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Abstract
Despite being common clinical practice, volume expansion for septic shock resuscitation
has been challenged by emerging evidence showing increased case-fatality. I hypothesised
that volume expansion treatment in septic shock did not alter cardiac and microvascular
physiologic functions.
I conducted a systematic review on effects of volume expansion on the microcirculation in
lipopolysaccharide-induced endotoxaemic shock; collaboratively developed of a large
animal model of endotoxaemic shock and subsequently conducted a pre-clinical trial on
volume expansion using either a fluid bolus or blood transfusion in the model; and finally,
a longitudinal clinical observational study on volume resuscitated paediatric septic shock.
The main findings were: (a) In the systematic review, 11 studies were included in which I
found there were several different models with variations in definitions of endotoxaemic
shock, timing of volume expansion resuscitation in relation to induction of endotoxaemia,
duration of resuscitation, volume of fluid administered, methods used to assess the
microcirculation and overall duration of the models. These differences precluded metaanalysis; (b) in the pre-clinical model, endotoxin infusion led to a reduction in mean arterial
pressure, MAP from 85 ± 12.8 to 49 ± 8.0 mmHg (difference in means 36 mmHg; 95%CI
17.5 to 46.5; p<0.001) and fluid bolus treatment was associated with a higher cumulative
median (IQR) noradrenaline requirement 68.9mg [19.3-140.0] to maintain a target MAP of
60-65mmHg compared to non-bolus sham 39.6mg [20.3-65.4] or healthy control (10mg [320]) (ꭓ2(2df) 11.04; p=0.004); (c) in the clinical observational study, mortality was higher
among children presenting with WHO shock and managed with a fluid bolus (WHO
guideline) compared to those with non-WHO shock receiving maintenance fluid only (100%
versus 12.5%; risk difference, 0.67; 95%CI, 0.36-0.97; p= 0.007).
Fluid bolus treatment was associated with elevated levels of circulating atrial natriuretic
peptide, ANP and increased vasopressor requirements (pre-clinical study) and mortality
outcome (clinical study).
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groups compared to the non-volume expansion vasopressor-only group
Chapter 7
Figure 7.1

Forest plot comparing outcome with fluid bolus therapy across different
shock definitions and malaria status in the FEAST trial

Figure 7.2

Management of Paediatric Shock (MAPS) study flow diagram

Figure 7.3

Kaplan-Meier survival estimates at 48-hours by shock status

Appendix
Figure A4.1

Cardiac index and mean arterial pressure data (model development)
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Glossary
ABLE

Age of Blood Evaluation trial

ACCP

American College of Chest Physicians

ACCM

American College of Critical Care Medicine

ALBIOS

Albumin Italian Outcome Sepsis Trial

ANP

Atrial natriuretic peptide

APACHE

Acute Physiology and Chronic Health Evaluation

ARDS

Acute respiratory distress syndrome

ATS

American Thoracic Society

BNP

Brain natriuretic peptide

CHEST

Crystalloid versus Hydroxyethyl Starch Trial

DBP

Diastolic blood pressure

DIC

Disseminated intravascular coagulation

EGDT

Early goal-directed therapy

ESICM

European Society of Intensive Care Medicine

ETAT

Emergency triage and treatment

FEAST

Fluid Expansion As Supportive Therapy Trial

FiO2

Fraction of inspired oxygen

FISH

Fluids In Shock Trial

GBD

Global burden of disease

HICs

High income countries

ICD

International Classification of Diseases

IMCI

Integrated management of childhood illnesses

INFORM

Informing Fresh versus Old Red Cell Management trial

LMICs

Low-and-middle income countries

MAP

Mean arterial pressure

MODS

Multiple organ dysfunction syndrome

PaCO2

Partial pressure of carbon dioxide in arterial blood

PALS

Paediatric Advanced Life Support

PaO2

Partial pressure of oxygen in arterial blood

PEEP

Positive end-expiratory pressure

RBC

Red blood cell

RRT

Renal replacement therapy
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SAFE

Saline versus Albumin Fluid Evaluation trial

SBP

Systolic blood pressure

SCCM

Society of Critical Care Medicine

ScvO2

Central venous (superior vena cava) oxygen saturation

SIS

Surgical Infection Society

SIRS

Systemic inflammatory response syndrome

SOFA

Sequential Organ Failure Assessment score

SPO2

Peripheral capillary oxygen saturation

SSC

Surviving Sepsis Campaign

TRANSFUSE

Standard Issue Transfusion versus Fresher Red-Cell Use in Intensive
Care trial

TRICC

Transfusion Requirements In Critical Care trial

TRIPICU

Transfusion Requirements In the Paediatric Intensive Care Unit trial

TRISS

Transfusion Requirements In Septic Shock trial

VISEP

Volume Substitution and Insulin Therapy in Severe Sepsis study

WBC

White blood cell

WHO

World Health Organization
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Chapter 1: Introduction
1.1 Summary and aims
In this chapter, I provide background information to the subject of this thesis. I give an
introductory overview to the origins of sepsis and contemporary definitions, epidemiology,
pathophysiology, patient management and monitoring in sepsis and septic shock. In the
final section of this chapter, I highlight controversies in current volume expansion
treatment of septic shock and outline the hypothesis and aims of this thesis.

1.2 Origins and definitions of sepsis
The word sepsis has its origins from the Greek word ‘sḗpein’ (‘σήψη’) which translates to
putrefaction or decomposition and has been used in ancient works by Hippocrates (Funk
et al., 2009). In 1914, Schottmüller described sepsis as a focus from which pathogenic
bacteria invade the blood stream producing symptoms in an infected host (Gul et al., 2017).
In the 20th Century, despite existence of numerous studies to evaluate treatment options
for sepsis, interpretations of different results had been obscured by the use of varying
definitions for sepsis including its application to inflammatory states in the absence of
infection (Bone, 1991). Thus, there have been international efforts to standardise and
harmonise sepsis and septic shock definitions for comparisons of different clinical
interventions and for research purposes in different settings.
1.2.1 Sepsis-1
In 1991, the Society of Critical Care Medicine (SCCM) and the American College of Chest
Physicians (ACCP) convened the first definition consensus conference (Sepsis-1), whereby
definitions based on a host’s systemic inflammatory response to infection were introduced
(Bone et al., 1992). Some of the previously used terminologies that this consensus
conference abolished included septicaemia, septic syndrome and organ failure.
Septicaemia did not adequately describe the entire spectrum of pathogens that could infect
blood; septic syndrome was deemed ambiguous and confusing while multi-organ
dysfunction was preferred over the term organ failure as it was perceived to more
accurately represent a dynamic process of physiologic derangements (Bone et al., 1992).
Table 1.1 below provides a summary of Sepsis-1 definitions.
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Table 1.1: Definitions from the 1991 first consensus conference on sepsis (Sepsis-1) (adapted from (Bone
et al., 1992))
Terminology

Description / characteristics

Infection

Microbial phenomenon characterised by an inflammatory response to the
presence of microorganisms or the invasion of normally sterile host tissue by
those organisms
The presence of viable bacteria in the blood

Bacteremia
Systemic inflammatory
response syndrome
(SIRS)

Sepsis
Severe sepsis

Septic shock

Sepsis-induced
hypotension
Multiple organ
dysfunction syndrome
(MODS)

•
•
•
•

Temperature > 380C or < 360C
Heart rate > 90 beats per minute
Respiratory rate > 20 breaths per minute or PaCO 2 < 32 mmHg (4.3kPa)
White blood cell count > 12,000/mm3 or < 4,000/mm3, or > 10% immature
neutrophils (bands)
Systemic response to infection, manifested by two or more of the SIRS criteria
Sepsis associated with organ dysfunction, hypoperfusion or hypotension
(hypoperfusion and perfusion abnormalities may include, but are not limited to
lactic acidosis, oliguria, or an acute alteration in mental status)

•

Sepsis-induced hypotension despite adequate fluid resuscitation along with
the presence of perfusion abnormalities that may include, but are not
limited to lactic acidosis, oliguria, or an acute alteration in mental status).
• Patients who are receiving inotropic or vasopressor agents may not be
hypotensive at the time that perfusion abnormalities are measured
A systolic blood pressure < 90 mmHg or a reduction of ≥ 40 mmHg from baseline
in the absence of other causes for hypotension
Presence of altered organ function in an acutely ill patient such that
homeostasis cannot be maintained without intervention

PaCO2, partial pressure of carbon dioxide in arterial blood; kPa, kilo pascals

1.2.2 Sepsis-2
Sepsis-1 consensus conference provided a conceptual and practical framework of
terminologies including definitions for sepsis and septic shock. However, an important
limitation of Sepsis-1 was that these general definitions were not widely used in clinical
practice but served as the basis for numerous clinical trial inclusion criteria (Levy et al.,
2003, Marshall, 2000). In 2001, a second definition consensus conference (Sepsis-2) was
convened by the SCCM, ACCP, American Thoracic Society (ATS), European Society of
Intensive Care Medicine (ESICM) and Surgical Infection Society (SIS). Sepsis-2 consensus
conference aimed to modify definitions introduced in Sepsis-1 to reflect a more updated
understanding of the pathophysiology of the existing Sepsis-1 syndromes as well as
operationalise these definitions primarily for bedside clinical practice and secondarily for
standardisation of research trials’ inclusion criteria. Importantly, the criteria for systemic
inflammatory response syndrome (SIRS) were further elaborated in Sepsis-2 by the
inclusion of more parameters. However, none of these parameters was specific for sepsis
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and the authors cautioned clinicians to only include findings that could not be easily
explained by other causes when diagnosing sepsis (Levy et al., 2003). Table 1.2 below
provides a summary of Sepsis-2 definitions.
Table 1.2: Definitions from the 2001 second consensus conference on sepsis (Sepsis-2) (adapted from
(Levy et al., 2003))
Terminology
Description / characteristics
Infection
Pathological process caused by invasion of normally sterile tissue or fluid or
body cavity by pathogenic or potentially pathogenic micro-organisms
Systemic inflammatory General parameters
response syndrome
• Fever (core temp. > 38.30C) or hypothermia (core temp. < 360C)
(SIRS)
• Heart rate > 90 beats per min. or > 2 SD above the normal value for age
• Tachypnoea (respiratory rate > 30 breaths per minute)
• Altered mental status
• Significant oedema or positive fluid balance (> 20 mL/kg over 24 hours)
• Hyperglycaemia (plasma glucose > 100 mg/dL or 7.7 mM/L) in the absence
of diabetes
Inflammatory parameters
• Leucocytosis (white blood cell count > 12,000/μL)
• Leucopenia (white blood cell count < 4,000/μL)
• Normal white blood cell count with > 10% immature forms
• Plasma C-reactive protein > 2 SD above the normal value
• Plasma procalcitonin > 2SD above the normal value
Haemodynamic parameters
• Arterial hypotension (systolic blood pressure < 90 mmHg; or mean arterial
pressure < 70 mmHg; or a systolic blood pressure decrease >40mmHg in
adults; or < 2 SD below normal for age
• Mixed venous oxygen saturation > 70%
• Cardiac index > 3.5L/min/m2
Organ dysfunction parameters
• Arterial hypoxaemia (PaO2/FiO2 < 300)
• Acute oliguria (urine output <0.5 mL/kg/hr or 45mM/L for at least 2 hours)
• Creatinine increase (≥ 0.5 mg/dL)
• Coagulation abnormalities (INR > 1.5 or APTT > 60 sec.)
• Ileus (absent bowel sounds)
• Thrombocytopenia (platelet count <100,000/μL)
• Hyperbilirubinaemia (plasma total bilirubin >4mg/dL or 70 mmol/L)
Tissue perfusion parameters
• Hyperlactatemia (> 3 mmol/L)
• Decreased capillary refill or mottling
Sepsis
Clinical syndrome defined by presence of infection and a systemic inflammatory
response (SIRS)
Severe sepsis
Sepsis associated with organ dysfunction
Septic shock
• A state of acute circulatory failure characterised by persistent arterial
hypotension unexplained by other causes.
Hypotension criteria:
• Systolic blood pressure (SBP) < 90 mmHg or 2 SD below normal for age
• Mean arterial pressure (MAP) < 60 mmHg
PaO2, partial pressure of oxygen in arterial blood; FiO2, fraction of inspired oxygen; INR international
normalized ratio; APTT, activated partial thromboplastin time
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Another important outcome of the Sepsis-2 consensus conference was the proposition of
a classification scheme for staging of sepsis based on the PIRO template. This template was
intended to stratify patients on the basis of 4 factors namely; (i) predisposing conditions;
(ii) nature and extent of the insult (i.e. either sepsis or infection); (iii) the nature and
magnitude of the host response; and (iv) the degree of concomitant organ dysfunction
(Levy et al., 2003).
1.2.3 Sepsis-3
In 2016, the International Sepsis Definition Taskforce was convened by the SCCM and
ESICM to re-evaluate and update Sepsis-2 definitions. Some of the identified limitations of
previous sepsis definitions included existence of multiple terminologies had led to
discrepancies in reported incidence and observed sepsis-mortality, an excessive focus on
inflammation as well as inadequate specificity and sensitivity of the SIRS criteria. In 2015,
Kaukonen et al highlighted that 12.5% of patients with infection, organ failure and
substantial mortality risk were excluded when SIRS definition criteria for severe sepsis were
applied (Kaukonen et al., 2015). The Sepsis-3 taskforce proposed new definitions taking
into account these limitations of previous definitions as well as incorporating advances in
the pathobiology of sepsis. The taskforce also abolished the term severe sepsis and
introduced a new bedside clinical score, quick SOFA (qSOFA) based on 3 criteria that can
be used in rapid identification of adult patients with suspected infection outside intensive
care settings (Singer et al., 2016). Table 1.3 provides a summary of Sepsis-3 definitions.
Table 1.3: Definitions from the 2016 third consensus conference on sepsis (Sepsis-3) (adapted from
(Singer et al., 2016))
Terminology

Description / characteristics

Sepsis

•
•

Septic shock

Quick SOFA (qSOFA)

•

Life-threatening organ dysfunction caused by a dysregulated host response
to infection.
Clinically, sepsis-related organ dysfunction can be represented by an
increase in the SOFA score of 2 or more points (associated with > 10% inhospital mortality)

•

A sub-set of sepsis in which particularly profound circulatory, cellular, and
metabolic abnormalities are associated with a greater risk of mortality than
with sepsis alone.
Clinically, septic shock patients have hypotension requiring vasopressor(s)
to maintain a MAP of ≥ 65 mmHg and also have a serum lactate > 2 mmol/L
(18 mg/dL) in the absence of hypovolaemia (associated with > 40% hospital
mortality rates).

•
•
•

Respiratory rate > 22 breaths/min
Systolic blood pressure ≤ 100 mmHg
Altered mental status

SOFA, Sequential Organ Failure Assessment score; MAP, mean arterial pressure
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Validation of clinical criteria for Sepsis-3 definitions was also performed to ascertain that
the selected criteria fulfilled multiple domains including clinical utility for healthcare
practitioners (Shankar-Hari et al., 2016, Seymour et al., 2016) as well as providing the
general public with comprehensible lay definitions consistent with the Sepsis-3 definitions
for sepsis and septic shock.
1.2.4 Paediatric sepsis
In order to contextualise and operationalise definitions of paediatric sepsis and septic
shock, development of pragmatic criteria based on clinical parameters has previously been
attempted. In 2002, the American College of Critical Care Medicine (ACCM) issued the
Paediatric Advanced Life Support (PALS) guidelines for haemodynamic support in newborn
and paediatric septic shock (Carcillo et al., 2002). However, extrapolation of adult sepsis
and septic shock definitions to paediatric age-group has had limitations (Carcillo et al.,
2002). Notably, the clinical variables used in the definitions are affected by physiologic
changes that vary with age and some of these criteria such as tachycardia and tachypnoea
are common presenting symptoms of many paediatric disease processes (Goldstein et al.,
2005). In order to address existing gaps in definitions for sepsis and organ dysfunction in
children, the international paediatric sepsis consensus conference held in 2002 proposed
six categories for purposes of classification of age-specific clinical and laboratory variables
for SIRS criteria (Goldstein et al., 2005). Table 1.4 below show summaries of age-specific
clinical and laboratory variables for paediatric sepsis criteria and Table 1.5 below shows a
summary of paediatric sepsis definitions (adapted from (Goldstein et al., 2005)).
Table 1.4: Age-specific vital signs and laboratory variables for paediatric sepsis criteria

Age group
0 days - 1 week
1 week – 1 month
1 month – 1 year
2-5 years
6-12 years
13 to < 18 years

Heart rate (beats /min)

Respiratory
rate

Leucocyte count

Systolic blood
pressure

Tachycardia

Bradycardia

Breaths/min

Cells X 103/mm3

mmHg

< 100
< 100
< 90
NA
NA
NA

> 50
> 40
> 34
> 22
> 18
> 14

> 34
> 19.5 or < 5
> 17.5 or < 5
> 15.5 or < 6
> 13.5 or < 4.5
> 11 or < 4.5

< 65
< 75
< 100
< 94
< 105
< 117

> 180
> 180
> 180
> 140
> 130
> 110

NA, not applicable
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Table 1.5: Definitions from the International Paediatric Sepsis Consensus Conference (Goldstein et al., 2005))
Terminology Description / characteristics
Infection
• A suspected or proven infection caused by any pathogen (positive culture, tissue stain or
polymerase chain reaction, PCR)
• A clinical syndrome associated with a high probability of infection (positive findings on clinical
exam, imaging, or laboratory tests)
Systemic
Presence of at least two of the following four criteria, one of which must be abnormal
inflammatory temperature or leucocyte count
response
• Fever (core temp. > 38.50C) or hypothermia (core temp. < 360C)
syndrome
• Tachycardia mean heart rate > 2 SD above the normal value for age (in the absence of
(SIRS)
external stimulus, chronic drugs, or painful stimuli; or otherwise unexplained persistent
elevation over a 0.5- to 4-hr time period)
• Bradycardia (for children < 1 year old: mean heart rate < 10th percentile for age in the
absence of external vagal stimulus, beta-blocker drugs, or congenital heart disease; or
otherwise unexplained persistent depression over a 0.5-hr time period.
• Mean respiratory rate > 2 SD above normal for age or mechanical ventilation for an acute
process not related to underlying neuromuscular disease or the receipt of general
anaesthesia
• Leucocyte count elevated or depressed for age (not secondary to chemotherapy-induced
leucopenia) or > 10% immature neutrophils
Sepsis
SIRS in the presence of or as a result of suspected or proven infection
Severe sepsis Sepsis plus one of the following:
• Cardiovascular organ dysfunction
• Acute respiratory distress syndrome
• Two or more other organ dysfunctions
Septic shock
Sepsis and cardiovascular organ dysfunction
Organ
Cardiovascular criteria
dysfunction
Despite administration of isotonic intravenous fluid bolus ≥ 40mL/kg in 1 hour, any one of the
criteria
following:
• Decrease in BP (hypotension) < 5th percentile for age or systolic BP < 2 SD below normal for
age OR
• Need for vasoactive drug to maintain BP in normal range (dopamine > 5 μg/kg/min or
dobutamine, epinephrine, or norepinephrine at any dose) OR
• Two of the following:
i.
Unexplained metabolic acidosis: base deficit > 5.0 mEq/L
ii.
Increased arterial lactate > 2 times upper limit of normal
iii.
Oliguria: urine output < 0.5 mL/kg/hr
iv.
Prolonged capillary refill > 5 seconds
v.
Core to peripheral temperature gap > 3°C
Respiratory criteria
• PaO2/FiO2 < 300 in absence of cyanotic heart disease or pre-existing lung disease OR
• PaCO2 > 65 torr or 20 mmHg over baseline PaCO2 OR
• Proven need or > 50% FiO2 to maintain saturation > 92% OR
• Need for non-elective invasive or non-invasive mechanical ventilation
Neurologic criteria
• Glasgow Coma Score (GCS) ≤ 11 OR
• Acute change in mental status with a decrease in GCS ≥ 3 points from abnormal baseline
Haematologic criteria
• Platelets < 80,000/mm3 or ↓ of 50% in platelet count from highest value in 3-days
• International normalised ratio (INR) > 2
Renal criteria
• Serum creatinine ≥ 2 times upper limit of normal for age or 2-fold increase in baseline
creatinine
Hepatic criteria
• Total bilirubin ≥ 4mg/dL (not applicable for newborn) OR
• ALT 2 times upper limit of normal for age
PaO2, partial pressure of oxygen in arterial blood; PaCO2, partial pressure of carbon dioxide in arterial blood; FiO2,
fraction of inspired oxygen
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These definitions of paediatric sepsis adopted at the International Paediatric Sepsis
Consensus Conference were derived from the adult Sepsis-2 criteria (Levy et al., 2003) with
application of age-specific cut-off values where appropriate.
Since first publication in 2002, the ACCM/PALS guidelines for haemodynamic support in
newborn and paediatric septic shock have undergone revision and updating twice; in 2009
(Brierley et al., 2009) and in 2017 (Davis et al., 2017b, Davis et al., 2017a). In early 2020,
the first paediatric Surviving Sepsis Campaign (SSC) guidelines were published (Weiss et al.,
2020b, Weiss et al., 2020a). In the 2017 iteration of the ACCM/PALS guideline, it was
recommended that definition and diagnosis of septic shock be based on clinical signs
including: (i) altered temperature (hypothermia or hyperthermia), (ii) altered mental
status, (iii) peripheral vasodilation (i.e. warm shock) or vasoconstriction with capillary refill
> 2 seconds (i.e. cold shock) before hypotension occurs, (iv) heart rates < 90 beats/min or
> 160 beats/min in infants and < 70 beats/min or > 150 beats/min in older children (Davis
et al., 2017b, Davis et al., 2017a). Notably, these heart rate criteria were generally
associated with increased mortality in paediatric critical illness, even in the absence of
sepsis/septic shock. The 2020 paediatric SSC guidelines updated existing criterial and
incorporated additional evidence where available (Appendix Table A2) (Weiss et al., 2020b,
Weiss et al., 2020a).
Other definitions of paediatric sepsis and septic shock were based on the presence of
severe febrile illness and impaired perfusion clinical criteria that vary between different
contexts and guidelines. Pragmatic and context-relevant definitions for paediatric sepsis
and septic shock have been developed by the World Health Organization (WHO) based on
specific clinical criteria. The WHO criteria define sepsis by presence of acute fever > 390C
and severe illness without other identifiable aetiology, while septic shock comprises fever
or hypothermia with respiratory distress, decreased mental status and signs of impaired
perfusion including: Temperature gradient (i.e. poor peripheral perfusion leading to cold
extremities); increased capillary refill time (> 3 seconds); fast and weak pulse volume;
hypotension (2016a). Some of the limitations in previously used ACCM/PALS and WHO
definitions criteria included lack of specificity in defining level of consciousness and degree
of tachycardia respectively. In 2011, the Fluid Expansion As Supportive Therapy (FEAST)
randomised controlled clinical trial used pragmatic definitions and inclusion criteria based
on clinical features relevant for resource-limited settings in sub-Saharan Africa.
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Table 1.6 below provides a summary of the clinical criteria for ACCM/PALS, WHO and FEAST
definitions of paediatric sepsis and impaired perfusion (septic shock).
Table 1.6: Clinical variables for paediatric sepsis/septic shock (ACCM/PALS, WHO and FEAST criteria)
Clinical features

Description/cut-off values

(a) ACCM/PALS criteria
Temperature
Heart rate
Urine output
Mental state
Vascular

Hyperthermia or hypothermia
• Infants < 90 beats/min or > 160 beats/min
• Older children < 70 beats/min or > 150 beats/min
< 1mL/kg/hr
Decreased or altered mental status
•
•

Capillary refill time •
•
Pulses
•
•

Vasodilation (warm shock)
Vasoconstriction (cold shock)
Prolonged > 2 seconds (cold shock)
Flash/no delay (warm shock)
Diminished pulses and mottled cool extremities (cold shock)
Bounding peripheral pulses with wide pulse pressure (warm shock)

(b) WHO criteria
Heart rate (beats/min)
Tachycardia
Bradycardia
Age
0 ≤ 1 year
> 1 ≤ 3 years
> 3 ≤ 6 years
Temperature
Capillary refill time
Oxygen saturation

> 160
> 150
> 140

SBP
mmHg

< 100
< 90
< 80

< 60
< 70
< 75

Resp. rate
breaths/min

SBP
mmHg

> 50
> 40
> 34

< 50
< 60
< 70

Resp. rate## (breaths/min)
Tachypnoea
Bradypnoea
≥ 60
≥ 50
≥ 40

< 20
< 20
< 20

> 39.00C
> 3 seconds
< 90%

(c) FEAST criteria
Heart rate
beats/min
Age
2 – 12 months
1-5 years
> 5 ≤ 12 years
Temperature
Capillary refill time
Oxygen saturation

> 180
> 160
> 140
< 36.00C or > 39.00C
≥ 3 seconds
< 90%

SBP, systolic blood pressure
##
Respiratory rate criteria based on age-group classification (< 2months, 2-11 months and 1-5 years)

There are no definitions of paediatric sepsis/septic shock that are harmonised with the
adult Sepsis-3 definitions, a shortcoming acknowledged and highlighted by the Sepsis-3
Taskforce (Singer et al., 2016). Thus there is a need to develop definitions relevant for
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paediatric populations, incorporating age-dependent clinical criteria and accounting for the
advances in the pathobiology of sepsis while reducing redundancies of terminologies
currently in use (Raith et al., 2017). Some studies have already demonstrated that the
application of Sepsis-3 derived criteria to children in intensive care settings in high-income
countries (HICs) performs reasonably well (Schlapbach et al., 2018, Matics and SanchezPinto, 2017). However, several challenges remain to be addressed to translate these to
settings beyond intensive care units, including emergency departments, and particularly
within low-and-middle income countries (LMICs) (Fleischmann-Struzek et al., 2018). In HICs
settings with mechanical ventilators, intravenous infusion pumps, inotrope medications
and intensive care monitoring, majority of studies have uniformly favoured application of
ACCM/PALS definitions and guidelines for paediatric sepsis (Davis et al., 2017b, Han et al.,
2003, Ventura et al., 2015, de Oliveira et al., 2008). However, limitations in ability to
implement

intensive

care

support

including

mechanical

ventilation,

invasive

haemodynamic monitoring and inotrope therapy have restricted widespread use of
ACCM/PALS guidelines in LMICs settings. The updated paediatrics SSC guidelines for
example provide different recommendations for volume expansion resuscitation using
fluid boluses depending on the presence of hypotension and availability of intensive care
within the healthcare system. Thus, fluid boluses (up to 40-60 mL/kg) are recommended
where there is intensive care available and maintenance fluids recommended in absence
of hypotension and unavailability of intensive care (Weiss et al., 2020b, Weiss et al., 2020a).
Presently used clinical criteria for defining and diagnosing sepsis in children in LMICs mainly
include those from the International Paediatric Sepsis Consensus Conference (Goldstein et
al., 2005), the WHO’s Integrated Management of Childhood Illnesses (IMCI) (2016a) and to
some extent the FEAST trial criteria (Maitland et al., 2011a). While the FEAST trial
sepsis/septic shock definitions may be limited in use, they provide pragmatic and
contextually-relevant clinical criteria for assessment of undifferentiated severe febrile
illness in children in LMICs settings where the trial was conducted.
In summary, sepsis still remains an incompletely understood syndrome without a ‘gold
standard’ diagnostic test and it is expected that these definitions in current use will
undergo subsequent revisions as more research and information on the pathobiology of
sepsis becomes available.
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1.3 Epidemiology of sepsis and septic shock
The global epidemiological burden of sepsis and septic shock has been difficult to ascertain
(Martischang et al., 2018). Sepsis is a complex syndrome arising from underlying infection
that lacks a definitive diagnostic test and was not included in the original Global Burden of
Disease (GBD) estimates in 1990 (Murray and Lopez, 1996). There have also been
limitations in the availability, accuracy and comparability of epidemiologic data on disease
burden (Lopez and Murray, 1998). Previously used non-standardised definitions for sepsis
and septic shock have also hindered comparability of results from different clinical and
epidemiologic studies (Vincent et al., 2013). Furthermore, prior to Sepsis-3, there had been
no primary codes correlating with previous definitions for sepsis and septic shock in the
International Classification of Diseases (ICD) coding system. Consequently, epidemiological
data on the burden of septic shock in adults and children are generally limited and are
largely drawn from high income settings (Vincent et al., 2014, Kutko et al., 2003). Between
1993 and 2000, Annane et al reported a significant association between septic shock and
mortality in the ICU (OR 2.0; 95% CI 1.8-2.3) (Annane et al., 2003). Kaukonen et al reported
a decrease in septic shock mortality from 40.3% (95% CI 37.6-43.0) in 2000 to 22.0% (95%
CI 21.0-23.0) in 2012 representing an 18.3% (95% CI 15.5-21.2) absolute reduction in septic
shock deaths over a 12-year period in Australia and New Zealand (Kaukonen et al., 2014).
Vincent et al reported a septic shock mortality of 37.3% (95% CI 31.5-43.5) across ICUs in
Europe and North America from 2005 to 2018 (Vincent et al., 2019). There have also been
attempts to incorporate data from low-and-middle income countries into the global burden
of sepsis estimates.
Jawad et al reported a paucity of national-level reports on estimates of the incidence of
sepsis in different countries between 1980 to 2008. In this study, 50% (4/8) of the nationallevel reports were from USA and single reports from Norway, Brazil, Australia and United
Kingdom each accounted for the remaining 50%. Additionally, these existing national-level
reports had very broad ranges in the reported incidence of sepsis. Reported case-fatality
rates also varied with setting and degree of disease severity ranging from 30% for sepsis to
80% for septic shock (Jawad et al., 2012).
Between 1979 and 2015, Fleishmann et al reported an incidence rate of 437 per 100,000
person years (95%CI, 334-571) and 270 per 100,000 person years (95%CI 176-412) for adult
sepsis and severe sepsis respectively. During this period, the reported hospital mortality
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was 17% for sepsis and 26% for severe sepsis. These findings translated to an estimated
global burden of 31.5 million sepsis cases, 19.4 million severe sepsis cases and 5.3 million
sepsis-related deaths (Fleischmann et al., 2016).
Between 1990 and 2017, Rudd et al estimated that 48.9 million (95% uncertainty interval,
UI, 11.8-54.5) incident cases and 11.0 million (95% UI 10.1-12.0) sepsis-related deaths were
recorded worldwide, with sepsis accounting for approximately 19.7% (95% UI 18.2-21.4) of
all global deaths (Rudd et al., 2020). An important methodological difference between the
Fleischmann and Rudd estimates on the global burden of sepsis was that the former used
hospital-based data while the latter used vital registration death records as the primary
data sources. An advantage of using death registration records was that they represent
deaths occurring both in and out of hospital thus improving on the accuracy of the overall
global estimates reported. The statistics reported by Rudd et al represented a 52.8% (95%
UI 47.7-57.5) decline in sepsis-related mortality and a 37.0% (95% UI 11.8-54.5) reduction
in age-standardised sepsis incidence for the 1990-2017 period (Rudd et al., 2020). Figure
1.1 below shows the age-standardised sepsis incidence and related-deaths between 19902017 (adapted from (Rudd et al., 2020)).
Paediatric data reviewed between 1979 and 2016 showed an estimated 48 per 100,000
person years (95% CI 27-86) and 22 per 100,000 person years (95% CI 14-33) cases of sepsis
and severe sepsis respectively among children. In this study, the population-level estimate
for neonatal sepsis was 2,202 per 100,000 live births (95% CI 1,099-4,360). Reported
mortality ranged from 1-5% for paediatric sepsis, 9-20% for paediatric severe sepsis and
11-19% for neonatal sepsis. Globally the estimated incidences of sepsis cases were 3.0
million and 1.2 million among neonates and older children respectively (FleischmannStruzek et al., 2018).
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Figure 1.1: Global burden of sepsis (1990-2017) (adapted from (Rudd et al., 2020))

Age-standardised sepsis incidence per 100 000 population for both sexes, in 2017 (A), and
percentage of all deaths related to sepsis, age-standardised for both sexes, in 2017 (B)
ATG=Antigua and Barbuda. FSM=Federated States of Micronesia. LCA=Saint Lucia. TLS=Timor-Leste.
TTO=Trinidad and Tobago. VCT=Saint Vincent and the Grenadines.
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While these epidemiological estimates show that sepsis and septic shock still form a
significant burden of global disease, there have been reductions in the number of casefatalities over the years. Incorporation of bundles of care into treatment algorithms,
improvements in supportive therapies, advances in critical and intensive care are among
the factors that could have also contributed to improvements in overall survival over time.
Some studies on the sepsis burden in USA have however argued that although the relative
percentages of sepsis-related mortalities are decreasing, the overall absolute mortality
rates represent more deaths due to the apparent increases in the total number of patients
with sepsis (Gaieski et al., 2013, Martin et al., 2003).
The incidence and mortality of sepsis and septic shock still vary in different regions with a
particularly high burden reported in LMIC settings (Becker et al., 2009). Global burden
estimates have been largely derived from data in HIC settings due to sparsity of populationlevel epidemiologic data on sepsis and septic shock in LMIC settings. Additionally, where
these data are available in LMIC settings, there have been reports of challenges in accuracy
and comparability of such data (Becker et al., 2009). Thus, there is the possibility that these
epidemiologic data underestimate the actual global burden of sepsis. Another potential
source of underestimation of the global burden of sepsis and septic shock could be the fact
that the official death records for majority of patients with chronic diseases (e.g. cancer,
congestive heart failure, chronic obstructive pulmonary disease etc) often report the
underlying chronic diagnosis rather than sepsis (for cases with sepsis) as the immediate
cause of death (McPherson et al., 2013). With recommended primary ICD-9 and ICD-10
codes correlating with the new definitions of sepsis and septic shock (Singer et al., 2016),
future epidemiological studies on burden of sepsis and septic shock should offer greater
accuracy in classification and comparability across several different datasets.
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1.4 Pathophysiology of sepsis and septic shock
An appropriate inflammatory response to an invading pathogen or micro-organism is one
that is expected to eliminate the pathogen/micro-organism without causing damage to
host tissues. Over the years, description of the natural history of sepsis in humans had
presumed that infection caused systemic inflammation which progressed to sepsis, severe
sepsis, septic shock, organ dysfunction and eventually death in a continuum. Figure 1.2
below shows a summary of this natural history of sepsis (adapted from (Jawad et al., 2012)).
Figure 1.2: Schematic diagram of the natural history of sepsis (adapted from (Jawad et al., 2012))

Schematic representation of the natural history of sepsis:
① Potentially modifiable risk factors that increase the probability of infection, systemic
inflammatory response syndrome (SIRS) and sepsis in a non-diseased population or severe sepsis
and septic shock in already septic patients.
② Incidence of sepsis: the rate at which susceptible or exposed individuals become newly affected
by sepsis.
③ Remission: the rate at which individuals with sepsis stop being a sepsis case.
④ Sepsis-complication: the rate at which patients experience a complication of sepsis or start to
suffer from sequelae of sepsis.
⑤ Case-fatality: the rate at which patients die from sepsis.
⑥ Complication-fatality: the rate at which patients die as a result of a complication of sepsis
⑦Individuals with sequelae who are exposed to the risk factor(s) and are susceptible to acquire
infection, SIRS, sepsis, severe sepsis or septic shock again
⑧General mortality: the rate at which the population dies from any condition other than sepsis.
Definitions for infection, systemic inflammatory response, sepsis, organ dysfunction, severe sepsis
and septic shock are based on Sepsis-2 criteria (Levy et al., 2003) summarised in Table 1.2 above.

37

However, pre-clinical modelling studies have previously shown that disease progression
varies between different hosts and follows complex, non-linear trajectories and varying
haemodynamic profiles as shown in Figure 1.3 below (Adapted from (Doi et al., 2009)).
Figure 1.3: Non-linear time course of infection (Adapted and modified
from (Doi et al., 2009))

Simplified outline of landmark events and non-linear haemodynamic
profiles from time infection to death.
TNFα, tumour necrosis factor-alpha; IL, interleukin; DIC, disseminated
intravascular coagulation

One of the key highlights of Sepsis-3 was that it addressed the misleading suggestion of
sepsis following a continuum through severe sepsis and eventually to septic shock in the
previously used models. Thus, in sepsis the host inflammatory response to infection is
dysregulated leading to life-threatening organ dysfunction and septic shock is defined as a
subset of sepsis with profound circulatory and cellular metabolism abnormalities (Singer et
al., 2016). A complex and dynamic interaction exists between pathogens and host-immune
defence mechanisms over the course of an invasive infection (van der Poll and Opal, 2008).
Binding of pathogen-associated molecular patterns (PAMPs) to specific pattern-recognition
receptors (PRRs) on immune cells (such as macrophages, monocytes, neutrophils and
natural killer cells) initiates the host’s innate immune response to an infecting pathogen or
pathogen-proteins. Damage-associated molecular patterns (DAMPs) are intracellular
material or molecules released from dead or damaged host cells and can also trigger the
host’s inflammatory response upon binding to pattern-recognition receptors (Hotchkiss et
al., 2016). Figure 1.4 below summarises current knowledge on interaction between
PAMPs/DAMPs and different PRRs to initiate inflammation and immune regulation.
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Figure 1.4: Cell-surface and intracellular receptors that are responsible for the recognition of
pathogens/microbial products (Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Nature Reviews Disease Primers. ‘Sepsis and septic shock’, Hotchkiss,
R.S. et al., © 2016).

Sepsis is initiated upon host recognition of pathogen-associated molecular patterns (PAMPs) and
is characterized by the activation of inflammatory signalling pathways. A large number of cellassociated and intracellular receptors are available to detect PAMPs or damage-associated
molecular patterns (DAMPs), a few examples of which are illustrated here. PAMPs and DAMPs
can be microbial and host glycoproteins, lipoproteins and nucleic acids. The associated patternrecognition receptors include Toll-like receptors (TLRs), C-type lectin domain family 7 member A
(dectin 1) and C-type lectin domain family 6 member A (dectin 2). At least ten different TLRs are
known which exist as either homodimers or heterodimers. Once activated, the ensuing signalling
pathways generally converge towards interferon regulatory factor (IRF) signalling and nuclear
factor-κB (NF-κB). IRF is responsible for type I interferon (IFN) production. NF-κB and activator
protein 1 (AP-1) signalling are predominately responsible for the early activation of inflammatory
genes, such as tumour necrosis factor (TNF), interleukin-1 (IL-1) and those encoding endothelial
cell-surface molecules.
CARD9, caspase recruitment domain-containing protein 9; dsDNA, double-stranded deoxyribonucleic acid;
dsRNA, double-stranded ribonucleic acid; FcRγ, Fcγ receptor; HMGB1, high-mobility group protein B1; iEDAP, d-glutamyl-meso-diaminopimelic acid; LGP2, laboratory of genetics and physiology 2 (also known as
DHX58); LPL, lipoprotein lipase; LPS, lipopolysaccharide; LY96, lymphocyte antigen 96; MAPK, mitogenactivated protein kinase; MCG, mannose-containing glycoprotein; MDA5, melanoma differentiationassociated protein 5 (also known as IFIH1); MDP, muramyl dipeptide; MCL, mannose-capped
lipoarabinomannan; Mincle, also known as CLEC4E; MYD88, myeloid differentiation primary response
protein 88; NIK, NF-κB-inducing kinase (also known as MAP3K14); NOD, nucleotide-binding
oligomerization domain; RAF1, RAF proto-oncogene serine/threonine-protein kinase; RAGE, advanced
glycosylation end product-specific receptor; RIG-I, retinoic acid-inducible gene 1 protein (also known as
DDX58); ssRNA, single-stranded RNA; STING, stimulator of interferon genes protein; SYK, spleen tyrosine
kinase; TDM, trehalose-6,6′-dimycolate; TICAM1, TIR domain-containing adaptor molecule 1.
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1.4.1 Inflammation and complement activation
Activation of multiple intracellular signalling pathways ultimately leads to upregulation and
expression of genes involved in inflammation, adaptive immunity and cellular metabolism
(Hotchkiss et al., 2016, Ablasser et al., 2009). In sepsis, there is also simultaneous
production of inflammatory cytokines and activation of the complement system.
Inflammatory cytokines such as tumour necrosis factor-alpha (TNFα) and interleukins (IL1β, IL-6, IL-8) cause activation and proliferation of leucocytes, upregulation of endothelial
adhesion molecules, induction of hepatic acute phase reactants as well as activation of the
complement system while IL-10 has an anti-inflammatory role (Remick, 2007). The
complement system, perceived as an ‘alarm system’ capable of detecting disturbances in
homeostasis, has also been shown to be activated by the presence of invading pathogens
or in response to tissue damage (Markiewski et al., 2008). Sepsis activates complement via
the classical pathway comprising antigen-antibody binding complexes (Markiewski et al.,
2008, Reid et al., 1997, Dofferhoff et al., 1992). Other pathways of complement activation
during sepsis described in literature include the lectin-binding and alternate pathways
which eventually converge with the classical pathway to form membrane-attack complexes
targeting infected cells (Petersen et al., 2000). Besides being an ‘alarm system’, the
complement system also has an anti-microbial role including coating of bacterial surfaces
(opsonization) for subsequent phagocytosis by polymorphonucleocytes; lysis of pathogens;
and coordination of the inflammatory response by acting as chemo-attractants to other
immune cells (Lambris et al., 2008). The location of complement activation is likely to
dictate its function (Kolev et al., 2014). Figure 1.5 below shows a summary of current
understanding on complement activation in sepsis.
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Figure 1.5: Pathways of complement system activation in sepsis. (Figure adapted from
(Markiewski et al., 2008))

Activation of the complement system in sepsis can be through the classical, lectin-binding or
alternative pathways.
(i) C1 can bind to various factors to initiate the classical pathway (CP). These include, most
commonly, antibody-antigen complexes, but also danger-associated molecular patterns (DAMPs)
such as membrane fragments and proteins associated with tissue damage. C1 also binds to Creactive protein (CRP) and serum amyloid protein (SAP), which recognize pathogen-associated
molecular patterns (PAMPs) present on the surfaces of many pathogens. Binding by the C1q
subunit of C1 activates C1r and C1s, which results in the cleavage of C2 andC4 by C1s.
(ii) Binding of mannose-binding lectin (MBL) or ficolins to PAMPs or apoptotic host cells activates
MBL-associated serine proteases (MASPs), which cleave C4.
(iii) The result of activation through either the classical or lectin pathway is that C4a is released
and C2a and C4b form the CP C3 convertase on the surface of the pathogen or apoptotic cell,
resulting in cleavage of C3 into C3a and C3b fragments.
(iv) The alternative pathway (AP) can be initiated by spontaneous hydrolysis of C3 (‘tickover’) to
form C3(H2O).
(v) C3(H2O) binds to factor B (fB), which is cleaved by factor D (fD) into Ba and Bb fragments,
resulting in formation of the initial AP-C3 convertase. Similar to the CP-C3 convertase activity, the
AP-C3 convertase cleaves C3 into C3a and C3b.
(vi) C3a is an anaphylatoxin that induces chemotaxis and inflammation, while some C3b binds to
the cell surface (opsonization), which promotes phagocytosis by CR3-bearing immune cells.
(vii) Surface-bound C3b binds to factor B (fB), and the resulting complex is cleaved by factor D to
form the AP C3 convertase. This convertase is stabilized by the binding of properdin (P).
(viii) Through an amplification loop, the AP C3 convertase cleaves more C3 to augment
complement activation induced by the classical or lectin pathways.
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1.4.2 Coagulopathy
The aetiology of haemostatic dysregulation and coagulopathy in sepsis is multi-factorial
with effects ranging from mild thrombocytopenia to fulminant disseminated intravascular
coagulation (DIC) which is associated with increasing disease severity. Inflammation and
damage to vascular endothelial cells lead to exposure of underlying collagen, release of
platelet-activating factor (PAF) and activation of von Willebrand Factor (vWF). Collagen
causes polymerisation of activated vWF and production of glycoprotein 1β, which together
with PAF lead to platelet activation (Hotchkiss et al., 2016, Thijs et al., 1993). Disrupted
endothelial cells lead to exposure of tissue factor to factor VII in the circulation that gets
activated leading to systemic activation of the coagulation cascade (Remick, 2007).
Activated complement can also stimulate the expression of tissue factor on endothelial
cells (van der Poll et al., 2017). Blood-borne microparticles with tissue factor and the
leucocyte protein P-selectin glycoprotein ligand-1 (PSGL-1) activate platelets. Platelet
activation and increased thrombin production result in formation of multiple platelet-fibrin
microthrombi intravascularly. Additionally, there is a depression of the effects of naturally
occurring anticoagulants such as protein C, protein S, thrombomodulin and antithrombin
as well as a reduction in fibrinolysis (Esmon, 2005). An increase in levels of the cytokines
(TNFα and IL-1β) has been shown to activate release of tissue plasminogen activators from
vascular endothelial cells causing an increase in circulating plasmin levels. Plasminogen
activator inhibitor type 1 (PAI-1) is released through a negative feedback mechanism in
response to increasing plasmin levels (Biemond et al., 1995) and also from stimulation by
activated complement factor 5a (van der Poll et al., 2017) both mechanisms which lead to
a net reduction in fibrinolysis. All these factors lead to an unregulated propagation of the
coagulation cascade and formation of microvascular thrombi in a septic host. Figure 1.6
below summarises current knowledge on interaction of the coagulation and complement
systems in sepsis.
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Figure 1.6: Coagulation cascade activation and interaction with the complement system in
sepsis (Reprinted by permission from Springer Nature Customer Service Centre GmbH: Nature
Reviews Immunology. ‘The immunopathology of sepsis and potential therapeutic targets’, van
der Poll, T. et al., © 2017)

In sepsis activated complement system can activate coagulation proteases and vice versa.
Perivascular cells (fibroblasts, pericytes, epithelial cells) constitutively express tissue factor which plays
a role in vessel integrity. In sepsis, inflammation-induced endothelial injury exposes tissue factor to
blood coagulation factors. Increased tissue factor production is also stimulated by activated
complement membrane attack complex (composed of complement factors C5b, C6, C7, C8 and C9)
and inflammatory cytokines. Once in the intravascular compartment, tissue factor initiates
coagulation by binding to and activating coagulation factor VII (FVIIa). FVIIa catalyses proteolytic
activation of factor X (FXa) which leads to formation of thrombin from prothrombin. Thrombin
catalyses conversion of fibrinogen to fibrin which binds to platelets to cause microvascular thrombosis.
Activated coagulation protease factors IX (FIXa), X (FXa), XI (FXIa), thrombin and plasmin can also
activate complement factors 3 (C3a) and 5 (C5a). Neutrophils release neutrophil extracellular traps
(NET release) that augment microvascular inflammation and coagulation.
Concurrently, anticoagulant and fibrinolysis pathways are compromised. Damage of the glycocalyx (a
glycoprotein-polysaccharide layer lining the vascular endothelium) increases vascular permeability
and impairs the function of antithrombin and tissue factor pathway inhibitor (TFPI). Antithrombin is
an inhibitor of thrombin and FXa while TFPI is an inhibitor of the FVIIa-tissue factor complex. Protein
C is an anti-coagulant expressed by endothelial cells and gets activated by binding of thrombin to
thrombomodulin (TM), a process which is amplified by the endothelial protein C receptor (EPCR).
Activated protein C proteolytically inactivates the coagulation cofactors - activated factors V (FVa) and
VIII (FVIIIa) – thereby inhibiting coagulation. In sepsis, impairment of the protein C system is thought
to be multi-factorial (i.e. decreased hepatic synthesis of protein C, impaired activation of protein C as
a result of diminished TM expression on endothelial cells and increased consumption of protein C).
Activated complement factor 5 (C5a) can lead to increased levels of plasminogen activator inhibitor 1
(PAI-1) which inhibits the activities of tissue-type plasminogen activator (tPA) and urokinase-type
plasminogen activator (uPA). This leads to decreased catalytic conversion of plasminogen to plasmin
and impaired fibrinolysis.
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1.4.3 Organ dysfunction
Inflammatory mediators released into the systemic circulation in sepsis affect multiple
organs. Multiple organ dysfunction is common in sepsis with single-organ dysfunction
being rare (Lelubre and Vincent, 2018). Definitions of organ failure in sepsis have not been
consistent across literature and the mechanisms involved are complex and incompletely
understood. In 1980, Fry et al., proposed arbitrary criteria for defining organ dysfunction
in a series of 553 post-surgical patients in whom they showed severe infection was
associated with organ dysfunction (Table 1.7 below) (Fry et al., 1980).
Table 1.7: Organ dysfunction definitions in infected post-surgical patients (Adapted from (Fry et al.,
1980))
Organ

Description

Pulmonary

Hypoxia that warranted respirator-assisted ventilation for at least 5-days postoperatively or until death
Serum creatinine level greater than 2 mg/dL
Serum bilirubin level greater than 2 mg/dL with elevation of SGOT and LDH levels
about twice the normal values

Renal
Hepatic
Gastrointestinal

•
•

Stress gastrointestinal bleeding requiring 2-units of blood transfusion within 24hours
Endoscopic or surgical confirmation of upper gastrointestinal tract haemorrhage
secondary to acute gastric ulceration

SGOT, serum glutamic-oxaloacetic transaminase (now referred to as AST, aspartate aminotransferase);
LDH, lactate dehydrogenase

Since the 1980s, various scoring systems have been developed to quantify severity of organ
dysfunction in critical illness, with higher scores generally associated with more severe
organ dysfunction and higher risk of mortality. The original Acute Physiology and Chronic
Health Evaluation (APACHE) scoring system was developed in 1981. It had 34 physiological
variables and was divided into two sections: a physiology score (to assess the degree of
acute illness) and a pre-admission evaluation score (to determine the chronic health status
in the same patient) (Knaus et al., 1981). In 1985, APACHE was revised to create a simplified
scoring system with 12 physiological variables whereby the effects of age and chronic
health status were incorporated and weighted according to their relative impact giving a
score ranging from 0 to 71 (APACHE II) (Knaus et al., 1985). Further refinements, updating
and validation led to development of APACHE III in 1991 (Knaus et al., 1991) and APACHE
IV in 2006 (Zimmerman et al., 2006). The Simplified Acute Physiology Score (SAPS) was
originally developed in 1984 and had 13 weighted physiological variables and age to predict
mortality risk (Le Gall et al., 1984). In 1993, SAPS II score which included 17 variables was
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introduced (Le Gall et al., 1993) and in 2005, SAPS 3 score which included 20 variables with
a score range from 0 to 217 was introduced (Moreno et al., 2005). The Mortality Probability
Model (MPM) scoring system was developed in 1985 comprising of 7 variables at admission
and at 24-hours (Lemeshow et al., 1985). The MPM score has undergone two subsequent
revisions; MPM II in 1993 (Lemeshow et al., 1993) and MPM III in 2007 (Higgins et al., 2007).
In 1995, the Multiple Organ Dysfunction Score (MODS) was developed, classifying
dysfunction in 6 organ systems (respiratory, renal, hepatic, cardiovascular, haematologic
and neurologic systems) on a scoring scale ranging from 0 to 4 each for a maximum score
of 24 (Marshall et al., 1995). In 1996, the Logistic Organ Dysfunction Score (LODS) was
developed classifying dysfunction in the 6 systems as MODS, with an overall score range
from 0 to 22 (Le Gall et al., 1996). Based on dysfunction in the 6 organ systems proposed
in MODS and LODS, the Sepsis-related Organ Failure Assessment (SOFA) score was
developed in 1996 (Vincent et al., 1996), and was later renamed the Sequential Organ
Failure Assessment (SOFA) score in 1998 (Vincent et al., 1998).
There has been inconsistency in reporting of sepsis-related organ failure in the literature
based on differences in these scoring systems (Usman et al., 2019, Nguyen et al., 2012),
especially when applied to critically ill populations in settings different from those in which
the scoring systems were derived (Khwannimit, 2007, Badrinath et al., 2018, Rhee et al.,
2009). Majority of the scoring systems have focused on dysfunction in 6 organ systems. In
2009, Brandt et al demonstrated occurrence of progressive organ dysfunction with high
volume fluid despite application of cardiorespiratory support in two porcine experimental
models of sepsis (Brandt et al., 2009).
The Sepsis-3 definition taskforce also reported the predominant sepsis-related scoring
system for organ dysfunction in current use in adult intensive care settings is the SOFA
score with specific indicators for organ dysfunction (Singer et al., 2016), shown in table 1.8
below.
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Table 1.8: Sequential (Sepsis-related) Organ Failure Assessment (SOFA) Score (Adapted from (Vincent et
al., 1996))
System
Respiration
PaO2/FiO2, mmHg
(kPa)
Coagulation
Platelets X 103/μL
Hepatic
Bilirubin, mg/dL
(μmol/L)
Cardiovascular
MAP (mmHg),
catecholamine
(μg/kg/min)

CNS
GCS score
Renal
Creatinine, mg/dL
(μmol/L)
Urine output,
mL/day

0

1

Score
2

3

4

≥ 400 (53.3)

< 400 (53.3)

< 300 (40)

< 200 (26.7)#

< 100 (13.3)#

≥ 150

< 150

< 100

< 50

< 20

< 1.2
(< 20)

1.2 - 1.9
(20 - 32)

2.0 - 5.9
(33 - 101)

6.0 - 11.9
(102 - 204)

> 12.0
(> 204)

MAP ≥ 70

MAP < 70

Dopamine < 5
or
Dobutamine
(any dose)

Dopamine 5.1-15
or
Epinephrine ≤
0.1 or
Norepinephrine
≤ 0.1

Dopamine > 15
or
Epinephrine >
0.1 or
Norepinephrine
> 0.1

15

13-14

10-12

6-9

<6

< 1.2
(< 110)

1.2-1.9
(110-170)

2.0-3.4
(171-299)

3.5-4.9
(300-440)
< 500

> 5.0
(> 440)
< 200

# with respiratory support
PaO2, partial pressure of oxygen in arterial blood; FiO2, fraction of inspired oxygen; kPa, kilo Pascals; MAP,
mean arterial pressure; CNS, central nervous system; GCS, Glasgow Coma Scale (range 3 - 15; higher scores
indicative of better neurologic function);

Similarly, there have been several different scoring systems for organ dysfunction
described in paediatric critical illness. The Paediatric Risk of Mortality (PRISM) scoring
system for risk assessment in critically ill children was developed in 1988 and comprised 37
variables, 14 of which were routinely measured (Pollack et al., 1988). In 1993, the Score for
Acute Neonatal Physiology (SNAP) was developed comprising of 26-variables (Richardson
et al., 1993). The Paediatric Multiple Organ Dysfunction (PEMOD) and Paediatric Logistic
Organ Dysfunction (PELOD) scoring systems were introduced in 1999. Both of these scoring
systems assessed six different organs (hepatic, neurologic, renal, cardiovascular,
haematologic and respiratory) with PEMOD including one variable for each organ while
PELOD had several variables per organ system (Leteurtre et al., 1999). While some of these
scoring systems have undergone updates, there is still a limitation of inconsistency in
reporting sepsis-related organ failure based on differences in the scoring systems. Recent
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studies have shown adapting of the Sepsis-3 adult scoring system to incorporate agespecific criteria can be applied in high-income settings for classification of organ
dysfunction in children (Schlapbach et al., 2018, Matics and Sanchez-Pinto, 2017).
Scoring systems in critical illness remain a useful tool for classifying degree of organ
dysfunction as well as predicting outcomes and it is expected that they will continue to
undergo subsequent revisions with more research and advances in understanding of the
pathophysiology of sepsis.

1.5 Patient management in sepsis and septic shock
The key pillars in management of patients in whom sepsis is established include early
identification of infection source and rapid control to limit further spread as well as
haemodynamic stabilisation and organ support when required (Lelubre and Vincent, 2018).
Thus, current management of sepsis is largely supportive rather than curative and is aimed
at eradication of the infection, fluid resuscitation to maintain organ perfusion, vasopressor
administration to maintain an adequate blood pressure and mechanical support of failing
organs (Van Wyngene et al., 2018). Knowledge on the pathophysiology of sepsis and organ
dysfunction is crucial for optimisation of patient treatment including anticipating for and
managing complications. There are several clinical guidelines for sepsis and septic shock
patient management.
Since 2004 the Surviving Sepsis Campaign (SSC) comprising panels of experts has issued
guidelines for the management of sepsis and septic shock patients (Dellinger et al., 2004b,
Dellinger et al., 2004a). These SSC guidelines have undergone subsequent 4-yearly revisions
and updates (Dellinger et al., 2008a, Dellinger et al., 2008b, Dellinger et al., 2013b, Dellinger
et al., 2013a, Rhodes et al., 2017a, Rhodes et al., 2017b). The most recent iteration of SSC
guidelines however focussed largely on resuscitation in the context of infection with the
novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Alhazzani et al.,
2020a, Alhazzani et al., 2020b). A separate set of SSC guidelines for children have also been
developed with an aim of providing an evidence-based approach to management of
paediatric sepsis-associated organ dysfunction and septic shock (Weiss et al., 2020b, Weiss
et al., 2020a). Other regularly updated guidelines for management of paediatric sepsis and
septic shock have been published by the ACCM (Carcillo et al., 2002, Brierley et al., 2009,
Davis et al., 2017a, Davis et al., 2017b) and the WHO (2013, 2016a).
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Recognition of sepsis in patients is critical to management as it is a medical emergency in
which patients tend to be complex requiring a detailed initial assessment and subsequent
monitoring of response to treatment (Levy et al., 2018a, Levy et al., 2018b). In 2016, the
Sepsis-3 taskforce introduced the qSOFA bedside clinical score for screening patients likely
to have possible infection (see Table 1.3 above) (Singer et al., 2016). Some of the
advantages of qSOFA as a screening tool are that it does not require laboratory testing, can
be assessed quickly and repeatedly making it applicable in out-of-hospital, emergency
departments, wards as well as in resource-limited settings.
Determination of the infectious source includes the treating clinician’s index of suspicion
based on the patient’s clinical symptoms and signs, obtaining appropriate microbiological
cultures and imaging. Source control refers to measures that can be applied to eliminate
an infective focus or alter determinants that could promote persistence and spread of
infection in cases where there is a definite focus that is amenable to such measures
(Marshall et al., 2004). Thus, source control represents a fairly broad and non-specific set
of actions that could range from removal of potentially infected intravenous and indwelling
catheters, drainage of infected fluid collections to tissue resection. The SSC guidelines
recommend obtaining appropriate routine microbiologic cultures prior to starting
antimicrobial therapy in sepsis or septic shock if this will not substantially delay
commencement of antimicrobial therapy (Rhodes et al., 2017a, Rhodes et al., 2017b).
Prompt commencement of appropriate antibiotics is therefore also an essential
component of initial management of sepsis to control the source of infection. The SSC
guidelines recommend intravenous antibiotic administration should be initiated as soon as
possible after recognition and within 1-hour for both sepsis and septic shock. Empiric
broad-spectrum antibiotics are recommended in the first instance which can thereafter be
narrowed down after pathogen identification, culture and sensitivities have been
established or after adequate clinical improvement (Rhodes et al., 2017a, Rhodes et al.,
2017b, Levy et al., 2018a, Levy et al., 2018b). Studies have shown that administration of
antibiotics within the first hour of sepsis recognition is associated with higher survival rates
of up to 80% while each hour of delay in starting antibiotic therapy is associated with an
approximate 7% decrease in survival (Paul et al., 2006, Kumar et al., 2006, Micek et al.,
2010). There have also been reports of decreased survival with inappropriate initial
antimicrobial therapy (Kumar et al., 2009). Choosing appropriate antimicrobials without
culture and sensitivity results in sepsis and septic shock can be challenging. Rational
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prescription of antimicrobials in sepsis should therefore take several factors into
consideration such as local patterns of infective pathogens and their antimicrobial
sensitivities, previous infections and antimicrobial treatment, co-morbidities, underlying
clinical syndromes among others. Combination antimicrobial therapy has been associated
with improved survival compared to treatment with single agents (Kumar et al., 2010).
Haemodynamic resuscitation using intravenous (IV) fluids has been recommended in the
SSC treatment guidelines for adults (Rhodes et al., 2017a, Rhodes et al., 2017b, Levy et al.,
2018a, Levy et al., 2018b) and the WHO treatment guidelines children (2013, 2016a)
despite little randomised evidence in support of this practice. The physiologic basis for early
institution of rapid IV fluid treatment in septic shock has been to restore deficits in tissue
perfusion. Hypotension leading to hypoperfusion in septic shock has been reported to
occur due to vasodilation, increased endothelial permeability (Sakr et al., 2004) and
cardiovascular dysfunction (Poelaert et al., 1997). Hypotension is however a late-occurring
sign of decompensation in children with septic shock. Signs of decreased perfusion in septic
shock children include tachycardia (may be absent in the hypothermic patient), decreased
peripheral pulses compared to central pulses, altered level of alertness, flash capillary refill
or prolonged capillary refill longer (>2 seconds), mottled or cool extremities, and decreased
urine output (Carcillo et al., 2002).
In 2014, Vincent and De Backer proposed the concept of four phases of haemodynamic
management of patients with sepsis and septic shock namely salvage, optimisation,
stabilisation and de-escalation to guide IV fluid administration (Vincent and De Backer,
2014). Rapid administration of fluid boluses to restore circulating volume and mean arterial
pressure (MAP) characterises the salvage phase while in the optimisation phase fluid
administration is tailored to individualised fluid responsiveness until the patient stabilises
and eventually volume expansion is de-escalated to avoid fluid overload (Vincent and De
Backer, 2014). The SSC guidelines recommend application of a 30mL/kg body weight (Levy
et al., 2018a, Levy et al., 2018b) fluid challenge and use of crystalloids as the fluid of choice
for initial resuscitation in septic shock as long as haemodynamic factors continue to
improve (Rhodes et al., 2017a, Rhodes et al., 2017b). Similarly, ACCM/PALS paediatric
guidelines have previously recommended initial shock resuscitation with a 60mL/kg body
weight fluid bolus administered rapidly over 15-minutes with additional intensive care
inotropic and ventilatory support for inadequate response to fluid resuscitation (Brierley et
al., 2009). Compared with adults, hypotension in septic shock is a late-occurring clinical sign
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in children and often portends imminent and potentially non-reversible cardiovascular
collapse (Randolph and McCulloh, 2014, Kleinman et al., 2010b). Updated ACCM/PALS
guidelines recommend consideration of institution-specific recognition, resuscitation,
stabilisation and performance bundles for resuscitation and haemodynamic support of
children and neonates with septic shock (Davis et al., 2017a, Davis et al., 2017b). The 2020
paediatric SSC guidelines recommend administration of 40-60 mL/kg fluid boluses (10-20
mL/kg per bolus) over the first hour in healthcare systems with availability of intensive care
and administration of maintenance fluids with no fluid boluses in healthcare systems with
no intensive care and in the absence of hypotension (Weiss et al., 2020b, Weiss et al.,
2020a). WHO-IMCI guidelines for paediatric emergency triage and treatment (ETAT) in
resource-limited settings recommend initial administration of fluid boluses (20mL/kg over
30-60 minutes and repeat 10mL/kg over 30 minutes) for children with impaired perfusion
signs (prolonged capillary refill time > 3 seconds, cool peripheries and a weak & fast pulse)
(2016a). However, there are challenges of sparse intensive care support and
haemodynamic monitoring in resource-limited settings where these WHO-IMCI guidelines
are used commonly. In 2011, the FEAST trial investigators reported a 45% relative increased
risk of mortality (95% CI, 1.13-1.86; p=0.003) with fluid bolus (0.9% saline or 5% albumin)
treatment compared to non-bolus controls (Maitland et al., 2011a). Furthermore in 2017,
Andrews et al., showed a 46% relative increased risk of mortality (95% CI, 1.04-2.05;
p=0.03) in septic shock adults in a resource-limited setting managed with protocolised fluid
boluses, blood transfusion and vasopressor treatment compared to non-protocolised care
controls (Andrews et al., 2017).
Evidence from these randomised studies have challenged the paradigm of using fluid
boluses for haemodynamic resuscitation of septic shock but the potential mechanisms
underlying higher mortality with volume expansion treatment are not yet fully understood.
Secondary analysis of the FEAST trial demonstrated that the excess mortality in the fluid
bolus treatment arms was not due to volume overload but rather due to delayed
cardiovascular collapse (Maitland et al., 2013).

1.6 Patient monitoring in sepsis and septic shock
In sepsis and septic shock treatment, patient monitoring is important for evaluating
response to therapy and for detecting improvements or deterioration in condition for
appropriate and prompt action. Before clinical use of the pulmonary arterial catheter,
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septic shock had been described in two distinct haemodynamic profiles: “Warm shock”
(characterised by peripheral vasodilation) or “cold shock” (characterised by peripheral
vasoconstriction) (Rabuel and Mebazaa, 2006). However, this clinical categorisation of
shock has been shown to be error-prone (Davis et al., 2017b, Davis et al., 2017a) and the
2020 paediatric SSC guideline cautions against use of clinical assessments alone to make a
distinction of “warm” versus “cold” shock in the absence of advanced haemodynamic
monitoring (Weiss et al., 2020b, Weiss et al., 2020a). Invasive monitoring has enabled
further characterisation of these haemodynamic profiles based on cardiac index (CI) and
systemic vascular resistance index (SVRI), with warm shock patients presenting with a high
CI and low SVRI while the SVRI is high and CI is low or normal in cold shock. Advances in
non-invasive monitoring techniques such as ultrasound have also enabled simultaneous
monitoring and characterisation of haemodynamic profiles in sepsis and septic shock while
limiting the attendant risks associated with invasive monitoring. In 2008, a prospective
observational study on fluid-resistant septic shock children using non-invasive Doppler
ultrasonography found 94% of warm shock was associated with hospital-acquired (central
venous catheter) infection compared to only 14% in community-acquired sepsis (Brierley
and Peters, 2008). Echocardiography has also been shown to be useful for non-invasive
bedside serial monitoring of intravascular volume status and myocardial function (Ranjit
and Kissoon, 2013). Besides the cardiovascular system, accessibility and clinical monitoring
of critical illness has also been well described for five other major organ systems; the
respiratory, renal, neurological, haematological and hepatic systems (Lelubre and Vincent,
2018). A diagnosis of sepsis should generally warrant greater levels of monitoring and
intervention including possible admission to critical care or high-dependency facilities
(Singer et al., 2016). Advances in intensive and critical care have enabled simultaneous
provision of organ support in addition to real-time monitoring of critically ill sepsis and
septic shock patients. In the absence of a ‘gold-standard’ diagnostic test for sepsis, patient
monitoring generally involves evaluating a combination of clinical and laboratory variables.
Monitoring targets and reference-values used have been based on correcting physiological
abnormalities in the defining features of sepsis and septic shock (Rady et al., 1996). In the
EGDT trial, clinical monitoring targets during the first 6 hours of resuscitation treatment for
sepsis-induced hypoperfusion included pre-defined targets for central venous pressure
(CVP), 8-12 mmHg; mean arterial pressure (MAP), ≥ 65 mmHg;

urine output, ≥

0.5mL/kg/hr; and central venous oxygen saturation of (ScvO2) ≥ 70% (Rivers et al., 2001).
In-hospital mortality rates > 40% have been associated with septic shock whereby patients
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have serum lactate levels > 2mmol/L and on-going vasopressor requirements to maintain
a MAP ≥ 65 mmHg (Singer et al., 2016). In adults, monitoring of MAP and lactate levels to
evaluate clinical responses to treatment is thus recommended. Other targets for
monitoring clinical improvements or deterioration are based on normalising organ-specific
dysfunction against reference values for the SOFA score (see Table 1.8 above, (Vincent et
al., 1996)), during haemodynamic stabilisation. In paediatric septic shock, hypotension is a
late-occurring feature (Carcillo et al., 2002) and studies have shown a correlation between
high lactate levels and risk of mortality with decreasing lactate trends correlating with
recovery (Kim et al., 2013, Scott et al., 2012, Hatherill et al., 2003). Paediatric guidelines
recommend monitoring of response to resuscitation using clinical parameters such as heart
rate, quality of peripheral pulses, capillary refill, level of consciousness, urine output among
others (2013, 2016a, Davis et al., 2017a, Davis et al., 2017b). Detailed recommendations
for general and organ-specific monitoring targets during treatment of sepsis and septic
shock have been published by the SSC (for adults) (Rhodes et al., 2017a, Rhodes et al.,
2017b) SSC (for paediatrics) (Weiss et al., 2020b, Weiss et al., 2020a) and the ACCM/PALS
(for paediatrics) (Davis et al., 2017a, Davis et al., 2017b), summarised in appendix 1 (Tables
A1 and A2 respectively).

1.7 Scope of the thesis
Sepsis and septic shock continue to cause a significant burden of morbidity and mortality
globally. Despite considerable research and advances in the understanding of the
pathobiology of sepsis over the years, treatment has remained largely unchanged.
Supportive volume expansion treatment for haemodynamic resuscitation has been a
cornerstone of septic shock management. However, randomised evidence in the FEAST
trial (2011) showed higher case-fatalities with fluid bolus treatment for paediatric septic
shock compared to non-bolus controls (Maitland et al., 2011a). Secondary analysis of this
trial demonstrated that the excess mortality in the fluid bolus arms was due to a delayed,
temporally distant, cardiovascular collapse post-fluid administration (Maitland et al.,
2013), a potentially novel mechanism of harm. The scope of this thesis is investigating
cardiac and microvascular effects of volume expansion supportive treatment for septic
shock.
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1.7.1 Hypothesis
Therefore, I aim to examine the cardiovascular effects of volume expansion supportive
treatment for septic shock. The null hypothesis (Ho) for my thesis is: Volume expansion
treatment in septic shock does not alter cardiac and microvascular physiology and function.
The alternate hypothesis (Ha) is: Volume expansion will lead to deranged cardiac and
microvascular physiological and functional parameters in the context of septic shock.

