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Fluid balance - the consequences of getting it wrong

….they may surprise you!
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59 yr old male 

Previously healthy  
Undergoing routine surgery 

Suddenly develops massive myocardial infarction 

Taken to ITU with cardiogenic shock 
low BP, low cardiac output, mottled skin 

low O2 sats and pulmonary oedema 
On “maximal” doses of inotropes 

Fluid or not?

Clinical Case



“Normal” microcirculatory flow?



Cardiogenic shock



Fluids or not ?

Michard & Teboul. Chest 121:2000-8, 2002

Calvin (Surgery 81)
Schneider (Am Heart J 88)

Reuse (Chest 90)
Magder (J Crit Care 92)
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Tavernier (Anesthesiology 98)
Magder (J Crit Care 99)

Tousignant (A Analg 00)
Michard (AJRCCM 00)

Feissel (Chest 01)

Mean
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71%
72%
63%
52%
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40%
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40%
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CONSEQUENCES OF TOO MUCH FLUID
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Background
The role of fluid resuscitation in the treatment of children with shock and life-
threatening infections who live in resource-limited settings is not established.
Methods
We randomly assigned children with severe febrile illness and impaired perfusion to 
receive boluses of 20 to 40 ml of 5% albumin solution (albumin-bolus group) or 0.9% 
saline solution (saline-bolus group) per kilogram of body weight or no bolus (control 
group) at the time of admission to a hospital in Uganda, Kenya, or Tanzania (stratum 
A); children with severe hypotension were randomly assigned to one of the bolus groups 
only (stratum B). Children with malnutrition or gastroenteritis were excluded. The pri-
mary end point was 48-hour mortality; secondary end points included pulmonary 
edema, increased intracranial pressure, and mortality or neurologic sequelae at 4 weeks.
Results
The data and safety monitoring committee recommended halting recruitment after 
3141 of the projected 3600 children in stratum A were enrolled. Malaria status (57% 
overall) and clinical severity were similar across groups. The 48-hour mortality was 
10.6% (111 of 1050 children), 10.5% (110 of 1047 children), and 7.3% (76 of 1044 
children) in the albumin-bolus, saline-bolus, and control groups, respectively (rela-
tive risk for saline bolus vs. control, 1.44; 95% confidence interval [CI], 1.09 to 1.90; 
P = 0.01; relative risk for albumin bolus vs. saline bolus, 1.01; 95% CI, 0.78 to 1.29; 
P = 0.96; and relative risk for any bolus vs. control, 1.45; 95% CI, 1.13 to 1.86; P = 0.003). 
The 4-week mortality was 12.2%, 12.0%, and 8.7% in the three groups, respectively 
(P = 0.004 for the comparison of bolus with control). Neurologic sequelae occurred 
in 2.2%, 1.9%, and 2.0% of the children in the respective groups (P = 0.92), and 
pulmonary edema or increased intracranial pressure occurred in 2.6%, 2.2%, and 1.7% 
(P = 0.17), respectively. In stratum B, 69% of the children (9 of 13) in the albumin-
bolus group and 56% (9 of 16) in the saline-bolus group died (P = 0.45). The results  
were consistent across centers and across subgroups according to the severity of 
shock and status with respect to malaria, coma, sepsis, acidosis, and severe anemia.
Conclusions
Fluid boluses significantly increased 48-hour mortality in critically ill children with 
impaired perfusion in these resource-limited settings in Africa. (Funded by the Med-
ical Research Council, United Kingdom; FEAST Current Controlled Trials number, 
ISRCTN69856593.)
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Objectives: To characterize current practice in fluid administra-
tion and deresuscitation (removal of fluid using diuretics or renal 
replacement therapy), the relationship between fluid balance, 
deresuscitative measures, and outcomes and to identify risk fac-
tors for positive fluid balance in critical illness.
Design: Retrospective cohort study.
Setting: Ten ICUs in the United Kingdom and Canada.
Patients: Adults receiving invasive mechanical ventilation for a 
minimum of 24 hours.
Interventions: None.
Measurements and Main Results: Four-hundred patients were 
included. Positive cumulative fluid balance (fluid input greater than 
output) occurred in 87.3%: the largest contributions to fluid input 
were from medications and maintenance fluids rather than resus-
citative IV fluids. In a multivariate logistic regression model, fluid 
balance on day 3 was an independent risk factor for 30-day mor-
tality (odds ratio 1.26/L [95% CI, 1.07–1.46]), whereas negative 
fluid balance achieved in the context of deresuscitative measures 
was associated with lower mortality. Independent predictors of 
greater fluid balance included treatment in a Canadian site.
Conclusions: Fluid balance is a practice-dependent and poten-
tially modifiable risk factor for adverse outcomes in critical illness. 
Negative fluid balance achieved with deresuscitation on day 3 of 
ICU stay is associated with improved patient outcomes. Minimiza-
tion of day 3 fluid balance by limiting maintenance fluid intake and 
drug diluents, and using deresuscitative measures, represents a 
potentially beneficial therapeutic strategy which merits investiga-
tion in randomized trials. (Crit Care Med 2018; XX:00–00)DOI: 10.1097/CCM.0000000000003276
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Too fluid much …….. endangers the Glycocalyx

The glyco…..what?



Ernest Starling: 1866-1927

SINGLE VASCULAR 
BARRIER

Intravascular space

Interstitial space

COP

COP

Hydrostatic pressure

Hydrostatic pressure



MICROVASCULAR FLUID EXCHANGE 
AND THE REVISED STARLING PRINCIPLE

Cardiovascular Research (2010) 87, 198–210

But.....

In experiments, even when the COP inside 
and outside of the vessel were equal, there 
was still effective COP drawing fluid in !



Albuminintravascular 
space

DOUBLE  VASCULAR BARRIER

Rehm et al Anesthesiology 2004;100:1211

glycocalyx

endothelial 
cells

interstitial 
space



Glycocalyx and SepsisELECTRON MICROSCOPY - GLYCOCALYXGlycocalyx and Sepsis



GLYCOCALYX - COMPONENTS

Pries et al Eur J Physiol; 440:653-666, 2000

heparan sulfate

hyaluronane

syndecan-1



HEALTHY  ENDOTHELIAL 
GLYCOCALYX

Nieuwdorp et al Curr Opin Lipidol 2005; 16:507

erythrocyte

plasma proteins

platelets

monocyte

plasma proteoglycan

vWF
antithrombin

NO synthase



DESTRUCTION  OF THE 
GLYCOCALYX

Nieuwdorp et al Curr Opin Lipidol 2005; 16:507

monocytes

adhering 
 platelets

leak of proteins

proteoglycans

loss of NO synthase



SEPSIS-DESTRUCTION OF 
GLYCOCALYX

Nieuwdorp et al Curr Opin Lipidol 2005; 16:507

TNF, endotoxin, 
leukocytes, I/R, ANP

Capillary leak



Healthy Sepsis Severe 
Sepsis

Septic 
Shock

**

GLYCOCALYX IN SEPSIS

Increased shedding of glycocalyx in plasma with increasing 
severity of illness...a prognostic factor
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Kohler et al Infection 39:117-118; 2011



