OXYGENATION OF CRITICALLY ILL PATIENTS FOLLOWING HYPERBARIC
TREATMENT: THEIR CHARACTERISTICS AND OUTCOMES

Submitted by

Gordon James Bingham B.A. (Hons) MNSc

A thesis submitted in total fulfilment of the requirements for the degree of
Doctor of Philosophy

School of Nursing & Midwifery
Faculty of Health Sciences

La Trobe University
Bundoora, Victoria 3086
Australia

August 2011

ii

Table of Contents

TABLE OF CONTENTS......................................................................................................... III
LIST OF TABLES ................................................................................................................ XIV
LIST OF FIGURES ............................................................................................................ XVII
ABSTRACT....................................................................................................................... XVIII
STATEMENT OF AUTHORSHIP ...................................................................................... XIX
ACKNOWLEDGEMENTS ................................................................................................... XX
LIST OF ABBREVIATIONS ............................................................................................... XXI
1.0 INTRODUCTION .............................................................................................................. 1
1.1 Background to Research ................................................................................................ 1
1.2 Research Problem and Significance ............................................................................... 2
1.3 Aim................................................................................................................................. 3
1.4 Overview of HBO .......................................................................................................... 4
1.4.1 History of HBO ....................................................................................................... 4
1.4.2 Delivery of HBO ..................................................................................................... 5
1.4.3 The Study Hospital.................................................................................................. 6
1.5 Overview of Study ......................................................................................................... 7
1.6 Thesis Structure.............................................................................................................. 8
1.7 Conclusion ..................................................................................................................... 9
2.0 LITERATURE REVIEW ................................................................................................. 10
2.1 Introduction .................................................................................................................. 10
2.2 Reductions in Oxygenation .......................................................................................... 10
2.2.1 Hypoxaemia and Hypoxia..................................................................................... 10
2.2.2 Clinical Significance of Reductions in Oxygenation ............................................ 11
2.2.2.1 Hypoxaemia ................................................................................................. 11
2.2.2.2 Hypoxia ........................................................................................................ 12
2.2.3 Common Causes of Hypoxaemia .......................................................................... 13
2.2.3.1 Lowered FiO2 ............................................................................................... 14

iii

2.2.3.2 Alveolar Hypoventilation............................................................................. 14
2.2.3.3 Impaired Diffusion ....................................................................................... 15
2.2.3.4 Pulmonary Shunt.......................................................................................... 15
2.2.3.5 Ventilation Perfusion Inequality .................................................................. 15
2.2.4 Common Causes of Hypoxia ................................................................................ 16
2.2.4.1 Hypoxic Hypoxia ......................................................................................... 16
2.2.4.2 Anaemic Hypoxia ........................................................................................ 16
2.2.4.3 Stagnant Hypoxia ......................................................................................... 17
2.2.4.4 Cytopathic Hypoxia ..................................................................................... 18
2.2.5 Summary ............................................................................................................... 18
2.3 Oxygenation and HBO ................................................................................................. 19
2.3.1 Reductions in Oxygenation During HBO ............................................................. 19
2.3.2 Post-HBO Reductions in Oxygenation ................................................................. 20
2.3.2.1 Initial Characterisation of Post-HBO Reductions in Oxygenation .............. 21
2.3.2.2 Haemodynamic and Oxygenation Profiles Following HBO ....................... 21
2.3.2.3 Further Research on Oxygenation Profiles Following HBO ....................... 23
2.3.3 Summary ............................................................................................................... 25
2.4 Potential Causes of Post-HBO Reductions in Oxygenation ........................................ 26
2.4.1 Alterations to Inspired O2 ..................................................................................... 26
2.4.1.1 Cellular Effects of Hyperoxia ...................................................................... 26
2.4.1.1.1 Free Radical Production ..................................................................... 27
2.4.1.1.2 Free Radical Chemistry ...................................................................... 27
2.4.1.1.3 Cell Damage ....................................................................................... 28
2.4.1.1.4 Inflammatory Response ..................................................................... 29
2.4.1.2 Pulmonary Toxicity ..................................................................................... 30
2.4.1.3 Related O2 Toxic Effects ............................................................................. 32
2.4.1.4 Oxygen Induced Atelectasis ........................................................................ 33
2.4.1.4.1 Gas Resorption Mechanism ............................................................... 34
2.4.1.4.2 Compression Mechanism ................................................................... 36
2.4.1.5 Decreased Vital Capacity ............................................................................. 36
2.4.1.6 Decreased Ventilatory Drive........................................................................ 37
2.4.1.7 Cardiovascular Effects ................................................................................. 39
2.4.1.8 Hyperbaric Hyperoxia .................................................................................. 40
2.4.1.8.1 Free Radical Generation..................................................................... 41
iv

2.4.1.8.2 Free Radical Response as Signalling Markers ................................... 42
2.4.1.8.3 Cerebral Toxicity ............................................................................... 44
2.4.1.8.4 Pulmonary Toxicity............................................................................ 45
2.4.1.8.5 Oxygen Tolerance and Adaptation..................................................... 48
2.4.1.8.6 Cardiovascular System Effects .......................................................... 49
2.4.1.8.6.1 Heart Rate…………………………………………………….. 49
2.4.1.8.6.2 Cardiac Output………………………………………………... 50
2.4.1.8.6.3 Vascular Resistance……………………………………………50
2.4.1.8.6.4 Perfusion to Systems………………………………………….. 51
2.4.2 Alterations in Essential Equipment ....................................................................... 52
2.4.2.1 HBO and ICU Equipment ............................................................................ 52
2.4.2.2 Physiological Monitoring............................................................................. 53
2.4.2.3 Infusion Pump Devices ................................................................................ 54
2.4.2.4 Endotracheal and Tracheostomy Tubes ....................................................... 56
2.4.2.5 Mechanical Ventilation ................................................................................ 57
2.4.2.5.1 Volume and Pressure Control Ventilation Modes ............................. 58
2.4.2.5.2 Gas Flow Characteristics at Increased Ambient Pressure .................. 59
2.4.2.5.3 Laminar Flow ..................................................................................... 60
2.4.2.5.4 Turbulent Flow ................................................................................... 61
2.4.2.5.5 Mechanical Ventilation at Increased Ambient Pressure .................... 62
2.4.2.5.6 Mechanical Ventilation During HBO at the Study Hospital.............. 63
2.4.3 Alterations to the ICU Patient Environment ......................................................... 66
2.4.3.1 Adverse Events and Mishaps ....................................................................... 67
2.4.3.2 Physiological Deterioration ......................................................................... 68
2.4.3.2.1 Respiratory and Ventilation Changes................................................. 69
2.4.3.2.2 Cardiovascular Changes ..................................................................... 70
2.4.3.2.3 Severity of Patient Illness .................................................................. 71
2.4.3.2.4 Prevention of Deterioration ................................................................ 71
2.4.3.3 Hyperbaric Patient Transports ..................................................................... 72
2.4.4 Summary ............................................................................................................... 72
2.5 Aim and Hypotheses .................................................................................................... 73
2.5.1 Research Question One ......................................................................................... 73
2.5.1.1 Hypothesis One ............................................................................................ 73
2.5.2 Research Question Two ........................................................................................ 73
v

2.5.2.1 Hypothesis Two ........................................................................................... 74
2.5.3 Research Question Three ...................................................................................... 74
2.5.3.1 Hypothesis Three ......................................................................................... 74
2.5.4 Research Question Four ........................................................................................ 74
2.5.4.1 Hypothesis Four ........................................................................................... 74
2.5.5 Research Question Five ........................................................................................ 74
2.5.5.1 Hypothesis Five ........................................................................................... 74
2.5.6 Research Question Six .......................................................................................... 74
2.5.6.1 Hypothesis Six ............................................................................................. 75
2.6 Conclusion ................................................................................................................... 75
3.0 COMPONENTS AND EVALUATION OF OXYGENATION ...................................... 76
3.1 Introduction .................................................................................................................. 76
3.2 Components of Oxygenation ....................................................................................... 76
3.2.1 Pulmonary Gas Exchange ..................................................................................... 77
3.2.1.1 Components of Pulmonary Gas Exchange .................................................. 78
3.2.1.2 Pulmonary Ventilation ................................................................................. 78
3.2.1.2.1 The Oxygen Content of the Inspired Gas ........................................... 78
3.2.1.2.2 Barometric Pressure ........................................................................... 79
3.2.1.2.3 Alveolar Ventilation ........................................................................... 79
3.2.1.2.4 Assessment of Pulmonary Ventilation ............................................... 79
3.2.1.3 Diffusion of Oxygen .................................................................................... 80
3.2.1.4 Ventilation Perfusion Relationships ............................................................ 82
3.2.1.4.1 Ventilation Perfusion Matching ......................................................... 82
3.2.1.4.2 Pulmonary Shunt ................................................................................ 85
3.2.1.4.3 Hypoxic Pulmonary Vasoconstriction ............................................... 87
3.2.1.4.4 Compensation for VA/Q Inequality .................................................... 88
3.2.1.4.4.1 Reduction in Venous PO2……………………………………...88
3.2.1.4.4.2 Increase in Ventilation…………………………………………88
3.2.1.4.4.3 Increase in Cardiac Output……………………………………. 89
3.2.2 Oxygen Delivery ................................................................................................... 89
3.2.2.1 Haemoglobin Concentration ........................................................................ 90
3.2.2.2 Haemoglobin O2 Saturation ......................................................................... 91
3.2.2.3 Cardiac Output ............................................................................................. 95

vi

3.2.3 Oxygen Extraction ................................................................................................ 96
3.2.4 Oxygen Consumption ........................................................................................... 98
3.2.5 Summary ............................................................................................................... 99
3.3 Evaluation of Oxygenation .......................................................................................... 99
3.3.1 The PF Ratio ....................................................................................................... 100
3.3.2 The Arterial to Alveolar Ratio ............................................................................ 102
3.3.3 The Alveolar to Arterial O2 Difference............................................................... 104
3.3.4 The Oxygen Index............................................................................................... 105
3.3.5 The Murray Lung Injury Score ........................................................................... 107
3.3.6 Summary ............................................................................................................. 108
3.4 Conclusion ................................................................................................................. 108
4.0 METHODS ..................................................................................................................... 110
4.1 Introduction ................................................................................................................ 110
4.2 Subjects ...................................................................................................................... 110
4.2.1 Ethical Considerations ........................................................................................ 110
4.2.2 Recruitment ......................................................................................................... 111
4.2.2.1 Inclusion Criteria ....................................................................................... 111
4.2.2.2 Exclusion Criteria ...................................................................................... 112
4.2.3 Demographics ..................................................................................................... 112
4.2.4 Sample Size and Statistical Power ...................................................................... 114
4.2.4.1 Effect Size .................................................................................................. 115
4.2.4.2 Power and Significance Level ................................................................... 115
4.3 Research Design ......................................................................................................... 116
4.3.1 Rationale for Research Design ............................................................................ 117
4.4 Research Procedures .................................................................................................. 118
4.4.1 Equipment Setup ................................................................................................. 119
4.4.2 Initial Data Collection ......................................................................................... 119
4.4.3 Arterial Blood Gas Sampling .............................................................................. 121
4.4.4 Mechanical Ventilation Data Collection ............................................................. 121
4.4.5 Transportation Data Collection ........................................................................... 122
4.4.6 HBO Data Collection .......................................................................................... 123
4.4.7 Post-HBO Data Collection .................................................................................. 124
4.4.8 HBO Treatment Tables ....................................................................................... 125

vii

4.5 Data Analysis ............................................................................................................. 126
4.5.1 Variables Collected ............................................................................................. 126
4.5.1.1 Primary and Secondary Outcome Variables .............................................. 133
4.5.1.2 Calculation of Outcome Variables ............................................................. 133
4.5.1.3 Other Influencing Variables ....................................................................... 134
4.5.2 Statistical Design................................................................................................. 135
4.5.2.1 Descriptive Statistical Analysis ................................................................. 135
4.5.2.2 Inferential Statistical Analysis ................................................................... 135
4.5.2.2.1 Hypothesis One ................................................................................ 136
4.5.2.2.2 Hypothesis Two ............................................................................... 136
4.5.2.2.3 Hypothesis Three ............................................................................. 136
4.5.2.2.4 Hypothesis Four ............................................................................... 137
4.5.2.2.5 Hypotheses Five and Six .................................................................. 137
4.5.3 Data Management ............................................................................................... 139
4.6 Conclusion ................................................................................................................. 139
5.0 RESULTS ....................................................................................................................... 141
5.1 Introduction ................................................................................................................ 141
5.2 Descriptive Results .................................................................................................... 141
5.2.1 HBO Related Variables....................................................................................... 141
5.2.1.1 HBO Treatment Tables .............................................................................. 142
5.2.1.2 HBO Ventilation ........................................................................................ 144
5.2.1.3 HBO Treatment Variables Summary ......................................................... 145
5.2.2 Respiratory Variables.......................................................................................... 146
5.2.2.1 ABG Timings ............................................................................................. 146
5.2.2.2 PF Ratio ..................................................................................................... 147
5.2.2.3 Arterial to Alveolar O2 Ratio ..................................................................... 150
5.2.2.4 Alveolar to Arterial O2 Difference ............................................................. 152
5.2.2.5 Oxygen Index ............................................................................................. 154
5.2.2.6 Transportation and Oxygenation Related Variables .................................. 156
5.2.2.7 Physiologically Monitored Variables ........................................................ 157
5.2.2.8 ICU Mechanical Ventilation Variables...................................................... 160
5.2.2.9 Respiratory Variables Summary ................................................................ 164
5.2.3 Haemodynamic and Pharmacology Variables .................................................... 164

viii

5.2.3.1 Haemodynamic .......................................................................................... 164
5.2.3.2 Pharmacology ............................................................................................ 166
5.2.3.3 Haemodynamic and Pharmacology Variables Summary .......................... 171
5.2.4 Clinical Biochemistry Variables ......................................................................... 172
5.2.4.1 Urea and Electrolytes ................................................................................. 172
5.2.4.2 Full Blood Count........................................................................................ 173
5.2.4.3 Blood Coagulation ..................................................................................... 174
5.2.4.4 Liver Function Tests .................................................................................. 174
5.2.4.5 Clinical Biochemistry Variables Summary ............................................... 175
5.2.5 Summary ............................................................................................................. 175
5.3 Inferential Results ...................................................................................................... 175
5.3.1 Hypothesis One ................................................................................................... 175
5.3.1.1 Oxygen Tension Indices ............................................................................ 176
5.3.1.2 Hypothesis One Summary ......................................................................... 178
5.3.2 Hypothesis Two .................................................................................................. 179
5.3.2.1 Mechanical Ventilation Settings Data ....................................................... 179
5.3.2.2 Hypothesis Two Summary......................................................................... 180
5.3.3 Hypothesis Three Part One: Pre-HBO Variables ................................................ 181
5.3.3.1 Statistical Assumptions .............................................................................. 181
5.3.3.2 Demographic Variables Data ..................................................................... 182
5.3.3.2.1 Sex .................................................................................................... 183
5.3.3.2.2 Demographic Variables Summary ................................................... 183
5.3.3.3 Pre-HBO Respiratory Variables ................................................................ 184
5.3.3.3.1 Oxygen Tension Indices................................................................... 184
5.3.3.3.2 Physiologically Monitored Variables............................................... 185
5.3.3.3.3 ICU Mechanical Ventilation Variables ............................................ 187
5.3.3.3.4 Pre-HBO Respiratory Variables Summary ...................................... 189
5.3.3.4 Pre-HBO Haemodynamic and Pharmacology Variables ........................... 189
5.3.3.4.1 Haemodynamic Variables ................................................................ 190
5.3.3.4.2 Pharmacology Variables .................................................................. 191
5.3.3.4.3 Pre-HBO Haemodynamic and Pharmacology Variables Summary. 191
5.3.3.5 Pre-HBO Clinical Biochemistry Variables ................................................ 192
5.3.3.5.1 Urea and Electrolytes ....................................................................... 192
5.3.3.5.2 Full Blood Count .............................................................................. 192
ix

5.3.3.5.3 Blood Coagulation ........................................................................... 194
5.3.3.5.4 Liver Function Test .......................................................................... 194
5.3.3.5.5 Pre-HBO Clinical Biochemistry Variables Summary...................... 195
5.3.3.6 Pre-HBO Variables Summary.................................................................... 195
5.3.4 Hypothesis Three Part Two: Intra-HBO Variables ............................................. 196
5.3.4.1 HBO Treatment Data ................................................................................. 196
5.3.4.2 Intra-HBO Respiratory Variables .............................................................. 197
5.3.4.3 Intra-HBO Mechanical Ventilation Data ................................................... 198
5.3.4.4 Intra-HBO Haemodynamic Variables........................................................ 199
5.3.4.5 Intra-HBO Pharmacology Variables .......................................................... 200
5.3.4.6 Intra-HBO Variables Summary ................................................................. 201
5.3.4.7 Hypothesis Three Summary ....................................................................... 201
5.3.5 Hypothesis Four .................................................................................................. 202
5.3.5.1 Oxygenation In First Versus Second HBO Treatment .............................. 204
5.3.5.1.1 HBO Treatment One ........................................................................ 204
5.3.5.1.2 HBO Treatment Two........................................................................ 207
5.3.5.1.3 HBO Treatment One PF Ratio Compared with Treatment Two...... 208
5.3.5.2 First Versus Second HBO Treatment: Associated Variables .................... 210
5.3.5.2.1 Respiratory and Mechanical Ventilation Data ................................. 211
5.3.5.2.2 Haemodynamic and Pharmacology Data ......................................... 211
5.3.5.3 Hypothesis Four Summary ........................................................................ 213
5.3.6 Hypotheses Five and Six ..................................................................................... 214
5.3.6.1 Univariate Regression Analysis ................................................................. 214
5.3.6.2 Mixed Model Regression Analysis ............................................................ 216
5.3.6.2.1 Mixed Model Regression Assumptions ........................................... 216
5.3.6.2.1.1 Variable Types………………………………………………. 217
5.3.6.2.1.2 Normal Distribution of the Dependent Variable…………….. 217
5.3.6.2.1.3 Adequate Sample Size………………………………………..218
5.3.6.2.1.4 Non Zero Variance…………………………………………... 218
5.3.6.2.1.5 No Multicollinearity…………………………………………. 218
5.3.6.2.1.6 Homoscedasticity……………………………………………. 218
5.3.6.2.1.7 Normally Distributed Errors………………………………….219
5.3.6.2.1.8 Linearity……………………………………………………... 219
5.3.6.2.2 Mixed Model Multivariate Regression Results ............................... 219
x

5.3.6.2.2.1 Hypothesis Five: Mechanical Ventilator Parameters………... 220
5.3.6.2.2.2 Hypothesis Six: Physiological/Outcome Data………………. 220
5.3.6.3 Hypotheses Five and Six Summary ........................................................... 221
5.3.7 Summary ............................................................................................................. 221
5.4 Conclusion ................................................................................................................. 222
6.0 DISCUSSION AND CONCLUSIONS .......................................................................... 224
6.1 Introduction ................................................................................................................ 224
6.2 Hypotheses ................................................................................................................. 224
6.2.1 Hypothesis One: Changes in Oxygenation Post-HBO ........................................ 224
6.2.1.1 Implications for Theory ............................................................................. 228
6.2.1.1.1 Low Inspired Partial Pressure of Oxygen ........................................ 228
6.2.1.1.2 Alveolar Hypoventilation ................................................................. 229
6.2.1.1.3 Diffusion Impairment ....................................................................... 229
6.2.1.1.4 Right to Left Shunt ........................................................................... 230
6.2.1.1.5 Ventilation Perfusion Mismatch ...................................................... 231
6.2.1.2 Implications for Practice ............................................................................ 232
6.2.1.3 Further Research ........................................................................................ 233
6.2.1.4 Conclusion ................................................................................................. 234
6.2.2 Hypothesis Two: Changes in Mechanical Ventilation Post-HBO ...................... 234
6.2.2.1 Implications for Theory ............................................................................. 240
6.2.2.2 Implications for Practice ............................................................................ 241
6.2.2.3 Further Research ........................................................................................ 241
6.2.2.4 Conclusion ................................................................................................. 242
6.2.3 Hypothesis Three: Subject Groups ..................................................................... 243
6.2.3.1 Implications for Theory ............................................................................. 252
6.2.3.2 Implications for Practice ............................................................................ 253
6.2.3.3 Further Research ........................................................................................ 253
6.2.3.4 Conclusion ................................................................................................. 253
6.2.4 Hypothesis Four: Effects of Multiple Treatments............................................... 254
6.2.4.1 Implications for Theory ............................................................................. 259
6.2.4.2 Implications for Practice ............................................................................ 259
6.2.4.3 Further Research ........................................................................................ 259
6.2.4.4 Conclusion ................................................................................................. 260

xi

6.2.5 Hypothesis Five and Six: Variables Associated with Oxygenation Change ...... 260
6.2.5.1 Implications for Theory ............................................................................. 269
6.2.5.2 Implications for Practice ............................................................................ 270
6.2.5.3 Further Research ........................................................................................ 270
6.2.5.4 Conclusion ................................................................................................. 270
6.3 Limitations ................................................................................................................. 271
6.4 Future Directions........................................................................................................ 273
6.5 Overall Conclusion .................................................................................................... 273
7.0 APPENDICES ................................................................................................................ 275
Appendix A. Gas laws ............................................................................................................ 275
Appendix B. Study hospital human research ethics committee approval .............................. 277
Appendix C. La Trobe University human research ethics committee approval .................... 278
Appendix D. Office of the public advocate opinion .............................................................. 279
Appendix E. Chest roentgenogram scoring worksheet .......................................................... 283
Appendix F. HBO adverse transport event form ................................................................... 284
Appendix G. Data collection tool .......................................................................................... 285
Appendix H. PF ratio data histogram ..................................................................................... 287
Appendix I. PF ratio data by time point ................................................................................. 287
Appendix J. Arterial to alveolar O2 ratio data histogram....................................................... 288
Appendix K. Arterial to alveolar O2 ratio by time point........................................................ 288
Appendix L. Alveolar to arterial O2 difference data histogram ............................................. 289
Appendix M. Alveolar to arterial O2 difference by time point .............................................. 289
Appendix N. Oxygen index data histogram ........................................................................... 290
Appendix O. Oxygen index by time point ............................................................................. 290
Appendix P. Median ABG results and related respiratory monitoring by time point ........... 291
Appendix Q. Murray lung injury score characteristics .......................................................... 292
Appendix R. Median mechanical ventilation variable values ............................................... 293
Appendix S. Median haemodynamic variable values ............................................................ 294
Appendix T. Mean inotrope infusion doses by time point..................................................... 295
Appendix U. Median inotrope infusion doses by time point ................................................. 295
Appendix V. Mean drug infusion doses by time point .......................................................... 296
Appendix W. Median drug infusion doses by time point ...................................................... 296
Appendix X. Histogram of PF ratio changes from baseline................................................... 297

xii

Appendix Y. Histogram of arterial to alveolar O2 ratio changes from baseline .................... 297
Appendix Z. Histogram of alveolar to arterial O2 difference changes from baseline............ 298
Appendix AA. Histogram of oxygen index changes from baseline ...................................... 298
Appendix BB. Histogram of FiO2 changes from baseline ..................................................... 299
Appendix CC. Histogram of HBO treatment one transformed PF ratio ................................ 299
Appendix DD. Histogram of HBO treatment two transformed PF ratio ............................... 300
Appendix EE. Histogram of all treatments log10 transformed PF ratio ................................. 300
Appendix FF. Scatter plot of regression standardised against predicted residuals. ............... 301
Appendix GG. Normal P-P plot of regression standardised residuals ................................... 301
Appendix HH. Histogram of regression model standardised residuals ................................. 302
8.0 REFERENCES ............................................................................................................... 303

xiii

List of Tables

Table 1. Oxygenation profiles following HBO........................................................................ 22
Table 2. Murray lung injury score. ........................................................................................ 108
Table 3. Demographic overview of study sample. ................................................................ 113
Table 4. ICU demographics of study sample. ........................................................................ 114
Table 5. Demographic variables collected ............................................................................. 127
Table 6. List of HBO variables collected............................................................................... 128
Table 7. Respiratory variables collected ................................................................................ 129
Table 8. Respiratory variables collected continued ............................................................... 130
Table 9. Haemodynamic and pharmacology variables collected........................................... 131
Table 10. Clinical biochemistry variables collected .............................................................. 132
Table 11. HBO treatment tables delivered ............................................................................. 142
Table 12. Total HBO treatment numbers and data collection characteristics........................ 143
Table 13. HBO mechanical ventilator use ............................................................................. 144
Table 14. Automatic cuff inflator use .................................................................................... 144
Table 15. Mode of mechanical ventilation during HBO treatment ....................................... 145
Table 16. HBO mechanical ventilator measures.................................................................... 145
Table 17. Timing of post-HBO ABG retrieval variation ....................................................... 147
Table 18. PF ratio descriptive statistics ................................................................................. 148
Table 19. Arterial to alveolar O2 ratio descriptive statistics. ................................................. 150
Table 20. Alveolar to arterial O2 difference descriptive statistics.......................................... 152
Table 21. Oxygen index descriptive statistics........................................................................ 154
Table 22. Transportation times .............................................................................................. 156
Table 23. Mode of mechanical ventilation during transportation .......................................... 156
Table 24. Clinical course abnormalities................................................................................. 157
Table 25. Arterial blood gas results and related respiratory monitoring by time point ......... 158
Table 26. Patient position by time point ................................................................................ 159
Table 27. Murray lung injury scores descriptive statistics .................................................... 159
Table 28. Artificial airway type ............................................................................................. 160
Table 29. Mode of mechanical ventilation in ICU ................................................................ 160
Table 30. Gas flow pattern delivered by mechanical ventilator in ICU ................................ 160

xiv

Table 31. ICU mechanical ventilation values ........................................................................ 161
Table 32. Mechanical ventilation changes following HBO treatment by patient .................. 162
Table 33. Nature of mechanical ventilation changes following HBO treatment ................... 162
Table 34. Mechanical ventilation changes following HBO by treatment .............................. 163
Table 35. Mean haemodynamic variables by time point ....................................................... 165
Table 36. Cardiac rhythm at all time points........................................................................... 165
Table 37. Type of fluid administered at all time points ......................................................... 166
Table 38. Inotrope support requirements by HBO treatment ................................................ 167
Table 39. Inotrope support requirements by time point......................................................... 167
Table 40. Inotrope support requirements by drug type at all time points .............................. 167
Table 41. Analgesia and sedation delivery to patients by drug type. .................................... 169
Table 42. Analgesia and sedation delivery to patients by time point .................................... 170
Table 43. Other infusions delivered to patient by drug type.................................................. 171
Table 44. Urea and electrolytes results .................................................................................. 172
Table 45. Full blood count results.......................................................................................... 173
Table 46. Blood coagulation results....................................................................................... 174
Table 47. Liver function test results. ..................................................................................... 174
Table 48. Oxygen tension indices by time point.................................................................... 176
Table 49. Percentage reduction from pre-HBO value of PF ratio by time point ................... 177
Table 50. Percentage reduction from pre-HBO value of arterial to alveolar O2 ratio ........... 177
Table 51. Percentage increase from pre-HBO value of alveolar to arterial O2 difference…. 177
Table 52. Percentage increase from pre-HBO value of oxygen index .................................. 177
Table 53. Magnitude of changes in mechanical ventilation settings following HBO ........... 180
Table 54. Magnitude of change in FiO2 following HBO treatment ....................................... 180
Table 55. Comparisons of mechanical ventilation changes demographic data ..................... 183
Table 56. Comparisons of mechanical ventilation changes respiratory data ......................... 184
Table 57. Comparisons of mechanical ventilation changes pre-HBO physiological data ..... 186
Table 58. Comparisons of pre-HBO ICU mechanical ventilation data ................................. 188
Table 59. Comparisons of pre-HBO haemodynamic data ..................................................... 190
Table 60. Comparisons of pre-HBO pharmacology data....................................................... 191
Table 61. Comparisons of pre-HBO urea and electrolytes .................................................... 192
Table 62. Comparisons of pre-HBO full blood count............................................................ 193
Table 63. Comparisons of pre-HBO blood coagulation ........................................................ 194
Table 64. Comparisons of pre-HBO liver function tests ....................................................... 195
xv

Table 65. Comparisons of HBO treatment data ..................................................................... 197
Table 66. Comparisons of intra-HBO physiological variables .............................................. 198
Table 67. Comparisons of intra-HBO ventilation data .......................................................... 199
Table 68. Comparisons of intra-HBO haemodynamic data ................................................... 200
Table 69. Comparisons of intra-HBO pharmacology data .................................................... 201
Table 70. HBO treatment one PF ratio descriptive statistics ................................................. 205
Table 71. HBO treatment one square root transformed PF ratio descriptive statistics .......... 205
Table 72. HBO treatment one RMANOVA parameter estimates.......................................... 206
Table 73. Reduction of HBO treatment one PF ratio from pre-HBO value by time point .... 206
Table 74. HBO treatment two PF ratio descriptive statistics ................................................. 207
Table 75. HBO treatment two square root transformed PF ratio descriptive statistics.......... 207
Table 76. HBO treatment two RMANOVA parameter estimates ......................................... 208
Table 77. Reduction of HBO treatment two PF ratio from pre-HBO value by time point .... 208
Table 78. Comparison of PF ratio between HBO treatment one and two ............................. 209
Table 79. HBO treatment one versus two respiratory and mechanical ventilation data. ....... 212
Table 80. HBO treatment one versus two haemodynamic and pharmacology data .............. 212
Table 81. Respiratory, physiological and HBO variables univariate regression results ........ 215
Table 82. Pharmacology variables univariate regression results ........................................... 215
Table 83. Clinical biochemistry variables regression univariate results................................ 216
Table 84. Log10 PF ratio descriptive statistics. ...................................................................... 217
Table 85. Summary of regression model ............................................................................... 220
Table 86. Pressure versus volume of a gas bubble ................................................................ 275
Table 87. Pressure versus oxygenation .................................................................................. 276

xvi

List of Figures

Figure 1. Monoplace HBO chamber .......................................................................................... 5
Figure 2. Multi-place HBO chamber ......................................................................................... 5
Figure 3. Multi-place chamber used at the study hospital ......................................................... 6
Figure 4. Study design ............................................................................................................... 8
Figure 5. Common causes of hypoxaemia ............................................................................... 14
Figure 6. Blocked alveoli and venous blood gas partial pressures .......................................... 35
Figure 7. Pulmonary changes associated with high FiO2. ........................................................ 46
Figure 8. A typical ICU patient................................................................................................ 53
Figure 9. An infusion pump device.......................................................................................... 55
Figure 10. Endotracheal tube ................................................................................................... 57
Figure 11. Laminar flow and turbulent flow ............................................................................ 60
Figure 12. Siemens Servo 900C mechanical ventilator ........................................................... 63
Figure 13. Components of oxygenation ................................................................................... 76
Figure 14. Variation of VA/Q ratios within the lung ................................................................ 84
Figure 15. Theoretically possible VA/Q ratios ......................................................................... 84
Figure 16. The O2 Cascade ...................................................................................................... 90
Figure 17. The oxyhaemoglobin dissociation curve ................................................................ 93
Figure 18. DO2/VO2 relationship in healthy and critically ill patients .................................... 97
Figure 19. The 60.5A treatment table .................................................................................... 126
Figure 20. PF ratio by time point ........................................................................................... 149
Figure 21. Arterial to alveolar O2 ratio by time point ............................................................ 151
Figure 22. Alveolar to arterial O2 difference by time point ................................................... 153
Figure 23. Oxygen index by time point ................................................................................. 155
Figure 24. Noradrenaline infusion doses ............................................................................... 168
Figure 25. Adrenaline infusion doses .................................................................................... 169
Figure 26. Morphine and Midazolam infusion doses by time point ...................................... 171
Figure 27. PF ratio in first versus second HBO treatment ..................................................... 204

xvii

Abstract
Hyperbaric oxygen (HBO) is recognised as treatment in a variety of conditions for which
recipients may require concurrent mechanical ventilation. Subsequent to HBO, some
mechanically ventilated intensive care unit (ICU) patients may experience reduced
oxygenation. Reductions in oxygenation may result in mild to severe physiological effects;
however published data on this phenomenon in the context of HBO remain limited.
The aim of this study was to explore post-HBO reductions in oxygenation within the context
of mechanically ventilated ICU patients. Specifically incidence and magnitude of changes in
oxygenation, changes in ventilator settings necessitated to maintain oxygenation, the patient
characteristics associated with any reductions in oxygenation, the possibility of a protective
effect against reductions in oxygenation from previous HBO treatments and any association
of mechanical ventilation parameters or routinely collected physiological information with
changes in oxygenation.
This was a prospective, single-centre, observational study in one metropolitan teaching
hospital in Melbourne, Australia. The study sample comprised of 25 consecutive
mechanically ventilated ICU patients, from which data were collected for 61 HBO
treatments. All data were collected pre-HBO, immediately post-HBO and at 1, 2, 3 and 6
hours. The primary outcome measure of oxygenation was arterial partial pressure for oxygen
(PaO2) against level of inspired oxygen (FiO2) the PF ratio. Secondary measures of
oxygenation and a range of mechanical ventilation and physiological data were also
collected, all of which indicated reduction in oxygenation for 2 hours in the majority of
patients. Post-HBO changes in oxygenation were associated with adjustments to mechanical
ventilation settings in many patients, typically increasing FiO2 for approximately 2 hours.
Patients who received post-HBO alterations in ventilation were more likely to be male and
have lower pre-HBO oxygenation parameters, inspiratory pressures and mean corpuscular
haemoglobin concentrations. No evidence of a protective effect upon post-HBO reductions in
oxygenation was found between first and second HBO treatments. Associations were shown
between changes in the PF ratio with collected physiological and treatment parameters. These
data have the potential to guide ventilation protective strategies and future research to
determine causation.
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1.0 Introduction

1.1

Background to Research

The discovery of oxygen (O2) in 1774 by Joseph Priestly and its eventual medical application
in 1783 by Calliens, were milestones in medicine (Smith, 1870). Identification of one of life’s
essential ingredients was revolutionary at the time having a profound positive impact through
improving patient health outcomes (Bateman & Leach, 1998). With therapeutic O2 in routine
use globally, providing demonstrable reductions in mortality and morbidity, O2 therapy has a
significant place in healthcare today.

The benefits of O2 therapy continue to be explored and are central to this thesis which
involves the delivery of hyperbaric oxygen (HBO) therapy. HBO is the delivery of O2 to
individuals at raised atmospheric pressure. The rise in atmospheric pressure which occurs
within the hyperbaric chamber causes a large increase in dissolved O2 levels in blood plasma
and tissues of the body (Ratzenhofer-Komenda, Favory, Welslau, Smolle Juttner, & Mathieu,
2006).

The raised level of O2 borders on being sufficient to meet the requirements of many tissues
without involving any of the O2 bound to haemoglobin (Hb) (Leach, Rees, & Wilmshurst,
1998). Benefits from the high levels of O2 achieved during HBO treatment have been
described for many patients, improving acute outcomes particularly when applied to some
critically ill patients within intensive care units (ICU) (Weaver, 2004; Weaver, 2008). These
patients are regularly being treated with HBO in centres equipped for this; the raised O2
levels and ambient pressures during HBO treatment are not however completely benign.

Subsequent to HBO treatment it has been reported that the O2 requirements in some
mechanically ventilated patients are increased (Weaver & Howe, 1994). Anecdotally, many
clinicians have also observed transient reductions in arterial oxygenation (hypoxaemia)
following the provision of HBO to ICU patients. Published data on this phenomenon referred
to hereafter as ‘post-HBO reductions in oxygenation’ remain very limited (RatzenhoferKomenda et al., 2007; Ratzenhofer-Komenda et al., 2003).
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The genesis of this study came from clinical observations by the author as a critical care
nurse acting as an inside attendant for mechanically ventilated patients receiving HBO
treatment. The author noticed reductions in the oxygenation of some mechanically ventilated
patients who were returned to ICU following uneventful and stable HBO treatments. At the
commencement of this study there was only one published article (Weaver & Howe, 1994)
which briefly mentioned a propensity for mechanically ventilated ICU patients to require
higher fractions of inspired O2 (FiO2) following HBO treatment. The author of this thesis
wished to examine post-HBO reductions in oxygenation in greater detail than was currently
available.

This study was preceded by a master’s thesis in which the author examined the function of
the mechanical ventilator used during HBO treatments at the study hospital. The master’s
thesis and the paper published from it demonstrated that whilst the mechanical ventilator
function was altered under hyperbaric conditions compensation was possible (Bingham,
Koch, Lee, & Millar, 2007). The compensation applied during HBO treatments ensured that
pre-ICU levels of ventilation were achieved during HBO treatment. This suggested that
altered mechanical ventilator function during HBO treatment was not responsible for postHBO reductions in oxygenation. With this discovery the author discussed with other
colleagues the possibility for other variables to be influencing post-HBO reductions in
oxygenation. Consequently the opportunity to further study post-HBO reductions in
oxygenation arose.

1.2

Research Problem and Significance

Post-HBO reductions in oxygenation in mechanically ventilated ICU patients are reported to
be transient in nature, lasting for approximately 2 hours following completion of the HBO
treatment (Weaver & Howe, 1994). The decrease in oxygenation has since been reported to
vary between 20% and 25% with demonstrated changes to pulmonary blood flow
(Ratzenhofer-Komenda et al., 2007; Ratzenhofer-Komenda et al., 2003). Associated with
these changes some patients require an increase in mechanical ventilation support. However
research into the nature, cause, magnitude and sub groups affected remains sparse.

Suggested mechanisms for post-HBO reductions in oxygenation may be grouped into three
main areas which will be discussed in more detail later. Firstly physiological effects of raised
O2 levels on patients exposed to HBO treatment, secondly the effect of raised ambient
2

pressure on life support equipment required by patients during HBO treatment and finally the
effects of coincidental imposts, such as intra-hospital transportation, on critically ill patients.

The need for further research into post-HBO reductions in oxygenation is apparent if one
considers the clinical consequences of tissue hypoxia from hypoxaemia. The effects can
range from mild signs such as agitation, breathlessness, tachypnoea and diaphoresis to severe
physiological effects including bradycardia, myocardial depression, coma and eventually
cardiac arrest (Beers, 2008). Refractory hypoxaemia is also noted as protracting the time a
patient remains mechanically ventilated and may contribute to the increase in the chance of
ventilator related lung injury (Walley, 2002; Yende & Wunderink, 2002).

Furthermore other authors suggest that the presence of hypoxaemia may result in an increase
in pro-inflammatory cytokines, enhance the cytotoxic effects of neutrophils and consequently
amplify any existing inflammatory state with deleterious systemic effects such as the
progression to Acute Respiratory Distress Syndrome (ARDS) or multiple organ failure
(Kollef, 1999; Ranieri et al., 1999; Tamura et al., 2002; Tobin, Jubran, & Laghi, 2001).

Opportunities to advance knowledge into post-HBO reductions in oxygenation exist. The
incidence and severity of post-HBO reductions in oxygenation experienced at varying HBO
treatment pressures is not fully defined by existing literature. Description of the statistical
versus clinical impact of any changes in post-HBO oxygenation is similarly lacking. Current
data report only on second or subsequent HBO treatments and the possibility of a protective
effect following initial HBO exposure has not been described. Lastly, little attention has been
paid to exploring the associations between changes in post-HBO O2 levels and other routinely
gathered clinical data. The above opportunities are articulated in the aim for this study in the
following section.

1.3

Aim

The aim of this study is to explore post-HBO reductions in oxygenation within the context of
mechanically ventilated ICU patients. This aim will contribute to the limited current literature
available (Ratzenhofer-Komenda et al., 2007; Ratzenhofer-Komenda et al., 2003; Weaver &
Howe, 1994) to provide original evidence surrounding post-HBO reductions in O2 in a
population of mechanically ventilated ICU patients receiving HBO treatments at the study
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hospital. A brief overview of HBO and the study hospital will be described in the following
section.

1.4

Overview of HBO

As HBO treatment is a focus of this thesis the following section will provide clinical and
research context by giving a brief overview of HBO history, delivery and the hyperbaric unit
at the study hospital.

1.4.1

History of HBO

The first documented use of raised atmospheric pressure in medical treatment is
acknowledged in the literature as predating the discovery of O2 (Jacobson, Morsch, &
Rendell-Baker, 1965; Jain, 2009a; Kindwall, 2004). This use is attributed to Henshaw who, in
1662, developed an airtight room he named a ‘domicilium’ in which he could increase the
ambient pressure through the use of bellows and provide hyperbaric air therapy (Simpson,
1857). Following Henshaws initial use it has been recorded that the use of hyperbaric air
therapy gained popularity (Clark, 2008a). It began to be used in treatment of a variety of
medical conditions including syphilis and tuberculosis although these treatments were
unsupported by reliable evidence and as a consequence their popularity waned (Sheridan &
Shank, 1999).

The common belief surrounding hyperbaric air therapy was that any health benefits to be
gained were solely due to the raised ambient pressure alone (Kindwall, 2004). The addition of
O2 to the hyperbaric environment, creating HBO, did not gain momentum until after the
Second World War (Hardy, 2008) discussed in greater detail in the following literature
review. The effects of adding O2 for respiration in a hyperbaric environment can be predicted
and quantified by using an interaction of several physical gas laws, presented in Appendix A.

Interest in HBO peaked in the 1950s as technological and medical advances made previously
impossible procedures, such as complex cardiac operations, potentially viable (Boerema et
al., 1956). For the embryonic field of hyperbaric surgery, the development of safe and
efficient heart lung by-pass machines resulted in a loss of interest in HBO in this area
(Kindwall, 2004). There was however a level of interest in the use of HBO maintained over
the following three decades by clinicians.
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A body of research and clinical experience emerged over time in using HBO to treat
conditions such as clostridial myonecrosis, carbon monoxide poisoning and radiotherapy
induced necrosis (BrummelKamp, Hoogendijk, & Boerema, 1961; Churchill-Davidson,
Sanger, & Thomlinson, 1955; Hart et al., 1974; Myers, Snyder, Linberg, & Cowley, 1981).
Further evidence from 1980s and onwards became available to support the use of HBO in
certain other conditions. These conditions included repair of tissue and bone damaged by
radiotherapy and hypoxic wound healing (Marx & Ames, 1982; Marx, Ehler, Tayapongsak,
& Pierce, 1990; Marx, Johnson, & Kline, 1985; Marx & Johnson, 1988; Marx & Kline, 1983;
Myers & Marx, 1990).

Following the seminal work of the 1980s there has been increasing recognition and research
into HBO use for conditions such as decompression illness, gas embolism, necrotising
infections, wound healing and traumatic injury (Holcomb, Matos-Navarro, & Goldman,
1988; Moon & Hart, 1999; Weaver, 2004; Weaver, 2008). The findings from this research
has translated into accepted indications for HBO use, many of which can affect patients who
require admission to ICU (European Committee for Hyperbaric Medicine, 2004; Gesell,
2008; Medical Services Advisory Committee, 2001).

1.4.2

Delivery of HBO

Delivery of HBO requires that the patient be pressurised in a pressure vessel for human
occupancy referred to hereafter as a hyperbaric chamber. Theoretically hyperbaric chambers
can be built in any shape or size; however the two most common types are monoplace (Figure
1) and multi-place (Figure 2) chambers.

Figure 1. Monoplace HBO chamber.

Figure 2. Multi-place HBO chamber.
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The monoplace hyperbaric chamber is a small single person acrylic cylinder pressurised with
O2. The multi-place hyperbaric chamber is used to treat multiple persons in a larger pressure
vessel typically attended to by healthcare personnel such as a hyperbaric nurse. The multiplace hyperbaric chamber is pressurised with air and the patient breathes O2 using a mask or
hood or in the case of the unconscious patient via a mechanical ventilator.

The level of hyperbaric chamber pressurisation, rates of pressurisation, rates of
depressurisation, concentration and duration the patient spends breathing O2 is described in a
schedule referred to with the term “treatment table” (Wreford-Brown & Hampson, 2003).
The evolution of treatment tables into their current form reflects the attention of hyperbaric
medicine to safely increase O2 delivery to individuals (Kot & Sicko, 2006). In the clinical
environment, this translates into a therapeutic pressure range of a minimum 2 atmospheres
absolute (ATA) to a maximum of approximately 3 ATA with the use of a FiO2 of 1.0 (100%)
for a minimum of 60 minutes (European Committee for Hyperbaric Medicine, 2004).

1.4.3

The Study Hospital

While there are similarities in hyperbaric chamber designs as described in the previous
section there are some differences. For the purpose of setting the scene for this study the
following section will outline the characteristics of the hyperbaric chamber and hyperbaric
department at the study hospital seen in Figure 3.

Figure 3. Multi-place chamber used at the study hospital.

The hyperbaric chamber used throughout the study and seen above in Figure 3 was installed
in the hospital in 1999. This hyperbaric chamber where all treatments for this study were
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carried out is much more compatible with the logistics of treating high acuity ICU patients
than all but a few chambers worldwide. The aim at the study hospital is to recreate a normal
ICU environment as far as is possible within a hyperbaric chamber. This is achieved through
a number of key features.

The main chamber lock has a large sliding door allowing easy access of a full size hospital
bed with a mechanically ventilated ICU patient into the rectangular interior. In treating ICU
patients this is a superior arrangement to monoplace or older cylindrical hyperbaric chambers
which typically necessitate transfer of the patient onto another trolley or gurney prior to
ingress to the chamber (Weaver, 2004).

ICU patients are attended in the hyperbaric chamber by a dual qualified intensive care /
hyperbaric nurse and supported by a second external hyperbaric nurse and dedicated
hyperbaric chamber technician operating and maintaining the chamber. Medical support
comprises a mixture of junior and senior medical staff drawn from acute care areas within the
hospital including ICU, which is adjacent to the hyperbaric department.

The study hospital is a government funded, teaching hospital which provides the major adult
trauma service to the state of Victoria Australia serving approximately 5 million people and is
the state centre for the delivery of hyperbaric medicine services. The hyperbaric department
itself functions an integrated unit within the high acuity and procedural trauma wing of the
hospital.

Access to internal hyperbaric department data demonstrates provision of approximately 4000
HBO treatments for 300 patients per year, with around 200 mechanically ventilated patient
treatment sessions per annum. The study hospital treats the largest number of this group of
patients within Australia. As such the clinical experience of dealing with large numbers of
ICU-HBO treatments has led to recognition of the research problem discussed previously.
Furthermore it guided the research design which will be discussed in the following section.

1.5

Overview of Study

To answer the research questions, keeping within the scope of the thesis, this study was
constructed to be single centred, prospective and observational. Specifically a time-series
design modified to incorporate sequential single patient repeat measurements was used. The
7

data collection protocol used in the current study involved a baseline series of study
measurements, described in greater detail in Chapter 4 and outlined in Figure 4.

Figure 4. Study design.

The structure and timing of the periodic measurements was based on a repeated measure
design data collection protocol to measure post-HBO reductions in oxygenation previously
described in the literature (Ratzenhofer-Komenda et al., 2007). The time series experimental
design characteristically involves periodic measurements on a group of individuals which
allows comparison of an experimental change (HBO) into the time series of measurements
(Campbell & Stanley, 1963). The participants were able to act as their own controls which is
reported to maximise efficiency (Shaughnessy, 2006).

1.6

Thesis Structure

Following this introduction, Chapter 2 examines the literature on the clinical significance and
common causes of reductions in oxygenation. It reviews how oxygenation has been reported
to be deleteriously affected following HBO treatment. Chapter 2 also explores potential
causes for post-HBO reductions in oxygenation in mechanically ventilated ICU patients
grouped into the possible effects of changes prior to or during HBO of inspired O2 levels,
associated ICU equipment and environmental changes. Lastly, the chapter presents
hypotheses to extend current theory relating to post-HBO reductions in oxygenation.

Based on Chapter 2, Chapter 3 provides an overview of the physiological assumptions
underlying the research design through reviewing the components involved in oxygenation.
Following this is an exploration of the methodological issues relating to clinical evaluation of
oxygenation, in particular the methods chosen for this study and the rationale for their use.
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This is an essential prequel to understanding and discussing the alterations in oxygenation
which occur after HBO treatment.

Chapter 4 develops an appropriate research method to collect data to answer the hypotheses
generated from Chapter 2. This chapter consists of four main themes: recruitment of subjects,
description of the research design developed, overview of the research procedures undertaken
and lastly the statistical analyses used.

Chapter 5 presents results from the study in two parts. Firstly the descriptive statistics of the
data gathered are reported in the following groups to facilitate presentation: HBO treatment
data, respiratory data, haemodynamic and respiratory data and clinical biochemistry.
Secondly the inferential results from statistical analyses are reported in turn for each
hypothesis tested.

Chapter 6 concludes the thesis by presenting a discussion of and conclusions from the data
and analysis reported, the relationship of these findings to other published reports, the
implications from the data for theory and practice, suggestions for further research, the
limitations of the study, future directions based on the experience and findings of this
investigation and an overall conclusion.

1.7

Conclusion

This introductory chapter has laid the foundations for the study. It has introduced HBO,
outlined the research problem of post-HBO reductions in oxygenation and described the
significance of the study in relation to the deleterious effects of reductions in oxygenation.
This was followed by a statement of the study aim and an overview of the study which was
briefly described and justified. On these foundations, the study can proceed with a detailed
description of the research undertaken beginning with a review of current literature in the
subsequent chapter.
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2.0 Literature Review

2.1

Introduction

The focus of this study involves the reductions in oxygenation following delivery of HBO to
mechanically ventilated patients. The aim of the literature review was to identify research
questions that have not been answered by previous researchers. The aim of the literature
review will be achieved by critical analysis of the currently available literature related to the
research area. For the purposes of presentation this chapter will have four main themes: a
prequel examining and contextualising reductions in oxygenation and potential causes,
literature describing changes in oxygenation related to HBO, potential causes of post-HBO
reductions in oxygenation and lastly the research questions and hypotheses generated from
this review.

2.2

Reductions in Oxygenation

An essential function of the cardio-respiratory system is the delivery of an adequate level of
O2 to the tissues of the body (West, 2005d). When this does not occur the tissues have only a
limited window of time for survival (Leach & Treacher, 2002). The following section will
begin by specifying the nomenclature that will be used during the course of discussing
reductions in oxygenation prior to examining the clinical significance, commonly accepted
reasons for and management of reductions in oxygenation.

2.2.1

Hypoxaemia and Hypoxia

Although often conflated in the literature the terms hypoxaemia and hypoxia are two separate
entities and the terms are not interchangeable (Yassin & Singer, 2007). Hypoxaemia is
generally defined as inadequacy in the oxygenation of the blood as measured by the arterial
partial pressure of O2 (PaO2) (Yanakakis, Gropper, & Wilson, 2007). Hypoxia has been
defined as lack of O2 at any given location either within or outside the body (Yanakakis et al.,
2007) and has further been categorised as the point when metabolism within a specific organ
or tissue switches from aerobic to anaerobic respiration (Yassin & Singer, 2007).
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2.2.2

Clinical Significance of Reductions in Oxygenation

Reduced O2 levels whether from hypoxaemia or hypoxia may have potentially deleterious
physiologic consequences across a range of body systems. These consequences, discussed in
the following section, have been reported in populations such as trauma and shock patients
(Rady et al., 1992; Rivers, Nguyen, & Havstad, 2001; Stocchetti, Furlan, & Volta, 1996).
Reduced O2 levels are also recognised to have a more serious physiological impact in patients
who are more severely injured such as those with lung injuries or who require admission to
ICU for mechanical ventilation (Rubenfeld & Herridge, 2007).

2.2.2.1 Hypoxaemia
The degree of hypoxaemia is debated in the literature with suggestion that moderate
hypoxaemia could be considered as occurring with a PaO2 of 40 to 59 mmHg and severe
hypoxaemia at less than 40 mmHg (Markou, Myrianthefs, & Baltopoulos, 2004). Others
suggest that rather than prescribing a numerical cut off the hypoxaemia becomes clinically
significant when there is an increase in cardiac effort to maintain tissue oxygenation (Shapiro
& Peruzzi, 1996).

Physiologically the respiratory drive displays no significant compensatory increase in
breathing while PaO2 levels remain above 60 mmHg, however consequences from
hypoxaemia begin as PaO2 drops below 50 mmHg, detected by peripheral chemoreceptors,
with increased breathing and a consequent fall in the arterial partial pressure of carbon
dioxide (PaCO2) (West, 2005h). Hypoxemia may also cause peripheral vascular bed dilatation
resulting in a compensatory tachycardia response coupled with a rise in cardiac output aimed
to improve the O2 delivery (Phillips, McConnell, & Smith, 1988).
Individuals experiencing hypoxaemia may exhibit impaired judgment, reduction in cognitive
and motor functions and eventual progression to loss of consciousness (Kim, Benditt, Wise,
& Sharafkhaneh, 2008). Other non-specific clinical symptoms of hypoxaemia include
headache, breathlessness, cardiac palpitations, angina like pain, general restlessness, and
tremor in the extremities (Shapiro & Peruzzi, 1996).

At the cellular level hypoxaemia may cause a decline in mitochondrial function (CorralDebrinski et al., 1991), an increase in lactate/pyruvate ratio (Lundsgaard-Hansen, Augustin,
Dawert, & Schülgen, 1966), erythropoietin secretion increases causing erythrocytosis (Balter,
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Daniak, Chapman, Sorba, & Rebuck, 1992) and augmentation of neutrophil cytotoxicity
response (Tamura et al., 2002).

These cellular changes, although compensatory in the short to medium term, may result in
detrimental longer term effects such as polycythaemia, pulmonary hypertension and
development of hyper-inflammatory states (Tamura et al., 2002). Hypoxaemia which
becomes established as an ongoing chronic condition may also lead to development of right
ventricular hypertrophy (cor pulmonale) with a reported mortality ranging between 32 to
100% (Boushy, Thompson, North, Beale, & Snow, 1973; Jones, Burrows, & Fletcher, 1967).

2.2.2.2 Hypoxia
Symptoms of hypoxia can mirror hypoxaemia and include mild signs of agitation,
breathlessness, tachypnoea and diaphoresis (Leach & Treacher, 1998). More severe
physiological effects may include bradycardia, hypotension, myocardial depression, coma
and eventual cardiac arrest (Walley 2002; Beers 2008). Clinical recognition of early signs of
hypoxia is however recognised to be difficult due to the non-specific nature of many
symptoms (Leach & Treacher, 1998).

The clinical consequences of hypoxia become increasingly profound as the level of O2
available for a cell or tissue is reduced. There occurs an eventual loss of function in cellular
membrane ion channels leading to failure of the cellular membrane, loss of calcium
homeostasis and alterations to cellular enzyme activities which if prolonged can result in cell
death (Leach & Treacher, 1998).

Cellular damage as hypoxia continues varies depending on the condition of the patient, the
length that the cells are hypoxic and the location of the cells themselves. Changes can be seen
due to hypoxia in all systems but certain body systems are more prone to this (Treacher &
Leach, 1998). Examples include the liver where enzyme activity is altered secondary to
hepatocyte death (Malhi, Gores, & Lemasters, 2006), oliguria secondary to acute tubular
necrosis as renal damage occurs (Nangaku & Eckardt, 2007) neurological damage (Stahel,
Smith, & Moore, 2008) and impaired myocardial contractility, reducing total blood flow
further compounding global tissue hypoxia (Allen & Orchard, 1987).
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As tissues become hypoxic there is evidence that the tissues themselves may initiate and
perpetuate critical illness. Epithelial cells which are hypoxic have been demonstrated to
release certain compounds such as tumour necrosis factor alpha (Leeper-Woodford &
Detmer, 1999), interleukin (IL) -8 and IL-6 (Galindo et al., 2001).

These cytokines, which are associated with the acute-phase response of inflammation, have
been described as causing pathological increases in vascular permeability and perpetuating
any existing hyper-inflammatory state (Bertges, Fink, & Delude, 2000). Furthermore tissue
hypoxia in combination with hyper-inflammatory responses have resulted in organ
dysfunction and worsening mortality for some patients (Nuytinck, Goris, Weerts, Schillings,
& Stekhoven, 1986).
The clinical impact of hypoxaemia and hypoxia upon patients are described in the previously
discussed signs and symptoms. The causes of these reductions however may not be
immediately obvious as they can occur for a variety of reasons described in the following
section.
2.2.3

Common Causes of Hypoxaemia

The five most common causes of hypoxaemia are shown in Figure 5. In this figure arterial
blood is represented as red, venous blood as blue, normal alveolar ventilation as white and
reduced alveolar ventilation as green. Further explanation of each possible cause of
hypoxaemia follows in the subsequent sections.
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Figure 5. Common causes of hypoxaemia. From Ward (2006, p. 357).

2.2.3.1 Lowered FiO2
The first cause of hypoxaemia may be due to low barometric pressure as seen during high
altitude exposure (Ward, Milledge, & West, 2000). The PaO2 can be lowered when the FiO2 is
reduced, such as when there is an excess of other gases in the breathing mix for example
nitrous oxide. Another possible cause may be working in an environment where the O2 has
been consumed or diluted for example in tunnelling, mining or plumbing in tanks (Yanakakis
et al., 2007).

2.2.3.2 Alveolar Hypoventilation
Hypoxaemia may be caused by a reduction in the ventilation to the alveoli resulting in a
consequent drop in the O2 partial pressure (PO2) in the alveoli which will also cause a rise in
PaCO2 (Ward, 2006; West, 2005i). Situations where this may arise are reported as including
chemical depression of the respiratory centre from opioids or barbiturates (Bouillon, Bruhn,
Roepcke, & Hoeft, 2003), trauma to the chest area (Mizushima, Hiraide, Shimazu, Yoshioka,
& Sugimoto, 2000), respiratory muscle paralysis from disease processes such as poliomyelitis
(Sarnoff, Whittenberger, & Affeldt, 1951), transverse myelitis (Goldbart, Eid, & Gozal,
2005), Guillain-Barré syndrome (Orlikowski et al., 2006) and lastly where raised resistance
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to breathing occurs as in breathing very high density gas during deep underwater diving
(Flynn, 2004).

2.2.3.3 Impaired Diffusion
In healthy adults in a resting state, O2 transfer to blood is normally completed by the time
pulmonary capillary blood has moved along about one third of the pulmonary capillary
(West, 2005b). As a result there is a substantial reserve that can enable the lung to
compensate for problems caused by poor gas diffusion and, as a result, impaired diffusion of
O2 is a rare cause of hypoxaemia (West, 2005b).
Certain conditions do exist where diffusion related reductions in O2 level may occur. These
include decreased capillary transit time due to extreme exercise (Hopkins, Belzberg, Wiggs,
& McKenzie, 1996), pulmonary congestion (Levitzky, 2007), reduction in pulmonary
capillary blood volume (Johns et al., 2004) or severe interstitial lung disease (Hughes, 2007).

2.2.3.4 Pulmonary Shunt
Pulmonary shunt occurs when de-oxygenated pulmonary arterial blood is able to bypass the
alveolar gas exchange process and mix with oxygenated pulmonary venous blood, thus
lowering the overall amount of O2 in blood leaving the lungs (West, 2005i). The degree of
shunting is often quantified as venous admixture (QS/QT), as discussed in greater detail later
in Section 3.2.1.4.2. From a diagnostic and clinical management viewpoint it is important to
note that the administration of supplemental O2 to the patient will typically not improve the
hypoxaemia (Yassin & Singer, 2007).

2.2.3.5 Ventilation Perfusion Inequality
The importance of matching alveolar ventilation (VA) with pulmonary perfusion (Q) for
effective pulmonary gas exchange and maintenance of normal arterial PO2 is discussed at
length in Section 3.2.1.4 of the following chapter. When the relationship between VA and Q
becomes deranged and regions of the lung become either over or under ventilated in relation
to the perfusion to that area then hypoxaemia will result (West, 2005i; Yassin & Singer,
2007). The drop in PaO2 is primarily due to the under ventilated areas contributing
deoxygenated blood back into the systemic circulation blood, with a similar end effect as
shunt, thus lowering the overall PaO2 (Yassin & Singer, 2007).
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Causes of VA/Q mismatch include clinical situations such as alveolar collapse (Acosta,
Santisbon, & Varon, 2007), ARDS (Allardet-Servent et al., 2009), pneumothorax, pleural
effusion (Graf, 2009), obstructive airway disease (Rodríguez-Roisin et al., 2009), pulmonary
embolism (Freeman, Stein, Sprayregen, Chamarthy, & Haramati, 2008) and certain drugs
such as nitrates, inotropes, inhaled anaesthetics and calcium-channel blockers (Eisenkraft,
1990; West, 2005a). Lastly the delivery of HBO which may blunt the constrictive effect of
hypoxic pulmonary vasoconstriction (HPV) inducing VA/Q mismatch, although it is not a
cause of hypoxaemia during the administration of an FiO2 of 1.0 (Amin, Cigada, Hakim, &
Camporesi, 1993).

The five causes of hypoxaemia outlined above can all contribute to the level of O2 in the
blood becoming inadequate for the body’s needs. As hypoxaemia progresses it may result in
hypoxia within tissues of the body. Although often associated with hypoxaemia, hypoxia is
the lack of O2 within the body and has separate causes from hypoxaemia. These causes are
discussed in the following section.

2.2.4

Common Causes of Hypoxia

Hypoxia results in impaired cellular aerobic metabolism and is classically categorised as
hypoxic, anaemic or stagnant hypoxia (Barcroft, 1920). A fourth type has more recently been
added to this list; cytopathic or distributive hypoxia (Fink, 1997, 2001).

2.2.4.1 Hypoxic Hypoxia
Hypoxic hypoxia, also referred to as anoxic anoxia, is recognised as being caused by
hypoxaemia from any of the mechanisms discussed within the common causes of
hypoxaemia in the previous section. It has also been described as resulting from either a
failure of the gas exchange process and/or an increase in the volume of shunt (venous
admixture) in the lungs (Yassin & Singer, 2007).

2.2.4.2 Anaemic Hypoxia
Anaemic hypoxia results from the effects of a reduction in the concentration or functioning of
Hb or a reduced erythrocyte count in the blood (Vallet, Tavernier, & Lund, 2000). Normal
haemoglobin levels are generally considered to fall in the range 12 to 17 grams per decilitre
(g/dL) (Rushton et al., 2001). The point at which O2 delivery becomes insufficient in healthy
subjects may be as low as 3 g/dL (Fontana et al., 1995).
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The threshold below which anaemic hypoxia develops in the acutely unwell population
remains debated with a level of 7 g/dL having been suggested as usually sufficient (Hébert et
al., 1999). Although many patients survive periods with a lower haemoglobin consensus on a
minimum acceptable level has yet to be achieved (Rivers et al., 2001; Spahn & Casutt, 2000).

The causes of anaemic hypoxia are reported as including haemorrhage (Meier, Kemming,
Meisner, Pape, & Habler, 2005), anaemias (Schwartz, Frantz, & Shoemaker, 1981) and the
effect of toxins such as carbon dioxide, nitrites (Chui, Poon, Chan, Chan, & Buckley, 2005)
and chlorates (Ranghino et al., 2006).

2.2.4.3 Stagnant Hypoxia
Barcroft first described the condition of stagnant hypoxia in 1920 as "[the] blood is normal
but is supplied to the tissues in insufficient quantities” (Barcroft, 1920, p. 487).
Contemporary definition of the condition, also referred to as ischaemic hypoxia (Ward,
2006), typically describes the patient with an inadequate cardiac output (Yassin & Singer,
2007).

Causes of inadequate cardiac output leading to global stagnant hypoxia have been reported as
including hypovolaemia, myocardial infarction, cardiac tamponade, pulmonary embolism,
sepsis and anaphylaxis (Ward, 2006). Stagnant hypoxia may also be present at a regional or
local level due to vascular obstruction or insufficiency secondary to obstructive or
distributive lesions in which case it is more commonly termed ischaemia (Bronicki, 2008;
Ward, 2006; Yassin & Singer, 2007).

The role of cardiac output as one of the principle determinants of oxygenation is further
discussed in the following chapter in Section 3.2.2.3. Animal experiments on tissue O2
delivery (DO2) have however highlighted the importance of cardiac output in relation to DO2
(Andersen & Collins, 2006). Also discussed later in Sections 3.2.3 and 3.2.4 are the concepts
of tissue O2 extraction, variation of O2 extraction levels between tissues and a critical DO2
level where O2 extraction has been maximised and O2 consumption becomes limited by the
supply to the tissues resulting in hypoxia/ischaemia (Huang, 2005).
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2.2.4.4 Cytopathic Hypoxia
The fourth and most recently documented cause of hypoxia is related to inadequate tissue
utilisation of available O2 and has variously been described as histotoxic hypoxia (Ward,
2006), cytopathic dysoxia (Yassin & Singer, 2007), normoxemic hypoxia (American
Association for Respiratory Care, 2002b) and cytopathic hypoxia (Fink, 2001). Regardless of
the nomenclature cytopathic hypoxia refers to an abnormality of the mitochondrial electron
transport chain resulting in an inability of the cells to utilise the O2 which has been delivered
to the cytoplasm (Yassin & Singer, 2007).

Cytopathic hypoxia as a phenomenon is supported by evidence from in vitro (Khan et al.,
2002), animal models (Astiz, Rackow, Weil, & Schumer, 1988; Simonson et al., 1994) and
human studies (Sair, Etherington, Curzen, Winlove, & Evans, 1996). One often seen clinical
cause of cytopathic hypoxia is the severe inflammatory response to infection known as sepsis,
a condition recognised as the principal cause of death in critically ill patients due to acute
organ dysfunction (Astiz et al., 1988; Boekstegers, Weidenhofer, Kapsner, & Werden, 1994;
Bone et al., 1992). A suggested mechanism for cytopathic hypoxia in sepsis is the inhibition
of the electron transport chain caused by raised nitric oxide (NO·) (Bateman, Sharpe,
Goldman, Lidington, & Ellis, 2008; Brealey et al., 2002).

The exact mechanism however continues to be debated, as during sepsis the transport of O2 to
the tissues becomes increasingly complicated. This is due to disturbances in tissue perfusion
(Rivers et al., 2001), O2 diffusion (Haase, White, & Perner, 2009) and mitochondrial function
(Fink, 2001) with predicted involvement of blood vessel density, blood flow heterogeneity,
and O2 consumption involved and contributing to tissue hypoxia (Goldman, Bateman, &
Ellis, 2006, 2004). Other causes of cytopathic hypoxia have been reported to include
inhibition of O2 utilisation due to toxins such as cyanide (West, 2005c), hydrogen sulphide
(Kerns, Isom, & Kirk, 2002) and carbon monoxide (Bauer & Pannen, 2009).

2.2.5

Summary

The potentially deleterious effects of reductions in oxygenation, particularly in critically ill
patients are well documented. As described previously a variety of conditions may affect
oxygenation causing hypoxaemia and possible hypoxia of the tissues in this group. It is
prudent to explore the effect on oxygenation of interventions undertaken for critically ill
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patients. The following section will therefore discuss how oxygenation is altered during HBO
treatment.

2.3

Oxygenation and HBO

Once HBO treatment commences the patient is typically breathing an FiO2 of 1.0 and as a
result O2 tensions within the body will begin to rise. The rise in oxygenation in ICU patients
however may not be maintained during the entire treatment and can become labile in the
post-HBO period.

Two phenomena impacting upon oxygenation of the ICU patient receiving HBO have been
reported. Firstly reductions in oxygenation which may occur during time spent breathing
reduced FiO2 as part of the hyperbaric oxygen treatment table (Weaver & Churchill, 2006).
Secondly and the focus of this thesis reductions in oxygenation which occur following
treatment with HBO upon return to the ICU (Ratzenhofer-Komenda et al., 2007;
Ratzenhofer-Komenda et al., 2003; Weaver & Howe, 1994).

2.3.1

Reductions in Oxygenation During HBO

As discussed in the introduction, delivery of HBO occurs through the use of a treatment table
which is a schedule dictating level of pressurisation, rates of pressurisation, rates of
depressurisation and duration spent breathing O2 (European Committee for Hyperbaric
Medicine, 2004). To minimise the potential for cerebral or pulmonary O2 toxicity arising
from the raised partial pressures of O2 many treatment tables have one or more periods where
the O2 content of the breathing gas is reduced from a FiO2 of 1.0 to 0.21 (Clark, 2004, 2008a;
Piantadosi, 2004).

As mentioned later in Section 2.4.2.5 critically ill patients who are mechanically ventilated
often require a raised FiO2 to support their pulmonary system to maintain a physiologically
normal PaO2. During periods of air breathing in HBO treatments there has been anecdotal
reports of reductions in PaO2 and a published report of reductions in oxygenation from a
transportation mishap (Weaver & Larson-Lohr, 1994).

At the time of writing there was only one documented case study reporting episodes of
reduced oxygenation during air breathing in mechanically ventilated ICU patients receiving
HBO (Weaver & Churchill, 2006). The PaO2 at 1.9 ATA dropped from 1073 to 85 mmHg in
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one case and from 210 to 57 mmHg in the second case during air breathing periods. Initial
management of these reductions consisted of raising FiO2 and chamber pressure (thus
increasing PaO2) respectively followed by aborting both treatments (Weaver & Churchill,
2006).

Other causes for the reduction in PaO2 during air breathing periods were postulated to include
reduced positive end expiratory pressure (PEEP) with consequent loss of functional residual
capacity (FRC), increasing lung stiffness, vasoactive drug infusions which could potentially
worsen QS/QT by increasing cardiac output and use of infused sedatives which can alter
QS/QT through their hypotensive effects (Weaver & Churchill, 2006).
The authors concluded that in critically ill patients who require a FiO2 ≥ 0.4 to maintain
acceptable PaO2 prior to HBO then the air breathing periods during HBO treatments could
potentially cause reductions in oxygenation. They noted that this may be particularly
problematic with lower chamber pressures, such as below 2 ATA, due to the lower ambient
pressure resulting in a lower PaO2. The authors further suggested that to avoid this happening
may require higher chamber pressures than normally used, alteration of treatment protocols
for delivering FiO2 and close monitoring of patients (Weaver & Churchill, 2006).
The reductions in oxygenation whilst the patient is breathing a lowered FiO2 are easily
understood and remedied once discovered. Less well articulated are the changes in
oxygenation following HBO which have been anecdotally reported by many clinicians and
received scant attention in the literature. These post-HBO reductions in oxygenation will be
discussed in the following section.

