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ABSTRACT

Background: Deep hypothermic circulatory arrest (DHCA) can be useful during the
repair of some heart defects in children, however it is associated with an increased
incidence of neurological sequelae in the post-operative period. Following a period of
DHCA the recovery of cerebral blood flow (CBF) and metabolism (CMRO,) are
impaired. These changes may be a marker for cerebral injury since both CBF and
CMRO; recover normally when DHCA is not used. The aim of this series of experiments
was to attempt to elucidate mechanisms of cerebral injury following DHCA and to

determine possible strategies for neurological protection.

Methods: All the experiments were undertaken in a neonatal piglet model (1-2 weeks
old). The anaesthetic and circulatory arrest protocols used closely mimicked those
employed clinically. In the first studies a variety of perfusion management strategies were
followed by perfusion fixation of the brain for electron microscopic examination of the
cerebral microvascular bed. The second series of experiments used the carbon black
perfusion technique to enable visualisation of areas of no-reflow in the brain following
DHCA. In the subsequent studies CBF and CMRO; were determined with the
radiolabelled microsphere technique. Five different strategies were used in an attempt to
elucidate the mechanism of cerebral injury: leucocyte depletion, platelet activating factor

(PAF) receptor antagonism, inhibition of lipid peroxidation, calcium channel blockade and

finally free radical scavenging.

Results: The ultrastructure of the cerebral microvascular bed following DHCA was
characterised by perivascular, intracellular and organelle oedema, and vascular collapse.
Intermittent perfusion during the arrest period resulted in a normal ultrastructural
appearance. The second study demonstrated that DHCA does not prevent the no-reflow
phenomenon from developing following ischaemia. In the remaining studies all the
strategies studied, except leucocyte depletion, were associated with a significant

improvement in cerebral recovery following DHCA compared to the control groups.
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Conclusions: The inter-related mechanisms causing cerebral impairment following
DHCA are complicated. Cerebral recovery following DHCA is improved by free radical
scavenging, PAF receptor antagonism, inhibition of lipid peroxidation and blockade of
calcium entry into cells. Whether this will result in a reduction in neurological injury

requires further investigation but the prospects would appear to be promising.



To Jane and Holly



TABLE OF CONTENTS

DECLARATION OF ORIGINALITY ... ..ttt et it it e e e e e e a2 22

COMMON ABBREVIATIONS. .. ... e e e e e e e e e e 26

CHAPTER 1

BACKGROUND

HISTORICAL OVERVIEW . ... ittt e e et et et e e e e e 30
Cardiopulmonary BYPass..........cccut ittt e e e e e e e een e 30
Hypothermia And Circulatory ATTESt. .. .....ocviitiitiii it e iee i e eee e een e cvneieeee eeneeeennann 31

RATIONALE FOR THE USE OF HYPOTHERMIA............oiiiiiirtiiiiners et eeeeeeeineannninneeeeeeaaennni32

DEEP HYPOTHERMIC CIRCULATORY ARREST ... ... ccouiiiiit it ittt it eee e et e eee e 34
R 12 1 o) DO PP 34
Indications For DHCA...........o i i35
Effects Of DHCA On The Cerebral Circulation.........................oo 36
Effects Of DHCA On Cerebral Metabolism.............cooiiiiiiii i e e e 38

BRAIN INJURY AND PAEDIATRIC CARDIAC SURGERY ............ccooiiiiiiiiiiiiniiiici e eeen..... 38
Extent Of The Problem............ooooiiiiiii e e 22038

Effects Of Brain Damage. .. ..........oveeiieiieiee e et e i iet ree vt eeeeniie s e neniaesanessneneeeennna39



T4 1071 1) 1 PPN 40
Strategies FOr ProteCtion..............oo ittt et eee e eee e e e cenenneeneennen 4]

CHAPTER 2
DETERMINATION OF CEREBRAL BLOOD FLOW AND

CEREBRAL OXYGEN METABOLISM

THE USE OF RADIONUCLIDE LABELLED MICROSPHERES ............cocooiiiiiiiii e e, 49
Background... ... ... e 49
Principles Involved In The Use Of Microspheres.....................coociiiiiiiiiieniiee e enn 2250

MICROSPHERE SELECTION . ...ttt et e et et e e et e ee e e eeeeee ceenn e ee e eeeen 04
MICTOSPRETE SIzZ€.... .. .ot e e e e e e e e 04
Microsphere NUIDET ... ...... oot i e e e e e e ee e e e aee e eene2 OB
Microsphere Isotope Labels. .. ..o e 122056

DETERMINATION OF GAMMA RADIOACTIVITY IN STUDY SAMPLES.........cc.ccooviiiienn. 56

Preparation Of SamPIes......... oo i e e e e 56
Principles Of Gamma Counting.................coeeiriitiiiie i ceeieee e ciiesee e neeeenaeeeee 208
Analysing The Gamma COUNLS.......... ..ot ettt e e e e e e e eeneanns 60

CALCULATI(':)N OF ORGANBLOOD FLOW ..ottt v 61 |
Cerebral Oxygen Delivery (CDO5) ... ....uieii ittt e e et e e e et e e e e e 64
Cerebral Metabolic Rate Of Oxygen (CMRO5).......coooiiiiiiiiiiiiiiieeiieeee v e eee eeeeeeeen222 05
Cerebral Oxygen Extraction (CEO2)..........ccooii it et e e e eee e e 2..00



Cardiac Output/Pump Flow

Cerebral Perfusion Pressure (CPP)..........oovii it et e e e e e e e

Cerebral Vascular Resistance (CVR).........oooiiiiiiitiiii e

CHAPTER 3

EXPERIMENTAL TECHNIQUES

PREPARATION OF THE BLOOD DONOR ANIMAL

Priming The Cardiopulmonary Bypass Circuit.............c.oooiiiiiiiiiiiii e
Institution Of Cardiopulmonary Bypass... ... .....cooi ittt et e e e
Acid—Base Management. .. ......... oottt et it iee e e et e et e e e e ee e e ean e
RADIOLABELLED MICROSPHERE TECHNIQUE..........coooiiiiiiiiiiiiiiiiii e e e,
Y (S0 0 3 (o7 101 (0) 1 - USSP
Microspheres USEd. .. ... ... ..ottt et et e e e e e
Preparation Of The Microsphere SUSpension.............co.oeiiiiiiiiiiin it et e

Reference Blood Samples. .. .........ooiiiii it e e e

Preparation Of Samples For Gamma Counting

KUADEY ... et et e e e e e e e e e

271

71

.72

.13

.73

78

.78

.79

.81

....81

.84

...85

...85

...86

87

.87



CHAPTER 4
THE ULTRASTRUCTURE OF THE CEREBRAL MICROCIRCULATION

FOLLOWING DEEP HYPOTHERMIC CIRCULATORY ARREST

INTRODUCTION 93

MATERIALS AND METHODS...... .. ....oo...oos e veeeos oo 94
Experimental Preparation
(000 1 1s (o W € ) (0] 11+ PO PUPORTRPPPRPRPRS. -
Reperfusion GIOUP.............coit it e e e et e e et e e e 0095
PRoStAt GIOUP... ...ttt et e e ettt et e eee et e ee e e e eee e e e e e e e e e e eaaas 95
Intermittent Perfusion GIOUD.............oivitiiiit e vee et iee e e veeeae vee e venienenneeeeenene. 9D
Experimental ConditionsS. .. ..........c.oouiuiit ittt eee e e iee e eee e e e e i eeeeee .. 96
Considerations In The Tissue Preparation For Histological Analysis....................................96
Preparation Of Kamovsky’s Fixative.. ... ... i e e 97
Perfusion Fixation Of The Brain 98

Preparation Of The Brain For Electron Microscopic Examination...................coooveviiii e 99

DISCUSSION 114

CHAPTER 5
DEEP HYPOTHERMIC CIRCULATORY ARREST AND THE

NO-REFLOW PHENOMENON

Determination And Visualisation Of Areas Of No-Reflow Following DHCA........................ 122

[14C] IodOantiPYTINe. .. ... ceu et et et e e et e e ee et e et e et e ee e ee e e e e ennaee 2. 122



Fluorescent MICTOSPREIES. .. ......... ittt et e eet et et et et e e e e e

Carbon Black Perfusion

Experimental Preparation

Control Group

Experimental Group

Experimental Conditions

Infusion Of The Brain With India Ink Solution

Visualisation And Quantitation Of The Areas Of No-Reflow In The Brain

Carbon Perfusion Following Warm CPB......... ... ... o i

.....124

125

127

127

127

128

128

129

...130

...130

Carbon Perfusion Of Normothermic Or Hypothermic Ischaemia.................................... 131

CHAPTER 6
THE EFFECTS OF LEUCOCYTE DEPLETION ON

CEREBRAL RECOVERY FOLLOWING DHCA

INTRODUCTION

MATERIALS AND METHODS

Experimental Preparation And Conditions

Data Collection

DA T A AN ALY Sl ... ittt ettt e e et et e et et et et e e e e
Haemodynamic Data. .. ... .....c.ooo it e e e e e e e
Blood Sample ANALYSIS. .. ... .oc ottt et e e e e
Cerebral BIood FIOW.......cooiit i e et et e e e e e e e

Cerebral Vascular ReSIStaNCE .. . ... e e e e e e e e e e e e e

...132

146

148

148

149

149

...151

...151

... 152

...153

..154



Cerebral Oxygen Dellvery154
Cerebral Metabolic Rate Of OXygen.............ooiiiiiiiiii it e e e eee et e e e 154
Cerebral Oxygen EXtraction...............ccoooiiiiiii ittt cer et eee e eeien e een a2 155
Renal BIood FIOW..........oievtiitiiiiiesiee et et et ettt ettt e eee vee e ene .. 155

DISCUSSION. .. .. i e e e e e e e e e e et e e aee e 156

CHAPTER 7

THE EFFECTS OF THE PLATELET ACTIVATING FACTOR RECEPTOR ANTAGONIST,

GINKGOLIDE B (BN-52021) ON CEREBRAL RECOVERY FOLLOWING DHCA

INTRODUCGTION ... .ottt et ettt et et e et et et ettt et e et e e et e e et e e e 174
Experimental Preparation And Conditions..............c..coooiviit i enn.. 176
Data CollECtion. .. ... ..ie it ettt et e et ee e e e es et e v aeneee e eeneneeen e 1T
Haemodynamic Data. .. ..........coooiiiiiii oottt e e e e e e e e a2 179
Blood Sample ANAlySiS.............cooiiuiiiiiit i iee e iee e e ee e e aeneenene 22 180
Cerebral Blood FIOW...........oooiiitiitiit i et et et e eee e e e e eeeeeice e e eeeenn 22 180
Cerebral Vascular ResiStance..............cooooiiiiiiiiiiii e ieiiiciii i eee e neieee eee e 181
Cerebral Oxygen Delivery...... ..ot s e e e 18
Cerebral Metabolic Rate Of OXygen...............ooviiniieiiniiiiii i eee e 182
Cerebral Oxygen EXITacCtion...... ... ...cooiuitiitiiieseitiiieieeeeneinain e iee eeneinneeeseeeennnee 222 183

Renal Blood FIOW. .. ..ot e e e e e et et et eiiarieeeianieneeen. .. 183

10



CHAPTER 8

THE EFFECTS OF METHYLPREDNISOLONE SODIUM SUCCINATE

ON CEREBRAL RECOVERY FOLLOWING DHCA

Experimental Preparation And Conditions..........................ooo.

Data ColleCtON. .. ... oot et e et et e e e e e e e e e e s
HaemodynamiC Data. ... ... i e e e e e e e e
Blood Sample AnNalysis... ... ..ot e e e s
Cerebral Blood FIOW... ... ...coo it e e
Cerebral Vascular ReSIStANCE ... ... ... .o veeiitiit it e et e e
Cerebral Oxygen DeliVery..........ooou i e e et e e
Cerebral Metabolic Rate Of OXy@en. .. ..ot et e e e
Cerebral OXygen EXTaCtioN. .. ... ....vuuit it et e e e et e et e eee e

Renal Blood FIOW. .. ..ottt e e e e e e e e e e e e

CHAPTER 9
THE EFFECTS OF THE 1,4-DIHYDROPYR[D]NE CALCIUM CHANNEL

BLOCKERS NIMODIPINE AND NICARDIPINE

MATERIALS AND METHODS

Experimental Preparation And Conditions

11

...202

...204

...204

205

...206

.....207

...207

...208

...208

...209

..209 - -

..210

...210

..211

...211



Data ColleCtion. .. ... ...oiuiiet ittt e et e e et et e eeeee e eeeeeneeneeneee e 200230
HaemodynamiC Data. .. ..............oooi i e e e e een 20 232
Blood Sample ANalySiS............ooviiriitiiiie et e e e 2. 233
Cerebral Blood FIOW... ...ttt it e et e e e e 20022233
Cerebral Vascular ReSISIANCE ... ........o.oiiiiiit ittt e e e e e e 22 234
Cerebral Metabolic Rate Of OXygen..........c.ooouitiiiiiiiiiiiiie et e eeeeen. 234
Cerebral Oxygen EXtraction. .. ... .. ...oooiiiie it et e et et e 235
Renal BIoOd FIOW. .. ..o it et e e e e e e e e e e e 236

CHAPTER 10

THE EFFECTS OF THE FREE RADICAL SPIN TRAP o-PHENYL-tert-BUTYL NITRONE (PBN)

ON CEREBRAL RECOVERY FOLLOWING DHCA

Experimental Preparation And Conditions...............ccoeeiuiiirriiiiiieiiee e ieeieiieeieeceeenen... 256
Data ColeCtion. .. .....ooit ittt et et e ettt e e e e eeeeen 000 25T
DATA AN ALY SIS .. ittt ittt e et e et et e e et e ee e e e aee een eee eee een ceneenaa e 258
HaemodynamiC Data................oiiiiiiiii i e e e e aeeeeeae. 2. 259
Blood Sample ANalysis... .........ooooutioieiit et e ee e eee e e e een e e eee 222 200
Cerebral BIood FIOW... ... ...oooiitiiiiiii i e 222260
Cerebral Vascular RESISTANCE. .. ... ... .. oot it ittt it i e e et i e s 261
Cerebral OXygen DeliVeTy..........ccoviiin i e et e et e e 1026

Cerebral Metabolic Rate Of OXYZEN..........c.oouii ittt e e e e e e 00l 202

12



Cerebral Oxygen Extraction

Renal Blood FloW ... ..o e e

CHAPTER 11

CONCLUSIONS

B0 10 010 11 (1 110 « DU

Concemns Regarding The Use Of DHCA

Cerebrovascular Response TODHCA ... e e
Improving The Safety Of DHCA ... ... i i e
ULTRASTRUCTURE OF THE CEREBRAL VASCULATURE AFTERDHCA................co. ..
Influence Of Arterial Blood Gas Management Strategy ... ... ......oovitiiiiniiiiie i,

Influence Of CPB Perfusion Sategy ... ......ocv vt eitine ittt ittt ee e e

DHCA AND THE NO-REFLOW PHENOMENON - FACT OR FICTION

POSSIBLE MECHANISMS OF CEREBRAL IMPAIRMENT ... ..o

Leucocyte Activation

Platelet Activating Factor

Lipid Peroxidation... ... ..o e e e e

Cerebral Vascular Constriction

Oxygen Free Radical Release... ... ... e e e e

CEREBRAL PROTECTION DURING DHCA

INtOAUCHION . .. et e e e e e e e

Markers Of Cerebral Injury..............o i e s e e e e

Future Avenues Of Research

13

...282

...282

283

...283

...284

...285

...286

...286

...289

............... 290

............... 290

...291

292 .

