(CARDIFF

UNIVERSITY

PRIFYSGOL
(AFRDY

Use of Perfusion PET/CT Imaging to Assess

Cardiac Function and Repair in Murine Diabetic
Cardiac Models and Subsequent Refinement and

Validation of Predictive in Silico Cardiac Models

by
Aishah Alenezi

Thesis submitted oduly 2022 at Cardiff University for the award of Doctor of
Philosophy

Wales Research & Diagnostic Positron Emission Tomographging Centre
(PETIC)

School of Medicine, Cardiff University,
CF14 4XN Cardiff, United Kingdom

Supervisors:
Dr. Stephen Paisey, Dr. Anita Thomas, Professor Paolo Madeuttiu

Christopher Marshall



In the name of God, most gracious, most Merciful

This work is dedicatedb.

My late Father
My mother
My children Agab and Ahmad

My supervisaos Dr. Stephen Paisegnd Dr.Anita Thomas

and

all my beloved family and friends



Acknowledgements

Thanks be to Almighty God, the most merciful, for giving me the strength to complete this research
despite all difficulties. Thanks be to God, for giving me the privilege to be supervised by a great person
like Dr. Stephen Paisey.

| am grateful to havingeceived great support from my parents, Mubarak and Alhanoof Alenezi.
Thank you for being the best parents a person could have.

| would like to express my special thanks of gratitude to my supervisor Dr. Stephen Paisey for his
endless support throughouyy BhD journey. The completion of this thesis could not have been
possible without his guidance, patiencegmimaisiasm

A massive thanks to Kuwait University for giving me the opportunity to complete my postgraduate
studies.

A special thanks to Dr. Anita Thomas for her support and advice during this aese@lt¢he last

minute Thank you for beinguch an amazingly true inspiration to me.

A big thanks to Professor Paolo Madeddu for allowing me to work with theirgupandristol

University by offering every piece of advice as well as allowing the smooth access to their facility
during the covid crisis in order to complete my work.

Thanks to the director &ales Research & Diagnostic Positron Emission Tomogragbyndm

Centre, Professor Christopher Marshall for offering all the support in using the preclinical imaging
facility.

| must also thank Luiza Haberska in the produttam of the Wales Research and Diagnostic PET
Imaging Centror facilitating the prodion and the delivery of the radiotracers.

Thanks go to all my lab colleagues and the entire academic team in Cardiff University.

Many thanks to my dearest friends Sadia Malik, Ahlam Abdelkader and Asma Bubtana for being true
friends

Finally, speciahanks tomy children (Agab & Ahmadhy sister Karema Alenezi, my brother
Abdullah Alenezi, all my sisters and brotiheysnieces and nephews for their unconditional love,

and encouragement.



Table of Contents

SUMM A R Y ettt ettt e oottt et oo et ettt e e et e et e e e et h ot e ta e e et e ta e e e eeaba e e aeaneaeeetaaaaae 10
LIST OF FIGURES ... ..o ettt e et e e ettt e et ettt s ama e e et e eb e e e eeaba e e eeebbameenens 11
L ST OF TABLES: ...t et oo e et e ettt e e e ettt e eeb s e e e e e et e e e e eaaan e e e e eesnameenanns 22
CHAPTER 1: OVERVIEWV. ...ttt e ettt e e ettt e e e ettt e e ae e e e e e eabaaeeeeaaanaaaaes 24
L L THESIEIVERVIEW. ... .tttteetee et ettt et e e e e sttt e e o4 e s et e e e e e e e e e ettt e e o4 e sas e e ettt e e e neaas s e e e e e eee e s e annnreneeeas 24

L 2 THE SIEIY POTHESIS ..ottt et e ettt ettt e e ettt e e e e e et e e e e e e e e s b e ettt e e e e e aa s R e e e et e e e e e s nn b e e e e e e e e e nnnnneees 26

L 3 THESIS OBJIECTINES tetettiuttteeeteeeeesaurete ittt e e e s e sasbeee et e e e s s e s s s b e e et et e e e s e s bbb e e et e e e e e s s b e be et e e e e e e sannrnreeeaaeesananen 26
1.3.1 ODJECHVES OULINE:. ... etiieieiee e e e e e s s e e e e e s s s s beae e e e e e e s e annraneeeeeeeaann 26

L ATHESIS OUTLINE. ...t eteetiureeeeiatreeessameeeeesasseeessmneeessanse e e s e asre e e e asr e e e s aan e e e e aanen e e e aan e e e e aanre e e s annneeesanreeenannns 27
CHAPTER 2: GENERAL BACKGROUNDL......cuutiiiie ettt e e e e e e e e eane e e 29
P2 N L U o e PP PPT 29
2.2RSK FACTORS ASSOCIATEDGMR. .....coiiiiiiiiiiiiiiie et 30
2.30VERVIEW OBARDIOVASCULAR SYSMEWIS):....eeiiiieieiiittiieete e e e ettt et e e e e s e siibbe et e e e e e s s s sanbbeee e e e e e s annnneeeeeas 30
2.4THE METABOLIGIB GENETIC ADAPTATION DUBMIGE ........oeviiiiiii s 33
2.5WAYS TO EVALUATE OR SCARYABE .....oiiiiiiiiiiiiiii ettt s a e 34
2.6PETBASIC PRINCIPLE ....eettttetiitttteeteeassssetstseetaee e s saats st et e e e e s s st b e e et e e e s e s srarae et e e e s e saanrrn st e eeeesenenrnnnees 40

2. 7TPETSYSTEM COMPONENTS. ....tttttteeeiaiuuttnetetaessaassrrsetesesssaasssraeetaees s s srsrreeteesssassbasneetesssasnnrenereeessnasd 41
2.7.1 Solid scintillation Crystal (AEtECLOIS): ... ..uuiiiiieieeiiiiiee ettt sbre e e 41
2.7.2 Photomultiplier tUDES (PMTS) ittt snnee e s snnneee e B
2.7.3 Preamplifier, amplifier, and pulse height analysers (PHA) ... 45
2.7.4Annihilation coincidence detection (ACD) CIrCUILS.......cvvvviereeeiiiriiiieeee e s eesiieere e e e ssssnnenenee . 4D
2.8COMBINEIPET/CTMAGING. .....ceiiuteieitreeestee et ee st e sttt e se e sne e sss e s e e n et e s e e s nn e e snne e e nnneennreennneas 47
2.9APPLIED CORRECTIORIENIMAGES ......ceiiirtiietireieessireeeesssreeeessirene e s ssre e e s samne e e e s e e e s anre e e s snreeesennreeeeenres 48
2.9.1 ALENUALION COMECHION:. . .iiiiiieiiie it ree e e e sne e snneesneesnnee e A8
2.9.2Types of coincidence events, scatter, and random COrreCUONS:..........ceeveeriiiriiirieeeeeeiiiiieen 48
2.9.3 DRAMIME.. ...ttt ittt et e e ekt e e st et e e E e e e e e e e e e E e e e e e Er e e e e e r e e e s arre e e e e 50
2.9.4 NOIMIBIIZATION: .....ee e ettt e e st e e e et e e ekt e e e b r e e e e bt e e e anbe e e e e nre e e e enneas 51
2.10TYPES OF IMABEQUISITION FRETSYSTEM ...uuiituiiitiiiiiiie it e et e e s e et esae s st s s sb e s sbsasa e sanasraans 51
2.10.1 SEALIC ACQUISITION: . ....tteieiitieee ettt e et e e e et bt e e et e e e anb e e e e e anreeeeanees 51
2.10.2 DYNAIMIC BCOUISTTIONLL ...etettete ittt e ettt ettt ettt sttt e s e bt e s aab e e e e e nbe e e e enbeeeeennes 51
2.10.3 Gated ACUISTTION: ... .eiiiiiiiiieiite it ett et e e s ab e e st b e e s bb e e s anb e e e e e nnbeeeeeneee 52



2. 11DATA RECONSTRUCTION. ...cttttiiiuittttiiieestisiitbest e e s e s s st s e e s s s s bbb e e e e e s s s bbb e e e et e s s s s s bbb b e e e e e e s s s aarnree s 53
2.11.1 Filtered bacRIrojeCtion (FBP):.........uiiiiiie ettt 53
2.11.2 Iterative reconstruction (IR) algorithmii.............eeeiiii i 54

2.120VERVIEW ARETQUANTIFICATION METHODS. . .euuiittiittiiitiiettessissttessaesssnesstnsesasssnestntessnessteesnessnns 55
2.12.1 The standard uptake Value (SUNM):......coiiiii it 55
2.12.2 Pharmacokinetic modelling (PKIN) or compartmental modelling:...........ccccccoviveiinieeennn 56

2.13COMMONLY USED COMPARTMENT MODELS. ...cettettiiittrteeteeeesssttnneeteeessassnnsnreeeeessssssnnnneeeesssssnnnennees 58
2.13.1 One tissue companent MOCE] (LT C) . ittt 58
2.13.2 Two tissue compartment MOdel (2T.C):. .. ..ui i 58

2.14THE APPLICATION OF COMPARTMENTAL MODELLING. ....ccetetiiirtteeiteeesssinnreeeeeessssmnnneeeseessssnnneneeeeens 60

2.15THE USE OF THE MURINE MODEL .....uvvtteiiireieessireeeessereeeessineeeesssneeeessmnneeessneneesssnneesssnnnnesssnneessnnnnesssd 60

2.16EXAMPLES OF MURINE MODELS .....ceciutretieinreeesirreeeesnneeessnneeessnnseessnnneessnnneessnnesessnsnneesssnneeesnnnnes 61
2.16.1 DIabetes MEIIIUS:....ccueieiieieieiee ettt ettt e st e s nnn e nnn e 61
2 T o =1 o USSR 62
2.16.3 The hindlimb iSChemic MOGeL:...........oii e 62

2.17THE POTENTIAL UTILITWEF CFRANDMGMIN CARDIABETIMAGING .......evviiiiiieiiiiiiireicien e 62

2.18PET/CRS A QUANTIFICATION TOOLNEBRANDCIM ... ..ottt ettt e e e e e s e s s e e e e naaaas 64

2.19MICROPET/CTVAGING OF MURE MODELS .......cieittttteiiteteesasnreeesamsneeesassaeessassseessansseessassneesasssseessnnnes 65

2. 20GENE THERAPY ....tttttteett ittt tte e et et st ettt e e e s e s s e e e e et et e e e e e e as s b e e e et e e e e e e e b bR e e e e e e e e e s e b ar e e et e e e s e sasnnnneeeeeeeeas 67

2. 21 GAPS OF KNOWLEDGE +++ttttettiuuttteetteeesssasssseeetaessasssraseeetasssaas s e s ee e s e s e s s ba e e et e e e s e snsrnneeeeeessessnnrnneees 68

Ay @ o N (o U1 o | PP PPPR PP 69

CHAPTER 3: METHODOLQGY.....uuiiiiiitiee ittt s e e e ettt s e e e eeeti s e esaeseeaeessa s aeaeesannseeeestnn s amnseeeessnnsaeeeees 70

3.1IMATERIALS AND METHDIDS. ... 0eetetiureeeeesireeeeesnreeessneeeesssnneessamreeeesssneeessasneeessasreeesesnneneesanneeesannneeennnnns 70
3.1 1 THE PET/CT SCANMMEL: ... ueiiitiiiteeeieee sttt et stee et st e s ne e e ss e e s e s nn et e sar e e nne e snre e e nnneenaneeannees 70
T I (= I U Y=o [ Yo o] oY TP PEPR 70
3.1.3 Radionuclides (radiotracers) used in this researCh...........ccccccooiiieiee e, 70

.2 ANIMAL MODELS....1tttttiee ittt et sttt e e e e s st bt e e e s e e s s bbb b e e et e e st s s bbb e s e e e e e e s s s bbb e e e s e e e s s sabbabeeeneeenenanen 72

3.3 THERAPEUTIC GENE NAME. ...cceiiiiiuttiiiieiessisssiirestesee st sssisrsss e e s e s e s s st sb s s st e e e e s s s abab e e er e e e s s s s ssbraeeeeaesssaannns 72

B.AVARIANTS OF THE GENE. .. 0utettieeiiiittreetteteeeiasttraetteeesssatnsrae e e e e s s e sssraaeeeteessasas s b e aeeesesssasabareneaeeessssnrens 72

3.5 COENE CLONINIG. .t tttttteteetistttreette et ss st b sttt e e e s s sa s bt e e e e e e s e e bbb e et e e e e e e s s b b e b et b e e e e e s s b b an e et e e e s e s sannrenneeeeeenannns 72

3. 6VECTORRODUCTIAN. ....eettteeeiiurtrreeteeessssatstrseeeeeessstbrs e et aaaessa st b e e e et e e e s e s s eraseeeteeeseassranseeeeeesesenrnnnees 72

3.7 GENE DELIVERY METHQOD. ... .uutttttteteessassntsseeetesasaasssseeteeaesssaasssseeeeeeessassnssneeeaeesssassnreseeeeeesssnnnrrnneeeeeas 73

BLBHEALTHY MICE ...ttttitiieii ittt e ettt e et e e e e o1t e et e e e e s e bbb et e e e e e e e s b b e b e et e e e s e e asnnrnnneeaeeenannnns 73

4



S.OHINDLIMB MICE MODIEL 1uutvttitttetttiettnesessessessnesstasestnesssaesssessnsstaestnstsseestessnesststessnteeteeestneesnersnens 73

3.10THE DIABETIC MICE MODEL ..ciiiiiiiitttiiiieie s s iitibeeen e e s s s et e s i bbb st s e e e s s s bbb e e e e e s s s s sbbare e e s e s s s sannre s 73

3.10.1 Mice groups for the diabetic MOdEL:............uiiiii i 73
3. 11AGEING MICE MODEL ....iuitttittiee e s ibass et e e e s e st st ete e et sbe e et e s e e e s b e e e e e e e e s s b b e et e e e e s e sssrnneeereenee s 74

3.11.1 Mice groups for ageing MOEL:..........cooi e 75
3. 12HINDLIMB MICE MODIEL ....ttttttteeeeiiittteeeteeeese st e e e e e s s s bae et e e e e e s sbbbn e et e e e s s saaer s ne e et e e e s e snsrrnneeeesenannnns 76
3. 13IMAGING PROTOCOLS. ... tttettteeeiaaittrestteseessaassbae et eae s s saasbaree et e e e s e ss b e ae e et e e e sass s e e eeeeteeesasasnreneneeesssnrnns 76

3.13.1 Imaging protocols for diabetic MOAEL............iii e 76

3.13.2 Imaging protocols for healthy, ageing and HLI models:..........ccccoviiiiiniiiiiniee e, 77
3. 14 IMAGE RECONSTRUCTION. ... uttteteteeessiittesseeeeeesssssssseeeeee et s aassssseeeeesesaass s beeeeeaesesannnreeeeeeeessnnnnreeeeens 78
3.15THE DATA ANALYSIS SOFTVWARE ....cittuttttteteteeeiaatttseeteeesssasne et eeeeaesssbsbe e et e e e saasn b bee et eeeessaannreneeeeessaan 78
3. LOECHOCARDIOGRAPKHY. ....cciiuttetetiteteesireeeesstee e e s st e e e s st e e e s r et e e s s ne e e e e aene e e e e s e e e e e asne e e e aanre e e e e anreeeeennneas 79
3. L7LASEMDOPPLER IMAGING. 1. uttetetiureeeessireeeessnreeesasreeeesssnneeesamree e e s asne e e e e ssnee e e e anreeesennneeeeeasneeeennnneeeeennns 80
3. 18HAIR REGROWTH GRID.....ciiiiittiiiiiie s ittt ee s s sttt s e e s sab e e s e e s s sb bbbt e e e e s s s s bbb b e e e e e s s s s sanbaaeeeae e s 80
3. IO ORGAN HARVESTING. ...ceiiuutttttiiee e s ibas sttt e e s s st b et et e e st sb b e e e e e s s s e bbb e e e e e e e s s s bbb a e e r e e e s s s b e beeeaeenn s 80
3.20IMMUNOHISTOCHEMISTRY STAINING. .....vttettteeeiiiitrareeireessssitrssesssesssssssrasseesesssassnreseresssssssnnreseresess 81
3.21FLUORESCENCE MICROSCORY .....iiittttitieeetsiittasettae et e sssitssstetessaa s sbss st e eesssassbara s et e aasessabnrneeeaeessnnns 81
. 22IMAGEISOFTWARE . .....utttitiieetiiitttet et e e s s sttt e e e e st bttt e e e e s s s b r e ettt e e e s e s bbb a e e e e e e e s s e b b rr e e e e e e s e naerennees 82
323 STATISTICAL ANALYSIS. . utttittiee ittt ttete e et ettt e e e s s s e e et e e e e et e b e ae e et e e s s e s bbb e e e e e tesssasabnre st reeesssnrene 82

CHAPTER 4: EVALUATION OF MRIRIICT SYSTEM QUANTIFICATION ACCURACYRRDIE ANDN-

NH; USING NEMA STANDARD TESTS. .. ittt ettt ettt s e e e e et e e e e e st s e e e eaneeeeatanaaaaes 83
A L INTRODUGCTION. .ttt s e e e e e e e 83
4.1.1 Spatial reSOIULION (SR i ettt e e b e e rnbe e e e e aees 85
g S 1= S 111 PSS 388
4.1.3 Scatter fractions (SF) and counting rate measuremMeNtS:........ccccveeeeeicciiireeeeesessereeeeee e e 89
T [y = Vo T3 [ = 1) Y2 L ) SR 20
R ® = N {0 L = PRSPPSO 96
A 3MATERIALS ANBIETHODIS .....ciiittteeiiee ettt e e r e a e s s s e e e e e s s s bbb e st e e e e e s sab b b e e e e e e e s s saarnbeeene s 96
R N o /O B Tor= o = O PP EP PRSP 96
4.3.2 RadionuClides (OF FadiOIrACEIS) .. ....ci it ettt e bbb e e e e e e e e e e e e e e e e sane 96
4.3.3 The 1Q PRANTOMI:...cci ittt e et e e e e e e st e e e e e e e e e s abbbe e e e e e e e s annnbees 97
4.3.4 The analySiS SOTWAE. ... ettt e e e e e st e e e e e e e s e nbnreeeeaaeeeannes 97
4.3.5The 1Q PRANTOM TS ...ttt ittt ettt e bt e e s aabe e e s sabb e e e s annneeas 97
4.3.6 Data analysis of the 1Q PhantQmMi...........cooiiiiiiiiiii e 98



N S I P 101

Z S B 01811 [ ) PP PP 104
A.5.1 RCYD ANAIYSIS: ...t ee ettt e ettt e e e e e e bbb e et e e e e e s bbb e et e e e e e e nrrrreeaaaaaean 105
4.5.2 UNIfOrMILY @NAIYSIS:. .. .eteeiieieeeiiitte ettt e e et e e e e e e s st b ere e e e e e e e e annbeaeeaaens 109
4.5.3 SOR ANAIYSIS: .. i ittt e et e e e e et e e e e e e e e n b b e e e e e e e e e e nnabaeeaaaaaaan 110

1@ o N o] WU L[ | PO TP PPOTPTRI 111

MURINE STUDIES. ... .ottt e e e e e e ettt e e e e eeta e e e e eean e ea e e e e eaan e e eeeta e eeeeaneeeennns 113
5. L INTRODUGCTION. .11t tttttttetereseresesesssesesese e s ss e e et e e e e e ssse e e e e e e e sesnsenesnnnsnnnnnnnnnne 113
5.1.1 Previous studies to assess cardiac metabolism in.mice:.........cccoooviiiriiii i, 114
5.1.2 Previous PET studies on MBF qUantifiCation:..........c.uuviiieeririiiiiieice e ciieee e e e 116
5.2TECHNICACHALLENGES IN MICE IMAGING. ....vetteiurreieesurreeessnneeeesnneeeesnneeessnnneeesnneeeesnneeessnneeessnnnnees 117
L7 I Y 11 = T = (o |11V PSR 118
5.2.2 Compartmental MOAEIING:.......coeieiiiiiiiiie e e e e e e e e e s re e e e e e e e e anes 120
5.2.3 Available software for Compartmental modelling...........ccccceviiiiieere e, 123
5.3PHARMACOLOGICAL STRESS ABBRUTAMINE VERSUS ADENOSINE.........cutriiiiieeiiiiiirieireee s ninsneeene e 123
LA OBIECTIVES. ...ttt ettt e e e et e e e e e e s et e e s e ae s 124
5.5MATERIAL AND METHQDIS .. cttttttieeiiitttreetesiesssesisbresteeee s s st srasse e s e e s s sas s bae et e e e s s sababneeeeeesesasranaeeeeeeeean 125
5.5.1 AnNiMAaNd the SAMPIE SIZE:. ... .eiiiiiiie e e e e 125
5.5.2 The MICHPET/CT SCANNEI . ... ittt ettt ettt e e sab e e e e bb e e e e nnbe e e e enees 125
LR TR I 2 ¥= (o [T 1 2= Yot =T PP O PP POUPPPPPPPPRN 125
5.5.4 Type of pharmacological StreSS agent........ccoiiiiiiiiiiiie e 125
5.5.5 STUAY TESIGN: . ettt ettt e sttt e e s bt e e sttt e e sabb e e e e sbbe e e e abbeeeeanbaeeeeane 126
5.5.6 ReCONSIIUCHION Of PET IMAGES.. ... uueeieeeiiiiiiiiieeee s e ettt e e e e e s s ee e e e e e e e s nntarer e e e e e s s snnraanneeeeas 129
5.5.7 Data analysis and the USed SOftWAIE:...........ouiveiiiiiiiiiiicee e 129
LRSI S ] = L 1o TR P R UR R PPP TR 134
LG Uy TP PF RSP 135
5.6.1 MBF ANalySiS FESUIS:.......uuiiiiiiiiiiiiiiieie e e e e e e e s s st e e e e e e s e s snnreaeeeeeeesennreens 135
5.6.2 MGM @NAlYSIS FESUILS:....coi ittt e e e e st e e e e e e e e nnbreeeeaa s 138
5.6.3 SUVS fOPFFDG and3N-NH rESt SCANS:....cueiitiiiiiiiiiieieeiteesiee sttt ste e e seeeeee e e 138

D 7 DISCUSSION. ..ttt e ettt e ettt e e e e e s ettt e e e e e e e e e et e e et e st et e e e e e e e e et e e e n e n e ne s 140
5.7.1 Standard protoCOl @NAIYSIS:.......cociuuiiiiiiiiiie it 140
5.7.2 MBF QUANTIICALION:. .....eiiiiiiii et nb e 142
5.7.3 MGM qUANTITICALIONL ......eeiiiiiiiie ettt e e s e e s snnneeas 146



LSRR 1@ 0] o 0 £ [ | RPN 147

CHAPTER 6: THE ABILITY OF THE NMIEROT SYSTEM TO DETECT METABOLIC AND BLOOD FLOW CHANGES

IN THE HLI MODEL ... . ettt e ettt e e e e e et e et e ene e e e et e e e e e bba e e e eenba e ama e eeas 149
B. LINTRODUCTION. .1ttt ttieuttrettteee s s sttt r e e e s s st ettt e e e s s e b e e et e e e e e e s ab b e s e e e e e e e e s s e b b e st et e e e s s e ssnbneneeaaeessaene 149
5.2 0BIECTIVES . ...utttettteeiiiiittte et tes s e s e sttt e e e s e s bt e e e e e e s e b e e et e e e e e 1a R e et e e e e et e e et e e e s e n e ar e e e e e e e e nae 150
6.3MATERIALS AND METHIIDS. .....tttttttettiittreetteeeeessatsres et e ee s s s rarae et e e e s et aars e et eeeesssnrare et e e e e e e sanrnreeeeeas 150

6.3.1 ThE @NIM@IS:..cc ittt ettt e e sttt e e ettt e e s aab et e e s b be e e e sabbeeeeabreeeeeae 151
6.3.2 Animal preparation and surgical HLI iNndUCHON:...........coocuiiiiiiiie e 151
6.3.3 The dOPPIEr IMAGINDG: . ..eeieiitiie ettt rb bt et e e e sbb e e e s sbbeeeesnbbeeeeans 152
6.3.4 The MICHPET/CT SCANNMEEL ... ..eeiie ittt ettt ettt ettt e s e e s st bt e e s st b e e s anbb e e e s ennbeee e enenes 152
ORGSR R ¥ (o To 1 7= o] =T £ PP PTR R PPROPRI 152
6.3.6 PET/CT imaging ProtOCOL.........uiiiiiee ettt ee et e e s s re e e e e e s e st e e e e e e s seennreaneeeees 152
6.3.7 Culling, tissue collection and histological analySis:..........ccccoecciiieeie i 153
6.3.8 PET image reconstruction and analysis SOftWale:..........cccvvveieeereiiiiiiieeeee e e e e 153
6.3.9 StAtISHICAl ANAIYSIS:......uviiiiiie e a e e e raa e as 154
B4 RE SULTS o1ttt ittt e e e e s e e e et e e e e e et e et e e s reae s 154
6.4.1 DOPPIEr iIMagiNg FESUIS:.......eiiii e e et e e e e e s ee e e e e e s e aneeeee 154
B.4.2 PET RESUILS ....coiiiiiei ittt e e e st e st e e sabn e e e anneee s 154
6.4.3 Capillary and artery densSity FESUILS:......ccooi it 160
6.4.4 Comparison of PET results with the Doppler imaging and histolagy:.........cccccovivieeeninneen. 162
5.5 DISCUSSION. ... ttteetteeee ittt et e e e e e et e e e e e s e s s et e e e e e e e s b e e e et e e e e e sa s E e b ee et e e e e e s e b nn e et e e e e e e n e nen e e e e e e e e nan 165
LSS 1@ o]\ (o1 MU L] o | PP PP PP EEPPRPTPPP 167

CHAPTER 7: THE THERAPEUTIC EFFECT OF LAN$SBIMTED VARIANT (EBRIFB4 GENE THERAPY

ON DIABETES MELLITUS (BIMIRINEMODELS.........cuuttiiiiiiiiiiiiiiimiiiiieeeeeeeeeee e e e e e e e e e e e s aeeeeaeaaaeeeaaeseannnnnnnes 168
T LINTRODUCTION. ..ttt tutteeeesuteeeeesesaneee st e e st e e st e e amsne e e e s st e e easre e e e easne e e s e anne e e esnre e e e asnneeeeennreeeeennnes 168
474 = | =l 1 1 PP PUTRR PPN 171
7.3MATERIAL ANBIETHODS. ....cteettreeeesnreeeesssneeesssseeeesssneeeesasnneeesamnneeesasnne e e s annn e e e s annn e e e s asnneeenannneeennnnneeens 171

RS B ] (1 1o |V o (=1 [o | o PP PP PP P PUPUPPPRPPTPN 171
7.3.2 ANIMIAL GFOUD S ettt e e ettt e e ettt e e e e e et e b ettt e e e e e s abbbe et e e e e e e s anbebeeeeeaeeeannbbreeeaaeeaaan 172
7.3.3 MICTO PET/CT SCANMEI:....eiiiiitiete ittt sttt ettt et s et e s eab et e s et e e e nb e e e e nnes 173
7.3.4 The USEd FadiOtrACEIS: . ... .eeeiiiiiieitiee e e sttt ettt e st e e e e s e e s aab e e e e nr e e e e enbe e e e e nnes 173
FRC RN gl g gt Ul o £=] oF= T 110 o W T PSP PP PP PP 173
7.3.6 ANIMAL PET/CT IMAGINGE. -+ttt ettt ettt e sttt e st e e e sbre e e s enbre e e e eneee 173
7.3.7 ReCONSIrUCHON OFf PET IMAGES: ... ettt itiiiieitiieeeisitiee ettt ettt e sbere e ste e et e e e sbne e e s sreeeeeaas 173



7.3.9 SUV MEASUIBMENES........ceiriiiiiie ittt s e e 174
7.3.10 Myocardial glucose metabolism (MGM) MEASUIrE€MENLS..........ccoiiiuuririieieeeeiiiiieieeee e e 174
7.3.11EChOCArdiOgrapiIY .. ..cco et e e e e e e e annrees 174
7.3.12 HiStologiCal ANaAIYSIS:.........eeieiieieee ittt e e e et e e e e e e e sbn e e e e e e e e aan 175
T A ST ATISTICS. ¢ttt eee ettt e ettt e e e e e ettt e e e e s e e ettt e e e e e aa s e et e e e e e e e e aa e e b e e e e e e e b rr e et e e e e e e n e e eee s 175
7O RESULT S ettt ettt ettt ettt e oottt e e o4 et e e e e e ot r et e e et e e e e e s e et et e e e s e e ne s 175
7.5.1 SUV MEASUIBIMIEINES. ... etteeieiee e ettt e e et e e e e e e e e e e s e s e e e e e e s e e ann e r e e e e e e e nennnrees 177
7.5.2 MGM measuraents through compartmental modelling:..........cccccovviieeeiiiiei e, 179
7.5.3 EChOCArdiOgIapY:. . .o eeiee ettt ettt e e abae e 180
F SR o 1153 (o] (oo [ Tot= T e Fo - PP RR TSRO 184
7.5.5PET comparison with echocardiographiy:..........cucciiiiiieiieeee e 186
7.5.6 PET comparison with the histology data:........ccccooviiiiiieiiie e 187
T BDISCUSSIONS. ...ttt r e e e s e s e e e e e e s s s b bbb e e e e e e s s s bbb e b e e e e e s s s ab e e r e e s 188
S o] (o1 U £ [ | PP 191

ON AGEING MODEL ...ttt ettt e e e ettt s amt s e e e et et s e e e eeana e e eeennamennen 193
8L LINTRODUCTION. ...ttttttteetiesttreettt s e st se sttt et e e e s ettt e e e e e s e e bbb e et e e e e s s bbb s e e e e e e e e s s b bbb e et e e e e e s s bbnnneeeeeee s 193
8.1.1 AYINg and Cellular SENESCENCE:..........uuiiiiiee ettt e bbb e e e e e e e abbereeeaeaeaaaanes 193
I ® = | =l 1L = PR PP P PP RRRT TP 195
8.3MATERIALS ANBIETHODS .......ettteeteeeeeseiteresereeeeesasss e e e e e e e s sasn e e et e e e s e s sr e e e et e e e e e s anrn e e et e e e e e snnrnrneeeeas 195
SR 0 A1 U0 |V o [T oo PSP OPPRP PPN 195
8.3.2 ANIMAL GIOUPS ettt ettt ettt ettt e ettt e e s bt e e sabb et e e s bbe e e e s bb e e e e abbe e e e nnteeeean 197
8.3.3 MiICIO PET/CT SCANMEL:.....ecititiieeeririe it e s et e et e s e ssne e s esne e s e e ne e e nnneesneeesnneenneeaa 197
8.3.4 The USEA ra0IOtrACEIS ... eieiiii et stee e e se e n e e b e e sne e e snreenneeea 197
8.3.5 Animal preparation, scanning and tissue harvesting:...........ccccvveereeeiiiiciiiieee e e e e 198
8.3.6 Image Reconstruction for the PET/CT SCANS.........cccuvuiiieeeeieiiiiiieeee e e e e s siiieaeeree e e s e snnrnneeeeees 199
8.3.7 Medical Image analysis software for PET/CT SCANS:.......cccciueeeeeeiriiiiiniieeee e eesiiinnee e e e e e e 200
8.3.8 EChOCArdiOgIapNy ... ... e ettt ettt e e e e e e e arae e as 200
8.3.9 HistologiCal @nalySiS:..........euiiiiiiiie e 200
8.3.10 StatiStiCal ANAIYSIS....cii it a e e e e e e e e 200
Bl RESULTS .ttt ettt ettt ettt e ettt e e e oo ettt e e e e e et e e e e et r e e e e e s et e e e e e na s 201
8.4.1 ReSt PerfUSION IMAGING. . ... teieeiitiie ettt e e e e s st e e e s aabeee e 201
8.4.2 Stress PerfuSion IMEAGING: ... .. ueeiiiiiiiie ettt e st e e e sbee e e s sabreeeeaneee 201



8.4.4 Capillary and artery density FESUILS:........uueiiieiii i e srbaae e e e e e 205
8.4.5 Comparison of the PET results whthechocardiography and histological data..................... 205

B O DISCUSSION. ...ttt e st s R E ittt e e b nbnr e 216
IS 1@ o) (o MU =1 | PP P PP PRSP PPPTPPPPN 219
CHAPTER 9: FINAL DISCUSSION:. ... eiieiieeeetiie ettt e e e eei e e e e e e e e e e e eeeetbben e e eeeseeennnnn 221
CHAPTER 10: CONCLUSION, LIMITATIONS, AND FUTURE.WQRK:.......cccee e, 229
10.1SUMMARY AND CONCLUSION. ...cetttetetteeeeeee et et et et et e e et e e e e et e e e e et e et e e e tatat e et e et e aeeeatteaeaateeateaeteeaaaeeeaeeeeaeeeees 229
10.2NOVELTY OF THE RESEARGCH .. .uuuuuuuuuuuutunutuuuunnnnnnnnnnnensssssnsesesnssassssssssnsssssssssssssssssssnnssssssssssssnsnsnnnnns 230
L10.3RESEARCH LIMITATIONS. ..t ettt et e eeeeee e e e e e ee et et et et et et e e e e e e e e e e e e e e e et e e e e e e e e e e e e e e aeaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaes 230
LO.AFUTURE WORIK ..ttt ettt etstttteeteeeeesassbee et e e e e e s st be e et e e e e e e e s bbb e et e e e e e eaaab e b e e e e e e e e e s e nbnbe e e e e e e s e sannrnbnneeeeeeean 231
APPENDICES: ...ttt e e e ettt e e et e et e e b e e enr s 232
10.1APPENDIA: THEGAIN IN BODY WEIGHYT GRANIFOR ALL THE DIABETIC GROUPS ABEID13. ............... 232
10.2APPENDIB: THE CHEST HAIR REGRO(#THF GRIDIN ALL THE DIABETIC GROURS.....vvvvieeeieiiiirieeeeeeeneianns 234

10.3APPENDIK: IMAGEDEMONSTRATIOM FOR FNENH; DYNAMIC SCANS AT REST AND STRESS FOR ALL THE AGEING GROUPS

DURING THE EARLY AND LATE TREATMENT S .1t uiituiiiitiittititteettetttesitteestntssssetseranesstnsestetssassstiersneesresessnesenn 235
O o= N ] 0 LT 243

O R = U o] [107= 1o ] N 243
10.4.2 Expected t0 be PUDLISNEA:.........c..iii i s 243

O B o (=YY< 1 = 1[0 o A 243

IO DR 0 1= (=] S 243

L ] N[O o 244
LIST OF ABBREVIATION S . .. ettt ettt ret et e e e e et st st s e s s e e a e ea et et s et eaneens 275



Summary.