2.3.2

Post-HBO Reductions in Oxygenation

The second phenomenon where HBO has been related to changes in oxygenation has been
reported to occur upon completion of the HBO treatment when patients are returned to ICU.
Mechanically ventilated patients often require higher FiO2 than pre-HBO to maintain PaO2.
(Bingham et al., 2011; Ratzenhofer-Komenda et al., 2007; Ratzenhofer-Komenda et al.,
2003; Weaver & Howe, 1994). The following section will explore the available literature
relating to post-HBO reductions in oxygenation.
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2.3.2.1 Initial Characterisation of Post-HBO Reductions in Oxygenation
The observation that FiO2 requirements in mechanically ventilated ICU patients altered, in the
immediate post-HBO period, have been anecdotally acknowledged by HBO clinicians,
intensivists and nursing staff for many years. It was not reported in the literature until the
early 1990s when the relationship between the predicted and actual PaO2 of patients
undergoing HBO was examined (Weaver & Howe, 1994). In their paper the authors noted
that although lung function, measured by the arterial to alveolar O2 tension ratio (a/APO2),
pre and post-HBO were unchanged some patients, particularly those with sepsis, required
higher FiO2 for 1 to 2 hours following HBO to maintain an adequate PaO2 (Weaver & Howe,
1994).

In Weaver and Howe’s (1994) study of 21 mechanically ventilated patients with lung
dysfunction the ABG readings were taken pre-HBO, during HBO at ambient pressures up to
3 ATA and post-HBO at an unspecified time. Their results demonstrated the expected
increase in PaO2 as ambient pressure was raised. They also noted that the measured PaO2
whilst breathing HBO was above that predicted through a priori calculation using previously
published data and equations (Moon, Camporesi, & Shelton, 1987).

Weaver and Howe (1994) reported the need for increased FiO2 particularly in septic patients,
however pre and post-HBO a/APO2 values demonstrated no statistically significantly
difference (M = 0.43, SD = 0.03 versus M = 0.43, SD = 0.07, p values not cited). Furthermore
increases in FiO2 administered were not quantified although it was reported that FiO2 returned
to pre-HBO baseline approximately 1 to 2 hours post-HBO (Weaver & Howe, 1994).

2.3.2.2 Haemodynamic and Oxygenation Profiles Following HBO
A transient change in lung function related to HBO was noted again in 2003 with a repeated
measures prospective observational study of 10 mechanically ventilated ICU patients
reporting a range of haemodynamic and O2 values pre-HBO, at 1 hour and 2 hours post-HBO
(Ratzenhofer-Komenda et al., 2003). Data were gathered from analyses of blood from a
continuous cardiac output dual oximetry pulmonary arterial catheter, a central venous line
and a radial arterial line. Their study was based on clinical observations of physiological
alterations such as sweating, decreased PaO2, decreased peripheral O2 saturations (SpO2) and
haemodynamic instability in ICU patients following HBO treatment (Ratzenhofer-Komenda
et al., 2003).
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The process of oxygenation, described in more detail in the following chapter, may be
influenced by many factors. The study by Ratzenhofer-Komenda and colleagues (2003) was
well conducted and attempted to control for many of the typical confounding factors that
could influence oxygenation. For example on the day of the study the patients underwent no
other intervention except HBO, IV sedation was maintained on all participants with
Midazolam and opioids, all nursing activities, such as suctioning and position changes, were
stopped 1 hour before measurements were taken and mechanical ventilator settings in ICU
were unchanged pre and post-HBO.

Transportation of the patients from ICU to HBO and back was undertaken by a dedicated
transport mechanical ventilator set to the ICU ventilator settings with the transport duration
reported as 5 minutes. The HBO phase of the experiment was carried out at 2.2 ATA and
ventilation in chamber occurred with a Servovent 99 D ventilator (Siemens-Elema, Solna,
Sweden) set at a FiO2 of 1.0 with manual adjustment to achieve ventilator settings similar to
those required in the ICU.

The data were analysed for a time effect using non-parametric repeated measures analysis
with changes to results expressed as a percentage of the baseline which corresponded to
100%. At the 1 hour and 2 hour time points following HBO median (95% confidence
intervals) values for statistically significant results for the increase in QS/QT and decrease in
PaO2 are presented in Table 1. The decrease in PaO2 was not however reflected in a
concurrent reduction of arterial O2 saturation (SaO2) at 1 hour or 2 hours (p = 0.09) postHBO.
Table 1. Oxygenation profiles following HBO

Parameter

1 h Post-HBO

2 h Post-HBO

p value

QS/QT

173% (CI 112 to 298)

140% (CI 92 to 241)

0.00002

PaO2

76% (CI 67 to 94)

82% (CI 72 to 112)

0.01

Note: Adapted from Ratzenhofer-Komenda et al. (2003).

Furthermore no statistically significant effect of time was demonstrated on cardiac index (p =
0.19), systemic (p = 0.62) or pulmonary vascular (p = 0.76) resistance indices which, as
described in the following chapter are variables recognised as able to influence oxygenation
levels. The authors concluded that although hemodynamic variables were unaffected post-
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HBO, the increase in QS/QT and the decrease in PaO2 at the 2 hour time points may be
attributed to the inhalation of HBO and furthermore that changes to both were reversible in
the short term.

Suggested explanations by the authors for the changes included possible atelectasis formation
from mechanical ventilation with high FiO2 or development of a pulmonary ventilation (VA)
or perfusion (Q) mismatch though possible blunting of the hypoxic pulmonary
vasoconstriction response as seen in rodents who demonstrated increased QS/QT following
HBO (Amin et al., 1993). The variation between SaO2 and PaO2 was attributed to the position
of the partial pressure of O2 in the post-HBO period being on the slightly sloped area of the
sigmoid oxyhaemoglobin disassociation curve, thus occupying a range where large percent
changes of PaO2 would induce negligible percentage changes of SaO2 compared with the
baseline result.

2.3.2.3 Further Research on Oxygenation Profiles Following HBO
The literature relating to post-HBO reductions in oxygenation was extended by the same
group in a more recent experiment. In this more recent study, again using a repeat measures
prospective observational design, the second HBO treatment of 11 mechanically ventilated
ICU patients in the volume control ventilation (VCV) mode of synchronised intermittent
mechanical ventilation (SIMV) was monitored (Ratzenhofer-Komenda et al., 2007). The
researchers measured a range O2 tension indices gathered from repeated ABG measurements
prior to HBO and up to 6 hours following the HBO treatment.

The study was well designed and conducted similarly to their previous study (RatzenhoferKomenda et al., 2003) with controls for confounding factors. These included no other
intervention the day of the study except HBO, maintenance of IV sedation on all participants,
cessation of nursing activities 1 hour prior to measurements being taken and mechanical
ventilator settings in ICU which were unchanged pre and post-HBO.

Transportation of the patients from ICU to HBO and back was undertaken on the patient’s
own bed using a dedicated transport mechanical ventilator matched to the ICU settings. No
transport duration was reported. The HBO phase of the experiment was carried out at 2.2
ATA with mechanical ventilation in the hyperbaric chamber via a Servo 900D mechanical
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ventilator (Siemens Corp., Lubeck, Germany) with ventilation settings adjusted to match
those received in the ICU.

The results comparing ABG and haemodynamic parameters with baseline and the post-HBO
period demonstrated a statistically significant decrease in PaO2 of 19.7% (p = 0.005) and SaO2
of 1.9% (p = 0.008) at 1 hour post-HBO. The O2 tension indices PF ratio and a/APO2 were
altered as would be expected with the change in PaO2 as follows: PF ratio was decreased
19.7% (p = 0.005) and a/APO2 increased 12.5% (p < 0.05). The authors described the
decrease in PaO2 as remaining within clinically acceptable limits in all but one participant
who exhibited a decreased in PaO2 from 78.8 mmHg at baseline to 55 mmHg at 1 hour postHBO.

The authors further reported that the reduction in O2 recovered toward baseline at the 1 hour
and 2 hour time points. Interestingly the authors noted that at the 3 hour time point following
HBO the PaO2 values were increased by 9.3% (p = 0.041) over baseline readings with PF
ratio and a/APO2 reflecting this rise. Furthermore they note that the other ABG readings such
as acid base status and PaCO2 measures exhibited no statistically significant changes at any of
the measured time points.

The limited research to date suggests that the extent of the post-HBO reduction in
oxygenation is transient, moderate in nature and reversible. Studies examining PaO2 decrease
report only on one range of HBO treatment pressures in a small group of patients with no
severity of illness score such as APACHE II cited. The authors do acknowledge the
limitations of their studies and suggest that further studies are required into the phenomenon
in particular examining preventive measures, effect of alternate ventilation modes and to
evaluate the phenomenon following other HBO treatment schedules. Indeed at the time of
writing for submission research in Europe is ongoing to discover if the degree of post-HBO
reductions in oxygenation can be attenuated by performing lung expansion, known as a
recruitment manoeuvre, upon exiting the hyperbaric chamber prior to return to the ICU
(Ratzenhofer-Komenda, personal communication, 22 January, 2009).

Whilst the cause of the PaO2 reduction post-HBO has yet to be determined definitively
personal communication between the author and hyperbaric clinicians has raised other areas
for consideration. Suggested areas include the severity of the patients illness, the degree of
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lung dysfunction, worsening O2 efficiency due to changes in cardiac output from changes in
patient position, sedation levels or vaso-active drug therapies, patient-mechanical ventilator
asynchrony and inadequate or alternative modes of mechanical ventilation during HBO
(Bennett, personal communication, 5 July, 2010; Weaver, 2009, personal communication, 21
July, 2009).

Other factors considered by the authors for the reductions in PaO2 included imbalance of the
VA/Q relationship, seen by low PaO2 but without elevated PaCO2 (Lawrence, 1999; Shapiro &
Peruzzi, 1996), formation of atelectasis and consequent increase in QS/QT, previously
demonstrated with raised FiO2 levels (Edmark, Kostova-Aherdan, Enlund, & Hedenstierna,
2003; Hedenstierna & Rothen, 2000; Quan et al., 1980; Rothen et al., 1996; Suter, Fairley, &
Schlobohm, 1975), the lack of air breathing periods during the HBO treatment table
administered leading to O2 toxicity and lastly a possible blunting of the hypoxic pulmonary
vaso-constrictive response by HBO causing an increase in QS/QT.

2.3.3

Summary

In summary reductions in oxygenation associated with HBO may occur during periods of air
breathing during or following HBO treatments. Therefore as part of the ICU patient care
oxygenation should be monitored intra-treatment by non-invasive SpO2 or trans-cutaneous
measures and ABG measures taken if clinical suspicion exists that reductions in oxygenation
are present and treatment tables modified as required to ensure the PaO2 remains adequate.
The post-HBO reductions in oxygenation upon return to ICU may require alteration of
mechanical ventilation settings to achieve adequate oxygenation.

As there is a paucity of literature pertaining to post-HBO reductions in oxygenation the
opportunity to extend these studies exists. There remain many areas surrounding post-HBO
reductions in oxygenation yet to be fully described. These areas include characterisation at
other HBO treatment pressures, clinical significance of the reductions, comparison of first
HBO treatment versus subsequent treatments, the role of existing lung pathology upon
changes in oxygenation, whether mechanical ventilator settings such as the mode contribute
to changes, determination of variables associated with the reduction and identification of at
risk patient sub-groups. Based upon these suggestions the following section will therefore
explore potential causes of post-HBO reductions in oxygenation prior to developing testable
hypotheses.
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2.4

Potential Causes of Post-HBO Reductions in Oxygenation

Although post-HBO reductions in oxygenation affecting mechanically ventilated patients
have been described in the limited literature available the aetiology remains to be determined.
The most recent work by Ratzenhofer-Komenda and colleagues (2007) attributed the
reductions in oxygenation to the breathing of HBO however they did also note various other
possible explanations for the reductions in PaO2.
Some of the explanations considered both by Ratzenhofer-Komenda and colleagues (2007)
and in personal correspondence between the author and hyperbaric clinicians may be grouped
into three broad themes. Firstly it is possible that there are physiological effects from the
increase in inspired O2 content associated with HBO treatment. Secondly alterations in
medical equipment such as infusions pumps and mechanical ventilators during HBO
treatment may adversely affect oxygenation. Final explanations were possible effects upon
oxygenation from alterations in the environment such as mishaps, adverse events or
physiological deterioration particularly during the transportation of ICU patients to and from
the hyperbaric unit for treatment. These three areas will examined in turn and in greater detail
in the following section.

2.4.1

Alterations to Inspired O2

Since the discovery of O2 it has become routinely used in supra-physiological concentrations
to treat lowered O2 levels in patient groups ranging from domiciliary to critical care
environments (Bateman & Leach, 1998). During the process of transportation to the
hyperbaric unit and delivery of HBO raised O2 levels at both normal atmospheric pressure
(normobaric O2) and raised atmospheric pressure (hyperbaric O2) occur.
The lungs present a large surface area in constant contact with inspired O2. The following
section will therefore discuss, with particular focus upon the pulmonary system,
physiological effects from increases in inspired O2 levels, how these effects are clinically
manifested and why they may impact upon oxygenation.

2.4.1.1 Cellular Effects of Hyperoxia
The clinical manifestations from hyperoxia have generated a wealth of research into the
cellular effects of supra-physiological concentrations of O2 (Balentine, 1982). However the
molecular mechanisms of hyperoxic lung injury are complex and remain to be fully described
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(Chowdhury et al., 2005). Prior to exploring the clinical influence upon oxygenation of raised
normobaric O2 it is therefore essential to give a brief overview of the result of increasing FiO2
at the cellular level.

The evolution of mammalian life from anaerobic conditions has left a legacy of cellular
toxicity to many of the products of O2 (Morse & Choi, 2002). These products in health and at
physiologically normal levels are routinely and efficiently dealt with by endogenous defence
mechanisms within the body. However the first molecular mechanism which begins the
process towards injury is believed to be an increase in the generation of reactive O2 species
(ROS) and reactive nitrogen species (RNS), referred to hereafter as free radicals. The
increase in free radicals occurs as more O2 becomes available in cells and may be followed
by cell damage and an inflammatory response (Fox, Hoidal, Brown, & Repine, 1981;
Freeman & Crapo, 1981; Mantell & Lee, 2000).

2.4.1.1.1 Free Radical Production
Within the cells there have been identified two main areas responsible for the free radical
production during administration of supra-physiological levels of O2. Firstly the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase system and secondly the mitochondria
(Freeman & Crapo, 1981; Parinandi et al., 2003; Sanders et al., 1993; Zhang et al., 2003).
The resulting production of free radicals during hyperoxia eventually accumulates to levels
unable to be dealt with by endogenous antioxidant defence mechanisms resulting in cellular
damage (Freeman & Crapo, 1981; Jamieson, Chance, Cadenas, & Boveris, 1986; Klein,
1990; Zhu, Miller, Singhaus, Shaffer, & Chidekel, 2008).

2.4.1.1.2 Free Radical Chemistry
The avidity of the free radical reactions with non-radical molecules and the resulting damage
can be explained by examination of their structure. As a molecule or atom the free radical is
defined as any species capable of existing independently which has one or more unpaired
electrons in its outer orbit. The presence of the unpaired electron/s in the molecule is the
factor which makes the species highly reactive and likely to be involved in chemical reactions
(Halliwell, 1991).

The reactive nature of the free radical compounds can result in loss or gain of a single
electron from a non-radical, or by homolytic fission where a covalent bond is broken and
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each fragment retains its own electron. The free radical is often represented in written
chemical equations by a dot placed immediately to the right (for example OH.) of the atomic
symbol or molecular formula (Pryor, 1986).

The time span that radicals are active may only be a fraction of a second although there can
be considerable differences between the various types of radicals (Pryor, 1986). The most
physiologically significant species, due to their potential benefits or deleterious effects, in
biological systems include the superoxide anion (O2-.), hydroxyl radical (OH.), nitric oxide
(NO·) and peroxide (O2-2.) (Rahman, Biswas, & Kode, 2006).
The importance of this is that all of these compounds have the potential to cause free-radical
reactions with other molecules. This has been reported to be of physiological significance due
to the free radical reaction with any non-radical molecule converting the non-radical
molecule to a second free-radical molecule resulting in a cascade of further reactions with
other non-radical molecules leading eventually to further cell damage (Pryor, 1986).

2.4.1.1.3 Cell Damage
The oxidation of lipids, nucleic acids and proteins from excessive free radicals in the lung can
result in a halt of the cycle of cell growth or even cause cell death (Cacciuttolo, Trinh,
Lumpkin, & Rao, 1993; Demchenko et al., 2008; Li et al., 1997; McPhail & Snyderman,
1983). The resulting morphological changes to the lung cells have been studied (Mantell &
Lee, 2000) with some of the early signs of hyperoxia induced cell injury identified as
swelling of the cytoplasm and intracellular organelles or rupture of cytoplasmic and nuclear
membranes, features consistent with premature death or necrosis (Jyonouchi, Sun, Abiru,
Chareancholvanich, & Ingbar, 1998; Kazzaz et al., 1996; Mantell, Horowitz, Davis, &
Kazzaz, 1999; Mantell & Lee, 2000).

Other than cell necrosis, which is accidental cell death from injury, another pattern of cellular
death has been described. Apoptosis has been defined as programmed cell death by cell
nuclear shrinkage, chromatin condensation and deoxyribonucleic acid (DNA) fragmentation
whilst leaving the cell organelles and plasma membrane intact (Saraste & Pulkki, 2000).
Under conditions of normal physiological O2 levels the control of lung cell growth and death
are tightly controlled by a variety of signalling pathways which are influenced by ROS/RNS
(Genestra, 2007; Zaher, Miller, Morrow, Javdan, & Mantell, 2007).
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It has been discovered that the lung epithelial cell tissue exposed to hyperoxia and
consequently higher levels of free radicals displayed evidence of abnormal cellular apoptosis
(Barazzone, Horowitz, Donati, Rodriguez, & Piguet, 1998; Buckley et al., 1998; Mantell et
al., 2002; Waxman et al., 1998; Zhang et al., 2003). It has therefore been suggested that
pulmonary epithelial cellular death by apoptosis involves complex signalling pathways
activated in presence of hyperoxia and that the cellular effects of hyperoxia can be
characterised by a multi-modal process of cellular damage and death, through both necrosis
and apoptosis, when exposed to prolonged periods of supra-physiological concentrations of
O2 (Zaher et al., 2007).

2.4.1.1.4 Inflammatory Response
With continuing supra-physiological levels of O2 the cell damage and death from the
mechanisms outlined above is soon followed by further lung injury as a result of products
manufactured and properties associated with inflammation. Inflammatory cells such as
alveolar macrophages, neutrophils and platelets resident in and recruited to the alveolar space
and interstitium have been demonstrated to become activated (Auten, Whorton, & Nicholas
Mason, 2002; Barry & Crapo, 1985; Harada, Vatter, & Repine, 1984; Zaher et al., 2007).

Prolonged hyperoxia in animal models has shown, in addition to pulmonary cell injury,
substantial levels of pro-inflammatory responses (Lee & Choi, 2003). Following
administration of a FiO2 of 0.95 for 48 hours, infiltration by neutrophils into rat lung with
consequent substantial damage to the endothelial and epithelial cells has been demonstrated
(Rinaldo, English, Levine, Stiller, & Henson, 1988).

Other mediators of inflammation which appear to be up-regulated during hyperoxic lung
injury include pro-inflammatory cytokines such as interleukin eight (IL-8) (Deaton,
McKellar, Culbreth, Veal, & Cooper, 1994), high-mobility group protein one (HMGB1)
(Javdan et al., 2005), C-X-C chemokines (Auten et al., 2001) and some redox transcription
factors which control gene expression processes, such as NF-κB and AP-1 (Rahman,
Gilmour, Jimenez, & Macnee, 2002).

The cellular changes have been characterised as a widespread inflammatory reaction leading
to disruption of the alveolar-capillary interface, accumulation of pleural fluid and pulmonary
oedema with consequent deleterious effects upon the gas exchange process often leading to
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respiratory failure and death (Crapo, 1986; Klein, 1990; Slutsky, 1999). The clinical
manifestation of damage to the lungs is often referred to as pulmonary toxicity and is
discussed in more detail in the following section,

2.4.1.2 Pulmonary Toxicity
Alterations to pulmonary function are regarded as the most common pathophysiological
clinical manifestation of hyperoxia (West, 2005e). The deleterious effects of supraphysiological normobaric O2 were described shortly after the discovery of O2 itself. The first
description of the toxic effects of O2 was reported in animals by 1878 and related to the
central nervous system (CNS) toxicity (Bert, 1878) as described in Section 2.4.1.8.3 which is
surprising as it is a phenomena restricted to raised ambient or hyperbaric pressures. The later
description of a toxic effect upon lungs by O2 was described in 1899 when the pulmonary
irritant effect following administration of supra-physiological normobaric O2 was reported
(Smith, 1899).
Research into both of these phenomena continued for most of the 20th century following their
discovery but was of interest mainly to clinicians who had an interest or connection with
activities in raised (diving) or lowered (aerospace) pressure environments. Interest was
heightened however following the Second World War for a variety of reasons. Firstly
transference of militarily derived knowledge from aviation, related to increasingly efficient
mechanisms to deliver high concentrations of O2, occurred in the hospital setting (Fisher,
Forman, & Glass, 1984).

Secondly,

the

resulting

clinical

manifestations

of

delivering

supra-physiological

concentrations of O2 began to be experienced. Respiratory physiologists reported clinically
significant symptoms following volunteers breathing supra-physiological levels of O2 (FiO2 >
0.95). Symptoms were reported as a manifestation of acute and progressive irritation of the
tracheobronchial tree by; hyperaemia, oedema and swelling of mucous membranes in the
upper respiratory tract and airway resulting in retro-sternal tightness often on inspiration,
chest pain on inspiration, pain in the ears, fatigue and coughing (Sackner, Landa, Hirsch, &
Zapata, 1975). These symptoms began to appear within 3 hours but more usually following
12 to 16 hours of exposure (Clark & Lambertsen, 1971a, 1971b; Crapo, 1986; Davis,
Rennard, Bitterman, & Crystal, 1983; Deneke & Fanburg, 1980; Erzurum et al., 1993).
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Clinical manifestations from raised concentrations of O2 were soon followed by the discovery
in the early 1950s that the toxic effects of the O2 were similar to those from radiation damage
(Gerschman, Gilbert, Nye, Dwyer, & Fenn, 1954). Deleterious effects were reported as
resulting from the generation of chemically reactive molecules such as ions and free radicals
(Gerschman et al., 1954; Jamieson et al., 1986).

Following these medical landmarks it has become widely accepted that extended periods of
breathing supra-physiological levels of O2 can lead to acute and chronic tissue damage over a
period of time. The duration required is reported to range from several days to a week in a
variety of organs, however is often seen earlier in the lungs and tracheobronchial tree due to
their large surface area and external/internal interface (Balentine, 1982; Northway, Rosan, &
Porter, 1967; Wispe & Roberts, 1987).

The development of O2 toxicity has been demonstrated to be proportional to the partial
pressure of inspired O2, which at normal atmospheric conditions and for normal clinical
practice translates to a suggested safe upper FiO2 limit in adults of 0.5 (Clark & Lambertsen,
1971a). Characterising the pathology of changes in a relevant clinical picture and time frame
is however problematic as much of the data have been gained from experiments upon healthy
humans, healthy animals or animals with induced lung injury. It has however been suggested
that the pathological pulmonary changes relating to O2 toxicity in animal analogue models
very closely mirror pathological changes in humans (Gould, Tosco, Wheelis, Gould, &
Kapanci, 1972; Katzenstein, Bloor, & Leibow, 1976).

Comparisons have also been made of the similarities between the pathological features of late
stage pulmonary O2 toxicity with acute lung injury (ALI) and ARDS often seen in humans
who are receiving mechanical ventilation (Bernard, 2005). Some similar features include high
permeability oedema, hyaline membrane formation, pulmonary vascular lesions and
pulmonary fibrosis (Altemeiera & Sinclair, 2007; Bitterman & Bitterman, 2006; Jones,
Zapol, & Reid, 1984).

Research into the causes of pulmonary damage has focused on determining the interaction of
hyperoxia, mechanical ventilation, signalling pathways and the eventual damage through
studies in animals, neonates and adults (Bailey, Martin, Zhao, & Veldhuizen, 2003; Davis et
al., 1989; Ehlert et al., 2006; Li, Liao, Ko, Lee, & Quinn, 2007; Quinn, Moufarrej, Volokhov,
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& Hales, 2002; Sinclair, Altemeier, Matute-Bello, & Chi, 2004). This work, often at the
cellular level, aims to identify mechanisms which may eventually able to be targeted as part
of a therapy to reduce or minimise ALI and ARDS.

2.4.1.3 Related O2 Toxic Effects
There are two other O2 toxicity related effects from supra-physiological normobaric O2 which
although not specifically related to adult physiology are worth a special mention. These are
the pathological conditions known as retinopathy of prematurity and bronchopulmonary
dysplasia.

The development of neonatal intensive care units from the 1940s onwards led to an
increasing availability and use of largely unmonitored supplemental O2 in the incubators of
premature new born infants resulting in an epidemic of blindness during that period (Gilbert,
Rahi, Eckstein, O'Sullivan, & Foster, 1997). The condition was initially labelled retrolental
fibroplasia, later renamed as retinopathy of prematurity, and was first described in 1942
(Terry, 1942, 1943). It was established through study of the pathogenesis and clinical features
of the disease that high concentrations of O2 administered to premature infants and the
development of retinopathy of prematurity were linked (Kinsey, 1956).

The pathophysiology of retinopathy of prematurity remains to be completely defined. It has
been postulated that conditions of hyperoxia may cause injury to the endothelium of retinal
vessels during the differentiation process from mesenchyme connective tissue into the early
retinal capillary meshwork (Flynn et al., 1987). It has also been suggested that NO. and
vascular endothelial growth factor (VEGF) are implicated in the damage by causing vascular
obliteration of the retinal capillaries and eventual blindness (Alon et al., 1995; Brooks et al.,
2001).

Bronchopulmonary dysplasia has similarly been known for over forty years as a chronic lung
disease occurring in premature infants, but also developing in term infants, who have had
concurrent severe respiratory distress syndrome and treatment with mechanical ventilation
and supplemental O2 therapy (Bancalari, Abdenour, Feller, & Gannon, 1979; Jobe &
Bancalari, 2001; Northway, 2000; Northway et al., 1967). The physiological appearance of
bronchopulmonary dysplasia is demonstrated in chest roentgenograms (CXR) by lung hyperexpansion and bullae formation, whilst lung samples reveal changes to bronchial and
32

bronchiolar mucosal cells types, an increase in mucus secretion, alveolar emphysema,
atelectasis, inflammation, oedema, and other vascular abnormalities (Pierce & Bancalari,
1995).

These physiological changes conspire to present a clinical picture which often includes
tachypnoea, shallow breathing, sternal or intercostal retraction, paradoxical breathing, sounds
on auscultation such as coarse rhonchi, rales, wheezes, decreased lung compliance and
ongoing O2 therapy to maintain an adequate SpO2 (Bryan, Hardie, Reilly, & Swyer, 1973;
Goldman et al., 1983; Wolfson, Bhutani, Shaffer, & Bowen, 1984).

Although bronchopulmonary dysplasia has a multi-factorial aetiology, O2 toxicity has long
been attributed as a major causative factor due to an increased production of ROS and the
resulting lung damage caused by disruption of antioxidant defence mechanisms (Northway et
al., 1967). This is particularly pertinent in premature infants as this group are recognised to be
more vulnerable by having immature antioxidant enzyme systems with consequently suboptimal levels of the antioxidants vitamins C and E (Bonikos, Benson, & Northway, 1976;
Crapo, Peters-Golden, Marsh-Salin, & Shelburne, 1978). Furthermore O2 toxicity in
conjunction with the potential side effects of mechanical ventilation, such as barotrauma or
volume related trauma, has been reported to induce a persistent inflammatory reaction in
infants who develop bronchopulmonary dysplasia with up-regulation of pro-inflammatory
cytokines (Kojima, Sasai, & Kobayashi, 1993; Kotecha, Wilson, Wangoo, Silverman, &
Shaw, 1996).

2.4.1.4 Oxygen Induced Atelectasis
It has been known since the late 1960s that patients who were given a general anaesthetic
often experienced impairment of their oxygenation ability (Nunn & Payne, 1962). This was
subsequently discovered to be a progressive alveolar atelectasis which occurs in the
dependent lung areas in up to 90% of anaesthetised patients (Bendixen, Hedley-Whyte, Chir,
& Laver, 1963; Hedenstierna, 2006; Lundquist, Hedenstierna, Strandberg, Tokics, &
Brismar, 1995).

Atelectasis has been defined as the reversible absence of air in alveoli which is attributed to
collapse (West, 2005e). Mechanisms of atelectasis include gas resorption from hyperoxia,
lung compression or surfactant inhibition. Of these three potential mechanisms, gas
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resorption and lung compression are suggested to account for the majority of atelectasis
formed initially during general anaesthesia (Duggan & Kavanagh, 2007; Hedenstierna &
Rothen, 1998). This is thought to be due to a large reserve of pulmonary surfactant suggested
to be viable for approximately 14 hours (Lundquist et al., 1995).

2.4.1.4.1 Gas Resorption Mechanism
Of particular interest and clinical significance due to manifestation from hyperoxia is gas
resorption atelectasis. This phenomenon was discovered following anaesthesia due to the
high concentrations of O2, typically an FiO2 of 1.0, which is used as standard practice preoperatively by anaesthetists (Benumof, 1999). The increase in O2 concentration within the
functional residual capacity of the lung maximises the apnoeic time for intubation (Ford &
Arndt, 2007). This is a similar concept behind using raised FiO2 for mechanically ventilated
ICU patient transports in the case of accidental extubation (American Association for
Respiratory Care, 2002a).

There are two suggested possibilities to explain why atelectasis may be formed by gas
resorption. Firstly, if one assumes patency of the airways, it is suggested that lung regions
with low levels of ventilation compared to perfusion will have low alveolar O2 tensions when
the FiO2 is low. When the FiO2 is increased, as in alveolus A seen in Figure 6, then alveolar
O2 tension (PAO2) increases by replacing the nitrogen present lowering alveolar nitrogen
tension (PAN2). Consequently, as O2 is absorbed more readily than nitrogen, the overall rate
at which alveolar gas transfers to capillary blood is greatly increased. Therefore as inert
nitrogen is reduced the raised O2 absorption will result in alveolar volume decreasing to the
point of collapse (Loring & Butler, 1987; West, 2005e).
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Figure 6. Blocked alveoli and venous blood gas partial pressures. From West (2005e, p. 144).
Note: Values in mmHg breathing a FiO2 of 0.2 (A) and 1.0 (B) O2.
The second mechanism causing atelectasis which has been suggested is if airways to alveoli
become occluded. Alveoli which do not receive ventilation ultimately generate pockets of gas
trapped distally to the obstruction. In Figure 6 alveolus B describes this situation. It can be
seen that with normal gas uptake by the blood continuing, given unaffected perfusion and no
supply of fresh gas to the alveolus, then absorption of O2 will continue to the point of
alveolus collapse (Loring & Butler, 1987). In this situation the rate of collapse is slower due
to the intra-alveolar nitrogen exerting a splinting effect effectively holding open the alveolus
(West, 2005e).

If pre-oxygenation does not take place or if PEEP is applied to the lungs then the
development of atelectasis following anaesthetic induction is not seen (Neumann et al., 1999;
Rusca et al., 2003). Without PEEP or with high FiO2 pre-oxygenation atelectasis becomes a
consistent finding in the majority of patients (Reber, Engberg, Wegenius, & Hedenstierna,
1996; Rothen et al., 1995). The potential effect upon oxygenation from a lack of PEEP in
combination with high FiO2 is an important fact to consider for mechanically ventilated ICU
patients. The loss of PEEP in the context of raised FiO2, discussed in greater detail later in
Section 2.4.3, may arise frequently during transportation of mechanically ventilated ICU
patients either as a consequence of transport preparation or due to mishaps.

35

2.4.1.4.2 Compression Mechanism
Although not a side effect of hyperoxia per se the compression atelectasis mechanism is
worthy of note for the potential contribution it may exert upon the oxygenation in
combination with gas resorption in patients. Compression atelectasis has been defined as
forming from an imbalance in the transmural pressure that opens alveoli and external forces
which try to close it (Duggan & Kavanagh, 2007).

When external forces exceed the transmural pressure then the alveolus is forced shut
increasing QS/QT leading to worsening oxygenation. Atelectasis has been reported to form
from this mechanism following patients receiving anaesthetic induction drugs such as
Midazolam and Propofol, typically used for sedation of ICU patients receiving mechanical
ventilation, which cause the diaphragm to become relaxed and move cranially toward the
middle of the thorax (Rothen et al., 1996). This has the consequence of increasing pleural
pressure in the dependent regions of the lung with transference of pressure to and
compression of adjacent lung tissue and eventual reduction in oxygenation (Brismar et al.,
1985).

Other causes of increased intra thoracic pressure during anaesthesia have been identified
including varying patient chest geometry, a shift of vascular thoracic blood into the abdomen,
altered diaphragmatic dynamics, loss of intercostal muscle function, obesity and overall
patient position (Brismar et al., 1985; Froese & Bryan, 1974; Hedenstierna et al., 1985;
Rothen, Sporre, Engberg, Wegenius, & Hedenstierna, 1993). Although O2 induced atelectasis
may impact upon oxygenation, there are other effects from O2 administration which should
be considered.

2.4.1.5 Decreased Vital Capacity
One of the most documented of pulmonary changes in hyperoxia is the reduction in the
volume of the lung between a full inspiration and a maximal expiration known as vital
capacity (Montgomery, Luce, & Murray, 1989). Symptoms from tracheobronchitis described
earlier have been suggested to limit inspiration in the initial stages thus causing the decreases
in vital capacity (Bitterman & Bitterman, 2006; Clark et al., 1999).

Other effects from the tracheobronchitis symptoms include impairment of the motile cilia in
the tracheobronchial tree. The ability of the cilia to clear respiratory secretions has been
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shown to be decreased by 40% following inspiration of a FiO2 of 0.75 for a period of 9 hours,
further decreasing to 50% of normal by 30 hours of exposure (Sackner et al., 1975). This has
the potential to reduce movement and eventual clearance of tracheal and bronchial secretions
and has been suggested to predispose individuals to respiratory infection from the pooled
secretions (Comroe, Dripps, Dimke, & Deming, 1945; Sackner et al., 1975).

Ongoing hyperoxia is further suggested to exacerbate a decrease in vital capacity by
generation of the previously discussed absorption atelectasis, pulmonary oedema, airway and
lung tissue inflammation, all of which result in further collapse of lung tissue (Clark &
Lambertsen, 1971b; Clark et al., 1999; Clark & Thom, 2003). When hyperoxic conditions are
stopped the initial symptoms experienced by healthy individuals in early pulmonary toxicity
are greatly reduced within a matter of hours and the return to previously measured levels of
pulmonary function are achieved within several days (Clark et al., 1991; Clark &
Lambertsen, 1971a, 1971b). The effect upon lungs which are not normal in less healthy
individuals is however less well documented.

2.4.1.6 Decreased Ventilatory Drive
Not all of the reported effects upon oxygenation from raised FiO2 are from direct influence of
O2 upon the lungs. In health the normal process of breathing (ventilation) is driven primarily
by central and peripheral chemoreceptor detection of PaCO2 levels, rather than the O2 levels,
with rising PaCO2 levels causing chemoreceptor reflexes to trigger an increase in ventilation
causing CO2 removal (Bruce & Cherniack, 1987; West, 2005h). There is also suggested to
exist a second process which accounts for 10 to 15% of the total drive to breathe, termed the
hypoxic drive which, if PaCO2 is normal, stimulates ventilation when the PaO2 drops below
50 mmHg (Sheel & Macnutt, 2008; West, 2005h).

In patients with chronic obstructive pulmonary disorder (COPD), PaCO2 levels are often
chronically high (Kim et al., 2008). These patients are reported to demonstrate a blunted
ventilation response when hypercapnic (Fahey & Hyde, 1983; Gelb, Klein, Schiffman,
Lugliani, & Aronstam, 1977; Scano et al., 1995; Van de Ven et al., 2001). Their diminished
ventilation response has been suggested to be due to either mechanical limitations of disease
process ("can’t breathe") or a reduced respiratory centre sensitivity to PaCO2 stimulation
("won’t breathe") (Fahey & Hyde, 1983).
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In many respiratory textbooks it is reported that blunting of the CO2 response will cause the
patient to rely more on O2 receptors and less on CO2 receptors resulting in arterial
hypoxaemia replacing arterial hypercarbia as the main stimulus of ventilation (Lumb, 2005a;
West, 2005h). This has been suggested to have clinical implications as reliance on the
hypoxic drive to maintain adequate gas exchange becomes problematic if a high FiO2 is
administered as this will cause respiratory depression and poorer oxygenation, leading to
worsening carbon dioxide retention and respiratory acidosis (Kim et al., 2008; Lumb, 2005a;
West, 2005h).

The theory of decreased ventilatory drive with consequently raised PaCO2 from high FiO2 is
not however universally accepted. In one study COPD patients were administered a FiO2 of
1.0 noninvasively (Aubier et al., 1980) which initially resulted in an 18% decrease in minute
volume due to reductions in both tidal volume and respiratory rate. This however had
returned to 93% of baseline values within 15 minutes.

The authors concluded that changes to PaCO2 were attributable to three main factors. Firstly
11 mmHg (48%) from an increase in dead-space ventilation through reduction in hypoxic
pulmonary vasoconstriction in under ventilated lung areas resulting in VA/Q imbalance.
Secondly, 7 mmHg, (30%) from a reduction in the affinity of Hb to bind and carry CO2 as
oxyhemoglobin. This would cause a rightward shift of the CO2/Hb disassociation curve
increasing the amount of CO2 dissolved in blood (Haldane effect). Thirdly, only 5 mmHg
(22%) was ascribed to the acute decrease in minute volume (Aubier et al., 1980).

Computer modelling of the pulmonary circulation using data from a case series of patients
with COPD also ascribed the raised PaCO2 levels to alteration in hypoxic pulmonary
vasoconstriction and a modulation of the Haldane effect which would result in changes in
physiologic dead space sufficient to account for the hypercarbia (Hanson, Marshall, Frasch,
& Marshall, 1996).

Further study into the effect of hyperoxia upon the oxygenation of COPD patients is
warranted. It appears however that acute administration of supranormal levels of O2 to COPD
patients can lead to worsening oxygenation from hypercapnia caused primarily through VA/Q
imbalance not hypoventilation (Kim et al., 2008).
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2.4.1.7 Cardiovascular Effects
An optimally functioning cardiovascular system is recognised as a prerequisite component
for successful oxygenation to occur (West, 2005f). As will be discussed in the following
chapter, explaining components of oxygenation, alterations in cardiac function may cause
changes in oxygenation. The following section will describe the effects of normobaric
hyperoxia upon the cardiovascular system and the potential effects upon oxygenation that this
may precipitate.

Normobaric hyperoxia across a variety of FiO2 from 0.4 to 1.0 have described complex and
substantial effects upon the cardiovascular system in healthy volunteers and across a variety
of patient populations. These effects, which may affect oxygenation, include a range of
clinically relevant changes such as decreased heart rate, decreased cardiac output and index,
increased mean arterial pressure, decreased stroke index, increased systemic vascular
resistance, increased large artery stiffness and increased baroreflex sensitivity (Anderson,
Harten, Booth, & Kinsella, 2005; Asmussen & Nielsen, 1955; Daly & Bondurant, 1962;
Haque et al., 1996; Harten, Anderson, Angerson, Booth, & Kinsella, 2003; Harten, Anderson,
Kinsella, & Higgins, 2005; Keys, Stapp, & Violante, 1943; Litchfield, Harten, Anderson,
Kinsella, & McGrady, 2007; Mak, Azevedo, Liu, & Newton, 2001; Milone, Newton, &
Parker, 1999; Waring et al., 2003).

An effect from inhalation of a raised FiO2 has been reported to include an increase in mean
arterial blood pressure (Waring et al., 2003). The majority of studies however do not report
blood pressure changes upon administration of raised O2 concentrations but rather a decrease
in blood pressure following discontinuation of the raised O2 concentration (Anderson et al.,
2005; Harten et al., 2003; Harten et al., 2005; Litchfield et al., 2007; Milone et al., 1999). The
interpretation of the effect on blood pressure should however be made with caution due to
wide variation in patients groups, varying concentrations of O2 administered and
experimental conditions undertaken in each study.

The clinical relevance of the above changes to measures of cardiovascular function by
normobaric hyperoxia has received recent confirmation through reports of longevity of effect
upon cardiac index and systemic vascular resistance (SVR). Both of these indices of cardiac
function were significantly altered (cardiac index decreased p < 0.001 and SVR increased p <
0.001) for 1 hour following cessation of O2 therapy (FiO2 0.9) in healthy adults (Thomson,
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Drummond, Waring, Webb, & Maxwell, 2006). This recent finding supports two previous
studies which reported similar changes in vascular resistance persisting for 30 to 40 minutes
after cessation of O2 at high (FiO2 1.0) concentrations (Eggers, Paley, Leonard, & Warren,
1962; Waring et al., 2003).

Other cardiovascular effects were reported in a randomised double-blind controlled trial of O2
therapy. Patients with uncomplicated myocardial infarctions were randomised to receive
either supplemental O2 or air. Those patients who received O2 were found to have higher
mortality and more ventricular tachycardia than those given air (Rawles & Kenmure, 1976).
In addition, previous studies of patients with hyperoxia and congestive heart failure (Haque et
al., 1996; Mak et al., 2001; Saadjian, Paganelli, & Levy, 1999) have suggested that O2
therapy must be used carefully by clinicians due to the potentially undesirable hemodynamic
effects.

It has also been suggested that the observed reduction in cardiac output combined with an
increased SVR could impair tissue perfusion by reducing the effectiveness of O2 therapy
(Waring et al., 2003). The persistent effects described above and alterations in cardiac
function associated with normobaric hyperoxia may have implications for oxygenation in
clinical practice.

In summary although administration of supplemental normobaric O2 is generally regarded as
a routine and safe part of clinical practice there may be unanticipated deleterious implications
particularly upon oxygenation. Having described the effects of hyperoxia at normal
atmospheric pressure in the preceding sections it is now appropriate to discuss the
pronounced rise in O2 levels which occurs during HBO treatments. The following section will
therefore explore the potential effect of HBO treatment upon oxygenation with particular
focus on the mechanically ventilated ICU patient.

2.4.1.8 Hyperbaric Hyperoxia
The partial pressures of O2 achieved during HBO treatment are greatly increased as described
by the physical gas laws discussed in the introductory chapter and presented in Appendix A.
The large rise of O2 available has been suggested to be considered comparable to a drug
therapy by the development of indications, contraindications and side effects not normally
associated with the gas (Hammarlund, 2004). Discussed in the following section are the main
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range of pathophysiological implications relating to HBO at the cellular and gross levels not
normally experienced under normal clinical practice which may influence oxygenation.
2.4.1.8.1 Free Radical Generation
At the cellular level disruption of the homeostatic balance between oxidants and antioxidants
can lead to a state of oxidative stress (Jones, 2006). The generation of free radicals, which
may lead to such a state, is chemically dependent upon a ready supply of available O2 with in
vitro demonstration of increased free radical levels in various tissues exposed to raised
normobaric partial pressures of O2 (Harabin, Braisted, & Flynn, 1990; Jamieson, 1991).
With the massively increased levels of O2 supplied to the body during HBO treatment (see
Table 87 in Appendix A) it is not unreasonable to suggest that a state of oxidative stress may
occur in vivo as free radical formation under these conditions may increase. As such the
oxidative stress from HBO treatments has been investigated in both humans (Bader et al.,
2007; Benedetti et al., 2004; Eken et al., 2005; Halliwell, 1994; Narkowicz, Vial, &
McCartney, 1993) and animals (Chavko & Harabin, 1996; Korkmaz et al., 2008; Oter et al.,
2005; Oter et al., 2007).

Free radical formation has been demonstrated in humans to increase at routine HBO
treatment pressures (Halliwell, 1994; Jamieson et al., 1986; Narkowicz et al., 1993). This
finding is supported by an increase in oxidative stress markers in animals under HBO
conditions (Boadi, Thaire, Kerem, & Yannai, 1991; Chavko & Harabin, 1996; Harabin et al.,
1990; Oter et al., 2005; Purucker & Lutz, 1992). The increased formation of free radicals
from HBO has been shown to result in decrease of endogenous antioxidants in an attempt to
mitigate the deleterious effects of radicals (Bader et al., 2007; Kot, Sićko, & Woniak, 2003).
The deleterious effects of radicals include cellular damage via an increase in the oxidative
degeneration of lipids within cell membranes (lipid peroxidation) (Benedetti et al., 2004;
Muth et al., 2004; Pelaia et al., 1995), damage at a cellular level to tissues (Bernareggi et al.,
1999) and DNA damage (Dennog, Hartmann, Fey, & Speit, 1996; Dennog, Radermacher,
Barnett, & Speit, 1999; Gröger, Speit, Radermacher, & Muth, 2005; Muth et al., 2004;
Rothfuss, Stahl, Radermacher, & Speit, 1999; Speit, Dennog, & Lampl, 1998).
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To counter these deleterious effects, there are a range of protective processes which continue
to be elucidated. Firstly, the DNA damage demonstrated from a first HBO treatment ceases to
be detectable in the event of subsequent treatments (Speit & Bonzheim, 2003). Secondly it
has been demonstrated that enhancement of anti-oxidants such as superoxide dismutase
(SOD) occurs following HBO exposure although the enhancement is not sustained with
continuous HBO exposure (Harabin et al., 1990).

Thirdly the enzyme heme oxygenase-1 (HO-1) demonstrates an increase following HBO in
animal models (Chavko, Mahon, & McCarron, 2008). Induction of HO-1 by HBO has been
described as protecting human lymphocytes against genotoxic effects of repeat HBO
exposures and also against the genotoxic effects of other oxidants (Rothfuss, Radermacher, &
Speit, 2001; Speit, Dennog, Eichhorn, Rothfuss, & Kaina, 2000). The protection may be
related to heme oxygenase, a key molecule in the adaptation to and defence from oxidant
stress (Choi & Alam, 1996). Heme oxygenase-1 is also recognised as attenuating oxidant
induced inflammatory injury (Otterbein & Choi, 2000), particularly pulmonary inflammatory
response following hyperoxic exposure (Huang, Tsai, Wang, Huang, & Huang, 2005; Lee et
al., 1996; Nagata et al., 2007).

Lastly oxidative stress protection may arise from the induction of heat shock proteins (HSP’s)
(De Maio, 1999; Donati, Slosman, & Polla, 1990; Feige & Polla, 1994). Although HBO has
been demonstrated to increase levels of some HSP’s (Dennog et al., 1999; Shyu et al., 2004)
the exact mechanism and supporting evidence continues to be sought (Mori et al., 2007; Qin
et al., 2008; Yogaratnam et al., 2007).

2.4.1.8.2 Free Radical Response as Signalling Markers
The role of free radicals as signalling molecules has already been briefly mentioned (see
Section 2.4.1.1.3). The local cellular concentration and position of the reactive species may
translate into deleterious or beneficial effects on cellular control such proliferation, growth
arrest, senescence, gene expression, apoptosis or necrosis (Fang, 2004).

The signalling role of free radicals is acknowledged as possibly being their most fundamental
extending beyond the cell to a variety of pathways. These pathways involve angiogenic
growth factors, cytokines and hormones, relating to conditions such as wound healing, skin
grafting, tissue transplantation and inflammatory response and as a topic is continually being
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investigated (Allen, Demchenko, & Piantadosi, 2009; Calabrese et al., 2007; Maulik, 2002;
Ushio-Fukai & Alexander, 2004).

In relation to treatment with HBO the increased levels of free radicals have been
demonstrated to act as signals in various pathways effecting a variety of physiological
changes such as an increase in the synthesis of various factors including vascular endothelial
growth factor, basic fibroblast growth factor, angiopoietin-2 and increased growth factor
receptor sites (Bonomo et al., 1998; Kang, Gorti, Quan, Ho, & Koch, 2004; Lin et al., 2002;
Sheikh et al., 2000) leading to improved wound healing.

Other signalling pathways involved with HBO and related to improved wound healing
include the synthesis and stabilisation of hypoxia-inducible factors (Sheikh et al., 2000;
Thom & Milovanova, 2008a, 2008b) and the mobilisation of stem/progenitor cells from bone
marrow which can differentiate into and ultimately replace damaged cells (Gallagher et al.,
2007; Thom et al., 2006; Yang et al., 2007).

Beyond wound healing there have been identified benefits from HBO in conditions such as
skin grafting (Perrins & Cantab, 1967) or microvascular “free flap” transplants (Waterhouse,
Zamboni, Brown, & Russell, 1993) where failure of the technique may be related to damage
from ischaemia-reperfusion injury phenomenon (Van den Heuvel, Buurman, Bast, & van der
Hulst, 2009). The free radical response following HBO has been implicated in other
signalling components relating to ischaemia-reperfusion injury such as inhibition of
neutrophil adherence (Kalns et al., 2002; Labrouche, Javorschi, Leroy, Gbikpi-Benissan, &
Freyburger, 1999) through alteration of the β2 integrin proteins which mediate adherence of
the neutrophil to vascular endothelium (Thom, Bhopale, Mancini, & Milovanova, 2008).

Further signalling is attributed to a reduction in the production of pro-inflammatory proteins
called chemokines (Benson, Minter, Osborne, & Granowitz, 2003; Fildissis et al., 2004)
believed to be through mechanisms related to inducible enzymes such as heme-oxygenase-1
(HO-1) and inducible heat shock proteins (HSP’s) (Dennog et al., 1999; Rothfuss et al.,
2001).

Additional pathways involving induction, following HBO, of specific enzymes and proteins
are currently being investigated including those related to the improvement of ischaemic
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tolerance in a variety of organs such as brain (Hirata et al., 2007; Li et al., 2009), heart (Kim
et al., 2001; Yogaratnam et al., 2010), spinal tissue (Nie et al., 2006), liver (Yu et al., 2005),
skeletal muscle (Gregorevic, Lynch, & Williams, 2001) and nerves (Wang et al., 2010).

The oxidative stress caused by raised O2 levels during HBO is now realised to have more
than only deleterious effects. The scope of signalling pathway involvement is however not
yet fully understood. Indeed other gross physiological effects from HBO which may
influence oxygenation are beginning to be understood to have some component of free
radical signalling involved and these are discussed in the following sections.

2.4.1.8.3 Cerebral Toxicity
Discovery of the toxic effects of O2 upon the CNS were described initially in a variety of
animals in the late 18th century (Bert, 1878). Later human experimentation described the
relationship of CNS toxicity with raised partial pressures of inspired O2 and exposure
duration (Lambertsen et al., 1987). Others have reported an adult tolerance of 3 ATA with
CNS toxicity now a recognised side effect of HBO (Behnke, Forbes, & Motley, 1935;
Hampson & Atik, 2003).

The clinical presentation of CNS toxicity is described classically as a generalised tonicclonic, grand mal type, seizure typically lasting over 1 minute which terminates on lowering
inspired O2 levels (Lambertsen, 1965). Seizures are often preceded by a variety of symptoms
including muscular twitching of hands, eyes, mouth, forehead, nausea, dizziness, headache,
tunnel or blurred vision and tinnitus (Arieli, Arieli, Daskalovic, Eynan, & Abramovich, 2006;
Butler & Thalmann, 1986; Donald, 1947, 1995; Lambertsen, 1965).

Electroencephalogram (EEG) recording of CNS toxicity seizures in humans has shown
electrical discharge activity bilaterally in the brain hemispheres in the cortical and subcortical areas (Bitterman, 2004; Harel, Kerem, & Lavy, 1969). In animal models complete
seizure electrical activity preceded by some early abnormal EEG changes has also been
described (Raday, Conforti, Harel, & Lavy, 1975 ; Torbati, Simon, & Ranade, 1981).

The reported incidence of CNS toxicity seizures has a wide variation due to heterogeneity of
patient populations, HBO treatment pressure, duration of exposure to O2, types of chamber
and equipment utilised (Hampson & Atik, 2003). Early studies report an incidence of
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approximately 1:10,000 in HBO treatments at 2 to 3 ATA (Davis, Dunn, & Heimbach, 1988;
Hart & Strauss, 1987). Later reports describe an incidence ranging from approximately
1:3000 and above (Hampson & Atik, 2003; Plafki, Peters, Almeling, Welslau, & Busch,
2000; Sanders et al., 2009; Smerz, 2004) decreasing (Welslau & Almeling, 1996) through to
approximately 1:40,000 (Yildiz, Aktas, Cimsit, Ay, & Toğrol, 2004; Yildiz, Ay, & Qyrdedi,
2004).

The underlying mechanism of CNS toxicity has yet to be fully defined. Although HBO has
been demonstrated to alter neurotransmitter and related enzyme functions (Davis & Davis,
1965; Huggins & Nelson, 1975; Mialon et al., 1995) the increase in free radical species
during HBO, discussed in the preceding sections are currently thought to be highly implicated
in the process (Jain, 2009c). The suggestion of free radical involvement is related to findings
of raised free radical levels in a range of experiments using animal brain samples prior to and
following O2 seizures (Jerrett, Jefferson, & Mengel, 1973; Piantadosi & Tatro, 1990; Torbati,
Church, Keller, & Pryor, 1992; Yusa, Beckman, Crapo, & Freeman, 1987).

The older work considering free radical involvement has received more recent support
(Demchenko, Boso, Whorton, & Piantadosi, 2001; Demchenko & Piantadosi, 2006). With
regard to the potential for influencing oxygenation, NO. in particular has been demonstrated
to exhibit signalling effects through mediation of pulmonary injury via NO. neuronal
pathways (Demchenko, Welty-Wolf, Allen, & Piantadosi, 2007; Demchenko, Zhilyaev,
Moskvin, Piantadosi, & Allen, 2011; Piantadosi, Allen, Mahon, & Demchenko, 2011).

2.4.1.8.4 Pulmonary Toxicity
Diffuse pulmonary injury was discussed earlier in Section 2.4.1.2. The nature of pulmonary
injury which may be sustained under hyperbaric conditions and the potential influence upon
oxygenation will be explored in the following section.

Not surprisingly the delivery of HBO with ambient pressures between 2 to 4 ATA have been
demonstrated to result in a similar clinical appearance of pathological lung changes to that of
normobaric O2 (Clark et al., 1999). These changes, presented in Figure 7, involve pulmonary
oedema, capillary congestion and haemorrhage within the alveoli (Clark & Thom, 2003) and
become evident in a much shorter timeframe than during normobaric conditions once the
ambient pressure is raised (Clark et al., 1999).
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Figure 7. Pulmonary changes associated with high FiO2. Adapted from Clark et al (1999, p.
250).

Although pulmonary toxicity will eventually appear in all patients as the partial pressure of
O2 increases, the incidence of pulmonary toxicity relating to HBO treatments is difficult to
determine. The heterogeneity of HBO treatment tables, primarily ambient pressure level and
duration of O2 exposure, discussed earlier, make cross comparison of rates and severity of
pulmonary injury and effect upon oxygenation problematic. This is primarily due to the
documented decrements in pulmonary function parameters being determined by the level of
O2 exposure (Clark & Lambertsen, 1971b).
A retrospective study of 1189 patients who received 2166 HBO treatments ranging from 0.9
to 3.3 ATA with average treatment times of 6.5 hours reported an overall rate of pulmonary
toxicity of 5% (Smerz, 2004). In their study toxic effects were defined as any symptom
suggestive of O2 toxicity regardless of severity and not otherwise explainable. The criteria by
which classification of CNS and pulmonary effects occurred were not reported.

The mechanisms by which HBO pulmonary damage occurs have yet to be fully described. It
was discovered in the late 1950s that raised ambient pressure alone during HBO treatment
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was not a contributing factor to the development of lung injury (Penrod, 1956). Further
investigation also ruled out direct damage or mediation from the concurrent increase in the
density of gas breathed during HBO (Bergø & Tyssebotn, 1991).

Until recently it was an accepted view that the damage caused during normobaric and
hyperbaric oxygen exposure was due to the same mechanism namely the excess production
of free radical species such as ROS and RNS (Demchenko et al., 2007). The characteristics of
the injury inflicted upon the lung appear however to vary not only with the ambient, and
therefore partial pressure of O2, but other related events as well.
The changing characteristics of injury under HBO conditions can be seen if the partial
pressure of O2 is raised above 1 ATA, but remains below 2 ATA. In this case the injury
process to the lung occurs more quickly as demonstrated in Figure 7. Importantly the lung
damage occurring at this pressure retains the morphological and biochemical characteristics
seen following prolonged exposure to normobaric O2 (Clark & Lambertsen, 1971a;
Demchenko et al., 2007).

At partial pressures of O2 exceeding 2.5 ATA characteristics of the damage within the lungs,
in animal models, have been shown to change. The previously discussed pleural fluid
accumulation and enhanced inflammatory reactions are greatly reduced or even absent. These
are replaced by inhomogeneous pulmonary vasculature congestion with localised areas of
haemorrhage within alveoli (Bean, 1945; Demchenko et al., 2007; Jamieson & Cass, 1967;
Jamieson & Van Den Brenk, 1962; Patel & Gowdey, 1964; Simon & Torbati, 1982).

Furthermore the severity of lung injury occurring has been reported to be more pronounced in
those animals who have experienced a CNS toxicity type seizure (Balentine, 1982; Bean,
1945). Contemporary study of this phenomenon has found that the damage is attenuated by
the inhibition of the NO. radical isoform neuronal nitric oxide synthase (nNOS) which is
known to be up regulated during HBO treatments (Demchenko & Piantadosi, 2006).
Furthermore the mechanisms of injury is described as operating via autonomic pathways
from the brain to the lungs (Demchenko et al., 2007; Piantadosi et al., 2011).
A dual effect from NO. species has recently been reported (Demchenko et al., 2008).
Protection against HBO lung injury has been demonstrated via the alternate NO. radical
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isoform endothelial nitric oxide synthase (eNOS). This has been suggested to possibly be
through vasodilatation of pulmonary vasculature, reduction of pulmonary vascular pressure
and consequent attenuation of microvascular damage (Demchenko et al., 2008).

The characteristics of the HBO treatment delivered play an important role in influencing any
pulmonary damage and consequently impact upon oxygenation. It is also recognised that any
influence upon oxygenation of HBO is dependent upon an individual’s tolerance of and
adaptation ability to raised levels of O2 delivered during HBO.

2.4.1.8.5 Oxygen Tolerance and Adaptation
The pathophysiological effects of HBO administration mentioned above are mitigated to a
certain degree by a variety of endogenous antioxidant defence mechanisms. Furthermore
adaptive protection to the raised O2 levels during cumulative HBO treatments is an area of
interest and has been shown at the cellular level in experimental models.

Areas where cellular adaptation has been demonstrated following HBO are the previously
discussed resistance to DNA damage following initial HBO treatment (Speit & Bonzheim,
2003), endogenous antioxidant enhancement (Harabin et al., 1990), an increase in HO-1 in
animal and human models (Chavko et al., 2008; Rothfuss et al., 2001; Speit et al., 2000) and
lastly an increase in HSPs (Dennog et al., 1999; Shyu et al., 2004).

At the clinical level the tolerance of humans to hyperoxia has been extensively studied with
attempts to produce safe guidelines for clinicians who administer O2 in medical setting or
those receiving it via industrial applications such as diving and the military (Clark et al.,
1991; Clark & Lambertsen, 1971a, 1967; Clark et al., 1999; Clark & Thom, 2003; Eckenhoff,
Dougherty, Messier, Osborne, & Parker, 1987).

The prediction of pulmonary effects has been attempted through the development of a timedose relationship model known as the Unit Pulmonary Toxic Dose (UPTD). The UPTD
measures pulmonary changes and correlates them with vital capacity measurements in an
attempt to predict the average decrement in vital capacity for a specific time-dose exposure
(Bardin & Lambertsen, 1970; Wright, 1972). There have also been other time models of toxic
effects including some mathematical models (Arieli, Yalov, & Goldenshluger, 2002; Harabin,
Homer, Weathersby, & Flynn, 1987).
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Limitations of the UPTD concept however are recognised as including a lack of consideration
of the time patients spend not breathing high concentration O2, individual susceptibility,
chronic effects of repeated exposures and recovery rates following exposure (Clark & Thom,
2003). Furthermore it is worth noting that all these models deal with single, not cumulative,
exposures to O2 and is based on data from fit and healthy individuals.
There has been much attention paid to characterising the factors which may influence the
effect to which one is susceptible to the deleterious effects of O2 with much of the attention
focused upon the pulmonary effects (Clark & Lambertsen, 1971a; Lambertsen et al., 1987).
From data gathered both in animal and human experimentation there are a range of clinical
scenarios, pharmaceutical products and procedures which protect against O2 toxicity and
these are reviewed comprehensively elsewhere (Clark, 1988).

The data on mediation of toxicity includes, among others, pre-exposure to sub-lethal doses of
O2 (Clark & Lambertsen, 1971a), intermittent administration of a FiO2 of 1.0 (Crapo &
Tierney, 1974) and younger study participants (Frank, Bucher, & Roberts, 1978). The most
widely accepted and practical means currently available to influence O2 is however reduction
in the inspired concentration of O2 being administered (Clark, 2008a, 2008b).

2.4.1.8.6 Cardiovascular System Effects
The delivery of HBO has effects upon a range of haemodynamic parameters such as heart
rate, cardiac output and vascular resistance measures including systemic vascular (SVR) and
pulmonary vascular (PVR) resistance (Jain, 2009d; Piantadosi, 2008; Ratzenhofer-Komenda
et al., 2006). The nature of these changes and their clinical significance with regards to any
potential effect upon oxygenation will be discussed in the following section.

2.4.1.8.6.1 Heart Rate
It was first discovered in animal experiments in the late 1800s that ducks possessed a reflex
which lowered heart rate (bradycardia) during diving (Bert, 1870). The bradycardia
associated with raised ambient pressure was shortly after confirmed in humans working in
hyperbaric air environments such as caissons (Heller, Mager, & Schrötter, 1897) and
individuals breathing HBO (Behnke et al., 1935; Dautrebande & Haldane, 1921).
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Subsequent research in animals and humans (Fagraeus, Hesser, & Linnarsson, 1974; Shida &
Lin, 1981) has found that the bradycardia, at routine HBO treatment pressures of 1 to 3 ATA,
is due primarily to the raised partial pressure of O2. The mechanism of effect continues to be
investigated with possible mediation from the autonomic nervous system (Daly & Bondurant,
1962; Fagraeus et al., 1974; Gardner, 1981; Yamazaki et al., 2003) or from the raised O2
pressure exhibiting a regulatory effect upon the myocardium and vasculature (Bergø,
Risberg, & Tyssebotn, 1989; Savitt, Rankin, Elberry, Owen, & Camporesi, 1994).

2.4.1.8.6.2 Cardiac Output
Attributed to the decrease in heart rate is a reduction in cardiac output during HBO
(Piantadosi, 2008). This was initially reported in the 1960s as new techniques, such as
indicator dilution, made these measurements possible (Whalen et al., 1965). The majority of
subsequent research supports this finding characterising the reduction in cardiac output under
HBO conditions to be approximately 20% (Kenmure, Murdoch, Hutton, & Cameron, 1972;
McMahon et al., 2002; Pelaia et al., 1992; Pisarello, Clark, Lambertsen, & Gelfand, 1987;
Weaver, Steve, Snow, & Deru, 2009).

2.4.1.8.6.3 Vascular Resistance
The measurement of resistance to blood flow through the systemic circuit (SVR) and the
pulmonary circuit (PVR) are calculated as follows,

SVR = (MartP – CVP) / CO
PVR = (MPAP – PAOP) / CO

where MartP is mean arterial pressure, CVP is central venous pressure, CO is cardiac output,
MPAP is mean pulmonary arterial pressure and PAOP is pulmonary artery occlusion pressure
(Feiner, 2006).

The effect of HBO upon SVR can be established from the previous formula. As the
previously discussed decrease in cardiac output under HBO conditions occurs, and if MartP
and CVP pressures remain constant, this will result in a rise in SVR. The rise in SVR has also
been attributed to an increase in resistance in systemic blood vessels via hyperoxic
vasoconstriction (Ratzenhofer-Komenda et al., 2006). The SVR has been demonstrated to
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increase in human studies with a range from 15 to 30% (Kenmure et al., 1972; McMahon et
al., 2002; Pisarello et al., 1987; Weaver, Steve et al., 2009; Whalen et al., 1965).

With regards to changes in PVR supplemental O2 under normobaric conditions, in particular
raised PAO2, is able to influence vascular tone via hypoxic pulmonary vasoconstriction (HPV)
as discussed in more detail in Section 3.2.1.4.3. The use of supplemental normobaric O2 has
been demonstrated to mediate a reduction in pulmonary pressures including PVR (Atz,
Adatia, Lock, & Wessel, 1999; Morgan, Griffiths, du Bois, & Evans, 1991). The reduction in
PVR has also been reported during HBO (McMahon et al., 2002; Weaver, Steve et al., 2009).

2.4.1.8.6.4 Perfusion to Systems
The cardiovascular changes described above are sufficient to redirect a proportion of regional
blood flow to the central circulation (Kenmure et al., 1972; Pelaia et al., 1992; Torbati,
Parolla, & Lavy, 1979). There also appears a reduction in blood flow to various systems such
as cerebral (Demchenko et al., 1998; Omae et al., 1998), coronary (Bergø et al., 1989; Savitt
et al., 1994) and renal (Onarheim & Tyssebotn, 1980; Torbati et al., 1979).

It has been suggested that cardiovascular related changes during HBO have clinical
significance by potentiating the effects of raised PaO2 seen during normobaric O2
administration (Weaver & Churchill, 2001). Clinical effects from these changes which may
influence oxygenation have been suggested to include increased left ventricular wall stiffness
with increased intra cardiac pressures such as pulmonary capillary wedge pressure, left
ventricular end diastolic pressure and a documented risk of developing acute pulmonary
oedema (Mak et al., 2001; Weaver, 1990; Weaver & Churchill, 2001; Weaver, Steve et al.,
2009).

The administration of HBO can be considered analogous to delivery of any drug. The
potential for side effects exists and an appropriate dose and treatment effect have been
demonstrated. Although research has yet to discover many of the physiological changes
associated with HBO, its use continues as a treatment in populations such as mechanically
ventilated ICU patients. The mechanisms and nature of HBO pulmonary damage and
mediating factors affecting oxygenation continue to be researched. It is however possible that
the delivery of HBO may influence oxygenation through changes to the pulmonary system
and other essential organs. The physiological changes associated with HBO however may not
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be solely responsible for alterations in oxygenation. The environmental conditions associated
with the delivery of HBO may be involved and will therefore be explored in the following
section.
2.4.2

Alterations in Essential Equipment

The accepted conditions for HBO discussed in the introduction can be of such physiological
severity that patients often require the concurrent admittance for support and monitoring
available within an ICU. Furthermore it is feasible that the delivery of HBO may have an
influence upon oxygenation not by a direct effect from the O2 delivered but from the effects
of raised ambient pressures required for the HBO treatment itself upon ICU equipment.

This situation may arise from the raised ambient pressure adversely affecting essential
equipment that typically accompanies the mechanically ventilated ICU patient which may
result in an effect upon oxygenation. The investigator will discuss the literature pertaining to
the issues surrounding treatment of the ICU patient with HBO. This includes effects of HBO
treatment upon essential equipment such as physiological monitoring, infusion pumps, airway
devices and mechanical ventilators.

2.4.2.1 HBO and ICU Equipment
Intensive care units (ICUs) developed following the Second World War. Within hospitals
there was a growing need for an area where patients could receive intensive or invasive
monitoring, as seen in Figure 8, as medical specialties such as anaesthesia, surgery and
cardiology began to use advances to treat sicker patients (Fairman & Lynaugh, 1998).
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Figure 8. A typical ICU patient.

Within ICUs there is typically a large range of equipment which is available and allows rapid
gathering of information about changes in physiological parameters. Patients requiring
intensive care typically require support for instability in systems including haemodynamic,
respiratory, cardiac, renal and often multiple organ system failure (Sauaia et al., 2009).

As ICUs have developed they have embraced the use of technology to improve patient care
and outcomes and have become recognised as the most expensive, technologically advanced
and resource intensive area of medical care (Halpern & Pastores, 2010). It is a recognised
area of concern that the majority of medical equipment is not designed to function at raised
ambient pressures experienced within hyperbaric chambers (Burman, Sheffield, & Posey,
2009). This is of particular concern when the equipment is being utilised to monitor or
support the oxygenation of patients.

2.4.2.2 Physiological Monitoring
A range of physiological parameters are able to be measured within hyperbaric chambers.
These parameters include electrocardiogram (ECG) tracings (Poulton, 1981), arterial and
non-invasive blood pressure (Moon & Hart, 1999), cardiac output (Watke et al., 1998;
Weaver, 1990), intracranial pressure (ICP) (Rogatsky, Shifrin, & Mayevsky, 1999; Sukoff &
Ragatz, 1982), electroencephalography (EEG) (Holbach, Wassmann, & Sanchez, 1978), noninvasive pulse oximetry and transcutaneous measures of O2 (Oriani et al., 1991; Weaver,
2007). Despite the challenges of operating within the hyperbaric environment the literature
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describes apparatus and procedures to ensure continuity of vital sign recording of these
parameters within the hyperbaric chamber (Poulton, 1981; Rogatsky et al., 1999; Weaver,
2004).