VOLUME EFFECTS OF COLLOIDS ARE  
“CONTEXT SENSITIVE”
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38% 43%

Jacob et al Lancet 2007 16;369:1984-6
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18%

hypervolaemic 
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GLYCOCALYX ALTERATION

Atrial Natriuretic Peptide (ANP) 

a cardiac hormone released by acute volume loading

Isbister (1997) Trans Sci; 18:409-423

Tucker (1996) Am J Physiol; 271:R591



British Journal of Anaesthesia 99 (4): 500–8 (2007) 
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Am J Physiol Heart Circ Physiol 289: H1993–H1999, 2005

Control ANP

ANP “strips off” the glycocalyx



GLYCOCALYX - SUMMARY

❖ Vascular barrier function 

❖ Thrombocyte and leucocyte adhesion (“teflon”) 

❖ Inflammation 

❖ Vessel diameter

Jacob et al Anesthesiology 2006, 104:1223-1231 Jacob et al Cardiovasc Res 2007, 73:1235-1242

Large structure with important functions



GLYCOCALYX - IMPLICATED IN:

THE SEPTIC HEART 
Current Understanding of 
Molecular Mechanisms and 
Clinical Implications 

REVIEW Open Access

Shock induced endotheliopathy (SHINE)
in acute critical illness - a unifying
pathophysiologic mechanism
PärIngemar Johansson1,2,3*, Jakob Stensballe1,4 and SisseRye Ostrowski1

Abstract

One quarter of patients suffering from acute critical illness such as severe trauma, sepsis, myocardial infarction
(MI) or post cardiac arrest syndrome (PCAS) develop severe hemostatic aberrations and coagulopathy, which are
associated with excess mortality. Despite the different types of injurious “hit”, acutely critically ill patients share
several phenotypic features that may be driven by the shock. This response, mounted by the body to various
life-threatening conditions, is relatively homogenous and most likely evolutionarily adapted. We propose that
shock-induced sympatho-adrenal hyperactivation is a critical driver of endothelial cell and glycocalyx damage
(endotheliopathy) in acute critical illness, with the overall aim of ensuring organ perfusion through an injured
microvasculature. We have investigated more than 3000 patients suffering from different types of acute critical
illness (severe trauma, sepsis, MI and PCAS) and have found a potential unifying pathologic link between sympatho-
adrenal hyperactivation, endotheliopathy, and poor outcome. We entitled this proposed disease entity, shock-
induced endotheliopathy (SHINE). Here we review the literature and discuss the pathophysiology of SHINE.

Background
Acute critical illness such as trauma, sepsis, myocardial in-
farction (MI) and post cardiac arrest syndrome (PCAS) af-
fects more than five million patients in the EU annually [1].
Approximately one quarter of acutely critically ill patients
develop severe hemostatic aberrations resulting in coagulop-
athy [2–4], which in patients suffering from severe injury is
entitled trauma-induced coagulopathy (TIC) [4, 5], and in
patients with sepsis and PCAS (and by some also in trauma
[6]) entitled disseminated intravascular coagulation (DIC)
[7–10]. Acutely critically ill patients with coagulopathy have
been reported to have three to four times higher mortality
rates than their counterparts without coagulopathy, translat-
ing into a mortality rate of approximately 50%, which has
remained virtually constant for decades [4, 7, 10].
In studies of trauma patients, increasing injury severity

score (ISS) is associated with progressive hypocoagulability

[11, 12]. This could be regarded as counterintuitive from an
evolutionary perspective, as these patients are at high risk
of exsanguination and, therefore, would need an intact or
even improved hemostatic capacity of blood flow. We have
proposed that the coagulopathy observed in these patients
is a compensatory mechanism counterbalancing the shock-
induced pro-thrombotic vascular endothelium in the
microcirculation in order to secure sufficient organ per-
fusion in conditions with shock [12, 13]. Importantly,
systemic endothelial injury seems pivotal for the devel-
opment of organ failure and ensuing poor outcome [14,
15], pointing to a possible explanation of the associ-
ation between coagulopathy and poor outcome in acute
critical illness [8, 10, 16, 17].
The endothelium is one of the largest “organs” in the

body, with a total weight of approximately 1 kg and a
surface area of approximately 5000 m2 [18]. Endothelial
cells form the innermost lining of all blood and lymph-
atic vessels and extend to all reaches of the vertebrate
body. Far from being an inert layer of nucleated cello-
phane, the endothelium partakes in a wide array of
physiological functions, including control of vasomotor
tone, maintenance of blood fluidity, regulated transfer of

* Correspondence: per.johansson@regionh.dk
1Capital Region Blood Bank, Rigshospitalet Section for Transfusion Medicine,
Rigshospitalet, Copenhagen University Hospital, Blegdamsvej, 9DK-2100
Copenhagen, Denmark
2Department of Surgery, University of Texas Health Medical School, Houston,
TX, USA
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THE ENDOTHELIUM IN SEPSIS
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ABSTRACT—Sepsis affects practically all aspects of endothelial cell (EC) function and is thought to be the key factor in the
progression from sepsis to organ failure. Endothelial functions affected by sepsis include vasoregulation, barrier function,
inflammation, and hemostasis. These are among other mechanisms often mediated by glycocalyx shedding, such as
abnormal nitric oxide metabolism, up-regulation of reactive oxygen species generation due to down-regulation of endo-
thelial-associated antioxidant defenses, transcellular communication, proteases, exposure of adhesion molecules, and
activation of tissue factor. This review covers current insight in EC-associated hemostatic responses to sepsis and the EC
response to inflammation. The endothelial cell lining is highly heterogeneous between different organ systems and
consequently also in its response to sepsis. In this context, we discuss the response of the endothelial cell lining to sepsis
in the kidney, liver, and lung. Finally, we discuss evidence as to whether the EC response to sepsis is adaptive or maladaptive.
This study is a result of an Acute Dialysis Quality Initiative XIV Sepsis Workgroup meeting held in Bogota, Columbia,
between October 12 and 15, 2014.

