
and lower limits of fluid administration and a complicated postoperative
course (Fig 2).9

Figure 2. Correlation between amount of perioperative fluid and surgical out-
come.
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Reprinted from Thacker JK, Mountford WK, Ernst FR, Krukas MR, Mythen
MM. Perioperative Fluid Utilization Variability and Association With Outcomes:
Considerations for Enhanced Recovery Efforts in Sample US Surgical Popula-
tions. Ann Surg 2016;263:502-510.
https://journals.lww.com/annalsofsurgery/Pages/default.aspx. With permis-
sion from Wolters Kluwer.
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Introduction

The importance of aiming for the right amount of fluid is probably
dependent on the type of surgical procedure. In relatively small surgical
procedures such as repair of inguinal hernia or partial mastectomy, with a
low risk of serious postoperative complications, less benefit can be ex-
pected from goal-directed fluid therapy compared to complex and highly
invasive procedures such as oesophageal resection, which carries a high
risk of serious postoperative morbidity and even mortality. Thus goal-
directed fluid therapy is generally recommended for this type of high risk
procedures, even in the absence of formal evaluations.1o 1t 12

Possible goals for goal-directed fluid therapy (GDFT)

1. Routine clinical parameters

Easily accessible parameters such as intraoperative arterial blood pres-
sure and heart rate have been shown not to correspond well with the ade-
quacy of intravascular volume.!3 Central venous pressure (CVP) by itself
does not correlate to fluid need, though it is an important parameter de-
termining venous return and thus CO. 15 Also diuresis is not suitable to
guide fluid titration since intraoperative diuresis is influenced by many
other factors apart from fluid status, and targeting reversal of intraopera-
tive oliguria has not been shown to result in a decrease in postoperative
renal failure.6 17

2. Lactate

A by-product of anaerobic metabolism, lactate has been a target of inter-
est in septic patients on the ICU, though the value of this approach has
been questioned.!8 19 In abdominal surgery only one study has reported on
the primary use of lactate to guide fluid administration.2° In our experi-
ence, increased lactate values can sometimes be seen due to local tissue
ischaemia, e.g. in a piece of bowel being surgically resected, without any
other sign of systemic hypoperfusion or hypovolemia. Therefore, infusing
fluids solely based on increased lactate values seems not rational.

3. Central venous saturation

Mixed venous saturation (SvO.), which is the saturation of the blood in
the pulmonary artery, reflects the balance between oxygen delivery (DO-)
and consumption (VO.) in the body. A value below 70-75% is usually con-
sidered pathological, provided that arterial saturation is normal.2* Sam-
pling of mixed venous blood requires a pulmonary catheter; therefore
central venous saturation (S/O-) is often used as a surrogate measure.
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Whether mixed and central venous saturations are comparable is a matter
of debate.22 For instance, during general anaesthesia, when the upper
body (brain and arms) is inactive, blood from the superior vena cava can
be expected to contain more oxygen than blood from the inferior vena
cava draining the abdomen, making ScvO- a measurement with low sensi-
tivity but high specificity, since it is usually measured in or nearby the su-
perior vena cava. Furthermore, other measurements are needed to deter-
mine whether a low SyO. should be corrected with plasma expansion, in-
otropic drugs or an increase in Hb. Like lactate, [SeyO2 has received much
attention in the treatment of severe sepsis but has also been |questioned.'9
23 To our knowledge two studies have been published that used S¢/O. as a
primary target during abdominal surgery.24 25

4. Oxygen Delivery

Based on the landmark studies of Shoemaker in the 1980’s,2¢ several stud-
ies have at the end of the past century explored the question whether an
augmentation of oxygen delivery (DO.) as measured by a pulmonary ar-
tery catheter (PAC) can be of benefit in surgical patients. DOz, which is
the mathematical product of CO and Ca0s, was augmented by a combina-
tion of fluids, inotropes and blood transfusions and reported to have sig-
nificant effects on morbidity and even mortality.2? However, the pulmo-
nary catheter used in these studies is a highly invasive device which is not
considered safe for use in the majority of routine surgical patients. Also,
baseline mortality as reported in these older studies is not seen in modern
practice.

5. Stroke volume

Since the millennium, several devices have been developed that claim to
measure stroke volume (SV) without the associated risks of the PAC. The
first studies in this field were done with oesophageal Doppler and LiDCO
(see below). The most important component of these studies is the opti-
misation (or maximisation) of SV (SVO). This strategy centers on the
Frank-Starling law of the heart, often depicted as a “Frank-Starling curve”
(Fig 3 and 4). This law states that the force with which the heart contracts
during systole, and thus the ensuing SV, is dependent on the stretch
(length or tension) in cardiac muscle fibres before contraction, e.g. a
greater force is generated when muscle fibres are stretched due to greater
filling, up to a certain level. This principle is then conveniently translated
as “when a fluid bolus results in a significant increase in 'SV (usually 10%),
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Introduction

the patient is fluid-responsive, has a position on the steep part of the
Frank-Starling curve, and more fluid might be useful. If no significant re-
sponse in SV ensues, the patient is a non-responder, positioned on the flat
part of the Frank-Starling curve, and more fluid is not beneficial.”

In clinical practice, SVO is usually applied using an algorithm, aiming
at maintaining a mear-maximal SV throughout the surgical procedure (Fig
5).

Figure 3 and 4. Frank-Starling curve of the heart, and its clinical application in
optimisation of SV.

FRANK-STARLING MECHANISM
Normal heart
100
g ASv, e
3
&)
Stroke >
volume L
(mi) § ASv,
» " Heart failure &a
0 10 20 30 VG, VG,

it ventiicllor B Dlastiiic Prassure (Praioaii Intravascular Volume

Figure 3 reproduced with permission from Neoreviews 2015;16. Copyright ©
2015 by the American Academy of Pediatrics.

Figure 4 reprinted from Best Practice & Research Clinical Anaesthesiology,
2009;23. Roche AM, Miller TE, Gan TJ. Goal-directed fluid management with
trans-oesophageal Doppler, page 327-334. Copyright Elsevier Ltd. (2009). With
permission from Elsevier.

6. Dynamic parameters

Dynamic parameters refer to a set of measurements of cyclic circulatory
changes in for instance SV, related to changes in intrathoracic pressures
during mechanical ventilation. A mechanical inflation is assumed to cause
a decrease in venous return by increasing intrathoracic pressure. This cy-
clic decrease in venous return is then expected to cause a cyclic change in
left ventricular preload, which will cause a cyclic change in SV, stroke vol-
ume variation (SVV), if the left heart is on the steep part of the Frank-
Starling curve. This in its turn would indicate that a fluid bolus would in-
crease SV and that therefore the patient can be considered to be in a fluid
responsive state. If cyclic changes of SV are absent or below a certain cut-
off value, the patient is considered to be on the flat part of the Frank-
Starling curve and thus to be non-responsive to fluid (Fig 6).
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Figure 5. Example of SVO algorithm.

Stroke volume
optimization

- e

Monitor stroke volume

200 ml colloid
challenge over
5 min
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increase
>10%
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decrease
>10%

Monitor stroke volume

Reprinted from British Journal of Anaesthesia 2012;108. Challand C, Struthers
R, Sneyd JR, Erasmus PD, Mellor N, Hosie KB, Minto G. Randomized con-
trolled trial of intraoperative goal-directed fluid therapy in aerobically fit and
unfit patients having major colorectal surgery, page 55. Copyright The Author(s)
(2012). With permission from Elsevier.

Figure 6. Stroke volume variation induced by mechanical ventilation.

SV
A

oP

ﬁ Respiratory 6SV

= stroke volume variation
= Indicator of position on Frank-Starling curve

*p
Intrathoracic pressure changes induced by
mechanical ventilation

Reprinted with permission from Springer Nature Customer Service Centre
GmbH: Springer Netherlands; Journal of Clinical Monitoring and Computing
2011;25:45-56. Pulse pressure variation: where are we today? Cannesson M,
Aboy M, Hofer CK, Rehman M. © Springer Science+Business Media, LLC
(2010).
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Introduction

Since a variation in SV can be assumed to cause subsequent cyclic
changes in blood pressure and peripheral pulsations, changes in these pa-
rameters, which can be measured completely non-invasively, are assumed
to reflect SVV and thus whether a patient is in a fluid responsive state or

not.

Measurement devices

As mentioned above, for most GDFT strategies, additional devices beyond
standard anaesthesia monitoring equipment are needed. Early GDFT
studies were performed with the pulmonary artery or Swan-Ganz catheter
which functions through thermodilution. However due to its invasiveness,
this device is no longer used in GDFT studies on abdominal surgical pa-
tients. An overview of alternative devices is given in Table 1.

Table 1. Overview of devices used in GDFT studies.

Category

Device

oesophageal Doppler

- Cardiog-ODM, ODM+ (with pulse contour
analysis)

- Hemosonic Arrow (discontinued)

cardiac Doppler

- USCOM

cardiac ultrasound

- several

pulse contour analysis

- calibrated

- uncalibrated

- PICCO (thermodilution)
- LIDCO(plus) (lithium dilution)
- CardioQ-ODM+ (oesophageal Doppler)

- LiDCO (rapid)
- FloTrac (Vigileo (discontinued) / [EV1000)

non-invasive pressure / vascu-
lar unloading

- Clearsight / Nexfin (+ photoplethysmo-
graphy)
- LiDCO CNAP

bioimpedance / bioreactance

-/Cheetah NICOM / Starling SV

- ECOM (with arterial pulse contour analysis)

Photoplethysmography

- PVI
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Goal-directed fluid therapy during major abdominal surgery

The three GDFT devices used in this thesis: PVI, oesophageal Doppler and
FloTrac, will be briefly described below.

PVI
Pleth variability index (-) is a method developed by- It is basi-
cally a refinement of existing photoplethysmographic technique used in
commonly used pulse oximeters. Pulse oximeters are primarily used for
measuring arterial oxygen saturation. This is measured by emitting light
by a probe on e.g. a fingertip,

Figure 7. PVI probe and monitor

Image by the author

which is defined as the -

signal ', and this is mul-
tiplied by 100 and expressed as a with a range of 0.02

Due to (spontaneous mechanical), SV cyclically,
causing the pulsatile signal and thus PI to with respiration.
The of this cyclic variation in PI is described by the

which is calculated as follows:

AC . (PI(max)—PI(min)
— 0 — 9
PI = pc X 100%, and PI(max) X 100%

-Values of - are related to in . during res-
piration and indicate a potential need for Thus, PVI “

but it is a completely non-invasive indicator of

PVI calculates a perfusion index
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Introduction

The system also has an additional feature of measuring haemoglobin con-
centration non-invasively.