Micro-positron emission tomography (mieMeT) imaging is a powerful imaging modality in
cardiovascular studies for the assessment of mice cardiac fuvotimnTihis modality offers an
insight into biochemical changes on a molecular level through quantifying myocardial blood flow
(MBF), and glucesmetabolism (MGM) as prognostic biomarkers in cardiovascular diseases (CVDSs).
In the past decade, the amount of cardiovascular research usHREMICOhas increased widely
to understand human diseastmdardizenaging protocols, or to evaluatatmeent interventions.
Until recently, there has been a lack of a standard quantitative PET/CT protocols to quantify MBF
and MGM due to the challenges associated with small animal imaging such as resolution, animal
handling and the complexity of image aisalyith the compartmental modelling method. The
combination of a well performing mig?&T/CT scanner and accurate and repeatable imaging
protocols could provide invaluable qualitative and quantitative data that might resolve questions about
a potential gne therapy. Accordingly, we have gathered interesting data about the
bactericidal/permeabilitycreasing foldontaining familyB-membe# longevity associated variant
(LAV-BPIFB4) gen¢hat has been identified by our collaborators and that has slkeoapetiic
effects in protecting against CVDs and-ralgg¢ed pathologies. Thigne variant has been
demonstrated to enhanm@vascularizatioand reduce endothelial dysfunction in mice. Therefore,
this research aimed to first demonstrate the feasfilityraicrePET/CT scanner to assess cardiac
function in murine models through developing accurate and repeatable imaging protocol sets. Next,
investigating the beneficial effects of the BMWFB4 gene in maintaining cardiac function using
diabetic and @érly mice models. Owtandardizedmaging protocols produced accurate and
repeatable quantitative PET data of both MBF and MGM using a compartmental modelling
guantification method. Importantly, our results from both murine models demonstrated the
theraputic role of the gene in preserving cardiac function by enhancing its contractile function,
improved blood flow and reduced capillary rarefaction. PET data were consistent with
echocardiography and histological results. Our findings confirmed thar@®ENIECT scanner
allows the guantitative evaluation of cardiac perfusion and metabolism in mice models, as well as
demonstrating the beneficial influence of the-BRVFB4 gene treatmefithis research has the
potential to be extended for further refinetwd the imaging methods or to investigate&tination

of the effect of the gene and the metabolic mechanisms that have caused its therapeutical action.
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Chapter 1.

Overview

1.1Thesis Overview:

Cardiovascular disease¥[S) are thdeadingcauses of death worldwidéere are many types
of CVDs,includingcoronary artery diseag€ADs), peripheral artery diseagBADs), congenital
and infected heart diseasésiting and venous diseasegglorovascular diseases, and aortic diseases
(Wang et al. 2010)he incidence of CV®is kmown toincrease when associated with risk factors
such asdiabetesmellitus (DM), age, family history, high cholesterol, and high blood pressure
(hypertension(Flora and Nayak 2019; Sarale 2020Q)To better asse€3vVDs and associated risk
factors, clinicians have extensively used measurement tools and imaging modalities to achieve accurat
diagnoseand subsequently apgigbest treatment plg®araste et al. 2009; Jones et al..2014)

Cardiac imaging used as a tool évaluate cardiac function through the possibility to quantify
or measurdifferent types ophysiological indices d®iomarkersby generating structural and
functional informationoncerning the cardiovascular syst8rg(in homeostasis antpathological
conditionsg(Pien et al. 2005; Wang et al. 2010; Lin et al. ROdhgrinformation can be obtained
by monitoringthe heart irdifferent physilogicalstates, including rest and strg&hrestha and Seo
2015; Guerraty et al. 2020hese imaging modalities inclutfeasound (US) imagingiagnetic
resonance imaging (MRI);ra§ computed tomography (CT) imagargl positron emission
tomography (PET) imagindones et al. 2014hese modalitiegryin sensitivity and resolution
perspectivess they produce datiadifferentmolecular or physical mechanismdover different
time €aleqSantos et al. 2018)olecular changes anéiatedprior to any morphological changes
being detectable. As the molecular and systematic changes interabik liegasthere could be
major advantages in the early observation of the molecular ¢hianged Gotlieb 2010; Gotlieb
2020)

PET imaging is a molecular imaging modality that allows thevasive detection of metabolism,
biologicafunction, and blood flow chang&sawlawi and Townsend ; Rischpler et al. 2012; Nappi
and El Fakhri 2013; Slomka et al. 2014; Gotlieb. 20i8)olves the administration of positron
emittingradiotracershat can detect and track metabolic changes on molecular and cellular scales
(Bertoldo et al. 2014; Maddahi and Packard. 204¢f) modern PET scanners are integrated with a
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CT system, generating both functional and structural information. This information can be used to
differentiate between normal and abnormal tissues, detecting changes in the cardiac metabolic
pathways initiated at any disease onset, thus avoiding gobssalsthanges within the CVS and

early treatmer{Di Carli et al. 2007)

Depending on the aim of the study, PET/CT imaging could quantify physiological indices, such as
cardiac metabolism (CM) and myocardial blood flow (MBF), through using the concepts of
pharmacokinetic modiag (Morris et al. 2004; Watabe et al. 2006; Turkheimer et al. 2014; Cochran
et al. 2017)indeed, PET/CT imaging is the gold standard ofimeasive quantification of MBF
(Schoder et al. 1999; Kaufmann and CamiciZ@dband Beanlands 201duch evidence suggests
that measurement of CM and MBF can play a crucial role in diagnosing CVDs and evaluating novel
drugs or treatment trigld et al. 1993; Schdder et al. 1999; Ziadi and Beanlands 2010; Slomka et al.
2014; Guerraty et al. 2020)

The genetics of loAing individuals plays a vital role to protect them againstatgd diseases,
as dermanstrated bysenomewideassociation studi@srikson et al. 2016; Deelenle2819) Their
progeny also has a low rate of CVDs, indicating that healthy phenotype can be transfallsed verti
through generatiorf¥illa et al. 2015a; Dang et al. 2020; Dossena et al.Th@2@)findings inspire
the idea of transferring healthy genes as a novel foettredting CVDs, especially with diabetic or
aged individua(®ang et al. 2020)

We havédentified avariantof the BPI foldd containing family B member 4/palate lung and nasal
epithelium clone 4 (BPIFB4/ LPLUNCA4) that is associwaithchealthy longevity in several groups
of longlived individuals. Studies have recently been undertaken or are ongoing regarding alterations
inimmunityand CVDs n t he-sen®esma@er an sudderstanavhera and eoivthe r t t
longevity assated variant (LAV) exerts its eff@dlla et al. 2015a; Villa et al. 2015c¢; Spinelli et al.
2017; Villa et al. 2018; Di Raet al. 2020Moreover, these studies aksoortedthat forcing the
expression of the longevéagsociated variant (LAV) gene that encodes the BPIFB4 fasein
called LAV BPIFB4)in anaged cohort , has repaired-ag@ted endothelial dysfunct{pfilla et al.
2015a; Villa et al. 2015c; Spinelli et al. 2017; Villa et al. 2018; Liberale &t Cdurther studies
using mouse modehave demonstrated a beneficial effect of LAV gene treatment in improving
vascular reparative processes through activating sigmaifingpathways and reduce endothelial
dysfunctior(Spinellet al. 2017; Villa et al. 2018; Malavolta et al. 2019)

ThereforeLAV- BPIFB4could be an exciting andvel treatmerfor CVDs, diabetes, and age

related diseasémit these diseases have a complex pathogenic basis that should not be examined using
2t



histological or structural imaging alone./EETmaging is a diagnostic tool that merges the concepts

of anatomical and molecular information and allows early detection of metabolic changes at a
molecular level by providing prognostic information or quantitative measurement of vital biomarkers.
Taken together, this means that PET/CT is beneficial diagnostic tool to investigate a biological

process and therapeutic intervention.
1.2Thesis Hypothesis:

The small Mediso PET/CT scanner is suitable to evaluate cardiac function and therefore determine
the suiability of treatments in murine models of diabetes and ageing.
1.3Thesis objectives:
In this thesis | will evaluate flieasibilityof the micrePET/CT systento evaluate cardiac function
in miceusing'¥luorine labelled fluorodeoxygluc&sefFDG) and*Nitrogen labellechamonia(*3N-
NH ) as radiotracers of choiéést, Mediso micré?ET/CT systenwill be evaluateith terms of
generated image quality for both radiotracers and according to methodological guidelines supplied by
the National Electrical Manutacers AssociatiofNEMA) standard for preclinical PET/CT
scanners and the manufacturerods instructions
results. After that, | will develop and standardize imaging protocols to assess myocagedial glucos
metabolism (MGM) and MBF usitig-FDG and*N-NH; in a murine model. These protocols will
be further validated using a diseased model, namely hindlimb ischemia (HLI) model, to test the ability
of PET/CT imaging in detecting metabolic and blood dleanges. Importantly, these protocols will
be further applied to investigate the efficiency afAke BPIFB4gene as a promising treatment to
improve cardiac function, angiogenesis, and cell survival in different murine models, including
diabetic, ageingodels.
1.3.10bjectives outline:
1. Evaluate the quantitative accuracy of Mediso-PET¢CT scanner usin§—-FDG andN-
NHsaccording to NEMA standards and manufacturer guidelines.
2. Standardizing PET/CT imaging protocols in healthy mice to measure MGMFRndiMB
¥F-FDG and™N-NH3, respectively.
3. SinceHLI is one of the main complications caused by diabetes andHlYBmdel will be
used to test the ability of PET/CT imaging in detecting metabolic and blood flow changes.
4. Applying the standardized imagprotocols intwo murine models to test the efficacy of

LAV- BPIFB4 gene in improving cardiomyocyte function and MBF. These models include:
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9 Diabetic model.
1 Ageing model.
1.4Thesis outline:

This chapter includes a brief overview, thesis rationale and objectives of the research. The next
chaptewill discustheessential clinical and physical backgrasimeell aa general introduction that
should lead the reader from the general subjetttarear topic that will be investigat€haptei3
is themethodology chaptewvhichcontains most of the methodological aspects that were applied in
the thesisstill, more details will be explained in each relevant chakapterd | will evaluate
both F-FDG and*N-NHas radiotracers of chotceachieve accurate PE@fantificatiorin terms
of image qualitgnd according to NEMA standar@hapter5 coves the experiments done to
optimize and standardize the imaging protocols along with qaaortié oMGM and MBF among
healthy miceThis chapter will also discubg different technical challenges associated with the
murine model and mici®ET/CT and how they were tackl@dter that, chaptes will explore the
ability of the micrd?ET/CT scanner to detect changes in myocardial blood followingnHLI.
addition, chpters7 and8 will use thereviouslyalidated imaging protocols on diaketidageing
respectively to test the effects of LAV gene therapy on cardiac function and MBF. General discussion
identifying the novelty of the researicimg witha general cohusion, recommendations, godsible
future work will beincludedin Chaptes 9 andLO respectivelyFor simplicity purposes, the thesis

structure is represented using a schematic diagfeyuranl.1.



AThesis overview.
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AResearch Methodology.

A
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AEvaluation of Micro-PET/CT systemquantification accuracywith 1&-FDG and
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ATesting the ability of the Micro-PET/CT systemto detect metabolic and blood
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AGeneraldicussion.
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Figure 1.1: Flow chart for the thesisicture.
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Chapter 2:

GeneralBackground

2.1Introduction:

CVDs are among the leading causes of death worldwide despite the significant advances in the
medical field and diagnostic technoldiiesng et al. 2016a; Kishore et al. 20b®8) are defined as
any disorder associated with the heart, blood vessels in the body, gi@almgdand Sanguinetti
1996; Gotlieb 2020; Sun et al. 20P08 underlying pathogenesis of many CVDs is the development
of atherosclerosis plaegKeating and Sanguinetti 1996; CRRO%; Liu and Gotlieb 2010; Chan et
al. 2012; Gotlieb 202M®theroscleric plaque formation occurs in the intimal layer of the arteries,
resulting in narrowing and eventual hardening of the arterial walls, as2ni {igbiey et al. 2019)
The plaque consists of fat, cholestertdiura,fibrin and othecellular waste produgtdikonomou
et al. 2018)Iin addition, atherosclerotic events and plaque formation contribute to several types of
CVDs such as CADs, cerebrovascular diseases, aortic déé2seasyocardial infarction (Ml),
stroke, cardiaarrhythmiaand heart failurgsun et al. 2020)

Normal artery Artery with plaque build-up

Figure 2.1: Normal and atherosclerotic arterial walls. In atherosclerosis eveup afb
plaque in the ilmhal layer may cause narrowing of the dB@Raeder 2017)




2.2 Risk factors associated withCVDs:

The identificatiomf CVDs risk factordhasplayed a crucial role in treating and preventing them
(Berenson et al. 2005; Flora and Nayak .2R&Sgarchetsave classified these risk factors into
modifiable andonmodifiableisk factors some of which are outlinedtaile2.1 (Flora and Nayak
2019)Modifiable risk factomredefined as the factors that bachangedr managed under clinical
supervisiof F1 or a and Nayak 2 0ThéOmain rdifiabiemisk tactods inkludg ¢ n
DM, hypertension (high blood pressuaei hyperglycaemigigh blood sugafflora and Nayak
2019; K ahi n.Caonmsideraklé ayidentas2hova tBa} early diagnosis and treatment of
modifiable risk factorsould significantlyprevent the incidence of CVI[Blora and Nayak 2019;
Kahin and. Onlthg gther Hartd 2tlasdn-modifiablerisk factorscannotbe changed,
includingage, gendemndgenetic factord-lora and Nayak 2019)

Food diet Age
Sedentary lifestyle Gender
Smoking Genetic or heredity factors
Hypertension Autoimmune diseases

Table 2.1: Risk factor@ssociated with the CVDs. The CVDs risk factors can be divided into modifiabl
and non-modifiable risk factors. The list of CVDs risk factors is extensive, and they are beyond the scc
of this thesis.

2.30verview of Cardiovascular system (CVS)

Before proceeding tbemolecular base of CVDs, a brief introdudtidhecardiovascular system
(CVS) is needetiheCVScomponents includd theheartblood vesseland blooganditsfunction
isto deliveroxygenatelloodto allthebodyd s s as wdll asitaking away carbon dioxide and waste
in aclosedoop systen{Aaronson et al. 2020here are two types of circulatireriabndvenous

circulation(Aaronson et al. 20200 arterialcirculationpxygenrich bloodis pumpedo the whole

bodybut with one exception in which the pulmonary veins carry the oxygenated blood from the lung

to the hearfAaronson et al. 202M) contrast, the venouasculation returns the deoxygenated blood

and waste from body systems to the heart for oxygenation processegA@amsion et al. 2020)

Each CVS componenasi its cellular and histological structures as well as its physiological function,

but they share many similarities in terms of histological structure.
Firsty, in mammals théeart isa four-chamber organ that pumps blood to the whole body
(Aaronson et al. 2020)he four chambers indethe right atrium (RA), right ventricle (RV), left
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atrium (LA) and left ventricle (L\8s illustrated ifigure 2.ZAaronson et al. 202@Muring venous
circulation, the deoxygenated blood enters the RA and passes to the RV, which pumps it to the lung
for gas exchange to ocg¢@aronson et al. 202@ollowing aygenation, the blood is transported

back to the LA through the pulmonary veins. The blood is then transported into the LV (the largest
chamber), which pumps it to the whole body via the aorta, the largest artery in the circulatory system.
In addition, théneart muscle gets its blood supply from coronary circulation, in which the right and
left coronary arteries branch off from the aorta. Some of the disorders that affect the coronary arteries
might lead to CADs which are caused by narrowing or blockhgecofonary circulatigiValden

and Tomlinson 2011)

Histologicallythe heart consists of three layers which are the epicardium (the outer layer
responsible for the structural support of the heart), the myocardium (the middle layer where the
contractile ad conduction events occur), and the endocardium (the inner layer that is the heart cavity
lining and vessels) adigure 22 (Anderson et al. 201&)n the cellular basis, the heaonsistof
cardiomyocytes (CMs) which account foi88%&o of the heart volume, fibroblasts (FBs), endothelial
cells (ECs), and perivascular ¢ahlslerson et al. 2013; Aaronson.e2@G20)

Secondly, theldod vessels are responsible for carrying bloodhdthe body Thewallsof large
arteriesconsistof three layershe tnicaintima (ncluding the endothelium (whetieect blood
contactoccurs) and intimaimooth muscleels (SMCs) and their matrix (smaller arteries may not
have SMC in the intimajhe unicamedia (the middle and thickest lag@mnsistingof multiple
lamellae of SM@ndextracellular matrix (ECM) such as collagen astthhndthe unicaexterna
or adentitia(theoutermostayerwhichis made otells anddose collagefiberg as seen ifigure
2.3 (Crock 1996)0n the other hand, the veins carry out the deoxygenated blood and waste from the
bodyods syst e msSinblar tolarteties, the Veias have thred layers but with smaller
amounts of smooth muscle and elastic tissue, thinner walls and biggewhenecompared to
arteries. Moreover, capillaries allow the interchangériehts and wastes between the blood and
the tissue cells

Finally, the blood is the transport medihat has botrcellular and neoellularcomponents
(Basu and Kulkarni 2014; Aaronson et al. 20B8)cellulan n edn deaepresentechainlyby red
blood cells éythrocyts), white blood celldefikocytes)and platelet¢Basu and Kulkar 2014)

Plasma and is made of 90% watmsolved nutrientsuch as gases, hormormpesteins, ionsind

many more enzymes, cytokines, growth and clotting f8asusand Kulkarni 2014)
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Figure 2.2: Schematic representation of the mammalian heart. Included the anatomy of the four
representation of the myocardial histological layers and a cartoon of the main cellular component ¢
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Figure 2.3: Schematic representation of the vascular wall layers in the artery
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2.4The metabolic and geneticadaptationduring CVDs:

During pathological condition, the cardiac muscle undergoes stabeliochange$o enhance
cell survivalGewirtz and Dilsizian 2017; Kolwicz 20I8)ese adaptatiorisvolve changes in
cardiomyocyte fuel source @sditilizationin response to disease orf&stwirtz and Dilsizian 2017;
Kolwicz 2018)Various studies reported aruatipent iradenosine triphosphateT{P) generation
i n mitochondri a c¢ ha roridatioraf faty actl (FB)yapramargseuicée af h  f r o
energy, to glucose oxidative metabolism (Krebs @es)ng and Sanguinetti 1996; Depre et al.
1999; Kolwicz and Tian 2011; Kolwicz et al. 2013; Kundu et al.\tf¥iétheless, this switdbes
not excludéatty acid oxidatigmvhich is théavouredprocess under normadnditiongDepre et al.
1999; Kolwicz et al. 2013; Werner et al. 20t)ed, both energy sources, FA, and glucose participate
differently undewariablephysiological, pathological, or metabolic condi{Bcisulze et al. 2016;
Werner et al. 2016; Young 2016)
Several investigations have reported changewiexgeession in human and animal models in
response to disease, physiological or environmental cori8hiogisi et al. 2008; Stefano et al. 2016;
Lee et al. 2017 addition, several genetic programs are activated in the case of ischemia that appear
to increase cell survi#lalogeris et al. 2016; Gewirtz and Dilsizian 20h@ge genetic programs
may also affect fatty acid and glucose metaljgbidogeris et al. 2016; Gewirtz and Dilsizian 2017)
Assessing the onset of CVDs is challenging due to its multifactorial origins resulting from the
interplay between genetic and environmental f§€tbisn 2004; Liu and Gotlieb 2010; Gotlieb

3<



2020) In addition, geneticdors might be an important aspect to investigate CVDs and possible
treatmentgWalden and Tomlinson 201$pme evidence have assumed that once a disease gene is
identified, its encoded protein can be investigated to determine theadss®agted mutatio

(Muller 1994; Flora and Nayak 20X&cordingly, disease prediction, diagnosis, prevention, and
treatment can be aided by genetic testing and gene (hevayd Coronel 1997; Sinnaeve et al.
1999; Khurana et al. 2001; Morishita 2002)

2.5Ways to evaluate or scathe CVS

In recent years, a number of studies in the field of CVS measurement and imaging has led to a
better understanding of normal and abnormal health(¥¥ateg et al. 2010; Jones et al. 2014; Santos
et al. 2015)The various imaging modalities enable the visualization of the structure and function of
CVS as well as quantifying vital biomarkers that can allow early detpatioolagial conditios
or test the effectiveness of novel dri@mraste et al. 2009; Jones et al.. ZBdelh) modality can
provide various range of spatial, temporal, structural, and functional information concerning CVS and
CVDs (Jones et al. 2014)hey includelectrocardiografieCG), echocardiographiaser doppler
imagingMRI, X-rayCT imagingandPET imagindSaraste et al. 2009; Phoon and Turnbull 2016;
Lindsey et al. 2018; Rehman et al. 28RIhedical modalities will be described briefly except for
PET/CT imaging which will be described comprehensively, covering most of its aspects, as the main
scope of this research.

First, ECG is thecheapesind simplest measurement tool of the CVS, but it is orienagimg
basig(Jones et al. 2014f) can detect abnormalities in the electrical activity of the heart by placing
electrodes over the body through which it can trace and measure heart electridanggretial.

2014; Serhani et al. 20ZI0)e output measurement is in the form of a graph vghaihided into

different segments called peaks and valleys as fsgare 8 (Jones et al. 2014Hach part of the

graph represents a function in a certain area of the hedigae2¥ (Jones et al. 201Zhrough

the ECG graph, only the structural abnormalities can be revealed, which could be considered as a late
stage in any disease conditlmmes et al. 2014k a result, the EC&nnot measure the blood flow

or pumping capability of the heart, and it also might underestimate some of the heddorezgons

et al. 2014Recently, some imaging modalities offered a scanning option that is coupled with an ECG
tool, and this provides an additional sourag@imation on a bedity-beat basis, such as gated PET
imagingJuarerozco et al. 2019y his will be handled in more detail in the relevant sections.

34



@ R peaks
@ Other peaks & valleys

Figure 2.4The ECG trace. In a typical ECG reading, peaks (R) and valleys can be ¢
The duration between subsequent heart beats is represenRéhbsr&(BioRender 2017)
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Figure 2.5: The different parts of the cardiac cycle. Each part reflects a
function in the myocardiu(BioRender 2017)

In contrast, echocardiography is a-imvasive imaging modality that allows the measurement of
cardiac volume, the visualization of wall motion and struaieetisg and the assessment of cardiac
valve or intracardiac masédmes et al. 2014; Rehman et al. .20BiE) tool is based on using a
transducer that is held against the skin and emits ultrasound waves (rangingli@tié¢enéhich
travel through the blood and soft tissue and then get reflected as #6f{lifanueva and Wagner
2008) Consequently, the reflected waves are detected again by the transducer and digitized to generate
areattime dynamic image of the heart with a longitudinal resolution of 150 um and a frame rate (FR)
of 1540 frames per secofMillanueva and Wagner 20@8)ditionally, denser tissue has a brighter
appearance in the images because they reflect morg\Millareseva and Wagner 200Bhe
produced images can either lbn2ensional (2D) or-3limensional (3D) images and are used to

measure different cardiac structural and physiological pargd\idtenseva and Wagner 2008)
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Likewise, Doppler US imaging is a type of US imaging that represents blood flow within the heart
chambers as in figu2d (Hoskins 1990; Hartley et al. 200hjs technique involves sending waves
that hit the blood cells and bounce back to the trangghaskins 1990)The reflected waves are
then detected and digitized according to their direction and frequency using the Doppler concept
(Hoskins 1990)The images are generated and representedcoaitiuiggradient map of the blood
flow (Hoskins 1990Both echoadiography and laser Doppler imaging have been used in some of
the studies presented in this thesis.

Another advanced imagingpdality is MRI which is a namvasiveémaging tool thadloes not
involve the use of ionizing radiat{dones et al. 2014; Vassiliou et al. 2@18pased on exposing
the body to a strong magnetic field combinedasgitiofrequency (RF) currestin figur@ 8 (Jones
et al. 2014; Vassiliou et al. 20EB3t, the magnetic field excites the protons in water (which makes
upnearly 70% of the bodyychanging their rotational axis to align with the directibemiagnetic
field(Jones et al. 2014; Vassiliou et al. ZDiB)is followed by turning on the RF current which will
pull the protons against their original direction (equilib{iBaraste et al. 2009; Jones et al..2014)
Followingthetermination otheRF currenttheprotons return to their equilibrium with simultaneous
emission of energy that can be detected and digitized by the MRI scanner to produce a 3D image
(Saraste et al. 200 ekwet al. 2014 oreover, the rotational changes of the protons are controlled
by the chemical properties of the molecules as well as their tissue enyBomtherid Webb 2010;
Jones et al. 2014IRI imaging generateghresolutionmages that give both morphological and
functional details about the organ of intdfsiith and Webb 2010; Jones et al. 201i#he context

of the CVS,MRI can measutthewall thickness of botihe heart and vessels, identify acute Ml and

assess its extent through measuring absolutewtisseroton @H) longitudinal relaxation times
(Smith and Web020)

Other imaging modalities that are widely implemented in mediciamyarenaging and CT
imaging, both of which have the same physics principle and involve the use of ionizing radiation
(Saraste et al. 200@pnventionaK-ray imaging has beeased for many years to evaluate lung
abnormalitiesnd calculate theardiac ratiotlfe horizontal distance that is taken by the heart/
horizontal distance of the entire chest cawtpyoducing 2D imagdSmith and Webb 2010)p
acquire an imagerdy source emits radiation which passes through the subject and is picked up by
radiographic film or an electronic detector placed on the opposite side of the subjecR8s figure
(Smith and Webb 2010)he intensity of Xays detected in the 2D images by #tectbr/film is
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proportional to the density of tissue that thayé have passed through on their way to the detector
(Smith and Webb 2010)
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Figure 2.6: Schematic echocardiography concept. A. simple illustration of the echocardiograp
concept in which high pitched sound waves are used to create the image ofdlvechiesstraeasurir
other various cardiac dimensional and functional parameters. B. Standard mouse echocardiog
using Vevo 3100 preclinical echocardiography. In this image, the LV measurements were take
Mode parasternal long axis im@&d&JIFILM VisualSonics designs 1999)
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Figure 2.8: Schematic of MRI scanner and basic pbgs@sgt. MRI uses strong magnets that gene
strong magnetic field. This magnetic field forces protons in the body to align with it. Whénequadoy
current is then pulsed through the object, the protons are activated, and spin out ofregtaliéy
straining perpendicular to the magnetic field. After turning off thefrexgliency field, the MRI sensg
can detect the energy released as the protons realign with the magnetic field. Due to the differe
environment and the chemicature of the molecules, the time taken by the protons to realign w
magnetic field as well as the amount of their released energy vary. The different in time and eng
by the protons allow the physicians to differentiate between varesiftyigsueéSlideshare Scrib
company 2006)
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Figure 2.9: The basic concept-cdyximaging. In-ray imaging, a beam efays is generated and pas
through the object body. A portion of thera¢ys are either absorbed or scattered depending
object structures, and the remainiigys pattern are transmitted to a detector (such as a filn
computer screen) for recording or further image @iagdsy a computé8lideshare Scribd compa
2006)
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As an extension of this technology, CT imaging generates 3D volume images by using a rotating
X-ray source and detector pair which circle around the subject acquiring a series of 2D images or
projections from different angles which are then used to recbasB8D image as in figuz&0
(Smith and Webb 2010he anount of radiation that is absorbed or attenuated during transmission
is called the attenuation coefficient (AC), and it has a unique value for eactGmatteaald Webb
2010)

FinallyPET imaging, which is tfecus of this research and will receive the greatest attention, can
produce physiological informatetna molecular level; thus, it is a molecular imagirigitapkt al.

2002; Slomka et al. 2Q1KMpwadays, most PET systems are combined with a CT scanner that
providesanatomical details as well as allowing the calculation of attenuation ogtepcicret al.