KEYWORDS—Barrier function, blood, endothelium, glycocalyx, hemostasis, inflammation, microcirculation, sepsis

INTRODUCTION

The endothelial cell lining (ECL) of the vasculature is a
unique cellular system that coats the inside of blood vessels and
forms the interface between the circulating blood and the
parenchymal cells responsible for organ function. It is critical
for the regulation of hemostasis, vasomotor control, and
immunological function, by sensing and reaction through
secretion of molecules, which initiate transcellular and intra-
cellular signaling. In addition to these important functions, the
endothelium forms the essential vascular barrier for solute
transport and osmotic balance. Sepsis is associated with severe
endothelial cell (EC) dysfunction leading to dysregulation of
hemostasis and vascular reactivity, as well as tissue edema. This
failure of the ECL is considered central to the progression to
organ failure during sepsis.

This review discusses many of the latest insights into the
physiological function of the ECL and its dysfunction in
sepsis. Since many excellent reviews on the septic endo-
thelium have preceded this study (1), we have focused our
attention to studies published in the past 5 years. This
endeavor arose as a part of an international Acute Dialysis
Quality Initiative (ADQI) XIV Sepsis Workgroup meeting
held in Bogota, Columbia, between October 12 and 15, 2014,
in which the authors participated. This meeting addressed the
different cellular and subcellular aspects of sepsis, and the
working group of the present authors of this study focused
themselves on the role of endothelium in sepsis. In this
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SUMMARY AT A GLANCE

The endothelial glycocalyx on the surface
of vascular endothelial cells, an early
indicator of endothelial injury and a
potential marker of vascular injury, could
be demonstrated by a variety of methods
of assessment, including novel optical
approaches and might be a potential
therapeutic target.

ABSTRACT:

The endothelial glycocalyx is a layer comprised of proteins and carbohy-
drates on the luminal surface of vascular endothelial cells, thought to have
an important role in the health and function of the endothelium. Disrupted
by various pathophysiological conditions and linked with clinical out-
comes, it is increasingly recognized as an early indicator of endothelial
injury and a potential marker of vascular injury. In this review, we discuss
current methods of assessment (including novel optical approaches), evi-
dence for its use as a marker of vascular disease and its potential role in
relation to microalbuminuria and glomerular endothelial dysfunction.
Therapeutic strategies for restoration of the glycocalyx following injury are
also explored.

Conventional vascular risk factors such as hypertension,
hypercholesterolaemia, diabetes mellitus and smoking only
partially explain the high prevalence of cardiovascular dis-
ease in patients with chronic kidney disease (CKD).1,2 Non-
traditional risk factors such as uraemia, inflammation and
endothelial dysfunction are increasingly recognized as key
contributors to cardiovascular disease, the last of which is
characterized by an imbalance between small-vessel vasodi-
lation and vasoconstriction.3,4 Endothelial function can be
assessed by various techniques, including flow-mediated
vasodilation, carotid intima-medial thickness and through
measurement of serum biomarkers. Another potential
assessment target discovered in recent years is the endothe-
lial glycocalyx (EG), increasingly recognized as a novel bio-
marker of vascular damage. In vascular disease, both risk
and event rates have been shown to correlate with mea-
sures of the EG5,6 which is affected at different stages of
CKD, including haemodialysis and transplant.7–9 Some stud-
ies have also linked it with microalbuminuria.10 Here, we

outline the structure of the EG and current available
methods of its assessment. We discuss its potential as a
marker of endothelial health and vascular disease, and
whether glycocalyx studies performed in kidney disease and
microalbuminuria can be correlated with endothelial dys-
function. We also provide a brief overview of therapeutic
strategies for EG preservation.

STRUCTURE OF THE ENDOTHELIAL
GLYCOCALYX

The EG is a mesh of proteoglycans and glycoproteins lining
the endothelial lumen of all blood vessels.11 The EG lines
both fenestrated and non-fenestrated capillaries, some more
densely and uniformly than others – for example, the EG in
sinusoidal capillaries is sparse, whereas it is continuous in
brain tight junctions. In glomerular capillaries, the EG layer
itself is fenestrated, although it also extends into and lines
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Endothelial glycocalyx degradation is 
more severe in patients with non-pulmonary 
sepsis compared to pulmonary sepsis 
and associates with risk of ARDS and other 
organ dysfunction
Laura S. Murphy1, Nancy Wickersham2, J. Brennan McNeil2, Ciara M. Shaver2, Addison K. May3, 
Julie A. Bastarache2 and Lorraine B. Ware2,4*

Abstract 
Background: Disruption of the endothelial glycocalyx contributes to acute lung injury in experimental sepsis but 
has not been well studied in humans. To study glycocalyx degradation in sepsis-induced ARDS, we measured plasma 
levels of syndecan-1, a marker for glycocalyx degradation.

Methods: The present study is a retrospective observational study of 262 ventilated medical ICU patients at risk of 
ARDS due to severe sepsis and APACHE II ≥ 25. Plasma syndecan-1 was measured at study enrollment. Primary analy-
sis focused on the association between syndecan-1 levels and the development of ARDS, other organ dysfunction 
(Brussels criteria), or in-hospital mortality.

Results: Overall, 135 (52%) patients developed ARDS. In patients with non-pulmonary sepsis, syndecan-1 levels 
were associated with ARDS (p = 0.05). Regardless of etiology of sepsis, higher syndecan-1 levels were associated with 
hepatic (p < 0.001), renal (p = 0.003), coagulation (p = 0.001), and circulatory (p = 0.02) failure as well as in-hospital 
mortality (p = 0.001), and there was a significant association between syndecan-1 levels and the number of vaso-
pressors required in the first 24 h (p < 0.001). In addition, elevated syndecan levels were independently predictive of 
mortality in multivariable logistic regression adjusted for age and APACHE II score (odds ratio 1.85 per log increase in 
syndecan-1, 95% CI 1.056–3.241, p = 0.03).

Conclusion: The extent of endothelial glycocalyx degradation is associated with non-pulmonary organ dysfunction 
in subjects with sepsis and is associated with ARDS but only in the subgroup with non-pulmonary sepsis. Measure-
ment of syndecan-1 levels in sepsis patients might be useful for identifying patients at high risk of organ dysfunction 
and mortality as well as those who could benefit from therapies targeted at protecting or restoring the glycocalyx.