Oesophageal Doppler

The oesophageal Doppler (ODM), manufactured by Deltex Medical, con-
sists of a single-use probe which is placed in the oesophagus and connect-
ed to a monitor. Using the Doppler principle, the device measures velocity

Figure 8. Oesophageal Doppler probe and monitor

“54 | 86 | 354 63 | g

o 26 421 86 | 14.8

Image by the author

of blood flow in the descending aorta, where, in contrast to peripheral ar-
teries, blood flow velocity is quite homogenous in a cross-section. Plotting
velocity versus time results in the [distance the blood travels during every
heartbeat. Using biometric data such as length, weight and age, the moni-
tor converses this distance to (stroke) volume by analysing a dataset of
comparisons with simultaneous measurements done with a pulmonary
artery catheter (PAC). In other words, this comparison yields a combined
estimation of the aortic diameter at the site of measurement and a correc-
tion for the fact that blood leaving the aortic arch to the arms and head is
not accounted for. Multiplying SV with heart rate gives the CO. The device
also reports other parameters such as corrected Flow Time and Peak Ve-
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Goal-directed fluid therapy during major abdominal surgery

locity which can be used to further analyse a patient’s circulatory state.
Modern versions of the device also offer the possibility of pulse contour
analysis (see below).

FloTrac

FloTrac is a sensor produced by Edwards Lifesciences which is connected
to a regular arterial (usually radial) line and connected to a monitor. The
system analyses the arterial pressure waveform and calculates SV using
complex and partially proprietary mathematical algorithms (pulse con-
tour analysis) (http://ht.edwards.com/resourcegallery/products/
mininvasive/pdfs/flotrac_algorithm.pdf). FloTrac was one of the first
commercially available less-invasive CO devices not needing calibration.
In Study IV FloTrac was used together with the Vigileo-monitor. This
monitor is now discontinued and instead FloTrac is used together with
newer monitors.

Figure 9. FloTrac sensor with Vigileo monitor
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Image by the author

Rationale for selection of devices

The oesophageal Doppler was the primary device used in early studies on
GDFT and most of these showed a positive effect on outcome.28 However
the device is rather complicated since it requires training, sometimes fre-
quent repositioning and thus access to the patient’s face; it is also sensi-
tive to disturbances, e.g. from diathermy, and requires a rather expensive
single use probe. This is probably one of the reasons why GDFT is not
universally applied. It is therefore of interest to evaluate whether more
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Introduction

simple techniques for GDFT such as PVI are comparable to oesophageal
Doppler, since this would facilitate the use of GDFT in more patients.

Also, in some surgical procedures such as oesophageal resection the
oesophageal Doppler cannot be used. GDFT based on pulse contour anal-
ysis using FloTrac was reported to result in impressive improvements in
outcome in mixed cohorts of surgical patients including oesophageal re-
section patients.29 Therefore, a similar if not more pronounced effect
could be expected in a cohort consisting of only oesophageal resection pa-
tients, with a high risk of postoperative morbidity.

Preoperative dehydration

As mentioned before, it is not uncommon for patients to start surgery in a
dehydrated state, caused by prolonged fasting, chronic medication such as
diuretics, or increased fluid losses by e.g. bowel dysfunction and/or vom-
iting. Trying to keep patients as normally hydrated as possible before sur-
gery has been one of the bedrocks of fast track surgical pathways such as
ERAS (Enhanced Recovery After Surgery). This entails avoidance of bow-
el preparation, allowing intake of clear fluids until two hours before in-
duction of anaesthesia and in many cases encouraging patients to drink
some type of carbohydrate solution on the eve and the morning before
surgery.3° The deleterious effects of preoperative dehydration have been
confirmed by amongst others Cuthbertson et al.3* Also recently a large
clinical trial was published which somewhat surprisingly showed that a

restricted fluid strategy consistent with modern guidelines did mot result
in improved clinical outcome when compared with a, according to mod-
ern standards, quite liberal fluid strategy, and on the contrary seemed
deleterious for renal function.3> However a large part of these patients ap-
pear to have been dehydrated before surgery due to prolonged fasting and
a frequent use of bowel preparation.

Therefore it is of potential importance to take into account the hydra-
tion status of the individual patient before surgery. Even ERAS guided
fluid management before surgery might still not be able to compensate for
long-standing (subclinical) dehydration. Attempts have been made to
quantify dehydration using objective methods. One of these is the Dehy-
dration Index or Fluid Retention Index, described by Hahn et al.33 It is
based on a urine sample which is assessed for colour, specific gravity, os-
molality and concentration of creatinine, resulting in an index which cor-
relates to the level of dehydration.
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Goal-directed fluid therapy during major abdominal surgery

Volume kinetics

Fluid infused intravenously usually leaves the intravascular compartment
sooner or later, by equilibrating with other fluid compartments such as
the interstitial or the intracellular spaces. Fluids equilibrate at different
rates, depending on patient and fluid characteristics, and this can be stud-
ied by repeatedly measuring haemoglobin concentrations as well as diure-
sis after a fluid bolus. These haemoglobin values, together with diuresis,
can then be used to describe the “volume kinetic” behaviour of an infused
fluid.s4

During a fluid infusion the concentration of haemoglobin in the blood
is expected to decrease by means of dilution, which reflects a volume ex-
pansion of a central compartment (the plasma). When infusion is stopped
haemoglobin concentration will increase reflecting (continuing) clearance
of fluid from the intravascular compartment. At the same time diuresis
and constant losses such as insensible perspiration cause elimination of
the fluid from the body. The difference between these two processes re-
flects the equilibration of the fluids with the peripheral compartment,
which reflects the (for expansion accessible) interstitial and (though to a
much lesser extent) intracellular space.

In mathematical terms, plasma expansion by an infusion R, can be
ve(t)-Ve
Ve
plasma volume at baseline. If we suppose Hct is almost zero, Hgb is hae-
moglobin concentration at baseline and Hgb(t) the haemoglobin concen-

ve(t)-Ve

Ve -

described as where v¢(t) is the expanded plasma volume and V. the

tration after expansion then Hgb x V. = Hgb(t) x v(t) and thus

m&;TH(gt;)(t). Of course Hct is not almost zero, and since the change in hae-
moglobin concentration occurs in whole blood but the change in plasma

volume occurs in the plasma we have to compensate by dividing by (1-

© Hgb—Hgh(t)

ve(t)-Ve b

Hct), thus = Hgb®
Ve 1-Hct

Subsequently, plasma dilution is plotted versus time for all patients
and an optimal average curve is fitted. Depending on the form of the
curve, the measurements are best explained by a one or a two-
compartment model (Fig 10).
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Figure 10. Plasma dilution by 25 ml/kg Ringer’s acetate infused in 30 minutes,
in 14 volunteers (A) and 14 [patients during thyroid surgery (B). The optimal
curve fit for A is a one compartment, and for B a two compartment model.
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Reprinted from Hahn RG, Volume kinetics for infusion fluids. Anesthesiology
2010;113:470-81. American Society of Anesthesiology.
http://anesthesiology.pubs.asahq.org/article.aspx?articleid=1933333. With
Permission from Wolters Kluwer.

In a two-compartment model, besides the central compartment V.,
there also exists a peripheral compartment V,, which is expanded to vp.
The distribution between V. and V;, is governed by the rate constant k...
Fluids also leave the central compartment V. through baseline diuresis
and insensible perspiration at a constant rate (zero-order) ko, assumed to
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Goal-directed fluid therapy during major abdominal surgery

be 0.4 ml/min. Another part of diuresis is dependent on plasma dilution
(ve-Ve) and a constant kyo.

In summary, the rate of change in the central compartment % =Ro-

ko - kio(Ve-Ve) - kiai[(Ve-Ve)-(Up-Vp)]. A schematic drawing of the model is
shown in Fig. 11.

Figure 11. Schematic drawing of the kinetic model.

Reprinted from Hahn RG, Bahlmann H, Nilsson L. Dehydration and fluid vol-
ume kinetics before major open abdominal surgery. Acta Anaesthesiol Scand
2014;58:1258-1266. © 2014 The Acta Anaesthesiologica Scandinavica Founda-
tion. With permission from John Wiley and Sons.

What you don’t have, you don’t need it now.

U2
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AIMS

The overall aims of this thesis are to compare an alternative, non-invasive
and easy-to-use device for GDFT (PVI) with a more invasive and challeng-
ing reference method (oesophageal Doppler); to evaluate the incidence of
preoperative dehydration and its effect on fluid handling by the body; and
to confirm that GDFT in high risk surgical patients undergoing oesopha-
geal resection leads to improved outcome. More specifically:

Study I
1. To examine the concordance between PVI and oesophageal Doppler
when assessing the indication for and the effect of a fluid bolus during
open abdominal surgery.
2. To assess the capacity of both methods to predict fluid responsive-
ness.
3. To assess whether these two methods result in different
amounts of fluid being given for volume optimisation.

Study II
1. To assess the level of dehydration before elective major open ab-
dominal surgery.
2. To assess whether dehydration as indicated by urine analysis is re-
flected in subsequent volume kinetics.
3. To assess whether volume kinetics can be reliably measured using
non-invasive Hb-measurements.

Study III
1. To assess whether patients having major open abdominal surgery,
when randomised to GDFT based on PVI, have similar clinical out-
come compared to patients randomised to GDFT using oesophageal
Doppler, as quantified by the number of complications and length of
stay.

Study IV
1. To study the effect on postoperative outcome of GDFT based on
FloTrac in patients having elective oesophageal resection, as de-
scribed by the incidence of complications, length of stay in the ICU
and in hospital, and time until return of bowel function.
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METHODS

Ethical considerations and registration

Ethical permission was obtained from the Regional Ethical Review Board
in Linkoping on 30 March 2011 for Studies I-III (2011/101-31) and on 3
October 2011 for Study IV (2011/276-31). Study IV was also approved by
the Swedish Medical Product Agency (2011-000254-39) on 11 October
2011. The studies were registered prospectively at clinicaltrials.gov, NCT
01458678 (Studies I-11T) and NCT 01416077 (Study IV). Patients fulfilling
the inclusion criteria described below received oral and written infor-
mation on the study and when willing to participate consented orally and
in writing.

Patient selection and inclusion

For Studies I-III adult patients scheduled for open general, urological or
gynaecological surgery at University Hospital Linkoping, with an expected
duration of at least two hours, were screened for inclusion. Based on a
sample size calculation (see below) 150 patients were randomised.

In the first half of this cohort (i.e. 75 patients), both PVI and oesopha-
geal Doppler were measured in order to assess concordance between the
methods, but only the allocated method was made accessible to the anaes-
thetist in charge. These results on concordance are presented in Study I.