The accuracy of some measures at raised atmospheric pressure has however been found to
vary from normal atmospheric readings. Arterial blood gas (ABG) PaO2 measurements for
example have been reported to vary between machine models. The ABL 330 model
(Radiometer, Copenhagen, Denmark) ABG machine was found to accurately measure PaO2
up to 2000 mmHg (Weaver & Howe, 1994, 1992) whereas a newer model from the same
manufacturer was only able to perform accurately to a PaO2 of approximately 1500 mmHg
(Weaver, Ershler, & Howe, 1992).

Other ABG machine models which have been tested include the IL-813 (Suzuki et al., 1990),
IL-1306 (Doar, Boso, & Alford, 1996) (Instrumentation Laboratory Inc. Bedford, USA) and
StatPal II (Sutton et al., 1994) (PPG Industries, La Jolla, USA). There does remain a paucity
of validity and reliability trials which validate hyperbaric chamber measures from other ABG
machine makes and models.

Another parameter recognised as an important measure of alveolar ventilation and able to be
recorded during HBO treatments is the end tidal CO2 (EtCO2) level (Eskelson, Weaver, &
Churchill, 1989; Haberstock, Weaver, & Churchill, 2005). Due to the raised atmospheric
pressure and consequent increase in gas density during HBO treatment the results from EtCO2
monitors are reported to read falsely high levels which do not correlate with ABG results,
although these can be corrected for interpretation at normal atmospheric pressure (Handell,
Ansjou, Casto, & Lind, 1992; Swaby, Brown, Sutton, Love, & Fife, 1996).

2.4.2.3 Infusion Pump Devices
An important aspect of ICU supportive care is the accurate delivery of drugs to support body
systems which are failing. The typical ICU patient will often require accurate delivery of
agents including sedatives, vasoactive drugs, anti-arrhythmic drugs to stabilise heart rhythm
or hormones such as insulin (Fairman & Lynaugh, 1998; Sauaia et al., 2009; Weaver, Ray, &
Haberstock, 2005). The delivery of these agents to the patient often occurs through use of a
machine described as a positive displacement intravenous infusion pump, see Figure 9, which
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by a variety of methods precisely meters the fluid and agent delivery to the patient accurately
controlling the drug effect (Hopson & Greenstein, 2007; Van den Berghe et al., 2001).

Figure 9. An infusion pump device.
As with the previously mentioned equipment relating to physiological monitoring, the design
and manufacture of infusion devices is primarily based on use at normal atmospheric pressure
not during HBO treatment (Kot, 2006b). The testing of a wide range of infusion devices has
shown a range of effects during function at raised ambient pressure by this essential piece of
intensive care equipment (Buck & Alexander, 1987; Dohgomori, Arikawa, Gushiken, &
Kanmura, 2002; Dohgomori, Arikawa, & Kanmura, 2002; Dohgomori, Arikawa, & Kubo,
2000; Lavon et al., 2002; Levecque, Vincenti-Rouquette, & Rousseau, 2000; Ray, Weaver,
Churchill, & Haberstock, 2000; Sanchez-Guijo, Benavente, & Crespo, 1999; Story, Houston,
& Millar, 1998; Weaver et al., 2005).

The primary focus of research has been on pump function which has shown complete failure
at ambient pressures comparable with HBO treatments in some devices (Lavon et al., 2002;
Levecque et al., 2000; Sanchez-Guijo et al., 1999), inconsistent flow rate delivery in some
devices (Dohgomori et al., 2000; Lavon et al., 2002; Ray et al., 2000; Weaver et al., 2005)
and acceptable performance in others (Furnas & Davison, 2003; Stanga, Chimiak, & Beck,
2003). The reports acknowledge that in most cases the infusion pump devices delivered less
volume during ambient pressure increase in the pressurisation phase of HBO and more
volume as ambient pressure decreased during the decompression phase (Dohgomori et al.,
2000; Lavon et al., 2002; Ray et al., 2000; Story et al., 1998; Weaver et al., 2005).
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Clinical significance of raised ambient pressure effects upon infusion pump delivery will
depend on the agent and volume being delivered as in ICU patients fluid volume delivered
can vary greatly (Finfer et al., 2004). For example in patients with life threatening illnesses
such as septic shock, gas gangrene or necrotising fasciitis the reported changes in infusion
pump function are clinically important. This is due to these conditions often requiring potent
vasoactive agents, such as Adrenaline or Noradrenaline, to maintain an adequate blood
pressure. Patients may also typically require other medications such as antibiotics and
sedatives with fluid flow rates from as little as 1 millilitre per hour (ml/h) to large volume
fluid resuscitation (Weaver, 2004; Weaver, 1999; Weaver et al., 2005).

The importance of infusion devices functioning to manufacturers specifications is apparent
when one considers that for certain drug therapies, such as insulin, accurate delivery in
critically ill patients has been reported to result in reduction of mortality (Van den Berghe et
al., 2001). Furthermore variations in delivered drugs during HBO have been shown to alter
haemodynamic status (Story et al., 1998). It is apparent that haemodynamic changes could
have the potential to effect oxygenation through changes in the ventilation to perfusion ratio
as discussed earlier and in the following chapter.

2.4.2.4 Endotracheal and Tracheostomy Tubes
An essential piece of equipment used during the treatment of mechanically ventilated ICU
patients with HBO is the artificial airway. The endotracheal tube (ETT) seen in Figure 10 is
typically used for ICU patients to initially facilitate mechanical ventilation. A tracheostomy
tube may replace the ETT for longer periods of airway protection. The more commonly used
ETT has a history suggested to begin with a Belgian anatomist in the mid 1500s (White,
1960).

The ETT is regarded as the most reliable available method for protecting an airway the ETT
and is inserted into the trachea to ensure that the airway is patent, prevent aspiration of
pharyngeal contents and to ensure an air seal for positive pressure ventilation. It consists of a
plastic tube to allow gas flow and an inflatable cuff to form an airtight seal in the trachea
(Kaur & Heard, 2008).
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Figure 10. Endotracheal tube.

When the patient enters the hyperbaric chamber the air filled cuff of either device becomes
subject to a reduction in volume as ambient pressure increases during chamber compression.
The potential reduction in cuff volume can be managed prior to HBO treatment by replacing
the air within the cuff with non-compressible saline (Weaver, 2004; Weaver, 2008).
Alternatively a cuff-inflator device may be used automatically introducing air into the cuff as
the ambient pressure is increased and releasing it upon decompression (Kemmer, Muth, &
Mathieu, 2006). Regardless of the method used any loss of the airtight seal by the device cuff
may result in a decreased ability to mechanically ventilate and consequently adequately
oxygenate the patient (Sengupta et al., 2004).

2.4.2.5 Mechanical Ventilation
The following section will explore why gas delivery from mechanical ventilators is affected
under hyperbaric conditions and how this may impact upon oxygenation. This requires a brief
overview of mechanical ventilator function and common ventilation modes as well as an
understanding of gas physics at altered ambient pressures.

The mechanical ventilator, at its most basic, is a machine which can adjust a range of control
variables such as pressure, volume, flow and time to achieve inspiration (Holets & Hubmayr,
2006; Kacmarek, 2005; Koh, 2007). Importantly however the machine cannot control more
than one of these variables at any one time resulting in four main ventilation modes; volume
controlled, pressure controlled, flow controlled and time controlled (Sanborn, 2005).
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The ventilation modes can be further classified based upon the nature of breaths and the
phase variables occurring during the inspiratory phase of ventilation, specifically breath
initiation type (trigger), breath maintenance (limit), and breath termination (cycle)
(Kacmarek, 2005). There are two of these modes which are widely used (Koh, 2007). The
first is mechanical ventilation which is limited by a set pressure target referred to as pressure
controlled ventilation (PCV). The second is mechanical ventilation limited by delivery of a
set volume known as volume controlled ventilation (VCV). Both modes are briefly described
in the following sections.

2.4.2.5.1 Volume and Pressure Control Ventilation Modes
When a VCV mode is chosen on the mechanical ventilator the clinician must select the
settings to achieve breaths including tidal volume, inspiratory time and inspiratory flow
waveform (Holets & Hubmayr, 2006). In VCV mode during inspiration the flow of breathing
gas to the patient is controlled by an inspiratory valve which is opened, by a variety of
methods on different mechanical ventilators, creating a positive pressure causing gas to flow
into the lungs until the predetermined breath settings have been met and the breath is
terminated (Kacmarek, 2005).

In contrast when operating in a PCV mode to achieve breaths the clinician must predetermine
a target pressure and inspiratory time setting. Following opening of the inspiratory valve
breathing gas flows into the lungs, airway pressure is raised as alveolar volume increases,
flow rate is reduced and eventually ceases when the delivered gas pressure equals the airway
pressure (Holets & Hubmayr, 2006). In VCV mode there is a preset factory calibration
between volume flow and valve opening which remains constant for normal atmospheric gas
density (Kot, 2006a).

In VCV mode during raised ambient pressure conditions, such as during HBO treatments,
control of the gas volume by the inspiratory valve becomes inaccurate (Stahl, Radermacher,
& Calzia, 2000). Unless the set volume is increased in relation the ambient pressure a
compression related increase in gas density will typically cause a clinically significant
reduction in flow seen as lower tidal and minute volumes (Bingham et al., 2007; Blanch,
Desaultes, & Galagher, 1991; Stahl et al., 2000).
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The reduction in delivered volume is however dependent upon the method used to determine
the tidal volume in VCV. Devices which measure tidal volume by integrating flow are
susceptible to reduction whereas those which use a bellows system deliver more consistent
volumes (Moon et al., 1986).

If a PCV mode is selected the flow reduction during HBO treatment as ambient pressure rises
is compensated for by the mechanical ventilator as the inspiratory valve continues to supply
breathing gas until the target pressure is met. This results in no loss of volume but a moderate
reduction in inspiratory flow rate which has been attributed to increased gas flow resistance
across inspiratory valves (Stahl et al., 2000). Although PCV has been suggested as the
preferred mode of ventilation during HBO treatments (Stahl et al., 2000) there are identified
concerns with PCV modes limiting their use.

These limitations include a rise in mean airway pressure potentially leading to an increase in
right ventricular after-load, decreased cardiac preload with consequent reduction in cardiac
output requiring possible inotrope or fluid resuscitation as an intervention. There may also be
loss of recruited lung following tracheal suctioning and difficulty with patient/ventilator
synchrony (Almgren, Wickerts, Heinonen, & Högman, 2004; Pierce, 1995; Prasad &
Drummond, 2004).

2.4.2.5.2 Gas Flow Characteristics at Increased Ambient Pressure
Factors, other than ventilation mode, known to affect breathing gas flow relate to the
characteristics of the gas and the path it follows such as pressure gradient, airway or tubing
radius, length of airway or tubing and gas viscosity (West, 2005d). The pressure gradient,
radius and flow were factors described in the 1800s by a flow analogue of the electrical
equation known as Ohm’s Law (Ohm, 1827) as follows,
= ΔP/R
which describes the relationship existing between the pressure gradient (ΔP) from one end of
tubing to the other that moves the gas, volume flow rate ( ) and the resistance (R) of the
tubing that the gas is within. Study of these gas flow dynamics has led to theoretical
predictions being able to be made classifying flow of gas as being either laminar or turbulent
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(see Figure 11) each of which have differing characteristics explained in the following
section.

Figure 11. Laminar flow and turbulent flow.

2.4.2.5.3 Laminar Flow
The characteristics regarded as laminar flow presented in Figure 11 occur when the gas
moves in layers or lamina parallel to the tubing walls. Laminar flow was first conceived by
Poiseuille, a French physician in the 1840s who described the mathematical equation
expressing the relationship as follows,
= ΔPπr4/8ηl
where volume flow rate ( ), pressure gradient (ΔP), tube radius (r), gas/fluid viscosity (η)
and tube length (l) in straight circular tubing (Sutera & Skalak, 1993).

Under laminar flow conditions derivations of this equation demonstrate that the pressure
gradient or driving pressure of the gas (ΔP) becomes proportional to the flow rate (Manthous,
Morgan, Pohlman, & Hall, 1997; West, 2005d). Other characteristics of laminar flow such as
flow resistance may be calculated by dividing the pressure gradient with flow rate (Ohm,
1827).
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The practical application of the mathematics associated with these equations is that, under
laminar conditions, if tubing length doubles then gas flow resistance will double. If radius is
halved a 16 fold increase in resistance will occur. This is due to each unit reduction of radius
causing resistance to increase by a power of four.

Furthermore, and with particular relevance to hyperbaric conditions, under laminar conditions
it can be seen that gas density has no influence on ΔP. Rather it is gas viscosity, which is
independent of pressure, which affects the relationship between pressure and flow. It is
however important to note, as will become evident in the following section, that these
conditions relating to gas flow are not maintained if the flow pattern changes and becomes
turbulent.

2.4.2.5.4 Turbulent Flow
Turbulent flow exhibits characteristics of flow different from laminar flow. Whereas laminar
flow occurs in parallel layers turbulent flow, as seen in Figure 11, is characterised by lateral
movements of the gas resulting in swirling, eddying currents of flow similar to a vortex or
whirlpool (Ault & Stock, 2009).

Determining whether turbulent or laminar flow will occur may be attempted by using the
equation which describes the Reynolds number (Re). The Reynolds number was introduced
in the late 1800s as a dimensionless number pertaining to flow which measures the ratio of
internal forces to viscous forces as follows,

Re = 2rvd/η
where tubing radius (r), average velocity (v), gas density (d) and gas viscosity (η) (Reynolds,
1883).

Given that, density and velocity are numerators and viscosity is a denominator, turbulent flow
is deemed more likely to occur, in tubing that is straight and smooth, at higher Reynolds
numbers typically above 2000 (West, 2005d). Generally at a high Re, inertia forces are
superior to viscosity forces and turbulent flow is likely. If Re is low then viscosity forces
become superior and flow is typically laminar. The change in conditions found under
turbulent flow can be seen in the turbulent flow equation as follows,
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ΔP = K

2

where K is the coefficient of linear resistance, demonstrates that ΔP during turbulent flow
differs from laminar flow as it changes to become proportional to the square of flow rate
(

2

). The implications of this are that under turbulent conditions gas viscosity has negligible

impact upon ΔP. However as gas density increases, as experienced during HBO treatments,
ΔP is reduced (West, 2005d).
The ideal characteristics of laminar flow being uninfluenced by increasing gas density make
this state favourable for mechanical ventilation during HBO treatments. Turbulent gas flow
however is more likely to occur during high flow rates, through branched or irregular shaped
tubing of decreasing diameter, all of which are typical characteristics found in mechanical
ventilation tubing and valves (Ault & Stock, 2009; Tassaux et al., 1999).

Furthermore under hyperbaric condition as gas density increases the characteristics of gas
flow change. If left uncorrected gas flow becomes density dependent typically reducing flow
and consequently patient oxygenation. The ramifications of the physics explained above upon
functioning of mechanical ventilators and by extension the ability to adequately oxygenate
patients under HBO conditions will be explored in the following section.

2.4.2.5.5 Mechanical Ventilation at Increased Ambient Pressure
The mechanical ventilator is essentially a device which generates and controls a flow of
breathing gas for the patient (Kacmarek, 2005). Ideally the same mechanical ventilator and
settings used for the patient within the ICU should accompany them into the hyperbaric
chamber. It is however widely recognised that in many mechanical ventilators designed to
function at normal atmospheric pressure, the ability to accurately control the flow of gas
becomes impaired as ambient pressure is increased (Weaver, 2008).

The respiratory support through the various modes provided by mechanical ventilators within
ICU is described in Section 2.4.2.5. Under hyperbaric conditions however altered functioning
of many mechanical ventilators has been reported (Bingham et al., 2007; Blanch et al., 1991;
Stahl et al., 2000). The change in functioning has led to the adaptation of certain mechanical
ventilators enabling them to function but also the development of some which are specifically
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designed to operate at raised ambient pressures. The following section will discuss the
mechanical ventilator used during ICU HBO treatments at the study hospital.

2.4.2.5.6 Mechanical Ventilation During HBO at the Study Hospital
The Servo 900C (Siemens Corp., Lubeck, Germany) is the mechanical ventilator currently in
use at the study hospital (see Figure 12) and is identified as being able to provide sufficiently
sophisticated modes of mechanical ventilation during HBO (Holcomb et al., 1988). Although
the Servo 900 has been used since the late 1980s in various hyperbaric facilities worldwide
(Bingham et al., 2007; Hipp et al., 1995; Moon & Hart, 1999; Skinner, 1998) research
pertaining to its function under pressure has been sparse, a situation echoed for research on
HBO ventilation in general.

Figure 12. Siemens Servo 900C mechanical ventilator.

The Siemens Servo range of mechanical ventilators comprises the B, C and D models which
are technologically similar and able to function in often used ICU modes such as SIMV and
CPAP (Bouachour, Bresard, Gouello, & Alquier, 1994; Hipp et al., 1995; Risdall & Hasan,
2004; Stahl et al., 2000). The B model has been tested under hyperbaric conditions at
pressures up to 2.8 ATA although only one set of data was presented (Hipp et al., 1995).
Hipp and colleagues (1995) results demonstrated decreased minute volumes in relation to
raised atmospheric pressure where the set minute volume of 10 L/min at surface was
measured to be 6 L/min at 2.8 ATA.

Furthermore Hipp and colleagues (1995) also noted that the digital displays of minute volume
read artificially high values at pressure as a consequence of the gas flow sensor design. The
researchers concluded however that despite these inadequacies, they were able to increase set
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minute volume to achieve the original surface settings and had operated this ventilator for
hundreds of hours without problems. They further suggested that for HBO use, the ventilator
minute volume needed to be increased with pressure although no correction factor or volume
was stated (Hipp et al., 1995).

More contemporary study is available from researchers who studied four modern ICU
ventilators: the Evita 4, Oxylog 2000 HBO, Microvent (Drägerwerk, Germany) and the Servo
900C (Siemens-Elema, Solna, Sweden) (Stahl et al., 2000). Their study detailed the
measurement apparatus and methodology with each ventilator tested at 2, 2.3, 2.6, 2.8, 2.9
and 6 ATA with ventilator settings approximating clinical norms of tidal volumes of 750 ml,
inspiration/expiration (I:E) ratio of 1:2 and respiratory rates of 10, 15 and 20 breaths per
minute all of which were tested in both SIMV and pressure control ventilation (PCV) modes
if available. Calculation of gas volume from the ventilators was carried out by a computer
program devised by the authors but no accuracy figures were cited.

The Stahl and colleagues (2000) results were in line with previous research noting decreases
in tidal volume in SIMV mode and peak inspiratory flow in PCV mode in all machines as
ambient pressure rose, a change the authors attributed to the increasing gas density. They
further noted that at raised ambient pressure the minute volume and tidal volume values
displayed by the ventilators digital displays were higher than the actual delivered volumes.

In order to compensate for this, Stahl and colleagues (2000) reported increasing the tidal
volumes (minute volume on the Servo 900C) to achieve the preset values. The correction
values required to achieve preset values were however not cited (Stahl et al., 2000). The
authors concluded that whilst the use of the tested ICU ventilators in hyperbaric conditions
results in alteration of function, these alterations could be accommodated and constant
ventilation achieved although at higher atmospheric pressures compensation was limited due
to the range of the ventilators (Stahl et al., 2000).

The most recently published study of the Servo 900C (Bingham et al., 2007) revealed
clinically significant reductions of approximately 32% in delivered minute volumes during
operation in the VCV mode SIMV at typical HBO treatment pressures of 2.8 ATA.
Compensation for the reductions was achieved at typical minute volumes by correction of the
delivered minute volume settings by an approximate increase of 100%.
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The Servo 900C consists of technology over 20 years old. It does however remain capable as
an HBO compatible ventilator. Advantages of the Siemens Servo 900C are reported as
including digital displays of minute volume, tidal volume, provision of a wide range of
ventilatory modes including the ability to deliver preset tidal volumes, provision of PEEP,
and pressure support. Lastly it meets the preferred characteristics for the hyperbaric
environment namely being of a small physical size and having no flammable lubricants
(Moon & Hart, 1999).

It was however also noted that the two disadvantages of the Servo were its requirement for
electrical power, addressed at the study hospital through the provision of constant supply low
voltage in-chamber power allowing the ventilator to operate indefinitely, and the method by
which it measured inspired and expired volume by a flow sensor known as a screen-type
pneumotach (Moon & Hart, 1999).

Breathing gas delivery in volume control mode (SIMV) in the Servo 900C is by a flow servo
loop which functions by measuring actual gas flow from the inspiratory flow transducer (a
screen-type pneumotach) (Gregg, 2005). The ventilator compares this volume to the preset
inspiratory minute volume chosen by the operator. When actual flow does not match the
preset inspiratory minute volume then electronic control by the ventilator opens or closes the
inspiratory scissors valve resulting in an adjustment of the gas flow and consequent volume
delivery.

A failing of pneumotach sensors is that they are calibrated to be accurate only at normal
atmospheric pressure. The clinical significance of this is that under hyperbaric treatment
conditions the flow sensors and consequently gas delivery becomes increasingly inaccurate as
the ambient pressure rises, if manually uncorrected, as seen in some studies leading to underventilation and potential reductions in oxygenation (Bingham et al., 2007; Hipp et al., 1995;
Moon, 1991; Moon & Hart, 1999; Stahl et al., 2000). All of the investigators reporting on the
Servo 900 series do however report that compensation for the alterations in mechanical
ventilator function under hyperbaric conditions are able to be applied ensuring adequate
oxygenation for patients during HBO.

In summary from the available literature it appears that the mechanical ventilation received
by the patient in ICU is able to be matched during the hyperbaric treatment using the Servo
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900C at the study hospital. For mechanically ventilated ICU patients to receive HBO
however requires that they be physically moved. The transfer from ICU to the hyperbaric unit
presents several other opportunities for possible effects upon patient oxygenation as
discussed in the following section.

2.4.3

Alterations to the ICU Patient Environment

The ideal location for an ICU patient has been identified as remaining stationary within the
ICU (Waydhas, 1999). In the ICU environment the patient will have specially trained and
experienced nursing and medical staff to provide their care. They will also be connected to an
advanced mechanical ventilator, plus any associated machinery such as infusion pumps or
cardiac pacing equipment that they require (Metnitz, Reiter, Jordan, & Lang, 2004). The
machinery is connected to mains power and full physiological monitoring will be present
resulting in any emergency being dealt with by a well trained team of medical and nursing
staff with the required equipment at hand to resolve the problem within a “calm and
controlled environment” (Waydhas, 1999).

Despite the advanced care provided within a modern ICU today it is recognised that
transportation of critically ill patients out of this ideal environment, for various diagnostic
tests and procedures unable to be completed within the ICU, is becoming increasingly routine
(McLenon, 2004). One study reported that an average intra-hospital transport time of ICU
patients was 74 minutes with a range of 20 to 225 minutes (Hurst et al., 1992). Time such as
this spent away from ICU is important as ICU patients are suggested to be a particularly
vulnerable population. This is by virtue of their illnesses, often resulting in reduced or absent
physiological reserves to cope with changes in their condition which also can result in serious
implications from minor mishaps that healthy patients could cope with (Gillman et al., 2006).

Physiological changes including raised or lowered blood pressure, heart rate and drug therapy
have the potential to impact upon oxygenation as discussed in Section 3.2 of the following
chapter. Furthermore changes in oxygenation may also be seen due to adverse events during
the transportation of a patient such as accidental disconnection of mechanical ventilation,
ETT malposition, erroneous mechanical ventilator settings or unintentional changes to vasoactive or sedation infusions (Keay & Callander, 2004; Waydhas, Schneck, & Duswald,
1995). In the following section the author will therefore discuss adverse events, mishaps and
physiological deterioration related to ICU patient transportation in greater detail.
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2.4.3.1 Adverse Events and Mishaps
The transportation of a mechanically ventilated patient out of the ICU is often necessary in
order to receive treatment or undergo various procedures such as operating theatre,
radiological investigations and HBO. Patient transport as a procedure is however recognised
as being potentially hazardous. Many studies have reported a range of events from minor
mishaps to adverse events including physiological deterioration of vital signs such as
oxygenation through to an increase in mortality (Braman, Dunn, Amico, & Millman, 1987;
Brokalaki et al., 1996; Carson & Drew, 1994; Caruana & Culp, 1998; De Cosmo et al., 1993;
Evans & Winslow, 1995; Fromm & Dellinger, 1992; Gillman et al., 2006; Haupt & Rehm,
2000; Hurst et al., 1992; Insel, Weissman, Kemper, Askanazi, & Hyman, 1986; Kalisch,
Kalisch, Burns, Kocan, & Prendergast, 1995; Link, Krause, Wagner, & Papadopoulos, 1990;
Smith, Fleming, & Cernaianu, 1990; Stearley, 1998; Szem et al., 1995; Tan, 1997; Tompkins,
1990; Venkataraman & Orr, 1992; Wallen, Venkataraman, Grosso, Kiene, & Orr, 1995;
Waydhas, 1999; Waydhas et al., 1995; Weg & Haas, 1989).

The rate of adverse events during the transport of ICU patients has been reported as varying
between 6 to 66% with suggestions that there are two general categories of adverse events
which can occur during the transport: mishaps related to monitoring and physiological
deterioration relating to patient condition (Caruana & Culp, 1998; Gillman et al., 2006;
Lovell, Mudaliar, & Klineberg, 2001; Martins & Shojania, 2001; Stearley, 1998). Examples
given of mishaps include monitoring lead disconnections, loss of non-essential intravenous
access, depleted oxygen supply or equipment failure. Physiological deterioration associated
with transportation is suggested to include scenarios such as hypotension, arrhythmias,
hypoxia and increased intra-cranial pressure (McLenon, 2004).

The rate at which less serious mishaps occur has been reported to vary between 9 to 34%
(Carson & Drew, 1994; Evans & Winslow, 1995; Gillman et al., 2006; Hurst et al., 1992;
Smith et al., 1990). One prospective study of 125 transportations of mechanically ventilated
and non-ventilated patients reported a mishap incidence of 34% (Smith et al., 1990). They
further described that the majority of problems were attributable to the equipment or
monitoring process citing the following incidences; electrocardiogram lead disconnection
(23%), monitor power failure (14%), a combination of these (10%), intravenous line
disconnection (9%) vasoactive drug infusion disconnection (5%) and disconnection from the
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ventilator (3%). In their study most of the mishaps were noted to occur before the
transportation or at the transport destination rather than during the transport procedure itself.

A lower incidence of mishaps was reported by a later study of 180 paediatric ICU transports
which observed that equipment related mishaps occurred in 10% of transports and included
malfunctioning equipment, loss of nasogastric, chest tubes or intravenous lines and ETT
malposition (Wallen et al., 1995). The lower incidence in Wallen and colleagues (1995) study
was supported by a more recent study of 290 transports to ICU (Gillman et al., 2006). In their
study Gillman and colleagues (2006) described a rate of equipment-related mishaps of 9%
with the majority of mishaps related to loss of battery charge which, although classified as a
mishap, has potential to become clinically significant with effects upon physiological status.

The physiological changes in transported patients may occur due to the necessary use of
batteries in portable equipment accompanying the critically ill patient on transports. Battery
powered equipment provides monitoring, continuous infusions and often mechanical
ventilation (Waydhas, 1999; Waydhas et al., 1995). Thus battery failure can potentially cause
loss of physiological monitoring, the ability to ventilate and delivery of vasoactive drugs
resulting in serious physiological deterioration including hypoxaemia, hypercarbia and
hypotension (Beckmann, Gillies, Berenholtz, Wu, & Pronovost, 2004).

2.4.3.2 Physiological Deterioration
The incidence of physiological changes associated with intra-hospital transport varies in the
literature, ranging from 6 to 68% of transports (Braman et al., 1987; Brokalaki et al., 1996;
Caruana & Culp, 1998; De Cosmo et al., 1993; Gillman et al., 2006; Hurst et al., 1992; Insel
et al., 1986; Kalisch et al., 1995; Link et al., 1990; Stearley, 1998; Szem et al., 1995;
Tompkins, 1990; Venkataraman & Orr, 1992; Wallen et al., 1995; Waydhas, 1999; Weg &
Haas, 1989). This discrepancy of results is attributed to variation in patient populations and
the definitions employed for physiological change in each study (Beckmann et al., 2004).

In one Australian review of 191 self reported incidents related to ICU intra-hospital transport
over a 6 year period, the majority of adverse events centred on patient-staff management
issues and equipment problems (Beckmann et al., 2004). The events reported culminated in
serious complications in 31% of incidents, including major physiological deterioration in
15%, physical injury in 3% and death in 2% (Beckmann et al., 2004).
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Older studies have explored major adverse events with physiological deterioration of patients.
Researchers found that interventions that were required such as vasoactive drug
administration or fluid bolus as well incidents related to the disconnection of mechanical
ventilation, intravenous or intra-arterial lines, reporting an incidence as high as 8% (Smith et
al., 1990; Stearley, 1998; Szem et al., 1995; Wallen et al., 1995).

2.4.3.2.1 Respiratory and Ventilation Changes
Investigators have assessed respiratory and mechanical ventilation components of intrahospital transportation comparing manual ventilation via self inflating bags to dedicated
transport ventilator mechanical ventilation or have evaluated changes in respiratory
parameters as outcome measures (Evans & Winslow, 1995; Smith et al., 1990; Stearley,
1998; Waydhas et al., 1995; Weg & Haas, 1989).

Others have cited respiratory complications related to transportation as occurring in up to
84% of transports detailing the changes as alterations in respiratory rate, decrease in arterial
O2 saturation and decrease in PF ratio (Hurst et al., 1992; Indeck, Peterson, Smith, &
Brotman, 1988; Waydhas et al., 1995). In one study no change of PaCO2 or pH was found
during transport (Hurst et al., 1992) but in another deterioration in the PF ratio occurred in
43% of patients, with the reduction lasting longer than 24 hours in 20% (Waydhas et al.,
1995).

Waydhas and colleagues (1995) postulated that a loss of PEEP and consequent reduction in
FRC during changeover to the transport ventilator may have accounted for the deterioration
in oxygenation of a subset of the patients they studied. This is supported by some studies
reporting oxygenation impairment caused by loss of lung volume following disconnection of
mechanical ventilation for other therapies or patient movement (Lindgren et al., 2007;
Maggiore et al., 2002; Maggiore et al., 2003; Register & Downs, 1988).

One review of incidents identified causes of mechanical ventilation failure as comprising
supply problems of O2 to the portable mechanical ventilators, selection of inappropriate
mechanical ventilation settings (for example PEEP, respiratory rate, tidal volume, FiO2)
permitted by some portable ventilators and faulty valves (Beckmann et al., 2004).

69

Another possible cause for physiological deterioration is that the transfer to and
characteristics of the transport ventilator may be sufficient for the patient to experience a
period where they do not ventilate as well on the machine they have been changed to. This is
often referred to as a period of patient / ventilator asynchrony (Thille, Cabello, Galia,
Lyazidi, & Brochard, 2008).

Asynchrony is reported as occurring in up to 25% of mechanically ventilated patients (Thille,
Rodriguez, Cabello, Lellouche, & Brochard, 2006) in ICU and may be seen in clinical
practice as ‘fighting’ or ‘bucking’ against breaths (Butler & Levins, 2009). Asynchronous
breathing with the mechanical ventilator is also typically associated with lowered
oxygenation levels of PaO2 and SpO2 with increases in other levels such as respiratory rate,
EtCO2, heart rate, blood pressure and PaCO2 all of which signify the inadequacy of the
ventilation being delivered (Leung, Jubran, & Tobin, 1997; Thille et al., 2008; Tobin et al.,
2001).

It is also noted that the severity of respiratory events may be attributed to the fact that
transported patients are often heavily sedated or chemically paralysed, and that accidental
extubation, occlusion or dislodgment of the ETT can become a major often life threatening
event (Australasian College for Emergency Medicine, Australian and New Zealand College
of Anaesthetists, & Joint Faculty of Intensive Care Medicine, 2003). Indeed ETT malposition
and accidental extubation were frequently reported incidents (9%) in one study, with
inadequate securing of the artificial airway listed as a contributing factor in 35% of the cases
(Beckmann et al., 2004).

2.4.3.2.2 Cardiovascular Changes
Deleterious cardiocirculatory effects have been reported in up to 68% of transports (Braman
et al., 1987; Gillman et al., 2006; Indeck et al., 1988; Szem et al., 1995; Weg & Haas, 1989).
In one study 68% of all transports experienced serious physiologic changes of greater than 5
minutes duration with reports of systolic or diastolic blood pressure changes of ±20 mmHg
(40%), pulse rate ±20 beats per minute (21%) (Braman et al., 1987). Other studies have
however reported lower complication rates for cardiocirculatory adverse effects of 6%
(Gillman et al., 2006) and 5 to 6% (Szem et al., 1995).
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2.4.3.2.3 Severity of Patient Illness
Speculation exists however whether the adverse physiological effects observed are actually
related to the transportation or, may in fact, be typical for ICU patients due to the severity of
their illness. Comparison of ICU patients in one study over a 2 hour period, prior to and
during transport, demonstrated that although hypothermia (11%); change in heart rate (15%),
blood pressure (21%) changing respiratory rate of more than 20% (23%) or change in O2
saturation of more than 5% (5.6%) was observed in a significant number of transports, no
such disturbances were noted during the observation period before transport (Wallen et al.,
1995).

In contrast to these findings however one study compared physiological changes in matched
cohorts (severity of illness score and age) with a transport group of patients and patients who
remained in the ICU (Hurst et al., 1992). In their study Hurst and colleagues (1992) found a
similar rate (60% versus 66%) of adverse changes with no numerical difference found in
respect to the number or type of physiologic changes.

2.4.3.2.4 Prevention of Deterioration
Regardless of the speculation surrounding origins of adverse events related to transportation,
attempts to prevent them have occurred. To minimise these perturbations a number of
professional societies have developed guidelines for the transfer of the critically ill including
inter and intra-facility transfers providing guidance in improving the safety of intra-hospital
transport of critically ill patients (American Association for Respiratory Care, 2002a;
American College of Critical Care Medicine & Society of Critical Care Medicine and the
Transfer Guidelines Task Force, 1993; Australasian College for Emergency Medicine et al.,
2003; Intensive Care Society, 2002; Shirley & Bion, 2004; SIAARTI Study Group for Safety
in Anesthesia and Intensive Care, 2006).

Although recognised as a risk, there is wide variability regarding the impact of intra-hospital
transportation upon ICU patients within the hospital setting. Some authors have recognised
intra-hospital transportation as having a number of associated risks related to adverse events,
deleterious physiological changes and even an increased risk of morbidity and mortality
during the transport (Australasian College for Emergency Medicine et al., 2003; Caruana &
Culp, 1998; Intensive Care Society, 2002; Martins & Shojania, 2001; Stearley, 1998;
Waydhas, 1999; Waydhas et al., 1995).
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2.4.3.3 Hyperbaric Patient Transports
The physiological impact of transferring ICU patients to and from HBO treatments has
received limited attention. Part of the study by Ratzenhofer-Komenda and colleagues (2007)
study was the measurement of haemodynamic and ABG results before compression, after
compression, after transport to the hyperbaric chamber and after transport back to ICU
following HBO (Ratzenhofer-Komenda et al., 2007). These data were compared with the
baseline values gathered in ICU to examine for changes in oxygenation immediately after
HBO and transportation of the patient to exclude any transportation related effect.

The results from Ratzenhofer-Komenda and colleagues (2007) study following transport to
the chamber and transport to the ICU were reported. The PaO2 values were compared to the
baseline gathered in ICU prior to HBO treatment. These results demonstrated statistically
significant increases of 63% (p < 0.05) in the chamber and 49% (p < 0.05) on return to ICU.
These increases can both be explained by the FiO2 of 0.6 used on the mechanical ventilator
used during the transportation. All haemodynamic and ABG results both pre and postcompression and pre and post-transport showed no statistically significant differences with p
values > 0.05. These data suggest that, for these patients, changes in oxygenation were not a
concern during transportation.

The level of risk associated with intra-hospital transportation of ICU patients has been
suggested by some to range from high with others suggesting that with similar clinical
scenarios the risk level is low (Hanning, Gilmour, & Hothersall, 1978; Hurst et al., 1992;
Smith et al., 1990; Weg & Haas, 1989). Nonetheless transportation of ICU patients has the
potential to cause changes in oxygenation through adverse events or through disturbance of
associated equipment such as mechanical ventilators, infusion pump devices or other
associated equipment.

2.4.4

Summary

From the literature it is evident that potential causes of post-HBO reductions in oxygenation
may be associated with alterations to inspired O2 levels, raised ambient pressure affecting
function of essential equipment required by the ICU patient or environmental reasons such as
the transportation to or from the hyperbaric chamber. With consideration of the preceding
review of the literature the researcher will present the hypotheses generated for this study.
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2.5

Aim and Hypotheses

The aim of this study is to explore post-HBO reductions in oxygenation within the context of
mechanically ventilated ICU patients. The paucity of available research focussing on postHBO reductions in oxygenation presents a limited description of the phenomenon. Based
upon the limited research the following areas were identified to confirm and extend data
surrounding post-HBO reductions in oxygenation.

Firstly post-HBO reductions in oxygenation have not been described under other HBO
treatment schedules. Secondly the severity and clinical impact for patients of post-HBO
reductions in oxygenation have yet to be fully described. Thirdly the patient characteristics
associated with post-HBO reductions in oxygenation remain to be determined. Fourthly the
possibility of a protective effect against post-HBO reductions in oxygenation from previous
HBO treatments is unknown. Lastly the association of mechanical ventilation settings or
routinely collected physiological information with post-HBO oxygenation has not been
attempted.

The researcher will provide original evidence surrounding post-HBO reductions in O2 in a
sample of mechanically ventilated ICU patients receiving HBO treatments. The following
research questions and associated hypotheses have been generated for testing.

2.5.1

Research Question One

Do post-HBO reductions in oxygenation occur within a sample of mechanically ventilated
ICU patients treated with HBO?

2.5.1.1 Hypothesis One
There will be a decrease in oxygenation from pre-HBO baseline levels following HBO
treatment as measured by the PF ratio, A-aPO2, a/APO2 and oxygen index.

2.5.2

Research Question Two

In mechanically ventilated ICU patients is there any clinical impact of post-HBO reductions
in oxygenation?
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2.5.2.1 Hypothesis Two
The reduction in oxygenation following HBO will be associated with compensatory
alterations in mechanical ventilation.

2.5.3

Research Question Three

Mechanically ventilated ICU patients who have post-HBO reductions in oxygenation
associated with compensatory changes in mechanical ventilation will have identifiable
physiological or treatment characteristics.

2.5.3.1 Hypothesis Three
Physiological or treatment differences, prior to or during HBO, will identify patient groups
with post-HBO reductions in oxygenation associated with changes in mechanical ventilation.

2.5.4

Research Question Four

Do post-HBO reductions in oxygenation following an initial HBO treatment lead to a
decreased magnitude of reductions in oxygenation following subsequent HBO treatments?

2.5.4.1 Hypothesis Four
In mechanically ventilated ICU patients reductions in PF ratio following the first HBO
treatment will be greater when compared to subsequent HBO treatments.

2.5.5

Research Question Five

Do mechanical ventilation settings predispose toward or ameliorate post-HBO reductions in
oxygenation?

2.5.5.1 Hypothesis Five
Mechanical ventilator parameters will be associated with post-HBO reductions in
oxygenation.

2.5.6

Research Question Six

Do any routinely gathered physiological data predispose toward or ameliorate post-HBO
reductions in oxygenation?
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2.5.6.1 Hypothesis Six
Routinely collected physiologic, biochemical, haematological, treatment, or outcome
parameters will be associated with post-HBO reductions in oxygenation.

2.6

Conclusion

The literature review has been presented in four sections. The first section was a general
overview of reductions in oxygenation and causes, the second considered the nature of postHBO reductions in oxygenation, the third outlined potential causes for the post-HBO
reductions in oxygenation and last section presented the aims of this study and the hypotheses
to be tested.

The hypotheses presented describe the investigation strategy of this study in five main areas.
The first area is an examination of post-HBO reductions in oxygenation under different HBO
treatment conditions than previously reported. The second is description of the clinical
impact upon mechanical ventilation associated with alterations in oxygenation. The third area
is identification of any groups susceptible to changes in mechanical ventilation associated
with post-HBO reductions in oxygenation. The fourth area is determining if any protective
effect against post-HBO reductions in oxygenation from previous HBO treatments exists. The
final area is exploring if mechanical ventilation settings or routinely collected physiological
information are associated with post-HBO reductions in oxygenation.

The major focus of this study is post-HBO changes in oxygenation within the context of a
sample of mechanically ventilated ICU patients. In the following chapter the author provides
a discussion of the components and evaluation of oxygenation.
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3.0 Components and Evaluation of Oxygenation

3.1

Introduction

This study involved changes in oxygenation in the setting of the mechanically ventilated ICU
patient who has received HBO treatment. In order to examine this it is necessary to review
oxygenation. Specifically the discussion will encompass the processes involved in Figure 13,
which include the following components of oxygenation; pulmonary gas exchange, O2
delivery, extraction and consumption. This discussion will be followed by examination of the
clinical evaluation of oxygenation focussing on the methods used within this study.

Figure 13. Components of oxygenation. From Johnson (2004, p. 520).
Note: CaO2 (O2 content of arterial blood), CvO2 (O2 content of venous blood).

3.2

Components of Oxygenation

Oxygenation is the term often used to describe the process of providing O2, such as
oxygenation of the blood or tissues (Collins, 2003). This physiological process has been
reported as requiring multiple systems of the body including pulmonary, cardiovascular,
central nervous, haematolgic and metabolic (West, 2005f). When these systems are acting in
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an integrated and co-ordinated manner adequacy of oxygenation is further influenced by four
main factors reviewed in the following section; pulmonary gas exchange, O2 delivery, O2
extraction and O2 consumption (Johnson, 2004).

3.2.1

Pulmonary Gas Exchange

Pulmonary gas exchange begins with inspiration of O2 into the lungs as part of the mixture of
gas from the atmosphere (Gross, 2003). Upon inspiration the gas has a high forward velocity.
The velocity causes a bulk flow effect into the terminal bronchioles until flow slows to the
point where diffusion into the alveoli takes over (West, 2005h).

Composition of the inspired gas as it diffuses into the alveoli is important, in particular the
partial pressures of O2 (PO2) and carbon dioxide (PCO2) (Curran-Everett, 2006). The
composition of gas is important as the volume of alveolar O2, which is still in gas form, has a
relationship that is directly proportional to its partial pressure or tension in a liquid (Clapham,
1991). This proportional relationship has been known since the late 1940s and is discussed in
the following section.

The history of study into respiratory physiology is well known with the alveolar gas equation
being developed by three American scientists following the Second World War (Fenn, Rahn,
& Otis, 1946). The scientists were working for the United States Air Force to investigate the
“physiological effects of pressure breathing” and their study led to generation of the alveolar
gas equation (Fenn et al., 1946). The equation they generated has been suggested to have
dictated contemporary understanding of the mechanics and nature of pulmonary gas
exchange (West, 2004). The alveolar gas equation used in clinical practice today (Lumb,
2005c; West, 2005i) is as follows,

PAO2 = PiO2 - PACO2
where PAO2 is the alveolar partial pressure of O2 , PiO2 is the partial pressure of O2 in the
central airways. PiO2 is calculated as FiO2 (PB - PH2O) with the FiO2 (fraction of inspired O2),
PB (barometric pressure, calculated as PB = PN2 + PO2 + PCO2 + PH2O) being 760 mmHg at sea
level, PH2O (water vapour pressure of 47 mmHg at 37 degrees Celsius). PACO2 (partial
pressure of alveolar CO2 usually assumed to be equal to arterial CO2 partial pressure taken
from an ABG).
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The above calculations demonstrate that PAO2 is the result from a combination of two
separate processes, removal of alveolar O2 via blood in the pulmonary capillaries and
replacement of O2 by ongoing alveolar ventilation. With these underlying physiological
concepts articulated it is possible to begin examining individual components involved in the
process of oxygenation and how they may be best assessed by clinicians.

3.2.1.1 Components of Pulmonary Gas Exchange
The process of pulmonary gas exchange and the components related to it are presented earlier
in Figure 13. From this it is apparent that the O2 tension of arterial blood is determined by the
following three main factors which all have varying ability to be assessed clinically (Treacher
& Leach, 1998):

- Pulmonary Ventilation – O2 content of inspired gas, barometric pressure, alveolar
ventilation;
- Diffusion of Oxygen - O2 from alveoli to pulmonary capillaries;
- Ventilation - Perfusion Relationship - Matching of ventilation and perfusion.

The following sections briefly review each of the above components to contextualise them in
relation to oxygenation in the clinical setting of the ICU patient. Furthermore current
oxygenation assessment strategies available to clinicians will be discussed.

3.2.1.2 Pulmonary Ventilation
As mentioned in the previous section the ventilation component of pulmonary gas exchange
involves three components; O2 content of inspired gas, barometric pressure and alveolar
ventilation each of which can be assessed or measured in the ICU.

3.2.1.2.1 The Oxygen Content of the Inspired Gas
In normal atmospheric air the percentage of O2 is a constant at approximately 21% (West,
2005i). It is however acknowledged that a variety of inspired O2 concentrations are used in
the clinical setting (Gowda & Klocke, 1997). These are usually prescribed as a target
percentage or to administer to achieve a determined PaO2 (Kopec, Connolly, & Irwin, 2008).
In the ICU setting O2 concentration would typically be assessed by the nursing staff caring
for the mechanically ventilated patient (Couchman, Wetzig, Coyer, & Wheeler, 2007).
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3.2.1.2.2 Barometric Pressure
The barometric pressure, often referred to as atmospheric pressure, is the pressure exerted by
the earth's atmosphere at any given point and is unchanging in most clinical settings (West,
2005i). It is calculated as the sum of the partial pressures of the gases present in the
atmosphere and is nominally 760 mmHg at sea level (Mechtly, 1973).

3.2.1.2.3 Alveolar Ventilation
Alveolar ventilation (VA) is dependent upon the respiratory rate (RR) and tidal volume (Tv)
with RR x Tv = minute volume (Mv) with suggested normal values of 15 breaths per min
(bpm) for RR and 500 ml for Tv (Johnson, 2004; Treacher & Leach, 1998; West, 2005i). The
Tv must also overcome the anatomical ‘dead space’ defined as the volume of the conducting
airways which do not participate in gas exchange (Wagner & West, 2005). Normal
anatomical dead space volume has been calculated to be approximately 150 ml, therefore
normal VA = 15 x (500-150) is approximately 5.25 L/min (West, 2005i).

3.2.1.2.4 Assessment of Pulmonary Ventilation
Clinical examination of the patient can be used to determine RR, Tv and Mv although it has
been suggested that visual recording of data is inaccurate (Cunningham, Deere, Elton, &
McIntosh, 1996). Two dated studies supported the notion that clinical assessment of Tv and
Mv were assessed poorly, often overestimated and with results not reproducible in
subsequent testing (Mithoefer, Bossman, & Thibeault, 1968; Semmes, Tobin, Snyder, &
Grenvic, 1985). Within ICU however the RR, Tv and Mv of intubated mechanically
ventilated patients is routinely assessed by the clinicians through the mechanical ventilator,
with this accurate objective monitoring often calculated on a breath by breath basis by
modern mechanical ventilators (Couchman et al., 2007; Jubran & Tobin, 1996).

Technological advances have meant that alveolar ventilation can now be accurately and
quickly assessed objectively by EtCO2 monitoring or ABG analysis. End tidal CO2
monitoring is a non-invasive measure of the exhaled CO2 concentration and is typically
displayed as a figure in mmHg or as a waveform (Howell, Curley, & Smyrnios, 2008).

In healthy individuals under normal conditions EtCO2 has a minimal difference, typically less
than 5 mmHg, from PaCO2 and can be used in place of the more invasive arterial
measurement of PaCO2 (Cook et al., 2001; Palmon, Liu, Moore, & Kirsh, 1996; Smarma,
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McGuire, & Cruise, 1995; Thrush, Mentis, & Downs, 1991). The accuracy of EtCO2 readings
is however adversely affected by conditions typically experienced in the critically ill patient
(Wahba & Tessler, 1996). These include respiratory failure, haemodynamic instability and
hypo or hyperthermia (Belpomme et al., 2005; St. John, 2004).

Arterial blood gas analysis is suggested to be the most accurate measure of gas exchange as it
directly measures the blood from an arterial sample (Hinkelbein, Floss, Denz, & Krieter,
2008; Sarge, Ritz, & Talmor, 2008). The ABG sample can provide several measures related
to oxygenation (PaO2, Hb O2 saturation), ventilation (PaCO2), acid base status (pH, base
excess) and numerous other physiological data including sodium (Na+), potassium (K+),
chloride (Cl-), calcium (Ca2+), lactate, blood glucose and bicarbonate (HCO3-) levels.
Access to an ABG allows rapid assessment of alveolar ventilation. The most serious
complication of alveolar hypoventilation is indicated by a drop in PaO2 and a rise in PaCO2
(Clapham, 1991). The ABG does however have limitations as a monitor of oxygenation and
ventilation. These limitations include that it is invasive requiring an arterial catheter insertion,
wasteful of blood if carried out unnecessarily and is non-continuous representing only the
point on time at which it was taken (Sarge et al., 2008).

Pulmonary ventilation is often assessed for adequacy whilst a mechanically ventilated patient
remains in ICU. The assessment is primarily due to the insertion of an arterial line for blood
sampling and blood pressure monitoring purposes making ABG analysis one of the most
frequently performed procedures (Fenstermacher & Hong, 2004). With pulmonary ventilation
functioning normally and assuming that sufficient O2 is able to reach the alveoli the next
stage in gas exchange, diffusion, begins to occur.

3.2.1.3 Diffusion of Oxygen
The exchange of O2 from the alveoli to the pulmonary capillaries is recognised as a complex
but efficient process (West, 2005b). Diffusion of O2 is dependent not only upon the
difference in partial pressures (pressure gradient) of O2 which exists between the alveolar gas
(PAO2) and the capillary blood (PCO2) (Calbet, Robach, Lundby, & Boushel, 2008). It also
depends upon the O2 diffusing capacity of the lungs (DLO2) (Hughes, 2007) either of which
may vary for a variety of reasons discussed later in this section.
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The diffusion of O2 and CO2 through the alveolar tissue or indeed any gas through tissue is
governed by Fick’s law of diffusion (Fick, 1855). This law states that the net diffusion rate of
a gas through a fluid membrane is proportional to the area or the membrane, the difference in
gas partial pressure between the two sides, and inversely proportional to the membrane
thickness (West, 2005b).

The diffusion process begins with venous blood from systemic tissues returning to the heart
and lungs via the pulmonary arteries with a low PO2 of approximately 40 mmHg (Ward,
2005). The pulmonary arteries begin to branch eventually forming pulmonary capillaries
surrounding the lungs alveoli (West, 2005e). The O2 passively diffuses from the alveolar air
space through the thin, 0.2 to 0.4 micrometer, alveolar wall between the alveoli and the
pulmonary capillary blood (Hughes, 2007). The diffusion process occurs down a pressure
gradient formed from area of high O2 partial pressure in the alveoli of approximately 100
mmHg to the area of lower partial pressure in the pulmonary capillaries of approximately 40
mmHg where it begins to combine with Hb (Ward, 2005).

The diffusion process is normally an efficient process and is complete, that is pulmonary
capillary blood PO2 (PCO2) = alveolar PO2 (PAO2), by the time the blood has passed about
one third of the way along the pulmonary capillary during a resting state (Ward, 2005). The
efficiency can be measured by the difference between the alveolar and arterial O2 tensions.
This is referred to as the alveolar to arterial O2 tension difference (A-aPO2) (Calbet et al.,
2008) and is discussed in greater detail later in this chapter.

Another way to measure the efficiency of the lungs to exchange gas indirectly is to undertake
a pulmonary function test measuring the surface area of lung which is present and
participating in the gas exchange process. This test occurs by use of the diffusion dependent
gas carbon monoxide (CO) and is known as the diffusion capacity for CO (DLCO) (Neas &
Schwartz, 1996). This test requires a degree of patent compliance and is usually undertaken
in a lung function laboratory requiring a single breath of test gas mixture, followed by a
breath hold for a period of time then complete expiration (Hughes, 2007). Although portable
DLCO units are available (Cremona et al., 2002), and have been used in unconscious
mechanically ventilated patients (Macnaughton & Evans, 1994), due to the need for active
patient participation during testing their use in ICU is uncommon (Johnson, 2004).
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To surmise, in a perfect lung the PO2 of end capillary blood as it leaves the alveolus would be
equal to the PO2 in the alveolus. There does exist other factors however, which may cause the
PO2 in the pulmonary veins to be less than the PAO2. These include ventilation/perfusion
(VA/Q) matching, intrapulmonary shunt, diffusion and perfusion limitations (Calbet et al.,
2008) which will be discussed next.

3.2.1.4 Ventilation Perfusion Relationships
Each lung is much more complicated than a simple homogenous gas exchange unit. There
exist both active and passive forces which influence the distribution of ventilation and
perfusion within the lung. Passive factors include anatomical differences, airway asymmetry,
heterogeneity in the formation of vascular pathways between individuals, compliance,
posture and gravitational effects (Jones, Hansell, & Evans, 2001; Kanecko, Milic-Emili,
Dolovich, Dawson, & Bates, 1966; Nyhan, 2002). Active factors include collateral
ventilation, hypoxic pulmonary vasoconstriction (HPV) and some drugs (Eisenkraft, 1990).
All of these active and passive factors may act in altering ventilation (VA) or pulmonary
perfusion (Q) to an area with the consequent effect of raising or lowering oxygenation
(Glenny, 2008).

3.2.1.4.1 Ventilation Perfusion Matching
From the preceding description of VA and Q relationships it is apparent that for any gas
exchange (O2 or CO2) to occur most efficiently across the alveolar capillary membrane there
must be both approximately equal ventilation and perfusion to an area. The relationship
between alveolar ventilation and pulmonary blood flow was first characterised by the VA/Q
ratio equation (Fenn et al., 1946; Rahn, 1949; Riley & Cournand, 1949, 1951) following a
similar wartime development process to the alveolar gas equation. The relationship between
VA and Q is expressed as the following formula,
VA/Q = 8.63 x R (CaO2-CvO2) / PaCO2
where VA is alveolar ventilation, Q is the volume of blood flowing through the lungs per
minute in litres, 8.63 is a factor relating measurement used in respiratory physiology to
standardise for barometric pressure at sea level, body temperature and saturated with water
vapour (BTPS), R is the respiratory quotient ratio of carbon dioxide production to oxygen
consumption (0.8).
82

CaO2 is arterial oxygen content, CvO2 is mixed venous oxygen content and PaCO2 is the
alveolar partial pressure of CO2 (Wagner, 2006; West, 2005a). CaO2 and CvO2 can be
calculated by using the following equation,

CnO2 = (1.39 x Hb x SnO2 / 100) + 0.003 x PnO2
where n may be; a (arterial blood) or v (venous blood), Hb is the haemoglobin concentration
in the blood in grams per decilitre, 1.39 is the volume of O2 in ml which can combine with 1
gram of Hb, also known as the Hüfner factor (Hüfner, 1877) and 0.003 multiplied by PnO2 is
the small volume of O2 which is carried in a dissolved state within the arterial or venous
blood plasma (Wagner, 2006).

It is reported that although the VA/Q equation will accurately predict arterial and mixed
venous blood gases (Idris et al., 1994) use of the equation clinically at the bedside is limited.
This limitation is due primarily to reliance upon availability of mixed venous blood samples
and computer analysis of the non linear and interdependent O2 and CO2 dissociation curves
(West, 2004).

In general, during rest, the lung has an approximately equivalent level of alveolar ventilation
as it does pulmonary blood flow of approximately 5 to 6 L/min which if expressed as a ratio
would equal a VA/Q of approximately 0.8 to 1 (Ward, 2005; West, 2005i). This ratio is not
applicable homogenously within the lungs as the active and passive factors exert a regional
effect upon the distribution of ventilation and pulmonary blood flow causing a wide range of
VA/Q ratios (West, 1962) as can be seen in Figure 14.
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Figure 14.Variation of VA/Q ratios within the lung. From West (1962, p. 895).
The variety of changes in VA/Q ratios are often represented in respiratory physiology texts at
the single alveolus level as seen in Figure 15. This figure represents the physiologically
normal alveolus labelled B with gas partial pressures of approximately 100 mmHg of O2 and
40 mmHg of CO2 and a VA/Q ratio of approximately 0.8.

Figure 15.Theoretically possible VA/Q ratios. Adapted from West (2005i, p. 64).
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If an alveolus receives no ventilation due to a blockage, as in alveolus A in Figure 15, it
follows then that the blood passing that alveolus will not participate in gas exchange. No
ventilation will result in the gas within the alveolus equilibrating with the passing mixed
venous blood lowering the VA/Q ratio to zero (Lumb, 2005d). This situation is recognised as
a form of pulmonary shunt discussed in greater detail in the following section and has the
consequent effect upon the oxygenation process of lowering PAO2 and raising PACO2 (West,
2005i).

Alveolus C describes the opposite occurring as the alveolus receives ventilation but no
perfusion. It follows therefore that PAO2 and PACO2 will be equivalent to the concentration of
inspired gas as no exchange of O2 or CO2 can occur thus raising the VA/Q ratio to infinity
(∞). Theoretically it is possible for alveoli to occupy any state between the two extremes of
VA/Q with this possibility represented by the curve from the VA/Q of zero to infinity depicted
in Figure 15.

Regional heterogeneity of VA/Q ratios within the lungs has been recognised as being of little
importance if the ratio of ventilation to perfusion is matched in each region (Ward, 2005). For
VA/Q matching to occur areas of lung with a high pulmonary blood flow will consequently
need to receive higher levels of ventilation and conversely areas receiving low pulmonary
blood flow will have a lower need for ventilation. From the preceding description of VA/Q
ratios it is therefore apparent that if matching of VA to Q does not occur gas exchange
efficiency will be impaired and reductions in oxygenation will become inevitable.

3.2.1.4.2 Pulmonary Shunt
Reductions in oxygenation from pulmonary shunt occurs as oxygenated blood having passed
through the alveolar capillaries of ventilated alveoli into the pulmonary vein and left atrium is
mixed with blood which has not participated in gas exchange, thus lowering the O2 saturation
(West, 2005i). The desaturated blood entering the pulmonary vein may arise from both
physiological and pathological shunt (true shunt) or as described earlier VA/Q mismatch
(effective shunt) (Yassin & Singer, 2007).

Physiological shunt is usually a small fraction of cardiac output, approximately 5%, which
has perfused the bronchi being returned depleted of O2 to the pulmonary veins and similarly
blood from the coronary venous circulation returning via the thebesian veins into the left
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ventricle (West, 2005i). Pathological shunt may be caused by defects which allow blood to
cross from the venous to arterial systems without participating in gas exchange. Defects
where this may occur include pulmonary arterio-venous malformations (Borrero & Zajko,
2006) or right to left cardiac septal defects (Faes, Gilles, & Kefer, 2009). Both physiological
shunt and pathological shunt will depress the PaO2 (Lumb, 2005b).
The degree of shunt may be quantified by calculation of QS/QT which is the calculated
volume of mixed venous blood that would theoretically be required to mix with the arterial
blood to produce the measured arterial hypoxemia (Takala, 2007). The measurement of
QS/QT can also be thought of as the proportion of cardiac output not being oxygenated in the
lung and is expressed by the shunt equation as follows (West, 2005i),
QS/QT = (CćO2 – CaO2) / (CćO2 – CVO2)
where QS is the blood flow through shunt, QT is total cardiac output, CćO2 is the end capillary
O2 content which itself cannot be directly measured so is replaced by PAO2 derived from the
alveolar gas equation, CaO2 is arterial O2 content and CVO2 is mixed venous O2 content
calculated as described earlier in Section 3.2.1.4.1.

An important diagnostic point for shunted blood is that oxygenation of the patient does not
improve following administration raised FiO2 (West, 2005i). The lack of response to the
raised O2 is because nowhere will the shunted blood be exposed to the higher levels of O2.
This ultimately has little effect on the already fully saturated blood passing through the
alveoli (Yassin & Singer, 2007).

In summary the relationship between ventilation and perfusion throughout the lungs can
therefore be thought of as in a dynamic state being actively matched by a variety of means in
response to the body’s requirements or demands. One of the matching processes which
continue to elicit intense debate, scientific enquiry and implication as a potential cause of
post-HBO reductions in oxygenation is the phenomenon of hypoxic pulmonary
vasoconstriction described in the next section.
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3.2.1.4.3 Hypoxic Pulmonary Vasoconstriction
The main active process for ensuring matching of VA to Q within the lungs has been viewed
for some time as the adaptive vasomotor response to alveolar hypoxia termed hypoxic
pulmonary vasoconstriction (HPV) (Staub, 1985; Voelkel, 1986; Weissmann, Grimminger,
Olschewski, & Seeger, 2001). Initial characterisation of HPV occurred with the observation
of an increase in pulmonary artery pressure associated with asphyxia in the late 1800s
(Bradford & Dean, 1894).
It was not until the mid 20th century however that HPV was described in a feline model as an
adaptive phenomenon which occurred in response to a hypoxic challenge (Von Euler &
Liljestrand, 1946). This observation led the authors to conclude that HPV may increase blood
flow to areas of lung receiving better ventilation ultimately leading to improvements in the
use of the alveolar air (Von Euler & Liljestrand, 1946).

The constriction of the pulmonary vessels is recognised to be conserved across sexes with a
difference which has been reported in animal models where males exhibit a more vigorous
HPV response (Resta, Kanagy, & Walker, 2001). This is thought to involve the relaxant
effect of female sex hormones upon vascular tone (Farhat, Lavigne, & Ramwell, 1996;
Suzuki, Nakamura, Moriya, & Sasano, 2003; White et al., 1995).

Despite a prodigious amount of research and published literature on the process of HPV the
precise mechanism/s underlying the process have yet to be described (Weissmann, 2008).
Recent hypotheses suggest that the elevation of intracellular Ca2+ in vascular smooth muscle
cells is recognised as an essential prerequisite to HPV with the rise in Ca2+ mediated via
voltage-dependent L-type channels in the pulmonary vascular smooth muscle cells due to
alveolar hypoxia (Connolly & Aaronson, 2010). This induces an inhibition of voltage-gated
K+ channels with subsequent depolarisation and vessel constriction (Archer & Michelakis,
2002; Mauban, Remillard, & Yuan, 2005; Moudgil, Michelakis, & Archer, 2005).

Despite the volume of literature published on the topic of HPV however there is currently no
unanimous view on the mechanism. Contradictory evidence exists due to factors such as
inter-species experimentation, varying in vitro and in vivo models of measuring HPV, varying
levels of pre-existing tone in pulmonary vessels and endothelial modulation of HPV response
(Nyhan, 2002).
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The HPV process may be explained as blood vessels in the lung which have adapted to
constrict and therefore reduce blood flow to areas which are receiving inadequate ventilation.
The ability of HPV to redistribute blood flow occurs via manipulation of pulmonary vascular
resistance (PVR). Hypoxic pulmonary vasoconstriction is reported to be able to increase PVR
between 50 to 300% from baseline particularly through the constriction of small muscular
pulmonary arteries (Bindslev, Jolin, Hedenstierna, Baehrendtz, & Santesson, 1985).
Vasoconstriction of pulmonary arterial blood vessels channels significant volumes of
pulmonary blood to optimally ventilated lung segments minimising VA/Q mismatch reducing
the detrimental effect of shunt and VA/Q mismatch on oxygenation (Moudgil et al., 2005).
Full discussion of the evidence surrounding HPV is beyond the scope of this thesis and
presentation of the contradictory evidence may be found elsewhere (see review Connolly &
Aaronson, 2010; Waypa & Schumacker, 2005). Furthermore although HPV significantly
contributes to improving oxygenation there are other mechanisms that the body may use to
compensate for reductions in oxygenation.

3.2.1.4.4 Compensation for VA/Q Inequality
If the measures discussed in the previous sections fail to maintain equilibrium between
ventilation and perfusion and a VA/Q inequality persists the body has three mechanisms
which may aid in compensating for the inequality: reductions in venous PO2, an increase in
ventilation and an increase in cardiac output.

3.2.1.4.4.1 Reduction in Venous PO2
This is associated with a concurrent rise in venous PCO2. The reduction occurs from a normal
venous PO2 of approximately 40 mmHg which is high enough to allow such a drop to safely
happen. The reduction, which is a tissue response to reduced O2 delivery whereby O2
extraction is increased, essentially functions as a ‘buffering’ process occurring immediately,
automatically and without requiring energy expenditure (Wagner, 2006). The reduction
whilst a compensatory mechanism does not however improve VA/Q inequality.

3.2.1.4.4.2 Increase in Ventilation
The fall in PaO2 combined in particular with the rise in PaCO2 from increasing VA/Q
inequality results in stimulation of respiratory centre chemo-receptors known as the hypoxic
pulmonary ventilation response (Laghi & Tobin, 2006). Hypoxic pulmonary ventilation
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response results in a consequent increase in respiratory volume and ventilation ultimately
leading to a normalisation of PaCO2 with some improvement in PaO2. As with the sexual
differences in HPV there also exists a sex difference in hypoxic pulmonary ventilation
response (Tatsumi, Hannhart, Pickett, Weil, & Moore, 1991). It appears that female
hormones raise hypoxic pulmonary ventilation response and ventilation in both humans and
animals (Hannhart, Pickett, & Moore, 1990; Regensteiner et al., 1989).

3.2.1.4.4.3 Increase in Cardiac Output
An increase in cardiac output occurs as a result of the arterial hypoxaemia causing adrenergic
stimulation with a subsequent rise in cardiac function and output by up to 50% from baseline
resulting in a reduction of the arterio-venous concentration difference leading to raised mixed
venous O2 and lowered mixed venous CO2 levels (Wagner, 2008).
Having examined the main components of pulmonary gas exchange including pulmonary
ventilation, O2 diffusion and VA/Q relationships the next step in an overview of oxygenation
process is to consider O2 delivery to the tissues.

3.2.2

Oxygen Delivery

The movement of O2 down a partial pressure or concentration gradient from a higher level in
air, to progressively lower levels in the respiratory tract, alveolar gas, arterial blood,
capillaries and finally mitochondrion is known as the O2 cascade (Thomas, 2004). The partial
pressure of O2 in this cascade, represented in Figure 16, ranges from approximately 159
mmHg in atmospheric air to the lowest level of between 4 to 20 mmHg in the mitochondria
(Ward, 2005).

The cascade of O2 is not solely reliant upon partial pressure gradients but as a process is also
dependent on both cardiovascular and respiratory systems functioning optimally (West,
2005c). Both of these systems are used to ensure sufficient O2 delivery (DO2) from the lungs
to meet the rate at which various tissues of the body consume the O2 (Treacher & Leach,
1998). Therefore DO2 can be defined as the total amount of O2 which is delivered to the
body’s tissues every minute regardless of blood flow distribution (Leach & Treacher, 2002).
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Figure 16. The O2 Cascade. Adapted from Yassin & Singer (2007, p. 123).
In health and under resting conditions it is acknowledged that a normal DO2 of approximately
1000 ml/min is sufficient to provide the total amount of O2 consumed by the tissues: this is
known as VO2 and is approximately 250 ml/min. (Huang, 2005). Quantifying DO2 may occur
by using the following equation (Lumb, 2005c),

DO2 (ml/min) = Cardiac output (L/min) x CaO2
from which it can be determined that the amount of O2 which can be delivered to the tissues
is a result of cardiac output which is explored in a following section and the O2 content of the
arterial blood discussed earlier in Section 3.2.1.4.1. From the above formula and those
pertaining to O2 content one can therefore extrapolate that DO2 is dependent on three factors
how much Hb is available in the blood, O2 saturation levels of the Hb and cardiac output.

3.2.2.1 Haemoglobin Concentration
It is recognised that the O2 molecule does not dissolve readily in water or blood plasma and
that an alternative transport mechanism has evolved (Yassin & Singer, 2007). In many
vertebrate species both the cardiovascular system and blood are transport mechanisms.
Oxygen carrying capacity is increased in mammals through the use of Hb, a respiratory
pigment molecule, to carry O2 to the tissues (Hameed, Airdi, & Cohn, 2003).
Haemoglobin is an iron-containing oxygen-transport metalloprotein with a high affinity for
O2. Haemoglobin is molecular structure of four globular protein subunits each comprising of
a protein chain in tight association with a non protein heme group (Ward, 2005). Each of
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those globular subunits is constructed with an iron atom (Fe2+) held in their centre thus
allowing each molecule of Hb to reversibly bind, by temporarily oxidising Fe2+ into Fe3+,
with up to four molecules of O2 (Thomas, 2004).
When all O2 binding sites in the red blood cell (RBC) are occupied this represents the
maximum amount of O2 able to be combined with the Hb and is termed O2 capacity. The
theoretical normal capacity is calculated by multiplying the Hb level in blood (normally 15
g/dL) by the amount of O2 that each gram can carry, approximately 1.39 ml, to give 20.8 ml
of O2 per dL (West, 2005c). Therefore the concentration of Hb within the blood will dictate
the amount of O2 that can be carried.
The availability of ABG analysers in the majority of critical care areas facilitates the rapid
analysis and detection of changes in blood gas elements, such as pH and PaO2, but also
measurement of the Hb concentration (Lamb, Parrish, Goran, & Biel, 1995). Use of this
method has been described as ‘point of care testing’ and comparison with standard laboratory
measures using the established Coulter counter method have reported ABG results to be
highly accurate within the critical care setting (Drenck, 2001; Harvey, 1999).

Studies comparing methods have observed a strong correlation between the two methods. In
187 cardiac surgical ICU patients there was found a high correlation (r2 = 0.97) between
ABG results and the laboratory results (Despotis et al., 1996). In 202 general surgical ICU
patients there was a similar correlation (r2 = 0.98) between the two methods (Ray, Post, &
Hamielec, 2002).