...293

...294

...295

............... 297

...299



APPENDIX 1: SPECIFICATION OF MICROSPHERES USED................ccooiiiiiie.
APPENDIX 2: CHEMICALS AND EQUIPMENT USED TO MAKE KARNOVSKY’S FIXATIVE.....
APPENDIX 3: DRUGS EMPLOYED IN EXPERIMENTS

APPENDIX 4: EQUIPMENT LIST AND MANUFACTURERS............coiiii e

14

..301

...345

346

347

349



6.1

6.2

6.3

6.4

7.1

7.2

7.3

7.4

7.5

8.1

82

83

84

LIST OF TABLES

Haemodynamic data in the control and LG6 filter groups.............co.oooee i i, 163
Arterial and sagittal sinus venous blood gases in control and LGS filter group........................164
Cerebral and renal blood flow in controls and LG6 filter groups.................ocooiiiiiii i 165

Global cerebral oxygen handling and cerebral vascular resistance in control and
LGO fIlter SIOUD. .. ...ttt e e e e e e e e 0. 166

Haemodynamic data in the control and ginkgolide B groups before and following DHCA.......... 191

Arterial and sagittal sinus venous blood gases in control and ginkgolide B
groups before and following DHCA ... ... ... e e 192

Cerebral and renal blood flow in control and ginkgolide B groups before and
following DH C A ... e e e e e e e eee e e 2. 193

Global cerebral oxygen handling and cerebral vascular resistance in control and
ginkgolide B groups before and following DHCA........ .. ... e, 194

Regional cerebral oxygen handling in the control and ginkgolide groups before

and following DHCA.............. ... i, e ee e e eeaenen e eeeeaenane eaas 195
Haemodynamic data in the control and MPRED groups before and following DHCA............... 219

Arterial and sagittal sinus venous blood gases in control and MPRED groups before and
following DH C A .. e e e 220

Cerebral and renal blood flow in control and MPRED groups before and
TOHOWING DHC A ... .. e e e e e e e e e 221

Global cerebral oxygen handling and cerebral vascular resistance in control and
MPRED groups before and following DHCA ... . ... i 222

15



9.1

9.2

9.3

9.4

10.1

10.2

103

10.4

10.5

Haemodynamic data in the control and calcium channel blocker groups before

and following DHCA ... ... ..o e e e

Arterial and sagittal sinus venous blood gases in control and calcium channel blocker

groups before and following DHCA

Cerebral and renal blood flow in control and calcium channel blocker groups before
and following DHCA

Global cerebral oxygen handling and cerebral vascular resistance in control and calcium
channel blocker groups before and following DHCA

Haemodynamic data in the control and PBN groups before and following DHCA

Arterial and sagittal sinus venous blood gases in control and PBN groups before

and following DHCA ... .. .. i e s

Cerebral and renal blood flow in control and PBN groups before and following DHCA

Global cerebral oxygen handling and cerebral vascular resistance in control and PBN
groups before and following DHCA.....................oiiiiinnnn.

Regional cerebral oxygen handling in the control and PBN groups before and following

16

...244

245

246

...... 247

272

...273

274

..275

...276



2.1

31

3.2a

3.2b

3.3a

3.3b

3.4a

3.4b

3.5a

3.5b

3.5¢

3.6a

3.6b

3.7a

3.7b

4.1

4.2

LIST OF FIGURES

PAGE

Energy spectra of different radioiSotopes.............cooeeiiiiiiiie i i 5T

Head position of anaesthetised and intubated piglet showing scalp incision and sagittal sinus... ... 75

Size 5 Millar micromanometer with metal sleeve Precision Glideneedle..............................76

Sagittal sinus instrumentation completed.....................ocoi e 16

8mm ultrasonic flow Probe...... ... e 1T

Flow probe in position around proximal pulmonary artery...................cc.coeeeeeiinereenennnennnnnn 77

Cannulae for cardiopulmonary bYPass. .. ... ......o..reiiiiiecieeiiitceeeeeetieeeeeeneeeene aenenennn.80

Heart fully cannulated for cardiopulmonary bypass..................ccceeiiiviiiiiieie e eeeen. ... 80

Arterial blood gas MAChINE............ ..ottt e 82

Harvard SYTinge PUMID. .. ... ... ittt eet e ee eee i eet e eee e en e ee e een e ees aenseaneeee e 82

GAMIMNA COUMET ... ... ...ttt e e et e e e e e et et e e e e e e e e 82

Head of piglet with brain fully exposed...................coooii i ... 88

Whole brain Specimen... ... ...... o e e ere e eeeeeneeeere 2 B8

Brain specimen with cerebral hemispheres parted showing cerebellum and mamillary bodies... ... 89

DiSSECted BIAIN. .. ... ..ot e e e e e e e 089

Cerebral capillary or small arteriole following 60 minutes of CPB at normothermia with no
ISChACIIUA. .. ... oot e e e e e e 102

Section of cerebral vascular endothelial cell following 60 minutes normothermic CPB

17



43

44

4.5

4.6

47

4.8

49

4.10

4.11

4.12

5.1

52

53

54

Perivascular space of arteriole following 60 minutes normothermic circulatory arrest and 60

LT Lo (=70 o 9 13 ) ¢ O O SO 104

Cerebral vessel wall following normothermic circulatory arrest for 60 minutes followed by 60

T LS (0T 0 1 1)« SRRt 104

Transverse section through a small cerebral arteriole following 60 minutes of DHCA without
reperfusion (alpha-stat cooling)... .................. 2222, 106

Transverse section through a cerebral arteriole following 60 minutes of DHCA with 60 minutes
reperfusion (alpha-stat cooling).................. ... 106

Transverse section through a capillary or small arteriole following 60 minutes of DHCA
without reperfusion (pH-stat CoOling)......... ..ot e e e e 108

Lumen, endothelial cell and perivascular space of a cerebral capillary following 60 minutes
of DHCA without reperfusion (alph-stat cooling)..................... i e 108

Transverse section through a small arteriole or capillary following 60 minutes of DHCA and

intermittent perfusion for 2 minutes every 20 minutes...................oooeeeeiiiiiieieeinnien e 11000

Transverse section through a capillary or small arteriole following 60 minutes DHCA and

intermittent perfusion for 2 minutes every 20 minutes. .. ................oo it 110

Transverse section through a part of a capillary following 60 minutes DHCA and intermittent
perfusion for 2 minutes every 20 MUNULES. .. ...............oooiitnetiiirieaieereareeeeeneranneraenaeennn. 112

Transverse section through a capillary or small arteriole containing a leukocyte following 60

minutes DHCA with intermittent perfusion... .............coiiiiiiiiiii i e 112
Normothermic CPB for 60 minutes with no ischaemia....................oooiiiiiiin s, 140
Normothermic arrest for 60 minutes followed by 60 minutes of reperfusion..........................140
DHCA for 60 minutes with no reperfusion..................ccocoviitiiiin i e e 141
DHCA for 60 minutes with 5 minutes reperfusion...................cocceeiiivriiiereenieeiieeeenenn.. 141

18



5.5

5.6

5.7

5.8

6.1

6.2

6.3a

6.3b

6.4

6.5a

6.5b

6.6

7.1

7.2a

7.2b

DHCA for 60 minutes with 60 minutes reperfusion. .. ............cccoeeeeeiriieeiieiiiieeeeneeeer ... 142

Slices at the same brain level in four different animals that underwent four different perfusion

MANAZEMENT SALEZICS ... ... e i eit it ittt eetieeaee eateeetas eanaeeaaeaen eannaeeanaeannannannnneennann 142

Capillary filling of cerebral vessels with carbon particles as viewed under light microscopy...... 143

Linear regression analysis of carbon perfused brains in the eight animals that underwent

Global and regional CBF following DHCA as percentage of pre-DHCA value......................168

Global cerebral blood flow pre-CPB, post-CPB and post-DHCA...............ccoiiiiiiiiiiiiiiiane 169

Cerebrovascular resistance pre-CPB, post-CPB and post-DHCA..................cociiiiiiiin e 169

Percentage recovery of cerebral blood flow following DHCA in control and LG6 filter

Changes in cerebral oxygen handling with initiation of CPB and after DHCA in control

Fa £0)) ) o BN RTOTURTTUSRIS 7 ) |

Changes in cerebral oxygen handling with initiation of CPB and after DHCA in
€ 1L g (011 PR RSRPRRRRR 7 ) |

Renal blood flow in control and LG6 filter groups.............ccoooiiiiiiiiii it e e, 172

Percentage recovery of cerebral blood flow following DHCA in the control and ginkgolide B
BTOUDS ... . eet it tnetet e een e e et es e ean e 2en eeeean ee e ee e enenanee e eaetn een tennee e eneeenneecaeens 190

Percentage recovery of cerebral oxygen delivery following DHCA in the control and
ginkgolide B ZIOUPS. .. ... .ottt e e e e e e e e e 197

Percentage recovery of cerebral metabolic rate of oxygen following DHCA in the control
and ginkgolide B groups..........c.oiii it i e ee e e neee 2 19T

19



7.3

7.4a

7.4b

7.5

8.1

8.2a

8.2b

83

9.1

9.2

9.3a

9.3b

9.3c

9.4

10.1

10.2a

10.2b

Cerebrovascular resistance pre and post-DHCA...............ooooi i, 198
Changes in cerebral oxygen handling before and after DHCA in control goup....................... 199
Changes in cerebral oxygen handling before and after DHCA in ginkgolide B group............... 199
Renal blood flow in control and ginkgolide B group.............c..oooii i 1.202.200
Percentage recovery of cerebral blood flow following DHCA in the control and methyl
PIEdnISOIONE BIOUPS. .. ..o\ttt it it s et e e et e e et e et et et et e e eae e s 223
Changes in cerebral oxygen handling before and after DHCA in control group...................... 224
Changes in cerebral oxygen handling before and after DHCA in methyl prednisolone group......224
Renal blood flow in control and MPRED SIOUDS... ... ..o oetiutitaitiieae e aae e i eeieee e 225
Percentage recovery of cerebral blood flow following DHCA in control, nicardipine and
MEIMOGIPINE ZTOUPS ... ... ettt et it iee e eee et vineae e ee e eeeee teeean e eenenee eeeeeaeeeeeeen e 248
Cerebrovascular resistance before and following DHCA...................ociiiiiiiiiiien e 249
Changes in oxygen handling before and following DHCA in control group..........................250
Changes in oxygen handling before and following DHCA in nicardipine group.....................250
Changes in oxygen handling before and following DHCA in nimodipine group..................... 251
Renal blood flow in control, nicardipine and nimodipine groups............cc.ocviiiciieeeeeinennn... 252
Percentage recovery of cerebral blood flow following DHCA in the control and PBN groups.....277
Percentage recovery of cerebral oxygen delivery following DHCA in the control and

PBN BIOUPS. .. .ot it ietiit s et e cee cee et cee e e et v aa e e en e e ae e ee e een e see e DTS
Percentage recovery of cerebral metabolic rate of oxygen following DHCA in the control

ANA PBN BOUDS. .. ..o ettt ittt e st e et e et e et e et e et e e e et et e e ae e aans 278

20



10.3a  Changes in cerebral oxygen-handling before and after DHCA in control group.....................

10.3b  Changes in cerebral oxygen-handling before and after DHCA in PBN group........................

10.4  Renal blood flow in control and PBN ZIOUDS..........coeiiiiieiiriiie it e v eee e e e

21



DECLARATION OF ORIGINALITY

The work embodied in this thesis represents original ideas of the author. All the experiments were
conducted at the Cardiovascular Research Laboratory at Duke University Medical Center,
Durham, North Carolina, USA under the supervision of Dr. Ross M. Ungerleider M.D., Professor
of Surgery and Chief of Pediatric Cardiac Surgery.

The author personally planned and performed all the experimental work including experimental
design, surgical preparation, data acquisition and data analysis. A research technician gave
assistance administering anaesthesia and obtaining fresh blood for priming of the cardiopulmonary
bypass circuit. During instrumentation of the animals, the author performed all invasive
procedures as the operating surgeon with assistance provided by the research technician or a

surgical fellow.

Dr Lawrence Muhlbaier PhD, Assistant Research Professor, Biometry Division, Dept of Thoracic
Surgery, Duke University provided guidance on statistical tests on data obtained. He also assisted

with the analysis of data in Chapter 6 requiring a multivariate analysis of variance.

The work in Chapter 7 resulted in the First Place Award for Excellence in Clinical and Traditional
Science at the 1998 Duke University Medical Center, Department of Surgery Research
Competition. Part of the work in Chapter 4 has been accepted for oral presentation at the 45"
Annual Meeting of the Southern Thoracic Surgical Association, November 1998. In addition
abstracts containing the work in Chapters 5, 7 and 9 have also been submitted to major

international meetings, however, at the time of completion'the work in this dissertation has not

been published in journals or books.

The Department of Radiation Safety and the Institutional Animal Care and Use Committee of

Duke University approved the protocols for the studies.

22



ACKNOWLEDGEMENTS

The studies described in this dissertation were performed during a one year Cardiovascular
Research Fellowship with Dr. Ross M. Ungerleider, M.D. at Duke University Medical Center,
Durham, North Carolina. Dr. Ungerleider encouraged my interests in the effects of deep
hypothermic circulatory arrest on the brain. It was a great privilege to work in his laboratory. Dr.
James J. Jaggers M.D., Assistant Clinical Professor in Thoracic Surgery was also a great support
and source of encouragement. I am grateful to both of them for their advice in experimental
design, data interpretation and preparation of this dissertation. Their continued guidance, support

and friendship throughout the year were invaluable.

I am indebted to Dr R. W. Anderson M.D., the David C. Sabiston, Jr. Professor and Chairman of
the Department of Surgery, Duke University Medical Center for providing a one year funded
Research Fellowship in order for me to undertake this work. In addition Dr. P. K. Smith M.D.

Professor of Thoracic Surgery was extremely supportive of my research and kindly provided

additional funding for the studies.

Mr. Martin Elliott FRCS, kindly agreed to act as my University of London supervisor and I am
very grateful for all the advice and support he has given me. I am most grateful to Mr. J. L.
Monro FRCS, Consultant Cardiac Surgeon at the Wessex Cardiothoracic Centre for making it
possible for me to leave my training post in Southampton for one year. Mr. Steven Livesey FRCS,
Consultant Cardiac Surgeon was instrumental in encduraging me to spend some time at Duke and

in arranging my interviews. I am grateful to him for his support throughout the year.

Dr Paul J. Chai M.D. was most generous in his help with the technical setup of the experiments
and instructions on data handling. His resourcefulness was an asset and he was always available
to share ideas. I am also grateful to him for his help with the drafting of this dissertation. The
advice and previous experience of Mr. Steven Tsui FRCS (CTh) MD, was a tremendous help in
the finer details of the experimental technique. His enthusiasm and understanding were a great
source of encouragement throughout the year. In addition, I am most grateful for advice and

encouragement given by Dr. William Burfeind Jr., M.D. and for the advice of Dr Christine Lau
M.D.

23



Rev. Ronnie Johnson was absolufely fundamental to the project. His expertise ranged from skilled
handling of the animals to expert assistance at the operating table. He was extremely encouraging
and cheerful at all times and would frequently help late into the evenings in order to enable
completion of this project on time. I am also grateful to Mr. George Quick for the planning and
ordering of animals and equipment. The technical assistance of Mr. Robert McCall and Rev Kurt

Campbell on a day to day basis ensured the smooth running of the experiments.

Damian Craig, MS., was very helpful in the instruction on the use of electronic and computing

equipment and their maintenance.

Dr. Lawrence Muhlbaier PhD, Assistant Research Professor, Biometry Division, Dept of Thoracic
Surgery, Duke University collaborated in the statistical analysis and I greatly appreciate his

guidance in ensuring appropriate analysis of the data.

I am most grateful to Dr Ann LeFurgey, PhD, Associate Research Professor, Department of Cell
Biology, for advice regarding the technique of perfusion fixation of the brain for electron
microscopy and for help in the preparation of the carbon perfused brains for histological analysis.

The help and advice of Walter Fennell in the preparation of the Kamovsky’s solution was

invaluable.

Dr. Sara E. Miller PhD, Associate Clinical Professor, Department of Pathology provided
outstanding help in the preparation, analysis and superb presentation of the specimens visualised
under electron microscopy. I am also grateful to Susan Hester and Ben Hopkins for technical help

with processing of the specimens for electron microscopy and photographic development.

Without the advice of Dr Robert D. Pearlstein PhD, Research Associate, Division of Neurosurgery
the study comprising Chapter 5 would not have been completed. I am grateful for his help and
persistence until a successful model for the study was developed. Dr. Huaxin Sheng MD provided

expertise in the coronal sectioning of the brains prior to photography and digital planimetry.