Of the 75 patients in Study I, thirty, all of them first case surgeries,
participated in the dehydration study described in Study II.

In Study III, where postoperative complications were analysed, all 150
patients were included.

In Study IV, a total of 64 patients scheduled for elective transthoracic
oesophageal resection because of malignancy were included at University
Hospital Linkoping and at University Hospital Orebro.

General patient management

Studies I & III

Patients were recruited from different departments (general surgery,
urology, gynaecology) and their preoperative management followed local
routine which could include an enhanced recovery program. Before in-
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duction of general anaesthesia an epidural catheter was sited when indi-
cated and used during surgery. After induction of general anaesthesia pa-
tients were intubated and ventilated in volume control mode with a tidal
volume of 7 ml/kg ideal body weight (IBW).

A maximum of 500 ml of tetrastarch was allowed to be infused during
siting of the epidural catheter and induction of anaesthesia. After induc-
tion a baseline infusion of 2 ml/kg/h of 2.5% buffered dextrose was start-
ed. Bleeding was compensated 1:1 with colloids. Vasoconstrictors (norepi-
nephrine or phenylephrine) and/or inotropes were uses at the discretion
of the anaesthetist in charge of the patients.

Study II

Patients were instructed to fast from midnight, and arrived at the pre-
anaesthetic bay around 6 am on the morning of surgery for the volume-
kinetic experiment described below. Afterwards they were managed as
described above.

Study IV

All patients were fasted from midnight and in all patients an attempt was
made to site an epidural catheter. After induction patients were intubated
with a left-sided double-lumen tube. Patients were ventilated in volume
control mode with a tidal volume of 7 ml/kg IBW during two-lung ventila-
tion and 4 ml/kg IBW during one-lung ventilation. FiO2 was set to main-
tain a SpO2 of > 94% during two-lung ventilation and > 90% during one-
lung ventilation.

Interventions and key measurements

Study I

In all patients PVI was measured using a Radical 7 Pulse CO-oximeter.
Oesophageal Doppler measurements were done using a single-use DP12
probe and a CardioQ apparatus. All patients received both devices but on-
ly the allocated device was visible to the anaesthetist in charge of the pa-
tient.

In the PVI group, a fluid bolus of 3 ml/kg tetrastarch was given when
PVI > 10%. If PVI decreased below 10% after 5 minutes this was consid-
ered fluid responsiveness and no more fluid was given. If PVI decreased
but was still > 10% this was also considered as fluid responsiveness and
another fluid bolus was given. Additional fluid boluses were given until
PVI fell below 10% or did not decrease at all; the latter situation was con-
sidered non-responsiveness. A series of fluid boluses was called an opti-
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misation round and additional rounds were initiated when PVI increased
to 10% or more. For the sake of comparison with oesophageal Doppler, a
first fluid bolus was given after induction to all patients, irrespective of
PVI value.

In the oesophageal Doppler group, SV was measured after induction
and a fluid bolus given. If SV after 5 minutes had increased > 10% this
was considered fluid responsiveness and additional boluses were given in
the same manner until the SV no longer increased with 10% or more. In
parallel with the PVI group, such a series of fluid boluses was called an
optimisation round and additional optimisation rounds were initiated
whenever SV decreased > 10%.

Before and after each fluid bolus, PVI and oesophageal Doppler data
were recorded by a member of the research team not involved in patient
care and analysed at a later time. We compared the concordance for both
methods for categorically assessing whether a fluid bolus was indicated

Table 2. Criteria used retrospectively to determine, for both PVI and Doppler,
whether a fluid bolus infusion was indicated according to the algorithm, and/or
resulted in fluid responsiveness. * A fluid bolus was given to all patients in both
groups according to the protocol. Since no previous SV values were available, it
cannot be determined whether this first fluid bolus was indicated or not accord-
ing to Doppler.

Fluid bolus was indicated Fluid responsiveness
according to the algorithm according to the algorithm
PVI Doppler PVI Doppler
Very first fluid bo-  |PVI =2 10% Not analysed* | Initial PVI value |Increase in SV
lus in the first opti- >10% and of 210%
misation round reduction after
fluid bolus
First fluid bolus in  |PVI 210% Reduction in | Initial PVI value |Increase in SV
an optimisation SV of 210% >10% and re- |of 210%
round duction after
fluid bolus
Subsequent fluid PVI 2 10% and |Increase in Initial PVI value |Increase in SV
boluses in an opti- |a decrease SVby210% |>10% andre- |of =10%
misation round from previous | by previous duction after
value fluid bolus fluid bolus
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(yes or no) and whether a fluid bolus resulted in fluid responsiveness as
defined above (yes or no). The criteria for each method are shown in Ta-
ble 2. We also calculated the positive and negative predictive value for
both methods for predicting an increase in SV > 10%.

Study II

Urinary analysis
Patients voided right before the start of the experiment. A urine sample
was assessed for colour, specific gravity, creatinine and osmolality.

Each parameter resulted in a score, and the mean of these four scores
was called the dehydration index. DI values > 3.5 were regarded to pre-
sent dehydration. Patients participating only in Studies I and/or III void-
ed shortly before transport to the anaesthetic bay and a urine sample was
analysed as described above.

Volume kinetics

Patients received two iv cannulas, one for fluid administration and one for
blood sampling. An infusion of 5 ml/kg Ringer’s acetate was then given
over 15 min. Blood samples were taken at 5 to 10 minutes intervals and
analysed for Hb. Hb was also measured non-invasively via the Radical-7
Pulse CO-Oximeter. After the last sample, 70 minutes after the start of the
infusion with Ringer’s acetate, patients voided again and the volume was
measured.

Study 11T

Complications during the first 30 days after surgery were retrospectively
documented by two blinded observers using a pre-specified list (See Ap-
pendix, Table 1)

Study IV

Patients randomised to the intervention group received a baseline infu-
sion of 2.5 ml/kg/h buffered dextrose. A maximum of 1000 ml of Ringer’s
acetate could be infused if preoperative dehydration was suspected.

After induction, a FloTrac pressure transducer was connected to the
radial artery line and SV measured. Stroke volume optimisation (SVO)
was performed using fluid boluses of 3 ml/kg tetrastarch given during 5
minutes. If SV increased > 10% another bolus was given. This was repeat-
ed until SV did not increase > 10%. SV was continuously monitored and
when decreasing > 10% a new fluid bolus round as described above was
initiated.
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If Cardiac Index (CI) < 2.5 1/min/m2 despite SVO, an infusion of do-
butamine was started and increased until CI increased above 2.5
ml/kg/m2 or side-effects occurred.

As the third goal, if Mean Arterial Pressure (MAP) was < 65 mmHg,
an infusion with norepinephrine or phenylephrine was started.

Patients randomised to the control group received fluids and vasoac-
tive drugs at the discretion of the responsible anaesthetist. In both groups
a maximum of 30 ml/kg tetrastarch was allowed, and bleeding was com-
pensated for 1:1 with a suitable colloid.

Postoperative complications were assessed at 5 and 30 days postoper-
atively by a research nurse using a predefined complication scoring list
(see Appendix, Table 2). In addition, complications were assessed retro-
spectively by one surgeon and two anaesthetists blinded to allocation.

Statistics

Demographic, perioperative and biochemical data were compared using
Student’s t-test, Mann-Whitney U-test, Fisher’s Exact test or chi-square
test as appropriate.

In Study I Cohen’s kappa was calculated for the concordance between
PVI and oesophageal Doppler regarding the indication and effect of a fluid
bolus. Usually values between 0 and 0.2 indicate slight, between 0.2 and
0.4 fair, between 0.4 and 0.6 moderate, between 0.6 and 0.8 substantial
and between 0.8 and 1 almost perfect concordance.35 Also, a grey zone
was calculated, defined as the range of cut-off values for PVI and change
in SV resulting in a sensitivity and specificity below 90%, however without
the bootstrapping described by Cannesson et al.3¢

Sample size

For Studies I-II1, a sample size calculation was performed that would be
sufficient for the endpoint postoperative complications (reported in Study
III). Based on data from five previous studies on GDFT during abdominal
surgery, it was calculated that 66 patients would need to be included in
each group to demonstrate an absolute difference in postoperative com-
plications of 10%. Taking into account dropouts it was decided to include
150 patients.

Of these 150 patients, it was estimated that 75 patients (the first half
of the total cohort) would be needed to quantify the concordance between
both methods (Study I). And of these 75 patients, it was estimated that 30
would be needed for the dehydration experiment (Study II).
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For Study IV, a sample size calculation was performed based on two
previous reports using FloTrac in abdominal surgery showing highly sig-
nificant results, i.e. a reduction of 50% or more in the incidence of post-
operative complications.29 37 Since we expected that GDFT would have at
least the same if not even a more pronounced effect in our population of
high-risk surgical patients, we calculated that 29 patients would need to
be included in each arm. To compensate for dropouts it was decided to
include 64 patients in the study.

Vem har gallringsbehov? Den frdgan kan man ju stilla sig. Oftast blir svaret
inte, det dr skogsinspektor'n som har gallringsbehov. Skogen och skogséga-
ren har inget gallringsbehov.

Tvillingarna Eriksson

(Who is in need of thinning? That’s a question to be asked. Often the an-
swer is no, it’s the forest inspector who needs thinning. The forest or the
forest owner do not need thinning.

The Eriksson twins)
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RESULTS

Studies I-ll

Patients were recruited between 14 November 2011 and 8 December
2014. Patient and surgical characteristics were comparable between the
groups. Median duration of surgery was around three hours with some
procedures lasting more than 12 hours. In total four patients were exclud-
ed, leaving 74 patients in the PVI and 72 patients in the oesophageal Dop-
pler group available for analysis.

There were no significant differences in the amount of fluid used for
the optimisations between the groups, nor in other fluid parameters or
catecholamine treatment both in Study I (the first half of the cohort) as
well as Study III (the whole cohort) (Table 3), with the exception of an
increased use of phenylephrine in the PVI group.

Table 3. Intraoperative fluid and catecholamine data. Significant differences in

bold.

