Cardiovascular & Respiratory
Systems:

Modeling, Analysis & Control

J. J. Batzel, F. Kappel, D. Schneditz and H. T. Tran

October 26, 2005






Contents

Preface vii
1 The Cardiovascular System under an Ergometric Workload 1
1.1 Some Physiological Facts . . . . . ... ... ... ... ... .. 1
1.2 The Basic Model . . . . . ... ... ... L o 6
1.3 Analysis of the Basic Model . . . . . ... ... .. ....... 17
1.3.1 Existence of equilibria . . . . . ... ... ... .. 17
1.3.2 An invariance property of Grodins’ system . . . . . 21
14 The Linear-quadratic Regulator Problem . . . . .. . .. .. .. 23
1.5 The Bicycle Ergometer Test . . . . . . ... ... ... ... .. 27
1.6 Parameter Identification . . . . .. .. ..o 0oL 28
1.6.1 A priori determined parameters. . . . . . .. .. .. 28

1.6.2 The output-least-squares formulation of the param-
eter identification problem . . . .. .. ... .. .. 30
1.7 Numerical Results . . . . . . .. .. .. oo o 34
1.7.1 Parameter identification . . . . . ... ..o L. 34
1.7.2 Gradient computations . . . . ... .. .. ... .. 36
1.7.3 Sensitivity analysis . . . . . .. ... 38
2 Respiratory Modeling 45
2.1 Respiratory Control Physiology . . . . .. ... .. ... .... 46
2.1.1 General features of respiration . . . .. .. ... .. 47
2.1.2 The chemical control system for ventilation . . . . . 48
2.1.3 Structural features of ventilation . . . . . . ... .. 51
2.1.4 Blood gas transport . . . . ... ... ... L. 53
2.1.5 Respiratory control stresses and problems . . . . . . 58
2.1.6 Approaches to modeling respiratory control . . . . . 59
2.2 Respiratory Control Model . . . . . . ... ... .. ... .... 59
2.2.1 The lung compartment . . . . . ... ... .. ... 61
2.2.2 The tissue compartment . . . . . . . . ... ... .. 62
2.2.3 The brain compartment . . . . . ... ... ... .. 63
2.24 Dissociation relations . . . . . . ... ... ... .. 64
2.2.5 State delays . . . . . ... oo 64

2.2.6 Empirical control equation . . .. ... ... .. .. 64



iv Contents
2.2.7 Minute ventilation and tidal volume . . . . . . . .. 66
2.2.8 Cardiac output and cerebral blood flow . . . . . .. 67
2.3 Stability of Respiratory Control . . . . .. ... ... ... ... 67
2.3.1 Computation of the delays . . . . .. ... ... .. 67
2.3.2 Stability and delays . . . . .. ... ... 69
2.4 Modeling Applications . . . . .. .. ... ... . 79
2.4.1 Sleep and periodic breathing . . . ... .. .. ... 79
2.4.2 Periodic breathing and high altitude . . . . . . . .. 85
2.4.3 Respiratory complications of heart failure . . . . . . 91
244 Other modeling issues . . . . . . ... ... .. ... 96
3 Cardio-Respiratory Modeling 105
3.1 Physiology Introduction. . . . . . . .. .. ... 0oL 105
3.1.1 Global control of the cardiovascular system . . . . . 106
The baroreflex and neural short-term control . . . . . .. .. 107
Hormonal short-term control . . . . . .. ... ... ... .. 113
Renal control and long-term control . . . . . . . ... .. .. 114

3.1.2 Local control of the cardiovascular system and au-
toregulation . . . . ... ..o 115
Control of metabolic demand . . . . . .. ... ... ... .. 115
Autoregulation . . . . ... oL o oL o 116
Autoregulation and local control of special organs . . . . . . 116
3.1.3 Blood volume shift . . . . ... .. ... ....... 118
3.14 Interaction of CVS and RS control . . . . . ... .. 120
3.2 The Combined Model . . . . . . .. ... . ... . ... 126
3.2.1 Model equations . . . .. ... 127
3.2.2 State dependency of the delays . . . . . .. ... .. 129
3.2.3 Control formulation . . . . ... ... ... ..... 130
3.24 Steady state relations . . . . . ... ... ... ... 133
3.3 Modeling applications . . . . . .. . ... ..o 136
3.3.1 Congestive heart failure . . . . .. ... .. ... .. 137
3.3.2 Orthostatic and LBNP stress . . . ... .. ... .. 143
3.3.3 Blood volume control and hemorrhage . . . . . . . . 152
3.34 Cerebral blood flow and orthostatic intolerance . . . 156
4 Blood Volume and the Venous System 167
4.1 Introduction . . . . . .. ... 167
4.2 Scaling . . . . . ... e 168
4.2.1 Isometric relationships . . . . . . . .. ... ... .. 169
4.2.2 Allometric relationships . . . . . ... ... .. ... 169
4.2.3 Cardiovascular entities . . . . . .. ... .. .. ... 170
4.3 The Venous System . . . . . . . .. ... .o 171
4.4 Capacitance . . . . . . . . . .. 173
4.4.1 Passive mechanisms . . . . ... ... ... .. ... 173
Capacitance . . . . . . . . . . ... 174