1.8 Outline of the thesis
In Chapter 1, I give an introduction to sepsis and septic shock: Definitions, epidemiology,
pathophysiology, patient management and monitoring and outline the scope of the thesis.
In Chapter 2, I will review the literature on use of fluid boluses and blood transfusion in
septic shock.
In Chapter 3, I will describe the materials and methods used in this thesis.
In Chapter 4, I will present the findings of a systematic review of microcirculatory effects of
volume expansion in pre-clinical models of lipopolysaccharide-endotoxaemic shock.
In Chapter 5, I will describe development of a pre-clinical model of endotoxaemic shock
which I subsequently used to evaluate cardiovascular effects of volume expansion therapy.
In Chapter 6, I will present the pre-clinical trial results on the effects of volume expansion
treatment using either a fluid bolus (0.9% saline) or blood transfusion (fresh ≤5 days storage
or aged ≥30 days storage) on the haemodynamic, haematologic cardiac and
microcirculatory physiological functions in an ovine model of endotoxaemic shock.
In Chapter 7, I will present the results from a clinical prospective observational study on
Management of Paediatric Septic shock (MAPS) study.
In Chapter 8, I will provide an overall discussion of the findings, future directions and
conclusion.

Chapter 2: Volume expansion in septic shock
Septic shock is a sub-set of sepsis in which patients have particularly profound circulatory,
cellular and metabolic abnormalities that are associated with a greater risk of mortality
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than with sepsis alone and clinically present with a vasopressor requirement to maintain a
MAP ≥ 65 mmHg and a serum lactate level > 2 mmol/L without hypovolaemia (Singer et al.,
2016). The inflammatory cascade in sepsis causes widespread endothelial activation and
subsequent vascular dilation leading to reduced cardiac pre-load and a drop in the blood
pressure. Volume expansion strategies have thus been used for haemodynamic
resuscitation of septic shock with an aim of improving tissue perfusion and preventing
progression to multi-organ failure through rapid restoration of systemic blood flow and
cardiac output (Cosnett, 1989).
2.1 Volume expansion by intravenous (IV) fluid bolus treatment
2.1.1 Historical perspectives on IV fluid replacement
The practice of IV fluid replacement has been in existence for over a century with records
dating to the cholera epidemic in Europe in the 1830s. Between 1829 and 1831,
venesection was used by physicians as a means of diminishing venous congestion that was
associated with haemoconcentration secondary to the profuse diarrhoea and volume loss
in cholera prior to the practice of injection of copious aqueous saline and highly oxygenised
salts into the venous system proposed by Dr. O’Shaughnessy (Great Britain. Board of
Health., 1831). Despite some reported successes, not all cases of cholera treated with IV
fluid recovered and the practice was not widely accepted by physicians during that time
(Young, 1831, 1832). There were also uncertainties on whether early institution as well as
application of rapid and repeated IV infusions of the salt solutions would lead to improved
clinical outcomes in cholera patients (Great Britain. Board of Health., 1831). Some of the
less successful cholera cases could have also been attributed to introduction and spreading
of bloodstream infections as the IV fluids used were unsterile; the salts added to the fluids
were also often impure (1832); and most of the IV replacement solutions used were
hypotonic (Young, 1831). In 1834, Dr. Mackintosh reported the addition of egg albumin to
the saline solutions in an attempt to make a colloid solution that resembled blood serum,
however this did not substantially improve outcomes in cholera patients (White, 1834). The
practice of volume expansion using IV infusion with milk was reported in Canada during the
1850s cholera pandemic, but the practice was discontinued due to adverse effects
(Oberman, 1969, Molnar et al., 1969) as well as the introduction of isotonic saline solutions
in the 1880s (Ringer, 1885b). Since then, the practice of IV fluid replacement in critically ill
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patients has undergone refinements and now forms a central component in the modernday resuscitation of septic shock patients.
2.1.2 IV crystalloids and colloids
Crystalloid has been the term used to describe intravenously administered solutions such
as salt, sugar and urea that can be crystallized with ease and are capable of passing through
semi-permeable membranes while colloid (derived from the Greek word for glue) has been
used to describe highly viscous, non-crystallizable solutions (such as those containing
gelatin, gum, egg albumen, starch or dextrin) which when evaporated to dryness, formed
masses that diffused with extreme slowness and would not pass through animal
membranes (Finfer et al., 2018). Normal (0.9%) saline, a crystalloid, is the most commonly
used IV fluid including in septic shock and traumatic brain injury however, rapid and highvolume infusion has been reported to cause hyperchloraemic metabolic acidosis and the
high load of chloride ions might also be associated with acute kidney injury (AKI). Other
crystalloids used clinically include several buffered salt solutions in which chloride is
replaced with other anions to reduce the propensity to cause hyperchloraemia compared
with normal saline. Colloids have been reported to have a volume-sparing effect, with
lower resuscitation volumes required when compared to crystalloids, but they are more
expensive (Finfer et al., 2018, Guidry et al., 2013). Table 2.1 below shows a summary of the
composition of the commonly used crystalloids and colloids for haemodynamic
resuscitation in critical illness (Adapted from (Finfer et al., 2018)).
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Table 2.1: Composition of commonly used crystalloid and colloid IV fluids (Adapted from (Finfer et al., 2018))
Solution

Characteristics and composition (per litre)

Crystalloids
Normal saline
(0.9% saline)

•
•
•

Osmolarity 308 mOsm/l (calculated); Osmolality 286 mOsm/kg (measured)
pH 5.0
Na+ 154, Cl- 154 (all in mmol)

Sodium lactate
(Hartmann’s solution)

•
•
•

Osmolarity: 280.6 mOsm/l (calculated); Osmolality: 254 mOsm/kg (measured)
pH 5.0-7.0
Na+ 131, K+ 5.4, Cl- 111, Ca2+ 2.0 & lactate 29 (all in mmol)

Ringer’s lactate

•
•
•

Osmolarity: 273 mOsm/l (calculated); Osmolality: 273 mOsm/kg (measured)
pH 6.5
Na+ 130, K+ 4, Cl- 109, Ca2+ 2.7 & lactate 28 (all in mmol)

Ringer’s acetate

•
•
•

Osmolarity: 304 mOsm/l (calculated); Osmolality: 254 mOsm/kg (measured)
pH 4.6-5.4
Na+ 140, K+ 4, Cl- 127, Ca2+ 2.5, Mg2+ 1.0, acetate 24 & malate 5.0 (all in mmol)

PlasmaLyte 148

•
•
•

Osmolarity: 294 mOsm/l (calculated); Osmolality: 271 mOsm/kg (measured)
pH 4.0-6.5
Na+ 140, K+ 5, Cl- 98, Mg2+ 1.5, acetate 27, gluconate 23 (all in mmol)

PlasmaLyte A

•
•
•

Osmolarity: 294 mOsm/l (calculated); Osmolality: not known
pH 7.4
Na+ 140, K+ 5, Cl- 98, Mg2+ 1.5, acetate 27, gluconate 23 (all in mmol)

Albumin 4%

•
•
•

Osmolarity: 250 mOsm/l (calculated); Osmolality: 260 mOsm/kg (measured)
pH 6.7-7.3
Na+ 140, Cl- 128 & octanoate 6.4 (all in mmol)

Albumin 5%

•
•
•

Osmolarity: 309 mOsm/l (calculated); Osmolality: 309 mOsm/kg (measured)
pH 6.4-7.4
Na+ 130-160, K+ <2, Cl- ~130, Na caprylate 4 & Na N-acetyl tryptophanate 4 (in mmol)

Albumin 20%

•
•
•

Osmolarity: 130 mOsm/l (calculated); Osmolality: 130 mOsm/kg (measured)
pH 6.7-7.3
Na+ 48-100 & octanoate 32 (all in mmol)

Albumin 25%

•
•
•

Osmolarity: 312 mOsm/l (calculated); Osmolality: 312 mOsm/kg (measured)
pH 6.4-7.4
Na+ 130-160, K+ <1, Cl- ~130, Na caprylate 4 & Na N-acetyl tryptophanate 4 (in mmol)

6% HES (130/0.4) in
normal saline

•
•
•

Osmolarity: 308 mOsm/l (calculated); Osmolality: 304 mOsm/kg (measured)
pH 4.0-5.5
Na+ 154 & Cl- 154 (all in mmol)

6% HES (130/0.4) in
buffered salt solution

•
•
•

Osmolarity: 286 mOsm/l (calculated); Osmolality: 283 mOsm/kg (measured)
pH 5.7-5.5
Na+ 137, K+ 4, Cl- 110, Mg2+ 1.5 & acetate 34 (all in mmol)

6% HES (130/0.42) in
Ringer’s acetate

•
•
•

Osmolarity: 296 mOsm/l (calculated); Osmolality: not known
pH 5.6-6.4
Na+ 140, K+ 4, Cl- 118, Ca2+ 2.5, Mg2+ 1.0, acetate 24 & malate 5 (all in mmol)

Succinylated gelatin 4%

•
•
•

Osmolarity: 274 mOsm/l (calculated); Osmolality: not known
pH 7.4
Na+ 154 & Cl- 120 (all in mmol)

Polygeline 3.5%

•
•
•

Osmolarity: 301 mOsm/l (calculated); Osmolality: not known
pH 7.3
Na+ 145, K+ 5.1, Cl- 145 & Ca2+ 6.25 (all in mmol)

Colloids

HES, hydroxyethyl starch; Na+, sodium; K+, potassium; Cl-, chloride; Ca2+, calcium; Mg2+, magnesium
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2.1.3 Volume expansion in septic shock using crystalloids and colloids
While the use of IV fluids for volume expansion was initially introduced in clinical practice
and licenced without robust randomised investigation of safety or efficacy, on-going large
and high-quality, investigator-initiated randomised controlled trials continue to provide
such data in modern-day resuscitation practices for critical illness (Finfer et al., 2018). Some
of the controversy surrounding volume resuscitation in septic shock include the type of
fluid to use, the dose and rate of administration. Normal saline has been used as the firstline fluid of choice for resuscitation and volume expansion in sepsis and septic shock
although updated guidelines currently recommend using buffered crystalloids as the fluid
of choice for initial resuscitation and subsequent intravascular volume replacement in
patients with septic shock to minimise hyperchloraemic renal injury (Davis et al., 2017a,
Davis et al., 2017b, Rhodes et al., 2017a, Rhodes et al., 2017b, 2016a, Weiss et al., 2020b,
Weiss et al., 2020a). There have been several randomised trials that have been conducted
comparing the effects of different fluids or different volumes of fluid for septic shock
resuscitation as discussed below.
In 2001, Rivers et al evaluated effectiveness of a 6-hour early-goal directed therapy (EGDT)
prior to ICU admission, which included a 500 mL bolus of crystalloid administered every 30minutes titrated to a target central venous pressure (8-12 mmHg) compared to standard
care in adult patients with severe sepsis and septic shock. In this trial, the overall in-hospital
mortality was 46.5% in the standard treatment group compared to 30.5% in the EGDT
group (relative risk 0.58; 95% CI 0.38-0.87; p=0.009). In the sub-group of septic shock
patients, mortality was 58.6% in the standard treatment group and 42.3% in the EGDT
group (relative risk 0.60; 95% CI 0.36-0.98; p=0.04) (Rivers et al., 2001). Evidence from this
EGDT trial formed the basis for fluid resuscitation guidelines recommending an initial fluid
challenge of 500-1000 mL (crystalloids) or 300-500 mL (colloids) for adults and 40-60 mL/kg
body weight for children (Dellinger et al., 2004a, Dellinger et al., 2004b).
In 2001, Schortgen et al compared frequency of acute renal failure (ARF), defined as a 2fold increase in serum creatinine from baseline or the need for renal replacement therapy
(RRT), among severe sepsis or septic shock adult patients’ resuscitation with 6% HES or 3%
gelatin across three ICUs in France. This trial reported significantly higher frequencies in
ARF in the 6% HES group compared to the 3% gelatin (42% vs 23%; p=0.028) (Schortgen et
al., 2001).
57

In 2004, the Saline versus Albumin Fluid Evaluation (SAFE) trial conducted in critically ill
adults patients comparing resuscitation with 4% albumin versus 0.9% saline reported an
overall mortality of 20.9% (726/3,473) in the albumin resuscitation group compared to
21.1% (729/3,460) in the saline resuscitation group with no significant differences between
the groups (relative risk, 0.99; 95% CI 0.91-1.09; p=0.87) (Finfer et al., 2004a). Similarly,
there was no difference in mortality among the severe sepsis sub-group of patients
receiving saline resuscitation 35.3% (217/615) compared to albumin resuscitation 30.7%
(185/603) (relative risk 0.87; 95% CI 0.74-1.02; p=0.09) in this trial (Finfer et al., 2004c,
Finfer et al., 2004b, Finfer et al., 2004a).
In 2008, Brunkhorst et al compared resuscitation using either 10% HES or Ringer’s lactate
among adults with severe sepsis in the Efficacy of Volume Substitution and Insulin Therapy
in Severe Sepsis (VISEP) study that also compared intensive and conventional insulin
therapy. This trial was stopped early due to safety concerns of intensive insulin therapy and
HES resuscitation. There was no difference in mortality between the two groups. However,
the HES group in comparison to the Ringer’s lactate group had a significantly higher
proportion of patients with ARF (34.9%, [95% CI 29.1-40.7] vs 22.8%, [95% CI 17.8-27.8];
p=0.002) and receiving RRT (31.0%, [95% CI 25.4-36.7] vs 18.8%, [95% CI 14.1-23.4];
p=0.001). Compared to the Ringer’s lactate group, the 10%HES group also had a
significantly higher coagulation SOFA score (median 0.46 [IQR 0-1.30] vs 0.11 [IQR 0-0.83])
and renal SOFA score (median 0.67 [IQR 0-1.94] vs 0.42 [IQR 0-1.33]) (Brunkhorst et al.,
2008).
In 2011, the Fluid Expansion As Supportive Therapy (FEAST) trial conducted in children with
severe febrile illness showed an increased risk of mortality with fluid bolus (albumin or
saline) resuscitation compared to non-bolus controls (relative risk 1.45; 95% CI, 1.13-1.86;
p=0.003). However, there was no difference between resuscitation with a crystalloid (0.9%
saline) or a colloid (5% human albumin) fluid bolus (relative risk, 1.01; 95% CI 0.78-1.29;
p=0.96). This study was designed to inform fluid-resuscitation guidelines for severe febrile
illness in resource-limited settings and was conducted in 6 centres across East Africa but
was stopped early due to evidence of harm with fluid bolus treatment (Maitland et al.,
2011a).
In 2012, the Crystalloid versus Hydroxyethyl Starch Trial (CHEST) compared resuscitation
with either 6% hydroxyethyl starch (HES), a synthetic colloid, or 0.9% saline among patients
58

>18 years including 29.2% (979/3,355) and 28.4% (958/3,376) patients with sepsis in the
HES and saline groups respectively (Myburgh et al., 2012). In this trial, the overall 90-day
mortality in the HES resuscitation group was 18% (579/3,315) compared to 17%
(566/3,336) in the saline resuscitation group with no significant differences (relative risk
1.06; 95% CI 0.96-1.18; p=0.26). However, compared to saline, HES was associated with a
significantly higher proportion of patients receiving renal replacement therapy (7.0% vs
5.8%; relative risk 1.21; 95% CI 1.00-1.45; p=0.04) and hepatic organ failure (1.9% vs 1.2%;
relative risk 1.56; 95% CI 1.03-2.36; p=0.03). Cardiovascular organ failure was significantly
lower in the HES group than in the saline group (36.5% vs 39.9%; relative risk 0.91; 95% CI
0.84-0.99; p=0.03). Despite HES being associated with a lower positive net fluid balance
compared to saline (921±1,069 mL vs 982±1,161 mL; p=0.03), patients in the HES group had
significantly higher CVP (11.3±4.8 mmHg vs 10.4±4.4 mmHg; p<0.001), received more blood
products (78±250 mL vs 60±190 mL; p<0.001) and a higher occurrence of adverse events
(4.6% vs 3.3%; p=0.006) associated with high levels of starch use (Myburgh et al., 2012).
In 2012, the Scandinavian Starch for Severe Sepsis/Septic Shock (6S) trial comparing
resuscitation of adult severe sepsis/septic shock using either 6% HES or Ringer’s lactate.
Compared to the Ringer’s lactate group, the 6% HES group had a significantly higher risk of
mortality (relative risk 1.17; 95% CI 1.01-1.36; p=0.03) and RRT (relative risk 1.35; 95% CI
1.01-1.80; p=0.04) (Perner et al., 2012).
In 2014, the Albumin Italian Outcome Sepsis (ALBIOS) study compared administration of
20% albumin and crystalloids versus crystalloids alone in patients with severe sepsis. There
was no difference in mortality at 28-days and 90-days in the albumin and crystalloid group
compared to the crystalloid-only group (31.8% vs 32.0%; relative risk 1.00; 95% CI 0.871.14; p=0.94 and 41.1% vs 43.6%; relative risk 0.94; 95% CI 0.85-1.05; p=0.29 respectively).
Albumin administration compared to crystalloid only was associated with a significantly
lower cardiovascular SOFA score (median 1.20 [IQR 0.46-2.13] vs 1.42 [IQR 0.60-2.50];
p=0.03) but higher SOFA scores for coagulation (median 0.64 [IQR 0-1.62] vs 0.50 [IQR 01.59]; p=0.04) and the liver (median 0.28 [IQR 0-1.00] vs 0.20 [IQR 0-0.92]; p=0.02). In
patients with septic shock, administration of 20% albumin and crystalloid was associated
with reduced mortality compared to those without septic shock (relative risk with septic
shock 0.87; 95% CI 0.77-0.99 and relative risk without septic shock 1.13; 95% CI 0.92-1.39;
p=0.03) (Caironi et al., 2014).
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Between 2014 and 2015, the ARISE, ProCess and ProMISe trials were three multi-centre
trials evaluating EGDT that all reported no mortality benefit on EGDT compared to standard
of care or usual care (Investigators et al., 2014, Pro et al., 2014, Mouncey et al., 2015). In
the Australasian Resuscitation in Sepsis Evaluation (ARISE) trial, conducted in 1600 patients
across 51 centres, EGDT was associated with a significantly higher IV fluid volume,
vasopressor infusion, red blood cell transfusion and inotrope use, but there was no overall
difference in 90-day mortality when compared to usual standard of care (Investigators et
al., 2014). Similarly, in the Protocolized Care for Early Septic Shock (ProCESS) trial,
conducted in 31 emergency departments randomising 1,341 patients to either an EGDT
protocol, protocol-based standard therapy or usual-care, there were no significant
differences in mortality (at 60-days or 90-days), IV fluid, vasopressors, inotropes or blood
transfusion across the three treatment groups (Pro et al., 2014). In the Protocolised
Management In Sepsis (ProMISe) trial, despite a higher treatment intensity in the EGDT
group compared to the usual care group as evidenced by increased use of intravenous
fluids, vasoactive drugs, red blood cell transfusions, advanced cardiovascular support and
longer stays in the intensive care unit among the 1,260 patients randomised across 56
hospitals, there were no differences in outcome between the two groups (Mouncey et al.,
2015). Generalisability of the EGDT findings by Rivers et al beyond a single centre where
the trial was conducted has been brought to question with the divergent outcomes seen in
the three multi-centre trials. The possibility that the original EGDT study having included
patients who were relatively more ill than those in the subsequent trials was evaluated in
a patient-level meta-analysis that still failed to show benefits of EGDT even in the most sick
patient sub-groups (Investigators et al., 2017). As none of the trials were blinded, the
possibility of bias remains a potential explanation for the divergent differences between
the original single-centre EGDT trial and the subsequent multi-centre trials. It also remains
unclear to what extent general improvements in provision of care to sepsis and septic shock
patients that have occurred over time could have contributed to differences in the groups
that received ‘usual’ or ‘standard-of-care’.
In 2016, the Conservative versus Liberal Approach to fluid therapy of Septic Shock in
Intensive Care (CLASSIC) pilot trial compared a protocol restricting resuscitation fluid to a
standard care protocol after initial resuscitation in adult ICU patients with septic shock.
Isotonic crystalloid resuscitation fluids were used in this trial that demonstrated the fluid
restriction protocol could significantly lower volume of fluid used in septic shock
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resuscitation compared to the standard protocol during the first 5-days in ICU (mean
difference -1,241 mL; [95% CI -2,043 to -439]; p<0.001) and during the entire ICU stay
(mean difference -1,407 mL; [95% CI -2,358 to -456]; p<0.001) (Hjortrup et al., 2016). While
there were no differences in net fluid balance or serious adverse events between the
groups, the generalisability of findings from this trial to acute resuscitation in populations
of critically ill adults admitted in ICU stands to be challenged by the fact that patients had
already received an initial resuscitation prior to enrolment in this trial. It was also not
powered to show mortality differences.
In 2017, a trial designed to investigate the effect of an early resuscitation protocol
(including intravenous fluids and vasopressor use) among adults with sepsis and
hypotension was conducted in a single-centre within a resource-limited setting. Mortality
was higher in the early resuscitation protocol group (48.1%) compared to the standard of
care group (33.0%) (relative risk 1.46; 95% CI 1.04-2.05; p=0.03). The early resuscitation
protocol group was also associated with significantly higher volumes of intravenous fluids
as well as higher vasopressor use compared to the standard of care group (mean difference
in IV fluid volume 1.2 L; 95% CI 1.0-1.5 L; p<0.001 and between group difference in
vasopressor use 12.3%; 95% CI 5.1-19.4%; p<0.001) (Andrews et al., 2017).
In 2019, a multicentre RCT conducted in 28 ICUs across 5 countries comparing a peripheral
perfusion-targeted (PPT) resuscitation strategy to a lactate level-targeted (LLT)
resuscitation strategy in adults with septic shock showed no difference in mortality
between the two groups. The reported mortality was 34.9% in the PPT group and 43.4% in
the LLT group (hazard ratio 0.75; 95% CI 0.55-1.02; p=0.06). However, the mean volume of
resuscitation fluids administered within the first 8-hours was significantly different
between the two groups (mean ± SD in the PPT group 2,359 ± 1,344 mL and in the LLT group
2,767 ± 1,749 mL; mean difference -408 [95% CI -705 to -110]; p=0.01) (Hernandez et al.,
2019).
In 2019, a pilot trial conducted in children with shock to determine feasibility of a full trial
comparing a restricted crystalloid fluid bolus (10mL/kg) to standard of care (20mL/kg) in
patients who were still in shock after an initial 20mL/kg fluid bolus reported a significantly
lower mean volume of fluid administered during the intervention period in the fluid
restriction group compared to the standard of care group (mean ± SD; 14.5 ± 11.1 mL/kg
versus 25.7 ± 12.0 mL/kg respectively; p<0.001). There were no deaths or serious adverse
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events reported in this pilot trial however it did not recommend progression to a larger trial
as participants in the HIC setting were not as unwell as expected (Inwald et al., 2018). The
major investigator-led trials on IV fluid resuscitation in septic shock are summarised below.
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Table 2.2: Summary of major IV fluid resuscitation trials in severe sepsis/septic shock since 2000 (Adapted and modified from (Finfer et al., 2018))
Adult studies
Publication

Population studied

Intervention arms

(Rivers et al.,
2001)

263 adults with severe sepsis or 6-hours of EGDT (500mL
septic shock at an ED in a single crystalloid boluses every
centre in USA
30-min titrated to CVP of
8-12 mmHg) versus
standard of care (no
central venous catheter)
(Schortgen et al., 129 adults with severe sepsis or 6% HES (200/0.6) versus
2001)
septic shock in 3-ICUs in France 3% fluid-modified gelatin

Primary outcome

Results

Recommendations for sepsis/septic
shock

In-hospital mortality Significantly higher mortality in
the standard of care group
(46.5%) compared to EGDT group
(30.5%), p=0.009

Supports use of EGDT in patients with
severe sepsis and septic shock

AKI (doubling of
serum creatinine or
need for RRT)
28-day all-cause
mortality

AKI increased with HES
resuscitation

HES should not be given to adults
with sepsis

No difference in 28-day mortality
between the groups but higher
mortality in patients with TBI

Equivalent outcomes with saline and
albumin in sepsis/septic shock
patients. Saline is less expensive and
thus the preferred resuscitation fluid
10% HES (200/0.5) should not be
given to adults with sepsis

(Finfer et al.,
2004a)

6,997 adults (multi-disciplinary
ICU population including septic
shock patients)

4% albumin versus 0.9%
saline

(Brunkhorst et
al., 2008)

537 adults with sepsis
(multidisciplinary ICU in 18
hospitals in Germany)

10% HES (200/0.5) versus 28-day mortality
modified Ringer’s lactate and mean SOFA
score

(Myburgh et al.,
2012)

7,000 adults (in
multidisciplinary ICUs across
Australia and New Zealand)

6% HES (130/0.4) versus
0.9% saline

90-day all-cause
mortality

No difference in 28-day mortality
or mean SOFA score between the
two treatment groups but HES
had higher rates of AKI, RRT as
well as coagulation and renal
SOFA scores
No significant difference in 90-day
mortality between the 2 groups;
no benefit of HES on patient
centred outcomes

HES associated with higher serum
creatinine and increased use of RRT in
ICU. HES is nephrotoxic and should
not be given to sepsis patients in ICU
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Publication

Population studied

(Perner et al.,
2012)

804 adult patients with severe
sepsis in ICUs across
Scandinavian countries

Results

Recommendations for sepsis/septic
shock

6% HES (130/0.42) versus Death or end-stage
Ringer’s acetate
renal disease
requiring RRT at 90days postrandomisation
1,818 adult patients with
20% albumin + crystalloid 28-day all-cause
severe sepsis in 100 ICUs across (target ≥30 g/L serum
mortality
Italy
albumin) versus
crystalloid-only
1,600 adult patients presenting EGDT (6-hour protocol)
90-day all-cause
to the ED with septic shock in
or usual care
mortality
51 centres across 5 countries

HES associated with a significantly
higher relative risk of death
(p=0.03) and RRT (p=0.04)

HES causes adverse effects and higher
mortality and thus should not be
given to adults with sepsis

No difference in 28-day mortality
between the 2 groups

ProCess Trial
(Pro et al., 2014)

1,341 adult patients with septic
shock presenting to ED in 31
centres across USA

No significant difference in
mortality between the protocol
groups and the usual care group
(p=0.83)

ProMISe Trial
(Mouncey et al.,
2015)

1,260 adults with septic shock
EGDT (6-hour
presenting to ED in 56 hospitals resuscitation protocol)
in England
versus usual care

Albumin administration was
associated with reduced mortality in
septic shock patients but not sepsisonly patients.
EGDT did not reduce all-cause
mortality compared to usual care.
EGDT group patients received more
IV fluids in the first 6-hours and were
also more likely to receive red blood
cell transfusion, vasopressor infusions
and dobutamine inotropy
Protocol-based EGDT and protocol
based standard therapy did not
reduce mortality compared to usual
care but increased total resuscitation
volume and vasopressors
administered
EGDT led to increased treatment
intensity (IV fluids, vasoactive
treatment, red blood cell transfusion
etc) and increased costs but did not
improve outcomes and had a
probability of less than 20% on costeffectiveness

(Caironi et al.,
2014)

ARISE trial
(Investigators et
al., 2014)

Intervention arms

Primary outcome

6-hour protocol-based
60-day in-hospital
EGDT versus 6-hour
mortality
protocol-based standard
therapy versus usual care

90-day all-cause
mortality

No significant difference in
mortality between the EGDT or
usual care groups (p=0.90)

EGDT did not lead to an
improvement in outcome
compared to usual care in septic
shock patients
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Publication

Population studied

Intervention arms

Primary outcome

Results

Recommendations for sepsis/septic
shock

(Hjortrup et al.,
2016)

151 adults with septic shock
who had received initial fluid
resuscitation in 9 Scandinavian
ICUs

Restrictive fluid
resuscitation protocol
versus standard of care
(liberal) fluid
resuscitation

Total volume of
resuscitation fluids
given in first 5-days
of ICU and during
entire ICU stay

Significantly less volume was
given as well as lower numbers of
patients with worsening AKI in
the restrictive fluid resuscitation
group

Supports feasibility and physiological
plausibility of a larger trial on fluid
restriction in septic shock patients

(Andrews et al.,
2017)

212 adults with septic shock at
an ED in a single-centre in
Zambia

Administration of more fluid and
vasopressor agents in septic shock
patients might not always be
beneficial and could potentially cause
more harm leading to worsened
outcomes in LMIC settings

(Hernandez et
al., 2019)

424 adult patients with septic
shock in 28 ICUs across 5
countries

Early resuscitation sepsis- In-hospital mortality Early resuscitation sepsis protocol
protocol versus usual
associated with significantly
standard of care
higher mortality (48.1%)
compared to usual care (33.0%)
(p=0.03) as well as higher
resuscitation fluid volumes and
more vasopressor use
Stepwise resuscitation
28-day all-cause
No significant mortality
protocols including
mortality
differences between the
500mL of crystalloids
peripheral perfusion-target group
every 30-minutes aimed
and the lactate level-target but
at either normalizing
higher volumes of resuscitation
capillary refill time
fluid administered in the lactate
(peripheral perfusion
level-target group
target) or normalizing/
decreasing lactate levels
at rates greater than 20%
per 2-hours (lactate level
target) over an 8-hour
period

Publication

Population studied

Intervention arms

Recommendations for sepsis/septic
shock

Primary outcome

Results

These findings did not support the
use of a peripheral perfusion-targeted
resuscitation strategy compared to a
lactate level-targeted strategy in
patients with septic shock
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Paediatric studies
(Maitland et al.,
2011a)

3,141 children with severe
febrile illness and impaired
perfusion in 6 centres across
East Africa

(Inwald et al.,
2018)

75 children with septic shock in
13 hospitals across England

Three treatment arms:
5% albumin bolus group
versus 0.9% saline bolus
group versus no-bolus
group
10mL/kg versus 20mL/kg
crystalloid fluid bolus
every 15 minutes for up
to 4-hours if still in shock
after an initial 20mL/kg
bolus

48-hour mortality

Outcome measures
based on
progression criteria:
Recruitment and
retention, protocol
adherence,
separation,
potential trial
outcome measures
and perspectives of
parents and staff

Fluid boluses increased mortality
compared to no bolus (p=0.003);
no difference in mortality
between 5% albumin and 0.9
saline bolus groups (p=0.96)
No mortalities or severe adverse
events reported. Significantly
lower mean fluid volumes
administered in the fluid
restriction group (10mL/kg)
compared to standard of care
group (20mL/kg) (p<0.001)

Crystalloid and colloid fluid boluses
should be avoided in critically ill
children with impaired perfusion in
LMIC settings
The optimum strategy for fluid bolus
resuscitation in children with septic
shock in high income countries
remains unknown. A larger
randomised trial in HIC settings is not
feasible as participants have a lower
severity of illness than expected.
More observational/ epidemiological
studies needed

HES, hydroxyethyl starch; ED, emergency department; ICU, intensive care unit; EGDT, early goal directed therapy; CVP, central venous pressure; TBI, traumatic brain injury; AKI,
acute kidney injury; RRT, renal replacement therapy
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2.2 Blood transfusion
2.2.1 Historical perspectives on blood transfusion practices
The circulation of blood described in the 1600s by William Harvey was an important
discovery that preceded the practice of blood transfusion. Early documented evidence of
blood transfusion in animals dates back to 1666 when Richard Lower transfused blood from
one dog into another which had been venesected to cause anaemia. Jean-Baptiste Denis is
credited with administering the first successful animal-to-human transfusion, 4 months
prior on 15 July 1667, when he transfused the blood of a lamb into a 15-year old boy who
survived (Keynes, 1967). Though successful, the reported indication for transfusion in the
boy's case treated by Denis was to treat symptoms of mental illness, unlike in the preclinical experiments by Lower in which transfusion was administered to treat blood loss
(Keynes, 1967, Giangrande, 2000, Fastag et al., 2013). Richard Lower subsequently
conducted successful transfusion from a sheep to a single human on two separate
occasions on 23 November and 12 December, 1667 (Lower, 2002). James Blundell, an
obstetrician who had seen several cases of post-partum haemorrhage in humans,
conducted experimental research on blood transfusion in dogs showing that death from
haemorrhage could be prevented by transfusion and that venous blood was equally
effective as arterial blood for resuscitation in dogs (Giangrande, 2000). Dr Blundell is also
credited with noting the importance of removing air bubbles before transfusion and
developed a special syringe with a two-way stopcock which he later used to conducted the
first human-to-human blood transfusion in 10 people, four of which were successful, thus
heralding the start of an era of transfusion medicine (Baskett, 2002, Giangrande, 2000).
The observation of lysis when blood from one animal was mixed with serum from another
species in 1875 was a historic landmark in transfusion medicine that preceded the
discovery of blood groups (Giangrande, 2000).
In the early 1900s, Karl Landsteiner’s discovery and description of the ABO human blood
groups (Schwarz and Dorner, 2003) and subsequent discovery of the Rhesus (Rh) antigen
(Wiener, 1969) laid the foundation for contemporary blood transfusion practices. Other
important events in the history of blood transfusion included the introduction of
anticoagulants for longer preservation of blood (Mollison, 2000), blood banking using
electrical refrigeration (Lethbridge, 2012), transfusion using human serum albumin to treat
haemorrhagic shock during the Second World War (Eckhardt et al., 1948, Cournand et al.,
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1944, Warren et al., 1944) and discovery of incomplete antibodies using anti-human
globulins (Coombs et al., 1946). While most of the blood transfusion research and
discoveries of the 20th Century occurred in the period before and during the Second World
War, the post-war era saw the refinement of blood transfusion practices. Major post-war
developments included introduction of plasmapheresis as a means of collecting plasma for
fractionation in 1964 (Kliman and Lesses, 1964), donor blood screening for hepatitis B
surface antigen in 1971 (Singleton et al., 1971), for HIV antibodies in 1985 (Busch et al.,
1991) and for hepatitis C virus in the late 1990s (Alter, 2002).
2.2.2 Blood transfusion in sepsis and septic shock
Patients with sepsis and septic shock frequently experience abnormalities in blood
properties generally termed as ‘haematologic failure’. Coagulopathy occurs in the
pathophysiological evolution of sepsis and can be complex, ranging from minor changes to
disseminated intravascular coagulation (DIC) characterized by widespread microvascular
thrombosis, profuse bleeding and amplification of the inflammatory response through the
release of inflammatory cytokines and growth factors (Levi, 2008, Levi et al., 2012).
Description of the interaction of inflammation and coagulopathy in sepsis has been
provided in Chapter 1 (Section 1.4, Pathophysiology of sepsis). Blood transfusion in septic
shock is generally administered to patients who fail to improve after boluses of crystalloid
and colloid fluids or if the haemoglobin level is low. The goal of blood transfusion is to
improve tissue perfusion by increasing cardiac output, raising superior vena cava
oxyhaemoglobin (ScvO2) levels to ≥70% and haematocrit levels to ≥30% (Murthy, 2014) as
well as treating anaemia to augment oxygen delivery to tissues if the haemoglobin (Hb)
level is below 7g/dL (Hebert et al., 1999).
2.2.2.1 Haemoglobin threshold for transfusion in critical illness
In 1999, the Transfusion Requirements In Critical Care (TRICC) trial, designed to elucidate
the potential risks of anaemia and possible benefits of blood transfusion among critically ill
adults, enrolled a total of 838 normovolaemic patients divided into two groups of
restrictive (n=418) and liberal (n=420) transfusion strategies on the basis of the
haemoglobin (Hb) level. This trial reported that a restrictive (Hb <7.0 g/dL) packed red
blood cell (PRBC) transfusion strategy was as effective as a liberal (Hb <10.0 g/dL)
transfusion strategy in critical illness with no significant differences in 30-day mortality
from all causes (p=0.11) in patients without active coronary ischaemic syndromes such as
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acute myocardial infarction and unstable angina (Hebert et al., 1999). This landmark trial
on blood transfusion in critical illness has since formed the basis for successive Surviving
Sepsis Campaign (SSC) guidelines on transfusion and administration of blood products in
adults with sepsis, recommending transfusion when the haemoglobin concentration
decreases to less than 7.0 g/dL with a target post-transfusion haemoglobin concentration
of 7.0-9.0 g/dL, in the absence of extenuating circumstances, such as myocardial ischaemia,
severe hypoxemia, acute haemorrhage, or ischaemic coronary artery disease (Dellinger et
al., 2004a, Dellinger et al., 2004b, Dellinger et al., 2008a, Dellinger et al., 2008b, Dellinger
et al., 2013a, Dellinger et al., 2013b, Rhodes et al., 2017a, Rhodes et al., 2017b).
In the paediatric literature, the 2007 Transfusion Requirements In the Paediatric Intensive
Care Unit (TRIPICU) randomised trial compared a restrictive-transfusion strategy (Hb ≤7
g/dL) versus a liberal-transfusion strategy (Hb ≤9.5g/dL) among 320 and 317 stable,
critically ill children respectively. This trial showed that a restrictive-transfusion strategy led
to a significantly reduced number of transfusions per patient compared to the liberaltransfusion strategy (0.9±2.6 versus 1.7±2.2 transfusions per patient respectively; p<0.001)
without increasing the risk of multi-organ dysfunction or other adverse clinical outcomes
(Lacroix et al., 2007). The American College of Critical Care Medicine (ACCM), updated
guideline thus recommends transfusion to a target haemoglobin of greater than 10.0 g/dL
for septic shock among paediatric patients (Davis et al., 2017a, Davis et al., 2017b) and 7.0
g/dL target for stable critical illness without cardiopulmonary compromise (Karam et al.,
2011). Updated paediatric SSC guidelines do not recommend transfusion in
haemodynamically stable children with a haemoglobin level ≥7 g/dL and make no specific
recommendation regarding haemoglobin transfusion thresholds for critically-ill children
with unstable shock (Weiss et al., 2020b, Weiss et al., 2020a). The WHO-IMCI paediatric
guideline recommends blood transfusion in septic shock as a supportive measure if
intravenous fluids are insufficient to maintain adequate circulation or when there is
anaemia Hb <5 g/dL (2013, 2016a). Thus, blood and blood-products are generally reserved
as a later-stage treatment option in sepsis and septic shock after administration of
crystalloids and colloids.
In 2014, the Transfusion Requirements In Septic Shock (TRISS) trial was designed to
evaluate the effects on mortality of leukoreduced blood transfusion among patients with
septic shock admitted in the intensive care unit (ICU). This trial randomised a total of 998
adult patients to either a lower (≤7.0 g/dL; n=502) or a higher (≤9.0 g/dL; n=496)
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haemoglobin threshold for transfusion with 1-unit of leukoreduced RBCs and found no
significant differences in the 90-day mortality between the two groups (relative risk 0.94;
95% CI 0.78-1.09; p=0.44) (Holst et al., 2014). The TRISS trial also reported a significantly
fewer number of transfusions were required in the lower Hb threshold group (n=1,545)
compared to the higher Hb threshold group (n=3,088), p <0.001 (Holst et al., 2014).
Subsequently, a systematic review with meta-analysis and sequential-analysis of
randomized trials comparing restrictive versus liberal RBC transfusion strategies based on
haemoglobin levels conducted in 2015 reported that restrictive transfusion strategies were
associated with a reduction in both the number of patients and RBC units transfused thus
concluding liberal transfusion strategies did not convey any benefits to patients over
restrictive strategies (Holst et al., 2015).
2.2.2.2 Red blood cell storage duration
To minimize wastage of blood components, transfusion services typically provide the oldest
compatible RBCs in a ‘first in, first out’ inventory management approach (Lacroix et al.,
2015). Previously, transfusion-associated morbidity and mortality was exacerbated by RBC
storage lesions, defined as biochemical and biomechanical changes in RBCs and the storage
media used for ex-vivo preservation (Lelubre et al., 2009), that could render RBCs
ineffective oxygen carriers and predispose to transfusion related adverse events (Fung et
al., 2013, Tung et al., 2012). However, there have been considerable refinements and
improvements in transfusion medicine and blood storage practices minimising adverse
events associated with RBC storage. In practice, most PRBCs are stored for around 35-42
days with the longest PRBC shelf-life reported in clinical use being 49-days (Zehnder et al.,
2008).
In the Age of Blood Evaluation (ABLE) trial conducted in 2015, a total of 2,430 critically ill
adults were randomised to receive either fresh RBC (stored for 6.1±4.9 days) (n=1,211) or
standard-issue RBC (stored for 22.0±8.4 days) (n=1,219) transfusion. In this trial, there were
no significant differences reported in the 90-day mortality, number of transfusion
reactions, length of hospital stay, major illnesses or duration of respiratory, haemodynamic
or renal support between the two groups (Lacroix et al., 2015).
The Informing Fresh versus Old Red Cell Management (INFORM) trial conducted on a
general hospital population of 20,858 adults in six hospitals across 4 different countries,
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comparing the effects of transfusion with short-term RBC storage (13.0±7.6 days) versus
long-term RBC storage (23.6±8.9 days), reported no difference between the groups in the
in-hospital mortality of patients with any blood type receiving transfusion (odds ratio 1.04;
95% CI 0.95-1.14; p=0.38). Among the sub-group of critically ill ICU patients, there was also
no difference in mortality outcome between the short- and long-term storage transfusion
groups (odds ratio 1.04; 95% CI 0.92-1.17; p=0.52) (Heddle et al., 2016).
In 2017, the Standard Issue Transfusion versus Fresher Red-Cell Use in Intensive Care
(TRANSFUSE) trial compared the effects of transfusion with short-term (11.8±5.3 days)
versus long-term (22.4±7.5 days) RBC storage in 4,919 critically ill adults (16.4% with sepsis)
in 59 ICUs across 5 countries and reported no difference in the 90-day mortality (absolute
risk difference between the groups 0.7%; 95% CI -1.7 to 3.1; p=0.57). There was however,
a significantly higher number of febrile non-haemolytic transfusion reactions in the shortterm storage group than in the long-term storage group (odds ratio 1.45; 95% CI 1.09 - 1.93;
p = 0.01) (Cooper et al., 2017).
In 2019, the Age of Blood in Children in Paediatric Intensive Care Unit (ABC-PICU) compared
the effects of transfusion with fresh RBCs (median storage duration 5 days [IQR 4-6 days])
versus standard-issue RBCs (median storage duration 18 days [IQR 12-25 days]) in 50 PICUs
across 5 countries and reported no differences between the groups in the development of
new or progressive multiple organ dysfunction (absolute risk difference 2.0%; 95% CI -2.0
to 6.1%; p=0.33) or PICU mortality (absolute risk difference 1.0; 95% CI -1.04 to 3.0%;
p=0.34). The prevalence of sepsis was 25.8% in the fresh RBCs group and 25.3% in the
standard-issue RBCs group with no difference between the groups (relative risk 1.0; 95% CI
0.8-1.2; p=0.83). There was also no difference in the prevalence of septic shock between
the two groups 9.5% versus 9.4% respectively (relative risk 1.0; 95% CI 0.7-1.4; p=0.93)
(Spinella et al., 2019).
Currently, the recommendations for transfusion in sepsis and septic shock used clinically
focus mainly on the haemoglobin level in the absence of extenuating circumstances, such
as myocardial ischemia, severe hypoxemia, or acute haemorrhage and are based on the
SSC guidelines for adults (Hb <7.0 g/dL) (Rhodes et al., 2017a, Rhodes et al., 2017b) and the
ACCM/PALS (Hb <10.0 g/dL) (Davis et al., 2017a, Davis et al., 2017b) and WHO (Hb <5.0
g/dL) (2016a) guidelines for children. Recently released paediatric SSC guidelines do not
recommend transfusion in haemodynamically stable children with a Hb ≥7.0 g/dL (Weiss et
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al., 2020b, Weiss et al., 2020a). There have been no studies specifically looking at the
volume expansion effects following blood transfusion in septic shock. This would be an
important investigation given the context of higher mortality following volume expansion
therapy in paediatric (Maitland et al., 2011a)and adult (Andrews et al., 2017) septic shock.
2.3 Effects of volume expansion on myocardial function
There is literature describing research investigating the effect of fluids on myocardial
function dating back to the 1880s, when Gaskell conducted experiments comparing the
effect of different fluids on the apex, ventricle and whole heart in a frog (Gaskell, 1880). At
that time, when majority of experiments were investigating whether blood provided a
chemical stimulus for ventricular contraction (Bowditch, 1878), Gaskell’s studies were fairly
advanced, intuitively showing that the comparison of the action of different fluids on the
heart was dependent on the flow volume and pressure relationship. The effect of blood
constituents on ventricular contraction was also studied by Ringer (Ringer, 1883b, Ringer,
1883a, Ringer, 1882a), paving the way to an era of experimentation with fluids containing
varying concentrations of dissolved salts (Ringer, 1882b, Ringer and Sainsbury, 1882, Ringer
and Sainsbury, 1883, Ringer, 1884, Ringer, 1885a). Ringer observed continued contraction
in a frog’s heart immersed in a tap-water bath compared to cessation of contraction in a
distilled-water bath, thus demonstrating that dissolved salts were necessary for sustaining
cardiac contractions (Ringer, 1885b). Ringer further analysed the constituents of tap water
noting that inorganic salts were responsible for sustaining contractions of the frog’s heart
and in 1883 he recommended a solution containing sodium chloride (100cc), sodium
bicarbonate (5cc), potassium chloride (1cc) and calcium chloride (5cc) constituted in a litre
of distilled water (Ringer, 1883a). This heralded the development of Ringer’s solution.
Subsequent studies on the effect of volume on the length of myocardial fibres and
mechanical cardiac performance, led to development of the Frank-Starling law of the heart
function with respect to fluid loading (Patterson and Starling, 1914, Patterson et al., 1914).
In 1895 Otto Frank demonstrated that with increased filling of a frog-ventricle preparation,
diastolic pressure was elevated, and the maximal contractions increased. However, beyond
a certain filling pressure, the contractions decreased. Most of Otto Frank’s work was
published in German and it was not until 1927, when Ernest Starling noted in his
experiments “the total energy liberated at each heartbeat is determined by the diastolic
volume of the heart and therefore by the muscle fibre length at the beginning of
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contraction” (Starling and Visscher, 1927). This description led to the development of the
Frank-Starling law of the heart which until today recognised as the principal mechanism by
which the heart adapts to changing pre-load thus when the cardiac muscle becomes more
stretched by volume expansion, the stretched muscles contract with greater force in
response to the increased preload (Starling and Visscher, 1927). Figure 2.1 below shows a
schematic representation of how cardiac preload relates to the stroke volume. As the
cardiac preload increases, the stroke volume also increases (preload dependence phase)
but beyond a certain point, this relation dissociates (preload independent phase)
(Gruartmoner et al., 2015).
Figure 2.1: Schematic representation of the relationship between cardiac preload and

stroke volume (Frank-Starling mechanism) (adapted from (Gruartmoner et al., 2015))

Fig 2.1: Schematic representation of the preload dependent and preload independent
phases in the relationship between cardiac preload and strike volume based on the
Frank-Starling mechanism.
Extrapolating from this work, fluid bolus administration in sepsis utilises the Frank-Starling
principle to cause an increase in cardiac output by causing the stretching of myocardial
fibres which results in generation of stronger cardiac contraction. However, there is an
attendant increase in the myocardial oxygen requirements with further stretching of the
myocardial fibres which is a possible mechanism that leads to ventricular dysfunction
following volume infusion in septic shock patients (Ognibene et al., 1988). A systematic
73

review by Glassford et al, aimed at identifying the independent effects of fluid bolus
therapy on physiological and patient-centred outcomes in critical illness reported no
persisting physiological benefits following fluid bolus administration in sepsis or septic
shock. This systematic review included 33 studies describing fluid bolus therapy but there
were no randomised controlled trials comparing fluid bolus therapy with alternative
interventions such as vasopressors reported (Glassford et al., 2014). In the FEAST trial, fluid
boluses were associated with a significantly higher cardiovascular collapse compared to
non-bolus therapy (Maitland et al., 2013).
2.3.1 Myocardial dysfunction in sepsis
There have been extensive reviews on mechanisms of sepsis-induced cardiac dysfunction
which has been shown to occur commonly and often involves the left ventricle (Levy and
Deutschman, 2004, Fernandes et al., 2008, Court et al., 2002). Right ventricular dysfunction
has also been reported in sepsis but occurs less commonly compared to the LV dysfunction
(Chan and Klinger, 2008). The mechanisms underlying cardiac dysfunction in sepsis involve
a combination of haemodynamic, genetic, molecular, metabolic, and structural alterations
that occur during sepsis (Antonucci et al., 2014, Flierl et al., 2008, Tavener and Kubes,
2006). In the early stages, sepsis is characterised by elevated levels of circulating
catecholamines (Annane et al., 1999, Kovarik et al., 1987) coming from different sources
including polymorphonucleocytes (Flierl et al., 2007), mononucleocytes (Marino et al.,
1999), lymphocytes (Musso et al., 1996) and the gastrointestinal autonomic nervous
system (Zhou et al., 2005). Sepsis-induced cardiac dysfunction has been shown to be
medicated by inflammatory cytokines, and nitric oxide which attenuate the adrenergic
responses at the cardiomyocyte level by down-regulation of β-adrenergic receptors and
depression of post-receptor signalling pathways (Rudiger and Singer, 2013).
Cardiac function depends on pre-load, after-load, heart rate and contractility. Pre-load is
determined by the end-diastolic volume while after-load comprises the forces opposing
ventricular ejection leading to wall stress based on chamber size and wall thickness
(Mittmann et al., 1998). Myocardial contractility is dependent on both pre-load and afterload and is determined by the interaction of calcium with the cardiac contractile proteins
(tropomyosin and troponin) (Schwartz et al., 2001). Ejection fraction (EF) is the simplest,
most widely used parameter for the global assessment of left ventricular function clinically
(Brown et al., 2009) and is also a predictor of mortality (Cheitlin et al., 2003). It is calculated
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using the formula: EF = (EDV – ESV) ÷ EDV (Carr et al., 1979) whereby EDV is, end-diastolic
volume; ESV is, end-systolic volume. EF measurement on echocardiography has however
been shown to be prone to technical challenges related to assumptions of the left
ventricular geometry (Dumesnil and Shoucri, 1982) and accuracy in delineating endocardial
borders (Marwick, 2004). Two-dimensional strain is a technology based on
echocardiographic tracking of acoustic speckles to quantify regional tissue deformation
that has been shown to be independent of preload, measurement angles and also less
subject to geometrical artefacts (Leitman et al., 2004). Other inherent limitations of
echocardiography include operator dependence thus requiring standardisation protocols
and training.
Theoretically, the understanding of myocardial depression in sepsis has evolved over time
with sepsis historically being thought to cause myocardial depression through either
cardiac failure or ischaemia arising from reduced cardiac and coronary perfusion.
Application of drugs to stimulate myocardial performance had been tried as treatment for
septic cardiac failure, with no evidence of success (Wiggers, 1947). Ischaemic involvement
as the mechanism of cardiac depression was shown to be unlikely by Cunnion et al. who in
1986 demonstrated normal or increased coronary blood flow in sepsis compared to nonseptic controls (Cunnion et al., 1986). Using coronary catheterisation studies, the
investigators further showed no difference in coronary blood flow between septic patients
who developed myocardial dysfunction and those who did not (Cunnion et al., 1986).
Another theory that had been advanced was the existence of circulating factors that led to
myocardial depression in sepsis (Lefer, 1979). This was confirmed through in vitro
experiments on rat cardiac tissue that showed concentration-dependent depression of
cardiomyocyte contractility when serum from septic shock patients was added (Parrillo et
al., 1985). There have been reports suggesting existence of a myocardial depressant
substance, released from the gut into the circulation during critical illness (Haglund, 1993).
More recent studies have shown tumour necrosis factor-alpha (TNF-α) and interleukin 1beta (IL-1β) are cytokines released into the circulation during endotoxaemia and cause
depression of cardiac function (Knuefermann et al., 2002). Previous research had
demonstrated that infusion of TNF-α led to a 52% decrease in left ventricular contractility
after 5 hours in a canine model (Walley et al., 1994). In vivo observational studies further
correlated the decrease in left ventricular ejection fraction with both the acute phase as
well as the degree of septic shock (Parrillo et al., 1985, Parrillo, 1985). Parillo et al.,
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demonstrated a significant decrease of 33±4% in extent and of 25±4% in velocity (p <0.001)
of myocardial cell shortening during contraction when in vitro models of rat hearts were
incubated in serum obtained from patients during the acute phase of septic shock
correlating with the reduction in ejection fraction (r = +0.52, p <0.01) (Parrillo et al., 1985).
Parillo et al further described compensated myocardial depression characterised by
decreased ejection fraction and ventricular dilatation which were reversible and seen
among septic shock survivors during the initial few days. Patients with dilated ventricles
before volume challenge also had markedly diminished cardiac response to volume
administration and the use of inotropes and vasoactive agents (dopamine and
noradrenaline) was recommended in these patients whom systemic hypotension persisted
despite improvement in the pulmonary artery wedge pressure (15-18 mmHg) following
aggressive volume resuscitation (Parrillo, 1985, Parrillo et al., 1990). Consequently, there
have been other numerous descriptions of myocardial dysfunction in sepsis (Weisel et al.,
1977, Raffa and Trunkey, 1978, Parker et al., 1984, Court et al., 2002, Wu, 2001, Levy and
Deutschman, 2004, Fernandes et al., 2008, Kakihana et al., 2016), summarised below.
Cardiac troponin (cTn) is a complex of three regulatory proteins (cTnI, cTnC and cTnT) each
of whose concentrations rise in blood when there is damage to myocardial cells. Of the
three subunits, cardiac troponin I (cTnI) has been shown to be expressed exclusively in the
heart (Bodor et al., 1992) with a specific radioimmune assay for its detection in the
peripheral circulation (Cummins et al., 1987). An elevated level of cTnI in the circulation
has therefore been shown to be a specific marker indicating presence of cardiac injury
(Adams et al., 1993) including in sepsis (Ammann et al., 2001), but does not give
information on the mechanism of injury. Other proteins released in sepsis and could cause
myocardial depression include lysozyme and cellular adhesion molecules. Lysozyme has
been shown to cause myocardial depression in a canine model of bacteraemia (Mink et al.,
2003). Adhesion molecules such as the intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1) mediate adhesion of neutrophils to the
endothelium, which can cause neutrophil infiltration of the endocardium and cardiac tissue
necrosis in sepsis (Raeburn et al., 2002). Macrophage migration inhibitor is another
myocardial depressant factor derived from cardiac cells (Garner et al., 2003). In sepsis,
myocardial nitric oxide synthase (NOS) causes production of increased levels of nitric oxide
(NO), which reacts with other reactive oxygen species to produce peroxynitrite (ONOO-), a
known cytotoxin that can also induce apoptosis (Khadour et al., 2002). Glycogen
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phosphorylase is a phosphorylase enzyme that catalyses the rate-limiting step in
glycogenolysis. The glycogen phosphorylase isozyme BB (GP-BB) has been shown to be a
sensitive biomarker for early detection of myocardial ischaemia (Dobric et al., 2015) or
cardiac cellular damage (Yarana et al., 2018, Zhu and Gius, 2018). GP-BB can also be
induced by Impaired glucose metabolism and insulin resistance have also been associated
with endotoxaemia. Binding of endotoxin to toll-like receptor 4 (TLR-4) on
mononucleocytes and polymorphonucleocytes activates signalling and translocation of the
nuclear factor kappa B (NF-κB) from the cytosol to the nucleus where it activates genes that
encode inflammatory cytokines. The presence of reactive oxygen species and the
inflammatory cytokine TNFα have also been shown to be elevated in insulin resistance (Lin
et al., 2005) but the underlying mechanisms warrant further investigation as (Houstis et
al., 2006). Other Natriuretic peptides such as the alpha-atrial natriuretic peptide (ANP)
and beta-brain natriuretic peptide (BNP) produced predominantly in the atria and
ventricles respectively, in response increased tension in the cardiac chambers can be
assayed in peripheral circulation as surrogate markers for pathological myocardial
stretching (Krishnaswami, 2008). Increased levels of ANP in the peripheral circulation also
causes shedding of the glycocalyx layer lining the vascular endothelium thus predisposing
to micro- and macro-circulatory dysfunction (Chappell et al., 2014).
The

glycocalyx

is

composed

of

membrane-bound

proteoglycans,

sulphated-

glycosaminoglycans, as well as glycoproteins bearing acidic oligosaccharides and terminal
sialic acids (Yuan and Rigor, 2010). This elaborate network contains a high density of
negatively-charged glycosaminoglycan side-chains that ensure laminar flow is maintained
through electrostatic repulsion of intravascular proteins (albumin, globulin, and cellular
components) away from the vessel wall towards the centre of the lumen in healthy states
(Yuan and Rigor, 2010). Other important functions of the glycocalyx in healthy states
include regulating microvascular tone, inhibiting microvascular thrombosis, regulating
leucocyte adhesion on the endothelium, protecting endothelial cells from oxidative stress,
acting as a bio-sensor for shear forces exerted by circulating volume, transmitting excess
luminal shear forces to endothelial cells thus initiating nitric-oxide mediated vasorelaxation
(Uchimido et al., 2019). Integrity of the structure and function of the glycocalyx is an
important determinant of membrane permeability in various vascular beds and its
disruption under inflammatory conditions such as sepsis increases the potential for
vascular leaking and development of interstitial oedema (Myburgh and Mythen, 2013).
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2.4 Effects of volume expansion on microvascular function
Progressive microvascular and organ dysfunction in sepsis and septic shock have been
described extensively in literature (Spronk et al., 2004, Ince, 2005, Vincent and De Backer,
2005, Boerma et al., 2005, Chappell et al., 2009, Ince and Sinaasappel, 1999, Lush and
Kvietys, 2000, Lehr et al., 2000, De Backer et al., 2002, Bateman et al., 2003, Tyagi et al.,
2009, Edul et al., 2010, Spanos et al., 2010, Lundy and Trzeciak, 2011, Ratiani et al., 2015,
Coletta et al., 2014, Trzeciak et al., 2007), and impaired microcirculatory function has been
shown to be an independent predictor of mortality (De Backer et al., 2002, Sakr et al.,
2004). Reduced microvascular perfusion has also been implicated in organ dysfunction and
multiple organ failure associated with severe sepsis (Vincent and De Backer, 2005). There
have been reports of persistent deficits in the renal microvascular perfusion despite
resuscitation with fluids and vasopressors improving systemic haemodynamics in an ovine
model (Ferrara et al., 2019). Previous works had however not focused on the endothelial
glycocalyx in the microcirculation (Dubin et al., 2008). It has been hypothesised that
resuscitation of the microcirculation could potentially minimise organ failure in sepsis and
thus have a prognostic role (Buchele et al., 2007). However, volume expansion
interventions in septic shock target macrocirculatory haemodynamic parameters such as
mean arterial pressure (Trzeciak et al., 2008) and despite studies showing association of
volume expansion with mortality, this should be interpreted with caution as it does not
necessarily imply causality. Potential mechanisms by which rapid administration of fluid
boluses may worsen microcirculatory dysfunction include activation and stretching of the
vascular endothelial cells as well as increasing the production of alpha-atrial natriuretic
peptide (α-ANP), all of which potentially lead to increased shedding of the endothelialglycocalyx layer and thus worsening of an already compromised microcirculation (Chappell
et al., 2014). Administration of fresh frozen plasma (FFP) has been reported to have a
glycocalyx stabilisation effect in the literature (Straat et al., 2015), but is relatively
expensive and unavailable in most low-and-middle income settings. Reperfusion injury
refers to the endothelial cellular dysfunction occurring following restoration of blood flow
after a period of ischaemia and can potentially result in limited recovery of organ function.
The mechanisms of endothelial dysfunction include impairment of vasodilatation,
increased responsiveness to potentially vasoconstrictive molecules such as oxygen free
radicals and endothelin-1 and a prothrombotic state (Carden and Granger, 2000).
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2.4.1 Microvascular dysfunction in sepsis
Adequate tissue perfusion is dependent on the integrity of the microcirculation (Ince,
2005). Research evidence from experimental pre-clinical models of sepsis has shown that
uncoupling of macro- and micro-vascular flow occurs during the early stages of evolution
of the disease process (Dyson et al., 2012). Furthermore, sepsis causes endothelial
activation, predisposing to the shearing and shedding of the glycocalyx layer lining the
vascular endothelia (Hotchkiss et al., 2016). Thus, microvascular dysfunction in sepsis
occurs as a consequence of glycocalyx damage and increasing permeability between
endothelial cells. Coronary microcirculatory dysfunction further compromises cardiac
function in addition to the direct injury inflicted on cardiac myocytes by toxins.
Description of microcirculatory alterations in septic animal models has been done using
several different techniques such as intravital microscopy, laser speckle imaging, laser
Doppler flowmetry (Ratiani et al., 2015), and videomicroscopic techniques, such as
orthogonal polarization spectroscopy and dark-field imaging including side-stream and
incident dark-field imaging (Goedhart et al., 2007, Massey and Shapiro, 2016).
Intravital microscopy entails imaging live animals at microscopic resolution (Pittet and
Weissleder, 2011) via trans-illumination or epi-illumination and recording pictures using
video cameras that produce low-light intensity and use silicon intensification to improve
the image quality (Menger and Lehr, 1993). The use of low-light intensity in intravital
microscopy imaging of live tissue is also important to minimise phototoxicity and
photobleaching of tissues (Masedunskas et al., 2012). Thus intravital microscopy enables
the in vivo morphological viewing of the microcirculation, as well as the quantification of
micro-haemodynamic functional capillary density (FCD), endothelial integrity, and cellular
interactions when used in combination with fluorescent markers (Menger and Lehr, 1993).
While intravital microscopy can provide valuable information on the dynamic biological
processes in vivo, it has some limitations such as motion artefacts, limited depth of tissue
penetration, risk of tissue photobleaching if the light intensity is high and the additional
requirement of fluorescently-labelled dyes or probes to produce clearer images
(Masedunskas et al., 2012). Motion artefacts have been reduced in experimental animals
using stereotactic and micro-stage devices or custom-made holders.
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Laser speckle is an interference pattern produced by light reflected or scattered from
different parts of a laser-illuminated surface (Briers, 2001). The motion of particles in the
laser-illuminated medium causes spatial and temporal fluctuations, producing an
interference pattern consisting of bright and dark areas (i.e. the so-called speckles)
visualized on a detector (Draijer et al., 2009). Laser Doppler produces an indirect measure
of flux by quantifying shift in the Doppler frequency of a monochromatic helium-neon laser
light signal at 632.8nm wavelength that is scattered by red blood cells moving through the
microcirculation (Holloway and Watkins, 1977, Briers, 2001). Light which is backscattered
from moving erythrocytes undergoes a shift in frequency that is proportional to their
velocity in accordance to the Doppler principle (Turner et al., 2008). This makes it possible
to obtain relatively measurements of flux, velocity and concentration of moving RBCs at a
single spot defined by the incident and Doppler-shifted reflected light (Fullerton et al.,
2002). Limitations of these measurements include absence of depth information,
quantitative measurement is not possible as there is no absolute measurement, motion
artefacts and effects of probe pressure on the tissue surface (Rajan et al., 2009). Other
inherent limitations with Doppler include the biological zero problem which is a residual
signal that should be subtracted from the measured value or alternatively resolved through
instrument calibration and appropriate choice of signal processing bandwidth to eliminate
the background signal from the measured values (Obeid et al., 1990).
Side-stream dark-field (SDF) and incident dark-field (IDF) imaging technologies are based
on improved orthogonal polarized spectral (OPS) imaging, whereby concentrically-placed
green light-emitting diodes (LEDs) provide pulsed synchronous illumination of the
microcirculation at a central wavelength of 530nm for optimal absorption by the
haemoglobin in red blood cells, independent of the oxygenation state (Sherman et al.,
1971, Hutchings et al., 2016, Goedhart et al., 2007). The main difference between SDF and
IDF is in the angulation of the green LEDs as shown in Figure 2.2 below (van Elteren et al.,
2015). Limitations in the SDF and IDF videomicroscopic imaging technologies include
pressure and motion artefacts, heterogeneity of perfusion in different tissue beds and both
intra- and inter-observer variabilities (Aykut et al., 2015). Imaging conventions and
standards have been developed to improve training of users and reduce potentially
modifiable limitations (De Backer et al., 2007). The commonest relatively non-invasively
imaged microvascular bed is the sublingual mucosal surface in septic shock patients
(Massey et al., 2013, Pranskunas et al., 2013, Trzeciak et al., 2007, Arnold et al., 2009).
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Figure 2.2: The conceptual differences between side-stream and incident dark field

imaging (adapted from (van Elteren et al., 2015))

Summary of technical overview of the SDF and IDF devices
SDF
Dimensions
Length (mm)
206
Diameter (mm)
64
Weight (g)
347
Sensor
Pixel size (μm)
6.25 X 6.25
Number of megapixels
0.43
Pulse time (ms)
16
Optics
Resolution (lines per mm)
220
Magnification
5
Field of view (mm2)
0.84
Focus range (μm)
0-400

IDF
190
28
110
1.4 X 1.4
14.6
2
320
4
1.79
0-400

SDF, side-stream dark field; IDF, incident dark field

Detection and characterisation of microvascular dysfunction during septic shock in humans
has been technically challenging, owing to difficulties in direct measurement of clinicallyrelevant tissue and microvascular beds (Colbert and Schmidt, 2016). Despite technological
advances, most microcirculatory imaging is yet to gain clinical validation for
diagnostic/prognostic utility, and thus remains largely a research-only tool. The next
Chapter describes the materials and methods that I used.
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Chapter 3: Materials and Methods
In this chapter I describe the materials and methods that I used to examine the effects of
volume expansion treatment for septic shock on cardiac and microvascular physiology.
The study was divided into three parts: (1) The first part was a systematic review on the
effects of volume resuscitation on the microcirculation in animal models of
lipopolysaccharide-induced endotoxaemia during the 25-year period from 1990 to 2015
which I present in Chapter 4; (2) the second part was a pre-clinical component including
development of a large animal model of endotoxaemic shock (described in Chapter 5), in
which I proceeded to investigate the effects of volume expansion treatment using IV fluid
bolus treatment and blood transfusion (in Chapter 6). All the pre-clinical experiments were
conducted at the Critical Care Research group Laboratories in Brisbane, Australia; (3) the
third part was a clinical component that entailed a prospective longitudinal study in
children presenting to hospital with severe febrile illness (FEAST-trial criteria) and managed
using a fluid conservative strategy in the post-FEAST era compared to a cohort of children
presenting with WHO-shock criteria and managed according to the WHO guideline. The
clinical study was conducted in two hospitals in East Africa (Mbale Regional Referral
Hospital, Uganda and Kilifi County Hospital, Kenya) and is presented in Chapter 7.
3.1 Pre-clinical models of sepsis and septic shock
Pre-clinical models of sepsis need to reproduce the complexity of human sepsis and its
treatment (Doi et al., 2009). However, animal model studies investigating the
pathophysiological natural progression of sepsis and septic shock have shown
discrepancies with actual disease in humans, thus limiting utility and translation of findings
to clinical settings. Heterogeneity in pre-clinical sepsis models has made it difficult to
compare results from different studies with variations in terms of the pathogens used to
induce sepsis, site of infection and quantification of organ injury. The lack of a truly clinically
relevant and predictive animal model has been a key barrier in pre-clinical modelling and
clinical translation to sepsis treatment (Fink, 2014). In 2019, Remick et al while providing a
scientific premise for refinement and standardisation of pre-clinical sepsis models,
acknowledged that a single model may not be sufficient to recapitulate the heterogeneity
of sepsis (Remick et al., 2019). Table 3.1 below highlights the different methods of inducing
sepsis in pre-clinical models described in the literature.
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Table 3.1: Animal models of sepsis (Adapted from (Doi et al., 2009))
Animal model
Advantages
Disadvantages
Exogenous LPS infusion
• Simple and sterile
• Early and transient increases
in inflammatory mediators
• Similarities with human
sepsis pathophysiology
• More intense than inhuman
sepsis
Endogenous intestinal bacterial
• Early salient period
• Age and strain variability
leakage (CLP or CASP)
• Moderate and delayed peak • Early haemodynamic period
of mediators
in some models
• Multiple bacterial flora
Clinically relevant CLP
Replication of clinical risk factors Difficulty in analysing
pathophysiological pathways
Infusion or instillation of
Early hyperdynamic state
• No change in intrarenal
exogenous bacteria
microcirculation
• Need large animals
• Labour-intensive
LPS, lipopolysaccharide; CLP, caecal ligation and puncture; CASP, colon ascendens stent peritonitis

In 2019, the second part of the minimum quality threshold in pre-clinical sepsis studies
(MQTiPSS) for types of infections and organ dysfunction endpoints was published following
a Wiggers-Bernard Conference on pre-clinical sepsis models. Importantly the MQTiPSS Part
II makes a recommendation on the types of infections with live bacteria or fungal strains
derived from clinical isolates being more appropriate than endotoxin injection which
should no longer be considered as a model of sepsis. The experimental phases of the preclinical work presented in this thesis pre-date the MQTiPSS Part II publication which
however acknowledges the relevance of endotoxin injection for the study of the first 24hours of the septic response (Libert et al., 2019). All the pre-clinical work conducted
focused on the acute phase of endotoxaemic shock and the period 12-hours postresuscitation.
The rationale for volume expansion in adults with septic shock has been premised on the
importance of reversing perfusion deficits to prevent progression to organ dysfunction
Hypotension leading to secondary hypoperfusion has been thought to be critical in the
development of multiple organ dysfunction in septic shock (Rivers et al., 2008, Daniels,
2011). However in children, hypotension is a late-presenting feature in septic shock
(Carcillo et al., 2002) and there is clinical evidence of no mortality benefit with EGDT in
septic shock treatment (Investigators et al., 2014, Pro et al., 2014, Mouncey et al., 2015)
and harm with protocolised septic shock treatment (Andrews et al., 2017) including use of
fluid boluses for treatment in children (Maitland et al., 2011a).
I sought to investigate effects of volume resuscitation in lipopolysaccharide-induced
endotoxaemia models starting with a systematically review of literature for the period
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1990-2015 and thereafter to develop a pre-clinical endotoxaemia model in which I
investigated the 12-hour effects of volume expansion resuscitation. This systematic review
and pre-clinical study pre-dated the 2019 Part II: MQTiPSS publication by Libert et al which
demonstrated 44% of models had used caecal ligation and puncture while 40% had used
endotoxin infusion. Endotoxaemia models still have relevance for the study of the first 24hours, acute phase of the septic response (Libert et al., 2019). The responses to endotoxin
infusion in several experimental mammalian species has also been robust, rapid and
reproducible thus offering a stable window of opportunity for testing interventions (Chen
et al., 1993).
3.2 Systematic review on microcirculatory effects of volume resuscitation in pre-clinical
sepsis models
In order to understand the effects of volume expansion resuscitation on the
microcirculation, I conducted a systematic review aimed at examining the available
evidence in clinically-relevant experimental models of endotoxaemia. The results of this
systematic review are presented in Chapter 4.
3.3 Development of an ovine model of endotoxaemic shock
Most animal models that have previously been used to demonstrate benefit with fluid
resuscitation in septic shock have been hypodynamic models (Rahal et al., 2009, Ottosson
et al., 1991, Natanson et al., 1990, Bressack et al., 1987). Discrepancies in effect of fluid
resuscitation could be due to differences in the type of shock between the commonly used
experimental models and clinical septic shock. In order to develop a standard and
reproducible model, we used exogenous LPS infusion to induce endotoxaemic shock in an
ovine model. While pre-clinical endotoxaemic shock and clinical septic shock are not
entirely similar, this model had the advantage of being reproducible using standard LPS
dosing and can be reliably used to advance understanding on underlying mechanisms and
pathophysiology during the first 12-hours of resuscitation. Additionally, when administered
to adults, endotoxin has been shown to produce a characteristic hyperdynamic
cardiovascular response seen in clinical sepsis (Suffredini et al., 1989), but the effects could
be different in children. Experimental models of endotoxaemic shock that demonstrated
improvements with fluid resuscitation were hypodynamic with rapid reduction in cardiac
output (Halmagyi et al., 1963, Bellomo et al., 1996, Oi et al., 2000, Brackett et al., 1985).
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Thus, it is conceivable that therapies aimed at increasing the cardiac output such as fluid
resuscitation may have differing effects in hypodynamic and hyperdynamic shock. In
addition, regional hypoperfusion and impaired oxidative metabolism which are
pathophysiological mechanisms leading to the development of organ failure in septic shock
(Hollenberg et al., 2004, Rivers et al., 2008), have been demonstrated in hypodynamic
experimental models of decreased regional blood flow in vital organs (Bellomo et al., 1996,
Bressack et al., 1987). There was thus a need for an experimental model of endotoxaemia
capable of producing a hyperdynamic state in which fluid resuscitation could be
investigated.
The sections below provide a summary of the major steps undertaken (from the modeldevelopment publication (Byrne et al., 2018a) and included here for completeness of
methodology reporting) and also include additional details on the myocardial,
microvascular and biomarker assessment techniques in the model.
3.3.1 Ethical considerations and approvals
All persons involved in handling and caring for the animals during the course of the
experiments were trained and certified by the Queensland University of Technology’s
Office of Research Ethics and Integrity (QUT - OREI), which also provided ethics approval to
conduct the study (Ethics certificate numbers 1400000032 and renewal number
1600000012 - Appendices 2.1 and 2.2).
3.3.2 Animal welfare
The pre-clinical laboratory at the CCRG has had considerable experience developing and
validating several ovine models and has developed a detailed manual describing the
handling, care and welfare of animals undergoing instrumentation and experimentation
under intensive care conditions (Chemonges et al., 2014). Animals received continuous
anaesthetic infusion for the entire duration of the experiment and were managed by a welltrained multi-disciplinary team of specialists who remained on call for the duration of the
experiment. If at any time the animal became physiologically distressed to such an extent
that it could not be managed or reversed, it was euthanized immediately and documented
accordingly. Additionally, the Australian Government’s National Health and Medical
Research Council (NHMRC) has developed a Code of Practice for the Care and Use of
Animals for Scientific Purposes (Health et al., 2004).
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3.3.3 Animal handling
All animals were handled by trained personnel. Non-pregnant Merino ewes aged 3 years
were sourced from the Commonwealth Scientific and Industrial Research Organisation
(CSIRO) animal holding facility for the pre-clinical experiment. A dedicated blood-donor
flock of Merino rams (1-3 years) was also maintained to provide ovine packed red blood
cells (ovPRBCs) for the blood transfusion experiments.