PVI Doppler P

(n=74) (n=72)
Crystalloid fluid, mean (SD), ml 1360 (749) 1240 (662) 0.31
Total colloid fluid, mean (SD), ml 1464 (1000) 1412 (1259)  0.92
Colloid during induction, mean (SD), ml 173 (145) 154 (137) 0.40
Colloid used during optimisations, mean (SD), 675 (434) 665 (462) 0.89
ml
Synthetic colloid fluid, mean (SD), ml 1159 (507) 1141 (532) 0.84
Albumin 5%, n (range, ml) 14 (120-1250) 8 (170-500) 0.25
Albumin 20%, n (range, ml) 8 (100-200) 6 (45-100) 0.78
Red blood cells, n (range, ml) 10 (280-1389) 8 (265-2310) 0.80
Plasma, n (range, ml) 6 (776-2734) 5(265-3300) 1.00
Thrombocytes, n (range, ml) 0 2 (230-250) 0.24
Phenylephrine, n (range, ug) 51 (360-3928) 37 (240-6640) 0.04
Norepinephrine, n (range, ug) 29 (52-2180) 30 (11-2726) 0.76
Dobutamine, n (range, mg) 20 (2-110) 20 (1-97) 0.92
Blood loss, median [IQR], ml 250 [100-600] 225[88-575] 0.41
Urine, median [IQR], ml 300 [174-500] 225[125-435] 0.22
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Concordance between and performance of PVI and oesophage-
al Doppler

In 31% of the situations where a fluid bolus was indicated according to
Doppler, PVI agreed. In 72% of the situations where there was no indica-
tion for fluid according to oesophageal Doppler, PVI agreed (Table 4-A).
Cohen’s kappa was 0.03 i.e. slight concordance.

Regarding determining whether a fluid bolus resulted in a positive
response PVI agreed with oesophageal Doppler in 50 of 99 optimisations
deemed positive by oesophageal Doppler (50%), and in 88 out of 143 op-
timisations deemed not positive according to oesophageal Doppler (62%)
(Table 4-B). Cohen’s kappa was 0.11 i.e. slight concordance.

Since no formal sample size calculation had been made, a post-hoc
power analysis was performed which showed that the size of the study re-
sulted in a power of > 0.99 to detect a kappa of 0.4 at the 0.001 signifi-
cance level for both comparisons.

In 48% of the cases where a fluid bolus was indicated according to the
PVI algorithm, SV increased by > 10%. For oesophageal Doppler, 45% of
indicated fluid boluses resulted in an increase in SV > 10% (Table 4-C).
The first fluid bolus in a new optimisation round, initiated after a de-
crease in SV by = 10%, increased SV by > 10% in 58%. Subsequent fluid
boluses increased SV > 10% only in 19%.

Some fluid boluses which were not indicated according to oesophage-
al Doppler did result in a significant increase in SV (23 of 72 fluid boluses
i.e. 32%), and “illogical” responses occurred, e.g. a first fluid bolus with-
out a significant effect on SV followed by a second fluid bolus causing a
significant increase.

In Fig. 12 individual PVI values before a fluid bolus are plotted against
the subsequent change in SV. For PVI the grey zone, reflecting values
where fluid responsiveness cannot be reliably predicted, was between 6
and 16%. Seventy-five percent of measurements were within this zone.
For the Doppler algorithm, the grey zone in pre-bolus change in SV was
between - 37 to + 23%: 89% of measurements were within this zone.

Using ROC curves, the optimal cut-off PVI value for predicting an
increase in SV by > 10% was 10.5%. This cut-off value had a sensitivity of
0.53 and a specificity of 0.62.
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Table 4A-C.

A. Agreement between PVI and Doppler regarding whether a fluid bolus was
indicated, according to the respective algorithm. B. Agreement between PVI and
Doppler regarding whether a fluid bolus resulted in fluid responsiveness. C.
Positive and negative predictive values for an increase in SV >10% after a fluid
bolus for both PVI and Doppler. T Percentage of true positives for indicated fluid
boluses or percentage of true negatives for not indicated fluid boluses.

Data are combined for all 74 patients in both groups. Values denote number of
optimisations or percentage.

A Indicated according Not indicated ac-
to Doppler cording to Doppler
Indicated according to PVI 53 56
Not indicated according to PVI 117 144
B Fluid responder ac- Fluid non-responder

cording to Doppler  according to Dop-

pler

Fluid responder according to PVI 50 55
Fluid non-responder according to 49 88
PVI

C SV increase SV increase Predictive

210% <10% valuet

Indicated by PVI 56 61 48%
Not indicated by PVI 44 83 65%
Indicated by Doppler 48 59 45%
Not indicated by Dop- 23 49 68%
pler
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Fig 12. Values of PVI in both groups related to subsequent changes in SV. The
correlation was 0.09, P = 0.15.
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The distribution of perfusion index (PI) values in Study I is shown in
Fig 13. Out of 542 recordings, 323 (60%) were above 4 (See discussion
page 56).

Figure 13. Distribution of perfusion index values in Study I.
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Dehydration and fluid kinetics

Dehydration

The median DI was 2.8 [IQR 2.5-3.7]. Eleven out of 30 patients had a DI
of > 3.5 and were considered dehydrated. In one dehydrated patient inva-
sive Hb data were not reported leaving 29 patients (of which 10 dehydrat-
ed) available for analysis of fluid kinetics.

Fluid kinetics

A computer simulation of the volume changes in the central and periph-
eral fluid compartments and diuresis in both groups is shown in Fig 14.
Distribution to the peripheral compartment was rapid in the euhydrated
group but slow in the dehydrated group. For the other parameters differ-
ences were not significant. Numerical values for the kinetic parameters
are shown in Table 5.

Figure 14. Computer simulation of the volume changes in a central fluid com-
partment Ve (red), a peripheral fluid compartment, Vp (blue), and the excreted
urine (magenta) over time in euhydrated or dehydrated patients.
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Table 5. Fluid kinetic parameters in the euhydrated and dehydrated groups. Da-
ta are median [interquartile range].

Euhydration Dehydration P
(N=19) (N=10)
V. / BW (ml/kg) 19 [12-25] 30 [23-44] 0.06
kit (102 min’™") 363 [148-570] 32[18-57] <0.01
kio (10°min™) 33 [21-142] 18 [11-32] 0.36
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Fluid kinetics using non-invasive Hb
Measurement of non-invasive Hb failed to produce usable dilution curves

in eleven patients and in one patient invasive Hb measurements were not
delivered. For the remaining 18 patients median values and IQR for the
kinetic parameters were similar, however on an individual base there
were no significant correlations between the invasively and non-invasively
derived values for Ve, nor between the two values for ki»: (Table 6). Values
for ko were correlated though (2 = 0.38). Curve fitting using non-
invasive Hb was associated with significantly larger mean square errors
compared to using invasive Hb.

Table 6. Fluid kinetic parameters for both invasive and non-invasive Hb. * Be-
tween invasive and non-invasive Hb in experiments where both invasive and
non-invasive Hb could be analysed. ** P < 0.01

All invasive Hb Invasive Hb Non-invasive Hb
(N=29) matched* (N=18) matched* (N=18)
V. / BW (ml/kg) 22 [16-31] 24 [15-35] 23 [14-35]
Kiz1 (10 min™) 236 [34-422] 193 [30-569] 235 [210-1424]
kio (102 min™) 30 [11-97] 33 [20-165] 34 [9-97]
Mean square error 2.6[1.1-4.2] 2.6 [1.3-3.4] 5.4 [2.8-6.5]**

Dehydration and volume optimisation.

In the whole cohort of Studies I-III, no correlation was found between
preoperative dehydration as quantified by the dehydration index, and
presumed preoperative hypovolemia as quantified by the volume of col-
loid needed during induction and the first optimisation round (Fig 15).

Figure 15. Correlation between preoperative dehydration and amount of colloid
until after first optimisation round.
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Results

Clinical outcome
As mentioned above follow-up was complete in 146 patients. There was

no mortality during the 30-day observation period. There were 64 com-
plications in the PVI group (n = 74) compared to 70 in the oesophageal
Doppler group (n = 72) (P = 0.93) (Table 7). Thirty-eight (51%) of patients
in the PVI group had at least one complication compared to 35 (49%) in
the oesophageal Doppler group (P = 0.74). Length of hospital stay was 8
[5-13] (median [IQR]) in the PVI group and 8 [5-14.5] in the oesophageal
Doppler group.

Table 7. Postoperative complications within 30 days after surgery.

PVI Doppler
(n=74) (n=72)
MAJOR Anastomotic insufficiency
Lymphatic leakage
Bleeding
Sepsis
Wound dehiscence
Intestinal obstruction
Stroke
Pulmonary embolism

Deep vein thrombosis

- 2 O O O O O O O W
N -~ O O —~ O = a2 O =

Pulmonary oedema / respiratory insufficiency
/ pneumonia

Pleural effusion

Myocardial infarction

Arrhythmia

Cardiac arrest

Renal dysfunction 1

O W O = =~ O
O O O N o O»

Liver dysfunction
TOTAL 20 29

MINOR Superficial wound infection or dehiscence 6 4
Infection 10 11
Paralytic ileus 1 0
Upper Gl bleeding
Pulmonary congestion 5 0
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Angina pectoris 1 1
Hypotension 2 6
Delirium 1 1
Coagulopathy 4 3
Severe postoperative nausea and vomiting 8 9
Urinary retention 6 5
TOTAL 44 a1
Total number of complications 64 70 (P=0.93)
Number (%) of patients with complications 38(51) 35(49) (P=0.74)
Mean number of complications in patients with compli- 1.7 2.0 (P=0.28)
cations
Study IV

Patients were consecutively included between 31 October 2011 and 8 Sep-
tember 2015. In five patients surgery was aborted or cancelled due to
metastatic disease; for the remaining 59 follow-up was complete.

The groups were comparable with the exception of higher O-POSSUM
scores (a surgical risk score adapted to oesophageal resections8) in the
control group (P = 0.04).

Patients in the intervention groups received a larger amount of col-
loids (Table 8), however the difference in total intra-operative fluid bal-
ance did not reach significance, nor did perioperative fluid balance and
body weight changes. Only one third of fluid boluses resulted in a signifi-
cant increase in SV. Dobutamine was used in 27 out of 30 intervention
patients in contrast to nine out of 29 control patients (P < 0.01).
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Table 8. Intraoperative fluids and catecholamines. Data are presented as medi-
an and interquartile range, mean and standard deviation or number of patients.
Significant results in bold.

