
IX

PREFACE......................................................................................................................................... VII
Ivo Casagranda

Section I
ACID-BASE BALANCE

Chapter 1
HISTORY OF BLOOD GAS ANALYSIS AND ACID-BASE BALANCE
Mario Tarantino

CO2, HCO3, alkaline reserve ................................................................................................................ 3
Theories of acid-base chemistry and electrometric pH measurement .................................................. 6
Theories of acid-base physiology......................................................................................................... 8
Progress in knowledge of acid-base disorders.................................................................................... 10
The Danish experience: Poul Biørndahal Astrup, Ole Siggaard Andersen........................................... 14
The Boston school and the “in vivo compensation limits”................................................................... 17
Peter Stewart and the independent variables..................................................................................... 18
References....................................................................................................................................... 19 

Chapter 2
THE REGULATION OF BLOOD PH 
FUNDAMENTALS OF ACID-BASE PHYSIOLOGICAL BIOCHEMISTRY
Mario Tarantino

The buffer function........................................................................................................................... 22
The physiological production of metabolic acids................................................................................ 24
	 The “volatile acid” CO2d............................................................................................................... 24
	 The “fixed acids”.......................................................................................................................... 26
The blood pH defense....................................................................................................................... 26
	 Physiological buffers..................................................................................................................... 26
	 Physiological adaptations.............................................................................................................. 28

Table of contents



X    Table of contents

	 The role of kidney in the acid-base balance.................................................................................. 28
Introduction to acid-base disorders.................................................................................................... 31
	 Respiratory acidosis..................................................................................................................... 31
	 Respiratory alkalosis..................................................................................................................... 32
	 Metabolic acidosis........................................................................................................................ 32	
	 Metabolic alkalosis....................................................................................................................... 33
References....................................................................................................................................... 34

Chapter 3
DIAGNOSTIC INTERPRETATION OF ACID-BASE DISORDERS
SCHOOLS COMPARISON
Mario Tarantino

The metabolic component. The Henderson equation......................................................................... 37 
The Danish school: standard bicarbonate, buffer base, base excess.................................................. 38 
The Boston school: the physiological limits of in vivo adaptation......................................................... 40
Stewart: SID, SIG, dependent and independent variables................................................................... 41
The anion gap................................................................................................................................... 43
Diagnostic criteria and revision and correction of diagnostic indices................................................... 44
Conclusion........................................................................................................................................ 45
References....................................................................................................................................... 45

Chapter 4
CLINICAL INTERPRETATION OF SIMPLE ACID-BASE DISORDERS
Ivo Casagranda

Introduction...................................................................................................................................... 47 
Arterial blood gas parameters............................................................................................................ 47
The role of the Kassirer-Bleich equation in the understanding of acid-base disorders......................... 48 
How to proceed in reading the ABG report and its interpretation........................................................ 50 
	 Test accuracy and reliability.......................................................................................................... 50
	 Patient history and clinical examination........................................................................................ 51
	 pH, PaCO2 and [HCO3]................................................................................................................. 51
	 Identification of primary disorder.................................................................................................. 51 
	 Evaluation of electrolytes.............................................................................................................. 51 
	 Calculation of the anion gap......................................................................................................... 52 
	 Expected adaptations and their clinical use................................................................................... 52 
	 pH, electrolytes, urinary anion gap and urinary osmolal gap.......................................................... 53
Clinical interpretation of simple acid-base disorders........................................................................... 53 



XI   Table of contents

	 Respiratory acidosis..................................................................................................................... 54 
	 Respiratory alkalosis..................................................................................................................... 59 
	 Metabolic alkalosis....................................................................................................................... 64
	 Metabolic acidosis........................................................................................................................ 69
References....................................................................................................................................... 80