3.3.3.1 Donor blood collection procedures
At least eight red blood cell groups (A, B, C, D, F30, F41, M and R) have been described in
sheep (Nguyen and Bunch, 1980). An ovine model of blood transfusion had previously been
developed and described at the CCRG pre-clinical laboratory (Simonova et al., 2014). In
summary, sheep were restrained in an individualised sling cage, and the anterior aspect of
the neck was shaved to facilitate vascular access for cannulation under anaesthesia
(midazolam, 0.5 mg/kg) with oxygen supplementation to keep saturations >94% and
additional monitoring for arterial blood pressure, continuous cardiac output, mixed venous
oxygen saturation and temperature. Two-units of whole blood (400 ± 20 mL/unit) per
sheep were collected at a flow rate of 80-100 mL/min for 5-8 min/bag into separate
Leukotrap (Fresenius) whole blood bags via an 8.5G (Fr) venous sheath in the left external
jugular vein. The blood bags contained 63 mL of citrate, phosphate and dextrose (CPD)
solution and an additional tube of ethylene-diamine-tetra-acetic acid (EDTA) blood was
collected from the diversion pouch of the blood bag for full blood count. Whole blood was
passed through a leucofilter, centrifuged at 5000 X g for 45 min (Allegra X-15R Centrifuge,
Beckman Coulter, Australia), and separated into plasma and ovPRBC using a manual Fenwal
plasma extractor (Baxter, Deerfield, IL, USA). The ovPRBC were suspended in salineadenine-glucose-mannitol (SAG-M) additive solution and stored under standard storage
conditions at 2-6°C for either ≤5 days or ≥30 days prior to transfusion. Blood bags were
transferred to the animal laboratory on the morning of the experiment. Table A4.1
(Appendix 4.2) and Table A4.2 (Appendix 4.3) present the donor blood parameters after
collection and after storage prior to transfusion respectively.
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3.3.3.2 Animal preparation for experimentation
Animals selected for the experiments were non-pregnant and had a median weight of 42.5
kg (IQR 37-48 kg). Within two weeks prior to experimentation, the sheep were transported
and housed at a purpose-built animal facility (i.e. the Queensland University of
Technology’s Medical Engineering Research Facility, QUT-MERF). As per standard operating
procedures at the CCRG pre-clinical laboratory (Chemonges et al., 2014), the animals were
subjected to a complete veterinary clinical examination, sheltered in sheds with access to
paddocks where the sheep interact freely with each other as well as being provided with
food (proprietary sheep feed and Lucerne) and water ad libitum. The sheep were fasted
overnight with free access to drinking water until two hours before anaesthetic induction
for the experimental procedure. On the morning of the experiment, the sheep were
restrained in an individualised sling cage, and the anterior aspect of the neck was shaved
to facilitate vascular access for cannulation.
3.3.4 Anaesthetic induction
Anatomical landmarks were used to identify the left external jugular vein which was
thereafter percutaneously cannulated with a three-lumen central venous catheter using
Seldinger technique (Seldinger, 1953) under local anaesthesia (midazolam 0.5mg/kg).
Additionally, a venous sheath was inserted into the same vein above the central venous
catheter and both were secured with a suture. Anaesthesia was induced using midazolam
(0.5 mg/kg), buprenorphine (300 µg), alfaxalone (3 mg/kg) administered as single doses
and maintained throughout the experiment using infusions of midazolam (0.25 mg/kg/hr),
alfaxalone (6 mg/kg/hr), fentanyl (15 µg/kg/hr) and ketamine (10 mg/kg/hr). All
anaesthetic and analgesic medications were titrated to maintain adequate surgical
anaesthesia. Alfaxalone is a neuroactive steroid without action on peripheral
mineralocorticoid receptors that directly binds to the gamma aminobutyric acid type-A
(GABA)A receptors (Lambert et al., 2003). It potentiates the effects of endogenous GABA,
by causing movement of chloride ions (Cl-) into neurons, leading to hyperpolarisation and
inhibition of action potential propagation and is used widely in veterinary practice due to
its smooth induction and maintenance of anaesthesia (Zaki et al., 2009). Several other
studies have reported the transient cardiovascular (decreased heart rate and MAP) and
respiratory (decrease in respiratory rate and post-induction apnoea) changes seen with
alfaxalone were dose-dependent and well-tolerated when its administered slowly in pre87

medicated veterinary animals (Beths et al., 2014, Taboada and Murison, 2010, Muir et al.,
2009, Whittem et al., 2008, Andaluz et al., 2012). In addition to having no peripheral
mineralocorticoid steroid receptor activity, alfaxalone has also been shown to provide
consistent anaesthetic and haematological conditions with good haemodynamic stability
in ovine models at the CCRG pre-clinical lab compared to propofol and volatile anaesthetics
(Chemonges et al., 2014).
3.3.5 Animal instrumentation and monitoring
After anaesthetic induction, a cuffed endotracheal tube (size 8 F to 10 F gauge) was inserted
into the trachea. The animals were transferred from the sling cage onto an operating
theatre table (right lateral positioning) and were started on mechanical ventilation (Galileo
ventilator, Hamilton Medical, AG, Switzerland) at a tidal volume of 10 mL/kg, positive-endexpiratory-pressure (PEEP) of 10 cmH2O and fraction of inspired oxygen (FiO2) of 30% with
the rate adjusted to maintain an end-tidal carbon dioxide (ETCO2) concentration of 35-45
mmHg. Sheep have a comparatively larger anatomical dead space than humans and
previous studies have shown that sheep require higher tidal volumes than 6mL/kg of
predicted body weight to prevent development of severe pulmonary hypertension with
some recovery models requiring up to 15/mL/kg (Nakano et al., 2010, Maybauer et al.,
2006, Cox et al., 2003). Talke et al., conducted experiments on high cardiac output in ovine
endotoxaemic models and demonstrated chronic models require higher tidal volumes
(Talke et al., 1985). Ventilator settings and a tidal volume of 10mL/kg were largely derived
from previous experience with non-recovery pre-clinical models at the CCRG lab
(Chemonges et al., 2014). A midline tracheostomy was performed and a cuffed
tracheostomy tube was inserted and left in situ for the entire duration of the experiment.
Ventilator settings were thereafter adjusted to maintain arterial oxygen saturations > 94%.
A nasogastric tube was inserted to decompress the stomach and left on free drainage and
a urine catheter was inserted to monitor output throughout the duration of the study. The
superior labial branch of the left facial artery was dissected and cannulated to for
continuous blood pressure monitoring and to facilitate arterial blood sampling. A
pulmonary artery catheter (Swan-Ganz CCOmbo, Edwards Lifesciences) was inserted via
the venous sheath and connected to a Vigilance II monitor (Edwards Lifesciences) for
continuous recording of cardiac output (CO), mixed venous oxygen saturation (ScvO2),
central venous pressure (CVP), mean pulmonary artery pressure (MPAP), and core body
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temperature. All haemodynamic and ventilator data were automatically recorded using
customised software on a data monitoring system (Solar 8000, GE Healthcare, WI, USA).
Additional instrumentation included a left lateral thoracotomy (7th intercostal space), left
hemisphere cranial burr hole (4mm) and laparotomy (midline and left lateral) for insertion
of microdialysis catheters (CMA Microdialysis, Kista, Sweden), tissue oxygenation and
Doppler flow probes (OxyLite™ and OxyFlo™, Oxford Optronix, United Kingdom) into the
heart, brain, liver and kidney respectively. A reference microdialysis catheter was inserted
into the right femoral artery. Microdialysis probes (10mm with a 20,000 Dalton cut-off
membrane) were used in all the organs, with two catheters used in the heart to account
for potential catheter failure due to cardiac motion. All microdialysis probes were perfused
with heparinised plasma-Lyte 148 at a rate of 0.3 µl/min.
During surgical instrumentation, all the animals received 1 L of 5% dextrose at 250 mL/hr
to offset losses during overnight fasting and insensible losses during surgical
instrumentation as well as to counteract the hypotension seen post-anaesthetic induction
and positive pressure mechanical ventilation. All animals received maintenance fluid
(Hartmann solution) at 2.5 mL/kg/hr for the entire duration of the experiment. Adequacy
of volume status was assessed by a combination of mean arterial pressure, arterial blood
gas lactate levels and an echocardiogram at baseline. All animals had a one-hour
stabilisation period post-instrumentation during which adequate hydration was assessed
by MAP >65 mmHg and lactate levels

<2 mmol/L prior to commencement of the

experimental protocol. Normothermia was maintained with a warming blanket throughout
the experimental period for ethical reasons to maintain homeostasis and thus avoid
development of hypothermia.
3.3.6 Experimental protocol
Endotoxaemia was induced by LPS infusion (E. coli serotype 055:B5 diluted to 0.1 µg/mL)
administered at a rate of 0.5 µg/kg/hr for 30-min then escalated to 1.0 µg/kg/hr for 30min, 2.0 µg/kg/hr for 30-min, 3.0 µg/kg/hr for 30-min and then maintained at 4 µg/kg/hr
for another 2-hours (total LPS dose 11.25 µg/kg). For the purpose of this investigation,
hyperdynamic shock in this model, was defined as the development or presence of
hypotension (MAP <60 mmHg) with either a normal or increased cardiac index . After 3hours of LPS infusion, haemodynamic support with vasopressors was initiated to overlap
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with the final hour of LPS infusion and administered under controlled dosing using an
infusion pump and titrated to a target MAP of 60-65 mmHg. Noradrenaline (60 µg/mL in
5% dextrose) was the first-choice vasopressor for haemodynamic support and if the
infusion dose reached 20 µg/min, and there was still persisting hypotension, vasopressin
was started at 0.8 units/hr and titrated upwards to a maximum dose of 1.6 units/hr. All
animals were monitored for 12-hours from the end of LPS infusion, thus receiving a total
of 13-hours of haemodynamic support. At the end of the monitoring period, all animals
were euthanised with intravenous sodium pentobarbitone (162.5mg/kg).
3.3.7 Blood and urine sampling
Arterial blood and urine samples were collected at baseline and specific time-points
thereafter for specific testing as shown in Table 3.2 below. Except for real-time on-site
tests, samples were centrifuged twice for 15-min at 3000 X g and stored at -800C for batch
processing.
Table 3.2: Sample retrieval timepoints and tests performed
Test

Time (hours)
#

Arterial blood gas *
Full haemogram#*
ROTEM® tests#*
Routine coagulation
tests#
Cytokines#
Cardiac and
microvascular
biomarkers#
Biochemistry#
Urine sampling

ǂ

B

-2

-1

0

1

2

3

4

5

6

7

8

9

10

11

12

✓
✓
✓
✓

✓
✓
✓
✓

✓
✓
✓
✓

✓
✓
✓
✓

✓
✓
✓
✓

✓
✓
✓

✓
✓
✓
✓

✓
✓
✓

✓

✓
✓
✓
✓

✓

✓

✓
✓
✓
✓

✓

✓

✓
✓
✓
✓

✓
✓

✓
✓

✓
✓

✓
✓

✓
✓

✓
✓

✓
✓

✓
✓

✓
✓

✓
✓

✓

✓
✓

✓
✓

✓

✓
✓

✓
✓

* Samples tested on-site in real time; # denotes blood sample; ǂ denotes urine sample
B, baseline; ROTEM®, rotational thromboelastometry;

3.3.7.1 Blood gas testing
Samples for arterial blood gas testing were retrieved hourly into heparinised syringes
(Rapidlyte®) for on-site blood gas analysis (ABL800 Flex, Radiometer, Copenhagen,
Denmark) according to manufacturer’s instructions.
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3.3.7.2 Haemogram
Samples for full haemogram testing were collected in ethylenediamine tetra-acetic acid
(EDTA) tubes and analysed using the veterinary mode of the Act diff™ haematology
analyser (Beckman Coulter Pty Ltd, NSW, Australia) according to manufacturer’s
instructions.
3.3.7.3 Coagulation testing
Samples for routine and specialised coagulation tests were collected in 3.2% sodium citrate
tubes. Routine coagulation testing including prothrombin time (PT), activated partial
thromboplastin time (aPTT), antithrombin (AT), Clauss fibrinogen (Fib[C]), protein C and
protein S (free) were assessed on the Stago STAR Evolution analyser (Diagnostica Stago,
Doncaster, VIC, Australia) following manufacturer’s instructions. Whole blood clot
formation profiles were recorded on-site using specialised rotational thromboelastometry
(ROTEM®, Haemoview Diagnostics, QLD, Australia) with the EXTEM (thromboplastininitiated coagulation), INTEM (contact factor-initiated coagulation) and FIBTEM
(thromboplastin-initiated coagulation with the platelet inhibitor cytochalasin D) activating
reagents in accordance with the manufacturer’s instructions. Parameters evaluated on the
ROTEM® analyser included clotting time (CT), clot formation time (CFT) and maximum clot
firmness (MCF).
3.3.7.4 Inflammatory cytokine testing
Samples for inflammatory cytokine testing were collected in lithium heparin tubes.
Cytokines were quantified using custom/in-house enzyme linked immunosorbent assays
(ELISAs) for sheep previously used in the CCRG laboratories (Passmore et al., 2016).
Inflammatory cytokines tested included interleukins (IL-1β, IL-6, IL-8, IL-10) and tumour
necrosis factor-alpha (TNFα) (Chemonges et al., 2014). These cytokines have been
described in literature for their pro-inflammatory (IL-1β, IL-6, IL-8, TNFα) and antiinflammatory (IL-10) actions in sepsis (Chaudhry et al., 2013).
3.3.7.5 Cardiac and microvascular biomarker testing
Cardiac troponin I (cTnI) levels in plasma were analysed using a standard two-site
chemiluminescent immunoassay (Unicel DxI AccuTnI+3) (Zaninotto et al., 2009). Elevated
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levels of cTnI in sepsis and septic shock in the absence of an acute coronary syndrome has
been previously described in literature (Altmann et al., 2010, Ammann et al., 2001).
Alpha-atrial natriuretic peptide (α-ANP) and beta-brain natriuretic peptide (β-BNP) levels
in plasma were measured using an in-house ovine customized-radioimmunoassay
(Endolab, Christchurch, New Zealand) (Yandle et al., 1993, Yandle et al., 1986). Elevated
levels of plasma natriuretic peptides in sepsis have previously been described in literature
(Piechota et al., 2009, Omar et al., 2013) and been shown to increase further with pressure
or volume load on the heart (Omar et al., 2017). High levels of β-BNP Increased levels of
α-ANP in the peripheral circulation has been shown to also cause shedding of the glycocalyx
layer lining the vascular endothelium thus predisposing to micro- and macro-circulatory
dysfunction (Chappell et al., 2014).
Hyaluronan levels in plasma and urine was measured using a standard ELISA Quantikine®
assay (R and D systems, Biotechne). Hyaluronan is a glycosaminoglycans component of the
glycocalyx lining microvascular endothelia that forms a sensitive biosensor of damaging
processes in vascular and cellular micro-environments (Cowman et al., 2015).
3.3.7.6 Biochemistry testing
Samples for biochemistry were analysed using a COBAS Integra 400 blood chemistry
analyser (Roche Diagnostics, Australia) according to manufacturer’s instructions. Analytes
tested included creatinine, urea, albumin, total protein, total and direct bilirubin and
enzymes (alanine aminotransferase [ALT], aspartate aminotransferase [AST], alkaline
phosphatase [ALP] and gamma glutamyl transferase [ɣ-GT]). Biochemical derangements
have been shown to occur in critical illness (Lescot et al., 2012) and have been used for risk
stratification, monitoring and prognostication (Jensen et al., 2019, Yegenaga et al., 2004).
3.3.8 Microdialysis sampling
Microdialysis samples were collected hourly and analysed on-site on an ICSUS clinical
microdialysis analyser (Hammarby Fabriksväg, Stockholm, Sweden). The analytes tested
included glucose, lactate, pyruvate, urea and glutamate. Lactate/glucose (L/G) ratio was
used to evaluate glucose metabolism (Dykstra et al., 1992) and the lactate/pyruvate (L/P)
ratio to evaluate evidence of impaired oxidative metabolism in various organs.
Derangements in the L/G and L/P ratios have been reported in critical illness with L/P values
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greater >25 considered suggestive of impaired oxidative metabolism (Ungerstedt and
Rostami, 2004, Nikitas et al., 2013).
3.3.9 Myocardial function assessment
Real-time assessment of myocardial contractile function was done non-invasively using
echocardiography (echo). Echo has been used in assessment of cardiac function in preclinical models (Hallowell et al., 2012, Hollenberg et al., 2001) and in clinical settings of
sepsis and septic shock (Ranjit and Kissoon, 2013). While transthoracic echocardiography
provides real-time non-invasive assessment of cardiac function at the bed-side, some of its
limitations include: Operator dependence with training and standardisation of data
collection and analyses techniques to minimise variability, quality of echocardiogram scans
depend on factors such as the patient’s body habitus and echocardiogram windows
available. Specifically, in sheep, the ribs tend to be closely stacked with poor
echocardiography windows. Echocardiogram recording in this study was done from the
epicardial window through the left-lateral thoracotomy and performed by a trained
observer (NGO). A portable ultrasound scanner (GE Healthcare© Vivid.i) with a 3S-RS
transducer was used for data acquisition. The 3S-RS transducer has a 19mm X 27mm footprint, 900 field of view, 30cm depth of field, emits phased-array ultrasound waves at a
wavelength of 1.5-3.6 MHz and has been used widely in cardiac scanning. Echo loops were
acquired at a pre-specified optimal frame rate of 50-80 MHz for cardiac strain analysis with
simultaneous electrocardiographic (ECG) recording. An echo-probe spacer was applied for
epicardial data acquisition to limit the pressure applied on the heart by the hand-operated
transducer. Echocardiography data was collected at six timepoints; Baseline, pre-institution
of haemodynamic support (-1), and at 0, 3, 6 and 12 hours post-institution of
haemodynamic support. Data acquisition was done by storage of 3-beat ECG-gated echo
loops in the parasternal short axis (PSAX) window at the left-ventricular base, mid-papillary
and apical regions during each of the respective time-points. All echocardiographic data
collected was backed up in an external hard-disk drive (1 tera-byte Transcend®) and
analysed remotely using EchoPac™ ver.201 software (GE Healthcare©) in accordance with
the American Society of Echocardiography (ASE) and European Association of
Cardiovascular Imaging (EACVI) guidelines. Quantitative measurements were based on the
ejection fraction, end-diastolic, end-systolic and fractional area change dimensions. A
modified Simpson’s method (i.e. summation of single-plane discs) was applied for analysis
as described by Locatelli et al., since it was not possible to obtain truly orthogonal views
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from the parasternal window in sheep (Locatelli et al., 2011). Left-ventricular (LV)
myocardial deformation was assessed by speckle tracking and quantification of the mean
cardiac strain in the radial and circumferential axes as well as myocardial twisting (torsion)
was done using the automated function imaging (AFI) feature in EchoPac ™ ver.201 (GE
Healthcare©). Strain is a vector with directional component which is denoted by a positive
or negative sign. By convention, normal strain in the radial axis is reported as positive values
while in the circumferential axis it is reported as negative values (Voigt et al., 2015).
Training for cardiac strain assessment was conducted in-house at The Prince Charles
Hospital (TPCH) Cardiology Department by a team of cardiology experts (Chan et al., 2017).
Global circumferential and radial strain were derived from segmental quantification of
myocardial strain in the radial axis based on previously published 16-segment convention
(Schiller et al., 1989). Measurements were reviewed independently by a second reader (a
cardiologist at TPCH: KS or JC), blinded to the treatment groups.

94

Figure 3.1 below shows left-ventricular cross section and segmental labelling for cardiac
strain analysis.
Figure 3.1: Cardiac strain derivation from a cross-section of the left ventricle (adapted

from (Schiller et al., 1989))
(a)

(b)

(c)

Fig 3.1(a) Cross-section of the left-ventricle (LV) demonstrating the circumferential and radial
axes of quantifying cardiac strain, (b) LV cross-section showing the 16-segment labelling
convention of cardiac strain. Each of the 16 numbers represent a specific segment as shown in
the table below:
Basal
1) basal anterior
2) basal anteroseptal
3) basal inferoseptal
4) basal inferior
5) basal inferolateral
6) basal anterolateral

Mid-papillary
7) mid anterior
8) mid anteroseptal
9) mid inferoseptal
10) mid inferior
11) mid inferolateral
12) mid anterolateral

Apical
13) apical anterior
14) apical septal
15) apical inferior
16) apical lateral

(c) Shows derivation of radial and the corresponding circumferential strain using the automated
function imaging (AFI) in EchoPac™ ver.201 (GE Healthcare©) software (Images courtesy of CCRG
Echocardiography Laboratory). Strain is a vector with directional component denoted with a
positive or negative sign calculated using the formula:
[Strain = change in dimension ÷ original dimension] expressed as a percentage.
By convention normal strain will have positive values in the radial axis and negative values in the
circumferential axis (Voigt et al., 2015).
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3.3.10 Microvascular assessment
3.3.10.1 Sublingual incident dark-field (IDF) imaging
Real-time assessment and quantification of microvascular function was performed using
videomicroscopic incident dark-field (IDF) imaging (see Figure 2.2 above) of the sublingual
mucosal surface. The hand-held recording camera (Braedius Medical Cytocam®) is
comprised of concentrically-placed light-emitting diodes (LEDs) pulsed synchronously at
530nm wavelength. Data acquisition was done at a rate of 25 frames per second, with
capture of at least 100 frames over 4 seconds for the analysis. All images underwent
stabilisation of the frames before processing of the microcirculation data. For inclusion, the
post-stabilisation processed field of view (FOV) area had to be ≥90% the original FOV, to
limit the data loss post-processing for internal quality control of the dataset in keeping with
international consensus (De Backer et al., 2007). All raw data images had an original FOV
area of 1.783 mm2 (i.e. 1.55 mm height and 1.15 mm length). The pixel size for the frames
was 2.8 µm and a magnification factor of X4 was applied on all the frames. Limitations of
the IDF videomicroscopic imaging technology include pressure and motion artefacts,
heterogeneity of perfusion in different tissue beds and both intra- and inter-observer
variabilities (Aykut et al., 2015).
Microcirculation data was collected at five timepoints; pre-LPS endotoxin infusion, preinstitution of haemodynamic support, and at 0, 1.5 and 12 hours post-institution of
haemodynamic support. All microcirculation data was analysed offline using proprietary
capillary network analysis (CNA) software developed by the camera manufacturer
(Braedius Medical, Cytocam®). These data were compared against microcirculatory flow
index (MFI) developed by De Backer (DB) et al (2007), that has been commonly used for
microcirculation analysis (De Backer et al., 2007). Both CNA and DB indices have been
modelled on the Automated Vascular Analysis (AVA) software platform (Dobbe et al.,
2008).
The AVA software platform applied a previously validated semi-quantitative ordinal scale
to distinguish no flow (0), intermittent flow (1), sluggish flow (2) and continuous flow (3)
(Dubin et al., 2009). An identifier was assigned for each micro-vessel <25 µm in diameter
and the total vessel density (TVD, mm/mm2) was computed based on all the vessels
tracked. Vessels >25 µm in diameter were colour coded differently by the tracking software
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and excluded from the analysis. The proportion of perfused vessels (PPV, %) was calculated
as the number of vessels with sluggish (2) and continuous (3) flow values divided by the
total number of vessels in the frame (De Backer et al., 2007). The perfused vessel density
(PVD, mm/mm2) was computed as the total vessel density, multiplied by the proportion of
perfused vessels (De Backer et al., 2007), while the overall microvascular flow index (MFI)
was computed using an algorithm by Boerma et al, as the average of all the individual vessel
flow index values (Boerma et al., 2005).
Figure 3.2 shows incident dark-field imaging of the sublingual microcirculation and use of
the automated vascular analysis (AVA) software (Copyright Image, CCRG Pre-clinical
Laboratory https://ccrg.org.au/).
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3.3.10.2 Laser Doppler flowmetry and tissue oxygenation
Laser Doppler produces an indirect measure of microvascular flux whereby the shift in
Doppler frequency of a monochromatic laser signal (632.8nm) scattered by red blood cell
movement in the microcirculation is quantified (Holloway and Watkins, 1977). The
OxyLite™ and OxyFlo™ systems (Oxford Optronix, United Kingdom) utilise fibre-optic
oxygen-sensors and laser Doppler technology for quantifying tissue oxygenation and
microvascular perfusion respectively (Baudelet and Gallez, 2004). OxyLite™ technology
uses platinum microelectrodes mounted on fibre-optic oxygen-sensors with light-emitting
diodes (LEDs) to determine the oxygen tension in tissues (Griffiths and Robinson, 1999,
Braun et al., 2001). Assessment of microvascular dysfunction in ovine models using
OxyLite™ and OxyFlo™ technologies for the has been previously described in the literature
(Calzavacca et al., 2015).
3.3.11 Study endpoint measurements
The primary end-point for the pre-clinical trials was the vasopressor requirement to
maintain a target MAP of >60 mmHg. Secondary end-points specific for my study included
evidence of cardiac and microvascular dysfunction (biomarkers) or deranged metabolism
(microdialysis), coagulopathy (derangements in routine and specialised coagulation
testing) and inflammation (persistently elevated cytokine levels) following volume
expansion treatment.
3.4 Clinical longitudinal study
The clinical longitudinal study aimed to describe the natural history of septic shock among
children (FEAST-trial criteria) undergoing treatment in two centres in East Africa managed
with maintenance-only fluids (in the post-FEAST era) or according to the WHO-guideline
(for those with WHO-shock criteria).
3.4.1 Ethical considerations and approvals
Ethical approval to conduct the study was sought and obtained from the Kenya Medical
Research Institute-Scientific and Ethics Review Unit (KEMRI-SERU) (protocol approval
number 2541) in Kenya and the Mbale Regional Referral Hospital-Institutional Review
Committee (MRRH-IRC) (protocol approval number REIRC 005/2013) in Uganda, where the
study was conducted (Appendix 3.0, clinical ethics approvals).
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3.4.2 Study design and location
The study was a prospective observational study in the paediatric acute ward at the Mbale
Regional Referral Hospital in Mbale, Uganda and the high dependency unit (HDU) at the
Kilifi County Hospital in Kilifi, Kenya.
3.4.3 Study participants inclusion and exclusion criteria
Recruitment was consecutive until 30 patients with severe febrile illness and signs of
impaired perfusion were enrolled and no sample size calculation was done. Eligible patients
included children ≥60 days to ≤12 years old (FEAST-trial criteria) with severe febrile illness
presenting to hospital with impaired consciousness (prostration or coma) and/or
respiratory distress (deep breathing or in-drawing) and signs of shock characterised by any
one of the following: Prolonged capillary refill time 3 or more seconds, cold peripheries
(temperature gradient from toe to shin) and/or weak and rapid radial pulse volume.
Enrolled patients were followed-up for 1-month.
Based on the Feast-trial criteria, children were excluded from the study if the
parents/guardians did not consent; or if they had clinical or anthropometric features of
severe acute malnutrition (marasmus; weight-for-length z-score <-3 of the WHO growth
standard, or mid-upper arm circumference, MUAC measurement of <11.5 cm, or
kwashiorkor; bilateral non-pitting oedema with or without severe wasting); gastroenteritis
(hypovolaemic shock); other non-infectious causes of shock such as trauma, surgery or
burns; known heart disease or found to have an existing congenital cardiac condition on
the first echocardiographic examination.
3.4.4 Study clinical procedures
3.4.4.1 Screening and enrolment
All children eligible for had the standard admission process performed including history,
physical examination and routine clinical blood sampling. The clinical signs of shock were
identified by trained research nurses and clinicians, prior to seeking consent for
recruitment into the study from the parent(s) or guardian(s) accompanying the children.
Based on previous experience with research in critical illness, assent to participate in the
study was sought initially during resuscitation and full consent administered to the parents
or guardians once the patient had stabilised (Maitland et al., 2011b).
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3.4.4.2 Cardiovascular assessment
Cardiovascular assessment included clinical physical examination, electrocardiogram,
echocardiogram, and blood sampling for biomarker analysis.
3.4.4.2.1 Clinical examination
All children recruited had baseline anthropometry, vital statistics (heart rate, respiratory
rate, temperature, blood pressure and transcutaneous oxygen saturation) and a full clinical
assessment of the cardiovascular system performed including assessment for radial pulse
rate & volume, capillary refill time, and cardio-respiratory auscultation for crackles or S3
gallop sounds associated with fluid overload. Vital statistics were repeated half-hourly
during the fluid resuscitation phase and then hourly thereafter for the next 8-hours and
thereafter 4-hourly for the next 16-hours. Patients had daily clinical examination over the
course of their hospital admission. Clinical data were recorded using standardized caserecord forms accessible to designated clinical study staff.
3.4.4.2.2 Electrocardiogram (ECG) recording
Electrocardiographic assessment (Cardiac Acquisition Module, CAM-14, General Electric
Medical Systems® and CardioSoft™ v6.51 Diagnostic System Software) was performed at
admission (baseline), at 24-hours and at 1-month follow-up. A standard twelve-lead ECG
recorded at 25mm/seconds was used to collect data on the PR and RR-intervals, QRScomplex duration, QT-interval and QT-dispersion based on validated techniques (Kligfield
et al., 2007). Corrected QT-interval and QT-dispersion adjusted to heart rate (HR) were
calculated using Bazett’s formula (Bazett, 1920, Tutar et al., 1998).
3.4.4.2.3 Echocardiogram (ECHO) recording
Echocardiographic assessment (Vivid.i General Electric Medical Systems® with
simultaneous ECG display) was performed at admission (baseline), post-fluid resuscitation,
at 24-hours and at 1-month follow-up. Data was collected as 3-beat ECG-gated loops and
averaged over three cardiac cycles in the subcoastal, apical and parasternal windows using
a 6S-RS paediatric cardiac phased-array transducer (GE Healthcare™) based on validated
methodology (Lopez et al., 2010). Overall myocardial performance was based on the Tei
index, a measure of global cardiac function (Tei et al., 1995, Tei, 1995, Karatzis et al., 2009,
Karaye, 2011). The modified Simpson’s algorithm using a combination of apical, parasternal
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short-axis (PSAX) and long-axis (PLAX) views was used to calculate left ventricular (LV)
diastolic and systolic volumes (Mercier et al., 1982, Wyatt et al., 1980a, Wyatt et al., 1980b,
Lopez et al., 2010). Myocardial deformation was assessed by speckle tracking and
quantification of the mean global radial, circumferential and longitudinal strain was
performed using automated function imaging (AFI) (Gorcsan and Tanaka, 2011, Lang et al.,
2015), in EchoPac™ ver.201 (GE Healthcare™). Measurements were reviewed
independently by a second reader (a cardiologist: RMRT, KS or JC), blinded to the patients’
clinical conditions.
3.4.5 Blood and urine sampling
Routine blood sampling was performed at admission (baseline), 8-hours, 24-hours, 48hours and at 1-month follow-up. Standard investigations at admission included a full
hemogram, electrolytes, urea and creatinine test, malaria film and HIV antibody testing. An
additional 0.3 mL aliquot of plasma was stored for batch-analysis of cardiac biomarkers
(troponin I (cTnI), alpha-atrial natriuretic peptide (α-ANP), and beta-brain natriuretic
peptide (β-BNP) as well as the microvascular biomarker hyaluronan. Biomarker assays were
performed using ELISA kits (ThermoFisher Scientific™, for ANP and BNP; Abcam®, for cTnI;
R and D Systems®, for hyaluronan). A 2.0 mL sample of urine was collected and stored at
admission and at 24-hours for batch-analysis of renal clearance of hyaluronan (R and D
Systems® ELISA).
3.4.6 Fluid management
The FEAST trial result had rendered untenable the administration of bolus fluids in this
group of paediatric patients with severe febrile illness and impaired perfusion in this LMIC
setting. Thus, patients received maintenance-only iv fluids (4 mL/kg/hr) for haemodynamic
resuscitation if they had FEAST-trial shock criteria. However, patients who had all 4 signs of
shock present (WHO-shock criteria) were managed according to the WHO clinical
guidelines. Patients who had resolution of shock symptoms within 5-hours were converted
to oral rehydration via nasogastric a tube, while those who had persisting signs of shock
received blood transfusion according to the WHO-IMCI and ETAT guidelines (20 mL/kg
whole blood or 10 mL/kg packed cells over 3 - 4 hours) (2013, Hjortrup et al., 2016).
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3.4.7 Study endpoint measurements
Research specific primary end-point was mortality within 48-hours of resuscitation.
Secondary end-points included echocardiographic haemodynamic and myocardial
performance indices, electrocardiographic abnormalities, fluid volume administered,
abnormalities in electrolytes and bio-markers as well as other reported adverse events
related to the resuscitation.
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Chapter 4: Systematic Review - Effects of volume resuscitation on
the microcirculation in animal models of endotoxaemia
4.0 Abstract
Background: Recent research has identified an increased rate of mortality associated with
fluid bolus therapy for severe sepsis and septic shock, but the mechanisms are still not well
understood. Fluid resuscitation therapy administered for sepsis and septic shock targets
restoration of the macro-circulatory mean arterial pressure, but the pathogenesis of sepsis
is complex including microcirculatory dysfunction.
Objective: To systematically review data comparing the effects of different types of fluid
resuscitation on the microcirculation in animal models of lipopolysaccharide-induced
endotoxaemia and endotoxaemic shock.
Methods: A structured search of PubMed/MEDLINE and EMBASE for relevant publications
from 1 January 1990 to 31 December 2015 was performed, in accordance with PRISMA
guidelines.
Results: The number of published papers on endotoxaemia and the microcirculation has
increased steadily over the last 25 years. We identified eleven experimental animal studies
comparing the effects of different fluid resuscitation regimens on the microcirculation.
Substantial heterogeneity in animal species, size of the study arms, methods of
microcirculatory assessment, types and volume of resuscitation fluid administered,
experimental time-points for the induction of endotoxaemia, instituting resuscitation and
duration of the models precluded any meaningful meta-analysis.
Conclusions: Few animal-model studies have been published investigating the
microcirculatory effects of fluid resuscitation in endotoxaemic shock. Biologically relevant
animal model studies remain necessary to enhance understanding regarding the
mechanisms by which fluid resuscitation affects the microcirculation and to facilitate
translation of basic science discoveries to clinical applications.
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4.1 Introduction
Sepsis is a syndrome induced by infection that is characterised by physiologic, pathologic
and biochemical abnormalities (Singer et al., 2016) that causes a substantial primary
disease burden and co-morbidity (Jawad et al., 2012). Treatment guidelines globally
recommend correction of haemodynamic abnormalities by rapid administration of fluid
boluses and blood transfusion to restore macro-circulatory parameters such as cardiac
output and blood pressure (Brierley et al., 2009, Kleinman et al., 2010c, Kleinman et al.,
2010a, Anderson and Blumer, 1997, Dellinger et al., 2013b, WHO, 2013, Carcillo et al.,
1991). Whilst there is general consensus on the key pillars of sepsis management – such as
early recognition, source control and timely antibiotic administration – there is outstanding
controversy surrounding volume resuscitation including the type of fluid to use, the dose
and rate of administration. Additionally, microcirculatory dysfunction in sepsis, which has
been shown to occur early in the evolution of the disease process, (Nakajima et al., 2001),
may still persist after normalisation of macro-circulatory perturbations following volumeresuscitation (Sakr et al., 2004, Hardaway, 2000, Nacul et al., 2010, Schmidt et al., 2012,
Andersson et al., 2012, Spronk et al., 2004, Ince, 2005, Vincent and De Backer, 2005,
Nakajima et al., 2001).
The microcirculation is an elaborate network of blood vessels, comprised of arterioles,
venules and capillaries that are lined with a dynamic endothelial-glycocalyx layer (Bellapart
et al., 2013) and comprise one of the largest organ system in the body (Moore et al., 2015).
Sepsis causes endothelial activation, as well as the breakdown and shedding of the
glycocalyx, leading to microcirculatory dysfunction. Progressive microvascular and organ
dysfunction in sepsis and septic shock have been described extensively in literature (Spronk
et al., 2004, Ince, 2005, Vincent and De Backer, 2005, Boerma et al., 2005, Chappell et al.,
2009, Ince and Sinaasappel, 1999, Lush and Kvietys, 2000, Lehr et al., 2000, De Backer et
al., 2002, Bateman et al., 2003, Tyagi et al., 2009, Edul et al., 2010, Spanos et al., 2010,
Lundy and Trzeciak, 2011, Ratiani et al., 2015, Coletta et al., 2014, Trzeciak et al., 2007),
and impaired microcirculatory function has been shown to be an independent predictor of
mortality (De Backer et al., 2002, Sakr et al., 2004). Increased microcirculatory flow during
resuscitation for sepsis and septic shock has been associated with reduced organ failure at
24-hours without substantial differences in global haemodynamics (Trzeciak et al., 2008).
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4.2 Aims
Sepsis is a heterogenous syndrome and despite existence of several pre-clinical models
spanning more than over half-a-century of experimentation, there is no ideal model that
mimics human sepsis. Therefore, I conducted a systematic review in order to summarise
the available evidence on the effects of volume expansion resuscitation on the
microcirculation in models of endotoxaemia and endotoxaemic shock. Responses to
lipopolysaccharide infusion in experimental models has been shown to be rapid and
reproducible (Chen et al., 1993).
4.3 Methods
4.3.1 Search strategy
I conducted a systematic search in two indexed online databases - PubMed/MEDLINE and
EMBASE - for articles describing the microcirculation in sepsis and septic shock, published
from 1 January 1990, through to 31 December 2015, being the time period prior to the
Sepsis-3 consensus definitions of 2016 (Obonyo et al., 2016). The search was conducted in
accordance with PRISMA guidelines (Moher et al., 2009). In PubMed/MEDLINE, the search
terms used in [MeSH Terms] or [All Fields] were ‘sepsis’ OR ‘septicaemia/septicemia’ OR
‘endotoxaemia/endotoxemia’ OR ‘septic shock’ OR ‘endotoxaemic/endotoxemic shock’
AND ‘microcirculation’. In EMBASE, the keywords used were: ‘(microcirculation AND
sepsis)’, ‘(microcirculation AND septicaemia/septicemia)’, ‘(microcirculation AND
endotoxaemia/endotoxemia), ‘(microcirculation AND septic shock)’, and ‘(microcirculation
AND

endotoxaemic/endotoxemic

shock)’.

Variations

in

spelling

including

(septicaemia/septicaemia and endotoxaemia/endotoxemia) were taken into consideration
in the [MESH terms] or [All Fields] when performing the searches.
4.3.2 Selection criteria
All abstracts identified through the searches were compiled in Endnote® (Thomson
Reuters) and screened for relevance, after removing duplicates. Publications were eligible
for inclusion in the review if they were conducted on animal models of LPS-induced
endotoxaemia and endotoxaemic shock and also compared different types of fluid
resuscitation, with or without a control group. Full published manuscripts of studies
considered relevant were retrieved and reviewed by two investigators (NGO and JPF). Cited
publications within the retrieved articles were also screened for relevance. We restricted
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our review to studies assessing the effects of fluid resuscitation on the microcirculation in
endotoxaemia/endotoxaemic shock, and articles either written in English or translated into
English.
4.3 Results
A total of 2,346 articles were retrieved from the original search of published literature.
There has generally been a gradual increase in the number of published papers on sepsis
and the microcirculation over the 25 year period from 1990 to 2015 (Figure 4.1).
Figure 4.1: Number of publications on the microcirculation in sepsis and septic shock by year
(Figure adapted from (Obonyo et al., 2016))

Average number of publications (1990 - 2000)
Average number of publications (2001 - 2015)

Number of unique publications on the microcirculation in sepsis and septic shock retrieved by
year of publication from 1 January, 1990 to 31 December, 2015. The average number of
publications increased from 18 (between 1990 - 2000) to 48 (between 2001 - 2015).

Initial screening to remove duplicates and studies with no apparent relevance yielded 912
unique articles of which 398 full-text papers were assessed for eligibility. After excluding
non-experimental review articles, clinical studies and pre-clinical experiments investigating
therapeutic interventions other than volume resuscitation, 11 studies were found to be
relevant to the assessment of microcirculatory effects of volume resuscitation in animal
models of LPS-induced sepsis. Figure 4.2 below shows the PRISMA flow diagram for the
systematic review.
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Figure 4.2: PRISMA flow diagram for the systematic review (Figure adapted from (Obonyo et
al., 2016))

PRISMA flow diagram for experimental animal models of lipopolysaccharide (LPS)-induced
endotoxaemia/endotoxaemic shock investigating microcirculatory effects of fluid resuscitation

4.3.1 Study characteristics
The eleven featured studies involved both small rodent models, included two hamster
studies (n= 58) (de Carvalho et al., 1999, Hoffmann et al., 2002), and two rat studies (n =
57) (Anning et al., 2004, Legrand et al., 2011), as well as large mammal models, which
included three pig (n = 64) (Oi et al., 2000, Duburcq et al., 2014, Lopez et al., 2015), two
dog (n = 28) (Maciel et al., 1998, Zhang et al., 1999) and two sheep studies (n = 27) (Dubin
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et al., 2008, Andersson et al., 2012). In each instance, endotoxaemia was induced by
intravascular LPS infusion following induction of appropriate anaesthesia.
4.3.2 Microcirculatory assessment and outcome
In the small rodent models, microcirculatory function was assessed primarily by intravital
fluorescence microscopy (de Carvalho et al., 1999, Hoffmann et al., 2002, Anning et al.,
2004), with one study using laser speckle imaging (Legrand et al., 2011). Laser Doppler
flowmetry and/or videomicroscopic side-stream dark field (SDF) imaging were largely used
for microcirculatory assessments in the larger mammalian models (Zhang et al., 1999,
Andersson et al., 2012, Duburcq et al., 2014, Lopez et al., 2015). One study utilized indirect
quantification of oxygen extraction to assess microcirculatory function (Maciel et al., 1998).
Six studies reported improved blood flow in the microcirculation and reduced extravasation
of plasma following fluid resuscitation (Maciel et al., 1998, Zhang et al., 1999, de Carvalho
et al., 1999, Anning et al., 2004, Hoffmann et al., 2002, Oi et al., 2000). One study reported
improvement of microvascular blood flow and oxygenation with overall negative fluid
balance in endotoxaemia (Duburcq et al., 2014), while three studies documented persistent
microcirculatory dysfunction with volume resuscitation (Legrand et al., 2011, Andersson et
al., 2012, Lopez et al., 2015). One study exhibited improved sublingual and serosal intestinal
microcirculation following fluid resuscitation, but persistent dysfunction in the intestinal
mucosal villi within the same endotoxaemia model resuscitated with hydroxyethyl starch
(HES) (Dubin et al., 2008).
None of the studies reported use of blood transfusion for microcirculatory volume
resuscitation in endotoxaemic shock. Differences in the animal species, size of the study
arms, methods of microcirculatory assessment, types and volume of fluid resuscitation
administered, and the experimental time-points for the induction of endotoxaemia as well
as instituting resuscitation precluded any quantitative meta-analysis. Table 4.1 below
presents a summary of the studies included in the systematic review describing the
available information on the model used, definition of endotoxaemic shock used, timing,
type and volume of resuscitation fluid administered, the resultant microcirculatory effects
and the duration of the model.
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Table 4.1: Summary of animal model studies assessing effects of volume resuscitation on the microcirculation in lipopolysaccharide-induced sepsis from 1990 to 2015 (Adapted and
modified from (Obonyo et al., 2016))
Publication

Motivation/aims for
the study

Shock definition/
characteristics

Model
(number
per arm)

Duration of
model (timing
of fluid)

Methods used for
microcirculation assessment
(tissue assessed)

Type and volume
administered (mL/kg,
mean±SD or
median,IQR)

Principal findings/
recommendations

(Maciel et al.,
1998)

Assess whether a
solution of
hypertonic saline
hydroxyl-ethyl starch
can increase tissue
oxygen extraction in
endotoxic shock

Characteristics of shock
(after infusion of 2ml/kg
endotoxin over 2-min):
No cut-off values given
for low MAP, low CI, low
SI, low LVSWI, high SVRI,
high PVRI

Dog
(n, 7)

4-hour model
(Hypertonic
NaCl fluid
administered
30-min after
LPS infusion)

Microcirculation was assessed
indirectly by quantifying
oxygen extraction in gas
analysers sampling to measure
expired oxygen fraction and
end-tidal carbon dioxide
tension

a) 291 + 62 mL
(control group, isotonic
saline 0.9%)
b) 123 + 12 mL
(treatment group,
hypertonic saline 7.5%)

(de Carvalho
et al., 1999)

Assess effect of
hypertonic saline
with and without
dextran on
endotoxin-induced
vascular
permeability in the
cheek pouch
microcirculation
compared to
systemically

Characteristics of shock
(after infusion of
0.3mg/kg endotoxin over
1-min): Permeability of
the micro-vessels as
evidenced by plasma
leak of FITC-labelled
dextran post-endotoxin
infusion.

Hamster
(n, 6)

180-min model
(Hypertonic
NaCl fluid
administered
15-min pre-LPS
infusion and
continued for
4-min post-LPS
infusion)

Intra-vital microscopy of
cheek pouch tissue.
Microcirculation was assessed
by counting extravasation
sites of FITC-labelled dextran

a) No sepsis control;
0.35 mL/100g body
weight for 4 min, 7.5%
hypertonic saline
b) and c) LPS groups 1
and 2 (no volume
resuscitation controls)
d) HS group; 0.35
mL/100g body weight
for 15 min prior to LPS
e) HSD group; 0.35
mL/100g body weight
for 15 min prior and 4
min after the induction
of LPS

Hypertonic saline
resuscitation
increases oxygen
extraction compared
to isotonic saline by
improved
microvascular
perfusion
Hypertonic saline
with and without
dextran reduce local
and systemic
endotoxin-induced
plasma leakage
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Publication

Motivation/aims for
the study

Shock definition/
characteristics

Model
(number
per arm)

Duration of
model (timing
of fluid)

Methods used for
microcirculation assessment
(tissue assessed)

Type and volume
administered (mL/kg,
mean±SD or
median,IQR)

Principal findings/
recommendations

(Zhang et al.,
1999)

Compare alterations
in hepatic and
intestinal mucosal
microcirculation
during the acute
phase of blood flow
reduction in
endotoxic shock and
the effect of fluid
resuscitation
Compare effects of
hypertonic saline,
isotonic saline and
no resuscitation in
endotoxin shock

Characteristics of shock
(after infusion of 2mg/kg
endotoxin over 2-min):
50% or more reduction in
MAP, CI, LVSWI

Dog
(n, 7)

10-hour model
(NaCl fluid
administered
30-min after
LPS infusion)

Laser Doppler measurements
obtained from ileum and liver
microvasculature were used
to calculate an arbitrary red
blood cell flux index in 1mm3
of tissue in each organ

a) No fluid resuscitation
control group
b) 20 mL/kg/h 0.9%
normal saline

Microvascular
depression in
endotoxaemia was
more severe in the
liver than in the
intestinal mucosa but
increased similarly in
both organs after
initial resuscitation

Characteristics of shock
(after infusion of
2.5μg/kg/h increased
over 30-min to
20μg/kg/h then
maintained for 120min):
No clear definition and
cut-off values given for
hypotension and
reduced CO

Pig
(n, 7 [a]; 8
[b];
9 [c])

300-min model
(hypertonic
NaCl fluid
administered
60-min after
LPS infusion)

Intestinal blood flow laser
Doppler measurements
expressed in arbitrary laser
Doppler perfusion units, PU

a) No fluid resuscitation
control group
b) 4 mL/kg over 10-min
(0.9% isotonic saline in
6% dextran 70, ISD)
c) 4 mL/kg over 10-min
(7.5% hypertonic saline
in 6% dextran 70, HSD)

Hypertonic saline
improved intestinal
mucosal blood flow
better than isotonic
saline and no
resuscitation

(Oi et al.,
2000)

110

Publication

Motivation/aims for
the study

Shock definition/
characteristics

Model
(number
per arm)

Duration of
model (timing
of fluid)

Methods used for
microcirculation assessment
(tissue assessed)

Type and volume
administered (mL/kg,
mean±SD or
median,IQR)

Principal findings/
recommendations

(Hoffmann et
al., 2002)

Assess and compare
effects of different
volume support
administered in
endotoxin-induced
microcirculatory
disorders

Characteristics of shock
(after infusion of 2mg/kg
endotoxin): No clear
definition of shock and
cut-off values given for
measured MAP and
heart rate

Hamster
(n, 7 [a];
6 [b];
8 [c])

24-hour model
(HES or
isotonic NaCl
fluid
administered
3-hours after
LPS infusion)

a) No fluid resuscitation
control group
b) 16 mL/kg HES
C) 66 mL/kg 0.9%
isotonic saline

Synthetic
hydroxyethyl starch
(HES) preserved the
functional capillary
density (FCD)
compared to saline
and no resuscitation

(Anning et al.,
2004)

Assess effect of fluid
administration on
lipopolysaccharideinduced changes in
mesenteric
microcirculation

Characteristics of shock
(after topical application
of 20μg/kg endotoxin on
mesentery): No clear
definition of shock given

Rat
(n, 5 [a];
6 [b];
7 [c])

60-min model
(Albumin or
saline pretreatment 30min prior to
LPS infusion
and continued
over 60-min)

Intra-vital microscopy on
dorsal skin-fold chamber.
Microcirculation was assessed
by:
(a) Functional capillary
density, FCD (i.e. length of all
erythrocyte-perfused nutritive
capillaries per observation
area)
(b) Vascular permeability
quantified by extravasation of
fluorescein isothiocyanatelabelled, FITC dextran
Intra-vital microscopy on an
exteriorised loop of intestine
and its associated mesentery.
Microcirculation assessed by:
(a) Measurement of the rolling
velocity of all leucocytes
entering a micro-vessel and
leucocyte flux (i.e. the number
of rolling leucocytes) were
defined as adherent if
stationary for >30seconds
(b) Vascular permeability
quantified by extravasation of
(FITC-BSA)

a) No fluid resuscitation
control group
b) 16 mL/kg/hr (0.9%
saline)
c) 16 mL/kg/hr (5%
albumin)

Lipopolysaccharideinduced albumin flux,
leucocyte rolling and
adhesion in the
microcirculation was
reduced by both 0.9%
saline and 5% human
albumin solutions
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Publication

Motivation/aims for
the study

Shock definition/
characteristics

Model
(number
per arm)

Duration of
model (timing
of fluid)

Methods used for
microcirculation assessment
(tissue assessed)

Type and volume
administered (mL/kg,
mean±SD or
median,IQR)

Principal findings/
recommendations

(Dubin et al.,
2008)

Test hypothesis that
persistent villi
hypoperfusion
explains
intramucosal
acidosis after
resuscitation for
endotoxaemic shock

Characteristics of shock
(after loading with
5μg/kg and infusion of
4μg/kg/h of endotoxin):
Shock characterised by
decrease in MAP from
96±10 to 51±20 mmHg
and reduced CO from
145±30 to 90±30
mL/min/kg

Sheep
(n, 7)

150-min model
(HES fluid was
administered
60-min after
LPS infusion)

Measurements obtained from
sublingual mucosa and
intestinal mucosa & serosa
(a) Microvascular flow index,
MFI [i.e. based on the
diameters, blood capillaries
were classified as small (10 25µm), medium (26 - 50µm)
or large (51 - 100µm) and flow
was scored as no flow (0),
intermittent flow (1), sluggish
flow (2), continuous flow (3)
or hyperdynamic flow (4). MFI
calculated as the sum of each
quadrant score divided by the
number of quadrants in which
the vessel type is visible]
(b) Percentage of perfused
villi, PV% [i.e. the number of
villi in each video were
counted and semiquantitatively classified as
perfused, heterogeneously
perfused or unperfused; PV%
was calculated as number of
perfused villi divided by the
total number of villi]

6% HES (volume not
specified)

Hydroxyethyl starch
fluid resuscitation
restored
microcirculation in
the sublingual and
intestinal serosa but
not in the intestinal
mucosa
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Publication

Motivation/aims for
the study

Shock definition/
characteristics

Model
(number
per arm)

Duration of
model (timing
of fluid)

Methods used for
microcirculation assessment
(tissue assessed)

Type and volume
administered (mL/kg,
mean±SD or
median,IQR)

Principal findings/
recommendations

(Legrand et
al., 2011)

Test hypothesis that
prevention of
endotoxaemiainduced hypotension
by immediate fluid
resuscitation would
prevent
development of
renal
microcirculatory
dysfunction

Characteristics of shock
(after loading with
2.5mg/kg of endotoxin):
Shock characterised by a
65% decrease in MAP
and a 40% decrease in
aortic blood flow from
baseline values

Rat
(n, 5 [a];
7 [b])

5-hour model
(HES fluid
resuscitation
started
simultaneously
with the LPS
infusion)

Measurements obtained from
the renal cortex
(a) Microvascular perfusion
histograms based on laser
speckle imaging perfusion
maps
(b) Microvascular oxygen
tension histograms based on
phosphorimetry

Despite immediate
hydroxyethyl starch
fluid resuscitation
being better than
delayed
resuscitation, overall
prevention of renal
macrovascular
hypoperfusion did
not fully prevent
renal
microcirculatory
dysfunction

(Andersson et
al., 2012)

Test hypothesis that
in hyperdynamic
endotoxaemic shock,
intestinal
microcirculatory
dysfunction will be
present despite
increased regional
blood flow

Characteristics of shock
(after loading with
0.3μg/kg/h of
endotoxin): Shock
characterised by a MAP
<60 mmHg or arterial
lactate ≥2.5 mmol/L

Sheep
(n, 5 [a];
8 [b])

25-hour model
(HES fluid
administered
30-min after
onset of shock)

Sidestream dark-field imaging
(a) Microvascular flow index,
MFI
(b) Percentage of perfused
villi, PV%
(c) Heterogeneity index, HI
[i.e. highest flow velocity
minus lowest flow velocity
divided by the mean MFI]

a) Early resuscitation
group 40 mL/kg in 300
min (HES),
administered as 20
mL/kg/h in the first
hour and 5 mL/kg/h for
the remaining duration
of the protocol.
b) Late resuscitation
group 30 mL/kg in 300
min (HES),
administered as 20
mL/kg/hr in the first
hour and 5 mL/kg/hr
for the remaining
duration of the
protocol.
a) LPS group
519 + (SD) 342 mL
(HES)

Publication

Motivation/aims for
the study

Shock definition/
characteristics

Model
(number
per arm)

Duration of
model (timing
of fluid)

Methods used for
microcirculation assessment
(tissue assessed)

Type and volume
administered (mL/kg,

Principal findings/
recommendations

Microcirculatory
dysfunction (reduced
MFI and low PV%)
persisted in fluid
resuscitated
endotoxaemic shock
despite increased
regional blood flow
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mean±SD or
median,IQR)
(Duburcq et
al., 2014)

Investigate effects of
hypertonic sodium
lactate compared to
sodium chloride on
the microcirculation
in endotoxic shock

Characteristics of shock
(after loading with
5μg/kg/min of endotoxin
over 30-min): Shock
characterised by a MAP
<50 mmHg

Pig
(n, 5)

5-hour model
(fluid
administered
30-min after
endotoxin
infusion)

(Lopez et al.,
2015)

Assess systemic and
microcirculatory
correlation of early
resuscitation for
endotoxic shock

Characteristics of shock
(after loading with
0.025mg/kg/min of
endotoxin over 1-hour):
Shock characterised by a
MAP <50 mmHg and CI
lower than baseline
value with no cut-off
value given

Pig
(25 pigs
studied in 3
groups with
no clear
description
of number
per group)

180-min model
(fluid
administered
immediately
after LPS
infusion)

Skin blood flow laser Doppler
measurements expressed in
arbitrary perfusion units, PU
[i.e. peak flow was defined as
the highest flow signal
obtained post-pneumatic
occlusion of blood flow to the
legs. Duration of the flow
signal was also recorded]
Sidestream dark-field imaging
(a) MVD
(b) MFI
(c) HFI
(d) PPV
(e) PVD

a) 0.9% sodium
chloride group 5
mL/kg/h
b) 8.4% hypertonic
sodium bicarbonate 5
mL/kg/h
c) 11.2% hypertonic
sodium lactate 5
mL/kg/h
a) LPS group 8 mL/kg/h
(saline)
b) ERP 250 mL/h for 2
hours (Haemocoel)
c) Sham 8 mL/kg/h
(saline)

Hypertonic sodium
lactate solution
improves
microvascular
reactivity with a
negative fluid
balance

Early resuscitation
restored macrohaemodynamic
parameters, but
microcirculatory
alterations persisted
(reduced MVD, MFI,
HFI, PPV, PVD)

LPS, lipopolysaccharide; MAP, mean arterial pressure; CO, cardiac output; CI, cardiac index; SI, stroke index; LVSWI, left ventricular stroke work index; SVRI, systemic vascular resistance
index; PVRI, pulmonary vascular resistance index; FITC, fluorescein isothiocyanate; BSA, bovine serum albumin; MFI, microvascular flow index (i.e. average flow of individual vessels
scored as no flow [0], intermittent flow [1], sluggish flow [2] or continuous flow [3]); MVD, microvascular density (i.e. number of vessels per mm2 in mucosa of tissue bed being imaged);
HFI, heterogeneity flow index (i.e. highest MFI minus lowest MFI divided by mean MFI); PPV, Proportion of perfused vessels (i.e. total number of vessels minus number of vessels with
flow = 0 or 1 divided by total number of vessels); PVD, perfused vessel density (i.e. MVD multiplied by PPV); ERP, early resuscitation protocol
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4.4 Discussion
This systematic review demonstrated an increase in the number of publications over the
period from beginning of 1990 to the end of 2015, reflecting an increase on the research
focus and knowledge on the microcirculation in sepsis. However, there was substantial
heterogeneity in the reported microcirculatory effects of volume expansion in pre-clinical
experimental LPS-induced endotoxaemia. Three of the studies represented in this
systematic review used intravital microscopy to assess the microcirculation, two
demonstrating an improvement with fluid administration (de Carvalho et al., 1999, Anning
et al., 2004) and one an improvement with hydroxyl-ethyl starch (HES) but not saline
administration (Hoffmann et al., 2002). Only one study used laser speckle microcirculatory
imaging (Legrand et al., 2011), but showed no improvement following fluid administration.
Three studies presented in this review used laser Doppler imaging and showed improved
microcirculatory reactivity with fluid administration (Zhang et al., 1999, Oi et al., 2000,
Duburcq et al., 2014). Microcirculatory assessment by sidestream dark-field (SDF) imaging
exhibited heterogeneous effects in different tissues in one study (Dubin et al., 2008), but
no improvement in another study (Lopez et al., 2015).
Some of the limitations of this review include differences in animal species, size of the study
arms, methods of microcirculatory assessment, types and volume of resuscitation fluid
administered, experimental time-points for the induction of endotoxaemia, instituting
resuscitation and duration of the models. These differences precluded any meaningful
meta-analysis. Comparisons of different microcirculatory imaging techniques have been
reported in the literature (Yvonne-Tee et al., 2006, Briers, 2001, Treu et al., 2011, Eriksson
et al., 2014). Investigators who conducted a comparative study on cochlear blood flow
reported that intravital microscopic measurements were more sensitive than laser Doppler
measurements (LaRouere et al., 1989). However, comparing the microcirculatory results
attained with different methods poses a significant challenge. For instance, while
videomicroscopic techniques offer direct visualization of the microcirculation, the tissue
contact element is operator dependent and may cause pressure-induced artefacts (leading
to erroneous reading and both inter-measurement and intra-observer errors). On the other
hand, laser techniques are susceptible to motion artefacts, such that a combination of both
techniques might enhance the accuracy of microcirculatory assessments (Eriksson et al.,
2014). To mitigate these effects, guidelines on microcirculatory imaging technique and
reporting have been developed (Aykut et al., 2015, De Backer et al., 2007).
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In this review, only one study used a combination of techniques to assess the
microcirculation (i.e., laser Doppler flowmetry and side-stream dark-field imaging) and
reported persistent acidosis, microcirculatory and mitochondrial dysfunction associated
with resuscitation with hydroxyethyl starch (HES) fluid (Andersson et al., 2012).
The aetiology of microcirculatory dysfunction seen during sepsis is likely to be multifactorial, arising from a combination of increased blood viscosity, reduced red blood cell
deformability (Astiz et al., 1995), neutrophil activation (Linderkamp et al., 1998), impaired
vascular auto-regulation (Moore et al., 2015), coagulopathy and altered haemostasis
(Passmore et al., 2019). The mechanical properties of red blood cells are altered by the
effects of endotoxin binding directly to the red blood cells (Poschl et al., 2003). Disruption
of the endothelial-glycocalyx barrier exposes endothelial cell surface adhesion molecules
that trigger the activation of mast cells, and the adhesion of platelets and white blood cells,
thereby causing further inflammation (Becker et al., 2010) and nitric oxide production
(Ignarro et al., 1987). Nitric oxide, in turn, induces the relaxation of vascular smooth muscle,
leading to increased blood flow, increased intravascular shear stress and the production of
pro-inflammatory cytokines, further worsening endothelial inflammation. Endothelial cell
damage and disruption of the tight junctions causes increased vascular permeability, and
microcirculatory dysfunction thus compromising tissue perfusion. Rapidly-administered
volume resuscitation therapy in the setting of a damaged endothelial-glycocalyx barrier
alters cardiovascular haemodynamics and may further exacerbate interstitial oedema
directly by increasing the intravascular hydrostatic pressure, and indirectly through osmotic
diffusion across the concentration gradient of leaked solutes (Lopez et al., 2015).
4.5 Conclusion
Routine microcirculation assessment is rarely performed clinically owing to heterogeneity
of microvascular beds in different organs and complexity of assessment techniques thus
warranting more research (Aykut et al., 2015). The effects of volume resuscitation on the
microcirculation seen in this review were diverse ranging from persistent dysfunction to
improved perfusion. Clinical translation will require further studies on biologically-relevant
and standardised animal models are required to understand both the role of the
endothelial-glycocalyx in sepsis and the mechanisms by which volume expansion
resuscitation affects the microcirculation.
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Chapter 5: Pre-clinical endotoxaemic shock model development
5.0 Abstract
Rationale: Following randomised clinical evidence associating fluid bolus therapy with
increased mortality, there is need to re-evaluate volume resuscitation in different shock
phenotypes. Animal model studies have demonstrated improved haemodynamics
following fluid resuscitation in endotoxaemia with hypodynamic shock.

Objective: To develop a hyperdynamic circulation model of endotoxaemia that can be used
to test the effects of volume expansion therapies. Hyperdynamic shock was defined as
hypotension below a mean arterial pressure, MAP of 60 mmHg but with either a normal or
increased cardiac index for the purpose of this model.

Methods: Eight merino ewes underwent anaesthetic induction, mechanical ventilation and
instrumentation. Endotoxaemic shock was induced with an escalating infusion dose over
4-hours. Three hours into endotoxin infusion, protocolised vasopressor support was
commenced with noradrenaline and vasopressin for a period of 12-hours over which the
animals were monitored. Blood samples were retrieved to measure levels of inflammatory
cytokines, coagulation markers and biomarkers of end-organ dysfunction. Cardiac function
was evaluated using epicardial echocardiography and microvascular function was
evaluated using sublingual videomicroscopic dark-field imaging.

Results: Endotoxin infusion led to development of distributive shock with MAP decreasing
from 85 ± 12.8 mmHg at baseline to 49 ± 8.0 post endotoxaemia (difference in means 36
mmHg; 95%CI 17.5 to 46.5; p<0.001). There was no significant change in the cardiac index
post endotoxaemia (from 3.3 ± 0.56 L/min/m2 to 2.9 ± 0.36 L/min/m2; difference in means
0.44L/min/m2; 95%CI -1.36 to 1.06; p=0.09).