Other than the potential effect upon O2 capacity, accurate detection of the Hb concentration is
essential in a critical care setting to identify any issues such as acute anaemia from
haemorrhage,

predisposition

to

haemorrhage

prior

to

anticipated

procedures

or

haemodilutional anaemia from fluid resuscitation (Von Ahsen, Muller, Serke, Frei, &
Eckardt, 1999).

3.2.2.2 Haemoglobin O2 Saturation
The second determinant of O2 delivery is the saturation of the Hb with O2. Once the O2 has
diffused into the pulmonary capillary plasma it then diffuses into the RBC. Within the RBC
the O2 combines with Hb, to form oxy-haemoglobin (HbO2) (Clapham, 1991; Muirhead &
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Perutz, 1963). The binding of the O2 molecules is reversible and of great importance as this
facilitates the collection of O2 from the alveolus and eventual deposition at the local tissues.
As the O2 molecules become bound to the Hb an important change occurs. It is thought that
the Hb globular protein subunits can vary between one of two conformations, tense or
relaxed, with the relaxed subunits binding O2 more readily than the tense Hb subunits
(Bettati, Viappiani, & Mozzarelli, 2009). Once an O2 molecule has bound to an Hb protein
subunit this is believed to produce an allosteric change to the relaxed state (Thomas, 2004).

The implication of the allosteric change is that as the PO2 is raised the Hb O2 saturation
progressively increases due to increased, co-operative, binding with the remaining sites
(Ward, 2005). Haemoglobin O2 saturation can therefore be defined as the percentage of the
available O2 binding sites which are occupied by O2 molecules. The value may be calculated
by the following formula,

O2 combined with Hb / O2 capacity x 100
and under normal conditions this results in an O2 saturation in arterial blood (SaO2) of
approximately 97.5% and in mixed venous blood (SvO2) approximately 75% (West, 2005c).
The relationship which exists between the O2 saturation level of Hb and the PaO2 of the blood
is a result of a co-operative binding process in the Hb subunits and can be seen in the sigmoid
shape effect it produces in the oxyhaemoglobin dissociation curve in Figure 17. On the
oxyhaemoglobin dissociation curve it is possible, from the low PO2 region on the left to see
the curve begin to steepen as Hb becomes saturated with O2 as PO2 rises, eventually
flattening towards the right as all O2 binding sites become occupied.
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Figure 17. The oxyhaemoglobin dissociation curve. From Huang (2005, p. 555S).

The position of the oxyhaemoglobin dissociation curve may alter with changes in O2 affinity
causing a shift of the curve to the left or right seen in Figure 17. Shifting of the curve is due
to changes in ability of Hb to bind and release O2 due to the influence of heterotrophic
effectors such as hydrogen ion concentration (H+), temperature, 2,3-diphosphoglycerate
concentration (2-3 DPG) and CO2 levels (Yassin & Singer, 2007).
Displacement of the oxyhaemoglobin dissociation curve to the right or left has the potential
to alter DO2 through the effect upon SaO2 (Huang, 2005). As can be seen in Figure 17 the
presence of sufficient H+ ions causing acidosis or increased CO2 levels resulting in
hypercarbia causes a right curve shift. This facilitates the release of O2 from the RBC,
typically at the tissue delivery level where CO2 levels are higher and is known as the ‘Bohr
effect’ (Bohr, Hasselbalch, & Krogh, 1904).

The reverse occurs in the lungs as the lower CO2 levels in the blood following CO2 diffusion
into the alveolus causes the oxyhaemoglobin dissociation curve to shift to the left, increasing
the affinity of the Hb for O2. This is aided by the binding of O2 resulting in the Hb exhibiting
a reduced capacity to carry CO2 which is known as the Haldane effect (Christiansen,
Douglas, & Haldane, 1914). If however the curve is shifted to the left due to hypothermia,
alkalosis or reduced 2-3 DPG levels this may result in an increase of the O2 saturation of Hb
at any given PO2 potentially causing tissue hypoxia (Huang, 2005).
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With regard to monitoring of Hb saturation with O2, methods of measuring O2 tensions such
as PaO2 were introduced into clinical practice by invention of the Clarke electrode (Clark,
1956) prior to other validated clinical monitoring methods, referred to as pulse oximetry, for
Hb (SaO2) saturation (Yelderman & New, 1983). This has resulted in partial pressure
measures of O2 taking precedence as the main method for assessment of the oxygenation
status of blood (Clapham, 1991). This is despite, as can be seen earlier from the DO2
equation, that the calculation of global DO2 is less dependent upon the PaO2 of the blood than
of the SaO2.
The clinical availability and use of arterial blood samples, whilst common in the ICU patient
due to the placement of arterial catheters, is recognised as a skilled procedure requiring a high
degree of competence (Celinski & Seneff, 2008). In contrast the use of pulse oximetry,
typically designated as SpO2, is recognised as being continuous, rapid, simple to operate and
non invasive with readings being available almost immediately after a probe is placed on the
patients finger or ear (Hughes, 2007).

Pulse oximeters function by detecting and displaying as a percentage the amount O2 carrying
oxyhaemoglobin versus deoxygenated reduced Hb. The detection of the Hb in different states
is possible due to oxyhaemoglobin absorbing less red light (wavelength 660 nm) and more
infrared light (wavelength 910 to 940 nm) than deoxygenated Hb (Zijlstra, Buursma, &
Meeuwsen-van der Roest, 1991).

The accuracy of SpO2 has been extensively reported after introduction in the 1980s with
figures cited of between 1 to 2% of the actual saturation under ideal conditions (Morris,
Naim, & Torda, 1989; New, 1985; Nickerson, Sarkisian, & Tremper, 1988; Powers et al.,
1989) a figure supported by a meta analysis of 74 pulse oximetry studies (Jensen, Onyskiw,
& Prasad, 1998). When used in clinical practice on stable well perfused ICU patients pulse
oximetry has been shown to have comparable results with ABG measures (Van de Louw et
al., 2001; Webb, Ralston, & Runciman, 1991).

Although pulse oximetry is a useful and easy to use monitoring tool clinicians should be
aware that it does have several technical limitations. These limitations include a display time
lag in the oximeters response to altering saturation readings in patients with low perfusion or
hypotension, decreasing accuracy due to low flow at the probe site due to vaso-active drugs
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and hypothermia or dark coloured nail varnishes (Cote, Goldstein, Fuchsman, & Haglin,
1988; Mihm & Halperin, 1985; Severinghaus & Spellman, 1990; Tremper & Barker, 1989).

Other errors include false machine alarms due to motion artefact (Reich et al., 1996), the
inability to distinguish between other types of Hb such as carboxyhaemoglobin
(Severinghaus & Kelleher, 1992) and to a lesser extent methaemaglobin, when iron carried in
the Hb heme group is in the Fe3+ state and unable to carry O2 as opposed to the normal Fe2+
state (Schweitzer, 1991).

3.2.2.3 Cardiac Output
The third determinant in the DO2 component of oxygenation is cardiac output. Following the
important role of the lungs in facilitating the transfer of O2 from the atmosphere to the Hb,
and CO2 from the Hb to the atmosphere, the cardiac output serves as the convective process
transporting O2 to the tissues (Huang, 2005). Cardiac output is expressed as follows,
Cardiac output = SV x HR

where stroke volume (SV) and heart rate (HR) (Johnson, 2004). One can see that with a
normal cardiac output of approximately 5 L/min (Aehlert, 2005) multiplied with the
previously calculated normal O2 capacity per litre (20.8ml/dL x 100) of approximately 200
ml will result in a volume of O2 leaving the heart each minute, known as global O2 delivery,
of approximately 1000 ml.

It is important to note that this figure is representative of global delivery to the body and is
not a reflection of the amount an individual vascular bed, such as kidney, brain or intestine,
will receive (Yassin & Singer, 2007) due to the long reported phenomena of active vascular
self regulation of their blood flow and the ability to alter extraction of O2 (Matheson, Wilson,
& Garrison, 2000; O'Connor, 2006; Panerai, 2008).

Assessment of cardiac output is possible through use of the equation developed by Adolf Fick
in the 1800s (Fick, 1870). The Fick principle states that diffusion rate is proportional to the
difference in concentration. Oxygen consumption (VO2) is therefore proportional to the
difference between the arterial (CaO2) and venous (CvO2) content (West, 2005a). As the
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amount proportionality is dependent upon cardiac output the following equation will
calculate cardiac output

Cardiac output = VO2 / CaO2 – CvO2
however for this calculation to be accurate requires the existence of several conditions which
render it generally not applicable to the ICU patient. These include equal ventricular function
and an absence of respiratory variations both of which ensure a constant degree of blood flow
through the pulmonary capillaries, an absence of shunt and minimal O2 uptake in the lung
(Matthews & Singh, 2008).

Fortunately technological advances mean that there are a variety of clinically available
methods for the measurement of cardiac output. These techniques range from direct intracardiac catheterisation (Matthews & Singh, 2008) to minimally invasive methods of assessing
cardiac output and haemodynamic status such as oesophageal doppler, pulse contour analysis
and thoracic bio-impedance (Botero & Labato, 2001; Cholley & Payen, 2005; Parmley &
Pousman, 2002).

In summary it is recognised that although measurement of Hb concentration and Hb
saturation with O2 are essential aspects involved in assessment of DO2 the importance of
cardiac output measurement should be appreciated by clinicians. This is particularly pertinent
to the contribution that cardiac output has within the process of DO2 in the balance that exists
between the delivery and O2 extraction and consumption in the critically ill patient (Johnson,
2004) discussed in more detail in the following sections.

3.2.3

Oxygen Extraction

Oxygen extraction is determined by the ratio of O2 consumption to blood flow as described
by the Fick Principle described earlier in Section 3.2.2.3. The definition of O2 extraction is
the difference between the arterial and venous concentrations of oxygen (CaO2-CvO2) (Wolff,
2007). In theory the maximal amount of O2 that can be extracted is approximately 20 vol. %
although in reality extraction is approximately 15 to 16 vol. % (Tuman, 1990). In general
however there is more O2 delivered to the cells of the body than is actually used, a situation
described as ‘supply independent’ as the tissues function in an aerobic capacity (Squara,
2004).
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O2 extraction can vary globally in specific tissues and organs. The heart for example typically
extracts between 55 to 70% of the O2 delivered and the brain between 30 to 35%. Oxygen
extraction may be further raised during exercise, heart failure and anaemia or may be
decreased suggesting inadequate O2 extraction as in septic patients or cyanide poisoning
(Huang, 2005; Leach & Treacher, 2002; West, 2005c). During any variation if there is a fall
in DO2 relative to VO2 then the tissues are typically able to extract more O2 from the Hb with
a consequent reduction in the O2 saturation of mixed venous blood in order to maintain the
VO2 and aerobic metabolism (Hameed et al., 2003).
A number of human, animal and in vitro studies have demonstrated the proportional increase
in O2 extraction as DO2 decreases (Cain, 1977; Guery et al., 1999; Hanique et al., 1994;
Schumacker & Cain, 1987; Van der Linden, Gilbart, Engelman, Schmartz, & Vincent, 1991;
Van der Linden, Gilbart, Paques, Simon, & Vincent, 1993; Wolff, 2007). The increase in O2
extraction can reach a maximum value or threshold, referred to as the critical DO2 point (see
solid line in Figure 18) beyond which compensation by extraction cannot meet the demand
for O2 and is said to be ‘supply dependent’ (Leach & Treacher, 2002; Vincent, 2003). The
supply dependent situation, when sustained, may lead to tissues generating adenosine

VO2 mL/min

triphosphate (ATP) for energy within the cells from anaerobic glycolysis (Huang, 2005).

DO2 mL/min
Figure 18. DO2/VO2 relationship in healthy and critically ill patients. From Huang (2005, p.
557S)
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The VO2 / DO2 relationship and particularly the critical DO2 level have been studied in both
animal and humans with similar findings of a critical DO2 point (Ronco et al., 1993; Van der
Linden et al., 2006). It is thought that in critically ill patients, particularly those in an
inflammatory state such as sepsis, there is an alteration in the relationship between the VO2
and DO2 variables, resulting in a rightward shift of the expected values one may expect (see
dashed line Figure 18) resulting in earlier tissue hypoxia (Huang, 2005).

3.2.4

Oxygen Consumption

The fourth and final factor which has influence upon the adequacy of oxygenation is the
process of O2 consumption (VO2). Oxygen consumption can be defined as a sum of the entire
oxidative metabolic reactions which are occurring in the tissues of the body each minute
(Vincent, 2003). In healthy adults normal values of VO2 are approximately 250 ml/min and if
expressed as an index of body surface area approximately 130 ml/min/m2 (Johnson, 2004).

The ability to measure VO2 in ICU patients is suggested to be of use in detecting patient
response to clinical interventions such as active cooling, drug therapy and as an indirect
measure of metabolic stress during acute events such as myocardial ischaemia or weaning
from mechanical ventilation (Manthous et al., 1995; Miwa, Mitsuoka, Takamori, Hayashi, &
Shirouzu, 2003; Oudemans-vanStraaten et al., 1996).

Reported uses of monitoring are that lowered VO2 levels have been associated with higher
mortality, particularly during sepsis, and that earlier optimisation of the VO2 levels may
improve patient outcomes (Hayes et al., 1997; Heyland, Cook, King, Kernerman, & BrunBuisson, 1996; Kern & Shoemaker, 2002; Rivers et al., 2001). Guidelines have been
established on how best to optimise levels (Dellinger et al., 2008) although this is an issue
which requires further study (Bellomo, Reade, & Warrillow, 2008).

Oxygen consumption may be measured directly from O2 concentrations of both the inspired
and mixed expired gases or it may be calculated from cardiac output and the difference
between arterial and venous O2 contents (Leach & Treacher, 2002; Lumb, 2005c). There are
recognised to be three commonly available methods of assessing VO2: the reverse Fick
equation and two forms of indirect calorimetry, O2 loss from a known concentration/addition
to achieve a set concentration (closed circuit spirometry) and the difference of
inspired/expired O2 concentrations (open circuit spirometry or Douglas bag technique)
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(Squara, 2004). Although from the literature it appears that the measurement of VO2 is not
yet a part of standard therapy for ICU patients due to high cost (Walsh, 2003), technical
limitations (Vincent, 2003), availability and a lack of evidence (Fok et al., 2001; Light,
1988).

The need for clinicians to have an accurate and reliable measure of oxygenation to aid in
patient management has driven much of the previously described work. The measurement of
VO2 has been linked with, the previously discussed, measures of DO2 in an attempt to
provide clinicians with further information relating to the oxygenation status of their patients.

3.2.5

Summary

In relation to oxygenation as it pertains to human biology the preceding section has described
the components of pulmonary gas exchange, O2 delivery, extraction and consumption. This
information forms a prequel to understanding the evaluation of oxygenation clinically at the
bedside. It has been shown that a variety of conditions may affect oxygenation causing
hypoxaemia and ultimately hypoxia of the tissues. The need for clinicians to be able to
ascertain accurately, quickly and easily the oxygenation status of their patients, particularly in
ICU, is apparent. The following section will therefore outline the commonly reported indices
of oxygenation available.

3.3

Evaluation of Oxygenation

It has been argued that the partial pressure measure of O2, following invention of the Clarke
electrode to measure PaO2, has taken precedence as the main method for assessment of the
oxygenation status of blood (Clapham, 1991). Technological advances however continue to
research non-invasive, accurate and clinically accessible measurements relating to the various
components of oxygenation as discussed in the previous sections.

Furthermore there has been ongoing clinical interest in determining an easily calculated noninvasive bedside index of global oxygenation status. The continuing interest results from the
theory that raised PaO2 on low FiO2 is an indicator that the lungs are functioning well (West,
2005e). Evaluation of oxygenation based on the PaO2 alone however becomes problematic as
the FiO2 increases, as is common in critically ill patients (Clapham, 1991; Nelson, 1993).

99

The difficulty in using PaO2 for evaluation when FiO2 is raised has attempted to be addressed
by the development of O2 tension based indices. These indices are suggested to present a
more objective measurement of a patients oxygenation status rather than PaO2 or FiO2 alone
(Subhedar, Tan, Sweeney, & Shaw, 2000). Radiographic evaluation of pulmonary function
has also been suggested as useful with the development of a variety of radiographic criteria
relating to the descriptions of lung injury (Esteban et al., 1983; Wegenius, Erikson, Borg, &
Modig, 1984) as well as several scoring methods (Johnson et al., 1994; Murray, Matthay,
Luce, & Flick, 1988).

The search for the ideal index to represent pulmonary function is ongoing with a wide variety
of formulae or scoring systems reported in the literature. These include the previously
discussed alveolar-arterial oxygen tension difference (A-aPO2) (West, 2005g), the ratio of
arterial oxygen tension to the FiO2 (PF ratio) (Horovitz, Carrico, & Shires, 1974), the ratio of
arterial to alveolar oxygen tension (a/APO2) (Lyons, Lee, & Moore, 1965), the oxygenation
index (OI) (Hallman et al., 1985), the inverse OI (Baird, Mastropietro, & Schleien, 2006), the
respiratory index (RI) (Hegyi & Hiatt, 1979), the Murray lung injury score (Weinberg et al.,
1984) and the oxygenation factor (PaO2/FiO2 x Mean airway pressure) (El-Khatib &
Jamaleddine, 2004).

Although many indices are available to assess oxygenation and pulmonary function those
commonly used clinically include the PF ratio (Karbing et al., 2007; Oto, Levvey, Pilcher,
Bailey, & Snell, 2005), the a/APO2 (Hsu et al., 2007; Weaver & Howe, 1994), the A-aPO2
(Ratzenhofer-Komenda et al., 2007; Vogiatzis et al., 2008), the OI (Curley et al., 2006;
Sekine et al., 2004) and the Murray Lung Injury Score (Nathani et al., 2008; Perkins,
McAuley, Thickett, & Gao, 2006) each of which will be explored in turn.

3.3.1

The PF Ratio

First described in the early 1970s (Horovitz et al., 1974) the PF ratio was devised as an index
to compare arterial blood oxygenation at varying levels of FiO2 which would overcome the
limitations relating to FiO2 (Johnson, 2004). The PF ratio is identified in the literature as a
convenient and widely used index of oxygen exchange and gas exchange impairment
(Brower et al., 2000; Gould, Ruoss, Rizk, Doyle, & Raffin, 1997; Karbing et al., 2007;
Rasanen, Downs, Malec, & Oates, 1987).
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The PF ratio is calculated from the following equation

PF Ratio = Partial pressure of O2 (PaO2) / Fraction of inspired oxygen (FiO2)
with normal values cited as being 300 to 500, values of less than 250 are purported to be
indicative of significant pulmonary impairment (Horovitz et al., 1974).

The PF ratio has been used clinically to classify pulmonary gas exchange status prior to and
following experimental interventions (Adhikari et al., 2007; Amato et al., 1995; Demory et
al., 2007; Gernoth, Wagner, Pelosi, & Luecke, 2009; Piccinni P et al., 2006), quantify the
degree of lung injury through inclusion as a component in the definitions of ALI and ARDS
(Artigas et al., 1998; Bernard et al., 1994).

The PF ratio has also been used as a prognostic indicator for pulmonary related conditions
such as ARDS, post lung transplantation, pulmonary embolism (Currey et al., 2010; Hsu et
al., 2007; Oto et al., 2005) and in estimating the degree of pulmonary shunt (Cane, Shapiro,
Templin, & Walther, 1989; Covelli, Nessan, & Tuttle, 1983; Rasanen, Downs, Malec,
DeHaven, & Garner, 1988).

The relationship between the PF ratio and QS/QT has been reported as moderately to highly
correlated (Cane et al., 1989; Covelli et al., 1983; Rasanen et al., 1988; Zetterstrom, 1988).
The robustness of this relationship has however been challenged and the value of the PF ratio
as an accurate indicator of lung function is not universally accepted.

Mathematical modelling of the ratio (Kathirgamanathan, McCahon, & Hardman, 2009;
Whiteley, Gavaghan, & Hahn, 2002) and clinical measurement in patients (Oliven, Abinader,
& Bursztein, 1980; Shapiro, Cane, Harrison, & Steiner, 1980) suggests that it is not free from
the effects of FiO2 as was originally believed when first described. This has led to a suggested
range of use for the PF ratio being when FiO2 > 0.5 and PaO2 < 100 mmHg (Aboab, Louis,
Jonson, & Brochard, 2006; Gowda & Klocke, 1997; Kathirgamanathan et al., 2009; Whiteley
et al., 2002).

Both clinical measurement and mathematical modelling describe a complex relationship
between PF ratio and QS/QT which is dependent on the type and severity of the disease
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process present in combination with mechanical ventilation settings such as FiO2. All of these
factors limit the generalisation of not only the PF ratio but other O2 tension indices to wider
patient populations. The ability of the PF ratio to accurately reflect outcomes has also come
under scrutiny. In patients who have ARDS some studies initially reported the PF ratio to be
higher in the survivors (Bone et al., 1989) than in those who died (Marshall et al., 1995).
Other studies have found contradictory results with the PF ratios prognostic ability (Doyle,
Szaflarski, Modin, Wiener-Kronish, & Matthay, 1995; Krafft et al., 1996).

Lastly confusion also exists regarding the nomenclature of indices in some published papers.
The PF ratio is reported as PF or PaO2/FiO2 ratio in most contemporary literature (Karbing et
al., 2007; Prekker, Herrington, Hertz, Radosevich, & Dahlberg, 2007; Whiteley et al., 2002).
The PF ratio has also been presented as the oxygen index in others (Hsieh, Lee, Chuang, &
Ming, 1995; Nelson, 1993). For the purpose of this thesis it will be referred to as the PF ratio
throughout.

Despite these flaws the PF ratio is widely regarded as the easiest to calculate and most widely
used index of oxygenation used by clinicians in assessment, quantification of illness, severity
and guidance of treatment in patients with conditions affecting pulmonary efficiency
(Carmicheal et al., 1996; Offner & Moore, 2003; Zaccardelli & Pattishall, 1996).

3.3.2

The Arterial to Alveolar Ratio

The a/APO2 was initially developed in the early 1960s as an index of gas exchange and used
to quantify the degree of respiratory failure for patients in a shock state (Brendenberg et al.,
1969; Lyons et al., 1965). With regard to the reported variance with raised FiO2 in other
indices the a/APO2 was investigated further and reported in the early 1970s to be less affected
by variations in the FiO2 (Gilbert & Keighly, 1974). The a/APO2 is calculated from the
following formula,

a/APO2 = PaO2 / PAO2
where PaO2 is obtained from the ABG and PAO2 calculated by the alveolar gas equation
(Gilbert & Keighly, 1974). Normal values for this ratio are reported as a lower limit of
normal being 0.74 to 0.77 depending on age and that values below this are indicative of
worsening pulmonary efficiency (Gilbert & Keighly, 1974). The rationale behind this
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formula is that theory that when the PaO2 drops in relation to the PAO2, this will appear as a
decrease in the ratio reflecting an increase in QS/QT (Johnson, 2004).
Similarly to the PF ratio the a/APO2 has been reported in some experimental human and
animal studies as a pre and post indicator of pulmonary function and efficiency with O2 and
other inhalation anaesthetic gases (Covelli et al., 1983; Gowda & Klocke, 1997; Holdcroft,
Bose, Sapsed-Byrne, Ma, & Lockwood, 1999). It is also suggested to be a prognostic
outcome measure (Cohen, Taeusch, & Stanton, 1983; Hsu et al., 2007; Peris et al., 1983;
Subhedar et al., 2000), a measure of QS/QT (Cane et al., 1989; Rasanen et al., 1987) and also
appears in HBO pulmonary related research (Weaver & Howe, 1994).

Despite being reported to be less dependent upon FiO2 the a/APO2 has been reported to
exhibit characteristics of dependence as with other indices. These flaws were initially
highlighted by the original authors (Gilbert & Keighly, 1974) who purported that their initial
suggestion of the a/APO2 superior stability as FiO2 increased was not in fact accurate. They
reported that the stability was dependent on the degree of QS/QT and VA/Q mismatch,
although they did posit that even with these caveats the a/APO2 still remained more stable
than other available indices (Gilbert, Auchincloss, Kuppinger, & Thomas, 1979).

Further study of the a/APO2 has led to conflicting results with some reports finding the study
useful in characterising the course of respiratory distress syndrome (Cohen et al., 1983).
Others have suggested unreliability in raised FiO2 situations due to variation in QS/QT (Viale,
Percival, Annat, Rousselet, & Motin, 1986) and an inability to discriminate between varying
clinical situations such as changes to peripheral circulation (Johnson, 2004). The dated
evidence seems to be suggestive of the a/APO2 offering stability in both mechanically
ventilated and spontaneously breathing patients with the caveat that they are
haemodynamically stable (Peris et al., 1983).

The prognostic ability of the a/APO2 in determining patient outcomes has received limited
attention. It has been used as an index of respiratory failure in children and has been reported
to have predictive ability for adverse respiratory outcomes in children (Subhedar et al., 2000).
The prognostic ability in relation to pulmonary issues has also been recently reported in
adults with one study supporting the ratio as a predictor of mortality following pulmonary
embolism (Hsu et al., 2007).
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The relationship with the a/APO2 and QS/QT has received attention in a similar fashion to the
PF ratio. Many authors have attempted to determine whether the a/APO2 is reflective of the
QS/QT, however much of the data are conflicting. Studies have been conducted which have
reported a high correlation between the a/APO2 and QS/QT calculated from the physiologic
shunt equation in an ICU patient group (Cane et al., 1989; Covelli et al., 1983). Conversely
other studies have shown the ratio to have a poor correlation in another ICU patient group
(Rasanen et al., 1987). One study also reported that as the FiO2 was raised sequentially from
0.3 to 1.0 this resulted in changes of the a/APO2 in the opposite direction to QS/QT measured
from the physiologic shunt equation (Herrick, Champion, & Froese, 1990).

As with the PF ratio the a/APO2 has been used to represent pulmonary function and efficiency
in experimental group comparisons and has some degree of predictive ability for outcomes
related to pulmonary related conditions. It does not however appear to be supported in the
literature as an accurate and reliable measure of QS/QT.

3.3.3

The Alveolar to Arterial O2 Difference

The third index available to clinicians to assess oxygenation is the previously mentioned
alveolar arterial O2 tension difference (A-aPO2). This index is suggested to represent an
indication of the amount of VA/Q mismatch and is calculated by determination of the PAO2
from the previously discussed alveolar gas equation and subtracting from it the PaO2 (West,
2005g).

This index reflects VA/Q mismatch through quantifying the efficiency of the process within
the lungs of transferring O2 from the gas containing alveoli across and into the pulmonary
capillary blood (Johnson, 2004). In healthy individuals this difference has been reported to be
0 to 4 mmHg (Hughes, 2007; Wagner et al., 2002). The value in this index is the theory that
as VA/Q inequality increases there is a rise of PAO2 as alveolar O2 is not removed from the
alveoli. The VA/Q inequality results in a reduction in PaO2, as arterial supply of O2 is reduced
which taken in combination with the raised PAO2 is represented as an increase or widening of
the A-aPO2 value (Wagner, 2006).
The accuracy of the A-aPO2 as an index of oxygenation was investigated extensively in the
1980s with some reports in the literature of a moderate correlation between A-aPO2 and the
more accurate but clinically difficult to calculate QS/QT index (Cane et al., 1989; Covelli et
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al., 1983). Other studies have however shown over half of the calculated A-aPO2 values were
not accurate in their representation of QS/QT (Wallfisch, Tonnesen, & Huber, 1981) with
some results opposite to the calculated QS/QT (Keefer, Barash, & Kay, 1981).
Contemporary consideration of the A-aPO2, due to the effect of FiO2 and alveolar CO2 levels
on the equation, is that its use in routine clinical practice is limited. This is primarily by the
inability of the index to discriminate between the severity of varying clinical scenarios seen
in ICU such as exacerbation of asthma, pulmonary emboli and ARDS typically seen in
critically ill patients (Hughes, 2007; Johnson, 2004; Kathirgamanathan et al., 2009; Wagner
& West, 2005).

3.3.4

The Oxygen Index

The last of the four indices is the oxygenation index (OI). This index was developed in the
late 1980s within paediatric intensive care units as a mean of assessing pulmonary response
in clinical experiments (Bartlett et al., 1986; Hallman et al., 1985). Since then it’s use has
been expanded and has been used to titrate and wean mechanical ventilation (Curley &
Fackler, 1998), as an indicator of lung function in paediatrics and as a guide to requiring extra
corporeal membrane oxygenation therapy (Bartlett et al., 1986; Ortiz, Cilley, & Bartlett,
1987).

The OI comprises of some components from previous indices, such as PaO2 and FiO2, but
also includes mean airway pressure (MairP) typically measured clinically as a parameter
through the mechanical ventilator (Haitsma, 2007). Calculation of the OI is as follows (Clark,
Kueser, & Walker, 2000).

OI = MairP / (PaO2 / [FiO2 x 100])
The benefit of including mean airway pressure in the formula for OI is that it incorporates a
measure of the ventilatory support that is missing in the previous discussed indices (Trachsel,
McCrindle, Nakagawa, & Bohn, 2005). This is suggested to improve the ability of the index
as an indicator of lung function through the correlation mean airway pressures have with
PaO2 and the haemodynamic status of the patient (Marini & Ravenscraft, 1992).
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Mean airway pressure as a variable in the formula is important because the airway pressure of
patients, in both adults and paediatrics, appears to be a significant determining factor in their
outcome (Greenough, Dimitriou, Prendergast, & Milner, 2008; Petrucci & Iacovelli, 2007).
The use of mean airway pressure in the formula of the OI has been suggested to make it a
superior monitoring index of oxygenation for those patients who are intubated and receiving
mechanical ventilation (Sekine et al., 2004).

Normal values are not well described in adult literature primarily being reported in paediatric
ICU patients. One studies has published OI results in an adult population with values in postoperative ventilated patients (M = 5.6, SD = 7.7) (Sekine et al., 2004). Another study
presented a statistically significant difference (p = 0.001) in OI values for adults who
survived an episode of acute lung injury (M = 8.2 to 14.7) compared with those who did not
survive (M = 9.3 to 23.1) (Gajic et al., 2007).

Whilst the literature available for the OI as an indicator of lung function has been
predominantly based on paediatric populations, there is a limited amount of research
incorporating the OI into adult studies. Examples where the OI index has been used in adult
research include in the evaluation of ARDS (Fort et al., 1997; Marini & Ravenscraft, 1992)
and predicting outcomes related to pulmonary conditions (Fiser et al., 2001; Gajic et al.,
2007; Monchi et al., 1998; Sekine et al., 2004).

One study exploring OI as an outcome measure demonstrated that raised values over 30 in
the 24 hour period following a lung transplant was an early predictor of severe respiratory
failure (Fiser et al., 2001). This finding is supported by other studies examining OI, one in the
post lung transplant period which reported the OI trend in the post operative period
correlating statistically significantly (p = 0.003) with 30 day mortality (Sekine et al., 2004).
Another study found a statistically significant difference (p = 0.001) related to OI at day three
between those patients with acute lung injury who survived and those who did not (Gajic et
al., 2007).

Although the OI has been considered to be reflective of pulmonary function there appears to
be limited study of the relationship with QS/QT. At the time of writing, no studies were able
to be identified with these two variables correlated. It may be reasonable to suggest that given
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one of the variables used in calculation of the OI is the PF ratio, the caveats surrounding the
OI as a predictor of QS/QT may apply.
Similarly to the previously discussed O2 tension indices OI has been used as an indicator of
pulmonary function and efficiency primarily in paediatric, but increasingly in adult
experimental group comparisons. The OI has some reported degree of predictive ability for
outcomes related to pulmonary related conditions and presently does not appear to be
supported in the literature as reflective of QS/QT.

3.3.5

The Murray Lung Injury Score

The last measure of oxygenation ability is a scoring system developed to gauge any lung
damage which may contribute to reductions in O2 efficiency. The Murray lung injury score
was initially developed to characterise the degree of acute pulmonary damage in a population
of septic patients and monitor for any improvement or worsening of their condition
(Weinberg et al., 1984).

The initial scoring system was subsequently modified for use in attempting to better define
ARDS and now consists of a four point scoring grid presented in Table 2. This system
attributes numerical values to several pulmonary related factors including infiltration or
consolidation on CXR, PF ratio, level of PEEP and pulmonary compliance if available
(Murray et al., 1988). Each of the attributes receives a score and a final value is obtained by
dividing the sum of the scores by the number of components used.

A score of zero is indicative of no lung injury, 0.1 to 2.5 mild to moderate lung injury and a
score above 2.5 severe lung injury predictive of a complicated clinical course typically
requiring prolonged mechanical ventilation support (Heffner, Brown, Barbieri, Harpel, &
DeLeo, 1995). The scoring system has been described to have less clinical usefulness in the
initial period following injury due to a lack of predictive value (Doyle et al., 1995). It is
however often used as a comparative method for pulmonary injury or function (Nathani et al.,
2008; Perkins et al., 2006).
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Table 2. Murray lung injury score.
1. Chest roentgenogram score
No alveolar consolidation
0
Alveolar consolidation confined to 1 quadrant
1
Alveolar consolidation confined to 2 quadrants
2
Alveolar consolidation confined to 3 quadrants
3
Alveolar consolidation in all 4 quadrants
4
2. Hypoxemia score
PaO2/FiO2
0
≥ 300
PaO2/FiO2
225-299
1
PaO2/FiO2
175-224
2
PaO2/FiO2
100-174
3
PaO2/FiO2
4
< 100
3.PEEP score (when ventilated)
PEEP
0
≤ 5 cmH2O
PEEP
6-8 cmH2O
1
PEEP
9-11 cmH2O
2
PEEP
12-14 cmH2O
3
PEEP
4
≥15 cmH2O
4. Respiratory system compliance score (when available)
Compliance
0
≥ 80 ml/cm/H2O
Compliance
60-79 ml/cm/H2O
1
Compliance
40-59 ml/cm/H2O
2
Compliance
20-39 ml/cm/H2O
3
Compliance
≤ 19 ml/cm/H2O
4
Note: The final value is obtained by dividing the aggregate sum by the number
of components that were used.

3.3.6

Summary

This section has described some clinical measures of oxygenation other than PaO2 or Hb
saturation levels. The use of such measures occurs frequently in clinical trials relating to
respiratory failure as part of the selection criteria or to compare respiratory status between
groups. They are also applied in clinical practice to gauge progression of disease or efficacy
of therapy. The ideal non-invasive calculated index of oxygenation however has not yet been
described therefore clinicians must be aware of the limitations when applying and
interpreting O2 tension indices.

3.4

Conclusion

This chapter has built upon the literature review by describing the three main components of
normal oxygenation; pulmonary gas exchange, O2 delivery, extraction and consumption.
Furthermore this chapter presented some of the common indices used clinically to assess
oxygenation. An understanding of both the components and measurement of oxygenation are
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required prior to discussion of the methods employed in this study to test the hypotheses
generated in Chapter 2.
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4.0 Methods

4.1

Introduction

The preceding literature review in Chapter 2 was used to develop an understanding of postHBO reductions in oxygenation. Chapter 3 presented the components and evaluation of
oxygenation. This chapter describes in detail the single centred, prospective and
observational time-series design of this study and is organised around four major topics.
These are firstly subjects who participated in the study, secondly the research design, thirdly
the research procedures and fourthly data analysis.

4.2

Subjects

A retrospective review was undertaken by the researcher of the prospectively completed
internal HBO patient management database. This review identified approximately 25 to 30
patients per year who would meet the study inclusion criteria outlined in Section 4.2.2.1. This
figure met the statistical power requirements for the study discussed further in Section 4.2.4
within an appropriate time frame for the study.

4.2.1

Ethical Considerations

This study involved only analysis of information routinely collected for clinical care as
outlined in Section 4.5.1. The ethical review by the study hospital research and ethics
committee (HREC) (Appendix B), La Trobe University HREC (Appendix C) and an opinion
from the office of the public advocate (Appendix D) therefore determined that it was not
necessary to seek informed consent from either the patient or family. Approval by the HREC
granted the researcher permission to access the ICU data.

All patients enrolled in this study had an altered conscious state which was not expected to
improve in the short term. Furthermore once the patient regained the capacity to consent, for
example extubated or no longer mechanically ventilated, they would no longer be eligible for
inclusion in the study. Ongoing consent was therefore not sought as there were no plans for
future follow up and this was a short term study only.
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When the researcher explained the purpose of the study to the relatives of one patient they
stated that they did not wish their relative to participate. Although ethical approval did not
require their consent the researcher as a health professional felt obliged to respect their
wishes and data were not be collected and the patient not included in the study as listed in
Section 4.2.2.1.

The ethical determination not to obtain informed consent to conduct this study provided a
unique opportunity for capturing data. The majority of HBO treatments monitored included
the first session of HBO administered to the patient. This would allow for a previously
unreported comparison of the first and subsequent treatments exploring if any adaptive
response occurs with post-HBO reductions in oxygenation.

4.2.2

Recruitment

Intubated ICU patients referred for HBO treatment were prospectively identified by the
hyperbaric consultant or registrar on duty. Out of hours and weekend referrals were identified
by the hyperbaric registrar and consultant on call respectively. Following identification of a
patient, notification to the researcher occurred by telephone. On arrival the researcher
documented demographic and admission data, the project monitoring equipment was
connected and baseline data were recorded.

4.2.2.1 Inclusion Criteria
To be eligible for the study patients were required to be:

- Intubated;
- Ventilated;
- Receiving HBO as part of their therapy.

Over the study period 31 patients meeting the inclusion criteria were treated in the hospital.
Reasons for non-enrolment of six eligible patients included:

- Incomplete data collection due to extubation or death during the post-HBO monitoring
period in three patients;
- Eligible but not accessible to the researcher patient through failure of the notification
process in two patients;
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- Next of kin refusal to participate in one patient.

4.2.2.2 Exclusion Criteria
Patients and data collected from treatments were excluded from the study if:

- The patient was less than 18 years of age as ethical approval was granted only for adults;
- Logistics of care made data collection impractical and therefore potentially incomplete: for
example transfer from or to theatre prior or following HBO treatment, direct admission to
the hyperbaric unit from the emergency department bypassing ICU.

4.2.3

Demographics

The study sample comprised of mechanically ventilated ICU patients referred for HBO from
November 2007 to November 2008 in one metropolitan teaching hospital in Melbourne,
Australia. This equated to data collection from 61 of the 171 HBO sessions delivered to the
25 patients (10 Women, 15 Men) mean age 56 years (SD = 13 years) enrolled over the 12
month period. Although patients typically received multiple HBO sessions, data were
gathered from between two to three sessions per patient based on availability of both patient
and researcher.

Of the 25 enrolled patients 17 (68%) were diagnosed with a necrotising soft tissue infection.
Of these two (8%) had Fournier’s gangrene, two (8%) clostridial myonecrosis, one (4%)
clostridial cellulitis. The remaining 12 (48%) had necrotising soft tissue of other forms,
mostly necrotising fasciitis. In four (16%) patients the indication was anaerobic septicaemia,
two (8%) presented with acute soft tissue ischaemia/oedema, one (4%) with arterial gas
embolism, and one (4%) to facilitate wound healing. The individual data for each patient are
presented in Table 3 and represent a typical cross section of reasons for HBO referral.

112

Table 3. Demographic overview of study sample.

Patient
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Sex

Age

HBO Referral Reason

M
F
M
F
M
M
M
M
F
M
F
F
M
M
M
M
M
F
M
M
M
F
F
F
F

42
53
47
56
78
58
47
76
65
65
69
39
76
66
37
39
38
66
56
51
49
40
76
64
56

Necrotising Infection
Anaerobic Septicaemia
Necrotising Infection
Necrotising Infection
Necrotising Infection
Necrotising Infection
Necrotising Infection
Clostridial Myonecrosis
Wound Healing
Necrotising Infection
Necrotising Infection
Acute Ischemia / Oedema
Necrotising Infection
Fournier’s Gangrene
Anaerobic Septicaemia
Necrotising Infection
Necrotising Infection
Fournier’s Gangrene
Acute Ischemia / Oedema
Anaerobic Septicaemia
Necrotising Infection
Clostridial Myonecrosis
Arterial Gas Embolism
Clostridial Cellulitis
Anaerobic Septicaemia

Ventilated HBO
Treatments
11
11
2
10
7
2
6
9
11
7
7
9
6
4
7
2
3
8
9
10
7
9
2
5
7

One HBO referral reason not however seen in Table 3 is acute carbon monoxide poisoning.
This is a very common source of ventilated patient treatments with HBO being recognised by
many countries as part of standard care (Ratzenhofer-Komenda et al., 2006). The study
hospital is an institution which ceased treatment of carbon monoxide poisoning with HBO as
a result of conducting a clinical trial which failed to show benefit and has not resumed since
(Scheinkestel et al., 1999).

Table 4 describes the ICU demographics of patients enrolled during this study. On admission
to ICU the mean Acute Physiology and Chronic Health Evaluation (APACHE II) severity of
disease classification system score was gathered. The APACHE II score is generated from a
range of clinical markers such as blood pressure, oxygenation and temperature was 16 (SD =
6) which is interpreted as a 25% risk of death within ICU (Knaus, Draper, Wagner, &
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Zimmerman, 1985). Upon death or leaving ICU the mean length of mechanical ventilation
was 219 hours (SD = 157 hours) with a mean length of ICU stay of 10 days (SD = 8.5 days).
During the study two patients (8%) died.

Table 4. ICU demographics of study sample.

4.2.4

ICU
Mortality

APACHE II
Score

No
No
No
No
No
No
No
Yes
No
No
No
No
No
No
No
No
No
No
No
Yes
No
No
No
No
No

10
10
8
14
28
10
21
16
12
14
17
24
21
18
14
8
14
10
14
28
17
16
21
14
17

Length of
Mechanical
Ventilation (h)
148
271
19
390
162
166
127
475
116
200
219
741
130
142
141
13
88
434
320
230
168
233
119
200
185

Length of
ICU Stay
(days)
9
13
3
14
7
8
11
8
2
7
11
3
7
11
6
3
4
18
14
46
7
11
5
10
11

Sample Size and Statistical Power

Statistical determination of an appropriate sample size is an important consideration in
designing a research study and is dependent upon three factors; effect size, power and
significance level (Duffy & Jacobson, 2005) each of which will now be discussed in relation
to the design of this study.
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4.2.4.1 Effect Size
The effect size measurement is an important statistic to be aware of and have calculated
(Cohen, 1988; Munro, 2005a; Rosnow & Rosenthal, 1996; Rosnow, Rosenthal, & Rubin,
2000). Use of the effect size statistic allows fair comparison across potentially varying
experimental paradigms (Thalheimer & Cook, 2002).

Current literature or retrospective database searches can often be referred to for an estimate of
the anticipated effect size (Duffy, Munro, & Jacobson, 2005; Thalheimer & Cook, 2002). The
limited literature, discussed previously in Chapter 2, presented the effects of HBO and the
subsequent post-HBO reductions in oxygenation. These studies describe an approximate
reduction of between 20 to 24% in oxygenation as measured by PaO2 prepared on data
derived from approximately 11 patients per study (Ratzenhofer-Komenda et al., 2007;
Ratzenhofer-Komenda et al., 2003).

The generation of effect sizes from previous published work (Ratzenhofer-Komenda et al.,
2007; Ratzenhofer-Komenda et al., 2003) to compare with this study was unable to be
completed for two reasons. Firstly calculation of the effect size statistic (d) requires
information not published by Ratzenhofer-Komenda and colleagues in either of their studies.
These were the mean pre-treatment condition (Xt), mean post-treatment condition (Xc) and
standard deviation of the means (SD) to enable the effect size calculation (d = [Xt-Xc]/SD)
(Thalheimer & Cook, 2002).

Secondly statistical advice sought by the researcher regarding the existing published repeat
measures studies suggested that there was no best way to calculate an effect size for repeat
measures studies and furthermore it would be advisable to adopt a conservative approach by
just examining the final difference in the values of interest (Bailey, personal communication,
2 April, 2007). Lastly the ICU database of HBO treatments did not store PaO2 or FiO2 values
to enable calculation of an effect size.

4.2.4.2 Power and Significance Level
Calculation of power was achieved from an online statistical general power analysis program
(Erdfelder, Faul, & Buchner, 1996) and verified by hard copy tables (Kraemer & Thiemann,
1987). If the 12 months of data collection resulted in 25 patients, as outlined in Section 4.2,
this equated to the study having an 80% power to detect a difference between any two time
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points equivalent to 80% of one standard deviation (SD) with a two-sided p value of 0.05
(Erdfelder et al., 1996). A power of 80% is widely viewed as an acceptable level in health
care research (Duffy & Jacobson, 2005) as is a p value of 0.05 (Glasziou, Vandenbroucke, &
Chalmers, 2004; Scott, 2007).

An often used property of the normal distribution curve is the approximately 95% probability
that a variable which is normally distributed will be between two standard deviations plus and
minus the mean (Kirkwood & Sterne, 2003). From this probability it can be calculated (95 /
4) that one standard deviation would be equivalent to approximately 24% in a normally
distributed outcome.

Given this study has the power to detect a difference to 80% of one standard deviation, this
equates to an ability to detect approximately a 19% difference between the measured time
points which is sufficient to detect the minimum final difference reported by current literature
(Ratzenhofer-Komenda et al., 2007; Ratzenhofer-Komenda et al., 2003). These sample size
power calculations were further discussed and verified by the senior statistical consultant
attached to the hospital used in this study. The advice received was that the addition of the
extra repeat measures would ensure that the statistical power would be greater than the
conservative estimates generated (Bailey, personal communication, 2 April, 2007).

Whilst these sample size calculations were based on an assumption of the normality of
distribution, data will be assessed in the following chapter for normality and, if necessary
transformed by square root, log or inverse transformation (Tabachnick & Fuidell, 2001) to
meet statistical test assumptions (Duffy & Jacobson, 2005). It was anticipated that differences
from baseline would be well approximated by normal distributions as a fundamental property
of distributions is that one value subtracted from another has an increased likelihood of
following a normal distribution (Bernoulli, 1713).

4.3

Research Design

This study was constructed as a single centred, prospective and observational time-series
design. To best answer the research questions, keeping within the scope of the thesis, the
design was modified to incorporate sequential, single patient, repeat measurements. The time
series experimental design is described as characteristically involving periodic measurements
on a group or individuals. This allows comparison of an experimental change such as HBO
116

into the time series of measurements (Campbell & Stanley, 1963). The design is outlined
earlier in Figure 4.

The data collection protocol used in the current study involved a baseline series of
measurements. The structure and timing of the periodic measurements was based on a
repeated measure design data collection protocol previously described in the literature
(Ratzenhofer-Komenda et al., 2007). Measurements were taken prior to leaving ICU for the
hyperbaric unit, during HBO, upon return to ICU and at 1, 2, 3 and 6 hours after the HBO
treatment. Complete lists of variables are presented in Tables 5 to 10 with rationale for their
collection discussed in the following section.

4.3.1

Rationale for Research Design

It is a common belief held by many clinicians, in particular those who specialise in critical
care, that randomised control trials (RCTs) through their removal or minimising of bias have
become the ‘gold standard’ in providing evidence for the evaluation of the effectiveness of
treatments and other interventions used in practice (Black, 1996; Brochard, Mancebo, &
Tobin, 2003; Dreyfuss, 2004). However RCTs are suggested as being unable to answer every
question about an intervention (Scales, Norris, Peterson, Preminger, & Dahm, 2005).

Scales and colleagues (2005) suggest that observational studies are better suited to detect rare
or adverse effects of a treatment further noting that the observational study is more likely to
indicate that which is achieved in everyday clinical practice. There is further argument that
before expensive and time consuming controlled experiments should even be considered,
quality epidemiologic and descriptive studies should be undertaken to guide trial design
(Nicholson et al., 2003; Pocock & Elbourne, 2000).

It has been suggested that observational or physiological study designs may have improved
the medical management of critically ill patients more than evidence gained from RCTs
(Dreyfuss, 2004). The heuristic nature of observation and physiological studies often provide
the theoretical and empirical underpinning of RCTs. The hypotheses and strategies that
emerge from observational and physiologic studies can provide core independent variables to
be tested in the RCT.
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For example, the observations that transient periods of limb ischemia can result in myocardial
conditioning (Birnbaum, Hale, & Kloner, 1997; Kharbanda et al., 2002; Oxman, Arad, Klein,
Avazov, & Rabinowitz, 1997; Przyklenk, Bauer, Ovize, Kloner, & Whittaker, 1993) has
provided the reasons to conduct trials testing the clinical outcomes of applying preconditioning strategies (Ali, Callaghan, & Lim, 2007; Cheung, Kharbanda, & Konstantinov,
2006; Jadhav et al., 2010; Wang et al., 2010; Yogaratnam et al., 2010). Further support of this
viewpoint may be seen in the high percentage of observational research published in some
clinical speciality journals (Funai, Rosenbush, Lee, & Del-Priore, 2001; Scales et al., 2005).

The question or questions being asked should also determine the appropriate research
approach to be used (Sackett & Wennberg, 1997). The research design of this study was
further guided by several factors such as the hyperbaric unit was the only ICU capable unit in
the state, the researcher had access to the unit and participants and the ability of patients to
act as their own controls which maximises efficiency (Shaughnessy, 2006).

4.4

Research Procedures

The data collection was designed so as to make use of routine data recording procedures with
minimal impact on clinical care staff and no requirement for specific additional information.
The collection procedure followed for data collection involved the following seven phases:

- Equipment set up;
- Initial patient data collection;
- Arterial blood gas sampling;
- Mechanical ventilation data collection;
- Transportation data collection;
- Hyperbaric data collection;
- Post hyperbaric data collection.

Wherever possible data were automatically collected from existing computerised monitoring.
Where this was not possible data, such as the researcher notes of observations related to
transport events or ABG results transcribed from laboratory records, were transcribed to
paper form. All data were collected as described in the following sections. The usual amount
of time required for one seven phase observation session from baseline recording of data to
the final ABG at 6 hours following HBO treatment was 9 hours.
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4.4.1

Equipment Setup

Pre-study testing of the computerised capture of respiratory data from several different
mechanical ventilators found that the internal clock of the ICU mechanical ventilators
(Puritan Bennett 840, Tyco Healthcare, Pleasanton, CA) was often not set to Australian
Eastern Standard Time (AEST). This was also discovered to be the case in the time stamps
applied to the arterial blood gas machine results (RapidLab 1265, Bayer HealthCare AG,
Leverkusen, Germany) and the ICU bedside monitors (Intellivue MP70, Koninklijke Philips
Electronics, N.V).

Discrepancies in the time stamps from the equipment used was found to range from several
minutes to several hours and would affect the comparison of ABG results with physiological
and mechanical ventilation parameters. It was determined that a process of synchronisation
would be required between results. The synchronisation process represents an example of the
neither unintended nor predictable quality improvements associated with conducting high
quality clinically-based observational studies.

Following notification and recruitment of an available patient and prior to the initial
collection of data for each monitored HBO treatment, the portable laptop used for mechanical
ventilator data collection (IBM Thinkpad T30, IBM, Ormonk, NY) was synchronised with
AEST from a commercial website (GMT, 2007). The time from this website is synchronised
automatically every 300 seconds to a Network Time Protocol (NTP) accurate to within 1
second.

The accurate laptop time was then used throughout the data collection episode as the ‘real
time’ on which the data collection time points were based. The discrepancies found in the
ventilator, ABG machine or ICU monitor time stamps were noted on the paper data collection
tool prior to baseline readings being taken. Compensation for these inaccuracies was
achieved by a plus or minus calculation run through the relevant data entry column in the
electronic spreadsheet prior to analysis.

4.4.2

Initial Data Collection

Following laptop synchronisation with AEST the patient and attending professional health
workers were visited by the researcher. The study was explained to the ICU nurse(s) caring
for the patient and any relatives, if present, and the laptop was connected to the ventilator via
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an RS323 cable. Initial baseline demographic data parameters were also collected from the
patient medical record. Baseline demographic data collected included patient information
such as age, sex, medical history, APACHE II score and reason for HBO referral. A complete
list of variables, operationalisation, relevant system, level and units of measurement are
presented in Tables 5 to 10.

All ICU patients had a daily CXR usually prior to their HBO session. This was undertaken
for the purpose of daily assessment by ICU clinicians of lung appearance as well as
placement of invasive equipment such as endotracheal tube, nasogastric tube and central
venous catheters. To incorporate data from the CXR a reporting form, listed in Appendix E,
was developed for the purpose of this study.

The CXR was viewed and the reporting form completed by a consultant radiologist with ICU
radiological interpretation experience who was blinded to the HBO treatment number the
patient had received. Development of the reporting form occurred in conjunction with HBO
specialist and ICU medical input to ensure data which had potential to impair oxygenation, as
determined from the CXR (Bernard et al., 1994; Meade et al., 2000; Murray et al., 1988), was
included in the analysis.

The data included are identified in other CXR scoring and reporting systems as potential
causes of impaired oxygenation. These include pulmonary infiltrates or effusions, atelectasis,
alveolar consolidation, barotraumas (air leaks), malposition of intrathoracic lines and
malposition of artificial airways, (Bernard et al., 1994; Murray et al., 1988; Rubenfeld,
Caldwell, Granton, Hudson, & Matthay, 1999; Russell et al., 1999). At the point of the
literature review this study was novel in applying a reporting form to CXR examinations for
the purposes of data analysis in relation to post-HBO reductions in oxygenation.

When the treatment time for the HBO session was confirmed the baseline physiological data
were recorded 15 minutes prior to any preparation of the patient for transport to the
hyperbaric unit. Typical transport preparation consisted of actions which could potentially
alter oxygenation such as suctioning, patient movement or changeover to the transport
mechanical ventilator. Data were collected at this time to minimise any transport preparation
interventions on ABG results or other physiological data.
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4.4.3

Arterial Blood Gas Sampling

Standard aseptic procedures were followed to take blood samples for gas analysis from
arterial catheters of the patients at the required time points. Blood was freshly drawn into a 3
ml heparinised (70 IU) syringe (Rapidlyte, Bayer, Healthcare AG, East Walpole, MA). All air
was expelled prior to capping the syringe and mixing the blood by rotation between the palms
of the hands to disperse the heparin. The sample was then immediately taken to the same
local blood gas analyser (RapidLab 1265, Bayer HealthCare AG, Leverkusen, Germany) for
testing.

As discussed earlier in Section 4.4.1 timing of the ABG was based on the ‘real’ laptop time
and occurred at baseline, during HBO at the midpoint of the treatment table 45 minutes after
achieving target pressure, on return to ICU 10 minutes after connection to the ICU
mechanical ventilator, then at 1, 2, 3 and 6 hour intervals. Physiological and mechanical
ventilation parameters were also taken at the data collection points described above. Analysis
of the accuracy of achieving ABGs at these time points is explored in the following chapter.

The blood gas analyser was calibrated according to the manufacturer’s specifications. The
calibration procedures termed Automatic Quality Control (AQC) included a single point
calibration (adjustment of the electronic response of an electrode to a single standard) every 4
hours and a two point calibration (adjustment of the electronic response of an electrode to
two different standards) at 8 hours. Automatic quality control was carried out automatically
according to a pre-programmed timetable. Any sensor which failed AQC at one or more
levels would be disabled by the analyser until the errors were resolved.

4.4.4

Mechanical Ventilation Data Collection

During the study all patients were mechanically ventilated in the ICU by a Puritan Bennett
ventilator (Puritan Bennett 840, Tyco Healthcare, Pleasanton, CA). Transport mechanical
ventilation was by either the PB840 ventilator itself or by the Drager Oxylog 3000 (Draeger
Corp, Lübeck, Germany) matched to the ICU setting of tidal volume, respiratory frequency,
PEEP, ventilation mode and I:E ratio with a FiO2 of 1.0. Mechanical ventilation during HBO
was achieved by one of two Servo 900C ventilators (Siemens-Elema, Solna, Sweden)
matched to the ICU mechanical ventilation settings as above.

Neither the Oxylog nor the Servo ventilators have provision for additionally humidified gas.
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It is recognised that changes in airway humidity can have potentially deleterious effects on
gas exchange (Branson, 2006; Lemmens & Brock-Utne, 2004; Prat et al., 2003). The standard
transport practice with the Oxylog 3000 and during the HBO treatment therefore included the
use of an in-line heat moisture exchanger (HME) (Hygrobac”S”, Mallinckrodt DAR,
Mirandola, Italy).

Heat moisture exchangers were used for all transports and hyperbaric treatments during this
study. The use of HMEs has been studied and is considered equivalent with routine
mechanical ventilation circuit humidification (Nakagawa et al., 2000). Humidification levels
during transport and hyperbaric treatment were therefore not measured as their potential to
contribute to changes in gas exchange seemed unlikely.

Collection of mechanical ventilation data from the PB840 ventilator prior and post-HBO
occurred directly and electronically by transfer from the mechanical ventilator
communication port via an RS232 DB9 cable. The RS232 cable was connected to a laptop
(IBM Thinkpad T30, Ormonk, NY) which queried the ventilator at 1 minute intervals using a
serial port data management program (AGG Software, 2007). A full list of the mechanical
ventilation parameters recorded is included in Table 8. The mechanical ventilator data during
the HBO treated was collected manually on the paper data collection tool following
connection to the Servo 900C mechanical ventilator and again at the midpoint of the
treatment table 45 minutes after achieving target pressure.

4.4.5

Transportation Data Collection

During the transportation of the patients no monitoring of transport mechanical ventilation
data was possible. The transportation phase of the treatment was therefore observed by the
researcher to detect and document any episodes of reductions in oxygenation and identify
possible causes.

The identification of any event which had the potential to affect oxygenation during
transportation was detailed using the Hyperbaric Adverse Transport Event (HATE) form in
Appendix F and noted as a clinical course abnormality. The HATE form was developed for
the purpose of this study by an expert group consisting of an experienced ICU-HBO nurse, an
ICU consultant and a hyperbaric consultant. Data collected was based on transportation
guidelines (American Association for Respiratory Care, 2002a; Australasian College for
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Emergency Medicine et al., 2003; Intensive Care Society, 2002) and recent literature
(Gillman et al., 2006; Warren, Fromm, Orr, Rotello, & Horst, 2004 ) to capture any event
which may impact upon oxygenation during the time the patient is away from the ICU.

Causes for adverse events encountered by transported mechanically ventilated patients
identified through local clinical knowledge and the professional literature include mechanical
ventilation failure, infusion pump or associated equipment failure, ventilator disconnection
and endo-tracheal tube dislodgement (Carson & Drew, 1994; Evans & Winslow, 1995; Hurst
et al., 1992; Smith et al., 1990).

The patient was prepared for transport to the hyperbaric unit as per the study hospital
standard practice with the patient breathing a FiO2 of 1.0. (Bayside Health, 2006). This
project coincided with an ICU patient transport practice improvement initiative involving the
use of a transport mechanical ventilator (either a dedicated transport mechanical ventilatorDrager Oxylog 3000 or the PB840 ICU mechanical ventilator) for all intra-hospital
transports. This superseded previous practice of using a self inflating bag for the duration of
the transport. During the change from ICU to transport mechanical ventilators PEEP was not
maintained or any lung expansion recruitment manoeuvre applied to the patient.

4.4.6

HBO Data Collection

On arrival at the hyperbaric unit the patient transfer process occurred which involved a
changeover to hyperbaric monitoring equipment and mechanical ventilation. Following
changeover to the hyperbaric mechanical ventilator an ABG was taken after 10 minutes to
ensure adequacy of mechanical ventilation prior to the HBO treatment. At this point there
were additional hyperbaric specific data gathered.

The data included HBO treatment table type and the ABG results whilst connected to the
Servo 900C mechanical ventilator prior to compression and again at the midpoint of the
treatment table 45 minutes after achieving target pressure. Furthermore as there were two
different hyperbaric compatible mechanical ventilators (number one and two) it was recorded
which machine was used for the treatment. The Servo 900C mechanical ventilator has no
capability to download mechanical ventilation data therefore data were collected manually as
described in Section 4.4.4.
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Skilled hyperbaric nursing staff is required in multi-place hyperbaric chambers to compensate
for any changes in the ICU patient or mechanical ventilation and equipment at raised ambient
pressure. The hyperbaric unit has a small pool of approximately 20 nursing staff experienced
and trained to care for ICU patients and the related equipment within the hyperbaric chamber.
These staff relayed information from the hyperbaric mechanical ventilator during the HBO
treatment to the researcher which was entered onto a data sheet and then transferred later onto
the electronic data spreadsheet.

4.4.7

Post-HBO Data Collection

On completion of the HBO treatment the patient was transported back to the ICU as per the
study hospital transfer policy (Bayside Health, 2006) on a FiO2 of 1.0 with the researcher
observing the return transportation phase. Upon returning to the ICU the patient was
reconnected to the ICU monitoring system and ICU mechanical ventilator which remained at
baseline pre-HBO settings.

Much research has been undertaken to establish the time required for the ABG results such as
PaO2, PaCO2, pH and SaO2 to stabilise following a change in mechanical ventilation strategy
or settings (Cakar et al., 2001; Fildissis et al., 2009; Howe et al., 1975; Mathews, 1987;
Sasse, Jaffe, Chen, Voelker, & Mahutte, 1995; Sherter, Jabbour, Kovnat, & Snider, 1975;
Solis, Anselmi, Lavietes, & Khan, 1993; Tuğrul et al., 2005). The above authors reported that
a time period of 10 minutes is adequate to allow equilibrium in arterial blood following
changes in mechanical ventilation particularly for FiO2. To allow for a steady state to be
achieved following transportation and change in FiO2 the post-transfer collection of the ABG
data did not therefore commence immediately upon return to ICU.

Once the patient returned to ICU the transport adverse event collection form was completed
by the researcher. After 10 minutes from reconnection to the ICU mechanical ventilator posttransfer the collection of manual data began. This involved initial post-transfer physiological
parameter collection similar to the baseline including ABG results, vital signs and drug
infusion rates.

As mentioned in Section 4.4.4 mechanical ventilation data was collected electronically
following reconnection to the ICU mechanical ventilator. Data collection occurred at 1
minute intervals for the duration of the 6 hour post-HBO monitoring period. This gave a total
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of 360 observation periods detailing mechanical ventilation parameters allowing accurate
matching of ABG results to the specific mechanical ventilation parameters at the time the
blood was sampled.

During the course of pre, intra and post-HBO monitoring any event suspected by the
researcher to contribute to changes in oxygenation was noted as a clinical course abnormality.
This included any extra-HBO patient activity or aspect of therapy occurring during the
monitoring period which could be reasonably expected to have the potential to impact upon
oxygenation. Events considered included physiotherapy, suctioning, dysynchrony with the
mechanical ventilator, accidental extubation, haemodynamic instability or position change
prior to 30 minutes of the ABG due time and any transport related events, as discussed
earlier, such as circuit disconnection or equipment failure.

4.4.8

HBO Treatment Tables

Patients enrolled in this study typically received their HBO via a treatment table. The table
typically used, at the study hospital and presented in Figure 19, for ICU treatments and
anecdotally used in other hyperbaric centres across Australia is locally designated as the
60.5A table.

The 60.5A table commences pressurisation at 10 kPa/min until achieving the treatment
pressure of 2.8 ATA (180 kPa). For mechanically ventilated ICU patients a FiO2 of 1.0 is
delivered during the initial pressurisation and hyperbaric period for 25 minutes, the O2
concentration is changed to 0.21 for 5 minutes, then returned to 1.0 for 25 minutes, then
changed again to 0.21 for a further 5 minutes and then a stepped depressurisation phase is
conducted with a FiO2 of 1.0.
The two 5 minute periods of the hyperbaric treatment with a FiO2 of 0.21 are designed to
minimise the toxic effects of supraphysiologic O2 upon the patient (Jain, 2009b). The
depressurisation phase is conducted at a 5 kPa/min reduction to sea-level atmospheric
pressure of 35 minutes to minimise the risk of decompression illness for the inside attendant.
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Figure 19. The 60.5A treatment table.

The above treatment table is typically used in the hyperbaric unit where this study was
conducted for the treatment of mechanically ventilated ICU patients. A small number of other
HBO treatment schedules were used which included 140 kPa for 99 minutes with one 5
minute air break after 45 minutes and 100 kPa for 105 minutes with one 5 minute air break
after 40 minutes.

4.5

Data Analysis

This section describes analysis of the data to test the hypotheses generated. To facilitate this
objective the following section is structured in three sections: the variables collected,
statistical design and data management.

4.5.1

Variables Collected

Lack of experimental isolation means that the possibility that some event, other than the
intervention of HBO, has caused the effect of interest (in this study post-HBO reduction in
oxygenation). While the theoretical range of extraneous variables is infinite, within the
realms of clinical practice a plethora of complex data are routinely collected, interpreted and
acted upon in both the ICU and during the HBO treatment (Kot, Houmann, & Muller, 2006;
Metnitz et al., 2004; Weaver, 2004).

While it is possible that alternative unrecognised variables may be influencing the dependent
variable (Campbell & Stanley, 1963; Glass, Willson, & Gottman, 1975), collection of
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routinely available clinical data provide a rational approach for searching for causative or
protective factors (Lucas, 2004). The approach of this study is analogous to the current
approaches undertaken in genomic studies where very large numbers of variables are
collected and correlated with outcomes of interest (Lash, 2007; Van Ness, 2008) and have
resulted in new approaches such as using genomic profile data to reduce the risk of
pharmacological therapies (Ashrafian & Watkins, 2007; Cacabelos et al., 2004; Khoury,
Quanhe, Gwinn, Little, & Flanders, 2004).

Once variables that correlated significantly with the outcome of interest have been identified,
formal causative (experimental) studies can be performed (Curtis et al., 2008). The so-called
data mining approach is a rational heuristic approach to aid discovery (Lash, 2007; Lucas,
2004) however, it must be remembered that a large number of comparisons increase the level
of experimental-wise error that may result in spurious patterns of association being identified.

Spurious association typically involves a third, often unidentified, variable that jointly causes
the association between the two original variables (Vogt, 2005). In light of these limitations,
all routinely collected clinical data were recorded. The collected variables and data calculated
from these, such as O2 tension indices, were divided into demographic, HBO, respiratory,
haemodynamic, pharmacology and clinical biochemistry groups. All data which were
collected manually and electronically at each measurement point are listed in Tables 5 to 10.

Table 5. Demographic variables collected.

Variable

Operationalisation / Definition

System

Sex
Age
APACHE II
Duration of
Mechanical
Ventilation
Length of ICU
Stay
ICU Mortality
Presenting
Condition

Sex of patient
Current date of birth
Severity of disease classification system
Chronological requirement for support
of respiratory system

Demographic
Demographic
Demographic
Respiratory

Categorical
Ratio
Ratio
Ratio

M/F
Numerical
Numerical
Hours

Duration of requiring increased support
in ICU environment
Death during ICU stay
Main condition necessitating treatment
with HBO

Demographic

Ratio

Hours

Demographic
Demographic

Categorical
Categorical

Y/N
Diagnoses
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Measurement

Units

Table 6. List of HBO variables collected.

Variable

Operationalisation / Definition

System

HBO Treatment
Type
HBO Treatment
Number
HBO Ventilator
Identifying No.
ETT Cuff Inflator

Time breathing supra physiologic O2
at raised ambient pressure
HBO treatment location within
therapy schedule
Identification number of ventilator

HBO

Categorical

HBO

Ratio

AH10, AH14,
60.5A, 200A
Numerical

HBO

Categorical

1 or 2

Observed use of device during HBO
treatment
Method of inspiratory support

HBO

Categorical

Y/N

HBO

Categorical

Ventilator delivered amount of O2
Volume from exhalation phase of
respiratory cycle
Measured highest pressure during
respiratory cycle

HBO
HBO

Ratio
Ratio

SIMV, CPAP,
PSV, Bi-level
Fraction
Millilitres

HBO

Ratio

cmH2O

Level of machine delivered
assistance per breath
Airway pressure during complete
respiratory cycle

HBO

Ratio

cmH2O

HBO

Ratio

cmH2O

Number of respiration cycles per unit
of time
Total volume exhaled from
respiration by unit of time
Pre-set pressure remaining in lungs
at completion of respiration
Pressure in lungs at end of
inspiration phase

HBO

Ratio

HBO

Ratio

Breaths per
minute
Litres

HBO

Ratio

cmH2O

HBO

Ratio

cmH2O

HBO Ventilator
Mode
HBO Inspired O2
HBO Ventilator
Tidal Volume
HBO Ventilator
Peak Inspiratory
Pressure
HBO Ventilator
Pressure Support
HBO Ventilator
Mean Airway
Pressure
HBO Resp Rate
HBO Ventilator
Minute Volume
HBO Ventilator
PEEP
HBO Ventilator
Pause Pressure
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Measurement

Units

Table 7. Respiratory variables collected.

Variable
ABG Time
PF Ratio
a/APO2
A-aPO2
Oxygen index
Transportation
Time
Transport
Ventilation
Type
Clinical Course
Abnormality

Patient Position
End Tidal CO2
Peripheral O2
Saturation
Murray Lung
Injury Score
(LIS)
Chest
Roentgenogram
(CXR)
Arterial Blood
Gas (ABG) pH
ABG Pa O2
ABG Pa CO2
ABG Base
Excess
ABG
Bicarbonate
ABG O2
Saturation
ABG
Haemoglobin
ABG Sodium
ABG Chloride

Operationalisation / Definition
Time ABG due versus time taken
Oxygen tension derived index from
PaO2 and FiO2
Oxygenation efficiency index derived
from PaO2 and alveolar PO2
Oxygenation efficiency index derived
from alveolar PO2 and PaO2
Oxygenation status from mean airway
pressure, FiO2 and PaO2
Time taken to transport patient from
ICU to hyperbaric chamber and back
Method of mechanical ventilation
delivery during transportation

System

Measurement

Units

Respiratory
Respiratory

Ratio
Ratio

Minutes
Numerical

Respiratory

Ratio

Numerical

Respiratory

Ratio

Numerical

Respiratory

Ratio

Numerical

Respiratory

Ratio

Numerical

Respiratory

Categorical

Oxylog, Puritan
Bennett PB840,
Self Inflating
Bag

Respiratory

Categorical

Y/N

Respiratory

Categorical

Adequacy of ventilation determined by
measurement of the partial pressure of
CO2 in the exhaled gas
Level of tissue oxygenation measured
by non-invasive 2 wavelength photo
spectrometry
Quantitative degree of lung injury from
CXR, PEEP and PF ratio

Respiratory

Ratio

Back, Left,
Right
mmHg

Respiratory

Ratio

Percentage

Respiratory

Ratio

Numerical

Radiographically identifiable features
from CXR diagnosis according to CXR
reporting form (Appendix E)
Concentration of hydrogen ions in the
arterial blood
Partial pressure of O2 in blood
Partial pressure of CO2 in blood
Amount of acid or base required to
return blood to normal pH
Chemical buffer to prevent acidosis

Respiratory

Categorical

Respiratory

Interval

Used as a
component of
Murray Score
pH units

Respiratory
Respiratory
Respiratory

Ratio
Ratio
Interval

mmHg
mmHg
mEq/L

Respiratory

Ratio

mmol/L

Level of O2 bound to Hb in arterial
blood
Concentration of Hb in arterial blood

Respiratory

Ratio

Percentage

Respiratory

Ratio

g/L

Indirect kidney function index
Indirect kidney function and acid base
balance index

Respiratory
Respiratory

Ratio
Ratio

mmol/L
mmol/L

Any circumstance which could cause
the patient to develop an altered O2
requirement during the monitoring
period such as septic shower, pulmonary
embolism or accidental extubation
Placement of patient in bed
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Table 8. Respiratory variables collected continued.