Keywords: Syndecan-1, Glycocalyx, Sepsis, Acute respiratory distress syndrome (ARDS)
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Glycocalyx and its involvement in clinical
pathophysiologies
Akira Ushiyama1, Hanae Kataoka2 and Takehiko Iijima2*

Abstract

Vascular hyperpermeability is a frequent intractable feature involved in a wide range of diseases in the
intensive care unit. The glycocalyx (GCX) seemingly plays a key role to control vascular permeability. The GCX
has attracted the attention of clinicians working on vascular permeability involving angiopathies, and several
clinical approaches to examine the involvement of the GCX have been attempted. The GCX is a major
constituent of the endothelial surface layer (ESL), which covers most of the surface of the endothelial cells
and reduces the access of cellular and macromolecular components of the blood to the surface of the
endothelium. It has become evident that this structure is not just a barrier for vascular permeability but
contributes to various functions including signal sensing and transmission to the endothelium. Because GCX is
a highly fragile and unstable layer, the image had been only obtained by conventional transmission electron
microscopy. Recently, advanced microscopy techniques have enabled direct visualization of the GCX in vivo,
most of which use fluorescent-labeled lectins that bind to specific disaccharide moieties of glycosaminoglycan
(GAG) chains. Fluorescent-labeled solutes also enabled to demonstrate vascular leakage under the in vivo
microscope. Thus, functional analysis of GCX is advancing. A biomarker of GCX degradation has been clinically
applied as a marker of vascular damage caused by surgery. Fragments of the GCX, such as syndecan-1 and/or
hyaluronan (HA), have been examined, and their validity is now being examined. It is expected that GCX
fragments can be a reliable diagnostic or prognostic indicator in various pathological conditions. Since GCX
degradation is strongly correlated with disease progression, pharmacological intervention to prevent GCX
degradation has been widely considered. HA and other GAGs are candidates to repair GCX; further studies are
needed to establish pharmacological intervention. Recent advancement of GCX research has demonstrated
that vascular permeability is not regulated by simple Starling’s law. Biological regulation of vascular
permeability by GCX opens the way to develop medical intervention to control vascular permeability in
critical care patients.

Keywords: Glycocalyx, Vascular permeability, Starling’s law, Endothelial surface layer, Hyaluronan, Heparan
sulfate, Syndecan-1, Sepsis, Lectin, Leukocyte

Abbreviations: ADHF, Acute decompensated heart failure; ANP, Atrial natriuretic hormone; BSA, Bovine serum
albumin; ESL, Endothelial surface layer; FFP, Fresh frozen plasma; FITC, Fluorescein isothiocyanate;
GAG, Glycosaminoglycan; GCX, Glycocalyx; HA, Hyaluronan; HS, Heparan sulfate; LPS, Lipopolysaccharide;
PG, Proteoglycan; TEM, Transmission electron microscopy; TPLSM, Two-photon laser scanning microscope;
VEGF, Vascular endothelial growth factor
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The effect of pre-operative methylprednisolone on early
endothelial damage after total knee arthroplasty: a randomised,
double-blind, placebo-controlled trial
V. Lindberg-Larsen,1 S. R. Ostrowski,2 M. Lindberg-Larsen,3 M. L. Rovsing,4 P. I. Johansson5,6

and H. Kehlet7

1 Research Fellow, 7 Professor, Section for Surgical Pathophysiology, The Lundbeck Foundation Centre for Fast-Track
Hip and Knee Arthroplasty, 2 Associate Professor, 5 Professor, Section for Transfusion Medicine, Capital Region Blood
Bank, Copenhagen University Hospital, Rigshospitalet, Copenhagen, Denmark
3 Consultant Orthopaedic Surgeon, Department of Orthopaedic Surgery, 4 Consultant Anaesthetist, Department of
Anaesthesiology and Intensive Care Medicine, Copenhagen University Hospital, Bispebjerg and Frederiksberg, Denmark
6 Associate Professor, Department of Surgery, University of Texas Health Sciences, Houston, Texas, USA

Summary
We wished to evaluate whether inhibition of the systemic inflammatory response by a single pre-operative dose of
methylprednisolone reduced markers of early endothelial damage after fast-track total knee arthroplasty. We randomly
allocated 70 patients undergoing elective unilateral total knee arthroplasty (1:1) to receive either pre-operative intravenous
methylprednisolone 125 mg (methylprednisolone group) or isotonic saline (control group). All procedures were per-
formed under spinal anaesthesia without a tourniquet, using a standardised multimodal analgesic regime. The outcomes
included changes in Syndecan-1 concentrations, a marker of glycocalyx degradation, markers of endothelial cell damage
and activation (plasma soluble thrombomodulin and sE-Selectin), and permeability by vascular endothelial growth factor,
as well as C-reactive protein concentrations. Blood samples were collected at baseline and 2 h, 6 h and 24 h after surgery,
with complete sampling from 63 patients for analyses. Methylprednisolone significantly reduced markers of endothelial
damage at 24 h following surgery compared with saline (methylprednisolone group vs. control group, adjusted means
(SEM)) expressed by circulating Syndecan-1: 11.6 (1.0) ng.ml!1 vs. 13.4 (1.1) ng.ml!1 p = 0.046; soluble thrombomod-
ulin: 5.1 (0.1) ng.ml!1 vs. 5.7 (0.2) ng.ml!1, p = 0.009; sE-Selectin: 64.8 (1.8) ng.ml!1 vs. 75.7 (1.9) ng.ml!1, p = 0.001,
and vascular endothelial growth factor: 35.3 (2.7) ng.ml!1 vs. 58.5 (2.8) ng.ml!1, p < 0.001. The effect of the intervention
increased with time for soluble thrombomodulin, sE-Selectin and vascular endothelial growth factor, and was more pro-
nounced in patients with high baseline values. Finally, methylprednisolone reduced the C-reactive protein response 24 h
postoperatively; 31.1 (1.1) mg.l!1 vs. 68.4 (1.1) mg.l!1, p < 0.001. Pre-operative administration of methylprednisolone
125 mg reduced circulating markers of endothelial activation and damage, as well as the systemic inflammatory response
(C-reactive protein) early after fast-track total knee arthroplasty. These findings may have a positive effect on surgical out-
come, but require studies in major surgery.
.................................................................................................................................................................
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The impact of the glycocalyx on microcirculatory oxygen
distribution in critical illness
Daniel Chappella, Martin Westphalb and Matthias Jacoba

Introduction
Systemic inflammation is a common feature of critically
ill patients [1]. Maintaining aerobic metabolism as far as
possible during the complete healing process is essential
to the organs energy balance. Notably, aerobic degra-
dation of 1 mol glucose to carbon dioxide and water
delivers 36 mol of adenosine-tri-phosphate (ATP),
whereas the alternative anaerobic way down to lactate
only provides 2 mol of ATP. Additionally, accumulation
of lactate may result in metabolic acidosis and is strongly
related to increased mortality in patients suffering from
circulatory failure [2]. In patients with septic shock,
serum lactate concentration was better related to patient
survival than alternative oxygen transport parameters [3].
Nevertheless, the severity and duration of arterial hypo-

tension and inadequacy of cardiac output, as reflected by
a decrease in central venous oxygen saturation, have also
been related to a poor outcome. In this situation, early
goal-directed therapy can improve and stabilise macro-
haemodynamics achieving a balanced oxygen supply/
demand relationship [4]. However, also persistent
microvascular perfusion derangements play a pivotal role
in the patients way to multiple organ failure and death
[5].