Chapter 5
CLINICAL INTERPRETATION OF MIXED ACID-BASE DISORDERS
Ivo Casagranda

Definition.......................................................................................................................................... 83
Classification of mixed disorders........................................................................................................ 83
	 Double respiratory disorders......................................................................................................... 83
	 Double metabolic disorders.......................................................................................................... 83
	 Double respiratory and metabolic disorders.................................................................................. 83
	 Triple respiratory and metabolic disorders..................................................................................... 83
	 Quadruple respiratory and metabolic disorders ............................................................................ 83
When to suspect the presence of a mixed acid-base disorder............................................................ 84
	 First rule (mother rule) or the Kassirer-Bleich equation disregarded............................................... 84
	 Second rule or failure to comply with adaptation........................................................................... 84
	 Third rule or pH false compensation............................................................................................. 84
	 Fourth rule or the Δgap (∆AG − ∆HCO3) ) or the ΔAG/ΔHCO3  ratio................................................ 84
	 Fifth rule or the Na+/Cl–  ratio......................................................................................................... 84
Flow chart for the identification of mixed acid-base disorders............................................................. 84
Double mixed acid-base disorders..................................................................................................... 86
	 Respiratory alkalosis and metabolic alkalosis (additive disorders).................................................. 86
	 Metabolic acidosis and respiratory alkalosis (counterbalancing disorders)...................................... 87
	 AG metabolic acidosis and respiratory acidosis (additive disorders)............................................... 89
	 Respiratory acidosis and metabolic alkalosis (counterbalancing disorders).................................... 91
	 Metabolic acidosis and metabolic alkalosis (ccounterbalancing disorders)..................................... 92
	 Mixed metabolic acidosis (additive disorders)............................................................................... 95
Double mixed acid-base disorders, characterized by the superposition 
	 of an acute disorder to a chronic disorder .................................................................................... 97
	 Acute respiratory acidosis on chronic respiratory acidosis.............................................................. 97
	 Acute respiratory acidosis on chronic respiratory alkalosis............................................................. 98
	 Acute respiratory alkalosis on chronic respiratory alkalosis............................................................ 98
	 Importance of serum albumin dosage in critically ill patients....................................................... 100
Triple mixed acid-base disorders..................................................................................................... 101
Quadruple mixed acid-base disorders.............................................................................................. 105
References..................................................................................................................................... 106



XII    Table of contents

Chapter 6
MANAGEMENT OF ACID-BASE DISORDERS
Gaetano Esposito, Rodolfo Sbrojavacca, Nicolò Capsoni, Giulio Cassano, Andrea Bellone 

Premise.......................................................................................................................................... 109
Treatment of respiratory acidosis..................................................................................................... 109
	 Introduction............................................................................................................................... 109
	 Acute respiratory acidosis treatment........................................................................................... 109
	 Chronic respiratory acidosis treatment........................................................................................ 110
	 Respiratory alkalosis treatment................................................................................................... 111
Metabolic acidosis: principles of treatment...................................................................................... 111
Treatment of anion gap metabolic acidosis...................................................................................... 113 
	 Lactic acidosis............................................................................................................................ 113
	 Ketoacidosis............................................................................................................................... 118
	 Toxic alcohols............................................................................................................................. 124
Treatment of hyperchloremic metabolic acidosis.............................................................................. 127
	 Introduction............................................................................................................................... 127
	 Gastrointestinal losses................................................................................................................ 127 
	 Renal losses............................................................................................................................... 128 
Metabolic alkalosis treatment.......................................................................................................... 129
	 Introduction............................................................................................................................... 129
	 Chloride-responsive metabolic alkalosis...................................................................................... 129
	 Chloride-resistant metabolic alkalosis.......................................................................................... 130 
Mixed acid-base disorders treatment............................................................................................... 131
	 Introduction............................................................................................................................... 131
	 Treatment of the main mixed disorders....................................................................................... 132 
References..................................................................................................................................... 134

Section II
SODIUM AND WATER

Chapter 7
SALT AND WATER IN PHYSIOLOGY AND IN CLINICAL MEDICINE
Mario Tarantino

Early research................................................................................................................................. 139
From osmosis to aquaporins............................................................................................................ 140
Salt and water balance regulation.................................................................................................... 143 
	 Water regulation......................................................................................................................... 143
	 Salt regulation............................................................................................................................ 144
Salt and water in clinical medicine and therapy............................................................................... 145 
	 Cholera epidemics...................................................................................................................... 146



XIII   Table of contents

	 Enteritis in childhood.................................................................................................................. 147
	 The replacement venous treatment ............................................................................................ 148
References..................................................................................................................................... 150