Variable
ABG Potassium
ABG Calcium
ABG Lactate
ABG Glucose
Airway Type
ICU Ventilation
Mode
Flow Pattern
Type
MV Change

Respiratory
Rate
Inspired O2
Tidal Volume
Minute Volume
Peak Inspiratory
Pressure
I:E Ratio
Tidal Volume
Pressure
Support
Mean Airway
Pressure
Pause Pressure
Spontaneous
Minute Volume
Set Peak Flow
Positive End
Expiratory
Pressure (PEEP)

Operationalisation / Definition
Concentration of K+ in arterial blood
Concentration in arterial blood
Index of organ perfusion and anaerobic
metabolism
Concentration in arterial blood
Endotracheal or Tracheostomy

System
Respiratory
Respiratory
Respiratory

Measurement
Ratio
Ratio
Ratio

Units
mmol/L
mmol/L
mmol/L

Respiratory
Respiratory

Ratio
Categorical

Method of inspiratory support

Respiratory

Categorical

Pattern of gas flow into lungs

Respiratory

Categorical

mmol/L
ETT,
Tracheostomy
SIMV, CPAP,
BIPAP, PSV
Ramp or Square

Alteration in mechanical ventilation
settings to treat reduction in
oxygenation post-HBO
Number of completed respiration cycles
per unit of time
Ventilator delivered amount of O2
Volume from exhalation phase of
respiratory cycle
Total volume exhaled from respiration
by unit of time
Measured highest pressure during
respiratory cycle
Inspiratory time + inspiratory pause
time : expiration time
Single breath volume
Level of machine delivered assistance
per breath
Airway pressure during complete
respiratory cycle
Airway pressure at completion of
exhalation phase of respiration
Total volume exhaled by spontaneous
respiration by unit of time
Maximum amount of gas flow delivered
during inspiration
Pre-set pressure remaining in lungs at
completion of respiratory cycle

Respiratory

Categorical

Y/N

Respiratory

Ratio

Respiratory
Respiratory

Ratio
Ratio

Breaths per
minute
Fraction
Millilitres

Respiratory

Ratio

Litres

Respiratory

Ratio

cmH2O

Respiratory

Ratio

Numerical

Respiratory
Respiratory

Ratio
Ratio

Millilitres
cmH2O

Respiratory

Ratio

cmH2O

Respiratory

Ratio

cmH2O

Respiratory

Ratio

Litres

Respiratory

Ratio

Litres

Respiratory

Ratio

cmH2O
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Table 9. Haemodynamic and pharmacology variables collected.

Variable
Heart Rate
Arterial Blood
Pressure

Central Venous
Pressure
Temperature
Urine Output
Cardiac Rhythm
Cardiac Pacing
Crystalloid
Transfusion
Albumin
Infusion
Red Blood Cell
Transfusion
(RBC)
Patient
Receiving
Haemodialysis
Other Colloid
Transfusion
Inotrope Type
and Dose
Analgesia Type
and Dose
Sedation Type
and Dose
Insulin Infusion
GTN Infusion
Heparin
Infusion

Operationalisation / Definition

System

Completed cardiac cycle, assessed by
number of QRS/min
Hemodynamic index measured pressure
throughout the cardiac cycle.
Comprising of peak (systolic blood
pressure), trough, (diastolic blood
pressure) and a calculated mean
pressure
Measurement of blood return to the
heart and capability of heart in pumping
blood to arterial system
Measure of heat or cold condition
Measure of fluid excretion from kidneys
ECG diagnosis
Application of electrical energy to
regulate heart rate
Product administered intra-vascularly
which contains electrolytes and nonelectrolytes
Colloid product administered to
promote intravascular osmotic pressure
Colloid product to increase blood
oxygen carrying ability

Haemodynamic

Ratio

Haemodynamic

Ratio

Beats per
minute
mmHg

Haemodynamic

Ratio

mmHg

Haemodynamic
Haemodynamic
Haemodynamic
Haemodynamic

Ratio
Ratio
Categorical
Categorical

ºC

Haemodynamic

Categorical

Haemodynamic

Categorical

Administered
(Y/N)
Administered
(Y/N)

Renal replacement therapy to remove
waste products

Haemodynamic

Categorical

Administered
(Y/N)

Colloid product other than RBC or
Albumin administered to promote
intravascular osmotic pressure
Drug required by heart to function
within normal limits

Haemodynamic

Categorical

Administered
(Y/N)

Pharmacology

Categorical /
Ratio

Drug required for pain management

Pharmacology

Drug required to maintain unconscious
state
Drug to maintain blood sugar levels
within normal limits
Drug to improve perfusion by
vasodilatation / reduce after load
Drug to prolong clotting time (APTT)

Pharmacology
Pharmacology

Categorical /
Ratio
Categorical /
Ratio
Categorical

Pharmacology

Categorical

Pharmacology

Categorical

Drug Name
mcg/h,
mcg/kg/h, u/h
Drug Name
mg/h, mcg/h
Drug Name
mg/h
Administered
(Y/N)
Administered
(Y/N)
Administered
(Y/N)
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Measurement

Units

ml/h
SR, ST, SB
VVI, AAI,
DDD
Administered
(Y/N)

Table 10. Clinical biochemistry variables collected.

Variable

Operationalisation / Definition

System

Sodium

Laboratory tested level in blood

Potassium
Chloride
Bicarbonate
Urea
Creatinine
Calcium
Ca Corrected
Magnesium
Phosphate
Hb

Laboratory tested level in blood
Laboratory tested level in blood
Laboratory tested level in blood
Laboratory tested level in blood
Laboratory tested level in blood
Laboratory tested level in blood
Laboratory tested level in blood
Laboratory tested level in blood
Laboratory tested level in blood
The amount of haemoglobin in blood

WBC
Platelets
Haematocrit

RBC
RDW
Neutrophils
Lymphocytes
Monocytes
Eosinophils
Basophils
APTT

Total white blood cells
Platelet numbers in blood
Fraction of whole blood volume that
consists of red blood cells
Mean corpuscular volume
Mean corpuscular haemoglobin
Mean corpuscular haemoglobin
concentration
Total red blood cells
Red blood cell distribution width
Total number of cells in blood
Total number of cells in blood
Total number of cells in blood
Total number of cells in blood
Total number of cells in blood
Activated partial thromboplastin time

INR

International normalised ratio

PT

Prothrombin time

Fibrinogen

Level of factor in blood

Total protein

Concentration in blood

Albumin
Bilirubin
ALT
GGT
ALP

Concentration in blood
Concentration in blood
Alanine aminotransferase
Gamma glutamyl transpeptidase
Alkaline phosphatase

MCV
MCH
MCHC

Measure

Units

Clinical Biochemistry – urea
and electrolytes (U&E)
Clinical Biochemistry – U&E
Clinical Biochemistry – U&E
Clinical Biochemistry – U&E
Clinical Biochemistry – U&E
Clinical Biochemistry – U&E
Clinical Biochemistry – U&E
Clinical Biochemistry – U&E
Clinical Biochemistry – U&E
Clinical Biochemistry – U&E
Clinical Biochemistry – full
blood count (FBC)
Clinical Biochemistry – FBC
Clinical Biochemistry – FBC
Clinical Biochemistry – FBC

Ratio

mmol/L

Ratio
Ratio
Ratio
Ratio
Ratio
Ratio
Ratio
Ratio
Ratio
Ratio

mmol/L
mmol/L
mmol/L
mmol/L
umol/L
mmol/L
mmol/L
mmol/L
mmol/L
g/L

Ratio
Ratio
Ratio

10^9/L
10^9/L
L/L

Clinical Biochemistry – FBC
Clinical Biochemistry – FBC
Clinical Biochemistry – FBC

Ratio
Ratio
Ratio

fL
pg
g/L

Clinical Biochemistry – FBC
Clinical Biochemistry – FBC
Clinical Biochemistry – FBC
Clinical Biochemistry – FBC
Clinical Biochemistry – FBC
Clinical Biochemistry – FBC
Clinical Biochemistry – FBC
Clinical Biochemistry – blood
coagulation
Clinical Biochemistry – blood
coagulation
Clinical Biochemistry – blood
coagulation
Clinical Biochemistry – blood
coagulation
Clinical Biochemistry – liver
function tests (LFT)
Clinical Biochemistry – LFT
Clinical Biochemistry – LFT
Clinical Biochemistry – LFT
Clinical Biochemistry – LFT
Clinical Biochemistry – LFT

Ratio
Ratio
Ratio
Ratio
Ratio
Ratio
Ratio
Ratio

10^12/L
%
10^9/L
10^9/L
10^9/L
10^9/L
10^9/L
seconds

Ratio

Numerical

Ratio

seconds

Ratio

g/L

Ratio

g/L

Ratio
Ratio
Ratio
Ratio
Ratio

g/L
umol/L
u/L
u/L
u/L
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4.5.1.1 Primary and Secondary Outcome Variables
As FiO2 was not controlled during this study outcome measures of patient oxygenation status
which would incorporate changing FiO2 were determined to be the O2 tension indices. The
indices chosen have their respective normal range of values and interpretation explored in
greater detail in the previous chapter. The calculated indices used during this study included
the following.

Primary Outcome Measure:
- The ratio of arterial oxygen tension to the FiO2 (PF ratio).

Secondary Outcome Measures:
- The ratio of arterial to alveolar oxygen tension (a/APO2);
- Alveolar to arterial oxygen tension difference (A-aPO2);
- The oxygenation index (OI).

4.5.1.2 Calculation of Outcome Variables
Primary and secondary outcome measures were calculated by the following formulae. PF
ratio was calculated as follows,
PaO2 / FiO2
where the partial pressure of O2 (PaO2) was obtained from the ABG and the fraction of
inspired O2 (FiO2) from the mechanical ventilator (Horovitz et al., 1974).
The arterial/alveolar oxygen tension ratio (a/APO2) was calculated as,
PaO2 / PAO2
where PaO2 was obtained as above and the alveolar O2 tension (PAO2) was calculated by the
alveolar gas equation (Gilbert & Keighly, 1974) as follows,

PAO2 = PiO2 - (PACO2 / R)
where PiO2 is the partial pressure of O2 in the central airways and calculated as PiO2 = FiO2
(PB - PH2O) with the FiO2 (fraction of inspired O2), PB (barometric pressure, calculated as PB =
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PN2 + PO2 + PCO2 + PH2O) being 760 mmHg at sea level, PH2O (water vapour pressure of 47
mmHg at 37 degrees Celsius), PACO2 (partial pressure of alveolar CO2 usually assumed to be
equal to arterial CO2 partial pressure taken from an ABG) and R = 0.8 (respiratory quotient
ratio of carbon dioxide production to O2 consumption) (Story, 1996).
The alveolar/arterial oxygen tension difference (A-aPO2) was calculated as follows,
A-aPO2 = PAO2 - PaO2
by determination of the alveolar partial pressure of oxygen (PAO2) from the alveolar gas
equation as above and subtracting from it the arterial partial pressure of oxygen (PaO2) in
mmHg calculated as part of the ABG (West, 2005g).

Lastly the OI was calculated as follows,

Mean airway pressure / (PaO2 / [FiO2 x 100])
with mean airway pressure and FiO2 collected from the mechanical ventilator (Clark et al.,
2000).

4.5.1.3 Other Influencing Variables
Discussed previously in Chapter 3 was the reality that within ICU alterations in oxygenation
may be due to various factors. The ICU patient can be the recipient of many diagnostic or
therapeutic interventions throughout the course of a single day (Metnitz et al., 2004). Some of
these interventions such as positioning, suctioning or physiotherapy are recognised to have
potential to cause a raising (Blattner, Guaragna, & Saadi, 2008; Mentzelopoulos,
Zakynthinos, Roussos, Tzoufi, & Michalopoulos, 2003) or lowering of O2 levels (Lindgren et
al., 2007; Maggiore et al., 2002).

To avoid these factors influencing the results when an ABG is due to be taken according to
the study protocol described for this study several measures were implemented. During the
collection period of the study, the patients underwent no other intervention or were physically
moved from the ICU except for HBO therapy. Nursing activities such as suctioning or patient
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position changes were avoided in the 30 minutes before measurements were due to be taken
and the ventilator settings in the ICU were unchanged before and after the hyperbaric session.

4.5.2

Statistical Design

All data were analysed using Statview version 9.1 (SAS Institute Inc., Cary, NC, USA) with
continuous data reported as mean (M) and standard deviation (SD), with median (range)
values included in tables unless otherwise noted, whereas categorical data are reported as
count and proportions.

Normality of dependent variables were assessed by calculation of Fisher’s correlation
coefficient for both skewness (skewness measure / skewness standard error) and kurtosis
(kurtosis measure / kurtosis standard error) with values between ±1.96 regarded as
approximately normally distributed (Hildebrand, 1986). Magnitude of experimental effects,
where relevant, are based upon Cohen’s classification of effects sizes as follows; 0.2 for
small, 0.5 for medium and 0.8 for a large effect (Cohen, 1988).

All probabilities reported are based on the application of two-tailed statistical tests as each
comparison had two possible directions. All data were analysed using a true intention-to-treat
analysis for all patients with a p value of 0.05 or less considered to be statistically significant.
Where multiple comparisons were made then Bonferroni correction to the α value was
applied (α / number of comparisons) to minimise type I (false positive) error (Munro, 2005a).
4.5.2.1 Descriptive Statistical Analysis
Univariate analysis was conducted as the initial step in statistical analysis as it is recognised
that this exploratory data analysis of separate variables has several benefits including
identification of incorrectly entered data, outliers, non-normal distributions, errors in data
coding, missing values, study of the relationships between variables to guide hypotheses
testing and whether planned statistical test assumptions are met (Duffy & Jacobson, 2005).

4.5.2.2 Inferential Statistical Analysis
Following the univariate descriptive analysis inferential statistical tests were applied to each
hypothesis. The statistical tests and rationales for their use are discussed in the following
section by hypothesis. The assumptions relating to each statistical test and whether the data
met those assumptions are also presented prior to each hypothesis in the following chapter.
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4.5.2.2.1 Hypothesis One
In order to assess the effect of time point on change in the outcome measures, a mixed-effects
analysis was performed using the mixed procedure (PROC Mixed) in SAS version 9.1.
Mixed-effects analysis was chosen for several reasons. It can compensate for correlation of
data between subsequent time points and treatment numbers; it is able to use all available
data; it has greater flexibility to model time effects; and it can handle missing data more
appropriately (Gueorguieva & Krystal, 2004). Analysis of repeat measures data in this
manner is recognised as appropriate (Gueorguieva & Krystal, 2004; Vickers, 2001).

In the mixed-effects analysis model time was treated as a categorical variable to facilitate
specific comparisons avoiding the use of multiple comparisons and the requirement for
Bonferroni correction of α. To facilitate comparison with previously published papers results
from the mixed-effects model are presented as percentage change from baseline (95%
confidence intervals).

4.5.2.2.2 Hypothesis Two
To assess the statistical effect of time point on changes in the mechanical ventilator settings
altered, a mixed-effects analysis was performed using the mixed procedure (PROC Mixed) in
SAS version 9.1. As discussed in the previous section the mixed-effect analysis is an
appropriate form of analysis able to compensate for the between and within patient
correlation of data by adjusting post-treatment values by baseline values. Time was treated as
a categorical variable to facilitate specific comparisons.

4.5.2.2.3 Hypothesis Three
Hypothesis three stated that physiological or treatment differences, prior to or during HBO,
will identify patient groups with post-HBO reductions in oxygenation associated with
changes in mechanical ventilation. Independent t-tests were used to examine continuous data
(Munro, 2005b). If statistical test assumptions were violated the non-parametric test
equivalent (Mann Whitney U test) results are reported.

Where multiple comparisons of variables were performed, for example the same variable
collected at pre-HBO and intra-HBO time points, Bonferroni correction of α was applied
lowering the α value to 0.025. Comparison of categorical data was undertaken by either Chisquare analysis or the Fisher Exact test depending on group sample size. Effect size (r) is
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reported for all independent t-tests and phi (Φ) for the Chi-square and Fisher’s Exact test
according to Cohen’s classification (Cohen, 1988).

4.5.2.2.4 Hypothesis Four
Statistical testing of hypothesis four aimed to identify whether in mechanically ventilated
ICU patients reductions in PF ratio following the first HBO treatment were greater when
compared to subsequent HBO treatments. Data from this hypothesis was tested at both the
within level (pre and post-HBO time points) and the between level (first and second HBO
treatments) using the following statistical methods. Within HBO treatment comparison of
time points was undertaken by analysing changes from baseline compared with later
outcomes using an analysis of variance for repeated measurements (RMANOVA) with
Bonferroni adjusted α values of 0.008.
Mean values and statistical significance were calculated by RMANOVA with results for
oxygenation indices converted to percentage change figures by using mean baseline pre and
post-HBO values (Van Breukelen, 2006; Vickers, 2001). Between HBO treatment
comparisons of values were analysed by paired t-tests for continuous data. McNemars test was
used

for categorical data due to correlation of data from HBO treatment one and two (Munro,

2005b). The α values were adjusted for multiple comparisons by Bonferroni correction to
0.0125.

4.5.2.2.5 Hypotheses Five and Six
To statistically test for associations between changes in PF ratio and collected variables
regression analysis was undertaken. Due to the limited data available on post-HBO
reductions in oxygenation regression analysis was determined to be the appropriate
inferential technique to investigate which variables were related to, and to determine the
nature of the relationship with, the PF ratio in order to best answer hypotheses five and six.

The use of regression as a statistical technique is reported to be appropriate for providing
more information and direction for future studies which can focus on the preliminary
relationships highlighted through regression (Hough, 2004). Multiple regression allows
observation and analysis of multiple variables concurrently and provides the ability to explore
and take into account the effects of all variables on the response of interest (Munro, 2005a).
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Although multiple regression allows exploration and quantification of the effects of many
variables on a response of interest, many of its assumptions, particularly relating to
independence and variation of data, limit applicability to repeated measures studies
(Blackwell, de Leon, & Miller, 2006; Munro, 2005a). Furthermore results from multiple
regression analysis identify associations between variables of interest but do not prove
causality (Harris & Heard, 2004).

Repeated measures studies violate certain multiple regression assumptions such as within
subject variation, between subject variation and correlation of data. To compensate for
statistical violations mixed model regression techniques are becoming increasingly reported
in medical literature for analysis of repeated measures studies due to several advantages they
offer (Finucane, Samet, & Horton, 2007; Weaver, Howe, Snow, & Deru, 2009). The mixed
model is an extension of the general linear regression model with ability to adjust and
accommodate for correlation of data from repeated measurement of the same subjects,
unbalanced data sets where some data points are missing and heterogeneous variances
(Blackwell et al., 2006).

Mixed models are further recognised as being able to provide valid estimates of the
regression parameters of interest (indicating direction and magnitude of effect) and the
associated standard error (Finucane et al., 2007). Full discussion of the mathematical
underpinnings of the mixed model process is beyond the scope of this thesis, however indepth reviews are available elsewhere (Diggle, Heagerty, Liang, & Zeger, 2002; Fitzmaurice,
Laird, & Ware, 2004; Laird & Ware, 1982).

Due to the large number of variables collected, relationships between the PF ratio and
independent variables were examined initially at the univariate level across all time points.
Using statistically significant data from the univariate analysis a forced entry mixed model
regression was then undertaken using the mixed model procedure (PROC Mixed) in SAS
version 9.1. The model incorporated generalised linear modelling with adjustment for
potential covariates and repeat measures. The covariance structure of the model treated the
patients as random fitting a random intercept, but with a common slope for patients.
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4.5.3

Data Management

During the data collection phase non-electronically available information was initially
collected on a paper data collation tool in Appendix G. This included a confidential
potentially identifiable patient record number to ensure all data were collected from each
patient. When collection of the information required was complete, all data except the
potentially identifying number were entered onto an electronic spreadsheet.

Each patient data set was provided with a non-identifiable unique code to ensure integrity of
individual patient data. The paper data collation tool was then destroyed thus rendering all
data non-identifiable in regards to identifying any individual. To ensure the security of
electronic data the laptop connected to the ventilator collecting respiratory data was password
protected. Data were transferred from the laptop connected to the mechanical ventilator to the
electronic spreadsheet at the completion of each HBO treatment.

The electronic data collected from the mechanical ventilator on the laptop were then deleted
and overwritten three times using random and deterministic patterns by a dedicated data
erasing program (GNU, 2007) to ensure patient confidentiality. During the data collection
phase de-identified data were stored in a password protected database backed up onto the La
Trobe University health sciences server. The health sciences server is also password
protected, and is physically located in the health sciences department building of La Trobe
University at the Bundoora campus in a locked room within a locked secure and limited
access area.

In addition the data were handled according to the patient confidentiality regulations for data
storage at hospital used in this study with only the researcher having access to the data
(Bayside Health, 2004). This required all data being used for presentations, publications or
other releases to be in a de-identified format and with the proviso that data be stored securely
and indefinitely on the hospital mainframe at the study hospital.

4.6

Conclusion

This chapter has outlined a reasonable investigative strategy for addressing the identified
research questions and hypotheses pertaining to post-HBO reductions in oxygenation. The
study hospital and hyperbaric unit used provided sufficient numbers of patients meeting the
inclusion criteria within an appropriate timeframe. Application of a prospective time-series
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designed experiment incorporating repeated measurements was considered an appropriate
research design. The nature of the variables measured included manually and electronically
gathered; therapy, physiological and calculated data. The following chapter will present
analysis of the gathered data in the context of the previously stated research hypotheses.
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5.0 Results

5.1

Introduction

This chapter follows on from the previous chapters discussion of the research methods
employed to elicit data to answer the research hypotheses. The aim of this chapter is to
present the data gathered from the experiment and analyse these results in the context of the
research questions. To achieve this objective the following chapter is structured in two main
sections, firstly the descriptive statistics of the sample and secondly inferential statistics
relating to each hypothesis. Discussion of the findings from this chapter within the context of
the literature is presented in the following chapter.

5.2

Descriptive Results

In the following descriptive section data are presented prior to statistical transformation to
meet inferential test assumptions. Presentation of assumptions for the statistical tests applied,
checking of these assumptions and any transformation of data required are described, where
applicable, in the context of each research hypothesis within the relevant inferential statistics
section.

In the subsequent sections, unless otherwise highlighted, the reader can assume that all
variables fell within expected parameters for a sample of ICU patients. Data are typically
reported to two decimal places. Data are however presented following the normal
conventions of reporting those values in the clinical area. This may vary from two decimal
places and should not be interpreted as an inconsistency. For the purposes of presenting the
results, descriptive data from the patients are grouped into the following four sections;
hyperbaric related variables, respiratory variables, haemodynamic and pharmacology
variables and clinical biochemistry variables.

5.2.1

HBO Related Variables

This section describes the characteristics of the HBO treatments and mechanical ventilation
delivered during HBO treatment in Tables 11 to 17.
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5.2.1.1 HBO Treatment Tables
The HBO treatment tables used for delivery of HBO are presented in Table 11. The 60.5A
treatment table was used to deliver HBO in the majority (92%) of the sessions. The majority
use of this HBO treatment table at the study hospital is as would be expected when treating
mechanically ventilated ICU patients and for the presenting conditions listed earlier in Table
3.

A small number of other HBO treatment tables were used during this study. The other HBO
treatment tables were required if the higher ambient pressure used in the 60.5A treatment
table (2.8 ATA) was contraindicated for the patient. Other HBO treatment schedules used
included the AH14 table which provided 140 kPa for 99 minutes with one 5 minute air break
after 45 minutes. The one other table used was the AH10 table which provided 100 kPa for
105 minutes with one 5 minute air break after 40 minutes.

Table 11. HBO treatment tables delivered.

HBO Treatment

Frequency

Table
60.5A

56

AH14

3

AH10

2

Total

61

Table 12 presents the overall number of ventilated HBO treatment sessions received by the
patients. From the 61 HBO treatments included in this study Table 12 also describes the
chronological number of each HBO treatment from which data were collected. These were
typically HBO treatments one, two or three. The mean number of sessions collected from
each patient was 2.4 (SD = 0.5).
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Table 12. Total HBO treatment numbers and data collection characteristics.
Patient

Total

Treatment

Gender

Age

Diagnosis

Ventilated

Numbers

HBO

Collected

Treatments

During Study

1

11

1,2,3

M

42

Necrotising Infection

2

11

1,2

F

53

Anaerobic Septicaemia

3

2

1,2

M

47

Necrotising Infection

4

10

1,2,4

F

56

Necrotising Infection

5

7

1,2

M

78

Necrotising Infection

6

3

1,2,3

M

58

Necrotising Infection

7

6

1,2,3

M

47

Necrotising Infection

8

9

1,2,3

M

76

9

11

1,2

F

65

Clostridial
Myonecrosis
Wound Healing

10

7

1,2

M

65

Necrotising Infection

11

7

1,2

F

69

Necrotising Infection

12

9

1,2

F

39

13

6

1,2,3

M

76

Acute Ischemia /
Oedema
Necrotising Infection

14

4

1,2

M

66

Fournier’s Gangrene

15

6

1,23

M

37

Anaerobic Septicaemia

16

2

1,2

M

39

Necrotising Infection

17

3

1,2

M

38

Necrotising Infection

18

8

1,2

F

66

Fournier’s Gangrene

19

9

1,2

M

56

20

10

1,2

M

51

Acute Ischemia /
Oedema
Anaerobic Septicaemia

21

7

1,2,3

M

49

Necrotising Infection

22

9

1,2,3

F

40

23

2

1,2

F

76

Clostridial
Myonecrosis
Arterial Gas Embolism

24

5

1,2,3

F

64

Clostridial Cellulitis

25

7

1,2,3

F

56

Anaerobic Septicaemia

Total

171

61
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5.2.1.2

HBO Ventilation

The impact of mechanical ventilation function during HBO treatments upon oxygenation has
been discussed previously in Section 2.4.2.5.6. The following section will therefore describe
the nature of mechanical ventilation provided to patients during HBO treatment. During the
HBO treatment mechanical ventilation was provided to the ICU patients, as described
previously, via two Siemens Servo 900C mechanical ventilators designated with
identification numbers one and two. Table 13 illustrates that during the course of the study
mechanical ventilator number one was used in the majority (74%) of HBO treatments. Table
14 reports that in all ventilated HBO treatments the automatic cuff inflator was used negating
the need to remove compressible air from the airway device cuff and replace it with noncompressible saline.

Table 13. HBO mechanical ventilator use.
Ventilator

Frequency

Number
1

45

2

16

Total

61

Table 14. Automatic cuff inflator use.
Cuff Inflator
Used

Frequency

Yes

61

No

0
61

Total

The settings of the mechanical ventilators which were used during the course of HBO
treatments are reported in Tables 15 and 16. In Table 15 the ventilation mode used is
presented showing the most common mode of ventilation used in approximately 70% of
HBO treatments was Synchronised Intermittent Mandatory Ventilation (SIMV) – Volume
Control.
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Table 15. Mode of mechanical ventilation during HBO treatment.

Mode of Ventilation

Frequency

SIMV – Volume Control

43

SIMV – Pressure Control

15

Spontaneous – Pressure Support and PEEP

3

Total

61

The characteristics of breathing gas delivery from the mechanical ventilator at the
measurement time point during the HBO treatments are presented in Table 16. The FiO2
during each of the 61 HBO treatments was set, as one would expect, at 1.0.

Table 16. HBO mechanical ventilator measures.

HBO Ventilator Measure
Respiratory Rate (breaths per min)
FiO2
Tidal Volume (ml)*
Minute Volume (L)*
Peak Inspiratory Pressure (cmH2O)
Pressure Support (cmH2O)
Mean Airway Pressure (cmH2O)
Pause Pressure (cmH2O)
PEEP (cmH2O)
I:E Ratio (1:)

n
61
61
61
61
61
61
61
61
61
61

Mean
17.6
1.0
600
10.9
27
15.9
14.9
21.9
7.4
2.4

SD
3.9
0
100
3.1
5.3
4.7
4.5
4.9
3.1
0.6

Median
17
1.0
600
10.2
28
14
14.5
21.4
7.5
2.3

Range
Minimum Maximum
28
10
1.0
1.0
1200
350
18.0
5.0
40
16
30
8
34
8
36
15
16
2
3.9
1

Note: * Measured by HBO calibrated spirometer

5.2.1.3 HBO Treatment Variables Summary
The investigator has described the characteristics of mechanical ventilation provided to
patients during the HBO treatment. None of the data gathered were noteworthy or outside of
typical mechanical ventilation ranges for ICU patients. The one exception to this was the FiO2
which was higher than would be normal in ICU but is set to 1.0 during all HBO treatments.
The following section will examine the characteristics of the gathered respiratory variables.
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5.2.2

Respiratory Variables

The data, relating to the respiratory system, will be presented in this section in the following
order: ABG timings, primary (PF ratio) and secondary (a/APO2, A-aPO2 and OI) outcome
measures, transportation, physiological and mechanical ventilator variables.

5.2.2.1 ABG Timings
The characteristics of the scheduled versus actual measurement times of the post-HBO ABG
results taken at the 1 to 6 hour time points are reported in Table 17. The ABG’s taken on
return to ICU are not included as they constitute the start time upon which the subsequent (1,
2, 3 and 6 hours post-HBO) due time of ABG measures were determined.

From the 61 measured HBO treatments the possible number of ABG measures for the four
time points 1 to 6 hours post-HBO was 244. In Table 17 the actual figure captured (n = 243)
is shown. One data point is missing from the 2 hour time point as arterial line access was
unavailable. The 243 ABG results ranged from collection 5 minutes early to 6 minutes late
with a mean time of 0.6 min (SD = 2.2 min). The distribution as a percentage of the measure
of ABG timing accuracy in Table 17 describes that the majority (74%) of ABG’s were taken
within ± 2 minutes of the due time.
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Table 17. Timing of post-HBO ABG retrieval variation.

Minutes

Frequency Percent

-5

4

1.6

-4

6

2.5

-3

9

3.7

-2

16

6.6

-1

33

13.5

0

59

24.2

+1

39

16.0

+2

34

13.9

+3

18

7.4

+4

11

4.5

+5

13

5.3

+6

1

0.4

Total

243

99.6

Missing

1

0.4

Total

244

100

5.2.2.2 PF Ratio
The descriptive results of the PF ratio are presented in Table 18, Figure 20 and Appendices H
and I. From each of the 61 HBO treatments ABG results were gathered at seven time points
giving a potential total of 427 ABG and therefore PF ratio results. As with normal clinical
practice however during HBO treatment the PaO2 was above the upper working limit of the
ABG analyser. Although oxygenation was still able to be monitored with SaO2 and SpO2
measures this meant that no PF ratio or other O2 tension indices were able to be calculated
from the ABG in the 61 time points during HBO. This reduces the number of PF ratio results
to 366.
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The descriptive statistics for the PF ratio presented in Table 18 are based upon 364 results.
The reduction from the 366 was due to one missing ABG result at a 2 hour time point as
described in the previous section. The second missing data point was due to a failure of the
ABG PaO2 sensor in both the main and back up ICU ABG analyser. This resulted in
calculation of the other ABG values but not the PaO2 restricting calculation of the PF and
other O2 tension indices. These two missing results reduce the total number of ABG values
collected to 364.

Table 18. PF ratio descriptive statistics.

Statistic

Value

Valid (n)

364

Missing (n)

64

Mean

249

Median

240

Std. Deviation

90

Skewness

0.79

Std. Error of Skewness

0.13

Kurtosis

1.0

Std. Error of Kurtosis

0.26

Range

512

Minimum

72

Maximum

584

The data for the PF ratio are not normally distributed displaying a Fisher skewness coefficient
of 6.08 and kurtosis coefficient value of 3.84 beyond the accepted limit of ±1.96 for
approximately normal distributions (Hildebrand, 1986). The positive skew is evident by
comparison of the mean (249) which is larger than the median (240). Skewness of the data is
confirmed in the histogram of PF ratio values in Appendix H by the right sided tail seen in
the data. The data is also leptokurtic as can be seen by the peaked histogram in Appendix H.
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Skewness and kurtosis of data violate many assumptions of parametric data analyses limiting
their use (Unsworth, 2004).

Figure 20 presents the descriptive data for the PF ratio by time point generated from the data
in Appendix I. It shows that the pre-HBO PF ratio (M = 301, SD = 99) has reduced on return
from HBO to ICU (M = 221, SD = 87). The trend shows a return towards pre-HBO levels at;
1 hour (M = 234, SD = 75), 2 hours (M = 274, SD = 86), 3 hours (M = 274, SD = 78) and 6
hours (M = 278, SD = 81) post-HBO. In Figure 20 no outliers meeting Tukey’s outlier rule,
classed as more than 1:5 times the interquartile range from the quartiles, are evident in these
data (Tukey, 1977).

Figure 20. PF ratio by time point
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5.2.2.3 Arterial to Alveolar O2 Ratio
The descriptive results of the a/APO2 are presented in Table 19, Figure 21 and Appendices J
and K. As with the PF ratio the seven time points measured gave a potential total of 427 ABG
and a/APO2 results. The final number of results presented as discussed earlier is 364. The
a/APO2 data is not normally distributed with a Fisher skewness coefficient of 5.23 and
kurtosis coefficient value of 3.0 (Hildebrand, 1986). The positive skew is evident by
comparison of the mean (0.42) which is larger than the median (0.41). Appendix J contains
the histogram generated from this data with a right sided tail evident in the histogram
confirming skewness and a peaked histogram indicating that the data is leptokurtic.

Table 19. Arterial to alveolar O2 ratio descriptive statistics.

Statistic

Value

Valid (n)

364

Missing (n)

63

Mean

0.42

Median

0.41

Std. Deviation

0.15

Skewness

0.68

Std. Error of Skewness

0.13

Kurtosis

0.78

Std. Error of Kurtosis

0.26

Range

0.86

Minimum

0.11

Maximum

0.97
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Figure 21 displays descriptive data for the a/APO2 by time point generated from the data in
Appendix K. It can be seen that the pre-HBO a/APO2 (M = 0.48, SD = 0.16) has reduced on
return from HBO to ICU (M = 0.35, SD = 0.15). As with the PF ratio the graphical trend of
the a/APO2 shows a return towards pre-HBO levels at; 1 hour (M = 0.37, SD = 0.13), 2 hours
(M = 0.44, SD = 0.15), 3 hours (M = 0.44, SD = 0.14) and 6 hours (M = 0.45, SD = 0.14)
post-HBO. Figure 21 further demonstrates no outliers evident in these data (Tukey, 1977).

Figure 21. Arterial to alveolar O2 ratio by time point.
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5.2.2.4 Alveolar to Arterial O2 Difference
The descriptive results of the alveolar to arterial O2 tension difference (A-aPO2) are presented
in Table 20, Figure 22 and Appendices L and M. As with the PF ratio and a/APO2 the time
points measured gave a potential total of 427 ABG and therefore A-aPO2 results. The final
number of results presented, as discussed earlier, is 364. The A-aPO2 data is not normally
distributed with a Fisher skewness coefficient of 6.31 and kurtosis coefficient value of 2.56
(Hildebrand, 1986). The positive skew is evident by comparison of the mean (158) which is
larger than the median (143). Appendix L contains the histogram generated from this data
with a right sided tail evident in the histogram confirming skewness and a peaked histogram
indicating that the data is leptokurtic.

Table 20. Alveolar to arterial O2 difference descriptive statistics.

Statistic

Value

Valid (n)

364

Missing (n)

63

Mean

158

Median

143

Std. Deviation

74

Skewness

0.82

Std. Error of Skewness

0.13

Kurtosis

0.64

Std. Error of Kurtosis

0.25

Range

426

Minimum

4.9

Maximum

431
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Figure 22 presents the A-aPO2 data by time point generated from the data in Appendix M. It
can be seen that the pre-HBO A-aPO2 (M = 139, SD = 79) has widened on return from HBO
to ICU (M = 168, SD = 79). As with the previous indices reported the graphical trend of the
A-aPO2 over the time points to 6 hours post-HBO shows a return towards mean pre-HBO
levels. The values are as follows at; 1 hour (M = 171, SD = 74), 2 hours (M = 147, SD = 69),
3 hours (M = 143, SD = 70) and 6 hours (M = 137, SD = 68) post-HBO. Figure 22 further
demonstrates no outliers evident in these data (Tukey, 1977).

Figure 22. Alveolar to arterial O2 difference by time point.
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5.2.2.5 Oxygen Index
The descriptive results of the oxygen index (OI) are presented in Table 21, Figure 23 and
Appendices N and O. As with the previous indices the seven time points measured gave a
potential total of 427 ABG and A-aPO2 results. The final number of results presented
however, as discussed earlier, is 364. The OI data is not normally distributed and is severely
skewed with a Fisher skewness coefficient of 26 and kurtosis coefficient value of 35
(Hildebrand, 1986). The positive skew is evident by comparison of the mean (6.1) which is
larger than the median (4.5). Appendix N contains the histogram generated from this data
with a right sided tail evident in the histogram confirming skewness and a peaked histogram
indicating that the data is leptokurtic.

Table 21. Oxygen index descriptive statistics.

Statistic

Value

Valid (n)

364

Missing (n)

63

Mean

6.1

Median

4.5

Std. Deviation

4.8

Skewness

2.6

Std. Error of Skewness

0.1

Kurtosis

7.7

Std. Error of Kurtosis

0.2

Range

29

Minimum

1.5

Maximum

31
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Figure 23 presents the OI data by time point generated from the data in Appendix O. In
Figure 23 the descriptive data by time point indicates that the pre-HBO OI (M = 4.9, SD =
79) has reduced on return from HBO to ICU (M = 6.7, SD = 4.8). As with the previous
indices reported the graphical trend of the OI over the post-HBO time points to 6 hours postHBO shows a return towards mean pre-HBO levels at; 1 hour (M = 6.5, SD = 5.8), 2 hours
(M = 5.3, SD = 4.7), 3 hours (M = 5.0, SD = 4.4) and 6 hours (M = 4.9, SD = 4.5). Figure 23
also presents the markedly non-normal nature of the data is possibly due to the effect of the
outliers, greater than 1.5 times the interquartile range from the quartiles, identified by the
symbol “*” (Tukey, 1977). All outliers were retained for analysis.

Figure 23. Oxygen index by time point.
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5.2.2.6 Transportation and Oxygenation Related Variables
Tables 22 to 24 report the descriptive statistical results for the variables transport time,
method of mechanical ventilation used during transportation and clinical course abnormalities
detected. Table 22 describes the 61 observed transportation events which consists of leaving
ICU, HBO treatment and return to ICU as having a mean duration of 161 minutes (SD = 29
minutes). The shortest duration that a patient was out of ICU was 95 minutes whilst the
longest was 276 minutes.

Table 22. Transportation times.

Statistic

Value (mins)

Valid (n)

61

Missing (n)

0

Mean

161

Median

153

Std. Deviation

29

Range

181

Minimum

95

Maximum

276

Table 23 reports that the type of mechanical ventilation used in the majority (71%) of
transports of patients from the ICU to the hyperbaric chamber and back to ICU was the
Oxylog 3000 transportation ventilator (Draeger Corp, Lübeck, Germany).

Table 23. Mode of mechanical ventilation during transportation.

Mode of

Frequency

Ventilation
Oxylog

43

PB840

18

Total

61
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Table 24 presents the data for the clinical course abnormalities which occurred during the
study. The four clinical course abnormalities will be reported in chronological order. In the
pre-HBO period one clinical course abnormality occurred. During transport of the patient
from ICU to the hyperbaric chamber the portable ventilator breathing circuit became
disconnected from the patient with detection by raised EtCO2 levels. Data from this treatment
were retained for analysis as maintenance of PEEP during connection and disconnection of
mechanical ventilators was not part of the transport protocol. Furthermore as it occurred
during the pre-HBO period it was considered unlikely to affect oxygenation in the post-HBO
period.

Table 24. Clinical course abnormalities.

Variable

Pre

Intra

Return +1 h

+2 h

+3 h

+6 h

HBO

HBO

ICU

n

61

61

61

61

61

61

61

Clinical Course Abnormality

1

2

0

0

1

0

0

During HBO treatment two clinical course abnormalities occurred. The first event was
arterial hypotension below the target mean arterial pressure for over 2 minutes, resolved by
increasing the rate of vasoactive infusion. The second event was an episode of patient
agitation requiring an increase in the rate of sedative infusion. Both of these data were
retained for analysis. The final clinical course abnormality at the 2 hour time point was the
accidental removal of an arterial line, during delivery of patient care by nursing staff. This
data point is missing from analysis as described as described earlier in the ABG timings
Section 5.2.2.1.

5.2.2.7 Physiologically Monitored Variables
The physiologically monitored variables are presented in three tables. Table 25 presents ABG
results with related respiratory monitoring including EtCO2 and SpO2. Table 26 presents
patient positioning and Table 27 reports the Murray lung injury score data. Data from the
collected ABG’s are presented by time point in Table 25.
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Table 25. Arterial blood gas results and related respiratory monitoring by time point.

ABG Value
(Normal1)

Pre HBO

Intra
HBO

Return
ICU

+1 h

+2 h

+3 h

+6 h

n

61

61

61

61

602

61

613

pH
(7.38-7.43)
PaO2
(75-99 mmHg)
PaCO2
(35-45 mmHg)
EtCO2
(35-45 mmHg)
Base Excess
(-2 to +2)
Bicarbonate
(20-30 mmol/L)
SaO2
(92-98%)
SpO2
(92-98%)
Haemoglobin
(120-155 g/L)
Sodium
(134-146
mmol/L)
Chloride
(98-110
mmol/L)
Potassium
(3.5-5.0
mmol/L)
Calcium
(1.11-1.28
mmol/L)
Lactate
(0.8-1.8
mmol/L)
Glucose
(4-6 mmol/L)

7.39 (0.1) 7.36 (0.1) 7.37 (0.1) 7.39 (0.1) 7.40 (0.1) 7.40 (0.1)
141 (85)

***4

7.40 (0.1)

101 (54)

104 (28)

118 (35)

115 (32)

116 (43)

43 (7)

48 (9)

45 (10)

43 (8)

43 (8)

43 (7)

43 (6)

38 (6)

68 (15)

38 (5)

37 (5)

37 (5)

36 (5)

38 (7)

1.1 (5.3)

0.9 (5.4)

0.8 (5.1)

0.8 (5.0)

1.2 (5.0)

1.3 (5.2)

1.7 (5.2)

25.9 (5.3) 26.5 (5.1) 26.1 (5)

25.8 (4.9) 26 (5)

26.3 (5.2)

31 (6)

98 (2)

100 (0.1)

95 (5)

96 (5)

97 (2)

97 (1)

97 (2)

99 (2)

100 (0.4)

97 (3)

98 (2)

98 (2)

99 (2)

98 (2)

95 (17)

96 (17)

94 (17)

95 (17)

94 (17)

94 (17)

92 (17)

139 (5)

139 (5)

140 (5)

140 (5)

140 (5)

140 (4)

141 (5)

108 (5)

109 (5)

109 (5)

109 (5)

109 (5)

109 (5)

109 (5)

4.1 (0.4)

4.2 (0.7)

4.3 (0.5)

4.3 (0.4)

4.2 (0.4)

4.2 (0.4)

4.1 (0.4)

1.07 (0.1) 1.05 (0.1) 1.06 (0.1) 1.07 (0.1) 1.07 (0.1) 1.07 (0.1)

1.07 (0.1)

1.6 (0.9)

1.5 (0.8)

1.5 (0.8)

1.7 (0.7)

1.6 (0.7)

1.6 (0.8)

1.7 (0.1)

7.9 (1.4)

8.1 (1.6)

8.0 (1.7)

7.9 (1.8)

7.9 (1.9)

7.7 (1.8)

7.6 (1.6)

Note: 1 Values from Alfred Hospital pathology handbook, 2 Arterial line not available for one sample, 3 No PaO2 generated for one ABG
result, 4 Result outside range of ABG analyser.

Median values are reported in Appendix P. As described previously there was potential to
collect 61 ABG results from each time point of the 61 recorded HBO treatments, however as
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an ABG was unable to be taken at one 2 hour post-HBO time point this figure is reduced to
60 in the respective column. Incorporated into Table 25 beneath the respective equivalent
ABG measurement (PaCO2 and SaO2) are the SpO2 and EtCO2 measurements. Table 26
presents data of the position of patients by time point during the study. Across all time points
the patient was in a supine position for the majority (67%) of measurements.

Table 26. Patient position by time point.

Position
Supine
Left
Right

Pre
HBO
43
(70%)
7
(12%)
11
(18%)

Intra
HBO
49
(80%)
4
(6%)
8
(14%)

Return
ICU
50
(82%)
4
(6%)
7
(12%)

+1 h

+2 h

+3 h

+6 h

45
(74%)
11
(18%)
5
(8%)

30
(49%)
21
(34%)
10
(17%)

33
(54%)
18
(29%)
10
(17%)

37
(60%)
17
(28%)
7
(12%)

Table 27 presents the Murray lung injury scores with data from all patients calculated as
having a mean score of 0.9 (SD = 0.8). From the frequency data presented in Appendix Q the
Murray lung injury scores indicate 10 patients (16%) with calculated lung injury scores of
zero, the majority of patients (n = 47, 77%) with lung injury scores of greater than 1 to less
than 2.5 and the remainder (n = 4, 6%) with scores greater than 2.5.
Table 27. Murray lung injury scores descriptive statistics.

Statistic

Value

Valid (n)

61

Missing (n)

0

Mean

0.9

Median

0.7

Std. Deviation

0.8

Range

3

Minimum

0

Maximum

3
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5.2.2.8 ICU Mechanical Ventilation Variables
The characteristics of the variables relating to the mechanical ventilation delivered to the
recruited patients whilst in ICU and mechanical ventilation changes following HBO
treatment are presented in Tables 28 to 34 and Appendix R . Table 28 presents data showing
the majority of patients (95%) had an endotracheal tube as their artificial airway with the
remainder having a tracheostomy.

Table 28. Artificial airway type.

Artificial

Frequency

Airway Type
Endotracheal

22

Tracheostomy

3

Total

25

Table 29 describes the mode of mechanical ventilation most used in ICU as SIMV – Volume
Control (70%). Table 30 presents data that the mechanical ventilators in ICU were set to
deliver the breathing gas primarily in an ascending (ramp) waveform pattern (93%).

Table 29. Mode of mechanical ventilation in ICU.

Ventilation Mode

Frequency

Percent

SIMV - Volume Control

256

70

Spontaneous – Pressure Support and PEEP

90

25

SIMV – Pressure Control

20

5

Total

366

100

Table 30. Gas flow pattern delivered by mechanical ventilator in ICU.

Gas Flow Pattern Frequency
Ramp

342

Square

24

Total

366
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Table 31 presents the mean mechanical ventilation data gathered electronically from the
mechanical ventilator at all time points. Median values are reported in Appendix R. Data
gathered manually from the mechanical ventilator during the HBO treatment are included in
this table for comparison with ICU values.

Table 31. ICU mechanical ventilation values.

Ventilation

Pre

Intra

Return

+1 h

+2 h

+3 h

+6 h

Parameter

HBO

HBO¹

ICU

n

61

61

61

61

61

61

61

Respiratory
Rate / min
FiO2

17 (4)

18 (3.9)

16 (4)

17 (4)

17 (4)

16 (4)

17 (4)

0.47 (0.1)

1.0 (0)

0.49 (0.2)

0.47 (0.1)

0.46 (0.1)

0.44 (0.1)

0.43 (0.2)

Tidal Vol.
(ml)
Minute Vol.
(L)
Peak Press.
(cmH2O)
PS§
(cmH2O)
MairP*
(cmH2O)
Pause Press
(cmH2O)
Peak Flow
(L)
PEEP
(cmH2O)
I:E Ratio
(1:)

551 (170)

620 (100‡)

553 (170)

549 (130)

540 (150)

558 (130)

549 (150)

8.8 (1.9)

10.9 (3.1‡)

8.7 (2.2)

9.3 (2.3)

9.3 (2.5)

9.0 (2.0)

9.1 (2.5)

22.5 (5.6)

27 (5.3)

22.4 (5.2)

22.5 (5.5)

22.5 (5.5)

21.7 (5.3)

21.6 (5.4)

11 (3)

15.9 (4.7)

11 (3)

11 (3)

11 (3)

12 (3)

11 (3)

12.6 (4.4)

14.9 (4.5)

12.3 (4)

12.4 (4.4)

12.3 (4.1)

12 (4.1)

12 (4.5)

20.2 (6.3)

21.9 (4.9)

20.1 (6.4)

20 (6.1)

20.2 (6.1)

19.5 (6.4)

20.2 (6)

50 (6.9)

***^

50 (6.9)

51 (9.0)

51 (9.0)

51 (9.0)

51 (7.4)

7.0 (3)

7.5 (3.1)

7.1 (3.2)

7.1 (3.3)

7.1 (3.3)

6.9 (3.1)

6.9 (3.1)

2.4 (0.7)

2.4 (0.6)

2.4 (0.6)

2.4 (0.6)

2.4 (0.7)

2.5 (0.7)

2.4 (0.7)

Note: 1 See Also Table 15, ‡ Measured by HBO calibrated spirometer, ^ Not Calculated, * Mean Airway Pressure, § Pressure support.

Following HBO treatment the clinical impact of changes in oxygenation were defined as
those patients who had an alteration in mechanical ventilation parameters in response to
lowered SaO2 or SpO2 levels (MV Change) and those who did not (No MV Change). These
data are presented in Table 32 with the majority of patients (68%) experiencing a change in
mechanical ventilation in at least one of their monitored HBO treatments.

161

Table 32. Mechanical ventilation changes following HBO treatment by patient.

MV Change

Frequency

Yes

17

No

8

Total

25

Table 33 presents the type of alterations and magnitude of changes to the mechanical
ventilation. Of the 30 alterations to mechanical ventilation the most frequently utilised
change (67%) was an increase in FiO2. A smaller number of changes to other pressure assist
levels were also made. The magnitude of the alterations applied are explored further in the
inferential statistics.

Table 33. Nature of mechanical ventilation changes following HBO treatment.

Ventilation Parameter Altered

Frequency

Raised FiO2

20

Raised PEEP

5

Raised Pressure Support

5

Total

30

Table 34 describes the changes in mechanical ventilation by treatment. In the 61 treatments
observed 49% required some alteration of mechanical ventilation in response to either
lowered PaO2 or SpO2 levels in the post-HBO period. Furthermore of the 17 patients who
required alterations in mechanical ventilation settings 88% required adjustments to the
mechanical ventilator after the first HBO treatment.

162

Table 34. Mechanical ventilation changes following HBO by treatment.

Patient
Numb
er

1

MV
Change
Following
Treatment
Number
123

2

12

F

53

Anaerobic Septicaemia

3

12

M

47

Necrotising Infection

4

14

2

F

56

Necrotising Infection

5

1

2

M

78

Necrotising Infection

6

1

23

M

58

Necrotising Infection

7

23

1

M

47

Necrotising Infection

8

1

23

M

76

12

F

65

Clostridial
Myonecrosis
Wound Healing

2

M

65

Necrotising Infection

11

12

F

69

Necrotising Infection

12

12

F

39

23

M

76

Acute Ischemia /
Oedema
Necrotising Infection

12

M

66

Fournier’s Gangrene

M

37

Anaerobic Septicaemia

M

39

Necrotising Infection

M

38

Necrotising Infection

F

66

Fournier’s Gangrene

9
10

13

1

1

14
15

123

16

1

17

12

18

No MV
Change
Following
Treatment
Number

2

12

Gender

Age

Diagnosis

M

42

Necrotising Infection

19

12

M

56

20

12

M

51

Acute Ischemia /
Oedema
Anaerobic Septicaemia

21

13

2

M

49

Necrotising Infection

22

123

F

40

23

12

F

76

Clostridial
Myonecrosis
Arterial Gas Embolism

24

123

F

64

Clostridial Cellulitis

F

56

Anaerobic Septicaemia

25

23

1

Total

30 (49%)

31 (51%)
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5.2.2.9 Respiratory Variables Summary
This section has described the characteristics of the respiratory variables collected from
patients at all measured time points. The descriptive data supports the current literature
(Ratzenhofer-Komenda et al., 2007; Ratzenhofer-Komenda et al., 2003) which suggests a
reduction in oxygenation following HBO treatment. Furthermore these data presented are the
first to quantify the type and magnitude of alterations in the mechanical ventilation settings in
response to post-HBO reductions in oxygenation. The following section will examine the
characteristics of haemodynamic and pharmacology variables which may influence
oxygenation ability.

5.2.3

Haemodynamic and Pharmacology Variables

The variables for this study, relating to the haemodynamic and pharmacology variables, will
be presented in this section. The haemodynamic data is presented in Tables 35 to 37 and
Appendix S. Pharmacology data are presented in Tables 38 to 43, Figures 24 to 26 and
Appendices T to W.

5.2.3.1 Haemodynamic
Table 35 to 37 present the haemodynamic data from the time points pre, intra and post-HBO.
Median values are reported in Appendix S. The haemodynamic data presented exhibits
stability in values for all variables measured across most time points. The one exception is the
intra-HBO heart rate which describes the well known bradycardic effect of HBO as discussed
previously in Section 2.4.1.8.6. This effect is seen as a reduction in heart rate beats per
minute from pre-HBO levels (M = 95, SD = 19) to a lower level during the HBO treatments
(M = 88, SD = 20).
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Table 35. Mean haemodynamic variables by time point.

Haemodynamic Pre
Parameter
HBO

Intra

Return

HBO

ICU

n

61

61

Heart Rate
(bpm)
Systolic BP*
(mmHg)
Diastolic BP*
(mmHg)
Mean BP
(mmHg)
CVP
(mmHg)
Temperature
(oC)
Urine Output
(ml/h)

95 (19)

+1 h

+2 h

+3 h

+6 h

61

61

61

61

61

88 (20)

94 (19)

92 (19)

92 (19)

92 (19)

94 (20)

121 (19)

119 (20)

118 (19)

119 (18)

120 (20)

120 (18)

120 (16)

61 (10)

62 (9)

62 (10)

62 (10)

63 (12)

61 (9)

61 (8)

80 (13)

81 (11)

81 (13)

81 (12)

80 (11)

79 (10)

79 (10)

13 (5)

14 (4)

14 (4)

13 (4)

13 (5)

13 (5)

12 (4)

37.3 (1)

37.4 (1)

37.4 (0.7)

37.5 (0.7)

52 (41)

49 (36)

47 (34)

48 (37)

37.3 (0.6)
45 (30)

37.1 (0.5) 37.3 (0.6)
46 (31)

48 (36)

Note: * Arterial Values.

Other haemodynamic data included the cardiac rhythm information presented in Table 36.
These data describe the most common cardiac rhythm across all time points as being normal
sinus (52%).

Table 36. Cardiac rhythm at all time points.

Cardiac Rhythm

Frequency

Sinus Rhythm

220

Sinus Tachycardia

140

Atrial Fibrillation

25

VVI Paced

25

Sinus Bradycardia

17

Total

427

Haemodynamic data relating to fluids are presented in Table 37 which describes at the
majority of the 427 time points the most common type of fluid in use (81%) was crystalloids
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such as normal saline. Table 37 also incorporates the patients (n = 3, 12%) who received
haemodialysis across all ICU time points (n = 17, 4%).
Table 37. Type of fluid administered at all time points.

Haemodynamic Parameter

n

Crystalloid Transfusion

346

RBC Transfusion

23

Albumin Transfusion

20

Haemodialysis

17

Other Colloid Transfusion

3

5.2.3.2 Pharmacology
This section will present data relating to the relevant pharmacological interventions. Tables
38 to 40 and Figures 24 and 25 present data relating to the inotrope requirements of patients.
Tables 41 and 42 and Figure 26 describe analgesia and sedation requirements. Table 42
presents data from other infused and injected medications.

The inotrope requirements presented in Table 38 describe patients during the majority of
HBO treatments (66%) were administered a vasoactive inotrope intravenously. Table 39
describes the inotrope use in more detail with vasoactive drug therapy use across the majority
(68%) of monitored time points. Table 40 reports the drug types used with Noradrenaline
identified as being used at the majority (68%) of time points.
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Table 38. Inotrope support requirements by
HBO treatment.
Inotrope Frequency
Infusion
Yes

40

No

21

Total

61

Table 39. Inotrope support requirements by
time point.
Inotrope

Frequency

Infusion
Yes

291

No

136

Total

427

Table 40. Inotrope support requirements by drug type at all time points.

Inotrope Infusion

Frequency

Type
Noradrenaline

289

Adrenaline

69

Milrinone

21

Vasopressin

14
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The two most used inotropes, Noradrenaline and Adrenaline are presented in Figures 24 and
25 generated from mean data in Appendix T. Median values are reported in Appendix U.
Data for both these inotropes were indicative of patient stability with little change in the
doses over time. Appendix T shows no change in the Vasopressin dose (M = 2 units/h, SD =
0 units/h) in the one patient who received it. There was an increase in the Milrinone dose
from the pre-HBO baseline (M = 10.5 mcg/kg/min, SD = 13.4 mcg/kg/min) to the 6 hours
post-HBO time point (M = 16.7 mcg/kg/min, SD = 10.6 mcg/kg/min) in the one patient who
received it.

Figure 24. Noradrenaline infusion doses.
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Figure 25. Adrenaline infusion doses.

The type of analgesia, sedation and fluids used during the study is presented in Tables 41 to
43 and Figure 26. Table 41 describes the majority of patients were administered Morphine
(84%) for analgesia and Midazolam (79%) for sedation. This use is further supported by
Table 42 which presents the data across all time points showing that the majority of time
points monitored Morphine (85%) and Midazolam (78%) were being administered.

Table 41. Analgesia and sedation delivery to patients by drug type.

Sedation

Frequency Percent

Infusion
Morphine

51

83.6

Midazolam

48

78.7

Fentanyl

5

8.2

Propofol

5

8.2
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Table 42. Analgesia and sedation delivery to patients by time point.

Sedation

Frequency Percent

Infusion
Morphine

361

84.5

Midazolam

333

78.0

Propofol

44

10.3

Fentanyl

36

8.4

The doses of the two most commonly used infusions, Morphine and Midazolam, are
presented in Figure 26 generated from data in Appendix V with median data reported in
Appendix W. Figure 26 demonstrates the increase in all mean values of sedation and
analgesia typically required during an HBO treatment to compensate for factors such as the
change in mechanical ventilator, patient movement and other environmental factors.

There was a similar increase seen in the small number of patients who received Fentanyl (n =
2) and Propofol (n = 5) in Appendix V. The pre-HBO Fentanyl dose (M = 116 mcg/h, SD =
72 mcg/h) increased during HBO (M = 131 mcg/h, SD = (106 mcg/h). The pre-HBO Propofol
dose (M = 50 mg/h, SD = 7 mg/h) was similarly increased (M = 70 mg/h, SD = 13 mg/h). The
increases in Morphine and Midazolam can however be seen in Figure 26 to return towards
pre-HBO levels following completion of HBO and return to ICU.
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Figure 26. Morphine and Midazolam infusion doses by time point.

Typical of most ICU patients other medications were delivered during their care. Table 43
presents the other intravenous infusions delivered during each of the 61 monitored HBO
treatments by the drug type with insulin (48%) the most common.

Table 43. Other infusions delivered to patient by drug type.

Sedation Infusion

Frequency

Insulin

29

Heparin

4

Glyceryl Trinitrate (GTN)

1

5.2.3.3 Haemodynamic and Pharmacology Variables Summary
This section has outlined the characteristics of the haemodynamic and pharmacology
variables collected from patients which may influence oxygenation and to give an overall
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description of the patients recruited. The descriptive data are indicative of a typical ICU
population requiring various pharmacological therapies such as vaso-active drugs to support
the haemodynamic system within normal limits, sedation and analgesia to facilitate
management during time in ICU and HBO. The following section will complete the
description of patients recruited by describing their clinical biochemistry values.

5.2.4

Clinical Biochemistry Variables

The next group of variables presented are the combined mean clinical biochemistry values.
This group includes urea and electrolytes (U&E), full blood count (FBC), blood coagulation
and liver function tests (LFT). These tests were typically taken prior to each HBO treatment
and are presented in Tables 44 to 47 with normal values shown in parentheses following the
test name.

5.2.4.1 Urea and Electrolytes
The urea and electrolytes report tested blood for the following levels. Sodium, potassium,
chloride, bicarbonate, urea, creatinine, calcium, corrected calcium, magnesium and
phosphate. Table 44 presents the results for the 25 patients recruited.

Table 44. Urea and electrolytes results.

Variable (Normal*)

Mean

Median

Sodium (135-143 mmol/L)

139 (18)

140 (131-152)

Potassium (3.5-5.0 mmol/L)

4.15 (0.4)

4.1 (3.2-5.1)

Chloride (97-107 mmol/L)

110 (5)

110 (101-120)

Bicarbonate (20-32 mmol/L)

25 (5)

24 (15-36)

Urea (3.0-8.0 mmol/L)

11 (6)

10 (2-27)

Creatinine (45-80 umol/L)

116 (94)

82 (26-484)

Calcium Ionised (1.18-1.35 mmol/L)

1.94 (0.2)

1.95 (1.6-2.4)

Calcium Corrected (2.23-2.5 mmol/L)

2.33 (0.2)

2.3 (1.9-2.9)

Magnesium (0.7-1.1 mmol/L)

1.02 (0.2)

1.0 (0.5-1.9)

Phosphate (0.6-1.3 mmol/L)

1.30 (0.6)

1.3 (0.3-3.0)

Note: * Values from Alfred Hospital pathology handbook.
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5.2.4.2 Full Blood Count
The laboratory testing for the full blood count comprised of the flowing tests. Haemoglobin
(Hb), White Blood Cell Count (WBC), Platelet Count, Haematocrit (HCT), Mean
Corpuscular Volume (MCV), Mean Corpuscular Haemoglobin (MCH), Mean Corpuscular
Haemoglobin Concentration (MCHC), Total Red Blood Cells (RBC), Red Blood Cell
Distribution Width (RDW), Neutrophils, Lymphocytes, Monocytes, Eosinophils and
Basophils. Table 45 presents the results for the 25 patients recruited.

Table 45. Full blood count results.

Variable (Normal*)

Mean

Median

Haemoglobin (113-159 g/L)

100 (20)

95 (71-160)

WBC (3.9-12.7 10^9/L)

14 (8)

13 (2.5-40)

Platelets (150-396 10^9/L)

210 (95)

187 (9-443)

HCT (0.32-0.42 L/L)

0.30 (0.1)

0.29 (0.2-0.5)

MCV (80-97 fL)

91 (5)

90 (81-101)

MCH (28-34 pg)

30 (5)

31 (25-35)

MCHC (328-363 g/L)

326 (47)

335 (4-357)

RBC (3.6-5.3 10^12/L)

3.3 (0.6)

3.1 (2.4-4.9)

RDW (10-14.5%)

14 (1)

14 (10-17)

Neutrophils (1.9-8 10^9/L)

12 (9)

11 (2-54)

Lymphocytes (0.9-3.3 10^9/L)

1.2 (0.9)

0.9 (0.2-4.5)

Monocytes (0.3-1.1 10^9/L)

0.8 (0.6)

0.7 (0.1-2.5)

Eosinophils (0-0.5 10^9/L)

0.08 (0.1)

0.03 (0-0.4)

Basophils (0-0.2 10^9/L)

0.02 (0.04)

0.01 (0-0.2)

Note: * Values from Alfred Hospital pathology handbook.
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5.2.4.3 Blood Coagulation
The laboratory testing for blood coagulation comprised of the flowing tests. Activated Partial
Thromboplastin Time (APTT), International Normalised Ratio (INR), Prothrombin Time
(PT) and Fibrinogen. Table 46 presents results for the 25 patients recruited.

Table 46. Blood coagulation results.

Variable (Normal*)

Mean

Median

APTT (26-38 seconds)

39 (9)

37 (22-86)

INR (1.0-1.3)

1.4 (0.3)

1.3 (1.1-3.2)

PT (10.6-15.3 seconds)

17 (3)

16 (14-35)

Fibrinogen (2-4 g/L)

6 (2)

6 (2-10)

Note: * Values from Alfred Hospital pathology handbook.

5.2.4.4 Liver Function Tests
The laboratory testing for liver function comprised of the flowing tests. Protein, Albumin,
Bilirubin, Alanine Aminotransferase (ALT), Gamma glutamyl transpeptidase (GGT) and
Alkaline phosphatase (ALP). Table 47 presents results for the 25 patients recruited.

Table 47. Liver function test results.

Variable (Normal*)

Mean

Median

Protein (60-80 g/L)

50 (7.9)

50 (28-66)

Albumin (35-52 g/L)

18 (5)

17 (8-35)

Bilirubin (< 14 umol/L)

17 (14)

13 (3-60)

ALT (9-36 u/L)

42 (73)

21 (4-543)

GGT (< 38 u/L)

92 (82)

75 (9-381)

ALP (36-106 u/L)

116 (67)

97 (13-314)

Note: * Values from Alfred Hospital pathology handbook.
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5.2.4.5

Clinical Biochemistry Variables Summary

This section has described the mean clinical biochemistry values of U&E, FBC, coagulation
and LFT’s typically taken prior to each HBO treatment. U&E values are suggestive of a
degree of renal failure with raised urea, creatinine and chloride levels. FBC results
demonstrate reduced Hb and other markers of oxygenation ability (HCT, RBC, MCHC) and
increased markers of infection (WBC and Neutrophils). Furthermore LFT results show
abnormal liver function whilst blood coagulation levels are similarly deranged. The values
described are representative of what would be typical for many critically ill patients within an
ICU.

5.2.5

Summary

The descriptive statistics section has outlined data ranging from; pre, intra and post-HBO
treatments. Now that an overview of the patients and data set has been presented, the
following inferential statistical analysis will develop the data further in relation to the
hypotheses generated from the literature review.

5.3

Inferential Results

The descriptive statistics presented in the previous sections have given an overview of the
characteristics of the patients enrolled in the study. The following section will use the data
collected in conjunction with appropriate inferential statistical techniques to answer the six
research hypotheses identified from the literature review and detailed in the previous methods
chapter.

The flow of the hypotheses begins with confirming if any change in oxygenation occurs in
the sample data gathered. This is followed by determining if changes in oxygenation were
followed by alterations in mechanical ventilation. The data are then compared between any
patients who experienced a mechanical ventilation change and those who did not. Following
this a comparison of first versus subsequent HBO treatments to determine if any protective
effect is present will be undertaken. Lastly there are analyses of associations between the
variables collected and post-HBO changes in oxygenation.

5.3.1

Hypothesis One

Hypothesis one is there will be a decrease in oxygenation from pre-HBO baseline levels
following HBO treatment as measured by the PF ratio, A-aPO2, a/APO2 and oxygen index.
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During this study the primary outcome variable for oxygenation was the PF ratio. Secondary
outcome measures were the a/APO2, A-aPO2 and the oxygen index (OI). The results for the
inferential statistics carried out on each of these O2 tension indices will be presented in this
order.

5.3.1.1 Oxygen Tension Indices
The O2 tension indices data by time point presented in Table 48 were analysed by mixedeffect analysis (PROC MIXED) in SAS version 9.1. Changes in the outcome measures from
baseline were assessed for normality (see Appendices X to AA) and found to be well
approximated by a normal distribution with Fisher skewness and kurtosis coefficients of
±1.96 unless otherwise reported. The results are summarised descriptively as mean (standard
deviation) in Table 48. Statistical test results (p value and 95% CI) and percentage change
from pre-HBO baseline values are presented in Tables 49 to 52.

Overall the summarised O2 tension indices in Table 48 and the changes to individual indices
in Tables 49 to 52 support the first hypothesis that there was a statistically significant
alteration in oxygenation following HBO treatment. The PF ratio and a/APO2 were reduced,
indicative of reduced oxygenation, by a statistically significant amount; on return to ICU and
at 1 and 2 hours post-HBO. The A-aPO2 was increased, indicative of worsening oxygenation
efficiency, by a statistically significant amount on return to ICU and at 1 hour post-HBO. The
OI was increased, indicative of deleterious changes in oxygenation, by statistically significant
amounts; on return to ICU, at 1 hour and 2 hours post-HBO.