Physiological metabolism requires an adequate oxygen
delivery to organs and tissues with cardiac output and
arterial oxygen content representing the macrohaemody-
namical determinants. However, the combination with
an adequate microcirculatory oxygen distribution and
utilization is crucial. This review article elucidates the
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Purpose of review
Main problems of critical illness and sepsis are an altered oxygen distribution and
microvascular dysfunction linked to tissue oedema. This review seeks to analyse the role
of the endothelial glycocalyx in this context.
Recent findings
The presence of vascular leakage is typically associated with interstitial oedema,
arterial hypotension, hypovolaemia and often a bad outcome in patients with
systemic inflammation. Early goal-directed therapy provides significant benefits in
severe sepsis and septic shock, but is mostly aimed at improving
macrohaemodynamics. Recent data suggest that microcirculation also contributes
significantly to the pathophysiology of critical illness. In fact, the endothelial glycocalyx
plays a major role in vascular barrier competence. According to experimental evidence,
it can easily be degraded in the presence of inflammation, but, theoretically also
protected by several measures. Clinical studies revealed a positive correlation of the
severity of sepsis and ischaemia with mortality, but also with a deterioration of the
endothelial glycocalyx. Future investigation should focus on the preservation of this
structure and assess microcirculatory variables to judge the success of
cardiocirculatory therapy.
Summary
Deterioration of the endothelial glycocalyx initiates a breakdown of the vascular barrier in
systemic inflammatory response syndrome and sepsis. Preserving this structure in
critical illness might be a future therapeutical goal to improve microcirculatory oxygen
distribution.

Keywords
endothelium, glycocalyx, microcirculation, oxygen distribution, sepsis, systemic
inflammatory response syndrome
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THE GLYCOCALYX AND TRAUMA: A REVIEW
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ABSTRACT—In the United States trauma is the leading cause of mortality among those under the age of 45, claiming
approximately 192,000 lives each year. Significant personal disability, lost productivity, and long-term healthcare needs are
common and contribute 580 billion dollars in economic impact each year. Improving resuscitation strategies and the early
acute care of trauma patients has the potential to reduce the pathological sequelae of combined exuberant inflammation and
immune suppression that can co-exist, or occur temporally, and adversely affect outcomes. The endothelial and epithelial
glycocalyx has emerged as an important participant in both inflammation and immunomodulation. Constituents of the
glycocalyx have been used as biomarkers of injury severity and have the potential to be target(s) for therapeutic interventions
aimed at immune modulation. In this review, we provide a contemporary understanding of the physiologic structure and
function of the glycocalyx and its role in traumatic injury with a particular emphasis on lung injury.

KEYWORDS—Endothelium, epithelium, glycocalyx, glypican, heparan sulfates, inflammation, pneumonia, syndecan,
trauma, wounds

INTRODUCTION

The goal of this review was to provide state-of-the-art
knowledge on the composition and function of the glycocalyx
present on both endothelial and epithelial cells as they relate to
the pathophysiology of trauma. In the first half of this review,
we will present an accumulating body of evidence suggesting
that immediate post-traumatic plasma concentrations of gly-
cocalyx constituents are a reasonable measure of injury severity
and clinical outcome and may contribute to trauma-induced
coagulopathy. We assume that trauma-induced increases in
plasma concentration of glycocalyx elements are derived from
shedding of the vascular endothelial surface and thus, we feel it
is important to provide the appropriate historical and scientific
background about the lung endothelial glycocalyx. In the latter
half of this review, we turn our attention to the glycocalyx
present on epithelial cells and review the literature regarding its
role in the host response to pneumonia. Glycocalyx constituents
expressed on lung epithelial cells appear to play an important
role in modulating the host response to bacterial infection and
resolution of inflammatory processes.

In the global context of both normal physiology and trauma
injuries, the endothelial glycocalyx plays an important role in

vascular permeability (1) by limiting protein and solvent flux
into the cell junction; it regulates leukocyte and platelet inter-
action with adhesion cell molecules on the endothelial surface
(2) thus influencing the local inflammatory cascade and the
heparan sulfate component modulates the local cell surface
coagulation system (3). Trauma-induced activation of neutro-
phil-derived proteases and tissue-derived MMPs results in
cleavage and loss of cell surface HSPG, exposing ICAM and
selectins that promotes leukocyte and platelet adhesion to the
endothelium (4–6); this adhesion induces further release of
cytokines, proteases, and heparanase that worsens glycocalyx
degradation, causes endothelial cell contraction (7), and, en
total, increases permeability. The glycocalyx also participates
in oxidative signaling induced by mechano-transduction (8)
that, in turn, influences both barrier regulation and immune-cell
adhesion in response to acute changes in blood pressure and
flow (1,9) that occur during hemorrhagic shock. Importantly,
shed proteoglycan ectodomains, and free HS chains function as
a Danger-Associated Pattern Molecule (DAMP) that activate
TLR-2 and -4 (10) and HS are cofactor(s) for HMBG1 in order
to bind to and activate RAGE (11,12). The soluble HS chains
likely contribute to auto-heparinization that is part of the
coagulopathy of trauma (13,14). Hyaluronan fragments,
released from the glycocalyx during acute inflammation, are
also DAMPS that can activate TLR-dependent pathways. In the
broad scheme of trauma, components from the glycocalyx
contribute to the propagation of sterile inflammation but,
concurrently, also contribute to immunosuppression via
TLR-dependent processes (15). These two factors likely
explain why plasma concentrations of syndecan-1 are so highly
correlated with the severity of injury and outcomes following
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The endothelial glycocalyx (EG) is a complex and mul-
ticomponent layer of macromolecules at the luminal 
surface of vascular endothelium. This concept was 

proposed more than 70 years ago and its composition is 
well studied as detailed in 2 reviews1,2; however, its role 
in mechanisms of endothelial protection and injury and 
subsequent clinical implications have just recently become 
evident. The EG consists of a variety of endothelial mem-
brane–bound molecules, including glycoproteins and pro-
teoglycans, that provide the basis for plasma–endothelial 
cell interaction. EG structure, although well characterized 
in vitro, is poorly defined in vivo because of its dynamically 
changing composition by self-assembly and enzymatic deg-
radation or shear-dependent shedding of its elements. Its 
major constituents are hyaluronic acid and the negatively 
charged heparan sulfate proteoglycans. Together with gly-
cosaminoglycans (GAGs) and plasma proteins, the EG layer 
as a whole forms the endothelial surface layer (ESL) that 
acts as a barrier to circulating cells and large molecules. 
Considerable prognostic and therapeutic promise lies with 
the emergence of the EG as a key mediator of endothelial 
dysfunction in pathogenic states, particularly with regard to 
vascular permeability and edema formation. Several studies 
have demonstrated the role of the EG in plasma/interstitial 
fluid balance and solute exchange,3–5 mechanotransduction 

that couples intravascular pressure and shear stress (i.e., 
biomechanical forces) to endothelial cell responses (i.e., bio-
chemical signals),6 and the inflammatory response cascade 
via physical blockade of neutrophils to the endothelial cell 
surface.7–9 This review explores the emerging evidence for 
the role of the EG in vascular permeability, examines evi-
dence for modulation by the EG of inflammatory processes 
that lead to edema formation, and provides insight into the 
role of the EG in the development of pulmonary edema and 
lung injury. The concept of the glycocalyx as a mechano-
transducer of pathophysiologic signals in the pathogenesis 
of lung injury after pulmonary resection surgery is also 
explored.