2004; Basu et al. 20JAnother important benefit of using PET is that its radiotracers can be labelled
with a biological substrate (such as glucose, w#ddr ¢ebon dioxide (Cg) or oxygen (§), etc.)

or pharmaceutical (then called radiopharmaceutical) to study blood flow, metabolism, and
pharmacology without changing their biolobafahviourg¢Kapoor etal. 2004; Basu et al. 20The

PET system detects the radiation by detecting the two gamma photons that are generated following
the annihilation event. The annihilation takes place when the emitted positron (3+) come at rest and
then collides with ather the electron§es in figur@.11 this also will be discussed further in later
sectiongKapoor et al. 2004; Basu et al. 2011)
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Figure 2.10: Schematic diagram of the CT scanner. CT uses a rotgtitudpX with a row of detectors plag
in the gatry are used. The rotatingay tube emits radiation at multiple angles across the object boerayT|
gets attenuated by the different tissues inside the object and then detected by the opposing detector.
radiation is then used to getera serious of slices which are then reconstructed to produce a 3D imal
soft tissues and bong&lideshare Scribd company 2006)
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Figure 2.11: A schematic representation of the annihilation event that occur when the
(B+) come at rest and collides with its antiparticle, the eleéetrdini@collision results in th
annihilation of the two particles and the emission ofi@woma ray photons with both havi
the energy of 511 KeV and emitted in opposite direction of each other. The emitted
then can be detected by PET scanner through certain type of dé¢®icteshare Scrib
company 2006)

Thefollowing sections will descrithee PET physics anils imaging systerthe cecay mode of
PET radionuclidg scan types, image reconstructibehybrid PET/CT scanner, and the concept
of pharmacokinetic modelling.

2.6 PET basicprinciple:

PET imaging is based on the administration of a radionuclide that undergoestamiggiGn
decayKapoor et al. 2004; Basu et al12@bsitron (B) emission is a type of radioactive decay that
occurs in protomich radionuclides where the number of protons (Z) is greater than the number of
neutrons (N)YKapoor etal. 2004; Basu et al. 20Ihe neutron to proton ratio (N/Z) will be low
relative to the nearest stable n(klapoor et al. 2004; Basu et al. 200grefore, this will result in
the conversion of the proton to a positrof),(Beutron (n), and a neutri@ &s in equation (Eq.)
2.1(Kapoor et al. 2004; Basu et al. 2011)

o® 00¢

The decay of the radionuclide is not random, but it follows an exponeanal thgradioactivity

at any given time can be calculated through Buagl@v#(Kapoor et al. 2004; Basu et al. 2011)
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In which,A,andA;are the radioactivigt timezero (or the initial time) and t (the time at which the
radioactivity need to be measured) respectivellisTtre decay constant and is related to the half
life as in Eq. 2.@<apoor et al. 2004; Basu et al. 2011)

™ wo
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The halflife ¢.,) is defined as th@me required for the radionuclide to decay to half of its initial
activity(Kapoor et al. 2004; Basu et al. 2009 Sl unibf the radioactivitis Becquerel (1 Bq=1
decay/second) and its traditionak ismiCurie (1 Ci = 3.7x1®Bq) (Kapoor et al. 2004; Basu et al.
2011) Another commonly used scale factor is onemmiCh is equal 887 MBq(Basu et al. 2011)

Following emission, th@sitrontravels a finite distance (depending on the radionbefdegit
loses all its kinetic eneamydcombines with an electra) {n the medium resultinganannihilation
process The annihilationprocess emitevo gammaphotons with 511 Kev, and in an opposite
direction of 180apartas previously illustrated in figure ZKlidpoor et al. 2004; Basu et al. 2011)
This processccurs when a subatomic particle hits its antiparticle (in this easks \Bhichhave
the same mass and opposite charge), resulting in the annihilation ofitletiiaooor et al. 2004;

Basu et al. 2011)
2.7PET system components:

The main purpose of the PET system is to calculate the distribution and concentration of
radiotracers within the subject, this is achieved by detecting the number and direction of gamma
photonpairs emitted by the subj@€apoor et al. 2004; Basu et al. 200lig PET scanneonsists
of multiplesolid scintillation(crystals arranged in a ring around the sylpectpmultiplier tukse
(PMTs), pulse heiglanalyser@HA), and electrongsincludinganannihilation coincidence detection
(ACD)windowand display computgiisapoor et al. 2004; Basu et al. 2@A¢h component will
be discussed separately, and then an overall description of the PET detection system will be illustrated.
2.7.1Solid scintillation crystal [detectors):

Different types of detectors are availabiethe market, and each has its performance
characteristics and usewvamious fields. The solid scintillation detectors are the ones of choice in
PET systems due to the considerable improvemteir detection efficiency, especially when made
of high-density materiéCherry et al. 2012)he term scintillation detector is used due to the crystal
property of producing lights or flashes following radiation absq@kierry et al. 2012)

Most manufacturing companies have adopted the block detector design in PE{Céyesteras

al. 2012)The crystal in each block has partial cuts on the frontal surfacemmneded to-2 PMTs
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as showed in figure 2.(Cherry et al. 2012)hese cuts are in the form of elemémit may vary in
number and can be either 6x8, 7x8, or 8x8 elements, 3 to 6.5 mm in length and about 3 cm in depth
(figure 2.12)Cherry et al. 2012 addition, each element is considered as an individual detector, and
its size is an essential characteristic in defining the spatial resolution of the MEWilyiste
discussed latefCherry et al. 20123l detetor blocks are arranged in an array with partial or full
rings, with circular or hexagonal shépeerry et al. 2018or example, the Siemens PET scanner
has 32,448 crystals within 192 block detectors and four PMTs péfindtackt al. 2002)

When the coincidence events (photons) are emitted from the scanned object, they are detected by
the solid scintillation detectors, which interact with the detected photons in three main mechanisms
discussed below.

Groups of detector blocks Crystal detector block

y Gamma ray

Nl
Y

Multiple full-ring system

Figure 2.12: The lik detector design in PET systems. In this design, each crystal detector block is cof
2-4 photomultiplier tubes (PMTs). Depending on the manufacturer design, each crystal blocks may ha
number of elements (for example some has 6x&r BB elements) with a length of 3 to 6.5 mm and a de
approximately 3 cfslideshare Scribd company 2(Bi®Render 2017)

2.7.1.1Interaction of photon with matter:

There are three dominant mechanisms of the interactgshotfon withthe matter including
the photoelectric effect, Compton scatteramgl pair productignvhich all are subjected to the
of momentum and energy conservaf@merry et al. 2012n thephotoelectric effectigure 2.13
the incident photon transfers afl its energy to an orbital electron called photoelectric absorption
(Cherry et al. 2012)his results ianelectron ejection (called photoelectric electranatonbeing
in an excitation and ionization stafeother outer shell electron fills the vacancy created by the
ejectecklectronultimately resulting in the emissioa dharacteristic-say or auger electronidthe
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predominant interaction within the low energy phpamakthus its probability decreases dramatically
with increasing photon energy. In addition, phettred interaction is proportionally related to the
absorber'sttomic number (Z) and a critical point to consider in the context of crystal density and
detection efficiendfCherry et al. 2012)

While in Compton scatterinpe photoncollideswith an outer shell electron causing a partial
transfer of its enerdy this electrofCherry et al. 2012)his resud#tin knoking out ofanelectron
andthe scatteringf the photon ina different directior{figure 2.14)The scattered photon might
undergo another photoelectric absorption or Compton scatteririgultimilately loses all its energy
Indeed, Compton scattering the major interaction type in the energy rangDMev ands
independent of thatomic absorberumber (2)

Finally,pair production interaction occwvben the photon that passes through the absorber has
an energy greater than IM@V (Cherry et al. 2012)n thisinteraction mechanisrthe photon
interacts with the nucleus causing the emission of both positive and negative electrons. The positive
electron or positron {Bwill loseits kinetic energy and thée annihilated with another electron
producing twgammaayphotons as previously mentidr{égure 2.1-2.14)Pair production is the
dominant interactioof higher enesg(greater than 1deV) photons.
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Figure 2.13: A representation of the photoelectric effect. This interaction involves the formation of
electronBioRender 2017)
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Figure 2.14: A representation of the Compton scattering interaction. In this inte
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Figure 2.15: A representation of the pair production interdatitis interaction, 8
high energy photon (> 1.02 Mev) interacts with the nucleus resulting in the em
a positron and a negative electron at the expense of the(hoRender 2017)

2.7.2Photomultiplier tubes (PMTSs):

PMTs are vacuum glass tubes that are fixed into crystals with certain optical grease or light pipes
(Cherry et al. 201An individual PMT consists of three parts, including a photocathode, dynodes (in
the middle), and an anode as in figure(Zhérry et al. 2012Jhe photocathode is made of metal
that releases electrons following light absorption. When applyirig \eltage (1000 V), the

produced electrons are accelerated and amplified until they reach the anode. Subsequently, the light
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photons are converted to electrical pulses in the PMTs. The output pulse is proportional to the

number of scintillation photonseased from the crysf@herry et al. 2012)
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Figure 216: A schematic representation of a photomultiplier tube coupled with a scintillato
(BioRender 2017)

2.7.3Preamplifier, amplifier, and pulse heightanalysergPHA):

The pulses produced from PMTs are initially amplified by the preamplifier, where it also undergoes
adjustments in shape and impendence to match the subsequent circuits in order to be processed
correctl(Cherry et al. 2012Next, further amplification occurs in the amplifier, which then transfers
the pulse to th PHA. The PHA filters the pulse and accepts only those within the preselected energy
window(Cherry et al. 201Z2)he energy window is set to have a baseline, lower and upper values,
which normally are 511 Kev, 350, and 650 Kev, respectively. This is because the annihilated photons
might scatter or have more digte to travel (thus more attenuation,) resulting in differences in the
energies of the detected phot{@ierry et al. 2012)
2.7.4Annihilation coincidence detection (ACD) circuits

Afterwards, these pulses are used to determine the X and Y positions of the two detectors which
detect the annihilated photgi@herry et al. 201ZBachdetector element is connected to a set of
opposite detector elemenits,axial positiondy the annihilation coincidence detection (ACD)
circuits The maximum number of the opposite detectbat are connected togetioan be the half
number (N/2) of the total detectors that exist in the 8&&&hner (NjCherry et al. 2012he ACD
circuits will ont accept coincidence photons from opposite detectors simultaneously and within a
finite timing window considering the difference in the travel distance of both photons. One photon

will travel more distance than the other, and subsequentlyake moe time to reach the detector.
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Thedetecteaignas shouldoccur withira certaitimewindow to be counted as a coincidence event.
The uncertainty in the detection timeabBedthe timing resolutioror coincidence timing window
(Cherry et al. 2012)

The PET imaging system uses the advantad®€ erhissionthrough usinghe annihilation
coincidencéetection ACDvindow whichelectronically collimates amdy acceptthe annihilated
photonscoincidently through two opposing detectors, within a narrow energy window and acceptable
geometryCherry et al. 2012)he location of each annihilation procesdasalated by assigning a
line of response (LOR) between the two detectors which detected the coincidence event. Some
scanners can define the coincidence location through the time of flight (TOF). The TOF is defined as
the difference in arrival time betw#entwo photons along the LgRherry et al. 2012)he mos
likely location can be measured thrdegR.4:

) Dwo
ogkg Q —
C
Inwhichd i s the | ocation of the annihilation ev
or photon = 3x10m/s. This method of defining thennihilation location allows a better spatial
resolution. Compared to SPECT imaging, the PET scanner applies electronic collimation, which
significantly increases its detection efficiency up20 ti®es in 2D mode and up to 150 times in

3D mode as indure 2.17.
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Figure 2.17: Schematic diagram of the cross section of the PET scanner illustrating the 2D and 3D,
modegSlideshare Scribd company 2006)

Note that after assigning a LOR for each coincidence event between the opposing detectors, all

LORs that pass through a single point are stored in the form of a sinusoidal curve in a histogram
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called a sinogra(@herry et al. 2012h a sinogram, all necessary corrections are applied since they
will significantlyimprove true image representation arebult in accurate interpterion and
guantification othetracerbiodistributionfrom PET imageéCherry et al. 2012)

2.8Combined PET/CT imaging:

Over the st few years, PET systems have developed significantly by combining them with CT
scanners as in figure 2(18n et al. 2006)he ability to generate data from two different imaging
modalities improves the diagnostic value and quantification accuracy of tHidamages 2006)

This improvement is due to the combination of molecular and anatomical information from PET and
CT scanners respectively. CT images also proediegtimation of attenuation correction through

producing images with accurate anatomical localz&oet al. 2004; Jan et al. 2006)

Patient

)

Figure 2.18: A schematic illustration of the combined PET/CT q@tdRender 2017)

Images from the two modalities are fused together by what is called Hneagsraton
(Turkheimer et al. 2014)his concept defines the optimal spatial transformation between two
different sources of imag@sirkheimer et al. 2014he ceregistration requires two steps which are,
finding the transformation paratars and applying the transformation by mapping image A directly
to image BTurkheimer et al. 2014 here are several types of transformationtegister PET and
CT images including rigiddy, affine and nelmear but they are beyond the scope of this research
(Turkheimer et al. 2014Details on different type image caegistration were discussed explicitly
by Turkheimer and his colleag(iegkheimer et al. 2014)

In the next sections, we will address the commonly applied corrections in PET/CT imaging.
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2.9Applied correction in PET images:
2.9.1Attenuation correction:
AC originated from thiact that photons may la¢tenuate differenty depending on the density
of the material and the distance triatebetween the opposing detec(@iserry et al. 2012)ess
densemateriaiay falsely appear wathigher uptakeshen compared to higher density ¢Géerry
et al. 2012)his is because photons have fewer attenuation events in lower density mediogns, result
in more photons reaching the detectorsisA@easured @l LORsusing either T basamageor
PET transmission image if not combined &1 scannefCherry et al. 2012)

2.9.2Types ofcoincidence events scatter, and random corrections:

2.9.2.1Types of mincidences:
It is crucialn PET imagingo onlyconsider true eventspresentinghe two annihilated photons
that originated from the same positiigufe 2.19)However, this is not the real situation as other
types of events could be recorded falsethebET scanner, including multiple coincidsre
random coincidencandascatter coincidence
First, multiple coincidences can occur when three photons are recorded within the same ACD

window, but the computer will simply discard them (figure 2.19).

True Scatter

4 Random I Multiple
Figure 2.19: Types of various coincideneats detected by the PET scanner. The black dote inc
the location of the annihilation events. These events can be either a true, scattered, rando
coincidencefSlideshare Scribd company 2006)
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On the other hand, a random coincidence arises when two photons originated from different
annihilation events and are falsely registered as one event (figure 2.19). It appears as a uniform
background in the image, decreasing its contrast.

Finally, ascatter coincidence occurs when one or both annihilated photons are scattered by
Compton scattering, which causes photons to lose part of their energy and then deflect into different
directiongfigure 2.19)his type of coincidence degradestintrast in the image severely and causes
guantitative errors between the injected activity and the intensity in ti{€mmaget al. 201A)he
percentage of scattering events can be very high, especially in a 3D nfigle®E17)

Earlier PET scanners consisted of only one ring scanner, but m@seimchude multiple rings
forming a cylindrical shape of detediGteerry et al. 201An important part in these PET scanners
was the septa whiamade oftungsten or lead material placed between detectors rings. This
configuratiorof the PET scannas called 2D acquisition mo@gure 2.17). The existerafethe
septa prevents the detection of annihilated photon ewittigdelywith respect to the detector
plane. Howevergcent PET scanners h&2 acquisition mode whichthe septavereremoved
leading to aignificanimprovement irthe sensitivity ofhe PET scannaand anincreasen the
detection of scatter photofigure 2.17)Generally, ithe 3D acquisition mode, the scattering events
might reach 60% to 70%. This high percentage is due to several reasons, firstly because it is simply
caused bthe scattering of one of the annihilated photons. Another reason is the use of denser crystals
in PET systems, and these have a low light output resulting in a lower energy (€keluyiat al.

2012) Therefore, there is a need to widen the energy window within the PHA to ensure the recording
of all photopeakvents. Consequently, more scatter events are registered whether they are produced

by the object or the scintillator crystal.

2.9.2.2Scatter correction(SC).

PHA is the first step of eliminating scatter events, but this simple process is less efficient due to
the use of a wider energy window and the fine difference in energy values between the scatter and true
events. Registering scatter and random coincidences results in assigning false LORs, but this can be
corrected through two main methods.

The first methods applied by using two images: the transmission image (previously obtained to
apply the ACand the emission image (scattertaminated imag€Cherry et al. 2012)The
transmission image is used to estimate the attenuation, primarily due to Compton scattering at 511

Kev, while the emission image representlidtréution of the scattering evef@serry et al. 2012)
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Using both images and with applying simple mathematical assumptions, the SC is performed by
subtracting the estimated scatter events from individual profiles of registered coincidences. This
method will improve thsignal to noise rati®NR by removinghe lowfrequency background
signals in the ima@€herry eal. 2012)

The second method is based on deriving projection profiles outside the object directly. The concept
of this method originates from the fact thatfi@guency events are mostly scattered Gy
et al. 2012)he data in the tails of projection profiles are extrapolated or interpolat¢deaerdss
profile. The extrapolated or interpolated data, which represents scatter distribution, is then subtracted

from each projection before reconstruc{©herry et al. 2012)

2.9.2.3Random correction

Random coincidences are commonly corrected using a standarecdielegetce method
which determines the ramd events rate in each L@Q&aha 2010; Cherry et al. 2042)%he name
suggests, this method implies the use of a delayed time window in whichdetndctmmelong any
LOR is set to have a timing window longer than the coincidence resolving time of the circuit.
Consequently, there will be no true coincidence in the delayed coincidence time window, and the
number of the delayed coincidences dete@epbd estimate for the random events. These random
events that were detected by the delayed time window can be subtracted from the prompt signal or
stored in a separate sinogram for later image processing and recoriSahetid®10; Cherry et al.
2012)
2.9.3Deadtime:

The PET scanner system requéarénite time to resolve and process any coincidence event, in
which any everthat occursvithin this finite timev o nbé tletected and is known asdbad time
of the systenfSaha 2010; Cherry et al. 2012¢ loss of photons during the deadtime cayskes
up effectandit becomesignificant at higher count rate s¢afisente et al. 2007h) thepreclinical
PET system, the d#taime can be evaluated using a uniféfimm diametephantom that is filled
with radioactivity{C with Ty, of 20.38 minuteg)ndallows it to decay during scanning {i@teerry
et al. 2012)'heresultingmages should be decayrectedand then the radioactivity conecations
are plottedhs a function of known activity concentration wiveedmeasured by counting an aliquot
of the mixture in a calibrated well couritirally, the results wouldakorizontal line over the range

of typical radioactivity levels. Thedimae correction method is commonly performed by scaling up
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the recorded count rate globally bamed mathematical relationship between measured and true
count rate¢Cherry et al. 2012)
2.9.4Normalization:

Normalization is an essential correction in the PET system that accounts for variability in detectors
sensivity and efficiencigSaha 2010; Cherry et al. 20I&is correction is important to produce a
uniform image, and there are several methods applied to achieve it. The commonly used protocol
requires a 2fhinute scan for a cylindrical phantom that is filled with uniform radioacti®ftyf
mci). Throughhis scan, the single detector efficiency factors are calculated from cob@s@uent
normalization factors (NEEherry et al. 2012)
2.10Types ofimage acquisition in PET system:

In PET imaging, the organ under investigation is visualized by injecting a radiopharmaceutical that
emits radiation, and the scanretedts this radiation in the form of events at certain(@hery et
al. 2012)The detected events will represent the distribution of the molecules which are already labelled
with a radioactive atom. Thus, the distribution ofattielabellecholecule and its kinebehaviour
inside the body can be visualiteough a PET scanner.

There are various tygp&f imaging acquisitisthat can be acquired &PET scanneincluding
satic imaging, dynamic imagiggtedmagingand wholéody imagingThe choice of acquisition
will depend mainly on the requinermation.
2.10.1Static acquisition:

In static acquisition, the scanner will visualize the distributtbe rafdiopharmaceutical at
certain time following injection; hence, the temporal resolutionasetetant factoibut spatial
resolution isa crugal oneas in figure 2.20Turkheiner et al. 2014) Each acquired static image
represents only onetimeframe that has a set of sinograms. After that, statistics can be measured in
absolute activity, % of injected activitgtandard uptakelue(SU/) which isa popular unit that is
used mostly in PET imaging dhdnuclear medicine fiedshd will be explained in the next chapter
2.10.2Dynamic acquisition:

On the other hand, dynamic acquisition shows changes in the radiopharmaceutical distribution
over time by acquiring multiequenal imagegTurkheimer et aR014) The variation between
these images is used to measure distribution changes within a specified time duration. Therefore, the
dynamic acquisition allows the quantification of the exchange rate within body compartments (figure

2.20), which is knowas pharmacokinetic modelling and will be discussed in detail later.

51



Tracer

Static PET imaging

Injection
! ' Time
e ———
.“ £y
L a¥iy Single PET acquisition
< L 4
Tracer Dynamic PET imaging
Injection .
= =

Multiple PET acquisitions
= scanner acquisition window

Figure 2.20: A diagram of the static (A) versus the dynamic (B) PET acquisitions. In static acq(
radioactivity of the tracer is measured over a single fixed pgriodcontrast, the dynamic acquisit
is a serious of frames in a continuous acquisition.

2.10.3Gatedacquisition:

Another important mode of acquiring the data is gated acquisition whichheibeisty othe
PET scanner to register atlincident events (list mode) as well as the physiological ECG signal
(Croteau et al. 200 ated acquisition uses these saarces of informatioby connecting each
coincidence evewtith themyocardial contractile phaseespiratory cycle phg&ierry et al. 2012)
The contractile data is obtained by placing @@ in three areas on the nsey which arénto the
right pawjeft paw, and left legll ofwhichcandetecthe R-waves of the cardiac cyerry et al.
2012) RR intervals of the heart are then dividedanegual number of bins to create a mean range
of thecardiac cycle within a = acceptance wiradoiw figure 2.2Therefore, any-R interval lying
outside this rangerisjectedThroughthe cardiaegated acquisitiothe PET can estimatenportant
cardiac parameters such as ventricular volume, ventricular ejection fraction, wall thicknless and wal
motion.These parameters play a vital role in evalgatitigc viability and ventricular function
2.10.4Vhole-body acquisition:

As the namsuggestshis type of acquisition offeaxsvholebody scaand,depending on the aki
field of view (FOV) sizandthe object dimension; hence, tlieelmight need to be moved to cover
all the body. The scanner might need one or several movernenés &l body areas from head to
toe.The axial FOV length might not cover the whole object length; thus, seversitioed poll be

required with an overlapping distance to compensate for the loss in sensitiviperiphbeal
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directionso f t he FOV. The overl|l apping di stance C
recommendation, but it should achieve the optimugeigpaality in terms of signalnmise ratio
(SNR and contrast to noise ratio (CNR). Technically, every bed position requires a specific duration

to collect enough counts that can be specified by the user before scan(@itetipret al. 2012)

ECG - Gated PET

Systole ‘ Diastole

o V/]L §]//\

ololele|l®lololo

Figure 2.21: The EC@ated PET acquisition. In EGfating, RR intervals of the heart are divided into an e
number of bins (n =8) to create a mB&R interva(BioRender 2017)

2.11Data reconstruction:

A basic limitation in PET imaging is that the images are produced in 2D projections from a 3D
object(Cherry et al. 2012jomographic reconstruction is a series of mathematical processes aimed
to produce a 3D representation of the scanned object from 2D tomographic images within a selected
plane. Image reconsttionn can be performed via two main methods, including filtered back
projection (FBP) and iterative reconstruction(@TRgrry et al. 2012)
2.11.Filtered back-projection (FBP):

FBPis the most common method of image reconstruction in PET imaging because of its simplicity,
accuracy, and fast computation s€bdrry et al. 201For simplicity purposes, the concept of this
method is explained by considering a point source in the PET scanner as in f(§iirer;22 al.

2012) All the recorded coincidence events are proportional to the radioactivity within each LOR.
These measured counts are called line integrals for the individual LOR. The full set of line integrals
across the dector is called a projection profile, and they are produced from different angles of the

point sourcdCherry et al. 2012)he counts recorded in the individual projection profile are back
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projected by dividing them uniformly across all pixels that fall within the same projection path (figure
2.22)Cherry et al. 2012)hrough repeating this process for all projeptinfiies, all lines are added
together and superimposed, forming the activity distribution but in a blurred version (figure 2.22).
The blurring artifact remains even with increasing the number of projection profiles, and thus, a
discrete Fourier transfor(®FT) technique is used. Briefigurier transforms an alternative
representation of the image in a spatial frequency domasrotigabally in image space or spatial
domain. In DFT, each projection profile is produced by the summation of sine and cosine functions
in different spatial frequencies. Following thissamation othe scatter contribution is derived by
conversion: eamp filter (high pass filter) is applied for each line resulting in the filtered image in the
frequency domain. Next, the inverse Fourier transform (IFT) is performed to produce the image in
the spatial doma{Cherry et al. 2012)

2.11.2terative reconstruction (IR) algorithm:

Conceptually, IR estimates initialgenprofiles and then compares them with the actual recorded
ones(Cherry et al. 2012Jhe estimated image can simply be a blank or uniform@hagy et al.

2012) Later, the projection profiles of the estimated image are calculated by summing up all the counts
that fall in the projection path in a process called forward projection which has the inverse manner of
backprojection. Next, the generated projection set in the form of a sinogram is compared to the actual
recorded projection sinogram, and the differences are calculated. In most cases, the estimated image
will not resemble the true image. The compare ane ypode¢sses are repeated to achieve minimum
acceptable differendgherry et al. 2012)

Performing IR involves the use of two basic algorithms, one of which is responsible for comparing
the estimate and true profiles and the other one aims to update the estimated image according to the
output difference produced the previous algorith{@herry et al. 201 owever, perating these
two algorithms require a sophisticated computer with large storage space since each iteration process
is equivalent to a separate hardfection procedure. Due to this, several methods have been
developed to accelerate the iteration progesthe predominant one igleredsubsetexpectation
maximization (OSEMBaha 2010; Cherry et al. 204 8mall number (or subset) of projectiqgiemn
are initially used for iteration in this method. As the image is refined, a larger number of iterations will
be used. The expectatimaximization term refers to a type of algorithm that incorporates statistical
factors in which a greater weight ssga®d to the higbount elements in the prof{lherry et al
2012) Likewise, less weight is applied to thectawat elements in the profile. In contrast, FBP

method applies a uniform statistical weighting factor to all elements in thiE€perjeet al. 2012)
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Figure 2.22: The FBP reconstruction process. Each set of projection views, that were affquergd
angles, undergoes filtering before its back projected. This process removes the blurring tha
see in simple back project{@herry et al. 2012)

2.120verview of PET quantification methods:

Generally, image analysis in PET can be done through both visual interpretation and quantitative
approaches, but the applied approach depends ajodhef the analysisThe quantification
approaches are applied in PET imaging to relate the measured radioactivity concentration to the
underlying physiological proce$srkheimerand his colleagudsave exploredhe common
guantification techniques in PET imaging which inebdelute quantification, % injected dose,
standardized uptake value (SUV), tissue plasma ratio (RATIO), pharmacokinetic moti)ling (PK
spectral analysis modelling, and graphical méthoklkeimer et al. 2014s far as this research is
concerned, only SUV and PRKwill be discussed the introduction chapter.
2.12.1The standard uptake value (SUV):

The SUV approach caniadeusing static imagescontrast, PKN modellingneedsidynamic
acquisition to be performé¢tiurkheimer et al. 2014)he SUV is a semiquantitative measure and is
routinely performed in clinigadactice and for research purposes to obtain the metabolic uptake of
the radiotracer and compare the value to a different region within the strasobject or scan
(Turkheimer et al. 20149 is mostlyapplicable for an irreversibly binding trawmet it can be used
for reversibl binding tracers that have slow kinetics within compart@haritseimer et al. 2014)

The SUVcan be calculatedy measuring radioactivity concentration within a predefined region
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divided by the normalized injected dsien equati@®.52.6 but there are indeed differtartmulas
to calculate fTurkheimer et al. 2014)
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Depending on the SU\alculation method, the SUMight haveno unit andbecome
dimensionlesshen assuming 1 ml of tissue weigh(Bogllaard 2009; Kinahan and Fletcher 2010;
Turkheimer et al. 2014p clinical settingshere are other forms of SUV such as SUVmean or
SUVmax which both could be used to assess the tracer uptake in ROI. As their names suggest, the
SUV mean represents @neragdracer concentration within ROI, while the SUVmax reflects the
maximum value measgd in the RO(Turkheimer et a2014) The choice of the used SUV form is
dependent on the robustness of the region delineation and segm@uitkti@mer et al. 2014)or
example, SUVmean represents the general tracer disthitittogignificantly affected by the drawn
ROI, While the SUVmax offers a lower statistics of the tracer distribution but it less sensitive to the
ROI delineatiorfTurkheimer et al. 2014)

Another study bjadams and his collasgs(Adams et al. 201@ported the significant impact of
scanner acquisition and reconstruction parameters on SUV measurements. Therefore, they suggestec
that imaging should be conducted using the same image acquisition and tiengustiools for
a precise SUV assessment.
2.12.2Pharmacokinetic modelling (PKIN ) or compartmental modelling:

Dynamic PET acquisition allows the study of a tracer kinetic tirUghor compartmental
modelling figure2.23is an example of compartmental nlodeto measur€F-FDG metabolism
using twetissue compartment (2TC) model that will be explained in the next §Eotlidremer et
al. 2014) Unlike other PET quantification techniques, comparahemdellinguses a detailed
mathematical modtl describeéhe system under investiga (Turkheimer et al. 2014 allows a
profound understanding of the physiological process of the biological system; hence it is also able to
detect the abnormal pattegaused by a pathological condi{iturkheimer et al. 2014)

In compartment modellingis important to note that the term compartment islwatys a spatial
location within the organ or tissue, but it can be a state of the radiotracer molecules, for example,
freely or bound molecul€3urkheimer et al. 201#ihis quantitative technique can trace the

movement of molecules starting from its administration, possible inteaactibre washout process

5¢€



phosphorylated by

hexokinase
Glucose Glucose ——> Glucose -6-Phosphate # Further cell
5 metabolism
Reverse reaction in the
present of G-6-P

A.
Phosphory\ﬂed by
hexokinase Trapped with na
BE-FDG "®*F-FDG—— Glucose -6-Phosphate —— further cell
Reverse reaction in the metabolism
present of G-6-P
3 . o
k2 k4

==

Figue 2.23: The compartmental modelling used in quantifying glucose metabolic raté-diEh 18F

A. Shows glucose atfi-FDG cellular uptake and metabolism in which both pass through the cellular mem
glucose transporter membrane proteins. Inside the cells, both are phosphorylated by hexokinase enzyme
process can be also reversed in the presei€ee@zyme. The phosphorylatees® can be further metabolised
the cells, whereas the phosphoryl&ged#DG cannot be further metabolized and thus is trapped. B. a sim
example of 2TC model that can be used in c&$eRkIDG uptake measurement ihigh:
Cr = The concentration of the tracer in the plasma blood compartment (Which also called the input functio
C. = The concentration of the tracer in the tissue (under investigation) compartment representibgritiéraoar.
C, = The tissue (uret investigation) compartment representing the specifically bound tracer.
K1= The fraction of tracer transported from the plasma blood into compartmeitih @ unit of ml/cnémin.
K2 = The fraction of tracer that diffuses back to the plasma withad Lifin or minZ.
K= The fraction of tracer that moves to compartmentt@epresents the fraction of the tracer that is specif]
bound or the rate éfF-FDG phosphorylation or uptake. It has a unit ofimin
K4 very small as th&-FDG trapped irreversihlyherefore 4is set to zero.
C. Represents the dynamic measurements @F4#RBG in the form of curves and the differential equation cg
derived as follows:
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The option of the compartment model is determined first by defining the compartmental structure
of the usedracer and the system under investigation, and secondly, by specifying the input and output
data that can accurately represent a physiological process or bjdarkhemer et al. 2014)

The basic concept of any compartment model involves a finite number of compartments with
arrows letween them to represent the radiotracer fluxes (exchange) with all possibleapathways
figure 2.23Turkheimer et al. 201Notably the radiotracer exchange can be due to either the
transport or the tracer being chemically metabolized, ofThokiheimer et al. 2014his can be
illustrated simply by one tissue compartment model (1TC) and will be described in the next section.