Steven R. Conlan in the Department of Photopathology provided superb photographic
representation of the carbon perfused brains and I am most grateful for help in this.

24



Kevin Porter in the Department of Medical Photography and Jerry Schoendorf and Chris Huber in
the Department of Medical Art were a tremendous help in preparing the illustrations used in this

dissertation.

I am grateful to Jerry Ortolano, PhD, Senior Marketing Manager, Pall Biomedical Products
Company, East Hills, NY for providing the leucocyte depleting filters used in Chapter 6.

I am extremely grateful for a research travel grant from the Cardiac Research Fund, Wessex
Cardiothoracic Centre and for the award of a Research Scholarship from the Society of
Cardiothoracic Surgeons of Great Britain and Ireland. In addition I am grateful for an award from
the Ethicon Foundation Fund of the Royal College of Surgeons of Edinburgh.

In addition I am also most grateful for travel awards and grants from the following companies:
Sorin Biomedica UK Ltd., Medtronic Ltd., St. Jude Medical UK Ltd., CarboMedics UK Ltd., Bard
Ltd., and Datascope Medical Co. Ltd.

25



COMMON ABBREVIATIONS

ANOVA analysis of variance

BG basal ganglia

BS brain stem

Ca0, artenal oxygen content

CBF cerebral blood flow
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CDO; cerebral oxygen delivery

CEO, cerebral oxygen extraction
CMRO:; rate of cerebral oxygen metabolism
CcO cardiac output

CPB cardiopulmonary bypass

CPP cerebral perfusion pressure

CVR  cerebrovascular resistance

DHCA deep hypothermic circulatory arrest
EM electron microscopy

Fi0, fractional inspired oxygen

Ginkgo ginkgolide B

HEMI  cerebral hemispheres

Hb haemoglobin

LG6

MAP

LeukoGuard 6 Filter

mean arterial pressure

MPRED methylprednisolone

NICAR nicardipine

NIMOD nimodipine

PaO,
PaCO,
PBN
pH
PMT
PssO,

PssCO,

Sa0,
SS
SssO,
SSVP
SVR

Temp
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arterial oxygen tension

arterial carbon dioxide tension
phenyl-butyl nitrone

log concentration of H' ions
photomultiplier tube

sagittal sinus oxygen saturation
sagittal sinus carbon dioxide tension
right arterial pressure

arterial oxygen saturation
sagittal sinus

sagittal sinus oxygen saturation
sagittal sinus venous pressure
systemic vascular resistance
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CHAPTER 1

BACKGROUND

The beginning is the most important part of the work

Plato’s Republic, Book 11, 377-B
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CHAPTER 1

INTRODUCTION

The evolution of open heart surgery has taken place at a remarkable pace. Since it was
first introduced in 1953, cardiac surgery has developed from high risk procedures carried
out in only a few specialist centres, to being safe and routine and carried out in many
hospitals around the world. To date over half a million cardiac operations using

cardiopulmonary bypass (CPB) had been undertaken in North America alone.

As cardiac surgical techniques have improved, mortality rates have dropped and attention
has been increasingly focused on residual morbidity in these patients in the post-operative
period. Perhaps the most disabling morbidity suffered by cardiac surgical patients is that
associated with the brain. It is undoubtedly a great tragedy for a patient to undergo what

appears to be a technically successful operation only to find that profound brain injury has

resulted.

Brain injury following cardiac surgery has been recognised for many years (Ehrenhaft et
al, 1961; Fox et al., 1954). The causative mechanisms and pathophysiology of cerebral
dysfunction remain incompletely understood despite intensive investigation. There is
little doubt, however, that the circulatory changes that occur during CPB are central to
many of the problems observed (Taylor, 1992). Patients undergoing cardiac surgery with
the use of CPB have a higher incidence of cerebral injury than patients undergoing major
surgery of a non-cardiac nature. The brain is exposed to the most extreme of physical
conditions when deep hypothermic circulatory arrest (DHCA) is used in conjunction with
CPB. Here, the core temperature of the patient is reduced to 18°C or below and a variable
period of zero perfusion permitted. Circulatory arrest results in complete cerebral
ischaemia. It is therefore not surprising that an even higher incidence of postoperative

neurological sequelae is observed in this group of patients (Newburger et al., 1993).
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HISTORICAL OVERVIEW

Cardiopulmonary Bypass

The first system for extrapulmonary blood oxygenation was constructed in 1885 by von
Frey and Gruber (von Frey, 1885). In their device gas exchange occurred as blood was
spread as a thin film over the surface of a slowly rotating cylinder in an oxygen
atmosphere. Further progress of CPB depended on a number of new discoveries and
developments. These included the discovery of the A, B, and O blood groups, the
feasibility of temporary interruption of venous return to the heart, advances in biomaterials
such as plastics and, most importantly, the identification of the non toxic anticoagulant
heparin (Mclean, 1916) and its antagonist protamine (Chargraff and Olson, 1937).
Furthermore in 1934 DeBakey first described the technique of displacing large volumes of

blood along a flexible piece of tubing using a roller pump (DeBakey, 1934).

The idea of combining extracorporeal circulation and oxygenation in a clinical setting has
generally been credited to John Gibbon Jr. In February 1931 he was inspired following the
death of a pregnant woman who had undergone ‘an emergency pulmonéry embolectomy.
He postulated that a means of providing extracorporeal oxygenation of venous blood with
its subsequent return to the arterial system could have saved her life. Gibbon began his
experimental work in Boston at the Massachusetts General Hospital in the late 1930s and
continued this work at Jefferson Medical School in Philadelphia after the Second World
War. Over a 20-year period Gibbon refined the technique of CPB and was the first to
succeed in the clinical application of extracorporeal circulation. On 20th May 1953 he

successfully closed an atrial septal defect in an 18 year old girl (Gibbon, 1954; Gibbon,
1978).
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A number of other pioneers in -cardiac surgery were also involved with the development of
the pump-oxygenator for CPB during the late 1940s and early 1950s. They include
Dennis at the University of Minnesota (Dennis et al., 1951), and Bjork and Senning in
Stockholm (Bjork, 1948; Senning, 1952). The work in Sweden is related to Crafoord’s
use of CPB in 1954 for removal of an atrial myxoma (Crafoord et al., 1957). The first
clinical series using CPB for intra-cardiac operations was reported in 1955 by John
Kirklin from the Mayo Clinic in Rochester (Kirklin et al., 1955). Since then CPB has
undergone many further developments and refinements. It is now widely adopted for

cardiac surgical procedures throughout the world.

Hypothermia And Circulatory Arrest

The application of cold for medicinal use dates back over three and a half thousand years
to one of the earliest written records in medicine, the Edwin Smith papyrus (circa 1650
BC) (Breasted, 1930). The idea that whole body hypothermia might be useful in cardiac
surgery was proposed in 1950 by Bigelow (Bigelow et al., 1950b). He was able to cool
dogs to 20°C with recovery after 15 minutes of total circulatory arrest (Bigelow et al.,
1950a). The following year Boerema reported similar results in animals cooled by a

femoral-femoral shunt flowing through a cooling coil (Boerema et al., 1951).

In 1953, the same year that Gibbon had his clinical success with CPB, Lewis and Taufic
from the University of Minnesota reported successful repair of an atrial septal defect in a
five year old girl using surface cooling and inflow stasis (Lewis and Taufic, 1953). In the
same year, Swan reported successful results in a series of 15 patients using a similar
technique (Swan et al., 1953). Five years later Sealy, Brown and Young at Duke
University reported a series of open heart operations combining the techniques of

hypothermia and CPB (Sealy et al., 1958). This was the first time that these two
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techniques were used together and they complemented each other by allowing a greater
margin of safety. Thereafter, various combinations of surface cooling, core cooling with

CPB and rewarming were employed.

Deep hypothermic circulatory arrest (DHCA) similar to current practice was introduced
clinically in 1960 by Weiss in Paris (Weiss et al., 1960). The use of this technique became
more widespread in the early 1970s as it provided a safer method of performing early
corrective surgery in neonates and children. In 1973 Hamilton eliminated surface cooling,

relying entirely upon core cooling and rewarming using CPB (Hamilton et al., 1973).

RATIONALE FOR THE USE OF HYPOTHERMIA

The whole ethos behind the use of DHCA is that there is a safe duration of hypothermic
ischaemia without short or long term sequelae. All tissues rely on a continuous blood ~
supply providing substrates for energy production in order to sustain metabolic activities
and cellular viability. Ideal protection from an ischaemic insult should reduce metabolic
activity in all cells and subcellular organelles in both a temporary and a reversible way.
Following the return of oxygen to the tissues through undamaged vascular endothelium

the normal transmembrane transport, synthetic processes and mechanical work of the cell

should resume.

The body can only tolerate a limited duration of ischaemia at 37°C. Tolerance to
ischaemia varies between organs — the kidney can withstand 60 minutes ischaemia at 37°C
and the liver about 30 minutes. The brain is the organ most sensitive to ischaemia and can
tolerate no more than two to four minutes of normothermic ischaemia without irreversible

injury. It is the brain therefore that limits the maximal duration of circulatory arrest.
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The rationale behind the use of hypothermia is that there is a temperature dependent
reduction of metabolic rate in all body tissues. As metabolic activity is reduced, the
available energy stores can maintain cellular viability for a longer period of ischaemia
allowing recovery of normal function following reperfusion. Tissue oxygen consumption
can serve as an indicator of cellular metabolic activity because for practical purposes
oxygen is not stored in human tissues. Therefore, the reduction in oxygen consumption

associated with hypothermia probably reflects a true reduction in metabolic activity.

In vitro studies using tissue slices confirmed that oxygen consumption was reduced by
hypothermia. The factor by which the metabolic rate is altered with every 10°C change in
temperature is known as the temperature coefficient or Q. This varies between different
tissues and also between different species. The Qi of the brain in rats, for example, was
found to be 2.0 (Fuhrman et al., 1961), in dogs it was 2.2 (Michenfelder and Theye, 1968)
and in monkeys it was calculated to be 3.5 (Bering, 1961). The temperature coefficient of
the human neonatal brain is 3.7 (Greeley et al., 1991b). More recent studies have
challenged this linear relationship suggesting that whilst cooling from 37°C to 27°C
reduces cerebral oxygen consumption by over half, the cerebral oxygen consumption at

14°C would only be about a fifth of that at 25°C (Michenfelder and Milde, 1991).

Norwood emphasises that if the Qo was 2.2, and related in a linear fashion to temperature,
the safe duration of cerebral ischaemia at 20°C should be five times lower than at 37°C. In
fact, experience with DHCA indicates that 20 to 30 times the protection is afforded at
20°C compared to that at 37°C (Norwood and Norwood, 1982). Despite the metabolic
suppression associated with hypothermia, experimental evidence from both whole body
and tissue studies clearly demonstrates that oxygen consumption never becomes zero even
at very low temperatures. This indicates that metabolic activity continues during

hypothermia and would explain the finite nature of the safe duration of DHCA.
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DEEP HYPOTHERMIC CIRCULATORY ARREST

Safe Duration

For a period of circulatory arrest to be termed safe it should be characterised by absence of
any detectable structural or functional abnormality in both the short and long term. An
equation that numerically expresses a hypothermic metabolic index has been derived by
Greeley. This allows quantitation of brain protection provided by reduction of cerebral
metabolism owing to hypothermic bypass over any temperature range (Greeley et al.,
1991b). Unfortunately it is not possible to develop a formula relating “safe” duration of
DHCA with temperature, and it is more realistic to express safety in terms of probability

of safety rather than absolute safety.

The absence of histological damage has been used to help define the “safe” period of
DHCA. Considerable variation exists between studies however. The duration of DHCA
without histological injury ranges from 30 minutes (Almond et al., 1964) to 120 minutes
(Johnston et al., 1966). A number of other studies have shown no detectable neurological
changes or histological evidence of cerebral hypoxia following 60 minutes of DHCA
(Mujsce et al.,, 1993; O. Connor et al., 1986). Ultrastructural evidence suggests that the
maximum time of DHCA without histopathological or neurophysiological sequelae should
not exceed 70 minutes (Fessatidis et al., 1993). The assumption that DHCA is essentially

safe for 30 minutes at 18°C would seem to be correct.

Survival studies showed that 45 minutes of circulatory arrest at 18°C did not result in
gross neurological defects (Treasure et al., 1983). However, histological evidence of
anoxic brain damage has been shown to accompany this duration of circulatory arrest even
though functional abnormality did not develop (Fisk et al., 1976). This is concerning

because when structural abnormalities develop without apparent functional abnormality,
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loss of neuronal reserve is implied and this may have implications for the individual in

later life.
Indications For DHCA

Since its inception, CPB has undergone numerous improvements in both technique and
equipment making it far less injurious to the body than it once was. Consequently,
reducing the duration of CPB is no longer such a compelling reason for using DHCA.
The technique of DHCA, however, remains invaluable and is used in both adult and

paediatric cardiac surgical procedures.

In adults it is commonly used during aortic arch surgery where reattachment of the head
and neck vessels to the aorta require removal of the aortic cross clamp (Kouchoukos et al,,
1991; Lytle et al., 1990). In patients with Type A aortic dissection DHCA is employed to
avoid cross clamping the diseased aorta during the distal aortic anastomosis. This strategy
prevents further damage to the already dissected aortic wall as pressurised blood from a
femoral arterial cannula fills both the true and false lumen of the aorta. (Svensson et al,,
1992). Circulatory arrest is also used during resection of tumours, typically of renal origin,
which have extended into the inferior vena cava. It is also used to facilitate delicate |

intracranial neurosurgical procedures.

In paediatric patients DHCA provides unparalleled surgical exposure during the repair of
congenital cardiac defects. The technique is of particular value in the current era of early
corrective surgery in neonates. The arterial and venous cannulae can be removed from the
surgical field during the arrest pen'éd enhancing access to these small hearts. Following
the repair the cannulae are replaced, CPB is recommenced and the patient is rewarmed. In
certain anomalies of the great vessels DHCA may be the only technique that allows a

successful repair.
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Effects Of DHCA On The Cerebral Circulation

When metabolically active tissues become ischaemic lactic acid accumulates as a result of
anaerobic metabolism. Following reperfusion a period of hyperaemia is the usual
response. In the recovery period following DHCA, however, cerebral flow is reduced.
This finding has been demonstrated consistently, both in the clinical setting and in
different animal species. Greeley, using the xenon (***>Xe) clearance method in neonates
and infants, found that cerebral blood flow (CBF) was significantly lower following
DHCA compared to that before. In a series of 25 children, of whom 14 underwent
DHCA, the CBF following DHCA was reduced to 53% of that prior to CPB (Greeley et
al,, 1989b). In a further series which included 21 children undergoing DHCA Greeley
demonstrated a reduction of CBF to 58% of that before CPB (Greeley et al., 1989a).
Hypothermic CPB without DHCA did not result in a significant reduction of the CBF in
either of these series. It has been shown, in a canine model, that CBF remained
significantly depressed four hours following DHCA (Mezrow et al., 1992) only returning
to normal at eight hours (Mezrow et al., 1994). The reduction in CBF following DHCA
may render the brain vulnerable to further ischaemic injury because of apparent imbalance

in oxygen supply and demand (Mezrow et al., 1994; Mezrow et al., 1992).

During total circulatory arrest regional cerebral vascular occlusion develops. This
phenomenon, first described by Ames in 1968, is known as the no reflow phenomenon.
Using albino rabbits Ames demonstrated that when carbon black was infused following an
ischaemic insult at normothermia the brain failed to perfuse evenly. The regions of the
brain that the carbon failed to reach stood out as white areas and the extent of these lesions
increased with longer ischaemic times (Ames et al., 1968). This obstruction to the
microcirculation, occurring in all areas of the brain, prevents local reperfusion and can

lead to additional damage after the circulation of blood is recommenced.
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There has only been one study on this subject in the context of cardiopulmonary bypass
(Norwood et al., 1979). This study has often been quoted as evidence that deep
hypothermia prevents the no-reflow lesion from appearing. However, none of the animals
in this study actually underwent DHCA. The study consisted of six groups of animals
with five of the groups subjected to anoxia at different temperatures and pH. One group
did undergo circulatory arrest but this was at normothermia. Whether the no-reflow

phenomenon really occurs following DHCA remains to be investigated.