THE STARLING EQUATION AND PULMONARY 
EDEMA
Our understanding of vascular permeability as well as 
plasma/interstitial fluid movement and edema formation 
has changed with recognition of and insight into the EG, a 
meshwork of proteins and soluble components that forms 
a major barrier to water and plasma protein exchange. The 
fundamental principle guiding microvascular filtration and 
transcapillary fluid shifts was proposed in 1896 by Starling10; 
however, this traditional model has been revised given our 
current, more sophisticated view of the endothelial barrier 
and its dynamic components. Starling10 initially devised a 
series of experiments showing that fluid movement across 
the walls of capillaries (and postcapillary venules) is pas-
sive and dependent on pressure gradients across the endo-
thelium. He suggested that fluid filtration is a balance 
between opposing hydrostatic and colloid (protein) osmotic 
pressures. Since hydrostatic pressure decreases along a 
capillary, it follows that filtration occurs along the arterial 
end of capillaries and reabsorption at the venous end of 
capillaries, though this model has been challenged in more 
recent years.11,12 Not until decades later did Starling’s initial 
observations become expressed in mathematical format,13,14 
known as the Starling equation:
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The endothelial glycocalyx is a dynamic layer of macromolecules at the luminal surface of 
vascular endothelium that is involved in fluid homeostasis and regulation. Its role in vascular 
permeability and edema formation is emerging but is still not well understood. In this special 
article, we highlight key concepts of endothelial dysfunction with regards to the glycocalyx and 
provide new insights into the glycocalyx as a mediator of processes central to the development 
of pulmonary edema and lung injury.  (Anesth Analg 2013;117:664–74)
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Hypervolemia increases release of atrial natriuretic
peptide and shedding of the endothelial glycocalyx
Daniel Chappell1†, Dirk Bruegger1*†, Julia Potzel1, Matthias Jacob1, Florian Brettner1, Michael Vogeser2,
Peter Conzen1, Bernhard F Becker3 and Markus Rehm1

Abstract

Introduction: Acute normovolemic hemodilution (ANH) and volume loading (VL) are standard blood-sparing
procedures. However, VL is associated with hypervolemia, which may cause tissue edema, cardiopulmonary
complications and a prolonged hospital stay. The body reacts to hypervolemia with release of atrial natriuretic
peptide (ANP) from the heart. ANP has been shown to deteriorate the endothelial glycocalyx, a vital part of
the vascular permeability barrier. The aim of the present study was to evaluate and compare ANP release and
damage to the glycocalyx during ANH and VL.

Methods: ANH or VL with 6% hydroxyethyl starch 130/0.4 was administered prior to elective surgery in patients of
good cardiopulmonary health (n =9 in each group). We measured concentrations of ANP in plasma and of three main
constituent parts of the glycocalyx (hyaluronan, heparan sulfate and syndecan 1) in serum before and after ANH or VL.
Heparan sulfate and syndecan 1 levels in urine were also determined.

Results: In contrast to ANH, VL (20 ml/kg) induced a significant release of ANP (approximately +100%, P <0.05) and
increased the serum concentration of two glycocalyx constituents, hyaluronan and syndecan 1 (both by about 80%,
P <0.05). Elevation of syndecan 1 was also detected in the urine of patients undergoing VL, but no increase was found
in patients undergoing ANH. Heparan sulfate levels were not influenced by either procedure.

Conclusion: These data suggest that hypervolemia increases the release of ANP and causes enhanced shedding of the
endothelial glycocalyx. This perturbation must be expected to impair the vascular barrier, implying that VL may not be
as safe as generally assumed and that it should be critically evaluated.

Introduction
On the surface of healthy vascular endothelium resides a
structure, the endothelial glycocalyx, that consists of
extracellular domains of receptor, adhesion and channel
proteins and, foremost, of molecules such as trans-
membrane syndecan 1 (bearing covalently bound, highly
negatively charged glycosaminoglycans, such as heparan
and chondroitin sulfates) and the receptor-bound, long-
chained hyaluronic acid molecule [1,2]. Together with
bound plasma proteins and glycosaminoglycans, the gly-
cocalyx forms the endothelial surface layer with a func-
tional thickness of more than 1 μm [3,4]. Disruption
of the glycocalyx has been shown to increase capillary

permeability and firm attachment of leukocytes and blood
platelets, leading to tissue edema, suggesting that the gly-
cocalyx acts as a competent permeability barrier and anti-
adhesive interface with blood [5]. In patients in septic
shock, glycocalyx shedding has been found to be associ-
ated with increased mortality and to be an independent
predictor of mortality in trauma patients [6-8].
Traditional perioperative fluid therapy is often per-

formed in a liberal manner, leading to fluid overload and
tissue edema. In clinical studies, hypervolemia has been
shown to have detrimental influences on several aspects
of patient outcome, including cardiopulmonary complica-
tions, anastomotic insufficiency, length of hospital stay,
duration of mechanical ventilation and mortality [9-11].
One possible underlying trigger may be the release of
atrial natriuretic peptide (ANP) from the cardiac atria in-
voked by mechanical wall stress [12]. ANP is known to in-
duce rapid shifts of intravascular fluid into the interstitial
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D.I.C. (“DEATH IS COMING”)



TOO FLUID MUCH …….. “BACK PRESSURE”



“Venous congestion rather than CI is the most important 
hemodynamic factor driving worsening renal function in 

advanced heart failure.”
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“Cardiac liver”

❖ Chronic passive congestion 

❖ Necrosis 

❖ Haemorrhage 

❖ Mottled appearance 

(“Nutmeg Liver”)



“Right ventricular failure and intestinal congestion may trigger 
malabsorption of nutrients, and increased translocation of bacteria”
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Bacterial translocation