Chapter 8
HOMEOSTASIS OF BODY FLUIDS
FUNDAMENTALS OF PHYSIOLOGY 
Mario Tarantino

Introduction.................................................................................................................................... 153
Anatomy of body fluids.................................................................................................................... 153
Fluid movement among compartments............................................................................................ 154
	 Osmosis, osmolality and tonicity................................................................................................. 154
	 Starling forces: hydrostatic pressure and oncotic pressure.......................................................... 155
Sodium physiological significance.................................................................................................... 156
	 Plasma sodium concentration and intracellular volume............................................................... 156 
	 Total body sodium content and extracellular fluid volume............................................................ 157
The regulation of osmolality............................................................................................................. 157 
	 Water regulation......................................................................................................................... 157
	 Physiological function of ADH..................................................................................................... 161
	 Sodium regulation...................................................................................................................... 163
References..................................................................................................................................... 164

Chapter 9
HYPONATREMIA
Ivo Casagranda

Introduction to plasma sodium concentration disorders................................................................... 165
Definition........................................................................................................................................ 165
Pathophysiology.............................................................................................................................. 165
Classification................................................................................................................................... 166
	 Pseudohyponatremia.................................................................................................................. 166
	 Hypertonic hyponatremia........................................................................................................... 166
	 Isotonic hyponatremia................................................................................................................ 167
	 Osmostatic hyponatremia........................................................................................................... 167
	 Hypotonic hyponatremia (from inability of the kidney to eliminate water)..................................... 167
	 Hypotonic hyponatremia (from excessive introduction of free water)............................................ 167
Clinical and laboratory approach in hypotonic hyponatremia............................................................ 167
	 Symptoms and signs of hypotonic hyponatremia......................................................................... 168
	 Laboratory tests.......................................................................................................................... 169



XIV    Table of contents

Causes of hypotonic hyponatremia.................................................................................................. 170
Hyponatremia from kidney inability to eliminate water and its causes............................................... 170
Hypotonic hyponatremia with reduced ECF..................................................................................... 171
	 Hypotonic hyponatremia due to extra renal fluid loss................................................................... 171
	 Hypotonic hyponatremia due to renal fluid loss........................................................................... 172
Hypotonic hyponatremia with increased ECF................................................................................... 175
Hypotonic hyponatremia with normal ECF....................................................................................... 175
	 Syndrome of inappropriate antidiuresis....................................................................................... 175
	 Hypothyroidism.......................................................................................................................... 178
	 Hypoadrenalism (Adrenal failure)............................................................................................... 178
	 Low solute diet........................................................................................................................... 178
Hyponatremia due to excessive introduction of free water and its causes......................................... 178
Therapy.......................................................................................................................................... 179
	 Hypotonic hyponatremia with reduced ECF................................................................................. 180
	 Hypotonic hyponatremia with normal ECF................................................................................... 181
	 Hypotonic hyponatremia with increased ECF.............................................................................. 182
References..................................................................................................................................... 182

Chapter 10
HYPERNATREMIA
Ivo Casagranda

Definition........................................................................................................................................ 185
Pathophysiology.............................................................................................................................. 185
Classification................................................................................................................................... 185
Causes of hypernatremia................................................................................................................. 185
	 Lack of water intake................................................................................................................... 187
	 Renal loss of free water.............................................................................................................. 187
	 Extra-renal loss of free water....................................................................................................... 187
	 Renal loss of hypotonic fluids..................................................................................................... 187
	 Extra-renal loss of hypotonic fluids.............................................................................................. 187
	 Sodium overload........................................................................................................................ 188
	 Rare causes............................................................................................................................... 188
Clinical and laboratory approach to hypernatremia........................................................................... 188
	 Symptoms and signs of hypernatremia....................................................................................... 188
	 Laboratory tests.......................................................................................................................... 189
Treatment....................................................................................................................................... 190
References..................................................................................................................................... 192



XV   Table of contents

Chapter 11
THE USE OF FLUIDS IN CLINICAL PRACTICE
Ivo Casagranda

Introduction.................................................................................................................................... 193
Anatomy of body fluids and their composition.................................................................................. 193
Fluids used in clinical practice........................................................................................................ 195
	 Crystalloids................................................................................................................................. 195
	 Colloids...................................................................................................................................... 198
Indications for the use of fluids in emergency and critical care medicine.......................................... 199
	 Hemodynamic alterations........................................................................................................... 200
	 Water-electrolyte and acid-base disorders................................................................................... 200
	 Conclusions............................................................................................................................... 201
References..................................................................................................................................... 201