Refinements to avoid the need for blood sampling allow accurate catdfulaéidoiood input
function, and the use of a reference tissue iapa function allows for tracer administratioim as
bolusinjection Additionally, in the caselwdlus infusionit allow direct readouts without reference
region(Turkheimer et al. 2014)
2.13Commonly used compartment models:

2.13.10ne tissue compartment model (1TC):

The 1TC model is thengplest used model in compartment modelling in which it represents the
radiotracer flux from blood vessel (blood compartment) into tissue (tissue compartment) as in figure
2.24(Turkheimer et al. 201Aherefore, the flux of the radiotracer could be a relevant estimation of
the blood bw to an orgafiTurkheimer et al024) It consists of 1 tissue compartment, as the name
suggest, and blood compartm@nirkheimer et al. 2014yhe description of the 1TC model can be
applicable to all other compartment models but with including of more par@gtbesmer et al.

2014) Generally, eadompartmenteflectsan amount of wethixed and kinetically homogeneous
chemical material (radiotracer) in a physical place. Moreover, in all models, a blood compartment
represents the concentration of the-n@tabolized radiotracer in the arterial plasma, which is known

as the input functiofTurkheimer et al. 2014he traer exchange between different compartments

can be described by fisder differential equations based on two variables, tracer concentration and
kinetic rate constan{3urkheimer et al. 201Mlotably, all used differential equations are time
dependent; thus, it is mandatory to aegilynamic PE@ata

2.13.ZTwo tissue compartment model (2TC):

The twotissue compartment (2TC) modelling is the most widely used compartment model for the
'¥-FDG to measure the glucose metabolisibotih the brain and the he@Furkheimer et al. 2014)
Figure2.25represents the 2TC model along with all the derived equatjoasons in figur.25
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represents the rate of change of the tracer concentratigatian@ time, measured through the
fraction of the tracer that is taken up from the plasma conepammmus the total fraction of the
tracer that is moving out of éither to G by irreversible trapping {Kor by thebackflow tothe
plasma compartment JK Therefore, the net uptake of the tracer in the tissp€w/iikn dealing

with irreversibleracers):

o
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Figure2.24 1TC model used in compartmental modelling.

In which

Ce= The concentration of the tracer in the blood plasma compartment.

Ci1 = The concentration of the tracer in the tissue (under investigation) compartment.

K1 = The fraction of tracer transported from the plasma blood into compartmemithCa unit of
ml/cm3/min = blood perfusion.

K2 = The fraction of tracer that diffusesch to the plasma with a unit of 1/min or #in

The K; used to represent the blood perfusion or blood flow with a unit of ml/min/g.

K Ky |
c, —1 ¢C
K | k|

Figure 2.25: The 2TC model.

In which:

Cr = The concentration of the tracer in the plasma blood compartment.

Ci1 = The concentration of the tracer in the tissue compartment (under investigation) representihguhd
tracer.

C, = The tissue compartment (under investigation) representapgtifecally bound tracer.

K1= The fraction of tracer transported from the plasma blood into compartimeith @ unit of ml/crdmin.
K> = The fraction of tracer that diffuses back to the plasma with a unit of 1/minior min

K 3= The fraction of trageghat moves to compartment @ represents the fraction of the tracer that is specif

bound or the rate o?‘ﬁ:] FDG phosphorylation. It has a unit of fin

K4= The fraction of tracer that moves back to the intermediate compartment with dfenl/oin3/min. (If
the tracer is irreversibly trapped with no movement out of the tissue, thén Which is the case in FD
quantification).

The differential equations of the 2TC model can be written as:
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2.14The application of compartmental modelling:

In molecular imaging, the quantitative compartmental modelling was used mainly in brain PET
imaging, but it was then extended to other physiological systems such as cardiology, skeletal leg
muscle, and cang®ertoldo et al. 2014)ue to the complexity of dynamic PET acquisition and the
need for blood measurements, quantitative PET teelsnwgere applied primarily in preclinical
studies, including rodentsbbitsor nonhuman primates (NHP&Jasla et al. 2006; Wu et al. 2007)

Many attempts have been conducted to apply compartment modelling in clinical studies but with more
straightforwad mathematical assumptions such as deriving the input function from the PET image.
Interestingly, promising results were recorded when using ademasgeinput function IDIF with

PET tracers that have a minimal or negligible metabolite steFR6& and*™N-NH; and will be
discussed in detail in the relevant chéideset al. 2019The IDIF requires additional information

as it is impossible to distinguish between the radsoater from its radioactive metabolites or the
radioactive plasma from the wholeod kineticgHe et al2019; Huang et al. 2019til recently,

there have been multiple preclinical attempts to validate the IDIF and refine the quantification
metlodologies using an animal model and AREFEYCT scannefThackeray et al. 2015; He et al.
2019; Huang et al. 2019)

2.15The use ofthe murine model:

Animal models have been used extensively for biomedical yes®arttey have played a
considerable role in the acceleration of many biological deszovemew treatmen(Rodrigues
2016; Emini Veseli et al. 20TRHey are used understand human diseasespecifiphysiological
mechanisms that are difficulinwestigate or havweenprohibitedin humangGallagher and Rapp
1997; Rodrigues 2016; Emini Veseli et al.. Fak#)ermore, any novel drug must go through many
animal trials before being tested in humans to investigate its dosimetrigutiodigoossible route
of administration, washout, effectiveness, and tqReitayer et al. 2014 owever, any research
that requires the use of animal models must certainly explain and justify their need while ensuring at
the same time their welfare witharfeworkregulated by th&nimals (Scientific Procedures) Act
1986and national and international legislation and regulations.

Different animal types have been used in research, including large or small animals such as primates
sheep, pigs, armkbrafish. Stilnice is used in the majority of the rese@elmayer et al. 2014)
Moreover, mice are the commonly selected species in research fields for several reasons, including

their compact size, which makes them easy to accommodate and handle andlifieespsinatiat
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facilitates the monitoring of various disease and physiological conditions diamayer et al.

2014) Furthermore, many studies and experiments have been carried out on mice explaining their
anatomy, physiology, and genome and how these aspgetseaally similar to humdkEMurray

and Cox 2011; Vanhooren and Libett2Menayer et al. 201@yer and above these reasons, mice

can be genetically engineered and mutated ardenga surgical intervention to understand disease

origin, gene function, drug development besides assessing specific therapeutic interventions. Severa
examples of murine models used in this research will be discussed briefly in this review-and more in
depth in the relevant chapter.

2.16Examples of murine models:

2.16.Diabetes mellitus:

DM is a chronic metabolic disease characterizgélative or absolute lack of insuladindo
hyperglycaemfdia et al. 2018) is usually associated with various complications such as neuropathy,
nephropathyandretinopathyand is considered one of the major risk factors of (AEshara et
al. 2016)Therearedifferent classificatisof DM, but themostcommon include two typevhich
aretype 1 diabetes (T1D) and type 2 diabetes (A2rti and Zimmet 1998)

T1D, also known as juvendaset diabetess thought to bean autoimmune disease because of
the autoimmune destructiongaincreatic beta celtat argesponsibléor producingnsulin(Alberti
and Zimmet 1998; Petersmann et al. 2019fommon among children and young individwhle
T2D is more commonly found middleaged adult®lberti and Zimmet 1998; Petersmann et al.
2019)T2D, which is thenostcommon, is best describdaginsulin resistanae muscle liver and fat
cellswhichleads tdaheinsulin producingeta cellén the pancredssingtheirability to compensate
with higher insulin levelalberti and Znmet 1998; Petersmann et al. 2019)

In T1D animal models, the deficiency in insulin production can be achieved by different
mechanism@Magbool et al. 2019Fhese mechanisms either involve chemical ablation of the beta
cells or certain breeding patsdiy which micare genetically predisposedgontaneously develop
autoimmune diabet@glagbool et al. 2019)

On the other handnanimal model of2D is designed in obese or Agrese mice with varying
levels of insuliresistance or kecellfailure(Magbool et al. 201%ince obesity is closely associated
with T2D, most 2D mice models are obe@dédaqgbool et al. 2019Pbesity can be induced by a
naturally existing mutation or genetic alteration; otherwise, it can be induceddbydiefatin this

research, we have used T2Dinmumodel.
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2.16.2Ageing:

Ageing is associated with a generalized deterioration of the organisriDastgeset al. 2014)
Asoutlinedabove micearethe most commonly usadimal model to study ageing, different diseases,
and metabolic pathways in normal and abh@onditiongDenayer et al. 201Zheir geneticare
similar tothose of ehuman and can be genetically mod({fehayer et al. 2014)Joreoverthey
have a manageable life expectancy2ofehrsallowingthe examimtion of theageing process
monitoring the effectiveness of therapeutic interventions or new (Degayer et al. 2014)
Extended experiments over their life salmg withgenetic mapping strategibe use of different
imaging and assessment techniglidsave provideanovel insighinto theaging process
2.16.3The hindlimb ischemic model:

The hindlimb ischemi@dLl) model has been widely used to investigate regenerative vascular
mechanismand teshovel therapig®adgett et al. 2018here are several comprehensive protocols
for the IHL model howeverthe basic protocol is achievedthysurgicaligation ofthe femoral
artery(Padgett et al. 2016pnsequently, thigghtion causes angiogenesis in the distal regions and in
the femoral collaterakgionsthus, this model was often use@valuateeparative processes such
as angiogenesis antgriogenesi@adgett et al. 2016)

The use of cardiac PET imaging in murine models is a growing fialtbastite evaluation of
CVDs, test therapies or new radiopharmaceuticals to be used in PET(fPnagig§17)Recent
micro-PET/CT scanners offer sufficient spatial angptaral resolutions to cope with the small size
and fast beating of the mice héRrior 2017)Moreover, cardiac PET imaging can assess different
cardiac biomarkersut wewill be focusing omamely MBF and MGNPrior 2017)In the next
sections we will address the potential utility of these two biomarkers in evaluating cardiac function
thedifferent cardiac PET radiotracers as wtikeagrious challenges that are associated with cardiac
imaging in mice.
2.17The potential utility of MBF, CFR, and MGM in cardiac PET imaging:

MBF andcoronaryflow reserveGFR values have been reported to be vital prognostic biomarkers
of theCVS and CVDs, yet their quantification remains underused in clinical(Séiings al. 2016;
Ramandika et al. 202Guerraty et alGuerraty et al. 202@ve compared the relative contribution
of both MBF andCFRas predictors of major CVsnongabroadand diverse population, with the
conventional cardiac risk factors suahadetes and hypertension. Theyddbatdecreased MBF

or CFRis more strongly linked with CVDs than traditional risk factors like hypertension, diabetes,
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and obesity. This sugggbat MBF andCFRhave superior predictive valtor CVDs compared to
traditional CVS risk factors.

In the absencef pathological condition®BF represents the microvascular function in the heart,
whereas low MBF might indicate either CADr CVS risk factorsA considerable amount of
literature has been publishedtloa relationship between MBF and CVS riskrigcidhere they
confirm that these factors significantly affect MBEC&iiRRlvalue@~ukushima et al. 2011; AlGhatrif
et al. 2013; Murthy et al. 2014; Shrestha and Sed®2&\1iblus studiesported a generabrection
in MBF andCFR values following lifetime exposure to certain risk factors such as diabetes,
hypercholesterolemia, age, and hyperte(sman et al. 2015; Shah et al. 2016; Ramandika et al.
2020; Sinha et al. 2021)

CFR isdefined as the ratio of hyperaemic MBF to resting, M&t€e aeduction in its value
indicates higher resting MBEompared tthe stress on®amandika et al. 202IH)e quantification
of MBF and CFR, can be used to test the impact and efficiency of novel drugs or treatment
intervention through the use pfaging modalities such as PET/CT ima(fsngha et al. 2021)

Besi@s the obvious clinical predictive value of MBfetactingCVDs, there is overwhelming
evidence of the importance of cardiac metab@dfiquantification in the evaluation and detection
of CVS and CVDg&eating and Sanguinetti 1996; Werner et al.Rolécz 2018; Thackeray and
Bengel 2018; Fanjul et al. 2020dleed,CM mightreflect the metabolic pathways needed for
continuous ATRroduction and cardiac contractdghwarzer and Doenst 2016; Young 2016)
addition, tlese pathwaysuldundergo adaptive remodelling in response to disease or physiological
conditiors; thustheycanalso beautilized agssential biomarkdm CVS functior(Schreppe2016;
Werner et al. 2016; Kolwicz 2018; Fanjul et al..2020)

There is a close connection between CM and cardiac conttadiityld indicate thahangs
in contractile functiosould be accompanied withangsin CM (Schulze et al. 2016&)creased
contractio willrequire increasetineenergy demar(@chwarzer and Doenst 20L&ewise, CNbk
linked withthe contractile functigmsis the case during ischemidoere therés a laclof energy
supply due to oxygen reducti{®@chwarzer and Doenst 20X&)nsidering that Celsocomprises
all biosynthesis procestr cardiomyocyteonstituets, it is clear that CM quantificatiatnich may
be represented using different energy substrates metabolism, includes a set obiomparkaat
that could reflectphysiological and pathological stateshefheart such as ischemia, diabetes,

hypertophy, acute myocardial infarction and heart fé8aheepper 2016)
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By measuring the concentration of substrates and metabolites in arterial or venous canpartment
and within an organ of intstgit is possible to measure the rate of substrate metdBalsapper
2016; Schulze et 2016) This was the principle of using a tracer to trace the desired molecule and
its metabolic process inside the Edichran et al. 2017he tracer can be the substrate or its
analogueexemplifiedythe radioactive labelling®#-FDG to assesglucose metabolisf@ochran
et al. 2017)The advantage of this approach is its higher sensitivity and the ability tarusesd in
animal models and in humans under different physiological cor{@itohsan et al. 2017his
approach usesiolear imaging modalitiescluding SPECCT and PETCT imagingwhich may
providereliable quantification technigder cardiac metaboliggom Dahl et al. 1993; Watabe et al.
2006; Cochran et al. 2017)

2.18PET/CT as a quantification tool for MBF and CM:

Despite the great advance in disease prevention and treatment in recent years, CVDs remain a
predomimmant cause of death worldwidex a h i n  a n dNud&eangnagmg técnij@ey could
provide a lot of crucial information in different aspedised®VS ata molecular and cellular level
(Jones et al. 2014; Santod.&04.5)Many clinial studies reported tR@PECTCT and PETCT
imagingmnight be feasible tools in quantifying different aspect of théBaktan 2012; Nappi and
El Fakhri 2013; Chow et al. 2014, Liale2014; Dewey et al. 2020netheless, much evidence
revealed the superiority of PET when compared to SPESliical applicationwhich include: (1)
higher sensitivity {2 order of magnitude) and higlspatial resolution (by43mm); (2) higher
temporal resolution, especially when accompanied with a CT that provides accurate attenuation
correction(Bateman 2012; Manabe et@l82 Patel et al. 201Bhportantly, the superiority of PET
over SPECT imaging in the clinical settings is not the case in mice, indeedtitas way around
(Bateman 2012; Manabe et al. 2018; Patel et al\VRiyédyer,@me of the PET tracers have a short
haltlife with a higher first pass extraction fraction in the heart which hegathe tmajority of the
radiotracer is removed from the blood or plasma in the first pass to the myocardium resulting in a
better representation of MBBateman 201Rjanabe et al. 2018; Patel et al. 2019)

PET imaging is a powerful tool in assessing the cardiovascular system as it provides physiological
data at a molecular level which is a crucial factor for studyinggtiesigr@and genesis of different
diseasef\ekolla et al. 2®; Thackeray and Bengel 2018; Manapragada et alM282i)odern
PET scanners are comdngith CT imaging in a configuration that was introquesabuslyThis

combined imaging adds comprehensive anatomical and functional insights of the scanned organ in a
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single examination sessfbladig et al. 2022)Thekey benefit of quantitative analysis via PET/CT
imaging is that it is not subjected to inter or-netader variability that is mainly dependent on their
expertise in the fie[durkheimer et al. 2014; Sunderland and Christian 2015)

PET/CT imaging can provide an accurate assessmentocérdial viability through cardiac
metabolism quantification as well as an estimation of the global and regional myocardial perfusion,
apoptosis, and gene expresfforaapen et al. 2010; Manapragada et al. 2021)

Dependingn the investigated biomarker, PET uses different types of radionuclide (radioisotope)
labelled pharmaceuticals, each of which aims to examine a specific organ or parictitgra
physiological biomarker or proc€dlsahhosseini 2011; Maddahi and Packard 2014)
2.19Micro-PET/CT imaging of murine models

There was a persistent need to adopt thengxiknical imaging modalities to fit the small size of
the murine model. As a result, many conventional clinically used imaging modalities such as CT, MRI,
ultrasound, SPECT, and Pinaging have beawlapted to surbdentmodes (Kreissl et al. 2006)

This research focuses asinga microPET/CT scanner to scan mj@ machine thdtassimilar
physical concepts and desgthe traditional clinical PET/CT scanner

The mcro-PET/CT scanner produs@ scan showing tH&D distribution of the administrated
radiotracer at a specific time (static acquisitianjeoa time-period (dynamic acquisitiomjth a
high resolutiorup to amillimetrescale Moreover, micrk®ET/CT allows he multiple scan® be
performed on &ingle animaat different timgooints(Lindsey et al. 2018; Vasudevan et al. 2020;
Fischer et al. 20213hisis not the case iendpoint studies usingstologicaanalysi$Phoon and
Turnbull 2016)By their very nature, these reqaileeger number of aninsahat need to be killed
beforetissue harvesti{&@hoon and Turnbull 2016)

Like most imaging modalities, small PET/CT has many challenges that need to be tackled to ensure
high image quality in terms of high SNR, aecgpmtial and temporal resolution, while minimising
acquisition timé¢Khalil 2017)Our attenpts to improve quantification accuracy in this way will be
shown in more detail in a later chajiieamples of our improvements inclatindardiation ofthe
imaging environment, preseion ofbody temperature, and usanaesthetithat do not intdere
with the metabolic procesédditionally, the small size @mouse hearandits rapid heart rate
requires a specific spatial resolution and sophisticated gated acquisition. Funtieasuadrg input
function or applyingpill overand partial iame correctioare all factors that need to be performed

carefully. ese technical challenges will be discussed explicitly in the relevant chapter.
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One of theadvantages of PET radionuclides is that they are parts of the basic constituents of bio
organc molecules gidethe cel(Khalil 2017)Furthermore, most PET radionuclides can be labelled
with an energy substratéthoutbeing physically or chemicaliged (Fischer et al. 20218he
radiolabeling of an energy substrate consumed by the cell can refleot mppodaches in cellular
metabolic pathwaykKhalil 2017)The most commonly used radiomesin PET imaging fiuorine
¥F-FDG (Khalil 2017)Other frequently useddionuclides includ®, oxygerl5 {0), rubidium
82m(®Rb) andcarbon11 (*'C) (Khalil 2017)Generally, in PET cardiology, radionuclides are used to
measure myocardial viability or MBRalil 2017,

¥F-FDG-is an analogue of glucose and is the most widely used PET radiotracer in cardiology and
oncology for in vivo study of glucose metabdissthe et al. 2021afF-FDG in the bloodstream
enters the cardiomyocytes throudjtiusion and the regulation of specific transporters called
sarcolemmal glucose transpotteischer et al. 2021Bhosphorylatiowia hexokinase cont®the
¥-FDG to *-FDG-6-phosphatéFischeet al. 2021d) ormal glucose is phosphorylated and enters
different metabolic pathways such as the glycolytic pathway, glycogen production and ribose synthesis
(Fischer et al. 2021&F-FDG-6-phosphates irreversiblyrapped in the cardiomyocytes with no
further metabolism (glycogen synthesis or aerobic gly¢bigstsgr et al. 202 1@&his trapping of
¥-FDG-6-phosphate is proportional to the transport rate of glucose and hexokiviasevhitth
both represent glucose uptake and metab@fischer et al. 2021@hereforel®-FDG has been
approved by the Food and Drug Administration (FAl)s consideretb bethe gold standard for
myocardiaviability assessmdischer et al. 2021a)

Typicallyacardiac FDG scancludes perfusiorscan elemenisingaflow radiopharmaceutical
which is since FDG has a low extraction fraction by the myocyte and thereforbecasadtto
reflect the MBF. Myocardial perfusion imaging (MRbvolves administering suitable
radiopharmaceutical to assess the blood perfusion (flow) to théMlaeamagada et al. 2021)
Regions with reduced blood flow might indieatebstruction inthe coronary arteries or CADs
(Guerraty et al. 2020; Manapragada et al. B3gitardial regions that haveecreased perfusion,
but preserved or increased glucose consumption (#sbflcakmetabolism mismatch) usually
indicatea viable myocardiurfVasudevan et al. 2020pn-viableregions have redegtblood flow
and FDG uptakéthis is known asraatched defecf{Vasudevan et al. 202dyocardial perfusion,
also called MBF, is a smaller measure than the coronary bleathflpunit of imin) as it reflects
the amount of bloogermass ofyocardiaissuewith aunit of mfmin/g (Manapragada et al. 2021)

The combined PET/CT imaging has a higher sensitivity and temporal resolution when compared to
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other modalities like SPECT imaging; tihissconsidered the gold standard for MBF quantification
in rest and stress conditigiManapragada et al. 2021)

There are several available blood flow tracers, inclédiNH3, *0-H,0,*Rb and 18F
flurpiridaz, which is a newly developed tracer with a promising clinical potential that is still under
examinatiofManapragada et al. 20The ideal flow tracer should have a higher extraction fraction
by the heart, a low clearance rate from tieshe blood, and a small positron rafM&napragada
et al. 2021 Furthermore, they should have a-lifgfperiod that is sufficiently long for them to be
transferred to the lab or imaging ce(itanapragada et al. 2021is preferable that these tracers
can be synthesized efficiently and reliably to be used r¢iMeredpragada et al. 20ElQw tracers,
like*™N-NH3 and*0-H,0 have a short halife which is ideal for multiple scaidanapragada et al.
2021) On the other handhe*-FDG that has approximely two hours halife and thus will not
allow another radiopharmaceutical to be injected following its administration.

The FDA has approved the usé®f-NH;asan MBF tracein 2000(Manapagada et al. 2021)

It is a cyclotron product with a hEfié of 9.8 minute@Manapragada et al. 20ZInce injectedN-

NH diffuses freely through the cellular memhi@loealsein the myocardium, brain, liver, kidneys,
and skeletal musc{Manapragada ef. 2021)The myocardiatrapping mechanism is not fully
understoogbut studiesuggeghatthe ammonianterghe glutamine pool via the glutamine synthase
andisthen converted into glutamic acid and carbamyl pho¢pteatapragada et al. 2021)

;N-NH3 is almost an idepkrfusion tracett has a high firgtass extraction fraction from the
vascular pool (more than 80%) and a linear myocardialagwekeg wide range of MBF ratés.
has high retention in the myocardiwith a minimabackdiffusion, which couldmprowe theimage
guality(Manapragada et al. 2021)

One of the aims of this research isualuatéhe beneficial effect AV- BPIFB4gengherapy
on themicecardiac functionsingmicroPET/CT imaging. Thereforese willbrieflyhighlightgene
therapy as a methodtteat different types of diseases.
2.20Gene therapy:

Gene therapy is a technique that has been used to treat or prevent diseases or pathological
conditions either byeplacing a mutated gene, inhibiting a mutated gene, or inserting a new gene, all
of which aim to cause a therapeutic or regenerative effect in the body'{lsyateimd Coronel
1997; Rincon et al. 201Bhere are various challenges involved in thegs;and the first is finding

the optimal methods to deliver the normal gene copies to the targstagelisssadat et 2012;
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Bulcha et al. 2021he vector (or vehicle) is a molecular carrier that should allow the gene to be
delivered to the target by crossing the cell membrane and then ultimately releasing it into the cell
nucleugNayerossadat et al. 2012; Bulcha et al. Z@2d9 this, there are different types of vectors
used as a delivery system. They are generally dividedliatavaorviral vectors, each one with its
advantages and disadvantélyayerossadat et al. 2012; Bulcha et al.. 2091 )vector is a viral
vector that was used in this researdhploduced from a naturally existing parvoangcannot
replicate independently, but rather relies on a helper virus such as adenovirus or herpes simplex for
replication process@sayerossadat et al. 2012; Bulcha et al. 2021)

Uncovering the secrets behind human genetics is a promising tool to undeistavnaiiagion
between individuals with respect to certain traits, longevity, susceptibility to diseases and response to
therapeutics. Recent studies indicated that exceptional longevity is an inherited trait, and some groups
of longliving individuals (LL)scan be highly resistant to diseases, especially those associated with
ageing, and have a low incident rate of GVilla et al. 2015a; Villa et al. 2015b; Dang et al. 2020;
Di Pardo et al. 2020; Faulkner et al. 20B® offspring of LLIs often have the same healthy
phenotype, which correspondingly opened the possibility of transferring the healthy genes across the
population. Our collaborators have identifiedrayevityassociated variaBPIFB4 (LAV: BPIFB4)
may k& a novel therapeutic approach to reduce endothelial dysfunction and enhance vascular
reparative processg@éilla et al. 2015a; Villa et al. 2015b; Dang et al. 2020; Di Pardo et al. 2020;
Faulkner et al. 202@ubsequentlpne of the aims of this resgais to assess ttieerapeutieffect
of the LAV- BPIFB4 gene using the power of mieE&T/CT imaging and guantitativeools.
2.21Gapsof knowledge

Both MBF and MGM is vitalphysiological biomarkettsat could provide predictivalues in
understanding normal and abnormal metabolic processes of the CVS and their relatebhdiseases.
murinemode] quantifyinghose twddiomarkerss associated with mashallengedn this research,
we will test thability of our microPET/CT imagingo evaluateardiac function through quantifying
these biomarker$his goals associated withultiple technical consideratiomkichwill be tackled
in this researclQuantitative analysis using mHeET/CT scannercannot be achieved without
testingts physical performance as wetl@geloping anstandardizing imaging protocols twaild
produceaccurate and repeatablibesevalidated imaging protocatsght play acrucialrole in

assessing the influence of novel drugs or therapeutic interventions such as gene therapy on the CVS
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An examination of thgenes associated whtkalthy longevitilashelpedscientists to identify
LAV- BPIFB4genewhich has been associated wihdevity angreventingagerelated diseases
throughpromoting cell survival and functi@filla et al. 2015a; Villa et al. 2015b; Dang et al. 2020;
Di Pardo et al. 2020; Faulkner et al. 202B)le a number agxperimental approaches have been
performel to assess and understhod theLAV-BPIFB4 genexerts its effeahone has evaluated
its impact on MBF anblGM using different murine modelsd micrePET/CT imaging and this
is perhaps the masiterestinggapto be explored.

2.22Conclusion:

Closing these gams our knowledgewill be a complex process since it involves multiple
disciplinesincludingmaging protocols, the radiotracer of choice and image, qualitsing these
protocols in different disease models and physiologicalarenditi

The next chapters will explain the applied methodologyr attempts to develop standard
imaging protocols after ensuring the reliability of the-RIEET6CT scanner using-FDG and™N-

NH. This is followed biyrther validation of these protd&m a disease model namely HLI. Finally,
the validated imaging protocols will be used tahtekAV- BPIFB4gene's efficiency as a novel
treatment in improving cardiac function and MBF in several murine models, includingmiiabetic

ageing models.



Chapter 3:
Methodology

3.1Materials and methods:
3.1.1The PET/CT Scanner:

All PET/CT imaging procedures were carriedbyuthe researcher the Wales research and
diagnostic Positron Emission Tomography Imaging Centre (PE&Giff University, UKysing a
Mediso NaneScan 122 smahlbore PET/CT imaging system manufactured by Mediso Medical
Imaging systems, Budapest, Hungary. This scanner is made for preclinical (research) uses only, anc
itds i ntegrat edubesitd Mmainthire antavenage teanpedaturg arsl anaesthesia,
respectively. It is also incorporated with an ECG monitor to allow gated acquisition. Moreover, its
main advantage is high spatial resolution (SR) due to sigi@yfee crystal size taBle. Futher
improvement in SR was obtained by the 3D OSEM reconstruction method with a value of 0.7 mm
compared to 1.25 mm achieved with the filteredgragction (FBP) method. The single axial field
of view (FOV) is 10 cm, allowing a wHobdely mouse scaname FOV (ondoed position).

The combined CT scanner allows high SR with
10 mGy) and minimal scan duration. Additionally, this scanner has a temporal resolution of 1.2 ns,
enabling more accurate correctiond @uantification. More configuration details and physical
performance are detailed in the tadle.
3.1.2The used Cyclotron:

The IBA CYCLONE®R 18/9 Cyclotron fon Beam Applications, IBA, Belgiags used to
produce the radionuclides needebigresearchicluding thé®F and™N. The production processes
were carried out by a member in the production team in PETIC.
3.1.3Radionuclides (radiotracers) used in this research

In this research, two radiotracers were, i$BDG and*¥N, to quantifyglucose metabolism
(MGM) and myocardial blood flow (MBf@spectively.

3.1.3.1"Fluorine-fluorodeoxyglucose t-FDG):

¥-FDG is an analogue of glucose, with uptake linearly proportional to the that of exogenous
glucose. This radiotracer is used to assess B&Imyocardium, where it is transported by facilitated
diffusion with an irreversible binding. In this resed@feRDG was used in all scans for myocardial
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glucose metabolisim (MGM) assessment (details in th8.2aeFDG was produced onsite in
PETIC, Cardiff University.
3.1.3.2"Nitrogen-ammonia (*N - NH »):

N-NH;was used in the imaging procedures for quantifying MBF. It has a 9.96lifieinhath
requires an onsite cyclotrpftieland et al. 1991f) has arextraction fraction (EF) of 80% with a
mean positron range (PR) of 0.7 (table 3.2 The neutral Nkimolecule diffuses readily through

the plasma and cell membrane.

Single axial FOV 10 cm Allow thewholebody mouse to be
scanned one FOV

Gantry opening 16 cm Allow scanningigger animal
Crystal size 1.12x1.12x13 mm Superfinerystal results in improve
Total number of crystals 36504 spatial resolution
SR with 3D OSEM 0.7 mm The higher the SR, the better thq
SR with FBP 1.25 generated image quality
Sensitivity 8% The higher the sensitivity, the high

theimaging quality
Count rate for mouse 850kilo counts per second (kcps A highercount rate allows high
radioactivity studies
Temporal resolution 1.2 ns improved temporal and energy
Energy resolution 19% resolution will provide high
guantification accuracy and goot
resolution
Combination with CT Yes Support higher resolution with a Ic
dose CT scan

Table 3.2 Mediso Nano-Scan 122S smaliore PET/CT imaging system manufactured by Mediso medical
imaging system, Budapest, Hungary.

IN-NH 3 9.96 min 15 Cyclotron 80%
1¥-FDG 110 min 0.66 Cyclotron 1%-3%
Table 3.2: The physical characteristics of both 18FDG and 13NNH3 (Wieland et al. 1991).
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3.2 Animal models

All animal experiments and imaging procedures in this research were approved by the British Home
Office (Project License PPL 30/3373), the University of Bristol and conducted according to the Care
and Use of Laboratory Animals (The Institute of LaborAtmngal Resources, 1996). The project
license of this research (Bristol University Project License PPL 30/3373) only alteasveon
PET/CT procedures; thus, each mouse was terminated after performing seque izt soanse
was dissectegfter teminationto collect tissue, blood, and urine for histological anBlyBib.or
Dblean [C57BLKS/dLeprdb/LeprWT Dock7+ (wt/db), Envig®] or C57BL/6J(Charles River,
Margate, Kent, UKice were usad theexperimentdn the healthy model, whickasused for
standardisinghe imaging protocolsyice were obtained from Charles River as one of the main
supplierdor Cardiff university-or the diabetic, ageing ahdadlimb ischemianimal models, mice
were transferred from Bostuniversityafter performing the approved protocols such as the injection
of a therapeutic gene or surgical hindlimb lightportantly, mice weedlowed to recover fareek
after the transfer processorderto reducestress and discomfadtie to tansportatiorthat might
affect the results.