Table 48. Oxygen tension indices by time point.
Value

Return to
ICU
221 (87)*

+1 h

+2 h

+3 h

+6 h

PF ratio

Pre
HBO
301 (99)

234(75)*

274 (86)*

274 (78)

278 (81)

a/APO2

0.48 (0.16)

0.35 (0.15)*

0.37 (0.13)*

0.44 (0.15)*

0.44 (0.14)

0.45 (0.14)

A-aPO2

139 (79)

168 (79)*

171 (74)*

147 (69)

143 (70)

137 (68)

OI

4.9 (4.2)

6.7 (4.8)*

6.5 (5.8)*

5.3 (4.7)*

5.0 (4.4)

4.9 (4.5)

Note: * statistically significant, data are mean (standard deviation).
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Table 49. Percentage reduction from pre-HBO value of PF ratio by time point.
Time Point
Return to ICU
+1 h
+2 h
+3 h
+6 h

% Reduction p Value

95% CI
*

27%
22%
8%
6%
5%

p < 0.001
p < 0.001*
p = 0.03*
p = 0.09
p = 0.13

21 to 34%
15 to 29%
0.8 to 14%
-13 to 1.0%
-12 to 1.6%

Note: * statistically significant.

Table 50. Percentage reduction from pre-HBO value of arterial to alveolar O2 ratio.
Time Point
Return to ICU
+1 h
+2 h
+3 h
+6 h

% Reduction p Value

95% CI
*

27%
23%
8%
4%
4%

p < 0.001
p < 0.001*
p = 0.03*
p = 0.22
p = 0.33

20 to 34%
15 to 30%
0.9 to 16%
-12 to 2.8%
-11 to 3.7%

Note: * statistically significant.

Table 51. Percentage increase from pre-HBO value of alveolar to arterial O2 difference.
Time Point
Return to ICU
+1 h
+2 h
+3 h
+6 h

% Reduction p Value

95% CI
*

75%
76%
48%
43%
38%

p = 0.007
p = 0.006*
p = 0.08
p = 0.11
p = 0.17

20 to 129%
22 to 131%
-6.0 to 103%
-11 to 98%
-17 to 92%

Note: * statistically significant.

Table 52. Percentage increase from pre-HBO value of oxygen index.
Time Point

% Increase

p Value

95% CI

Return to ICU
+1 h
+2 h
+3 h
+6 h

46%
36%
14%
10%
8%

p < 0.001*
p < 0.001*
p = 0.03*
p = 0.13
p = 0.23

33 to 58%
23 to 48%
1.5 to 27%
-3 to 22%
-5 to 20%

Note: * statistically significant.
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5.3.1.2 Hypothesis One Summary
Data from the four O2 tension indices used in this study support hypothesis one. The primary
outcome measure (PF ratio) and secondary measures (a/APO2, A-aPO2 and OI) all revealed a
statistically significant worsening of oxygenation in the post-HBO period.

The PF and a/APO2 both demonstrated reductions of approximately 27% from pre-HBO
baseline that were statistically significant (p < 0.001) upon return from HBO treatment to the
ICU. After 1 hour in the ICU following HBO treatment the values of PF and a/APO2 were
still lowered by, a statistically significant (p < 0.001) amount of approximately 22%. After 2
hours following HBO treatment both PF and a/APO2 had increased to approximately 8%
below the pre-HBO baseline, both ratios remaining statistically significant (p = 0.03) at this
time point. No statistically significant difference in either PF or a/APO2 occurred 3 or 6 hours
following HBO treatment.

The A-aPO2 and OI demonstrated increases of approximately 75% and 46% respectively
from the pre-HBO baseline that were statistically significant (p = 0.007 and p < 0.001) upon
return from HBO treatment to the ICU. After 1 hour in the ICU following HBO treatment the
values of the A-aPO2 and OI were still raised by, a statistically significant (p = 0.006 and p <
0.001) amount of approximately 76% and 36% respectively.

After 2 hours following HBO treatment the A-aPO2 no longer demonstrated a statistically
significant difference from baseline. The OI did however remain statistically significant (p =
0.03) at this time point with a 14% increase. No statistically significant difference of either
the A-aPO2 or OI occurred at 3 and 6 hour time points following HBO treatment.
The post-changes presented to the O2 tension indices indicate a statistically significant and
deleterious alteration in values. This does not however automatically equate to any clinical
impact for patients. To determine clinical impact the following section will analyse the
changes in oxygenation and the incidence of associated changes in mechanical ventilator
settings.
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5.3.2

Hypothesis Two

Research hypothesis two is that the reduction in oxygenation following HBO will be
associated with compensatory alterations in mechanical ventilation. Tables 32 and 33 in
Section 5.2.2.8 of the descriptive statistics support hypothesis four indicating that 68% of the
total 25 patients experienced an MV change. The 17 patients who had alterations in their
mechanical ventilation in the post-HBO period in response to reductions in oxygenation had a
total of 30 changes made. These included increases in FiO2 (n = 20, 67%), PEEP (n = 5, 17%)
and pressure support (n = 5, 17%).

The changes to FiO2, the most common parameter altered, by time point were analysed by
mixed-effect analysis (PROC MIXED) in SAS version 9.1. Changes in the outcome measure
from baseline were assessed for normality (see Appendix BB) and found to be well
approximated by a normal distribution with Fisher skewness and kurtosis coefficients of
±1.96 unless otherwise reported. Results are summarised descriptively with values presented
in Table 53 as mean (standard deviation) values. Statistical test results (p value and 95% CI)
and percentage change from pre-HBO baseline values are presented in Tables 54.

5.3.2.1 Mechanical Ventilation Settings Data
Data from the 17 patients who experienced mechanical ventilation changes following HBO
treatment are presented in Table 53 and as percentage changes from the pre-HBO baseline in
Table 54. The values PEEP (n = 5) and pressure support (n = 5) were increased as described
in Tables 53 however the sample sizes were too small to generate reliable estimates of change
and inferential analysis was therefore not conducted on these parameters. Inferential analysis
of the FiO2 reveals that it was raised by statistically significant levels on return from ICU (p <
0.001), at 1 hour (p < 0.001), at 2 hours (p = 0.001) and at 3 hours (p = 0.01) post-HBO.
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Table 53. Magnitude of changes in mechanical ventilation settings following HBO.

Variable

n

Pre-

Return to

HBO

ICU

+1 h

+2 h

+3 h

+6 h

Level
FiO2

20

0.41(0.1) 0.58 (0.24)*

0.58 (0.17)*

0.53 (0.15)*

0.50 (0.16)*

0.47 (0.16)

PEEP

5

8.5 (3.3) 10.2 (4.2)

11.3 (3.5)

11.5 (3.7)

11.5 (3.7)

11.3 (3.5)

5

9.4 (3.6) 12.0 (2.5)

12.4 (3.3)

12.4 (3.3)

13.4 (3.1)

13.4 (3.1)

(cm H20)
PS§
(cm H20)
Note: * statistically significant, Data are mean (standard deviation), § Pressure support.

Table 54 presents the FiO2 values as a change from pre-HBO baseline. It can be seen that
FiO2 was raised above baseline values by up to approximately 41% following HBO
treatment. The FiO2 was then reduced over time to achieve approximate baseline levels
between 3 hours and 6 hours post-HBO.

Table 54. Magnitude of change in FiO2 following HBO treatment.

95% CI
Time Point

% Change p value

Low

High

Return to ICU

41

< 0.001*

28

62

+1 h

41

< 0.001*

27

61

+2 h

29

0.001

*

13

47

+3 h

22

0.01*

5

39

+6 h

15

0.07

-1.3

33

Note: * statistically significant.

5.3.2.2 Hypothesis Two Summary
The majority of patients enrolled in this study experienced post-HBO reductions in
oxygenation which were associated with compensatory alterations in mechanical ventilation
settings. Post-HBO FiO2, the most altered setting, was increased above the baseline pre-HBO
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values by approximately 0.17 (41% increase). Alterations in FiO2 following the rise displayed
a trend toward baseline achieved between 3 hours and 6 hours post-HBO. Within the ICU
environment large numbers of other physiological measurements are also routinely collected.
It may be possible that these parameters may be able to define the characteristics of the group
of patients who experienced mechanical ventilation change following HBO. Analysis of the
data to test this hypothesis is presented below.

5.3.3

Hypothesis Three Part One: Pre-HBO Variables

Hypothesis three that physiological or treatment differences, prior to or during HBO, will
identify patient groups with post-HBO reductions in oxygenation associated with changes in
mechanical ventilation. To best answer the hypothesis the results are reported in two sections:

- Part one will analyse assessable markers prior to HBO between those who experienced
mechanical ventilation changes post-HBO and those who did not;
- Part two will compare assessable markers for the two groups during HBO.

Statistical comparisons of the potential assessable markers for pre-HBO variables are
reported in the following order: demographic variables, respiratory variables, haemodynamic
and pharmacology variables and clinical biochemistry. Given the large number of variables,
with the exception of the primary and secondary outcome measures, only those results which
were statistically significant are reported.

5.3.3.1 Statistical Assumptions
For all independent t-tests conducted the following assumptions were assessed. Equal
variances of the dependent variable, normal distribution of the dependent variable in each
population and independence of data at both between group and within group level (Munro,
2005a). Where independent t-test statistical test assumptions are violated the non-parametric
test equivalent (Mann Whitney U test) results are reported. Where multiple comparisons of
the same data have been undertaken Bonferroni correction of α was applied as described
earlier and the adjusted α value indicated in each table. The statistical assumptions were
checked and met as follows:

- Equal variances of the dependent variable tested were determined to be met by Levene’s
test values of p > 0.05 and are reported as such unless noted otherwise;
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- Normality of distribution in each population (MV change and no MV change) of the
dependent data were checked and determined to be met by Fisher skewness and kurtosis
coefficients of ±1.96 unless otherwise reported;
- Independence of data was met as none of the 25 patients were represented in both MV
change and no MV change groups (between group independence). Only data from the first
HBO treatment was included in the analysis (within group independence).

For Chi-square analysis the following assumptions were checked and met (Munro, 2005a):
- Data for the variables were independent as above;
- Data were treated as nominal;
- If 80% of the expected frequencies were less than or equal to five then Fisher’s Exact test
values are reported.

5.3.3.2 Demographic Variables Data
Table 55 shows the comparison results of the demographic data for; sex, age, APACHE II
score, length of mechanical ventilation, length of ICU stay, ICU mortality and presenting
condition between patients who experienced mechanical ventilation change compared to
those who did not.

For the purposes of analysis the presenting condition were categorised into septic (necrotising
infections, anaerobic septicaemia, Fournier’s gangrene, clostridial myonecrosis and
clostridial cellulitis) and non-septic (arterial gas embolism, wound healing and acute
ischaemia oedema) conditions. Results from the inferential statistical tests applied are
reported below in this order.
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Table 55. Comparisons of mechanical ventilation changes demographic data.

MV

No MV

Total

Change

Change

(n = 25)

(n = 15)

(n = 10)

Sex (% Male)

60

87

20

0.002†#

Age (years)

56 (13)

54 (13)

61 (13)

0.28*

APACHE II Score

16 (6)

15.5 (6.1)

17 (4.5)

0.53*

Length of Mechanical Ventilation (h) 219 (157)

190 (120)

278 (213)

0.19*

Length of ICU Stay (days)

10 (8.5)

10.5 (9.8)

9.1 (4.9)

0.72*

ICU Mortality (% Yes)

8

13

0

0.50†

Septic Conditions (% Yes)

84

87

80

1.00†

Variable

p Value

Note: * Independent t-test, † Fisher’s Exact test., # statistically significant.

5.3.3.2.1 Sex
To investigate whether sex influenced patients experiencing MV changes a Chi-square
analysis was conducted. The assumption of the Chi-square having expected frequencies
greater than five was violated with two cells having an expected count of less than five
therefore analysis continued with Fisher’s Exact test.

Overall more males (n = 13, 87%) experienced an MV change than women (n = 2, 13%). The
Fisher’s Exact test reported a statistically significant (p = 0.002) relationship between sex and
mechanical ventilation changes post-HBO. The Phi statistic which indicates the strength of
the association between mechanical ventilation changes and sex was 0.67, considered to be a
medium to large effect size (Cohen, 1988).

5.3.3.2.2 Demographic Variables Summary
In summary from the demographic variables collected, although patients who experienced
mechanical ventilation changes were on average younger, less severely ill, mechanically
ventilated for a shorter period, stayed in ICU longer and had a higher ICU mortality none of
these differences were statistically significant. Whether patients present with septic
conditions or not also failed to distinguish between groups. The only statistically significant
difference between groups was that males were more likely to experience mechanical
ventilation changes than females following HBO treatment.
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5.3.3.3 Pre-HBO Respiratory Variables
The respiratory variables collected from the first HBO treatment at the pre-HBO time points
were grouped into three main categories: O2 tension indices, physiological data and ICU
mechanical ventilation variables. Tables 56 to 58 present the results of inferential analysis of
the differences between patients who experienced mechanical ventilation changes and those
who did not in this order.

5.3.3.3.1 Oxygen Tension Indices
Table 56 presents the comparison of results of the O2 tension indices at the pre-HBO time
point. Each variable is discussed separately in the following section.

Table 56. Comparisons of mechanical ventilation changes respiratory data.

Variable

Total

MV Change

No MV Change

p Value

(n = 25)

(n = 15)

(n = 10)

PF Ratio

316 (112)

295 (116)

368 (87)

0.13*

a/APO2

0.53 (0.18)

0.51 (0.12)

0.58 (0.13)

0.35*

A-aPO2

319 (112)

138 (90)

188 (106)

0.24*

OI

4.3 (1.6-15.3)†

3.8 (1.6-15.3)‡§†

4.4 (2.0-5.2)†

0.86∞

Note: * Independent t-test, ∞ Mann Whitney U test, ‡ Fisher skewness coefficient > ± 1.96, § Fisher kurtosis
coefficient > ± 1.96, † Median (Range).

PF Ratio
The PF ratio of the group who experienced MV changes was lower (M = 295, SD = 116) than
the group who did not (M = 368, SD = 87). This difference was not however statistically
significant (t (23) = -1.57, p = 0.13, r = 0.30).

Arterial to Alveolar O2 Tension Ratio (a/APO2)
The a/APO2 of the group who experienced MV changes was lower (M = 0.51, SD = 0.12)
than the group who did not (M = 0.58, SD = 0.13). This difference however was not
statistically significant (t (23) = -0.96, p = 0.35, r = 0.20).
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Alveolar to Arterial O2 Tension Difference (A-aPO2)
The A-aPO2 of the group who experienced MV changes was lower (M = 138, SD = 90) than
the group who did not (M = 188, SD = 106). This difference however was not statistically
significant (t (23) = -1.21, p = 0.24, r = 0.24).

Oxygen Index (OI)
The assumption of normality in the MV change group was violated with Fisher skewness
(3.23) and kurtosis (3.49) coefficient values outside the ±1.96 limit. Analysis was therefore
undertaken by the non-parametric Mann-Whitney U test. The median OI of the MV change
group (3.8) was lower than the group who experienced no changes (4.4). This difference was
not statistically significant (U = 65, z = -0.18, p = 0.86, r = 0.04).

In summary, as may be seen from Table 56, the O2 tension indices from the pre-HBO time
point indicated that none of these variables displayed statistically significant differences
between the two groups. The following section will report on the physiological data gathered
from the pre-HBO time point.

5.3.3.3.2 Physiologically Monitored Variables
Table 57 presents comparisons of physiologically monitored data between those who
experienced MV changes post-HBO versus those who did not at the pre-HBO time point. The
ABG results, EtCO2, SpO2, patient position and Murray lung injury score are discussed
separately in the following section.
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Table 57. Comparisons of mechanical ventilation changes pre-HBO physiological data.

Variable

Total

MV Change

No MV Change

p Value

(n = 25)

(n = 15)

(n = 10)

ABG pH

7.35 (0.1)

7.36 (0.1)

7.34 (0.1)

0.45*^

ABG PaO2 (mmHg)

169 (37)

115 (33)

208 (52)

< 0.001*^~

ABG PaCO2 (mmHg)

43 (33-65)¶

43 (39-65)‡¶

42 (33-50)¶

0.42∞^

EtCO2 (mmHg)

38 (27-54)¶

38 (27-54)§¶

38 (28-47)¶

0.76∞^

ABG Base Excess (mEq/L)

-1 (-7-14)¶

-1 (-7-14)‡§¶

-0.9 (-7-4)¶

0.75∞^

ABG Bicarbonate (mmol/L)

24.6 (4.9)

25.5 (5.3)

22.7 (3.6)

0.19*^

ABG SaO2 (%)

98.4 (1.6)

97.8 (1.7)

99.6 (0.4)

< 0.001*#^~

SpO2 (%)

100 (95-100)¶ 99 (95-100)‡§¶

100 (98-100)¶

0.40∞

ABG Haemoglobin (g/L)

100 (18)

99 (2)

100 (1)

0.86*^

ABG Sodium (mmol/L)

137 (5)

137 (5)

138 (5)

0.87*^

ABG Chloride (mmol/L)

108 (5)

107 (6)

110 (3)

0.17*#^

ABG Potassium (mmol/L)

4.1 (0.4)

4.1 (0.4)

4.0 (0.4)

0.58*^

ABG Calcium (mmol/L)

1.07 (0.1)

1.06 (0.1)

1.09 (0.1)

0.46*^

ABG Lactate (mmol/L)

1.8 (0.9)

1.7 (0.8)

2.1 (1.2)

0.39*#^

ABG Glucose (mmol/L)

7.9 (1.4)

7.9 (1.6)

7.8 (1.1)

0.91*^

Position (% Supine)

84

87

80

1.00†^

Murray Lung Injury Score

0.83 (0.88)

0.98 (0.95)

0.50 (0.56)

0.20*+

Note: * Independent t-test, ∞ Mann Whitney U test, † Fishers Exact Test, ‡ Fisher skewness coefficient > ± 1.96, § Fisher kurtosis coefficient
> ± 1.96, # Equal variances not assumed p value, ^ α value 0.025, + α value 0.05, ¶ Median (Range), ~ statistically significant.

ABG PaO2
The arterial partial pressure of O2 in the group who experienced MV changes was lower (M =
115, SD = 33) than those who did not (M = 208, SD = 52). This difference was statistically
significant (t (23) = -5.42, p < 0.001) and represents a large effect (r = 0.75) (Cohen, 1988).

ABG SaO2
The ABG O2 saturation of the group who experienced MV changes was lower (M = 97.8, SD
= 1.7) than the group who did not (M = 99.6, SD = 0.4). This difference was statistically
significant (t (19.39) = -4.22, p < 0.001) and represents a medium to large effect (r = 0.69)
(Cohen, 1988). The equal variances assumption of the t-test was violated in Levene’s test (p
= 0.005) therefore equal variances not assumed values are reported.
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In summary, patients who experienced mechanical ventilation changes post-HBO had
statistically significantly lower arterial partial pressures and arterial saturations of O2 in the
pre-HBO period than those who did not. Although violation of the equal variances
assumption was seen in ABG SaO2, chloride and lactate values, the independent t-test is
reported to be moderately to highly robust in regards to equal variance violations (Markowski
& Markowski, 1990). To discover further reasons for the difference in O2 levels between
those who had mechanical ventilation changes and those who did not the following section
will analyse the mechanical ventilation variables collected.

5.3.3.3.3 ICU Mechanical Ventilation Variables
Table 58 presents comparisons between the ICU mechanical ventilation data of those who
experienced mechanical ventilation changes versus those who did not prior to HBO. The
variables artificial airway type, mode of mechanical ventilation, gas flow pattern, total
respiratory rate, FiO2, expired tidal volume, expired minute volume, peak inspiratory
pressure, pressure support, mean airway pressure, pause pressure, peak flow and PEEP are
discussed in this order in the following section.

Airway type (ETT or tracheostomy) did not change pre and intra-HBO, FiO2 was set to 1.0
for both groups intra-HBO and set peak flow not measured intra-HBO. For Chi-square
analysis the three modes of ventilation were categorised as follows into two groups. Volume
controlled ventilation (VCV) modes included SIMV – Volume Control and Spontaneous –
Pressure Support and PEEP. Pressure controlled ventilation (PCV) modes included SIMV –
Pressure Control.
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Table 58. Comparisons of pre-HBO ICU mechanical ventilation data.

MV

No MV

Total

Change

Change

(n = 25)

(n = 15)

(n = 10)

Airway Type (% ETT)

88

80

100

0.25†+

Ventilation Mode (% VCV)

72

60

90

0.18†^

Gas Flow Pattern (% RAMP)

92

86

100

0.50†^

Total Respiratory Rate (breaths/min)

15.3 (2.3)

15.1 (2.3)

15.9 (2.4)

0.46*^

FiO2

0.5 (0.2)

0.42 (0.1)

0.66 (0.02)

0.03*#+~

Exhaled Tidal Volume (ml)

510 (90)

550 (90)

470 (60)

0.04*^

Exhaled Minute Volume (L)

8.3 (1.8)

8.7 (1.8)

7.6 (1.5)

0.14*^

Peak Inspiratory Pressure (cmH2O)

23.8 (5.5)

21.6 (4.9)

28.3 (3.7)

0.002*^~

Pressure Support (cmH2O)

11.7 (2.8)

12.1 (3.0)

10.8 (2.1)

0.27*^

Mean Airway Pressure (cmH2O)

12.9 (3.8)

12.3 (4.2)

14.1 (2.6)

0.23*^

Pause Pressure (cmH2O)

20.7 (6.2)

19.2 (6.8)

23.7 (2.9)

0.03*#^

Set Peak Flow (L/min)

52 (6.8)

51 (3.4)

55.2 (8.8)

0.23*#+

PEEP (cmH2O)

7.0 (2.4)

7.1 (2.5)

6.8 (2.2)

0.19*^

I:E Ratio (1:)

2.6 (0.7)

2.7 (0.2)

2.4 (0.3)

0.41*^

Variable

p Value

Note: * Independent t-test, † Fisher’s Exact test, # Equal variances not assumed p value, ^ α value 0.025, + α value 0.05, ~ statistically
significant

FiO2
The FiO2 of the group who had MV changes was lower (M = 0.42, SD = 0.09) than those who
did not (M = 0.66, SD = 0.02). This difference was statistically significant (t (-2.65) = 8, p =
0.03) and represents a medium to large effect (r = 0.68) (Cohen, 1988). The equal variances
assumption of the t-test was violated in Levene’s test (p = 0.003) therefore equal variances
not assumed values are reported.

Peak Inspiratory Pressure
The peak inspiratory pressure of the group who had MV changes was lower (M = 21.6, SD =
4.9) than those who did not (M = 28.3, SD = 3.7). This difference was statistically significant
(t (-3.43) = 23, p = 0.002) and represents a medium to large effect (r = 0.58) (Cohen, 1988).
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In summary comparison of the ICU mechanical ventilation variables between patients who
had mechanical ventilation changes post-HBO and those who did not at the pre-HBO time
point revealed that mechanical ventilation changes post-HBO were more likely to occur in
patients with lower FiO2 and lower peak inspiratory pressures.

5.3.3.3.4 Pre-HBO Respiratory Variables Summary
At the pre-HBO time points the respiratory, physiological and ICU mechanical ventilation
variables analysed revealed no statistically significant differences in O2 tension indices
between patients who had mechanical ventilation changes and those who did not.

Patients who experienced mechanical ventilation changes post-HBO did have statistically
significant lower PaO2 and SaO2 values in the pre-HBO period. Furthermore comparison of
the pre-HBO ICU mechanical ventilation variables revealed statistically significantly lower
FiO2 and peak inspiratory pressures in patients who experienced mechanical ventilation
changes post-HBO.

As previously discussed in the literature review levels of oxygenation may be influenced by
many clinical factors such as heart rate, blood pressure and drug therapies. The following
section will therefore compare the haemodynamic and pharmacological characteristics of the
group who experienced MV changes post-HBO and those who did not.

5.3.3.4 Pre-HBO Haemodynamic and Pharmacology Variables
Tables 59 and 60 present comparisons between the pre-HBO haemodynamic and
pharmacology variables of patients who had mechanical ventilation changes versus those
who did not. Monitored haemodynamic variables include heart rate, arterial blood pressures,
central venous pressure, urine output, cardiac rhythm, intravenous fluid infusion type and
patients who were receiving haemodialysis. Monitored pharmacology variables include
intravenous inotrope type and dose, analgesia type and dose, sedation type and dose and
insulin infusion.

The number of patients who received other infusions such as Heparin (n = 4), Glyceryl
Trinitrate (GTN, n = 1), Vasopressin (n = 1) and Milrinone (n = 1) were too small for
inferential analysis of the dose delivered as a comparative variable. Where these variables are
present they have been treated as binomial (infusion present Y/N) and analysis undertaken by
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Chi-square analysis or Fisher’s Exact test as appropriate. All haemodynamic and
pharmacology variables are discussed in the order above in the following section.

5.3.3.4.1 Haemodynamic Variables
Table 59 presents the pre-HBO haemodynamic variables compared between the patients who
experienced mechanical ventilation changes versus those who did not. In summary analysis
of the haemodynamic variables recorded and compared between the two groups found no
statistically significant differences between groups.
As discussed previously the independent t-test is robust to assumption violations for equal
variances as seen in arterial diastolic pressure values. Violation of the normality assumption
for urine output of the MV change group was dealt with by non-parametric analysis. As
haemodynamic variables may be altered by drug therapies administered to patients, the
following section will examine any differences between those who experienced mechanical
ventilation changes and those who did not.

Table 59. Comparisons of pre-HBO haemodynamic data.
Variable

Total

MV Change

No MV Change

p Value

(n = 25)

(n = 15)

(n = 10)

Heart Rate (bpm)

94 (19)

97 (17)

88 (20)

0.26*^

Heart Rhythm (% Sinus)

44

40

50

0.69†^

Arterial Systolic Pressure (mmHg)

117 (14)

117 (13)

120 (17)

0.56*^

Arterial Diastolic Pressure (mmHg)

62 (6)

61 (4)

63 (10)

0.57*#^

Arterial Mean Pressure (mmHg)

80 (10)

78 (9)

83 (12)

0.23*^

Central Venous Pressure (mmHg)

13 (4)

13 (3)

13 (5)

0.97*^

Urine Output (ml/h)

43 (6-170)¶

35 (20-170)‡§¶

28 (6-43)¶

0.03∞^

Temperature (ºC)

37 (0.5)

37 (0.4)

37 (0.4)

0.90*^

IV Fluids (% Colloid)

36

33

40

1.00†^

Haemodialysis (% Yes)

4

0

10

1.00†+

Note: * Independent t-test, ∞ Mann Whitney U test, † Fisher’s Exact test, ‡ Fisher skewness coefficient > ± 1.96, § Fisher kurtosis coefficient > ±
1.96, # Equal variances not assumed p value, ^ α value 0.025, + α value 0.05, ¶ Median (Range).
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5.3.3.4.2 Pharmacology Variables
Table 60 presents the pharmacology variables compared between the patients who had
mechanical ventilation changes versus those who did not. In summary none of the collected
pharmacology data was statistically significant in comparing those patients who had MV
changes and those who did not.

Table 60. Comparisons of pre-HBO pharmacology data.

Variable

Total

MV Change

No MV Change

p Value

(n = 25)

(n = 15)

(n = 10)

Inotrope Support (% Yes)

68

67

70

1.00†+

Noradrenaline Infusion Dose (mcg/h)

11.5 (7.4)

12.5 (8.5)

9.8 (4.8)

0.50*^

Adrenaline Infusion (% Yes)

16

20

10

0.63†+

Adrenaline Dose (mcg/h)

3.5 (1.9)

3.6 (1.8)

3.5 (1.8)

0.82*^

Vasopressin Infusion (% Yes)

4

100

0

1.00†+

Milrinone Infusion (% Yes)

4

0

100

1.00†+

Analgesia Infusion (% Yes)

92

100

80

0.15†+

Morphine Infusion Dose (mg/h)

4.0 (3.1)

4.3 (2.8)

5.7 (2.9)

0.28*^

Fentanyl Infusion (% Yes)

8

7

10

1.00†+

Sedation (% Yes)

92

87

100

0.50†+

Midazolam Infusion Dose (mg/h)

4.4 (3.6)

5.4 (3.5)

5.9 (2.4)

0.76*^

Propofol Infusion (% Yes)

20

7

40

0.06†+

Insulin Infusion (% Yes)

36

33

40

0.31†+

Heparin Infusion (% Yes)

4

7

0

1.00†+

Note: * Independent t-test, † Fisher’s Exact test, ^ α value 0.025, + α value 0.05.

5.3.3.4.3 Pre-HBO Haemodynamic and Pharmacology Variables Summary
In summary comparative analysis of the haemodynamic and pharmacology variables of
patients who experienced mechanical ventilation changes and those who did not revealed no
statistically significant differences. These results should be interpreted with caution due to the
reduction in statistical power of the t-tests from reduced sample sizes in comparison groups.
Furthermore other variables such as biochemistry values may influence oxygenation ability.
The following section will therefore attempt to determine if statistical differences exist,
between the two groups, in clinical biochemistry results.
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5.3.3.5 Pre-HBO Clinical Biochemistry Variables
All patients had a comprehensive suite of blood measures taken prior to each HBO session.
The clinical biochemistry values typically reported comprised of urea and electrolytes, full
blood count, blood coagulation and liver function tests.

5.3.3.5.1 Urea and Electrolytes
Table 61 presents the urea and electrolyte variables compared between the patients who
experienced mechanical ventilation changes versus those who did not. No measured values
from the urea and electrolytes tested were statistically significantly different between those
who experienced mechanical ventilation changes and those who did not. Lack of normality in
magnesium and creatinine values was dealt with by non-parametric analysis.

Table 61. Comparisons of pre-HBO urea and electrolytes.
Total

MV Change

No MV Change p Value

(n = 25)

(n = 15)

(n = 10)

Sodium (135-143 mmol/L)

139 (4.1)

139.5 (4.1)

139 (4.4)

0.77*

Potassium (3.5-5.0 mmol/L)

4.2 (0.4)

4.2 (0.4)

4.1 (0.4)

0.60*

Chloride (97-107 mmol/L)

109.4 (4.9)

109.1 (5.6)

109.9 (2.3)

0.66*#

Bicarbonate (20-32 mmol/L)

23.2 (4.7)

24.1 (4.8)

21.5 (4.8)

0.22*

Urea (3.0-8.0 mmol/L)

11.1 (5.9)

10.5 (5.9)

12.4 (6.1)

0.47*

Creatinine (45-80 umol/L)

98 (26-484)¶

76 (26-227)¶

106 (45-484)‡§¶

0.37∞

Calcium Ionised (1.18-1.35 mmol/L)

1.97 (0.2)

1.95 (0.1)

2.0 (0.2)

0.39

2.3 (0.1)

2.4 (0.3)

0.69*#

Variable Tested (Normal¹)

Calcium Corrected (2.23-2.5 mmol/L) 2.3 (0.2)
Magnesium (0.7-1.1 mmol/L)

0.9 (0.5-1.9)¶

0.9 (0.7-1.5)‡§¶

0.9 (0.5-1.9)¶

0.50∞

Phosphate (0.6-1.3 mmol/L)

1.43 (0.6)

1.42 (0.65)

1.43 (0.61)

0.96*

Note: 1 Values from Alfred Hospital pathology handbook, * Independent t-test, ∞ Mann Whitney U test, ‡ Fisher skewness coefficient > ± 1.96, § Fisher
kurtosis coefficient > ± 1.96, # Equal variances not assumed p value, ¶ Median (Range).

5.3.3.5.2 Full Blood Count
Table 62 presents the full blood count variables compared between the patients who had
mechanical ventilation changes versus those who did not. Normal values are in parenthesis
below the value tested. The mean corpuscular haemoglobin concentration of the MV change
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group was lower (M = 332 g/L, SD = 16 g/L) than the no MV change group (M = 346 g/L, SD
= 13 g/L) although both groups values are within normal limits. This difference was
statistically significant (t (23) = -2.1, p > 0.049) representing a medium to large effect (r =
0.4) (Cohen, 1988).

Table 62. Comparisons of pre-HBO full blood count.

Total

MV Change

No MV Change p Value

(n = 25)

(n = 15)

(n = 10)

Haemoglobin (113-159 g/L)

102 (76-160)¶

102 (81-160)‡§¶ 106 (76-128)¶

WBC (3.9-12.7 10^9/L)

13 (3-40)¶

13 (3-40)‡§¶

14 (3-25)¶

0.63∞

Platelets (150-396 10^9/L)

208 (105)

226 (111)

170 (86)

0.22*

HCT (0.32-0.42 L/L)

0.31 (0.06)

0.31 (0.07)

0.30 (0.04)

0.83*

MCV (80-97 fL)

91 (4.9)

92 (5.6)

91 (3.7)

0.80*

MCH (28-34 pg)

30 (25-35)¶

31 (25-33)‡§¶

30 (29-30)‡§¶

0.94∞

MCHC (328-363 g/L)

337 (16)

332 (16)

346 (13)

0.049*†

RBC (3.6-5.3 10^12/L)

3.4 (0.7)

3.4 (0.7)

3.3 (0.5)

0.73*

RDW (10-14.5%)

13.8 (1.6)

13.7 (1.8)

13.9 (1.3)

0.72*

Neutrophils (1.9-8 10^9/L)

12 (2-54)¶

12 (2.3-54)‡§¶

11 (1.9-19)¶

0.42∞

0.9 (0.4-4.5)‡§¶

0.9 (0.5-3.8)‡§¶

0.88∞

Value Tested (Normal¹)

Lymphocytes (0.9-3.3 10^9/L) 0.9 (0.4-4.5)¶

0.36∞

Monocytes (0.3-1.1 10^9/L)

0.7 (0.1-2.0)¶

0.7 (0.1-2.2)‡¶

0.7 (0.2-2.5)‡§¶

0.88∞

Eosinophils (0-0.5 10^9/L)

0.02 (0.0-0.3)¶

0.06 (0.01-0.3)¶ 0.01 (0.0-0.3)‡¶

0.28∞

Basophils (0-0.2 10^9/L)

0.03 (0.05)

0.03 (0.06)‡§

0.01 (0.01)‡§

0.56*

Note: 1Values from Alfred Hospital pathology handbook, * Independent t-test, ∞ Mann Whitney U test, ‡ Fisher skewness coefficient > ±
1.96, § Fisher kurtosis coefficient > ± 1.96, ¶ Median (Range), †statistically significant.

In summary the only measured variable from the full blood count values tested that was
statistically significantly different between those who experienced mechanical ventilation
changes and those who did not was the mean corpuscular haemoglobin concentration
(MCHC) value. Values of the MCHC from both groups were however within normal limits.
Violations in statistical assumptions for Hb, WBC, MCH, Neutrophil, Lymphocytes,
Monocyte and Basophil variables were dealt with by non-parametric analysis.
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5.3.3.5.3 Blood Coagulation
Table 63 presents the blood coagulation test variables compared between the patients who
experienced mechanical ventilation changes versus those who did not. Normal values are in
parenthesis after the value tested.

Table 63. Comparisons of pre-HBO blood coagulation.

p Value

Total

MV Change

No MV Change

(n = 25)

(n = 15)

(n = 10)

APTT (26-38 seconds)

40.1 (12.1)

38.6 (3.5)

43.3 (21.4)

0.55*#

INR (1.0-1.3)

1.4 (1.1-3.2)¶ 1.4 (1.1-2.2)¶

1.3 (1.1-3.2)¶

0.97∞

PT (10.6-15.3 seconds)

18 (14-35)¶

18 (15-25)¶

17 (14-35)¶

0.92∞

Fibrinogen (2-4 g/L)

6.3 (2.0)

6.2 (1.5)

6.4 (3.0)

0.82*#

Value Tested (Normal¹)

Note: 1 Values from Alfred Hospital pathology handbook, * Independent t-test, ∞ Mann Whitney U test, ‡ Fisher skewness
coefficient > ± 1.96, § Fisher kurtosis coefficient > ± 1.96, # Equal variances not assumed p value, ¶ Median (Range).

In summary no measured variables from the blood coagulation tests were statistically
significantly different between those who experienced mechanical ventilation changes and
those who did not. Violations in statistical assumptions for INR and PT variables were dealt
with by non-parametric analysis.

5.3.3.5.4 Liver Function Test
Table 64 presents the liver function variables compared between the patients who had
mechanical ventilation changes versus those who did not. Normal values are in parenthesis
after the value tested. In summary no measured variables from the liver function tests were
statistically significantly different between those who experienced mechanical ventilation
changes and those who did not. Violations in statistical assumptions for Bilirubin, ALT and
ALP variables were dealt with by non-parametric analysis.
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Table 64. Comparisons of pre-HBO liver function tests.

Total

MV Change

No MV Change p Value

(n = 25)

(n = 15)

(n = 10)

Protein (60-80 g/L)

50.8 (9.2)

52.2 (8.3)

47.9 (10.9)

0.29*

Albumin (35-52 g/L)

18.9 (6.3)

18.9 (6.3)

19 (6.8)

0.97*

Bilirubin (< 14 umol/L)

13 (3-60)¶

14 (7-60)‡¶

9 (3-52)‡§¶

0.18∞

ALT (9-36 u/L)

20 (4-150)¶

14 (4-150)‡§¶

30 (13-87)‡¶

0.43∞

GGT (< 38 u/L)

84.4 (81.3)

100 (92)

50.1 (36.3)

0.06*#

ALP (36-106 u/L)

85 (13-314)¶

88 (44-314)‡§¶ 74 (13-158)¶

Value Tested (Normal¹)

0.94∞

Note: 1 Values from Alfred Hospital pathology handbook, * Independent t-test, ∞ Mann Whitney U test, ‡ Fisher skewness
coefficient > ± 1.96, § Fisher kurtosis coefficient > ± 1.96, # Equal variances not assumed p value, ¶ Median (Range).

5.3.3.5.5 Pre-HBO Clinical Biochemistry Variables Summary
Clinical biochemistry values are routinely undertaken for ICU patients to aid in guiding
patient management. From this data only mean corpuscular haemoglobin concentrations from
the FBC, which was on average lower in the group who had mechanical ventilation changes,
achieved statistical significance. No other values from urea and electrolytes, FBC,
coagulation or LFT results were statistically significantly different.

5.3.3.6 Pre-HBO Variables Summary
From the demographic, respiratory, haemodynamic, pharmacology and clinical biochemistry
variables collected prior to HBO, statistical analysis revealed that patients who had
mechanical ventilation changes compared to those who did not had the following statistically
significant differences.

Demographics:
- Males more likely to receive mechanical ventilation changes.
Respiratory:
- Lower arterial partial pressures of O2;
- Lower arterial saturations of O2;
- Lower FiO2 delivered from the mechanical ventilator;
- Lower peak inspiratory pressures.
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Haemodynamic and Pharmacology:
- No statistically significant differences.
Clinical Biochemistry:
- Lower mean corpuscular haemoglobin concentration (MCHC).

Changes in respiratory, haemodynamic, pharmacology and other HBO specific variables,
during HBO treatment as discussed previously in the literature review, may potentially
influence reductions in oxygenation post-HBO. Part two of research hypothesis three will
analyse the variables collected during HBO treatment in the following sections.

5.3.4

Hypothesis Three Part Two: Intra-HBO Variables

The potential to influence oxygenation during HBO treatment through either raised O2 levels
or alterations in equipment function and drug therapy were explored previously in Section
2.4.2 of the literature review. The following section will attempt to find statistical differences
in data, between those who experienced mechanical ventilation changes and those who did
not during HBO treatment. Statistical tests and assumptions are as described earlier in Section
5.3.3.1.

5.3.4.1 HBO Treatment Data
Data collected during HBO treatment included HBO treatment table type, endotracheal tube
cuff inflator use, mechanical ventilator used during transportation and duration of
transportation. As described in Section 5.2.1.2 all patients in all treatments were connected to
the endotracheal tube cuff inflator negating comparison for this variable. For Chi-square
analysis of HBO treatment table the three treatment types were categorised into two groups:
treatment pressure of 180 kPa (60.5A) and treatment pressures less than 180 kPa (AH14 and
AH10).

Table 65 presents data from the intra-HBO analysed variables. These were compared
between the MV change group and the No MV change group. These variables are HBO
treatment table types, type of mechanical ventilation used during transportation and duration
of transportation.
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Table 65. Comparisons of HBO treatment data.

Variable

Total

MV Change No MV Change

(n = 25)

(n = 15)

(n = 10)

HBO Treatment Table (% 180 kPa)

92

93

90

1.00†

Transport Ventilation (% Oxylog)

68

60

80

0.40†

Transport Duration (min)

163 (27)

162 (23)

166 (36)

0.79*

p
Value

Note: * Independent t-test, † Fisher’s Exact test.

In summary from the HBO treatment variables, treatment tables, mechanical ventilation type
during transportation and transportation duration, there was no statistically significant
relationship or difference between those who had mechanical ventilation changes and those
who did not following HBO treatment.

5.3.4.2 Intra-HBO Respiratory Variables
Table 66 presents statistical comparisons of the respiratory variables applicable to the intraHBO time point between those who had mechanical ventilation changes post-HBO versus
those who did not. The variables PaO2, O2 tension indices (PF ratio, a/APO2, A-aPO2 and OI)
and the Murray lung injury score were not calculated at this time point and are therefore
absent from this table. Due to absence of variation in SpO2 between groups analysis was not
undertaken. For Chi-square analysis of subject positions during HBO the three groups
(supine, left and right) were categorised into two groups: supine and other (left and right).

In summary from the intra-HBO respiratory variables, no statistically significant difference
was found between the MV change and the no MV change groups. Violations in statistical
assumptions for ABG PaCO2 and bicarbonate were dealt with by non-parametric analysis.
Alterations in mechanical ventilation delivered during HBO may impact post-HBO
oxygenation therefore analyse of these variables will be presented in the following section.
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Table 66. Comparisons of intra-HBO physiological variables.

Variable

Total

MV Change

No MV Change

p Value

(n = 25)

(n = 15)

(n = 10)

ABG pH

7.33 (0.1)

7.34 (0.1)

7.30 (0.8)

0.21*^

ABG PaCO2 (mmHg)

49 (38-74) ¶

50 (38-74) §¶

47 (40-59)¶

0.66∞^

EtCO2 (mmHg)

67 (15)

66 (16)

69 (11)

0.67*^

ABG Base Excess (mEq/L)

-0.7 (4.8)

-0.1 (5.1)

-0.2 (4.1)

0.33*^

ABG Bicarbonate (mmol/L)

25 (19-41)¶

25 (19-42) §‡¶

23 (20-29)¶

0.24∞^

ABG SaO2 (%)

100 (1)

99.6 (0.5)

99.5 (0.8)

0.79*^

SpO2 (%)

100 (0)

100 (0)

100 (0)

N/A

ABG Haemoglobin (g/L)

101 (16)

103 (17)

96 (12)

0.29*^

ABG Sodium (mmol/L)

138 (5)

138 (5)

138 (5)

0.92*^

ABG Chloride (mmol/L)

109 (5)

108 (5)

110 (3)

0.44*^

ABG Potassium (mmol/L)

4.2 (0.6)

4.2 (0.6)

4.2 (0.4)

0.76*^

ABG Calcium (mmol/L)

1.0 (0.1)

1.0 (0.1)

1.0 (0.1)

0.86*^

ABG Lactate (mmol/L)

1.6 (0.8)

1.6 (0.7)

1.6 (0.9)

0.94*^

ABG Glucose (mmol/L)

7.9 (1.5)

7.7 (1.5)

8.4 (1.6)

0.29*^

Position (% Supine)

84

73

100

0.12†^

Note: * Independent t-test, † Fisher’s Exact test, ∞ Mann Whitney U test, ^ α value 0.025, ‡ Fisher skewness coefficient > ± 1.96, § Fisher
kurtosis coefficient > ± 1.96, ¶ Median (Range).

5.3.4.3 Intra-HBO Mechanical Ventilation Data
The effect of raised atmospheric pressure upon mechanical ventilators during HBO was
discussed earlier in the literature review in Section 2.4.2.5.5. Statistical comparison of the
groups who had mechanical ventilation changes versus those who did may find differences in
mechanical ventilation between the two groups.

Table 67 presents the data relating to intra-HBO mechanical ventilation of patients and
comparison between the groups MV change and no MV change. The variables presented do
not include artificial airway type or ventilation mode which was the same as in ICU, FiO2 as
it was 1.0 in all patients, gas flow pattern as all patients were treated with a ramp pattern or
set peak flow which was not calculated by the Servo 900C HBO ventilator.
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Table 67. Comparisons of intra-HBO ventilation data.

Variable

Total

MV Change

No MV Change

p Value

(n = 25)

(n = 15)

(n = 10)

Total Respiratory Rate (breaths/min)

18 (4)

18 (4)

17 (4)

0.28*^

Exhaled Tidal Volume (ml)**

590 (100)

600 (118)

575 (60)

0.57*^

Exhaled Minute Volume (L)**

11.0 (3.4)

10.8 (3.5)

11.5 (3.3)

0.62*^

Peak Inspiratory Pressure (cmH2O)

27.8 (5.1)

27.1 (4.5)

29.3 (6.1)

0.33*^

Pressure Support (cmH2O)

14 (10-30)¶

16 (10-30)‡§¶

14 (12-20)‡§¶

0.19∞^

Mean Airway Pressure (cmH2O)

14.7 (3.5)

15.4 (3.8)

13.3 (2.2)

0.17*^

Pause Pressure (cmH2O)

21.3 (4.6)

21.4 (4.5)

21.2 (5.1)

0.93*^

PEEP (cmH2O)

7 (3)

7 (3)

6 (3)

0.19*^

I:E Ratio (1:)

2.5 (0.7)

2.5 (0.7)

2.4 (0.8)

0.95*^

Note: * Independent t-test, † Fisher’s Exact test, ∞ Mann Whitney U test, ^ α value 0.025, ‡ Fisher skewness coefficient > ± 1.96, § Fisher kurtosis
coefficient > ± 1.96, ** Measured by HBO calibrated spirometer, ¶ Median (Range).

In summary analysis of the mechanical ventilation delivered to patients during HBO revealed
no statistically significant differences between the patients who had mechanical ventilation
changes and those who did not. Violations in assumptions for pressure support level were
dealt with by non-parametric analysis. Alterations in mechanical ventilation delivered during
HBO may impact upon post-HBO oxygenation therefore the following section will analyse
these variables. As discussed previously, alterations in haemodynamic status may cause
changes in oxygenation, Furthermore the previously outlined effects of HBO upon
haemodynamic status may contribute to changes in oxygenation. The following section will
therefore compare haemodynamic variable during HBO treatment.

5.3.4.4 Intra-HBO Haemodynamic Variables
The effect of alterations in haemodynamic variables upon oxygenation was discussed earlier
in the literature review. Table 68 presents the data relating to the haemodynamic
characteristics of patients and comparison between MV change and no MV change groups.
The variables presented do not include haemodialysis as no patients received this during
HBO. For Chi-square analysis the cardiac rhythms present were categorised into normal
(sinus rhythm) and abnormal (sinus bradycardia, atrial fibrillation and cardiac paced) rhythm
groups.
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Table 68. Comparisons of intra-HBO haemodynamic data.

Variable

Total

MV Change

No MV Change

p Value

(n = 25)

(n = 15)

(n = 10)

Heart Rate (bpm)

89 (21)

90 (18)

87 (29)

0.72*^

Heart Rhythm (% Sinus)

56

67

40

0.24†^

Arterial Systolic Pressure (mmHg)

112 (19)

110 (18)

118 (22)

0.31*^

Arterial Diastolic Pressure (mmHg) 60 (8)

59 (8)

61 (10)

0.52*^

Arterial Mean Pressure (mmHg)

79 (11)

77 (10)

82 (14)

0.27*^

Central Venous Pressure (mmHg)

14 (6-26)¶

15 (10-26)‡§¶

12 (6-15)¶

0.026∞^

Temperature (ºC)

37.5 (0.4)

37.4 (0.4)

37.3 (0.5)

0.89*^

Urine Output (ml/h)

40 (25)

46 (29)

29 (11)

0.04*#^

IV Fluids (% Colloid)

12

7

20

0.54†^

Note: * Independent t-test, † Fisher’s Exact test, ∞ Mann Whitney U test, # Equal variances not assumed value, ‡ Fisher skewness coefficient >
± 1.96, § Fisher kurtosis coefficient > ± 1.96, ^ α value 0.025, ¶ Median (Range).

In summary, from the haemodynamic variables collected during HBO, statistical analysis
revealed no significant differences between patients who had mechanical ventilation changes
post-HBO compared to those who did not. Violations in statistical assumptions for CVP were
dealt with by non-parametric analysis.

Haemodynamic characteristics in the critically ill can be manipulated to achieve target ranges
by pharmacological interventions as described previously. Furthermore drug doses being
administered during HBO treatment may be altered. The following section will therefore
examine the pharmacology differences between MV changes and no MV change groups.

5.3.4.5 Intra-HBO Pharmacology Variables
As described in the literature review alterations in drug infusions during HBO may occur.
These alterations may have the potential to alter oxygenation in the post-HBO period. Table
69 presents data comparing the pharmacology variables. All patients who had IV infusions of
vaso-active drugs, sedation, analgesia, insulin, GTN and heparin continued these therapies
during their HBO treatment. The continuous IV infusion variables Vasopressin, Milrinone
and GTN had only one subject who received them. Fentanyl was administered to only two
patients, Propofol to five patients and Adrenaline to four patients. Therefore due to the small
sample sizes these variables will not be analysed as comparative variables between groups.
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Table 69. Comparisons of intra-HBO pharmacology data.

Variable

n

Total
(n = 25)

MV change
(n = 15)

Noradrenaline Infusion Dose (mcg/h)
Morphine Infusion Dose (mg/h)
Midazolam Infusion Dose (mg/h)

19 11 (7)
21 5 (1-20)¶
20 7 (2-21)¶

13 (8)
6.5 (2-20)‡§¶
7 (2-21)‡§¶

No MV
Change
(n = 10)
8 (5)
6.5 (5-10)¶
5.5 (3-10)¶

p
Value
0.21*^
0.86∞^
0.56∞^

Note: * Independent t-test, ∞ Mann Whitney U test, ‡ Fisher skewness coefficient > ± 1.96, § Fisher kurtosis coefficient > ± 1.96, ^ α value
0.025, ¶ Median (Range).

In summary no statistical differences were demonstrated in the infusion doses of
Noradrenaline, Morphine or Midazolam at the intra-HBO time point between groups. The
reduction in sample size from 25, as not all patients received these infusions, will lower the
statistical test power. Violations in assumptions for Morphine and Midazolam doses were
dealt with by non-parametric analysis.

5.3.4.6 Intra-HBO Variables Summary
From the HBO treatment; respiratory, mechanical ventilation, haemodynamic and
pharmacology variables collected revealed no statistically significant differences between
MV change and no MV change groups.

5.3.4.7 Hypothesis Three Summary
Hypothesis three is that physiological or treatment differences, prior to or during HBO, will
identify patient groups with post-HBO reductions in oxygenation associated with changes in
mechanical ventilation. This hypothesis is supported with statistically significant findings at
the pre-HBO time points in the following assessable markers.

Demographics:
- Males more likely to experience mechanical ventilation changes.

Pre-HBO Respiratory:
- Lower arterial partial pressures of PaO2;
- Lower SaO2;
- Lower FiO2;
- Lower peak inspiratory pressures.
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Pre-HBO Clinical Biochemistry:
- Lower mean corpuscular haemoglobin concentration.

Interpretation of these results should however be undertaken with caution. Post-hoc testing of
the results for statistical power, with reduced sample sizes for MV change (n = 15) and no
MV change (n = 10) groups, revealed test a range of statistical power figures less than the
80% typically regarded as the standard for healthcare research (Munro, 2005a).

Cohen’s classification of effects sizes are 0.2 for small, 0.5 for medium and 0.8 for a large
effect (Cohen, 1988). Using these effect sizes as a guide and with an α of 0.05, the calculated
power for the statistical tests applied ranges from approximately 12% for a small effect, 30%
for a medium effect and 60% for a large effect (Erdfelder et al., 1996). For tests where the
sample size is lower than the total of 25 patients or where variables were compared at both
pre and intra-HBO time points (Bonferroni corrected α = 0.025) the statistical power will
obviously be reduced further. A practical effect of low statistical power is an increased risk of
type II (false negative) error (Munro, 2005a). The possibility therefore exists that some of the
results which did not achieve statistical significance are actually statistically significant.

Hypothesis one was supported with the data describing a reduction in oxygenation following
HBO treatment. Hypothesis two was supported with the finding that in a proportion of
patients the reduction in oxygenation was associated with changes in mechanical ventilation
settings. Hypothesis three is supported with the finding of assessable markers of those who
experienced changes in mechanical ventilation settings associated with post-HBO reductions
in oxygenation. To build upon this work hypothesis four will explore if previous HBO
treatment exposure confers any protective effect upon post-HBO reductions in oxygenation.

5.3.5

Hypothesis Four

Hypothesis four is that in mechanically ventilated ICU patients reductions in PF ratio
following the first HBO treatment will be greater when compared to subsequent HBO
treatments. To test this hypothesis data from the primary outcome measure, the PF ratio, was
chosen to represent oxygenation status. The following inferential analysis of oxygenation
comprised of comparison in reductions from pre-HBO baselines within each HBO treatment
(RMANOVA) followed by comparisons between HBO treatments (paired t-test). Where
parametric statistical test assumptions are violated the equivalent non-parametric test results
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are reported. Where multiple comparisons have been undertaken Bonferroni correction of α
was applied as previously described and the adjusted α value indicated in each table.
The statistical assumptions of the RMANOVA, independence of observations, normality of
data and sphericity (Hildebrand, 1986) were checked and met as follows:
- Independence of observations was met by analysing HBO treatment one and two separately;
- The assumption of normality was tested by calculation of Fisher skewness and kurtosis
coefficients with a limit of ±1.96 regarded as an approximately normal distributions;
- The assumption of sphericity was tested by Mauchley’s test with p > 0.05 regarded as the
assumption of sphericity being met.

The statistical assumptions of the paired t-test, normality of the sampling distribution and
data from paired patients (Hildebrand, 1986) were checked and met as follows:
- Normality in the sampling distribution was checked and determined to be met. This was
achieved by calculating the difference of the means between HBO treatments one and two.
From these means Fisher skewness and kurtosis coefficients were calculated which were
representative of an approximately normal distribution unless otherwise reported;
- The assumption of data from paired subjects was met by including only matched pairs from
HBO treatment one (n = 25) and two (n = 25).

As discussed previously in Chapter 3 factors such as FiO2, respiratory rate and vaso-active
drug infusion doses may influence oxygenation in the critically ill. Therefore a selection of
respiratory, mechanical ventilation, haemodynamic and pharmacological variables, see
Tables 79 and 80, associated with oxygenation were also compared as above between HBO
treatments one and two at the time points analysed.

These data contains dichotomous data (mode of mechanical ventilation) therefore McNemars
test was applied to assess the significance of the difference between the two dependent
samples (HBO treatment one versus two). The statistical assumptions for McNemars test,
dichotomous data, data from paired subjects, data are mutually independent (Munro, 2005a)
were checked and met as follows:
- The assumption of dichotomy was met by using the same classification of mechanical
ventilation modes (VCV and PCV) as described earlier in Section 5.3.3.3.3;
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- The assumption of paired data was met as per the previously described paired t-test
assumption;
- The assumption of mutual independence was met as no subject appeared in both categories.

5.3.5.1 Oxygenation In First Versus Second HBO Treatment
Figure 27 presents a comparison of the PF ratios across all time points for HBO treatment
number one (n = 25) and treatment number two (n = 25). A similar pattern in the reduction of
PF ratios, between treatment one and two, from baseline pre-HBO levels dropping upon
return to ICU and recovering over 2 hours can be seen across the time points. Analysis by
RMANOVA was conducted to assess differences in PF ratio between time points from HBO
treatments one and two separately.

Figure 27. PF ratio in first versus second HBO treatment.

5.3.5.1.1 HBO Treatment One
Analysis by RMANOVA was conducted to assess differences in PF ratio between time points
for each treatment. Testing of the statistical assumptions for the RMANOVA revealed nonnormality of the PF ratios from HBO treatment one seen in Table 70. The skewness was
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found to be non-normal by calculation of a Fisher skewness coefficient (2.51) outside the
±1.96 range. The Fisher kurtosis coefficient (-0.14) indicated approximately normal kurtosis.

Table 70. HBO treatment one PF ratio

Table 71. HBO treatment one square root

descriptive statistics.

transformed PF ratio descriptive statistics.

Statistic

Value

Value

Statistic

Valid (n)

149

Valid (n)

149

Missing (n)

1

Missing (n)

1

Mean

265

Mean

15.9

Median

256

Median

15.9

Std. Deviation

106

Std. Deviation

3.3

Skewness

0.49

Skewness

0.01

Std. Error of Skewness

0.19

Std. Error of Skewness

0.19

Kurtosis

-0.06

Kurtosis

0.34

Std. Error of Kurtosis

0.39

Std. Error of Kurtosis

0.39

Approximate normality of the data was achieved by square root transformation of the PF
ratio. Following transformation the Fisher skewness coefficient (1.07) and Fisher kurtosis
coefficient (0.25) were calculated from the descriptive values in Table 71 and found to be
within the accepted limit of ±1.96 for approximately normal distributions. The normality was
confirmed by the approximately normal distribution seen in the histogram in Appendix CC.

Mauchley’s test indicated that the RMANOVA assumption of sphericity had been violated
(X2(35) = 14, p = 0.002) therefore degrees of freedom were corrected using GreenhouseGeisser estimates of sphericity (ε = 0.62) (Geisser & Greenhouse, 1958). The RMANOVA
results show a statistically significant effect of time on PF ratio (F (3.08, 70.98) = 13.47, p <
0.001). Parameter estimates from the RMANOVA for time points from HBO treatment one
are presented in Table 72.
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Table 72. HBO treatment one RMANOVA parameter estimates.

95% Confidence Interval
Time Point

PF Ratio

Low

High

Pre-HBO

316

273

363

Return to ICU

214*

172

259

+1 h

217*

182

256

+2 h

266*

222

314

+3 h

271

230

314

+6 h

266

223

314

Note: * statistically significant.

Post hoc testing of post-HBO time points via pair wise comparison with Bonferroni
correction (α = 0.008) and converted to change from baseline scores revealed reductions in
PF ratios presented in Table 73. The reductions in PF ratio following the first HBO treatment
achieved statistical significance; upon return to ICU, at 1 hour and 2 hours post-HBO. No
statistically significant change was demonstrated at 3 hours or 6 hours post-HBO. To
compare magnitude of reductions after HBO treatment two the following section will repeat
the RMANOVA for those data.

Table 73. Reduction of HBO treatment one PF ratio from pre-HBO value by time point

Time Point

% Reduction p Value

Return to ICU
+1 h
+2 h
+3 h
+6 h

32%
31%
16%
14%
15%

p < 0.001*
p < 0.001*
p = 0.006*
p = 0.07
p = 0.11

Note: * statistically significant.
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95% CI
-18 to -45%
-19 to -43%
-0.6 to -30%
- 0.7 to -14%
-0.8 to -16%

5.3.5.1.2 HBO Treatment Two
Analysis by RMANOVA of PF ratios from HBO treatment number two was conducted.
Testing of statistical assumptions for the RMANOVA revealed non-normality in the PF ratios
from HBO treatment two seen in Table 74. Both skewness and kurtosis were found to be nonnormal by calculation of Fisher skewness (12.0) and kurtosis (14.4) coefficients outside the
±1.96 range of an approximately normal distribution.

Table 74. HBO treatment two PF ratio

Table 75. HBO treatment two square root

descriptive statistics.

transformed PF ratio descriptive statistics.

Statistic

Value

Statistic

Value

Valid (n)

150

Valid (n)

150

Missing (n)

0

Missing (n)

0

Mean

238

Mean

15.2

Median

236

Median

15.4

Std. Deviation

75

Std. Deviation

2.4

Skewness

0.58

Skewness

-0.04

Std. Error of Skewness

0.12

Std. Error of Skewness

0.19

Kurtosis

1.26

Kurtosis

0.54

Std. Error of Kurtosis

0.39

Std. Error of Kurtosis

0.39

Approximate normality of the data was achieved by square root transformation of the PF
ratio. Following transformation the Fisher skewness coefficient (-0.18) and Fisher kurtosis
coefficients (1.38) were calculated from the descriptive values in Table 75 and found to be
within the accepted limit of ±1.96 for approximately normal distributions. The assumption of
normality was confirmed by the approximately normal distribution seen in the histogram in
Appendix DD.

Mauchley’s test however indicated that the RMANOVA assumption of sphericity had been
violated (X2(25.4) = 14, p = 0.03) therefore degrees of freedom were corrected using
Greenhouse-Geisser estimates of sphericity (ε = 0.68) (Geisser & Greenhouse, 1958). The
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results show a statistically significant effect of time on PF ratio (F (3.39, 81.26) = 12.7, p <
0.001) Parameter estimates from the RMANOVA for time points from HBO treatment two
are presented in Table 76.

Table 76. HBO treatment two RMANOVA parameter estimates.

95% Confidence Interval
Time Point

PF Ratio

Low

High

Pre-HBO

255

220

293

Return to ICU

188*

161

217

+1 h

215*

188

243

+2 h

243

215

273

+3 h

243

214

273

+6 h

251

227

277

Note: * statistically significant.

Post hoc testing of post-HBO time points via pair wise comparison with Bonferroni
correction (α = 0.008) and converted to change from baseline scores revealed the reductions
in PF ratios presented in Table 77. The reductions in PF ratio following HBO treatment
achieved statistical significance upon return to ICU and at 1 hour post-HBO. In contrast to
HBO treatment one no statistically significant change was demonstrated at 2 hours post-HBO
for treatment two. The data between HBO treatments one and two will now be analysed in
the following section to determine if any statistical difference exists between PF ratios
between HBO treatments.

Table 77. Reduction of HBO treatment two PF ratio from pre-HBO value by time point.
Time Point

% Reduction p Value

95% CI

Return to ICU
+1 h
+2 h
+3 h
+6 h

26%
16%
5%
5%
2%

-15 to -37%
-5 to -26%
+7 to -16%
+7 to -16%
+8.5 to -11%

p < 0.001*
p < 0.001*
p = 0.06
p = 0.07
p = 0.11

Note: * statistically significant.
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5.3.5.1.3 HBO Treatment One PF Ratio Compared with Treatment Two
Table 78 presents analysis of data from comparison of PF ratios between HBO treatment one
and two. These results were analysed by paired t-tests. To avoid an overly conservative α
value multiple comparisons were limited to the pre-HBO baseline and statistically significant
results from HBO treatment one: return to ICU, 1 hour and 2 hour time points. Bonferroni
adjusted α as previously described for four comparisons was therefore 0.0125.
The paired t-tests assumption of normality in the sampling distribution was tested by
calculation of Fisher skewness and kurtosis coefficients from the differences between PF
ratios in HBO treatment one versus two for time points analysed. All Fisher skewness and
kurtosis coefficients were found to be within a limit of ±1.96 regarded as an approximately
normal distribution. The assumption of data from paired subjects was met by including only
matched pairs from HBO treatment one (n = 25) and two (n = 25).

Table 78. Comparison of PF ratio between HBO treatment one and two.

Time Point

Treatment One Treatment Two

p Value

Pre-HBO

316 (112)

255 (89)

0.08*

Return to ICU

214 (106)

188 (73)

0.32*

+1 h

217 (87)

215 (69)

0.89*

+2 h

266 (107)

243 (70)

0.35*

Note: * Paired t-test with α value 0.0125.

Pre-HBO PF Ratio
The mean PF ratio of patients from HBO treatment one was higher (M = 316, SD = 112) than
treatment two (M = 255, SD = 89) at the pre-HBO time point. This difference was not
statistically significant (t (24) = 1.82, p = 0.08, r = 0.35).

Return to ICU PF Ratio
The mean PF ratio of patients from HBO treatment one was higher (M = 214, SD = 106) than
treatment two (M = 188, SD = 73) on return to ICU. This difference was not statistically
significant (t (24) = 1.03, p = 0.32, r = 0.2).
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+1 h PF Ratio
The mean PF ratio of patients from HBO treatment one was higher (M = 217, SD = 87) than
treatment two (M = 215, SD = 69) at 1 hour post-HBO. This difference was not statistically
significant (t (24) = 0.13, p = 0.89, r = 0.02).

+2 h PF Ratio
The mean PF ratio of patients from HBO treatment one was higher (M = 266, SD = 107) than
treatment two (M = 243, SD = 70) at 2 hours post-HBO. This difference was not statistically
significant (t (24) = 0.96, p = 0.35, r = 0.2).

In summary the PF ratio following HBO treatments displayed statistically significant
reductions of approximately 32 to 26% on return to ICU and 31 to 16% at 1 hour post-HBO
for treatment one and two respectively. The 16% reduction in PF ratio following HBO
treatment one at 2 hours post-HBO achieved statistical significance this was not repeated for
the 5% reduction at the 2 hours time point for HBO treatment two. This suggests a possible
quicker recovery towards baseline following the second HBO treatment.

Mean PF values for HBO treatment one and two were not statistically significantly different
prior to commencing HBO. Furthermore the mean PF values were not statistically
significantly different between HBO treatment one and two: on return to ICU, at 1 hour or at
2 hours post-HBO time points. This suggests no statistically significant alteration in
magnitude of PF ratio reduction between first and second HBO treatment.

From these data no statistical benefit was observed following the second HBO treatment with
regards to a reduction in the magnitude of decrease in PF ratio. The following section will
analyse a selection of external variables including respiratory, mechanical ventilation,
haemodynamic and pharmacological data, which may have influenced through the artificial
support of the PF ratio during either the first or second HBO treatment.

5.3.5.2 First Versus Second HBO Treatment: Associated Variables
Tables 79 and 80 present data selected as influencing oxygenation compared between HBO
treatments one and two. These results were analysed by paired t-tests and adjusted for
multiple comparisons by Bonferroni correction as previously described. To minimise
inflation of type II (false negative) error through requirement for increasingly conservative α
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values multiple comparisons were limited. Comparison were made between the pre-HBO
baseline and return to ICU, 1 hour and 2 hours time points previously identified as having
statistically significant reductions in the O2 tension indices.
The paired t-test assumption of normality in the sampling distribution was checked and met
by calculation of Fisher skewness and kurtosis coefficients from the differences between the
selected variables in HBO treatment one versus two for the time points analysed. All Fisher
skewness and kurtosis coefficients were found to be within a limit of ±1.96 regarded as an
approximately normal distribution unless otherwise noted. Where paired t-test assumptions of
normality are violated the non-parametric test equivalent (Wilcoxon signed rank test) results
are reported. The assumption of data from paired subjects was met by including only matched
pairs from HBO treatment one (n = 25) and two (n = 25).

5.3.5.2.1 Respiratory and Mechanical Ventilation Data
Analysis of the respiratory and mechanical ventilation data is presented in Table 79. The data
presented are the respiratory and mechanical ventilation variables as follows. Murray lung
injury score, mode of mechanical ventilation, fraction of inspired oxygen (FiO2), positive end
expiratory pressure (PEEP), pressure support, respiratory rate, tidal volume, inspiratory to
expiratory ratio (I:E) ratio and arterial blood gas Hb levels.

In summary none of the selected respiratory or mechanical ventilation variables compared
between HBO treatments one and two exhibited statistically significant differences. This
suggests that the oxygenation of patients was not influenced by these variables at the time
points monitored following the first and second HBO treatment. Based on these analyses the
PF ratios were comparable between first and second HBO treatments. As variables other than
the respiratory and mechanical ventilation data examined in this section may affect
oxygenation the following section will consider a selection of haemodynamic and
pharmacology variables.

5.3.5.2.2 Haemodynamic and Pharmacology Data
Table 80 presents comparison data between HBO treatment one and two at the time points
where statistically significant changes were described. These include pre-HBO, return to
ICU, 1 hour and 2 hours post-HBO. The haemodynamic and pharmacology variables
compared include heart rate (HR), mean arterial pressure (MartP) and central venous pressure
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Table 79. HBO treatment one versus two respiratory and mechanical ventilation data.

Variable
Murray Lung Injury Score
MV Mode (% VCV)
FiO2
PEEP (cmH2O)
PS§ (cmH2O)
Respiratory Rate (bpm)
TV (ml)
I:E Ratio (1:)
ABG Hb (g/L)

Pre-HBO Time Point
Treatment
Treatment
p
One
Two
Value
0.83 (0.9)
1.1 (0.8)
0.22*
72
88
0.22†
0.5 (0.2)
0.47 (0.2)
0.46*
7.0 (2.4)
7.9 (3.5)
0.35*
11.7 (2.8)
10.5 (3.6)
0.49*
15.3 (2.3)
15.8 (3.5)
0.48*
510 (90)
550 (160)
0.49*
2.6 (0.7)
2.5 (0.6)
0.45*
100 (17)
92 (15)
0.06*

Return to ICU
Treatment
Treatment
One
Two
0.83 (0.8)
1.1 (0.8)
72
88
0.52 (19)
0.48 (0.2)
7.3 (3.0)
7.9 (3.6)
11.2 (2.5)
10.4 (3.7)
16.4 (4.1)
15.6 (3.7)
530 (150)
570 (140)
2.4 (0.6)
2.5 (0.6)
97 (18)
92 (16)

Note: * Paired t-test with α value of 0.0125, † McNemars test with α value of 0.0125, § Pressure support.

p
Value
0.23*
0.22†
0.54*
0.52*
0.37*
0.41*
0.36*
0.52*
0.23*

+1 h Post-HBO
Treatment
Treatment
One
Two
0.83 (0.8)
1.1 (0.8)
72
88
0.52 (0.2)
0.45 (0.1)
7.3 (3.1)
7.8 (3.6)
11.2 (2.7)
10.4 (3.8)
17.2 (5.9)
16.8 (5.4)
530 (120)
570 (140)
2.4 (0.6)
2.4 (0.7)
97 (18)
93 (15)

p
Value
0.22*
0.22†
0.09*
0.65*
0.35*
0.40*
0.30*
0.34*
0.23*

p
Value
0.22*
0.22*
0.13*
0.65*
0.35*
0.52*
0.61*
0.33*
0.28*

+2 h Post-HBO
Treatment
Treatment
One
Two
93 (55-128) 90 (48-112)
78 (10)
82 (11)
13 (4)
12 (5)
8.5 (8.3)
6.1 (5.5)
4.5 (3.1)
4.0 (2.8)

p
Value
0.82~§‡
0.18*
0.42*
0.22*
0.53*
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+2 h Post-HBO
Treatment
Treatment
One
Two
0.83 (0.8)
1.1 (0.82)
72
88
0.48 (0.2)
0.43 (0.1)
7.3 (3.1)
7.8 (3.6)
11.2 (2.7)
10.4 (3.8)
16.1 (3.4)
16.7 (4.9)
550 (90)
540 (140)
2.4 (0.7)
2.4 (0.8)
97 (19)
92 (15)

Table 80. HBO treatment one versus two haemodynamic and pharmacology data.