Conclusion: An escalating dose of endotoxin infusion produced a desired hyperdynamic
circulation that could be used for investigation of volume expansion resuscitation.
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5.1 Introduction
Volume expansion for septic shock resuscitation has been used to treat hypotension and
thus reverse perfusion deficits. However, randomised evidence showing either no mortality
benefit of early goal directed therapy (Investigators et al., 2014, Pro et al., 2014, Mouncey
et al., 2015) or worse outcomes after fluid therapy (Maitland et al., 2011a, Andrews et al.,
2017) has challenged the guideline-recommended practice of fluid bolus administration in
septic shock.
Sepsis is a complex syndrome and several attempts have been made to create standardised
animal models of sepsis (Rahal et al., 2009, Ottosson et al., 1991, Natanson et al., 1990,
Bressack et al., 1987, Oi et al., 2000, Smith et al., 1993, van Lambalgen et al., 1984, Vallet
et al., 1994, Brackett et al., 1985). Pre-clinical models of endotoxaemia have been used to
study the pathophysiology of sepsis and to test new therapies with mice being the most
commonly used models (Fink, 2014). However, no single animal model developed has
sufficiently reproduced most if not all the clinical features of sepsis.
While endotoxin infusion does not represent clinical sepsis, it has been shown to produce
a hyperdynamic cardiovascular response when administered to adults (Suffredini et al.,
1989). In 2019, the minimum quality threshold in pre-clinical sepsis studies (MQTiPSS) for
types of infection and organ dysfunction endpoints recommended the use of infectious
challenges using bacteria instead of using bacterial components when using animal models
to replicate human sepsis (Libert et al., 2019).
Lipopolysaccharide (LPS) infusion models however continue to be relevant for the study of
the first 24-hours of the septic response (Libert et al., 2019). Intravenous LPS infusion
causes a rapid and well-characterised pathophysiological response in an infected host
(Chen et al., 1993) as well as enabling standardised dosing to be administered thus making
it reproducible. Most animal models that have previously been used to demonstrate
benefit with fluid bolus administration have notably been hypodynamic models (Rahal et
al., 2009, Natanson et al., 1990). In order to advance understanding on the effects of fluid
bolus therapy in septic shock seen clinically, we sought to develop a pre-clinical model of
endotoxaemic shock in which I used to investigate the mechanistic effects of fluid bolus
therapy in a septic host. This was done as a collaboration between the Critical Care
Research Group (CCRG) and KEMRI-Wellcome Trust Research Programme (KWTRP).
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5.2 Aims
The aim was to create a large animal (ovine) model of endotoxaemic shock that I could use
to investigate volume expansion resuscitative therapies. For the purpose of this model, we
defined hyperdynamic shock as hypotension below a mean arterial pressure of 60 mmHg
with either a normal or increased cardiac output (Appendix fig. A4.1).
5.3 Methods
5.3.1 Experimental protocol
Eight sheep underwent anaesthetic induction, mechanical ventilation and instrumentation
followed by a 1-hour of rest and stabilisation as described in Chapter 3 prior to commencing
the LPS experimental protocol. All the sheep received 1 litre of 5% dextrose (Baxter,
Deerfield, IL, USA) at a rate of 250mL/hr during instrumentation to offset fluid losses during
fasting for 2-hours prior to anaesthetic induction and during surgery. Afterwards
maintenance Hartmann’s solution (Baxter, Deerfield, IL, USA) was administered at a rate of
2.5mL/kg/h for the entire duration of the experiment with no further fluid boluses given.
A total dose of 11.25μg/kg of LPS (E. coli serotype O55:B5, diluted to 0.1 μg/mL) was infused
over a period of 4-hours with a pre-defined dose-escalation strategy (starting at 0.5 μg/kg/h
for 30-min, then escalated to 1 μg/kg/h for 30-min, 2 μg/kg/h for 30-min, 3 μg/kg/h for 30min and maintained at 4 μg/kg/h for 2-hours). After 3-hours of unsupported endotoxaemia,
vasopressors were administered for haemodynamic support to maintain a mean arterial
pressure (MAP) of 60-65 mmHg. Noradrenaline (diluted to 60 μg/mL in 5% dextrose)
(Hospira, Lake Forest, IL, USA) was initially started up to a dose of 20 μg/min after which
vasopressin (PPC, Richmond Hill, ON, Canada) was commenced at 0.8 units/h and increased
to a maximum dose of 1.6 units/h if there was persistent hypotension. Physiological
monitoring and arterial blood gas sampling were done hourly on the endotoxaemic sheep
for 12-hours from the end of LPS infusion. At the end of the 12-hour monitoring period the
sheep were euthanised with intravenous sodium pentobarbitone (162.5 mg/kg)
(Lethabarb, Virbac, Australia) at the end of the monitoring period. Echocardiographic
assessment of cardiac function was done at baseline (pre-endotoxin), pre-vasopressors (T1H), T0H, T3H, T6H and T12H while sublingual microcirculatory assessment using incident
dark-field (IDF) imaging was performed at baseline (pre-endotoxin), pre-vasopressors (T1H), T0H, T1.5H and T12H. Figure 5.1 below shows a summary of the experimental timeline.
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Figure 5.1: Experimental timeline for the pre-clinical model development

Fig 5.1: Experimental timeline during the model development phase. Recording of physiological parameters and blood gas sampling were done at baseline and
thereafter hourly from the start of the LPS experimental protocol to the end of the 12-hour monitoring period post-LPS infusion. Vasopressors for haemodynamic
support were started 3-hours after LPS infusion and titrated to maintain a target MAP of 60-65 mmHg until the end of the experiment.
B, baseline; LPS, lipopolysaccharide; MAP, mean arterial pressure; SPO2, peripheral capillary oxygen saturation, ETCO2, end-tidal carbon dioxide
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5.3.2 Data analysis
Data were analysed using STATA®, version 15 (StataCorp LLC©). Normality of data was
assessed by inspecting histograms in addition to performing a skewness and kurtosis test
(sktest). Normally distributed variables are presented as means (± SE) while non-parametric
variables are presented as medians (IQR). The effect of endotoxin infusion on
haemodynamic, blood gas, echocardiographic and microcirculatory variables was analysed
using paired t-tests (parametric variables) or Wilcoxon signed-rank tests (non-parametric
variables) comparing baseline values to those obtained during LPS infusion, prior to
commencement of haemodynamic support. Mixed effects linear regression models with a
random effect for sheep and a fixed effect for time were specified to determine the effects
of endotoxin over time on the variables of interest. The start of endotoxin infusion was
used as the reference timepoint in all the linear regression models and the Hausman
specification test was used to confirm model validity. An alpha value (p) <0.05 was
considered statistically significant in all the analyses.
5.4 Results
The median weight of the 8-sheep studied was 43 kg (IQR 37-48 kg). Echocardiography
and microcirculation data for analysis were available for 5 and 6-sheep respectively. Table
5.1 below presents a summary of the characteristics pre- and post-LPS infusion and
during the monitoring period.
5.4.1 Physiological variables
Infusion with an escalating dose of LPS endotoxin over 3-hours, caused a significant
decrease in the mean arterial pressure (MAP) from 85±12.8 mmHg pre-LPS infusion to
49±8.0 mmHg post-LPS infusion (difference in means, 36 mmHg; 95% CI 17.5 to 46.5; p
<0.001). The reduction in systemic vascular resistance index (SVRI) from a mean of
1,931±241 dynes/cm5/m2 pre-LPS infusion to 1,198±176 dynes/cm5/m2 post-LPS infusion
was also significant (difference in means, 733 dynes/cm5/m2; 95% CI 263 to 1,247; P <0.001.
However, there was no significant change in the cardiac index (pre-LPS infusion 3.3±0.56
L/min/m2 and post LPS-infusion 2.9±0.36 L/min/m2; difference in means, 0.44 L/min/m2;
95% CI -1.36 to 1.06; p=0.09) or the mean pulmonary arterial pressure (from 17±2.1 mmHg
pre-LPS infusion to 21±4.3 mmHg post-LPS infusion; difference in means, -4 mmHg; 95% CI
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-11.3 to 0.3; p=0.059). Figure 5.2 below shows trends of physiological variables from
baseline to the end of the monitoring period.
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Table 5.1: Summary of characteristics in the model development phase
Pre-haemodynamic support
Paired-sample comparison
Post-endotoxin Pre- vs post-endotoxin* p-value
Physiological parameters
Pre-endotoxin
(n,8)
(95% CI)
Temperature (0C)
38.2±0.95
38.7±0.96
-0.50 ([-1.11]-0.61)
0.51
Heart rate (beats/min)
118±7.95
112±8.32
6 ([-22.41]-33.91)
0.64
Cardiac index (L/min/m2)
3.3±0.56
2.9±0.36
0.44 ([-1.36]-1.06)
0.09
SPO2 (%)
99 (98, 100)
96 (92, 100)
1.95
0.051
SvO2 (%)
67±12.26
69±13.85
-2 ([-12.58]-12.08)
0.96
MAP (mmHg)
85±12.8
49±8.0
36 (17.5-46.5)
<0.001
CVP (mmHg)
5 (4, 11)
5 (4, 10)
1.00
0.32
SVRI (dynes/cm5/m2)
1,931±241
1,198±176
733 (263-1,247)
<0.001
MPAP (mmHg)
17±2.1
21±4.3
-4([-11.3]-0.3
0.059
Mechanical ventilation
Peak airway pressure
28 (27, 28)
30 (30, 30)
-1.84
0.07
(cmH20)
Static compliance
33 (29, 38)
30 (26, 35)
1.46
0.14
(mL/cmH20)
EtCO2 (mmHg)
44±3.16
39±1.83
5 (0.53-9.47)
0.03
FiO2 (%)
33±0.05
33±0.05
0 ([-0.09]-0.09)
1.00
PaO2/FiO2
354
263
0.73
0.47
(286, 410)
(258, 348)
Arterial blood gas
pH
PaCO2 (mmHg)
PaO2 (mmHg)
Glucose (mmol/L)
Lactate (mmol/L)
Base excess (mmol/L)
Bicarbonate (mmol/L)
Potassium (mmol/L)
Sodium (mmol/L)
Haemoglobin (g/dL)

7.37±0.02
47 (45, 49)
123 (95, 131)
8.9 (5.9, 11.0)
0.7±0.50
3.3±1.21
27.7±0.88
3.3 (3.1, 3.7)
137±4.55
9.0±0.33

7.35±0.02
44 (41, 46)
79 (78, 126)
4.4 (4.2, 6.4)
1.3±0.29
2.8±2.83
26.8±1.15
3.1 (2.9, 3.7)
132±3.88
7.5±0.50

0.02 ([-0.15]-0.03)
1.60
-0.54
1.07
-0.60 ([-1.47]-0.21)
0.50 ([-7.86]-3.11)
0.90 ([-0.66]-2.38
1.60
5 ([-3.32]-12.65)
1.5 (1.02-4.65)

0.09
0.11
0.59
0.29
0.11
0.30
0.54
0.11
0.07
0.02

39.3±0.35
112±20.42
2.8±0.51
99 (95, 100)
62±9.18
59±1.8
7 (5, 11)
1,286±80
22±1.7

39.5±0.31
114±23.34
2.8±0.29
99 (98, 100)
62±7.72
60±3.2
7 (5, 10)
1,506±318
18±0.6

39.8±0.35
116±24.21
3.8±0.58
99 (97, 100)
66±7.41
61±0.7
9 (6, 12)
1,083±158
18±0.7

40.1±0.57
104±12.66
5.16±0.71
99 (98, 100)
76±12.1
58±1.4
8 (7, 15)
980±339
23±2.8

Linear regression analysis#
F-statistic (df)
p-value
(trend)
2.52 (15, 48)
0.008
0.18 (15,48)
0.99
12.47 (15, 46)
<0.0001
0.59 (15, 47)
0.87
1.21 (15, 48)
0.29
5.80 (15, 47)
<0.0001
0.40 (15, 48)
0.97
10.04 (15, 45)
<0.0001
3.07 (15, 48)
0.0016

31 (30, 34)

26 (24 (29)

26 (24, 28)

29 (28, 31)

4.09 (15, 48)

<0.001

36 (27, 40)

37 (31, 43)

30 (26, 39)

26 (23, 30)

3.16 (15, 48)

0.003

38±3.70
35±0.06
242
(185, 324)

37±1.41
36±0.05
266
(204, 326)

35±2.87
36±0.05
253
(173, 333)

38±2.00
43±0.05
180
(172, 259)

2.55 (15, 42)
2.22 (15, 48)
0.75 (15, 47)

0.009
0.02
0.72

7.41±0.07
39 (36, 46)
73 (63, 116)
1.5 (1.4, 1.6)
1.8±0.19
3.9±1.41
27.5±0.43
3.6 (3.4, 3.9)
134±1.41
8.1±0.33

7.43±0.08
36 (35, 38)
70 (66, 99)
2.0 (1.8, 2.1)
2.5±0.57
3.2±3.61
26.6±1.21
3.8 (3.1, 4.5)
135±1.41
7.8±0.34

7.40±0.04
37 (37, 38)
67 (63, 135)
3.0 (2.1, 4.2)
2.9±0.49
[-1.0]±3.23
25.8±1.15
3.6 (3.4, 3.8)
134±2.52
7.8±0.33

7.33±0.05
41 (40, 42)
81 (69, 113)
5.7 (2.6, 8.8)
4.7±1.06
[-3.9]±2.55
22.2±1.01
4.0 (3.3, 4.7)
134±4.95
7.5±0.58

2.26 (15, 35)
0.80 (15, 34)
0.17 (15, 47)
9.28 (15, 35)
11.36 (15, 35)
2.79 (15, 23)
7.17 (15, 35)
0.73 (15, 35)
1.10 (15, 35)
3.41 (14, 21)

0.02
0.67
0.99
<0.0001
<0.0001
0.01
<0.001
0.74
0.39
0.006

T0-hour

During haemodynamic support
T3-hours
T6-hours

T12-hours
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Pre-haemodynamic support
Post-endotoxin
Pre-endotoxin

Paired-sample comparison
Pre- vs post-endotoxin* p-value
(95% CI)

T0-hour

During haemodynamic support
T3-hours
T6-hours

T12-hours

Linear regression analysis#
F-statistic (df)
p-value
(trend)

Echocardiography (n, 5)
EF (%)
49±7.27
40±14.29
9 ([-9.28]-28.18)
0.27
50±7.72
37±9.68
39±6.80
34±15.90
0.80 (5, 24)
0.35
EDA (cm2)
6.8±1.95
7.1±1.99
-0.3 ([-2.61]-3.14)
0.84
9.8±2.86
8.5±2.35
6.6±3.10
6.7±2.16
0.28 (5, 24)
0.79
ESA (cm2)
3.6 (2.8, 5.0)
4.1 (3.1, 7.8)
0.67
0.50
4.2 (4.0, 5.4)
5.9 (4.3, 6.9) 3.5 (2.7, 4.1) 4.5 (3.6, 5.0) 0.88 (5, 24)
0.29
FAC (%)
2.0±1.34
2.7±1.21
-0.8 ([-2.61]-1.10)
0.38
3.5±2.05
3.0±0.55
2.6±1.08
2.4±1.76
0.19 (5, 24)
0.99
GCS (%)
[-29]±8.98
[-38]±3.46
8 ([-13.50]-30.89)
0.39
[-33]±2.96
[-41]±5.12
[-44]±5.77
[-45]±2.48
1.46 (5, 24)
0.24
GCS (%)
18±5.16
19±1.54
-1 ([-13.28]-11.55)
0.88
21±2.70
21±2.30
20±2.92
25±3.48
0.49 (5, 24)
0.78
Torsion (degrees/cm)
7.9 (2.9, 12.9)
4.4 (0.3, 8.4)
1.00
0.34
2.0 (0.3, 2.4)
1.4 (1.0, 7.2) 2.2 (1.1, 3.6) 6.0 (4.0, 6.5) 1.23 (5, 24)
0.35
Microcirculation (n, 6)
T0-hour
T1.5-hours
N/A
T12-hours
TVD (mm/mm2)
21±4.56
21±5.33
0.07 ([-6.31]-6.44)
0.98
21±4.82
21±5.46
21±4.94
0.02 (4, 25)
0.99
PVD (mm/mm2)
1.9 (0.3, 2.2)
1.1 (0.5, 1.8)
1.10
0.27
0.9 (0.6, 1.8)
0.7 (0.4, 2.4) 1.0 (0.7, 1.8) 0.15 (4, 25)
0.96
4.3 (3.3, 13.2) 0.07 (4, 25)
PPV (%)
8.9 (1.6, 11.9)
7.1 (3.6, 9.7)
0.14
0.89
5.2 (3.0, 7.6)
3.2 (3.0, 8.5) 0.99
MFI
CNA
2.1 (1.9, 2.4)
2.0 (1.7, 2.1)
0.73
0.46
2.1 (1.9, 2.5)
1.8 (1.5, 2.0) 2.2 (1.9, 2.6) 1.12 (4, 25)
0.37
DB
2.4 (2.0, 4.6)
2.2 (2.1, 2.6)
1.21
0.23
2.2 (1.4, 2.7)
2.2 (1.9, 3.0) 2.9 (2.7, 4.8) 0.51 (4, 24)
0.73
#
*Pre- vs post-endotoxin ([difference in means and 95% CI for parametric data] and [Wilcoxon-signed rank test for non-parametric data]); Linear regression analysis (from start of LPS infusion to T12
hours);
SPO2, capillary oxygen saturation (measured at the lips); ScvO2, central venous oxygen saturation; MAP, mean arterial pressure; CVP, central venous pressure; SVRI, systemic vascular resistance index;
MPAP, mean pulmonary arterial pressure; FiO2, fraction of inspired oxygen; EtCO2, end-tidal carbon dioxide concentration; PaCO2, Partial pressure of carbon dioxide in arterial blood; PaO2, partial
pressure of oxygen in arterial blood; EF, ejection fraction; EDA, end-diastolic area; ESA, end-systolic area; FAC, fractional area change; GCS, global circumferential strain; GRS, global radial strain; TVD,
total vessel density; PVD, perfused vessel density; PPV, proportion of perfused vessels; MFI, microvascular flow index; CNA, capillary network analysis; DB, De Backer’s method of microvascular analysis.
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Figure 5.2: Physiological parameters during model development
(a)

(b)

(c)

(d)

(e)

(f)

Fig 5.2: Physiological parameters over time in the model development experiment.
MAP, mean arterial pressure; CI, cardiac index; SVRI, systemic vascular resistance index; MPAP, mean pulmonary arterial pressure; HR, heart rate; LPS, lipopolysaccharide

B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion
* denotes significance at alpha level (p) <0.05
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5.4.2 Mechanical ventilation
The change in mean end-tidal carbon dioxide (EtCO2) from 44±3.16 mmHg pre-LPS infusion
to 39±1.83 post LPS-infusion was significant (difference in means 5 mmHg; 95% CI 0.53 to
9.47; p=0.03). However, the post-LPS changes in peak airway pressure, static lung
compliance and PaO2/FiO2 ratio were not significant. During the monitoring period the
overall increase in peak airway pressure and decrease in static lung compliance were
however significant (F(15, 48), 4.09; p <0.001 and F(15, 48), 3.16; p=0.003 respectively). Figure
5.3 below shows trends in ventilator variables over time.
Figure 5.3: Mechanical ventilation parameters during model development
(a)
(b)

(c)

(d)

Fig 5.3: Mechanical ventilation parameters over time in the model development experiment. Data are presented as
median (IQR) for (a) PkAP, (b) Cstat and (C) PaO2/FiO2 and as mean (± SE) for (d) EtCO2
PkAP, peak airway pressure; Cstat, static lung compliance; PaO2/FiO2, ratio of partial pressure of oxygen in mmHg to
fraction of inspired oxygen; EtCO2, end-tidal carbon dioxide in mmHg; LPS, lipopolysaccharide
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion
* denotes significance at alpha level (p) <0.05
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5.4.3 Arterial blood gases
There was a significant decrease in the haemoglobin levels after infusion of LPS prior to
commencement of haemodynamic support with vasopressors (from 9.0±0.33 pre-LPS to
7.5±0.50 post-LPS; difference in means, 1.5; 95% CI 1.02 to 4.65; p=0.02). Over the
monitoring period, there was a significant increase in lactate (F(15, 35), 11.36; p <0.0001) and
a decrease in pH (F(5, 35), 2.26; p=0.02), glucose (F(5, 35), 9.28; p <0.0001), bicarbonate (F(15,
35),

7.17; p <0.001), base excess (F(5, 23), 2.79; p=0.01), haemoglobin (F(4, 21), 3.41; p=0.006).

Figure 5.4 below shows arterial blood gas trends over the monitoring period.
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Figure 5.4: Arterial blood gas parameters during model development
(a)
(b)

(c)

(d)

(f)

(e)

Fig 5.4: Arterial blood gas parameters over time in the model development experiment. Data presented as means (± SE) for (a) pH, (d) lactate, (f) Hb and as medians (IQR) for (b) PaO2 (c) PaCO2 and (e) glucose
PaO2, partial pressure of oxygen in arterial blood; PaCO2, partial pressure of carbon dioxide in arterial blood; Hb, haemoglobin; LPS, lipopolysaccharide
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion
* denotes significance at alpha level (p) <0.05
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5.4.4 Echocardiography
There was no significant change in the mean ejection fraction from 49±7.27% pre-LPS
infusion to 40±14.29 post-LPS infusion (difference in means, 9; 95% CI -9.28 to 28.18;
p=0.27). Similarly, over the monitoring period there was no significant change in the
ejection fraction (F(5, 24), 1.55; p=0.22) or any of the other echocardiographically measured
variables (end diastolic area [F(5, 24), 1.38; p=0.27], end systolic area [F(5, 24), 0.59; p=0.71],
fractional area change [F(5, 24), 0.66; p=0.66], global circumferential strain [F(5, 24), 1.46;
p=0.24], global radial strain [F(5, 24), 0.49; p=0.78], and torsion [F(5, 24), 1.23; p=0.35]). There
was a strongly positive correlation between the administration of LPS-endotoxin and the
increase in the overall magnitude of the left ventricular mean global circumferential strain
(GCS, %) from |29|% pre-LPS to |38|% post-LPS (r = 0.99; p = 0.02) (cardiac strain is a vector
with positive and negative symbols denoting direction of contraction which by convention
is reported as negative values in the circumferential axis and positive values in the radial
axis (Voigt et al., 2015)). Figure 5.5 below shows trends in echocardiographic parameters
over the monitoring period.
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Figure 5.5: Echocardiography parameters during model development
(a)
(b)

(c)

(d)

(f)

(e)

Fig 5.5: Echocardiographic parameters over time in the model development experiment. Data presented as means (± SE) for (a) EF, (b) EDA, (d) FAC (e) GCS (f) GRS and as medians (IQR) for (c) ESA
EF, ejection fraction; EDA, end-diastolic area; ESA, end-systolic area; FAC, fractional area change; GCS, global circumferential strain; GRS, global radial strain
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion
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5.4.5 Sublingual microcirculation
Microcirculatory data were not normally distributed except for the total vessel density.
None of the microcirculatory variables assessed showed any significant change post-LPS
infusion or over the course of the monitoring period (total vessel density [F(4, 25), 0.02;
p=0.99], perfused vessel density [F(4,

25),

0.15; p=0.96], proportion of perfused vessels

[F(4, 25), 0.07; p=0.99], and microvascular flow index assessed using the capillary network
analysis method [F(4, 25), 1.12; p=0.37] or the De Backer’s analysis method [F(4, 25), 0.51;
p=0.73]). Figure 5.6 below shows trends in microcirculatory parameters over the
monitoring period.
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Figure 5.6: Microcirculatory parameters during model development
(a)

(d)

(b)

(c)

(e)

Fig 5.6: Microcirculatory parameters over time in the model development experiment. Data presented as means (± SE) for (a) TVD, and as medians (IQR) for (b) PVD, (c) PPV (d) MFI-CNA and (e) MFI-DB
TVD, total vessel density; PVD, perfused vessel density; PPV, proportion of perfused vessels; MFI-CNA, microvascular flow index by capillary network analysis; MFI-DB, microvascular flow index by De Backer’s
method. B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion
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5.4.6 Vasopressor support
Data were normally distributed for noradrenaline but not vasopressin. The mean
noradrenaline requirement to maintain a MAP of 60-65 mmHg rose gradually from 13±2.5
μg/min in the period post-LPS infusion to 50±13.4 μg/min at the end of monitoring (F(12, 63),
25.45; p <0.0001). All sheep required initiation and gradual increase in vasopressin to
maintain the target MAP (F(12,

63),

32.66; p <0.0001). Figure 5.7 below shows the

vasopressor requirement over the monitoring period.
Figure 5.7: Vasopressor support over time
(a)

(b)

Fig 5.7: Vasopressor requirement titrated to maintain MAP 60-65 mmHg. Panel (a) shows
noradrenaline, μg/min (mean ± SEM). Panel (b) shows vasopressin, units/hour (median, IQR).
B, baseline; LPS-S, start of lipopolysaccharide infusion; VP-S, start of vasopressor support (marked by a
vertical red line); LPS-E, end of lipopolysaccharide infusion (corresponds with monitoring time denoted
T0); MAP, mean arterial pressure; SEM, standard error of the mean; IQR, inter-quartile range.
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5.5 Discussion
In this study, we used an increasing dose of endotoxin infusion to create an ovine model of
endotoxaemic shock without the use of fluid resuscitation. A summary of the main findings
include; (1) there was a significant decrease in the mean arterial pressure (MAP) and
systemic vascular resistance index (SVRI) leading to severe systemic hypotension within 3hours of the LPS-infusion; (2) there was a steady gradual and significant increase in the
blood lactate levels as well as the vasopressor requirement to maintain a targeted MAP of
60-65 mmHg over the 12-hours of monitoring; (3) immediate post-endotoxin infusion
changes in the mean pulmonary artery pressure, cardiac index, peak airway pressures and
static lung compliance were non-significant but gradually became significant over the 12hour course of monitoring; (4) there was no significant cardiovascular dysfunction
associated with endotoxaemia during the 12-hour monitoring period.
Endotoxin infusion in adults has been associated with a hyperdynamic response (Suffredini
et al., 1989) in contrast to the hypodynamic response seen in pre-clinical endotoxaemia
models that have been used to develop and test resuscitative therapies and support their
clinical use (Rahal et al., 2009, Ottosson et al., 1991, Natanson et al., 1990, Bressack et al.,
1987, Oi et al., 2000, Brackett et al., 1985, Bellomo et al., 1996). Sheep have been shown
to be more sensitive to endotoxin infusion than the ubiquitously used murine models (Fink,
2014). Infusion of low-doses of endotoxin in sheep has been shown to cause a biphasic
temporally separated response starting with an initial decrease in cardiac output,
development of severe pulmonary hypertension and severe hypoxaemia (Esbenshade et
al., 1982) followed by an increase in cardiac output, mild pulmonary hypertension and
increased permeability of pulmonary capillaries (Talke et al., 1985). In contemporary sepsis
definitions, septic shock is a subset of sepsis associated with a greater risk of mortality and
the previous models where it was presumed to follow a continuum from sepsis are no
longer recommended (Singer et al., 2016). Studies have also shown endotoxin infusion
causes rapid development of hypodynamic shock in porcine (Oi et al., 2000) and murine
(Losser et al., 2006) models characterised by with pulmonary hypertension, reduced
cardiac output and systemic hypotension. Previous studies on administration of small
boluses of endotoxin in ovine models to induce a hyperdynamic circulatory state with
increasing cardiac output and reducing MAP have been performed. However, in these
models described, the reduction in MAP still remained above the 65 mmHg threshold used
clinically for initiating resuscitative therapies thus limiting their utility in investigation and
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translation of acute volume-expansive resuscitation (Langenberg et al., 2006, Di
Giantomasso et al., 2003b, Di Giantomasso et al., 2003a, Calzavacca et al., 2014).
In our model, adequacy of volume loading prior to endotoxin-infusion was ascertained
using a combination of physiological and laboratory measurements including MAP (85±12.8
mmHg) and lactate levels (0.7±0.50 mmol/L). Post-endotoxaemia, the MAP significantly
reduced requiring escalating doses of vasopressors to maintain a target MAP of 60-65
mmHg over the monitoring period and the lactate levels increased significantly over the
monitoring period. Echocardiography strain imaging was used to assess myocardial
contractile function in addition to volume status while the microcirculation in the
sublingual tissue bed was assessed using incident dark-field imaging. In this model, there
were no significant changes in the cardiac contractile function or sublingual microvascular
parameters after LPS-infusion or during the 12-hour monitoring period. The physiological
and cardiovascular effects of LPS are primarily dose-dependent and can range from acute
heart rate variation to myocardial depression (Herlitz et al., 2015, Anyagaligbo et al., 2019,
Pittet et al., 2000). It is possible that the effect of starting with a small endotoxin dose and
titrating upwards in our model could have avoided the extreme endotoxaemia-associated
cardiovascular manifestations.
Pulmonary hypertension has been described in animal models receiving bolus endotoxin
doses and is thought to arise due to the relative abundance of pulmonary intravascular
macrophages (PIMs) that release thromboxane A2 (a potent vasoconstrictor) in response
to endotoxin (Schmidhammer et al., 2006). Acute pulmonary hypertension in pre-clinical
models is associated with a high case-fatality (Colvin and Yeager, 2014). By titrating and
escalating the endotoxin infusion slowly over a 3-hour period, we maintained the cardiac
index while minimising the risk of developing acute endotoxin-induced pulmonary
hypertension in our ovine model. This builds on the work by Schmidhammer et al who
used an exponentially increasing dose of endotoxin infusion to minimise pulmonary
hypertension in a porcine model of endotoxin-induced acute respiratory distress syndrome
(Schmidhammer et al., 2006). However, during the 12-hour monitoring period, there was
a significant overall increase in the mean pulmonary artery pressure. This was accompanied
by a significant increase in the peak airway pressure and a significant decrease in static
compliance of the lungs but not in the PaO2/FiO2 ratio as shown in Table 5.1 and Figure 5.3
above.
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Model strengths and limitations
Sheep have been used extensively in medical research to model human disease based on
their body size, pulmonary anatomy, physiology, immunology, tissue pharmacokinetics,
blood cellular properties and circulating blood volume (Hein and Griebel, 2003, Traber et
al., 2005, Bosanquet and Goss, 1987, Glanzmann et al., 2009, Passmore et al., 2016, Gao
and Raj, 2010, Riedel et al., 2006, Shekar et al., 2012). Sheep have been reported to have
high sensitivity to endotoxin unlike murine and non-human primate models have been
reported to have comparatively lower sensitivities to endotoxin infusion. Mouse models
have been shown to require approximately 250 times higher dose than humans to elicit an
inflammatory cytokine response (Copeland et al., 2005). In previous historic studies, the
lethal dose of endotoxin required to cause death in approximately half of mice (the LD 50
dose) was shown to range from 1-25 mg/kg body weight (McCuskey et al., 1984, Glode et
al., 1976). This dose was about 106 times greater than the typical dose (2-4 ng/kg body
weight) that has been used in human volunteer studies to induce a sepsis-like response
(Suffredini et al., 1995). Non-human primates have also been shown to be remarkably
resistant to the lethal effects of intravenously administered LPS or viable bacteria (Fink,
2014). In the classic Hinshaw model of lethal sepsis in baboons, the levels of bacteria
infused are much higher than those commonly observed in lethal human septic shock
(Hinshaw et al., 1981).
In addition to a comparatively higher sensitivity to endotoxin infusion, the resultant severe
systemic hypotension over a relatively short period of time (3-hours) as seen in our model
in the absence of severe myocardial dysfunction make it well-suited for testing acute
resuscitative therapies such as volume expansion administered for haemodynamic
stabilisation. Sheep in general also have a placid disposition, which is extremely useful
when considering long in vivo modelling studies (Simonova et al., 2014). Adequate surgical
anaesthesia was maintained throughout the duration of the experiment.
Sepsis, a complex and heterogenous syndrome, remains one of the most difficult clinical
conditions to model and endotoxic shock and septic shock are separate entities. However,
there was still value in having a model that is standardised and reproducible for
hypotension with preserved cardiac output that we could use for advancing mechanistic
understanding on the effects of acute volume-expansion resuscitative therapies. While
cardiac and microcirculatory imaging using echocardiography and incident dark-field
respectively provide a rapid way to assess and quantify cardiac function and the
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microcirculation, there are some inherent limitations.

Limitations of epicardial

echocardiography in pre-clinical models has also previously been described (Matre et al.,
2005) where a large variability and wide confidence intervals in radial strain were reported.
Application of a spacer between the epicardial tissue and the transducer reduces both
pressure and near-field artefacts but could also introduce attenuation of the signal. Signal
attenuation is adjusted for by lowering the ultrasound frequency to between 50-80 MHz
which has been shown to be optimal for cardiac strain imaging. Epicardial imaging gives
optimal resolution of images in ovine models where windows for trans-thoracic
echocardiography scanning are limited by the closely stacked ribs and anteriorly-pointed
rib-cage. However Hallowell et al described this problem of scanning windows to occur in
a small proportion of ovine and caprine models (Hallowell et al., 2012), there is a trade-off
in the image resolution. Thus, to minimise variability between serial scans and operators,
lab-specific standard operating procedures were developed in addition to existing
consensus guidelines for echocardiography (Hallowell et al., 2012) and microcirculatory
imaging (De Backer et al., 2007). Sheep have fairly narrow acoustic windows for
transthoracic cardiac scanning with short axis views being difficult to obtain. This limitation
was mitigated by use of epicardial scanning via a mini-thoracotomy that had been
performed for cardiac tissue catheterisation with microdialysis, oxygenation and laser
Doppler probes. A spacer was used to minimise the pressure effects between the
transducer probe and the epicardial surface and staff also underwent in-house training
sessions to minimise variability in scanning and analysis techniques (Chan et al., 2017).
Variation in analysis was minimised by having two observers (NGO and KS) doing
measurements. In cases where there were discrepancies, a third, senior observer (JC or
DGP) was consulted.
5.6 Conclusion
We collaboratively developed an endotoxic ovine model with acute systemic hypotension
that did not have severe cardiovascular dysfunction or reduced cardiac index commonly
associated with endotoxaemia. The resultant haemodynamic profile may be useful for
future studies on short-term (within 24-hours) physiologic responses to endotoxaemia and
acute resuscitation including volume expansion therapies.
In the next two chapters, I used this model to investigate the myocardial and microvascular
responses to volume-expansion using fluid boluses and blood transfusion respectively for
acute resuscitation of ovine endotoxaemic shock.
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Chapter 6: Volume expansion therapy in pre-clinical endotoxaemic shock
Abstract
Rationale: Volume expansion resuscitation for septic shock has recently been challenged
by randomised evidence demonstrating higher mortality and adverse outcomes clinically
in resource limited settings.
Objective: To compare the acute phase of volume resuscitation and vasopressor support
versus vasopressor-only in the ovine model of endotoxaemic shock described in the
previous chapter.
Methods: Endotoxaemic shock was induced in 32 sheep using a dose-escalation protocol
over 4-hours. Three-hours into endotoxin infusion, the animals received resuscitation with
either a bolus of 0.9% NaCl (n=8), transfusion with fresh (≤5 days) (n=8) or aged (≥30 days)
blood (n=8) or protocolised vasopressor support with no volume expansion (n=8). Fifteen
control sheep received volume expansion treatment with 0.9% NaCl (n=5), fresh (n=5) or
aged (n=5) blood transfusion. Blood samples were retrieved to measure levels of
inflammatory cytokines, coagulation markers and biomarkers of end-organ dysfunction. All
animals were monitored and supported for 12-hours after volume resuscitation. Analyses
compared the effects of fluid and blood transfusion to vasopressor-only support.
Results: Volume expansion resuscitation with 0.9% NaCl produced transient
haemodynamic improvements that were however followed by a significantly higher
cumulative noradrenaline (median [IQR]) requirement (68.9mg [19.3-140.0]) to maintain a
target MAP of 60-65mmHg compared to non-bolus sham (39.6mg [20.3-65.4]) or healthy
control (10mg [3-20]) (ꭓ2(2df) 11.04; p=0.004). Resuscitation with a 0.9% NaCl fluid bolus
was also associated with a higher level of atrial natriuretic peptide, ANP (median [IQR]),
(335ng/mL [256-382]) compared to vasopressor-only treatment (233ng/mL [144-292]) or
healthy control (51ng/mL [50-122]) (ꭓ2(2df) 10.44; p=0.005).
Conclusion: Resuscitation with 0.9% NaCl led to an increase in vasopressor requirement as
well as elevation of ANP levels which were not seen following transfusion with fresh or
stored blood. Further studies are needed to investigate whether the increase in
vasopressor requirement was due to an ANP-mediated shedding of the glycocalyx
associated with fluid bolus resuscitation.
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6.1 Introduction
Septic shock is defined as a subset of sepsis in which particularly profound circulatory,
cellular and metabolic abnormalities are associated with a greater risk of mortality than
with sepsis alone (Singer et al., 2016). Administration of fluid boluses for haemodynamic
resuscitation is a key recommendation in several paediatric and adult treatment guidelines
for septic shock (Weiss et al., 2020b, Weiss et al., 2020a, Rhodes et al., 2017a, Rhodes et
al., 2017b, 2016a).
In 2011, the Fluid Expansion As Supportive Therapy (FEAST) trial had demonstrated a 45%
relative increase in mortality among children with severe febrile illness and impaired
perfusion who received either a crystalloid (0.9% saline) or colloid (5% albumin) fluid bolus
compared to controls who did not receive fluid boluses (Maitland et al., 2011a). A
randomised trial among adults in a resource-limited setting reported similar findings with
a 46% relative increase in mortality in those receiving early protocolised resuscitation with
fluids and vasopressors compared to the control group receiving usual care (Andrews et al.,
2017). In 2018, the Fluids in Shock (FISH) pilot study comparing a conservative resuscitation
volume to standard of care in a high-income country setting reported no mortalities but
did not recommend conducting a larger trial based on the finding of a lower severity of
illness than expected in the participants (Inwald et al., 2018).
A positive fluid balance in septic shock has been associated with higher rates of morbidity
and mortality (Boyd et al., 2011, Sadaka et al., 2014, Flori et al., 2011, van der Heijden et
al., 2009, Murphy et al., 2009, Vincent et al., 2006, Sakr et al., 2005). A negative fluid
balance within the first three days in septic shock patients has been reported to have a
good prognosis (Alsous et al., 2000). The underlying mechanism(s) through which fluid
boluses administered for septic shock resuscitation led to higher case-fatalities in resourcelimited settings remain unknown. Secondary analyses of the FEAST trial showed that the
excess mortality in the fluid-bolus resuscitation arms was due to delayed cardiovascular
collapse (Maitland et al., 2013), a potentially novel mechanism of harm. This trial rendered
untenable further clinical studies involving fluid-bolus therapy for paediatric septic shock
resuscitation in resource-limited settings.
Blood transfusion has been used in critical illness and sepsis to treat anaemia and augment
delivery of oxygen to tissues (Hebert et al., 1999). Patients with sepsis and septic shock
frequently experience abnormalities in blood properties generally termed as ‘haematologic
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failure’ and the goal of transfusion has been to improve tissue perfusion by increasing
cardiac output as well as raising superior vena cava oxyhaemoglobin (ScvO2) levels to ≥70%
and haematocrit levels to ≥30% (Murthy, 2014). However, blood transfusion in septic shock
is recommended when the haemoglobin level drops below 7g/dL in the absence of
myocardial ischaemia, severe hypoxemia or acute haemorrhage (Rhodes et al., 2017a,
Rhodes et al., 2017b, Weiss et al., 2020b, Weiss et al., 2020a) or when there is no
improvement after boluses of crystalloid or colloid fluids have been given (2016a). To
minimize wastage of blood components, transfusion services typically provide the oldest
compatible red blood cells (RBCs) in a ‘first in, first out’ inventory management approach
(Lacroix et al., 2015).

However, RBC storage lesions, defined as biochemical and

biomechanical changes in RBCs and the storage media used for ex-vivo preservation
(Lelubre et al., 2009) could render the RBCs ineffective oxygen carriers, exacerbate the
inflammatory response and potentially contribute to transfusion-associated morbidity in
septic shock.
In light of the randomised evidence on increased mortality with volume-expansive fluid
bolus therapy (Maitland et al., 2011a, Andrews et al., 2017), there have been no studies
investigating the use of blood transfusion as a first-line resuscitative therapy in septic shock
or its attendant volume expansive effects on cardiovascular haemodynamics.
I hypothesised that sepsis alters cardiac and microvascular physiology and administration
of volume-expansion therapy for haemodynamic resuscitation in septic shock leads to
further dysfunction in an already compromised cardiovascular system.
6.2 Aims
Using the ovine model that we collaboratively developed (described in the previous
chapter), I therefore, proceeded to investigate the effects of volume-expansion therapy
upon cardiovascular function in endotoxaemic shock under two broad aims:
(a) To compare the effects of volume expansion using a fluid bolus (0.9% NaCl) to nonvolume expansive haemodynamic support using vasopressors only in ovine endotoxaemic
shock.
(b) To compare the effects of blood transfusion to non-volume expansive haemodynamic
support using vasopressors only in ovine endotoxaemic shock. The transfusion groups were
further sub-categorised into fresh (≤5 days) or stored (≥30 days) blood transfusion groups.
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The primary outcome for this pre-clinical trial was the vasopressor requirements during the
monitoring period post-volume expansion therapy. Secondary outcomes included cardiac
and microcirculatory function, circulating plasma levels of inflammatory cytokines as well
as markers of coagulopathy and biochemical derangements. Given the observation of
delayed cardiovascular collapse reported in the FEAST study sub-analysis (Maitland et al.,
2013), I also assessed for pathological cardiac tissue hypoperfusion using cardiac
microdialysis and investigated for potential cardiac and endothelial damage by measuring
the plasma levels of troponin, atrial natriuretic peptide (ANP), brain natriuretic peptide
(BNP) and hyaluronan, a breakdown product of the glycocalyx lining the vascular
endothelium.
6.3 Methods
6.3.1 Study design and experimental groups
Forty-seven sheep were randomly allocated to either endotoxaemia (n, 32) or healthy
control (n, 15) groups (median weight 42kg, IQR 40-47kg). Within each group, sheep were
randomly assigned to either volume expansion resuscitation using fluid bolus (0.9% NaCl);
fresh (≤5 days) or stored (≥30 days) blood transfusion; or non-volume expansion
vasopressor support only as shown in Figure 6.1 below.
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Figure 6.1(i): Pre-clinical trial treatment groups

Fig 6.1(a): Pre-clinical trial treatment groups.
EN, endotoxaemia + no-volume expansion (sham/VP, vasopressor-only); ES, endotoxaemia + 0.9% saline; EF, endotoxaemia + fresh (≤5 days) blood transfusion; EA, endotoxaemia + aged (≥30 days)
blood transfusion; HS, healthy control + 0.9% saline; HF, healthy control + fresh (≤5 days) blood transfusion; HA, endotoxaemia + aged (≥30 days) blood transfusion
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6.3.2 Experimental protocol
All 47 sheep underwent anaesthetic induction, mechanical ventilation and instrumentation
followed by a 1-hour period of rest and stabilisation prior to commencing the LPS
experimental protocol as described under the detailed methodology in Chapter 3.
Figure 6.2 below is a schematic representation of the experimental protocol. All animals
received 1-litre of 5% dextrose (Baxter, Deerfield, IL, USA) at a rate of 250mL/hr to offset
insensible losses during the stabilisation period prior to commencing the endotoxin
infusion protocol. Endotoxaemic shock was induced with an escalating dose of endotoxin
(E. coli serotype O55:B5, diluted to 0.1 μg/mL) infusion over 4-hours as described during
the model development in the previous chapter. Resuscitation occurred during the last
hour of the endotoxin infusion with animals receiving either volume expansion (40mL/kg
0.9% NaCl fluid bolus or 10mL/kg transfusion with ovine packed red blood cells (ovPRBCs))
or non-volume expansion protocolized haemodynamic support with vasopressors
depending on the treatment allocation group. Parameters of donor blood used for
transfusion are presented in appendices 4.2 and 4.3. After resuscitation, all animals were
monitored for a further 12-hours, during which time all groups received protocolised
haemodynamic (target MAP 60-65 mmHg) and respiratory (target SPO2 >94% and EtCO2
35-45 mmHg) support. Throughout the experiment, all animals in all the treatment groups
received maintenance Hartmann’s solution (Baxter, Deerfield, IL, USA) at a rate of
2.5mL/kg/h. Blood samples were collected at baseline, at the start and end of endotoxininfusion, and 3-hourly during the monitoring period and analysed for inflammatory
cytokines-interleukins 1β, 6, 8, 10 and tumour necrosis factor-alpha (in-house ovine
ELISAs); routine coagulation tests-prothrombin time (PT), activated partial thromboplastin
time (aPTT), antithrombin (AT), Clauss fibrinogen [Fib(C)], protein S (free) and protein C
(Stago STAR Evolution analyser, Diagnostica Stago); rotational thromboelastometry
(ROTEM®) specialised coagulation tests; plasma levels of cardiac troponin I (Unicel Dxl
AccuTnI+3 immunoassay, Beckman Coulter), atrial and brain natriuretic peptides (custom
ovine radioimmunoassay, Endolab); glycocalyx protein hyaluronan (Quantikine ELISA, R &
D Systems); and biochemistry testing of creatinine and urea in serum (COBAS Integra 400
blood chemistry analyser, Roche Diagnostics). Hourly samples were retrieved for blood gas
analysis (ABL800 Flex, Radiometer); and microdialysis analysis of lactate and pyruvate
levels (ISCUS microdialysis analyser, Hammarby Fabriksväg).
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Figure 6.2: Schematic representation of the experimental protocol

Fig 6.2: Schematic representation of the experimental protocol. Recording of physiological parameters and blood gas sampling were done at baseline and thereafter hourly after endotoxin
infusion; retrieval of microdialysis samples for lactate and pyruvate analysis was done hourly during the monitoring period. Blood samples were collected at baseline, at the start and end of
endotoxin-infusion, and 3-hourly during the monitoring period for measurement of biomarkers, inflammatory cytokines (IL-1β, IL-6, IL-8, IL-10 and TNFα), biochemical parameters (creatinine
and urea), and evaluation for coagulopathy (routine and specialised coagulation tests). Vasopressors for haemodynamic support were started 3-hours after LPS-infusion and titrated to maintain
a target MAP of 60-65 mmHg until the end of the experiment. Animals were monitored for 12-hours post-resuscitation.
Abbreviations: B, baseline; LPS, lipopolysaccharide; MAP, mean arterial pressure; SPO2, peripheral capillary oxygen saturation, ETCO2, end-tidal carbon dioxide; FB, fluid bolus; BT, blood
transfusion; IL, interleukin; TNF, tumour necrosis factor
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6.3.3 Data analysis
Data were grouped and analysed on the basis of treatment allocation to compare the
effects of volume expansion (with fluid bolus or blood transfusion) to vasopressor support
(non-volume expansion treatment) as shown in the modified Figure 6.1(b) below.
Normality of data was assessed by performing a skewness and kurtosis test (sktest) and by
inspecting histograms. Parametric variables are presented as means (± SE) while nonparametric variables are presented as medians (IQR).
Normally distributed variables included the MAP, CVP, end-tidal CO2, protein S, ejection
fraction (EF), global circumferential strain (GCS) and the microcirculatory total vessel
density (TVD). For these parametric variables, differences between the treatment groups
over time were tested using repeated measures analysis of variance (RM-ANOVA) with
pairwise group comparisons of significant results (post-hoc Bonferroni test). All other
variables that were non-parametric were analysed using the Kruskal-Wallis ꭓ2 test and posthoc Dunn test for pairwise group comparison of significant results. Bonferroni test was used
to correct for multiplicity of comparisons (Vickerstaff et al., 2019).
One animal in the 0.9% NaCl fluid bolus group and another in the blood transfusion (aged
≥30 days storage) group were euthanised at 90-minutes and 60-minutes respectively
before the end of the experiment. Both animals were deemed unsupportable by the
investigators due to metabolic acidosis and refractory hypotension (pH <6.9 and MAP <60
mmHg) despite continuous infusion of 240μg/min of noradrenaline and data were included
with mean imputation of the two missing timepoints performed for the purposes of this
analysis.
All analyses were performed using STATA®, version 15 (StataCorp LLC©) statistical software
and an alpha value (p) <0.05 was considered statistically significant in all the analyses.
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Figure 6.1(ii): Pre-clinical trial analysis grouping

Fig 6.1(b): Pre-clinical trial analysis grouping (modified from Figure 6.1(a) above) to compare treatment effects of vasopressor-only support (sham) to volume expansion resuscitation (using fluid bolus,
fresh or stored blood transfusion) in endotoxaemic shock.
EN, endotoxaemia + no-volume expansion (sham/VP, vasopressor-only); ES, endotoxaemia + 0.9% saline; EF, endotoxaemia + fresh (≤5 days) blood transfusion; EA, endotoxaemia + aged (≥30 days)
blood transfusion; HS, healthy control + 0.9% saline; HF, healthy control + fresh (≤5 days) blood transfusion; HA, endotoxaemia + aged (≥30 days) blood transfusion
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6.4 Results
Results are presented comparing the effects of volume expansion resuscitation (using 0.9%
NaCl fluid bolus, fresh (≤5 days) or stored (≥30 days) blood transfusion) to the non-volume
expansion sham group receiving vasopressor-only support as shown in the colour-coded
Figure 6.1(b) above.
6.4.1 Haemodynamic variables
6.4.1.1 Fluid bolus (0.9% NaCl) treatment groups vs sham
At baseline, haemodynamic variables were similar in all the 3-groups (healthy control +
saline, HS; endotoxaemia + saline, ES; and endotoxaemia + vasopressors only, EN).
Endotoxin-infusion led to a significant reduction in the mean arterial pressure (MAP) in the
ES group (from a mean of 87±8.4 mmHg to 47±2.7 mmHg; difference in means, 40; 95%CI
33-47; p<0.001) and in the EN group (from a mean of 85±15.3 mmHg to 49±3.6 mmHg;
difference in means, 36; 95%CI 24-48; p<0.001), as shown in Figure 6.3(i)(b). There were
significant differences seen between the treatment groups in the heart rate (ꭓ2(2df) 10.81;
p=0.0045), MAP (F(2, 352), 12.49; p=0.0001), MPAP (ꭓ2(2df) 11.73; p=0.0028) and CVP (F(2, 352),
13.43; p=0.0001). As the MAP dropped in the ES group, the heart rate increased (r=-0.16;
p=0.02). Group differences in heart rate, MAP, and MPAP were due to significant
differences between the healthy (non-endotoxaemic) controls and the endotoxaemic
groups with only the CVP being significantly different between the endotoxaemic (ES and
EN) groups on post-hoc testing (p=0.03) as shown in Table 6.1(a) below. Figure 6.3(i) below
shows trends in the haemodynamic variables in the 3 treatment groups (HS, ES and EN)
over time.
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Table 6.1 (a): Haemodynamic variables in the 0.9% fluid bolus resuscitation groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of
monitoring
period

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

p-value

HS

114 (108, 116)

115 (114, 115)

92 (87, 95)

ꭓ2

0.0045

HS vs ES

-3.29

0.0015

ES

111 (99, 127)

107 (100, 121)

167 (128, 182)

HS vs EN

-1.99

0.0353

EN

117 (110, 134)

127 (103, 134)

120 (112, 146)

ES vs EN

1.42

0.0771

HS

79±7.6

76±5.5

60±2.1

HS vs ES

-6.48

0.0010

ES

87±8.4

47±2.7

57±3.4

HS vs EN

-5.05

0.0010

EN

85±15.3

49±3.6

62±2.4

ES vs EN

1.43

0.6500

HS

4.0±1.41

8.2±1.77

5.0±1.10

HS vs ES

1.75

0.0010

ES

4.5±0.95

8.4±0.38

10.4±1.19

HS vs EN

0.99

0.0110

EN

5.1±0.99

6.2±0.78

7.5±0.89

ES vs EN

-0.76

0.0300

Pulse (rate/min)
10.81

(2df)

MAP (mmHg)
F

(2,

352)

12.49

0.0001

CVP (mmHg)
F

(2,

352)

13.43

0.0001

SVRI (dynes/cm5/m2)
HS

1790 (1383, 2175)

774 (703, 1122)

1042 (686, 257)

HS vs ES

-

-

ES

2277 (1922, 2838)

952 (904, 1089)

733 (726, 917)

ꭓ2

HS vs EN

-

-

EN

2018 (1756, 2116)

1641 (1351, 1751)

925 (681, 1138)

ES vs EN

-

-

HS

3.4 (3.1, 3.6)

6.8 (6.4, 7.3)

3.6 (3.2, 4.4)

HS vs ES

-

-

ES

2.8 (2.6, 3.2)

4.3 (3.6, 4.7)

4.6 (3.3, 5.2)

HS vs EN

-

-

EN

3.2 (2.8, 3.8)

3.0 (2.9, 3.5)

3.9 (3.5, 5.4)

ES vs EN

-

-

HS

14 (12, 15)

17 (15, 17)

13 (12, 13)

HS vs ES

-3.34

0.0012

ES

16 (15, 16)

22 (21, 25)

25 (21, 37)

HS vs EN

-2.59

0.0071

EN

17 (15, 18)

20 (18, 23)

24 (20, 25)

ES vs EN

0.93

0.1774

(2df)

1.19

0.5528

CI (L/min/m2)
ꭓ2

(2df)

1.99

0.3694

MPAP (mmHg)
ꭓ2

(2df)

11.73

0.0028

MAP, mean arterial pressure; CVP, central venous pressure; SVRI, systemic vascular resistance index; CI, cardiac index; MPAP, mean pulmonary artery pressure.
Parametric variables are presented as mean (±SE) and non-parametric variables are presented as median (IQR). Test statistic is analysis of variance and Bonferroni
post-hoc test for parametric variables and Kruskal-Wallis and post-hoc Dunn test for non-parametric variables. Treatment groups: HS, healthy control + 0.9% saline
bolus; ES, endotoxaemic shock + 0.9% saline bolus; EN, endotoxaemic shock + vasopressors only
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Figure 6.3(i): Haemodynamic variables in the fluid bolus (0.9% NaCl) volume expansion groups compared to the non-fluid bolus vasopressor-only group
(a)

(b)

(d)

(e)

(c)

(f)

Fig 6.3(i): Haemodynamic variables over time in the HS, ES and EN treatment groups. Non-parametric data presented as medians (IQR) for (a) Heart rate, (d) SVRI, (e) CI (f) MPAP and parametric data
presented as means (± SE) for (b) MAP (c) CVP. Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; Kruskal-Wallis and post-hoc Dunn
test for non-parametric variables. There were significant between group differences in the HR (p=0.0045), MAP (p=0.0001), CVP (p=0.0001) and MPAP (P=0.0028).
HS, healthy control + 0.9% saline bolus treatment group; ES, endotoxaemia + 0.9% saline bolus treatment group; EN, endotoxaemia + vasopressor-only support (no fluid bolus) treatment group; HR, heart rate;
MAP, mean arterial pressure; CVP, central venous pressure; SVRI, systemic vascular resistance index; CI, cardiac index; MPAP, mean pulmonary artery pressure.
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12 hours post-resuscitation respectively.
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6.4.1.2 Fresh (≤5 days) blood transfusion groups vs sham group
Haemodynamic variables were similar in all the 3-groups (healthy control + fresh blood
transfusion, HF; endotoxaemia + fresh blood transfusion, EF; and endotoxaemia +
vasopressors only, EN) at baseline. Endotoxin-infusion led to a significant reduction in the
mean arterial pressure (MAP) in the EF group (80±4.5 mmHg to 51±3.6 mmHg; difference
in means, 29; 95%CI 25-33; p<0.01) and in the EN group (from a mean of 85±15.3 mmHg to
49±3.6 mmHg; difference in means, 36; 95%CI 24-48; p<0.001), as shown in Figure 6.3(ii)(b).
There were significant differences seen between the treatment groups in the MAP (F(2, 350),
15.28; p=0.0001) and CVP F(2, 332), 7.26; p=0.0008). Group differences in MAP were due to
differences between the healthy (non-endotoxaemic) controls and the endotoxaemic
groups. The CVP was significantly different between the EF and EN groups on post-hoc
testing (p=0.03) as shown in table 6.1(b) below. Figure 6.3(ii) below shows trends in the
haemodynamic variables in the 3 treatment groups (HF, EF and EN) over time.
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Table 6.1 (b): Haemodynamic variables in the fresh (≤5 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of monitoring
period

HF

115 (103, 125)

110 (92, 123)

109 (100, 117)

EF

110 (101, 118)

112 (106, 120)

122 (110, 138)

EN

117 (110, 134)

127 (103, 134)

120 (112, 146)

HF

77±10.4

78±4.7

64±1.6

EF

80±4.5

51±3.6

60±1.9

EN

85±15.3

49±3.6

62±2.4

HF

6.5±1.9

7.0±2.20

7.5±2.10

EF

3.7±2.00

5.0±0.80

7.3±1.34

EN

5.1±0.99

6.2±0.78

7.5±0.89

HF

1527 (1220, 1656)

1075 (954, 1225)

870 (645,1199)

EF

1414(1289,1666)

982 (765, 1111)

731 (651, 1026)

EN

2018 (1756, 2116)

1641 (1351, 1751)

925 (681, 1138)

HF

3.6 (2.6, 4.5)

4.3 (4.1, 5.0)

4.6 (4.1, 5.5)

EF

3.7 (3.6, 3.9)

3.7 (3.6, 4.8)

4.2 (3.9, 5.9)

EN

3.2 (2.8, 3.8)

3.0 (2.9, 3.5)

3.9 (3.5, 5.4)

HF

19 (16, 21)

18 (16, 23)

19 (15, 22)

EF

15 (13, 16)

20 (19, 24)

25 (20, 27)

EN

17 (15, 18)

20 (18, 23)

24 (20, 25)

Test-statistic
(degrees of freedom)

pvalue

Post-hoc
testing

Teststatistic

p-value

HF vs EF

-

-

HF vs EN

-

-

EF vs EN

-

-

HF vs EF

-7.30

0.0010

HF vs EN

-8.26

0.0010

EF vs EN

-0.96

1.0000

HF vs EF

-1.64

0.0010

HF vs EN

-0.62

0.5340

EF vs EN

1.02

0.0210

HF vs EF

-

-

HF vs EN

-

-

EF vs EN

-

-

HF vs EF

-

-

HF vs EN

-

-

EF vs EN

-

-

HF vs EF

-

-

HF vs EN

-

-

EF vs EN

-

-

Heart rate (/min)
ꭓ2

2.45

(2df)

0.2934

MAP (mmHg)
F

(2,

330)

15.28

0.0001

CVP (mmHg)
F

(2,

332)

7.26

0.0008

SVRI (dynes/cm5/m2)
ꭓ2

(2df)

0.48

0.7873

2

CI (L/min/m )
ꭓ2

(2df)

1.38

0.5012

MPAP (mmHg)
ꭓ2

(2df)

4.27

0.1184

MAP, mean arterial pressure; CVP, central venous pressure; SVRI, systemic vascular resistance index; CI, cardiac index; MPAP, mean pulmonary artery pressure.
Parametric variables are presented as mean (±SE) and non-parametric variables are presented as median (IQR). Test statistic is analysis of variance and Bonferroni
post-hoc test for parametric variables and Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
Treatment groups: HF, healthy control + FB; EF, endotoxaemic shock + FB; (FB, fresh [≤5 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.3(ii): Haemodynamic variables in the fresh (≤5 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(b)

(d)

(e)

(c)

(f)

Fig 6.3(ii): Haemodynamic variables over time in the HF, EF and EN treatment groups. Non-parametric data presented as medians (IQR) for (a) Heart rate, (d) SVRI, (e) CI (f) MPAP and parametric data
presented as means (± SE) for (b) MAP (c) CVP. Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; Kruskal-Wallis and post-hoc Dunn
test for non-parametric variables. There were significant between group differences in the MAP (P=0.0001) and CVP (p=0.0008).
HF, healthy control + FB group; EF, endotoxaemia + FB group (FB, fresh (≤5 days) blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion) treatment group; HR, heart rate; MAP, mean
arterial pressure; CVP, central venous pressure; SVRI, systemic vascular resistance index; CI, cardiac index; MPAP, mean pulmonary artery pressure.
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12 hours post-resuscitation respectively.
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6.4.1.3 Stored (≥30 days) blood transfusion groups vs sham group
Haemodynamic variables were similar in all the 3-groups (healthy control + aged blood
transfusion, HA; endotoxaemia + aged blood transfusion, EA; and endotoxaemia +
vasopressors only, EN) at baseline. Endotoxin-infusion led to a significant reduction in the
mean arterial pressure (MAP) in the endotoxaemia + aged blood transfusion (EA) group
(79±4.5 mmHg to 45±2.3 mmHg; difference in means, 34; 95%CI 30-38; p<0.01) and in the
endotoxaemia + no transfusion (EN) group (from a mean of 85±15.3 mmHg to 49±3.6
mmHg; difference in means, 36; 95%CI 24-48; p<0.001), as shown in Figure 6.3(iii)(b). There
were significant differences seen between the treatment groups in the MAP (F(2, 340), 9.14;
p=0.0001) and CVP F(2,

346),

26.47; p=0.0001). Group differences in MAP were due to

differences between the healthy (non-endotoxaemic) controls and the endotoxaemic
groups. The CVP was significantly different between the EF and EN groups on post-hoc
testing (p=0.001) as shown in table 6.1(c) below. Figure 6.3(iii) below shows trends in the
haemodynamic variables in the 3 treatment groups (HA, EA and EN) over time.
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Table 6.1 (c): Haemodynamic variables in the stored (≥30 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion &
fluid resuscitation

End of monitoring
period

HA

108 (100, 121)

87 (86, 96)

97 (90, 118)

EA

108 (105, 116)

108 (106, 116)

113 (108, 142)

EN

117 (110, 134)

127 (103, 134)

HA

74±2.7

EA
EN

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

pvalue

Heart rate (/min)
HA vs EA

-

-

HA vs EN

-

-

120 (112, 146)

EA vs EN

-

-

78±7.3

62±3.3

HA vs EA

-5.15

0.0010

79±4.5

45±2.3

59±1.3

HA vs EN

-5.76

0.0010

85±15.3

49±3.6

62±2.4

EA vs EN

-0.61

1.0000

HA

6.8±1.60

9.2±2.10

8.8±1.56

HA vs EA

0.42

1.0000

EA

7.8±1.06

8.4±1.15

11.4±1.45

HA vs EN

-2.33

0.0010

EN

5.1±0.99

6.2±0.78

7.5±0.89

EA vs EN

-2.75

0.0010

HA

1470 (1333, 1547)

752 (714, 1213)

880 (850, 891)

HA vs EA

-

-

EA

1388 (1257, 1687)

994 (912, 1027)

899 (716, 1048)

HA vs EN

-

-

EN

2018 (1756, 2116)

1641 (1351, 1751)

925 (681, 1138)

EA vs EN

-

-

HA

2.9 (2.7, 3.6)

5.5 (3.9, 6.2)

4.1 (2.7, 4.4)

HA vs EA

-

-

EA

3.3 (3.2, 3.4)

3.4 (3.2, 3.9)

3.5 (3.1, 4.2)

HA vs EN

-

-

EN

3.2 (2.8, 3.8)

3.0 (2.9, 3.5)

3.9 (3.5, 5.4)

EA vs EN

-

-

HA

18 (14, 19)

17 (17, 20)

19 (17, 23)

HA vs EA

-

-

EA

18 (17, 18)

21 (20, 25)

27 (21, 32)

HA vs EN

-

-

EN

17 (15, 18)

20 (18, 23)

24 (20, 25)

EA vs EN

-

-

ꭓ2

3.00

(2df)

0.2228

MAP (mmHg)
F

(2,

340)

9.14

0.0001

CVP (mmHg)
F

(2,

346)

26.47

0.0001

SVRI (dynes/cm5/m2)
ꭓ2

(2df)

0.35

0.8389

CI (L/min/m2)
ꭓ2

(2df)

1.09

0.5800

MPAP (mmHg)
ꭓ2

(2df)

5.30

0.7070

MAP, mean arterial pressure; CVP, central venous pressure; SVRI, systemic vascular resistance index; CI, cardiac index; MPAP, mean pulmonary artery pressure.
Parametric variables are presented as mean (±SE) and non-parametric variables are presented as median (IQR). Test statistic is analysis of variance and Bonferroni posthoc test for parametric variables and Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
Treatment groups: HA, healthy control + AB; EA, endotoxaemic shock + AB; (AB, aged/stored [≥30 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.3(iii): Haemodynamic variables in the stored (≥30 days) blood transfusion groups compared to the non-volume expansion vasopressor-only group
(a)

(b)

(d)

(e)

(c)

(f)

Fig 6.3(iii): Haemodynamic variables over time in the HA, EA and EN treatment groups. Non-parametric data presented as medians (IQR) for (a) Heart rate, (d) SVRI, (e) CI (f) MPAP and parametric data
presented as means (± SE) for (b) MAP (c) CVP. Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; Kruskal-Wallis and post-hoc Dunn
test for non-parametric variables. There were significant between group differences in the MAP (p=0.0001) and CVP (p=0.0001).
HA, healthy control + AB treatment group; EA, endotoxaemia + AB treatment group (AB, aged/stored [≥30 days] blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion) treatment
group; HR, heart rate; MAP, mean arterial pressure; CVP, central venous pressure; SVRI, systemic vascular resistance index; CI, cardiac index; MPAP, mean pulmonary artery pressure.
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12 hours post-resuscitation respectively.
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6.4.2 Mechanical ventilation variables
6.4.2.1 Fluid bolus (0.9% NaCl) treatment groups vs sham group
At baseline, mechanical ventilation variables were similar in all the 3-groups (HS, ES and
EN). Significant differences between the treatment groups were seen for the peak airway
pressure (ꭓ2(2df) 7.28; p=0.026) and end-tidal carbon dioxide (F(2,

232),

6.65; p=0.002)

variables. Post-hoc testing showed that the end-tidal carbon dioxide levels were
significantly different between the endotoxaemic (ES and EN) groups (p=0.001) as shown
in Table 6.2(a) below. Figure 6.4(i) below shows trends in the mechanical ventilation
variables in the 3 treatment groups (HS, ES and EN) over time.
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Table 6.2 (a): Mechanical ventilation variables in the 0.9% fluid bolus resuscitation groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of
monitoring
period

HS

29 (28, 33)

29 (26, 31)

30 (29, 30)

ES

29 (25, 30)

33 (29, 34)

47 (34, 51)

EN

27 (25, 29)

30 (29, 32)

HS

30 (27, 33)

ES
EN

Test-statistic
(degrees of freedom)

pvalue

Post-hoc
testing

Teststatistic

pvalue

HS vs ES

-2.70

0.0105

HS vs EN

-1.52

0.0960

35 (34, 36)

ES vs EN

1.37

0.0848

31 (31, 34)

31 (28, 32)

HS vs ES

-

-

33 (29, 45)

28 (25, 34)

16 (11, 34)

HS vs EN

-

-

37 (33, 39)

28 (26, 34)

24 (22, 26)

ES vs EN

-

-

HS

394 (268, 500)

413 (397, 430)

390 (274, 427)

HS vs ES

-

-

ES

435 (387, 505)

277 (202, 349)

201 (78, 237)

HS vs EN

-

-

EN

468 (423, 502)

287 (189, 397)

242 (202, 350)

ES vs EN

-

-

HS

40±2.33

37±2.92

41±2.50

HS vs ES

-3.19

0.0400

ES

40±2.60

30±3.15

54±8.00

HS vs EN

0.82

1.0000

EN

45±2.96

38±1.31

42±6.00

ES vs EN

4.01

0.0010

PkAP (cmH20)
ꭓ2

7.28

(2df)

0.0262

Cstat (mL/cmH20)
ꭓ2

4.48

(2df)

0.1066

PaO2/FiO2
ꭓ2

4.59

(2df)

0.1007

EtCO2 (mmHg)
F

(2,

232)

6.65

0.0020

PkAP, peak airway pressure; Cstat, static lung compliance; PaO2, partial pressure of oxygen in arterial blood ; FiO2, fraction of inspired oxygen; EtCO2, end-tidal
carbon dioxide concentration. Parametric variables are presented as mean (±SE) and non-parametric variables are presented as median (IQR). Test statistic
is analysis of variance and Bonferroni post-hoc test for parametric variables and Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
Treatment groups: HS, healthy control + 0.9% saline bolus; ES, endotoxaemic shock + 0.9% saline bolus; EN, endotoxaemic shock + vasopressors only
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Figure 6.4(i): Mechanical ventilation variables in the fluid bolus (0.9% NaCl) volume expansion groups compared to
the non-fluid bolus vasopressor-only group
(a)
(b)

(c)

(d)

Fig 6.4(i): Mechanical ventilation variables over time in the HS, ES and EN treatment groups. Non-parametric data are presented
as median (IQR) for (a) PkAP, (b) Cstat and (C) PaO2/FiO2 and parametric data as mean (± SE) for (d) EtCO2.
Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; KruskalWallis and post-hoc Dunn test for non-parametric variables. There were significant between group differences in the P kAP
(p=0.026) and EtCO2 (p=0.002). There were borderline differences between the HS and ES groups in the Cstat (p=0.052) and
PaO2/FiO2 (p=0.053).
HS, healthy control + 0.9% saline bolus treatment group; ES, endotoxaemia + 0.9% saline bolus treatment group; EN,
endotoxaemia + vasopressor-only (no fluid bolus) treatment group.
PkAP, peak airway pressure; Cstat, static lung compliance; PaO2/FiO2, ratio of partial pressure of oxygen in mmHg to fraction of
inspired oxygen; EtCO2, end-tidal carbon dioxide in mmHg; LPS, lipopolysaccharide
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion. T0 to T12 are study timepoints
corresponding from 0 to 12 hours post-resuscitation respectively.
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6.4.2.2 Fresh (≤5 days) blood transfusion groups vs sham group
Mechanical ventilation variables were similar in all the 3-groups (HF, EF and EN) at baseline.
Significant differences between the treatment groups were seen for the peak airway
pressure (ꭓ2(2df) 6.63; p=0.036), static lung compliance (ꭓ2(2df) 6.02; p=0.049) and end-tidal
carbon dioxide (F(2,

243),

6.58; p=0.0017). Only the end-tidal carbon dioxide levels were

significantly different between the endotoxaemic (ES and EN) groups (p=0.004) on posthoc testing as shown in Table 6.2(b) below. Figure 6.4(ii) below shows trends in the
mechanical ventilation variables in the 3 treatment groups (HF, EF and EN) over time.
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Table 6.2 (b): Mechanical ventilation variables in the fresh (≤5 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of monitoring
period

HF

26 (23, 30)

28 (26, 30)

30 (28, 33)

EF

27 (25, 29)

30 (28, 34)

40 (35, 46)

EN

27 (25, 29)

30 (29, 32)

HF

36 (31, 45)

EF
EN

Test-statistic
(degrees of freedom)

p-value

Post-hoc testing

Teststatistic

pvalue

PkAP (cmH20)
HF vs EF

-2.57

0.0151

HF vs EN

-1.61

0.0802

35 (34, 36)

EF vs EN

1.21

0.1135

34 (31, 51)

36 (28, 41)

HF vs EF

2.44

0.0220

36 (32, 41)

30 (26, 32)

20 (13, 27)

HF vs EN

1.78

0.0566

37 (33, 39)

28 (26, 34)

24 (22, 26)

EF vs EN

-0.85

0.1970

HF

420 (346, 495)

333 (278, 388)

412 (335, 513)

HF vs EF

-

-

EF

423 (373, 462)

333 (250, 418)

274 (201, 340)

HF vs EN

-

-

EN

468 (423, 502)

287 (189, 397)

242 (202, 350)

EF vs EN

-

-

HF

45±6.99

38±4.35

33±11.50

HF vs EF

-3.62

0.0070

EF

42±1.60

37±3.30

39±3.00

HF vs EN

-0.31

1.0000

EN

45±2.96

38±1.31

42±6.00

EF vs EN

3.31

0.0040

ꭓ2

6.63

(2df)

0.0364

Cstat (mL/cmH20)
ꭓ2

6.02

(2df)

0.0494

PaO2/FiO2
ꭓ2

4.63

(2df)

0.0988

EtCO2 (mmHg)
F

(2,

243)

6.58

0.0017

PkAP, peak airway pressure; Cstat, static lung compliance; PaO2, partial pressure of oxygen in arterial blood ; FiO2, fraction of inspired oxygen; EtCO2, end-tidal carbon
dioxide concentration. Parametric variables are presented as mean (±SE) and non-parametric variables are presented as median (IQR). Test statistic is analysis of
variance and Bonferroni post-hoc test for parametric variables and Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
Treatment groups: HF, healthy control + FB; EF, endotoxaemic shock + FB; (FB, fresh [≤5 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.4(ii): Mechanical ventilation variables in the fresh (≤5 days) blood transfusion groups compared to the
non-blood transfusion vasopressor-only group
(a)
(b)

(c)

(d)

Fig 6.4(ii): Mechanical ventilation variables over time in the HF, EF and EN treatment groups. Non-parametric data are presented
as median (IQR) for (a) PkAP, (b) Cstat and (C) PaO2/FiO2 and parametric data as mean (± SE) for (d) EtCO2.
Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; KruskalWallis and post-hoc Dunn test for non-parametric variables. There were significant between group differences in the P kAP
(p=0.036), Cstat (p=0.049) and EtCO2 (p=0.002). There PaO2/FiO2 ratio was significantly different between the HF and EF
treatment groups (p=0.041).
HF, healthy control + FB group; EF, endotoxaemia + FB group (FB, fresh (≤5 days) blood); EN, endotoxaemia + vasopressor-only
support (i.e. no blood transfusion) treatment group.
PkAP, peak airway pressure; Cstat, static lung compliance; PaO2/FiO2, ratio of partial pressure of oxygen in mmHg to fraction of
inspired oxygen; EtCO2, end-tidal carbon dioxide in mmHg; LPS, lipopolysaccharide
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion. T0 to T12 are study timepoints
corresponding from 0 to 12 hours post-resuscitation respectively.
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6.4.2.3 Stored (≥30 days) blood transfusion groups vs sham group
Mechanical ventilation variables were similar in all the 3-groups (HA, EA and EN) at baseline
(Table 6.2(c) below). Significant differences between the treatment groups were seen for
the peak airway pressure (ꭓ2(2df) 10.08; p=0.0065), static lung compliance (ꭓ2(2df) 8.56;
p=0.014) and PaO2/FiO2 ratio (ꭓ2(2df) 6.16; p=0.046). These significant results were due to
differences between the healthy (non-endotoxaemic) controls and the endotoxaemic
groups with no significant differences being seen between the EA vs EN groups on post-hoc
testing as shown in Table 6.2(c) below. Figure 6.4(iii) below shows trends in the mechanical
ventilation variables in the 3 treatment groups (HA, EA and EN) over time.