3.3 Therapeutic gene name:
Four-missense singheicleotide polymorphism variant of the bactericidal/permeatut#asing
fold-containing family B memberfour4 BP(FBJ gene.
3.4Variants of the gene:
1. Control grop: Wildtype isoform (WT) of the gene BPIFB4 or-BHIFB4.
2. Control groupA virus marker with green fluorescent protein (GFarip.
3. Experimental group: Longevagsociated variant (LAV) of the gene BPIFB4 or LAV
BPIFB4.
3.5Gene cloning:
BPIFB4 cDNAgengfor bothWT and LAV isoforms) was cloresldescribed by Di Pardo et al.
(Di Pardo et al. 2020; Puca et al. 2020)
3.6Vector Production:
Vector production and purification of aderssociated viral vectasrotype 9AAV9) was
performed as described by both Villa ehdlPaica et afVilla et al. 2015b; Puegal. 2020)



3.7 Gene cklivery method:

Both LAV-BPIFB4and WTFBPIFB4were systematically delivered using-eetailinjection of
vehicle or the AAV9 containing the appropriate vdbeamtg et al. 2020)

The following sections brietiutlinedmice different models, their groups and supplier.
3.8H ealthy mice:

Healthy mice weresed tooptimizeimaging protocols and valielbaselinestudiestwentyfemale
mice(C57BI/6) with an age of #eekgbodyweigh25330 9 were purchasdtbm Charles River
one of thdeadingCardiff university suppliers.
3.9Hindlimb mice model:

Hindlimb ihemiavasinduced in the left Idgr four healthy male mi¢strainC57BL/6J aged
abouteightweeks ljodyweigh20330 g), obtained from Charles Rivdargate, Kent, UKThe
surgical induction of HLI was performed by one of our research group members in Bristol university.
More details on the ligation process anaesthesia and the used imaging tools will be explained in the
relevant chapter.
3.10The diabetic mice model:

These nice were used to study the effect of a single intravenous injection of the therapeutic LAV
BPIFB4gene in type 2 diabetic induced mice. Four groupalemiceagedineweeks (number
per group(n)= 8vith more details in figure BMere received from Biwl university fofF-FDG
scanning tevaluate theffectiveness of gene therapyMGM among the four groups.
3.10.Mice groupsfor the diabetic model:

Note that the group name indicates the injected gene variant, and a healthy or diabetic state.

1. Lean control (LC) group: healthy (heterozygous)-diabetic mice (C57BLKS/J
Leprdb/LeprWT Dock7+ (wt/db), Envigo).

2. LAV group: induced diabetic male C57BLKXgrdb/Leprdb/Dock7+ [db/db] mice
(obtained from Envigo, Bicester, Oxfordshire, UK. Mice in thigp gsewe injected
intravenously with AAVBAV-BPIFB4 under isoflurane anaesthesia.

3. WT group: induced diabetic male C57BLH®{drdb/Leprdb/Dock7+ [db/db] mice
(obtained from Envigo, Bicester, Oxfordshire, UK). They were injected intravenously with
AAV9-WT-BPIFB4 under isoflurane anaesthesia.

4. No virus (NV) group: induced diabetic male C57BLK&AIdb/Leprdb/Dock7+
[db/db] mice (obtained from Envigo, Bicester, Oxfordshire, UK) and they were injected
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with phosphate buffer saline as a vehicle (PBS). Thisggraumped no virus (NV) as no
virus was injected.
At 9 weeks of age, the migere injected with either AAYRAV-BPIFB4, AAVOWT-BPIFB4
or vehicle as previously mentioaed illustrated ifigure3.1. One montHater, echocardiography
was performedat wek 13) onall mice using Vevo3100 echocardiography system (Fuijifilm
VisualSonics Inc, Toronto, Canaddh more details will be given in later section. A subset of mice
was transported from Bristol to Cardiff for them tsdanedisingPET/CT, to assesMGM and

MBF. More details will be given in later sections.

No virus
(V)
> diabetc ‘Therapeutic
group (n=E) intervention 12 mice (3 from each group)
9 weeks old AAVY-LAV-BPIFB4 i — were sent to Cardiff for PET/
Diabetic male ] dp BTOU Y, G
e o (PBS)NV

mice diveded = i CTimaging

into three R 8 . and

groups (n=8/ »- “U\\“’l\‘ »I( M\\H]‘ % * X the rest 20 mice were culled

group) " AAVO-WT-BPIFB4 A for organ harvesting and
gene(n=8) % & %' Injected with the . . ;

Age-matched . . AAVI-LAV histological analysis
lean non-diabetic an control (LC) non- BPIFB4 gene

male mice (n=8) ‘f_ Basal Final

echocardiography echocardiography
Timeline
observation observation
{weos) : : , : —
8 9 13 14
End

Figure3.1 The experimental design for the diabetic model groups.

3.11Ageing mice model:

This model was used to investigate the effect of a single intravenous injection of the therapeutic
gene in aged micEhe geing modehclude®4female C57Bl/6nicewas divided into two groups,
early treatment (treatment started at 14 months old;-fglldar 4 months) and late treatment
(treatment started at 18 months old; fellpafor 1 month) groupas in figures 3:23. The early
treatment group included 54 mice (42 femal&ézmdlemice each)ut only female mice were sent
for PET/CT imaging. @ the other hand, the late treatment group included 40 female mice as in
figures 3.8.3.1t is important toemphasizé¢hat the mice in these experiments were healthy aged
mice. The mice in the eaglpupwerel8 monthold, while théategroupmice werd9monthsold
when performing thBET/CT scansEach ageing group wasxivided into four treatment groups
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(3 mice eachlmportantly, bothlihe early and late treatment groupre treatedith the same gesne
Figures illustrate the experimental desigthé early and late treatment with more details given in
the relevant chapter.

Mice were divided into
four groups
Mice in this group After Echocardiography,

had no virus (NV) < x
injected, NV group 12 female mice (3 in

{o=3) each group) were sent to
oy Mice in the AAV9-WT- Cardiff for PET/CT
T, BPIFB4 group were injected i .
Py with the AAV9-WT-BPIFB4 Imaging,
gonain=) Following scanning
14 months aged C57BL/6 A, Mice in the AAV9-LAV completion, mice were
: : BPIFB4 group were injected
mice w“? & total number E>) with the AAV9-LAV-BPIFB4 culled for organ
of 54 mice gene(n=3) A
harvesting and
Mice in this group were histologi lvsi
42 females 12:male “Qm_ M9 injected with a virus marker stological analysis

with green fluorescent
protein (GFP) group (n=3)

_ One week Later

T
i mice underwent final 18 months
= ml?:dtlells_‘:;ﬂtmlce Echocardiography on 18

Echocardiography on months
arrival

Figure3.2: The experimental design for the ageing model of the early treatment group.
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Figure3.3 The experimental design for the ageing modet ddte treatment group.

3.11.Mice groups for ageing model:
Both theearlyandlate treatmergroupsare subdivided into four groups, and they include:

1. GFP group: mice were injected with a virus marker of green fluorescent protein (GFP)

group.



2. No virus (NV) group: mice in this group were injected with vehicle (PBS).

3. WT group: mice were injected intravenously with AAVBPIFB4 under isoflurane
anaesthesia.

4. LAV group: mice in this group were injected intravenously with- ABAYBPIFB4 under

isoflurane anaesthesia.
3.12Hindlimb mice model:

Hindlimb ischemiavasinduced in the left Idgr four healthy male mi¢strain<C57BL/6J aged
abouteightweeks lfodyweigh0330 g), obtained from Charles Rivdargate, Kent, UK. More
details on the ligation process will be explained in the relevant chapter.
3.13Imaging protocols:

This research was conducted as part of extensive studies involving several quantification criteria;
however, it will focus only on the pieces that have been carried out by the researcher. The imaging
protocols were designed®mcompleted in one day,lasproject licengmly allows onday imaging
under generalnaesthesiahich is referred to as termiaabesthesid ust i f i cati on of t
design will be discussed in the related chapter.

These imaging protocols were applidteaithyageig andhindlimbischemic modg(HLI) with
some differences in the dynamic scan duratioantrast, in the diabetic model, imaging was limited
to the'F-FDG protocol, which is the same protocol applied in all the other mice models.
3.13.1maging protocols for diabetic model:

As previously mentioned, twelnice wereobtained froncolleagueat Bristol University and
classified into four groups (3 mice per group

The mice weréasted for one howand warmed to 3Z and before beingnesthetisedsing2%
isoflurane. Isoflurane was administratednduction box that was connected toCarcarrier gas
cylinder. Intraperitoneal (IP) injection of-180ul of lohexol CT contrast agent (64@/ml) was
givenjust before the radiotracer injection to distinguisheleet the liver and the kidneys in the CT
scan. This was followed by intravenous tail vein injection8d¥182| of ‘4-FDG within a volume
of 0.1 ml The mice were then transferred to ayaamedmagingscanner bedhichwas supplied
with a smaltooth bar(attached to aose congo maintain anaesthegiging~2% isoflurane of O2
(1L/min) nose tube andECG electrodes tmeasurdieart rateA 16 second CT scout scan was
acquired followed by60 minute wholebody dynamic PET scan Afterwards, ardiac gated

acquisition was acquired for a duratiopOshinutes and then lastlg, 2.5minutes wholebodyCT
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scanwas performe@480 projectiongne rotation, 50kVp). The CT scamasused to calculate
attention correctionmages of both PET and CT are automaticallggistered.
3.13.2maging protocols for healthy,ageing and HLI models:

In these three models, each mouse was moved individually to a warming box for a duration of
about 5 minutes to facilitate finding the tail Y& cannulation. In addition, a cannula was freshly
made on the day of the scanning and flushed with heparin saline to prevent blood clotting due to the
prolonged imaging time and the administration of various radiotracers. Next, thevasouse
positioné in the scanning bed acannulated via tail vein gently and carefitlyseveral plaster
layersappliedon the top ofthecannula to prevent motion.

Mice in these models underwent scans in the following order: CT Scdéit \Ni#y,rest scan,
N-NH;stress scaff-FDG scanand wholébody CT scan. Following completion, the mouse was
moved rapidly to the dissection table, where the cardiac puncture was performed, followed by organs

collection, as explained in the following sections.

3.13.2.1"N-NH srest s@n:

In each mouse acquisitiéfN- NH;(30-100 MBqg in 260 pl) wasinjected througla tail vein
cannula. Following administratio@Danin dynamic PET scavasperformedThe actual acquisition
stareda few secondgrior to the administration dfN-anmonia to catch all the myocardial flow

processes

3.13.2.2"N -NH ;stressscan
Ten minutes later, the stress scan was initiatedityle bolud injection of dobutamine (0.75
Q g /wgthout moving the anim@Puhl et al. 2016)he stress scacommence® minutesafter the
injection, in order to make sure that the heart was undensfinesshe heart rate increased to about
600 bpm (measured by ECG pads placed on plaescond dose 6IN- NH;(30-100 MBq ir20-
60 uL) wasjectedntravenous|yanda20min dynamic PET scavas performedmage acquisition
was initiated a few seconds prior to the radiotracer injection by applying the same image acquisition

process as in the rest scan.
3.13.2.3"F-FDG scan:
Followingthe anmonia scans, an injection of ¥8Bq of **F-FDG in © 20 ulwasadministrated

via the same cannula Jiaed a 46ninutewholebodydynamic PET scamasacquired immediately

after administration.



3.13.2.4CT scan:

Following FDG scansa 2.5minutewholebodyCT scan (480 projectioms)erotation, and 50
kVp) wasperformed to calculate attetion corrections as well akklow co-registration of images
which in turn give a betteisualisatiomf structural and functional informationrfrahe CT and
PET respectively.

3.13.2.5Culling process:

The culling process was different depending on whether or not the histological analysis was carried
out. In HLI, diabetic, and ageing models and following all scans completion, and while the mouse was
underthe anaesthesidlood was taken into an EDIdated syringe (@fauge needle) via cardiac
puncture (the needle was inserted under the left elbow directly into the heart). After termination,
organs and tissues were harvestethe healthy model, the nssuwas terminated either using
overdose of euthatal or bgrvical dislocatidechnique.
3.14Image reconstruction:

All PET scans were acquired in list naodpiisitonrand | mages were reconstr
Nucline NanoScan reconstruction softwaredd.@10.0000) using the T€cemo 3D reconstruction
algorithm withfour iterationsand sixsubsets, on 0m isotropic 3D voxel grids and an energy
window of 406600 KeV. More details on the diseamesetsvill be included with details in each
chapter howeverit is important to note that due to variation in the injection time following scan
activation, the reconstruction frame time varied according to the starting points of the Timisction
is becausthat we only interested in the time during and following the radiotracer injection, and the
time before in the injection will be discaréd¢tgnuation(CT based) and scatter correctioreslian
and spike filtergs well anormalisatiornywereall appliedto the reconstructed imagasiditionally,

CT scans were reconstructed witk2& mmvoxel sizaisingthe conebeantilteredbackprojection
method and a cosine filter was applidte PET images were-registered to the CT images to allow
absolute quitation of the PET data.

3.15The data analysis software:

Processing andnalysingmedical images from hybrid modality like PET/CT scanner are
challenging procedures becdlsginvolve the use ahultiple sources of functional and anatomical
information.The commercial PMODersion3.91(PMOD Technologies Ltd. Zurich, Switzerland)
was the software of choice in all dnalysedue to the sophisticated capability of compartmental

modelling that offera wide range of parameters to be examined. Accordirlfwirfg the
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reconstruction, all scans were exported to PMOD softwBl€OM format (Digital imaging and
communication in Medicine) which is a commonly used image format that facilitates transferring and
analysingmages from different devices, scanners, servers, and networks.

PET data quantification is defined as the extraction of physiological parameters of a system from
the study of radiotracer kinetic and uptake. Quantification can be simply descrilnolgsunhim
which the input parameters were the PET scans, and the output was the measurement of a
physiological biomarker that can describe the function of an organ.

In this researchhé applied PET quantitative tools were SUV and compartment makatling
werementioned in earlier chapters. Details on the applied models will be discussed closely in each
chapterGenerally, PMOD consists of integrated sets of tools, each of which tackles different aspects
in the image analysis starting from the sidnalging of volumes of interest (VOIs) and their related
statistics to the level of compartmental modelling that includes different complicated mathematical
models. Three tools have been used in this research which are Image processing and VOI analysis
(PBAS), general kinetic modelling (PKIN) and Cardiac PET modelling (PCARD).

First, the PBAS tool was used to define VOIs within tissues by drawing contours around the area
in a 3D plane. PMOD offers a large platform to draw VOIs via either contour outlines, geometric
objects, linear VOIs or VOIs with holes, which can be helpti inase of the myocardium but
discussing them in detail is beyond the scope of this research. Next, a wide range of statistics can be
generated, including TACs and SUVs. The TACs can be aggregated later to the PKIN tool for further
kinetic modelling anyesis.

Next, thePKIN toolswas used tetudythe radidracerpharmacokinetiasithin time. There are
severatomprehensiveodellingavailablén this tool,but details of those us€¢tifCM, 2TCM and
ammonia de Grado (type of 1TOMI be given in the relent chapter

Finally, PCARD tools were the main tools for compartmental modelling in the myocardium, but it
is also closely connected to PKIN tools in which all the produced TACs for the blood and tissues
from the PCARD tool can be smoothly opened in PiéMNurther modelling options.
3.16Echocardiography:

The echocardiograpigsults usinyevo-3100 echocardiography system (Fuijifilm VisualSonics
Inc, Toronto, Canada) along with MX400 or MX550D transavererused to measurarious
cardiac dimensional andn€tional parameteratare et al. 2010; Katare et al. 20Al)

echocardiographgsults were performed by a member in our research group in Bristol uimversity.
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the diabetic model the MX400 was used, WES0Dwas usd for the ageing modBluring the
procedurgeach mouseasanesthetized using isoflurane starting 2:%bbut this percentage was
adjustedhs appropriate tkeepthe heart rate close to 450 barne echocardiography procedure
generally lasted for albame hour.

3.17Laser Doppler imaging:

The doppler imaging was used only in the HLI model to assess blood flow in the HL of the mouse.
This imaging was carried out by one of our research group members in Bristol uhmwessity.
performed using the moorLDIa@ser Doppler blood flow imager (Moor Instrumévithwey Rise
Industrial Estate, Weycroft AuwgK). The laser source wamorLDI2-VR; 633nm, Max 2.5mW,
1.2mm bearasing the high resolution of 0.05 mm/pixel and scan speed of 4ms/pixel.
3.18Hair re-growth grid:

We have assessed the hagroavth patterin the diabetiomodelas illustrated in figuBe4
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Figure3.4 Chest hairiness Grid in (number/grid). Regro
usually observed as3 ffirst to appear,-@ mid, 79 last to
appear, and 10completely rgrown (no gaps).

3.190rgan harvesting:

For histology analysigansharvesting, and blood collection were performed and will also be
explained in each chapter. In both ageing and diabetic models, the blood was collected directly from
the heart through the cardiac puncture technique abirignediaminéetraaceti@cid(EDTA)-
coated syringe and-88uge needle, which were kept in ice prior to blood withdraw, to prevent blood
clotting.Next, blood was centrifuged for 10 min with no break, arouneB@00Qevolutions per

minutes (rpm), anthenthe plasma was remoy#ash frozerand stored aB0°C freezer
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Following cardiac puncture proceduregans werénarvestedrom thediabeticageing and HLI
models The collected organs either were fliesten inliquid nitrogen or drgpedfixed in 4%
paraformaldehyde (PFAQr 24 hours at lab temperature. The RIF¢atedcovalent crosknks
betweernthe moleculesand thugyluing them together into an insoluble meshviotke PFA fixed
sampleghe PFA was changed to phosphate buffered saline (RB&nert day. Both Frozen and
fixed organs were kept-80°C and-20°C fridge respectively for later ustterwards, myocardial
tissue samples were embeddegtimal cutting temperature compound (O&19 then were cut at
8 um sections using a cnaisiThe sections were kept in the freezer for later staining.
3.20lmmunohistochemistry staining:

Immunohistochemistry staining was performed to quantify the capillary and arteriole density in
each tissue using isolectiniB% (I1B4, 121414, Life Technologie§A) and specific antibodntr
asmooth muscle actfaSMA; C6198igma, UK)Most of the immunohistochemistry staining were
performed by the researcher but some staining were performed by another research member in Bristol
university.

The staining procedures started with antigen retrieval step with citrate buffer (ph 6) dieeslO min
using the microwave heating at medium to high power. Note that the citrate buffer was prepared
previously using the ionizing water and citrate buffer powder (with a concentration of 10:1). Following
that, the sections were left to cool at room teryseréor 40 minutes and then washed with PBS.

The sections were blocked with blocking buffer (5% Goat serum (6%)bbvine serum
albumin(BSA)in PBS) for 30 minutes at room temperature. The primary antibody and lectin were
applied together (biotinylatedlectin G8B,1:200andaSMA-Cy31:400in blocking buffer and the
sectionsncubated overnight4tC.In the primary antibodies blocking step, | have prepared negative
control samples either by using PBS and the Dako A0944 mouse IgG2a. ddetinegections

were washed with PBS aheé lectinlabelledwith secondarynarker streptavidiAlexa488 L(T

S32354, Life Technologi#=200)n PBS at room temperature for 1 hddter washing, the nuclei

were stained with DARI 4-Bligm&@&line2-phenylindoleyvith concentration of 1:1000 in PBS for 5
minutes DAPI is used to bind to DNA

3.21Fluorescence microscopy:

The Vascular density was measured by counting the capillaries in at least 10 fields (images) were
captured in all seghs at 20 X magnificatiofhis procedure was carried out by the reseatdtser.

staining, e sectionsvere analysagsing optical or fluorescence microsd@gyss Axioobserver
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microscopge Cat# 1026044910, Germany). The staimiitg green colour 88 emission) lectin
binding representing the capillaries, and red (Cy3 end@Ssi#sgtaining identifying the arteries. All
fields were saved in TIF (Tagged image file) format in an external handoddieeto be analysed
with Image J software.
3.22Image J software

For capillary and arteriole density quantificati@nimage J (Fiji version 2,9.0Cl, University
of WisconsinUSA)was usedrhe area and number of capillaries and arteries were identified in at
least 20 fields per section. Fimdhdvere generated as the number of capillary or artery’pEnisim
analysis was indeed performed by the researcher.
3.23Statistical analysis:

Statistical analyses were conducted using GraphPad Prism (Me®sidBA),through which
data were representadth their individual values, mean afd SAfter testing for normality,
comparisons were generated ugingriety ofestsincludingunpaireds t u d teesttoriZer 24vay
analysis of variance (ANOVA$, appropriat&he mean values of two groups or data sets were tested
for statistically significant using the unpditest. Moreoveithe means of the four treated groups
with respect to one variablere compared usingvhy ANOVAs whereag-way ANOVA test
wereusel to examine the effeof gene treatment in the four groups with respect to two different
variables (the response to the gene therapy at different time pPdfetences were considered

significant wheR<0.05.



Chapter 4.
Evaluation of Micro-PET/CT system
guantification accuracy with*-FDG and
N -NH z;using NEMA standard tests

4 .1Introduction:

Preclinical PET/CT systems are widely used to assess the efficiency of a novel treatment in an
animal model or to validate astdndardizéhe application of current and new radiotracers to be
translated to human studies. The power of PET imaging liesability to produce quantitative
measurement of vital biomarkers, thus giving information about the underlying phfys mliagdy
discussed, several quantitative or semi quantitative techniques are commonly used to extract or
guantify physiologicaidmarkers. SUV is a wklown semguantitative example and is usually
determined by drawing ROI around the organ or tissue of interest. This ROl is used to measure the
radiotracer concentration through which its metabolic process could be quantipadnt@ornal
modelling (or PN modelling) requires dynamic acquisition during PET scanning in order to study
the radiotracer kinetic in tissues. Compartmental quantification can be seen in tHe-E&xg of
and*N-NH?3 in which they are useal assessritical biomarkersuch aglucosemetabolisnand
MBF, respectively. These techniques rely on the fact that thePEIC@I system generates
accurate and reproducible results, which cannot be achieved stéthdatdiation in both the
performance measments of thenicroPET/CT systenandtheimagingorotocols. The diagnostic
value of the small animal PET imaging is directly connected to the validity and reproducibility of the
obtained data. If the data are not reproducible, the results will be sajuestitatable.

In thischapten will discuss the standard performance tests of theP&EGICT scannersuch
asspatial resolutiofSR) sensitivityandscatter fractian (SF), and the image quality (1Q) wasich
isroutinely highlighted in quantitative PET studibestandardiationof the imaging protocolsill
be discussed the nextchapter. In addition, this chapter will describe our first experiments in the

standardition and optimization processes folffF-FDG and*N-ammonia quantification. These
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experiments comprise the mandatory performance test needed to generate accurate quantitative data
an imageualiy test for both traceré\s several studies have demonstrated that the IQ test accounts

for importan factors of the PET system, suchS&s sensitivityand SF test8NVong et al. 2012;

Meechai et al. 2015; Hallen et28ll8; Teuho et al. 2020)e have not performed these tests
separately have performedtatistical analgsto assess the degoéevariability inmeasurement

when using different radiotraceénmsportantly,our IQ assessment, including imagguisition and
reconstruction parametgsaligned with thBlational Electrical Manufacturers AssocighiiMA)
andmanufacturer standards.

When using micrBET systems, performance measurements are different from clinical
performance measurements because of the need to adapt to the small size of the laboratory animals.
In the past two decades, much work has beenatedda construct preclinical PET systems suitable
for these animal modélsewellen 2008)n 2000, preclinical PET systems becagable with all
the physical characteristics of the clinical PET system. The performance of these preclinical systems
had developed rapidly, but the developmestanidardizethethods to assess their reliability and
accuracy is lacking.

The NEMA pubisheda set of standardslly 4/2008 that includenethodolgiesfor assessing
scanneperformance afhe micro-PET/CT systemgAssociation 2008; Disselhorst et al. 201
purpose of these methodology protocols was to ensure that the performtecdiftérent
preclinical PET scanneen becomparedo each other through comparing their performance values
following the application of NEMgtandardmagingprotocol(Force 2008; Teuho et al. 20B@Jore
this, vendors could not provigieecisespecifications and standards similar to those in clinical imaging
systems under NEMA guidelindgswadaysvendorfferamanual with all the guidelines to perform
these evaations along with their expected normal ranges to ensure the accuracy and reproducibility
of themicro-PET/CT system as a diagnostic and quantitative imaging tool.

These measurements incl&R sensitivitySF, count loss and random coincideacel inage
guality Each of these parameters and their standard measuring method will be underlined in detail in
the following sections. More focus will be given tdIEMA 1Q testsince it i®ften consideretb
assesthequantitation accuracy of the PET sysltherefore, a test of 1Q calibration was carried out

as a necessary part of obtaining reliable quantitative data.
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4.1.1Spatial resolution(SRY).

In the PET system, spatial resolution (SR) is defined as the ability of the imaging system to
distinguish between two infinitely small point sources in the object as separate points in the produced
image of the obje¢Baha 2010l simpler terms, it is the ability of the systenetiectiovisualize
the details of an obje@@herry et al. 2@) For a conceptual and practical understanding of many
concepts of SR in any imaging system, this requires knowledge of the system's point spread function
(PSF)Saha 2010; Smith and Webb 2010r#eal. 2012 his can be exemplified by placing a tiny
point source in the imaging field, scanning it, and then drawing a line across one dimension of the
produced image to check the intensity across that line, as #h Iigmeth and Webb 2010; Cherry
et al. 2012)it shows a brightentercalled the maxima with much darker outer edges, where the
intensity line creates a Gaussian distribution ¢8mgh and Webb 2010; Cherry et al. 2012)

— ©

small point source in the field of view

A B

Figure4.1 Themeasuremenmf the system PSA.showa radioative point source
placed in the middle of the imaging field. B shows the curve obtained after
a line across one dimension of the image to produce an intensity curve.
Gaussian curve with a brigleintercalled thenaximumand a darker imsity at
the outer edges.

Small point sources in the imaging field appear as a PSF or a Gaussian distribution curve in the
generated imag®mith and Webb 2010; Cherry et al. 28dteover, when there are tadioactive
point sources in the image separated by a distance smaller than the PSF of {Marsysteal.
2004; Smith and Webb 2Q1iir Gaussian curves will blur together to form only one curve, as
shown in figurd.2 Figure4 2 also reveals that the minimum diameter of the Gaussian curve, either
in the axial or lateral direction, is approximately equal to the full width at half maximum (FWHM)
(Smith ad Webb 2010; Cherry et al. 2012)



Accordingly, a larger PSF results in a lower SR, and the system loses its capability to resolve the two
separated point sources as two separate objects, as describedtd (fByoith and Webb 2010;

Cherry et al. 20123everal studies have demonstrated that the PSF is larger in the axial Z direction
than the lateral XY directigDeGradcet al. 1994; Mawlawi et al. 2004; Surti et al. 2005; Moses 2011)
Additionally, as seen in figdr8 the SR reduces as we move away axially (in the XY plane) from the
center(Surti et al. 2005; Moses 2011)

A B
Figure42: The resolutiofimitation due to the limiteaf the PSFA showtwo-point
sourcesseparated by a distance smaller than theBP$Bws thefinal blurred

Gaussian curvimat will be produced fahe two points whiclvill appear as ong
objectin the final image.

_

Generally, the FWHM of the PSF in an imaging system is about 1.4 to 2 times the smallest
resolvable objeEmith and Webb 2010; Moses 2011; Cherry et al F20EXample, if the FWHM
of the PSF is 10 mm, the system can resolve an object ranging between 5 and 7 ng@hierryidth
et al. 2012)n a recent preclinical PET scanner, the SR had a value ranging between 1.5 and 2.5 mm,
measured at the FWHM of the PSF within the central field of view ((Fi@W gt al. 2005; Cherry
et al. 2012)The SR is greatly dependent on the radial offset. Several studies reported that SR values
worsen down to 2.5 mm FWHM at the radial offset of 25Mawlawi et al. 2004; Surti et @032
Moses 2011; Sato et al. 20Wiltiple factorsightaffect the SR of the image, such as the scintillator
size(also called crystal sjzée point of annihilation and the positron range of the used radiotracer
(Smith and Webb 201@herry et al. 2012)

To begin with, reducing the scintillator size will significantly improve toev@Rert will reduce
the sensitivity of the imaging system to dptextbns(Smith and Webb 2010; Moses 2011; Cherry
et al. 2012; Sato et al. 20Iri6)he case amicro-PET, it is not practiddo decreasthe scintillator
sizeenoughto completely compensate for the reductiosizeof a mouse compared to a human;

thishasled to the developmentascanner witscintillator sizes of only 0.975 rifWweber and Bauer
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2004; Saha 201@) smaller crystal results in a decreased detection count and a higher signal to noise
ratio (SNRYSmith and Webb 2010; Sato et al. 28b@ther issue that limits the SR of PET in mice

is that the point where the annihilation event occurs is not thefpgeasitron emissiofCherry et

al. 2012; Sato et al. 201®)is happens because of the positron range (P&),isvdefined as the

finite distance travelled by the positron in the tissue before losing its kinetic energy and being
annihilatedSaha 2010; Smith and W2bth0) The PR is a distinct characteristic of any radiotracer;
table4.1contains several radiotracers with ®Ri(Maddahi and Packard 2014 )addition, in the
annihilation event, any residual kinetic energy will cause annihilated photons to be emitted at less than
180, creating nowollinearity and losing the accurate pogi8anith and Webb 2010; Cherry et al.

2012) These factors all contribute to, and nuglgradéhe PETimage qualitgSaha 2010; Cherry

et al. 2012Nonetheless, many approaches to solutions have been proposed by several investigations,
such as thBR correction factqPhelps et al. 1975)

A B

Figure4.3 Thedifference in th®SFat different directions. Aswthat the PSF is larger

the axial than the lateral direction, resultirgbigtter SR in the lateral directionA, the

FWHM are almost equal to the minima diameter of the Gaussian curve in the lateral
(XY plane), while Bisualtes the same concept in the axial direction (Z plane) whe
minima diametas equal to the FWHM.