The mechanism of injury resulting in the no-reflow phenomenon is not well defined. It
may represent hypoxic endothelial damage with alteration in the balance of endothelial
derived relaxing factors (EDRF) and endothelial derived constricting factors (EDCF). It is
now well established that vascular endothelial factors exert an important control on
vascular tone throughout the body (Furchgott, 1983; Marshall and Kontos, 1990;
Vanhoutte et al., 1991). A diverse group of relaxing and constricting factors act on
underlying smooth muscle (Furchgott and Vanhoutte, 1989; Vane et al., 1990) and many
of these endothelial derived factors have important effects in the cerebral circulation
(Wahl and Schilling, 1993). These effects under normal conditions have been described in
detail (Faraci, 1992). An increasing number of pathological conditions that result in
cerebral vasospasm and ischaemia are associated with either an excess of constricting

factors or a deficiency of relaxing factors or both.

Results suggesting microvascular obstruction, primarily due to neutrophils ‘sticking’ to
endothelial cells have been reported in both baboons (del Zoppo et al., 1991) and rats
(Garcia et al,, 1994a). The functional importance of such ‘obstruction’ is suggested by
results showing reduction of cerebral infarct size following ischaemia in animals treated
with antibodies to adhesion molecules for either neutrophils or vascular endothelial
cells,(Chen et al., 1994; Matsuo et al., 1994b; Mori et al., 1992). However it remains

uncertain whether adhesion of neutrophils represents a true hindrance to microvascular

37



CHAPTER 1

flow following cerebral ischaemia and reperfusion (Theilen et al., 1994), or at least it has
been questioned that microvascular patency is the sole explanation for the secondary brain

damage observed after long periods of transient ischaemia.

Effects Of DHCA On Cerebral Metabolism

During the recovery period following DHCA when CBF is abnormally low, the rate of
cerebral oxygen metabolism (CMRO) is also below the baseline level. This does not
occur when continuous hypothermic CPB is used (Greeley et al., 1991a; Greeley et al.,
1991b). The reduction in CBF and CMRO;, are associated with impairment of intracellular
brain oxygenation (Greeley et al., 1991a). The impairment in CMRO; has been shown to
occur after 30 minutes of DHCA at a nasopharyngeal temperature of 18°C, a temperature
previously thought to be “safe”. In addition it has been shown in animal studies that the

reduction in CMRO; is directly proportional to the duration of DHCA (Mault et al., 1993).

BRAIN INJURY AND PAEDIATRIC CARDIAC SURGERY

Extent Of The Problem

In children who undergo cardiac surgery, the neurological abnormalities that result from
brain injury are a serious operative complication. Not only do these complications
represent a high financial cost for society but they also result in an enormous emotional
strain on the families of the patients. The extent of the problem is determined by both the
number of children born with congenital heart disease who require surgery and the
percentage of those who develop brain injury as a result. Congenital heart disease

requiring intervention in infancy has a reported incidence of 3.5 cases per 1000 live births
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(Benson, 1989). Every year in the United States approximately 10,000 children require
corrective surgery for congenital cardiac defects. Depending on the outcome measures
used, between 2% and 25% of these children will develop some form of neurologiéal

injury postoperatively (Ferry, 1990; Mendoza et al., 1991).

Effects Of Brain Damage

Gross brain injury after a successful cardiac operation prevents a patient from returning to
a normal active life. More subtle injuries to the brain, especially in the paediatric
population, may prevent the child from achieving full intellectual potentials in later life
(Bellinger et al., 1995). The neurological features associated with brain injury include
epilepsy, choreoathetosis, motor deficits and cognitive disorders, (Jonas et al., 1996). In
the post-operative period, epileptic fits are often the earliest manifestation of neurological
insults. One series of 165 children undergoing DHCA reported a 9% incidence of early
postoperative seizures. All patients had their seizures controlled after the third day and
none required long term anticonvulsant treatment (Ehyai et al.,, 1984). Choreoathetosis
tends to be somewhat less common although an incidence as high as 12% has been
reported (Miller et al., 1994). In this prospective study, of 50 children undergoing DHCA,
the development of choreoathetosis was transient and not present at discharge in any

patient.

Motor deficits can be unilateral (usually spastic hemiparesis) or bilateral. Bilateral motor
deficits are usually chronic and include spastic paraplegia when the legs are affected more
than the arms and spastic quadriparesis when all extremities are equally affected. A
variety of cognitive disorders are commonly present at late follow up even in those who

do not show signs of neurological injury in the early post-operative period.
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Pathogenesis

Brain injury results from either a focal or a generalised ischaemic insult. Focal ischaemic
necrosis is less common,; it usually results from an embolic phenomenon during CPB and
causes stroke like pathology. Generalised cerebral ischaemia is more common and can
result in periventricular leukomalacia, parasagittal cerebral injury or selective neuronal
necrosis. Boundary zones between the major cerebral arteries form a vascular ‘watershed
area’ in the periventricular region and ischaemia in these areas can result in focal necrosis
in the periventricular white matter. Motor fibres coursing from the cerebral cortex to the
lower limbs are preferentially affected in this process and spastic paraplegia results.
Parasagittal cerebral injury is the result of ischaemic damage to the ‘watershed area’ in the

parasagittal region bilaterally. This injury presents as spastic quadriparesis.

Selective neuronal necrosis can also result from generalised ischaemia; it is relatively
common and is associated with cognitive disorders and seizures. Choreoathetosis may
also result from such injury to the basal ganglia. The re'gional distribution of excitatory
amino acids such as glutamate (Rothman and Olney, 1986), aspartic acid (Benveniste et
al., 1984) and glycine (Dalkara et al, 1992; Johnson and Ascher, 1987) and the
subsequent stimulation of the N-methyl-D-aspartate (NMDA) and kainate receptors are
key factors in selective neuronal necrosis. The postsynaptic influx of calcium into the
neurones results in cellular necrosis. In addition the damage probably develops in

combination with regional circulatory and metabolic factors.

IMPROVING THE SAFETY OF DHCA

A marked improvement in the mortality and morbidity of congenital cardiac surgery

followed the introduction of DHCA in the 1960s (Hikasa et al., 1967). However, within a
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decade, reports were emerging which suggested that the use of DHCA was associated with
impaired psychological and intellectual development (Wells et al., 1983; Wright et al,,
1979). On the other hand some studies conclude that DHCA is a safe technique without
harmful effects on the child’s developmental quotient score (Blackwood et al., 1986).
Others conclude that there is no association between the duration of DHCA and a whole
variety of postoperative neurological findings (Miller et al., 1994). Unfortunately there

was no longer-term follow up for either of these studies.

As a result of concerns regarding the safety of DHCA a prospective randomised clinical
study was undertaken at the Boston’s Children’s Hospital. The study compared the effects
of a perfusion strategy using predominantly DHCA with one using predominantly low
flow CPB in children under the age of three months undergoing an arterial switch
operation for D-transposition of the great arteries. The children in the DHCA group
developed a higher incidence of clinical and EEG documented seizures and had higher
levels of the BB isoenzyme of creatine kinase in the early post-operative period. The risk
was higher with an increased duration of DHCA (Newburger et al., 1993). These children
were reviewed at one year following their surgery and were found to have delayed motor
development and a higher risk of neurological abnormality compared to the other group.
Furthermore their motor developmental score was inversely related to the duration of
DHCA. The support technique did not, however, affect scores of mental development or

visual recognition memory (Bellinger et al., 1995).

Strategies For Protection

The technique of DHCA can be divided into four different phases: cooling, circulatory
arrest, rewarming and recovery. The greatest risk of cerebral injury occurs during the
circulatory arrest period when the essential steps of the surgery are actually being

performed and consequently most surgeons try to limit this to as short a time as possible.
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Topical cooling of the brain by packing the head with ice during the circulatory arrest
period has been shown to ameliorate some of the metabolic impairment (Mault et al.,
1993), and result in an improved post operative neurological score (Crittenden et al.,
1991). Acute recovery of cerebral metabolism after DHCA has been shown to be
significantly better when two sequential 30-minute periods of arrest are used as opposed

to 60 minutes of continuous arrest (Mault et al., 1994).

Cerebral protection strategies employed during both the cooling and rewarming phases are
equally important in allowing maximal recovery following DHCA (Greeley et al., 1993a).
Research focused on the cooling phase has identified a number of faétors which may
influence outcome. These include blood gas management (alpha-stat versus pH-stat), the
rate and duration of cooling and the target temperature for hypothermic circulatory arrest
(Greeley et al., 1993b). The pH management issue remains controversial. From the 1960s
to the late 1970s the pH-stat strategy was the more popular strategy. Carbon dioxide is
added to the gas mixture in the oxygenator to compensate for the alkaline shift that occurs
at lower temperatures (temperature corrected). The resulting respiratory acidosis causes

the pH to remain constant at 7.4 as determined at the patient’s hypothermic temperature.

An advantage of the pH-stat strategy is thought to be improved cooling of the brain as a |
result of increased CBF secondary to vasodilatation caused by the added carbon dioxide.
Furthermore the respiratory acidosis results in a rightward shift of the oxygen dissociation
curve that may help to counteract the leftward shift céused by hypothermia and thus
increase oxygen availability. In addition the extracellular acidosis may provide increased
hydrogen ions which can compete with calcium ions resulting in less calcium entry into
cells and therefore less reperfusion injury. A possible disadvantage of pH stat
management is that the excessive blood flow may increase embolic material to the brain
and the luxuriant flow to the brain may result in increased cerebral oedema. If a period of

circulatory arrest is used in addition to the pH-stat strategy during cooling, cerebral levels
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of pH, PO2 and PaCO2 are significantly worse than alpha-stat regulation (Watanabe et al.,
1989). In addition to impairing enzyme function the acidosis may cause iron release from
transferrin.  Free iron can catalyse formation of free radicals and result in lipid

peroxidation and permanent membrane damage (Siesjo et al., 1989).

Following comparative studies of cold-blooded vertebrates in the mid 1980s the alpha-stat
strategy was widely adopted (Swan, 1984). This strategy does not compensate for the
natural shift in pH at lower temperatures (temperature uncorrected) and the pH remains at
7.4 as measured at 37°C. Advantages of the alpha-stat strategy are that CBF is appropriate
for the cerebral metabolism i.e. there is preservation of flow-metabolism coupling
(Murkin et al., 1987). Furthermore the lower blood flow relative to the pH-stat strategy
reduces the potential for emboli and the alpha-stat strategy is also thought to optimise
function of important intracellular enzyme systems including lactate dehydrogenase,
phosphofructokinase and sodium-potassium ATPase (Reeves, 1972). Some more recent
studies favour the pH-stat strategy during cooling prior to circulatory arrest (Aoki et al.,
1993; Hiramatsu et al., 1995). The use of the pH stat strategy during the cooling phase
may provide greater suppression of cerebral metabolism (Skaryak et al., 1993; Skaryak et
al., 1995a) due to more uniform cooling of the brain especially in patients with large

aortopulmonary collaterals (Kirshbom et al., 1996).

The duration of cooling may have a bearing on subsequent developmental outcome.
When cooling times of less than twenty minutes were used the subsequent developmental
score of the child improved with each additional minute of cooling time (Bellinger et al.,
1991). The alpha-stat strategy was used during cooling in this study and it is possible that
the duration of cooling was particularly critical because of the lower CBF associated with
this strategy compared with pH stat strategy. A crossover strategy has been described
using the pH-stat strategy during the initial cooling with a change to alpha-stat just prior to

circulatory arrest. The cerebral metabolic recovery following DHCA was better with the
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crossover strategy than either the pH-stat or alpha-stat strategy alone (Skaryak et al.,
1993). The inference is that a period of alpha-stat strategy used prior to circulatory arrest

reverses the metabolic debt accrued during pH-stat cooling.

With regard to the rewarming phase there is conflicting evidence regarding the benefit of
pulsatile perfusion following DHCA. Improvement in the recovery of CBF following a 60
minute period of DHCA has been demonstrated in mongrel dogs (Onoe et al., 1994). A
more recent study however, in a neonatal piglet model demonstrated an improvement in
myocardial blood flow compared to non pulsatile flow but no improvement in CBF after

DHCA (Lodge et al.,, 1997). Unfortunately no cerebral metabolic data was obtained in

either of these studies.

The cerebral hypoperfusion that follows DHCA may be improved by altering the balance
between various endothelial vasodilating and vasoconstricting factors. Nitric oxide (NO)
production is impaired after DHCA and stimulation of NO production by L-arginine has
been shown to improve the recovery of both CBF and CMRO, after DHCA (Hiramatsu et
al., 1996; Tsui et al., 1996). In addition further studies have shown that thromboxane A,
mediates impairment of CBF and CMRO; after DHCA. These changes (;an be blocked by
vapiprost, a specific thromboxane A; receptor antagonist. Endothelins, however, were not

shown to be involved (Tsui et al., 1997).

The impairment in CMRO; after DHCA has been shown to be reversible with a period of
ultrafiltration after CPB and therefore this strategy may reduce brain injury associated
with DHCA (Skaryak et al, 1995b). A number of other studies have demonstrated
improved cerebral recovery following DHCA. These include using a blood prime in the
CPB pump (Shin'oka et al,, 1996) and treatment with the excitatory neurotransmitter
antagonist MK-801 (Aoki et al., 1994c¢) or use of a monoclonal antibody to the leukocyte

adhesion integrin, CD18 (Aoki et al., 1995).
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Other work suggests that crystalloid cerebroplegia provides improved cerebral protection
during DHCA (Crittenden et al., 1991). This protection may be enhanced when prolonged
hypothermic circulatory arrest is necessary by using University of Wisconsin (UW)
solution in multiple doses during the arrest period which has been shown to further
improve recovery of CBF and metabolism (Aoki et al., 1994a). Survival studies following
single dose UW solution and DHCA, however, have demonstrated higher neurological
deficit scores, increased incidence of postoperative seizures and increased histological

brain damage (Forbess et al., 1995).

It is only by understanding the mechanism of the cerebral injury that results from DHCA
that effective strategies can be aimed at prevention. The above summary of recent work,
aimed at reducing the insult to the brain caused by DHCA, demonstrates that a number of
different mechanisms may be involved. Primarily, however, DHCA results in an
ischaemic injury that excites an inflammatory response. Modification of, or specific
treatment during, the cooling, arrest, rewarming and recovery phases of DHCA may

attenuate this response.

CONCLUSIONS

Despite the clinical use of DHCA since 1960 effective strategies for protection of the
brain have yet to be developed. This is partly because our knowledge of the mechanisms
of cerebral injury remains limited. Unlike other organs in the body where injury can be

assessed by impairment or loss of function, immediate outcome measures for the brain are

much more difficult to define.

The aim of the studies that comprise this dissertation was to contribute to the current

knowledge regarding the cerebral response to DHCA and to try to answer a number of
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unresolved issues. There are no previous studies on the response of the cerebral
microcirculatory bed at the ultrastructural level to a period of DHCA. The electron
microscopy (EM) studies were initially undertaken to simply determine whether or not
DHCA resulted in ultrastructural microvascular changes. The subsequent EM studies
were designed to determine the effects of various different perfusion strategies on these

changes. Following these experiments the issue of the no-reflow phenomenon following

DHCA was addressed in Chapter 5.

The remaining five studies used a well established model of DHCA and the radiolabelled
microsphere technique to determine the CBF and CMRO; before and following DHCA.
The aim was to attempt to elucidate additional mechanisms that may contribute to the
cerebral impairment that follows DHCA. Both leucocyte depletion in Chapter 6 and the
subsequent pharmacological strategies investigated in Chapters 7-10 were carefully
chosen based on previous experimental evidence suggesting neuroprotection with their use
in models of cerebral ischaemia-reperfusion at normothermia. In addition a prerequisite of ~
each study was that a relatively easy transition to the clinical situation should be possible
if a significant improvement was detected with any particular strategy. It will only be
through an improved understanding of the injury mechanisms associated with DHCA that
more effective cerebral protection can be developed. In turn these will allow safer

application of this invaluable technique.
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CHAPTER 2

DETERMINATION OF CEREBRAL BLOOD FLOW AND

CEREBRAL OXYGEN METABOLISM
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CHAPTER 2
INTRODUCTION

Accurate determination of cerebral blood flow (CBF) is more difficult than blood flow
measurement to other organs. This is because the blood supply to the brain is complex
and comes from multiple sources including both the internal carotid arteries and the
vertebral basilar systems. Methods utilising either Doppler or electromagnetic flow
probes to directly measure flow in large vascular trunks are impractical because they
require simultaneous measurement of all those vessels. In addition access to the brain is
limited because of its enclosure within the skull. Attempts to access the skull surgically
may result in a disturbance of the cerebrovascular bed and therefore alter the results

obtained. Furthermore, flowmeters do not permit blood flow measurement to specific

areas of the brain.