CONSEQUENCES OF TOO 
LITTLE FLUID



ICM (1997) 23: 276–281

Effects of compensated “hypovolaemia” on gut

600 ml → 

6 healthy volunteers bled 2 x 600 ml

BP,  HR,  cardiac output  

Gut intramucosal pH

1200 ml → 

BP,  HR 

Cardiac output
Gut intramucosal pH

Re-transfusion → variables recovered, but “flu-like” symptoms
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Review Article

Peri-operative fluid management to enhance recovery
R. Gupta1 and T. J. Gan2

1 Assistant Professor, 2 Professor and Chairman, Department of Anaesthesia, Stony Brook University School of Medi-
cine, Stony Brook, New York, USA

Summary
‘Enhanced recovery after surgery’ protocols implement a series of peri-operative interventions intended to improve
recovery after major operations, one aspect of which is fluid management. The pre-operative goal is to prepare a
hydrated, euvolaemic patient by avoiding routine mechanical bowel preparation and by encouraging patients to drink
clear liquids up to two hours before induction of anaesthesia. The intra-operative goal is to achieve a ‘zero’ fluid balance
at the end of uncomplicated surgery: goal-directed fluid therapy is recommended for poorly prepared or sick patients or
those undergoing more complex surgery. The postoperative goal is eating and drinking without intravenous fluid
infusions. Postoperative oliguria should be expected and accepted, as urine output does not indicate overall fluid status.
.................................................................................................................................................................
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Email: tong.gan@stonybrookmedicine.edu
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Introduction
Postoperative ‘fast-track’ programs evolved into ‘en-
hanced recovery after surgery’ pathways, which imple-
ment a series of pre-operative, intra-operative and
postoperative interventions to enhance recovery after
major operations. The goal is to minimise postopera-
tive side-effects and to encourage patient activity. Peri-
operative care is co-ordinated through evidence-based
protocols, from the pre-operative clinic to the postop-
erative care team. The reliable delivery of evidence-
based care is the mainstay of enhanced recovery.

An important aspect of peri-operative care is fluid
management. Peri-operative fluid overload has been
associated with increased morbidity [1], and its avoid-
ance may improve outcomes after major elective gas-
trointestinal and thoracic surgery [2]. A multicentre
Danish study showed that intra-operative fluid restric-
tion, independent of the amount of fluid given before
or after surgery, halved the rate of postoperative com-
plications [3]. Litres of crystalloid administered on the

first postoperative day have been associated with post-
operative ileus and delayed hospital discharge [4].
Hypoproteinaemia caused by crystalloid infusion may
delay gastric emptying, small bowel transit and cause
postoperative ileus [5–7]. Peri-operative fluid manage-
ment deserves more scrutiny by anaesthetists, surgeons
and other members of the healthcare team.

In this review, we evaluate the evidence for fluid
management in patients undergoing surgery within an
enhanced recovery pathway.

Pre-operative fluid management
The patient should come to the operating room in a
‘fed’, euvolaemic state as this reduces the haemody-
namic effects caused by the induction of anaesthesia,
compared with a ‘starved’, hypovolaemic state [8].
Guidelines recommend the consumption of clear fluids
up to two hours before anaesthesia [9]. A 12.5%
maltodextrin carbohydrate drink is an alternative to
water, 400 ml of which are emptied from the stomach

40 © 2015 The Association of Anaesthetists of Great Britain and Ireland

Anaesthesia 2016, 71 (Suppl. 1), 40–45 doi:10.1111/anae.13309

“… suggest that within an enhanced recovery protocol, 
oliguria should be anticipated and permitted…”
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Acute kidney injury (AKI) is an abrupt decline of 
the kidney function that occurs within a few hours 
or days. The term AKI appreciates that smaller 

declines in kidney function that do not result in overt organ 
failure are still of clinical relevance and are associated with 
increased morbidity and mortality.1 AKI is a possible revers-
ible syndrome that can develop in patients with and with-
out comorbidities. Sepsis, major surgery, and various drugs 
are the leading causes of AKI.1 Although AKI is a common 
complication in the perioperative period, it remains an 
underdiagnosed clinical condition. The consensus criteria 
that were developed recently have helped to attract more 

attention toward this serious clinical syndrome.2 Based on 
the new definition, AKI is now being diagnosed more fre-
quently over the last 2 decades. The new consensus defi-
nition is based exclusively on urine output and/or serum 
creatinine (SCr), thereby classifying different AKI severity 
stages (Table  1).2 Since the advent of standard criteria for 
AKI culminating in the Kidney Disease: Improving Global 
Outcomes (KDIGO) criteria,2 there has been an increased 
appreciation for AKI in terms of both its frequency and 
impact on survival. Furthermore, even mild changes in 
kidney function, as assessed by SCr, urine output, or both, 
seem to be associated with short- and long-term adverse 
outcomes. However, both functional markers have several 
limitations, including the inability to allow an early diagno-
sis. Thus, there is a need for an early identification of high-
risk patients to immediately initiate preemptive treatment.

During the 2018 IARS meeting in Chicago, we had an 
Anesthesia & Analgesia-sponsored symposium dealing with 
the most important aspects of perioperative AKI, including 
epidemiology and pathophysiology of surgery-associated 
AKI (SA-AKI), importance of intraoperative oliguria, and 
potential preventive strategies. This review summarizes the 
talks and covers these aspects.

EPIDEMIOLOGY
AKI is a frequently occurring complication during a hos-
pital stay. In the United States, AKI is estimated to occur in 
12% of hospital admissions, affecting 2.2 million hospital-
ized people per year. This comes with a death toll of 220,000 
patients per year, an increase of the length of hospital stay 
by 3 days, and an estimated excess in hospital costs of $12 
billion per year.3 The 30-day mortality rate for patients with 
AKI is higher than breast cancer, prostate cancer, heart 