4.1.1.1Measurement of SR with theNEMA NU 4 -2008 standard

According tahe NEMA NU 4-2008 standard, SR can be calcutatedweekly badiy a*Na
point sourcavith an activity of 0.52 MBq, embedded in a*acmlic tube wita diameter of 0.25
mm (Association 2008; Prasad et al. 2011; Sato et alA28b6Jing to NEMA guidelines, the SR
should be measured at the cFOV andfourth of the axial FOV in multipleadials and axial
distance(0, 2, 5, 10, 15, 20, 30, and 40 mm) froroghter(Force 2008; Prasad et al. 2(Adr)all
the acquired scans, list mode should be iniffateck 2008)
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Following completion, the scans must be reconstnwdted 2D filteredbackprojectionanda
ramp filter(high pass filtgffforce 2008; Prasad et al. 200H8cutoff setin this filter must bat the
Nyquist frequengwhich is defined aise highest frequepnthat can be coded fasspecifisampling
ratefor the signal to be reconstruc{&inith and Webb 2010; Cherry et al. 2Dagfly, thesWHM
can becalculated for the lateral andabaffset position€&Smith and Webb 2010; Cherry et al. 2012)

N13 9.96 min 1.7 Cyclotron
F18 110 min 0.66 Cyclotron
10 2.06 min 4.14 Cyclotron
8Rb 1.25 min 8.6 Generator

Table 4.1 The physical characteristics including T. and PR of both1& and 1N
(Maddahi and Packard 2014)

4.1.2Sensitivity:

In PET imaging, sensitivity che described as the ability of the system to detect radiation and it
is generally represented by the percentage between the emitted and measured annihilated photons
(Saha 2010; Smith and Webb 2010; Céteaity2012)As withSR, sensitivity is affected by multiple
factors such as the detector material, the packing fraction, the crystal size arahifjle sok@rage
of the detector rin¢Saha 2@ Smith and Webb 2010; Cherry et al. 2RBU&)erous studidsave
reported that scanners with larger axial FOVs and small ring diameters often have improved sensitivity
(Weber and Bauer 2004; Sato et al. .2BaBhermore, there is a traaf€between sensitivity and
resolutiorin which ahinner crystal widnhancéhespdial resolutionbut at the expense of reducing
the sensitivityCherry et al. 2012 owever, fewer detected countlh generally lead to noisy and

low contrasimagegCherry et al. 2012)

4.1.2.1Measurement of sensitivity with theNEMA NU 4-2008 standard

TheNEMA standard recommesheasuringhe sensitivitgentrecdat the scanner FOWsing the
Napoint sourcgas in the SR measureméAssociation 20083dditionally, the background should
be measured by acquiring a scan without the radioactive point(Assocgation 2008)he
acquisition should be set to stop after the scanner collectsaat@@B@entsand the time taken to
complete the scan should be recofdedociation 2008)\fter that, thegreviouslyrecorded time
must be used for alle later acquired scansgabsequent positions steppetheaxial directiom
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orderto cover all FO¥ (Association 2008A plot of the axial sensitivity against the absolute
sensitivity for each slice can be genefassbciation 2008)
4.1.3Scatterfractions (SF) andcounting rate measurements:

In aclinical PET scanner, scattaansessentifctor that might rea@36% fraction of the total
measured eventstime 3D modePET scannefPodoloff and Stearns 200@n the other hand, in
the micrePET scanner, the scatter fraction (SF) is often in the range of 8% in mice and 20% in rat
studiegYang et al. 2004)lthough the scatter contribution in mice seems to be low,rbighe
case when scanning multiple mice at wingeh is a protocol that has been applied in many preclinical
institutiongWong et al. 2012Recently, data froasimulation study reported an increase of 25% to
64% inthe SF when scanning more than three mice simultan@vosly et al. 2012Jhese results
confirm thatthe SF in preclinical imaging isracialfactor when imaging several mice at the same
time However, this is not a problemthe studies presented herepa® were only scanned one at
a time Several types of algorithms can be apipliedrrect scatted eventgVicente et al. 2007b)
Importantly, aliely onthe availability of structural information, which can be obtained from MRI or
CT scanCT-basedSC was applied in all the sdartkis projectleading t@more accurate scatter
or attenuation correctiozalculationindeed, before applying scatterection, the scatter events
were eliminated, initially usalgHA that has an energy window set with a maximum and minimum
window This wago deteceand recorany annihilation coincidence that underwentadiscattered
angle andoss of energ{Saha 2010; Cherry et al. 2002yertheless, this simple process is less
efficient du¢o theslightdifference in energy values between the scattrtealdventshencehere
is always maeedto apply SGSaha 2010; Cherry et al. 2012)

In general, modern clinical and preclinical PET systems haatastion and processing of
coincidence events, enabling them to distinguish between true, scatter, and random coincidence events
described earlier in the introduction. Nonetheless, the PET system requires a finite time to fully
process and register eptioton or (coincidence event). This is called the dead time, during which
any new events will not be dete¢®aha 20107 his is a limitation of the PET scanner, especially at
a highcounting rate scan, causing aypleffect which is defined as the loss of photons during the
dealtime interval of the systdMicente et al. 20070)his pileup effect can add or subtract counts
from the final coincidence events dete@fexente et al. 2007hb)

For example, two pig photons may fall within the energy window and thus add up to the total
number of registered eve(iscente et al. 20078imilarly, a two pilgp true coincidence could be

pushed out of the upper energy window limit, resulting in a loss of (soceise et al. 2007b)
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Ultimately, the generated image would have a low statistical quality, which may lead to mispositioning

of actual evenicente et al. 2007b)

4.1.3.1Measurements of SF and count rate performance:

In compliance with NEMA NU & 2008 specificationgarticular mouse and rat phantoms can
assesthe ¥ and count rate performan@esociation 2008Y he two phantoms are madeesblid
circular cylinderbuilt from high-densitypolyethylengAssociation 2008he mousghantom
measures0+0.5 mm inengh and 25+0.5 mm in diameter, while the rat phameasure$50+0.5
mm inlengthand 50+£0.5 mm in diametgssociation 2008)he measurement for each phantom
involves placing line source filled witf inserted inside the highly scattered pha@issociation
2008) The'®¥ activitiesare105 MBq for the mousstzed phantom and 150 MBq fbe ratsized
one (Association 2008After that, each phantom undergoes scanning acquisition for 10 hours.
Following this, sinograms should be generated without applying any cdAsatication 2008)

The rows of the generated sinogramast becentrecht their maximand the sum of all rows should
then be measurédssociation 2008)he NEMA standarihcludesa signal window of 7mm around
the maxima in which any counts outside the signal window are cotsidesadtter or random
eventgAssociation 2008)

4.1.4mage quality (1Q):

Studies involving small animal imaging require a high standard image quality (IQ) to generate
accurate guantification. Generally, 1Q is dependent on the image reconstruction parameters, the
applied image corrections, and the choice of the radi¢tragleo et al. 202@ach radiotracer has
unique physical characteristics that dramatically impact in vivo measurements, such as cardiac
metabolism or MBETeuho et al. 2020The preclinical data precision, repeatability, validity, and
translatability are of utmost importa(@to et al. 201@}onsequently, technical, and-temhnical
factors that might influence the quality and quantification process need to be investigated.

Animal handling and imaging pits have thmost significantpact on preclinical studies and
the quality of the produced imagdse next chapter will discuss, validatest@andardizprotocols
in detail Naturally the administrated radiotracer alsodsgnificant influence ahe 1Q. When
using differentadiotracersthe 1Q should be explored to have a standard or acceptable image
(Association 2008\ccordingly, phantom studies have been recommientesINEMA NU 4 d
2008 to test the quality and the quantification accuracy of PET images when using the same or
different radiotracefg\ssociation 2008; Teuho et al. 20P0¢ NEMA IQ phantom tests include
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checking specific image parameters and performance metricspaucil &slume effects (PVE)
and their correction throughcovery coefficiefRC) methodsspilloverratios, image uniformity
and thestandard deviation percentage (STDf#aadioactivity concentration along the uniform
region of the phantom. It may be possible to measure SR via the RC values in the |QRsleatom
et al. 2010; McDougald et al. 20R@ee, in this chapter, the SR of our PET scanner was evaluated
through RC values similar to the methods applied by Prieto et al. and McDougRlictd at al.
2010; McDougald et al. 202 portantly, as recommended byNEEMA NU 4 6 2008 specific
image acquisition and analysis protawoa been applidd.addition vendors also prowaduidelines
to achieve comparaheage parameteasd high 1Q according to NEMA standards.

To understand how ti¢EMA 1Q phantom tests amperformed, brief details on the investigated

parameters, including PVE and spi#r need to be introduced.

4.1.4.1Partial volume effect (PVE), spilover and the tissue fraction effect:

PET quantification is one of the most promising applications through wlmnges in
metabolism or physiological parameter can be detected as a functigisof¢inetal. 2007; Zhong
et al. 2013b)

Suchinformation would be beneficial to proceed with or eliminate the use of a novel drug as in
the case of this project. Weber and his colle@dfieber et al. 1998ported highly reproducible
data in a clinical trial witfF-FDG (with an SD of about 9%) for the measuremeritirabur
metabolism in their attempt to test the validity of a new drug. This fact might make PET imaging ideal
for novel drug approval; hovesy there are several challenges associated with the system and the
radiotracers of choi¢¥isser et al. 2008; Disselhorst et al. 20h@lerstanding these challenges is
of foremost importance, especially in monitoring the response to thenasjeewtiation(Soret et al.

2007)

One of these factors is a phenomenon called partial volume effect (PVE) which causes the intensity
values in the generated images to differ from the true segiorein the object. PVE occurs due to
two factors which are the limited SR of the PET scanner and the image &aonptiegal. 2007)

The first factor in PVE is the loss of SR of théesyswhich appears as 3D image blurring,
originating either from the scanner design (for instance, the crystal thickness) or the reconstruction
method (Soret et al. 2007)n this context, the \FE is defined as the underestimation or
overestimation of radioactivity concentration in the source region of the generated PET images, which

can consequently lead to misinterpretation of the data. Underestimation usually arises in a source
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region that isurrounded by other high radioactivity regions (also called hot regions). The effect
becomes significant when the source region is smaller than the sc@reskaS®R al. 2006; Sato et
al. 2016)The underestimation is also called aagpjllbbecause part of the signal from the source
spills outside the source region, as can be seen in #g(Berdt et al. 2007)Similarly, the
overestimation of radioactivity in the source region due to the surrounding hot regions is-called spill
in (Soret et al. 2007; Meechai et al. 201d9ed, both spilh and spitbut are generally referred to
as the spibver effect which are illustrated in figufe Both PVE and spiiver are the results of
multiple factors such as the region size, the radioactivity in the surroundim@medgiosm SR of the
scanner. All of these factors have been explored along with their correction methods in more detail in
a review article by Soret e(@bret et al. 2007)

The second concepausing PVE is image sampliBgret et al. 2007n a PET image, the
biodistribution of the radionuclide is generated or sampled on a va8amgtiet al. 2007; Meechai
et al. 2015)Certainly, the voxel contours will not perfectly match the actual object contours and,
consequentlyach individual voxel might include different types of tissue. This phenomenon is called
the tissue fraction effect, as shown in figéréSoret et al. 2007nportantly, the intensity in each
voxel is the mean of all signal intensities of the underlying tissues, which contribute t¢3loietoxel
et al. 2007)

100

Actual object Measured image

Figure4 4: An arbitrary circular source (wé diameter of 10 mm) and a unifo
activity of 100 arbitrary units in a sradioactive background. The generated in
has reduced signals of 85 units due to th@gifrom the actual source.
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Figure45: The spilover effect on the actual objekis the true arbitrary biodistrikai
object. D represents the measured image of the true object A. The generated in
is the sum of the spiut effect in B and spih effect seen in (C).
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Figure46: The PVE resulted from image samphimmxels (although
here its only 2D) oiieedyes of source region include both source
background tissues. The concentratiorsigndl intensity) in thes
voxels ighe average of all signal intensities in the underlying ti
Part ofthesignal in the source region emes@aitside the truehject
and thus is defined as spiliing.

Generally, even if the imaging system has the perfect SR suitable for the scanned object, PVE will
persist due to the image sampling (ifutet eal. 2007; Meechai et al. 20lBportantly, Hoffman
and his cavorker recommended performing PVE,-spiélr and tissue fraction effect corrections, as
they are crucial in the accuracy of quantitative results, especially in sméHaifmaait al. 1979)

A frequently applied method to correct for PVE is the use of the NEMA IQ phantom, which will
be discussl in the following sections. The phantom contains a cold region placed in a hot uniform
field to measure the SOR ratio as shown in #igu¢&ssociation 2008; Gontijo et al. 2017)

Additionally, the 1Q phantom (figu4&) contains different sphere sitlgat can be filled with a
known concentration of the used radiotracer and then s¢assediation 2008)

The fraction of the activity, which is recovered in each sphieeggeherated image, is calculated
by comparing the generated image sphere concentrations to the previously known amount in the
spheregAssociation 2008)he calculated fractimcalled the recovery coefficient (RC), which has
a recommended range in each sphere size according to the manufacturer guidelines and NEMA

standarqAssociation 2008; Gontijo et al. 2017)
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4.1.4.2The importance of an image quality test when using different raokracers:

It is popular in preclinical imaging to perform multiple scans with different radiotracers; hence it is
preferable to carry out and compare the 1Q performance test for each used rdégstcaiation
2008; Gontijo et al. 2D1 Teuho et al. 2020yhis comparisoims recommended tstudy and
standarde the performance for each radiotracer using the same preclinisehRt€F, according
to theNEMA 1Q standardTeuho et al. 2020)

In preclinical imaging, themmonly used radionuclides incl@gbon-11{'C), *N, ¥ and
Zirconium £°Zr), with eacthavingits own unique haffife (Ty,), positron energy, and PReulo et
al. 2020)Increasing PR could degrade the 1Q and the resolution of PET (ineadpeset al. 2020)

Liu et al(Liu and Laforest 200B)vestigated image resolution and its relation to the positron range
by testing different radiotracers. Addition@lsselhorst et gDisselhorst et al. 201jve evaluated
the IQ in small animal PET/C3cannersvith ¥, %Zr, Gallium §Ga), and lodiné¥l) (Disselhorst

et al. 2010)Both Liu et al. and Disselhorst et(lall and Laforest 2009; Disselhorst et al. 2010)
emphagethe necessity to perfothe|Q evaluéion forany usedadiotracers in the miecRET/CT
scannerespecially when using compartmental modelling quantifisht@mwas applied in this
researchTeuho and his colleagyd®uho et al. 2026ave compared the 1Q test among different
vendors.In generaldifferences iif,, and PR values leadvariationsn counting statisticSR, and

the percentage of noidfethe same image acquisition agsliedTeuho et al. 2020 evertheless,
this can be optirsed according to the goal of the sgéoreexample, in some studitee counting
statistichave greater importance than the spatial resolittiarcertain limifTeuho et al. 2020)

In the light of this evidence, it is essential to assess the 1Q parameters for any tesmg adliot
a standardised fashion to study the radiotracer and-dgpmient factors that could influence the

obtained results in quantitative studies.

4.1.4.3Image quality phantom test:

The purpures of the NEMA IQ phantom test are to ensurgcthegacy of the quantitative results
obtained from the small animal using the preclinical PET scanner and is recommended to be
performed quarterly (every 3 monthAstording taheNEMA NU 4-2008standard, the 1Q phantom
is made upolymethylmethacryla@MMA) and itgeometry is sulivided into several regions each

of which evaluatespecifigperformance measuremergshownin figure4.7 and tablel 2.
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5 Rods Uniform Region
Region And

2 Chambers

Figure4.7 The NEMA NU 42008 IQ phantom faxtsmall PET scanne

Region a 5 rods with diameted$ 1, 2, 3, 4
and 5mm.
- Region b The uniform region
- Region ¢ The two norradioactive chapers

The first region (a)f the 1Q phantom geometry is solid with 5 fillable rods that have diameters of
1, 2, 3, 4, and 5 mf@ontijo et al. 2017The RC in each sphere of the rods is measured as the ratio
between the measured radioactivity concentration in the rods and the radioactivity concentration in
the uniform region (l{Gontijo et al. 2017)

The middle region is the uniform region (b) and is used torendees maximum, minimum and
the mean radioactivity concentration as well as the SD percentage of different points in the uniform
region(Gontijo et al. 2017)

The third region (c) in the IQ phantonafglable cylindric chamber with two compartmesaish
of whichhasaninternal length of 14 mm and inner diameter of §@untijo et al. 2017The first
compartment is filled with air and the other one withradioactive watéGontijo et al. 2017The
two nonradioactive compartments are desigmcalculate the spdier ratio (SOR) inreand water
(Association 2008; Gontijo et al. 2080R is defined as the ratio between the cold compartment
(air or water) relative to the mean of the radioactive (hot) background comg@mgatet al.
2017) Theoretically, the values of both RC and SORsgart#wons are limited between 0 and 1
as illustrated in figu8i n whi ch 0 < RC (@ssotiatienr2@08; Gonfjo eBaDR< 1
2017)
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Figure4 8: A schematic diagram tife NEMA NU 4-2008 1Q phantom in
which A is the coronalkection view and B is the asiattion view othe
rod region.

4.2 Objective:

The aim of this chaptés to evaluate anstandarde the physicaperformancef the Mediso
micro-PET/CT scanner in terms of overall image qualitoth ' and'™N, as they arthe tracers
used in this researdhe assessment of the performamtidoe carried owtccording tthe NEMA
NU 4 6 2008 and the manufacturer guidelines. Eachmuatide has itewn unique haifife and
positron range; thus, we will also compare the image quality parameters between the two radionuclides.
Moreover, we intend to explore the quantification accuracy by assessing the repeatability in uniformity
values bthe two radionuclideshe 1Q parametergill includetherecovery coefficient (%RC), image
uniformity its relategbercentage standard deviationT(&ID spitover ratio (SORINd SD%or.
4.3 Materials and Methods:
4.3.1PET/CT scanner:

The Mediso nan8can 122smalborePET/CT imaging system is manufactured by the Mediso
medical imaging system, Budapest, Hungary. All the scanner specifications have been previously
mentioned in the methodology chapter.
4.3.2Radionuclides (or radiotracers):

The radionuclides selatt®r this research at®& and™N. ¥ is the most widely used aisd
required in order to perform tiNEMA NU4-2008 1Q measurementdN is mostly used for MBF
measuremesit It hadifferent properties withhigher PR bublwerT,,, when compared t6F, as
illustrated in tablgé. Both radionuclides were produced ftbeCyclotron modeCyclone 18/9 in
the Wales PETICentre Cardiff University, UK.
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4.3.3The 1Q phantom:
TheNEMA NU 4-2008 IQ phantorpreviously described in figudesand4 8 was used in the 1Q

test. The cylindrical phantom is 50 mm in length with a diameter of 30 mm. It consists of different
regions, defined earlier, each of which aim to evaluate a certain aspect in the 1Q test as shown in figure
8.
4.3.4The analysis sftware:

Both vivequant software and the Mediso NEMA test program, that is integrated with the scanning
system, were used.
4.3.5The IQ phantom test:

The designated phantom was filled with approximately 3.7 MBq of the radiotrac€F (@ither
3N) and mixedvith water to ensure that the radiotracer mixed homogeneously without air bubbles.
The phantom wathenplaced in the dose calibrator, where the radioaativd@yntandthe time
were recorded. Importantly, the recorded radioastityd bédnigher tharthe required dose when
measured in the dose calibratwago allow sufficient time for the phantom to be transferred to the
scanner bed. Following this, the phantom was positioned in the bed holder of the Mediso micro
PET/CT scanner and imagimgasinitiated strictly at 3.7 MBq for 20 minutesng whole body
acquisition. Both CT and PET acquisitiand reconstructioare illustrated imable4.3. These
parameters were appliad recommended by Medismwl NEMA NU 42008, to ensure the optimal

scanner performance.



- Acquisiton ~ PET scan: 3.7 MBq for 20 minutes, followed by whole body

scan for attenuation correction

PET mode 3D
PET protocol whole body acquisition
Energy window 400600 Kev
Coincidence Mode 13
Detector model Full ring
Corrections applied Decay correction, dead time correctiangdom correction,
median filtering, AC, SC, amafmalkation
Reconstruction Iterativereconstruction (IR)
method
Voxel size 0.4mm isotropic 3D voxel grids
Number of iterations 4
Number of subsets 6

Table 4.3: The PET image acquisitions, corrections and reconstruction methods applie
in the image quality phantom test using theNEMA NU 4 -2008 standard.

Once the PETand CTscals werecompleted, the reconstruction was initiatgdgiterative
reconstruction(IR) with 4 iterations, 6 subsets @&dmm isotropic 3D voxel griggble423).
Importantly,normalkgation andrandom correctiomere applied prior tthe image reconstruction
processThis test was repeatedtimesto assesthe repeatability of the daspecifically for the
uniformity region.
4.3.6Data analysis of the 1Q phantom:

After completinghe reconstruction process, tQephantomimages were opened to startie
phantom evaluation that complies withNE®MA NU 4 8 2008standard using tiediso NEMA
IQ progranto evaluattheRCs, uniformity and SORor the measurement of these threarmpaters,
volumes of interesVQIs) werepositioned in theentreof the specified regioRurthermoreCT

images were used to assiit the positioning of the regions accurately.

4.3.6.1RC measurements:
For RC calculatigthe reconstructed slicesvering the central 10 naapthof region (a) were
averaged to produce a single ghssociation 2008\ext, circular ROIs were drawn around each

rod (i) with adiameter equi#o twicethe physicadliameteof the rod as illustrated in figur®.

9¢



A B

Figure 49: The reconstructed slices covering
central 10 mm depth of regign Region that wassed
to produce a single slice of the five roddluBtrates
the ROIs around the five spheres representing
different sizes of the rods.

The pixels withmaximum valigeein each ROweredefinedusing an w#house MATLAB code.
After that, the location of these pixels was used tolplet@ofile(the radioactivityalues) through
the central 10 mm directidor each rodi). The mean value and'[3 of all rod profiles were
measuredsing their line profilédssociation 2008; Gontijo et al. 200®)mately, th&Cfor each
rod wasmeasurebly dividinghemeasuredadioactivity concentratiamthe ROI of each rod by the
mean othe radioactivity concentration in the uniform re@pas seen in equatidd (Association

2008; Gontijo et al. 2017)
0N Qddi oil MWQE Ql e '%‘IL‘!:)MQ@: @ DD YIE "0 3D éN’Q
O Qi o0l MWQE ¢ wd QD AEO Gl ADONQE EQ"QE QA6 ¢
According tahe NEMA NU 4 8 2008 standards, the reasonable valubs BICs of the rods
when using®F areillustrated in tablké4 (Association 2008)

od YO

4.3.6.2Uniformity measurement:

For unformity assessment, a 22.5 mm diameter (which is 75% of active diameter) cylindrical VOI
with a 10 mm depth were drawn in¢hetreof the uniform region (b) of the image qualitgntom
as in figurd.10. The maximum, minimum and the STD% in the VOI were calculated. The uniformity
STD% should be less than 15%, as recommended by the NEMA standard fin table



1 mm 0.160.4

2mm 0.7561.0
3mm 0.801.1
4mm 0.961.15
5mm 0.961.19

Table 4.4: The reasonable values of the RCs of the rods according to t
NEMA NU 4 92008 standards.

STD% 15%

SOR
Air filled compartment <15%
Water filled compartment <15%

Table 4.5 The reasonable valuesecommended byNEMA NU 4 6 2008 standardgor
the uniformity STD% and SORstpy for both compartments

151
301
451
601
751

200000

o 150000

;/r” 100000

\ 50000
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A B C D

Figure 4.10: The reconstructed slices covering the central 10 mm depth of region (b) that were use
a single slice of the uniform region (b). this can be seen in A, while B illustratessicesafighe uniform
region (b) in the 1Q phantom and the circular ROl which was generated with an active diamete
75% of the field. C shows the produced single slice of the uniform region (b) but with a different ¢
with the line profé across the slice. D reveals the line profile across the uniform region.
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4.3.6.3SOR measurements:
The spillover ratio (SOR) was measured as a ratio of the mean in each cold cylinder (both in air
and water) to the mean valu¢hiauniform regia (b) as shown ifigure4.11. TheSTD% of SOR

of any cylinderwas calculated througfuatiors.2

"Y'YO Y'YO

O P"YO g B .
LR n p T LAQWE LQWE

Figure4.11: the transverse plane of the 2 nadioactive
compartment regiann theinage of the IQ phantam

4.4 Results:

Images representiagcoronal view of tidEMA 1Q phantom and a tranaxial view of the three
regions (a, b, and c) with their ROIs amws in figured.12. It can be noted thaiN has poorer
image quality particularly in the rod sections, in which they appear blurred when compéfed to the
rod images.

The RCs for the five rods using b&fand™N, along with their STD%, are presented in tables
46 and4.7 respectively. Radiotracer specific differences can be noted in the RCs across the five rods,
as well as the rest of the images, to a degree as illustrated #ilfigUiteese differences were
expected due to the PR differences of the two radiotracers. ThENPR tdrger than that &F,
resulting in a lower image quality of ‘fhieimages. Importantly, the RCs'®f were within the
reasonable limits that are suggested by the NEMA dtasdartabld 4. In contrast, the RCs@fl
were slightly lower in the 2-, and Bmm rods, and became worse in the 1 mm rod as shown in table
46 and figuré12. The lowest RC values were recorded at the 1 mm rod size when u§ig both
and®N, with values ranging from 0.1 to 0.12 and 0.05 to 0.06 respectively.

Moreover, the maximum RC values were recorded at the 5 mm rod siZ& wighngalues
between 1.09 and 1.17 in the four atterBptslarly, the highest RC values were noted at the 5 mm
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rod using®N, ranging between 0.79 and 1.02. Furthermore, the highest variability ig 839%
noted in the 1 mm rod size fF and at the 2 mm rod size fotN with values of 43.3% and
40.7% respectively. In contrast, the lowest variability of gT2&recorded in the 3 mm rod size
for *F and™N with value of 13.1% and 16.5% respectively.

Figure4.12 Images A and Bf thecoronel view ofhe NEMA IQ phantom and a trarexial view of the thre
regions (a, b, and c) with their ROIs'fdr(A) andis (B) respectively.

Radiotracer Test Rod size Rod size Rod size Rod size Rod size
number

1 mm 2 mm 3 mm 4 mm 5 mm
RC STD% RC STD% RC STD% RC STD% RC STD%
Testl 0.1 37.3% 0.79 32.3% 1.07 22.2% 1.09 225% 1.09 18.8%
1 Test2 0.11 43.3% 0.75 23.7% 1.03 185% 1.17 21.2% 1.18 16.9%
Test3 0.11 38.0% 0.83 27.7% 1.02 13.1% 1.12 15.3% 1.12 16.3%
Test4 0.12 33.3% 080 17.0% 1.1 154% 1.15 14.1% 1.17 14.5%
Average 0.11 37.9% 0.79 25.1% 1.05 17.3% 1.13 18.5% 1.14 16.6%

Table 4.6: shows the RC values and their STD% for the five rods in the four repeated 1Q testgof
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Testl
13\ Test 2
Test 3
Test4
Average

RC STD%

33.5%
35%
34%

38.8%

35.3%

0.05
0.05
0.05
0.06
0.05

RC
0.66
0.65
0.67
0.66
0.66

STD%
39.7%
40.7%
37.1%
37.5%
38.75%

RC
0.70
0.70
0.70
0.74
0.71

STD%
17%
17.2%
16.5%
36.2%
21.7%

RC
0.76
0.76
0.77
0.74
0.75

STD%
23.1%
23.3%
22.6%
24.5%
23.3%

0.79
0.78
0.8
1.02
0.84

Table 4.7: shows the RC values and their STD% for the five rods in the four repeated 1Q testsdf

Both table48 and49 provide the results of the uniformity evaluation with the maximum,

minimum, and mean radioactivity concentration as well as the STD% for the two radiotracers. In

18.9%
20.8%
20.3%
23.3%
20.8%

addition, the SOR values and their SD% obtained from the waaddtfélied compartmentsfahe

IQ phantom are reported in tab#es0 and4 11 for both radiotracers.

Test 1 221034.49 120640.20 153736.31 5.9%
Test 2 210730.44 114110.89 153494.08 6.3%
Test 3 220324.21 114552.42 155980.76 6.5%
Test 4 237221.55 131158.79 176146.44 5.8%

Table 4.8: the maximum, minimum, and STD% values that were recorded in the uniforr
region for 18F in the four IQ tests.

Test 1 369578.57 189512.33 276294.11 8.1%
Test 2 385117.40 189512.33 276038.17 8.4%
Test 3 361242.39 196998.36 276919.01 7.9%
Test 4 396781.10 136190.99 229166.15 8.7%

Table 4.9: the maximum, minimum, and STD% values that were recorded in the uniforr
region for 13N in the four IQ tests.

According to the NEMA standards, the acceptable limit of thef@RAtiformity assessment is
to be less than 15%. Notably both radiotracers produced ap-8Btn the acceptable range. In

10¢



addition, the SORs were higher in water than air for both tracers. Generallysthei&B8tshow
any clear trend when usthg two radiotracers.

Test 1 Air 0.08 15.3%
water 0.12 15.7%
Test 2 Air 0.09 14.2%
water 0.10 15.0%
Test3 Air 0.08 14.2%
water 0.11 15.1%
Test 4 Air 0.08 15.0%
water 0.09 15.6%
Table 4.10:The SOR and STD% values fotd in the air and water
compartments.
Test 1 Air 0.09 15.1%
water 0.12 15.4%
Test 2 Air 0.11 13.5%
water 0.12 14.1%
Test3 Air 0.09 15.3%
water 0.12 15.6%
Test 4 Air 0.12 15.2%
water 0.13 15.6%
Table 4.11: The SOR and STD% values for 13N in the air and wa
compartments.

4.5Discussion:

The 1Q phantom resultgenerated from MedistanoScan 122S smhblthre PET/CT imaging
systemwas assessed accordingh®NEMA NU 4 32008 standardBlEMA and most vendors
usually recommend performihg IQ phantomtest prior to important quantitative stuqfsasad
etal. 2011; Goertzen et2dl12; Sato et al. 2016; Chen et al..202@)dition, previous investigations
on the IQhaveonly been carried out usitig, 'C, ®*Ga and*Zr radiotracer§Teuho et al. 2020)
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To the best of our knowledge, there is little published data offNsmghe IQ phantom test
particularly in a small a@hPET/CT scanner, but this is no surprise aiNEA NU 4 62008
standards provide guidelines on only U$tfor IQ evaluation.

Although'®F and"“N havedifferences in halife betweernye were able to ra20minute imaging
acquisition as thestandard NEMAmage quality evaluatiprotocol.The consistency in acquisition
time was essential to assess the variability of the scanner performance when'#singcagn
although there might be another option to be used shisingounts rathethan timeHowever,
this was not the case in a previous study by Tueh@Desselhorst et al. 2010; Teuho et al. 2020)
where they compared the image quality phantom results with different radiotracers but used a
radionuclide specific acquisition. As previously mentioned, the image reconstruction was IR which
was also the reconstruction method applied in all the scaisreSéarch and recommended by
NEMA standards.
4.5.1RC% analysis:

TheRC% is defined as the ability of the PET system to recover radioactivity concentration within
the targetatdifferent sizg hence, iis partly a form of measuretbé SR of the systgi@rinivas et
al. 2009; Disselhorst et al. 2010; Teuho et al. RO2@}, it has been reported that poor SR leads to
more PVE ad low RC values, hence, the assessment of the RCs of the system using a variable tracer
reflects its SKSrinivas etla2009; Disselhorst et al. 2010; Kim et al. 2BRthe 1Q test, the ideal
RC value is equal to 1 which indicates the capability of the systetmdoadmactivity at different
sizes when compared to the uniform region of the 1Q phantom.

The small rods in the 1Q phantom represent the capillary measur@ueatperiments show
that the PR limits and degratlee SR fomsmall animal PET/CT sca@n In fact, these results are
in line with other observations reported by different studies carried out by [liiuedrad Laforest
2009) Disselhorset al.(Disselhorst et al. 201@nd Teuho et glTeuho et al. 2020)hese studies
have performed the 1Q phantom test in various types of small animal PET/CT scanners using

different radiotrace(d8, 61cu,68Ga, 94Mrc, andB6y) which all havedifferent PR and halife.

In our experiments, the RC% values acrossdallexhibit a similar trend among both tracers in
which the minimum RC% was reported in the 1 mm rod, while the maximum values were seen in the
5 mm rod. In thé% phantom, the RC% values for the five rods were within the acceptable ranges
establised by the NEMA standards. The lowest RC% values were in the 1 mm rod, reflecting that it
is dependent on the structure size as well as the PR of the used radiotracer and the SR of the PET
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system. We also noticed the dependency of RC% on the acquisitidmni¢chmhas the same duration

(20 minutes) for the two radionuclides despite the difference indife.l&iinsequently, the RC%

values can be improved generally by increasing the initial activity or increasing the acquisition time
especially for shelived tracers likeN.