The use of a tracer injection is the most commonly used technique for quantitative
determination of CBF. Many different techniques have been described utilising both
diffusible and non-diffusible tracers (Lacombe et al., 1980). Each technique has its own
advantages and disadvantages. The presence of so many different methods in itseif

suggests that there is no ideal technique.

For the determination of CBF in human subjects, for example, one is limited to the use of
least invasive methods such as the xenon (**>Xe) clearance technique. A known quantity
of "¥Xe is injected into the left atrium or ascending aorta and radioactive decay is
recorded over the cerebral hemispheres via gamma emission detectors placed on the skull.
Semi-global CBF is then derived from the initial slope of the logarithmically displayed
clearance curve (Olesen et al, 1971). The xenon clearance technique has been used
extensively at Duke University Medical Center for CBF estimations in human neonates
and infants undergoing cardiac surgery (Greeley et al., 1991b; Greeley et al., 1989a;).

This technique has also been used in the laboratory setting (Skaryak et al., 1995b).
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For the investigation of CBF in laboratory animals, however, there are alternative methods
that are more versatile. The current research project requires a method that allows both
regional and global CBF measurements. In addition it must allow repeated measurements
at different times during each study with minimal interference to the experimental animal.
The radionuclide-labelled microsphere method meets all these requirements. This
technique, which was first described in 1967 by Rudolph and Heymann (Rudolph and
Heymann, 1967), has been widely adopted for laboratory animal investigation at Duke

University and has been chosen for use throughout this project.

THE USE OF RADIONUCLIDE LABELLED MICROSPHERES

Background

The first studies of the circulation using microscopic particles were those of Pohlman in
the 1900s. He injected starch granules in order to trace the flow patterns within foetal pig
hearts (Pohlman, 1909). The first use of microspheres in the study of the circulation was
the use of glass beads by Prinzmetal to detect vascular anastomoses in human hearts
(Prinzmetal et al., 1947) as well as in various organs in rabbits (Prinzmetal et al., 1948).
Neutron bombardment was subsequently used to produce radioactive glass microspheres
by converting the sodium within the glass to **Na (Grim and Lindseth, 1958). Ceramic
microspheres labelled with various radionuclides were also applied to studies of the
circulation. Both glass and ceramic microspheres were considerably heavier than red cells
and tended to settle rapidly from a suspension (Wagner et al., 1969). Macroaggregates of
albumin, labelled with radioactive iodine, were also used but had the disadvantage of wide

variation of particle size.

A major advance came with the introduction of inert plastic microspheres of uniform
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sizes. These have a specific gravity of 1.3 therefore more closely resembling that of red
blood cells (approximately 1.1). Incorporation of a radioisotope into the plastic enables
easy detection within a tissue or blood sample. In addition, the number of microspheres

can be accurately determined.

Principles Involved In The Use Of Microspheres

Modification of standard indicator dilution techniques allows determination of the
fractional distribution of blood flow to various organs. This is achieved by measuring the
distribution of the indicator within various organs during its initial transit (Sapirstein,
1957). The principle behind the microsphere method is a modification of the indicator
dilution technique using microspheres as the indicator. A known quantity is injected into
the arterial circulation and the microspheres are carried to small peripheral vessels where
they become trapped. This entrapment of the microspheres within tissues essentially
accomplishes the integration of indicator dilution curves by physical impaction in the
microcirculation (Heymann et al., 1977). The organ of interest can be removed at the end

of the study and the number of microspheres entrapped can be calculated from the amount

of radioactivity present.

The fraction of microspheres found in a particular organ is similar to the fraction of the
cardiac output reaching that organ during the transit of the microspheres (Hoffbrand and
Forsyth, 1969; Neutze et al., 1968). Repeated measurements can be made using

microspheres with different radioisotopes that can be distinguished from each other by

their distinctive emission spectra.
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In order to use microspheres to accurately measure the flow distribution to an organ

several important factors have to be considered:
1. The Microspheres Must Be Evenly Mixed At The Site Of The Injection.

In order to measure organ blood flow the concentration of microspheres in all arteries
downstream from the injection site should be similar. This depends on thorough mixing
of the injected microspheres in the blood before the first major arterial branch.
Distribution of the microspheres will then be similar to the distribution of blood to the
organs. The two main factors that affect this are the site of injection and the number of

microspheres injected (Buckberg et al., 1971).

The site of injection should be as proximal as possible. Although injection of
microspheres into the left ventricle usually allows adequate mixing a more reliable site of
injection is the left atrium because of the mixing actions of the intra-ventricular
turbulence. Each study can assess the accuracy of mixing by simply comparing the

number of microspheres in the left and right hemisphere for each blood flow

determination.

The number of microspheres injected determines the percentage variability of microﬁphere
distribution in the blood. The percentage variability decreases as the number of
microspheres in each sample or organ is increased. To have a distribution variability
‘within 10% of the mean distribution at the 95% confidence level, 384 microspheres must
be present in the organ or portion of organ. In order to be accurate within 5% of the mean,
1536 microspheres need to be present. These calculated numbers of microspheres
required for accurate measurement have been confirmed experimentally in a number of

different animal models (Buckberg et al., 1971).

51



CHAPTER 2

2. The Distribution Of Microspheres Must Reflect Red Blood Cell Distribution

The size of the microspheres used may determine their distribution within the vascular
tree. Measurement of blood flow to whole organs is not greatly affected by the
microsphere size, however, when measuring blood flow to specific regions within an
organ the microsphere size can greatly affect the results obtained. A number of studies
have demonstrated that microspheres with a diameter of 8-14 microns more accurately
reflect regional blood flow in the kidney and the myocardium than those with a diameter

of 50 microns (Domenech et al., 1969; Katz et al., 1971).

With regard to the cerebral distribution, the calculated blood flow to different regions is
similar with microspheres of 7, 10 and 15 micron diameter but markedly altered when SO
micron microspheres are used (Marcus et al., 1976). The difference in distribution
between the microspheres is explained by the fact that the smaller microspheres more
closely approximate the distribution of red blood cells whereas larger microspheres of 50-
80 micron diameter tend to concentrate in a centripetal manner (Phibbs and Dong, 1970).

This favors the use of smaller microspheres with diameters that approximate red blood

cells.

3. All The Microspheres Must Be Trapped In The Peripheral Microcirculation

The calculated blood flow to a particular organ will be underestimated if a significant
number of microspheres pass through the organ into the venous system. It is therefore
essential that all the microspheres in the arterial blood are trapped in the microcirculation
of the organ under investigation. In addition, re-circulation of the microspheres back to
the arterial system would add to the error of results obtained. Microspheres similar in size
to red blood cells are most likely to be shunted through the microcirculation. The

probability of shunting reduces, however, with increasing microsphere size. In a canine
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model Marcus showed that less than 2% of 15 micron microspheres were shunted to the
cerebral venous blood to compared to 8% when 7-10 micron microspheres were used
(Marcus et al., 1976). Cerebral vascular dilatation induced by hypoxia and hypercapnia
did not affect the degree of shunting. Total CBF as measured with 7-10 micron
microspheres was 10-15% lower than simultaneous measurement with larger
microspheres. Microspheres 7-10 microns in diameter should therefore be avoided for

studies of the cerebral circulation.
4. Microspheres Must Not Disturb The Circulation

The process of systemic embolisation of microspheres inherent in the technique inevitably
results in obstruction of a portion of the circulation in the animal. Acute haemodynamic
changes would occur and invalidate any subsequent measurements if a significant
percentage of the circulation became obstructed. Serious and irreversible affects
developed in a canine model when 8 x 10° microspheres of 50 micron diameter were used
(Roth et al., 1970). Even 2.3 x 10° microspheres resulted in dilatation of the pupils and
forepaw rigidity. When 7-10 micron microspheres are used, however, up to 21.6 x 10°
microspheres can be injected into similar animals without apparent adverse effects
(Falsetti et al., 1975). Up to 5 x 10° microspheres of 15 micron diameter have been

injected into foetal lambs without significant side effect (Heymann et al., 1977).

In summary the incidence of circulatory disturbance will depend on the tptal number and
the size of the microspheres injected (larger microspheres lodge in larger vessels and
obstruct a greater proportion of the circulation). Furthermore the total cross sectional area
of the microcirculation, which is determined by the size of the animal, is also important.
Therefore, the total number of microspheres injected must be reduced if larger

microspheres are used. In smaller animals fewer microspheres should be used regardless

of diameter.
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MICROSPHERE SELECTION

When selecting microspheres for experimental studies three factors require careful
consideration:

1. The size of the microspheres

2. The number of microspheres to be injected

3. The isotope labels for the microspheres.

Microsphere Size

The preceding discussions have outlined the many factors to be considered in selecting the
optimal size of microsphere to be used. For studies in this project the distribution of the
microspheres must be similar to that of red blood cells in different regions of the brain in
order to calculate regional CBF accurately. The microsphere size is therefore restricted to
those with diameters between 7 and 15 microns. Of these the 15 micron microspheres
have a higher entrapment rate. Repeated injections of 15 micron microspheres under
stable conditions have demonstrated regional CBF measurements that were highly
reproducible, varying within only 6% of the mean (Marcus et al., 1976). The most
suitable size for the study of the cerebral circulation appears to be 15 micron microspheres

and they will be used for all the studies in this project.

Microsphere Number

A sufficient number of microspheres must be used for each injection to ensure that at least
1536 microspheres are present in even the smallest tissue sample. This allows for random
variation in the distribution of microspheres in the blood stream and will be accurate

within 5% of the mean at the 95% confidence level (Buckberg et al., 1971). Assuming
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that the microspheres are evenly distributed in the blood stream, the fraction of
microspheres reaching an organ is equivalent to the fraction of cardiac output to that

organ.

N Cardiac Output

n _ Organ Blood Flow

where # = the number of microspheres reaching the organ

N = the number of microspheres injected

Essentially this is the principle of the Fractional Distribution of Indicator method

described by Sapirstein (Sapirstein, 1957). The equation can be rearranged to give

Cardiac Qutput
Organ Blood Flow

N =nx

The smallest organ to be sampled in the proposed studies with neonatal piglets is likely to
be the basal ganglion with a bilateral combined weight of 3gm and a predicted minimum
blood flow of 25ml.100gm™’.min"". The cardiac output of a 3kg one-week piglet is

approximately 300-450 ml.min™". So if » needs to be greater than or equal to 1536,

450
3x0.25

N 2= 1536 x

N=>9216 x10°

Therefore at least 920,000 microspheres should be used for each injection.

55



CHAPTER 2

Microsphere Isotope Labels

There are currently over 10 different gamma-emitting isotopes that are commonly used to
label carbonised plastic microspheres. Each of the isotopes emits a gamma spectrum with
one or more energy-discrete peaks that are distinct from other isotopes. A multi-channel
spectrum analyser can therefore be used to identify and quantify the gamma emissions.
When selecting isotopes for use in the same study animal at different timepoints, it is
important that the energy peaks are as far apart on the energy spectrum as possible (Figure
2.1). This is to minimise the amount of spectra overlap between the different isotopes and
to allow their distinction with commonly employed gamma counters using sodium
iodide/thallium crystal detectors. Cobalt-57 and cerium-141, for example, have energy
peaks at 122-136keV and 145keV respectively which are so close together that a special

high resolution Ge(Li) detector would be necessary for their separation. They are

therefore unsuitable for the same study.

DETERMINATION OF GAMMA RADIOACTIVITY IN STUDY SAMPLES

Preparation of Samples

The gamma count of a number of different samples from each study must be determined.
These samples include whole tissue specimens, blood reference samples and vials of pure
suspension of microspheres for reference. In addition the background count must be
determined from analysis of an empty vial. The vials in which the samples are placed for
analysis should all be of the same type because different materials attenuate radiation to
varying degrees. The efficiency of gamma counting is further determined by the geometry
of the radiation emission. In turn this is determined by the density and composition of the

sample and by the distribution of the nuclide within the sample.
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The dispersion of microspheres within each vial varies with its content. Generally the
counting efficiency is highest when the nuclides are concentrated at the bottom of the
counting vial (Katz and Blantz, 1972). Dispersion of isotopes to different heights within
the vial results in efficiency alterations. Complex equations and various correction factors
are necessary to correlate counts from vials with different emission geometry. The need
for count correction can be eliminated, however, by preparing samples so that they have

similar emission geometry.

As microspheres have a density of 1.3 they tend to settle to the bottom of a vial from
suspension in a liquid medium. Pure suspensions of microspheres for reference counting
can simply be injected onto a small piece of absorbent paper in the bottom of the vial.
Blood reference samples can be haemolysed to avoid microspheres from randomly
dispersing throughout a layer of packed blood cells. Tissue samples can be dissolved in
strong alkaline solutions and the plastic microspheres, which are insoluble under these
conditions, settle to the bottom of the vial. In this way the geometry of radiation emitted

from all the vials should be similar and the counts obtained can be compared directly

without further adjustments.

Principles Of Gamma Counting

A scintillation crystal and a photomultiplier tube (PMT) comprise the two principal
components of a gamma ray counter. The scintillation crystal is usually a crystal of
sodium iodide. Gamma rays traversing the crystal interact with electrons in the crystal to
produce scintillations of light. A controlled amount of thallium added to the crystal
enhances the light production and produces a material highly suited for the detection of

gamma rays. Shielding the detector by lead reduces the effects of external radiation.
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The scintillation or light ﬂash‘produced by each gamma ray contains a total number of
photons proportional to the amount of energy lost by the gamma ray in the crystal. The
. photons produced in the crystal travel to a PMT optically coupled to the crystal. Inside
the crystal the photons encounter the photocathode. The photocathode has a thin layer of
alkaline metal that can emit an electron when a photon is absorbed. These electrons are
accelerated by an electric field to the first of a series of positively charged electrodes
called dynodes. When an electron strikes the surface of a dynode two or more electrons
are ejected from its surface. The electrons ejected by the first dynode are accelerated to
the more positive second dynode. The multiplication process is repeated at each dynode

until the electrons are collected at the anode as an electrical pulse.

The size of the pulse in volts, at the output of the PMT, is proportional to the burst of
photons that initially entered the PMT. This, in turn, is proportional to the gamma ray
energy detected by the scintillation crystal. A scintillation detector can therefore be used
as part of a system that not only detects gamma rays but also sorts and counts them

according to their energies.

The pulse from the PMT is amplified and shaped and then sent to a sample and hold
amplifier. This accepts or rejects the amplified pulses depending on the amplitude of the
pulse. Discriminatory circuitry is set to recognise pulses from the PMT within certain
limits. Pulses caused by the radionuclides under investigation are accepted; those due to
background radiation are rejected. This is possible because emissions from the
radionuclides are energy-discrete whereas the energy from background radiation is
random. The selected pulses are stored and an entire energy spectrum can be generated

for each sample counted.
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Analysing the Gamma Counts

When a sample is analysed the resulting energy spectrum generated consists of number of

counts per minute at each energy level. The use of a number of different radioisotopes

results in an overlap of their energy spectra. Consequently the complete spectrum
recorded for each sample contains a mixture of radioisotopes which must be decomposed
to obtain the net count for each of the different radionuclides present. The technique used
to do this is known as the matrix inversion method and is explained in the following

paragraphs.

Each radioisotope has an energy region or energy window assigned to it. A lower energy
level setting and an upper energy level setting define this region. The settings are chosen
so that they lie on either side of the energy peak of a particular radioisotope. Activity
recorded above the upper energy level setting is known as spillup; any activity below the
lower level setting is known as spilldown. The total count in a particular region therefore
represents the count from the radionuclide of interest plus spillup and spilldown from

other radionuclides.