Intervention (n=30) Control (n=29) P
Blood loss, ml 475 [250-800] 400 [250-650] 0.59
Urine, ml 528 [415-800] 505 [445-780] 0.62
Total colloid fluid, ml 2190 (875) 1596 (759) <0.01
Synthetic colloid fluid, ml 1733 (459) 1351 (450) <0.01
Total crystalloid fluid, ml 2687 (735) 2886 (580) 0.25
Ringer’s acetate, ml 737 (337) 1738 (477) <0.01
Buffered 2.5% dextrose 1472 (595) 731 (363) <0.01
Other crystalloids 478 (76) 417 (256) 0.04
Plasma, n, ml 3[280-1611] 2 [784-1050] 1.00
Erythrocytes, n, ml 6 [267-1121] 3 [330-849] 0.47
Thrombocytes, n, ml 2 [235-280] 0 0.49
Albumin 4-5%, n, mi 11 [250-1750] 6 [250-750] 0.25
Albumin 20%, n, ml 2[100-100] 5[100-200] 0.25
Measured Intraoperative
) 3631 (936) 3257 (867) 0.18
Fluid balance, ml
Phenylephrine, n, ug 12 [5652-9640] 9 [2000-8160] 0.56
Norepinephrine, n, ug 26 [172-2606] 21[407-3378] 0.15
Dobutamine, n, mg 27 [4-257] 9 [20-71] <0.01
Dobutamine, rate during
2.1[1.0-3.1] 2.0[1.1-2.9] 0.61

infusion, pg kg™ min™

Postoperative complications, bowel recovery and length of stay
There was no mortality during the 30 day observation period. Postopera-
tive complications are listed in Table 9. In the intervention group the in-
cidence of complications per patient after 30 days was 4 [2-6] (median
[IQR]) compared to 2 [1-4] in the control group (P = 0.10).

There were no significant differences in recovery of bowel function i.e.
time to first passage of flatus, first bowel movement or duration of intra-
venous maintenance fluid.

Length of hospital stay was 20 days [15-45] (median [IQR]) in the in-
tervention group and 18 days [15-25] in the control (P = 0.41). Length of
ICU stay including readmissions was 67 [44-103] (median [IQR]) hours in
the intervention group compared to 42 [23-67] hours in the control group
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(P = 0.03). Nine intervention and five control patients were readmitted to
the ICU (P = 0.20).

Table 9. Postoperative complications within 5 and 30 days after surgery. @ in-
cluding tracheobronchial injury, unplanned gastroscopy, pneumothorax.

MAJOR

MINOR

5 days 30 days
Intervention Control P Intervention Control

(n=30) (n=29) (n=30) (n=29)
Anastomotic insufficiency 1 1 5 2
Lymphatic leakage 0 1 2 2
Bleeding 0 0 1 0
Sepsis 2 0 4 2
Wound dehiscence 0 0 2 0
Intestinal obstruction 0 0 0 1
Stroke 0 0 0 0
Pulmonary embolism 0 0 0 0
Pulmonary oedema / 3 3 8 6
respiratory insufficiency /
pneumonia
Myocardial infarction 0 1
Bradycardia / ventricular 0
arrhythmia
Hypotension
Renal failure
TOTAL 11 5 30 14
Superficial wound infec- 2 0 5 5
tion or dehiscence
Paralytic ileus 0 0 6 3
Pulmonary congestion 0 0 0 0
Atelectasis 8 4 10 4
Pneumonia 0 2 4 5
Other infection 6 2 10 5
Pleural effusion 10 7 19 12
Minor arrythmia 5 6 7 7
Delirium 2 0 6 0
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Deep vein thrombosis 0

Renal dysfunction 1 0 4

Coagulopathy 6

TOTAL 40 25 78 48
OTHER® 5 3 16 19
Total number of complications 56 33 124 81
Incidence of complications per 2 (0-3) 1(0-2) 0.10 4 (2-6) 2(1-4) 0.10

patient (median (IQR))

There are liars, there are outrageous liars, and there are scientific
experts.

Sir Robert Giffen

Knowledge is as wings to man’s life, and a ladder for his ascent. (...)
Great indeed is the claim of scientists and craftsmen on the peoples of the
world ... In truth, knowledge is a veritable treasure for man, and a source of
glory, of bounty, of joy, of exaltation, of cheer and gladness unto him.

Bah&'u’llah
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DISCUSSION

The goal of the thesis is to contribute to an increased understanding of
GDFT when applied clinically during major abdominal surgery, by evalu-
ating the prevalence and impact of preoperative dehydration, assessing
the potential of a total non-invasive device for GDFT to replace a more
cumbersome and invasive reference technique, and by confirming the
beneficial results of GDFT based on pulse contour analysis when applied
in a surgical cohort with a high risk of postoperative complications even in
modern healthcare. Based on the literature available at the time of design-
ing the thesis, considerable optimism about both the internal validity and
clinical impact of stroke volume optimisation and the use of dynamic pa-
rameters characterised the design of the studies involved.

Clearly, the findings of this thesis indicate challenges when the con-
cept of GDET is applied in clinical routine. This is indicated by the fact
that different methods for GDFT (i.e. PVI and oesophageal Doppler) had
low concordance for determining the need for and effect of a fluid bolus.
It is also indicated by the fact that SVO using both oesophageal Doppler
and FloTrac had internal limitations. Only a minority of indicated fluid
boluses [lead to a significant increase in SV (i.e. a substantial false positive
rate), some fluid boluses which were given despite not being indicated
according to the algorithm (but were indicated according to the other
(PVI)) did result in an significant increase in SV (i.e. a substantial false
negative rate), and “illogical” responses occurred, e.g. a first fluid bolus
without a significant effect on SV followed by a second fluid bolus causing
a significant increase. Finally, even though we did jnot find any |difference
in clinical outcome when GDFT using PVI or oesophageal Doppler was
compared, GDFT in oesophageal resection patients did not result in a
more favourable postoperative outcome. On the contrary, the associated
increased colloid load and increased use of dobutamine were associated
with a trend towards an increased incidence of complications and a pro-
longed length of stay in the ICU.

Stroke volume optimisation

As mentioned previously, the concept of stroke volume optimisation is
primarily a clinical application of the Frank-Starling law of the heart, by
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Goal-directed fluid therapy during major abdominal surgery

analysing the effect of fluid boluses on SV. In order for this adaptation of
the Frank-Starling law to be true, the following conditions have to be met:
1. The fluid bolus has to result in a predictable and significant increase in
plasma volume.

2. This increase in plasma volume has to lead to a significant and predict-
able increase in venous return to the right heart.

3. This increase in venous return to the right heart has to result in a sig-
nificant and predictable increase in end-diastolic filling of the left ventri-
cle.

It is unknown whether these conditions are met under normal circum-
stances. However it is probably valid to say that an increase in SV after a
fluid bolus most likely means that the patient is on the steep part of the
Frank-Starling curve, if all other circumstances are unchanged. An ab-
sence of effect on SV however does not prove that the patient is on the flat
part of the Frank-Starling curve (see below).

Common arguments against SVO

“Fluid responsiveness is physiological”

One common criticism against the SVO concept is the claim that in
healthy people at rest the heart does mot operate on top of the Frank-
Starling curve and therefore is fluid responsive, i.e. healthy people will
increase SV when given an intravenous fluid bolus. This implies that a
positive response to a fluid bolus during surgery does not mean that that
fluid was needed or beneficial. ’[Ilis viewpoint is not supported by evi-
dence. Bundgaard-Nielsen et al. measured SV using oesophageal Doppler
in 20 healthy awake subjects before and after a|200 ml colloid fluid bolus.
None of the subjects increased SV with 10% or more.39 Godfrey et al.
showed a jsignificant increase in SV as monitored by transthoracic echo-
cardiography, when performing passive leg raising (PLR) in 5 of 11
healthy subjects,4> however mean increase in SV was below 10%. Fur-
thermore [PLR in awake subjects imay not be a /good model since other fac-
tors such as changes in vasomotor tone may occur.4!

Subjects not showing an increase in SV after a fluid bolus do not in-
variably need to operate on the flat part of the Frank-Starling curve. An
alternative, more likely explanation in healthy patients is that the fluid
bolus fails to increase venous return enough to cause a sufficient in-
creased filling of the left ventricle. This could be related to either the fluid
bolus increasing the “unstressed” blood volume but not the “stressed”
volume which has the capacity to change venous return, [or because the
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Discussion

increase in [stressed blood volume is being loffset by an increase in CVP,
causing an unchanged gradient for venous return.4? In reality, these are
probably simultaneous processes. However, with both explanatory mech-
anisms, a sustained increase in SV after a fluid bolus in a surgical patient
should be considered a sign of hypovolemia.

“The increase in SV and thus CO after a fluid bolus is caused
by haemodilution, and therefore DO: does not increase signifi-
cantly even if CO does”.43

Infusion of a fluid bolus can be expected to decrease Hb and thus viscosi-
ty, which in its turn could cause increased CO. A 3 ml/kg fluid bolus in a
patient with a blood volume of 70 ml/kg can be expected to dilute the
blood by about 4%, (supposing perfect mixing conditions). This would
diminish but not abolish the increase in DO. caused by an increase in CO
of 10% or more. Also |conflicting data exists on whether cardiac output in-
creases during limited acute normovolemic haemodilution, and whether

its magnitude is sufficient to explain an increase in CO of 10% or more.44
45

“Surgery doesn’t last a lifetime”.

Even if a fluid bolus would increase SV, CO and DO., this only applies to
that short intraoperative moment. Later on during surgery, and especially
after surgery when the patient has been extubated and transferred to the
PACU or ICU, circumstances such as vascular tone and right ventricular
afterload will have changed dramatically, causing the patient which might
have been optimally filled during surgery now to be hypervolemic. There-
fore it might be wise to accept some slight intraoperative hypovolemia in
order to avoid a significant postoperative hypervolemia.4¢

“SVO leads to fluid overload in patients with healthy hearts.”
As mentioned above a fluid bolus probably does not cause a significant
and sustained increase in SV in most healthy awake subjects. The reason
is not that these subjects are on the top of their Frank-Starling curve, but
that venous return is not permanently increased by the fluid bolus, possi-
bly because of venous stress relaxation.+” Venous return is controlled by
the peripheral tissues based on metabolic demands,+8 49 and by way of ve-
nous stress relaxation a temporarily increased venous return and thus CO
is adjusted again to a level sufficient for the amount of oxygen needed.
This means that when a fluid bolus is given rapidly, a transient increase in
SV can be seen in those patients who are not at the top of the Frank-
Starling curve and who have no unmet metabolic demands (e.g. many
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Goal-directed fluid therapy during major abdominal surgery

surgical patients in modern settings) (Fig 16). This probably only reflects
the cardiac reserve of the patient, not the need for additional fluids.5°

Figure 16. Significant but unsustained increase in SV (upper line) and CI (lower
line) after a fluid bolus. The time scale for the whole image is 30 minutes.

165:42 165:47 16:62 16:67 16:02 16:07

e .
2. 72012
16:07:08

Unpublished data from the author.

Clearly if such a patient is classified as a responder and more fluids are
given this will lead to iatrogenic fluid overload, as was probably the case
in the study by Challand et al.5s* However, even when allowing sufficient
time before classifying a patient as responder, a strict application of SVO
during prolonged and haemodynamically demanding surgery can result in
fluid overload, as shown in Study IV.

“Fluids should not be given as boluses anyway”.