162

Table 6.2 (c): Mechanical ventilation variables in the stored (≥30 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of monitoring
period

HA

27 (27, 28)

28 (27, 29)

27 (26, 30)

EA

29 (28, 30)

34 (30, 37)

35 (32, 60)

EN

27 (25, 29)

30 (29, 32)

35 (34, 36)

HA

37 (35, 40)

35 (33, 43)

34 (34, 34)

EA

31 (29, 44)

30 (23, 47)

23 (11, 32)

EN

37 (33, 39)

28 (26, 34)

24 (22, 26)

HA

413 (347, 500)

337 (330, 350)

324 (307, 373)

EA

373 (347, 447)

253 (189, 303)

234 (199, 239)

EN

468 (423, 502)

287 (189, 397)

242 (202, 350)

HA

45±4.59

39±4.37

48±8.00

EA

46±2.47

37±2.61

38±2.03

EN

45±2.96

38±1.31

42±6.00

Test-statistic
(degrees of freedom)

p-value

ꭓ2

0.0065

Post-hoc
testing

Teststatistic

pvalue

HA vs EA

-3.04

0.0036

HA vs EN

-2.56

0.0078

EA vs EN

0.61

0.2709

HA vs EA

2.53

0.0085

HA vs EN

2.69

0.0107

EA vs EN

0.10

0.4605

HA vs EA

2.48

0.0197

HA vs EN

1.46

0.1091

EA vs EN

-1.24

0.1080

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

PkAP (cmH20)
10.08

(2df)

Cstat (mL/cmH20)
ꭓ2

8.56

(2df)

0.0138

PaO2/FiO2
ꭓ2

6.16

(2df)

0.0460

EtCO2 (mmHg)
F

(2,

246)

0.58

0.5629

PkAP, peak airway pressure; Cstat, static lung compliance; PaO2, partial pressure of oxygen in arterial blood ; FiO2, fraction of inspired oxygen; EtCO2, end-tidal carbon
dioxide concentration. Parametric variables are presented as mean (±SE) and non-parametric variables are presented as median (IQR). Test statistic is analysis of
variance and Bonferroni post-hoc test for parametric variables and Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
Treatment groups: HA, healthy control + AB; EA, endotoxaemic shock + AB; (AB, aged/stored [≥30 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.4(iii): Mechanical ventilation variables in the stored (≥30 days) blood transfusion groups compared to the
non-volume expansion vasopressor-only group
(a)
(b)

(c)

(d)

Fig 6.4(iii): Mechanical ventilation variables over time in the HA, EA and EN treatment groups. Non-parametric data are
presented as median (IQR) for (a) PkAP, (b) Cstat and (C) PaO2/FiO2 and parametric data as mean (± SE) for (d) EtCO2.
Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; KruskalWallis and post-hoc Dunn test for non-parametric variables. There were significant between group differences in the P kAP
(p=0.006), Cstat (p=0.014) and PaO2/FiO2 (p=0.046).
HA, healthy control + AB treatment group; EA, endotoxaemia + AB treatment group (AB, aged/stored [≥30 days] blood); EN,
endotoxaemia + vasopressor-only support (i.e. no blood transfusion) treatment group.
PkAP, peak airway pressure; Cstat, static lung compliance; PaO2/FiO2, ratio of partial pressure of oxygen in mmHg to fraction of
inspired oxygen; EtCO2, end-tidal carbon dioxide in mmHg; LPS, lipopolysaccharide
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion. T0 to T12 are study timepoints
corresponding from 0 to 12 hours post-resuscitation respectively.
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6.4.3 Arterial blood gas parameters
6.4.3.1 Fluid bolus (0.9% NaCl) treatment groups vs sham group
At baseline, arterial blood gas variables were similar in all the 3-groups (HS, ES and EN),
Table 6.3(a) below. The pH (median, IQR) in the ES treatment group was 6.99 (6.93, 7.05)
while that of the EN treatment group was 7.28 (7.19, 7.36) at the end of the monitoring
period. Significant differences between the treatment groups were seen for the pH (ꭓ2(2df)
9.97; p=0.0068), PaCO2 (ꭓ2(2df) 7.07; p=0.029), lactate (ꭓ2(2df) 8.99; p=0.011), glucose (ꭓ2(2df)
10.70; p=0.0047) and base excess (ꭓ2(2df) 9.74; p=0.0077) variables. However, on post-hoc
testing, only the base excess was significantly different between the ES vs EN endotoxaemic
groups (p=0.048) (Table 6.3(a) below). Figure 6.5(i) below shows trends in the arterial blood
gas variables in the 3 treatment groups (HS, ES and EN) over time.
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Table 6.3 (a): Arterial blood gas variables in the 0.9% fluid bolus resuscitation groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of monitoring period

HS

7.43 (7.40, 7.48)

7.43 (7.42, 7.46)

7.40 (7.37, 7.46)

ES

7.42 (7.39, 7.44)

7.35 (7.26, 7.39)

6.99 (6.93, 7.05)

EN

7.43 (7.40, 7.46)

7.37 (7.33, 7.41)

7.28 (7.19, 7.36)

HS

130 (92, 159)

125 (124, 129)

129 (95, 143)

ES

138 (128, 156)

96 (83, 111)

85 (69, 104)

EN

140 (131, 160)

117 (93, 143)

101 (94, 149)

HS

41 (33, 43)

37 (31, 40)

35 (33, 42)

ES

44 (43, 48)

39 (36, 46)

74 (65, 77)

EN

43 (39, 48)

42 (38, 46)

44 (42, 49)

HS

2.5 (1.4, 3.2)

0.8 (0.6, 0.9)

1.1 (0.8, 1.5)

ES

1.1 (0.6, 1.3)

3.1 (2.0, 4.0)

9.1 (7.5, 19.0)

EN

0.8 (0.7, 1.0)

3.7 (2.4, 4.0)

4.9 (3.2, 7.3)

HS

13.8 (10.1, 16.5)

1.9 (1.8, 2.1)

5.0 (4.6, 5.1)

ES

9.0 (7.9, 12.0)

1.4 (1.2, 1.7)

17.9 (15.7, 18.3)

EN

11.2 (9.1, 15.3)

2.1 (1.8, 2.7)

8.0 (7.3, 13.6)

HS

0.5 ([-0.5], 2.3)

-1.1 ([-1.8], [-0.4])

-0.1 ([-5.3], 0.9)

ES

3.9 (1.4, 5.1)

-4.9 ([-8.1], [-0.7])

-13.2 ([-13], [-12])

EN

3.6 (2.3, 5.6)

-0.6 ([-2.6], 0.5)

-6.4 ([-9.3], [-0.7])

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

pvalue

HS vs ES

3.16

0.0024

HS vs EN

1.89

0.0439

ES vs EN

-1.44

0.0745

HS vs ES

-

-

HS vs EN

-

-

ES vs EN

-

-

HS vs ES

-2.65

0.0121

HS vs EN

-1.68

0.0695

ES vs EN

1.11

0.1326

HS vs ES

-2.93

0.0051

HS vs EN

-2.08

0.0278

ES vs EN

0.97

0.1654

HS vs ES

-3.27

0.0016

HS vs EN

-1.96

0.0378

ES vs EN

1.50

0.0669

HS vs ES

3.10

0.0029

pH
ꭓ2

(2df)

9.97

0.0068

PaO2 (mmHg)
ꭓ2

(2df)

3.32

0.1900

PaCO2 (mmHg)
ꭓ2

(2df)

7.07

0.0291

Lactate (mmol/L)
ꭓ2

(2df)

8.99

0.0112

Glucose (mmol/L)
ꭓ2

(2df)

10.70

0.0047

Base excess (mmol/L)
ꭓ2

(2df)

9.74

0.0077

HS vs EN

1.45

0.0736

ES vs EN

-1.85

0.0484

PaO2, partial pressure of oxygen in arterial blood ; PaCO2, Partial pressure of carbon dioxide in arterial blood. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and posthoc Dunn test for non-parametric variables. Treatment groups: HS, healthy control + 0.9% saline bolus; ES, endotoxaemic shock + 0.9% saline bolus; EN, endotoxaemic shock +
vasopressors only
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Figure 6.5(i): Arterial blood gas variables in the fluid bolus (0.9% NaCl) volume expansion groups compared to the non-fluid bolus vasopressor-only group
(a)

(d)

(b)

(e)

(c)

(f)

Fig 6.5(i): Arterial blood gas variables over time in the HS, ES and EN treatment groups. All data were non-parametric and are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in the pH (p=0.0068), PaCO2 (p=0.029), lactate (p=0.011), glucose (p=0.0047) and base excess
(p=0.0077).
HS, healthy control + 0.9% saline bolus treatment group; ES, endotoxaemia + 0.9% saline bolus treatment group; EN, endotoxaemia + vasopressor-only (no fluid bolus) treatment group.
PaO2, partial pressure of oxygen in arterial blood; PaCO2, partial pressure of carbon dioxide in arterial blood; Hb, haemoglobin; LPS, lipopolysaccharide
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12 hours post-resuscitation respectively.
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6.4.3.2 Fresh (≤5 days) blood transfusion groups vs sham group
Arterial blood gas variables were similar in all the 3-groups (HF, EF and EN) at baseline.
There were significant differences between the treatment groups for the pH (ꭓ2(2df) 7.49;
p=0.024) and base excess (ꭓ2(2df) 6.62; p=0.037) variables. However, these differences were
not significant between the EF vs EN treatment groups on post-hoc testing (Table 6.3(b)
below). Figure 6.5(ii) below shows trends in the arterial blood gas variables in the 3
treatment groups (HF, EF and EN) over time.
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Table 6.3 (b): Arterial blood gas variables in the fresh (≤5 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of monitoring
period

HF

7.43 (7.42, 7.43)

7.48 (7.45, 7.49)

7.45 (7.40, 7.49)

EF

7.43 (7.40, 7.44)

7.39 (7.35, 7.43)

7.23 (7.15, 7.27)

EN

7.43 (7.40, 7.46)

7.37 (7.33, 7.41)

HF

138 (117, 158)

EF
EN

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

pvalue

HF vs EF

2.56

0.0159

HF vs EN

2.35

0.0142

7.28 (7.19, 7.36)

EF vs EN

-0.32

0.3737

113 (97, 127)

116 (89, 137)

HF vs EF

-

-

130 (117, 142)

103 (81, 139)

117 (76, 119)

HF vs EN

-

-

140 (131, 160)

117 (93, 143)

101 (94, 149)

EF vs EN

-

-

HF

46 (42, 51)

41 (41, 43)

37 (37, 40)

HF vs EF

-

-

EF

43 (41, 46)

39 (37, 46)

47 (36, 60)

HF vs EN

-

-

EN

43 (39, 48)

42 (38, 46)

44 (42, 49)

EF vs EN

-

-

HF

0.8 (0.6, 0.9)

0.7 (0.6, 1.3)

0.7 (0.6, 2.8)

HF vs EF

-

-

EF

0.9 (0.6, 1.2)

2.7 (2.3, 6.4)

6.2 (5.4, 6.6)

HF vs EN

-

-

EN

0.8 (0.7, 1.0)

3.7 (2.4, 4.0)

4.9 (3.2, 7.3)

EF vs EN

-

-

HF

9.8 (6.9, 11.7)

3.5 (2.5, 4.5)

3.7 (3.0, 6.4)

HF vs EF

-

-

EF

5.3 (4.2, 8.3)

1.8 (1.6, 2.2)

10.8 (4.7, 13.6)

HF vs EN

-

-

EN

11.2 (9.1, 15.3)

2.1 (1.8, 2.7)

8.0 (7.3, 13.6)

EF vs EN

-

-

HF

5.1 (3.4, 7.7)

6.1 (5.2, 6.5)

2.6 ([-1.5], 5.7)

HF vs EF

2.51

0.0183

EF

3.9 (2.3, 5.6)

-1.3 ([-1.8], 0.1)

-8.7 ([-10.2], [-3])

HF vs EN

2.01

0.0334

EN

3.6 (2.3, 5.6)

-0.6 ([-2.6], 0.5)

-6.4 ([-9.3], [-0.7])

EF vs EN

-0.64

0.2598

pH
ꭓ2

(2df)

7.49

0.0237

PaO2 (mmHg)
ꭓ2

(2df)

0.08

0.9600

PaCO2 (mmHg)
ꭓ2

(2df)

4.27

0.1180

Lactate (mmol/L)
ꭓ2

(2df)

5.80

0.0550

Glucose (mmol/L)
ꭓ2

(2df)

4.64

0.0985

Base excess (mmol/L)
ꭓ2

(2df)

6.62

0.0365

PaO2, partial pressure of oxygen in arterial blood ; PaCO2, Partial pressure of carbon dioxide in arterial blood. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and
post-hoc Dunn test for non-parametric variables. Treatment groups: HF, healthy control + FB; EF, endotoxaemic shock + FB; (FB, fresh [≤5 days] blood); EN, endotoxaemic shock +
vasopressors only
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Figure 6.5(ii): Arterial blood gas variables in the fresh (≤5 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(d)

(b)

(e)

(c)

(f)

Fig 6.5(ii): Arterial blood gas variables over time in the HF, EF and EN treatment groups. All data were non-parametric and are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in the pH (p=0.024) and base excess (p=0.037). There were also significant differences in the posthoc comparison of the lactate levels in the HF and EF ( p=0.032), HF and EN (p=0.042) as well as the glucose levels between HF and EF (p=0.044) groups.
HF, healthy control + FB group; EF, endotoxaemia + FB group (FB, fresh (≤5 days) blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion) treatment group.
PaO2, partial pressure of oxygen in arterial blood; PaCO2, partial pressure of carbon dioxide in arterial blood; Hb, haemoglobin; LPS, lipopolysaccharide
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12 hours post-resuscitation respectively.
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6.4.3.3 Stored (≥30 days) blood transfusion groups vs sham group
Arterial blood gas variables were similar in all the 3-groups (HA, EA and EN) at baseline.
Significant differences between the treatment groups were seen for the pH (ꭓ2(2df) 8.04;
p=0.018), PaO2 (ꭓ2(2df) 8.68; p=0.013), lactate (ꭓ2(2df) 7.12; p=0.028) and base excess (ꭓ2(2df)
6.96; p=0.031) variables. Post-hoc testing showed only the PaO2 was significantly between
the EF vs EN treatment groups (Table 6.3(c) below). Figure 6.5(iii) below shows trends in
the arterial blood gas variables in the 3 treatment groups (HA, EA and EN) over time.
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Table 6.3 (c): Arterial blood gas variables in the stored (≥30 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of monitoring
period

HA

7.43 (7.41, 7.46)

7.48 (7.45, 7.50)

7.48 (7.44, 7.50)

EA

7.42 (7.39, 7.47)

7.34 (7.30, 7.45)

7.23 (7.02, 7.33)

EN

7.43 (7.40, 7.46)

7.37 (7.33, 7.41)

7.28 (7.19, 7.36)

HA

135 (114, 155)

111 (103, 118)

110 (101, 129)

EA

126 (115, 139)

87 (71, 112)

85 (83, 90)

EN

140 (131, 160)

117 (93, 143)

101 (94, 149)

HA

44 (42, 51)

39 (39, 42)

40 (35, 45)

EA

45 (45, 49)

43 (40, 46)

55 (45, 71)

EN

43 (39, 48)

42 (38, 46)

44 (42, 49)

HA

0.8 (0.7, 1.1)

1.2 (0.6, 8.1)

1.4 (1.0, 1.5)

EA

0.8 (0.8, 1.4)

3.6 (2.7, 6.8)

6.2 (4.8, 13.8)

EN

0.8 (0.7, 1.0)

3.7 (2.4, 4.0)

4.9 (3.2, 7.3)

HA

11.1 (7.9, 13.7)

2.3 (2.0, 3.6)

6.2 (4.3, 7.7)

EA

9.7 (7.6, 13.4)

2.5 (1.9, 3.1)

8.9 (5.6, 14.2)

EN

11.2 (9.1, 15.3)

2.1 (1.8, 2.7)

8.0 (7.3, 13.6)

HA

6.1 (5.3, 6.2)

5.1 (4.3, 6.4)

3.8 (2.5, 6.2)

EA

3.5 (3.3, 7.8)

-1.1 ([-4.9], 2.9)

-5.0([-12.8],[-0.7])

EN

3.6 (2.3, 5.6)

-0.6 ([-2.6], 0.5)

-6.4 ([-9.3], [-0.7])

Test-statistic
(degrees of freedom)

p-value

ꭓ2

0.0180

Post-hoc
testing

Teststatistic

pvalue

pH
(2df)

8.04

HA vs EA

2.58

0.0147

HA vs EN

2.52

0.0089

EA vs EN

-0.16

0.4360

HA vs EA

2.56

0.0159

HA vs EN

0.43

0.3340

EA vs EN

-2.48

0.0098

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

HA vs EA

-2.62

0.0132

HA vs EN

-2.08

0.0278

EA vs EN

0.72

0.2346

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

HA vs EA

2.12

0.0252

HA vs EN

2.54

0.0165

EA vs EN

0.40

0.3450

PaO2 (mmHg)
ꭓ2

(2df)

8.68

0.0130

PaCO2 (mmHg)
ꭓ2

(2df)

3.86

0.1451

Lactate (mmol/L)
ꭓ2

(2df)

7.12

0.0284

Glucose (mmol/L)
ꭓ2

(2df)

3.09

0.2138

Base excess (mmol/L)
ꭓ2

(2df)

6.96

0.0308

PaO2, partial pressure of oxygen in arterial blood ; PaCO2, Partial pressure of carbon dioxide in arterial blood. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn
test for non-parametric variables. Treatment groups: HA, healthy control + AB; EA, endotoxaemic shock + AB; (AB, aged/stored [≥30 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.5(iii): Arterial blood gas variables in the stored (≥30 days) blood transfusion groups compared to the non-volume expansion vasopressor-only group
(a)

(d)

(b)

(e)

(c)

(f)

Fig 6.5(iii): Arterial blood gas variables over time in the HA EA and EN treatment groups. All data were non-parametric and are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in the pH (p=0.018), PaO2 (p=0.013), lactate (p=0.028) and base excess (p=0.031).
HA, healthy control + AB treatment group; EA, endotoxaemia + AB treatment group (AB, aged/stored [≥30 days] blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion)
treatment group.
PaO2, partial pressure of oxygen in arterial blood; PaCO2, partial pressure of carbon dioxide in arterial blood; Hb, haemoglobin; LPS, lipopolysaccharide
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12 hours post-resuscitation respectively.
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6.4.4 Haemogram and blood biochemistry
6.4.4.1 Fluid bolus (0.9% NaCl) treatment groups vs sham group
Table 6.4(a) below shows the haemogram and blood biochemistry parameters. At baseline,
all the haemogram and blood biochemistry parameters were similar in all the 3-groups (HS,
ES and EN). The platelets (median, IQR) in the ES treatment group reduced from 405 X 106/L
(190, 527) at baseline to 98 X 106/L (72, 110) at the end of the monitoring period (p<0.01)
while in the EN group platelets reduced from 396 X 106/L (253, 482) at baseline to 103 X
106/L at the end of the monitoring period (p=0.007). There was however no significant
difference in the platelets between these two groups on post-hoc testing (p=0.30).
Other significant differences between all the treatment groups seen for the potassium
(ꭓ2(2df) 7.84; p=0.020), sodium (ꭓ2(2df) 6.66; p=0.036), creatinine (ꭓ2(2df) 12.18; p=0.0023) and
urea (ꭓ2(2df) 8.04; p=0.018) were attributable to differences between the healthy controls
(non-endotoxaemic) versus the endotoxaemic groups. Table 6.4(a) shows there were no
significant differences between the ES vs EN groups on post-hoc testing. Figure 6.6(i) below
shows trends in the haemogram and biochemistry variables in the 3 treatment groups (HS,
ES and EN) over time.
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Table 6.4 (a): Haemogram and blood biochemistry variables in the 0.9% fluid bolus resuscitation groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of monitoring period

HS

9.7 (9.5, 9.8)

6.0 (5.7, 7.5)

7.9 (7.8, 8.7)

ES

9.3 (8.4, 10.6)

7.7 (6.9, 9.5)

9.7 (8.0, 10.4)

EN

9.5 (8.8, 10.3)

10.7 (9.5, 10.8)

8.7 (8.3, 9.7)

HS

343 (199, 469)

274 (249, 275)

341 (298, 346)

ES

405 (190, 527)

159 (93, 225)

98 (72, 110)

EN

396 (253, 482)

180 (77, 247)

103 (65, 199)

HS

2.8 (2.8, 2.9)

2.7 (2.5, 2.7)

3.3 (2.7, 3.4)

ES

2.7 (2.5, 3.2)

2.8 (2.4, 3.0)

4.1 (3.9, 5.1)

EN

3.2 (2.8, 3.4)

2.9 (2.9, 3.2)

HS

131 (129, 135)

ES
EN

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

pvalue

HS vs ES

-

-

HS vs EN

-

-

ES vs EN

-

-

HS vs ES

2.98

0.0044

HS vs EN

2.52

0.0089

ES vs EN

-0.52

0.3002

HS vs ES

-2.74

0.0093

HS vs EN

-2.03

0.0316

3.8 (3.5, 4.2)

ES vs EN

0.84

0.2002

138 (136, 138)

134 (132, 137)

HS vs ES

1.95

0.0381

133 (132, 134)

135 (135, 138)

126 (125, 129)

HS vs EN

2.50

0.0189

131 (130, 133)

134 (132, 136)

124 (121, 128)

ES vs EN

0.50

0.3083

HS

74 (70, 74)

67 (65, 71)

90 (84, 91)

HS vs ES

-3.46

0.0008

ES

83 (73, 96)

118 (92, 133)

263 (191, 335)

HS vs EN

-2.47

0.0100

EN

81 (73, 91)

119 (96, 138)

208 (148, 240)

ES vs EN

1.13

0.1296

HS

6.9 (6.7, 7.5)

5.8 (5.3, 7.1)

6.1 (6.0, 6.6)

HS vs ES

-2.35

0.0142

ES

7.0 (6.3, 8.9)

7.1 (6.1, 10.9)

9.4 (6.9, 11.2)

HS vs EN

-2.70

0.0104

EN

7.7 (6.6, 8.6)

7.6 (6.7, 8.4)

9.6 (8.9, 10.3)

ES vs EN

-0.40

0.3435

Haemoglobin (g/dL)
ꭓ2

(2df)

1.45

0.4841

6

Platelets (X 10 /L)
ꭓ2

(2df)

9.61

0.0082

Potassium (mmol/L)
ꭓ2

(2df)

7.84

0.0198

Sodium (mmol/L)
ꭓ2

(2df)

6.66

0.0358

Creatinine (μmol/L)
ꭓ2

(2df)

12.18

0.0023

Urea (mmol/L)
ꭓ2

(2df)

8.04

0.0179

Hb, haemoglobin. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
Treatment groups: HS, healthy control + 0.9% saline bolus; ES, endotoxaemic shock + 0.9% saline bolus; EN, endotoxaemic shock + vasopressors only
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Figure 6.6(i): Haemogram and blood biochemistry parameters in the fluid bolus (0.9% NaCl) volume expansion groups compared to the non-fluid bolus vasopressoronly group
(a)

(b)

(d)

(e)

(c)

(f)

Fig 6.6(i): Haemogram and blood biochemistry parameters over time in the HS, ES and EN treatment groups. All data were non-parametric and are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in platelets (p=0.0082), K+ (p=0.02), Na+ (p=0.0036), creatinine (p=0.0023) and urea
(p=0.018).
HS, healthy control + 0.9% saline bolus treatment group; ES, endotoxaemia + 0.9% saline bolus treatment group; EN, endotoxaemia + vasopressor-only (no fluid bolus) treatment group.
Hb, haemoglobin; K+, potassium; Na+, sodium; LPS, lipopolysaccharide
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12 hours post-resuscitation
respectively.
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6.4.4.2 Fresh (≤5 days) blood transfusion groups vs sham group
All the haemogram and blood biochemistry parameters were similar in all the 3-groups (HF,
EF and EN) at baseline. As expected, haemoglobin (median, IQR) was significantly higher in
the EF group (10.6 g/dL; 9.7-11.7) than in the EN group (8.7 g/dL; 8.3-9.7) (p=0.03) at the
end of the monitoring period as shown in Table 6.4(b) below. Other significant differences
between all the treatment groups seen for the platelets (ꭓ2(2df) 8.84; p=0.012) and urea
(ꭓ2(2df) 7.56; p=0.023) were attributable to differences between the healthy controls (nonendotoxaemic) versus the endotoxaemic groups on post-hoc testing as shown in Table
6.4(b). Creatinine was only significantly different between the HF vs EN group (p=0.03) on
post-hoc testing. Figure 6.6(i) below shows trends in the haemogram and biochemistry
variables in the 3 treatment groups (HF, EF and EN) over time.
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Table 6.4 (b): Haemogram and blood biochemistry variables in the fresh (≤5 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of monitoring
period

HF

9.8 (8.8, 10.1)

8.4 (8.0, 10.2)

11.1 (8.9, 11.5)

EF

9.2 (8.6, 9.7)

11.1 (10.2, 11.9)

10.6 (9.7, 11.7)

9.5 (8.8, 10.3)

10.7 (9.5, 10.8)

8.7 (8.3, 9.7)

HF

355 (208, 536)

236 (236, 238)

336 (225, 363)

EF

343 (232, 501)

163 (88, 178)

96 (77, 127)

EN

396 (253, 482)

180 (77, 247)

103 (65, 199)

HF

3.0 (2.9, 3.1)

3.1 (3.1, 3.3)

3.4 (3.1, 3.5)

EF

3.4 (3.2, 3.5)

2.9 (2.9, 3.1)

3.8 (3.5, 4.3)

EN

3.2 (2.8, 3.4)

2.9 (2.9, 3.2)

3.8 (3.5, 4.2)

HF

133 (133, 135)

135 (132, 137)

134 (129, 138)

EF

133 (132, 135)

134 (133, 137)

127 (124, 129)

EN

131 (130, 133)

134 (132, 136)

124 (121, 128)

HF

76 (70, 83)

85 (76, 93)

95 (81, 113)

EF

84 (77, 87)

115 (110, 125)

219 (197, 262)

EN

81 (73, 91)

119 (96, 138)

208 (148, 240)

HF

6.0 (5.9, 6.7)

6.0 (5.3, 6.2)

4.7 (4.7, 6.9)

EF

7.2 (6.2, 8.6)

7.2 (6.1, 7.8)

10.2 (8.3, 11.4)

EN

7.7 (6.6, 8.6)

7.6 (6.7, 8.4)

9.6 (8.9, 10.3)

Test-statistic
(degrees of freedom)

p-value

ꭓ2

0.0464

Post-hoc
testing

Teststatistic

pvalue

HF vs EF

-0.24

0.4063

HF vs EN

1.80

0.0541

EF vs EN

2.32

0.0305

HF vs EF

2.65

0.0060

HF vs EN

2.69

0.0107

EF vs EN

0.04

0.4839

HF vs EF

-

-

HF vs EN

-

-

EF vs EN

-

-

HF vs EF

-

-

HF vs EN

-

-

EF vs EN

-

-

HF vs EF

-2.69

0.0106

HF vs EN

-2.06

0.0298

EF vs EN

0.73

0.2342

HF vs EF

-2.61

0.0137

HF vs EN

-2.29

0.0165

EF vs EN

0.36

0.3584

Haemoglobin (g/dL)

EN

(2df)

6.14

6

Platelets (X 10 /L)
ꭓ2

(2df)

8.84

0.0120

Potassium (mmol/L)
ꭓ2

(2df)

5.01

0.0818

Sodium (mmol/L)
ꭓ2

(2df)

3.50

0.1737

Creatinine (μmol/L)
ꭓ2

(2df)

0.75

0.0234

Urea (mmol/L)
ꭓ2

(2df)

7.56

0.0229

Hb, haemoglobin. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
Treatment groups: HF, healthy control + FB; EF, endotoxaemic shock + FB; (FB, fresh [≤5 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.6(ii): Haemogram and blood biochemistry parameters in the fresh (≤5 days) blood transfusion groups compared to the non-blood transfusion vasopressoronly group
(a)

(b)

(d)

(e)

(c)

(f)

Fig 6.6(ii): Haemogram and blood biochemistry parameters over time in the HF, EF and EN treatment groups. All data were non-parametric and are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in Hb (0.046), platelets (p=0.012), creatinine (p=0.023) and urea (p=0.023). Post-hoc
testing of potassium also showed a significant difference between HF and EN groups (p=0.042).
HF, healthy control + FB group; EF, endotoxaemia + FB group (FB, fresh (≤5 days) blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion) treatment group.
Hb, haemoglobin; K+, potassium; Na+, sodium; LPS, lipopolysaccharide
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12 hours post-resuscitation
respectively.
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6.4.4.3 Stored (≥30 days) blood transfusion groups vs sham group
All the haemogram and blood biochemistry parameters were similar in all the 3-groups (HF,
EF and EN) at baseline. Creatinine levels were significantly different in the three treatment
groups (Kruskal-Wallis, ꭓ2(2df), 9.23; p=0.01) with higher levels (median [IQR]) seen in the
EA group (185μmol/L [149, 203]) and the EN group (208μmol/L [148, 240]) compared to
the HA group (91μmol/L [83, 96]); HA vs EA (p=0.01) and HA vs EN (p=0.006). Urea levels
were significantly different in the three treatment groups (Kruskal-Wallis, ꭓ2(2df), 7.44;
p=0.02) with significantly higher levels (median [IQR]) seen in the EN group (9.6mmol/L
[8.9, 10.3]) compared to the HA group (5.8mmol/L [4.8, 7.1]) (p=0.01) as shown in Table
6.4(c) below, with none of the differences being significant between the EA vs EN treatment
groups. Figure 6.6(iii) below shows trends of haemogram and biochemistry variables over
time in the HA, EA and EN treatment groups.
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Table 6.4 (c): Haemogram and blood biochemistry variables in the stored (≥30 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of monitoring
period

HA

9.4 (9.4, 9.7)

9.3 (9.0, 9.5)

9.5 (8.9, 10.5)

EA

8.5 (8.2, 9.4)

11.6 (10.9, 12.8)

10.6 (9.5, 11.1)

9.5 (8.8, 10.3)

10.7 (9.5, 10.8)

8.7 (8.3, 9.7)

HA

192 (108, 447)

101 (40, 245)

208 (107, 286)

EA

459 (335, 494)

127 (94, 185)

127 (85, 148)

EN

396 (253, 482)

180 (77, 247)

103 (65, 199)

HA

2.6 (2.4, 3.2)

3.1 (2.4, 3.4)

3.3 (3.0, 3.5)

EA

2.9 (2.8, 3.2)

2.8 (2.4, 3.0)

4.0 (3.2, 4.3)

EN

3.2 (2.8, 3.4)

2.9 (2.9, 3.2)

3.8 (3.5, 4.2)

HA

133 (131, 133)

133 (133, 135)

131 (128, 137)

EA

133 (131, 133)

134 (134, 136)

128 (127, 128)

EN

131 (130, 133)

134 (132, 136)

124 (121, 128)

HA

83 (68, 93)

75 (69, 87)

91 (83, 96)

EA

75 (70, 125)

115 (84, 141)

185 (149, 203)

EN

81 (73, 91)

119 (96, 138)

208 (148, 240)

HA

6.2 (5.8, 7.3)

6.0 (4.9, 7.9)

5.8 (4.8, 7.1)

EA

7.9 (6.2, 8.6)

6.7 (6.2, 8.8)

8.2 (7.5, 9.5)

EN

7.7 (6.6, 8.6)

7.6 (6.7, 8.4)

9.6 (8.9, 10.3)

Test-statistic
(degrees of freedom)

p-value

ꭓ2

0.0637

Post-hoc
testing

Teststatistic

pvalue

Haemoglobin (g/dL)

EN

(2df)

5.51

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

HA vs EA

-2.47

0.0102

HA vs EN

-2.90

0.0056

EA vs EN

-0.40

0.3437

HA vs EA

-1.67

0.0718

HA vs EN

-2.73

0.0096

EA vs EN

-1.12

0.1314

6

Platelets (X 10 /L)
ꭓ2

(2df)

1.03

0.5991

Potassium (mmol/L)
ꭓ2

(2df)

4.20

0.1224

Sodium (mmol/L)
ꭓ2

(2df)

3.89

0.1431

Creatinine (μmol/L)
ꭓ2

(2df)

9.23

0.0099

Urea (mmol/L)
ꭓ2

(2df)

7.44

0.0242

Hb, haemoglobin. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
Treatment groups: HA, healthy control + AB; EA, endotoxaemic shock + AB; (AB, aged/stored [≥30 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.6(iii): Haemogram and blood biochemistry parameters in the stored (≥30 days) blood transfusion groups compared to the non-blood transfusion
vasopressor-only group
(a)

(b)

(d)

(e)

(c)

(f)

Fig 6.6(iii): Haemogram and blood biochemistry parameters over time in the HA, EA and EN treatment groups. All data were non-parametric and are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in creatinine (p=0.010) and urea (p=0.024). Post-hoc testing of Hb also showed a
significant difference between EA and EN groups (p=0.029).
HA, healthy control + AB treatment group; EA, endotoxaemia + AB treatment group (AB, aged/stored [≥30 days] blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood
transfusion) treatment group.
Hb, haemoglobin; K+, potassium; Na+, sodium; LPS, lipopolysaccharide
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12 hours post-resuscitation
respectively.
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6.4.5 Inflammatory cytokines
6.4.5.1 Fluid bolus (0.9% NaCl) treatment groups vs sham group
At baseline, the levels of inflammatory cytokines measured were similar in the HS, ES and
EN treatment groups. Endotoxin infusion caused a significant increase in the levels of IL-1β,
IL-6, IL-8 and IL-10 inflammatory cytokines compared to healthy controls as expected
(Figure 6.7(i) below). At the end of the monitoring period, significant differences between
the three treatment groups were seen in: (a) IL-1β (Kruskal-Wallis, ꭓ2(2df), 9.16; p=0.01) with
higher levels (median [IQR]) seen in the ES group (350pg/mL [150, 611]) and the EN group
(224pg/mL [121, 374]) compared to the HS group (50pg/mL [49, 51]); HS vs ES (p=0.005)
and HS vs EN (p=0.01); (b) IL-6 (Kruskal-Wallis, ꭓ2(2df), 11.44; p=0.003) with higher levels
(median [IQR]) seen in the ES group (681ng/mL [523, 832]) and the EN group (466ng/mL
[383, 758]) compared to the HS group (102ng/mL [58, 174]); HS vs ES (p=0.002) and HS vs
EN (p=0.006); (c) IL-10 (Kruskal-Wallis, ꭓ2(2df), 8.39; p=0.02) with higher levels (median
[IQR]) seen in the ES group (13389pg/mL [12285, 15384]) and the EN group (15297pg/mL
[12788, 15697]) compared to the HS group (1607pg/mL [1226, 1648]); HS vs ES (p=0.009)
and HS vs EN (p=0.01).
Only differences in IL-8 levels were significantly higher in the ES group compared to the EN
group on post-hoc testing (p=0.03). The levels of TNFα were surprisingly elevated in the
healthy control group with no significant differences seen between the three treatment
groups (Table 6.5(a) below). Figure 6.7(i) below shows trends in the inflammatory cytokine
levels over time in the HS, ES and EN treatment groups.
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Table 6.5 (a): Inflammatory cytokines in the 0.9% fluid bolus resuscitation groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of monitoring period

HS

89 (73, 92)

52 (50, 60)

50 (49, 51)

ES

156 (71, 186)

666 (174, 847)

350 (150, 611)

EN

185 (75, 272)

737 (364, 1089)

HS

24 (23, 25)

ES
EN

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

pvalue

HS vs ES

-2.92

0.0053

HS vs EN

-2.42

0.0115

224 (121, 374)

ES vs EN

0.56

0.2864

53 (35, 59)

102 (58, 174)

HS vs ES

-3.29

0.0015

26 (25, 32)

492 (342, 567)

681 (523, 832)

HS vs EN

-2.65

0.0060

24 (23, 45)

502 (434, 768)

466 (383, 758)

ES vs EN

0.73

0.2342

HS

3793 (1220, 4772)

580 (572, 2004)

1690 (548, 1762)

HS vs ES

-2.46

0.0209

ES

1630 (1365, 3026)

20919 (17142, 25473)

5903 (3519, 14591)

HS vs EN

-0.66

0.2555

EN

2349 (1614, 3827)

23008 (19620, 28823)

1779 (759, 5051)

ES vs EN

2.05

0.0299

HS

1850 (1782, 2184)

1997 (1354, 2331)

1607 (1226, 1648)

HS vs ES

-2.51

0.0091

ES

2075 (1188, 2459)

29361 (26164, 34157)

13389 (12285, 15384)

HS vs EN

-2.69

0.0109

EN

4594 (2689, 5035)

36925 (32914, 44360)

15297 (12788, 15697)

ES vs EN

-0.20

0.4202

HS

6391 (5920, 6626)

6082 (6052, 7847)

6678 (6546, 7005)

HS vs ES

-

-

ES

6245 (3658, 8859)

5630 (4014, 8492)

4247 (2748, 7272)

HS vs EN

-

-

EN

5035 (4812, 7979)

6391 (5599, 8318)

4464 (3836, 7826)

ES vs EN

-

-

IL-1β (pg/mL)
ꭓ2

(2df)

9.16

0.0103

IL-6 (ng/mL)
ꭓ2

(2df)

11.44

0.0033

IL-8 (pg/mL)
ꭓ2

(2df)

7.23

0.0269

IL-10 (pg/mL)
ꭓ2

(2df)

8.39

0.0150

TNFα (pg/mL)
ꭓ2

(2df)

1.81

0.4049

IL, interleukin; TNFα, tumour necrosis factor-alpha. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HS, healthy control + 0.9% saline bolus; ES, endotoxaemic shock + 0.9% saline bolus; EN, endotoxaemic shock + vasopressors only
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Figure 6.7(i): Inflammatory cytokines in the fluid bolus (0.9% NaCl) volume expansion groups compared to the non-fluid bolus vasopressor-only group
(a)

(b)

(d)

(e)

(c)

Legend

Fig 6.7(i): Inflammatory cytokines over time in the HS, ES and EN treatment groups. Data are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in IL-1β (p=0.010), IL-6 (p=0.003), IL-8 (p=0.027) and IL-10 (p=0.015).
HS, healthy control + 0.9% saline bolus treatment group; ES, endotoxaemia + 0.9% saline bolus treatment group; EN, endotoxaemia + vasopressor-only (no fluid bolus) treatment group.
IL, interleukin; TNFα, tumour necrosis factor-alpha; LPS, lipopolysaccharide.
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours post-resuscitation respectively.
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6.4.5.2 Fresh (≤5 days) blood transfusion groups vs sham group
At baseline, the levels of inflammatory cytokines were similar in the HF, EF and EN
treatment groups. Endotoxin infusion caused a significant increase in the levels of IL-1β, IL6, IL-8, IL-10 and TNFα inflammatory cytokines compared to healthy controls as expected
(Figure 6.7(ii) below). At the end of the monitoring period, significant differences between
the three treatment groups were seen in: (a) IL-1β (Kruskal-Wallis, ꭓ2(2df), 6.55; p=0.04) with
higher levels (median [IQR]) seen in the EF group (205pg/mL [109, 432]) and the EN group
(224pg/mL [121, 374]) compared to the HF group (40pg/mL [37, 112]); HF vs EF (p=0.02)
and HF vs EN (p=0.03); (b) IL-6 (Kruskal-Wallis, ꭓ2(2df), 10.01; p=0.007) with higher levels
(median [IQR]) seen in the EF group (629ng/mL [486, 849]) and the EN group (466ng/mL
[383, 758]) compared to the HS group (7.5ng/mL [2.8, 12.9]); HF vs EF (p=0.003) and HF vs
EN (p=0.01); (c) IL-10 (Kruskal-Wallis, ꭓ2(2df), 8.43; p=0.02) with higher levels (median [IQR])
seen in the ES group (14631pg/mL [12013, 20228]) and the EN group (15297pg/mL [12788,
15697]) compared to the HF group (1018pg/mL [885, 1533]); HF vs EF (p=0.01) and HF vs
EN (p=0.01).
There were no significant differences between the EF vs EN groups on post-hoc testing.
Figure 6.7(ii) below shows trends in the inflammatory cytokine levels over time in the HF,
EF and EN treatment groups.
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Table 6.5 (b): Inflammatory cytokines in the fresh (≤5 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of monitoring period

HF

49 (49, 156)

44 (37, 114)

40 (37, 112)

EF

101 (86, 285)

523 (262, 953)

205 (109, 432)

EN

185 (75, 272)

737 (364, 1089)

224 (121, 374)

HF

0.9 (0.8, 1.1)

4.5 (2.4, 7.8)

7.5 (2.8, 12.9)

EF

31 (30, 62)

431 (382, 625)

629 (486, 849)

EN

24 (23, 45)

502 (434, 768)

466 (383, 758)

HF

1674 (201, 3366)

203 (159, 286)

620 (224, 792)

EF

1979 (773, 3483)

28022 (22255, 37955)

3001 (1685, 7419)

EN

2349 (1614, 3827)

23008 (19620, 28823)

1779 (759, 5051)

HF

641 (568, 824)

1855 (1067, 2663)

1018 (885, 1533)

EF

2878 (2663, 4082)

35676 (30347, 39018)

14631 (12013, 20228)

EN

4594 (2689, 5035)

36925 (32914, 44360)

HF

3934 (2553, 5055)

EF
EN

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

pvalue

HF vs EF

-2.28

0.0168

HF vs EN

-2.32

0.0307

EF vs EN

-0.04

0.4839

HF vs EF

-3.14

0.0025

HF vs EN

-2.38

0.0130

EF vs EN

0.93

0.1763

HF vs EF

-2.47

0.0205

HF vs EN

-1.69

0.0684

EF vs EN

0.89

0.1877

HF vs EF

-2.72

0.0098

HF vs EN

-2.47

0.0100

15297 (12788, 15697)

EF vs EN

0.28

0.3890

3050 (1476, 3786)

2505 (1129, 3056)

HF vs EF

-3.01

0.0039

9588 (7252, 13718)

9862 (9185, 12154)

8186 (5678, 12054)

HF vs EN

-1.74

0.0616

5035 (4812, 7979)

6391 (5599, 8318)

4464 (3836, 7826)

EF vs EN

1.45

0.0735

IL-1β (pg/mL)
ꭓ2

(2df)

6.55

0.0377

IL-6 (ng/mL)
ꭓ2

(2df)

10.01

0.0067

IL-8 (pg/mL)
ꭓ2

(2df)

6.13

0.0466

IL-10 (pg/mL)
ꭓ2

(2df)

8.43

0.0148

TNFα (pg/mL)
ꭓ2

(2df)

9.09

0.0106

IL, interleukin; TNFα, tumour necrosis factor-alpha. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HF, healthy control + FB; EF, endotoxaemic shock + FB; (FB, fresh [≤5 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.7(ii): Inflammatory cytokines in the fresh (≤5 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(b)

(d)

(e)

(c)

Legend

Fig 6.7(ii): Inflammatory cytokines over time in the HF, EF and EN treatment groups. Data are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in IL-1β (p=0.038), IL-6 (p=0.007), IL-8 (p=0.047), IL-10 (p=0.015) and TNFα (p=0.011).
HF, healthy control + FB group; EF, endotoxaemia + FB group (FB, fresh (≤5 days) blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion) treatment group.
IL, interleukin; TNFα, tumour necrosis factor-alpha; LPS, lipopolysaccharide.
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours post-resuscitation respectively.
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6.4.5.3 Stored (≥30 days) blood transfusion groups vs sham group
At baseline, the levels of IL-1β was significantly lower in the HA group compared to the EA
and EN groups. Endotoxin infusion caused a significant increase in the levels of IL-1β, IL-6,
IL-8, and IL-10 inflammatory cytokines compared to healthy controls as expected (Figure
6.7(iii) below). At the end of the monitoring period, significant differences between the
three treatment groups were seen in: (a) IL-1β (Kruskal-Wallis, ꭓ2(2df), 7.91; p=0.02) with
higher levels (median [IQR]) seen in the EA group (384pg/mL [128, 486]) and the EN group
(224pg/mL [121, 374]) compared to the HA group (55pg/mL [38, 62]); HA vs EA (p=0.01)
and HA vs EN (p=0.02); (b) IL-6 (Kruskal-Wallis, ꭓ2(2df), 11.20; p=0.004) with higher levels
(median [IQR]) seen in the EA group (650ng/mL [448, 912]) and the EN group (466ng/mL
[383, 758]) compared to the HA group (8.3ng/mL [6.3, 9.2]); HA vs EA (p=0.002) and HA vs
EN (p=0.006); (c) IL-8 (Kruskal-Wallis, ꭓ2(2df), 10.73; p=0.005) with higher levels (median
[IQR]) seen in the EA group (7072pg/mL [1015, 21524]) and the EN group (1779pg/mL [759,
5051]) compared to the HA group (200pg/mL [163, 228]); HA vs EA (p=0.002) and HA vs EN
(p=0.009); (c) IL-10 (Kruskal-Wallis, ꭓ2(2df), 8.39; p=0.02) with higher levels (median [IQR])
seen in the EA group (11522pg/mL [10488, 19961]) and the EN group (15297pg/mL [12788,
15697]) compared to the HF group (1221pg/mL [1122, 1280]); HA vs EA (p=0.02) and HA vs
EN (p=0.007). There were no significant differences between the EA vs EN group on posthoc testing.
The levels of TNFα were surprisingly elevated in the healthy control group with no
significant differences seen between the three treatment groups (Table 6.5(c) below).
Figure 6.7(iii) below shows trends in the inflammatory cytokine levels over time in the HA,
EA and EN treatment groups.
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Table 6.5 (c): Inflammatory cytokines in the stored (≥30 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of monitoring
period

HA

63 (56, 82)

51 (51, 58)

55 (38, 62)

EA

170 (128, 240)

352 (175, 1933)

384 (128, 486)

EN

185 (75, 272)

737 (364, 1089)

224 (121, 374)

HA

0.5 (0.5, 0.6)

4.6 (2.5, 6.3)

8.3 (6.3, 9.2)

EA

38 (27, 50)

459 (414, 1070)

650 (448, 912)

EN

24 (23, 45)

502 (434, 768)

466 (383, 758)

HA

255 (150, 260)

125 (110, 185)

200 (163, 228)

EA

2102 (1684, 2779)

38619 (25045, 49561)

7072 (1015, 21524)

EN

2349 (1614, 3827)

23008 (19620, 28823)

1779 (759, 5051)

HA

972 (676, 1036)

2578 (1826, 3358)

1221 (1122, 1280)

EA

2238 (601, 3142)

32217 (29679, 39818)

11522 (10488, 19961)

EN

4594 (2689, 5035)

36925 (32914, 44360)

15297 (12788, 15697)

HA

6980 (5083, 9210)

7431 (4428, 8109)

7252 (3571, 7648)

EA

7768 (7231, 9336)

8542 (7504, 9116)

6201 (5382, 8924)

EN

5035 (4812, 7979)

6391 (5599, 8318)

4464 (3836, 7826)

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

pvalue

IL-1β (pg/mL)
ꭓ2

(2df)

7.91

0.0191

HA vs EA

-2.71

0.0102

HA vs EN

-2.24

0.0189

EA vs EN

0.59

0.2760

HA vs EA

-3.22

0.0019

HA vs EN

-2.67

0.0057

EA vs EN

0.70

0.2420

HA vs EA

-3.17

0.0023

HA vs EN

-2.51

0.0091

EA vs EN

0.90

0.1828

HA vs EA

-2.23

0.0195

HA vs EN

-2.82

0.0073

EA vs EN

-0.58

0.2799

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

IL-6 (ng/mL)
ꭓ2

(2df)

11.20

0.0037

IL-8 (pg/mL)
ꭓ2

(2df)

10.73

0.0047

IL-10 (pg/mL)
ꭓ2

(2df)

8.39

0.0151

TNFα (pg/mL)
ꭓ2

(2df)

1.53

0.4657

IL, interleukin; TNFα, tumour necrosis factor-alpha. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HA, healthy control + AB; EA, endotoxaemic shock + AB; (AB, aged/stored [≥30 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.7(iii): Inflammatory cytokines in the stored (≥30 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(b)

(d)

(e)

(c)

Legend

Fig 6.7(iii): Inflammatory cytokines over time in the HA, EA and EN treatment groups. Data are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in IL-1β (p=0.019), IL-6 (p=0.0037), IL-8 (p=0.047) and IL-10 (p=0.015).
HA, healthy control + AB treatment group; EA, endotoxaemia + AB treatment group (AB, aged/stored [≥30 days] blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion)
treatment group.
IL, interleukin; TNFα, tumour necrosis factor-alpha; LPS, lipopolysaccharide.
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours post-resuscitation respectively.
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6.4.6 Routine coagulation variables
6.4.6.1 Fluid bolus (0.9% NaCl) treatment groups vs sham group
At baseline, routine coagulation parameters were all similar in the HS, ES and EN treatment
groups. Table 6.6(a) below shows comparison in the routine coagulation variables in the 3
treatment groups. There were significant differences in all the groups in the prothrombin
time (Kruskal-Wallis, ꭓ2(2df), 15.19; p=0.0005) and protein C levels (Kruskal-Wallis, ꭓ2(2df),
14.34; p=0.0008). At the end of the monitoring period, the prothrombin time median (IQR)
in the HS group was 26 (25, 27); ES group was 49 (42, 67) and EN group was 34 (31, 38) and
post-hoc analyses showed significant differences between HS vs ES group (p=0.0002), HS
vs EN group (p=0.03) and ES vs EN group (0.02). Median (IQR) protein C levels at the end of
the monitoring period were 0.37 (0.33, 0.40) in the HS group; 0.10 (0.08, 0.14) in the ES
group and 0.21 (0.16, 0.24) in the EN group with significant post-hoc differences between
the HS vs ES group (p=0.0003), HS vs EN group (p=0.03) and ES vs EN group (p=0.02).
Significant differences were also seen in the aPTT between HS vs ES groups (p=0.008); FIBC
levels between HS vs ES groups (p=0.0006) and HS vs EN groups (p=0.0008); antithrombin
levels between HS vs ES groups (p=0.0009) and ES vs EN groups (p=0.008) and Protein S
(free) levels between HS vs ES groups (p=0.01) and ES vs EN groups (p=0.01).
Figure 6.8(i) below shows routine coagulation variables over time in the HS, ES and EN
treatment groups.
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Table 6.6 (a): Routine coagulation variables in the 0.9% fluid bolus resuscitation groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of monitoring
period

HS

14 (13, 15)

21 (20, 22)

26 (25, 27)

ES

14 (13, 15)

22 (20, 25)

49 (42, 67)

EN

12 (12, 14)

17 (15, 19)

HS

34 (23, 35)

ES
EN

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

p-value

PT (sec)
HS vs ES

-3.87

0.0002

HS vs EN

-1.95

0.0258

34 (31, 38)

ES vs EN

2.23

0.0191

36 (33, 41)

45 (35, 46)

HS vs ES

-2.77

0.0084

27 (24, 31)

35 (32, 41)

66 (55, 95)

HS vs EN

-1.39

0.0823

29 (25, 32)

33 (28, 37)

53 (43, 57)

ES vs EN

1.57

0.0869

HS

1.7 (1.6, 1.8)

1.1 (1.1, 1.2)

1.3 (1.3, 1.4)

HS vs ES

3.55

0.0006

ES

1.7 (1.5, 2.1)

0.7 (0.6, 0.8)

0.4 (0.4, 0.4)

HS vs EN

3.26

0.0008

EN

1.6 (1.3, 1.7)

1.0 (0.8, 1.1)

0.4 (0.4, 0.4)

ES vs EN

-0.32

0.3732

HS

0.94 (0.81, 1.01)

0.56 (0.50, 0.56)

0.51 (0.43, 0.57)

HS vs ES

3.42

0.0009

ES

0.90 (0.78, 0.98)

0.42 (0.38, 0.50)

0.23 (0.18, 0.31)

HS vs EN

1.19

0.1168

EN

0.91 (0.87, 1.02)

0.59 (0.56, 0.67)

0.42 (0.38, 0.44)

ES vs EN

-2.55

0.0082

HS

0.54 (0.51, 0.60)

0.39 (0.37, 0.49)

0.37 (0.33, 0.40)

HS vs ES

3.74

0.0003

ES

0.51 (0.45, 0.60)

0.20 (0.18, 0.25)

0.10 (0.08, 0.14)

HS vs EN

1.84

0.0326

EN

0.56 (0.53, 0.60)

0.32 (0.30, 0.34)

0.21 (0.16, 0.24)

ES vs EN

-2.16

0.0229

HS

1.9±0.03

1.0±0.06

1.1±0.08

HS vs ES

-0.20

0.0120

ES

1.8±0.06

1.0±0.09

0.6±0.08

HS vs EN

-0.03

1.0000

EN

1.9±0.03

1.2±0.03

0.8±0.05

ES vs EN

0.18

0.0120

ꭓ2

15.19

(2df)

0.0005

aPTT (sec)
ꭓ2

7.83

(2df)

0.0200

FIBC (g/L)
ꭓ2

14.45

(2df)

0.0007

AT (U/mL)
ꭓ2

13.08

(2df)

0.0014

Protein C (U/mL)
ꭓ2

14.34

(2df)

0.0008

Protein S (f)(U/mL)
F

(2,

186)

5.86

0.0030

PT, prothrombin time; aPTT, activated partial thromboplastin time; FIBC, Clauss fibrinogen. Parametric variables are presented as mean (±SE) and non-parametric variables are presented as
median (IQR). Test statistic is analysis of variance and Bonferroni post-hoc test for parametric variables and Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
Treatment groups: HS, healthy control + 0.9% saline bolus; ES, endotoxaemic shock + 0.9% saline bolus; EN, endotoxaemic shock + vasopressors only

193

Figure 6.8(i): Routine coagulation test variables in the fluid bolus (0.9% NaCl) volume expansion groups compared to the non-fluid bolus vasopressor-only group
(a)

(d)

(b)

(e)

(c)

(f)

Fig 6.8(i): Routine coagulation parameters over time in the HS, ES and EN treatment groups. Non-parametric data are presented as median (IQR) for (a) PT, (b) aPTT, (c) FIBC, (d) AT (e)
Protein C and parametric data presented as means (±SE) for (f) Protein S (free).
Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
There were significant between group differences in the PT (p=0.0005), aPTT (p=0.02), FIBC (p=0.0007), AT (p=0.0014), Protein C (p=0.0008) and Protein S (free) (p=0.003).
HS, healthy control + 0.9% saline bolus treatment group; ES, endotoxaemia + 0.9% saline bolus treatment group; EN, endotoxaemia + vasopressor-only (no fluid bolus) treatment group.
PT, prothrombin time; aPTT, activated partial thromboplastin time; FIBC, Clauss fibrinogen; AT, antithrombin; B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end
of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours post-resuscitation respectively.
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6.4.6.2 Fresh (≤5 days) blood transfusion groups vs sham group
At baseline, routine coagulation parameters were all similar in the HF, EF and EN treatment
groups. Over the course of treatment and monitoring phases to the end of the experiment,
group differences were seen in: (a) prothrombin time which was significantly different
(Kruskal-Wallis, ꭓ2(2df), 8.27; p=0.02) with prolonged times (median [IQR]) seen in the EF
group (39 sec [30, 50]) and the EN group (34 sec [31, 38]) compared to the HF group (23
sec [18, 27]); HF vs EF (p=0.009) and HF vs EN (p=0.02); (b) FIBC levels which were
significantly different (Kruskal-Wallis, ꭓ2(2df), 13.36; p=0.001) with lower levels (median
[IQR]) seen in the EF group (0.4 g/L [0.4, 0.5]) and the EN group (0.4 g/L [0.4, 0.4]) compared
to the HF group (1.4 g/L [1.2, 1.4]); HF vs EF (p=0.003) and HF vs EN (p=0.0006); (c)
antithrombin levels which were significantly different (Kruskal-Wallis, ꭓ2(2df), 7.18; p=0.03)
with lower levels (median [IQR]) seen in the EF group (0.34 U/mL [0.28, 0.46]) and the EN
group (0.42 U/mL [0.38, 0.44]) compared to the HF group (0.54 U/mL [0.49, 0.56]); HF vs
EF (p=0.01) and HF vs EN (p=0.04) and (d) Protein C levels which were significantly different
(Kruskal-Wallis, ꭓ2(2df), 10.73; p=0.005) with lower levels (median [IQR]) seen in the EF
group (0.16 U/mL [0.07, 0.21]) and the EN group (0.21 U/mL [0.16, 0.24]) compared to the
HF group (0.36 U/mL [0.28, 0.47]); HF vs EF (p=0.002) and HF vs EN (p=0.01). No differences
were seen in the aPTT or Protein S (free) levels between the treatment groups.
Table 6.6(b) below presents a summary comparison of the of the routine coagulation
variables while Figure 6.8(ii) below shows trends over time of the routine coagulation
variables in the HF, EF and EN treatment groups.
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Table 6.6 (b): Routine coagulation variables in the fresh (≤5 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of monitoring
period

HF

14 (13, 14)

18 (16, 18)

23 (18, 27)

EF

13 (12, 14)

18 (16, 20)

39 (30, 50)

EN

12 (12, 14)

17 (15, 19)

HF

29 (28, 36)

EF
EN

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

pvalue

HF vs EF

-2.79

0.0079

HF vs EN

-2.26

0.0178

34 (31, 38)

EF vs EN

0.61

0.2725

30 (30, 37)

43 (38, 46)

HF vs EF

-

-

30 (26, 39)

32 (31, 42)

54 (45, 76)

HF vs EN

-

-

29 (25, 32)

33 (28, 37)

53 (43, 57)

EF vs EN

-

-

HF

1.6 (1.5, 2.1)

1.2 (1.1, 1.4)

1.4 (1.2, 1.4)

HF vs EF

2.86

0.0031

EF

2.2 (1.7, 2.4)

1.1 (1.0, 1.3)

0.4 (0.4, 0.5)

HF vs EN

3.55

0.0006

EN

1.6 (1.3, 1.7)

1.0 (0.8, 1.1)

0.4 (0.4, 0.4)

EF vs EN

0.78

0.2165

HF

0.94 (0.87, 0.94)

0.60 (0.58, 0.69)

0.54 (0.49, 0.56)

HF vs EF

2.64

0.0123

EF

0.84 (0.76, 0.95)

0.54 (0.49, 0.65)

0.34 (0.28, 0.46)

HF vs EN

1.97

0.0366

EN

0.91 (0.87, 1.02)

0.59 (0.56, 0.67)

0.42 (0.38, 0.44)

EF vs EN

-0.77

0.2214

HF

0.56 (0.53, 0.66)

0.46 (0.46, 0.51)

0.36 (0.28, 0.47)

HF vs EF

3.23

0.0019

EF

0.57 (0.52, 0.61)

0.29 (0.26, 0.32)

0.16 (0.07, 0.21)

HF vs EN

2.42

0.0118

EN

0.56 (0.53, 0.60)

0.32 (0.30, 0.34)

0.21 (0.16, 0.24)

EF vs EN

-0.93

0.1768

HF

1.9±0.07

1.4±0.12

1.2±0.15

HF vs EF

-

-

EF

1.8±0.06

1.4±0.08

0.8±0.05

HF vs EN

-

-

EN

1.9±0.03

1.2±0.03

0.8±0.05

EF vs EN

-

-

PT (sec)
ꭓ2

8.27

(2df)

0.0160

aPTT (sec)
ꭓ2

3.45

(2df)

0.1778

FIBC (g/L)
ꭓ2

13.36

(2df)

0.0013

AT (U/mL)
ꭓ2

7.18

(2df)

0.0277

Protein C (U/mL)
ꭓ2

10.73

(2df)

0.0047

Protein S (f)(U/mL)
F

(2,

186)

2.76

0.0661

PT, prothrombin time; aPTT, activated partial thromboplastin time; FIBC, Clauss fibrinogen. Parametric variables are presented as mean (±SE) and non-parametric variables are
presented as median (IQR). Test statistic is analysis of variance and Bonferroni post-hoc test for parametric variables and Kruskal-Wallis and post-hoc Dunn test for nonparametric variables.
Treatment groups: HF, healthy control + FB; EF, endotoxaemic shock + FB; (FB, fresh [≤5 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.8(ii): Routine coagulation test variables in the fresh (≤5 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(d)

(b)

(e)

(c)

(f)

Fig 6.8(ii): Routine coagulation parameters over time in the HF, EF and EN treatment groups. Non-parametric data are presented as median (IQR) for (a) PT, (b) aPTT, (c) FIBC, (d) AT (e)
Protein C and parametric data presented as means (±SE) for (f) Protein S (free).
Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
There were significant between group differences in the PT (p=0.016), FIBC (p=0.0013), AT (p=0.028) and Protein C (p=0.0047).
HF, healthy control + FB group; EF, endotoxaemia + FB group (FB, fresh (≤5 days) blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion) treatment group.
PT, prothrombin time; aPTT, activated partial thromboplastin time; FIBC, Clauss fibrinogen; AT, antithrombin.
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours post-resuscitation
respectively.
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6.4.6.3 Stored (≥30 days) blood transfusion groups vs sham group
At baseline, routine coagulation parameters were all similar in the HA, EA and EN treatment
groups. Over the course of treatment and monitoring phases to the end of the experiment,
group differences were seen in: (a) prothrombin time which was significantly different
(Kruskal-Wallis, ꭓ2(2df), 12.35; p=0.002) with prolonged times (median [IQR]) seen in the EA
group (42 sec [36, 49]) and the EN group (34 sec [31, 38]) compared to the HF group (20
sec [19, 22]); HA vs EA (p=0.0008) and HA vs EN (p=0.01); (b) FIBC levels which were
significantly different (Kruskal-Wallis, ꭓ2(2df), 12.88; p=0.002) with lower levels (median
[IQR]) seen in the EA group (0.4 g/L [0.4, 0.4]) and the EN group (0.4 g/L [0.4, 0.4]) compared
to the HA group (1.4 g/L [1.2, 1.4]); HA vs EA (p=0.001) and HA vs EN (p=0.002); (c)
antithrombin levels which were significantly (Kruskal-Wallis, ꭓ2(2df), 7.18; p=0.03) with
lower levels (median [IQR]) seen in the EA group (0.36 U/mL [0.27, 0.40]) and the EN group
(0.42 U/mL [0.38, 0.44]) compared to the HA group (0.59 U/mL [0.58, 0.60]); HA vs EA
(p=0.0007) and HA vs EN (p=0.01); (d) Protein C levels which were significantly different
(Kruskal-Wallis, ꭓ2(2df), 12.25; p=0.002) with lower levels (median [IQR]) seen in the EA
group (0.12 U/mL [0.06, 0.23]) and the EN group (0.21 U/mL [0.16, 0.24]) compared to the
HF group (0.34 U/mL [0.34, 0.41]); HA vs EA (p=0.0008) and HA vs EN (p=0.01) and (e)
Protein S (free) levels which were significantly different (F(2, 178), 4.54; p=0.01) with lower
levels (mean ± SE) seen in the EA group (0.8±0.08 U/mL) and the EN group (0.9±0.05 U/mL)
compared to the HA group (1.3±0.08 U/mL); HA vs EA (p=0.05) and HA vs EN (p=0.01).
Differences in the aPTT seen were only significant in the HA vs EA group on post-hoc
analysis (p=0.005).
Table 6.6(c) below presents a summary comparison of the of the routine coagulation
variables while Figure 6.8(iii) below shows trends in the routine coagulation variables over
time in the HA, EA and EN treatment groups.
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Table 6.6 (c): Routine coagulation variables in the stored (≥30 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of monitoring
period

HA

13 (13, 14)

15 (15, 16)

20 (19, 22)

EA

13 (12, 14)

18 (17, 19)

42 (36, 49)

EN

12 (12, 14)

17 (15, 19)

HA

27 (22, 30)

EA
EN

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

p-value

HA vs EA

-3.48

0.0008

HA vs EN

-2.42

0.0116

34 (31, 38)

EA vs EN

1.35

0.0892

29 (29, 30)

39 (35, 43)

HA vs EA

-2.97

0.0045

31 (30, 34)

37 (34, 56)

58 (53, 102)

HA vs EN

-1.71

0.0648

29 (25, 32)

33 (28, 37)

53 (43, 57)

EA vs EN

1.47

0.0713

HA

1.5 (1.4, 1.7)

1.1 (1,1, 1.2)

1.4 (1.2, 1.4)

HA vs EA

3.17

0.0012

EA

1.8 (1.6, 2.2)

1.0 (0.8, 1.0)

0.4 (0.4, 0.4)

HA vs EN

3.25

0.0017

EN

1.6 (1.3, 1.7)

1.0 (0.8, 1.1)

0.4 (0.4, 0.4)

EA vs EN

0.00

0.5000

HA

0.92 (0.92, 0.97)

0.67 (0.65, 0.68)

0.59 (0.58, 0.60)

HA vs EA

3.49

0.0007

EA

0.91 (0.87, 0.94)

0.52 (0.49, 0.56)

0.36 (0.27, 0.40)

HA vs EN

2.43

0.0113

EN

0.91 (0.87, 1.02)

0.59 (0.56, 0.67)

0.42 (0.38, 0.44)

EA vs EN

-1.27

0.1020

HA

0.52 (0.48, 0.63)

0.41 (0.39, 0.52)