In the ™N phantom, all rods showed lower RC% values when compared to our measured ones
with the'®F IQ phantom which was within the normal limit of the NEMA standard. This was expected
to happen due to the longer PR and ghdvalflife of *N. Importantly, in literature there were no
previous RC% values fdK produced from a preclinical IQ phantom. Accordingly, the values were
compared to th€F values of thlEMA NU 4 62008 standard$his resulted in statistical differes
in RC values between the two radiotracers in,tBe 3 and 4mm rods as can be seen in graph
and tablet12 in which the palues are less than 5%. On the other hand, there were no statistical
differences in RC values among the two traddies 5nmm rod size in which theg@lues were higher
than 5%, as can be nofeglire4.13 and tablel 12.

In the light of the above findings, the differences in RC% between the two radionuclides are
explained by their specific physical characteristiedirigd®R and halife. The shorter halife of
the N resulted in lower counts and more noise, which all contributed to the reduced RC% across
various rods size when comparetfRoThis was resolved by increasing the acquisition tthree or
amount ofnjected activitwith the’™N scans. Another related parameter that is important is the effect
of the applied reconstruction method on the RC% measurements. The iterative reconstruction
method (IR) was applied in all 1Q tests as recommended by the Niidard. Several studies
demonstrated that IR methods produce a better phantom image quality and improved RC% values in
contrast with the filtered bapkojection method (FBR$ato et al. 2016)

For repeatability assessmém 1Q test was repeated using the same parameters and under the
same experimental conditions for each radiotracer. Note that the 1Q phantom tests were conducted
four times only for each radiotracer because of the difficulty to ptdtiroen the cycloon.

The SD% values across the repeated experiments within each tracer were evaluated considering
that the repeatability of the values can be reflected bstdinelard deviaticend the closeness of
the resultsConsequentjyany variability in the gaated results within each radiotracer test will lead
to a lower repeatability level.

The RC% values across the rods were stable for both tracers, as illuajatsd iMand4.15
The low SD% values of the repeated tests reflected the higlbilgyestthe produced results. The

highest variation was reported with thendl 5mm rod sizes across both tracers.
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In summary'¥ phantom tests produced results that are in line with the NEMA standard, while
3N results were slightly lower, as exguebecause of its physical characteristics including PR and
short hallife. This can be overcome by increasing the acquisition time or the radioactivily. of the
Importantly, both radiotracers showed higroducibility Consideration should be givienthe
physical factors of the radiotracers, such as PR afifthatid the applied reconstruction method
to ensure optimal image quality and RC% for all rod sizes.

Different rod sizes versus their RC for both radiotracers

1.5
s 13N
Em 18F
1.0
O
[0 d
0.5
0.0-

Imm 2mm 3mm 4mm 5mm
rod size

Figure 4.13: The RC values for 18F and 13N. The data are presented as t&&Mean

13N- 18F Mean 95.00% CI of diff. Below Summary  Adjusted P

diff. threshold? Value

1 mm - -0.07200 te0.04300 Yes il 0.0009
0.05750

2 mm -0.1325 -0.2050 tc0.06002 Yes *x 0.0089
3 mm -0.3450 -0.4140 te0.2760 Yes il 0.0005
4 mm -0.3750 -0.4945 t60.2555 Yes o 0.0018
5mm -0.2925 -0.5951 to 0.01008 No ns 0.0549

Table 4.12: The multiple comparison tests that were applied for 18F & 13N. The/glues
showed that there werestatistical differences in the 4, 2-, 3-, and 4mm rod sizes. However,
in the 5mm rod there were no statistical differences between the two radiotracers.
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The rod size versus the obtained RC for  18F

1.5
2% 3%
1.0- e
& O
0.5
e
0.0 1 1 1 1 1

Figure 4.14: The four attempts of the IQ tests using 18F. Thelahateeach rod size were cl
reflecting high repeatability.

The rod size versus the obtained RC for 13N

1.0

0.6

RC

0.4

0.2

0.0 4+—

Rod size

Figure4.15 Thefour attempts of the 1Q test using 13N. The data along each rod siz
close reflecting high repeatability.
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4.5.2Uniformity analysis:

Uniformity is a measurement of the PET system response to a uniforr{Satgao2010l isan
important parameter in the 1Q test as it indicategputitification accuraof/the imaging system. It
is expected that the imaging system produces a uniform response throughoutithedf@ntly,
the measurement of the STD% in the uniform region represents the uniformity of the PET system
(Disselhorst et al. 2010; Teuho et al. 2@2Msequently, a higher STD% refl@ctsnhomogeneous
FOV that lead tan inaccurate quantification of the PET refb#tka 2010; Teuho et al. 2020)

Overall, the uniformity results of the IQ phantom measurements match the NEMA standard which
allows a variation or B% to be less than 15%. Both radionuclides produced a STD% within the
acceptable range with ¢ value being higher than e as shown in tabld8 & 49 andfigure
4.16. This can be explained by the higher PRdods well as its shorter hiifie. Indeed, a shorter
halflife has a significant impact on the counting statistics which will subsequently affect the counting
response of the system. If the total radioactivity or the counting statistics are low, the STD% in the

uniform region will increeasas demonstrated by Teuho €fTaliho et al. 2020)

The STD% in the uniform region for the two radiotracers
10—

STD%

13N 18|:
Radiotracer

Figure 4.16showshe STD% for the two radiotracers in the uniform region. Their results
within the acceptable limits of the NEMA standard which is to be less than 15%.
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4.5.3SORanalysis:

Bothradiotracers were in the normal range of SOR and Si&hownin tablegt10and4.11.

N had larger SOR valuidan **F in boththe water and air regiosbles4.10-4.11, figure417).
Thisfinding is similar téhe results of previous studies, where itde@asonstrated that lower PR
radiotracerbavea lower spillover ratio and vice verdaisselhorst et al. 2010; Teuho et al. 2020)
The larger PR dfN (1.73mm) when compared t& (0.66mm) resulted ialarger SOR ofN.
Importantly, there is a need to empeathiat thepositron rangean result in mispositioned details

in the image tadifferent degree depending on the scanned. tirgeanot always the case thatstn
mispositioned details are equal in value to the PR value of the used rd@attacet al. 2020)

This study explained, through usesylts producddom Monte Carlo Simulations of Preclinical QC
and Small Animdbszczak phantgnthat the PR ithecase ofF added 0.4 mm theheart tissue

of a mouse which is less than'tAé°R(Carter eal. 2020Moreover, data from several sources have
identified that the experimental PR for different radionuclides were lower than the theoretical PR
(Champion and Le Loirec 2007; Carter et al..Z8209xampléN and*¥F have theoretical PRs of
1.73 mm and 0.66 respeely, which is similar to a previous study which identified PRs of 1.3 mm
(*N) and 0.54*F) (Champion and Le Loirec 2007)

The SOR values for both radiotracers in water were higher than thcos ioheaitified in talde
410 and4.11 As theattenuation level in water is greater than the one timsatquss positrons
emitted from the surrounding hot regiothi&a bodies of thphantom to be annihilaten the water
filled compartmern({Disselhorst et al. 2018ubsequently, the water compartment would have a larger
SOR in any radiotracer. Therefore, the air compartmentmigletter indicator of the system data
correction performance, as suggested by Disselhor@Destsalhorst et al. 2010)

Another assessedlue in the SOR analysis is the SJJRfarameter which is a measure of the
variability in the cold compartments with respect to the uniform compartment in the phantom
(Gontijo et al. 2017¥enerally, our STD%: measurements did not show any radiotracer specific
patern, but importantly, they were within the accepted limit (< 15%) as identified ltlbled
411. Overall, it is recommended to have a low Sddhe cold regions for an efficient derived
data correction, especially with radionuclides thaHResignificantly larger than the on&Fn
(Teuho et al. 2020)
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Compartment regions with their SOR values for the two radiotracers

0.15

= 13N
- 18F
0.10
o
O
0
0.05
0.00-

Air water
Compartment region

Figure4.17 comparsthe results ahe SOR values obtained from 18Nd18F in the air ang
water compartments regions. The water compartments have higher SOR values co
the air compartment.

4.6 Conclusion:

The aim of this chapter wasctmaracterizéhe performance of our Medidano-Scan 122S small
bore PET/CT imaging system with respedht generatet) usingthe NEMA NU 040 2008
standards and the IQ phantom

The RCs of% werewithin the NEMA acceptable rasgeeflectinghe capability of thecanner
to produce imagestivgood SRHowever, thé®™N RCs were lowéhan those offF, corresponding
to our choice not tincrease the acquisition time to compensate for the loss in counting, statistics
despite the shorter hdifie of *N. For consistengyhe acquisition time was kept at 20 minutes for
both radiotracers, as recommended by NEMA standaf#.flor future studies, we could mitigate
this byincreasing the acquisition time'fdr thusincreamg the counting statistics and improve the
SR.

Importantly, our study hahownthat the Mediso PET/CT scanner produced accurate and
repeatable uniformity valuestferused radiotracerhis study has also indicated that all SOR values
were in the reasonable NEMA range. Additionall§gib8ovalues ithe uniform regioand in the
cold compartmentSTD%s0r) Were aligned with NEMA standamd$oth tracers.

In conclusion,he overall results indicate ttied Mediso 122S smdlbre PET/CT scanner is
suitable for preclinical imaginased research. Aherimportant contribution of this chaptsthat
3N images producddwerRC value#n regard to the NEMA standaialit this was expected with
the combination of the increased positron rang® pthe shortlife anda short acquisition time.
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There igsoom for further improvement the™ RCs values and SRilgreasing thetarting activity

or increasing thecquisition time which will lead to higher counting statistics and ultimately better SR.
Finally,quantification accuracy usmgro-PET/CT is based mainly on two conceptsindard

performance measures and imaging protdd¢mspresent chapterthe initial stefn verifying the

physical performance of the scanner to achtageer level of accuradhefollowingchapter wil

developstandardie, and validate the applied imaging protocols.
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Chapter 5:
Assessing the accuracy and repeatabillity in
the PET/CT imaging protocol in healthy

murine studies

5.1Introduction:

The increased use of molecular biology technigues in the studg afrartian has demanded a
corresponding improvement in molecular imaging. Many imaging modalities have been adapted or
redesigned for in vivo studies, including PET imaging. The main advantage of PET imaging is its
ability to noAnvasively quantify a logical process related to a specific cellular function or
biomarker in a living organig@icone eal. 2017)In the field of cardiovascular imaging, PET has
contributed to understanding the anatomy and the pathophysiologZ¥fSthwathin the last two
decadedshere is growing interest to use the small animal model in cardiac imaging either to simulate
human diseases or to test new radiotracers.

Murine models have been used widely in cardiac PET imaging to provide simutlatnam of
CVS and CVD#gCicone et al. 201 Recent developmexih micrePET/CT imaginghaveresulted
in improvements ispatial and temporal resolutidingt couldcope with the small size and rapid
movement of the mouse heart.

Generally, there are two main purposes for combining mouse moB&3 &2 imagingvhich
are either to develop novel or standard imaging protocols, or to test and characterize new therapies
(such as gene or drug treatmjents this chapter, | will develop a standardised setagfing
protocolsto establish baseline parameters in animal modetsfore, | wilfirst review cardiac
PET/CT imaging protocols commonly appliedddents to masure cardiac biomarkemamely
MGM and MBF, and evaluate their strengths and weaknesses. Afités thetptewill address the
potential sources of variability and technical esoonsnonin small animaladionuclide imaging
such as animal prepavati type of anaesthetic, duration of the scans, and the performance of the
microPET systemDue to these sources of variability and errbesetare challengesd

considerations each step ahurinePET imaging Theywill be discussed to understaralrteffect
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on the results and justify our chofoeptimal imaging methods. Finally, stesmdardisennaging
protocols will be applied tioe healthy model to set out the baseline studies, assess their repeatability
and compare theto the other litexture resultdn later chapters | will use the updated protocols in

the evaluation afnovel therapeutic intervention.

Despite the promising results that have been reported with thePEIcsystem, there is a
relatively small body of literature thabrscerned with the quantitative assessment of cardiac function
and MBF in mice. A concise review of the most important findings regarding the useRE Tnicro
imaging in measuring cardiac function, MGM and MBF in rodents will be .outlined
5.1.1Previous studiedo assess cardiametabolism in mice

A healthyhearican adapb changes in the physiological body environment by switching from one
energy substrate to anotlarsuinga continuousupply of energy required for contractile function
(Taegtmeyer et al. 2004; Vasan 2006; Kolwicz and TiarH20deher, this flexibilitpaybe lost in
response to a chronic condition or hdm#ase;ausing maladaptatibraegtmeyer et al. 2004; Shah
and Brownlee 2018 oth cardiac adaptation and maladaptatioroatelled by metabolic signals
that regulate the transcription in essential cardiac regulato(y aegteseyer et al. 200etabolic
changesn adapted or maladaptedartamayultimatelyjleadto functional and structur@modelling
in the myocardiurfl aegtmeyer et al. 2004; Shah and Brownlee&&1h&)of theardiadunctional
and structurakmodellingareaccompanieldy changes energy substrate metabol{geating and
Sanguinetti 1996; Schulze et al. 20hé)study of cardiac metabolism can allow us to predict or
interpret changes in cardiac func{dasan 2006; Schwarzer and Doenst.2016)

Numerous studies have atterdpte carry outin vivostudy of the heart through exploring
metabolic pathways that are associated with its function or response to a stimuli(§redisegse
and Sanguinetti 1996; Yamangttal. 1996; Zhong et al. 2013a; Hue et al. 2016; Vasudevan et al.
2020) Understanding these metabolic pathways may allow us to develop pharmacological or gene
interventions that might restore cardiac function. For thisggyb@ mouse model has been widely
utilized to evaluate the metabolism and function of the heart using moleculafZinagingt al.
2013a; Phoon and Turnbull 2016)

PET/CT imaging has emerged as a quantitative tool for cardiac fanctivfBF assessment.
The first molecular imagingtudies to assess cardiac fundmmomicewere performed using
SPECT/CT scanner and pinhole collimator that offered SR in the ranijjeratreqMeikle et al.

2005; Beekman anchwvaer Have 2007; Rowland and Cherry ZDB8PECT system has generally

low sensitivity and SRquiing a high injected dose and long acquisition itintiee clinical setting
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(Yap et al. 2004powever, ima preclinical setting, the SPEEYiStenmhas a better resolution and
sensitivity compared to the PEjstem.

Preclinical PET/CTsystembavemuchhigher sensitivity and Silowing a deeper understanding
of myocardial physiology on a molecular (8tefjger et al. 2006; Higuchi et al. 2007; Gargiulo et al.
2012) Therefore, it has been increasingly utilized for thimvasive assessment of carfliaction
and pathophysiology in mice.

¥-FDG is the mostommonPET radiotracer, andhias beensed extensively animal studies
to quantifyglucose metabolism in two major organs, namely the heart aifidyeima et al. 2004;
Gargiulo et al. 2013ince mice have low glycogen reserve and rapid metabolism, their FDG uptake
can vary wheapplying different experimental paradigiosama et al. 2004; Zhong et al. 2013a)
Toyama and colleagdesnd thathe uptak of FDG uptake in mouse brain and heas influence
by the type and route ahaesthetiused(Toyama et al.0R4) Consideration must be given to all
aspects of the experimental design in mice in order to reduce véfiayslitya et al. 2004)

Although PET is routinely used to measnetabolismand perfusiont mightalso be wedto
assess the contractile function in nfAceinteresting study carried out by Yang dirahg et al.
2005)demonstrated the ability study heart contractigincludingassessment otystolic ad
diastolic function and the LV volum&jese studies useatdiaegyated micrd®ET *F-FDG imaging
in normal mice and rats, and in rats that had underganadélywith good correlation between
PET andultrasound measuremeintghe ratsin additionusing gated acquisition ahé'¥-FDG
as a radiotracer, the EF can be ultimately caloi@atéelau et al. 2004; Yang et al. 28d®jlarly,

Croteau and his colleag€soteau et al. 200ported the reliability of accurate systolic function
assessment in normal and infarcted rats scanned witiPEilcsystem an@-FDG (Croteau et al.
2004)

PET and MRI have been used to quantify cardiac ischemia and infarction size in the rat. The
researchers obtained good correlation between functional parameters and histological assessment of
cardiac necrogisliguchi et al. 200AVu and his cavorkerswere able tquantitively assess glucose
metabolisnin miceheartsoy calculating the IF usirgdevelopedloodsampling devicand small
PET scanneil hey successfully measured glucose metabolism by applying three compartment model.
In this study, the rate constanj Kepresenting glucose metabolism, ranged betweer0Q1@24
mL/min/g (Wu et al. 2007Qpther groups have also measured glucose metabolism in different regions
of infarcted heart in mice using PET/MRI or PET/CT scan(iiischer et al. 2010; Greco et al.

2012; Buonincontri et al. 2013)
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However, theise of*™N-NH;in cardiac performance is not as straightfordacdmparisorof
¥-FDG and*N-NH; in healthy and infarcted male siteweda constant overestimation of LV
volume with*™N-NH 3 which resulted in underestimatiorthad ejection fraction (EF) imfarcted
animals(Szymanski et al. 2012)
5.1.2Previous PET studies on MBF quantification:

MBF quantification using PET perfusion imaging has been validated by previous studies as an
useful cardiovascular biomarker of dis@fssan 2006; Lin et al. 2014; Anjan et al. 2015; Shrestha
and Seo 2015y ith reducedlobal MBF and MBFR associated with poorer cardiovascular outcome
(Yamamoto et al. 1996; Anjan et al. 2015; Guerraty et al. 2020)

There are a number of mouse models that allow the use of MBF to stud{d&@iset al.
2013a)including transgenic, ageing, diabetic, MI, and HLI models. In addition, evaluating MBF is
more powerful when combined with cardiac metabolism assessment, different imaging modalities or
longitudinal studies. Fexample, PET/CT or PET/MRI scanners can offer both structural and
function molecular imaging and combining their results with histological analysis will validate the
obtained dat@Jogiya et al. 2013a)

The feasibility of assessasgentigharameters in cardiovascular function in waseperformed
usirg asmall animal PET systemith ‘-FDG (Kreiss| et al. 200@arameteranalysedhcluded
cardiac outputCO), cardiac index arsfrokevolume(SV). Thewere derived from drawing VOIs
around the LV, generating TAC and applying all the reqomedtionssuch as decay and PVE
correctiongKreissl et al. 200Gp this study, the cardiac output was measured througtetiert
Hamilton methogdin which blood flow in vess€30) wascalculatedby dividing the total injected
radioactivity, derived from the TAC of the input func{léh by the total radioactivity the LV
VOI, which was calculated from its TRCeissl et al. 2006)he cardiac index was calculdigd
dividing theCO by theweight of the moudreissl et al. 200V was als@alculatedby dividing
CO by the mouse heart rdi¢R) (Kreissl et al. 20Q@)he obtained CO was 20.4 £3.4 mL/min with
STD% of 10% * 6% per mougKreissl et al. 2006Another study quantified CO from MRI and
thermodilution procedures in murine model, with19.3 mL/min calculated when using
thermodilution, and 16X7.5 mL/min when calculated from MRI imag@e€sber et al. 2005;
Nahrendorf et al. 2006; Makowski et al. 2010)

MBF values from PET flow measurements iniscmemic rat@Kudo et al. 2002; Herrero et al.

2006; Lamoureux et al. 208&Yye been found to be agéated and (as in mice) highly dependent on

the anaesthetitype andts concentratiofCicone et al. 201 Kudo and his colleagues reported a
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50% reduction 0fN-NHsuptake in thinfarctedregions other at 6 s m{Kodo et al. 200R) m
Additionally, a study tryubushiand his cavorkersdemonstrated a reduction in tié-NH ;uptake

in C57BL/6 mice following the administration thie -2 agonist clonidinevhich hasegatie
chronotropic effect ofausing aedudion in MBF and heart ratgnubushi et al. 2004yhe same
group also indirectly estimatbdtt 14% decrease *N-NH; uptake would correspond to a 50%
reduction of MBRInubushi et al. 2004)

There are various fluorinate&T flow tracerssuch as®F-flurpiridaz,tested inrodentsandare
still under investigation in clinical tr{@schpler et al. 2012; Cicone et al. 201&gdition, for the
first time, the reliability of usiRybidium82 (**Rb) was demonstrated in detecting infarction size in
ratdos myocardium, %Rbdtsidage quality was acbep(@ionengen BtR o f
al. 2017)

To date, only a few studies were performed to quantify MBF in mic&Nsitid,; They all
focused on calculatingfN-NH; accumulation in myocardium regighsough simple SUV
guantification with no compartmental modelling applicAtiabushi et al. 2004; Nkepang et al.

2019)

Repeated, reproduciblevino evaluation of MGM and MBF in mice through compartmental
modelling remains a challenge. It requires an imaging protocol that is applicable and accurate enough
to identify slight changes while considering most tecispeats such as animal handling, acquisition
type and duration, and data analysis. The following sections will address most of the technical
challenges and errors faced in the PET imagmgef

5.2Technical Challengesin mice imaging:

Several studies indted that the metabolic flexibility of the heart of using different energy
substrates is usually dominated by its physiological conditions (Cicone et @hd217prmal
conditionsthe hearproduces0- 90%of its energfrom fatty acidFA) metabolisimwith glycolysis
acting as aecondary sourc@0% - 30% (Cicone et al. 201 ardiac ratabolic pathways are
complicated, anehany physiological, environmental, and genetic factors involvedireittigror
indirectly(Gargiulo et al. 2012; Cicone et al. 2017)

Many PET radiotracers have been developed to track different metabolic pathways representing
cardiac functiofCicone et al. 2017lhere is less known about &#alogueadiotracers cardiac
PET imagindor clinical or peclinicalapplications, mostly likely due to tdoenplexity of their
metabolic pathways pathological conditier{Cicone et al. 2017)
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Theglucoseanalogueadiolabellettacer*®-FDG has been used widely in cardiac PET imaging
for MGM quantification irclinical and animal researdbe toits long haHlife, small PR, broad
availability, angrominent cardiac uptaf@icone et al. 201F-FDG is useds a reference standard
when assessing other imaging agents or performance characteristics of the imaging system, which we
did in the previous chapter.

As mentioned earlier, it is essential to standardize many experimental variables when planning
longitwinal studies in mice because they interfere with the accuracy of the results. Indeed, many
studies reported that several factors could significantly impact the kinetic and biological distribution
of *¥-FDG in the murine model. These experimental facteaie challenges, especially with PET
guantitative imaging in mice. These challenges might include animal handling and preparation, type,
route and amount @naesthesiaput function derivation, and compartmental modelling variables.
Most of the critial challenges will be outlined in the next sections to justify the applied imaging
methodology in this and the following chapters.
5.2.1Animal handling:

Gentle manipulatiomhen handling mige anessentiaspecsince physical stress during restraint
will corticosteroid and epinephrine release and cause stimulation of the cardiovascular and respiratory
systemgGargiulo et al. 2012This stimulation will also increase glugotke, response to
anaesthesia, antanges imody temperatur@Hildebrandt et al. 2008; Gargiulo et al. 2GiR)
furtherseveral pieces eVvidencesuggests than increase of the radiotracer uptake insctgular
brown fat and paraspinal muscles due to injection disagsdgluence myocardium visualization
(Fueger et al. 2006; Hildebrandt et al. 2088)efore, in our imaging protocols, mice were allowed
to rest for one week following delivery to avoid any distress caused by physical movement and changes
in the environment.

Another essential aspect that needs attention in mice handling is the ichetetl cftate and
ambient temperatuvéhichare alsokown to influenceardiac uptak@ober et al. 2005} has been
reported that these two factors interfere severely wittdtbracer biodistributioparticularlyvhen
using'®F-FDG (Kober et al. 2005) his effect is not seen iarhans, but might be due tecshaing
about #old higher metabolic ratper body weighthan humans(Fueger et al. 2008joreover,
several investigations have been carried out to assess the influences of fasting, warming and type of
anaesthesian rodent PET studies whenngst®-FDG. They indicated th&asting and warming
the micecould alimprovethe FDG uptake in tumowst possibly byeduénginterscapulabrown fat

uptakemagingFueger et al. 2006peger and his agorker had demonstrated that FDG uptake in
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tumour imaging was greatly enhanced when mice were fasted and warmed bef¢Feiegagieiy

al. 2006)They alssecommendedsing isoflurane for anaesthdse@ause usirgetamine/xylazine
mightinduce markedhypeglycaemidéFueger et a006) In addition, they highly recommended
warming up the mice before FDG saadeedkeeping patients warm is a standard protocol applied
in clinical practicd-ueger et al. 2006)

However, as previously outlined under restinditions theprimarysource of energy in the heart
relies on FAnetabolism. Still, stvitches to glucoseetabolisnas gprimaryfuel source in response
to ischemia, catecholamine, or insulin intake. Gmmgbq it has been reported thusehearts
should utilize FA athe main energy souraghich will result in decreased glucose or FDG uptake
(Higuchi et al. 2007; Kreissl et al. 20hlhuman studies, glucose administration is frequently used
to enhance image quality. @ttempto standardiz€--FDG PET imaging protocolsasconducted
in mice in which glucose loading was carriedeaatingo a 50 fold increase in the myocardium
FDG uptake(Simdes et al. 200Anotherstudy by Lee et a(Lée et al. 200Bhps compared the
impacts of ketaminegylazine (Xy/Ke) and pentobarbisslaesthes@n FDG uptake iriasted mice.

In this study, thegemonstrated that lostgrm fasting (20 hours) in mice reduced the metabolic effect
of both anaesthetic agents and improved®hEDG heartuptake. In contrast, they also indicated
that shoriterm fasting in mice (4 hours) when usiath Xy/Ke anestheaiand pentobarbital
anaestheslad to a significant rise of blo@&-FDG activity and lesayocardiunuptake. Therefore,

they indicated that thehoice ofanesthetiagent and the fasting duration wtel factors that
significantly interfere with th@Hbistribution of thé®-FDG (Lee et al. 2005)

Interestingly, a study conducted by Kober éKaber et al. 2008pmpared the MBF in mice
using MRI imaging and under two diffemrgesthetiegimens, namely Xy/Ke and isoflurane. They
indicated that und&etaminel00 mg/kg and xylazine 5mg/kg or isoflurane 1.25%, the average MBF
in the LV verein similar rangé&ober et al. 2L6) The reported MBF in mice was®109 ml/min'g
underXy/Ke and 6.9-1.7 ml/minlg under 1.25% isoflurar{gober et al. 2005However, when
increasing the iBorane concentration to 2% or more, both MBF and FDG uptake raised significantly
to 16.90 1.8 ml/minfg with no remarkable change in the heari(Katieer et al. 2005)it has been
shown that isddirane affects the blood flow and vascular resistance in varioysridadesy the
myocardium. Moreover, tssodilatoryeffect on coronarynicro-vesselss dose dependent. Its
mechanisninas been assessed in multiple animal models and was foulédedben opening
mitochondrial adenosine triphosphate regulated potassiumiaanneléToyama et al. 2004;

Kober et al. 2005)
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Another critical problem in mice is the volwhthe radiotracer bolus which should not exceed
1% of the body weight (a mouse with 20 g can be given fo2tihd)risk of iatrogenic hypervolemia
in the heart or lung tissu@ehling et al. 2018)he radioactivitpf short lived radiotracers will
decrease rapidhgsulting in the need to injaabther or a largdose. This isf particularmportarce
in mice imagingnd miceareusually injected with a radiotracer dose highendnaansvith respect
to theirbody weighfMiyashita et al. 2007; Gargiulo et al. 20E2)oseof FDG that is usually given
to mice is~ 7.5 MBq which is 50 times greater tliha amount given toumars (370 MBg)as a
ratio to body weigh{Gargiulo et al. 2012hcreasing the injectddse is a crucial factor to improve
the image quality but will also leaa toore significamadiation dos@Gargiulo et al. 201Another
related factor to injected volume ssadministration route which can interfere with the kinetic and
biological distribution of the radiotrad&argiulo et al. 2012Yhe two commorroutes for
administration in mice airgravenous (IV) and intraperitoneal (IP) injeqi@@srgiulo et al. 2012)

Most radiotraers in preclinical imaging are injetfe(Miyashita et al. 2007; Gargiulo et al. 2012)
and thisis the preferred route of administration in mice due to its faster circulgtatra@dekinetic
closer to that found clinicaiydi t 6 s mi n i imthelperitomesriGargiuloret al. 2012)

In contrastthe IP route can introduce some varighgispecially if the organ of interest is in the
abdominal regiorstill,the IProutegenerallallowsalarger volume to be injected into mice (up to 1
mL) (Gargiulo et al. 2012mportantly, Fueger and his colleagues demonstrated that after 1 hour of
injectirg **-FDG, its biodistribution following IV or IP injections is comparabiehis is only
applicable with a long live radiotracerfik§Fueger et al. 2006hey also demonstrated that FDG
reaches the equilibrium state in the myocardial tissue witBth Mbutes following the
administration suggesting that the optimum duratitff-BDG scan is 460 minutegFueger et al.

2006)

In light of the above evidence, in our imagnagopols, all radiotracers were administered as
intravenous injection via infusion pump at a fixed rate to minimize the percentage error, interference
of the tracer kinetics within mouse body, and variation of the tracer kinetics between mice. If used,
phamacological stress agents were injected intraperitoneally (thus minimizing the volume injected
V).
5.2.2Compartmental modelling:

The combination of tracer kinetic modelling (compartmental modelling) and PET imaging is an
outstanding and comprehensive toolquantifying physiological cardiac biomarkers and detecting

their changes in response to dis@aserest et al. 2008Jomm@rtmental modelling has been used
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for many years in neurological and oncological PET imaging through calculating glucose metabolic
rate using®F-FDG as can be seen in fig@r@3(Choi et al. 1999; Laforest et al. 2005; Zhong and

Kundu 2013)In cardiology, the quantitative radiotracer distribution and kineticatejpeesecent

and major improvement in clinical and preclinical studies. Therefore, obtaining reliable and
reproducible quantitative data from PET is a great goal, especially when assessing a new radiotracer
drug, or treatment intervention. Different @ardadiotracers are used in compartmental modelling,
including*®-FDG *™N-NH;, to measure myocardial function and perfusion in patients with CVDs

over the last decade. However, there is a lack of literature investigating this aspect of cardiac PET
imagirg in mice.

In simple terms, compartmental modelling uses deferential mathematical equations that describe
changes of the radiotracer concentration over time, as ir22@(ferkheimer et al. 2014)here
are complex mutompartment modelling options that can quantify cardiac viability, MGM, MBF,
FAs metabolism in both normal and abnormal conditions of the myoc@rafarest et al. 2005;
Turkheimer et al. 2014)he choice of the model relies on the general understanding of the examined
physiological process, and the amount of data available that will be explaindevianthgexion
of this chapter. As a rule of thumb, to apply any compartmental model, this requires two key
parameters of radioactivity over time, which include the tracer activity in the arterial blood
compartment (or also called input function IF), hedadioactivity in the organ of interest as shown
in figure2.23(Laforest et al. 2005)he change in time required for triiaacer to travel from
blood to the organ will dramatically affect the tracer ki(legfosest et al. 2005; Zhong and Kundu
2013 Massey et al. 202Therefore, compartmental modelling in small animalsP&droequires
accurate measurement of the IF.