In order to be able to evaluate the effects of a fluid bolus on SV, the fluid
bolus has to be given moderately i.e. over a few minutes or even
faster. There are however two entailed with this: Firstly,
the plasma expanding effect of infusion of any fluid is time dependent, i.e.

52 Secondly, giving could lead to

and thus an increase in capillary permeability. However, the clini-
cal importance of this phenomenon is unclear.53
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Dynamic parameters

There are several theoretical advantages of dynamic parameters com-
pared to SVO. With SVO, a fluid bolus needs to be given first to determine
whether a patient is fluid responsive. This means that many fluid boluses
will be given with no benefit and possibly causing harm, as shown in
Studies I and IV. With dynamic parameters no fluid is given when the pa-
rameter is below a certain value. Also, since many dynamic parameters
can be measured completely non-invasively (e.g. using PVI) this would
significantly simplify fluid management in large patient groups. Research
interest in these techniques has therefore been substantial.

There are also disadvantages with dynamic parameters.54 Firstly the
interactions between the respiratory and circulatory systems are far more
complex then described in the Introduction: for instance, during mechan-
ical inflation, besides a decrease in venous return there simultaneously
occurs an increase in right ventricular afterload, a transient increase in
left ventricular preload, and a decrease in left ventricular afterload.5s Sec-
ondly, in order for dynamic parameters to be usable, respiratory and cir-
culatory changes have to be regular: this requires sinus rhythm, absence
of a significant amount of irregular beats and controlled mechanical venti-
lation without spontaneous respiratory effort. Thirdly changes in pulmo-
nary and chest wall mechanics (fibrosis, obesity, thoracotomy) will influ-
ence the effect of intrapulmonary pressure changes on extrapulmonary
structures such as the heart. This was the reason why we chose SVO using
pulse contour analysis in Study IV. Also a sufficiently large tidal volume is
required, which might be larger than that considered protective ventila-
tion or acceptable during one-lung ventilation.5¢ According to some, these
conditions are met in less than 40% of surgical patients.57 Also, an abso-
lute cut-off value has to be chosen, with optimal values reported to be be-
tween 6-20% depending on the device and the particular experimental
conditions. Choosing a low cut-off value will lead to larger volumes of flu-
id being given, while a high cut-off value will result in more restrictive flu-
id administration. For this reason a “‘grey zone approach” has been advo-
cated where fluids should be given above a certain cut-off value, should
not be given below another (lower) cut-off value and might be given on
values between these two (the grey zone), depending on circumstances.3°
The percentage of patients in the grey zone however varies between stud-
ies and is sometimes substantial, as in our material (Study I).58

49


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel



Goal-directed fluid therapy during major abdominal surgery

Limited agreement between measuring devices

Clearly, since different GDFT devices operate on very different principles,
a perfect concordance cannot be expected, and smaller differences in re-
sults should not invalidate the application of these devices in GDFT. Since
reliable methods for measuring CO, such as surgically implanted aortic
flow probes, are not available in clinical practice, many devices have dur-
ing their early phases been compared with the PAC. However the PAC is
an unprecise device itself,59 and it is therefore no surprise that the differ-
ences between these newer devices sometimes are quite large, as illustrat-
ed by the limited concordance between PVI and oesophageal Doppler in
Study I.

It is even more troubling when monitors disagree on the direction of
change of SV or CO. Due to the setup of our studies this could not be ana-
lysed in our material but e.g. Meng et al. compared readings of oesopha-
geal Doppler with FloTrac in patients receiving fluids, ephedrine (a com-
bined inotropic, chronotropic and vasoconstrictor) or phenylephrine (a
selective vasoconstrictor).6° Concordance was high when patients received
fluids, lower when patients received ephedrine and very low when pa-
tients received phenylephrine. In the latter group, in most patients the
increase in blood pressure caused by the vasoconstrictor was interpreted
as an increase in CO by FloTrac, while CO decreased according to oe-
sophageal Doppler.

Specific challenges for PVI, oesophageal Doppler and

FloTrac.
PVI

Besides the general limitations of dynamic parameters as mentioned
above, there are some factors which have been described to influence
measurement of PI and thus PVI. One of these is local sympathetic tone:
Bergek et al. performed brachial plexus blocks and reported increased PI
and decreased PVI measured on the affected hand while measurements
were unchanged on the non-affected side.! In general sympathetic tone is
known to vary eyclically, and since surgical intensity varies during a pro-
cedure, this variation can be expected to be even larger.62 63

Also vasoconstrictors, used in a majority of our study patients, have,
at least in an ICU setting, been reported to decrease the performance of
PVI for predicting fluid-responsiveness.%4
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Discussion

Regarding non-invasive measurement of Hb, Study II confirms previ-
ous reports that

Oesophageal Doppler

The main advantage of oesophageal - is that it measures blood
flow velocity centrally in the descending aorta, and thus is
influencing more distal cardiac out-
put monitors. However besides practical difficulties with the device men-
tioned previously such as instability of the signal, the need of frequent re-
positioning and disturbances caused by diathermy or other electric devic-
es, the method has some further limitations. Firstly the

Secondly, aortic diameter is not measured but calculated, and
local changes such as stenosis will cause significant errors in flow calcula-
tion. Thirdly, the fraction of CO not passing the descending aorta (exiting
the aortic arch towards head and arms) is assumed to be constant, howev-
er this is probably not the case.®”

The key question for FloTrac is
of measurement are
and whether it is

wave and-it into

Clearly, local upstream impediments to flow in e.g. the radial artery
caused by anatomical (stenosis) or pharmacological (excessive dose of
vasoconstrictor) factors will influence calculation of CO. Likewise
e.g. by forced air
heating and/or a high thoracic epidural block, has been reported to result
in a

at the site
of blood
this local

undisturbed
to adequately

This could be expected to influence CO readings.®8 9 70 However
, at least during and after cardiac

surgery.” 72 Femoral and radial mean arterial pressures were similar in
these studies though.
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Besides fluids: inotropes and vasoconstrictors

Inotropes
Increasing plasma volume by fluid boluses is no end in itself but a way to
obtain a more adequate CO, which in its turn is a prerequisite for an ade-
quate DO.. Therefore many GDFT strategies contain a target value for
cardiac index (CI), which is CO/body surface area (BSA). In older studies
a CI of around 4.5 1/min/m2 was needed to obtain the target DO. with rea-
sonable Hb values. More recent studies usually use a minimal CI value of
2.5 I/min/m?2. Since many patients do not reach this CI target with fluids
alone, inotropes such as dobutamine or dopexamine, which increase car-
diac contractility, are often used to obtain a CI of 2.5 1/min/m2 or more in
patients deemed to be optimally filled. In Study IV dobutamine was need-
ed in 27 of 30 patients to maintain the target CI of at least 2.5 I/min/mz2.
However catecholaminergic inotropes increase cardiac oxygen consump-
tion and can thus lead to side effects such as cardiac ischaemia, and some
studies have found an overall negative effect of inotropes in patients un-
dergoing cardiac surgery or in patients with heart failure.”3

While some studies report beneficial effects of inotropes in abdominal
surgery,’4 Davies et al. reported no benefit of the addition of a low dose of
dopexamine to stroke-volume optimised patients, reflecting earlier find-
ings by Takala et al.7s 76 Pavlovich reported worse outcome in emergency
surgical patients randomised to a GDFT protocol including a target CI of
2.5 - 31/min/m?2 which necessitated dobutamine in about 50% of patients,
compared to patients who were only fluid-optimised guided by the dy-
namic parameter PPV.73 Therefore, although recommended by several
reviews,’2 and part of ongoing trial protocols (https://optimiseii.org/
documents), the role of inotropes in GDFT remains unclear.

Vasoconstrictors

Anaesthetic drugs cause venous vasodilation which in its turn causes a
“relative hypovolemia” resulting in decreased venous return and thus de-
creased CO. These drugs also cause arterial vasodilation and thus de-
creased arterial resistance, which results in decreased arterial pressure
even if CO is maintained.

These effects can be mitigated by increasing plasma volume with flu-
ids. However, when the anaesthetic drugs are discontinued at the end of
surgery, vascular tone will return and the fluids given earlier will now re-
sult in hypervolemia. Therefore it seems prudent to at least partially coun-
teract the vasodilation caused by anaesthesia with specific vasoconstrict-
ing drugs. However these drugs do have side-effects such as tachycardia,

52


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel



Discussion

and when given in too high dose could result in decreased local blood flow
through exaggerated vasoconstriction. Also, CO is known to decrease
when arterial resistance increases in patients with left ventricular failure.
Despite these possible drawbacks, the few randomised studies published
report positive results of the use of low doses of vasoconstrictors during
abdominal surgery.”” In Studies I and III vasoconstrictors were used in
most and in Study IV in all patients. In the specific case of oesophageal
resections, reported use of vasoconstrictors varies from “rarely neces-
sary”78 to being used routinely.79

Preoperative dehydration

Study II showed that on [average preoperative dehydration in elective sur-
gical patients in our setting was limited. However those patients who were
dehydrated handled an intravenous fluid load in a significantly different
way compared to euhydrated patients. Combined with other reports
showing a correlation between preoperative dehydration and postopera-
tive complications,8° 8! this might imply that adapting intraoperative fluid
treatment to preoperative hydration status could be beneficial. However
in what way fluid treatment should be adapted is unclear. Also, the uri-
nary analysis described in this thesis for diagnosing dehydration is diffi-
cult to use to guide intraoperative treatment as long as some of the pa-
rameters cannot be assessed bedside. It might be worthwhile to find a way
of assessing dehydration which can be performed bedside and evaluating
the effect of adapting intraoperative fluid administration accordingly.

Fluid kinetics could also be used to diagnose dehydration, however
serial invasive Hb measurements after a fluid bolus are unpractical in rou-
tine practice and the non-invasive measurement of Hb is at the moment
not reliable enough as mentioned previously.

The findings in Study II showing different fluid kinetics of a fluid bo-
lus in euhydrated and dehydrated patients could be perceived to be in
conflict with the fact that we found no correlation between dehydration
index and the volume of colloid given during induction and the first opti-
misation round. The latter result seems to indicate that the moderate de-
hydration in our cohort does not influence plasma volume, as has been
suggested by others.82 We can only speculate that there are other factors
related to hydration status beside plasma volume that influence the dis-
tribution of a crystalloid fluid load.
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Is GDFT evidence-based?