0.34 (0.34, 0.41)

HA vs EA

3.47

0.0008

EA

0.54 (0.53, 0.57)

0.28 (0.22, 0.33)

0.12 (0.06, 0.23)

HA vs EN

2.45

0.0107

EN

0.56 (0.53, 0.60)

0.32 (0.30, 0.34)

0.21 (0.16, 0.24)

EA vs EN

-1.23

0.1100

HA

1.9±0.07

1.5±0.09

1.3±0.08

HA vs EA

-0.16

0.0500

EA

2.0±0.03

1.4±0.09

0.8±0.08

HA vs EN

-0.19

0.0130

EN

1.9±0.03

1.2±0.03

0.8±0.05

EA vs EN

-0.03

1.0000

PT (sec)
ꭓ2

12.35

(2df)

0.0021

aPTT (sec)
ꭓ2

8.80

(2df)

0.0123

FIBC (g/L)
ꭓ2

12.88

(2df)

0.0016

AT (U/mL)
ꭓ2

12.36

(2df)

0.0021

Protein C (U/mL)
ꭓ2

12.25

(2df)

0.0022

Protein S (f)(U/mL)
F

(2,

178)

4.54

0.0119

PT, prothrombin time; aPTT, activated partial thromboplastin time; FIBC, Clauss fibrinogen. Parametric variables are presented as mean (±SE) and non-parametric variables are presented
as median (IQR). Test statistic is analysis of variance and Bonferroni post-hoc test for parametric variables and Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
Treatment groups: HA, healthy control + AB; EA, endotoxaemic shock + AB; (AB, aged/stored [≥30 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.8(iii): Routine coagulation test variables in the stored (≥30 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(d)

(b)

(e)

(c)

(f)

Fig 6.8(iii): Routine coagulation parameters over time in the HA, EA and EN treatment groups. Non-parametric data are presented as median (IQR) for (a) PT, (b) aPTT, (c) FIBC, (d) AT (e)
Protein C and parametric data presented as means (±SE) for (f) Protein S (free).
Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
There were significant between group differences in the PT (p=0.002), aPTT (p=0.012), FIBC (p=0.002), AT (p=0.002) Protein C (p=0.002) and Protein S (free) (p=0.012).
HA, healthy control + AB treatment group; EA, endotoxaemia + AB treatment group (AB, aged/stored [≥30 days] blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood
transfusion) treatment group.
PT, prothrombin time; aPTT, activated partial thromboplastin time; FIBC, Clauss fibrinogen; AT, antithrombin.
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours post-resuscitation
respectively.
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6.4.7 Rotational thromboelastometry (ROTEM™) coagulation variables
Specialised haemostatic parameters assessed on ROTEM™ included the clotting time (CT)
and maximum clot firmness (MCF) in the thromboplastin-initiated coagulation (EXTEM),
contact factor-initiated coagulation (INTEM) and thromboplastin-initiated coagulation
with the platelet inhibitor cytochalasin D (FIBTEM).
6.4.7.1 Fluid bolus (0.9% NaCl) treatment groups vs sham group
At baseline, parameters assessed on ROTEM™ were all similar in the HS, ES and EN
treatment groups. Significant differences in all groups were seen in the INTEM-MCF
(Kruskal-Wallis, ꭓ2(2df), 8.27; p=0.02) with reduced clot firmness (median [IQR]) seen in the
ES group (31 mm [10, 39]) and the EN group (44mm [42, 46]) compared to the HS group
(70 mm [69, 70]); HS vs ES (p=0.0002), post-hoc HS vs EN (P=0.02) and ES vs EN (p=0.03).
Differences seen in all the other parameters assessed on ROTEM™ were only significant
between the endotoxaemic-shock vs healthy control groups (i.e. HS vs ES and HS vs EN) as
shown in Table 6.7(a) below. Over the course of treatment and monitoring phases to the
end of the experiment, group differences were seen in: (a) EXTEM-CT (Kruskal-Wallis,
ꭓ2(2df), 10.51; p=0.005) with prolonged clotting times (median [IQR]) seen in the ES group
(429 sec [310, 1329]) and the EN group (240 sec [128, 290]) compared to the HS group (97
sec [96, 103]); HS vs ES (p=0.002) and HS vs EN (p=0.03); (b) EXTEM-MCF (Kruskal-Wallis,
ꭓ2(2df), 12.76; p=0.002) with reduced maximum clot firmness (median [IQR]) seen in the ES
group (26 mm [6, 40]) and the EN group (45 mm [39, 46]) compared to the HS group (69
mm [68, 71]); HS vs ES (p=0.0006) and HS vs EN (p=0.01); (c) INTEM-CT (Kruskal-Wallis,
ꭓ2(2df), 6.63; p=0.04) with prolonged clotting times (median [IQR]) seen in the ES group (442
sec [234, 1074]) and the EN group (304 sec [259, 354]) compared to the HS group (169 sec
[152, 196]); HS vs ES (p=0.02) and HS vs EN (p=0.03); (d) FIBTEM-CT (Kruskal-Wallis, ꭓ2(2df),
9.57; p=0.008) with prolonged clotting times (median [IQR]) seen in the ES group (598 sec
[285, 2348]) and the EN group (175 sec [148, 299]) compared to the HS group (88 sec [85,
90]); HS vs ES (p=0.004) and HS vs EN (p=0.01) and (e) FIBTEM-MCF (Kruskal-Wallis, ꭓ2(2df),
11.54; p=0.003) with reduced maximum clot firmness (median [IQR]) seen in the ES group
(4 mm [3, 5]) and the EN group (5 mm [5, 8]) compared to the HS group (21 mm [19, 21]);
HS vs ES (p=0.001) and HS vs EN (p=0.01).
Figure 6.9(i) below shows parameters assessed on ROTEM™ over the course of time in the
HS, ES and EN treatment groups.
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Table 6.7 (a): ROTEM™ parameters in the 0.9% fluid bolus resuscitation groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of monitoring
period

HS

70 (69, 82)

77 (72, 85)

97 (96, 103)

ES

75 (65, 87)

92 (64, 132)

429 (310, 1329)

EN

66 (60, 74)

92 (78, 132)

240 (128, 290)

HS

75 (71, 77)

68 (66, 68)

69 (68, 71)

ES

76 (73, 79)

57 (52, 61)

26 (6, 40)

EN

75 (72, 80)

58 (53, 66)

45 (39, 46)

HS

139 (135, 172)

148 (132, 152)

169 (152, 196)

ES

138 (130, 178)

325 (232, 366)

442 (234, 1074)

EN

131 (118, 155)

248 (179, 312)

304 (259, 354)

HS

74 (71, 77)

67 (67, 67)

70 (69, 70)

ES

75 (73, 77)

56 (49, 56)

31 (10, 39)

EN

75 (72, 79)

58 (53, 63)

44 (42, 46)

HS

69 (65, 73)

69 (69,79)

88 (85, 90)

ES

65 (55, 76)

104 (78, 122)

598 (285, 2348)

EN

61 (55, 65)

82 (75, 94)

175 (148, 299)

HS

25 (23, 29)

19 (19,19)

21 (19, 21)

ES

25 (22, 30)

10 (9, 16)

4 (3, 5)

EN

26 (21, 28)

13 (9, 14)

5 (5, 8)

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

p-value

EXTEM-CT (sec)
ꭓ2

(2df)

10.51

0.0052

HS vs ES

-3.24

0.0018

HS vs EN

-2.01

0.0333

ES vs EN

1.51

0.0658

HS vs ES

3.55

0.0006

HS vs EN

2.36

0.0137

ES vs EN

-1.49

0.0681

HS vs ES

-2.47

0.0205

HS vs EN

-2.03

0.0315

ES vs EN

0.62

0.2686

HS vs ES

3.87

0.0002

HS vs EN

2.11

0.0176

ES vs EN

-2.11

0.0259

HS vs ES

-3.00

0.0040

HS vs EN

-2.35

0.0142

ES vs EN

0.89

0.1864

HS vs ES

3.32

0.0014

HS vs EN

2.41

0.0119

ES vs EN

-1.17

0.1211

EXTEM-MCF (mm)
ꭓ2

(2df)

12.76

0.0017

INTEM-CT (sec)
ꭓ2

(2df)

6.63

0.0363

INTEM-MCF (mm)
ꭓ2

(2df)

14.98

0.0006

FIBTEM-CT (sec)
ꭓ2

(2df)

9.57

0.0083

FIBTEM-MCF (mm)
ꭓ2

(2df)

11.54

0.0031

ROTEM, rotational thromboelastometry; CT, clotting time; MCF, maximum clot firmness. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HS, healthy control + 0.9% saline bolus; ES, endotoxaemic shock + 0.9% saline bolus; EN, endotoxaemic shock + vasopressors only
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Figure 6.9(i): ROTEM® parameters in the fluid bolus (0.9% NaCl) volume expansion groups compared to the non-fluid bolus vasopressor-only group
(a)

(b)

(c)

(d)

(e)

(f)

Fig 6.9(i): ROTEM® parameters over time in the HS, ES and EN treatment groups. Data are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in EXTEM-CT (p=0.0052), EXTEM-MCF (p=0.0017), INTEM-CT (p=0.036), INTEMMCF (p=0.0006), FIBTEM-CT (p=0.0083) and FIBTEM-MCF (p=0.0031).
HS, healthy control + 0.9% saline bolus treatment group; ES, endotoxaemia + 0.9% saline bolus treatment group; EN, endotoxaemia + vasopressor-only (no fluid bolus) treatment
group.
ROTEM®, rotational thromboelastometry; EXTEM, thromboplastin-initiated coagulation; INTEM, contact-factor initiated coagulation; FIBTEM, thromboplastin-initiated coagulation
with cytochalasin D platelet inhibitor; CT, clotting time; MCF, maximum clot firmness; B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPSinfusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours post-resuscitation respectively.
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6.4.7.2 Fresh (≤5 days) blood transfusion groups vs sham group
At baseline, parameters assessed on ROTEM™ were all similar in the HF, EF and EN
treatment groups. All the parameters assessed on ROTEM™ were significantly different
between the endotoxaemic-shock vs healthy control groups (i.e. HS vs ES and HS vs EN) as
shown in Table 6.7(b) below. Over the course of treatment and monitoring phases to the
end of the experiment, group differences were seen in: (a) EXTEM-CT (Kruskal-Wallis,
ꭓ2(2df), 10.25; p=0.006) with prolonged clotting times (median [IQR]) seen in the EF group
(366 sec [137, 574]) and the EN group (240 sec [128, 290]) compared to the HS group (89
sec [89, 93]); HF vs EF (p=0.002) and HF vs EN (p=0.02); (b) EXTEM-MCF (Kruskal-Wallis,
ꭓ2(2df), 11.11; p=0.004) with reduced maximum clot firmness (median [IQR]) seen in the EF
group (34 mm [24, 50]) and the EN group (45 mm [39, 46]) compared to the HF group (68
mm [65, 75]); HF vs EF (p=0.002) and HF vs EN (p=0.005); (c) INTEM-CT (Kruskal-Wallis,
ꭓ2(2df), 9.54; p=0.009) with prolonged clotting times (median [IQR]) seen in the ES group
(397 sec [284, 642]) and the EN group (304 sec [259, 354]) compared to the HF group (210
sec [176, 219]); HF vs EF (p=0.003) and HF vs EN (p=0.04); (d) INTEM-MCF (Kruskal-Wallis,
ꭓ2(2df), 11.72; p=0.003) with reduced maximum clot firmness (median [IQR]) seen in the EF
group (37 mm [21, 49]) and the EN group (44 mm [42, 46]) compared to the HF group (68
mm [64, 74]); HF vs EF (p=0.001) and HF vs EN (p=0.007); (e) FIBTEM-CT (Kruskal-Wallis,
ꭓ2(2df), 10.19; p=0.006) with prolonged clotting times (median [IQR]) seen in the EF group
(549 sec [281, 830]) and the EN group (175 sec [148, 299]) compared to the HF group (80
sec [76, 82]); HF vs EF (p=0.002) and HF vs EN (p=0.02) and (f) FIBTEM-MCF (Kruskal-Wallis,
ꭓ2(2df), 11.91; p=0.003) with reduced maximum clot firmness (median [IQR]) seen in the ES
group (3 mm [3, 6]) and the EN group (5 mm [5, 8]) compared to the HS group (17 mm [16,
22]); HF vs EF (p=0.001) and HF vs EN (p=0.01).
Figure 6.9(ii) below shows parameters assessed on ROTEM™ over the course time in the
HF, EF and EN treatment groups.
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Table 6.7 (b): ROTEM™ parameters in the fresh (≤5 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of monitoring
period

HF

71 (69, 83)

66 (62, 81)

89 (89, 93)

EF

73 (58, 81)

89 (76, 108)

366 (137, 574)

EN

66 (60, 74)

92 (78, 132)

HF

75 (75, 75)

EF
EN

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

p-value

HF vs EF

-3.17

0.0023

HF vs EN

-2.27

0.0174

240 (128, 290)

EF vs EN

1.09

0.1389

70 (66, 70)

68 (65, 75)

HF vs EF

3.18

0.0022

79 (75, 82)

59 (56, 64)

34 (24, 50)

HF vs EN

2.71

0.0051

75 (72, 80)

58 (53, 66)

45 (39, 46)

EF vs EN

-0.61

0.2699

HF

130 (122, 130)

171 (123, 183)

210 (176, 219)

HF vs EF

-3.09

0.0030

EF

132 (123, 174)

228 (203, 316)

397 (284, 642)

HF vs EN

-1.96

0.0377

EN

131 (118, 155)

248 (179, 312)

304 (259, 354)

EF vs EN

1.29

0.0986

HF

75 (75, 79)

69 (65, 69)

68 (64, 74)

HF vs EF

3.36

0.0012

EF

77 (75, 81)

60 (56, 64)

37 (21, 49)

HF vs EN

2.58

0.0074

EN

75 (72, 79)

58 (53, 63)

44 (42, 46)

EF vs EN

-0.89

0.1875

HF

69 (67, 73)

62 (61, 81)

80 (76, 82)

HF vs EF

-3.15

0.0024

EF

71 (62, 74)

74 (65, 102)

549 (281, 830)

HF vs EN

-2.34

0.0145

EN

61 (55, 65)

82 (75, 94)

175 (148, 299)

EF vs EN

0.93

0.1770

HF

24 (22, 34)

18 (14, 21)

17 (16, 22)

HF vs EF

3.41

0.0010

EF

30 (22, 33)

13 (12, 20)

3 (3, 6)

HF vs EN

2.41

0.0121

EN

26 (21, 28)

13 (9, 14)

5 (5, 8)

EF vs EN

-1.10

0.1351

EXTEM-CT (sec)
ꭓ2

(2df)

10.25

0.0059

EXTEM-MCF (mm)
ꭓ2

(2df)

11.11

0.0039

INTEM-CT (sec)
ꭓ2

(2df)

9.54

0.0085

INTEM-MCF (mm)
ꭓ2

(2df)

11.72

0.0029

FIBTEM-CT (sec)
ꭓ2

(2df)

10.19

0.0061

FIBTEM-MCF (mm)
ꭓ2

(2df)

11.91

0.0026

ROTEM, rotational thromboelastometry; CT, clotting time; MCF, maximum clot firmness. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HF, healthy control + FB; EF, endotoxaemic shock + FB; (FB, fresh [≤5 days] blood); EN, endotoxaemic shock + vasopressors only

205

Figure 6.9(ii): ROTEM® parameters in the fresh (≤5 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(b)

(c)

(d)

(e)

(f)

Fig 6.9(ii): ROTEM® parameters over time in the HF, EF and EN treatment groups. Data are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in EXTEM-CT (p=0.0059), EXTEM-MCF (p=0.0039), INTEM-CT (p=0.0085),
INTEM-MCF (p=0.0029), FIBTEM-CT (p=0.0061) and FIBTEM-MCF (p=0.0026).
HF, healthy control + FB group; EF, endotoxaemia + FB group (FB, fresh (≤5 days) blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion) treatment
group.
ROTEM®, rotational thromboelastometry; EXTEM, thromboplastin-initiated coagulation; INTEM, contact-factor initiated coagulation; FIBTEM, thromboplastin-initiated coagulation
with cytochalasin D platelet inhibitor; CT, clotting time; MCF, maximum clot firmness; B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPSinfusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours post-resuscitation respectively.
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6.4.7.3 Stored (≥30 days) blood transfusion groups vs sham group
Parameters assessed on ROTEM™ at baseline were all similar in the HA, EA and EN
treatment groups. Over the course of treatment and monitoring phases to the end of the
experiment, group differences were seen in: (a) EXTEM-CT (Kruskal-Wallis, ꭓ2(2df), 11.82;
p=0.003) with prolonged clotting times (median [IQR]) seen in the EA group (315 sec [172,
648]) and the EN group (240 sec [128, 290]) compared to the HA group (103 sec [91, 104]);
HA vs EA (p=0.001) and HA vs EN (p=0.009); (b) EXTEM-MCF (Kruskal-Wallis, ꭓ2(2df), 9.89;
p=0.007) with reduced maximum clot firmness (median [IQR]) seen in the EA group (36 mm
[29, 41]) and the EN group (45 mm [39, 46]) compared to the HA group (67 mm [66, 73]);
HA vs EA (p=0.003) and HA vs EN (p=0.01); (c) INTEM-CT (Kruskal-Wallis, ꭓ2(2df), 7.64;
p=0.02) with prolonged clotting times (median [IQR]) seen in the EA group (546 sec [234,
2066]) and the EN group (304 sec [259, 354]) compared to the HA group (202 sec [174,
207]); HA vs EA (p=0.01) and HA vs EN (p=0.04); (d) INTEM-MCF (Kruskal-Wallis, ꭓ2(2df), 9.98;
p=0.007) with reduced maximum clot firmness (median [IQR]) seen in the EA group (38 mm
[34, 42]) and the EN group (44 mm [42, 46]) compared to the HA group (67 mm [65, 73]);
HA vs EA (p=0.003) and HA vs EN (p=0.01); (e) FIBTEM-MCF (Kruskal-Wallis, ꭓ2(2df), 10.79;
p=0.005) with reduced maximum clot firmness (median [IQR]) seen in the EA group (5 mm
[4, 11]) and the EN group (5 mm [5, 8]) compared to the HA group (20 mm [18, 20]); HA vs
EA (p=0.003) and HA vs EN (p=0.006). Difference in the FIBTEM-CT was significant only
between HA vs EN groups (p=0.015) as shown in Table 6.7(c) below.
Figure 6.9(iii) below shows parameters assessed on ROTEM™ over time in the HA, EA and
EN treatment groups.
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Table 6.7 (c): ROTEM™ parameters in the stored (≥30 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of monitoring
period

HA

68 (67, 75)

80 (69, 87)

103 (91, 104)

EA

75 (67, 80)

101 (100, 107)

315 (172, 648)

EN

66 (60, 74)

92 (78, 132)

240 (128, 290)

HA

71 (71, 77)

66 (64, 70)

67 (66, 73)

EA

75 (72, 77)

55 (47, 59)

36 (29, 41)

EN

75 (72, 80)

58 (53, 66)

45 (39, 46)

HA

139 (115, 141)

132 (112, 152)

202 (174, 207)

EA

149 (131, 189)

280 (261, 380)

546 (234, 2066)

EN

131 (118, 155)

248 (179, 312)

304 (259, 354)

HA

72 (70, 77)

64 (62, 69)

67 (65, 73)

EA

75 (74, 77)

51 (49, 57)

38 (34, 42)

EN

75 (72, 79)

58 (53, 63)

44 (42, 46)

HA

68 (66, 73)

77 (69, 78)

95 (91, 97)

EA

72 (62, 75)

89 (78, 109)

152 (19, 271)

EN

61 (55, 65)

82 (75, 94)

175 (148, 299)

HA

23 (20, 23)

17 (15, 19)

20 (18, 20)

EA

24 (19, 38)

12 (7, 16)

5 (4, 11)

EN

26 (21, 28)

13 (9, 14)

5 (5, 8)

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

pvalue

HA vs EA

-3.38

0.0011

HA vs EN

-2.52

0.0088

EA vs EN

1.05

0.1469

HA vs EA

3.10

0.0029

HA vs EN

2.37

0.0132

EA vs EN

-1.01

0.1556

HA vs EA

-2.72

0.0098

HA vs EN

-1.98

0.0358

EA vs EN

0.96

0.1686

HA vs EA

3.11

0.0029

HA vs EN

2.35

0.0141

EA vs EN

-1.13

0.1290

HA vs EA

-1.42

0.1170

HA vs EN

-2.57

0.0152

EA vs EN

-1.12

0.1305

HA vs EA

3.08

0.0031

HA vs EN

2.68

0.0055

EA vs EN

-0.53

0.2990

EXTEM-CT (sec)
ꭓ2

(2df)

11.82

0.0027

EXTEM-MCF (mm)
ꭓ2

(2df)

9.89

0.0071

INTEM-CT (sec)
ꭓ2

(2df)

7.64

0.0219

INTEM-MCF (mm)
ꭓ2

(2df)

9.98

0.0068

FIBTEM-CT (sec)
ꭓ2

(2df)

6.62

0.0365

FIBTEM-MCF (mm)
ꭓ2

(2df)

10.79

0.0045

ROTEM, rotational thromboelastometry; CT, clotting time; MCF, maximum clot firmness. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HA, healthy control + AB; EA, endotoxaemic shock + AB; (AB, aged/stored [≥30 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.9(iii): ROTEM® parameters in the stored (≥30 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(b)

(c)

(d)

(e)

(f)

Fig 6.9(iIi): ROTEM® parameters over time in the HA, EA and EN treatment groups. Data are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in EXTEM-CT (p=0.0027), EXTEM-MCF (p=0.0071), INTEM-CT (p=0.022), INTEMMCF (p=0.0068), FIBTEM-CT (p=0.037) and FIBTEM-MCF (p=0.0045).
HA, healthy control + AB treatment group; EA, endotoxaemia + AB treatment group (AB, aged/stored [≥30 days] blood); EN, endotoxaemia + vasopressor-only support (i.e. no
blood transfusion) treatment group.
ROTEM®, rotational thromboelastometry; EXTEM, thromboplastin-initiated coagulation; INTEM, contact-factor initiated coagulation; FIBTEM, thromboplastin-initiated coagulation
with cytochalasin D platelet inhibitor; CT, clotting time; MCF, maximum clot firmness; B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPSinfusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours post-resuscitation respectively.
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6.4.8 Cardiac microdialysis
6.4.8.1 Fluid bolus (0.9% NaCl) treatment groups vs sham group
At baseline, the pyruvate levels in cardiac tissue (median [IQR]) were higher in the HS group
(0.22 mmol/L [0.20, 0.24]) than in the ES group (0.13 mmol/L [0.13, 0.16]) (p=0.04) or the
EN group (0.12 mmol/L [0.10, 0.14]) (p=0.038) (Figure 6.10(i)). Over the course of the
experimental and monitoring period, there were no significant differences in the
lactate/pyruvate ratios in the cardiac tissue across the treatment groups as shown in Table
6.8(a) and Figure 6.10(i) below.
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Table 6.8 (a): Cardiac tissue microdialysis parameters in the 0.9% fluid bolus resuscitation groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of monitoring
period

HS

2.8 (2.7, 2.8)

3.4 (3.0, 3.8)

3.9 (2.6, 5.2)

ES

2.6 (1.5, 3.1)

4.2 (4.2, 6.8)

14.4 (6.2, 22.3)

EN

1.7 (1.5, 1.8)

5.5 (4.4, 6.5)

11.9 (9.8, 14.1)

HS

0.22 (0.20, 0.24)

0.23 (0.18, 0.28)

0.16 (0.13, 0.19)

ES

0.13 (0.13, 0.16)

0.31 (0.29, 0.38)

0.35 (0.29, 0.58)

EN

0.12 (0.10, 0.14)

0.25 (0.24, 0.25)

0.31 (0.30, 0.31)

HS

12.6 (11.2, 14.1)

15.2 (13.2, 17.1)

23.4 (20.3, 26.6)

ES

12.9 (11.9, 23.8)

17.1 (16.1, 17.6)

38.6 (21.2, 40.8)

EN

14.8 (11.3, 18.4)

22.0 (17.4, 26.7)

38.6 (32.5, 44.8)

HS

2.8 (2.5, 3.1)

2.0 (1.7, 2.2)

1.5 (1.4, 1.5)

ES

1.5 (0.8, 1.9)

3.4 (2.9, 4.8)

11.6 (5.2, 21.7)

EN

4.9 (0.8, 8.9)

8.0 (8.1, 9.4)

13.9 (12.7, 15.1)

HS

0.19 (0.18, 0.21)

0.12 (0.09, 0.15)

0.14 (0.13, 0.15)

ES

0.09 (0.08, 0.09)

0.23 (0.21, 0.30)

0.48 (0.20, 0.78)

EN

0.11 (0.05, 0.17)

0.28 (0.23, 0.34)

0.49 (0.47, 0.50)

HS

14.4 (13.9, 15.0)

16.4 (14.4, 18.5)

10.4 (9.4, 11.4)

ES

18.4 (10.5, 22.7)

15.2 (14.5, 15.8)

25.7 (24.1, 27.6)

EN

34.3 (15.7, 52.9)

30.6 (18.3, 42.9)

28.6 (26.9, 30.2)

Test-statistic
(degrees of freedom)

p-value

Posthoc
testing

Teststatistic

pvalue

Cardiac tissue lactate (mmol/L)
ꭓ2

(2df)

3.93

0.1403

HS vs ES

-

-

HS vs EN

-

-

ES vs EN

-

-

HS vs ES

-

-

HS vs EN

-

-

ES vs EN

-

-

HS vs ES

-

-

HS vs EN

-

-

ES vs EN

-

-

HS vs ES

-

-

HS vs EN

-

-

ES vs EN

-

-

HS vs ES

-

-

HS vs EN

-

-

ES vs EN

-

-

HS vs ES

-

-

HS vs EN

-

-

ES vs EN

-

-

Cardiac tissue pyruvate (mmol/L)
ꭓ2

(2df)

3.93

0.1403

Cardiac tissue L/P ratio
ꭓ2

(2df)

2.75

0.2528

Arterial (reference) lactate (mmol/L)
ꭓ2

(2df)

3.93

0.1403

Arterial (reference) pyruvate (mmol/L)
ꭓ2

(2df)

3.75

0.1534

Arterial (reference) L/P ratio
ꭓ2

(2df)

4.46

0.1073

L/P, lactate/pyruvate ratio. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HS, healthy control + 0.9% saline bolus; ES, endotoxaemic shock + 0.9% saline bolus; EN, endotoxaemic shock + vasopressors only
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Figure 6.10(i): Cardiac and arterial microdialysis in the fluid bolus (0.9% NaCl) volume expansion groups compared to the non-fluid bolus vasopressor-only group
(a)

(d)

(b)

(e)

(c)

(f)

Fig 6.10(i): Cardiac tissue and arterial (reference probe) microdialysis over time in the HS, ES and EN treatment groups. Data are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test (no significant differences between the groups).
HS, healthy control + 0.9% saline bolus treatment group; ES, endotoxaemia + 0.9% saline bolus treatment group; EN, endotoxaemia + vasopressor-only (no fluid bolus) treatment group.
L/P, lactate/pyruvate ratio; B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion. T0 to T12 are study timepoints corresponding from 0 to 12-hours
post-resuscitation respectively.
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6.4.8.2 Fresh (≤5 days) blood transfusion groups vs sham group
At baseline, the lactate and pyruvate levels were similar in both the cardiac tissue and
arterial (reference) probe across the HF, EF and EN treatment groups. Over the course of
the experimental and monitoring period, there were no significant differences in the
lactate/pyruvate ratios in the cardiac tissue across the treatment groups as shown in Table
6.8(b) and Figure 6.10(ii) below.
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Table 6.8 (b): Cardiac tissue microdialysis parameters in the fresh (≤5 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of
monitoring
period

HF

2.8 (1.6, 2.8)

2.7 (2.2, 3.2)

5.8 (4.8, 6.9)

EF

2.1 (2.0, 2.5)

3.5 (3.0, 4.7)

8.6 (7.8, 9.1)

EN

1.7 (1.5, 1.8)

5.5 (4.4, 6.5)

HF

0.20 (0.07, 0.21)

EF
EN

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

pvalue

HF vs EF

-

-

HF vs EN

-

-

11.9 (9.8, 14.1)

EF vs EN

-

-

0.24 (0.24, 0.25)

0.27 (0.26, 0.28)

HF vs EF

-

-

0.14 (0.09, 0.20)

0.20 (0.19, 0.27)

0.32 (0.21, 0.34)

HF vs EN

-

-

0.12 (0.10, 0.14)

0.25 (0.24, 0.25)

0.31 (0.30, 0.31)

EF vs EN

-

-

HF

14.0 (13.2, 21.4)

11.1 (9.4, 12.9)

21.3 (18.1, 24.5)

HF vs EF

-

-

EF

16.3 (12.9, 26.0)

17.2 (15.6, 18.2)

28.8 (25.3, 37.5)

HF vs EN

-

-

EN

14.8 (11.3, 18.4)

22.0 (17.4, 26.7)

38.6 (32.5, 44.8)

EF vs EN

-

-

HF

2.1 (1.7, 2.5)

1.9 (1.2, 2.6)

5.5 (3.6, 7.4)

HF vs EF

-

-

EF

1.4 (1.3, 1.6)

3.8 (2.5, 4.1)

6.9 (5.1, 7.5)

HF vs EN

-

-

EN

4.9 (0.8, 8.9)

8.0 (8.1, 9.4)

13.9 (12.7, 15.1)

EF vs EN

-

-

HF

0.18 (0.14, 0.20)

0.15 (0.10, 0.19)

0.22 (0.16, 0.27)

HF vs EF

-

-

EF

0.10 (0.04, 0.09)

0.14 (0.14, 0.22)

0.29 (0.22, 0.32)

HF vs EN

-

-

EN

0.11 (0.05, 0.17)

0.28 (0.23, 0.34)

0.49 (0.47, 0.50)

EF vs EN

-

-

HF

12.0 (10.5, 13.9)

12.7 (11.8, 13.7)

24.8 (22.2, 27.4)

HF vs EF

-

-

EF

23.2 (19.4, 31.6)

18.9 (18.0, 27.7)

23.0 (20.3, 25.9)

HF vs EN

-

-

EN

34.3 (15.7, 52.9)

30.6 (18.3, 42.9)

28.6 (26.9, 30.2)

EF vs EN

-

-

Cardiac tissue lactate (mmol/L)
ꭓ2

(2df)

5.36

0.0687

Cardiac tissue pyruvate (mmol/L)
ꭓ2

(2df)

1.36

0.5073

Cardiac tissue L/P ratio
ꭓ2

(2df)

4.46

0.1073

Arterial (reference) lactate (mmol/L)
ꭓ2

(2df)

4.00

0.1353

Arterial (reference) pyruvate (mmol/L)
ꭓ2

(2df)

5.13

0.0771

Arterial (reference) L/P ratio
ꭓ2

(2df)

3.67

0.1599

L/P, lactate/pyruvate ratio. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HF, healthy control + FB; EF, endotoxaemic shock + FB; (FB, fresh [≤5 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.10(ii): Cardiac and arterial microdialysis in the fresh (≤5 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(d)

(b)

(e)

(c)

(f)

Fig 6.10(ii): Cardiac tissue and arterial (reference probe) microdialysis over time in the HF, EF and EN treatment groups. Data are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test. Significant post-hoc differences in the cardiac tissue lactate HF vs EN groups (p=0.031) and pyruvate in the arterial reference probe HF vs EN
groups (p=0.037).
HF, healthy control + FB group; EF, endotoxaemia + FB group (FB, fresh (≤5 days) blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion) treatment group.
L/P, lactate/pyruvate ratio; B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion. T0 to T12 are study timepoints corresponding from 0 to 12-hours
post-resuscitation respectively.
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6.4.8.3 Stored (≥30 days) blood transfusion groups vs sham group
Baseline levels of lactate and pyruvate in the cardiac tissue and arterial (reference) probe
were all similar in the HA, EA and EN treatment groups. Lactate levels increased in the
endotoxaemic-shock groups and significant differences were seen in both the cardiac and
arterial lactate levels between the HA vs EN groups (p=0.02 for both cardiac tissue and
arterial reference). The pyruvate levels were significantly higher in the arterial (reference)
probe between the HA vs EN groups (p=0.02) but borderline in the cardiac tissue (p=0.055).
Table 6.8(c) and Figure 6.10(iii) below show the lactate and pyruvate levels in the cardiac
tissue and the arterial (reference) probe across the HA, EA and EN treatment groups.

216

Table 6.8 (c): Cardiac tissue microdialysis parameters in the stored (≥30 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of monitoring
period

HA

2.2 (1.7, 2.7)

2.0 (2.0, 3.2)

3.3 (2.4, 3.8)

EA

2.2 (1.8, 3.0)

4.5 (3.1, 7.0)

7.1 (5.6, 8.4)

EN

1.7 (1.5, 1.8)

5.5 (4.4, 6.5)

11.9 (9.8, 14.1)

HA

0.09 (0.09, 0.15)

0.23 (0.15, 0.30)

0.17 (0.17, 0.18)

EA

0.14 (0.12, 0.20)

0.27 (0.22, 0.34)

0.31 (0.27, 0.33)

EN

0.12 (0.10, 0.14)

0.25 (0.24, 0.25)

0.31 (0.30, 0.31)

HA

20.1 (14.4, 29.5)

10.8 (8.7, 13.4)

19.5 (13.6, 22.9)

EA

14.9 (12.6, 18.4)

20.2 (11.4, 20.4)

22.8 (21.2, 25.5)

EN

14.8 (11.3, 18.4)

22.0 (17.4, 26.7)

38.6 (32.5, 44.8)

HA

2.3 (1.7, 2.9)

2.2 (1.2, 2.2)

1.5 (0.8, 2.1)

EA

2.4 (2.3, 3.3)

4.3 (4.0, 7.2)

7.4 (3.9, 9.5)

EN

4.9 (0.8, 8.9)

8.0 (8.1, 9.4)

13.9 (12.7, 15.1)

HA

0.10 (0.06, 0.14)

0.07 (0.07, 0.13)

0.11 (0.08, 0.13)

EA

0.15 (0.04, 0.19)

0.28 (0.22, 0.31)

0.31 (0.22, 0.34)

EN

0.11 (0.05, 0.17)

0.28 (0.23, 0.34)

0.49 (0.47, 0.50)

HA

23.0 (20.3, 26.6)

16.5 (16.2, 32.8)

11.3 (10.7, 20.0)

EA

22.5 (12.1, 58.5)

18.2 (15.5, 23.2)

23.9 (18.1, 28.4)

EN

34.3 (15.7, 52.9)

30.6 (18.3, 42.9)

28.6 (26.9, 30.2)

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

p-value

HA vs EA

-1.50

0.1002

HA vs EN

-2.46

0.0209

EA vs EN

-1.12

0.1318

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

HA vs EA

-1.50

0.1002

HA vs EN

-2.46

0.0209

EA vs EN

-1.12

0.1318

HA vs EA

-1.50

0.1002

HA vs EN

-2.46

0.0209

EA vs EN

-1.12

0.1318

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

Cardiac tissue lactate (mmol/L)
ꭓ2

(2df)

6.25

0.0439

Cardiac tissue pyruvate (mmol/L)
ꭓ2

(2df)

5.00

0.0550

Cardiac tissue L/P ratio
ꭓ2

(2df)

4.69

0.0956

Arterial (ref.) lactate (mmol/L)
ꭓ2

(2df)

6.25

0.0439

Arterial (ref.) pyruvate (mmol/L)
ꭓ2

(2df)

6.25

0.0439

Arterial (ref.) L/P ratio
ꭓ2

(2df)

4.56

0.1025

L/P, lactate/pyruvate ratio. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HA, healthy control + AB; EA, endotoxaemic shock + AB; (AB, aged/stored [≥30 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.10(iii): Cardiac and arterial microdialysis in the stored (≥30 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(d)

(b)

(e)

(c)

(f)

Fig 6.10(iii): Cardiac tissue and arterial (reference probe) microdialysis over time in the HA, EA and EN treatment groups. Data are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in the cardiac tissue lactate (p=0.044), as well as the lactate (p=0.044) and pyruvate
(p=0.044) in the arterial reference probe.
HA, healthy control + AB treatment group; EA, endotoxaemia + AB treatment group (AB, aged/stored [≥30 days] blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood
transfusion) treatment group.
L/P, lactate/pyruvate ratio; B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion. T0 to T12 are study timepoints corresponding from 0 to 12-hours
post-resuscitation respectively.
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6.4.9 Biomarkers of cardiac and microvascular dysfunction
6.4.9.1 Fluid bolus (0.9% NaCl) treatment groups vs sham group
Baseline plasma levels of ANP, BNP, cardiac troponin I (cTnI) and hyaluronan as well as
urine hyaluronan were similar across the different treatment groups. Significant group
differences were seen in the levels of ANP (Kruskal-Wallis, ꭓ2(2df), 10.44; p=0.005) and
troponin (Kruskal-Wallis, ꭓ2(2df), 10.82; p=0.005). Post-hoc tests demonstrated significance
in the ANP levels were between the HS vs ES groups (p=0.003) and the ES vs EN groups
(p=0.02) while the significance in the troponin levels were between the HS vs ES groups
(p=0.002) and the HS vs EN groups (p=0.04). Hyaluronan levels in plasma and urine were
compared only in the endotoxaemic-shock groups with significantly higher levels (median
[IQR]) seen in the ES group (2019 ng/mL [1772, 2279]) compared to the EN group (943
ng/mL [569, 1246]); ES vs EN (p=0.009). Surprisingly, there were no differences in the levels
of BNP across the treatment groups.
Table 6.9(a) below shows comparison between the treatment groups and Figure 6.11(i)
below shows trends in the biomarkers over time in the HS, ES and EN treatment groups.
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Table 6.9 (a): Biomarkers of cardiac and microvascular dysfunction in the 0.9% fluid bolus resuscitation groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of monitoring
period

HS

20.0 (14.5, 20.8)

51.0 (50.1, 122.2)

30.0 (25.3, 33.7)

ES

19.0 (16.7, 22.0)

335 (255.7, 382.2)

69.0 (41.5, 171.5)

EN

18.0 (13.6, 29.9)

233.0 (143.7, 292.4)

HS

5.0 (4.2, 6.0)

ES
EN

Test-statistic (degrees of
freedom)

p-value

Post-hoc
testing

Teststatis
tic

pvalue

ANP (ng/mL)
HS vs ES

-3.07

0.0032

HS vs EN

-1.09

0.1382

34.0 (28.4, 44.3)

ES vs EN

2.26

0.0180

6.0 (5.7, 6.4)

6.0 (5.3, 5.5)

HS vs ES

-

-

5.0 (3.7, 8.5)

12.0 (9.9, 16.5)

8.0 (6.7, 9.0)

HS vs EN

-

-

5.0 (3.8, 5.7)

13.0 (10.9, 14.2)

6.0 (5.2, 8.8)

ES vs EN

-

-

HS

0.02 (0.02, 0.04)

3.6 (1.4, 4.0)

2.4 (1.5, 5.0)

HS vs ES

-3.24

0.0018

ES

0.03 (0.03, 0.22)

2.5 (2.1, 4.0)

53.0 (18.0, 104.0)

HS vs EN

-1.76

0.0392

EN

0.02 (0.01, 0.03)

4.0 (2.4, 4.3)

8.6 (5.9, 15.5)

ES vs EN

1.82

0.0518

Hyaluronan (plasma)
(ng/mL)
HS

-

-

-

-

-

-

ES

125 (72, 182)

3711 (3209, 5035)

14881 (5779, 23918)

-

-

-

EN

86 (44, 263)

2306 (1359, 3736)

6621 (5020, 14724)

ES vs EN

-

-

HS

-

-

-

-

-

-

ES

92 (88, 137)

501 (252, 1008)

2019 (1772, 2279)

EN

169 (88, 210)

447 (216, 566)

943 (569, 1264)

ꭓ2

(2df)

10.44

0.0054

BNP (ng/mL)
ꭓ2

(2df)

3.12

0.2105

Troponin (ng/mL)
ꭓ2

ꭓ2

(2df)

(1df)

10.82

0.71

0.0045

0.4008

Hyaluronan (urine) (ng/mL)
ꭓ2

(2df)

14.01

0.0009

ES vs EN

-

-

2.51

0.0091

ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HS, healthy control + 0.9% saline bolus; ES, endotoxaemic shock + 0.9% saline bolus; EN, endotoxaemic shock + vasopressors only
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Figure 6.11(i): Cardiac and vascular biomarkers in the fluid bolus (0.9% NaCl) volume expansion groups compared to the non-volume expansion vasopressor-only group
(a)

(b)

(d)

(e)

(c)

Legend

Fig 6.11(i): Cardiac and microvascular biomarkers over time in the HS, ES and EN treatment groups. Serum and urine hyaluronan were measured only in the endoxaemic shock groups. Data are
presented as median (IQR). Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in ANP (p=0.0054), troponin (p=0.0045) and urine hyaluronan
(p=0.0009).
HS, healthy control + 0.9% saline bolus treatment group; ES, endotoxaemia + 0.9% saline bolus treatment group; EN, endotoxaemia + vasopressor-only (no fluid bolus) treatment group.
ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; LPS, lipopolysaccharide.
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours post-resuscitation respectively.
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6.4.9.2 Fresh (≤5 days) blood transfusion groups vs sham group
At baseline, the plasma levels of ANP, troponin and hyaluronan as well as hyaluronan levels
in urine were similar across the HF, EF and EN treatment groups. Significant group
differences were seen in the levels of ANP (Kruskal-Wallis, ꭓ2(2df), 6.89; p=0.03), troponin
(Kruskal-Wallis, ꭓ2(2df), 8.36; p=0.02), plasma hyaluronan (Kruskal-Wallis, ꭓ2(2df), 13.77;
p=0.001) and urine hyaluronan (Kruskal-Wallis, ꭓ2(2df), 13.00; p=0.002). Table 6.9(b) shows
the post-hoc tests for: (a) ANP were significant between the HF vs EF groups (p=0.04) and
EF vs EN groups (p=0.02); (b) troponin were significant between the HF vs EF groups
(p=0.01) and HF vs EN group (p=0.007); (c) plasma hyaluronan between the HF vs EF groups
(p=0.02), HF vs EN groups (p=0.0003) and EF vs EN groups (p=0.05) and (d) urine hyaluronan
between the HF vs EF groups (p=0.0005), HF vs EN groups (p=0.047) and EF vs EN groups
(p=0.033).
Figure 6.11(ii) below shows trends in the biomarkers over the course of the experimental
and monitoring phases in the HF, EF and EN treatment groups.
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Table 6.9 (b): Biomarkers of cardiac and microvascular dysfunction in the fresh (≤5 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of monitoring
period

HF

22 (17, 36)

51 (43, 88)

30 (27, 45)

EF

24 (18, 28)

205 (187, 217)

69 (52, 79)

EN

18.0 (13.6, 29.9)

233.0 (143.7, 292.4)

HF

0.03 (0.03, 0.03)

EF
EN

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

pvalue

HF vs EF

-2.23

0.0382

HF vs EN

-0.29

0.3860

34.0 (28.4, 44.3)

EF vs EN

2.22

0.0200

3.3 (1.6, 4.3)

1.8 (1.6, 3.7)

HF vs EF

-2.62

0.0134

0.03 (0.02, 0.05)

1.7 (1.2, 3.2)

9.8 (5.2, 32)

HF vs EN

-2.58

0.0074

0.02 (0.01, 0.03)

4.0 (2.4, 4.3)

8.6 (5.9, 15.5)

EF vs EN

0.04

0.4839

HF

128 (110, 132)

1448 (1002, 1586)

375 (251, 482)

HF vs EF

-2.23

0.0195

EF

130 (91, 1582)

250 (186, 920)

3509 (3178, 4673)

HF vs EN

-3.71

0.0003

EN

86 (44, 263)

2306 (1359, 3736)

6621 (5020, 14724)

EF vs EN

-1.69

0.0453

HF

91 (88, 93)

240 (232, 444)

294 (223, 377)

HF vs EF

-3.59

0.0005

EF

123 (80, 205)

898 (616, 1095)

1675 (1396, 2047)

HF vs EN

-1.86

0.0467

EN

169 (88, 210)

447 (216, 566)

943 (569, 1264)

EF vs EN

1.84

0.0327

ANP (ng/mL)
ꭓ2

(2df)

6.89

0.0320

Troponin (ng/mL)
ꭓ2

(2df)

8.36

0.0153

Hyaluronan (plasma) (ng/mL)
ꭓ2

(2df)

13.77

0.0010

Hyaluronan (urine) (ng/mL)
ꭓ2

(2df)

13.00

0.0015

ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HF, healthy control + FB; EF, endotoxaemic shock + FB; (FB, fresh [≤5 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.11(ii): Cardiac and vascular biomarkers in the fresh (≤5 days) blood transfusion groups compared to
the non-blood transfusion vasopressor-only group
(a)
(b)

(c)

(d)

Fig 6.11(ii): Cardiac and microvascular biomarkers over time in the HF, EF and EN treatment groups. Data are presented as
median (IQR). Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in ANP
(p=0.032), troponin (p=0.015), plasma hyaluronan (p=0.001) and urine hyaluronan (p=0.0015).
HF, healthy control + FB group; EF, endotoxaemia + FB group (FB, fresh (≤5 days) blood); EN, endotoxaemia + vasopressoronly support (i.e. no blood transfusion) treatment group.
ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; LPS, lipopolysaccharide.
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints
corresponding from 0 to 12-hours post-resuscitation respectively.

224

6.4.9.3 Stored (≥30 days) blood transfusion groups vs sham group
At baseline, the plasma levels of ANP, troponin and hyaluronan as well as hyaluronan levels
in urine were similar across the HA, EA and EN treatment groups. Significant group
differences were seen in the levels of ANP (Kruskal-Wallis, ꭓ2(2df), 11.6; p=0.003), troponin
(Kruskal-Wallis, ꭓ2(2df), 8.57; p=0.01), plasma hyaluronan (Kruskal-Wallis, ꭓ2(2df), 11.33;
p=0.004) and urine hyaluronan (Kruskal-Wallis, ꭓ2(2df), 15.11; p=0.0005). Table 6.9(c) shows
the post-hoc tests for: (a) ANP were significant between the HA vs EA groups (p=0.004) and
EA vs EN groups (p=0.003); (b) troponin were significant between the HA vs EA groups
(p=0.009) and HA vs EN group (p=0.01); (c) plasma hyaluronan between the HA vs EA
groups (p=0.002) and HA vs EN groups (p=0.006) and (d) urine hyaluronan between the HA
vs EA groups (p=0.0002), HA vs EN groups (p=0.04) and EA vs EN groups (p=0.02).
Figure 6.11(iii) below shows trends in the biomarkers over the course of the experimental
and monitoring phases in the HA, EA and EN treatment groups.
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Table 6.9 (c): Biomarkers of cardiac and microvascular dysfunction in the stored (≥30 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of monitoring
period

HA

28 (25, 29)

69 (43, 73)

28 (28, 38)

EA

28 (22, 34)

212 (181, 244)

64 (53, 210)

EN

18.0 (13.6, 29.9)

233.0 (143.7, 292.4)

34.0 (28.4, 44.3)

HA

0.03 (0.02, 0.05)

1.4 (1.4, 2.2)

1.3 (1.3, 2.5)

EA

0.03 (0.02, 0.04)

1.8 (1.1, 3.0)

12.0 (2.6, 114)

EN

0.02 (0.01, 0.03)

4.0 (2.4, 4.3)

8.6 (5.9, 15.5)

Hyaluronan (plasma)
(ng/mL)
HA

108 (92, 127)

880 (531, 1455)

251 (183, 372)

EA

124 (64, 206)

3589 (1827, 4432)

EN

86 (44, 263)

2306 (1359, 3736)

11669 (5713,
27047)
6621 (5020, 14724)

HA

66 (62, 123)

249 (243, 269)

202 (138, 298)

EA

86 (83, 92)

1000 (755, 1195)

2065 (1844, 2190)

EN

169 (88, 210)

447 (216, 566)

943 (569, 1264)

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

pvalue

HA vs EA

-3.00

HA vs EN

-0.50

0.3097

EA vs EN

2.84

0.0034

HA vs EA

-2.53

0.0085

HA vs EN

-2.69

0.0106

EA vs EN

-0.10

0.4605

HA vs EA

-3.26

0.0017

HA vs EN

-2.63

0.0064

EA vs EN

0.79

0.2155

HA vs EA

-3.84

0.0002

HA vs EN

-1.76

0.0392

EA vs EN

2.28

0.0170

ANP (ng/mL)
ꭓ2

(2df)

11.60

0.0030

0.0041

Troponin (ng/mL)
ꭓ2

ꭓ2

(2df)

(2df)

8.57

11.33

0.0138

0.0035

Hyaluronan (urine) (ng/mL)
ꭓ2

(2df)

15.11

0.0005

ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide. Data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HA, healthy control + AB; EA, endotoxaemic shock + AB; (AB, aged/stored [≥30 days] blood); EN, endotoxaemic shock + vasopressors only

226

Figure 6.11(iii): Cardiac and vascular biomarkers in the stored (≥30 days) blood transfusion groups compared
to the non-blood transfusion vasopressor-only group
(a)
(b)

(c)

(d)

Fig 6.11(iii): Cardiac and microvascular biomarkers over time in the HA, EA and EN treatment groups. Data are presented as
median (IQR). Analysis: Kruskal-Wallis and post-hoc Dunn test. There were significant between group differences in ANP
(p=0.032), troponin (p=0.015), plasma hyaluronan (p=0.001) and urine hyaluronan (p=0.0015).
HA, healthy control + AB treatment group; EA, endotoxaemia + AB treatment group (AB, aged/stored [≥30 days] blood); EN,
endotoxaemia + vasopressor-only support (i.e. no blood transfusion) treatment group.
ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; LPS, lipopolysaccharide.
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints
corresponding from 0 to 12-hours post-resuscitation respectively.
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6.4.10 Echocardiography
Echocardiography parameters assessed included the ejection fraction, end-diastolic and
end-systolic area, global circumferential and radial strain as well as the torsion.
6.4.10.1 Fluid bolus (0.9% NaCl) treatment groups vs sham group
At baseline, all the echocardiographic parameters assessed were similar in the HS, ES and
EN treatment groups. There were significant group differences seen in: (a) the ejection
fraction (ANOVA, F(2,

79),

4.15; p=0.02); which on post-hoc analysis was as a result of

difference between the HS vs EN groups (p=0.02) and (b) the global circumferential strain
(ANOVA, F(2, 86), 10.79; p=0.0001); which on post-hoc analysis was as a result of difference
between the HS vs ES groups (p=0.001) and the HS vs EN groups (p=0.001). There were no
significant differences seen in the end-diastolic and end-systolic area, global radial strain
or the torsion. Table 6.10(a) shows a summary of comparisons and Figure 6.12(i) shows
trends of echocardiographic parameters over the course of the experiment in the HS, ES
and EN treatment groups.
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Table 6.10 (a): Echocardiography parameters in the 0.9% fluid bolus resuscitation groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of monitoring
period

HS

47±3.71

40±6.39

39±8.01

ES

39±5.15

34±8.53

28±3.97

EN

39±5.09

29±6.48

HS

7.2 (6.7, 8.2)

ES
EN

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

p-value

HS vs ES

-6.99

0.1800

HS vs EN

-10.45

0.0200

42±7.41

ES vs EN

-3.45

0.9800

9.1 (7.9, 10.0)

6.0 (5.1, 8.3)

HS vs ES

-

-

7.9 (7.5, 8.3)

8.5 (4.0, 8.9)

5.7 (2.8, 6.5)

HS vs EN

-

-

5.0 (4.4, 7.3)

6.1 (4.8, 6.4)

5.7 (4.4, 6.0)

ES vs EN

-

-

HS

4.1 (3.1, 7.8)

4.2 (4.0, 5.4)

4.5 (3.6, 5.0)

HS vs ES

-

-

ES

4.8 (4.2, 5.0)

4.1 (3.5, 5.1)

4.5 (2.3, 5.5)

HS vs EN

-

-

EN

4.3 (4.2, 4.5)

4.4 (3.4, 5.8)

2.9 (2.9, 3.2)

ES vs EN

-

-

HS

[-37]±3.02

[-37] ±4.86

[-28] ±3.71

HS vs ES

10.64

0.0010

ES

[-26] ±6.19

[-30] ±6.41

[-19] ±5.38

HS vs EN

11.33

0.0010

EN

[-28] ±2.83

[-22] ±2.83

[-31] ±4.82

ES vs EN

0.70

1.0000

HS

48 (38, 63)

21 (19, 23)

34 (27, 44)

HS vs ES

-

-

ES

34 (27, 39)

28 (25, 31)

20 (10, 29)

HS vs EN

-

-

EN

36 (28, 41)

14 (11, 23)

38 (23, 49)

ES vs EN

-

-

Torsion
(degrees/cm)
HS

4 (2.6, 15.5)

11 (3.1, 13.4)

7 (2.8, 7.9)

HS vs ES

-

-

ES

4 (0.5, 4.1)

6 (2.6, 10.9)

3 (0.8, 3.7)

HS vs EN

-

-

EN

4 (1.9, 9.9)

3.3 (1, 3.4)

4 (3.1, 4.4)

ES vs EN

-

-

EF (%)
F

(2,

79)

4.15

0.0200

EDA (cm2)
ꭓ2

0.64

(2df)

0.7246

ESA (cm2)
ꭓ2

0.61

(2df)

0.7388

GCS (%)
F

(2,

86)

10.79

0.0001

GRS (%)
ꭓ2

ꭓ2

(2df)

(2df)

2.28

1.40

0.3198

0.4958

EF, ejection fraction; EDA, end-diastolic area; ESA, end-systolic area; GCS, global circumferential strain; GRS, global radial strain (GCS and GRS are reported in
negative and positive values respectively by convention since strain is a vector). Parametric variables are presented as mean (±SE) and non-parametric variables
are presented as median (IQR). Test statistic is analysis of variance and Bonferroni post-hoc test for parametric variables and Kruskal-Wallis and post-hoc Dunn
test for non-parametric variables.
Treatment groups: HS, healthy control + 0.9% saline bolus; ES, endotoxaemic shock + 0.9% saline bolus; EN, endotoxaemic shock + vasopressors only
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Figure 6.12(i): Echocardiography variables in the fluid bolus (0.9% NaCl) volume expansion groups compared to the non-volume expansion vasopressor-only group
(a)

(b)

(d)

(e)

(c)

(f)

Fig 6.12(i): Echocardiography variables over time in the HS, ES and EN treatment groups. Parametric data are presented as mean (±SE) for (a) EF, (d) GCS, and non-parametric data are
presented as median (IQR) for (b) EDA, (c) ESA,(e) GRS, and (f) torsion.
Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
There were significant between group differences in the EF (p=0.02) and GCS (p=0.0001).
HS, healthy control + 0.9% saline bolus treatment group; ES, endotoxaemia + 0.9% saline bolus treatment group; EN, endotoxaemia + vasopressor-only support (no fluid bolus) treatment
group.
EF, ejection fraction; EDA, end diastolic area; ESA, end systolic area; GCS, global circumferential strain; GRS, global radial strain;
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12 hours post-resuscitation respectively.
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6.4.10.2 Fresh (≤5 days) blood transfusion groups vs sham group
At baseline, all the echocardiographic parameters assessed were similar in the HF, EF and
EN treatment groups. Table 6.10(b) below shows comparisons between the treatment
groups, none of which was significant. Figure 6.12(ii) below shows trends of
echocardiographic parameters over time in the HF, EF and EN treatment groups.
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Table 6.10 (b): Echocardiography parameters in the fresh (≤5 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion &
fluid resuscitation

End of monitoring
period

HF

35±4.84

38±5.70

37±11.94

EF

44±8.31

28±7.30

41±5.95

EN

39±5.09

29±6.48

42±7.41

HF

5.7 (5.0, 6.5)

8.8 (8.6, 9.1)

6.5 (5.3, 8.0)

EF

6.1 (4.4, 7.7)

6.1 (4.4, 7.5)

7.3 (4.9, 8.0)

EN

5.0 (4.4, 7.3)

6.1 (4.8, 6.4)

5.7 (4.4, 6.0)

HF

3.9 (3.1, 6.4)

5.0 (3.9, 6.1)

3.7 (2.8, 5.5)

EF

3.7 (2.3, 5.4)

3.8 (3.2, 4.3)

4.7 (2.5, 4.9)

EN

4.3 (4.2, 4.5)

4.4 (3.4, 5.8)

2.9 (2.9, 3.2)

HF

-26 ([-30], [-19])

-22 ([-31], [-19])

-12 ([-38], [-8])

EF

-26 ([-28], [-21])

-36 ([-40], [-33])

-24 ([-29], [-23])

EN

[-28] ±2.83

[-22] ±2.83

[-31] ±4.82

HF

33 (23, 57)

37 (21, 51)

47 (33, 77)

EF

29 (26, 30)

29 (22, 31)

20 (19, 21)

EN

36 (28, 41)

14 (11, 23)

38 (23, 49)

HF

2 (2, 6)

8 (4, 9)

5 (4, 8)

EF

6 (5, 6)

6 (6, 7)

8 (6, 12)

EN

4 (1.9, 9.9)

3.3 (1, 3.4)

4 (3.1, 4.4)

Test-statistic
(degrees of freedom)

p-value

Post-hoc
testing

Teststatistic

pvalue

HF vs EF

-

-

HF vs EN

-

-

EF vs EN

-

-

HF vs EF

-

-

HF vs EN

-

-

EF vs EN

-

-

HF vs EF

-

-

HF vs EN

-

-

EF vs EN

-

-

HF vs EF

-

-

HF vs EN

-

-

EF vs EN

-

-

HF vs EF

-

-

HF vs EN

-

-

EF vs EN

-

-

HF vs EF

-

-

HF vs EN

-

-

EF vs EN

-

-

EF (%)
F

(2,

85)

1.55

0.2183

2

EDA (cm )
ꭓ2

1.01

(2df)

0.6045

2

ESA (cm )
ꭓ2

0.26

(2df)

0.8781

GCS (%)
F

(2,

87)

0.38

0.6842

GRS (%)
ꭓ2

(2df)

4.99

0.0824

Torsion (degrees/cm)
ꭓ2

(2df)

2.97

0.2262

EF, ejection fraction; EDA, end-diastolic area; ESA, end-systolic area; GCS, global circumferential strain; GRS, global radial strain (GCS and GRS are reported in negative and
positive values respectively by convention since strain is a vector). Parametric variables are presented as mean (±SE) and non-parametric variables are presented as median
(IQR). Test statistic is analysis of variance and Bonferroni post-hoc test for parametric variables and Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
Treatment groups: HF, healthy control + FB; EF, endotoxaemic shock + FB; (FB, fresh [≤5 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.12(ii): Echocardiography variables in the fresh (≤5 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(b)

(d)

(e)

(c)

(f)

Fig 6.12(ii): Echocardiography variables over time in the HF, EF and EN treatment groups. Parametric data are presented as mean (±SE) for (a) EF, (d) GCS, and non-parametric data are
presented as median (IQR) for (b) EDA, (c) ESA,(e) GRS, and (f) torsion.
Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; Kruskal-Wallis and post-hoc Dunn test for non-parametric variables.
There were no significant between group differences for any of the variables.
HF, healthy control + FB group; EF, endotoxaemia + FB group (FB, fresh (≤5 days) blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion) treatment group.
EF, ejection fraction; EDA, end diastolic area; ESA, end systolic area; GCS, global circumferential strain; GRS, global radial strain;
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12 hours post-resuscitation
respectively.
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6.4.10.3 Stored (≥30 days) blood transfusion groups vs sham group
At baseline, all the echocardiographic parameters assessed were similar in the HA, EA and
EN treatment groups. There were significant group differences seen in the ejection fraction
(ANOVA, F(2, 86), 8.51; p=0.0004); which on post-hoc analysis was as a result of significant
differences between the HA vs EN groups (p=0.002) and the EA vs EN groups (p=0.001).
Table 6.10(c) below shows comparison between the treatment groups and Figure 6.12(iii)
below shows trends in the biomarkers over time in the HA, EA and EN treatment groups.
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Table 6.10 (c): Echocardiography parameters in the stored (≥30 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of monitoring
period

HA

44±2.85

41±3.35

51±5.35

EA

45±1.28

34±3.99

50±6.16

39±5.09

29±6.48

42±7.41

HA

5.7 (4.9, 6.5)

4.3 (3.8, 4.4)

4.0 (3.6, 4.2)

EA

6.3 (5.6, 6.8)

6.6 (5.8, 6.8)

6.6 (5.8, 7.7)

5.0 (4.4, 7.3)

6.1 (4.8, 6.4)

5.7 (4.4, 6.0)

HA

3.2 (2.6, 3.3)

2.9 (2.3, 2.9)

1.9 (1.8, 2.0)

EA

5.0 (4.7, 5.3)

4.5 (3.5, 4.5)

3.5 (2.7, 4.5)

EN

4.3 (4.2, 4.5)

4.4 (3.4, 5.8)

2.9 (2.9, 3.2)

HA

-31 ([-34], [-29])

-26 ([-29], [-22])

-46 ([-69], [-27])

EA

-18 ([-20], [-18])

-19 ([-19], [-19)

-36 ([--37], [-30])

EN

[-28] ±2.83

[-22] ±2.83

[-31] ±4.82

HA

32 (25, 36)

23 (20, 25)

12 (12, 14)

EA

34 (26, 36)

23 (17, 26)

37 (18, 37)

EN

36 (28, 41)

14 (11, 23)

38 (23, 49)

HA

2 (2, 3)

4 (3, 4)

7 (5, 7)

EA

4 (3, 4)

9 (5, 10)

8 (5, 10)

EN

4 (1.9, 9.9)

3.3 (1, 3.4)

4 (3.1, 4.4)

Test-statistic
(degrees of freedom)

p-value

F

0.0004

Post-hoc
testing

Teststatistic

pvalue

EF (%)

EN

(2,

86)

8.51

HA vs EA

0.42

1.0000

HA vs EN

-11.10

0.0020

EA vs EN

-11.51

0.0010

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

HA vs EA

-

-

HA vs EN

-

-

EA vs EN

-

-

2

EDA (cm )

EN

ꭓ2

4.94

(2df)

0.0846

2

ESA (cm )
ꭓ2

4.88

(2df)

0.0872

GCS (%)
F

(2,

87)

2.89

0.0609

GRS (%)
ꭓ2

(2df)

5.42

0.0665

Torsion (degrees/cm)
ꭓ2

(2df)

5.14

0.0767

EF, ejection fraction; EDA, end-diastolic area; ESA, end-systolic area; GCS, global circumferential strain; GRS, global radial strain (GCS and GRS are reported in
negative and positive values respectively by convention since strain is a vector). Parametric variables are presented as mean (±SE) and non-parametric variables
are presented as median (IQR). Test statistic is analysis of variance and Bonferroni post-hoc test for parametric variables and Kruskal-Wallis and post-hoc Dunn test
for non-parametric variables.
Treatment groups: HA, healthy control + AB; EA, endotoxaemic shock + AB; (AB, aged/stored [≥30 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.12(iii): Echocardiography variables in the stored (≥30 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(b)

(d)

(e)

(c)

(f)

Fig 6.12(iii): Echocardiography variables over time in the HA, EA and EN treatment groups. Parametric data are presented as mean (±SE) for (a) EF, (d) GCS, and non-parametric data are
presented as median (IQR) for (b) EDA, (c) ESA,(e) GRS, and (f) torsion.
Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; Kruskal-Wallis and post-hoc Dunn test for non-parametric variables. There
were significant between group differences in the EF (p=0.0004) and in the post-hoc analysis comparing ESA in HA vs EA (p=0.05), GRS in HA vs EA (p=0.036) and torsion in HA vs EN (p=0.037).
HA, healthy control + AB treatment group; EA, endotoxaemia + AB treatment group (AB, aged/stored [≥30 days] blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood
transfusion) treatment group.
EF, ejection fraction; EDA, end diastolic area; ESA, end systolic area; GCS, global circumferential strain; GRS, global radial strain;
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12 hours post-resuscitation respectively.
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6.4.11 Microcirculation assessment
Epicardial OxyFlo™ and OxyLite™ (Oxford Optronix Ltd©) probes were used for assessment
of the cardiac tissue microcirculatory Doppler flow and oxygen tension respectively while
sublingual incident dark-field imaging was used for quantification of microcirculatory vessel
densities.
6.4.11.1 Fluid bolus (0.9% NaCl) treatment groups vs sham group
Baseline microcirculatory parameters were similar across the HS, ES and EN treatment
groups. There were significant group differences seen in the proportion of perfused vessels
(PPV) (Kruskal-Wallis, ꭓ2(2df), 6.14; p=0.046); which on post-hoc analysis was as a result of
significant differences between the ES vs EN groups (p=0.023) as shown in Table 6.11(a)
below.
Figure 6.13(i) below shows trends in the microcirculatory variables over time in the HS, ES
and EN treatment groups.
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Table 6.11 (a): Microcirculatory parameters in the 0.9% fluid bolus resuscitation groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin
infusion & fluid
resuscitation

End of
monitoring
period

OxyFlo™ cardiac tissue Doppler flowmetry
(BPU)
HS

487 (331, 882)

576 (559, 1431)

440 (182, 686)

ES

300 (189, 330)

374 (277, 636)

488 (354, 1143)

EN

212 (100, 339)

130 (110, 333)

398 (53, 529)

HS

37 (30, 45)

32 (20, 33)

26 (20, 31)

ES

29 (22, 36)

20 (19, 41)

13 (4, 25)

32 (20, 42)

39 (29, 60)

24 (13, 38)

HS

24±1.51

20±1.32

20±1.29

ES

26±1.52

20±0.21

17±0.02

22±0.78

19±1.84

19±1.76

HS

2.9 (1.9, 6.4)

4.6 (1.8, 8.4)

2.6 (2.2, 6.7)

ES

4.0 (1.0, 7.1)

0.8 (0.4, 1.2)

0.3 (0.2, 0.3)

EN

3.9 (3.2, 5.3)

2.3 (2.1, 2.4)

4.8 (3.9, 6.0)

HS

10 (8.1, 12.7)

17 (9.7, 25.0)

14 (10.0, 18.0)

ES

15 (4.3, 25.3)

4 (2.1, 5.7)

2 (1.2, 2.5)

EN

15 (13.2, 17.4)

12 (10.3, 14.5)

29 (19.9, 35.6)

Test-statistic
(degrees of freedom)

p-value

ꭓ2

0.3956

1.86

(2df)

Posthoc
testing

Teststatistic

pvalue

HS vs ES

-

-

HS vs EN

-

-

ES vs EN

-

-

HS vs ES

-

-

HS vs EN

-

-

ES vs EN

-

-

HS vs ES

-

-

HS vs EN

-

-

ES vs EN

-

-

HS vs ES

-

-

HS vs EN

-

-

ES vs EN

-

-

HS vs ES

1.13

0.1285

HS vs EN

-1.39

0.1224

ES vs EN

-2.42

0.0230

OxyLite™ cardiac tissue PtO2 (mmHg)

EN

ꭓ2

2.25

(2df)

0.3240

2

IDF (sublingual) TVD (mm/mm )

EN

F

(2,

46)

0.88

0.4216

2

IDF (sublingual) PVD (mm/mm )
ꭓ2

(2df)

4.90

0.0863

IDF (sublingual) PPV (%)
ꭓ2

(2df)

6.14

0.0463

OxyFlo™ and OxyLite™ (Oxford Optronix Ltd. technologies for tissue Doppler flow and oxygenation assessment respectively); BPU, blood perfusion units; IDF, incident dark-field
mucosal imaging; TVD, total vessel density; PVD, perfused vessel density; PPV, proportion of perfused vessels. Parametric variables are presented as mean (±SE) and nonparametric variables are presented as median (IQR). Test statistic is analysis of variance and Bonferroni post-hoc test for parametric variables and Kruskal-Wallis and post-hoc
Dunn test for non-parametric variables. Treatment groups: HS, healthy control + 0.9% saline bolus; ES, endotoxaemic shock + 0.9% saline bolus; EN, endotoxaemic shock +
vasopressors only
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Figure 6.13(i): Microcirculatory variables in the fluid bolus (0.9% NaCl) volume expansion groups compared to the non-volume expansion vasopressor-only group
(a)

(d)

(b)

(c)

(e)

Legend

Fig 6.13(i): Microcirculatory variables over time in the HS, ES and EN treatment groups. Parametric data are presented as mean (±SE) for (a) TVD and non-parametric data are presented as median
(IQR) for (b) PVD, (c) PPV, (d) OxyLite™ cardiac tPO2, and (e) OxyFlo™ cardiac tissue Doppler of microcirculatory flow.
Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; Kruskal-Wallis and post-hoc Dunn test for non-parametric variables. There
were significant between group differences in the PPV (p=0.046).
HS, healthy control + 0.9% saline bolus treatment group; ES, endotoxaemia + 0.9% saline bolus treatment group; EN, endotoxaemia + vasopressor-only (no fluid bolus) treatment group.
TVD, total vessel density; PVD, perfused vessel density; PPV, proportion of perfused vessels; tPO2, tissue partial oxygen tension; LPS, lipopolysaccharide.
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours post-resuscitation respectively.
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6.4.11.2 Fresh (≤5 days) blood transfusion groups vs sham group
Baseline microcirculatory parameters were similar across the HF, EF and EN treatment
groups and there were no significant differences seen between the groups over the course
of the experimental and monitoring phases as shown in Table 6.11(b) and Figure 6.13(ii)
below.
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Table 6.11 (b): Microcirculatory parameters in the fresh (≤5 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of monitoring
period