Variable
Heart Rate (bpm)
MartP (mmHg)
CVP (mmHg)
Noradrenaline (mcg/h)
Morphine (mg/h)

Pre-HBO Time Point
Treatment
Treatment
One
Two
94 (19)
95 (21)
78 (68-101)
81 (49-120)
13 (4)
14 (5)
8.6 (7.4)
6.2 (6.3)
4.0 (3.1)
4.0 (2.5)

p
Value
0.87*
0.40~§
0.21*
0.29*
0.96*

Return to ICU
Treatment Treatment
One
Two
95 (21)
93 (20)
80 (12)
82 (15)
13 (5)
15 (3)
8.7 (8.7)
6.4 (5.6)
4.7 (3.4)
4.6 (3.2)

p
Value
0.72*
0.67*
0.27*
0.25*
0.89*

+1 h Post-HBO
Treatment
Treatment
One
Two
94 (19)
90 (19)
78 (61-110) 80 (69-120)
13 (4)
13 (4)
8.5 (8.1)
6.1 (5.4)
4.5 (3.1)
4.3 (3.1)

p
Value
0.57*
0.40~§
0.69*
0.20*
0.83*

Note: * Paired t-test with α value of 0.0125, ~ Wilcoxon signed rank test with α value of 0.0125, ‡ Fisher skewness coefficient > ± 1.96, § Fisher kurtosis coefficient > ± 1.96.

(CVP). In summary none of the selected haemodynamic of pharmacology variables compared
between HBO treatments one and two and across pre-HBO, return to ICU, 1 hour, and 2
hours post-HBO time points exhibited statistically significant differences. This supports the
lack of difference in respiratory and mechanical ventilation variables suggesting that the
oxygenation of patients was not influenced, by these variables, at the time points monitored.

5.3.5.3 Hypothesis Four Summary
Hypothesis four which stated that in mechanically ventilated ICU patients reductions in PF
ratio following the first HBO treatment will be greater when compared to subsequent HBO
treatments was not supported. Oxygenation as measured by the PF ratios demonstrated
reductions in the post-HBO period compared to pre-HBO baseline levels, in both first and
second HBO treatments. The difference of the PF reductions between first and second HBO
treatment was not statistically significant.

Oxygenation as measured by the PF ratio may be increased or decreased by clinical variables
such as mechanical ventilation settings, drug therapies and/or clinical biochemistry all of
which may differ between HBO treatments. A comparison of the common variables
associated with an effect upon oxygenation between first and second HBO treatments
revealed no statistically significant differences suggesting that the PF ratio values were not
unduly influenced by the selected variables.

Although no adaptive or protective response to previous HBO treatments is supported from
this data, it may be possible that within the data there exist relationships between variables
which may further explain the post-HBO reductions in oxygenation. The following section
will explore the remaining two hypotheses to answer this question.
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5.3.6

Hypotheses Five and Six

The final two hypotheses aim to discover any previously unreported relationships with
oxygenation and the variables collected. The measure used to represent oxygenation as the
dependent variable was the PF ratio and the independent variables were the mechanical
ventilator variables for hypothesis five and all other collected data for hypothesis six.

Hypothesis five stated that mechanical ventilator parameters will be associated with postHBO reductions in oxygenation.

Hypothesis six stated that routinely collected physiologic, biochemical, haematological,
treatment, or outcome parameters will be associated with post-HBO reductions in
oxygenation.

5.3.6.1 Univariate Regression Analysis
The univariate analysis approach dealt with one quantitative response variable at a time to
identify parameters which exhibited a statistically significant relationship with the PF ratio
for inclusion into the multiple regression analysis. The significant results from these analyses
are presented by parameter estimate, associated standard error and p values in Tables 81 to
83.
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Table 81. Respiratory, physiological and HBO variables univariate regression results.
Variable

Parameter Standard
Estimate

p

Error

Value

FiO2

-0.01

0.00

< 0.001

PaO2 (mmHg)

0.01

0.00

< 0.001

SaO2 (%)

0.04

0.00

< 0.001

ABG pH

1.68

0.32

< 0.001

ABG Base Excess (mEq/L)

0.03

0.01

< 0.001

ABG Haemoglobin (g/L)

-0.01

0.00

< 0.001

PaCO2 (mmHg)

-0.01

0.00

< 0.001

SpO2 (%)

0.05

0.01

< 0.001

FBE Haematocrit (L/L)

-1.80

0.45

< 0.001

ABG Lactate (mmol/L)

0.11

0.03

< 0.001

Murray Lung Injury Score

-0.27

0.04

< 0.001

PEEP (cmH2O)

-0.05

0.01

< 0.001

HBO Treatment Number

0.05

0.01

< 0.001

Supine Position

-0.11

0.03

< 0.001

Left Side Lying

0.12

0.04

< 0.001

Temperature (ºC)

0.10

0.03

< 0.001

MairP (cmH2O)

-0.02

0.01

< 0.001

Length of Mechanical Ventilation (h)

-0.02

0.01

0.01

Pressure Support (cmH2O)

-0.02

0.01

0.01

ABG Potassium (mmol/L)

-0.11

0.05

0.02

Mechanical Ventilation Change Post-HBO (Y/N)

-0.10

0.04

0.02

Table 82. Pharmacology variables univariate regression results.
Variable

Parameter

Standard

Estimate

Error

p
Value

IV Midazolam Infusion Dose (mg/h)

-0.02

0.01

< 0.001

IV Noradrenaline Infusion Dose (mcg/h)

0.01

0.005

0.01

IV Insulin Infusion (Y/N)

0.09

0.05

0.04

IV Adrenaline Infusion (Y/N)

0.20

0.10

0.04
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Table 83. Clinical biochemistry variables regression univariate results.
Variable

Parameter

Standard

Estimate

Error

p
Value

U&E Bicarbonate (mmol/L)

0.03

0.007

< 0.001

U&E Magnesium (mmol/L)

-0.29

0.09

< 0.001

FBE Haemoglobin (g/L)

-0.01

0.001

< 0.001

FBE Basophils (10^9/L)

-4.69

0.56

< 0.001

LFT Protein (g/L)

0.02

0.003

< 0.001

FBE Neutrophils (10^9/L)

-0.01

0.004

0.005

FBE Red Blood Cells (10^12/L)

-0.11

0.05

0.01

FBE Monocytes (10 9/L)

-0.15

0.07

0.03

U&E Calcium Corrected (mmol/L)

0.37

0.17

0.03

U&E Urea (mmol/L)

-0.02

0.007

0.03

FBE Eosinophils (10^9/L)

0.91

0.42

0.03

U&E Calcium (mmol/L)

0.37

0.17

0.03

^

5.3.6.2 Mixed Model Regression Analysis
It is recognised that in order to be able to draw conclusions from regression analysis the data
must meet several assumptions as described in the following section (Berry, 1993). Notable
exception in the assumptions checked were independence of data between subjects and
independence of errors, both of which the mixed model procedure is able to adjust for
(Blackwell et al., 2006).

5.3.6.2.1 Mixed Model Regression Assumptions
The data included in the final regression model were assessed against the following
assumptions of multiple regression: variable types, normal distribution of the dependent
variable, adequate sample size, non zero variance, multicollinearity, homoscedasticity,
normally distributed errors and linearity (Berry, 1993; Cohen & Cohen, 1983; Field, 2009).
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5.3.6.2.1.1 Variable Types
All of the variables included in the model were either quantitative or categorical in nature.
Furthermore the outcome variable (PF ratio) was quantitative and measured at the interval
level, continuous and unbounded with no constraints on the variability.

5.3.6.2.1.2 Normal Distribution of the Dependent Variable
The distribution of the dependent variable (PF ratio) is presented earlier in Table 84. Nonnormal distribution of PF ratios from all treatments was confirmed by generation of the
histogram seen in Appendix H which demonstrates skewness by the right sided tail in the
data. Calculation of the Fisher skewness (6.08) and kurtosis (3.84) coefficients revealed
values beyond the accepted limit of ±1.96 for approximately normal distributions.

Normality was achieved by logarithmic transformation to base 10 values (Log10) of the PF
ratio which is recognised as appropriate to reduce positive skew (Field, 2009). The log
transformed values of the data presented in Table 84 gave Fisher skewness (1.79) and
kurtosis (0.5) coefficient values within the accepted limit of ±1.96 for approximately normal
distributions and a histogram in Appendix EE which is approximately normally distributed.
Transformation of the data reduces the potential effects outliers or extreme values may have,
such as changing the gradient and intercept, upon the final regression model (Field, 2009).

Table 84. Log10 PF ratio descriptive statistics.

Statistic

Value

Valid (n)

364

Missing (n)

63

Mean

2.37

Median

2.39

Std. Deviation

0.16

Skewness

-0.34

Std. Error of Skewness

0.19

Kurtosis

0.13

Std. Error of Kurtosis

0.26
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5.3.6.2.1.3 Adequate Sample Size
The literature pertaining to sample size for multiple regression techniques is conflicting on
the best approach to ensure that samples are adequate often with “rules of thumb” values
reported in multiple regression study design, thought to be related to the difficulty in
formulating a priori effect size values (Maxwell, 2000). For some regression studies adequate
samples sizes as low as 20 have been reported (Hox, 1995) although re-analysis studies have
reported that sample sizes of 50 yield results that are comparable with larger study samples
(Cheung & Au, 2005). For this study the 61 treatments PF ratio were collected at six of the
seven time points monitored giving a potential total sample of 366. Two PF ratio values are
missing as described previously reducing the final figure to 344.

5.3.6.2.1.4 Non Zero Variance
All predictors incorporated into the model have some variation in their value with no
variances of zero.

5.3.6.2.1.5 No Multicollinearity
Multicollinearity occurs when two or more of the independent variables within the regression
model exhibit high levels of correlation causing redundancy in this set of variables resulting
in errors in regression equations during analysis (Field, 2009). Levels of multicollinearity
were checked and met by generating of a correlation matrix for the final model.

Correlations between predictor and independent variables above 0.80, indicative of high
multicollinearity, were removed from the model. Secondary analysis to ensure no
multicollinearity existed was ensuring agreement in parameter estimate direction and
magnitude between the univariate statistic analysis and the multivariate model. This was
checked and found to be met.

5.3.6.2.1.6 Homoscedasticity
Homoscedasticity occurs when the variance of errors (difference between the value observed
and value predicted or standardised residuals) is the same across all levels of the independent
variable (Vogt, 2005). If variance of errors occurs at differing values of the independent
variable then heteroscedasticity is noted as being present. Heteroscedasticity can lead to
distortion of results increasing the possibility of a Type I error.
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The assumption of homoscedasticity was checked and deemed to be met by visual
examination of the scatter plot of the standardised residuals against the regression
standardised predicted value in Appendix FF. The pattern of these data presented no evidence
of the residuals getting larger: such as fanning, funnelling or curvilinear patterns suggestive
of heteroscedasticity.

5.3.6.2.1.7 Normally Distributed Errors
It is assumed that the residuals in the model are random and normally distributed. Lack of
normality compromises accuracy in estimation of coefficients and calculation of confidence
intervals. Normally distributed errors were assessed by a normal probability plot and
histogram of the residuals in Appendix GG and HH.

In Appendix GG distribution was deemed to be approximately normal as the points on this
plot fall close to the diagonal line. Slight deviation from the line in an S shape can be seen
which is suggestive of kurtotic deviation. To confirm normality a histogram of the residuals
was generated and is presented in Appendix HH with calculated Fisher skewness (-1.64) and
kurtosis (1.78) coefficients within the accepted limit of ±1.96 for approximately normal
distributions.

5.3.6.2.1.8 Linearity
The mean values of the PF ratio for each increment of the predictors was checked to ensure
they lay along a straight line to avoid fitting a linear model to data which are nonlinearly
related. Linearity was assessed by generation of a scatter plot of the residuals versus
predicted values, seen in Appendix FF, where the points are randomly and evenly dispersed
throughout the plot suggestive of linearity.

The data were assessed and found to satisfy the above assumptions of multiple regression
modelling. Therefore estimation proceeded and results from the final mixed regression model
are presented in the following section.

5.3.6.2.2 Mixed Model Multivariate Regression Results
The mixed effects model results are presented in Table 85. The key points can be described in
relation to hypothesis five which is concerned with mechanical ventilator variables and
hypothesis six which relates to the other physiological data collected.
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Table 85. Summary of regression model. Log10 PF ratio (n=284 observations).

Variable

Parameter Standard
Estimate

Intercept

Error

p
Value

3.79

1.12

0.003

Murray Lung Injury Score

-0.19

0.04

< 0.001

ABG PaCO2 (mmHg)

-0.01

0.003

0.001

ABG Base Excess (mEq/L)

0.02

0.002

0.005

IV Midazolam Dose (mg/h)

-0.02

0.007

0.01

Temperature (ºC)

0.07

0.03

0.02

ABG Lactate (mmol/L)

0.06

0.03

0.04

0.0001

0.04

Length of Mechanical Ventilation (h)

-0.0002

5.3.6.2.2.1 Hypothesis Five: Mechanical Ventilator Parameters
Hypothesis five was not supported as no data relating to individual settings of the mechanical
ventilator achieved statistical significance in the final model. Parameters related to
mechanical ventilation, such as PaCO2 (p = 0.001) and base excess (p = 0.005), were however
statistically significant. The parameter estimate for PaCO2 (-0.01) is indicative of an
independent negative association with Log10 PF ratio. This means lower PaCO2 levels were
associated with increased Log10 PF ratio values. For the base excess a positive parameter
estimate (0.02) indicates that as base excess increases the Log10 PF ratio increases.
Also related to mechanical ventilation were the findings of a statistically significant
association with lung injury as measured by the Murray lung injury score (p < 0.001). The
negative parameter estimate (-0.19) indicating that as the lung injury score decreased (less
lung injury) the Log10 PF ratio values increased. Lastly was identified the statistically
significant relationship with length of mechanical ventilation (p = 0.04). The negative
parameter estimate indicating that a shorter duration of mechanical ventilation was associated
with increased Log10 PF ratio values.

5.3.6.2.2.2 Hypothesis Six: Physiological/Outcome Data
Hypothesis six was supported as from the collected physiological and outcome data five
statistically significant relationships were described. Positive parameter estimates revealed
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improved Log10 PF ratio values were independently associated with increases in temperature
(p = 0.02) and ABG lactate levels (p = 0.04). Negative parameter estimates revealed
improved Log10 PF ratio values were independently associated with lower IV Midazolam
infusion doses (p = 0.01).

5.3.6.3 Hypotheses Five and Six Summary
The mixed model regression has presented previously unreported associations with changes
to oxygenation, as measured by the PF ratio and relationships with collected clinical data in
the context of HBO treatment. In relation to the two hypotheses tested by this model the
following may be surmised.

Hypothesis five which is that mechanical ventilator parameters will be associated with postHBO reductions in oxygenation was not supported. Parameters related to mechanical
ventilation including PaCO2, ABG Base Excess, Murray lung injury score and length of
mechanical ventilation were however found to be statistically independently associated with
changes in the PF ratio.

Hypothesis six which is that routinely collected physiologic, biochemical, haematological,
treatment, or outcome parameters will be associated with post-HBO reductions in
oxygenation was supported. The routinely collected parameters temperature, lactate, and
Midazolam infusion dose were all found to be statistically independently associated with
changes in the PF ratio.

5.3.7

Summary

The inferential statistics section has presented analysis of data ranging from pre, intra and
post-HBO treatment time points to answer the hypotheses generated in Chapter 2. The data in
relation to the each particular hypothesis was as follows.

Hypothesis one is there will be a decrease in oxygenation from pre-HBO baseline levels
following HBO treatment as measured by the PF ratio, A-aPO2, a/APO2 and oxygen index.
This hypothesis was supported with reductions of up to approximately 27% in the primary
outcome measure of oxygenation (PF ratio). Changes to the secondary outcome measures
were also statistically significant and supported a deleterious effect upon oxygenation in the
post-HBO period.
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Hypothesis two is that the reduction in oxygenation following HBO will be associated with
compensatory alterations in mechanical ventilation. This hypothesis was supported with the
majority of patients requiring alteration, typically raised FiO2 up to 45% above pre-HBO
levels, in mechanical ventilation post-HBO in response to lowered oxygenation.

Hypothesis three is that physiological or treatment differences, prior to or during HBO, will
identify patient groups with post-HBO reductions in oxygenation associated with changes in
mechanical ventilation. This hypothesis was supported with statistical significance achieved
for males, lower PaO2, SaO2, FiO2, peak inspiratory pressures and mean corpuscular
haemoglobin concentrations in the pre-HBO period.

Hypothesis four is that in mechanically ventilated ICU patients reductions in PF ratio
following the first HBO treatment will be greater when compared to subsequent HBO
treatments. This hypothesis was not supported with any statistically significant difference in
oxygenation as measured by the primary outcome measure between HBO treatments one and
two.

Hypothesis five which is that mechanical ventilator parameters will be associated with postHBO reductions in oxygenation was not supported.

Hypothesis six is that routinely collected physiologic, biochemical, haematological,
treatment, or outcome parameters will be associated with post-HBO reductions in
oxygenation was supported. The routinely collected parameters temperature, lactate and
Midazolam infusion dose were all found to be statistically independently associated with
changes in the PF ratio.

5.4

Conclusion

In conclusion the data analysis chapter presented the descriptive statistics outlining the
characteristics of the patients recruited and the data collected. From this descriptive data the
inferential section has applied the statistical tests to determine if the hypotheses generated in
the earlier chapters were supported or not.

The data analysis chapter generated the statistical information required to either support or
discount each stated hypothesis. The findings outlined in the previous section for each
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hypothesis will be explained within the context of this study and the prior research in the
following discussion and conclusions chapter.
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6.0 Discussion and Conclusions

6.1

Introduction

The following chapter will complete the thesis by discussing the results and forming
conclusions about the hypotheses. The chapter is structured in four main themes, firstly
discussion of the hypotheses, secondly limitations of the study, thirdly future directions and
finally an overall conclusion.

6.2

Hypotheses

In this section the findings from each hypothesis analysed in Chapter 5 are summarised and
explained within the context of this study and the existing research. Each section is
referenced to the appropriate section of Chapter 5. Furthermore each hypothesis is presented
in its own subsection which is structured to include implications for theory, implications for
practice, areas for further research and conclusions.

6.2.1

Hypothesis One: Changes in Oxygenation Post-HBO

Hypothesis one which stated there will be a decrease in oxygenation from pre-HBO baseline
levels following HBO treatment as measured by the PF ratio, A-aPO2, a/APO2 and oxygen
index was supported. The primary outcome measure was the PaO2 / FiO2 (PF) ratio.
Secondary outcome measures were the arterial to alveolar ratio (a/APO2), alveolar to arterial
oxygen difference (A-aPO2) and the oxygen index (OI).
Overall the O2 tension indices results presented in Table 48 of Chapter 5 demonstrated
statistically significant changes consistent with post-HBO reductions in oxygenation. The PF
and a/APO2 were reduced on return to ICU and at 1 hour and 2 hours post-HBO. The A-aPO2
was increased, indicative of worsening oxygenation efficiency, on return to ICU and at 1 hour
post-HBO. The OI was increased, indicative of worsening oxygenation, on return to ICU and
also at 1 hour and 2 hours post-HBO.

Post-HBO reductions in oxygenation have anecdotally been noted by HBO clinicians,
intensivists and nursing staff for many years. Recognition of the changes in oxygenation
following HBO treatment was reported in the early 1990s (Weaver & Howe, 1994).
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Following initial recognition in the literature post-HBO reductions in oxygenation in the
critical care patient received sparse attention until 2003 when a small study of the
haemodynamic and oxygenation profiles in ten mechanically ventilated patients was
published (Ratzenhofer-Komenda et al., 2003).

The study by Ratzenhofer-Komenda and colleagues (2003) described reductions in PaO2 of
up to 24% and 18% at 1 and 2 hours respectively following HBO. The use of invasive
haemodynamic monitoring in their study demonstrated an increase in QS/QT associated with
the reduction in PaO2. This same group later conducted a study which extended the period of
monitoring following HBO to 6 hours (Ratzenhofer-Komenda et al., 2007). Results from
their second study confirmed post-HBO reduction in PaO2 of approximately 20% and 7% at 1
hour and 2 hours respectively after HBO treatment. The extended monitoring period reported
a rise in PaO2 of approximately 9% above baseline at 3 hours which had returned to baseline
by 6 hours post-HBO. Most recently the phenomenon of hypoxaemia after HBO has been
included in an HBO textbook in which the observation that mechanically ventilated patients
require higher FiO2 following HBO is mentioned (Weaver, 2008).
Changes to the primary outcome measure of oxygenation in this study, the PF ratio, following
HBO in the mechanically ventilated patient confirmed earlier published data. Data from this
study extend earlier findings to previously unreported HBO treatment pressures of typically
2.8 ATA. The HBO treatment tables used in this study differ from previous studies as periods
of air breathing were incorporated into the HBO treatment schedules to minimise primarily
cerebral but also pulmonary O2 toxicity and the potentially deleterious effect upon
oxygenation that may accompany the toxicity as described earlier. Further differences in this
study from earlier studies were that it recruited larger numbers, was conducted with a more
rigorous methodology and applied predominantly parametric statistical analysis.

Despite differences in HBO treatment tables in this study from that of Ratzenhofer-Komenda
and colleagues (Ratzenhofer-Komenda et al., 2007; Ratzenhofer-Komenda et al., 2003), the
reduction in PF ratio following HBO described in Chapter 5 (22% at 1 hour post-HBO) is of
a similar magnitude to both of their previously published results of 19.7% and 24% at 1 hour.
Furthermore the returns towards baseline exhibited by the PF ratios were similar in
magnitude in this study at 2 hours post-HBO (9%) and previously published changes in
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oxygenation data at 2 hours post-HBO of 18% and 7% (Ratzenhofer-Komenda et al., 2007;
Ratzenhofer-Komenda et al., 2003).

Ratzenhofer-Komenda and colleagues reported an overall rise in oxygenation, as measured
by PaO2, to approximately 9% above baseline at 3 hours post-HBO (Ratzenhofer-Komenda et
al., 2007). In contrast this study did not find any similar trend. The difference between study
results may be due to many factors such as variations in the patient population, the alterations
in mechanical ventilation, vaso-active drug therapies or the higher HBO pressure used during
this study.

Detailed comparison of the patient groups is not possible because Ratzenhofer-Komenda and
colleagues (2007) did not publish a severity of illness score. Many of their variables were
however similar to this study. These include presenting condition (primarily necrotising soft
tissue infections), mechanical ventilation requirements, haemodynamic parameters and vasoactive drug infusion levels.

The fact that his study did not find an increase in oxygenation at 3 hours post-HBO may
indicate a dose response phenomenon. It is reasonable to suggest that HBO delivered at the
higher pressure of 2.8 ATA predominantly used in this study might have a greater
physiological effect upon the patients. This could possibly have led to them not recovering as
quickly, as in Ratzenhofer-Komenda and colleagues (2007) study, demonstrating a magnitude
of post-HBO reduction in oxygenation similar to previous reports but of a longer duration.
This is an area which would require further study for confirmation.

Comparison of changes in the post-HBO secondary measures of oxygenation used in this
study demonstrated deleterious changes in oxygenation similar to those seen in the PF ratio.
The findings of an a/APO2 decrease in this study at 1 hour (22%) and 2 hours (8%) post-HBO
are however in contrast to the only previously reported data relating to this O2 tension index
which indicated no change in a/APO2 following HBO in a sample of 24 critically ill patients,
21 of whom were mechanically ventilated (Weaver & Howe, 1994).

The reason for the difference in a/APO2 results may be due to the times at which post-HBO
blood measurements were taken in the Weaver and Howe (1994) study which were not
specified. If samples were taken later than in this study the return towards baseline of
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oxygenation levels, demonstrated in this study and previously by Ratzenhofer-Komenda and
colleagues (2007, 2003) may have obscured the true extent of the reduction. A further reason
for the difference between studies may be that a large number (n = 10) of the 24 patients
recruited by Weaver and Howe were being treated for carbon monoxide poisoning. It may be
that the impact of HBO upon lung tissue differs in regards to those patients who have some
inhalation injury mechanism associated with their presentation.

The A-aPO2 data exhibited statistically significant increases at 1 hour. This finding was also
reported by Ratzenhofer-Komenda and colleagues (2007). The magnitude of increase in this
study (76%) was much greater than the 12.5% increase reported by Ratzenhofer-Komenda
and colleagues (2007). This was possibly due to the uncontrolled nature of FiO2 in this study
where FiO2 was allowed to be manipulated. During the study by Ratzenhofer-Komenda and
colleagues (2007) FiO2 was not altered. It is reasonable to assume, from the information in
Section 3.3.3 which describes the A-aPO2 index, that raising the FiO2 in conjunction with
lowered PaO2 will increase the A-aPO2 greater than alteration in either FiO2 or PaO2 alone
thus explaining this discrepancy.

The final O2 tension index calculated was the OI. This index described reductions in
oxygenation, as reported in Section 5.3.1.1 of the data analysis, however at the time of
writing this index has not been reported in the literature within the context of HBO associated
reductions in oxygenation. Confirmation of an HBO effect upon oxygenation and any
magnitude of effect using this index based on previous data are therefore not possible.
However, this and all other measured indices support a reduction in oxygenation in the postHBO period.

The cause of post-HBO reductions in oxygenation have however yet to be confirmed
although there are several possibilities. Potential aetiology includes absorption atelectasis
secondary to nitrogen washout from the lung with high FiO2 which has been demonstrated in
other patient groups (Edmark et al., 2003; Hedenstierna & Rothen, 2000; Quan et al., 1980;
Rothen et al., 1996; Suter et al., 1975). The possible blunting of the hypoxic pulmonary vasoconstrictive response by HBO causing increasing QS/QT as perfusion persists to under
ventilated areas of lung has also been postulated (Amin et al., 1993; Ratzenhofer-Komenda et
al., 2007).
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Worsening QS/QT and oxygenation efficiency is suggested as being involved through; the
degree of lung dysfunction present, the severity of the patients illness, changes in cardiac
output from changes in patient position, sedation levels or vaso-active drug therapies, patientmechanical ventilator asynchrony and inadequate or alternative modes of mechanical
ventilation during HBO (Bennett, personal communication, 5 July, 2010; RatzenhoferKomenda 2009, personal communication, 22 January 2009; Weaver 2009, personal
communication, 21 July, 2009). Lastly during both of Ratzenhofer-Komenda and colleagues
studies (2007, 2003) the HBO treatments administered did not have an air breathing period
during the treatment. It has been suggested that this may have lead to O2 toxicity and a
reduction in oxygenation efficiency (Ratzenhofer-Komenda et al., 2007).

6.2.1.1 Implications for Theory
The data collected during the investigation of hypothesis one has several implications related
to theory. Due to the observational and non-invasive nature of this study it was not possible
to definitively identify causation of post-HBO reductions in oxygenation. The implications
for theory can however be outlined as the contributions to existing knowledge surrounding
the possible aetiology of post-HBO reductions in oxygenation. From the five common causes
of lowered oxygenation (hypoxaemia) presented in Figure 5 several may be discounted as
causes of post-HBO reductions in oxygenation. The following sections will explore likely
causes of reductions in oxygenation within the context of these reasons.

6.2.1.1.1 Low Inspired Partial Pressure of Oxygen
Firstly post-HBO reductions in oxygenation from a low inspired PO2 due to a reduction in the
FiO2 patients received is unlikely. This possibility may be discounted as during the HBO
treatment the FiO2 was monitored in all cases to be 1.0 making reduced oxygenation not
possible from this source. Furthermore FiO2 was monitored prior to HBO and at the postHBO time points, as reported in Table 31, which demonstrates no unexpected reductions.
This further supports the argument that low inspired PO2 from inadequate FiO2 was unlikely.
The other cause of lowered inspired PO2, reduced atmospheric pressure, cannot be considered
as applicable due to monitoring of ambient pressure during HBO which was raised in all
cases and remained at sea level upon return to ICU.
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6.2.1.1.2 Alveolar Hypoventilation
The second cause of hypoxaemia, alveolar hypoventilation, is able to be discounted as a
cause of post-HBO reductions in oxygenation. Due to the mechanical ventilation of all
patients in this study the components of respiratory rate and tidal volume required to ensure
adequate alveolar ventilation are reported in Table 31. These variables were determined by
clinicians and controlled by the mechanical ventilator to ensure alveolar hypoventilation did
not occur either in ICU or during HBO treatment. Furthermore, as discussed in the literature
review, raised arterial concentrations of CO2 are reported as a cardinal sign of alveolar
hypoventilation (Ward, 2006). The data presented in Table 25 of the data analysis chapter
reports little variation in PaCO2 levels from pre to post-HBO at all time points strongly
suggesting that hypoventilation was not present.

6.2.1.1.3 Diffusion Impairment
The third possible cause of hypoxaemia which may also be excluded is diffusion impairment
from respiratory or other causes as discussed previously in Section 2.2.3.3 of the literature
review. None of the patients recruited had a history of respiratory disease, such as pulmonary
oedema or large reductions in alveolar/capillary membrane area such as lung fibrosis, which
as previously discussed could cause a thickened alveolar capillary membrane resulting in
impairment of gas transfer (West, 2005b).

Oxygen toxicity from the free radical response to HBO or other means, as outlined in Section
2.4.1.8.4 may in theory cause diffusion impairment due to an increase in the diffusion
distance at the alveolar level caused by the formation of oedema (Altemeiera & Sinclair,
2007; Bitterman & Bitterman, 2006; Jones et al., 1984). This was suggested as a possibility
by Ratzenhofer-Komenda and colleagues, who in their study did not apply any air breaks
during HBO treatment (Ratzenhofer-Komenda et al., 2007). In this study however patients
were administered periods of air breathing, as described in Chapter 4, specifically to
minimise the potential effects of O2 toxicity. Furthermore no patients experienced seizure
activity indicative of cerebral O2 toxicity.
No evidence of radiological changes suggestive of pulmonary O2 toxicity was evident in any
CXR taken thus rendering pulmonary O2 toxicity as a cause unlikely. Lastly relating to
diffusion impairment the haemodynamic data presented in Table 35 of the data analysis
chapter show little change from pre to post-HBO values. This strongly suggests that an
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increase in blood flow secondary to tachycardia or hypertension causing a decrease in
capillary transit time is unlikely as a cause of reduction in oxygenation post-HBO. Finally
diffusion impairment as a result of pulmonary oedema formation secondary to fluid boluses
during HBO is similarly unlikely. No fluid boluses were recorded as a clinical course
abnormality during any HBO treatment.

6.2.1.1.4 Right to Left Shunt
The fourth possible cause of hypoxaemia is presented in Figure 5 as right to left shunt.
Described earlier in Section 3.2.1.4.2, this condition is deemed to exist when deoxygenated
blood is returned to the tissues without participating in gas exchange thus lowering the PaO2
(Yassin & Singer, 2007). Of the two main conditions, pathological and physiological shunts,
which may cause this situation to occur the former can be excluded as no subject had a
history of cardiac septal defects or pulmonary arterial malformations which would allow
venous blood to mix with arterial blood ultimately lowering PaO2 (Borrero & Zajko, 2006;
Faes et al., 2009).

The second condition of physiological shunt may however be considered. As discussed
earlier in Section 3.2.1.4.2 a shunted blood amount of approximately 5% is normal due to
anatomical structures of the bronchial circulation and Thebesian veins returning
deoxygenated blood into arterial circulation (West, 2005i). The amount of shunt may increase
if consolidation or atelectasis is present within the lung as blood is still delivered to the
alveolus but gas exchange does not take place consequently lowering PaO2 when mixed with
blood that has participated in gas exchange. Previous study has demonstrated an increase in
QS/QT of up to approximately 70% above baseline in the post-HBO period (RatzenhoferKomenda et al., 2003).

There are several possible explanations for an increase in shunted blood volume. Firstly gas
re-absorption atelectasis, described earlier in Section 2.4.1.4.1 when raised FiO2 levels are
administered, may cause an increase in shunted blood through the formation of atelectic lung
tissue. All patients in this study were administered an FiO2 of 1.0, as per the hospital transport
protocol, prior to leaving ICU, during transport to the hyperbaric unit, during HBO treatment
and transport back to ICU.
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The mean length of time that patients were exposed to raised FiO2 levels of 1.0 from Table 22
of the data analysis was 161 minutes. Exposure to a FiO2 of 1.0 for approximately 2.5 hours
is longer than would be expected for other intra-hospital transportations such as radiological
investigations or operating theatre. One previous study reported an average transport time for
ICU patients of 74 minutes (Hurst et al., 1992). It would therefore seem reasonable to suggest
that gas-reportion atelectasis could be a causative factor in post-HBO reductions in
oxygenation.

The second potential cause of an increase in shunted blood is the nature of transporting this
group of inherently unstable patients. Critically ill patients have been long recognised as
having multiple risks associated with transportation given their potentially unstable nature.
Many studies have cited respiratory complications related to transportation such as alterations
in respiratory rate, decrease in arterial O2 saturation and a decrease in PF ratio (Hurst et al.,
1992; Indeck et al., 1988; Waydhas et al., 1995). The study by Waydhas and colleagues
found that a deterioration in the PF ratio occurred in 43% of patients lasting longer than 24
hours in 20% of patients following transportation.

The transportation of these patients may contribute to an increase in shunted blood due to the
changeover of the mechanical ventilator causing loss of PEEP and lung collapse which may
be exacerbated by the high FiO2 used during transport. As discussed in Section 2.4.2.5.5, no
current ICU ventilator is used routinely in the hyperbaric setting. During this study patients
were either transported to the hyperbaric unit on their ICU mechanical ventilator or switched
to a dedicated transport ventilator depending on availability. Once at the hyperbaric unit they
were transferred again to the HBO compatible ventilator for the duration of their HBO
treatment. On completion of HBO the change over process was repeated to return them to
ICU. This meant that patients had a minimum of two and a maximum of four disconnections
from mechanical ventilation potentially losing PEEP at each disconnect.

6.2.1.1.5 Ventilation Perfusion Mismatch
The fifth and final possible cause of hypoxaemia to be considered is where the relationship
between ventilation of the alveoli (VA) and pulmonary perfusion (Q) of blood to the alveolar
capillary beds becomes deranged, a situation referred to as VA/Q mismatch or inequality
which is discussed earlier in Section 3.2.1.4.1. There are several disease processes which can
cause this situation including asthma, obstructive pulmonary disease, pneumothorax and
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pulmonary embolism and ARDS (Allardet-Servent et al., 2009; Freeman et al., 2008; Graf,
2009; Rodríguez-Roisin et al., 2009; Ward, 2006). None of the patients recruited to this study
however had any of these conditions present making these factors unlikely as a cause.

Drug infusion therapies such as nitrates, calcium channel blockers, inotropes, sedation and
inhaled anaesthetics are also reported to alter the constrictive effect of hypoxic pulmonary
vasoconstriction allowing the distribution of blood to poorly ventilated alveoli thus lowering
PaO2 (Eisenkraft, 1990; Weaver & Churchill, 2006; West, 2005a). In this study however only
one patient was administered nitrates, none received calcium channel blockers or inhaled
anaesthetics during or prior to HBO. The mean doses of the two main inotropes administered,
Adrenaline and Noradrenaline infusion doses as presented in Figures 24 and 25, display little
variation over time. As both of these drugs exert a vaso-constrictive effect on vasculature a
clinical effect of changes in the dose delivered may alter pulmonary vascular tone and
consequent pulmonary blood flow ultimately affecting oxygenation. This cause however
appears unlikely due to the stability of the doses over the time points monitored.

Lastly hypoxic pulmonary vasoconstriction (HPV) as the main active process of matching
pulmonary ventilation to pulmonary perfusion has been discussed earlier in Section 3.2.1.4.3.
It may be possible that HBO has an effect upon the function of this process. As mentioned
previously Ratzenhofer-Komenda and colleagues (2003) reported an increase in QS/QT of up
to approximately 70% above baseline in mechanically ventilated ICU patients which
persisted for 2 hours in the post-HBO period and was associated with a reduction in PaO2.
They further posited that this may be due to a blunting of the HPV response, affecting
constriction of the pulmonary vasculature in reaction to hypoxia, thus allowing pulmonary
blood access to under ventilated areas raising QS/QT and lowering PaO2. Animal studies
support such an effect of HBO upon HPV which present results where the effect recovers
toward baseline levels following completion of HBO (Amin et al., 1993).

6.2.1.2 Implications for Practice
The contribution to practice from hypothesis one is related to patient management in response
to the extension in characterisation of post-HBO reductions in oxygenation. Data from this
study support current literature that post-HBO reductions in oxygenation occur and are of a
similar magnitude as previously reported. The post-HBO reductions in oxygenation
experienced by this patient group were of limited duration easily managed by clinicians and
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did not appear to overly affect the sicker patients. Of the possible causes for the reductions as
the FiO2 within the ICU in the post-HBO period was approximately 0.5 it is impossible to
distinguish between right to left shunt or VA/Q mismatching as the reason for the change in
oxygenation.

From this data for patient management clinicians have several options now available. They
may choose to anticipate the changes in oxygenation and manage the short-term post-HBO
reductions in oxygenation by alterations in mechanical ventilation to achieve pre-determined
physiological targets in the post-HBO period. Alternatively given the data describes a limited
duration of reduction in oxygenation the ICU team may decide to leave the mechanical
ventilator settings unchanged and allow the patient to return to equilibrium by themselves.

A third option is to pre-empt the changes in oxygenation by increasing ventilation prior to
HBO treatment. Regardless of how the treating team manage the changes in oxygenation
from the findings of hypothesis one it is reasonable to suggest that the main implication for
practice is that HBO treatment for the critically ill, at the study hospital, continues to be a
relatively safe procedure for patients when carried out by experienced staff.

6.2.1.3 Further Research
As discussed earlier there is wide variation in the implementation of HBO therapy due to
heterogeneity of patient populations, HBO treatment pressures, duration of exposure to O2,
types of chambers and the equipment utilised (Hampson & Atik, 2003). Future research
exploring post-HBO reductions in oxygenation across various patient populations and HBO
treatment schedules to elucidate the cause of this phenomenon would be beneficial although
the benign nature of the changes may preclude invasive study.

Although HBO appears to be implicated in the reduction of oxygenation following the
treatment this has not been proven. A useful study would be to use mechanically ventilated
HBO participants as their own control and compare changes in oxygenation following
transport for HBO treatment and transport to other areas such as radiology or operating
theatre. The cause of the reductions in oxygenation post-HBO cannot be definitively
identified from this study. However two possible mechanisms outlined above, right to left
shunt and VA/Q mismatch are promising avenues for further research to focus upon.
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6.2.1.4 Conclusion
In conclusion hypothesis one was supported with the confirmatory finding that post-HBO
reductions in oxygenation, as measured by the PF ratio and other secondary outcome
measures, in mechanically ventilated ICU patients do occur. The reductions in oxygenation
following HBO treatment, delivered under differing conditions than previously reported,
exhibit similar characteristics both of magnitude and duration of effect to current published
literature. The difference in conditions in this study were typically a higher HBO treatment
pressure and the incorporation of air breathing periods to minimise O2 toxicity during the
HBO treatment. The clinical impact for patients in this study of changes in oxygenation
following HBO treatment will be considered in the second hypothesis in the following
section.

6.2.2

Hypothesis Two: Changes in Mechanical Ventilation Post-HBO

Hypothesis two which stated that reduction in oxygenation following HBO will be associated
with compensatory alterations in mechanical ventilation was supported by the results. The
frequency and magnitude of the changes in mechanical ventilation associated with post-HBO
reductions in oxygenation are, at the time of writing, the first description of the magnitude of
the clinical impact upon patients.

The majority (n = 17, 68%) of the 25 patients experienced alteration to mechanical
ventilation settings following at least one of their monitored HBO treatments. Fifteen of the
17 patients (88%) received alterations following their first HBO treatment. A minority (n = 8,
32%) of the 25 patients had no mechanical ventilation changes following any HBO
treatments. In the 61 treatments observed approximately half (n = 30, 49%) required some
mechanical ventilation alteration associated with lowered PaO2 or SpO2 levels as described in
Tables 32 and 33 during the post-HBO period.

The most frequently utilised change was an increase in FiO2 (n = 20, 67%) which is
unsurprising as nursing staff at the study hospital have autonomy to alter mechanical
ventilation variables in response to ABG results. A small number of pressure assist values,
PEEP (n = 5) and pressure support (n = 5), were also increased as described in Table 53. No
statistical analyses were attempted on the PEEP or pressure support data due to the small
sample size.
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The increases in FiO2 were statistically significant at all time points except 6 hours post-HBO
as presented in Table 54. The magnitude of change in FiO2 above baseline values peaked at
approximately 41% following HBO treatment. Recovery towards baseline was seen with the
FiO2 being reduced over time to achieve approximately baseline levels between 3 hours and 6
hours post-HBO.

Previous reports of post-HBO reductions in oxygenation have indicated that some septic
patients required increases in FiO2 to maintain PaO2 following HBO treatment although the
magnitude or duration of changes to mechanical ventilation settings were not described
(Weaver & Howe, 1994). Other more recent studies into changes of oxygenation post-HBO
have controlled the FiO2 received pre and post-HBO to determine the magnitude of the drop
in PaO2 (Ratzenhofer-Komenda et al., 2007; Ratzenhofer-Komenda et al., 2003). Given the
lack of attention in the literature regarding changes to mechanical ventilation settings
associated with post-HBO reductions in oxygenation no comparison of the findings from this
study is possible. The results from hypothesis two are therefore, at the time of writing, the
first to document the responses of ICU staff to post-HBO changes in oxygenation.

Given that a primary goal of mechanical ventilation is to support and optimise respiratory
function, physiological targets are often set for ICU patients and typically include PaO2 or O2
saturation levels. It is common practice in Australia for ICU nursing staff caring for the
mechanically ventilated patient to manipulate mechanical ventilation settings to predetermined physician targets to achieve the desired physiological targets. Mechanical
ventilator settings such as FiO2, PEEP, pressure support and respiratory rate are within the
scope of ICU nursing practice to alter in order to achieve the pre-determined physiological
targets. It is typically FiO2 in normal clinical practice which would be the first parameter
altered in response to a decrease in oxygenation from a falling SpO2 or following an ABG.
The nature of the mechanical ventilation settings altered (FiO2, PEEP and pressure support)
differ when compared individually in this study. In those patients who were exposed to
changes in FiO2 post-HBO the pattern observed in this study was of the FiO2 raise being
highest 1 to 2 hours post-HBO and returning to approximate baseline levels between 3 to 6
hours. The return to baseline of the FiO2 over this time frame followed a similar pattern to
previous studies of reductions in oxygenation post-HBO. This supports the transient nature in
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the reductions in oxygenation of approximately 2 hours as reported previously (RatzenhoferKomenda et al., 2007; Ratzenhofer-Komenda et al., 2003).

From the results presented in Table 53 both the PEEP and pressure support changes differ
from FiO2 changes. PEEP and pressure support were raised and remained raised for the
duration of the post-HBO monitoring period. This could suggest an ongoing deterioration in
respiratory function in this small number which needed the extra support of PEEP and
pressure support, not unreasonable in the acutely ill patient. Alternatively, as mentioned
earlier, it may be the familiarity of the nursing staff in ICU with changing the FiO2 as
opposed to PEEP or pressure support that allowed both of these values to remain raised postHBO rather than being returned to baseline levels once oxygenation had improved. The cause
of the lack of a return to baseline levels for the PEEP and pressure support parameters are a
matter for speculation and will therefore require further study.

The oxygenation requirements of the patients may have been biased by the severity of illness
of the patients enrolled into this study. This potentially may have raised or lowered O2
requirements of patients in comparison to previous studies. Attempting to compare these
results to previous studies is however problematic. Previous studies have not reported any
severity of illness measures such as the APACHE II scoring system as reported in Table 4 of
this study. To allow comparisons of patient populations it would be beneficial for future
studies to report this variable. Nonetheless the presenting condition of previous studies and
this study are comparable with a large proportion of patients presenting with necrotising
infections. Furthermore ventilation parameters and levels of vaso-active infusions where
reported are comparable suggesting a similar patient acuity across studies.

As with hypothesis one, the causes of the increased requirement for mechanical ventilation
support in the post-HBO period cannot be determined. Causation may, however, be inferred
from discussion of three main points: the transportation, mechanical ventilation delivered
during HBO and the possibility of patient/ventilator asynchrony.

Transportation of the mechanically ventilated ICU patient generally requires the use of a
dedicated transport ventilator. Furthermore as discussed previously in Section 2.4.2.5.5
treatment of this group of patients with HBO requires the use of a compatible mechanical
ventilator able to cope with raised ambient pressures. It therefore follows that if a patient
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receives HBO they will require a change over from the ICU mechanical ventilator to either
the transport or to the hyperbaric compatible mechanical ventilator.

A practical effect from these changeovers of mechanical ventilators is that following
disconnection there is loss of the PEEP level which has been generated over time by the
machine. This has implications on the post-HBO oxygenation because, as described earlier in
Section 2.4.3.2.1, loss of airway pressure and PEEP levels from disconnection can impair
oxygenation ability through lung derecruitment. It may therefore be possible that the loss of
PEEP in combination with the raised FiO2 during transportation will cause absorption
atelectasis and the observed reductions in oxygenation.

Further support for this theory is the level of PEEP (M = 7.4 cmH2O, SD = 3 cmH2O)
received by these patients prior to HBO treatment described in Table 31. These relatively low
levels of PEEP would mean that the lungs of these patients may be sub-optimally recruited
(Slutsky & Hudson, 2006). It would be reasonable to suggest that this could make them more
prone to atelectasis developing upon disconnection. It is therefore plausible that loss of PEEP
associated with changing mechanical ventilators for transportation to or from HBO treatment
may contribute to post-HBO reductions in oxygenation.

The increase in FiO2 requirement and other mechanical ventilation changes described in this
study may be compensation for loss of functional residual capacity caused by lung collapse
secondary to loss of PEEP. This theory has some support from literature concerning transport
of critically ill patients which describe changes in mechanically ventilated ICU patients
associated with loss of PEEP causing derecruitment of lung tissue and a consequent drop in
oxygenation (Waydhas et al., 1995). The physiological changes described by Waydhas and
colleagues (1995) took approximately 24 hours to recover in some patients.

Furthermore a lack of PEEP has been determined to be the primary factor in the development
of atelectic lung tissue in patients administered high FiO2 (Reber et al., 1996; Rothen et al.,
1995). To conclusively determine whether atelectasis occurs post-HBO would require a
similar study using computed tomography (CT) imaging as have been used in anaesthesia
studies (Lundquist et al., 1995). It could however be argued that to conduct a study of this
nature would be costly and invasive. Furthermore the possible risks of the additional
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transports required (to CT) for the ICU patients would outweigh any benefits from
confirming whether atelectasis can be observed.

The second point which may influence post-HBO O2 requirements is the effect of mechanical
ventilation during the HBO treatment itself. The function of most mechanical ventilators
during HBO does alter. As described earlier in Section 2.4.2.5.5 the functioning of some
mechanical ventilators is adversely affected by the raised ambient pressure during HBO
treatment. With respect to the mechanical ventilator used to ventilate this study group, the
performance of the Servo 900C ventilator during HBO treatment at ambient pressures similar
to those used in this study have been previously reported (Bingham et al., 2007; Hipp et al.,
1995; Moon & Hart, 1999; Skinner, 1998; Stahl et al., 2000). The main changes are a
reduction in delivered volumes whilst operating in volume control modes and reduction in
peak inspiratory flow in pressure control modes.

To compensate for the effects of pressure alteration in function of the Servo 900C whilst
under HBO conditions requires adjustment of mechanical ventilator settings depending on
mode of mechanical ventilator used typically as described earlier in Section 2.4.2.5.6. During
this study the ICU mechanical ventilator settings were the same used on commencement of
HBO. During the compression phase of HBO the mechanical ventilator settings were
adjusted, as described in Table 31 to compensate for the effect of raised ambient pressure
upon the ventilator and ensure similarity with ICU settings.

The mechanical ventilator settings altered during HBO treatment were returned to the
baseline ICU levels during depressurisation at the end of the HBO treatment. Furthermore as
seen in Table 31 mechanical ventilation during HBO treatment was comparable to that
delivered whilst in ICU. As the level of mechanical ventilation support used in ICU was able
to be replicated during the HBO treatment it is reasonable to suggest that inadequate
mechanical ventilation during HBO was not present. Under-ventilation due to the effect of
raised ambient pressure upon the mechanical ventilator during HBO treatment is the most
likely mechanical ventilation scenario. On the basis of the data in Table 16 and 31 it is
plausible to suggest that inadequate intra-HBO mechanical ventilation did not appear to
contribute to the reductions in oxygenation or need for raised FiO2 post-HBO.
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The third and final possible cause requiring discussion in relation to hypothesis two and
mechanical ventilation during HBO is the use of different mechanical ventilators. The
transportation of patients to receive HBO would require at least two (if using the ICU PB840
ventilator) and up to four (if using Oxylog transport ventilator) disconnections of their
mechanical ventilation during the course of transport to and treatment with HBO. This has
implications as the change over between mechanical ventilators has been recognised to cause
loss of PEEP and lung derecruitment which can have potential physiological impacts upon
patients such as deleterious effects upon oxygenation.

Furthermore the changeover from a mechanical ventilator like the ICU PB840 with more
recent technology to an older type of machine such as the Servo 900 may affect the breathing
of the patient. One effect of changing mechanical ventilators is that the effort to initiate
breathing on the machines may be different. For the patient this may lead to them
experiencing a period where they do not ventilate as well on the machine they have been
changed to. This is often referred to as asynchrony and can lead to physiological implications
for the patients oxygenation (Thille et al., 2008).

Asynchrony as discussed in the literature review can be associated with lowered oxygenation
levels of PaO2, SpO2 and increases in other measures of respiratory function such as
respiratory rate, EtCO2, heart rate, blood pressure and PaCO2. These changes are indicative of
an inadequacy of the ventilation being delivered and compensation by the body for the
reduced O2 levels (Leung et al., 1997; Thille et al., 2008; Tobin et al., 2001).
An increase in the above parameters was not reflected in the monitored respiratory or
haemodynamic parameters in Tables 25, 31 or 35 during or following HBO treatment.
Furthermore monitoring by the researcher during transportation and HBO treatments did not
reveal any gross asynchrony during observation for clinical course abnormalities at any point.
Post-HBO oxygenation changes did not therefore appear to be caused by mechanical
ventilator asynchrony in this group. Asynchrony was however not examined for by analysis
of gas flow, airway pressure signals or by other invasive methods as has been previously
described (Thille et al., 2006). The possibility does therefore exist that more clinically subtle
periods of asynchrony such as delayed triggering or cycling were missed (Beck et al., 2001;
Parthasarathy, Jubran, & Tobin, 1998).
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6.2.2.1 Implications for Theory
This study is, at the time of writing, the first that the author is aware of to describe groups
who received alterations in mechanical ventilator settings following post-HBO reductions in
oxygenation. The benefit for current theory is the identification in hypothesis two of the
magnitude and duration of alterations in mechanical ventilation settings. These findings
support the transient and relatively benign short term nature of the changes in post-HBO
oxygenation for this group of patients. Furthermore for future mechanically ventilated ICU
patients who are going to receive HBO treatment, there is little convincing evidence from this
study to support the theory that inadequate mechanical ventilation settings during HBO
contributed to post-HBO reductions in oxygenation.

However loss of PEEP from mechanical ventilation disconnection as discussed in hypothesis
one and reported in the literature may be a possible factor in post-HBO reductions in
oxygenation (Waydhas et al., 1995). Although the levels of PEEP before and after
disconnection were not assessed during this study the type of transport ventilator used were
recorded. This data was collected as the number of mechanical ventilation disconnects, a
potential for loss of PEEP, varied between use of the ICU ventilator as a transport ventilator
(two disconnections) and the use of a dedicated transport mechanical ventilator (four
disconnections).

Comparison of the two types of machines used during transport, as reported in Table 65,
revealed no significant relationship (p = 0.40) between those patients who had reductions in
post-HBO oxygenation which were associated with changes in mechanical ventilation and
those who did not. The duration of transportation between groups was likewise not
significantly different (p = 0.79) and is not likely to have contributed to post-HBO changes.

These findings however are far from conclusive and may only indicate that PEEP was lost at
the first mechanical ventilator disconnection and did not re-accumulate prior to the second,
third or fourth mechanical ventilator disconnection. As discussed in earlier sections further
study is warranted into the changes in PEEP level during transportation and the effect upon
oxygenation in the critically ill patient. A trial assessing the efficacy of an airway recruitment
manoeuvre post-HBO to mitigate the effects of post-HBO reductions in oxygenation has been
initiated in another centre (Ratzenhofer-Komenda, personal communication, 22 January,
2009).
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6.2.2.2 Implications for Practice
There are two main implications for practice of the discovery of the alterations in mechanical
ventilator settings associated with post-HBO reductions in oxygenation. Firstly the post-HBO
reductions in oxygenation which are associated with changes in mechanical ventilator
settings appear to be easily managed in this group of patients. For the majority of patients an
increase in the FiO2 was sufficient to compensate for any changes. A smaller number did also
receive alterations in PEEP and pressure support settings.

Secondly, higher levels of O2 have been discussed earlier as leading to worsening pulmonary
function from a variety of mechanisms which continue to be researched. In this group
however the practical implications were that although changes in FiO2 were up to
approximately 40% above baseline values this change was not sustained. The return to
baseline FiO2 levels was between 3 hours and 6 hours following HBO treatment. This
supports the transient and reversible nature of post-HBO reductions in oxygenation.

It has been previously suggested by some hyperbaric clinicians that inadequate mechanical
ventilation during HBO treatment may contribute to post-HBO reductions in oxygenation for
various reasons. These reasons including patient ventilator asynchrony and inadequate
ventilation due to alterations in equipment function during HBO treatments as has been
previously discussed. Although there is nothing in data from this study to suggest that such
problems are behind post-HBO reductions in oxygenation, the possibility of subtle variations
in HBO and ICU ventilator function contributing to subsequent changes in ventilatory
parameters cannot be totally excluded. Nonetheless a practical effect of this finding for
clinical practice may be that patients who are deemed as too unwell to treat with HBO due to
their respiratory status may now be considered for HBO treatment.

6.2.2.3 Further Research
From hypothesis two several research opportunities arise. Firstly a small number of patients
had alterations to PEEP and pressure support settings which were sustained at the final
monitored time point. Future studies could focus on these parameters and extend the
monitoring period to determine if these mechanical ventilator alterations return to baseline. It
may be possible they represent a hidden physiological cost of HBO treatment for some
patients that remains to be fully determined.
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Secondly the return to baseline of the FiO2 changes occurred at some point between 3 hours
and 6 hours post-HBO. Further study of this return to baseline could involve increasing the
frequency of time points between 3 hours and 6 hours to fully document the mechanical
ventilator changes returning to baseline.

Lastly a useful future study would be to explore the effect of PEEP loss during changeover of
mechanical ventilators. At the study hospital it is not normal practice to clamp the ETT on
expiration prior to disconnection from the mechanical ventilator to conserve PEEP levels. A
randomised study comparing the post-HBO oxygenation profiles of a group who had the ETT
clamped versus not clamped would seem feasible as a means of determining whether lung
derecruitment from loss of PEEP is involved in post-HBO reductions in oxygenation.

6.2.2.4 Conclusion
In conclusion hypothesis two was supported with the findings that the majority of reductions
in oxygenation following HBO treatment were associated with alterations in mechanical
ventilation settings. The majority of alterations were to increase FiO2 approximately 40%
above baseline levels for approximately 2 hours following HBO treatment. The temporary
nature of the post-HBO alterations to FiO2 are, at the time of writing, the first documented
supporting previous work describing post-HBO changes in oxygenation as transient in nature.

Currently the definitive cause for the increased oxygen requirement following HBO remains
elusive. The deleterious implications upon oxygenation of not maintaining PEEP during
changeover to transportation ventilators are reported in the literature however this was not
assessed in this study. From the data gathered in this study it is reasonable to report that
inadequate mechanical ventilation settings during HBO compared to ICU ventilator settings
did not appear to contribute to the change. Lastly none of the data indicated an increase in O2
requirement associated with patient-ventilator asynchrony following changeover of
mechanical ventilators.

The cause of post-HBO reductions in oxygenation remains elusive but it may be possible that
other physiological information such as haemodynamic or respiratory data gathered in the
course of this investigation could be used to describe individuals who experienced
mechanical ventilation changes following HBO treatment. The following section explores
this possibility.
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6.2.3

Hypothesis Three: Subject Groups

The third research question in the study was to determine whether there were any differences
between those patients who experienced alterations in mechanical ventilation following HBO
and those who did not. This hypothesis which stated that physiological or treatment
differences, prior to or during HBO, will identify patient groups with post-HBO reductions in
oxygenation associated with changes in mechanical ventilation was supported by the data.

The analysis revealed statistically significant differences between patients who had
mechanical ventilation changes and those who did not. Significant statistical differences were
observed prior to HBO treatment in demographic, respiratory and clinical biochemistry data.
Males were more likely to experience mechanical ventilation changes than females. From the
respiratory information collected, those patients who experienced alterations in mechanical
ventilation had lower PaO2, lower SaO2, lower FiO2 and lower peak inspiratory pressures.
Lastly the group who had alterations in mechanical ventilation post-HBO had a lower mean
corpuscular haemoglobin concentration (MCHC).

Data from this study builds upon what has been described previously by the limited literature
to extend the data available of those patients who are more prone to post-HBO reductions in
oxygenation which were associated with changes in mechanical ventilation. From the
literature and personal communications between the author and hyperbaric clinicians,
characterisation of patients who may be prone to more severe reductions in oxygenation
following HBO can be described in several areas. These areas include patient demographics,
respiratory variables, severity of illness, degree of lung dysfunction, worsening oxygenation
efficiency, pharmacological influences and mechanical ventilation variables. All of these
possibilities will be discussed in turn in relation to the results from this study.

As mentioned earlier there is a paucity of data describing the characteristics of those patients
who are susceptible to post-HBO reductions in oxygenation. The initial characterisation
reported that the effect upon oxygenation appeared to be more prevalent in those patients who
presented with sepsis syndrome (Weaver & Howe, 1994). This statement however was a
clinical observation only and no explanation, comparison data or statistical testing were
presented by the authors.
It was not for approximately another 10 years that more data regarding the phenomena of
post-HBO reductions in oxygenation were published. Ratzenhofer-Komenda and colleagues
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in two recent papers further examined post-HBO reductions in oxygenation (RatzenhoferKomenda et al., 2007; Ratzenhofer-Komenda et al., 2003). In the first paper RatzenhoferKomenda and colleagues (2003) commented that their findings were similar to those of
Weaver and Howe (1994) noting patients with septicaemia were more prone to require higher
FiO2 for a brief period of time post-HBO. Comparison data between the groups of patients
was however not presented in their paper to support the observation.

From analysis of data from this study the observation of septicaemia as a marker associated
with changes in mechanical ventilation requiring higher levels of FiO2 was not supported.
The relationship between septicaemia and post-HBO changes in mechanical ventilation was
not statistically significant (p = 1.00) in this study. The lack of support in this study of
previous authors clinical observations relating to septic conditions and oxygenation
requirements may be due to the small number (n = 25) of patients used in this study.

In Table 55 the only demographic data associated with a change in mechanical ventilation
settings post-HBO was sex. Overall 13 (87%) of the 15 males experienced a mechanical
ventilation change versus two (20%) of the 10 women. The Fisher’s Exact test indicated a
statistically significant (p = 0.002) relationship between sex and mechanical ventilation
changes post-HBO. The Phi statistic which indicates the strength of the association between
mechanical ventilation changes and sex was 0.67, considered to be a medium to large effect
(Cohen, 1988).

The relationship between sex and post-HBO oxygenation has not previously been reported.
Other literature has examined the relationship between sex and pulmonary function. As
outlined earlier in Section 3.2.1.4.3 differences exist in hypoxic pulmonary vasoconstriction
(HPV) (Resta et al., 2001) and also hypoxic pulmonary ventilation response (HPVR) between
males and females (Tatsumi et al., 1991).

Female sex hormones have been identified in the literature as contributing to the sex
differences in vascular tone (Farhat et al., 1996; Suzuki et al., 2003; White et al., 1995) and
levels of ventilation (Hannhart et al., 1990; Regensteiner et al., 1989; Tatsumi et al., 1991). It
is conceivable that the female hormones responsible for differences in HPV and HPVR
between sexes, particularly the attenuation of the HPV response, confer a protective effect for
the oxygenation of females in the post-HBO period.
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This theory is confounded however by the suggestion by Ratzenhofer-Komenda and
colleagues of a blunted effect of the HPV response by HBO (Ratzenhofer-Komenda et al.,
2007). This assertion was supported by one study in animals which reported a deleterious
effect of HBO upon HPV response (Amin et al., 1993). It is worth noting that the deleterious
effect of HBO reported by Amin and colleagues (1993) in an animal model was conducted
with all male participants. It may be possible that a sexual difference is present and has
confounded their results. The reported finding of a sex bias in this study will require further
study into the sexual differences.

The second area of suggested characteristics of patients whose oxygenation deteriorated and
was associated with mechanical ventilation changes post-HBO are the respiratory variables.
Observations from the literature were that those patients mechanically ventilated with a lower
FiO2 had larger than expected drops in oxygenation. In Ratzenhofer-Komenda and colleagues
later paper in 2007 they further described the post-HBO reductions in oxygenation
(Ratzenhofer-Komenda et al., 2007). In their paper they did not comment on the presenting
condition of patients in relation to a post-HBO requirement for raised FiO2. They did however
expand on the characteristics of the patients more prone to require higher FiO2 following
HBO.

The authors described a reduction of PaO2 in all patients and commented on the level of FiO2
delivered. They observed that the largest decrease in PaO2 was seen in a subject who was
mechanically ventilated on a lower FiO2 rather than the subject who was on the highest. This
is consistent with data from their earlier study (Ratzenhofer-Komenda et al., 2003) where the
one subject who experienced the largest rise in QS/QT and consequent drop in oxygenation
was not the one requiring the largest amount of mechanical ventilation support. Lastly the
authors did also consider the effect of alternate ventilation modalities as potential influencing
post-HBO oxygenation although in both their studies only one mode (SIMV) was used and
therefore this variable was not assessed.

Data from this study supports the observation of an effect from FiO2 level. In this study the
pre-HBO FiO2 of patients who experienced a reduction in oxygenation associated with a
change in mechanical ventilation settings (M = 0.42, SD = 0.1), compared to those who did
not (M = 0.66, SD = 0.02) was lower. The difference in FiO2 was statistically significantly
lower (t (-2.65) = 8, p = 0.03) representing a medium to large effect (r = 0.68) (Cohen, 1988).
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Other variables tested supported the observation that those patients who received changes in
mechanical ventilation settings received less mechanical ventilation support. These included
a lower PaO2, lower SaO2 and lower peak inspiratory pressures in those patients who received
alterations in mechanical ventilation settings post-HBO.

The finding that lower mechanical ventilation support pre-HBO was associated with changes
in mechanical ventilation setting post-HBO was not anticipated. One reason for this is that
higher levels of mechanical ventilation support are typically associated with sicker patients
who are theoretically more likely to be worse off following the stresses associated with
transportation and treatment in another department such as the hyperbaric chamber. There
may be several explanations for this finding.

Firstly there may be simply a range effect. If one examines the change in O2 tension indices
as a proportion then those patients on lower mechanical ventilation support have more
potential for a change in PaO2 or mechanical ventilation settings and consequently any of the
O2 indices. The converse is also true that a patient who was receiving a higher mechanical
ventilation support pre-HBO and returns onto it following treatment cannot change as much
as those on a lower FiO2 and is therefore less likely to have mechanical ventilation settings
altered.

Secondly, the higher FiO2 administered may be directly beneficial itself, other than the
expected higher PaO2 which may form a buffer against post-HBO changes in oxygenation. As
discussed earlier the use of supplemental normobaric O2 has been demonstrated to mediate a
reduction in pulmonary vascular pressures (Atz et al., 1999; Morgan et al., 1991). It may be
possible that those patients receiving more O2 have overall lower pulmonary pressures less
affected by any deleterious changes in HPV response caused by HBO.

Thirdly, the post-HBO reductions in oxygenation may be caused by a direct toxic effect of
O2. If this is the case then any VA/Q mismatching in lungs which are more damaged, typified
by higher mechanical ventilation settings, may be protective. This is because the highest
achievable PaO2 will not be as high in damaged lungs as in healthier lungs. Therefore if the
damage is due to direct toxic effect from high PaO2 then this will be mitigated.
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Fourthly, it may be possible that higher mechanical ventilation support exerts a protective
effect. As an example those patients on high PEEP levels would have more open lungs so
theoretically less opportunity for O2 atelectasis to occur (Rusca et al., 2003). This however
seems unlikely in this group because there were no statistically significant differences in
PEEP levels (p = 0.19), seen in Table 58, between those who received alterations in
mechanical ventilation settings (M = 7.1 cmH2O, SD = 2.5 cmH2O) and those who did not (M
= 6.8 cmH2O, SD = 2.2 cmH2O).
Nonetheless statistically significant (t (-3.43) = 23, p = 0.002) differences were described in
peak inspiratory pressures between those who received alterations in mechanical ventilation
settings (M = 21.6 cmH2O, SD = 4.9 cmH2O) and those who did not (M = 28.3 cmH2O, SD =
3.7 cmH2O) representing a medium to large effect (r = 0.58) (Cohen, 1988). The higher
pressures within the lungs may have reduced the degree of atelectasis formation, altering the
subsequent reduction in oxygenation and eventual requirement for a change in mechanical
ventilation settings.

The severity of the patients illness as a characterising factor in whether or not their
oxygenation deteriorated and they received changes to mechanical ventilation settings postHBO was considered. As can be seen in Table 55 there was no statistically significant
difference between those who received mechanical ventilation changes and those who did not
in any of the variables one would typically associated with increased severity of illness.
These variables included demographic variables which specifically consider the acuity of
illness such as the APACHE II severity of illness score.

Furthermore differences were examined in the haemodynamic and pharmacological data
between groups which would suggest a more unwell population. Variables often used as a
measure of illness in ICU include blood pressure, heart rate and vasoactive drug infusion
levels none of which indicated any difference between those who experienced changes in
mechanical ventilation settings and those who did not.

Lastly, the only difference found in the biochemical characteristics in Table 62 of either
group was mean corpuscular haemoglobin concentration (MCHC). Mean corpuscular
haemoglobin concentration is a measure of the concentration of Hb in a volume of red blood
cells with a low level indicative of anaemia and decreased blood O2 carrying capacity
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(Clapham, 1991; Muirhead & Perutz, 1963). A significant difference was observed (t (23) = 2.1, p = 0.049) between MV change (M = 332 g/L, SD = 16 g/L) and no MV change (M =
346 g/L, SD = 13 g/L) groups representing a medium to large effect (r = 0.4) (Cohen, 1988).
The change in MCHC is possible due to chance and is unlikely to have clinical significance
however as both levels were within the normal range (328 to 363 g/L) for the laboratory
which tested the blood.

The degree of lung dysfunction in the patients recruited was another area of consideration for
differences between mechanical ventilation change groups. In this study the degree of lung
dysfunction and causative factors such as pneumothorax, atelectasis, effusion were assessed
by using the Murray lung injury score (Weinberg et al., 1984) described in Table 2. It is
reasonable to assume that those individuals who had more damaged lungs indicated by a
higher Murray lung injury score may have required changes in mechanical ventilation
settings upon return from HBO treatment. Table 57 demonstrates that the Murray lung injury
score was higher (indicative of more damaged lungs) in the group who received changes to
mechanical ventilation settings (M = 0.98, SD = 0.95) compared to those who did not (M =
0.50, SD = 0.56). This difference was however not statistically significant (p = 0.2).

As discussed earlier the posture of a subject may influence pulmonary blood flow and
ventilation impacting upon VA/Q matching and consequently oxygenation (Jones et al., 2001;
Kanecko et al., 1966). In many other hyperbaric chambers worldwide, ICU patients typically
have to be removed from the ICU bed onto a trolley prior to HBO treatment (Weaver, 2004;
Weaver, 2008). The movement of the critically ill has the potential to alter QS/QT and
improve or reduce oxygenation efficiency (Lumb, 2005d; West, 2005a).

At the study hospital however, the patients were treated in a multi-place hyperbaric chamber.
This enabled direct ingress of the ICU bed negating the need for the patient to be rolled and
have their bed changed. Not moving the patient minimises the cardiovascular disturbances
associated with these procedures. During this study the position of the patient was monitored
as a variable. Analyses of these data in Tables 57 and 66 revealed no statistically significant
relationship between position and changes in mechanical ventilation settings prior to or
during HBO treatment.
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Furthermore, normal clinical practice in taking ABG readings is to wait a minimum of 10
minutes after any position change to minimise the effect of any changes in VA/Q related to
the movement. Lastly, during this study no patients were moved for 30 minutes prior to the
ABG being taken. It would therefore be reasonable to suggest that all of the above measures
would make patient movement unlikely as a cause for worsening oxygenation efficiency
resulting in reductions in oxygenation seen during the post-HBO period.

Changes in pharmacological agents may potentially cause alterations in cardiac output which
ultimately reflect in alterations in VA/Q matching which can affect oxygenation (Eisenkraft,
1990; West, 2005a). The critically ill patient may have several of these types of infusions
running (Fairman & Lynaugh, 1998; Sauaia et al., 2009; Weaver et al., 2005) and coupled
with their acutely unwell condition it may be argued are more at risk than other patient
groups.