A standard sample, which contains a pure radionuclide, is counted to obtain the percentage

of activity in each of the pre-determined regions. A spillover matrix is calculated by

repeating this process with all of the different radioisotopes used. This overlapping matrix
is then used to decompose the spectra of unknown samples to obtain the net activity of
each radionuclide present. The actual calculations are laborious and involve solving

complex linear equations. Computer programs designed specifically for this purpose

therefore commonly perform them.
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CALCULATION OF ORGAN BLOOD FLOW

From the Fractional Distribution of Indicator method (Sapirstein, 1957),

Cardiac Output _ Ox
N Ny

where N = total number of microspheres injected
O.= blood flow rate for organ x

n,= the number of microspheres in organ x

It is assumed that the ratio of blood flow and number of microspheres is the same for all

organs in the body;, i.e.

% Y

where O, = blood flow rate for organ y

n,= the number of microspheres in organ y

In order to utilise the above equation to determine blood flow to a particular organ Oy, the
blood flow to another organ O, must be known. To avoid problems of accurately
measuring blood flow in any particular organ this value can be substituted by the rate at
which an arterial sample is withdrawn into a syringe. This sample is known as the

reference blood sample (QOrs) and it acts as an artificial organ with a known flow rate
(Makowski et al., 1968).

As the radioisotope is evenly incorporated into uniform-sized microspheres, the rate of
gamma emission from each microsphere can be assumed to be the same. The counts per
minute of a sample are thus directly proportional to the number of microspheres present.

When the counts per minute of organ x (Cx) and of the reference blood sample (Crs) have
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been determined, the blood flow rate to organ x can be derived from the following

equation:

The blood flow to an organ is conventionally indexed to 100 gm of tissue and is expressed

in units of ml.100gm™ .min"'. The blood flow index (QI;) for organ x is therefore:

Cy 100
O, = Oy x =% x 120

Rb Wx

Where W, is the weight of the organ in gm

Ors 1s the rate of the reference sample withdrawal in ml.min™.

The global cerebral blood flow index can also be calculated from the same equation by
using the sun total of counts from different brain regions (Cr) and the sum weight of the

different regions (W7) of the brain.

C
CBF=QbeEI_><1@

Rb WT

62



CHAPTER 2

REFERENCE BLOOD SAMPLE

The use of a reference blood sample, as described above, is the simplest method for
calculating organ blood flow. This is because it does not depend on accurate
measurements of cardiac output, blood flow to any organ or determination of the actual

number of microspheres injected, all of which are subject to error.

It is important that the rate at which the reference blood sample is withdrawn is constant
and does not have a significant physiological effect on the animal. Buckberg
demonstrated that 1% or less of the cardiac output is normally well tolerated (Buckberg et
al., 1971). For piglets weighing 2.0 to 3.0 kg with cardiac outputs ranging from 300 to
500 ml.min", a reference sample withdrawn at a rate of 3ml.min™ would be appropriate.
If one million microspheres were injected at each time point, the minimum number of

microspheres collected in the reference blood sample (72) would approximately be:

n= ix106 = 6000
500

This is satisfactory because it exceeds the minimum number of 1536 microspheres needed

for accuracy within 5% of the mean. Therefore, for all studies in this project,

Ors = 3ml.min’

It is important that withdrawal of the reference blood sample continues until all the

microspheres are cleared from the arterial circulation. Otherwise, the calculated blood
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flow rates for all organs will be an overestimation of their true values. Buckberg stated
that the reference sample should be collected for more than 1 minute (Buckberg et al.,
1971). For the actual studies, withdrawal of reference blood samples will commence 10
seconds before the start of the microsphere injection and continue for 2 minutes. The
microspheres will be injected over a period of 30 seconds and the collection of the

reference blood samples will therefore continue for more than 1 minute after the end of

microsphere injection.

CEREBRAL OXYGEN HANDLING

The phrase “cerebral oxygen handling” will be used throughout this dissertation to refer

collectively to the following three parameters:

1. Cerebral Oxygen Delivery (CDO,)
2. Cerebral Metabolic Rate of Oxygen (CMRO,)
3. Cerebral Oxygen Extraction (CEO3)

Cerebral Oxygen Delivery (CDO»)

The rate oxygen is delivered to the brain is expressed in units of ml.min"100gm™. CDO,

is the product of global cerebral blood flow index (CBF) and arterial oxygen content
(Ca0y):

CDO, = CBF x CaO,

The oxygen content of a blood sample (Content O,) is the sum of the amount of oxygen
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bound to haemoglobin and the amount of oxygen dissolved in the plasma. The units are

millilitres of oxygen per millilitre of blood (ml.ml™).

+(0.03x PO, )}

Content 0, = 1 {1.36 x Hbx SO,

X
1000 100

where 1.36 is the effective oxygen capacity of 1gm of haemoglobin in units of ml.gm™.
Hb is the haemoglobin concentration in units of gm.L
SO, is the oxygen saturation as a percentage of total oxygen carrying capacity
0.03 is the solubility of oxygen in blood at 37°C in units of ml.L" . mmHg"
PO, is partial pressure of oxygen in mmHg

Thus,

cpo, = CBF {1.36 x Hbx Sa0,

+(0.03% PaO
1000 100 ( “ 2)}

Cerebral Metabolic Rate Of Oxygen (CMRO,)

The rate at which brain tissue consumes oxygen per unit weight is expressed in units of
ml.100gm™ . min"'. CMRO; is calculated from CBF and the difference between arterial

oxygen content (Ca0;) and venous oxygen content (CvO,):

CMRQO, =CBF x(Ca0, - Cv0, )
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In previous studies a number of authors have used venous blood samples obtained from
the internal jugular vein to represent cerebral venous blood (Aoki et al., 1994a; Kawata et
al, 1993). Clearly this is the only possible site for obtaining a suitable cerebral venous
sample in human studies, however, it may not accurately reflect the cerebral venous blood.
It has been shown in piglets that blood samples from the internal jugular vein do not in
fact reliably reflect cerebral venous blood (Rudinsky and Meadow, 1991). This is because
the internal jugular vein receives a substantial amount of venous blood from non-cerebral
tissue. The internal jugular venous samples cannot therefore be substituted for sagittal
sinus venous samples. In this project sagittal sinus venous blood samples will be used
instead of internal jugular venous blood for all studies. Substituting sagittal sinus oxygen

content (CssOy) into the equation gives:

CMRQO?2 = CBF x(CaO, —Css0,)

Thus,

CMRO, = fg)’; y {1'36 X Hbx (lf)‘;oz = 3550:) , (0.03% (Pa0, — Pss0, ))}

where SssO; is the sagittal sinus oxygen saturation

Pss0; is the sagittal sinus oxygen tension

Cerebral Oxygen Extraction (CEQ2)

The proportion of oxygen extracted by the brain from the arterial blood is a measure of the

ability of the brain to extract oxygen. This can be expressed as a percentage of the total

amount of oxygen in the arterial blood:
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cE02 = 1902 = ES505 L, 1450
Ca0O,
This equation can be simplified to:
CEO, = CMRO, x 100%

2

HAEMODYNAMIC DETERMINATIONS
Cardiac Output/Pump Flow

The microsphere technique allows estimation of cardiac output and cardiopulmonary . .

bypass pump flow rate from the Sapirstein equation:

Cro _ Ore
C,  CardiacOutput

where Cg, = counts per minute of the reference blood sample
C; = counts per minute of the microspheres injected

Ory = rate of reference blood withdrawal in ml.min™.

In order to estimate the value of C;, an extra 0.1ml of microsphere suspension can be
drawn up into the same pre-weighed syringe together with the volume of the microsphere
to be injected. The extra 0.1ml suspension is then placed in a pre-weighed sample vial

and used as a microsphere reference vial (Wzs). As one of the assumptions of the
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microsphere technique is that the microspheres are evenly distributed in the suspension,

the number of counts per unit weight of microsphere suspension should be constant.

Thus,

The counts per minute of the standard vial (Cg;) can be analysed together with organ and

blood samples in a gamma counter.

w, C
Cardiac Output = Qp, x —L-x -5
Wrs  Cre

Cerebral Perfusion Pressure (CPP)

The cerebral perfusion pressure (CPP) will be taken as the difference between mean

arterial pressure (MAP) and mean sagittal sinus venous pressure (SSVP),

CPP = MAP — SSVP

Cerebral Vascular Resistance (CVR)

According to Ohm’s Law,

Pressure Drop
Flow

Resistance =
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Cerebral perfusion pressure represents the pressure drop across the cerebral vascular bed.

Thus,

_ MAP - SSVP
CBF

CVR

Since CBF is indexed to 100 gm of brain tissue, the derived CVR is in fact also an

indexed value in units of mmHg.100gm.min.ml™.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES
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INTRODUCTION

This section will describe the experimental techniques that are common to most of the
studies in this project. Other methods, specific to individual studies are described in the
respective chapters. The techniques used in the studies are based as much as possible on
those used in the clinical setting. The anaesthetic management, protocol for
cardiopulmonary bypass (CPB), cooling and rewarming are all very similar those used in
human infants and children as much as possible. Initially a number of preliminary studies
were undertaken to determine suitable drug doses and appropriate ventilator settings, and

to establish the most reliable surgical techniques.

ANIMALS

De Kelb neonatal piglets, 1 to 2 weeks old and weighing between 2.0 and 3.0 kg were
used for all studies. Maturation of the newborn piglet is comparable to a human of 36-38
weeks gestation (Dobbing and Sands, 1979; Pon and Haupt, 1978). Fresh blood to prime
the CPB circuit was obtained by sacrificing mature De Kelb pigs 6 months old which

weigh up to 40kg.

All animals received humane care in compliance with the “Principles of Laboratory
Animal Care” formulated for the National Society for Medical Research and the Guide for
the Care and Use of Laboratory Animals” prepared by the National Academy of Sciences
and published by the National Institutes of Health (NIH Publication No.85-23, revised in
1985). The experimental protocols for the individual studies were approved by Duke
University’s Institutional Animal Care and Use Committee. All the animals were housed

in the NIH-approved animal facility at Duke University prior to the experiments.
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ANAESTHESIA

Anaesthesia was induced with an intramuscular injection of ketamine (50 mg.kg") and
acepromazine (15 pgkg'). This was given in the gluteal region and the animal became
drowsy within 5 minutes. A 24 French gauge Teflon intravascular cannula (Quik-Cath®,
Baxter Healthcare Corporation, IL, USA) was placed in a superficial vein in the pinna and

an intravenous bolus of methylprednisolone sodium succinate (30mgkg’) was

administered.

A 3.0mm oro-tracheal tube with a Murphy tip (Intermediate Hi-Lo Cuffed Tracheal
Tube®, Mallinckrodt Medical Inc., MO, USA) was introduced using a laryngoscope with
the piglet lying prone. The cuff was inflated with room air to a pressure of 25cm H,O.
The piglet was then placed supine and the snout secured in a clamp on a retort stand to
allow access to the sagittal sinus. An intravenous bolus of pancuronium (300pg.kg”) was
given for muscle relaxation followed by a bolus of intravenous fentanyl (100pg.kg™) for
anaesthesia. The endotracheal tube was connected to a positive pressure Sechrist Infant
Ventilator (Model IV-100B, Sechrist Industries, Anaheim, CA, USA). The ventilator was

used to mechanically ventilate the piglet and was placed on the following settings:

Inspired oxygen fraction (FiO,) 0.4

Ventilation rate 10 breaths per minute
Inspiratory time 1 second

Peak inspiratory pressure 26 cm H,O

Positive end-expiratory pressure 3 cm H,O

Arterial blood samples were taken periodically to assess the adequacy of ventilation and
the ventilator was adjusted accordingly when necessary. An infusion of intravenous

fentanyl (25ug kg™ .hr') was commenced for maintenance of anaesthesia. Intravascular
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volume was supplemented when required with Ringer’s Lactate solution to maintain right

atrial pressure and cardiac output.
MONITORING

Three electrocardiograph (ECG) electrodes were placed on shaved skin to monitor the
ECG and heart rate (Model 450, Mennen Medical Inc., NY, USA). The arterial catheter
(see below) was connected to a pressure transducer (Gould Disposable Transducer Model
TDN, Gould Inc., CA, USA) and signal amplifier (Model 450, Mennen Medical) for mean
arterial blood pressure monitoring. A temperature probe was inserted into the nasopharynx
and used to monitor the temperature throughout the studies (Probe YS1402, Model 431D
Yellow Springs Inc., Ohio, USA). The animal was kept warm by a heating lamp and a K-
20 recirculating water mattress (American Pharmaseal Company, CA, USA) to maintain

the nasopharyngeal temperature at 36-37°C.

SURGICAL PREPARATION

A diathermy plate was placed underneath the animal and the SurgiStat diathermy machine
was set to 18 Watt coagulation and 60 Watt cutting (Valleylab Inc., CO, USA). The right
femoral artery was surgically exposed and an 18 gauge Teflon arterial catheter (Quik-
Cath®, Baxter Healthcare Corporation, IL, USA) was introduced into the distal aorta via
the right femoral artery. This arterial line was used for continuous blood pressure
monitoring, arterial blood gas sampling and for withdrawal of the reference blood sample

during radioisotope microsphere injections.

The animal was then systemically anticoagulated with intravenous heparin sulphate (500

IUkg"). A lcm strip of scalp was raised in the midline over the vertex of the skull
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(Figure 3.1). The sagittal suture was identified and a burr hole was carefully drilled over
the superior sagittal sinus with a 2 mm drill bit.  The tip of a 5 French Millar
micromanometer (Millar Instruments Inc., TX, USA) was inserted into the burr hole for
sagittal sinus venous pressure monitoring. A second burr hole was made over the superior
sagittal sinus 1 cm anterior to the first. A hollow 16 gauge metal sleeve 2 mm long, made
from a Precision Glide needle (Becton Dickinson & Co., NJ, USA), was inserted into the

second burr hole to allow repeated sagittal sinus venous blood sampling (Figure 3.2).

The chest was opened in the midline through a median sternotomy. Any excessive
bleeding from the sternal edges was controlled with bone wax. The thymus gland was
removed and the pericardium opened. The pulmonary trunk was dissected free from the
ascending aorta and an 8mm perivascular flow probe (Transonic Systems, NY, USA)
placed around the pulmonary artery for continuous monitoring of the cardiac output prior
to institution of CPB (Figure 3.3). A 4/0 silk ligature was tied around the very tip of the
right atrial appendage and used to retract the appendage to the right. This allowed -
visualisation of the ascending aorta which was otherwise obscured by the overlying right
atnial appendage. A 3 French Millar micromanometer (Millar Instruments Inc., TX, USA)
was introduced into the right atrium via the inominate vein for right atrial pressure

monitoring.
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CHAPTER 3

PREPARATION OF THE BLOOD DONOR ANIMAL

A 30-40 kg mature pig was used to obtain fresh whole blood for priming the CPB circuit.
Anaesthesia was induced as described above with ketamine and acepromazine. The donor
pigs were allowed to breathe spontaneously without an endotracheal tube and muscle
relaxation was therefore not required. Following systemic intravenous heparinisation (500
IUkg") a longitudinal incision was made in the right cervical region‘ ‘and the right
common carotid artery dissected free. The cut end of plastic infusion line was inserted
into the artery via a transverse arteriotomy and fed down into the aortic arch. The other
end of the plastic infusion line was connected to a clean empty intravenous fluid bag and
placed on the floor. The animal was exsanguinated by gravitational drainage and
depending on the size of the donor animal between 1 and 2 L of fresh whole blood was
obtained by this method. The blood was used to prime the CPB circuit and remaining

blood was stored in a refrigerator at 8-10°C until required. Any unused blood was

discarded at the end of each day.

