Contribution of fluids and
electrolyte management to
lung injury

This thesis is submitted in fulfilment of the requirements of:

Doctor of Philosophy

Shailesh Bihari, MBBS, MD, FCICM

December 2014

Critical Care Medicine,
School of Medicine, Faculty of Health Sciences,

Flinders University



Contents

CONTENTS
LIST OF FIGURES 10
LIST OF TABLES 14
SUMMARY 17
DECLARATION 20
ACKNOWLEDGEMENTS 21
ABBREVIATIONS AND SYMBOLS 24
PREFACE 30
Chapter 1 Introduction 36

1.1 Intravenous fluid administration, and fluid boluses, are

common practice 36
1.2 Acute lung injury 37
1.3 Is intravenous fluid administration safe? 38
1.4 Electrolyte abnormality in ICU 39

1.5 Fluids and their component- electrolytes and resultant
osmolality 39
1.6 Why is a sodium important - physiologic consideration 40

1.7 Control of sodium and its applications to intensive care 42

1.7.1 RENAL HANDLING OF SODIUM 42
1.7.2 CRITICALLY ILL PATIENTS HANDLING OF SODIUM 45
1.7.3 CURRENT NHMRC RECOMMENDATIONS 49
1.8 Distribution and control of water 49
1.9 Fluid and lung injury 51
1.10 Role of TRPV4 channels 52

1.11 Effects of osmolality and its relationship with sodium 55
1.12 Effects of high serum sodium (high serum osmolality) 56

Chapter 2 Primary research outline 59

2.1 Primary research question and plan 59



Contents

Chapter 3 Sodium administration in ICU patients 60

3.1 Sodium administration in a single centre tertiary level ICU

60

3.1.1 METHODS 61
3.1.2 STATISTICAL ANALYSES 63
3.1.3 RESULTS 64

3.1.3.1 Patient Characteristics 64

3.1.3.2 Sodium and fluid 64
3.1.4 DISCUSSION 67
3.1.5 STUDY LIMITATIONS 69
3.1.6 SUMMARY 70

3.2 Sodium administration in critically ill patients in Australia

and New Zealand: a multi-centre point prevalence study 71

3.2.1 METHODS 72
3.2.2 STATISTICAL ANALYSIS 74
3.2.3 RESULTS 75
3.2.3.1 Patient characteristics 75
3.2.3.2 Serum sodium 77
3.2.3.3 Sodium and fluid administration 77
3.2.4 DISCUSSION 82
3.2.5 LIMITATIONS AND FUTURE DIRECTIONS 85
3.2.6 SUMMARY 86

3.3. Sodium administration in critically ill paediatric patients

in Australia and New Zealand: a multi-centre point prevalence

study 87
3.3.1 METHODS 88
3.2.2 STATISTICAL ANALYSIS 91
3.3.3 RESULTS 92

3.3.3.1 Patient Characteristics 92

3.3.3.2 Administered sodium and fluid balance 92
3.3.3.3 Sources of administered sodium 97

3.3.4 DISCUSSION 99



Contents

3.3.5 STUDY LIMITATIONS AND FUTURE DIRECTIONS 103

3.3.6 SUMMARY 104
3.4 Inadvertent sodium loading with renal replacement therapy
in critically ill patients 105

3.4.1 METHODS 106

3.4.1.1 EDD 106

3.4.1.2 CRRT 107

3.4.2 STATISTICAL ANALYSIS 108

3.4.3 RESULTS 109
3.4.3.1 Demographics 109

3.4.3.2 EDD 110

3.4.3.3 CRRT 112

3.4.4 DISCUSSION 114

3.4.5 LIMITATIONS 120

3.4.6 SUMMARY 121
Chapter 4 Sodium balance in ICU patients 122

4.1 Sodium balance is different from fluid balance in critically

ill mechanically ventilated patients 122
4.1.1 METHODS 124
4.1.1.1 Estimated sodium and fluid balance 125

4.1.1.2 Respiratory function 126

4.1.1.3 Body composition 127

4.1.1.4 Clinical parameters 128

4.1.1.5 Statistical analysis 128

4.1.2 RESULTS 129
4.1.3 DISCUSSION 138
4.1.4 STUDY LIMITATIONS 142

4.1.5 SUMMARY 143




Contents

4.2 Sodium balance, not fluid balance, is associated with

respiratory dysfunction in mechanically ventilated patients:

a prospective, multi-centre study 145
4.2.1 METHODS 146
4.2.2 STATISTICAL ANALYSIS 149
4.2.3 RESULTS 149