Acute kidney injury (AKI) in the perioperative period is a common complication and is associ-
ated with increased morbidity and mortality. A standard definition and staging system for AKI 
has been developed, incorporating a reduction of the urine output and/or an increase of serum 
creatinine. Novel biomarkers may detect kidney damage in the absence of a change in func-
tion and can also predict the development of AKI. Several specific considerations for AKI risk 
are important in surgical patients. The surgery, especially major and emergency procedures in 
critically ill patients, may cause AKI. In addition, certain comorbidities, such as chronic kidney 
disease and chronic heart failure, are important risk factors for AKI. Diuretics, contrast agents, 
and nephrotoxic drugs are commonly used in the perioperative period and may result in a 
significant amount of in-hospital AKI. Before and during surgery, anesthetists are supposed to 
optimize the patient, including preventing and treating a hypovolemia and correcting an anemia. 
Intraoperative episodes of hypotension have to be avoided because even short periods of hypo-
tension are associated with an increased risk of AKI. During the intraoperative period, urine 
output might be reduced in the absence of kidney injury or the presence of kidney injury with or 
without fluid responsiveness. Therefore, fluids should be used carefully to avoid hypovolemia 
and hypervolemia. The Kidney Disease: Improving Global Outcomes guidelines suggest imple-
menting preventive strategies in high-risk patients, which include optimization of hemodynam-
ics, restoration of the circulating volume, institution of functional hemodynamic monitoring, and 
avoidance of nephrotoxic agents and hyperglycemia. Two recently published studies found that 
implementing this bundle in high-risk patients reduced the occurrence of AKI in the periopera-
tive period. In addition, the application of remote ischemic preconditioning has been studied to 
potentially reduce the incidence of perioperative AKI. This review discusses the epidemiology 
and pathophysiology of surgery-associated AKI, highlights the importance of intraoperative oli-
guria, and emphasizes potential preventive strategies.  (Anesth Analg XXX;XXX:00–00)
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“Oliguria … from a variety of non-renal stimuli, 
including pain, nausea, and type of surgery “
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BACKGROUND
Guidelines to promote the early recovery of patients undergoing major surgery rec-
ommend a restrictive intravenous-fluid strategy for abdominal surgery. However, the 
supporting evidence is limited, and there is concern about impaired organ perfusion.

METHODS
In a pragmatic, international trial, we randomly assigned 3000 patients who had 
an increased risk of complications while undergoing major abdominal surgery to 
receive a restrictive or liberal intravenous-fluid regimen during and up to 24 hours 
after surgery. The primary outcome was disability-free survival at 1 year. Key sec-
ondary outcomes were acute kidney injury at 30 days, renal-replacement therapy at 
90 days, and a composite of septic complications, surgical-site infection, or death.

RESULTS
During and up to 24 hours after surgery, 1490 patients in the restrictive fluid 
group had a median intravenous-fluid intake of 3.7 liters (interquartile range, 
2.9 to 4.9), as compared with 6.1 liters (interquartile range, 5.0 to 7.4) in 1493 
patients in the liberal fluid group (P<0.001). The rate of disability-free survival at 
1 year was 81.9% in the restrictive fluid group and 82.3% in the liberal fluid group 
(hazard ratio for death or disability, 1.05; 95% confidence interval, 0.88 to 1.24; 
P = 0.61). The rate of acute kidney injury was 8.6% in the restrictive fluid group and 
5.0% in the liberal fluid group (P<0.001). The rate of septic complications or death 
was 21.8% in the restrictive fluid group and 19.8% in the liberal fluid group 
(P = 0.19); rates of surgical-site infection (16.5% vs. 13.6%, P = 0.02) and renal-replace-
ment therapy (0.9% vs. 0.3%, P = 0.048) were higher in the restrictive fluid group, 
but the between-group difference was not significant after adjustment for multiple 
testing.

CONCLUSIONS
Among patients at increased risk for complications during major abdominal sur-
gery, a restrictive fluid regimen was not associated with a higher rate of disability-
free survival than a liberal fluid regimen and was associated with a higher rate of 
acute kidney injury. (Funded by the Australian National Health and Medical Re-
search Council and others; RELIEF ClinicalTrials.gov number, NCT01424150.)

A BS TR AC T

Restrictive versus Liberal Fluid Therapy  
for Major Abdominal Surgery

P.S. Myles, R. Bellomo, T. Corcoran, A. Forbes, P. Peyton, D. Story, C. Christophi, 
K. Leslie, S. McGuinness, R. Parke, J. Serpell, M.T.V. Chan, T. Painter, S. McCluskey, 
G. Minto, and S. Wallace, for the Australian and New Zealand College of Anaesthetists 

Clinical Trials Network and the Australian and New Zealand Intensive Care 
Society Clinical Trials Group*  

Original Article

The New England Journal of Medicine 
Downloaded from nejm.org on May 13, 2018. For personal use only. No other uses without permission. 

 Copyright © 2018 Massachusetts Medical Society. All rights reserved. 

NEJM May 10, 2018

“the restrictive fluid regimen was associated 
with a higher rate of acute kidney injury.” 

Confirmed in 2018



So….. too much fluid or too little?
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CAN STARLING HELP ?
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But…..

Maximizing SV causes more severe glycocalyx degradation and 
pancreatic inflammatory edema compared to maintaining 

“normal” values of SVI . 
Critical Care Medicine www.ccmjournal.org e741

from Pulsion (unrestricted research grant). The remaining authors have 
disclosed that they do not have any potential conflicts of interest.
For information regarding this article, E-mail: d.reuter@uke.de

Objectives: In severe acute pancreatitis, the administration of 
fluids in the presence of positive fluid responsiveness is associ-
ated with better outcome when compared to guiding therapy on 
central venous pressure. We compared the effects of such con-
sequent maximization of stroke volume index with a regime using 
individual values of stroke volume index assessed prior to severe 
acute pancreatitis induction as therapeutic hemodynamic goals.
Design: Prospective, randomized animal study.
Setting: University animal research laboratory.
Subjects: Thirty domestic pigs.
Interventions: After randomization, fluid resuscitation was started 
2 hours after severe acute pancreatitis induction and continued 
for 6 hours according to the respective treatment algorithms. 
In the control group, fluid therapy was directed by maximizing 
stroke volume index, and in the study group, stroke volume index 
assessed prior to severe acute pancreatitis served as primary 
hemodynamic goal.
Measurements and Main Results: Within the first 6 hours of 
severe acute pancreatitis, the study group received a total of 
1,935.8 ± 540.7 mL of fluids compared with 3,462.8 ± 828.2 mL in 
the control group (p < 0.001). Pancreatic tissue oxygenation did not 
differ significantly between both groups. Vascular endothelial func-
tion, measured by flow-mediated vasodilation before and 6 hours 
after severe acute pancreatitis induction, revealed less impairment in 
the study group after treatment interval (–90.76% [study group] vs 
–130.89% [control group]; p = 0.046). Further, lower levels of hepa-
ran sulfate (3.41 ± 5.6 pg/mL [study group] vs 43.67 ± 46.61 pg/mL 
[control group]; p = 0.032) and interleukin 6 (32.18 ± 8.81 pg/mL 
[study group] vs 77.76 ± 56.86 pg/mL [control group]; p = 0.021) 
were found in the study group compared with control group. Histo-
pathological examination of the pancreatic head and corpus at day 
7 revealed less edema for the study group compared with the con-

Copyright © 2014 by the Society of Critical Care Medicine and Lippincott 
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Under- and over-resuscitation are associated with 

increased mortality

“The end-point of fluid resuscitation remains the Holy Grail of ITU medicine”

Recap

Organ ischaemia

too little

Organ oedema
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Glycocalyx and Sepsis
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Thanks for listening
This is 

outrageous! The 
government is 
listening to our 
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