As mentioned previously, the present studies were designed with confi-
dence in the benefit of GDFT. This was the reason for having no control-
group without GDFT in Studies I-III and for the presumptions in the
sample size calculation in Study IV. This confidence was based on the ini-
tial reports on GDFT which showed impressive clinical results, and these,
possibly combined with potential economic benefits for manufacturers of
devices applied during GDFT, resulted in a large number of studies being
published on the subject. However not all of these have been able to con-
firm the beneficial effects of GDFT, including the relatively recent OPTI-

MISE study, to this date the largest in the field.®3 Still, a rapidly increasing
number of meta-analyses conclude virtually without exception that GDFT
has beneficial effects on clinical outcome. Some studies, using a technique
called trial sequential analysis, report that these findings are definite and
that more studies on this topic are not needed.84 85 86 Other authors how-
ever are still sceptical, pointing out that many modern studies have been
negative, that many studies are of low methodological quality and that the
positive effect found in meta-analyses actually could reflects bias on dif-
ferent levels of the scientific process.4¢ 87 Also, some recent meta-analyses
point out that the effects of GDFT in patients managed using modern fast-
track pathways such as ERAS are limited.88 This causes some authors to
call for more large-scale studies, while others start to wonder whether
traditional science will ever find an answer to this question and recom-
mend starting spending resources on making adequate care reliably avail-
able, instead of “chasing ever-decreasing marginal gains.”89 90 Several
large clinical trials on GDFT, such as FLO-ELA (using several devices)
(www.floela.org) and Optimise II (using FloTrac or Clearsight)9 are ongo-
ing.

GDFT studies and fluid restriction

It is well known that both overly liberal and overly restrictive periopera-
tive fluid infusion increase the risk of postoperative complications.92 In
modern clinical practice fluid overload seems to be more common than
too little fluid, despite the attention being given to the deleterious effects
of fluid overload.? 93 Interestingly, in the beginning of the GDFT era it was
argued that common parameters such as heart rate and blood pressure
could be normal despite significant hypoperfusion,’3 and therefore GDFT
was expected and reported to result in the administration of larger vol-
umes of fluids, especially colloids, compared to controls.%4 This is reflect-
ed by Study IV where the intervention group received a significantly larg-
er volume of colloids and a (non-significantly) increased total fluid infu-
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sion. However

even though

Figure 17. Difference in total fluid administration between intervention and con-
trol groups versus odds ratio for postoperative complications in the intervention
group compared to controls. Data from 11 trials on GDFT using uncalibrated
pulse contour methods in abdominal surgical patients. The large dot represents
Study IV.
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Another illustrative example is the study
by Colantonio et al.97 in patients undergoing cytoreductive surgery com-
bined with hyperthermic intraperitoneal chemotherapy, where the control
group received on average over eight litres of fluid intraoperatively. Even
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if fluid needs can be expected to be increased with this specific type of
surgical intervention, any strategy with or without GDFT which leads to a
decrease in such a fluid overload can be expected to improve outcome.
Still the improved outcome is attributed to the GDFT, and these conclu-
sions also influence subsequent meta-analyses. Thus, the amount of fluid
given to the control group might be an important factor when designing

and evaluating trials on GDFT.

Limitations

Factors influencing the predictive capacity of PVI (Studies I &
1IT)

In Study I we found a limited capacity of PVI to predict an increase in SV
after a fluid bolus as assessed by oesophageal Doppler. Some factors have
been reported to influence the predictive value of PVI. Broch et al.98 re-
ported an increase in predictive value of PVI when only higher PI values
were considered (> 4%), which was found in approximately half of their
patients. We did record though not report PI values in our studies, and
analysed the data regardless of PI values, reflecting the clinical practical
design of our work. PI was > 4 in 60% of measurements in Study I.

Also the site of measurement could influence the performance of PVI.
Measurements on the forehead usually result in better performance com-
pared to finger or ear measurements.99 100

Finally performance of dynamic parameters is improved by using
larger fluid boluses and larger tidal volumes. We used fluid boluses of 3
ml/kg up to 250 ml and feel that larger fluid boluses would lead to fluid
overload in this setting, where fluid boluses were expected to be used re-
peatedly throughout surgery. Most studies using 500 ml boluses only gave
one fluid bolus, and most were performed in an ICU setting.

We used a tidal volume of 7 ml/kg IBW in line with our clinical rou-
tine. In many studies it is not clear whether actual or ideal bodyweight is
used, but many recommend 4 tidal volume of at least 8 ml/kg.'o* This is
higher then recommended for protective ventilation during surgery,°2
and to what extent this will offset the benefit of increased performance of
dynamic parameters is unknown.

Categorical comparison between PVI and oesophageal Doppler
using Cohen’s kappa (Study I)

One could argue that our way of comparing PVI and oesophageal Doppler
for assessing the indication for and effect of a fluid bolus, as well as as-

56


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel



Discussion

sessing their predictive capability for fluid responsiveness, is too strin-
gent. For example, if PVI during surgery increased from 9 to 11%, while
SV at the same time decreased 8%, this was classified as (fluid bolus) in-
dicated according to PVI but not-indicated for SV, while one could argue
that the methods were “quite close”. Similarly, if SV after a fluid bolus in-
creased from 60 to 66 this would be defined as fluid responsiveness, while
an increase from 60 to 65 would be defined as non-fluid responsiveness.
Usually, when comparing trending ability of two CO monitors, cases with
small changes are usually excluded, since in these cases measurements
can be very close but still point at an opposite direction.03

Our reasons for choosing this stringent categorical approach were that
1. PVI and SV are different parameters, thus it is not straightforward to
define equally small and large changes for both of them, as one would be
able to do when comparing two devices for measuring SV; 2. the cut-off
value of 10% for changes in SV does not reflect clinical significance. In-
stead it is based on precision of measurement by the oesophageal Dop-
pler; thus changes < 10% might not reflect changes at all
(https://www.deltexmedical.com/us/product/edmplus/accuracy-
precision/), and 3. The decision of a clinician to administer a fluid bolus is
also categorical: fluid is either given or not. As mentioned above, the grey-
zone strategy has been claimed to solve this latter issue, however in our
opinion only to a very limited degree.

Nevertheless, the concordance analysis could have been expanded
with some form of (qualitative?) quantification of the agreement or dis-
agreement between the methods.

Definition of dehydration (Study IT)

In Study II volume kinetics were compared in the dehydrated group and
the hydrated group. Patients were classified as dehydrated if they had a
Dehydration Index (composed of 4 urinary measurements) of > 3.5. How-
ever dehydration is not a yes or no phenomenon. In a previous work, a DI
of 4 was used as a cut-off for indicating dehydration.33 The cut-off value of
> 3.5 in Study II was chosen post-hoc based on the calculated DI’s, in or-
der to have a sufficient number of patients in both groups, since only 4
patients had a DI of 4 or higher.

Superiority vs equivalence / non-inferiority

Study IV is classical superiority trial, i.e. our hypothesis was that goal-
directed fluid treatment would result in a better postoperative outcome.
In Study IIT however, we stated that “We hypothesised that there would
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be no difference between the groups [PVI vs OD] regarding these parame-
ters.” Thus, one could argue that this would call for an equivalence trial,
where the (alternative) hypothesis is that the “new treatment” is neither
significantly worse nor better than the standard treatment. However
equivalence trials are primarily used to compare pharmacokinetic profiles
of newer drugs compared to old ones, and are sometimes described to be
not suitable for clinical trials.1°4 Instead, in these settings non-inferiority
trials are usually used, where the (alternative) hypothesis is that the new
treatment is not significantly worse than the old.105

For these trials, a “maximally acceptable worse effect” (Anon-inferiority
(Ani)) needs to be chosen, amongst others for determining whether the
null-hypothesis can be rejected, and according to many the choice of An;
needs to be justified. However others claim that choosing Ay; is similar to
choosing the smallest significant effect in superiority studies, and that the
outcome of a non-inferiority trial should not be measured by whether the
null-hypothesis can be rejected but by looking at the actual effect and its
confidence interval.:°¢ They also claim that a non-inferiority study does
not automatically necessitate a larger sample size, as long as Aqp; is equal to
the corresponding smallest significant effect in superiority studies.

Another difference between superiority and non-inferiority trials is
that in superiority trials, an intention-to-treat analysis is considered the
most robust. This means that all patients receiving the intervention are
counted in, not taking into account protocol violations, which in theory
would decrease the effect of a treatment. On the contrary, in non-
inferiority trials, including patients with protocol violations increases the
chance of finding no difference between treatments. Therefore some ad-
vocate that in these cases a per-protocol analysis should be done, where
only patients that have been treated fully according to protocol are in-
cluded. In two PVI patients in Studies I and III access to oesophageal
Doppler data was requested and given for clinical reasons; these might be
excluded in a per-protocol analysis. Others however argue that to estab-
lish which patients have been treated according to protocol is highly sub-
jective and therefore should not be done even in non-inferiority studies.

Returning to Study III, it possibly should have been called a non-
inferiority study. However, contrary to our statement in the discussion
section of the published paper, it is not certain this would have entailed a
larger sample size. An intention to treat analysis might have been added
though, as well as a confidence interval.
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The application of composite endpoints (Studies III and IV)

In both Study III and IV clinical outcome in intervention and control
groups was measured by counting the incidence of a number of pre-
defined postoperative complications. The list of complications was modi-
fied before each study from the landmark study by Brandstrup et al.z07

Composite outcomes increase statistical power and might give a better
picture of the effect of an intervention compared to using one single pa-
rameter as outcome, however certain caveats apply.’°8 Most importantly,
the different components should reflect approximately similar severity; if
not, especially in combination with large differences in incidence, an in-
tervention resulting in a few but very severe complications might appear
favourable compared to a control group with a multitude of insignificant
complications. It can therefore be discussed whether it was appropriate
for Studies III and IV to analyse minor complications such as non-septic
infection together with major complications such as stroke and myocardi-
al infarction.

Also, if the occurrence of selected components is influenced in differ-
ent directions, statistical power decreases. This could be applied to the
fact that both pulmonary congestion and hypotension were scored as
components; these complications are typically assumed to be associated
with hyper- and hypovolemia respectively.

The above mentioned challenges can be compensated for by using
more advanced multivariate methods such as the common effect test or
the distinct effect test.2o8 However in Study III the total number of com-
plications in each group was reported as the main outcome, and in Study
IV the median number of complications per patient, both analysed using
the Mann-Whitney U-test, thus possibly losing information on heteroge-
neous treatment effects of the different components.