4.2.3.1 Demographics 149
4.2.3.2 Fluid balance 152
4.2.3.3 Sodium balance 153
4.2.3.4 Contributions to fluid and sodium 155
4.2.3.5 Oxygenation and length of mechanical
ventilation 156
4.2.3 DISCUSSION 157
4.2.4 LIMITATIONS 162
4.2.5 SUMMARY 162
Chapter 5: Fluid bolus 163

5.1 Efficacy and prevalence of fluid boluses in resuscitated

septic patients 163
5.1.1 METHODS 165
5.1.2 STATISTICAL ANALYSIS 169
5.1.3 RESULTS 170

5.1.3.1 Demographics 170
5.1.3.2 Fluid boluses prevalence 171

5.1.3.3 Fluid bolus indications & perceived efficacy 172
5.1.3.4 Fluid bolus efficacy 1 hour after its

administration 173
5.1.4 DISCUSSION 176
5.1.5 STUDY LIMITATION 182
5.1.6 SUMMARY 183

5.2 Effect of fluid boluses on serum electrolytes and acid-base

status 184



Contents

5.3 Bolus administration of intravenous fluids leads to

permeability lung oedema via activation of TRPV4 channels
in a rat model 187
5.3.1 METHODS 190
5.3.1.1 Ethics approval 190
5.3.1.2 Animals 190
5.3.1.3 Fluids utilised 190
5.3.1.4 Controls 190
5.3.1.5 Study protocol 190
5.3.1.6 Monitoring 192
5.3.1.7 Dose finding experiment 193
5.3.1.8 Measurement of respiratory mechanics 193
5.3.1.9 Assessment of lung injury 194
5.3.1.10 Surfactant analysis 194
5.3.1.11 Cytokine determination 195
5.3.1.12 Histological analysis 195
5.3.1.13 Electrolyte and haematocrit measurement 195
5.3.1.14 Administration of ruthenium red 196
5.3.1.15 Statistical analysis 196
5.3.2 RESULTS 196
5.3.2.1 Experiment: dose determination 196
5.3.2.2 Experiment: Effect of fluid boluses 197
5.3.2.3 Experiment: Use of TRPV4 blocker- ruthenium
red 203
5.3.3 DISCUSSION 204
5.3.3.1 Fluid induced permeability oedema — lung injury
(FILI) 204
5.3.3.2 Role of TRPV4 channels 206
5.3.3.3 Dose of fluids 208
5.3.3.4 Effect of fluid on surfactant and lung mechanics
209
5.3.3.5 Limitations and future directions 210

5.3.4 SUMMARY 211



Contents

5.4 Bolus administration of 0.9% saline leads to interstitial
pulmonary edema despite normal echocardiographic indices

in healthy subjects when compared with 4% albumin and 5%

glucose 212
5.4.1 METHODS 213
5.4.1.1 Respiratory measurement 215
5.4.1.2 Cardiac and lung ultrasound 217
5.4.1.3 Blood samples 218
5.4.1.4 Statistical analysis 219
5.4.2 RESULTS 220
5.4.2.1 Changes in the haemodynamic parameters 220
5.4.2.2 Changes in lung function 221
5.4.2.3 Changes in lung ultrasonography 222
5.4.2.4 Changes in cardiac ultrasound 222
5.4.2.5 Changes in blood parameters 222
5.4.3 DISCUSSION 226
5.4.4 LIMITATIONS 234
5.4.5 SUMMARY 235

Chapter 6: Effect of serum sodium and osmolality on lung

injury 236

6.1 Admission high serum sodium is not associated with

increased ICU mortality risk in respiratory patients 236
6.1.1 METHODS 237
6.1.1.1 Study design 237
6.1.1.2 Patients 237
6.1.1.3 Database 237
6.1.1.4 Data extraction and categorisation 238
6.1.1.5 Outcome 238
6.1.1.6 Statistical Analysis 239

6.1.2 RESULTS 241




Contents

6.1.3 DISCUSSION 252
6.1.4 STRENGTHS AND LIMITATIONS 257
6.1.5 SUMMARY 259

6.2 Admission high serum osmolarity is not associated with

increased ICU mortality risk in respiratory patients 261

6.3 Induced hypernatremia reduces acute Ilung injury,

independent of fluid or sodium load 263
6.3.1 METHODS 265
6.3.1.1 Ethics approval 265
6.3.1.2 Animals 265
6.3.1.3 Induction of Acute Lung Injury 266
6.3.1.4 Monitoring 267
6.3.1.5 Fluids utilised 268
6.3.1.6 Measurement of respiratory mechanics 269
6.3.1.7 Assessment of lung injury 270
6.3.1.8 Histological analysis 271
6.3.1.9 Surfactant analysis 271
6.3.1.10 Cytokine determination 271
6.3.1.11 Electrolyte and haematocrit measurement 272
6.3.1.12 Statistical analysis 272
6.3.2 RESULTS 272
6.3.3 DISCUSSION 281
6.3.4 STUDY LIMITATION AND FUTURE DIRECTIONS 286
6.3.5 SUMMARY 287
Chapter 7 Summary and recommendations 288
7.1 Sodium administration and balance in ICU 288
7.2 Fluid boluses 292