Compliance . . . . . . . . .. 174



Contents

v

Unstressed volume . . . . . . .. ... . 0L 175

Stressed volume . . . . . . ... 175

Specific entities . . . . . . . .. .. 175

4.4.2 Active mechanisms . . . . . .. .. ... ... .. .. 176

4.4.3 Floweffects . . . . . ... ... ... .. .. ..... 176

4.4.4 Modeling and measurement . . . . . . ... ... .. 179

4.4.5 System of compliances . . . . . ... .. .. ... .. 180

4.4.6 Mean circulatory filling pressure . . . . . .. .. .. 180

4.4.7 Parallel arrangement . . . . . . . ..o oL 183

4.5 Blood Volume . . . . . .. . . . ... ... ... 184

4.5.1 Characteristic times . . . . . . . . ... ... .... 184

4.5.2 Red blood cells . . . . . ... ... ... ... .... 185

4.5.3 Plasma . . . ... ... 0L 186

4.5.4 Microvascular filtration . . . . . ... ... ... .. 186

4.5.5 Volume regulation . . . .. ... ... ... .. ... 186

Defense against volume loss . . . . . .. ... ... ... ... 187

Defense against volume excess . . . . . . .. .. ... .. .. 187

Pressure natriuresis revisited . . . . .. ... 188

4.5.6 Volume measurement . . . . . ... ... ... ... 190

4.5.7 Red blood cell distribution . . . ... .. ... ... 191

4.5.8 Hemoconcentration . . ... ... ... ... .... 192

4.6 Hemodialysis . . . . . . .. .. 193

4.6.1 Ultrafiltration . . . . ... .. ... ... ...... 195

4.6.2 Vascular refilling . . . . ... ... o0 195

Passive vascular refilling . . . ... ... ... ... ... 195

Active vascular refilling . . . . ... ... 197

Blood pressure control . . . . .. ... 198

4.6.3 Ultrafiltration control . . . . .. ... ... ... .. 199

Blood volume tracking . . . . .. ... ... o0 200

Critical hemoconcentration . . . . . ... ... ... ..... 201

4.6.4 Blood pressure control . . . . . ... ... ... ... 201

4.6.5 Time variant system . . . . . .. ... ... ... .. 202

4.6.6 Ultrafiltration pulses . . . . . . . ... .. ... ... 202

4.6.7 Blood volume sequestration . . . . . . ... ... .. 203

4.6.8 Blood volume sensitivity . . .. ... ... ... .. 203

5 Future Directions 207

5.1 Introduction . . . . .. .. oL L 207

5.2 Physiological Questions . . . . . . . . ... ... L. 208

5.3 Mathematical and Modeling Issues . . . . . .. ... ... ... 212

5.4 Clinical Applications . . . . . . . . .. ... ... ... ... .. 214

A Appendix A 219
Al Equilibrium Computation for the Cardiovascular System if P

isGiven . . . ... e 219

A2 The Jacobian of F(x,p, W,0) with Respect tox . . . . . .. .. 220



vi Contents

A3 Sensitivity with Respect to a Variable . . . . . .. ... .. ... 222
A4 Generalized Sensitivity Functions . . . . ... .. ... ... .. 222
B A Nonlinear Feedback Law 229
B.1 The Relative Degree of a System . . . . . . ... ... ... ... 229
B.2 A Nonlinear Coordinate Transform . . . . .. ... ... . ... 230
B.3 Construction of the Feedback Law . . . . . .. .. .. ... ... 233
B.4 The Nonlinear Feedback Law for the Cardiovascular Model . . . 233
C Retarded Functional Differential Equations: Basic Theory 237
C.1 Basic Notions . . . . . . . . ... .. .. ... 237
C.2 Linear Equations and the Linear-quadratic Regulator Problem . 240
C.3  Eigenvalues and local stability . . . . ... ... ... .. .... 243
Bibliography 255

Index 280