Section III
ELECTROLYTES

Chapter 12
HYPOKALEMIA
Michele Santoro

Potassium and its homeostasis........................................................................................................ 205
Hypokalemia definition.................................................................................................................... 207
Hypokalemia and acid-base balance............................................................................................... 208
Hypokalemia causes....................................................................................................................... 208
	 Hypokalemia from reduced potassium intake.............................................................................. 208 
	 Redistribution hypokalemia (potassium shift from extra-to-intracellular environment) .................. 209
	 Hypokalemia from increased loss or elimination of potassium...................................................... 211
Clinical picture, signs and symptoms of hypokalemia....................................................................... 214
	 Muscle weakness....................................................................................................................... 214
	 Cardiac arrhythmias and ECG alterations.................................................................................... 214
	 Alterations in renal function........................................................................................................ 215
Diagnostic approach of hypokalemia............................................................................................... 215
	 ECG........................................................................................................................................... 215
	 Urinary potassium excretion....................................................................................................... 216
	 TTKG (Trans-Tubular K+ Gradient).............................................................................................. 217
	 Blood pH................................................................................................................................... 217
Hypokalemia treatment................................................................................................................... 220
	 Type of potassium to be used..................................................................................................... 220
	 Calculation of potassium to be infused........................................................................................ 220
References..................................................................................................................................... 222



XVI    Table of contents

Chapter 13
HYPERKALEMIA
Michele Santoro

Introduction.................................................................................................................................... 223
Definition........................................................................................................................................ 224
Causes of hyperkalemia.................................................................................................................. 224
	 Increased potassium intake........................................................................................................ 224
	 Potassium extracellular shift....................................................................................................... 226
	 Reduced urinary potassium excretion......................................................................................... 227
Symptoms and signs....................................................................................................................... 229
	 Muscle weakness....................................................................................................................... 229
	 ECG alterations and cardiac arrhythmias..................................................................................... 229
Diagnosis........................................................................................................................................ 230
Treatment....................................................................................................................................... 231
	 Immediate intervention drugs..................................................................................................... 232
	 Second intervention drugs.......................................................................................................... 232
	 Drugs and procedures aimed to eliminate potassium from the body............................................ 233
References..................................................................................................................................... 234

Chapter 14
HYPOCALCEMIA
Michele Santoro

Introduction.................................................................................................................................... 237
Calcium homeostasis...................................................................................................................... 237
	 Distribution................................................................................................................................ 237
	 Total calcemia and ionized concentration.................................................................................... 237
	 Plasma calcium level regulation.................................................................................................. 238
	 Relationship between PTH, calcitriol and phosphates................................................................. 238
Hypocalcemia................................................................................................................................. 239
	 Causes of hypocalcemia............................................................................................................. 239
	 Hungry Bone Syndrome............................................................................................................. 239
	  Pseudohypoparathyroidism....................................................................................................... 239
	 Clinical picture, signs and symptoms of hypocalcemia................................................................ 240
	 Diagnostic framework of hypocalcemia....................................................................................... 240
	 Treatment of hypocalcemia......................................................................................................... 242
References..................................................................................................................................... 242



XVII   Table of contents

Chapter 15
HYPERCALCEMIA
Michele Santoro

Introduction.................................................................................................................................... 245
Causes of hypercalcemia................................................................................................................. 245
	 Hyperparathyroidism.................................................................................................................. 246
	 Malignancies.............................................................................................................................. 246
	 Granulomatous diseases............................................................................................................. 247
Clinical picture................................................................................................................................ 247
	 The hypercalcemic crisis............................................................................................................ 249
Diagnostic approach to hypercalcemia............................................................................................ 249
Hypercalcemia treatment................................................................................................................ 250
References..................................................................................................................................... 251

Chapter 16
MAGNESIUM HOMEOSTATIS AND DISORDERS
Michele Santoro 

Introduction.................................................................................................................................... 253
Magnesium distribution and homeostasis........................................................................................ 253
Hypomagnesemia........................................................................................................................... 255
	 Causes of hypomagnesemia....................................................................................................... 255
	 Clinical picture........................................................................................................................... 256
	 Diagnostic approach to hypomagnesemia................................................................................... 257
	 Treatment................................................................................................................................... 258
Hypermagnesemia.......................................................................................................................... 260
References..................................................................................................................................... 260

INDEX ........................................................................................................................................... 263