7.3 Hyperosmolality and lung injury 294




Contents

Appendices 295

APPENDIX 1 SODIUM CONTENT IN COMMONLY USED FLUIDS
AND DRUGS 295

APPENDIX 2 LIST OF PARTICIPATING SITES AND INVESTIGATORS
IN THE ADULT POINT PREVALENCE STUDY 300

APPENDIX 3 LIST OF PARTICIPATING SITES AND INVESTIGATORS
IN THE PAEDIATRIC POINT PREVALENCE STUDY 303

APPENDIX 4 DOCUMENTATION OF ETHICAL APPROVALS 304

APPENDIX 5 LIST OF PUBLICATIONS AND PRESENTATIONS
ARISING FROM CANDIDATURE 306

Bibliography 308




Contents

LIST OF FIGURES

Figure 1.1 Schematic suggesting pathways involved in fluid

induced lung injury.

Figure 3.1 Daily sodium intake (mmol) in the single centre study.

Data are expressed as median and interquartile range

Figure 3.2: Correlation of daily administered sodium and daily fluid

balance in the single centre study

Figure 3.3: Sodium and fluid balance on the point prevalence study

Figure

Figure

Figure

Figure

Figure

Figure

day according to day of stay in ICU post-ICU admission

3.4: Sodium administration on the point prevalence study

day at different sites

4.1: Cumulative fluid balance (A) and estimated cumulative

4.2:

4.3:

sodium balance (B) during ICU stay in 10 mechanically

ventilated patients.

Correlation between cumulative sodium balance and
next day’s chest x-ray score (A) and next day’s lowest
PaO3/FiO2 ratio (B) in 10 mechanically ventilated

patients

Delta body weight (A), total body water (B) and
extracellular fluid (% of total body water) (C), as
compared with study day 1 in 10 mechanically

ventilated patients

4.4: Flow diagram of subjects examined in the multicentre

4.5:

sodium balance study
Correlation between cumulative sodium balance and
next day PaO>/FiO2 ratio in the multicentre sodium

balance study

10



Figure 5.1:

Figure 5.2:

Figure 5.3:

Figure 5.4:

Figure 5.5:

Figure 5.6:
Figure 5.7:

Figure 5.8:

Figure 5.9:

Contents

Flow diagram showing the total number of patients
screened and included in the fluid bolus study based
on the inclusion and the exclusion criteria during the

study period

Data collection form which was filled in by the treating
clinician every time a fluid bolus was administered
highlighting the indication of the fluid boluses and

whether it was perceived to be successful

Data collection form which was filled in by the bed side
nurse noting down the exact haemodynamic and other
parameters immediately before and 1 hour after the

administration of fluid boluses

Correlation between daily cumulative fluid balance and

lowest Pao2/F10; ratio in the fluid bolus study

Correlation between daily cumulative fluid balance and
delta (at 48 hours and 72 hours compared with
baseline) SOFA (sequential organ failure assessment

score) scores

Study protocol used in the animal study

Effect of administration of 0.9% saline and 4% albumin
on the left ventricular end diastolic pressure (LVEDP).
Effect of fluid administration on the left ventricular end
diastolic pressure (LVEDP) and the central venous
pressure (CVP) at the volume of 60 ml/kg administered
over 30 minutes

The effect of fluid boluses on lung oedema (wet to dry

ratio) and lavage protein levels

Figure 5.10: The effect of fluid boluses on PaO> and PaCO; levels.