The alteration of pharmacological infusions was considered during this study. Tables 60 and
69 report the analysis of the pharmacological agents analysed. None of the drug infusion
doses compared between those who required alterations in mechanical ventilation settings
and those who did not were statistically significant. Furthermore in Table 60 analysis also
took place of whether an infusion (sedation or inotrope) was present or not. Neither of these
factors was associated with post-HBO mechanical ventilation changes.

Lastly the infusion pumps were taken directly into the hyperbaric chamber at the study
hospital. This negated the need to pause infusions to reconnect to HBO compatible pumps or
lines at the beginning and end of the treatment. The practical effect of this is that there was no
interruption of the drug, potential for bolus doses or sub-optimal doses being delivered and
consequent haemodynamic effects with the potential to alter oxygenation (Keay & Callander,
2004).

As discussed earlier in hypothesis one and the literature review, asynchrony may be described
as a period where patients are not breathing in synchrony their mechanical ventilator (Thille
et al., 2008). Asynchrony is reported as occurring in up to 25% of mechanically ventilated
patients (Thille et al., 2006). The presence of asynchrony is typically associated with lowered
oxygenation and increases in respiratory rate, EtCO2, heart rate, blood pressure and PaCO2, all
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of which can signify inadequacy in the delivery of ventilation (Leung et al., 1997; Thille et
al., 2008; Tobin et al., 2001).

Causes of asynchrony include level of patient sedation and/or chemical paralysis, ineffective
triggering of a ventilator breath, dynamic hyperinflation, chronic obstructive pulmonary
disease (COPD), longer duration of mechanical ventilation support, high levels of mechanical
ventilation assistance such as large tidal volumes, long insufflation times, decreased
respiratory drive and the type of ventilation mode used (Chao, Scheinhorn, & StearnHassenpflug, 1997; Leung et al., 1997; Nava et al., 1995; Thille et al., 2008; Thille et al.,
2006).

Asynchrony has been suggested as a marker of respiratory status severity but is also
postulated to be related to inappropriate adjustment of ventilator settings prolonging the
duration of mechanical ventilation (Thille et al., 2008). Incorrect setting of mechanical
ventilation parameters is a situation which is conceivable as a potential adverse effect
occurring during changeover of the mechanical ventilator prior to or following transportation
of the patient. The causes of asynchrony were considered to explain the changes in
oxygenation and associated alterations in mechanical ventilation settings following HBO.

The presence of patient-ventilator asynchrony, as an explanation for changes in oxygenation
and associated alterations in mechanical ventilation settings post-HBO, does not appear to be
plausible for several reasons. Firstly the parameters reported to be associated with the
presence of asynchrony and inadequate ventilation (respiratory rate, EtCO2, heart rate, blood
pressure and PaCO2) is seen in Tables 31 and 35. None of these data presented during or
following HBO reflects a large alteration from pre-HBO levels suggesting asynchrony was
not present.

Secondly it would be reasonable to suggest that if asynchrony was a factor it would be most
likely to occur during HBO or upon return to ICU when changing back to the ICU ventilator.
The absence of asynchrony is supported by the lack of any statistically significant difference
between those patients who received an alteration in mechanical ventilation settings and those
who did not across all of these variables at both of these time points. Lastly monitoring by the
researcher during transportations, HBO treatments and in ICU did not reveal asynchrony, as
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evidenced by subject agitation or ‘fighting the ventilator’ during observation for clinical
course abnormalities at any point.

The inadequacy of mechanical ventilation during HBO treatments was considered and
rejected as a potential cause of reductions in oxygenation post-HBO as discussed in
hypothesis one, Section 6.2.1.1.2. Furthermore inadequate ventilation due to asynchrony with
the mechanical ventilator during HBO treatment and its relation to changes in mechanical
ventilation settings has been discussed and discounted in the previous section.

Nonetheless inadequate mechanical ventilation was considered as a potential cause of
alterations in mechanical ventilation settings post-HBO due to the effects of raised ambient
pressure upon mechanical ventilator function during HBO treatment as discussed in Section
2.4.2.5.5. It is well reported that many types of equipment used for the critically ill patient are
not compatible with the HBO environment and mechanical ventilators in particular exhibit
altered function (Bingham et al., 2007; Hipp et al., 1995; Hopson & Greenstein, 2007; Kot,
2006b, 2006a; Stahl et al., 2000; Weaver et al., 2005). The assertion that inadequate
ventilation, caused by alteration in mechanical ventilator function, during HBO contributed to
reductions in oxygenation associated with post-HBO changes in mechanical ventilation
settings while unable to be completely dismissed is not convincing for the following reasons.

As ambient pressure increases the most common effect upon mechanical ventilator function
is to under-deliver set volumes. As reported in Tables 67 and 68 no statistically significant
differences were found in the respiratory or haemodynamic characteristics of either group
(MV change versus no MV change) to suggest inadequate ventilation. This would suggest
that the compensation to mechanical ventilation settings undertaken during the compression
phase of the HBO treatment by the inside attendant was adequate to optimally ventilate the
subject. The theory of inadequate HBO ventilation as a cause for post-HBO reductions in
oxygenation associated with mechanical ventilation changes seems in this group unlikely.

Lastly it has been postulated that alternative modes of mechanical ventilation may influence
post-HBO oxygenation (Ratzenhofer-Komenda et al., 2007). The limited previous research
describes the changes occurring after the use of the volume control mode SIMV
(Ratzenhofer-Komenda et al., 2007; Ratzenhofer-Komenda et al., 2003). The possible
influence of other ventilation modes have not been described to date.
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It has been reported that mechanical ventilation whilst in PSV mode may be associated with
possible patient-ventilator asynchrony due to ineffective triggering of breaths (Brochard,
Harf, Lorino, & Lemaire, 1989). The clinical impact of asynchrony and the potential effect
upon oxygenation has been described at length in previous sections. The type of ventilation
mode (PCV or VCV) used as a cause for reductions in oxygenation which were associated
with changes in mechanical ventilation settings it is not likely for two reasons.

Firstly as described in earlier sections observable asynchrony was not likely to have been
present in the patients. Secondly in this study ventilation mode used in ICU and consequently
during HBO were compared to determine if any statistically significant relationship existed to
post-HBO reductions in oxygenation which were associated with changes to mechanical
ventilation settings. The results of analysis in Table 58 revealed no statistically significant
relationship.

Lastly it is possible any changes in mechanical ventilation were as a result of operator error
or variance. This is unlikely for several reasons. Firstly the nursing staff at the study hospital
ICU is only permitted to alter mechanical ventilator settings in response to physiological
changes to achieve pre-determined physiological targets. The familiarity they have with this
process would suggest that operator error unlikely. Furthermore the variance of choosing to
increase or not is not a decision they make but rather in response to a pre-determined
physiological marker.

6.2.3.1 Implications for Theory
Description of the groups of patients who experienced post-HBO reductions in oxygenation
which were associated with changes in mechanical ventilation will benefit current theory.
The findings of assessable markers prior to HBO treatment of male sex, lower PaO2, lower
SaO2, lower FiO2, lower peak inspiratory pressures and lower mean corpuscular haemoglobin
concentration were associated with reductions in oxygenation and changes in mechanical
ventilation settings post-HBO will allow further research into these factors. This could
possibly enable target mechanical ventilation settings. These settings could be initiated prior
to commencing HBO treatment to avoid the need for alterations in mechanical ventilator
settings post-HBO.

252

6.2.3.2 Implications for Practice
The main area of impact upon clinical practice for discussion is the nature of mechanical
ventilation prior to and during HBO treatment. Prior to HBO treatment this study has
demonstrated that lower FiO2 and peak ventilation pressures with associated lowering of PaO2
and SaO2 were associated with alterations in mechanical ventilation support.
The application for clinical practice of this finding may be that a period of pre-oxygenation
prior to leaving the ICU for transportation to the hyperbaric unit could mitigate post-HBO
mechanical ventilation changes. This suggestion is currently being considered in Europe as
an ongoing study which is comparing the use of recruitment manoeuvres in reducing postHBO reductions in oxygenation (Ratzenhofer-Komenda, personal communication, 22
January, 2009).

6.2.3.3 Further Research
The data collected and analysed in relation to hypothesis three has revealed previously
unreported characteristics defining groups who experienced changes in mechanical
ventilation settings which were associated with post-HBO reductions in oxygenation. These
findings present several opportunities for future study. Firstly the sex difference between men
and women could be further explored to better describe, develop theory and explore causation
of the sexual differences reported in this study.

Secondly the study of various mechanical ventilation settings could be expanded. Future
work exploring the reasons why a difference in pre-HBO FiO2 and peak inspiratory pressures
have an influence upon post-HBO changes to mechanical ventilation settings would be
beneficial. This work could explore possible preventative ventilation strategies to minimise
post-HBO changes in oxygenation.
Lastly although the degree of lung injury as measured by the tool used in this study (Murray
lung injury score) did not achieve statistical significance between groups it may be possible
that other tools are available for future research to consider in this group of patients.

6.2.3.4 Conclusion
In conclusion, hypothesis three was supported with findings that assessable markers of male
sex, lower PaO2, lower SaO2, lower FiO2, lower peak inspiratory pressures and lower mean
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corpuscular haemoglobin concentration were associated with reductions in oxygenation
which were associated with changes in mechanical ventilation settings post-HBO.

The characteristics of those patients who experienced post-HBO reductions in oxygenation
which were associated with changes in mechanical ventilation are similar to and extend those
in the literature with one exception. The data which agreed with the literature surprisingly
found those patients who may have been described as less ill, requiring lower mechanical
ventilation support were statistically more likely to require changes in mechanical ventilation
settings post-HBO. The one discrepancy with the literature was the observation that patients
with sepsis required no change in mechanical ventilation support post-HBO.

The current literature to date described the changes in oxygenation post-HBO following
subsequent HBO treatments, typically number two or three. To examine for a protective
effect of HBO treatments upon changes in oxygenation hypothesis four will examine
oxygenation after the first HBO treatment and compare it to subsequent HBO treatment data.

6.2.4 Hypothesis Four: Effects of Multiple Treatments
Hypothesis four builds upon the findings of the previous three hypotheses by examining the
nature of post-HBO reductions in oxygenation in relation to multiple HBO treatments.
Previous data has reported on second or subsequent HBO treatments and has not assessed any
possible protective effect upon oxygenation from initial HBO treatments. Hypothesis four
which stated that in mechanically ventilated ICU patients reductions in PF ratio following the
first HBO treatment will be greater when compared to subsequent HBO treatments was not
supported by the data.

Oxygenation as measured by the PF ratio demonstrated reductions in the post-HBO period
comparable to pre-HBO baseline levels (see Table 78), in both the first and second HBO
treatments. The difference in magnitude of the PF reductions between first and second HBO
treatment was not statistically significantly different on return to ICU, at 1 hour or 2 hours
post-HBO. Furthermore comparison of variables likely to have an influence upon
oxygenation such as mechanical ventilation settings, haemodynamic status, pharmacological
and haematology variables as presented in Tables 79 and 80 revealed no statistically
significant differences between first and second HBO treatments suggesting that the PF ratio
values were not unduly influenced by these variables.
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As mentioned earlier, little attention has been paid to the effect upon oxygenation following
initial versus subsequent HBO treatments. The deleterious effects of cumulative O2 exposure
on the pulmonary system are well known as described at length earlier in Sections 2.4.1.2 and
2.4.1.8.4. Furthermore the extension of pulmonary O2 tolerance in humans has been
previously described as occurring through alternating patterns of hyperoxia and normoxia
(Clark, 2008b).

Other avenues to consider for involvement with the high levels of O2 during HBO treatment,
as possibly implicated in adaptation, are the variety of endogenous antioxidant defence
mechanisms outlined in Section 2.4.1.8.5. The antioxidant defences prevent damage the body
from hyperoxia, however these may be overwhelmed particularly in hyperbaric conditions. It
is reported that with normobaric hyperoxia changes may occur after several days of exposure
versus several hours with HBO (Dennog et al., 1996; Narkowicz et al., 1993; Speit, Dennog,
Radermacher, & Rothfuss, 2002).

Nonetheless adaptive protection at a cellular level to raised O2 levels during cumulative HBO
treatments has been shown in several experimental models outlined in Section 2.4.1.8.1.
These include adaptation to genotoxic effects (Speit & Bonzheim, 2003), enhancement of
endogenous anti-oxidants (Harabin et al., 1990), protective enzymes (Chavko et al., 2008;
Rothfuss et al., 2001; Speit et al., 2000) related to oxidant and pulmonary inflammatory
response following hyperoxic exposure (Choi & Alam, 1996; Huang et al., 2005; Lee et al.,
1996; Nagata et al., 2007; Otterbein & Choi, 2000) and lastly HSP induction (De Maio, 1999;
Dennog et al., 1999; Donati et al., 1990; Feige & Polla, 1994; Shyu et al., 2004).

Despite the above cellular evidence relating to physiological adaptation to HBO, study into
clinical changes in oxygenation in sequential HBO treatments is sparse. Comparison of the
findings from this study with current literature is therefore limited. As described earlier in
hypothesis four post-HBO reductions in oxygenation between HBO treatments one versus
two displayed no statistically significant difference. The data gathered in this study
contradicts the limited available data suggestive of an adaptation to HBO which is
measurable at the clinical level. It is worthwhile noting that adaptation to the effects of HBO
may have occurred at the cellular level however this was not assessed as part of this study.
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Although no statistically significant difference between PF ratios from first to second HBO
treatments was demonstrated the nature of the return to baseline between treatments requires
comment. HBO treatment one was followed by a reduction in PF ratio of 32% on return to
ICU, 31% at 1 hour post-HBO and 16% at 2 hours post-HBO. These reductions contrast with
HBO treatment two where the reductions reported were lower at 26% on return to ICU, 16%
at 1 hour post-HBO and 4.75% at 2 hours post-HBO.

The similar pattern of reduction in PF ratio, seen in Figure 27 following both HBO treatment
one and two suggests no benefit or protective effect with regards to the magnitude of drop in
PF ratio. However at 1 hour following HBO treatment two the drop in PF ratio (16%) was
approximately half that of the same time point following treatment one (31%). This could be
suggestive of a quicker recovery toward pre-HBO baseline levels following subsequent HBO
treatment.

As described in Chapter 3 oxygenation and consequently O2 tension indices such as the PF
ratio used in this hypothesis to reflect oxygenation may be increased or decreased by clinical
variables. These variables include respiratory and mechanical ventilation settings,
haemodynamic and pharmacology data all of which may differ between HBO treatments. In
this study these groups of variables were considered as potentially confounding comparisons
between first and subsequent HBO treatments.

The respiratory and mechanical ventilation variables will be considered first. It is reasonable
to assume that in the critically ill patient deleterious changes in lung function may occur
quickly. Indeed as discussed earlier the main role of ICU support is often for deteriorations in
the respiratory system (Fenstermacher & Hong, 2004; Haitsma, 2007). It may be therefore
possible that worsening lung injury in the patients recruited for this study masked any
protective effective of initial post-HBO reductions in oxygenation.

The masking of a protective effect of post-HBO reductions in oxygenation did not appear to
be the case. As presented in Table 79 no statistically significant difference observed between
the Murray lung injury score from HBO treatment one (M = 0.83, SD = 0.86) and treatment
two (M = 1.1, SD = 0.82). Further support for the lack of difference between is seen when
one considers that although the mean results of the Murray lung injury score are higher,
indicating worse lung injury for patients in HBO treatment two, both HBO treatment one and
256

two values fall within the 0.1 to 2.5 mild to moderate lung injury bracket identified in the
literature (Heffner et al., 1995).

During mechanical ventilation of a patient the clinician has many settings from the ventilator
which they may choose from which may vary in either ICU or during HBO treatment. The
settings which were chosen to have most influence upon oxygenation for comparison
between treatments were mode of mechanical ventilation, FiO2, PEEP, pressure support,
respiratory rate, tidal volume and inspiratory to expiratory (I:E) ratio.

The data presented in Table 79 however shows no convincing evidence differences between
HBO treatment one and two at any time point monitored. This suggests that oxygenation was
not artificially raised or lowered due to changes in mechanical ventilation settings at these
time points. This is further supported by the observation that none of the above variables
were statistically significant different at any time point.

Lastly, grouped with the respiratory and mechanical ventilation parameters is the
biochemistry variable Hb. The necessity of Hb as a carrier of O2 was discussed previously in
Section 3.2.2. It is well reported that reductions in oxygenation may be associated with lower
Hb levels (Vallet et al., 2000). Table 79 in the data analysis chapter shows that the Hb levels
prior to, on return to ICU at 1 hour and 2 hours post-HBO were on average lower at all time
points monitored in the second HBO treatment. The reduction is unlikely to have had a large
influence upon oxygenation between the HBO treatments as all values from both HBO
treatments one and two were below the lower normal range (113 to 159 g/L) of the laboratory
where they were tested. Further supporting this conclusion is that none of these differences
were statistically significant.

The second group of variables studied were the haemodynamic and pharmacology data. The
importance of the haemodynamic system in oxygenation, particularly alveolar ventilation
(VA) and pulmonary perfusion (Q) matching was discussed earlier in Section 3.2.1.4.1. The
three variables selected as most likely to have an influence on oxygenation were heart rate,
mean arterial pressure and central venous pressure as these all influence O2 delivery (DO2) as
described in Section 3.2.2 (West, 2005c). Table 80 of the data analysis presents these three
variables as exhibiting little variation between HBO treatments one and two at any of the
time points monitored. This suggests that haemodynamic variability between the first and
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second HBO treatments did not occur and therefore is not likely to have influenced
oxygenation. Further supporting this conclusion was a lack of statistical significance between
data from HBO treatment one versus two at any of the time points analysed.

The pharmacological variables most likely to have influenced oxygenation were chosen to be
the vaso-active drug Noradrenaline infusion dose rate and the analgesic drug Morphine
infusion dose rate. These drugs may have influenced oxygenation in several ways.
Noradrenaline is a potent vaso-active agent given typically as an infusion to improve blood
pressure in ICU patients (Weaver, 2004; Weaver et al., 2005). Varying rates will influence
blood pressure and potentially impact upon oxygenation and DO2 as described earlier.
Similarly changes to the Morphine infusion dose may be associated with changes to pain or
consciousness levels with the subsequent haemodynamic response potentially altering
oxygenation.

Data from Table 80 however presents no strong evidence that either Noradrenaline or
Morphine infusion dose exerted any undue influence upon oxygenation. The mean
Noradrenaline infusion dose can be seen to be on average lower in the second treatment than
in the first at all time points. However when compared to the mean arterial pressure in Table
80 no statistically significant differences were found. This difference may reflect an
improvement in the condition of the patient and that they required less inotrope support prior
to, during and following the second HBO treatment. The mean Morphine infusion dose
similarly shows little variation between HBO treatments and across all time points monitored
suggesting stability of pain and sedation requirements for patients. Lastly for both
Noradrenaline and Morphine infusion doses no statistically significant differences were
observed between treatments at any time point monitored.

Although all the above data represent a negative finding, interpretation should be undertaken
with caution. Post-hoc testing of the results for statistical power, with a paired sample size of
25 reveals test a range of statistical power figures less than the 80% typically regarded as the
standard for healthcare research (Munro, 2005a). The calculated power for the statistical tests
applied ranged from approximately 6% for a small effect, 30% for a medium effect and 70%
for a large effect (Erdfelder et al., 1996). A known practical effect of low statistical power is
an increased risk of type II (false negative) error (Munro, 2005a) therefore the possibility
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exists that some of the results which did not appear to differ were actually statistically
significantly different.

6.2.4.1 Implications for Theory
The theoretical implications for the negative finding of hypothesis four are limited. Although
no demonstrable protective effect between first and second HBO treatments was seen this
may contribute to our understanding. In this cohort of patients the magnitude of PF ratio
reduction when expressed as a percentage change from baseline was less in the subsequent
HBO treatment. Although not statistically significantly different, it may be possible that the
reduction trend from first to second HBO treatment is the early stages of an overall protective
effect which becomes statistically or clinically significant in subsequent HBO treatments.

6.2.4.2 Implications for Practice
The discussion relating to clinical practice implications from this study is similar to the
implications for theory limited by the negative finding. Unfortunately for clinical practice no
appreciable protective effect from the first HBO treatment was demonstrated. However this
study is the first to report on the similarity of oxygenation following an initial compared to
subsequent HBO treatments.

Although no protective effect was shown it could be argued from these data that there were
no observable detrimental effects upon oxygenation in subsequent HBO treatments.
Furthermore the degree of mechanical ventilation support, as described by the parity of
ventilation parameters from first to second HBO treatment, was not greater in the subsequent
HBO treatment. The clinical implications of these statements are that it is feasible that
patients who may not have been considered for HBO treatment due to the severity of their
illness, pulmonary injury or level of mechanical ventilation support may now be able to be
treated.

6.2.4.3 Further Research
There is one main research opportunity arising from hypothesis four. This would be an
extension of this study to consider characterising the changes in oxygenation beyond the
second HBO treatment. This would be useful to determine whether the trends were of more
limited reductions in oxygenation after a third, fourth or later HBO treatment.
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6.2.4.4 Conclusion
Hypothesis four which stated that in mechanically ventilated ICU patients reductions in PF
ratio following the first HBO treatment will be greater when compared to subsequent HBO
treatments was not supported. No adaptive or protective response to reductions in
oxygenation following subsequent HBO treatments was demonstrated from this data. It may
however be possible that within the data there exist relationships between variables which
may further explain the deterioration in oxygenation ability in the post-HBO period. The
following section will explore the remaining two hypotheses to answer this question.

6.2.5 Hypothesis Five and Six: Variables Associated with Oxygenation Change
Hypothesis five which stated that mechanical ventilator parameters will be associated with
post-HBO reductions in oxygenation was not supported.

Hypothesis six stated that routinely collected physiologic, biochemical, haematological,
treatment, or outcome parameters will be associated with post-HBO reductions in
oxygenation was supported.

The final two hypotheses aimed to build upon and develop the information already generated
by the previous hypotheses. This aim was achieved through attempting to elicit whether the
large amount of data gathered may be used to discover any previously unreported
relationships with oxygenation following HBO. For the purposes of measuring oxygenation
the outcome/dependent variable chosen was the PF ratio.

Hypotheses five and six were analysed together by regression analysis in Chapter 5. The
discussion and conclusions generated from the analysis will therefore be presented together.
The mixed model regression results in Table 85 revealed that hypothesis five was not
supported as individual settings of the mechanical ventilator, such as ventilation mode, did
not achieve statistical significance in the final model. Nonetheless some parameters presented
in the final model found to be statistically significant are related to mechanical ventilation.

These related variables included the ABG PaCO2 and ABG base excess levels. Table 85 of
the data analysis presents a negative parameter estimate for ABG PaCO2 which is indicative
of an independent negative association with Log10 PF ratio. This means lower PaCO2 levels
were associated with increased (indicating improved oxygenation) Log10 PF ratio values. For
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the base excess a positive parameter estimate indicates that as base excess increases the Log10
PF ratio increases (indicating improved oxygenation).

Also related to mechanical ventilation were the findings of a statistically significant
association with lung injury as measured by the Murray lung injury score. The negative
parameter estimate generated for the Murray lung injury score indicating that as the lung
injury score decreased (less lung injury) the Log10 PF ratio values increased suggesting
improved oxygenation. Further support of a role for lung pathology was the statistically
significant relationship with length of mechanical ventilation. The negative parameter
estimate for the length of mechanical ventilation variable indicated that a shorter duration of
mechanical ventilation was associated with improved oxygenation.

With regards to hypothesis six the mixed model regression results in Table 85 identified
several other variables which were statistically significantly associated with changes in the
Log10 PF ratio. These included temperature, higher ABG lactate levels and IV Midazolam
infusion dose. Positive parameter estimates, suggesting increased (improved oxygenation)
Log10 PF ratio values with increases in independent variables, were reported for temperature
and ABG lactate levels. A negative parameter estimate suggesting increased Log10 PF ratio
values (improved oxygenation) were found with lower IV Midazolam infusion doses.

The results from the regression model for each of the variables relating to hypothesis five;
ABG PaCO2, ABG base excess, Murray lung injury score and length of mechanical
ventilation and hypothesis six; temperature, ABG lactate and IV Midazolam will now be
discussed individually.

The first variable associated with improved oxygenation was a lower PaCO2. This is not a
surprising finding when one considers that higher PaCO2 levels are typically associated with
more unwell patients who require more invasive mechanical ventilation support (Laghi &
Tobin, 2006). Furthermore the link between PaCO2 levels and oxygenation is well established
in the context of common causes of hypoxaemia as discussed in Section 2.2.3.2.

Of particular interest is the relationship between alveolar ventilation and CO2 which dictates
that a drop in alveolar ventilation must be accompanied by drop in PaO2, a rise in PaCO2 and
vice versa (Ward, 2006; West, 2005i). The respiratory data described in Table 31 does not
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however present strong evidence of any accompanying drop or rise in tidal volume. Therefore
a drop in alveolar ventilation as explanation for an effect upon oxygenation in this study
seems unlikely.

A further possible reason for an effect upon oxygenation related to CO2 levels may be due to
the VA/Q matching process (West, 2005c). As described earlier in Section 3.2.1.4 the VA/Q
process normally ensures approximately equal ventilation and perfusion to the alveoli. This
process ensures that oxygenation occurs by O2 delivery to the alveolar capillaries and that
CO2 is removed from the lungs. When the VA/Q process is disturbed it follows that PaO2 and
PaCO2 levels may be altered (West, 2005i).
Previous reports have described HBO as causing an increase in QS/QT which may be
secondary to a blunting of the hypoxic vaso-constrictive response (HPV) (RatzenhoferKomenda et al., 2003). Hypoxic vaso-constriction has been recognised for some time as a
regulatory component of the VA/Q process (Von Euler & Liljestrand, 1946). If HPV is indeed
affected by the HBO treatment it is plausible that the resulting altered constriction of the
pulmonary vasculature may allow pulmonary blood access to under ventilated areas, causing
lowering PaO2 levels and ultimately worsening the VA/Q matching process.
Further support for the involvement of VA/Q matching is seen in the pattern of changes to
oxygenation demonstrated. The increase in QS/QT in mechanically ventilated ICU patients in
one previous study was reported as persisting for up to 2 hours in the post-HBO period and
was associated with poorer oxygenation (Ratzenhofer-Komenda et al., 2003). Animal studies
have presented data which support such an effect of HBO upon HPV describing results where
the effect follows a similar recovery profile to this study and earlier reports recovering toward
baseline levels over several hours following completion of HBO treatment (Amin et al.,
1993).

The second variable statistically associated with changes in oxygenation was the ABG base
excess level. When the base excess level was higher it was independently associated with
higher PF ratio values. The base excess level, also known as base deficit, is the amount of
base required to titrate a litre of whole arterial blood back to a pH of 7.40 and is typically +2
to -2 (Chawla et al., 2010).
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Base excess is reported as part of the standard ABG results and has been advocated clinically
for a variety of uses including a marker of resuscitation adequacy, a measure of metabolic
consequences of shock, hemodynamic management and as a prognostic indicator (Davis,
Kaups, & Parks, 1998; Kaups, Davis, & Dominic, 1998; Rixen, Raum, Bouillon, Lefering, &
Neugebauer, 2001; Smith et al., 2001). It was therefore surprising to find a relationship
between increased base excess and improved oxygenation when one would expect those
individuals with a larger base excess to be more unwell and potentially more poorly
oxygenated.

The association of increasing base excess with improved oxygenation may be related to the
physiological relationship that exists with the oxyhaemoglobin dissociation curve. An
increase in base excess levels typically means that blood pH is becoming more alkaline
(West, 2005c). It can be seen in Figure 17 that under increasingly alkalotic conditions
oxygenation may be affected by the oxyhaemoglobin dissociation curve shifting to the left.
This may alter oxygenation as a known practical effect of a left shift in the oxyhaemoglobin
dissociation curve is less unloading of O2 from Hb (West, 2005c).
The third variable to be discussed is the Murray lung injury score. This scoring system had a
negative parameter estimate indicating that lungs calculated as having less injury were
associated with improved oxygenation. This finding is physiologically tenable when one
considers the components, outlined in Table 2, from which the score is calculated in this
study. Lower scores in the Murray lung injury score used in this study were calculated from
less alveolar consolidation, higher PF ratios and less PEEP from the mechanical ventilator
(Murray et al., 1988). Based on these three characteristics it is reasonable to suggest that the
less injured lungs will be able to oxygenate the blood more efficiently.

The final ventilation related variable for hypothesis five which was statistically significantly
related to oxygenation was the length of mechanical ventilation in hours. As discussed earlier
in Section 2.4.2.5 of the literature review the provision of mechanical ventilation to ICU
patients is a fundamental aspect of care delivered to millions of patients worldwide (Haitsma,
2007). The delivery of mechanical ventilation does however come with a physiological price.

The immediate, primarily cardiovascular, effects of instituting positive pressure mechanical
ventilation which may transiently alter oxygenation efficiency are described earlier in Section
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2.4.2.5. However support for the finding of a negative parameter estimate, indicating
improved oxygenation with a shorter duration of mechanical ventilation, and vice versa, can
be found if one examines the deleterious effect which may occur from prolonged mechanical
ventilation.

The deleterious effects of prolonged mechanical ventilation include functional changes in
alveolar surfactant (Malloy, Veldhuizen, & Lewis, 2000), impaired lymphatic drainage
(Moriondo, Mukenge, & Negrini, 2005; Pearse, Searcy, Mitzner, Permutt, & Sylvester,
2005), damage from higher peak airway pressures (Acute Respiratory Distress Syndrome
Network, 2000; Hager, Krishnan, Hayden, Brower, & ARDS Clinical Trials Network, 2005),
stress or shear forces caused by cyclic opening and closing of alveoli (Chu, Whitehead, &
Slutsky, 2004; Steinberg et al., 2004) and secondary inflammatory responses elsewhere in
other organs (Kredel et al., 2007; Mandava et al., 2003).

In combination with the above immediate effects there are, as mechanical ventilation
continues over time, changes which include the lungs becoming wetter, stiffer, harder to
ventilate at lower pressures and predisposed towards infection (Soni & Williams, 2008). All
of the above changes ultimately reduce oxygenation ability as duration of mechanical
ventilation increases supporting this finding.

Lastly for hypothesis five, comment is required on the lack of findings regarding individual
mechanical ventilation settings including FiO2 or pressure assist levels, such as PEEP or
pressure support. These predictor variables were unable to be considered in the final
regression model due to the occurrence of multicollinearity with other variables in the final
model. The presence of multicollinearity results in redundancy of the variables used in the
statistical model causing errors in regression equations during the analysis (Field, 2009).
Multicollinearity as discussed in Section 5.3.6.2.1.5 is one of the assumptions of multiple
regression. This assumption was checked and met by the generation of a correlation matrix
and the removal of variables, including FiO2, PEEP and pressure support, which
demonstrated high levels of multicollinearity.

The first variable statistically significantly associated with changes in oxygenation related to
hypothesis six was temperature. The positive parameter estimate suggested that as
temperature rose oxygenation was improved. A relationship existing between temperature
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and oxygenation has been documented with Henry’s law, presented in Appendix A,
describing that the partial pressure of a gas as proportional to its concentration at a given
temperature and pressure (Bacher, 2005). The effect of the relationship between temperature
and oxygenation is that O2 solubility in blood may be influenced with decreased O2 solubility
as the temperature rises (Sendroy, Dillon, & Van Slyke, 1934).

A practical implication is that the relationship of partial pressure to the total content of
oxygen or carbon dioxide in the fluid may change depending on temperature. This does not
however seem to be a plausible explanation for the relationship with raised temperature in
this case. This is primarily because hypothermia not hyperthermia has been reported to lead
to falsely elevated measurements of the partial pressure of O2 thereby raising calculated O2
tension indices (Bacher, 2005). Further confounding this result is the fact that the electrodes
in most modern ABG analysers are maintained at 37 ºC. This requires heating or cooling of
the blood prior to analysis. From febrile patients therefore if the blood is cooled the net result
would be a decrease in blood gas tensions indicating worsening not improving oxygenation
as was demonstrated in this study.

A further possible explanation is the known hyperventilation response to hyperthermia where
temperature increases greater than 1ºC significantly increase pulmonary ventilation and
consequently improving oxygenation (Beaudin, Clegg, Walsh, & White, 2009; Haldane,
1905; White, 2006). Hyperthermia-induced hyperventilation is thought to be a
thermoregulatory heat loss response which is generated from the pre-optic anterior
hypothalamus (Cabanac & White, 1995; White & Cabanac, 1996). The resulting response can
result in an increased ventilatory drive of up to 35% which may alter oxygenation (Boden,
Harris, & Parkes, 2000; Gaudio & Abramson, 1968; Magoun, Harrison, Brobeck, & Ranson,
1938).

A final possibility is that, as presented earlier in Figure 17, the position of the
oxyhaemoglobin dissociation curve may be altered due to the influence of several recognised
variables of which temperature is one (Yassin & Singer, 2007). Raised temperature has the
potential to alter oxygenation primarily at delivery: the right curve shift results in reduced O2
affinity with Hb which will facilitate the release of O2 from the RBC, typically at the tissue
level (West, 2005c). Lastly limited case reports have described the occurrence of
hyperthermia following HBO treatment for carbon monoxide poisoning although the authors
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do acknowledge that the change in body temperature was unlikely to be related to HBO (Lee
et al., 2010).

The second variable related to hypothesis six was ABG Lactate levels. A positive parameter
estimate indicating that higher lactate levels were associated with raised PF ratios indicating
improved oxygenation was unexpected. Measurement of blood lactate concentrations is often
used in critically ill adults as an assessment of tissue perfusion (Bakker, Coffernils, Leon,
Gris, & Vincent, 1991; Deshpande & Platt, 1997). The discovery of a relationship between
lactic acidosis and perfusion was initially described in the 1800s (Kompanje, Jansen, van der
Hoven, & Bakker, 2007) and was soon followed by the theory that lactate was a noxious
metabolite related to hypoxia (Pasteur, 1861). This theory was finally proven through
description of the physiology relating to the glycolytic pathway and the tricarboxylic acid
cycle (Krebs & Johnson, 1937).

The finding of raised lactate being associated with improved oxygenation seems
physiologically implausible. This is due to the well described process where, due to
reductions in O2 and substrate delivery, aerobic metabolism via the Krebs cycle cannot
continue and the tissues use anaerobic metabolism to generate energy (Bakker & Jansen,
2007). The by-product of anaerobic metabolism is the ultimate increase in production and
accumulation of blood lactate. Several studies in both animal and human have demonstrated a
proportional increase in blood lactate levels as O2 deficiency becomes increasingly severe
(De Backer, Zhang, & Vincent, 1995; Ronco et al., 1993).

It is not however universally accepted that raised lactate levels are indicative of hypoxic
conditions. Raised lactate levels may occur for several reasons not associated with reduced
O2 levels. Aerobic processes have been determined to raise lactate levels in non-hypoxic
cellular environments in critically ill patients. These include increased aerobic glycolysis by
cytokine-mediated cellular uptake of glucose (Haji-Michael, Ladriere, Sener, Vincent, &
Malaisse, 1999), alterations in lactate-clearing mechanisms (Gutierrez & Wulf, 1996, 2005),
and increased work of breathing (Rabbat, Laaban, Boussairi, & Rochemaure, 1998). Lactate
levels may also be raised in fully oxygenated tissues due to the effect of a variety of inducing
agents. These include drugs such as Metformin (Chang, Chen, Fang, & Huang, 2002) or
Noradrenaline (Luchette et al., 2002).
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A final source of lactate production which has been reported is from the lung itself (Brown,
Clark, & Gutierrez, 1996; De Backer, Creteur, Zhang, Norrenberg, & Vincent, 1997). The
lung is known to produce lactate, suggested to be a metabolic adaptation, possibly in response
to inflammatory mediators rather than tissue hypoxia (Iscra, Gullo, & Biolo, 2002; Routsi et
al., 1993). This offers a possible explanation for this physiologically unlikely finding.

Furthermore the generation of excess lactate is typically associated with a degree of acidosis
(Gutierrez & Wulf, 2005). It may be possible that if acidosis is present to some degree with
the raised lactate levels then a degree of pulmonary protection is conferred from it. This
theory receives some support from literature which suggests that the presence of acidosis may
be protective to lung thus possibly improving oxygenation (Broccard et al., 2001). In a lapine
model with respiratory acidosis, Broccard and colleagues described the impact of respiratory
acidosis on the progression of ventilator induced lung injury (VILI) (Broccard et al., 2001).
They demonstrated that respiratory acidosis was shown to decrease the extent of VILI,
possibly by decreasing NO· production. Their reasoning for this was that although NO· may
be either cyto-protective or cyto-inflammatory its production in an acidic lung environment
appeared to be down regulated.

Arguments against this explanation may be found in the literature and the related statistically
significant variables previously discussed. The presence of acidosis however depends upon
how the lactate was produced. It has been demonstrated that production of lactate by the
previously discussed aerobic means does not cause the acidosis associated with heavy
exercise or hypoxia (Robergs, Ghiasvand, & Parker, 2004). Furthermore in both animal and
human models there is evidence which conflicts with this study. It has been reported that an
inverse relationship with lactate production and lungs with ALI/ARDS exists. One study has
described higher levels of lung lactate production was statically significantly associated with
lower PF ratios and higher Murray lung injury scores (De Backer et al., 1997).

Lastly the earlier statistical associations with higher base excess and lower CO2 levels are
generally indicative of alkalosis not acidosis. These results are therefore divergent and do not
support this finding. Therefore given the conflicting results from this study and previously
published evidence further study into the relationship with lactate would seem warranted.
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The final variable related to hypothesis six was the dose of intravenous Midazolam infusion.
The negative parameter estimate associated with this variable described an improvement in
oxygenation with lower Midazolam infusion doses. The drug Midazolam is a water soluble
benzodiazepine with sedative, anxiolytic, amnesic and anticonvulsant actions similar to other
benzodiazepines with rare adverse effects such as paradoxical restlessness and agitation
(Robin & Trieger, 2002).

Widely used in ICU, primarily as a sedative for mechanically ventilated patients to facilitate
tolerance of the artificial airway, Midazolam also minimises patient-ventilator asynchrony
particularly during more invasive mechanical ventilation settings (Liu & Gropper, 2003;
Richman, Baram, Varela, & Glass, 2006; Thille et al., 2008; Thille et al., 2006). It is
therefore unsurprising that lower doses of Midazolam infusion are associated with improved
oxygenation as it is reasonable to speculate that this would be the patient group who required
the least amount of mechanical ventilation support and would in theory have better
oxygenation than those on higher doses.

Another possible relationship between higher doses of IV Midazolam and lowered
oxygenation may be related to its sedative action and the associated hypoventilation that may
accompany it. Midazolam is reported to induce sedation quickly following administration
with minimal circulatory and respiratory depression (Brown, Sarnquist, Canup, & Pedley,
1979). Although in patients with respiratory compromise, who receive larger doses or are not
appropriately monitored, hypoventilation with related hypoxaemia and hypercarbia have been
described altering oxygenation markedly (Dreher, Ekkernkamp, Storre, Kabitz, & Windisch,
2010).

Patient monitoring within the ICU is typically by constant visual and electronic alarms for
physiological parameters. These alarms would detect any adverse alterations due to
respiratory depression such as raised CO2 levels from EtCO2 monitoring or hypoxaemia from
peripheral O2 saturation. The physiological parameters seen in Table 25 do not appear to
suggest that hypoventilation was present. Furthermore mechanical ventilators are typically set
to alarm and deliver a minimum degree of ventilation to avoid hypoventilation.

Another possibility to explain this finding is related to haemodynamic changes in patients
who receive more Midazolam. A dose related reduction in blood pressure following
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administration of benzodiazepines such as Midazolam has been described in critically ill
patients (Choi, Wong, & Lau, 2004; Davis, Kimbro, & Vilke, 2001). As discussed earlier in
Section 3.2.2.3 changes to blood pressure will result in alterations in cardiac output. These
changes have the potential to alter pulmonary efficiency and result in changes to oxygenation.
The haemodynamic parameters presented in Table 35 do not however demonstrate
fluctuations from pre-HBO levels and therefore do not appear to support this theory.

Nonetheless in animal models it has been reported that Midazolam administration possibly
produces hypotension through a systemic vasodilation effect (Yeh, Chang, & Chen, 1988).
Systemic vascular resistance and pulmonary pressures were not assessed in this study. It may
therefore be plausible that, although haemodynamic parameters in this study were apparently
unaltered, there was some effect upon pulmonary vasculature altering ventilation to perfusion
matching and ultimately causing a reduction in oxygenation at higher doses of Midazolam.

6.2.5.1 Implications for Theory
The findings that there are several physiological variables which are related to changes in
oxygenation in the HBO ICU patient will contribute to current theory in several areas. Firstly
none of the variables collected which were associated with oxygenation in hypotheses five or
six were hyperbaric specific such as treatment type or duration of treatment. It therefore
seems reasonable to theorise that HBO treatment type and management during HBO
treatment do not appear to contribute to any changes in oxygenation post-HBO.

Secondly although mechanical ventilation mode was identified in the literature as possibly
being involved in post-HBO reductions in oxygenation data from this study do not appear to
support this theory.

Lastly the results from multiple regression analysis are recognised as only informing about
the associations which exist between variables with any speculation regarding causality
requiring the development of testable theories (Harris & Heard, 2004). From the reported
relationships in this study further theories may be developed to examine the cause of postHBO reductions in oxygenation.
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6.2.5.2 Implications for Practice
Several implications for practice arise from hypotheses five and six. Firstly although no
mechanical ventilation variables were associated with changes in oxygenation in hypothesis
five variables which were related to mechanical ventilation were. A possible implication for
practice are that these variables become incorporated into a pre-HBO mechanical ventilation
strategy using a higher pre-HBO FiO2 and/or peak inspiratory pressures through PEEP to
avoid the requirement for post-HBO mechanical ventilation adjustments in this group of
patients.

Secondly the groups described in hypothesis three that did experience alterations in
mechanical ventilation settings post-HBO may in conjunction with the identification of
significantly associated physiological variables in hypotheses five and six be able to assist
clinicians determine the risk versus benefits of HBO treatment for ICU patients. This would
use these significant variables identified as an aid in characterising the patient who may be at
risk. Lastly as this study demonstrated the Murray lung injury score was statistically
significantly associated with oxygenation in the HBO setting. Calculation of the Murray lung
injury score pre-emptively may similarly be of benefit in the selection process.

6.2.5.3 Further Research
The identified variables from hypotheses five and six that associated statistically with either
increased or decreased oxygenation may prove useful. Further research could use this
information to determine the sample size required to conduct appropriately powered
confirmatory future studies and begin to trial preventative measures.

It would be beneficial for future studies to examine the conflicting results described in
hypotheses five and six. The separate study of associations of ABG PaCO2, base excess and
lactate levels with post-HBO oxygenation for example would be a relatively easy study to
conduct as these values are typically generated automatically with each ABG. The remaining
statistically significant variables in the multivariate model would also be readily available for
study as they are routinely gathered clinically.

6.2.5.4

Conclusion

Hypotheses five and six aimed to discover whether the mechanical ventilation and
physiological data respectively could be used to discover any previously unreported
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relationships with oxygenation in relation to HBO. In relation to settings of the mechanical
ventilator, no particular values were found to be associated with changes in oxygenation.
Nonetheless parameters known to be affected by mechanical ventilation including ABG
PaCO2, ABG base excess, Murray lung injury score and length of mechanical ventilation
were associated with changes in oxygenation.

Lastly for hypothesis six with regards to physiological data it was discovered that there were
changes in collected physiological data which were statistically significantly associated with
changes in oxygenation. The variables which were reported to be associated with changes in
oxygenation appear to be clinically plausible. Further research into the link between these
variables and their relationship with oxygenation would be prudent as much of the
information generated in this study is, at the time of writing, previously unreported.

The discussion and conclusions discussed in the preceding section have described the study
findings in relation to the proposed hypotheses. This information therefore has the potential
to contribute to both extant theory and clinical practice as it pertains to the mechanically
ventilated ICU patient who is receiving HBO treatment. This study is however not without its
limitations which will be discussed in the following section.

6.3

Limitations

This study has several limitations which restrict extrapolation to the clinical context and
which will now be discussed in turn. Firstly with regards to oxygenation the ideal O2 tension
index which non-invasively and accurately describes current patient oxygenation status
remains to be described. The indices chosen, PF ratio, a/APO2, A-aPO2 and OI as with all
indices have potential flaws in describing the complex and often rapidly changing state of
oxygenation, particularly in critically ill patients.

Secondly, post-HBO reductions in oxygenation, as measured by O2 tension indices were not
compared to other transport events for example to operating theatre, radiology or the
emergency department for this group of patients. There exists the possibility that the transport
of subjects from ICU is responsible for the change in oxygenation. However clinical
impressions are that changes following HBO are much greater than following other ICU
transports.
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Related to transports is the third limitation which was that in the study design there was no
maintenance of PEEP during changeover of the mechanical ventilators. This has the potential
to alter oxygenation through lung derecruitment as discussed earlier. The use of PEEP
maintenance manoeuvres such as ETT clamping is not usual practice within the ICU at the
study hospital for changeover of mechanical ventilators prior to any transport from the ICU.

The fourth limitation was that not all HBO treatments were recorded for all patients. It is
possible that further changes in oxygenation occur as HBO treatment numbers progress.
Related to this is the fifth limitation. As previously outlined, changes in cardiac output may
influence oxygenation. Cardiac output was not measured in this study and it is possible that
unrecorded alterations in cardiac output may have influenced the data. Although cardiac
output was not directly measured the haemodynamic parameters presented in Table 35 are
indicative of stability at all time points suggesting cardiac output did not fluctuate.
Furthermore any episodes of haemodynamic instability (raised or lowered blood pressure)
where cardiac output may have been altered would have been recorded as a clinical course
abnormality.

The final limitation relates to the design of the study. The study hospital is one of the leading
health care facilities to provide HBO treatment to ICU patients. Within Australia it provides
the largest number of these specialist HBO treatments per annum. The numbers are still
however relatively small and the statistical power low. It was therefore decided to construct
this study as a repeat measures design where each subject would be recorded more than once.

The limitation of this statistical approach is that statistical analyses of the correlated data
becomes increasingly complicated and reliant on advanced statistical techniques such as
mixed model regression. These techniques require expert statistical advice which may not be
available to all clinicians wishing to further this work. Future study into post-HBO reductions
in oxygenation may wish to avoid this potential issue by designing the study in such a way as
to ensure participants are only measured once. This however will considerably increase the
time required to enrol sufficient patients into the study.

This section has described, with the benefit of hindsight, the limitations of this study which
the author identified. The following sections of this chapter will address future directions
relating to the study of post-HBO reductions in oxygenation prior to an overall conclusion.
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6.4

Future Directions

This thesis has described post-HBO reductions in oxygenation in more detail than previously
reported. The process of disseminating data from this study has begun with the recent
publication of a paper examining the first two hypotheses (Bingham et al., 2011). The
remaining data are currently being prepared for publication promising avenues that
researchers may explore.

The data presented could be used to help guide future prospective interventional studies to
investigate clinical management of post-HBO reductions in oxygenation. This could
potentially focus on further description of vulnerable groups. It may also be used to develop
pre-emptive ventilation processes to minimise falls in oxygenation in mechanically ventilated
patients post-HBO.

Other directions include looking beyond the relatively short term outcomes for patients of
only 6 hours that both this and earlier studies into post-HBO reductions in oxygenation have
examined. Larger multi-centre, interstate or international research studies would be able to
recruit greater numbers. This may assist in determination of any currently unreported long
term effects upon mortality or morbidity for this patient group.

6.5

Overall Conclusion

The aim of this study, which was to explore post-HBO reductions in oxygenation within the
context of mechanically ventilated ICU patients has been met. The data support post-HBO
reductions in oxygenation in this group of patients described with previously unreported
indices of oxygenation and HBO treatment conditions. The researcher extended current
knowledge by reporting the incidence and magnitude of mechanical ventilation changes
associated with impaired oxygenation in the post-HBO period.

The researcher is the first to present the characteristics of those patients who were more likely
to receive alterations in mechanical ventilator settings in response to changes in oxygenation
post-HBO. The researcher is also the first to demonstrate that an initial HBO treatment does
not confer any protective effect against post-HBO reductions in oxygenation following
subsequent treatments. Lastly association of the many variables assessed in this study with
changes in oxygenation have identified previously unreported relationships in the HBO ICU
patient population which warrant further investigation.
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The implication from these data are of a transient and relatively benign short term effect from
post-HBO reductions in oxygenation in mechanically ventilated ICU patients which is easily
managed by clinicians. Furthermore the physiological parameters of patients reported may
assist in guiding future study exploring the still undetermined causation of post-HBO
reductions in oxygenation.
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7.0 Appendices
Appendix A. Gas laws

Boyle’s Law
The formula for the first gas law involved in HBO treatments, Boyle’s Law, is expressed as
follows; (P1 x V1 = P2 x V2) where P is pressure and V is volume deals primarily with
volume and states that as one increases the pressure of a gas the volume of this gas decreases
in direct proportion to the change in pressure. The relationship between pressure and volume
can be seen in Table 1 where, as ambient pressure rises, the volume of a fixed amount of gas
will decrease.

Table 86. Pressure versus volume of a gas bubble

Pressure

Pressure

Relative

Relative

(MSW)

(ATA)

Volume (%)

Diameter (%)

Sea Level

1

100

100

10

2

50

79.3

20

3

33.3

69.3

30

4

25

66

40

5

20

58.5

50

6

16.6

55

Note: Metres of sea water (MSW), Atmospheres absolute (ATA). Adapted
from Hammarlund, (2004). The physiological effects of hyperbaric
oxygenation. In E. P. Kindwall & H. T. Whelan (Eds.), Hyperbaric
Medicine Practice (2 ed., pp. 37-69). Flagstaff: Best publishing Company.

Dalton’s Law
The second law relating to hyperbaric treatments is Dalton’s Law which states that “in a
mixture of gases, the partial pressure of each gas present is equal to the pressure that gas
would exert if it alone occupied the original volume”. This law becomes applicable for
patients receiving HBO as once they breathe a fraction of inspired O2 (FiO2) of 1.0 at pressure
as it results in the partial pressure of O2 increasing dramatically.
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Henry’s Law
The third gas law, Henry’s Law, relates to the solubility of gases in fluids and states that “at a
constant temperature, the amount of gas that will dissolve in a liquid or tissue is proportional
to the partial pressure of the gas in contact with the liquid” This law is the principle factor in
HBO.

The practical effect is that if one doubles the pressure of a gas such as O2, in the hyperbaric
chamber, then twice as much of that gas will dissolve into any solution in contact with the
gas. The result of this is a massive increase in the blood and plasma O2 levels with a
consequent rise in tissue and eventually cellular oxygenation. The relationship between
pressure and O2 concentration can be seen in Table 2.
Table 87. Pressure versus oxygenation

Pressure

Pressure

PaO2(mmHg) PaO2(mmHg)

ATA

mmHg

breathing

breathing

FiO2 0.21

FiO2 1.0

1

760

102

673

1.5

1140

182

1053

2

1520

262

1233

2.5

1900

342

1450

3.0

2280

422

1742

Note: Millimetres of mercury (mmHg), Arterial partial pressure of
O2 (PaO2), Fraction of inspired O2 (FiO2). Adapted from Whalen et
al (1965), Cardiovascular and blood gas responses to hyperbaric
oxygenation. American Journal of Cardiology. 15, 638-646.

The benefits for patients of having raised O2 levels include promotion of angiogenesis and
wound healing, reduction in size and volume of any bubble or gas present thus reducing
effects and lessening symptoms, death of some anaerobes, bacteriostatic effect on some
species, inhibition of certain bacterial toxins and amelioration of reperfusion injury (Leach et
al., 1998).
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Appendix B. Study hospital human research ethics committee approval
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Appendix C. La Trobe University human research ethics committee approval
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Appendix D. Office of the public advocate opinion
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280
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Appendix E. Chest roentgenogram scoring worksheet

CXR Scoring Worksheet
Alveolar Consolidation

ETT Position

eg Left main
bronchus, position
in cm above carina

No Alveolar

Presence or absence
of barotraumas
• Pneumothoraces (R/L)
• Pneumomediastinum
• Pneumatoceles > 2 cm
minimum diameter (R/L)
• Subcutaneous emphysema

0

Consolidation

Alveolar
Consolidation

1

confined to 1
quadrant

Alveolar

2

Consolidation
confined to 2
quadrants

Alveolar

3

Consolidation
confined to 3
quadrants

4
Alveolar
Consolidation in
all 4 quadrants
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Intra-thoracic

Comments

lines present /
position
eg Other traumatic /
non-traumatic
findings

Appendix F. HBO adverse transport event form

Time

Transport Dr:
DATE:_______________

Left ICU
_________

Arrived HBO

Left HBO

Returned ICU

_________

________

________

Please tick to indicate occurrence and location of Event
Physiological

ICU → HBO

HBO

HBO → ICU

ICU

ICU → HBO

HBO

HBO → ICU

ICU

ICU → HBO

HBO

HBO → ICU

ICU

Agitation
Arrhythmia (PTO Please Detail)
Significant Hypotension *
Significant Hypertension **
Hypoglycaemia (BSL < 3.5 g/dL)
Haemorrhage (PTO Please Detail)
Complex partial seizures
Tonic-clonic seizures
Status epilepticus
Barotrauma Grade
Other (PTO Please Detail)

Respiratory & Ventilation Related
Raised EtCO2 >10 % baseline
Lowered EtCO2 >10 % baseline
Raised PEEP
Raised IMV rate
Raised FiO2
Circuit Disconnection
ETT Cuff Deflation
Extubation
Pneumothorax
Pulmonary oedema
Respiratory Secretions
Other (PTO Please Detail)

Personnel & Equipment Related
Insufficient staff available
Loss of Intravenous Line
Loss of Chamber Gas Supply
Loss of Chamber Electrical Power
Loss of Chamber Pressure
Infusion Pump Battery Flat
Patient Malposition
Infusion Pump Malfunction
Other (PTO Please Detail)

* MartP <65mmhg or below target MartP for > 2 minutes ** Systolic BP >150mmhg or above target MartP >2 minutes
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Appendix G. Data collection tool

TIME & LOCATION OF COLLECTION
DATA COLLECTED

ADM

ICU to
HBS

HBS

HBS to
ICU

Demographics
UR
Age
Sex
Referral reason
Treatment Number
Respiratory
CXR Taken
Transport Ventilation Type
Ventilation Mode
Respiratory Rate
Set Tidal Volume
Set Peak Flow
FiO2
Plateau time
Pressure Support
Flow Pattern
Exhaled TV
Exhaled MV
Peak Pressure
Mean Airway Pressure
End Insp Pressure
I:E Ratio
PEEP
Monitor End Tidal CO2
Monitor O2 Saturation
ABG pH
pO2
pCO2
BE
Bicarbonate
O2 sat
Total Hb
Na
ClK+
Lactate
Glucose
Ca+
PaO2 / FiO2 Ratio
Oxygen index
Haemodynamic
Heart Rate
Heart Rhythm
ABP
CVP
Inotropes Y/N Type/Dose
Urine Output
Other
Temperature (C or P)
Sedation Y/N Type
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ICU

+1h

+2h

+3h

+6h

Nitric Y/N
Insulin Y/N
Heparin Y/N
GTN Y/N
Albumin Infused Y/N
RBC Transfusion Y/N
Other Fluid Y/N Type
Stat BSL
Position (B/L/R)
HBO Attendant
HBO Vent ID
HBO Treatment Type
CRRT Y/N
Apache II
Murray Index
Length of ICU stay
Length of Hosp stay
ICU Mortality
FBE – Hb
WBC
Platelets
Hct
MCV
MCH
MCHC
RBC
RDW
Neutrophils
Lymphocytes
Monocytes
Eosinophils
Basophils
U&E – Na
K
Cl
Bicarbonate
Urea
Creatinine
Calcium
Mg
Phosphate
FBE – APTT
INR
PT Time
Fibrinogen
LFT – Total Protein
Albumin
Bilirubin
ALT
GGT
ALP

286

Appendix H. PF ratio data histogram

Appendix I. PF ratio data by time point

Statistic
Valid (n)
Missing (n)
Mean
Std. Deviation
Median

Pre-HBO Return
to ICU
61
61
0
0
301
221
99
87
265
185

287

+1h

+2 h

+3 h

+6 h

61
0
274
75
217

60
1
274
86
240

61
0
278
78
246

60
1
263
81
254

Appendix J. Arterial to alveolar O2 ratio data histogram

Appendix K. Arterial to alveolar O2 ratio by time point

Statistic

Pre-HBO

Valid (n)
Missing (n)
Mean
Std. Deviation
Median

61
0
0.48
0.16
0.47

Return
to ICU
61
0
0.35
0.15
0.32
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+1 h

+2 h

+3 h

+6 h

61
0
0.37
0.13
0.35

60
1
0.44
0.15
0.41

61
0
0.44
0.14
0.44

60
1
0.45
0.14
0.43

Appendix L. Alveolar to arterial O2 difference data histogram

Appendix M. Alveolar to arterial O2 difference by time point

Statistic
Valid (n)
Missing (n)
Mean
Std. Deviation
Median

Pre-HBO Return to
ICU
61
61
0
0
139
168
79
79
131
161

+1 h

+2 h

+3 h

+6 h

61
0
171
74
167

60
1
147
69
139

61
0
143
70
136

60
1
137
68
133
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Appendix N. Oxygen index data histogram

Appendix O. Oxygen index by time point

Statistic
Valid (n)
Missing (n)
Mean
Std. Deviation
Median

Pre-HBO
61
0
4.9
4.2
4.4

Return
to ICU
61
0
6.7
4.8
5.9
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+1 h

+2 h

+3 h

+6 h

61
0
6.5
5.8
5.2

60
1
5.3
4.7
4.0

61
0
5.0
4.4
4.2

60
1
4.9
4.5
4.0

Appendix P. Median ABG results and related respiratory monitoring by time point
Time Point
Pre-HBO
ABG Value

Intra-HBO

Return to ICU

+1 h

+2 h

+3 h

+6 h

Median (Range)

Median (Range)

Median (Range)

Median (Range) Median (Range) Median (Range)

Median (Range)

n

61

61

pH

7.39 (7.24-7.52)

7.35 (7.16-7.51)
3

61

61

601

61

612

7.38 (7.26-7.54)

7.39 (7.24-7.53)

7.4 (7.30-7.54)

7.39 (7.27-7.56)

7.40 (7.23-7.53)

85 (55-448)

93 (35-183)

103 (70-227)

102 (74-220)

101 (68-310)
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PaO2

99 (94-100)

***

PaCO2

43 (29-72)

45 (38-86)

44 (31-98)

42 (30-79)

42 (32-81)

41 (33-75)

42 (32-74)

EtCO2

38 (25-54)

34 (67-127)

39 (26-57)

37 (28-59)

38 (27-49)

36 (26-52)

36 (26-72)

Base Excess

-0.2 (-9.3-16.3)

0.9 (-9.1-13.7)

0.3 (-8.1-13.5)

0.0 (-6.8-13.2)

0.4 (-8.0-14.5)

0.1 (-7.2-15.7)

1.0 (-10.8-16.2)

Bicarbonate

25 (15-42)

26 (17-43)

25 (16-43)

25 (17-41)

25 (18-43)

25 (19-43)

26 (16-42)

SaO2

98 (93-100)

100 (98-100)

96 (65-100)

97 (65-99)

98 (92-100)

98 (92-100)

98 (93-100)

SpO2

106 (72-310)

100 (97-100)

99 (87-100)

98 (91-100)

99 (94-100)

99 (95-100)

99 (94-100)

Haemoglobin

92 (68-138)

95 (62-135)

90 (66-135)

89 (62-135)

89 (61-135)

90 (59-136)

90 (55-134)

Sodium

139 (129-149)

139 (131-148)

140 (131-149)

140 (131-149)

140 (131-149)

140 (132-149)

141 (131-157)

Chloride

109 (98-120)

109 (97-118)

109 (98-119)

109 (99-119)

110 (98-118)

110 (97-119)

110 (99-120)

Potassium

4.1 (3.2-4.9)

4.1 (3.3-7.8)

4.2 (3.6-5.7)

4.2 (3.3-5.4)

4.2 (3.3-5.1)

4.2 (3.4-5.1)

4.1 (3.4-4.8)

Calcium

1.1 (0.9-1.2)

1.1 (0.9-1.2)

1.1 (0.9-.2)

1.1 (0.9-1.21)

1.1 (0.9-1.2)

1.1 (0.9-1.2)

1.1 (0.9-1.2)

Lactate

1.4 (0.6-4.1)

1.3 (0.6-4.6)

1.4 (0.6-4.6)

1.4 (0.7-4.6)

1.4 (0.8-4.7)

1.5 (0.7-4.7)

1.5 (0.6-5.4)

Glucose

7.8 (5.5-10.9)

7.7 (5.3-11.5)

7.8 (4.7-12.6)

7.6 (4.6-1.3.3)

7.3 (4.8-13.3)

7.2 (4.0-12.3)

7.3 (4.7-14.5)

Note: 1 Arterial line not available for n=1 sample, 2 No PaO2 generated for one ABG result, 3 Result outside range of ABG analyser

Appendix Q. Murray lung injury score characteristics

Murray Lung
Injury Score
0
0.33
0.67
1
1.33
1.67
2
2.33
2.67
3
Total

n
10
9
12
9
6
4
5
2
2
2
61
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Percent
16.4
14.8
19.6
14.8
9.8
6.4
8.2
3.3
3.3
3.3
100

Appendix R. Median mechanical ventilation variable values

n

Pre-HBO
Median (Range)
61

Intra-HBO
Median (Range)
61

Return to ICU
Median (Range)
61

Time Point
+1 h
Median (Range)
61

Resp Rate min

16 (7-26)

17 (10-28)

16 (7-29)

16 (6-39)

16 (8-31)

16 (7-26)

16 (5-41)

FiO2

0.4 (0.3-1.0)

1.0

0.4 (0.3-1.0)

0.45 (0.3-1.0)

0.4 (0.3-1.0)

0.4 (0.3-1.0)

0.4 (0.3-1.0)

560 (130-1060)

560 (130-1090)

530 (240-1240)

560 (210-960)

530 (130-880)

ABG Value

‡

+2 h
Median (Range)
601

+3 h
Median (Range)
61

+6 h
Median (Range)
61
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Tidal Vol (ml)

530 (330-1150)

600 (350-1190)

Minute Vol (L)

8.5 (5.4-15.2)

10.2 (5-18)‡

8.6 (4.2-14.8)

9.0 (4.4-16.3)

9.0 (4.6-18.1)

8.9 (5.1-13.6)

8.8 (4.2-16.9)

Peak Pressure (cmH2O)

24 (13-33)

28 (16-40)

22 (14-32)

23 (13-37)

22 (13-37)

22 (13-37)

22 (13-31)

Pressure Support (cmH2O)

10 (5-20)

14 (8-30)

10 (5-20)

10 (5-20)

10 (5-20)

10 (5-20)

10 (5-20)

MairP (cmH2O)

11 (6-24)

15 (8-34)

11 (6-27)

11 (7-29)

11 (7-27)

11 (7-27)

11 (6-27)

Pause Pressure (cmH2O)

22 (7-31)

21 (15-36)

20 (7-32)

20 (9-31)

20 (10-31)

20 (7-31)

20 (9-30)

50 (45-70)

50 (45-96)

50 (45-96)

50 (45-96)

50 (45-70)

*

^

Peak Flow (L)

50 (45-70)

***

PEEP (cmH2O)

5.0 (5-16)

7.5 (2-16)

5 (5-16)

5 (5-16)

5 (5-20)

5 (5-16)

5 (5-16)

I:E Ratio (1:)

2.4 (1.1-4.1)

2.3 (1.0-3.9)

2.4 (1.2-3.7)

2.4 91.1-4.1)

2.3 (1.1-4.5)

2.5 (1.1-4.5)

2.4 (0.9-3.7)

Note: ‡ Measured by HBO calibrated spirometer, ^ Not Calculated, * Mean Airway Pressure, *Arterial Value.
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112 (93-190)

60 (33-95)

Systolic BP (mmHg)*

Diastolic BP (mmHg)*

12 (4-30)

37.4 (35.6-38.5)

35 (0-170)

CVP (mmHg)

Temperature (ºC)

Urine Output (ml/h)

Mean BP (mmHg)

78 (49-121)

93 (49-135)

Heart Rate (bpm)

*

61

35 (6-170)

37.1 (36.4-38.3)

13 (6-26)

77 (54-104)

60 (44-85)

112 (70-173)

86 (48-127)

61

Median (Range)

Median (Range)

Parameter

n

Intra-HBO

Pre-HBO

Haemodynamic

33 (5-195)

37.3 (35.8-39.4)

13 (6-30)

76 (66-113)

92 (50-86)

110 (90-178)

92 (59-142)

61

Median (Range)

Return to ICU

36 (3-195)

37.3 (35.7-39.5)

12 (8-26)

77 (55-118)

61 (40-86)

115 (90-170)

95 (53-128)

61

Median (Range)

+1 h

Time Point
+2 h

35 (10-150)

37.4 (36-39.2)

12 (6-28)

75 (67-110)

60 (40-95)

114 (96-174)

90 (44-125)

60

1

Median (Range)

Appendix S. Median haemodynamic variable values

35 (2-160)

37.4 (35.8-38.8)

12 (7-26)

77 (65-112)

60 (40-92)

120 (67-170)

92 (42-133)

61

Median (Range)

+3 h

36 (0-195)

37.6 (35.6-39.2)

12 (6-25)

77 (50-115)

60 (45-95)

120 (95-175)

95 (43-138)

61

Median (Range)

+6 h

Appendix T. Mean inotrope infusion doses by time point.

Haemodynamic

Pre

Intra

Return

+1 h

+2 h

+3 h

+6 h

Parameter

HBO

HBO

ICU

Noradrenaline

10.4 (6.2) 10.1 (6.1)

10.2 (6.7)

10.3 (5.9)

10.4 (5.9)

9.9 (6.3)

9.4 (5.0)

3.5 (1.9)

3.8 (1.8)

3.2 (1.9)

3.3 (1.9)

3.3 (1.9)

3.6 (1.6)

3.8 (1.7)

2 (0)

2 (0)

2 (0)

2 (0)

2 (0)

2 (0)

2 (0)

15 (12.3)

15 (12.3)

15 (12.3)

17 (10.1) 16.8 (10.6)

(mcg/h)
Adrenaline
(mcg/h)
Vasopressin
(Units/h)
Milrinone

10.5 (13.4) 8.7 (10)

(mcg/kg/h)

Appendix U. Median inotrope infusion doses by time point.

Inotrope

Noradrenaline

Pre

Intra

Return

HBO

HBO

ICU

10 (1-26)

9 (1-26)

9 (1-25)

3 (1-7)

4 (2-7)

2 (2)

10 (1-20)

+1 h

+2 h

+3 h

+6 h

9 (0.5-23) 9 (1-23)

8 (1-25)

9 (1-20)

2 (1.5-7)

2 (2-7)

2 (2-7)

3 (2-7)

3 (2-7)

2 (2)

2 (2)

2 (2)

2 (2)

2 (2)

2 (2)

5 (1-20)

20 (1-24)

20 (1-24)

20 (1-24)

22 (1-24)

21 (1-24)

(mcg/h)
Adrenaline
(mcg/h)
Vasopressin
(Units/h)
Milrinone
(mcg/kg/h)
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Appendix V. Mean drug infusion doses by time point.

Drug

Morphine

Pre

Intra

Return

+1 h

+2 h

+3 h

+6 h

HBO

HBO

ICU

4.9 (2.5)

7.1 (4.9)

5.8 (2.9)

5.6 (2.6)

5.5 (2.3)

4.9 (2.2)

4.8 (2.2)

116 (72)

131 (106)

126 (81)

126 (81)

126 (81)

126 (81)

116 (72)

4.9 (2.2)

7.3 (5.1)

5.6 (2.8)

5.5 (2.6)

5.2 (2.4)

4.8 (2.0)

4.6 (2.2)

5.0 (6.6)

7.0 (13)

2.9 (3.8)

2.6 (3.7)

2.8 (4.1)

2.9 (4.0)

3.8 (5.6)

(mg/h)
Fentanyl
(mcg/h)
Midazolam
(mg/h)
Propofol
(ml/h)

Appendix W. Median drug infusion doses by time point.

Drug

Pre

Intra

Return

+1 h

+2 h

+3 h

+6 h

HBO

HBO

ICU

Morphine

5

6

5

5

5

5

5

(mg/h)

(1-10)

(1-21)

(1-10)

(1-12)

(1-10)

(1-8)

(1-8)

Fentanyl

150

130

126

150

150

126

116

(mcg/h)

(40-200)

(40-320)

(40-200)

(40-200)

(40-200)

(40-200)

(40-200)

Midazolam

5

5

5

5

5

5

5

(mg/h)

(1-10)

(1-21)

(1-10)

(1-12)

(1-10)

(1-8)

(1-9)

Propofol

8

10

8

8

8

7

8

(ml/h)

(5-30)

(5-20)

(5-10)

(5-10)

(5-10)

(5-10)

(5-15)
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Appendix X. Histogram of PF ratio changes from baseline.

Appendix Y. Histogram of arterial to alveolar O2 ratio changes from baseline.
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Appendix Z. Histogram of alveolar to arterial O2 difference changes from baseline.

Appendix AA. Histogram of oxygen index changes from baseline.

298

Appendix BB. Histogram of FiO2 changes from baseline.

Appendix CC. Histogram of HBO treatment one transformed PF ratio.

299

Appendix DD. Histogram of HBO treatment two transformed PF ratio.

Appendix EE. Histogram of all treatments log10 transformed PF ratio.

300

Appendix FF. Scatter plot of regression standardised against predicted residuals.

Appendix GG. Normal P-P plot of regression standardised residuals.

301

Appendix HH. Histogram of regression model standardised residuals
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