Still, based on the actual results as presented in detail in Table 7
(Study IIT) and Table 9 (Study IV), we do not think that the above-
mentioned issues have significant bearings on the conclusions of the stud-
ies, but we agree with Mascha and Sessler® on the importance of careful-
ly selecting the components of a composite outcome as well as the statisti-
cal tests to analyse the results. However, perfectly adapting the statistical
strategy to the patient population in each individual study makes compar-
isons with other studies more challenging.
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Future perspectives

Based on the findings of this thesis and other research, showing both
methodological issues and uncertainties about the clinical benefit of
GDFT, it is unlikely that a strict application of any single-value strategy,
such as optimisation of SV, PVI, and/or DO. by any specific monitor, will
lead to clinical benefit in all patients and under all conditions. Therefore,
we suggest that the elements of GDFT are incorporated in the general
clinical management of high-risk patients, i.e. the decision to administer
fluids and/or inotropes should be based on a holistic assessment of the
patient, including data on SV and dynamic parameters but also blood
pressure, fluid balance, lactate etc. Information on preoperative hydration
status should also be sought. In many instances some of these parameters
will contradict each other, and thus the decision to administer or refrain
from more fluids will always to some extent depend on the subjective
judgement of the practitioner.

In the vast majority of surgical patients a safe anaesthetic can be pro-
vided without access to measurement of CO or dynamic parameters.
However in some high risk cases measurement of CO might still be of
benefit, especially to investigate the reason for intraoperative hypoten-
sion.

We suggest that future studies should further investigate whether pe-
ripheral blood pressure measurements (e.g. in the radial artery) present
an adequate assessment of central blood pressure during haemodynami-
cally challenging surgery, and thus, as a corollary, whether calculation of
CO based on these peripheral blood pressure measurements are reliable.

Also, the benefits of preemptive treatment of preoperative dehydra-
tion need to be confirmed. Given the limited degree of overall dehydration
in our population, the question remains whether more fluids should be
given to all patients before surgery (e.g. by infusion of approximately 1.5
liter of crystalloid the night before surgery)3! or whether this only should
be applied to patients deemed to be significantly dehydrated. In these pa-
tients, e.g. those with severe ileus, it is also unclear whether a rapid or a
more slow correction of the fluid deficit should be aimed for.

Finally, since the veins contain most of the blood in the human body,
a more complex perspective on haemodynamics focusing on factors de-
termining venous return could in theory lead to a more adequate descrip-
tion of a patients’ circulatory state.’°9 However reliable measurements of
blood pressure, CO and CVP are required for this model, and therefore
the clinical benefits of this model are at the moment unknown.
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ERRATA IN PUBLISHED ARTICLES

Study |

Page 185 Table 1 last line. Should read: “... whether this first fluid bolus
was indicated or not according to Doppler.”

Page 187 Table 2 second last line. “Proportion” should read “Percentage”
(both occasions).

Page 189 Table 3. Number and range of neosynephrine in the Doppler
group. “11 640” should read “6 640”.

Supplemental Figure Si. This figure is mistakenly headed “Figure S2”.
Supplemental Table S1. This table is mistakenly headed “Table S3”.

Supplemental table S2. This table is mistakenly headed “Table S4”.

Study I

Page 1259 first column fourth paragraph. The date when ethical permis-
sion was obtained was 30 March 2011.

Page 1260 second column first paragraph. The line “Only DIs associated
with a standard deviation of < 1 are reported” should be omitted.

Page 1262 Table 2 and main text. In one dehydrated patient invasive Hb
measurements were lost. Thus kinetic data are reported from 19 euhy-
drated and 10 dehydrated patients.

First column line 5 “averaged 2.8” should read “had a median of 2.8”.

Page 1263 first column second line, should read “18 curves”.
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Appendix

APPENDIX

Table 1. Definition of complications used in Study III

Major complications
Anastomotic insuffi-
ciency

Lymphatic leakage
Bleeding

Sepsis

Wound dehiscence
Intestinal obstruction
Stroke

Pulmonary embolism

Requirement

Requiring operation

Requiring operation

Requiring operation

Severe sepsis or septic shock

Three or more of the following signs:

Temperature > 38 or < 36 °C

Heart rate > 90 min™

Respiratory rate > 20 min™ or P,CO, < 4.3 kPa or
ventilator treatment

White blood cells (WBC) > 12.000 ul” or < 4.000 pl™

or > 10% immature cells

At least two organ dysfunctions > 24 h

Circulatory: Systolic Blood Pressure < 90 mmHg or
MAP < 70 mmHg for at least one hour, despite ade-
quate fluid resuscitation, or stable haemodynamics
(Systolic Blood Pressure > 90 mmHg and MAP > 70
mmHg) using catecholamines.

Respiratory: P,O,/FO, < 33.3 kPa or P,O,/FO, < 27
kPa if primary pulmonary condition

Renal: Diuresis < 0.5 ml kg™ h™", or > 50% increase in
serum creatinine above baseline, or dialysis
Coagulation: Platelet count < 80.000 pl" or > 50%
decrease within 3 days

Metabolic: pH < 7.3 or Base Excess > - 5 combined

with serum lactate > 1.5 times normal value

Suture of the fascia

Requiring dilatation or operation

Clinical symptoms and findings on computed tomography

Sudden death or findings on computed tomography
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Deep vein thrombosis
Pulmonary oedema /
respiratory insufficien-
cy / pneumonia
Pleural effusion

Myocardial infarction

Arrhythmia
Cardiac arrest
Renal dysfunction

Liver dysfunction

Minor Complications
Superficial wound in-
fection or dehiscence
Infection

Paralytic ileus

Upper Gl bleeding

Pulmonary congestion

Requiring treatment, without pulmonary embolism

Ventilator treatment or Continuous Positive Airway Pressure
(CPAP) / Non-Invasive Ventilation (NIV) not exclusively for
prophylaxis of atelectasis

Drainage

1. Increase in serum levels of high-sensitivity Troponin T
above 15 ng I'", and an increasing or decreasing trend in
these serum levels based on at least two samples with at
least a 6-hour interval, and at least one of the following:

a. Typical symptoms: Typical chest pain for at least 15
minutes or pulmonary edema without any other cause.

b. ECG changes: Appearance of pathological Q-waves (dura-
tion > 0.03 sec and > 25% of R-wave amplitude) in at least 2
leads, or ischaemic ST-changes or appearance of left bundle
branch block (LBBB).

c. Imaging studies showing recent loss of viable myocardium
or appearance of regional wall motion abnormality,

or

2. Typical symptoms and ST increase / new LBBB / new
thrombus as seen on coronary angiography and no possibility
for further work-up because of sudden death.

Requiring medical treatment or electro-conversion
Cardiopulmonary resuscitation

Diuresis < 500 ml 24 h™", > 30% increase in serum creatinine
compared to baseline

Serum bilirubin > 100 pmol I" and prothrombin time (interna-
tional normalised ratio) (PT (INR)) > 1.6

Local inflammatory signs and specific antibiotic treatment

Fever and new antibiotic treatment not qualifying as sepsis

> 7 days without flatus

Clinical and/or endoscopic signs and specific treatment
Dyspnoea and auscultatory findings compatible with pulmo-

nary congestion, and pharmacological treatment
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Angina pectoris
Hypotension
Delirium

Coagulopathy

Severe postoperative
nausea and vomiting

Urinary retention

Pharmacological treatment

Requiring pharmacological treatment > 12 h

Requiring intervention

Platelet count < 100.000 plI”", PT (INR) > 1.6, activated partial
thromboplastin time > 50 s

Nausea and/or vomiting limiting mobilisation, and/or requiring
iv fluids, and/or causing prolonged length of stay

Urinary retention requiring catheter (excluding catheter as

required by local protocol)
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Table 2. Definition of complications used in Study IV

Major complications
Anastomotic insuffi-
ciency

Lymphatic leakage
Bleeding

Sepsis

Wound dehiscence
Intestinal obstruction
Stroke

Pulmonary embolism
Pulmonary oedema /
respiratory insufficien-

cy / pneumonia

Requirement

Requiring operation

Requiring operation

Requiring operation

Severe sepsis or septic shock

Three or more of the following signs:

Temperature > 38 or < 36 °C

Heart rate > 90 min™

Respiratory rate > 20 min™' or P,CO, < 4.3 kPa or
ventilator treatment

WBC > 12.000 pl™" or < 4.000 I’ or > 10% immature

cells

At least two organ dysfunctions > 24 h

Circulatory: Systolic Blood Pressure < 90 mmHg or
MAP < 70 mmHg for at least one hour, despite ade-
quate fluid resuscitation, or stable haemodynamics
(Systolic Blood Pressure > 90 mmHg and MAP > 70
mmHg) using catecholamines.

Respiratory: P,O,/FO, < 33.3 kPa or P,0O,/FO, < 27
kPa if primary pulmonary condition

Renal: Diuresis < 0.5 ml kg™ h™", or > 50% increase in
serum creatinine above baseline, or dialysis
Coagulation: Platelet count < 80.000 ul" or > 50%
decrease within 3 days

Metabolic: pH < 7.3 or Base Excess > - 5 combined

with serum lactate > 1.5 times normal value

Suture of the fascia

Requiring dilatation or operation

Clinical symptoms and findings on computed tomography

Sudden death or findings on computed tomography

Ventilator treatment or CPAP / NIV not exclusively for

prophylaxis of atelectasis
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Myocardial infarction

Bradycardia / ventricu-
lar arrhythmia
Hypotension

Renal failure

Minor Complications
Superficial wound in-
fection or dehiscence
Paralytic ileus
Pulmonary congestion

Atelectasis
Pneumonia

Other infection
Pleural effusion
Minor arrythmia
Delirium

Deep vein thrombosis

Renal dysfunction

Coagulopathy

1. Increase in serum levels of high-sensitivity Troponin T
above 15 ng I, and an increasing or decreasing trend in
these serum levels based on at least two samples with at
least a 6-hour interval, and at least one of the following:

a. Typical symptoms: Typical chest pain for at least 15
minutes or pulmonary oedema without any other cause

b. ECG changes: Appearance of pathological Q-waves (dura-
tion > 0.03 sec and > 25% of R-wave amplitude) in at least 2
leads, or ischaemic ST-changes or appearance of LBBB

c. Imaging studies showing recent loss of viable myocardium
or appearance of regional wall motion abnormality,

or

2. Typical symptoms and ST increase / new LBBB / new
thrombus as seen on coronary angiography and no possibility
for further work-up because of sudden death

Requiring medical treatment or electro-conversion

Requiring pharmacological treatment > 24 h

Requiring dialysis

Local inflammatory signs and specific antibiotic treatment

> 7 days without flatus

Dyspnoea and auscultatory findings compatible with pulmo-
nary congestion, and pharmacological treatment

Requiring treatment with CPAP / NIV

Fever or infiltrate on chest X-ray and antibiotic treatment
Fever and new antibiotic treatment not qualifying as sepsis
Drainage

Requiring intervention

Requiring intervention

Requiring treatment, without pulmonary embolism

Diuresis < 500 ml 24 h™', > 30% increase in serum creatinine
compared to baseline

Platelet count < 100.000 pl”, PT (INR) > 1.6, APTT > 50 s
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Other Other significant deviations from an uncomplicated postop-

erative course
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