Figure 5.11: The effect of fluid boluses on lung mechanics

11



Contents

Figure 5.12: The effect of fluid boluses on the ratio of small and

large lung lavage phospholipid aggregate and lung

histology (cell infiltrate and wall thickness score) score

Figure 5.13: Hematoxylin and eosin staining in the lung paraffin-

embedded sections in rats (negative controls, 0.9%

saline and 0.9% saline with ruthenium red)

Figure 5.14: Study protocol used in administrating fluid boluses in

healthy subjects

Figure 5.15: Change in cardiac output with increase in blood

volume in the healthy volunteers

Figure 6.1: Consort diagram of subjects examined in ANZICS-APD

database study

Figure 6.2: Adjusted odds ratio (shaded lines are 95% confidence

intervals) of ICU mortality relative to 135 -144.9
mmol/1 for different categories of highest serum

sodium in the first 24 hours in all patients

Figure 6.3: Adjusted odds ratio (shaded lines are 95% confidence

intervals) of ICU mortality relative to 135 -144.9
mmol/1 for different categories of highest serum
sodium (left) and lowest serum sodium (right) in the
first 24 hours in patients with respiratory (dotted) or

without respiratory diseases (solid)

Figure 6.4: Adjusted odds ratio (shaded lines are 95% confidence

Figure 6.5:

intervals) of ICU mortality relative to 135 -144.9
mmol/1 for different categories of highest serum
sodium in the first 24 hours in all patients (left) and
mechanically ventilated patients (right) with PaO2/FiO2
ratio < 200 (dotted) or = 200 (solid)

Adjusted odds ratio (shaded lines are 95% confidence
intervals) of ICU mortality relative to 135 -144.9
mmol/l for different categories of highest serum

sodium in the first 24 hours in all mechanically

12



Contents

ventilated patients with PaO2/FiO> ratio < 200 (dotted)
vs all other patients (solid)

Figure 6.6: The relationship between sodium and mortality when
the 129 hospitals in the study were categorised into
hospital level (26% rural, 22% metropolitan, 24%
tertiary and 28% private)

Figure 6.7: Adjusted odds ratio (shaded lines are 95% confidence
intervals) of ICU mortality relative to 135 -144.9
mmol/1 for different categories of highest serum
osmolarity in the first 24 hours in patients with
respiratory (dotted) or without respiratory diseases
(solid)

Figure 6.8: The effect of fluid administration on the left ventricular

end diastolic pressure and the central venous pressure
Figure 6.9: Effect of study fluids on lung injury
Figure 6.10: Effect of the study fluids on blood gases
Figure 6.11: Effect of the study fluids on lung elastance

Figure 6.12: Effect of study fluids on lung lavage and serum TNF-a

level and IL-8 levels

Figure 6.13: Effect of study fluids on the ratio of small and large
lung lavage phospholipid aggregate

Figure 6.14: Hematoxylin and eosin staining in the lung paraffin-
embedded sections and lung histology (cell infiltrate
and wall thickness score) scores in animals who were
administered 20% saline compared with the positive

and negative control

13



Contents

LIST OF TABLES

Table 1.1: Hormonal controls of sodium and water in the kidney

Table 1.2 24 hour losses of sodium and water from extra renal
sites

Table 3.1: Contributions of each source to the total sodium
administered in the single centre study

Table 3.2: Patient characteristics in the adult ICUs on the point

prevalence study day

Table 3.3: Sodium administration according to diagnostic category

on the point prevalence study day

Table 3.4: Patient characteristics in the paediatric ICUs on the
point prevalence study day

Table 3.5: Daily administered sodium and fluid balance according
to the day in PICU

Table 3.6: Sodium administration according to diagnostic category
on study day in paediatric patients

Table 3.7: Contribution of sodium according to day of stay in PICU

Table 3.8: Types of maintenance / replacement fluid used on the
study day in paediatric patients

Table 3.9: Demographics, blood results of patients dialysed in the
study

Table 3.10: Total dialysate, sodium flux and fluid removed during
dialysis in ICU

Table 3.11: Correlations with sodium flux with dialysis

Table 4.1: Subject demographics and details at ICU admission in

the single centre sodium balance study

Table 4.2: Summary of fluid, sodium, respiratory, body composition
and clinical data on each study day in the single centre

sodium balance study

14



Contents

Table 4.3: Sources of sodium administered during study days 0-5
in 10 mechanically ventilated patients
Table 4.4: Patient demographics and outcomes in the multicentre

sodium balance study

Table 4.5: Daily physiological and laboratory data in the

multicentre sodium balance study

Table 4.6: Daily and cumulative sodium and fluid balance in the

multicentre sodium balance study

Table 4.7: The effect of diuretic, steroid and vasopressor
administration on daily urine output, urinary sodium
excretion, fluid balance and sodium balance in the

multicentre sodium balance study

Table 4.8: Contribution of various sources to the administered daily
fluid and sodium on different study days in the
multicentre sodium balance study

Table 5.1: Baseline characteristics of study patients in the fluid
bolus study

Table 5.2: Fluid boluses prevalence and contribution to the daily

fluid balance according to the days

Table 5.3: Indication and the success rate (as judged by the treating
clinician) for a fluid bolus in patients with severe
sepsis and septic shock after the initial 6 hours of
resuscitation

Table 5.4: Effect of measured variables before and 1 hour after fluid
boluses

Table 5.5: Effect on acid-base status and serum electrolytes before
and 1 hour after albumin boluses

Table 5.6: The effect of 0.9 % saline and 4% albumin infusion on

serum sodium, chloride and haematocrit.