Priming The Cardiopulmonary Bypass Circuit

A Medtronic® Mimimax PLUS™ hollow fibre membrane oxygenator (Medtronic® Inc.,
Anaheim, CA, USA) was used for CPB. The oxygenator was primed with fresh
heparinised pig blood from a donor pig. Fentanyl, Ringer’s lactate and sodium
bicarbonate were added to the prime to achieve a haematocrit of 25% and a pH of 7.4 at
37°C. The total prime volume was approximately 400 mls. The temperature of the prime
was controlled with the integral heat exchanger in the oxygenator reservoir and a water
bath system (BIO-CAL 370, Biomedicus, MN, USA). The water temperature was initially
set to 39°C and the perfusate was continually circulated with a Sarns non-pulsatile roller

pump (Sarns Inc., Ann Arbor, Michigan, USA) at 150 ml. kg’.min™. This allowed
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stabilisation of temperature and blood gases of the perfusate and prevented blood cells
from settling out. A Sechrist Gas Mixer (Sechrist Industries Inc., CA, USA) was used to

control gas through the membrane oxygenator. The initial settings were:

Total gas flow rate: 3 L.min’
Oxygen fraction: 40%
Carbon dioxide fraction -~ 3%

Following 10 minutes for equilibration of the prime a sample was taken to confirm that

the blood gases, acid base balance and haematocrit were within desired ranges prior to

cannulation for CPB.
Institution Of Cardiopulmonary Bypass

An 8F DLP infant arterial cannula (DLP Inc., Grand Rapids, M1, USA) (Figure 3.4a) was
inserted into the proximal ascending aorta through a 5/0 prolene purse-string suture. An
20F DLP venous cannula (Figure 3.4a) was inserted into the right atrial appendage and
.secured with a 2/0 silk purse string suture (Figure 3.4b). A second roller pump was used

to return any blood, lost during the procedure, to the venous reservoir.

At the commencement of CPB, non-pulsatile flow was established at 120ml kg™ .min™.
Adequacy of venous drainage was determined by visual inspection of the heart and the
observation of a collapsed right atrium, in addition to lack of ejection from the left
ventricle on the arterial pressure trace and a zero reading from the pulmonary artery flow
probe. Baseline studies were not performed until after a period of about 20 minutes on
normothermic CPB. During this time the animal was allowed to stabilise and any mild
metabolic acidosis that had developed during the prebaratory stages was corrected with an

appropriate dose of 8.4% sodium bicarbonate.
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CHAPTER 3

Acid —Base Management

Blood gases were managed throughout cooling and rewarming according to the “alpha-
stat” strategy (Swan, 1984). The arterial pH was maintained at 7.35 to 7.45 and carbon
dioxide tension at 35 to 40 mmHg measured at 37°C and uncorrected for the temperature
of the animal. As discussed in Chapter 1 the alpha-stat strategy is ‘thought to allow
optimal function of a number of important enzyme systems inclﬁding lactate

dehydrogenase, phosphofructokinase and sodium-potassium ATPase.

BLOOD SAMPLE ANALYSIS

A GEM-Stat Blood Gas/Electrolyte Monitor (Mallinckrodt Sensor Systems Inc., MI,
USA) was used to analyse heparinised arterial and sagittal sinus venous samples (Figure
3.5a). The machine used disposable cartridges that auto-calibrated hourly and had a ~
running time of 24 hours. Each sample took approximately 2 minutes to process and the
machine took another 2 .minutes to rinse itself. It was therefore necessary to have two
machines running in order to process arterial and venous samples simultaneously. The

machines were set to analyse samples at 37°C and provided the following information:

PO, Partial pressure of oxygen

PCO;, Partial pressure of carbon dioxide
pH log [H+]

Hct Haematocrit

SO, Oxygen saturation

BE  Base Excess

Concentrations of Na*, K*, and Ca®" ions
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CHAPTER 3

Haemoglobin (Hb) levels were estimated with a 482 Co-Oximeter (Instrumentation

Laboratory Corp., MA, USA) from heparinised arterial samples.

Cooling, Circulatory Arrest And Rewarming

In order to cool the temperature of the piglet down crushed ice was added to the water
bath of the heat exchanger. The temperature of the water bath was kept at approximately
10°C lower than the nasopharyngeal temperature of the animal in order to prevent too
rapid cooling and thereby create temperature gradients between tissues at the start of
circulatory arrest. The animal was cooled for a total of about 20 minutes in most cases.
The heating lamp and warming light were switched off and the room temperature was
lowered to 20-22°C. Slush made from normal saline was placed in the pericardial cavity

to help prevent rewarming of the animal.

At the end of the cooling period the perfusate was drained from the animal via both
cannulae into the oxygenator reservoir and deep hypothermic circulatory arrest (DHCA)
was established. In order to prevent any possibility of air entering the vascular
compartment of the animal both the venous and arterial cannulae were clamped. During
the circulatory arrest period the perfusate was continually recirculated between the

oxygenator and the venous reservoir to prevent blood cells settling out in the bypass

circuit.

Following 60 minutes of DHCA, the aortic and venous cannulae were unclamped.
Perfusion was re-established at 120mlkg™.min” with the perfusate initially at room
temperature (20°C to 22°C). The temperature of the perfusate was increased in order to
rewarm the animal. This was effected by an immersion heater in the water bath of the
heat exchanger. The water mattress and the heating lamp were switched back on and the

room temperature was increased to 28-30°C. During the rewarming process about 20% of
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the animals required cardiac defibrillation. This was achieved by a direct current (DC)
shock of 8-10 Joules (American Optical, MA) once the nasopharyngeal temperature had
reached 30°C. Metabolic acidosis that had developed in the circulatory arrest period was
corrected by addition of 8.4% sodium bicarbonate solution to the reservoir. In general a
total of 10-15 mEq, in divided doses was required. After 35 minutes of reperfusion and
rewarming, most animals reached a temperature of 36°C. However, CPB was continued at
normothermia for a total of 60 minutes to ensure that all animals were fully rewarmed and
that the temperature had stabilised. Following the microsphere injection at the end of the
rewarming period the animal was euthanised by a lethal dose of fentanyl. The roller pump

was switched off and the circulating volume drained into the venous resefvoir.

RADIOLABELED MICROSPHERE TECHNIQUE

Safety Precautions

A special area within the laboratory was designated for handling of the radioactive
microspheres. All the vials of stock microsphere suspensions were stored behind lead
shielding. All personnel working in the laboratory wore dosimeters that were checked |
every 6-8 weeks. At the end of each study, the animal carcass together with all disposable
items were placed in a special metal barrel which was disposed of by the Radiation Safety
Department of Duke University. Following analysis in the gamma counter the organs and
blood samples taken during the study were also placed in these barrels for disposal. A
Geiger counter (Ludlum Measurements Inc., TX, USA) was used frequently to check the
laboratory for gross contamination. Wipes were taken weekly from all workbenches and

sinks and analysed in the gamma counter to check for low level contamination.
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Microspheres Used

The following isotopes were selected as labels for microspheres for the studies in this
project.

Scandium-46

Ruthenium-103

Niobium-95

The half-lives, energies of the principal photons and unshielded radiation of these isotopes

are listed in Appendix 1

The NEN-TRAC™ microspheres used had a mean size of 15.5 = 0.lum and were
supplied with the above labels (Du Pont de Nemours & Co., DE, USA). The
microspheres were supplied in glass vials as suspensions in 10% Dextran and 0.01%
TWEEN 80. The concentration was 1 million microspheres per millilitre of medium. The
viscosity of Dextran helps keep the microspheres in suspension for a longer period once

agitated and the TWEEN 80 is a wetting agent to reduce aggregation.

Preparation Of The Microsphere Suspension

In order to assure a homogenous suspension, the stock vial of the microsphere was
agitated vigorously using a SQP Vortex Mixer (Baxter‘ Healthcare Corp., IL, USA) for 2
minutes until the beads were thoroughly mixed in the medium. The stock vial was then
sonicated in warm water (approximately 40°C) for a minimum of 15 minutes to break up
aggregations (Model 8850, Cole-Parmer Instrument Co., IL, USA). Immediately prior to

use, the stock vial was taken from the sonicator and vortexed for a further 1 minute.
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A 1.1 ml suspension of microspheres was withdrawn into a pre-weighed syringe. From
this, 0.1 ml of suspension was placed in a pre-weighed scintillation vial (Research
Products International Corp., IL, USA) for use as the reference microsphere sample. The
syringe and scintillation vial were weighed again on a digital micro-balance (Model
L420S, Sartorius Corp.,, NY, USA). To determine the weight of the microsphere
suspension to be injected and the weight of suspension in the microsphere reference vial
respectively. The 1ml of microsphere suspension (approximately 1 million microspheres)
in the syringe was then ready for injection. In order to avoid settling of the microspheres

the syringe was agitated continuously until the microspheres were injected.

The stock vials of microspheres were obtained from the manufacturer in small batches and
uses within 60 days of the reference date. This was less than two half-lives of the isotope
with the shortest half-life (Niobium-95, T, of 35 days). All precautions were taken to

maintain sterility of the stock vials to minimise aggregation of microspheres.

Microsphere Injection

Microsphere injections were made into a side port of arterial tubing 30 cm proximal to the
aortic cannula. All injections were made with the animal at normothermia. The syringe
and stopcock were washed through with 5 mis of warm normal saline. Great care was

taken not to inject air bubbles into the arterial circuit.

Reference Blood Samples

A reference blood sample was withdrawn from the femoral arterial line commencing 10

seconds before the injection of microspheres and lasting for 2 minutes. It was withdrawn

86



CHAPTER 3

into a 10 ml syringe mounted on a Harvard syringe pump (Harvard Apparatus, Mass,
USA) at a constant rate of 3 ml.min" (Figure 3.5b). At the end of the collection period the
reference blood sample was placed in a plastic scintillation vial. The syringe and
collecting tubing were rinsed through three times with hot water and the washings were
added to the vial. This ensured that all microspheres in the syringe were collected in the

vial and that the red blood cells in the sample were completely haemolysed.

PREPARATION OF SAMPLES FOR GAMMA COUNTING
Kidney

The animal was turned into the left lateral position and a right subcostal incision made.
The right kidney was removed extraperitoneally and organ was sliced in two halves for

removal of the renal pelvis and ureteric system. The procedure was repeated for the left

kidney.
Brain

The animal was placed prone and the scalp and vault of the skull were completely excised
(Figure 3.6a). The frontal lobes were then elevated to enable division of the olfactory
nerves, optic nerves and the pituitary stalk. The occipital lobes were then elevated and the
tentorium cerebelli was incised to expose the cerebellum. A blunt instrument was then
passed posterior and inferior to the cerebellum to transect the medulla at the foramen
magnum. The remaining cranial nerves were divided and the whole brain specimen was
removed intact (Figure 3.6b). After removing the choroid plexus the brain was dissected
into right and left cerebral hemispheres, basal ganglia, brain stem and cerebellum (Figure

3.7).
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CHAPTER 3

The surface of each specimen was wiped dry with tissue paper before being placed into
separate pre-weighed plastic scintillation vials (Research Products International Corp., IL,
USA). The fresh weight of individual samples was calculated from the difference
between the weight of the vial with and without the specimen. The vials were then filled
with 20 mls of 2 Molar potassium hydroxide solution to dissolve the specimen (Aoki et
al.,, 1994a). Each vial was then placed in the gamma counter to estimate the quantity of

each type of radiolabeled microsphere present in the specimen.

Gamma Counting

When the microspheres arrived from the manufacturer it was necessary to take pure
suspensions to generate a matrix for the decomposition of spectra from tissue and blood
sample vials. In order to do this, a 0.1ml of homogenous suspension of microspheres was
taken from each stock vial and placed into the bottom of a scintillation vial. These vials
were taken to be the standard vial. The vials were loaded into an Auto-Gamma 5530
multi-processor based gamma counting system for analysis (Packard Instrument Co., CT,
USA) (Figure 3.5c). The standard vials were saved and used to generate a matrix of

decomposition of sample spectra at the end of each study.

The system power of the gamma counter was left on continuously to ensure system
stability. Performance verification was carried out prior to the analysis of samples from -
each animal study. The calibration source was *’Cs (Half-life of 30 years) and the
machine automatically adjusts the detector high-voltage so as to compensate for

temperature and detector drift because of age.

Following calibration, the standard vials previously saved were used to generate a new

matrix and then samples from the animal studies were processed. A computer program
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was used to decompose the complete spectrum from each sample (CompuSphere™,
Packard Instrument Co., IL, USA) and the output of corrected counts in each region of

interest was downloaded to an IBM computer for further analysis.
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CHAPTER 4

THE ULTRASTRUCTURE OF THE CEREBRAL MICROCIRCULATION

FOLLOWING DEEP HYPOTHERMIC CIRCULATORY ARREST
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INTRODUCTION

It has been established for almost 10 years that the use of deep hypothermic circulatory
arrest (DHCA) for the repair of congenital heart defects is followed by a period of
abnormal cerebral hypoperfusion and impaired cerebral oxygen metabolism (Greeley et
al., 1989a; Greeley et al., 1989b). As discussed in the Chapter 1 an increasing body of
literature has suggested possible mechanisms for this, as well as strategies aimed at

prevention.

The majority of previous studies on the cerebral consequences of DHCA have used
metabolic changes, electrical recordings or CBF changes as markers of cerebral damage.
These may be unreliable end points because it is often difficult to be certain at what point
irreversible cell damage occurs. In contrast, neuropathological changes have been shown

to be highly predictive of irreversible neuronal damage (Petito and Pulsinelli, 1984a;

Petito and Pulsinelli, 1984b).

As evidenced by the variety of strategies that can be used to improve cerebral recovery,
the cerebral insult that results from DHCA clearly affects a number of different systems
and pathways. In the majority of studies the marker for cerebral injury has been either the
rate of recovery of cerebral metabolic rate of oxygen (CMRO,) or of cerebral high-energy
phosphates. It has been known since the 1960s however, that the use of DHCA is
accompanied by histological evidence of anoxic brain damage (Almond et al., 1964
Johnston et al., 1966). Despite the widespread use of DHCA for almost 30 years and the
fairly intensive investigation in this area more recently, no studies have examined the
histology of the cerebral vasculature in detail following DHCA and reperfusion. In
particular the cellular ultrastructure of the cerebral vascular endothelium as viewed under

the transmission electron microscope (EM) has yet to be described under these conditions.
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The abnormal cerebral perfusion that follows a period of DHCA is clearly a vascular
phenomenon of some kind. The aim of this series of experiments was to examine, for the
first time, the ultrastructure of the cerebral vascular endothelium in neonatal piglets
following DHCA. A number of different perfusion strategies were designed to create a
spectrum of conditions that might potentially influence the EM appearance. The initial
studies were planned to determine the timing of the injury and the effect of reperfusion.
Subsequently, the influence of the pH-stat strategy during the cooling phase, and of

intermittent perfusion during the arrest period were assessed.

MATERIALS AND METHODS

Experimental Preparation

Nine neonatal De Kelb piglets, one week old and weighing between 2.0 and 3.0 kg, were
anaesthetised and prepared as described in Chapter 3. All animals were cannulated for
CPB and normothermic perfusion was commenced at a flow of 120 mlkg”.min™
Following stabilisation on CPB each animal underwent one of the following different
perfusion strategies.

Control Group

Piglet 1: Warm perfusion - 60 minutes normothermic CPB without DHCA.

Piglet 2: Warm ischaemia - 60 minutes of circulatory arrest at normothermia followed by

60 minutes reperfusion.
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Reperfusion Group

Piglet 3: DHCA with no reperfusion - 60 minutes circulatory arrest at 18°C without
reperfusion and rewarming.

Piglet 4: DHCA with 60 minutes reperfusion - 60 minutes circulatory arrest at 18°C with
60 minutes reperfusion and rewarming.

Piglet 5: DHCA 5 minutes reperfusion — 60 minutes circulatory arrest at 18°C with §
minutes reperfusion and rewarming.

Piglet 6: DHCA with 30 minutes reperfusion — 60 minutes circulatory arrest at 18°C with

30 minutes reperfusion and rewarming.

pH-Stat Group

The first six EM studies were undertaken using the alpha-stat cooling strategy. The . -

following two studies employed pH-stat management of blood gases during the cooling

stage before DHCA.

Piglet 7: DHCA with no reperfusion - 60 minutes circulatory arrest at 18°C without

reperfusion.

Piglet 8: DHCA with 60 minutes reperfusion - 60 minutes circulatory arrest at 18°C with

60 minutes reperfusion and rewarming.