OxyFlo™ cardiac tissue Doppler
flowmetry (BPU)
HF

349 (192, 432)

350 (185, 499)

401 (105, 405)

EF

243 (173, 449)

236 (176, 544)

488 (337, 674)

EN

212 (100, 339)

130 (110, 333)

HF

31 (8, 42)

EF

Test-statistic
(degrees of freedom)

Post-hoc
testing

Teststatistic

HF vs EF

-

-

HF vs EN

-

-

398 (53, 529)

EF vs EN

-

-

36 (13, 51)

31 (25, 44)

HF vs EF

-

-

24 (20, 34)

37 (30, 50)

39 (33, 55)

HF vs EN

-

-

32 (20, 42)

39 (29, 60)

24 (13, 38)

EF vs EN

-

-

HF

19±3.58

21±1.92

18±2.57

HF vs EF

-

-

EF

20±1.68

19±0.95

18±5.37

HF vs EN

-

-

22±0.78

19±1.84

19±1.76

EF vs EN

-

-

HF

7.4 (1.2, 7.4)

8.5 (7.1, 9.2)

4.2 (2.5, 5.2)

HF vs EF

-

-

EF

3.9 (1.9, 4.5)

3.1 (2.7, 3.3)

2.1 (0.4, 5.0)

HF vs EN

-

-

EN

3.9 (3.2, 5.3)

2.3 (2.1, 2.4)

4.8 (3.9, 6.0)

EF vs EN

-

-

HF

19 (9, 29)

35 (34, 36)

17 (11, 24)

HF vs EF

-

-

EF

20 (9, 24)

17 (6, 23)

13 (3, 18)

HF vs EN

-

-

EN

15 (13.2, 17.4)

12 (10.3, 14.5)

29 (19.9, 35.6)

EF vs EN

-

-

ꭓ2

0.75

(2df)

p-value

0.6873

pvalue

OxyLite™ cardiac tissue PtO2 (mmHg)

EN

ꭓ2

3.19

(2df)

0.2026

2

IDF (sublingual) TVD (mm/mm )

EN

F

(2,

47)

1.70

0.1945

2

IDF (sublingual) PVD (mm/mm )
ꭓ2

(2df)

1.79

0.4084

IDF (sublingual) PPV (%)
ꭓ2

(2df)

3.97

0.1372

OxyFlo™ and OxyLite™ (Oxford Optronix Ltd. technologies for tissue Doppler flow and oxygenation assessment respectively); BPU, blood perfusion units; IDF, incident dark-field
mucosal imaging; TVD, total vessel density; PVD, perfused vessel density; PPV, proportion of perfused vessels. Parametric variables are presented as mean (±SE) and non-parametric
variables are presented as median (IQR). Test statistic is analysis of variance and Bonferroni post-hoc test for parametric variables and Kruskal-Wallis and post-hoc Dunn test for nonparametric variables.
Treatment groups: HF, healthy control + FB; EF, endotoxaemic shock + FB; (FB, fresh [≤5 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.13(ii): Microcirculatory variables in the fresh (≤5 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(d)

(b)

(c)

(e)

Legend

Fig 6.13(ii): Microcirculatory variables over time in the HF, EF and EN treatment groups. Parametric data are presented as mean (±SE) for (a) TVD and non-parametric data are presented as median (IQR) for
(b) PVD, (c) PPV, (d) OxyLite™ cardiac tPO2, and (e) OxyFlo™ cardiac tissue Doppler of microcirculatory flow.
Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; Kruskal-Wallis and post-hoc Dunn test for non-parametric variables. There were no
significant between group differences in the microcirculatory variables.
HF, healthy control + FB group; EF, endotoxaemia + FB group (FB, fresh (≤5 days) blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion) treatment group.
TVD, total vessel density; PVD, perfused vessel density; PPV, proportion of perfused vessels; tPO2, tissue partial oxygen tension; LPS, lipopolysaccharide.
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours post-resuscitation respectively.
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6.4.11.3 Stored (≥30 days) blood transfusion groups vs sham group
Baseline microcirculatory parameters were similar across the HA, EA and EN treatment
groups and there were no significant differences seen between the groups over the course
of the experimental and monitoring phases as shown in Table 6.11(c) and Figure 6.13(iii)
below.
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Table 6.11 (c): Microcirculatory parameters in the stored (≥30 days) blood transfusion groups compared to vasopressor support only
Variable

Baseline

Post-endotoxin infusion
& fluid resuscitation

End of monitoring
period

OxyFlo™ cardiac tissue Doppler
flowmetry (BPU)
HA

397 (380, 433)

668 (591, 948)

326 (239, 589)

EA

417 (214, 769)

480 (304, 1247)

493 (463, 600)

EN

212 (100, 339)

130 (110, 333)

HA

20 (16, 21)

EA

Test-statistic
(degrees of freedom)

pvalue

Post-hoc test
p-value

HA vs EA

Teststatistic
-

HA vs EN

-

-

398 (53, 529)

EA vs EN

-

-

27 (23, 30)

28 (22, 33)

HA vs EA

-

-

30 (26, 45)

36 (32, 44)

26 (14, 42)

HA vs EN

-

-

32 (20, 42)

39 (29, 60)

24 (13, 38)

EA vs EN

-

-

HA

23±0.44

21±0.40

19±1.37

HA vs EA

-

-

EA

23±1.92

21±2.04

18±0.25

HA vs EN

-

-

22±0.78

19±1.84

19±1.76

EA vs EN

-

-

HA

6.9 (4.6, 7.8)

9.7 (5.7, 10.2)

4.0 (3.4, 4.6)

HA vs EA

-

-

EA

3.7 (1.0, 16.1)

1.0 (0.4, 7.5)

0.3 (0.2, 0.4)

HA vs EN

-

-

EN

3.9 (3.2, 5.3)

2.3 (2.1, 2.4)

4.8 (3.9, 6.0)

EA vs EN

-

-

HA

8 (6, 12)

3 (2, 8)

4 (1, 17)

HA vs EA

-

-

EA

18 (5, 19)

4 (2, 7)

1 (1, 1)

HA vs EN

-

-

EN

15 (13.2, 17.4)

12 (10.3, 14.5)

29 (19.9, 35.6)

EA vs EN

-

-

ꭓ2

2.06

(2df)

0.3570

-

OxyLite™ cardiac tissue PtO2 (mmHg)

EN

ꭓ2

0.18

(2df)

0.9154

2

IDF (sublingual) TVD (mm/mm )

EN

F

(2,

46)

1.59

0.2155

2

IDF (sublingual) PVD (mm/mm )
ꭓ2

(2df)

4.90

0.0863

IDF (sublingual) PPV (%)
ꭓ2

(2df)

4.21

0.1219

OxyFlo™ and OxyLite™ (Oxford Optronix Ltd. technologies for tissue Doppler flow and oxygenation assessment respectively); BPU, blood perfusion units; IDF, incident dark-field
mucosal imaging; TVD, total vessel density; PVD, perfused vessel density; PPV, proportion of perfused vessels. Parametric variables are presented as mean (±SE) and non-parametric
variables are presented as median (IQR). Test statistic is analysis of variance and Bonferroni post-hoc test for parametric variables and Kruskal-Wallis and post-hoc Dunn test for nonparametric variables.
Treatment groups: HA, healthy control + AB; EA, endotoxaemic shock + AB; (AB, aged/stored [≥30 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.13(iii): Microcirculatory variables in the stored (≥30 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(d)

(b)

(c)

(e)

Legend

Fig 6.13(iii): Microcirculatory variables over time in the HA, EA and EN treatment groups. Parametric data are presented as mean (±SE) for (a) TVD and non-parametric data are presented as median (IQR) for
(b) PVD, (c) PPV, (d) OxyLite™ cardiac tPO2, and (e) OxyFlo™ cardiac tissue Doppler of microcirculatory flow.
Analysis: repeated measures analysis of variance (RM-ANOVA) and Bonferroni post-hoc test for parametric variables; Kruskal-Wallis and post-hoc Dunn test for non-parametric variables. There were no
significant between group differences in the microcirculatory variables.
HA, healthy control + AB treatment group; EA, endotoxaemia + AB treatment group (AB, aged/stored [≥30 days] blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion) treatment
group.
TVD, total vessel density; PVD, perfused vessel density; PPV, proportion of perfused vessels; tPO2, tissue partial oxygen tension; LPS, lipopolysaccharide.
B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours post-resuscitation respectively.
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6.4.12 Vasopressor requirements for haemodynamic support
Haemodynamic support was provided using vasopressors (noradrenaline and vasopressin)
after the initial resuscitation phase and continued throughout the monitoring phase with
a target MAP of 60-65 mmHg.
6.4.12.1 Fluid bolus (0.9% NaCl) treatment groups vs sham group
The noradrenaline requirement to maintain a target MAP of 60-65 mmHg rose from a
median (IQR) of 15 μg/min (10, 20) (HS group); 23 μg/min (15, 47) (ES group) and 23 μg/min
(14, 33) (EN group) 3-hours post-resuscitation to 22 μg/min (3, 26) (HS group); 238 μg/min
(104, 258) (ES group) and 72 μg/min (33, 137) (EN group) at the end of the monitoring
period. The cumulative noradrenaline requirement to maintain a target MAP of 6065mmHg in the ES group was median 68.9mg [IQR 19.3-140.0] compared to 39.6mg [20.365.4] in the EN group and 10mg [3-20] in the HS group. These group differences in
noradrenaline requirement were significant (Kruskal-Wallis, ꭓ2(2df), 11.04; p=0.004) with
post-hoc analyses demonstrating significant differences between HS vs ES groups
(p=0.002), HS vs EN groups (p=0.04) and ES vs EN groups (p=0.03). Endotoxaemic shock
animals required full vasopressin doses (4 units/hour) with a cumulative dose of 332 units
(ES and EN group) versus 22 units (HS group), (Kruskal-Wallis, ꭓ2(2df), 15.0; p=0.0006) with
significant differences between the HS vs ES group (p=0.0001) and HS vs EN group
(p=0.0002) on post-hoc analysis as shown in Table 6.12(a) below. Figure 6.14(i) below
shows trends in, (a) noradrenaline and (b) vasopressin over the course of the experimental
and monitoring phases in the HS, ES and EN treatment groups.
In the endotoxaemic shock groups, there was a positive correlation between the
noradrenaline dose and the level of pyruvate in the cardiac tissue (ES group, r=0.52,
p=0.001 and EN group, r=0.69, p=0.0001) and in the arterial reference (ES group, r=0.90,
p<0.0001 and EN group, r=0.83, p<0.0001). However in the healthy control (HS) group,
there was no correlation between the noradrenaline dose and pyruvate level in both the
cardiac tissue (r=0.25, p=0.31) and the arterial reference (r=0.27, p=0.30).
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Table 6.12 (a): Vasopressor requirement in the 0.9% fluid bolus resuscitation groups compared to vasopressor support only
Vasopressor

Baseline

Post-endotoxin infusion
& fluid resuscitation (T3)

End of monitoring
period (T12)

Noradrenaline
(μg/min)
HS

-

15 (10, 20)

22 (3, 26)

ES

-

23 (15, 47)

238 (104, 258)

EN

-

23 (14, 33)

Vasopressin
(units/hr)
HS

-

ES
EN

Test-statistic
(degrees of freedom)

p-value

Post-hoc test

HS vs ES

Teststatistic
-3.21

pvalue
0.0020

HS vs EN

-1.70

0.0444

72 (33, 137)

ES vs EN

2.06

0.0296

2 (0, 2)

2 (2, 2)

HS vs ES

-3.74

0.0001

-

2 (0, 4)

4 (4, 4)

HS vs EN

-3.77

0.0002

-

3 (0.25, 4)

4 (4, 4)

ES vs EN

0.00001

0.5000

ꭓ2

ꭓ2

(2df)

(2df)

11.042

15.00

0.0040

0.0006

Vasopressor data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HS, healthy control + 0.9% saline bolus; ES, endotoxaemic shock + 0.9% saline bolus; EN, endotoxaemic shock + vasopressors only
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Figure 6.14(i): Vasopressor requirements in the fluid bolus (0.9% NaCl) volume expansion groups compared to the non-volume expansion vasopressor-only group
(a)

(b)

Fig 6.14(i): Vasopressors (a) noradrenaline and (b) vasopressin infusion rates over the course of experiment and monitoring in the HS, ES and EN treatment groups. Data were nonparametrically distributed and are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test for non-parametric variables. There were significant between group differences in noradrenaline (p=0.004) and vasopressin (p=0.0006).
HS, healthy control + 0.9% saline bolus treatment group; ES, endotoxaemia + 0.9% saline bolus treatment group; EN, endotoxaemia + vasopressor-only (no fluid bolus) treatment group.
LPS, lipopolysaccharide; B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours postresuscitation respectively.
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6.4.12.2 Fresh (≤5 days) blood transfusion groups vs sham group
The noradrenaline requirement to maintain a target MAP of 60-65 mmHg rose from a
median (IQR) of 18 μg/min (4, 20) (EF group) and 23 μg/min (15, 33) (EN group) 3-hours
post-resuscitation to 104 μg/min (85, 120) (EF group) and 72 μg/min (33, 137) (EN group)
at the end of the monitoring period. In the HF group, the median noradrenaline
requirement was 3 μg/min (2, 4) at the end of the monitoring period. The cumulative
noradrenaline requirement to maintain a target MAP of 60-65mmHg in the EF group was
median 45mg [IQR 24-85] compared to 39.6mg [20.3-65.4] in the EN group and 4mg [4-5.5]
in the HF group. There were significant post-hoc differences between the HF vs EF groups
(p=0.026) and the HF vs EN groups (p=0.046) as shown in Table 6.12(b) below. There were
no group differences in the vasopressin requirement at the end of the monitoring period.
Figure 6.14(ii) below shows trends in: (a) noradrenaline and (b) vasopressin over the course
of the experimental and monitoring phases in the HF, EF and EN treatment groups.
In the endotoxaemic shock groups, there was a positive correlation between the
noradrenaline dose and the level of pyruvate in the cardiac tissue (EF group, r=0.53,
p=0.003 and EN group, r=0.69, p=0.0001) and in the arterial reference (EF group, r=0.51,
p=0.005 and EN group, r=0.83, p<0.0001). There was however no correlation between the
noradrenaline dose and the level of pyruvate in the healthy control (HF) group.
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Table 6.12 (b): Vasopressor requirement in the fresh (≤5 days) blood transfusion groups compared to vasopressor support only
Vasopressor

Baseline

Post-endotoxin infusion
& fluid resuscitation (T3)

End of monitoring
period (T12)

Test-statistic
(degrees of freedom)

p-value

Post-hoc test

Noradrenaline (μg/min)
HF vs EF

Teststatistic
-2.38

pvalue
0.0261

HF vs EN

-1.87

0.0457

HF

-

-

3 (2, 4)

EF

-

18 (4, 20)

104 (85, 120)

EN

-

23 (15, 33)

72 (33, 137)

EF vs EN

0.89

0.1861

HF

-

-

4 (4, 4)

HF vs EF

-

-

EF

-

2 (2, 4)

4 (4, 4)

HF vs EN

-

-

EN

-

3 (0.25, 4)

4 (4, 4)

EF vs EN

-

-

ꭓ2

(2df)

5.671

0.0587

Vasopressin (units/hr)
ꭓ2

(1df)

0.0001

1.0000

Vasopressor data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HF, healthy control + FB; EF, endotoxaemic shock + FB; (FB, fresh [≤5 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.14(ii): Vasopressor requirements in the fresh (≤5 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(b)

Fig 6.14(ii): Vasopressors (a) noradrenaline and (b) vasopressin infusion rates over the course of experiment and monitoring in the HF, EF and EN treatment groups. Data were nonparametrically distributed and are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test for non-parametric variables. Post-hoc analysis showed significant between group differences in noradrenaline HF vs EF (p=0.026) and HF vs
EN (p=0.048).
HF, healthy control + FB group; EF, endotoxaemia + FB group (FB, fresh (≤5 days) blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion) treatment group.
LPS, lipopolysaccharide; B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours postresuscitation respectively.
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6.4.12.3 Stored (≥30 days) blood transfusion groups vs sham group
The noradrenaline requirement to maintain a target MAP of 60-65 mmHg rose from a
median (IQR) of 28 μg/min (16, 40) (EA group) and 23 μg/min (15, 33) (EN group) 3-hours
post-resuscitation to 108 μg/min (40, 220) (EA group) and 72 μg/min (33, 137) (EN group)
at the end of the monitoring period. The noradrenaline requirement in the HA group
(median [IQR]) was 22 μg/min (5, 22) at the end of the monitoring period. The cumulative
noradrenaline requirement to maintain a target MAP of 60-65mmHg in the EA group was
median 42mg [IQR 22-88] compared to 39.6mg [20.3-65.4] in the EN group and 8mg [3-12]
in the HA group. Group difference in noradrenaline requirement was significant (KruskalWallis, ꭓ2(2df), 6.61; p=0.037) with post-hoc analyses demonstrating significant differences
between HA vs EA groups (p=0.02), HA vs EN groups (p=0.02) as shown in Table 6.12(c)
below. There were no differences in the vasopressin requirement between the EA and EN
groups at the end of the monitoring period. HA group did not require any vasopressin for
haemodynamic support. Figure 6.14(iii) below shows trends in: (a) noradrenaline and (b)
vasopressin over the course of the experimental and monitoring phases in the HA, EA and
EN treatment groups.
In endotoxaemic shock, aged blood transfusion showed no correlation between the
noradrenaline dose and the level of pyruvate in the cardiac tissue (EA group, r=0.02,
p=0.94) and in the arterial reference (EA group, r=-0.04, p=0.81) compared to the EN group
(r=0.69, p=0.0001 in cardiac tissue and r=0.83, p<0.0001 in the arterial reference). The
healthy control (HA) group did not show any significant correlation between the
noradrenaline and the pyruvate levels.
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Table 6.12 (c): Vasopressor requirement in the stored (≥30 days) blood transfusion groups compared to vasopressor support only
Vasopressor

Baseline

Post-endotoxin infusion
& fluid resuscitation (T3)

End of monitoring
period (T12)

Test-statistic
(degrees of freedom)

p-value

Post-hoc test

Noradrenaline (μg/min)
HA vs EA

Teststatistic
-2.48

pvalue
0.0197

HA vs EN

-2.21

0.0203

HA

-

-

22 (5, 22)

EA

-

28 (16, 40)

108 (40, 220)

EN

-

23 (15, 33)

72 (33, 137)

EA vs EN

0.48

0.3175

HA

-

-

-

HA vs EA

-

-

EA

-

4 (4, 4)

4 (4, 4)

HA vs EN

-

-

EN

-

3 (0.25, 4)

4 (4, 4)

EA vs EN

-

-

ꭓ2

(2df)

6.606

0.0368

Vasopressin (units/hr)
ꭓ2

(2df)

0.0001

1.0000

Vasopressor data are presented as median (IQR). Test statistic is Kruskal-Wallis and post-hoc Dunn test.
Treatment groups: HA, healthy control + AB; EA, endotoxaemic shock + AB; (AB, aged/stored [≥30 days] blood); EN, endotoxaemic shock + vasopressors only
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Figure 6.14(iii): Vasopressor requirements in the stored (≥30 days) blood transfusion groups compared to the non-blood transfusion vasopressor-only group
(a)

(b)

Fig 6.14(iii): Vasopressors (a) noradrenaline and (b) vasopressin infusion rates over the course of experiment and monitoring in the HA, EA and EN treatment groups. Data were nonparametrically distributed and are presented as median (IQR).
Analysis: Kruskal-Wallis and post-hoc Dunn test for non-parametric variables. There were significant between group differences in noradrenaline (p=0.037).
HA, healthy control + AB treatment group; EA, endotoxaemia + AB treatment group (AB, aged/stored [≥30 days] blood); EN, endotoxaemia + vasopressor-only support (i.e. no blood transfusion)
treatment group.
LPS, lipopolysaccharide; B, baseline; LPS-S, start of LPS-infusion; VP-S, start of vasopressor; LPS-E, end of LPS-infusion; T0 to T12 are study timepoints corresponding from 0 to 12-hours postresuscitation respectively.
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6.5 Discussion
The key findings of this trial were that: (1) Volume expansion resuscitation for
endotoxaemic shock treatment produced transient haemodynamic improvements that
were however followed by significantly increased vasopressor requirements in the
subsequent 12-hours in the 0.9% NaCl fluid bolus group but not in the fresh (≤5 days) or
aged (≥30 days) blood transfusion groups; (2) endotoxin-infusion caused increases in levels
of inflammatory cytokines (IL-1β, IL-6, IL-8 and IL-10) in serum which were however similar
in the volume-expansion and vasopressor-only treatment groups except for IL-8 levels
which were significantly elevated in the 0.9% NaCl fluid bolus treatment group; (3)
coagulopathy was prevalent in the endotoxaemic-shock groups which was worsened with
volume expansion treatment using 0.9% NaCl fluid bolus for prothrombin time,
antithrombin, protein C, protein S (free) and EXTEM clotting time on ROTEM testing. Fresh
blood transfusion prolonged the FIBTEM clotting time and reduced the FIBTEM maximum
clot firmness while aged blood transfusion prolonged the INTEM clotting time; (4) there
were significantly higher levels of biomarkers of cardiovascular dysfunction following
volume expansion therapy compared to vasopressor-only support in endotoxaemic shock
i.e. troponin (for 0.9% NaCl fluid bolus); ANP and plasma hyaluronan levels (fresh blood
transfusion). Hyaluronan levels in urine were significantly elevated for all the volume
expansion treatment groups using 0.9% saline fluid bolus as well as fresh and aged blood
transfusion.
Haemodynamic and inflammatory responses
In all the treatment groups, endotoxin infusion caused a decrease in the MAP, SVRI and an
increase in the MPAP and CVP but the cardiac index and heart rate were preserved prior to
institution of volume-expansion resuscitation with either fluid bolus or blood transfusion
as shown in Figures 6.3(i) – 6.3(iii) above. For this ovine model, we had defined
hyperdynamic endotoxaemic shock as hypotension below a MAP of 60mmHg with normal
or increased cardiac index (Byrne et al., 2018a). Similar trends in haemodynamic variables
have been previously and historically described in human septic shock and endotoxin
challenge (Suffredini et al., 1989, Villazon et al., 1975, Winslow et al., 1973, Parker et al.,
1987). Previous animal model studies that had shown improvement with volume expansion
resuscitation had been conducted in hypodynamic models where hypotension occurred
due to rapid and severe reduction in cardiac output (Ottosson et al., 1991, Bressack et al.,
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1987, Oi et al., 2000). Additionally, these studies did not use an alternative haemodynamic
support strategy and compared volume expansion resuscitation using fluid boluses to
untreated shock, thus further challenging translation of these findings to clinical practice.
Endotoxin infusion led to an inflammatory response with an increase in the serum levels of
all measured cytokines. Tumour necrosis factor-alpha (TNFα), IL-1β, IL-8 and IL-10 all
exhibited a similar pattern of response, with peak levels attained at or near the end of
endotoxin infusion before decreasing to near baseline values, while IL-6 levels increased
during endotoxaemia and remained near maximal levels throughout the monitoring period
in all the treatment groups as shown in Figures 6.7(i) – 6.7(iii) above. The levels of TNFα in
this study were elevated at baseline and surprisingly not significantly different between the
treatment groups.
Lipopolysaccharide (LPS) has been shown to produce an exaggerated acute but transient
cytokine response when compared to the more mild but protracted cytokine release in
bacterial sepsis (Remick et al., 2000). Studies on TNFα release profiles have demonstrated
that peak concentrations were persistently higher among human volunteers injected with
a low dose LPS (van der Poll et al., 1997b, van der Poll et al., 1997a) than in patients with
sepsis and septic shock (Mera et al., 2011, Oberholzer et al., 2000). Additionally, anti-TNFα
treatment was found to be only beneficial in an LPS but not bacterial sepsis murine model
(Remick et al., 1995). These findings coupled with the fact that the pathophysiology of
clinical sepsis evolves over a protracted time period (days) rather than acutely (hours), have
challenged the translational usefulness of LPS models and recommended restricting their
relevance to studying the first 24-hours of the septic response (Libert et al., 2019). In this
study, we monitored the ovine models over a 12-hour period post-resuscitation comparing
the cytokine profiles in volume expansion versus vasopressor-only support, in which only
the IL-8 levels were significantly different post 0.9% NaCl fluid bolus but not blood
transfusion as shown in Figure 6.7(i) above. The relatively elevated levels of TNFα at
baseline and absence of significant differences in the treatment groups with either fluid
bolus or blood transfusion could not be explained as all the animals received similar
handling and pre-treatment prior to instituting the experimental protocol and thus
warrants further investigation in future studies.
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Coagulopathy
Compared to vasopressor-only support, volume expansion resuscitation led to deranged
haemostasis with significantly lower levels of antithrombin, Protein C and Protein S as well
as prolongation of both the prothrombin time and the ROTEM™ thromboplastin-initiated
(EXTEM) clotting time test, following 0.9% NaCl fluid bolus but no differences in coagulation
parameters in the endotoxaemic-shock groups receiving either fresh (≤5 days) or stored
(≥30 days) blood transfusion as shown in figures 6.8(i) - 6.8(iii) and 6.9(i) - 6.9(iii) above.
These gradual changes in the coagulation variables seen after resuscitation with 0.9% NaCl
fluid bolus occurring over time as seen on serial measurements suggest existence of a
delayed but progressive haemostatic dysfunction induced by volume expansion with saline
but not blood transfusion in endotoxaemic shock. Previous studies have demonstrated that
activation of tissue factor in the extrinsic pathway is the main pathway through which
sepsis activates the coagulation system (van der Poll et al., 1990, van Deventer et al., 1990).
In this study, there were alterations in both the extrinsic and intrinsic pathways in
endotoxaemic shock with a significant difference seen in the ROTEM™ EXTEM clotting time
test after administration of a fluid bolus.
Resuscitation with 0.9% NaCl fluid bolus was associated with a transient decrease in
haemoglobin from baseline levels persisting up to 1-hour post the fluid bolus including in
the healthy control as shown in Figure 6.6(i) above. While haemodilution may account for
some of the initial changes in haemostasis, persistence up to 12-hours is suggestive of the
fact that the fluid bolus is exacerbating these changes. However, the potential benefits of
an improved cardiac output outweigh the risk of transient haemodilution seen with fluid
bolus therapy in sepsis. In animal models of trauma and haemorrhage, saline infusion has
been associated with dilutional acidosis which has been linked to impaired thrombin
generation and fibrin polymerisation (Martini et al., 2005, Harr et al., 2011), potential
mechanisms for coagulopathy. Thrombocytopaenia also plays a central role in the
development of coagulation abnormalities in sepsis and has been shown to be associated
with increased mortality in patients with sepsis (Sharma et al., 2007) potentially from
mechanisms such as decreased platelet production, enhanced consumption, obliteration,
or sequestration in the spleen (Levi and van der Poll, 2017). Consistent with the literature,
endotoxin infusion in this ovine model caused a significant reduction in platelet counts
compared to the healthy controls. However, there were no further differences in the
platelet counts seen between the volume-expansion resuscitation and vasopressor-only
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treatment in the endotoxaemic-shock groups. As the ROTEM™ FIBTEM test removes the
platelet contribution to clot amplitude (using the cytochalasin D platelet inhibitor), the
FIBTEM maximum clot firmness (MCF) test provides a direct measure of the quality of the
fibrinogen/fibrin-based clot and pre-clinical studies have shown that low levels of
fibrinogen can be used to diagnose the late and severe consumptive stage of disseminated
intravascular coagulopathy (DIC) (Velik-Salchner et al., 2009). Fibrinogen is an acute-phase
protein, often with normal or even increased plasma levels during the early stages of sepsis
and decreases with progression to severe DIC. The significant differences seen in the
ROTEM™ FIBTEM-MCF between the endotoxaemic-shock groups and healthy controls
progressively worsening over time are indicative of a compromised ability to recover
fibrinogen function in endotoxaemic-shock despite fluid-bolus or blood transfusion
therapy.
Levels of the naturally occurring anti-coagulants antithrombin and Protein C were
significantly lower after endotoxin-infusion compared to healthy controls in all the
treatment groups as shown in Figures 6.8(i) - 6.8(iii) above. Volume expansion resuscitation
with 0.9% NaCl fluid bolus but not blood transfusion further aggravated impairment in the
anticoagulation system with significant decreases in levels of antithrombin and Protein C
in the endotoxaemic shock group. Levels of Protein C and its co-factor Protein S are often
reduced in sepsis (Saracco et al., 2011) potentially by mechanisms involving impaired
synthesis and enhanced degradation by neutrophil elastase with a cytokine-mediated
downregulation of thrombomodulin at the endothelial surface (Levi et al., 2013). Low levels
of antithrombin in endotoxaemia are similarly due to increased consumption, impaired
hepatic synthesis and degradation by elastase from activated neutrophils (Levi et al., 2013).
Reports in the literature have also demonstrated that low plasma levels of both
antithrombin and Protein C in patients with sepsis are often associated with poor outcomes
(Mavrommatis et al., 2001, Yan et al., 2001), a potential mechanism of worsening of
coagulopathy with 0.9% saline bolus treatment.
Cardiac and microvascular effects
In this study, endotoxin infusion led to significant increases in the plasma levels of atrial
natriuretic peptide (ANP), troponin and hyaluronan as well as urine levels of hyaluronan
compared to healthy controls. Volume expansion resuscitation with either a fluid bolus or
blood transfusion further led to a significant increase in the levels of ANP and hyaluronan
in urine compared to vasopressor-only haemodynamic support. ANP is a natriuretic
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peptide produced predominantly in the atria, in response increased tension in the cardiac
chambers and can be assayed in peripheral circulation as surrogate markers for myocardial
stretching (Krishnaswami, 2008). Experimental models of exogenous ANP administration
have shown its association with increased shedding of the glycocalyx layer lining the
vascular endothelium (Bruegger et al., 2005), with transgenic mice that have knock-out
inactivation of the endothelial guanylyl cyclase-A ANP receptor demonstrating decreased
vascular permeability with no immediate increase in haematocrit levels from vascular leak
in response to exogenous ANP compared to controls (Sabrane et al., 2005). Hypervolaemia
leading to increased levels of ANP in the peripheral circulation have also been shown to
trigger shedding of the glycocalyx which may exacerbate circulatory dysfunction especially
at the microvascular level (Chappell et al., 2014). The levels of BNP investigated in the fluid
bolus groups but not the transfusion groups showed an increase after endotoxin infusion
but not after volume expansion treatment, including in the healthy control group that
received a fluid bolus. Similarly, the levels of TNFα were elevated at baseline and did not
show significant rise post endotoxin infusion in this study. One of the limitations in preclinical model assays is species specificity. On-going and future pre-clinical research should
focus on refining existing and developing species specific assays.
Hyaluronan is a glycocalyx glycosaminoglycan (GAG) that increased significantly in plasma
after endotoxin infusion compared to healthy controls. Following volume expansion with
either fluid bolus or blood transfusion in endotoxaemic-shock, the levels of hyaluronan
excreted in urine were significantly higher than those in endotoxaemic-shock animals
receiving haemodynamic support with vasopressors suggestive of additional shedding of
the glycocalyx following volume expansion therapy.
Cardiac troponin (cTn) is a complex of three regulatory proteins (cTnI, cTnC and cTnT) each
of whose concentrations rise in blood when there is damage to myocardial cells. Of the
three subunits, cardiac troponin I (cTnI) has been shown to be expressed exclusively in the
heart (Bodor et al., 1992) with a specific radioimmune assay for its detection in the
peripheral circulation (Cummins et al., 1987). An elevated level of cTnI in the circulation
has therefore been shown to be a specific marker indicating presence of cardiac injury
(Adams et al., 1993), but does not give information on the mechanism of injury. Cardiac
troponin I leak which leads to raised circulating levels also occurs in sepsis (Ammann et al.,
2001). There was a gradual and significant rise in plasma levels of cTnI following endotoxininfusion compared to healthy controls and a further late rise following volume expansion
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with 0.9% NaCl fluid bolus but not blood transfusion when compared to vasopressor-only
therapy. There have been reports showing increased serum troponin levels in patients with
sepsis and no obstructive coronary disease are associated with increased mortality
(Bessiere et al., 2013). The exact underlying mechanisms remain unclear with studies
suggesting potential contributing mechanisms such as mitochondrial oxidative stress,
microvascular thrombi and increased permeability of the sarcolemma membrane (Bessiere
et al., 2013, Maeder et al., 2006). Catecholamines have also been shown to increase
myocardial oxidative stress in experimental models (Neri et al., 2007, Haileselassie et al.,
2017). The dramatic late rise in troponin levels following fluid bolus resuscitation is thus
concerning as it may suggest secondary cardiac injury from the increased vasopressor
requirement and warrants further investigation in future experiments.
Fluid resuscitation in sepsis is aimed at reversing pathological tissue hypoperfusion to
prevent ischaemia and onset of organ dysfunction (Rivers et al., 2008). The arterial lactate
levels increased significantly in all groups following endotoxin-infusion compared to
healthy controls and there was a corresponding decline in pH in the endotoxaemic-shock
groups over the course of the experimental and monitoring phases. Arterial lactate levels
have been shown to be associated with increased mortality in sepsis (Bakker et al., 1991),
and improved outcomes have been reported with serial decrease in lactate levels during
treatment (Nguyen et al., 2004). In this study, volume expansion therapy with fluid bolus
or blood transfusion did not result in significantly lower serum lactate in the immediate
post-resuscitation period or at any time-point during the monitoring phase. Contrary to
expectation, there was a trend of increasing arterial lactate levels and worsening acidosis
following volume expansion resuscitation compared to vasopressor support in the
endotoxaemic shock groups.
Lactate/pyruvate (L/P) ratios obtained from tissue microdialysis have been shown to be a
sensitive marker of the tissue redox state with elevated levels (≥25) associated with
hypoperfusion and impaired oxidative metabolism (Bellander et al., 2004). Pyruvate is the
main breakdown product of glucose by aerobic glycolysis and lactate is formed from
pyruvate by anaerobic respiration when the tissue oxygen tension is low. Increased
glycolysis leads to increased production of pyruvate and lactate production and can be
driven by catecholamines (Roberts et al., 2002). The cardiac and arterial reference L/P
levels rose from baseline throughout the experimental and monitoring periods in all the
treatment groups. It would have been expected that if there was a benefit of reversing
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hypoperfusion with volume expansion therapy in endotoxaemic shock, then the LP ratio
would have decreased in groups receiving either fluid bolus or blood transfusion treatment
compared to those receiving haemodynamic support with vasopressors-only, but this was
not the case as there were no differences in the cardiac and arterial reference L/P ratios in
all the treatment groups. However, the baseline levels of pyruvate were significantly higher
in the healthy control group that received 0.9% NaCl fluid bolus and this could be a
potential limitation which I could not find an explanation for given the identical treatment
all animals received prior to commencement of the experimental protocol. The proportion
of perfused vessels on sublingual incident dark-field imaging was significantly lower in the
endotoxaemic-shock group receiving saline fluid resuscitation compared to those receiving
vasopressors-only, which was suggestive of a potentially novel mechanism of harm at the
microcirculatory level following fluid resuscitation. There were however no significant
differences seen in the microcirculatory laser Doppler flowmetry or oxygenation in the
cardiac tissue across all treatment groups.
The ejection fraction and global circumferential cardiac strain increased significantly
following fluid bolus administration but not blood transfusion in the healthy controls
compared to the endotoxaemic-shock groups. Despite the presence of small acoustic
windows, echocardiography has been shown to be a practical, reliable and reproducible
non-invasive technique of quantifying cardiac function in ovine (and caprine) species
(Hallowell et al., 2012). Indices of left ventricular performance for humans established by
the American Society of Echocardiography (ASE) and the European Association of
Cardiovascular Imaging (EACVI), have previously been shown to be comparable to those in
sheep (Locatelli et al., 2011). The mean ejection fraction before endotoxin-infusion in all
the groups was lower than that reported by Locatelli et al (2011). This could be attributed
to prior handling of the heart that had already occurred during instrumentation and
implantation of microdialysis, laser Doppler and tissue oxygenation catheters for
assessment of cardiac oxidative metabolism and epicardial microcirculation in this study.
There was acute rise in creatinine and urea in all the endotoxaemic shock groups showing
evidence of acute kidney injury with no significant differences between the volume
expansion and vasopressor therapy groups. Excretion of hyaluronan in urine was however
not impaired.
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Limitations
There were important limitations in this study. While the observed association between
increased levels of ANP and hyaluronan and the increased requirement for vasopressors is
interesting given the current understanding of the function of the glycocalyx in vascular
function, it was not possible to quantify the degree to which these observed differences in
ANP and hyaluronan accounted for differences in vasopressor requirements. Additionally,
the volume of fluid bolus used (40mL/kg) while similar to that used in the FEAST trial, is
more than that recommended by the revised adult and paediatric SSC guidelines (Rhodes
et al., 2017a, Rhodes et al., 2017b, Weiss et al., 2020b, Weiss et al., 2020a) and it is possible
that different effects may be seen with different volumes or rates of fluid administration.
It is also possible that volume expansion therapy could have caused reperfusion injury in
this study, however all animals had been adequately hydrated prior to commencement of
the experimental protocol and the change in cardiac index after endotoxin infusion was not
significant from baseline levels. Use of echocardiography and incident dark-field imaging
for evaluation of cardiac and microcirculatory function is prone to error arising from
pressure artefacts, technique and inter-user variation. These were mitigated by use of a
spacer to avoid pressure artefacts as well as limiting the number of users collecting these
data to a maximum of two persons with a standardised protocol based on internationally
approved consensus. Analysis of these data was also done by two independent observers
(NGO and KS), one of whom was completely blinded to the treatment groups (KS) and any
discrepancies in measurements were resolved by a third observer, a senior consultant
cardiologist (JC and DGP). Microcirculatory flow was seen to decline with fluid bolus
therapy. One potential limitation of this finding is that in fluid resuscitated sepsis, there
could have been shunting from smaller to larger vessels at the microvascular level.
Advanced vascular analysis software of the incident dark field imaging only tracks and
computes flow in vessels <25 µm in diameter (thus omitting any vessels >25 µm in
diameter) which could have potentially excluded vessels whereby there was shunting.
Other inherent limitations of the microcirculatory videomicroscopic imaging have been
discussed under Chapter 2 and include: Pressure and motion artefacts, heterogeneity of
perfusion in different tissue beds and both intra- and inter-observer variabilities (Aykut et
al., 2015). Sheep have a large anatomical dead space that can lead to an increase in the
level of PaCO2, however this was not uniform across all groups as there was a higher rise in
PaCO2 that was seen with the fluid bolus (0.9% NaCl) but not blood transfusion could have
been due to hyperchloraemic acidosis following NaCl administration (Constable, 2003).
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6.6 Conclusion
Haemodynamic resuscitation using volume expansion therapy is still a mainstay practice in
the treatment of septic shock. In 2018, the adult Surviving Sepsis Campaign (SSC) update
recommended a single ‘hour-1 bundle’ aimed at beginning resuscitation immediately with
rapid administration of 30mL/kg of crystalloid for hypotension or lactate ≥4 mmol/L and
vasopressors to maintain a MAP ≥65 mmHg among other emergency measures (Levy et al.,
2018a, Levy et al., 2018b). The updated paediatric SSC guideline suggests administration of
up to 40mL/kg fluid bolus (in 10-20 mL/kg per bolus) over the first hour if hypotension is
present in the absence of intensive care facilities (Weiss et al., 2020b, Weiss et al., 2020a).
The fluid bolus recommendations in both the adult and paediatric SSC guidelines are weak
and based on non-randomised evidence. However, in paediatric populations in healthcare
systems with no availability of intensive care and in the absence of hypotension, the SSC
guideline recommends against fluid bolus administration while starting maintenance fluids,
based on randomised evidence (Weiss et al., 2020b, Weiss et al., 2020a). This study
demonstrated that volume expansion resuscitation using a fluid bolus in endotoxaemic
shock led to worsening with significantly higher vasopressor requirements in the 12-hours
after resuscitation. There was an associated increase in levels of ANP and hyaluronan
suggestive that volume expansion with fluid bolus could have resulted in iatrogenic damage
to the glycocalyx lining the vascular endothelium which could have been a causative factor
in the need for increasing vasopressor doses after resuscitation.
In the next chapter, a longitudinal clinical cohort of patients with septic shock was followed
up for a period of 1-month to investigate the effects of maintenance-only fluid in the postFEAST era versus the continuing use of fluid boluses for WHO-shock.
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Chapter 7: Clinical longitudinal study on management of paediatric
septic shock post-FEAST trial (MAPS study)
7.0 Abstract
Objective: To evaluate physiological effects of a fluid-conservative strategy using
maintenance-only fluid for septic shock resuscitation in the post-FEAST trial era.
Methods: A prospective observational study conducted between October 2013 and July
2015 and data analysed from August 2016 to July 2019. The study sites were Mbale
Regional Referral Hospital, Uganda and Kilifi County Hospital, Kenya. Consecutive sampling
of 54 eligible children was performed to recruit 30 children (≥60 days to ≤12 years) with
severe febrile illness and impaired perfusion (FEAST trial criteria). Patients received
intravenous maintenance fluid (4mL/kg/hr) and were switched to oral hydration upon
resolution of shock symptoms. Children with World Health Organization (WHO) defined
shock (≥3 signs), persistent shock or anaemia (Hb<5g/dL) received blood transfusion
(20mL/kg whole blood or 10mL/kg packed red blood cells) over 3-hours. The primary
outcome was 48-hour mortality and secondary outcomes included clinical haemodynamic,
electrocardiographic, echocardiographic and cardiac biomarker perturbations at
presentation, during resuscitation and at 1-month follow-up.
Results: Thirty children (70% males) were recruited; 6 had WHO shock, all of whom died
100% (6/6) versus 12.5% (3/24) mortality in non-WHO shock (risk difference, 0.67; 95%CI,
0.36-0.97; p= 0.007). At admission, there was a higher frequency of hypoxaemia among
children with WHO shock criteria (risk ratio, 10; IQR, 2.47, 14.54; p<0.001) compared to
those with non-WHO shock criteria. Compared to non-WHO shock, patients with WHO
shock also had a higher baseline levels of lactate (median 12.1mmol/L [IQR 9.9, 13.1] versus
3.6mmol/L [IQR 1.9, 10.8])(p=0.001), cardiac troponin I, cTnI (median 0.67ng/mL [IQR 0.61,
0.74] versus median 0.09ng/mL [IQR 0.04, 0.26])(p=0.02) and atrial natriuretic peptide,
ANP (median 111pg/mL [IQR 91, 130] versus 67pg/mL [IQR 62, 72])(p=0.017).
Conclusion: Maintenance-only fluid-conservative resuscitation normalised clinical and
myocardial perturbations in septic shock without compromising cardiac or hemodynamic
function. Severity of hypoxaemia, lactataemia as well as elevated cTnI and ANP at
admission were predictors of outcomes in septic shock among this cohort of paediatric
patients in a resource-limited setting.
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7.1 Introduction
In 2011, the Fluid Expansion As Supportive Therapy (FEAST) randomised controlled trial on
fluid resuscitation in severe febrile illness among children in resource-limited settings,
demonstrated a 45% relative increased risk of mortality with fluid bolus (with 5% albumin
or 0.9% saline) treatment compared to non-bolus controls (95% CI, 1.13-1.86; p=0.003)
(Maitland et al., 2011a). Subsequent analyses revealed the major excess in mortality in the
bolus arms were due fatal cardiovascular collapse rather than volume overload as the
terminal clinical event (Maitland et al., 2013). Figure 7.1 below shows fluid boluses
increased the risk of mortality in all malaria & non-malaria sub-groups as well as across all
definitions of shock (Maitland et al., 2013, Kiguli et al., 2014, Houston et al., 2018), and
there was no difference between resuscitation with a crystalloid (0.9% saline) or a colloid
(5% human albumin) fluid bolus (relative risk 1.01; 95% CI 0.78-1.29; p = 0.96) (Maitland et
al., 2011a). Updated WHO-IMCI guidelines for paediatric emergency triage and treatment
(ETAT) in resource-limited settings continue to recommend use of fluid boluses for patients
with all three signs of impaired perfusion (WHO-shock criteria) including a prolonged
capillary refill time >3 seconds, cool peripheries and a weak & fast pulse . However, in the
FEAST trial only 2% (65/3,141) of children had all three features of WHO-shock criteria and
as they were the sickest they accounted for more than 9% of mortalities (Moisi et al., 2011,
Houston et al., 2018). Examining the relative importance of WHO-shock criteria amongst
general paediatric admission cohorts in resource-limited settings found that WHO-shock
was a rare occurrence (approximately 0.1%), yet mortality was very high (80-100%) outside
the FEAST trial (Houston et al., 2018). Together these findings question whether updated
2013 WHO guidelines for fluid resuscitation are relevant to African children, potentially
endangering a wider group through the risk of slippage, when clinicians are not familiar
with the strict WHO-shock criteria (Kiguli et al., 2014). Updated paediatric surviving sepsis
campaign (SSC) guidelines published in 2020 recommend against giving maintenance fluids
in healthcare systems with no availability of intensive care and in the absence of
hypotension. However, there have been no paediatric studies investigating fluidconservative strategies and cardiac function post-FEAST in resource-limited settings. We
therefore conducted an observational study on non-malnourished children admitted with
severe febrile illness and impaired perfusion (FEAST trial criteria (Moisi et al., 2011,
Maitland et al., 2011a)) and managed conservatively with maintenance-only fluid (the
Management of Paediatric Septic Shock, MAPS study).
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Figure 7.1: Forest plot comparing outcome with fluid bolus therapy across different shock
definitions and malaria status in the FEAST trial (adapted from (Houston et al., 2018))

Fig 7.1: Forest plot comparing outcome with fluid bolus therapy across different definitions of
shock, using FEAST dataset
1

FEAST trial criteria: history of fever or axillary temperature >37.4 °C or <36 °C with impaired consciousness

(prostration or coma) or respiratory distress, plus ≥1 of the following: capillary refill time >2 s, lower limb
temperature gradient, weak pulse, tachycardia (heart rate >180 beats per min (bpm) (age <12 months), >160
bpm (age 12months−5 years), >140 bpm (age >5 years)).
2

World Health Organization (WHO) Emergency Triage Assessment Treatment criteria: the presence of cold

hands or feet with capillary refill time >3 s and a weak pulse.
3

American College of Critical Care Medicine (ACCM) cold shock (with two signs): axillary temperature >37.4 °C

or <36 °C plus ≥ 2 of: prostration/coma or Blantyre coma score <5, capillary refill time >2 s, weak pulse,
increased temperature gradient.
4

Paediatric Advanced Life Support (PALS) (2010) compensated shock: two of the following: tachycardia (see

FEAST criteria for definition), increased temperature gradient, capillary refill time >2 s, weak pulse.
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7.2 Aims
To evaluate physiological and haemodynamic effects of a fluid-conservative strategy using
maintenance-only fluid for septic shock resuscitation versus fluid boluses for WHO-shock
criteria (WHO guideline) in the post-FEAST trial era.
7.3 Methods
7.3.1 Study design
A prospective observational study conducted in two hospitals (Mbale Regional Referral
Hospital, Uganda and Kilifi County Hospital, Kenya) in accordance with STROBE guidelines
(von Elm et al., 2007) between October 2013 and July 2015. Data were analysed from
August 2016 to July 2019. The study used inclusion criteria identical to the FEAST trial:
Eligible patients included children ≥60 days to ≤12 years old with severe febrile illness
(impaired consciousness and/or respiratory distress) and one or more signs of impaired
perfusion (capillary refilling time (CRT) ≥3 seconds, temperature gradient, weak pulse).
Children with severe acute malnutrition, gastroenteritis or non-infectious causes of shock
or known heart disease were excluded.
7.3.2 Study procedures and fluid management
Consecutive recruitment of the first 30 eligible and consenting children was done with no
formal sample size calculation. Consent process followed that of the FEAST trial (Maitland
et al., 2011b). All participants had structured clinical assessments, blood/urine samplings,
twelve-lead electrocardiograms (Kligfield et al., 2007, Bazett, 1920, Tutar et al., 1998) and
echocardiograms (Lopez et al., 2010, Tei et al., 1995, Tei, 1995, Karatzis et al., 2009, Karaye,
2011, Mercier et al., 1982, Wyatt et al., 1980a, Wyatt et al., 1980b, Gorcsan and Tanaka,
2011, Lang et al., 2015) recording at prespecified timepoints. (See supplementary
methods). Children received maintenance-only intravenous fluids (4mL/kg/hr) as per
FEAST control arm followed by oral hydration except those with WHO shock who received
treatment according to the WHO treatment guidelines (fluid bolus 20mL/kg) as rapidly as
possible and repeated up to 3-times if signs of shock persisted. Children with WHO shock
(≥3 criteria), severe anaemia (haemoglobin <5g/dL) or persisting signs of shock at 8 hours
received blood transfusion (20mL/kg whole blood or 10mL/kg packed cells) over 3-4 hours
(2013).
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7.3.3 End-points
The primary end-point was 48-hours mortality while secondary end-points included
haemodynamic and myocardial performance indices, electrocardiographic abnormalities
and cardiac bio-markers and adverse events related to the resuscitation.
7.3.4 Statistical analysis
All analysis was performed using STATA®, version 15 (StataCorp LLC©). Mean or mean
difference (± standard deviation, SD) and median (inter-quartile range, IQR) were
presented for normally and non-normally distributed data respectively. Overall normality
of data distribution was assessed using the skewness and kurtosis test (sktest). Baseline
parameters in patients with ≥3 shock criteria (WHO shock) versus ≤2 shock criteria (nonWHO shock) were compared using a two-sample t-test (normally-distributed data) and
Wilcoxon rank sum test (for non-parametric data). Frequencies of variables predictive of
illness severity at admission were compared between survivors and case fatalities. A linear
regression model with time as an independent variable was fitted to test for trend on
variables recorded at admission, post-fluid administration until 1-month follow-up.
Statistical significance was set at an alpha level p<0.05 except for multiple comparisons
where adjustment of the alpha level was done using Bonferroni’s method (Vickerstaff et
al., 2019).

7.4 Results
7.4.1 Recruitment and baseline data
Of the 54 children screened, 30 were eligible and followed-up for 1-month (Figure 7.2). The
median age for the entire cohort was 23 months (IQR, 17 – 35 months) and 70% (21/30) of
the patients were males. Malaria was present in 27% (8/30) and HIV infection in 10% (3/30).
Other features of severe illness based on the 2005 age-specific Paediatric Sepsis Consensus
Conference Criteria (Goldstein et al., 2005) were; tachycardia present in 77% (23/30),
severe anaemia (Hb <5g/dL) in 40% (12/30) and leucocytosis in 47% (14/30).
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Figure 7.2: MAPS study flow diagram
Screening severe febrile illness and
shock (n = 54)
Gastroenteritis
(n = 11)

Non-infectious causes of shock: Burns and
trauma (n = 4)

Severe malnutrition
(n = 8)

Congenital heart disease
(n=1)

Recruited: severe febrile illness, nonmalnourished and septic shock
(n = 30)

Fig 7.2: Schematic diagram showing eligibility screening and recruitment of septic shock patients
in the MAPS clinical longitudinal study.
MAPS, management of paediatric shock.

Baseline demographic, anthropometric, clinical and laboratory data of all patients by shockstatus (WHO versus non-WHO shock) are summarised in Table 7.1 below. Twenty percent
(6/30) of the patients had WHO-shock.
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Table 7.1: Baseline characteristics of the patients by WHO-shock status
All
(n, 30)
21 (70)
23 (17, 35)
10 (10, 12)
83 (79, 86)
15 (14, 16)

WHO shock
(n, 6)
5 (83)
22 (14, 27)
10 (8, 11)
82 (78, 83)
13 (13, 15)

Non-WHO shock
(n, 24)
16 (67)
23 (17, 38)
11 (10, 13)
82 (79, 88)
15 (14, 16)

Sex (% males), n (%)
Age (months), median (IQR)
Weight (kg), median (IQR)
Height (cm), median (IQR)
MUAC (cm), median (IQR)
Clinical assessment
Temperature (0C), median (IQR)
37.9 (37.2, 38.4)
37.8 (37.4, 38.1)
37.9 (37.1, 38.9)
Respiratory rate (breaths/min), median (IQR)
53 (46, 60)
50 (49, 64)
54 (44, 60)
Oxygen saturation (%), median (IQR)
97 (91, 98)
84 (57, 97)
98 (95, 98)
Heart rate (beats/min), median (IQR)
166 (155, 172)
152 (43, 181)
166 (160, 172)
Mean arterial pressure (mmHg), median (IQR)
69 (62, 79)
70 (61, 80)
68 (62, 79)
Capillary refill time (sec), median (IQR)
2 (2, 3)
3 (3, 4)
2 (2, 3)
Electrocardiography
P duration, (milliseconds), median (IQR)
146 (80, 160)
78 (64, 119)
150 (82, 164)
PR-interval (milliseconds), median (IQR)
174 (106, 186)
108 (94, 148)
176 (108, 190)
QRS-duration (milliseconds), median (IQR)
68 (60, 72)
70 (62, 84)
68 (60, 72)
P-wave axis (degrees), median (IQR)
65 (45, 70)
73 (70, 75)
55 (40, 70)
QRS-complex axis, (degrees), median (IQR)
60 (35, 75)
78 (53, 103)
60 (35, 70)
T-wave axis, (degrees), median (IQR)
55 (35, 60)
58 (0, 60)
50 (35, 65)
QT-duration, (milliseconds), median (IQR)
254 (248, 278)
254 (249, 261)
254 (246, 278)
Corrected QT-duration (milliseconds), median (IQR)
422 (405, 427)
404 (394, 419)
423 (410, 430)
QT-dispersion, (milliseconds), median (IQR)
30 (22, 48)
44 (34, 53)
28 (22, 38)
Corrected QT-dispersion, (milliseconds), median (IQR)
46 (36, 78)
70 (52, 88)
43 (33, 65)
Echocardiography
Tei index, median (IQR)
0.15 (0.10, 0.23)
0.11 (0.08, 0.12)
0.17 (0.12, 0.23)
Global Radial Strain (%), median (IQR)
26 (22, 32)
29 (22, 45)
26 (22, 33)
Global Circumferential Strain (%), median (IQR)
-21 (-26, -18)
-17 (-19, -9)
-23 (-27, -20)
Global Longitudinal Strain (%), median (IQR)
-24 (-27, -21)
-16 (-24, -12)
-25 (-27, -22)
Ejection Fraction (%), median (IQR)
60 (53, 64)
61 (47, 64)
60 (54, 64)
Fractional Shortening (%) (mean ± SE)
30 (27, 33)
31 (23, 33)
30 (27, 34)
TAPSE (mm) (mean ± SE)
16 (14, 18)
12 (8, 14)
16 (15, 19)
MAPSE (mm) (mean ±S E)
11 (10, 12)
8 (6, 12)
11 (10, 12)
SVI (mL/m2), median (IQR)
39 (31, 46)
34 (17, 47)
39 (34, 45)
EDVI (mL/m2), median (IQR)
65 (52, 74)
55 (34, 110)
65 (55, 73)
Cardiac Index (mL/min/m2), median (IQR)
6.0 (4.9, 7.2)
6.0 (4.8, 8.4)
6.0 (4.9, 7.1)
SVRI (dynes.sec/cm5/m2), median (IQR)
959 (752, 1152)
1000 (584, 1086)
934 (769, 1217)
IVCCI (%), median (IQR)
28 (18, 40)
30 (18, 40)
28 (19, 40)
E’ (m/sec) (mean ± SE)
0.15 (0.12, 0.18)
0.11 (0.09, 0.14)
0.16 (0.13, 0.18)
S’ (m/sec), median (IQR)
0.08 (0.06, 0.09)
0.06 (0.05, 0.07)
0.08 (0.07, 0.09)
E/E’ ratio, median (IQR)
8.0 (5.9, 9.4)
7.8 (5.7, 10.4)
8.1 (6.0, 9.2)
E/A ratio, median (IQR)
1.2 (1.1, 1.6)
1.7 (1.0, 2.4)
1.2 (1.1, 1.5)
Laboratory assessment
Sodium (mmol/L), median (IQR)
133 (132, 136)
130 (123, 138)
133 (132, 136)
Potassium (mmol/L), median (IQR)
4.8 (4.2, 6.2)
7.0 (5.9, 8.3)
4.7 (4.1, 6)
Creatinine (µmol/L), median (IQR)
53 (35, 67)
50 (23, 71)
53 (38, 67)
Lactate (mmol/L), median (IQR)
3.7 (2.0, 11.9)
12.1 (9.9, 13.1)
3.6 (1.9, 10.8)
Glucose (mmol/L), median (IQR)
8.5 (5.8, 9.7)
5.3 (1.3, 8.2)
8.9 (6.2, 9.7)
Platelets X 109/L, median (IQR)
162 (119, 238)
131 (80, 254)
167 (126, 238)
White blood cell count X 109/L, median (IQR)
15.4 (10.9, 23.5)
23.4 (20.2, 37.8)
14.0 (9.0, 19.5)
Haemoglobin (g/dL), median (IQR)
5.4 (4.0, 9.6)
4.2 (2.5, 7.6)
6.5 (4.0, 9.6)
Malaria positive, n (%)
8 (27)
2 (33)
6 (25)
HIV positive, n (%)
3 (10)
1 (17)
2 (8)
Biomarkers
Troponin I (ng/mL)
0.56 (0.05, 1.33)
0.67 (0.61, 0.74)
0.09 (0.04, 0.26)
Brain natriuretic peptide (pg/mL)
512 (337, 712)
798 (563, 1033)
512 (328, 1004)
Atrial natriuretic peptide (pg/mL)
58 (35.9, 71.6)
111 (91, 130)
67 (62, 72)
Plasma hyaluronan (ng/mL)
105 (46, 168)
168 (168, 168)
75 (40, 168)
Urine hyaluronan (ng/mL)
165 (135, 168)
168 (168, 168)
158 (129, 168)
MUAC, mid-upper arm circumference; TAPSE, tricuspid annular plane systolic excursion; MAPSE, mitral annular plane
systolic excursion; SVI, stroke volume index; EDVI, end-diastolic volume index; IVCCI, inferior vena cava collapsibility index
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At admission, compared to patients with non-WHO shock criteria, patients with WHO
shock also had a lower oxygen saturation at admission (median 84% [IQR 57, 97] versus
median 98% [IQR 95, 98]) (z=3.11, p=0.002) and higher baseline levels of lactate (median
12.1mmol/L [IQR 9.9, 13.1] versus 3.6mmol/L [IQR 1.9, 10.8]) (z=3.90, p=0.001), cardiac
troponin I, cTnI (median 0.67ng/mL [IQR 0.61, 0.74] versus median 0.09ng/mL [IQR 0.04,
0.26])(z=2.07, p=0.02) and atrial natriuretic peptide, ANP (median 111pg/mL [IQR 91, 130]
versus 67pg/mL [IQR 62, 72])(z=2.38, p=0.017) (Table 7.1). There was a higher frequency of
hypoxaemia among children with WHO shock criteria (risk ratio, 10; IQR, 2.47, 14.54;
p<0.001) compared to those with non-WHO shock criteria (Table 7.2).
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Table 7.2: Features of severe illness at baseline by WHO-shock status
Clinical and laboratory assessment
All (n, 30)
WHO shock (n, 6)
Non-WHO shock (n, 24)
Risk Ratio (95% CI)&
p-value&&
Fever (>39.00C), n (%)
5 (17)
0 (0)
5 (21)
-0.24 ([-0.41], [-0.07])*
0.55*
Hypothermia (<36.00C), n (%)
2 (7)
1 (17)
1 (4)
2.8 (0.57, 13.8)
0.37
Tachypnoea**, n (%)
30 (100)
6 (100)
24 (100)
N/A
N/A
Hypoxemia (<90%), n (%)
5 (17)
4 (67)
1 (4)
10 (2.47, 14.54)
<0.001
Tachycardia╬, n (%)
20 (67)
3 (50)
17 (71)
0.5 (0.12, 2.05)
0.37
Hypotension#, n (%)
0 (0)
0 (0)
0 (0)
N/A
N/A
Prolonged capillary refill time >3 sec, n (%)
9 (30)
3 (50)
6 (25)
2.3 (0.58, 9.43)
0.33
Hyponatremia (<125mmol/L), n (%)
2 (7)
2 (33)
0 (0)
0.86 (0.73, 0.99)*
0.24*
Hypernatremia (>150mmon/L), n (%)
0 (0)
0 (0)
0 (0)
N/A
N/A
Hypokalaemia (<2.5mmol/L), n (%)
0 (0)
0 (0)
0 (0)
N/A
N/A
Hyperkalaemia (>5.5mmol/L), n (%)
11 (37)
4 (67)
7 (29)
3.46 (0.75, 15.90)
0.16
Hypercreatininaemia (>80 µmol/L), n (%)
4 (13)
0 (0)
4 (17)
-0.23 ([-0.39], [-0.07])*
0.56*
Hyperlactatemia (>4mmol/L), n (%)
12 (40)
4 (67)
8 (33)
3.0 (0.65, 13.88)
0.18
Hypoglycaemia (<3mmol/L), n (%)
2 (7)
1 (17)
1 (4)
2.8 (0.57, 13.83)
0.37
Thrombocytopenia (<160 X 109/L), n (%)
12 (40)
3 (50)
9 (38)
1.5 (0.36, 6.23)
0.66
Leucocytosis+ n (%)
16 (53)
4 (67)
12 (50)
1.8 (0.38, 8.15)
0.65
Severe anaemia (<5g/dL), n (%)
12 (40)
2 (33)
10 (42)
0.75 (0.16, 3.47)
1.00
High troponin (>0.1 µg/mL), n (%)
16 (53)
6 (100)
10 (42)
0.4 (0.13, 0.58)*
0.09*
High brain natriuretic peptide (>300 pg/mL), n (%)
21 (70)
4 (67)
17 (71)
0.9 (0.19, 3.87)
1.00
High atrial natriuretic peptide (>60 pg/mL), n (%)
10 (33)
6 (100)
4 (17)
0.6 (0.30, 0.90)*
0.07*
High plasma hyaluronan (>100 ng/mL), n (%)
12 (40)
3 (50)
9 (38)
1.5 (0.36, 6.23)
0.56
High urine hyaluronan (>300 ng/mL), n (%)
0 (0)
0 (0)
0 (0)
N/A
N/A
Electrocardiography
Prolonged PR-interval (>120ms), n (%)
15 (50)
1 (17)
14 (58)
0.2 (0.03, 1.51)
0.17
Prolonged QRS-duration (>75ms), n (%)
3 (10)
1 (17)
2 (8)
1.8 (0.30, 10.73)
0.50
Prolonged QTc- duration (>440ms), n (%)
1 (3)
0 (0)
1 (4)
-0.2 ([-0.35], [-0.06])*
1.00*
Prolonged QTc-dispersion (>85ms), n (%)
4 (13)
1 (17)
3 (13)
1.3 (0.20, 8.45)
1.00
Echocardiography
Low Tei index (<0.28), n (%)
24 (80)
5 (83)
19 (79)
1.3 (0.18, 8.80)
1.00
Reduced global radial strain < |45.2|, n (%)
25 (83)
4 (67)
21 (88)
0.4 (0.10, 1.62)
0.25
Reduced global circumferential strain < |22.3%|, n (%)
14 (47)
5 (83)
9 (38)
5.7 (0.76, 43.24)
0.27
Reduced global longitudinal strain < |20.2%|, n (%)
7 (23)
4 (67)
3 (13)
6.6 (1.51, 28.62)
0.12
Reduced Ejection Fraction (<55 %), n (%)
8 (27)
2 (33)
6 (25)
1.4 (0.31, 6.11)
0.65
Reduced Fractional Shortening (<28 %), n (%)
9 (30)
2 (33)
7 (19)
1.2 (0.26, 5.27)
1.00
Low cardiac index (< 3.0 mL/min/m2), n (%)
3 (10)
1 (17)
2 (8)
1.8 (0.30, 10.73)
0.50
& risk ratio (95% CI) and corresponding Fisher’s exact 2-tailed p-value comparing WHO vs non-WHO shock; * denotes risk difference and corresponding Fisher’s exact 2-tailed p-value; && p-value
adjusted for multiple comparisons (Bonferroni’s method); **Tachypnoea: >34 brpm if <12 months of age; >22 brpm if >1 to 5 years and >18 brpm if >5 years; ╬Tachycardia: >180 bpm if <12 months
of age; >160 bpm if 1 to 5 years of age; and >140 bpm >5 years; #Hypotension: Systolic blood pressure of <50 mmHg if <12 months; <60 mmHg if 1-5 years; and <70 mmHg if >5 years; +Leucocytosis:
White cell count: >17.5 X 109/L if <12 months; >15.5 X 109/L if 1-5 years and >13.5 X 109/L if >5 years.
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7.4.2 Volume administered during the initial 24-hours
At admission, all non-WHO shock patients received initial fluid management with
intravenous maintenance-only fluid (4mL/kg/hr) while those with WHO-shock received
guideline recommended 20mL/kg fluid boluses. Twelve children who had severe anaemia
(Hb<5g/dL) at presentation, also received blood transfusion (10mL/kg packed cells or
20mL/kg whole blood), seven of whom received additional transfusion for shock
persistence (including all 6 with WHO-shock). No significant differences were seen in the
median volume administered between the WHO shock group (28.8 mL/kg; IQR, 16.0-41.5)
versus the non-WHO shock group and (13.0 mL/kg; IQR, 5.3-20.8) (p=0.28).

7.4.3 Case fatalities
By 48 hours there were 9/30 (30%) fatalities, all occurring <40-hours post-admission with
the majority 7/9 (78%) occurring by 24-hours (Figure 7.3). Six of the fatalities (67%) had
WHO-shock translating to a case fatality rate of 6/6 (100%) versus 3/24 (12.5%) in children
with <2 shock criteria (risk difference, 0.67; 95%CI, 0.36-0.97; p= 0.007).
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Figure 7.3: Kaplan-Meier survival estimates at 48-hours by shock status

Fig 7.3: Kaplan-Meier survival estimates at 48-hours in the MAPS study. All patients with WHO
shock criteria died before 24-hours.
MAPS, management of paediatric shock.