15



Contents

Table 5.7: Parameters of lung injury 2 hours after initiation of
mechanical ventilation and administration of i.v. fluids
and ruthenium red

Table 5.8: The effect of fluid boluses on hemodynamic parameters
and lung ultrasound “B lines” before, halfway, end and
1 hour later

Table 5.9: Effect of fluid boluses on the respiratory parameters

Table 5.10: Effect of fluid boluses on the cardiac echocardiographic
parameters in healthy subjects

Table 5.11: Effect of fluid boluses on blood parameters.

Table 6.1: Characteristics and outcomes of patients classified as
ICU survivors and non-survivors

Table 6.2: ICU mortality and raw and adjusted OR (95% CI) for
various serum sodium categories with reference to
serum sodium of 135 -144.9 mmol for highest and
lowest serum sodium in the first 24 hours of ICU
admission

Table 6.3: Serum sodium (highest in first 24 hours during an ICU
admission) and adjusted ICU mortality for various

diagnostic categories

Table 6.4: Characteristics and outcomes of patients with non-
respiratory or respiratory admission diagnosis

Table 6.5: OR (95% CI) for the risk of being admitted to ICU with a
respiratory diagnosis

Table 6.6: The comparative amount to sodium, albumin and
volume of the different fluids used in the animal study

Table 6.7: Effect of administered fluids on serum sodium, chloride
and haematocrit

Table 7.1: Drugs which are incompatible with glucose

Table 7.2: Current contribution of sodium (mmol) from various

SOuUrces

16



Summary

Summary

Fluid administration and electrolyte management is perhaps the
most common intervention in hospital. Acute lung injury is common
in critically ill patients and is associated with increased morbidity
and mortality. The current literature suggests that administration of
fluids is not straightforward and there are concerns of potential
harm with fluid administration. Similarly electrolyte abnormalities
are known to have adverse effects in critically ill patients. This work

focuses on the effects of fluid and electrolyte management on lung

injury.

Effects of sodium, fluid boluses and osmolality on lung injury were
separately investigated. I utilised animal models, healthy human
volunteers, clinical and epidemiological studies to investigate the

effects of fluid and electrolyte management on lung injury

Sodium: Current levels of sodium administration are more than
three times the NHMRC recommendations in both adult and
paediatric patients, most of which is derived from inadvertent
sources such as drug infusions, drug boluses and flushes. Such

high levels of administration lead to positive sodium balance which

17



Summary

in turn causes an expansion of the extracellular fluid compartment
and is associated with respiratory dysfunction as evidenced by
decreased oxygen levels and prolong length of invasive mechanical

ventilation.

Fluid boluses: Utilising both basic sciences and clinical studies I
found that bolus administration of intravenous fluids had minimal
physiological benefit in the circumstances investigated and tended
to be harmful. In patients with severe sepsis there was a decrease in
oxygen levels after their administration, in healthy subjects after
administration of 0.9% saline there was evidence of interstitial
oedema, and in animal studies bolus i.v. fluids resulted in
permeability pulmonary oedema despite a “safe” (non-hydrostatic)
left heart pressure. Such lung injury after administration of fluid
boluses is possibly through activation of endothelial calcium ion
channels (transient receptor potential vanilloid 4 (TRPV4) channels.
This fluid induced lung injury was prevented by administration of a

relatively specific TRPV4 blocker (ruthenium red).

Hyperosmolality: Using animal studies I found that induced
hypernatremia was lung protective in acute lung injury,
independent of fluid or sodium load. Based on my animal work, I
hypothesised that lung-protective effects of hypernatremia would
reduce its general adverse effects, leading to amelioration of the
increase in mortality risk in patients with lung injury. To examine

18



Summary

this we utilised a large administrative database (from the Australia
New Zealand Intensive Care Society Centre for Outcome and
Resource Evaluation (ANZICS CORE)) and found that high
admission serum sodium was associated with an increased odds for

ICU death, except in respiratory patients.

In critically ill patients (i) inadvertent sodium administration is
common which leads to a large positive sodium balance which is
associated with adverse respiratory effects (ii) bolus administration
of fluid can induce lung injury, and (iii) induced hyperosmolarity

may be lung protective.
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