Intermittent Perfusion Group

Piglet 9: DHCA with intermittent perfusion — 60 minutes of circulatory arrest at 18°C

incorporating periods of reperfusion for 2 minutes every 20 minutes followed by 60

minutes reperfusion and rewarming,
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Experimental Conditions

Throughout the study period in all animals, PaO, was kept between 150-250 mmHg,
arterial pH between 7.35-7.45 and haematocrit between 0.23-0.28. In the seven animals
undergoing alpha-stat management during cooling the PaCO, was kept between 35-45
mmHg. In the two animals that underwent pH-stat management, carbon dioxide added to
the gas mixture resulted in a higher PaCO, during the cooling phase. When necessary an

appropriate dose of sodium bicarbonate was administered to correct for metabolic

acidosis.

Considerations In The Tissue Preparation For Histological Analysis

The brain is not very amenable to easy histological examination. For 30 years following
the development of the first electron microscope in the early 1930s, good fixation of
whole brains for EM was regarded as nearly insurmountable. The high concentration of
autolytic enzymes and poor connective tissue framework in the brain result in a much

more rapid tissue liquefaction following anoxia compared to other organs.

Simple immersion of the brain in fixative results in altered brain morphology. Areas
situated centrally undergo necrosis well before the fixative has had time to diffuse
inwards. Any changes due to tissue necrosis seen under light microscopy will be
heightened when viewed under EM. The only reliable technique for fixing the cerebral
tissue for histological analysis is to perfuse the cerebral vasculature with fixative
immediately post mortem. The use of cardiopulmonary bypass facilitates perfusion

fixation by allowing infusion of the fixative directly into the aortic cannula.
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A significant contribution to fixation of the central nervous system by aldehyde perfusion
was made by Schultz and Karlsson in California in the mid 1960s (Karlsson and Schultz,
1965; Schultz and Karlsson, 1965). The acidity and the osmolality of the fixative were
found to be important in preservation of both the intracellular volume and the extracellular
space. Furthermore, regions of the brain vascularised by capillaries of the blood-brain
barrier type require different fixative from regions, which have capillaries of the endocrine
type. This is evidently due to differences in the permeability of the capillary walls to

solutes in the fixative (Kalimo, 1976).

Karnovsky’s fixative, first described in 1965 by Morris Karnovsky at Harvard Medical
School is a hyperosmolar combined formaldehyde-glutaraldehyde fixative for use in
electron microscopy (Karnovsky, 1965). This fixative was used for all the studies in this
series. Karnovsky surmised that the formaldehyde penetrated faster than the
glutaraldehyde and temporarily stabilised structures that were subsequently more

permanently stabilised by the glutaraldehyde.

Preparation Of Karnovsky’s Fixative

The Karnovsky’s fixative was prepared in batches of two litres. All stages of the
preparation were undertaken under a chemical extraction hood. Initially 700mls of
deionized distilled water was warmed to between 60-70°C over a Bunsen burner and 80g -
paraformaldehyde (Ted Pella Inc, CA, USA) was added and stirred in thoroughly.
Following this 10-20 drops of 1N sodium hydroxide (JT Baxter Chemical Co.® NJ, USA)

was added until the solution cleared.

The solution was cooled to room temperature after which 100 mls of 50% glutaraldehyde

(Eastman Kodak Company. NY, USA), 1.5g calcium chloride (JT Baxter Chemical Co.®
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NJ, USA) and 1.0L of 0.2M sodium cacodylate buffer (Emest Fullam Inc. NY, USA)
were added. The solution was topped up to the two litre mark with distilled water and
then passed through filter paper (No.4 size Whatman® England) to remove any
precipitation resulting from a supersaturated solution. The filtration was an additional but
important modification designed to reduce the likelihood of particulate embolisation in the

microvasculature of the brain at the time of perfusion fixation.

The pH was determined with a pH meter (Model 325, Fisher Accumet® NJ, USA) and
brought up to a final pH of 7.2 by the addition of 1N sodium hydroxide, one drop at a
time. The osmolality of the final solution was determined with an oSmometer (5100
Vapor Pressure Osmometer. Wescor Inc. Utah, USA) and the fixative stored in a cold

room or refrigerator at 4°C.

The final solution was straw coloured and clear with a concentration of 2.5%
glutaraldehyde, 4.0% paraformaldehyde, 0.075% calcium chloride and 0.1M sodium
cacodylate. The pH was 7.2 with an osmolality between 1700-2000 mosm.kg". The
combination of glutaraldehyde and paraformaldehyde results in a solution that is not only
pungent but also extremely irritating to the mucus membranes of the respiratory tract and
to the eyes. A surgical gown, gloves, cap and mask in addition to eye protection goggles |
were worn at all times when handling or delivering the fixative solution. A more detailed

list of the suppliers of the chemicals and equipment used to prepare the Kamovsky’s

fixative 1s given in Appendix 2.

Perfusion Fixation Of The Brain

At the end of the period of ischaemia and reperfusion described above for each animal, the

clamp on the bridge of the CPB circuit was released and the blood drained out of the
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animal into the venous reservoir. Folldwing exsanguination, the aortic cannula was first
clamped to prevent air entering the circuit, and then disconnected from the
cardiopulmonary bypass circuit. The aortic cannula was then connected to the stem ofa Y
connecting tube. A one litre bag of heparinised normal saline was attached to one arm of
the Y connecting tube and a one litre bag of Karnovsky’s solution attached to the other

arm. Great care was taken to insure that no air entered the circuit during this process.

An infusion pressure bag around the heparinised saline was inflated to maintain a constant
cerebral perfusion pressure (CPP) of 50 mmHg during the infusion. The difference
between the pressure in the descending aorta and the sagittal sinus venous pressure was
used to determine the CPP. The infusate returning to the right atrium was drained out of

the venous cannula into a plastic container for disposal.

In order to flush out any residual blood cells and plasma from the vascular space, between
750 and 1500 mis of heparinised normal saline (10,000 IU heparin sulphate/L) was
infused via the aortic cannula. The infusion was continued until the colour of the returning
fluid had changed from red to almost colourless. At this time the infusion of heparinised
saline was stopped and the infusion of Karnovsky’s solution commenced, again at an
infusion pressure that resulted in a CPP of 50 mmHg. Following infusion of 1.0L of
Karnovsky’s solution, the aortic and venous cannulae were removed and the specimen

prepared for examination under electron microscopy.

Preparation Of The Brain For Electron Microscopic Examination

The brain was removed from the cranial cavity as described in Chapter 3. The entire
specimen was then placed in Karnovsky’s solution for a minimum of 72 hours to allow the

fixation process to continue. After this time the brain was removed from the Karnovsky’s
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fixative for further processing. In order to reduce irritation, caused by the vapours of the
fixative during handling, the specimen was rinsed with 0.1M sodium cacodylate buffer
containing 7.5% sucrose. This solution was prepared by addition of 7.5g sucrose
(Mallinckrodt AR®, KY, USA) to enough 0.1M sodium cacodylate buffer (Ernest Fullam

Inc. NY, USA) to make 100mls of solution. The solution was stored in a refrigerator at

4°C prior to use.

Previous cerebral blood flow and metabolic studies have demonstrated that the greatest
regional reduction in flow following DHCA is in the cerebral hemispheres (Tsui et al,
1997; Tsui et al., 1996). It was therefore felt that if abnormalities were detectable by EM
the greatest area of damage was likely to be in the cerebral hemispheres. In addition, the
different cerebral sulci and gyri can be easily identified on surface inspection of the brain
therefore allowing sampling of the same area in each animal. The central sulcus marks
the boundary between the frontal and parietal lobes. The precentral gyrus is situated
immediately anteriorly to the central sulcus and was the area chosen for examination

under EM as it proved to be both easy to identify and remarkably consistent between

specimens.

A 5Smm by 5mm block of tissue was carefully dissected from the medial end of the
precentral gyrus of the right cerebral hemisphere in each animal. The block was washed
for 20 minutes, initially in 1 molar cacodylate buffer containing 3.4% sucrose and then in
a solution of 0.1 molar veronyl acetate buffer which was changed twice. This entire
washing process was repeated a further two times. The specimen was then fixed on ice in
reduced osmium (1% osmium tetroxide in 1 molar cacodylate buffer containing
K4Fe(CN)y) for one hour. Subsequently the specimen was fixed for one hour in 1% uranyl
acetate in veronyl acetate buffer. After a brief wash in water, the specimen was
dehydrated in a graded series of ethanols, embedded in Spurr resin (Electron Microscopy

Sciences, PA) and baked at 70°C for several hours. Ultrathin sections were cut on a
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Reichert Ultracut E ultramicrdtome (Leica, IL) and picked up on 200 mesh copper grids
(Electron Microscopy Sciences, PA). A minimum of six grids were prepared with one to
two sections per grid. The specimen was then viewed in either a Philips EM300 or a
JOEL 100B electron microscope. With blinding to the perfusion protocol, each grid was
viewed in its entirety. Regions thought to be most representative of the entire grid were
photographed. The electron micrographs which best displayed the relevant features

present in the individual study groups were selected for inclusion in this dissertation.
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RESULTS

Figure 4.1

Cerebral capillary or small arteriole following 60 minutes of CPB at normothermia
with no ischaemia.

This transversely sectioned blood vessel is a capillary or small arteriole. A thin endothelial
layer (E) surrounds the ovoid lumen of the vessel. The cytoplasm of the endothelial cells
shows few organelles except mitochondria (M) and short cisternae of granular
endoplasmic reticulum. In contrast to capillaries in other organs the ones in the central
nervous system show few pinocytotic vesicles. Surrounding the capillary is the basal
lamina (B). Where the endothelial cells meet, junctional complexes (J) are seen. The
endothelial cell plasma membranes come together at these points to form zonulae
occludentes which are the morphological basis of the blood brain barrier. At the one
o’clock and seven o’clock positions two small cellular projections (CP) are seen lying
within the basal lamina which separates the vascular elements from the glia limitans.
They are probably smooth muscle projections, which would suggest the vessel was a small
arteriole rather than a capillary.

The surrounding neuropil demonstrates apposition of adjacent neurones characteristic of
well-fixed cerebral tissue. A glial cell with normal ultrastructure is situated at the left
edge of the micrograph. The three areas of lucency (L) seen superiorly may represent
swelling of astrocyte foot processes but are more likely to arise from incomplete perfusion

fixation. In summary the vessel and surrounding neuropil are within normal limits.

Figure 4.2

Section of cerebral vascular endothelial cell following 60 minutes normothermic
CPB.

An area of Figure 4.1 at higher magnification. The matrix of the endothelial cell
cytoplasm is rather dense and appears granular. Mitochondria (M) and short cisternae of
rough endoplasmic reticulum (RER) are seen within the cytoplasm of a vascular
endothelial cell. A junctional complex (J) can be seen separating contiguous endothelial
cells. The basement membrane (B) surrounds the vessel and beyond this is a complete

covering of astrocytic foot processes (AsP).
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Figure 4.3

Perivascular space of arteriole following 60 minutes normothermic circulatory arrest
and 60 minutes of reperfusion.

A portion of an arteriolar endothelial cell (E) and a surrounding pericyte (P) separate the
vascular lumen from the perivascular space. Pericytes are elongated, contractile cells,
which wrap around pre-capillary arterioles. The presence of a surrounding membrane and
mitochondria (M) in the perivascular space suggests that this large pale area is
intracellular. The process must therefore represent massive oedema of the astrocyte foot
processes (AsP) that completely surround the vessels. The mitochondria themselves are
also swollen and the osmium appears to have adhered to something within the cytoplasm
to give the appearance of dense clumps of iron filings. Further into the neuropil the
damage is more graphically seen with mitochondria that appear to have almost exploded
(ExM) due to oedema. The large tissue spaces (TS) within the neuropil are grossly
abnormal.

The vascular ultrastructure seems relatively well preserved compared to the surrounding
neuropil, however, the appearance is far from normal. The basement membrane is
somewhat irregular and perhaps slightly thickened. The endothelial cell itself is darkly
osmiophilic with light patches, and finger like endothelial processes (EP) project from it

into the vessel lumen. In summary the appearances are grossly abnormal.

Figure 4.4

Cerebral vessel wall following normothermic circulatory arrest for 60 minutes
followed by 60 minutes reperfusion.

The electron micrograph shows an area of Figure 4.3 at higher magnification. An
endothelial cell (E), smooth muscle cell (SM) and a pericyte (P) separate the vascular
lumen from the perivascular space. The mitochondrion (M) visible in the perivascular
space is clearly oedematously swollen. The nuclear chromatin of the pericyte is clumped
and peripherally positioned. The basal lamina (B) has irregular projections. Endothelial
processes (EP) project into the vascular lumen. These may represent disintegration of the

endothelial cell as a result of necrosis.
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Figure 4.5

Transverse section through a small cerebral arteriole following 60 minutes of DHCA
without reperfusion (alpha-stat cooling).

The vessel is surrounded by oedema fluid within astrocyte foot processes (AsP).
Mitochondria (M) are seen within the cytoplasm. The lumen appears completely occluded
apart from a slit-like opening on the left side. The endothelial cell nucleus (N) is
conspicuous and lobulated. The cytoplasm is dark, with few organelles. A junctional
complex (J) is visible between two contiguous endothelial cells. A smooth muscle or
pericyte cellular projection can be seen lying within the basal lamina (B) suggesting that
the vessel is probably a pre-capillary arteriole. There is considerable vacuolation (Va) of

the cytoplasm in the cells of the surrounding neuropil.

Figure 4.6

Transverse section through a cerebral arteriole following 60 minutes of DHCA with
60 minutes reperfusion (alpha-stat cooling).

The vessel is collapsed. Marked perivascular oedema of the astrocyte foot plates (AsP)
surrounds the vessel. Large vacuoles (Va) are present in the neuropil. Numerous
synapses (Sy) can be identified. On the outside of the endothelial cell the nucleus of a
smooth muscle cell (SM) is prominently situated. The cytoplasm of the smooth muscle
cell can be seen extending a short way around the vessel. The smooth muscle cell lies
within a basal lamina (B) that separates the vascular elements from the glia limitans
bounding the surrounding components of the cerebral cortex. The endothelial cell thickens
only thickens where the nucleus (N) occupies the cytoplasm. The endothelial cell
cytoplasm is dark and shows few organelles apart from mitochondria (IM). A junctional
complex (J) is clearly visible. The overall impression was that the oedema was less after a

period of reperfusion than immediately following the arrest period.
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Figure 4.7

Transverse section through a capillary or small arteriole following 60 minutes of
DHCA without reperfusion (pH-stat cooling).

Gross swelling of the astrocyte foot processes (AsP) result in the large pale area that
surrounds the vessel. Dense mitochondria (M) with a highly osmiophilic mitochondrial
matrix can be seen in the cytoplasm of these glial cells. The thin vascular endothelial cell
(E) is only thickened where the lobulated nucleus (N) occupies the cytoplasm - a cellular
process (CP) of either a pericyte or a smooth muscle cell appears to cap this nucleus. The
basement membrane (B) demarcates the vascular and extravascular elements. Within the
vessel lumen a red blood cell (RBC) is clearly visible. In the neuropil a large glial cell is
prominent (G) and a considerable- amount of vacuolation (Va) is visible. Synaptic
connections (Sy) are frequently seen. The features in this micrograph are very similar to
those in Figure 4.5 when the alpha-stat strategy of blood gas management was used during

the cooling stage prior to DHCA.

Figure 4.8

Lumen, endothelial cell and perivascular space of a cerebral capillary following 60
minutes of DHCA without reperfusion (alpha-stat cooling).

The vessel lumen is occupied by a red blood cell (RBC). Within the cytoplasm of the
endothelial cell is a myelin figure (MF). This is a normal finding in an electron
micrograph of the brain. Myelin figures are artifacts thought to develop during
processing of the tissue. Rough endoplasmic reticulum (RER) is seen within the
cytoplasm and the basement lamina (B) appears thickened. The perivascular space is
abnormal with oedema of the astrocyte foot processes (AsP) abutting the basement
membrane. A swollen mitochondrion (M) and a lysosome (Ly) can be seen within the

oedematous cytoplasm of the astrocyte.
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