7.4.4 Predictors of mortality at admission
Table 7.3 below shows the characteristics of the patients at baseline by outcome status.
The median oxygen saturation at admission was 97% (IQR 94-98) among survivors and 95%
(IQR 83-98) among the non-survivors. Comparison of frequencies of the features of illness
severity between survivors and non-survivors showed no significance after adjustment for
multiple comparisons (Table 7.4 below).
Volume administered
The overall median intravenous volume given for the entire cohort was 14 mL/kg (IQR, 1035), with no significant difference in the median volume was administered to non-survivors
(30 mL/kg; IQR 28-61) compared to survivors (13 mL/kg; IQR 9-32), p=0.23. The median
red cell transfusion volume in 11 children with Hb<5g/dL was 9 mL/kg (IQR 7-11). Of those
receiving blood transfusion 64%, (7/11) required ≥2 transfusions including all 6 WHO-shock
cases (for persistence of shock). Over 24 hours, there was no significant difference in the
median volume of blood transfused in non-survivors (16 mL/kg; IQR 8-21) compared to
survivors (8 mL/kg; IQR 6-12), p= 0.24.
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Table 7.3: Baseline characteristics of the patients by outcome status
All
(n, 30)
21 (70)
23 (17, 35)
10 (10, 12)
83 (79, 86)
15 (14, 16)

Survivors
(n, 21)
14 (67%)
23 (17, 37)
10 (10, 12)
81 (79, 87)
15 (14, 16)

Case-fatalities
(n, 9)
7 (78%)
26 (18, 27)
10 (9, 11)
85 (82, 85)
14 (13, 15)

Sex (% males), n (%)
Age (months), median (IQR)
Weight (kg), median (IQR)
Height (cm), median (IQR)
MUAC (cm), median (IQR)
Clinical assessment
Temperature (0C), median (IQR)
37.9 (37.2, 38.4)
37.9 (37.2, 38.9)
37.6 (37.0, 38.1)
Respiratory rate (breaths/min), median (IQR)
53 (46, 60)
54 (46, 60)
50 (49, 58)
Oxygen saturation (%), median (IQR)
97 (91, 98)
97 (94, 98)
95 (83, 98)
Heart rate (beats/min), median (IQR)
166 (155, 172)
166 (163, 173)
160 (129, 169)
Mean arterial pressure (mmHg), median (IQR)
69 (62, 79)
68 (62, 79)
70 (61, 78)
Capillary refill time (sec), median (IQR)
2 (2, 3)
2 (2, 3)
3 (2, 3)
Electrocardiography
P duration, (milliseconds), median (IQR)
146 (80, 160)
154 (87, 165)
82 (77, 120)
PR-interval (milliseconds), median (IQR)
174 (106, 186)
176 (117, 191)
112 (105, 148)
QRS-duration (milliseconds), median (IQR)
68 (60, 72)
69 (62, 72)
68 (62, 73)
P-wave axis (degrees), median (IQR)
65 (45, 70)
45 (40, 65)
70 (66, 71)
QRS-complex axis, (degrees), median (IQR)
60 (35, 75)
55 (34, 70)
75 (60, 85)
T-wave axis, (degrees), median (IQR)
55 (35, 60)
50 (35, 56)
60 (53, 63)
QT-duration, (milliseconds), median (IQR)
254 (248, 278)
254 (246, 275)
258 (249, 271)
Corrected QT-duration (milliseconds), median (IQR)
422 (405, 427)
423 (409, 430)
414 (403, 424)
QT-dispersion, (milliseconds), median (IQR)
30 (22, 48)
28 (22, 41)
38 (29, 44)
Corrected QT-dispersion, (milliseconds), median (IQR)
46 (36, 78)
45 (35, 68)
60 (43, 73)
Echocardiography
Tei index, median (IQR)
0.15 (0.10, 0.23)
0.15 (0.11, 0.21)
0.12 (0.10, 0.36)
Global Radial Strain (%), median (IQR)
26 (22, 32)
41 (29, 50)
23 (23, 40)
Global Circumferential Strain (%), median (IQR)
-21 (-26, -18)
-19 [(-21), (-16)]
-21 [(-24), (-13)]
Global Longitudinal Strain (%), median (IQR)
-24 (-27, -21)
-22 [(-24), (-19)]
-13 [(-17), (-13)]
Ejection Fraction (%), median (IQR)
60 (53, 64)
61 (55, 66)
59 (47, 63)
Fractional Shortening (%) (mean ± SE)
30 (27, 33)
32 (28, 35)
30 (23, 32)
TAPSE (mm) (mean ± SE)
16 (14, 18)
16 (15, 18)
14 (12, 15)
MAPSE (mm) (mean ±S E)
11 (10, 12)
11 (10, 12)
10 (8, 10)
SVI (mL/m2), median (IQR)
39 (31, 46)
39 (35, 41)
36 (26, 47)
EDVI (mL/m2), median (IQR)
65 (52, 74)
63 (55, 69)
68 (41, 93)
Cardiac Index (mL/min/m2), median (IQR)
6.0 (4.9, 7.2)
6.0 (5.4, 7.1)
5.4 (4.9, 8.4)
SVRI (dynes.sec/cm5/m2), median (IQR)
959 (752, 1152)
865 (720, 1018)
1231 (811, 2077)
IVCCI (%), median (IQR)
28 (18, 40)
27 (18, 39)
35 (21, 40)
E’ (m/sec) (mean ± SE)
0.15 (0.12, 0.18)
0.16 (0.13, 0.18)
0.11 (0.09, 0.15)
S’ (m/sec), median (IQR)
0.08 (0.06, 0.09)
0.08 (0.07, 0.09)
0.07 (0.05, 0.07)
E/E’ ratio, median (IQR)
8.0 (5.9, 9.4)
8.11 (6.10, 9.14)
7.91 (5.67, 9.36)
E/A ratio, median (IQR)
1.2 (1.1, 1.6)
1.22 (1.14, 1.35)
1.63 (1.04, 1.69)
Laboratory assessment
Sodium (mmol/L), median (IQR)
133 (132, 136)
133 (132, 136)
133 (123, 136)
Potassium (mmol/L), median (IQR)
4.8 (4.2, 6.2)
4.7 (4.0, 6.1)
5.5 (4.8, 7.6)
Creatinine (µmol/L), median (IQR)
53 (35, 67)
46 (22, 67)
63 (35, 77)
Lactate (mmol/L), median (IQR)
3.7 (2.0, 11.9)
3.5 (1.9, 11.4)
7.9 (6.4, 12.3)
Glucose (mmol/L), median (IQR)
8.5 (5.8, 9.7)
9.2 (6.6, 10.0)
5.2 (1.4, 6.2)
Platelets X 109/L, median (IQR)
162 (119, 238)
162 (118, 264)
142 (119, 223)
White blood cell count X 109/L, median (IQR)
15.4 (10.9, 23.5)
13.1 (9.0, 19.5)
23.2 (15.6, 47.9)
Haemoglobin (g/dL), median (IQR)
5.4 (4.0, 9.6)
5.4 (3.0, 12.0)
5.9 (4.0, 9.0)
Malaria positive, n (%)
8 (27)
5 (24)
3 (33)
HIV positive, n (%)
3 (10)
2 (9.5)
1 (11)
Biomarkers
Troponin I (ng/mL)
0.56 (0.05, 1.33)
0.07 (0, 0.96)
0.26 (0.07, 0.51)
Brain natriuretic peptide (pg/mL)
512 (337, 712)
520 (328, 649)
442 (344, 664)
Atrial natriuretic peptide (pg/mL)
58 (35.9, 71.6)
39 (6.1, 57.5)
70 (66.6, 74.2)
Plasma hyaluronan (ng/mL)
105 (46, 168)
68 (45, 166)
168 (116, 168)
Urine hyaluronan (ng/mL)
165 (135, 168)
155 (131, 162)
168 (168, 168)
MUAC, mid-upper arm circumference; TAPSE, tricuspid annular plane systolic excursion; MAPSE, mitral annular plane
systolic excursion; SVI, stroke volume index; EDVI, end-diastolic volume index; IVCCI, inferior vena cava collapsibility index
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Table 7.4: Features of severe illness at baseline by outcome status
Clinical and laboratory assessment
All (n, 30)
Survivors (n, 21)
Case-fatalities (n, 9)
Risk ratio (95% CI)&
p-value&&
0
Fever (>39.0 C), n (%)
5 (17)
5 (24)
0 (0)
0.36 (0.17, 0.55)*
0.29*
Hypothermia (<36.00C), n (%)
2 (7)
1 (5)
1 (11)
0.73 (0.18, 2.96)
1.00
Tachypnoea**, n (%)
30 (100)
21 (100)
9 (100)
N/A
N/A
Hypoxemia (<90%), n (%)
5 (17)
1 (5)
4 (44)
0.25 (0.04, 1.46)
0.05
Tachycardia╬, n (%)
20 (67)
16 (76)
4 (44)
1.6 (0.83, 3.09)
0.12
Hypotension#, n (%)
0 (0)
0 (0)
0 (0)
N/A
N/A
Prolonged capillary refill time >3 sec, n (%)
9 (30)
5 (24)
4 (44)
0.73 (0.39, 1.37)
0.39
Hyponatremia (<125mmol/L), n (%)
2 (7)
0 (0)
2 (22)
-0.75 ([-0.91], [-0.59])*
0.08*
Hypernatremia (>150mmon/L), n (%)
0 (0)
0 (0)
0 (0)
N/A
N/A
Hypokalaemia (<2.5mmol/L), n (%)
0 (0)
0 (0)
0 (0)
N/A
N/A
Hyperkalaemia (>5.5mmol/L), n (%)
11 (37)
7 (33)
4 (44)
0.86 (0.51, 1.46)
0.69
Hypercreatininaemia (>80 µmol/L), n (%)
4 (13)
3 (14)
1 (11)
1.08 (0.58, 2.02)
1.00
Hyperlactatemia (>4mmol/L), n (%)
12 (40)
5 (24)
7 (78)
0.47 (0.24, 0.93)
0.09
Hypoglycaemia (<3mmol/L), n (%)
2 (7)
0 (0)
2 (22)
-0.75 ([-0.91], [-0.59])*
0.08*
Thrombocytopenia (<160 X 109/L), n (%)
12 (40)
8 (38)
4 (44)
0.92 (0.56, 1.51)
1.00
Leucocytosis+ n (%)
16 (53)
10 (48)
6 (67)
0.80 (0.50, 1.27)
0.44
Severe anaemia (<5g/dL), n (%)
12 (40)
9 (43)
3 (33)
1.13 (0.71, 1.79)
0.70
Malaria positive, n (%)
8 (27)
5 (24)
3 (33)
0.86 (0.47, 1.56)
0.67
HIV positive, n (%)
3 (10)
2 (10)
1 (11)
0.95 (0.41, 2.19)
1.00
High troponin (>0.1 µg/mL), n (%)
16 (53)
9 (43)
7 (78)
0.66 (0.41, 1.06)
0.12
High brain natriuretic peptide (>300 pg/mL), n (%)
21 (70)
13 (62)
8 (89)
0.70 (0.46, 1.05)
0.21
High atrial natriuretic peptide (>60 pg/mL), n (%)
10 (33)
3 (14)
7 (78)
0.33 (0.13, 0.87)
0.07
High plasma hyaluronan (>100 ng/mL), n (%)
12 (40)
4 (14)
8 (89)
0.35 (0.16, 0.79)
0.07
High urine hyaluronan (>300 ng/mL), n (%)
0 (0)
0 (0)
0 (0)
N/A
N/A
Electrocardiography
Prolonged PR-interval (>120ms), n (%)
15 (50)
13 (62)
2 (22)
1.63 (0.97, 2.72)
0.11
Prolonged QRS-duration (>75ms), n (%)
3 (10)
2 (10)
1 (11)
0.95 (0.41, 2.19)
1.00
Prolonged QTc- duration (>440ms), n (%)
1 (3)
1 (5)
0 (0)
0.31 (0.14, 0.48)*
1.00*
Prolonged QTc-dispersion (>85ms), n (%)
4 (13)
2 (10)
2 (22)
0.68 (0.25, 1.87)
0.56
Echocardiography
Low Tei index (<0.28), n (%)
24 (80)
18 (86)
6 (67)
1.5 (0.65, 3.45)
0.33
Reduced global radial strain < |45.2|, n (%)
25 (83)
18 (86)
7 (78)
1.2(0.56, 2.56)
0.62
Reduced global circumferential strain < |22.3%|, n (%)
14 (47)
7 (33)
7 (78)
0.57 (0.33, 0.99)
0.08
Reduced global longitudinal strain < |20.2%|, n (%)
7 (23)
3 (14)
4 (44)
0.55 (0.23, 1.32)
0.15
Reduced Ejection Fraction (<55 %), n (%)
8 (27)
4 (19)
4 (44)
0.65 (0.31, 1.34)
0.20
Reduced Fractional Shortening (<28 %), n (%)
9 (30)
5 (24)
4 (44)
0.73 (0.39, 1.37)
0.39
Low cardiac index (< 3.0 mL/min/m2), n (%)
3 (10)
2 (10)
1 (11)
0.95 (0.41, 2.19)
1.00
& risk ratio (95% CI) and corresponding Fisher’s exact 2-tailed p-value comparing WHO vs non-WHO shock; * denotes risk difference and corresponding Fisher’s exact 2-tailed p-value; && p-value
adjusted for multiple comparisons (Bonferroni’s method);**Tachypnoea: >34 brpm if <12 months of age; >22 brpm if >1 to 5 years and >18 brpm if >5 years; ╬Tachycardia: >180 bpm if <12 months
of age; >160 bpm if 1 to 5 years of age; and >140 bpm >5 years; #Hypotension: Systolic blood pressure of <50 mmHg if <12 months; <60 mmHg if 1-5 years; and <70 mmHg if >5 years; +Leucocytosis:
White cell count: >17.5 X 109/L if <12 months; >15.5 X 109/L if 1-5 years and >13.5 X 109/L if >5 years.
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7.4.5 Clinical progress and follow-up
Table 7.5 below shows trends of variables from baseline over time. Median temperature
reduced from 37.90C (IQR 37.2, 38.4) at admission to 36.90C (IQR 36.1, 37.9), (p<0.001)
over the first 24-hours of acute treatment. Other significant changes seen during the acute
phase of treatment included reduction in median respiratory rate from 53/min (IQR 46, 60)
to 35/min (IQR 32, 46); reduction in heart rate from 166/min (IQR 155, 172) to 139 (IQR
123, 148); reduction in lactate from 3.7 mmol/L (IQR 2.0, 11.9) to 1.8 (IQR 1.2, 2.9) and
reduction in ANP levels from 53pg/mL (IQR 20, 70) to 0.39pg/mL (IQR 0, 1.36).
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Table 7.5: Table showing trend of variables from admission to follow-up
Pre-fluid
Post-fluid
T24 hours
D28 follow-up
Clinical and laboratory variables
(n, 30)
(n, 25)
(n, 23)
(n, 21)
Temperature (0C), median (IQR)
37.9 (37.2, 38.4)
37.1 (36.9, 38.1)
36.9 (36.1, 37.9)
36.6 (36.2, 36.7)
Respiratory rate (breaths/min), median (IQR)
53 (46 - 60)
50 (40 - 58)
35 (32 - 46)
34 (32 - 42)
Oxygen saturation (%), median (IQR)
97 (91 - 98)
97 (96 - 98)
98 (97 - 99)
99 (99 - 99)
Heart rate (beats/min), median (IQR)
166 (155 - 172)
154 (134 - 164)
139 (123 - 148)
115 (109 - 125)
Mean arterial pressure (mmHg), median (IQR)
69 (62 - 79)
76 (72 - 80)
74 (65 - 81)
79 (76 - 81)
Capillary refill time (sec), median (IQR)
2 (2 - 3)
2 (1 - 2)
1 (1 - 1)
1 (1 - 1)
Sodium (mmol/L), median (IQR)
133 (132 - 136)
134 (133 - 136)
134 (130 - 137)
136 (134 - 139)
Potassium (mmol/L), median (IQR)
4.8 (4.2 - 6.2)
4.9 (4.2 - 6.0)
5.1 (3.9 - 6.5)
4.3 (4.1 - 5.2)
Creatinine (µmol/L), median (IQR)
53 (35 - 67)
40 (21 - 51)
32 (20 - 54)
31 (13 - 59)
Lactate (mmol/L), median (IQR)
3.7 (2.0 - 11.9)
2.2 (1.5 - 5.5)
1.8 (1.2 - 2.9)
2.1 (1.2 - 2.7)
Glucose (mmol/L), median (IQR)
8.5 (5.8 - 9.7)
6.6 (7.8 - 10.1)
5.8 (7.5 - 9.7)
5.9 (5.0 - 7.4)
Platelets X 109/L, median (IQR)
162 (119 - 238)
128 (59 - 235)
222 (81 - 244)
184 (134 - 338)
White blood cell count X 109/L, median (IQR)
15.4 (10.9 - 23.5)
13.8 (8.5 - 20.9)
10.5 (7.5 - 21.9)
7.1 (6.3 - 9.4)
Haemoglobin (g/dL), median (IQR)
5.4 (4.0 - 9.6)
7.7 (6.5 - 9.5)
8.1 (6.5 - 8.7)
8.9 (6.8 - 11.4)
Echocardiography
Tei index, median (IQR)
0.15 (0.10 - 0.23)
0.15 (0.07 - 0.27) 0.22 (0.14 - 0.35)
0.19 (0.11 - 0.37)
Global Radial Strain, GRS (%), median (IQR)
36 (23 - 43)
25 (21 - 38)
26 (20 - 35)
33 (25 - 46)
Global Circumferential Strain, GCS (%), median (IQR)
-19 (-23) - (-15)
-17 (-22) - (-14)
-17 (-23) - (-14)
-20 (-21) - (-15)
Global Longitudinal Strain, GLS (%), median (IQR)
-20 (-23) - (-16)
-22 (-24) - (-18)
-22 (-23) - (-17)
-19 (-23) - (-19)
Ejection Fraction (%), median (IQR)
60 (54 - 64)
61 (58 - 66)
64 (60 - 69)
63 (60 - 66)
Stroke Volume Index, SVI (mL/m2), median (IQR)
39 (32 - 42)
42 (37 - 46)
47 (41 - 49)
43 (37 - 47)
End Diastolic Volume Index, EDVI (mL/m2), median (IQR)
64 (52 - 71)
64 (58 - 72)
68 (64 - 79)
67 (62 - 75)
Systemic Vascular Resistance Index (dynes.sec/cm5/m2), median (IQR)
958 (752 - 1,152)
1,012 (854 - 1,197) 873 (776 - 1,044) 1,256 (1,060-1,398)
Cardiac Index (mL/min/m2), median (IQR)
6.0 (4.9 - 7.2)
5.8 (5.2 - 7.0)
6.1 (5.6 - 7.3)
4.8 (4.6 - 6.0)
Inferior Vena Cava Collapsibility Index, IVCCI (%), median (IQR)
28 (19 - 40)
29 (18 - 33)
23 (19 - 34)
29 (14 - 33)
Cardiac and microvascular biomarkers (baseline to 24-hours)
Troponin (ng/mL), median (IQR)
0.11 (0 - 0.90)
0.01 (0 - 1.26)
0.00 (0 - 0)
Brain Natriuretic Peptide (pg/mL), median (IQR)
518 (332 - 673)
457 (270 - 624)
482 (269 - 632)
Atrial Natriuretic Peptide (pg/mL), median (IQR)
53 (20 - 70)
1.58 (0.04 - 34.90)
0.39 (0 - 1.36)
Plasma hyaluronan (ng/mL), median (IQR)
91 (46 - 168)
163 (66 - 168)
132 (67 - 168)
Urine hyaluronan (ng/mL), median (IQR)
165 (137 - 168)
148 (127 - 168)
*t-statistic (95%CI) for linear regression over time; &p-value for trend over the first 24-hours adjusted for multiple comparisons (using Bonferroni’s method)

Test statistic*
(95%CI)
-4.72 (-0.60, -0.25)
-4.71 (-7.81, -2.66)
0.92 (-0.72, 3.80)
-5.72 (-18.1, -8.0)
1.51 (-0.58, 4.26)
-0.45 (-1.58, 0.34)
0.81 (-0.66, 1.56)
-0.76 (-0.43, 0.20)
-0.71 (-26.2, 12.4)
-4.27 (-2.48, -0.90)
-0.34 (-1.16, 0.83)
0.32 (-40, 56)
-1.52 (-6.32, 0.73)
1.62 (-0.18, 1.32)

ptrend&
<0.001
<0.001
0.14
<0.001
0.13
0.15
0.42
0.45
0.47
<0.001
0.74
0.76
0.11
0.23

1.31 (-0.01, 0.05)
1.29 (-0.80, 3.75)
0.02 (-0.97, 0.99)
-0.70 (-1.28, 0.54)
1.56 (-1.40, 3.16)
1.50 (-1.39, 4.50)
0.82 (-2.04, 4.88)
1.04 (-2.61, 14.78)
-1.56 (-0.53, 0.06)
-0.79 (-3.72, 1.61)

0.20
0.20
0.94
0.48
0.56
0.55
0.42
0.14
0.12
0.43

-1.54 (-0.55, 0.06)
-0.82 (-233, 99)
-5.24 (-39, -21)
0.87 (-11.35, 28.57)
-1.48 (-23, 3.8)

0.09
0.42
<0.001
0.39
0.15
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7.5 Discussion
A summary of the main findings include: (a) septic shock carries a high mortality when
children present with ≥3 features (WHO shock criteria) despite administration of guideline
recommended fluid bolus therapy (20mL/kg); (b) hypoxaemia (<90%) was more prevalent
among those with WHO shock criteria and associated with poor prognosis; (c) None of the
variables at baseline was predictive of mortality outcome after adjustment for multiple
comparisons.
The MAPS study evaluated feasibility of a fluid conservative strategy in African children
with severe febrile illness and shock. Reassuringly, the administration of a maintenanceonly fluid management strategy resulted in normalisation of the vital indices (heart rate,
respiratory rate, CRT and oxygen saturations) without compromising cardiac function in the
cohort of critically ill patients studied. All six children presenting with WHO-shock (≥3
criteria) died. Of particular note is that this group had had a comparatively higher mean
level of cardiac troponin I and atrial natriuretic peptide compared to those with non-WHO
shock (≤2 criteria). This group of patients represented the sickest patients in the cohort
contributing to 67% (6/9) of the fatalities. This finding is consistent with sub-analysis from
the FEAST trial which showed patients with all three features of shock (prolonged capillary
refill time >3 seconds; cold extremities; weak and fast pulse) represented a very small
fraction of patients admitted to hospital but with a very poor outcome (Houston et al.,
2018, Moisi et al., 2011, Maitland et al., 2013). Specifically, 48-hour mortality in the WHOshock criteria subgroup was 48% (24/50) who received fluid boluses compared to 20%
(3/15) deaths among the non-bolus controls (Moisi et al., 2011, Kiguli et al., 2014).
Nevertheless, the WHO-guidelines which form the basis for most internationally used
guidelines in low-and-middle income countries continue to recommend administration of
fluid boluses for this group (2016a). This was possibly influenced by a systematic reviews
of fluid bolus therapy in resource-limited hospitals by Opiyo et al considered those with
WHO shock as a separate subgroup, concluding that the numbers included in the FEAST
trial (n=65) were too small to provide reasonable certainty implying indirectness with
respect to evidence. However, this disregarded the fact that the direction of harm was
entirely consistent with the overall analysis thus ‘indirectness’ of overall effect should not
have been inferred (Opiyo et al., 2014). Houston et al have previously highlighted that in
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paediatric hospital admissions in resource-limited hospital, WHO shock criteria comprise
an exceptionally rare group of children with high fatality (80-100%) (Houston et al., 2018).
Given the results of the FEAST trial (Moisi et al., 2011, Maitland et al., 2011a) and the
recommendations of the systematic review by Ford et al (Ford et al., 2012), there is concern
that the current WHO guideline for septic shock resuscitation in children risks potentially
harming a wider group of children, since it attempts to implement a set of guidelines
separating what it considers as ‘true shock’ i.e. the WHO shock definition (≥3 criteria) from
definitions that use fewer features of shock which the WHO guideline regards as ‘impaired
perfusion’(2016b). Unlike in adult guidelines, where hypotension is a prerequisite for
defining shock, hypotension in paediatric shock, is a rare and serious event. In the FEAST
trial of the 7838 children with severe febrile illness screened for inclusion only 29 (0.9%)
fulfilled the definition of severe hypotension (FEAST B definition); all received fluid-bolus
therapy and had poor outcomes (62% mortality by 48 hours) (Houston et al., 2018,
Maitland et al., 2011a). Notably, the WHO-shock definition was not informed by relevant
physiological evidence but was rather based on expert opinion which was intended to
identify children with advanced shock including those with hypotension. A sub-analysis of
the FEAST trial demonstrated that only 27.5% (8/29) hypotensive children actually fulfilled
the WHO shock definition and all of those children died (Houston et al., 2018). Recently
updated Paediatric Surviving Sepsis Campaign (SSC) guidelines make a strong
recommendation against fluid bolus administration in preference for maintenance fluids
for resuscitation of children with septic shock managed in healthcare systems with no
availability of intensive care and in the absence of hypotension. These guidelines further
recommend use of buffered crystalloids solutions rather than 0.9% saline for the initial
resuscitation of children with septic shock or other sepsis-associated organ dysfunction
(Weiss et al., 2020b, Weiss et al., 2020a).
This current study provides physiological data which reinforce the observations made in
the FEAST trial that children with WHO-shock criteria had a fatal outcome on current
recommended guidelines for resuscitation and management. Cardiac troponin I (cTnI) is a
myocardial regulatory protein with high specificity for cardiac myocyte damage,
independent of volume status and has been shown to leak into circulation during sepsis
(Towbin and Gajarski, 1997). Elevated levels of cTnI in septic shock have been shown to
predict left ventricular dysfunction, poor prognosis and risk of mortality (Mehta et al., 2004,
ver Elst et al., 2000, Sheyin et al., 2015, Soldin et al., 1999). In this cohort of 30 patients,
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Additionally, baseline levels of ANP were more grossly elevated among patients with WHOshock (≥3) criteria compared to those with ≤2 shock criteria. Natriuretic peptides classically
cause vasodilation, diuresis, natriuresis and are produced in response to volume or
pressure loading on the myocardial chambers, to counteract the excessive cardiac wall
stress (Maack, 2006, Price et al., 2006, Gangnus and Burckhardt, 2018, Kotby et al., 2013).
Secretion of ANP also causes increased shedding of the glycocalyx layer lining the vascular
endothelia, thus leading to an increase in plasma levels of glycocalyx breakdown products
(Chappell et al., 2014). Hyaluronan, a glycosaminoglycans component of the glycocalyxlining microvascular endothelia is a sensitive biomarker for vascular damage (Cowman et
al., 2015). This finding of significantly elevated levels of hyaluronan in plasma, which
increased post-volume resuscitation also supports the original finding that the excess
mortality of fluid boluses in the FEAST was potentially mediated through cardiovascular
collapse (Maitland et al., 2013). While it is recognised that reperfusion injury can occur in
volume resuscitated sepsis (Hoffmann et al., 2005), the findings of significantly elevated
ANP and hyaluronan biomarkers in plasma at baseline, prior to fluid administration suggest
existence of underlying cardiac and microvascular dysfunction in septic shock that
potentially gets worsened with fluid bolus administration.
Some of the limitations of this study included the lack of intensive care facilities with
capabilities of mechanical ventilation for the critically ill patients. There was no invasive
continuous central monitoring of cardiac output or venous oxygenation. All the cardiac
function parameters were measured on 2-D transthoracic echocardiography and the
confidence intervals of measurements were wide given the relatively small sample size.

7.6 Conclusion
This study showed that an elevation in the biomarkers of cardiac and microvascular
dysfunction at admission could be used reliably to predict outcomes and a fluidconservative resuscitation strategy using maintenance-only fluid improved clinical signs of
shock without compromising cardiac function. This physiological evidence supports the
hypothesis that children presenting with WHO-shock (≥3) have elevated biomarkers in
circulation with potentially underlying myocardial damage which could support extending
conservative fluid management to this group.
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Chapter 8: Conclusion
8.1 Summary of findings
In this thesis, I provided an overview on the definitions, epidemiology, pathophysiology,
management, monitoring and volume expansion resuscitation of septic shock in the
introductory chapters. Advances in the understanding of the pathobiology of sepsis have
led to an evolution of its definitions over the past 30 years. More consistent clinical criteria
in the updated Sepsis-3 definitions of 2016 are aimed at facilitating earlier recognition of
patients with or at risk of developing sepsis and commencement of appropriate
management in a more timely way. Thus, the time-honoured combination of early
recognition, early source control, early and appropriate antibiotic treatment, prompt
institution of haemodynamic resuscitation and appropriate supportive care remain key
pillars in the management of sepsis.
Pre-clinical modelling studies remain an important component in studying heterogenous
syndromes such as sepsis despite the lack of a truly representative model of the complexity
of clinical sepsis. In this thesis I showed the utility of a pre-clinical model in evaluation of
volume expansion resuscitation in sepsis. Fluid bolus therapy was associated with a
surprising paradoxical increase in vasopressor requirement in the 12-hours after
resuscitation. The association of fluid resuscitation with an increase in the levels of ANP
and hyaluronan warrants further investigation to establish if the higher vasopressor
requirements seen could have resulted from iatrogenic damage of the endothelialglycocalyx barrier by the fluid boluses. Additional hypotheses that could be explored
include nitric oxide mediated vascular relaxation as well as catecholamine-related
activation of glycogen phosphorylase in septic shock.
In the clinical study, I observed that patients admitted with WHO shock clinical criteria for
impaired perfusion (capillary refilling time (CRT) ≥3 seconds, temperature gradient, weak
pulse) and receiving WHO guideline recommended fluid bolus (20 mL/kg) resuscitation had
an associated adverse outcome. Future studies should be designed to investigate causation
and also establish the possibility of reperfusion injury with fluid boluses as well as the
extent to which it may contribute to the outcome.
There are limitations in the model itself as well as techniques used in evaluation of
myocardial and microvascular function. In 2019, the minimum quality threshold in pre282

clinical sepsis studies (MQTiPSS) for types of infections and organ dysfunction endpoints
guideline recommended use of live bacteria or fungal strains commonly isolated in clinically
as more appropriate models for sepsis rather than endotoxin infusion. Clinical relevance
and translation is an important consideration in modelling studies. Utility of endotoxin
challenge models is limited to studies on the acute phase of the septic response.
Technological advances that refine assessment and quantification of cardiac and
microvascular dysfunction and optimise reproducibility of measurements should be
considered in future investigations.
8.2 Recommendations for future studies
According to the latest global burden of disease study, sepsis accounted for approximately
18.2% - 21.4% of all global deaths and continues to cause substantial morbidity and
hospital-related costs (Rudd et al., 2020). Sepsis-3 provided recommendation guidance on
how the updated sepsis definitions could be applied within the international classification
of disease (ICD) coding system (Singer et al., 2016). Adoption of a harmonised coding
system for sepsis will improve consistency in epidemiologic data-gathering on sepsis and
provide greater accuracy in future estimates on the global burden of sepsis. Such
epidemiologic studies will continue to provide useful and more accurate information for
policy formulation and resource allocation at facility, national, regional and international
levels.
Operationalisation of the working definitions of sepsis is an iterative process that stands to
benefit from new insights into pathophysiology or the availability of diagnostic tests with
greater discriminatory abilities. There is still no ‘gold-standard’ for diagnosing sepsis and a
combination of pre-clinical, clinical and biomarker studies aimed at refining presently used
criteria continue to be important. Research on optimisation of the timing of initiating
vasopressor therapy in relation to volume expansion resuscitation will also be useful
towards refining sepsis and septic shock treatment. The association of volume expansion
resuscitation with increased vasopressor requirement and adverse outcomes presented in
this thesis did not show causation.
Future direction in this field, following on from this work should focus on:
1) Addressing the question on providing support for circulatory collapse and
myocardial dysfunction in resource-limited settings which have no access to
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intensive care and ventilatory support or high dependency care facilities. These
LMIC settings also tend to carry a disproportionately higher burden of sepsis
globally. Future research investigation should be aimed at improving clinical
outcomes through safe, timely and appropriate institution of inotropic and
vasopressor support for septic shock resuscitation within the healthcare contexts
of resource-limited settings.

2) Improving the accuracy of early recognition and diagnosis of sepsis and septic shock
as well as characterisation of clinical phenotypes. While there are sets of
biomarkers that can be assayed for the inflammatory response, coagulopathy or
end-organ dysfunction; the host response to sepsis is heterogenous which makes it
difficult to identify patients at higher risk of adverse outcomes. Recent
retrospective database studies incorporating simulation, machine learning and
statistical tools have been used to derive and characterise phenotypes of sepsis
with the suggestion of existence of different frequencies, biomarker profiles and
clinical responses to treatment (Seymour et al., 2019, Scicluna et al., 2017). Welldesigned pre-clinical and clinical investigations to prospectively characterise
biomarker profiles including dysfunction in oxidative phosphorylation and
delineation of phenotypes will aid in management of sepsis patients and institution
of appropriate and targeted therapies.
3) There is currently no definition of paediatric sepsis harmonised with Sepsis-3.
Studies aimed at refining the presently used criteria, taking into account agedependent variations and identification of more specific biological markers for the
pathophysiological process of sepsis alongside phenotyping will aid in development
of more precise and personalised treatment algorithms for sepsis and septic shock
patients.
4) In 2017, the World Health Organization (WHO) adopted resolution recognizing the
need to improve the prevention, diagnosis, and management of sepsis as a priority,
due to its global healthcare burden (Reinhart et al., 2017). Prevention is better than
cure. Research and Public Health approaches aimed at raising public awareness,
prevention and importance of seeking early treatment for sepsis especially in LMICs
settings should be prioritised.
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Appendices
Appendix 1:
Table A 1.1: SSC guideline recommendations for sepsis and septic shock resuscitation,
treatment and monitoring (adapted from (Rhodes et al., 2017a, Rhodes et al., 2017b))
A. RECOMMENDATIONS FOR INITIAL RESUSCITATION
1. Sepsis and septic shock are medical emergencies, and treatment and resuscitation should begin
immediately (BPS)
2. In the resuscitation from sepsis-induced hypoperfusion, at least 30 mL/kg of IV crystalloid fluid
be given within the first 3 hours (SR, LQE).
3. Following initial fluid resuscitation, additional fluids be guided by frequent reassessment of
hemodynamic status (BPS).
Reassessment should include a thorough clinical examination and evaluation of available physiologic
variables (heart rate, blood pressure, arterial oxygen saturation, respiratory rate, temperature, urine
output, and others, as available) as well as other non-invasive or invasive monitoring, as available.
4. Further hemodynamic assessment (such as assessing OF cardiac function) to determine the type of
shock if the clinical examination does not lead to a clear diagnosis (BPS).
5. Dynamic over static variables be used to predict fluid responsiveness, where available (WR, LQE).
6. An initial target mean arterial pressure of 65 mm Hg in patients with septic shock requiring
vasopressors (SR, MQE).
7. Guiding resuscitation to normalize lactate in patients with elevated lactate levels as a marker of tissue
hypoperfusion (WR, LQE).
B. RECOMMENDATIONS FOR SCREENING FOR SEPSIS AND PERFORMANCE IMPROVEMENT
1. Hospitals and hospital systems should have a performance improvement program for sepsis, including
sepsis screening for acutely ill, high risk patients (BPS).
C. RECOMMENDATIONS FOR DIAGNOSIS
1. Appropriate routine microbiologic cultures (including blood) be obtained before starting
antimicrobial therapy in patients with suspected sepsis or septic shock if doing so does not substantially
delay the start of antimicrobials (BPS).
Appropriate routine microbiologic cultures should always include at least two sets of blood cultures
(aerobic and anaerobic).
D. RECOMMENDATIONS FOR ANTIMICROBIAL THERAPY
1. Administration of intravenous (IV) antimicrobials should be initiated as soon as possible after recognition and within one hour for both sepsis and septic shock (SR, MQE).
2. Empiric broad-spectrum therapy with one or more antimicrobials for patients presenting with sepsis
or septic shock to cover all likely pathogens (including bacterial and potentially fungal or viral coverage)
(SR, MQE).
3. Empiric antimicrobial therapy should be narrowed once pathogen identification and sensitivities are
established and/or adequate clinical improvement is noted (BPS).
4. Sustained systemic antimicrobial prophylaxis in patients with severe inflammatory states of non-infectious origin should not be used (e.g. in severe pancreas, burn injury) (BPS).
5. Dosing strategies of antimicrobials should be optimised based on accepted pharmacokinetic/
pharmacodynamic principles and specific drug properties in patients with sepsis or septic shock (BPS).
6. Empiric combination therapy (using at least two antibiotics of different antimicrobial classes) aimed at
the most likely bacterial pathogen(s) for the initial management of septic shock (WR, LQE).
7. Combination therapy not be routinely used for on-going treatment of most other serious infections,
including bacteraemia and sepsis without shock (WR, LQE). However, this does not preclude the use of
multi-drug therapy to broaden antimicrobial activity.
8. Combination therapy for the routine treatment of neutropenic sepsis/bacteraemia is not recommended
(SR, MQE). However, this does not preclude the use of multi-drug therapy to broaden antimicrobial activity.
9. If combination therapy is used for septic shock, de-escalation with discontinuation of combination
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therapy within the first few days in response to clinical improvement and/or evidence of infection resolution is recommended. This applies to both targeted (for culture-positive infections) and empiric (for culturenegative infections) combination therapy (BPS).
10. Antimicrobial treatment duration of 7 to 10 days is adequate for most serious infections associated
with sepsis and septic shock (WR, LQE).
11. Longer courses of antimicrobial treatment are appropriate in patients who have a slow clinical
response, undrainable foci of infection, bacteraemia with Staphylococcus aureus, some fungal and viral
infections, or immunologic deficiencies, including neutropenia (WR, LQE).
12. Shorter courses of antimicrobial treatment are appropriate in some patients, particularly those with
rapid clinical resolution following effective source control of intra-abdominal or urinary sepsis and those
with anatomically uncomplicated pyelonephritis (WR,LQE).
13. We recommend daily assessment for de-escalation of antimicrobial therapy in patients with sepsis and
septic shock (BPS).
14. Measurement of procalcitonin levels can be used to support shortening the duration of antimicrobial
therapy in sepsis patients (WR, LQE).
15. Procalcitonin levels can be used to support the discontinuation of empiric antibiotics in patients who
initially appeared to have sepsis, but subsequently have limited clinical evidence of infection (WR, LQE).
Definitions of empiric, targeted/definitive, broad-spectrum, combination, and multi-drug therapy are in
the main document (Table 6 (Rhodes et al., 2017a, Rhodes et al., 2017b))
E. RECOMMENDATIONS FOR SOURCE CONTROL
1. A specific anatomic diagnosis of infection requiring emergent source control should be identified
or excluded as rapidly as possible in patients with sepsis or septic shock, and that any required source
control intervention should be implemented as soon as medically and logistically practical after the
diagnosis is made (BPS).
2. Prompt removal of intravascular access devices that are a possible source of sepsis or septic shock
after other vascular access has been established (BPS).
F. RECOMMENDATIONS FOR FLUID THERAPY
1. A fluid challenge technique should be applied where fluid administration is continued as long as
hemodynamic factors continue to improve (BPS).
2. Crystalloids are recommended as the fluid of choice for initial resuscitation and subsequent
intravascular volume replacement in patients with sepsis and septic shock (SR, MQE).
3. Using either balanced crystalloids or saline for fluid resuscitation of patients with sepsis or septic shock
is recommended (WR, LQE).
4. Adding albumin in addition to crystalloids for initial resuscitation and subsequent intravascular volume
replacement in patients with sepsis and septic shock, when patients require substantial amounts of
crystalloids is recommended (WR, LQE).
5. Using hydroxyethyl starches for intravascular volume replacement in patients with sepsis or septic shock
is not recommended (SR, HQE).
6. Using crystalloids over gelatins when resuscitating patients with sepsis or septic shock is suggested (WR,
LQE).
G. RECOMMENDATIONS FOR VASOACTIVE MEDICATIONS
1. Norepinephrine is recommended as the first-choice vasopressor (SR, MQE).
2. Adding either vasopressin (up to 0.03 U/min) (WR, MQE) or epinephrine (WR, LQE) to norepinephrine
with the intent of raising mean arterial pressure to target or adding vasopressin (up to 0.03 U/min) (WR,
MQE) to decrease norepinephrine dosage is recommended.
3. Using dopamine as an alternative vasopressor agent to norepinephrine only in highly selected patients
(e.g., patients with low risk of tachyarrhythmias and absolute or relative bradycardia) is suggested (WR,
LQE).
4.Using low-dose dopamine for renal protection is not recommended (SR, HQE).
5. Using dobutamine in patients who show evidence of persistent hypoperfusion despite adequate fluid
loading and the use of vasopressor agents is suggested (WR, LQE).
If dobutamine is initiated, dosing should be titrated to an end point reflecting perfusion, and the agent
reduced or discontinued in the face of worsening hypotension or arrhythmias.
6. All patients requiring vasopressors should have an arterial catheter placed as soon as practical if
resources are available (WR, VLQE).
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H. RECOMMENDATIONS FOR CORTICOSTEROIDS
1. Using IV hydrocortisone to treat septic shock patients if adequate fluid resuscitation and
vasopressor therapy are able to restore hemodynamic stability is not recommended. If this is not
achievable, IV hydrocortisone at a dose of 200 mg per day is suggested (WR, LQE).
I. RECOMMENDATIONS FOR BLOOD PRODUCTS
1. Red blood cell (RBC) transfusion should occur only when haemoglobin concentration decreases to <7.0
g/dL in adults in the absence of extenuating circumstances, such as myocardial ischemia, severe
hypoxemia, or acute haemorrhage (SR, HQE).
2. Use of erythropoietin for treatment of anaemia associated with sepsis is not recommended (SR, MQE).
3. Use of fresh frozen plasma to correct clotting abnormalities in the absence of bleeding or planned
invasive procedures is not recommended (WR, VLQE).
4. Prophylactic platelet transfusion is suggested when counts are < 10,000/mm3 (10 × 109/L) in the absence
of apparent bleeding and when counts are < 20,000/mm3 (20 × 109/L) if the patient has a significant risk of
bleeding. Higher platelet counts (≥ 50,000/mm3 [50 x 109/L]) are advised for active bleeding, surgery, or
invasive procedures (WR, VLQE).
J. RECOMMENDATIONS FOR IMMUNOGLOBULINS
1. Use of IV immunoglobulins in patients with sepsis or septic shock is not suggested (WR, LQE).
K. RECOMMENDATIONS FOR BLOOD PURIFICATION
1. No recommendation is made regarding the use of blood purification techniques.
L. RECOMMENDATIONS FOR ANTICOAGULANTS
1. Use of antithrombin for the treatment of sepsis and septic shock is not recommended (SR, MQE).
2. No recommendation is made regarding the use of thrombomodulin or heparin for the treatment of
sepsis or septic shock.
M. RECOMMENDATIONS FOR MECHANICAL VENTILATION
1. Using a target tidal volume of 6 mL/kg predicted body weight compared with 12 mL/kg in adult
patients with sepsis-induced acute respiratory distress syndrome (ARDS) is recommended (SR, HQE).
2. Using an upper limit goal for plateau pressures of 30 cm H2O over higher plateau pressures in adult
patients with sepsis-induced severe ARDS is recommended (SR, MQE).
3. Using higher positive end-expiratory pressure (PEEP) over lower PEEP in adult patients with sepsisinduced moderate to severe ARDS is recommended (WR, MQE).
4. Using recruitment manoeuvres in adult patients with sepsis-induced, severe ARDS is recommended
(WR, MQE).
5. Using prone over supine position in adult patients with sepsis-induced ARDS and a PaO2/FiO2 ratio <150
is recommended (SR, MQE).
6. Using high-frequency oscillatory ventilation in adult patients with sepsis-induced ARDS is not
recommended (SR, MQE).
7. No recommendation is made regarding the use of non-invasive ventilation for patients with sepsisinduced ARDS.
8. Using neuromuscular blocking agents for ≤48 hours in adult patients with sepsis-induced ARDS and a
PaO2/FiO2 ratio <150 mmHg is suggested (WR, MQE).
9. A conservative fluid strategy for patients with established sepsis-induced ARDS who do not have
evidence of tissue hypoperfusion is recommended (SR, MQE).
10. Use of beta-2 agonists for the treatment of patients with sepsis-induced ARDS without bronchospasm
is not recommended (SR, MQE).
11. Routine use of the pulmonary artery catheter for patients with sepsis-induced ARDS is not
recommended (SR, HQE).
12. Using lower tidal volumes over higher tidal volumes in adult patients with sepsis-induced respiratory
failure without ARDS is recommended (WR, LQE).
13. Mechanically ventilated sepsis patients should be maintained with the head of the bed elevated
between 30 and 45 degrees to limit aspiration risk and to prevent the development of ventilatorassociated pneumonia (SR, LQE).
14. Using spontaneous breathing trials is recommended in mechanically ventilated patients with sepsis
who are ready for weaning (SR, HQE).
15. Using a weaning protocol in mechanically ventilated patients with sepsis-induced respiratory failure
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who can tolerate weaning is recommended (SR, MQE).
N. RECOMMENDATIONS FOR SEDATION AND ANALGESIA
1. Continuous or intermittent sedation should be minimized in mechanically ventilated sepsis patients,
targeting specific titration end points (BPS).
O. RECOMMENDATIONS FOR GLUCOSE CONTROL
1. A protocolized approach to blood glucose management in ICU patients with sepsis is recommended,
commencing insulin dosing when two consecutive blood glucose levels are >180 mg/dL. This approach
should target an upper blood glucose level ≤180 mg/dL rather than an upper target blood glucose level
≤110 mg/dL (SR, HQE).
2. Blood glucose values should be monitored every 1 to 2 hours until glucose values and insulin infusion
rates are stable, then every 4 hours thereafter in patients receiving insulin infusions (BPS).
3. Glucose levels obtained with point-of-care testing of capillary blood should be interpreted with caution
because such measurements may not accurately estimate arterial blood or plasma glucose values (BPS).
4. Use of arterial blood rather than capillary blood for point-of-care testing using glucose meters should be
used if patients have arterial catheters (WR, LQE).
P. RECOMMENDATIONS FOR RENAL REPLACEMENT THERAPY
1. Either continuous or intermittent renal replacement therapy (RRT) should be used in patients with
sepsis and acute kidney injury (WR, MQE).
2. Using continuous therapies to facilitate management of fluid balance in hemodynamically unstable
septic patients is suggested (WR, VLQE).
3. Use of RRT in patients with sepsis and acute kidney injury for increase in creatinine or oliguria without
other definitive indications for dialysis is suggested (WR, LQE).
Q. RECOMMENDATIONS FOR BICARBONATE THERAPY
1. Use of sodium bicarbonate therapy to improve haemodynamics or to reduce vasopressor
requirements in patients with hypoperfusion-induced lactic acidaemia with pH ≥ 7.15 is not suggested
(WR, MQE).
R. RECOMMENDATIONS FOR VENOUS THROMBOEMBOLISM PROPHYLAXIS
1. Pharmacologic prophylaxis (unfractionated heparin [UFH] or low-molecular-weight heparin [LMWH])
should be used against venous thromboembolism (VTE) in the absence of contraindications to the use of
these agents (SR, MQE).
2. LMWH rather than UFH for VTE prophylaxis should be used in the absence of contraindications to the
use of LMWH (SR, MQE).
3. Combination of pharmacologic VTE prophylaxis and mechanical prophylaxis, whenever possible is
recommended (WR, LQE).
4. Mechanical VTE prophylaxis when pharmacologic VTE is contraindicated is suggested (WR, LQE).
S. RECOMMENDATIONS FOR STRESS ULCER PROPHYLAXIS
1. Stress ulcer prophylaxis should be given to patients with sepsis or septic shock who have risk factors for
gastrointestinal (GI) bleeding (SR, LQE).
2. Using either proton pump inhibitors or histamine-2 receptor antagonists when stress ulcer prophylaxis
is indicated (WR, LQE).
3. Stress ulcer prophylaxis in patients without risk factors for GI bleeding is not recommended (BPS).
T. RECOMMENDATIONS FOR NUTRITION
1. Initiation of early enteral nutrition in critically ill patients with sepsis or septic shock who
can be fed enterally is recommended. Administration of early parenteral nutrition alone or parenteral
nutrition in combination with enteral feedings is not recommended (SR, MQE).
2. Initiation of IV glucose and advancing of enteral feeds as tolerated over the first 7 days in critically ill
patients with sepsis or septic shock for whom early enteral feeding is not feasible is recommended.
Administration of parenteral nutrition alone or in combination with enteral feeds is not recommended (SR,
MQE).
3. Early inhiation of enteral feeding rather than a complete fast or only IV glucose should be done in
critically ill patients with sepsis or septic shock who can be fed enterally (WR, LQE).
4. Either early trophic/hypocaloric or early full enteral feeding in critically ill patients with sepsis or septic
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Shock is recommended; if trophic/hypocaloric feeding is the initial strategy, then feeds should be
advanced according to patient tolerance (WR, MQE).
5. Use of omega-3 fay acids as an immune supplement in critically ill patients with sepsis or septic shock is
not recommended (SR, LQE).
6. Routine monitoring gastric residual volumes in critically ill non-surgical patients with sepsis or septic
shock is not recommended (WR, LQE). However, measurement of gastric residuals in critically ill nonsurgical sepsis or septic shock patients with feeding intolerance or who are considered to be at high risk of
aspiration is recommended (WR, VLQE).
7. Use of prokinetic agents in critically ill patients with sepsis or septic shock and feeding intolerance is
recommended (WR, LQE).
8. Placement of post-pyloric feeding tubes in critically ill patients with sepsis or septic shock with feeding
intolerance or who are considered to be at high risk of aspiration should be done (WR, LQE).
9. Use of IV selenium to treat sepsis and septic shock is not recommended (SR, MQE).
10. Use of arginine to treat sepsis and septic shock is not recommended (WR, LQE).
11. Use of glutamine to treat sepsis and septic shock is not recommended (SR, MQE).
12. No recommendation is made about the use of carnitine for sepsis and septic shock.
U. RECOMMENDATIONS FOR SETTING GOALS OF CARE
1. Goals of care and prognosis should be discussed with patients and families (BPS).
2. Goals of care should be incorporated into treatment and end-of-life care planning, utilizing palliative
care principles where appropriate (SR, MQE).
3. Goals of care should be addressed as early as feasible, but no later than within 72 hours of ICU
admission (WR, LQE).
SSC, Surviving Sepsis Campaign; BPS, best practice statement; SR, strong recommendation; WR, weak
recommendation; HQE, high quality of evidence; MQE, moderate quality of evidence; LQE, low quality of
evidence; VLQE, very low quality of evidence.
More details on determination of the quality of evidence, factors determining strong versus weak
recommendations and implications of the graded strength of recommendations for patients, clinicians and
policy-makers are available in the SSC guidelines (Rhodes et al., 2017a, Rhodes et al., 2017b)
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Table A 1.2: SSC international guidelines for the management of septic shock and
sepsis-associated organ dysfunction in children (adapted from (Weiss et al., 2020b,
Weiss et al., 2020a))
A. RECOMMENDATIONS FOR SCREENING, DIAGNOSIS AND SYSTEMATIC MANAGEMENT OF SEPSIS
1. In children who present as acutely unwell, we suggest implementing systematic screening for timely
recognition of septic shock and other sepsis-associated organ dysfunction (WR, VLQE).
2. We were unable to issue a recommendation about using blood lactate values to stratify children with
suspected septic shock or other sepsis-associated organ dysfunction into low-versus high-risk of having
septic shock or sepsis.
3. We recommend implementing a protocol/guideline for management of children with septic shock or
other sepsis-associated organ dysfunction (BPS)
4. We recommend obtaining blood cultures before initiating antimicrobial therapy in situations where
this does not substantially delay antimicrobial administration (BPS)
B. ANTIMICROBIAL THERAPY
5. In children with septic shock, we recommend starting antimicrobial therapy as soon as possible, within
1 hour of recognition (SR, VLQE).
6. In children with sepsis-associated organ dysfunction but without shock, we suggest starting
antimicrobial therapy as soon as possible after appropriate evaluation, within 3 h of recognition (WR,
VLQE).
7. We recommend empiric broad-spectrum therapy with one or more antimicrobials to cover all likely
pathogens (BPS).
8. Once the pathogen(s) and sensitivities are available, we recommend narrowing empiric antimicrobial
therapy coverage (BPS).
9. If no pathogen is identified, we recommend narrowing or stopping empiric antimicrobial therapy
according to clinical presentation, site of infection, host risk factors, and adequacy of clinical improvement
in discussion with infectious disease and/or microbiological expert advice (BPS).
10. In children without immune compromise and without high risk for multidrug-resistant pathogens, we
suggest against the routine use of empiric multiple antimicrobials directed against the same pathogen for
the purpose of synergy (WR, VLQE).
11. In children with immune compromise and/or at high risk for multidrug-resistant pathogens, we suggest
using empiric multi-drug therapy when septic shock or other sepsis-associated organ dysfunction is
present/suspected (WR, VLQE).
12. We recommend using antimicrobial dosing strategies that have been optimized based on published
pharmacokinetic/pharmacodynamic principles and with consideration of specific drug properties (BPS).
13. In children with septic shock or sepsis-associated organ dysfunction who are receiving antimicrobials,
we recommend daily assessment(e.g., clinical, laboratory assessment) for de-escalation of antimicrobial
therapy (BPS).
14. We recommend determining the duration of antimicrobial therapy according to the site of infection,
microbial aetiology, response to treatment, and ability to achieve source control (BPS)
C. SOURCE CONTROL
15. We recommend that emergent source control intervention be implemented as soon possible after a
diagnosis of an infection amenable toa source control procedure is made (BPS).
16. We recommend removal of intravascular access devices that are confirmed to be the source of
sepsis or septic shock after other vascular access has been established and depending on the pathogen
and the risks/benefits of a surgical procedure (SR, LQE).
D. FLUID THERAPY
17. In healthcare systems with availability of intensive care, we suggest administering up to 40–60 mL/kg
in bolus fluid (10–20 mL/kg per bolus) over the first hour, titrated to clinical markers of cardiac output
and discontinued if signs of fluid overload develop, for the initial resuscitation of children with septic
shock or other sepsis-associated organ dysfunction (WR, LQE).
18. In healthcare systems with no availability of intensive care and in the absence of hypotension, we
recommend against bolus fluid administration while starting maintenance fluids (SR, HQE).
19. In healthcare systems with no availability of intensive care, if hypotension is present, we suggest
administering up to 40 mL/kg in bolus fluid(10–20 mL/kg per bolus) over the first hour with titration to
clinical markers of cardiac output and discontinued if signs of fluid overload develop (WR, LQE).
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20. We suggest using crystalloids, rather than albumin, for the initial resuscitation of children with septic
shock or other sepsis-associated organ dysfunction (WR, MQE).
21. We suggest using balanced/buffered crystalloids, rather than 0.9%saline, for the initial resuscitation
of children with septic shock or other sepsis-associated organ dysfunction (WR, VLQE).
22. We recommend against using starches in the acute resuscitation of children with septic shock or
other sepsis-associated organ dysfunction(SR, MQE).
23. We suggest against using gelatin in the resuscitation of children with septic shock or other sepsisassociated organ dysfunction (WR, LQE).
E. HAEMODYNAMIC MONITORING
24. We were unable to issue a recommendation about whether to target mean arterial blood pressure
(MAP) at the 5th or 50th percentile for age in children with septic shock and other sepsis-associated organ
dysfunction.
25. We suggest not using bedside clinical signs in isolation to categorize septic shock in children as
“warm” or “cold” (WR, VLQE).
26. We suggest using advanced hemodynamic variables, when available, in addition to bedside clinical
variables to guide the resuscitation of children with septic shock or other sepsis-associated organ
dysfunction (WR, LQE).
27. We suggest using trends in blood lactate levels, in addition to clinical assessment, to guide
resuscitation of children with septic shock and other sepsis-associated organ dysfunction (WR, VLQE).
F. VASOACTIVE MEDICATIONS
28. We suggest using epinephrine, rather than dopamine, in children with septic shock (WR, LQE).
29. We suggest using norepinephrine, rather than dopamine, in children with septic shock (WR, VLQE).
30. We were unable to issue a recommendation for a specific first-line vasoactive infusion for children
with septic shock.
31. We were unable to issue a recommendation about initiating vasoactive agents through peripheral
access in children with septic shock.
32. We suggest either adding vasopressin or further titrating catecholamines in children with septic
shock who require high-dose catecholamines(WR, LQE).
33. We were unable to issue a recommendation about adding an inodilator in children with septic shock
and cardiac dysfunction despite other vasoactive agents.
G. VENTILATION
34. We were unable to issue a recommendation about whether to intubate children with fluidrefractory, catecholamine-resistant septic shock.
35. We suggest not to use etomidate when intubating children with septic shock or other sepsisassociated organ dysfunction (WR, LQE).
36. We suggest a trial of non-invasive mechanical ventilation (over invasive mechanical ventilation) in
children with sepsis-induced paediatric ARDS (PARDS) without a clear indication for intubation and who
are responding to initial resuscitation (WR, VLQE).
37. We suggest using high positive end-expiratory pressure (PEEP) in children with sepsis-induced PARDS
(WR, VLQE).
38. We cannot suggest for or against the use of recruitment manoeuvres in children with sepsis-induced
PARDS and refractory hypoxemia.
39. We suggest a trial of prone positioning in children with sepsis and severe PARDS (WR, LQE).
40. We recommend against the routine use of inhaled nitric oxide (iNO) in all children with sepsisinduced PARDS (SR, LQE).
41. We suggest using iNO as a rescue therapy in children with sepsis-induced PARDS and refractory
hypoxemia after other oxygenation strategies have been optimized (WR, MQE).
42. We were unable to issue a recommendation to use high-frequency oscillatory ventilation (HFOV)
versus conventional ventilation in children with sepsis-induced PARDS.
43. We suggest using neuromuscular blockade in children with sepsis and severe PARDS (WR, VLQE).
H. CORTICOSTEROIDS
44. We suggest against using intravenous hydrocortisone to treat children with septic shock if adequate
fluid resuscitation and vasopressor therapy are able to restore hemodynamic stability (WR, LQE).
45. We suggest that either intravenous hydrocortisone or no hydrocortisone may be used if adequate
fluid resuscitation and vasopressor therapy are not able to restore hemodynamic stability (WR, LQE).
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I. ENDOCRINE AND METABOLIC
46. We recommend against insulin therapy to maintain glucose target at or below 140 mg/dL (7.8
mmol/L) (SR, MQE).
47. We were unable to issue a recommendation regarding what blood glucose range to target for
children with septic shock and other sepsis-associated organ dysfunction.
48. We were unable to issue a recommendation as to whether to target normal blood calcium levels in
children with septic shock or sepsis-associated organ dysfunction.
49. We suggest against the routine use of levothyroxine in children with septic shock and other sepsisassociated organ dysfunction in a sick euthyroid state (WR, LQE).
50. We suggest either antipyretic therapy or a permissive approach to fever in children with septic shock
or other sepsis-associated organ dysfunction (WR, MQE).
J. NUTRITION
51. We were unable to issue a recommendation regarding early hypocaloric/trophic enteral feeding
followed by slow increase to full enteral feeding versus early full enteral feeding in children with septic
shock or sepsis-associated organ dysfunction without contraindications to enteral feeding.
52. We suggest not withholding enteral feeding solely on the basis of vasoactive-inotropic medication
administration (WR, LQE).
53. We suggest enteral nutrition as the preferred method of feeding and that parenteral nutrition may
be withheld in the first 7 days of PICU admission in children with septic shock or other sepsis-associated
organ dysfunction (WR, MQE).
54. We suggest against supplementation with specialized lipid emulsions in children with septic shock or
other sepsis-associated organ dysfunction (WR, VLQE).
55. We suggest against the routine measurements of gastric residual volumes (GRV) in children with
septic shock or other sepsis-associated organ dysfunction (WR, LQE).
56. We suggest administering enteral feeds through a gastric tube, rather than a post-pyloric feeding
tube, to children with septic shock or other sepsis-associated organ dysfunction who have no
contraindications to enteral feeding (WR, LQE).
57. We suggest against the routine use of prokinetic agents for the treatment of feeding intolerance in
children with septic shock or other sepsis-associated organ dysfunction (WR, LQE).
58. We suggest against the use of selenium in children with septic shock or other sepsis-associated organ
dysfunction (WR, LQE).
59. We suggest against the use of glutamine supplementation in children with septic shock or other
sepsis-associated organ dysfunction (WR, LQE).
60. We suggest against the use of arginine in the treatment of children with septic shock or other sepsisassociated organ dysfunction (WR, VLQE).
61. We suggest against using zinc supplementation in children with septic shock and other sepsisassociated organ dysfunction (WR, VLQE).
62. We suggest against the use of ascorbic acid (vitamin C) in the treatment of children with septic shock
or other sepsis-associated organ dysfunction (WR, VLQE).
63. We suggest against the use of thiamine to treat children with sepsis-associated organ dysfunction
(WR, LQE).
64. We suggest against the acute repletion of vitamin D deficiency (VDD) for treatment of septic shock or
other sepsis-associated organ dysfunction (WR, VLQE).
K. BLOOD PRODUCTS
65. We suggest against transfusion of red blood cells if the blood haemoglobin concentration is ≥ 7 g/dL
in hemodynamically stabilized children with septic shock or other sepsis-associated organ dysfunction
(WR, LQE).
66. We cannot make a recommendation regarding haemoglobin transfusion thresholds for critically ill
children with unstable septic shock.
67. We suggest against prophylactic platelet transfusion based solely on platelet levels in non-bleeding
children with septic shock or other sepsis-associated organ dysfunction and thrombocytopenia (WR,
VLQE).
68. We suggest against prophylactic plasma transfusion in non-bleeding children with septic shock or
other sepsis-associated organ dysfunction and coagulation abnormalities (WR, VLQE).
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L. PLASMA EXCHANGE, RENAL REPLACEMENT AND EXTRACORPOREAL SUPPORT
69. We suggest against using plasma exchange in children with septic shock or other sepsis-associated
organ dysfunction without thrombocytopenia-associated multiple organ failure (TAMOF) (WR, VLQE).
70. We cannot suggest for or against the use of plasma exchange in children with septic shock or othersepsis-associated organ dysfunction with TAMOF.
71. We suggest using renal replacement therapy to prevent or treat fluid overload in children with septic
shock or other sepsis-associated organ dysfunction who are unresponsive to fluid restriction and diuretic
therapy (WR, VLQE).
72. We suggest against high-volume hemofiltration over standard hemofiltration in children with septic
shock or other sepsis-associated organ dysfunction who are treated with renal replacement therapy
(WR, LQE).
73. We suggest using veno-venous (VV) extracorporeal membrane oxygenation (ECMO) in children with
sepsis-induced PARDS and refractory hypoxia (WR, VLQE).
74. We suggest using veno-arterial (VA) ECMO as a rescue therapy in children with septic shock only if
refractory to all other treatments (WR, VLQE).
M. IMMUNOGLOBULINS
75. We suggest against the routine use of intravenous immune globulin (IVIG) in children with septic
shock or other sepsis-associated organ dysfunction (WR, LQE).
N. PROPHYLAXIS
76. We suggest against the routine use of stress ulcer prophylaxis in critically-ill children with septic
shock or other sepsis-associated organ dysfunction, except for high-risk patients (WR, VLQE).
77. We suggest against routine deep vein thrombosis (DVT) prophylaxis (mechanical or pharmacologic)
in critically-ill children with septic shock or other sepsis-associated organ dysfunction, but potential
benefits may outweigh risks and costs in specific populations (WR, LQE).
SSC, Surviving Sepsis Campaign; BPS, best practice statement; SR, strong recommendation; WR, weak
recommendation; HQE, high quality of evidence; MQE, moderate quality of evidence; LQE, low quality of
evidence; VLQE, very low quality of evidence.
More details on determination of the quality of evidence, factors determining strong versus weak
recommendations and implications of the graded strength of recommendations for patients, clinicians
and policy-makers are available in the SSC guidelines (Weiss et al., 2020b, Weiss et al., 2020a)
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Appendix 2: Animal ethics certificates
Appendix 2.1: QUT-OREI Ethics approval certificate number 1400000032
Appendix 2.2: QUT-OREI Ethics renewal certificate number 1600000012
Appendix 3: Human ethics certificates
Appendix 3.1: Management of Paediatric Shock (MAPS) approval (SSC No. 2541)
Appendix 3.2: Mbale Regional Referral Hospital-Institutional Review Committee approval
(REIRC 005/2013)
Appendix 3.3: KEMRI-WTRP MAPS database access approval (26.09.2017)
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Appendix 4: Pre-clinical experiments
Appendix 4.1: Model development phase (cardiac index and mean arterial pressure)
Appendix Figure A4.1: Cardiac index and mean arterial pressure data (pre-clinical model development)
(a)

(b)

Fig A4.1: Cardiac index (L/min/m2) over time in the pre-clinical model development phase. For the model
development, hyperdynamic shock was defined as hypotension MAP <60 mmHg with normal or
increased cardiac output.
Infusion with endotoxin produced systemic hypotension with mean MAP decreasing from 84.5±12.8 to
49±8.03 mmHg (p <0.001) but non-significant change in CI from 3.33±0.56 to 2.89±0.36 L/min/m2 (p
=0.0845) (Byrne et al., 2018a)
B, baseline; LPS-S, start of lipopolysaccharide infusion; VP-S, start of vasopressor support (marked by a vertical
green line); LPS-E, end of lipopolysaccharide infusion (corresponds with monitoring time denoted T0); CI, cardiac
index; MAP, mean arterial pressure.
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Appendix 4.2: Ovine collected donor blood parameters prior to storage for either ≤5 days
or ≥30 days
Table A4.1: Collected donor blood parameters prior to storage
Total
(n = 40)
Whole Blood
• Volume (mL)
• Weight (g)
EDTA blood tube
• WBC (X 109/L)
• RBC (X 1012/L)
• Hb (g/dL)
• Hct (%)
• MCV (fL)
• MCH (pg)
• MCHC (g/dL)
• Platelets (X 109/L)

Fresh (≤5 days),
n = 18

Aged (≥30 days),
n = 22

Fresh vs aged*

p-value#

434.4 (± 41.5)
553.5 (± 47.3)

446 (± 29.0)
563 (± 31.1)

428 (± 48.1)
547 (± 56.2)

15 (± 12.6)
15 (± 15.0)

0.96
0.99

7.8 (± 2.1)
9.1 (± 0.9)
10.1 (± 8.6)
30.7 (± 2.8)
33.2 (32.4, 35.0)
11.1 (± 0.8)
32.8 (± 1.0)
382 (± 158.3)

7.3 (± 1.7)
9.2 (± 0.9)
10.0 (± 8.5)
30.7 (± 2.7)
32.8 (32.4, 34.2)
10.9 (± 0.8)
32.6 (± 1.2)
407 (± 173.7)

8.3 (± 2.3)
9.0 (± 1.0)
10.1 (± 0.9)
30.5 (± 2.8)
33.5 (32.5, 35.3)
11.3 (± 0.8)
33.0 (± 0.7)
353 (± 142.7)

-1.2 (± 0.62)
0.3 (± 0.29)
-0.1 (± 2.84)
0.2 (± 0.90)
-0.88
-0.4 (± 0.26)
-0.5 (± 3.4)
54 (± 52)

0.90
0.99
1.00
1.00
0.99
0.92
0.99
0.91

Ovine PRBCs
196.5 (± 22.4)
200 (± 23.1)
194 (± 21.1)
6 (± 7.5)
0.99
• Weight (g)
0.1 (0.1, 0.3)
0.2 (0.1, 0.35)
0.1 (0.1, 0.3)
0.93
0.97
• WBC (X 109/L)
14.7 (13.1, 15.7) 14.8 (13.9, 15.7)
14.6 (12.7, 15.8)
0.34
1.00
• RBC (X 1012/L)
16.5
(±
2.1)
16.5
(±
2.2)
16.5
(±
1.9)
-0.04
(±
0.07)
1.00
• Hb (g/dL)
49.2 (± 6.2)
49.5 (± 6.7)
49.1 (± 5.6)
0.4 (± 0.02)
1.00
• Hct (%)
33.9 (32.9, 35.8) 33.8 (32.9, 34.9)
34.2 (32.9, 36.1)
-0.73
0.99
• MCV (fL)
11.4
(11.0,
12.0)
11.2
(10.8,
11.9)
11.5
(11.2,
12.0)
-1.2
0.99
• MCH (pg)
33.4 (± 0.9)
33.4 (± 1.0)
33.5 (± 0.7)
-0.1 (±2.9)
1.00
• MCHC (g/dL)
23 (± 72.7)
29 (± 87.9)
17 (± 57.7)
12 (±26.8)
0.60
• Platelet (X 109/L)
Data presented as mean (± SE) for normally distributed variables and as median (IQR) for non-parametric variables.
*Comparison of blood that was assigned to fresh (≤5 days) versus aged (≥30 days) storage duration presented as
difference in means (± SE of difference) for normally distributed data and z-statistic Wilcoxon rank sum test for nonparametric variables.
#p-value comparing blood that was assigned to fresh (≤5 days) versus aged (≥30 days) storage duration (t-test for
normally distributed data and Wilcoxon rank sum test for non-parametric variables).
EDTA, ethylene-diamine-tetra-acetic acid; PRBCs; packed red blood cells; WBC, white blood cells; RBC, red blood cells;
Hb, haemoglobin; Hct, haematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular haemoglobin; MCHC,
mean corpuscular haemoglobin concentration.
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Appendix 4.3: Donor blood parameters, prior to administration of blood transfusion (by
storage duration ≤5 days vs ≥30 days)
Table A4.2: Collected donor blood parameters prior to transfusion
Fresh (≤5 days),
n = 18
Full blood count
• WBC (X 106/L)
• RBC (X 1012/L)
• Hb (g/dL)
• Hct (%)
• MCV (fl)
• MCH (pg)
• MCHC (g/dL)
• Platelets (X 106/L)

4 (4, 8)
15.9 (± 2.8)
19.4 (± 4.2)
56.1 (± 11.5)
35.2 (± 2.6)
12.2 (11.5, 12.8)
34.5 (34.0, 35.1)
550 (400, 900)

Aged (≥30 days),
n = 22
4 (4, 4)
14.5 (± 2.4)
17.3 (± 3.2)
51.7 (± 8.7)
35.7 (± 2.7)
11.9 (11.3, 12.5)
33.8 (32.8, 34.5)
250 (100, 800)

Fresh vs aged*

0.372
1.4 (± 0.77)
2.1 (± 11.0)
4.4 (± 0.03)
-0.4 (± 0.78)
0.39
0.86
-1.13

p-value#

0.73
0.51
0.45
0.67
0.83
0.74
0.30
0.24

Arterial blood gas
6.95 (± 0.1)
6.96 (± 0.1) -0.003 (±0.023)
0.89
• pH
28.2 (25.8, 31.7)
10.3 (9.2, 12.1)
5.81
<0.0001
• PaCO2 (mmHg)
277 (248, 283)
235 (174, 256)
0.94
0.10
• PaO2 (mmHg)
15.4
(14.4,
16.8)
16.3
(14.8,
18.0)
-0.74
0.46
• Hb (g/dL)
+
3.5 (± 1.0)
6.4 (± 1.3)
-3.0 (± 0.35)
<0.0001
• K (mmol/L)
135 (131, 138)
139 (137, 142)
-0.86
0.30
• Na+ (mmol/L)
2+
0.01
(±
0.05)
0.04
(±
0.1)
-0.03
(±
0.02)
0.73
• Ca (mmol/L)
2.0 (± 0.2)
1.9 (± 0.2)
0.1 (± 1.15)
0.30
• Glucose (mmol/L)
1.4 (± 1.1)
4.4 (± 3.4)
-2.97 (± 0.74)
0.06
• Lactate (mmol/L)
Data presented as mean (± SE) for normally distributed variables and as median (IQR) for non-parametric
variables.
*Comparison of blood that was assigned to fresh (≤5 days) versus aged (≥30 days) storage duration
presented as difference in means (± SE of difference) for normally distributed data and z-statistic
Wilcoxon rank sum test for non-parametric variables.
#p-value comparing blood that was assigned to fresh (≤5 days) versus aged (≥30 days) storage duration (ttest for normally distributed data and Wilcoxon rank sum test for non-parametric variables).
WBC, white blood cells; RBC, red blood cells; Hb, haemoglobin; Hct, haematocrit; MCV, mean corpuscular
volume; MCH, mean corpuscular haemoglobin; MCHC, mean corpuscular haemoglobin concentration;
PaCO2, partial pressure of carbon dioxide in arterial blood; PaO2, partial pressure of oxygen in arterial
blood; K+, potassium; Na+, sodium; Ca2+, calcium.
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