Measuring the radioactivity in the bloodraime (the IF) is the fundamental element towards
successfully applying the compartmental model to measure biomarkers such as MGM and MBF
(Laforest et al. 2005; He et al. 2019; Massey et al.TA@2IF describes the influx of radiotracer
from the blood into a single or mdémpartment within an organ of integstforest et al. 2005;

Massey et al. 2028everal methods have been proposed to measure the IF in humans and small
animals, which are either based on blood samplmggederived input function (IDIF) (Wu et al.

1996; Laforest et al. 2005). Several methods have been established to measure the blood activity
concentration in clinical studies; however, applying these methods in rodents needs more
consideration due tbe difficulty of vascular access, smaller blood volume and the higher heart rate

compared to larger animals or hunfaarest eal. 2005)
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5.2.2.1Arterial blood sampling

Blood sampling is considered the reference method for measuring the actual radioactivity in the
blood. This method involves withdrawing blood samples rapidly and with small amounts at timed
intervals from the main vesgglaforest et al. 2005; Sharp et al. 200®) radiotracer injection is
done via a catheter insertedhe femoral or jugular veiipaforest et al. 2003h addition, another
catheter is placed in the carotid artery for daljettte blood samplékaforest et al. 2005)he
withdrawn blood volume is aboupb using micropipette disposable tufiedorest et al. 260
Sharp et al. 200%After that, the micropipetis weighted before and after blood collection and the
radioactivity is measured using a gamma c@uafiest et al. 200&hportantly, this method allows
blood flow measurements and metabolite an@lgéisest et al. 2009adio metabolite meassir
vary when using different radiotracers, but they are used to correct the total blood activity for accurate
compartmental modellifgaforest et al. 2005)

However itis not possiblé collectsuccessivielood sampkfrom smallanimals like mice over
a limited period of timgue to the small total blood volume (approximatefyZL%ml or 68% of
body weight)Importantly,automatic blood sampling has been applied successfully in mice. An
dternativemethod to measure the IF is NbdF methodwhich ha$een proposeand validated in
several studi¢sangand Muzic 2008; Thorn et al. 2013)

5.2.2.2Image derived input function (IDIF):

Deriving the IFrom the dynamic PET images is a simplenangnhvasivenethod that can be
performed directly by drawing VOI over vascular structures or ventricular (tafdrest et al.
2005; Sharp et al. 2008 the other hand, IDIF is significantly affected by the system SR due to the
small er size of miceds hearts and arteaies cCoc
regions having lower readings than the actual activity because of PVE, while regions close to the hot
area (high radioactivity) might appear more intense shit éwer(Laforest et al. 2005; Sharp et al.
2005) In additionthe blood pool radioactivity is blurred into the surrounding tissue and vice versa
(Laforest et al. 2005)

For better estimate IDIF, it is recommended to apply PVEpdhdvercorrections, which cause
a degradatiom the SR, in the defined V{lsaforest et al. 2005; Sharp et al. 200&)application
of PVE correction is necessary for accurate quantitative PET i(Balgingsson et al. 2018)
previous study reported that addition of anatomical information, such as MRI images, could allow

accurate PVE correctigirlandsson et al. 2016)oreover, temporaksolution of the PET system
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affects its ability to generate short frames during dynamic acquisition, which subsequently will reduce

the counts per frame leading to the higher statistical uncertainty of (hafdedat et al. 2003y

PET scanner with higher SR and sensitivity can detect more counts per frame and permit a more

accurate estimation of the IDIF and TACs for albnsglLaforest et al. 200%juang et afHuang

et al. 2019eported that IDIF generated fraaVOI overthe inferior vena ca/C) and PVE
correction comared well with the one obtained frg@l1 over left ventriculaslood pool (LVBP)
and PVE and spillover correctiobigssey et gMassey et al. 202IBmonstrated that IDIF derived
from drawing region around LV compared well with arterial ¥dooples in rats. Therefore, in our
imaging protocol, the IDIF were derived from th&BP VOI by applying PVE and spillover
corrections.

5.2.3Available software for Compartmental modelling:

There are several softwar eds ughapplyihgahe torcedt o r
of kinetic modelling using PET ima@@®mka et al. 201Zhe level of agreement between them is
excellen{9omka et al. 2014; Dunet et al. 200®mputerized quétative measurement of MBF
under rest and stress conditioran®re accurate methdthnnon-quantitative visual interpredeti
subjecto assessor variabil{ylomka et al. 2014; Dunet et al. 20t@he information presented in
this chapterrad the following PEased chapterall data were analysed using the commercial
PMOD version 3.91 (PMOD Technologies Ltd. Zurich, Switzerlarid)e s o f t wardiag 6 s
guantificationelementrelies on deriving the IF and defining the LV rediefore applyng
segmentatiofif possiblg This will be explained further in the methodology section of this chapter.

5.3Pharmacological stress agentdobutamine versusadenosine

31-adrenergic receptor stimulation primarily works on the activation ofdspEirdent fotein

q |

kinases, which are a family of enzymes with activity dependent on cyclic AMP (cCAMP). They also

contribute to regulating FA and glucose metabolism (Puhl et al. 2016). The sympathetic nervous

system regulates cardiac functiancardiac 3ddrenergiceceptors stimulation; however, intense
stimulation might induce fast and substactiabnotropic (increase HR), inotropic (increase
contractility) and lusitropfincrease relaxation phase during diastole) effects on the myd@analium
et al. 2016Unfortunatelycontinualdl-adrenergic receptor activatioaylead to hypertrophy and
cardiacemodellingJohnson and Peters 2010; Tyrankiewicz et al. 2013; Puhl et al. 2016)
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Importantly, the use ®&l-adrenergic druggays a key role in understandirgmyocardium in
normal or pathological conditionss@ssingow genetic alteration or pharmacological intervention
might interfere with th&ignallingpathwaygPuhlet al. 2016)

Manyimaging modalities and protoasdsthe aspect dhecardiac stress procésbetter detect
the severity of CVDsspecially CAD®uhl et al. 2016)1any cardiac strasstswhetherclinical or
preclinicastudiesinvolvethe usg@harmacologistress agents that are adnmeradtto induce cardiac
hyperaemiéincrease in blood flow ra{@phnson and Peters @DThe pharmacological stress agent
(often a vasodilatoi§d administrated if theubjectis unable toncrease cardiac stressexarcise
whetherdue to pathological condit®ar if the imaging protocaloesnot allow movemerdr a
changef positon (Johnson and Peters 2010; Tyrankiewicz et al. 2013; Puhl et al. 2016)

The mostextensivelyised vasodilators are adenosine, dipyridamole, and dobbtantirey
differ insensitivity and specificity for detecting ischeinpieotocolyMcGuinness and Talbert 1994;
Croteau et al. 2004; Johnson and Peters 20ilideal stress agent must be effective, safe and have
a simple administratignotocol(Puhl et al. 2016)he choice of the agents should be made according
to thedesign of the experimeahsuring optimum resu(®Buhl et al. 2018Gn additionPuhl and his
coworker have tested different dobutamine protocol€5@/BI6J mice, and theyeported
comparablstressin@ffects orthe heartvhen dobutamine was administrated via IV (infusion) and
IP (with bolus injectior(Puhl et al. 2016)

In our designed imaging protocols, we performed two sets of experiments using adenosine injected
IV anddobutaminenjected IP.
5.40bjectives:

In this chapten will develop and standardize cardiac PET imaging protocols in healthy mice and
use'®-FDG and®™N-NH; to assess MGM and MBF, respectively. Following standardization, the
results of both MGM and MBF will be used as a baseline to test their repeataloitition, our
results will be compared to studies where other imaging modalities have been used.

The layout of the chapter will be in the following order:

1. Develop and standardize imaging protogots test the ability of pharmacological stress
agentsnamely adenosine and dobutamine, to induce a physical stress effect that our Mediso
micro-PET/CT scanner can detect.

2. Quantifying MBF usingN-NH in healthy mice to generate baseline datasets and assess their

accuracy and repeatability.
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3. Quantifying NGM using*¥-FDG in healthy mice to generate baseline datasets and assess
their accuracy and repeatability.

4. Evaluate the correlation between'the¢=DG uptake (NEM) and the metabolic trapping of
N-NH;in rest conditionand the possibility to use the laiee as predictive biomarker in
CVDs.

5. Assess the correlation betw&B+#DG and*™N-NH3 (in rest scar§UVresults and whether
it can provide additional insight to the kinetic modelling results.

5.5Material and methods:

5.5.1Animal and the sample size

All animal experiments performed in this chapter were carried out according to the guidance and
approval of th&ritish Home Office and Bristol UniversiipderPPL 30 3373) using the Care and
Use of Laboratory Animals Guide (The Institute of Laboratonyah Resources, 19980 sets of
healthy femal€57BI/6J mice agedbouteightweeks(bodyweigh5330 g wereobtained from
Charles Riveone of the main Cardiff university suppliehe first set (n= 6) was used to assess the
ability of adenosine tnduce stress effect in mice when injected via IV route of administration. The
other set of mice (n= 12) tested the ability of dobutamine to induce physical stress via bolus IP
injection that our Mediso mieRET/CT scanner can detect. Thieewere houdanstandardages
with an environment of a-turs lightdark cycleluring which both temperature and humidity were
monitoreddaily. Mice had free acceswaber and foodn order to calculate the number of animals
needed in our experiments, we us&dep calculations
5.5.2The micro-PET/CT Scanner:

The Mediso Nan&can 122smaHlbore PET/CT imaging system manufactured by the Mediso
medical imaging system, Budapest, Hungary. All the scanner specifications have been previously
mentioned in the methodolodapter.
5.5.3Radiotracers:

¥-FDG and™N-NH;were used to quantify MGM and MBF, respectively.
5.5.4Type of pharmacological stress agent:

Our imaging protocol involves injectitd-NH sunder two physical conditions rest and stress. To
induce stress effect, two drugs were used and compared, adenosine and dobutamine. The applied

imaging protocols for the two pharmacological stress agents are illustrateds2 feqdeSs.
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5.5.4.1Adenosine:

It is a drug that inducdg/peremic coronary flow to the myocardium by stimulating the A2A
adenosine receptors thatfound on the smooth muscle of the coronary vetsgiand et al. 2014)
Thisstimulation causes a vasodilation response in the coronaryhadaals et al. 201®revious
clinical studies suggested that intravenous administration of adenosine decreases HRi@ariability a
increases the HR by reducing parasympathetic and raising the cardiac sympéRmigeiomt al.

1999) These effectsf the adenosine made it relevant to be used in stress scan to diagnose ischemia,
or in heart failuréRongen et al. 1999; Guieu et al. 20@@portantly, adenosinie known of its

effects in vasodilation, and reducing both the heart rhythm and blood (@ssuret al. 2020)
Adenosinédhasa fast onset of action, whidecurin less than 10 seconds following administration,
andashort haHlife of 20 second.ayland et al. 2014 our protocol, adenosine was injected via
i.v.cannulavith a dose of 2@y/kg in 50uL to promote the vasodilation and increase the blood flow
(Layland et al. 2014)

5.5.4.2Dobutamine:

Dobutamine isa 31-adrenergic receptor agonist, which binds specificallis teabptor type
generahg ahyperaemicesponse through increasing cardiac output ar(tY&llet et al. 1991; Puhl
et al2016) Its action is rapid (onset of action within 2 minutesasiitbrt haHlife requiringepeated
injectonsfor prolonged efictswhi ch wond6t be a pr obl gRohletal. mi ce
2016) In our imaging protocols, the dobutamine was adenedsia a single bolus IP injection with
a dose 00.75Qy/g as previously tested andtjfied by Puhét al.(Puhl et al. 2016¥his protocol
proveditsreliability and accuracy amasapplied mainly tavoid breaking the 1V cannwdapecially
with multiple.v.injectionsand the limited volume allowed to be injected imoargdin mice
5.5.5Study design:

5.5.5.1Animal Preparation:

On the day of the scanning, mice were kept fasting for onanldlsearmed up at 3C for about
5 minutes for better vein visualizatibms important to emphasize that the blood glucose was not
measured following fastimgext, each mouse was anaestheiizedclosed induction box withe3
of isofluranén oxygen for & minutes until immobilEollowinginduction ofanaesthesithe mose
wasweighed and placed in the prone positi@yprewarmed scanner hadhichwassupplied with
a small tooth bar (attached to a nose toneaintain anaesthgsiabreathing pad and ECgads

measure breathiagd heart rateespectivelA handmade 27G cannul@olyethylene tube with 1.D
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0.28 mm and O.D 0.61 mm) with agpproximate length of 2 cwvas made one hobeforethe
scanning timerhe cannula was flushed with heparin to prevent blood clotting due to the prolonged
imaging time and to lintihe dead volume of the various radiotracers and drudail trenwas
canulatedently and carefullyithseveralayers of tapappliedbn the top ofthecannuland taikto
limit motion.If dobutamine was to be used, an IP cannula was insertegamdtér positioning on
the scanner bed, prior to the IV cannulation.

Since all mice should undergo only-removery procedures as stated in the project liBeisse! (
UniversityProject License PRA0033738 all required imaging scans were perfosemakentially for
each mouserhich waghen terminated following the completion of the scans. Imaging protocols
were acquired for each mouse with the following order: CT ScodiNARW, ;rest scanN-NH
stress scaf-FDG scan and CT scamsing two different pharmacological agents as illustrated in
figuress.1. ands5.2.

5.5.5.2"N -NH ;rest scan:
N-ammonia (30+2 MBq) was injected in each mouse acquisition through the tail vein cannula.
Following administration, a 10 min dynamic B&h was performed. The actual acquisition started

a few seconds before administefidgammonia to catch all the myocardial flow processes.

5.5.5.3"N-NH ; Stress scan:

Ten minutes later the stress scan was initiated without moving the animal by injecting
pharmacologic stress stimuli using adenosine or dobutamine. In the case of the adenosine group, the
adenosine was infused using the i.v. cannula over 2 minuteg/kg) 20550 ul (0.062&) per 259
mouse, n=6), as outlined in the figuteIn the dobutaine group, the dobutamine was injected 10
minutes after completing the rest scan as a single IP infge&en/g, n = 12) as in figurg2.

In both groups, when the heart rate increased to about 600 bpm (measured by ECG pads placed
on paws), the second dose3FNH; (30+2 MBq) was injected. Image acquisition was initiated a
few seconds before the radiotracer injection by applying the agmadquisition astire rest scan.

5.5.5.4'F-FDG scan:

Followingthe anmonia scans, an injection of A2Bq of *%F-FDG ° 20 ulwasadministrated via
the samév cannula lineand a 46ninutewholebodydynamic PET scan acquired immediately.
5.5.5.5CT scan:

Following FDG scansa 2.5minute wholebody CT scanwas performedwith acquisition

parameters that include0 projectionsn a semcircular methodone rotation, 50kVp, 300 ms
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exposure time,-4 binning and a maximum FOV was udéw CT scan was ustmd cdculate
atteruaion corrections as well aflow coregistration of images which in turn give a better

visualization of structural and functional information from the CT and PET respectively.

Infusion pump was used for

The adenosine was injected

Test 3: "®F-FDG was

the adminstration of the The scanning started by over 2 minutes until the HR
radiotracers over 10 seconds IVroutewas  sending the mouse inside the reached around 600 BPM initiated for 40 minutes
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Figure 5.1: The imaging protocols that weweloped to assess MGM and MBF in healthy
in which the adenosine was used as stress pharmacological agent.
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Figure5.2 The imaging protocols that were developed to assess MGM and MBF in heal
in which the dobutamine wagdss stress pharmacological agent.
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5.5.6Reconstruction of PET images:

All PET scans were acquired in list mode acquiaiidimages were reconstrucgdgterative
reconstruction with @oxel size of 400m using interview fusion software. Tremesetsf both
ammoniaest andlynamic stress scamsre 35 frames (1x60 secs; 24x5secs;4x30sec; 6x150sec, with
a whole duration of 20 minutes).

In contrast, th&DG scans were reconstructed atthtalof 47 franes witHframesetsf 36x5secs;
6x30secs;4x60secs;1x1800secs and a whole duration of 40 Aduaititesally,CT scans were
reconstructed with a 250 um voxel size and Sinograms were produteegdimegnsiondiltered
backprojectionmethod. Attenu#on (CT based) and scatter correctiasswell as normalizatjon
were applied to the reconstructed images. Following the reconstruction, all images were exported to
PMOD software for further Kinetic modelling and data anaISBET images were corted for
dead time, scatter, and radiation decay. The CT images were also used to apply attenuation correction
5.5.7Data analysis and thaisedsoftware:

PMOD was the software of choice in allahalysedue tothe sophisticated capability of kinetic
modelling and the wide range of parameters that could be offtasmed.estigation was divided
into three sections which included: firstly, the measurement of MBF in both rest and stress using 1TC
model and ammonia dynamic scans along with repeataisdéisgsment of the obtained results,
through Coefficient of variation (COV) and STD%, and accuracy through comparing our calculated
values with values in literature measured with other imaging modalities or protocols.

Secondly, the assessment of MGM UsD@ scans and 2TC model along with repeatability and
accuracy assessment as in MBF values. The last section of analysis comprises quantifying the metaboli
trapping of ammonia using ammonia rest scan and 2TC model, comparing it to the glucose uptake
that wvas measured from FDG scan, and evaluating the degree of correlation between these two data
sets.

In PMOD and Prior to applying the kinetic model relevant to the radiotracer and the required
biomarker, two steps need to be performed, including the @ienfaimages, and defining the

dynamic ranges through which the VOIs of IDIF and LV will be drawn.

5.5.7.10rientation of PET images and dynamic range of the VOls:
Both PET and 2D echocardiography, which are the most used cardiac imaging modalities, have
identifed the orientation of the heart in reference to the long axis of the LV, which is the line

connecting the ventricular apex todhetreof the mitral valv€Ceaqueira et al. 2002)he planes
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include short axisSA), Horizontal long axis (HLA) and vertical long axis (YCé&)gueira et al.
2002) This orientatioapproach ensures the best display of the myocardial chambers for viewing the
distribution of coronary blood flow to the he@erqueira et al. 200For these reasons, this
orientation approach has been applied widely in clinical and preclinicéCenpiesa et al. 2002)
Therefore, the SA refers to thar@ perpendicular to the long axis of the LV, as illustrated in figure
5.3. In contrast, HLA is parallel to the plane of the long axis of the LV, as seen in tha.fithee
HLA is the line drawn from the mid ventricle level between the LV centre &nadsition between
the diaphragm free wall of the RV as in the figBroreover, The VLA is the plane perpendicular
to the HLA plane, as seen in the figuBeAccordingly, after loading all PET images, the first step is
to fit the reorientation dhe myocardiunT.he three LV axes in PET images including SA, VLA, and
HLA are illustrated in figubes.

The next step was to define the dynamic range from which the VOIs and corresponding TACs
were derived, as seen in the fifuxeThe main two VOIs tit need to be drawn are LV, which is
the largest chambers representing the myocardium, and the LVBP that is used to derive the IDIF as
illustrated in figurg6. As we have three analysis steps, including MBF, MGM, and metabolic trapping
of ammonia, the damic range was identified differently. Indeed, the dynamic range did vary slightly

among mice due to the differences in the injection time.

5.5.7.2Deriving Image Derived Input Function (IDIF):

For IDIF, VOI was drawn in the left ventricular cavity, which is the blood pool region also called
LVBP as in figur.6. Note that the VOI was positioned manually in the LV blood pool during the
initial time of the dynamic frames, where the tracer bolus injection was clearly visible. The RC for the
measured LVBP radioactivity was estimated by convolving LVBP VOI wib gaeissian PSF
(previously measured by the manufacturer engineer), which represents the resolution of the Mediso
micro-PET scanner. Another VOI was generated in the background region (RV region as in figure
5.6A) and used to correct for squllof radioativityfrom the RV into the LVBP region. Finally, the
true LVBP activity was calculated; this approach of applying IDIF was justified by several lines of
evidenc€Thorn et al. 2013; Thackeray et ab280Liang et al. 2019)
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Figure5.3 Cardiac planes definition and displaynfBIETimaging

Figure5.4 shows the three LV ax@és is the SA of the myocardium, B. is the VLA, ailtGe HLA.

5.5.7.3MBF analysis:

Following the estimation of the IDIF curve, other VOIs were drawn over the LV in the three
planes, including its outer and inner wall, as seen in figure 5.6. TACs were generated for the dynamic
frames in the specified VOlIs for the LV and LVBP. The two dukees, including the LV and the
LVBP (IDIF), were used for the compartmental (kinetic) modelling. For MBF quantificafidi with
NH, the 17T(MeGradomodel was used, as seen in the figure 5.7.
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Figure5.5 The dynamic range step that nieele specified in deriving and drawing
VOIs for the LV and LVBP. A. shows the dynamic range from whichwBdBerived,
while B. shows the dynamic range of the LV VOIs, but generally iarsligsis, LV VOI
was derived from thearly2-3 minutef the ammonia scain MGM analysis, the VO
was derived from the last 20 minutes of FDG scan which is the equilibriuRinstiate
in the assessment of ammonia metabolic tradpiyOl was derived from the last-1
20 minutes of the ammonia scan.

ANT

0 -

& ol

Figure5.68 The myocardium VOIs that were drawn inha&lthree plane§or clarity reasons, arrows for ea
VOI were identified in separate plane but they are all existed in all three planes in which, A. is the RV
SA plane, to correct for spill activity from RV into LVBP for IDIF calculatiddoth B, which represent th
epicardium VOI or the outer wall, and C, which represent the endocardium VOI or the inner wa
myocardium, are in the VLA plane. D. is the LVBP VOI in the HLA plane.
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Figure 5.7: Shows the 1TC (or DeGrado) model that was used for MBF estim&ifidaNtith
as a radiotracer.

in which the:

Cr= The concentration of radioactivity in the plasma blood compartment

called the input function.

Cnyo= The radioactiwt concentration in the myocardium compartment.

K. = The fraction of the radioactivity that diffuses frasm®© G,,, It is the blood
perfusion or blood flow with unit of ml/Gmin.

K, = The fraction of tracer that diffuses back to the plasma withad wifmitin or

min.

In the 1TC model, includinthe DeGradomodel, the arterial radioactivity concentration is
assumed to be the same throughout the (grado et al. 1996)he radiotracer concentration in
the G,oproportionally increases with the extraction fraction of activity from the plasmalldod
is dependent on the used radiotracer (in our'ddsdéiH; has 8880% EF)(DeGrado et al. 1996)
Because extraction can be expresseittstorder deferential process, the transport of the radiotracer
is also dependean the plasma blood concentrat{@eGrado et al. 1996)

In addition, the backwards transfer of radioactivity from the myocardiurbltmtheompartment
is proportional to the myocardium radioactivity concentrélefrado et al. 1998Jonsequently,
both Gand G,.are competing, so that the change over time of the total radiotracer concentration in
the myocardium (q(t)/dt) can be writtein the form ofdifferential equatioas in egation.5.1
Q6 o

—— VO 0 VO 0o
Qo

O

In which K; is a flowdependentomponent and has unit ml/émin; in contrast, Kis the
fraction of mass that diffuses back in a unit of time. For exampis gfjal t@.1 min', that means
the radioactivity diffuses back fromhto G, at a rate of 10% per minf@eGrado et al. 1996)

Notably, the radioactivity concentration in the arterial blood function is then measured as the parent

concentration, which means its need to be corrected for plasma percentage, asditime w
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automatically in the PMOD used tool after loading the TACs (for both LV and LVBP) in the PKIN
(compartmental modelling) tool.

As we applied the 1TC (DeGrado) model, the MBF was calculated using only the first 4 minutes
of the dynamic data followimadiotracer administration. This was mainly to prevent the buildup of
the metabolite as well as the washout fraction.

5.5.7.4MGM analysis:

For MGM measurement, images were quantified using the 2TC model, as in5&: digdithe
1040 minutes dynamic ranguring which the FDG came into an equilibrium state between all
compartments.

Following reorientation, specifying the dynamic range that was required for VOIs generation
(including LV and LVBP), VOls creation and generating their corresponding Ta@gesiwvere
loaded in the kinetic tool of the PMOD in which the 2TC model for the FDG was used. Using both
LV and LVBP TACs, the relative FDG uptake was estimated using the 2TC model. Rates constants
were K (inward into @in ml/cm3¥min), K, (outward taCs in a unit of mir), K; (phosphorylation in
min?), and K (dephosphorylation in minof **F-FDG as illustrated in the figus®. Accordingly,
the MGM constant dfF-FDG, also denoted as¢ (in a unit of ml/g/min), can be calculated using
the following equatiob.2

0 80
v 0

Oonrbg 0 "O0¢ v

5.5.8Statistic:

All data were analysed using GraphPad Prism (version 9.3.0). To assess the repeatability of the data
the coefficient of variation (CV) and STD% were used. The CV is defined as the STD divided by the
mean. In addition, a paired ttvaa i | e d t-t8st wasl iesed ttodegaluate the statistical significance
between rest and stress MBF values with P esdiiah 0.05 to be statistically signifidsioreover,

the correlation between data was estimated using Pearson r, in which r is equal to or less than 1.
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Figureb.8: The 2TC model that was used for FDG uptake estimation

In which:

Cr = The concentration of the tracer in the plasma blood compartment.

C, = The concentration of the tracer in the tissue (under investigation) compartment represg
nortbond tracer.

C, = The tissue (under investigation) compartment representipgdckieally bound tracer.

K1= The fraction of tracer transported from the plasma blood into compartmeith @ unit of
ml/cm3/min.

K2 = The fraction of tracer that diffuses back to the plasma with a unit of 1/minor min

K3 = The fraction of tracethat moves to compartmens. @ representshe fraction of the trace
that is specifically bound or the rat& DG phosphorylation or uptake. It has a unit ofimin

Kavery small as th&-FDG trapped irreversibly.

Krpe = —2  in unit of ml/min/g

5.6 Results:

5.6.1IMBF analysis results:

Animals in this section were divided into two groups according to the type-fdstoasg drug
given, as illustrated in figubels5.2. In the adenosine group, the MBF results for the rest scan had a
COV of 15.12% (which is less than 20%, suggestidg gpeatability), and STD% of 0.65, as seen
in tableb.1. Similarly, the MBF stress values in the same group were also repeatable with a coefficient
of variation of 10.99% and STD% of 0.406.

There was no difference in MBF between the rest and sttesqaganduced by adenosine)
(p=0.0842)figure59. In the dobutamin&eated group, the MBF values in rest and stress scans were
different (p< 0.0001) and reproducible (STD% of 1.25 and 1.466 and COV of 19.98% and 11.03%,
respectively, as shown in thielé5.2 and figure 3.0

Importantly, in both groups, the MBF values in rest scans were comparable to the MBF values in
mice recorded previous{iKober et al. 2005; Raher et al. 2007; Jogiya et al. A4 BRBF stress
values in mice givetobutaminewere also similar to previous studies, indicating the successful
stimulation of hyperemic response caused by dobutamine irffeahienet al. 2005; Raher et al.

2007; Jogiya et al. 2013b)
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Raher et ameasured thigIBF in miceusing microspheresd the valuesere 6+0.5 ml/g/min
during baseline scaasd theyaised to 14+2 ml/g/min following adenosine administrgtkaher
et al. 2007)n addition, the mean MBF at rest measured by Jogiya anevbikerowvas 4.1+ 0.5
ml/g/min, which was increased to 9.6 + 2.5 ml/g/min during the administration of dipyridamole
(Jogiya et al. 2013Byoteau et a{Croteau et al. 2014dlso0 reported MBF in mice to be #.0.3
ml/g/min at rest state in micBurthermoreNaresh et a{Naresh et al. 201&)easured the murine
MBF usingfirst-pass perfusion MRand it was 5. 0.8 ml/g/min, which reached 11.860.6
ml/g/min following Regadenoson administration. In another study that measured the effect of
anesthesia on mice MBF, the MRI recorded MBF wasl6/9nl/g/min at res{Kober et al. 2005)

Mouse 1 5.33 450490 3.33 213370
Mouse 2 3.45 38-430 3.16 160281
Mouse 3 4.21 350440 3.67 120147
Mouse 4 4.35 323430 3.82 90-176
Mouse 5 3.87 260388 3.91 110190
Mouse 6 4.69 430560 4.28 2006390
Mean 4.31 - 3.69 -
Std.Deviation 0.6526 - 0.4060 -
Coefficient of 0.2664 - 0.1657 -
Variation (COV)

Table 5.1: The MBF values during rest and stress conditions in the adenosine group in unit of ml/min/g.
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Figure 5.9The MBF values in rest and following the administration of adenosir|
pharmacological stress drlige data are shown in mean, STD, SEMrd was ng
statistical difference reported and the p val0€08#2>0.05) between the two physi
statesTheunpaired-testwas used for the statistical analysis in the data presented.

Mouse 1 4.16 423-467 11.13 623-867
Mouse 2 5.69 400520 13.93 610-573
Mouse 3 6.11 380540 14.77 680-763
Mouse 4 7.56 42554 12.65 53-682
Mouse 5 4.11 283-430 10.71 5906690
Mouse 6 7.62 438550 12.43 638-550
Mouse 7 5.72 432-530 13.44 632-730
Mouse 8 6.06 431-550 14.18 619720
Mouse 9 6.22 516560 14.38 616720
Mouse 10 7.99 37-444 15.78 690840
Mouse 11 6.9 488-52 12.69 620811
Mouse 12 7.01 418526 13.35 610820
Mean 6.263 - 13.29 -
Std.Deviation 1.251 - 1.466 -
Coefficient of 0.3612 - 0.4232 -
Variation (COV)

Table 5.2: The MBFvalues during rest and stress conditions in the dobutamine group in unit of ml/min/g.
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Figure 8.0 Show the MBF values in rest and following the administration of dobu
as a pharmacological stress. The data are shown in me&tEMTThere was a statisti
difference between MBF in the two physical states with a p value of 0.0001T (D
unpaired-testwas used for the statistical analysis in the data presented.

5.6.2MGM analysis results:
Table5.3 shows the K¢ FDG uptake (MGM) derived using the 2TC model from théthe

FDG TACs during the 380 minutes dynamic range of FDG scans performed following ammonia
scans in the dobutamine group. Note that there were no FDG scans for two mice in the dobutamine
group. Tk MGM values were repeatable with STD% of 0.004 and a coefficient of variation of
17.59%, representing good repeatability of the generated MGM data. Although few studies have
measured MGM in mice, the values obtained from these studies were 0.025ki€nO@4re in

the same range of our generated MGM values illustrated ;m3&Ble ¢ al. 2007; Kreissl et al.

2011)

5.6.3SUVs for'®-FDG and "IN -NH ; rest scans:

The SUVs were calculated for B8R FDG and*N-NH ; rest scans and the results are shown in
table5.4. The SUVs were estimated f6rFDG and*N-NH; using the whole duration of the
dynamic scans, which is an independent weight value with nthergwas a good positive
correlation between the two parameters (B21®)within each mouséccordinglythis might be
used as additional insight for the assessment of CVDs using perfusion trada@cbmgas, in our
case™N-NHa. In fact, several ingtigations have reported the SUVs in the myocardium to be 3.48
1.73 g/ml with thé®-FDG, which was the same range as our recorded results confirming their

accuracylee et al. 2005; Fueger et al. 2006; Kreissl et al. 2011)
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Mouse 1 0.027

Mouse 2 0.025

Mouse 3 0.026

Mouse 4 0.021

Mouse 5 0.014

Mouse 6 0.019

Mouse 7 0.024

Mouse 8 0.025

Mouse 9 0.026

Mouse 10 0.025
Std.Deviation 0.02326
Std.Error of Mean 0.004091
Variation Coefficient 0.001294

Coefficient of Variation 17.59%

Table 5.3: The MGM (KFDG) uptake inml/min/g in healthy mice derived from the TACs of the LV
during the 1040 and 180 minutes of the FDG scan respectively.

Mouse 1 4.18 1.15
Mouse 2 3.4 1.03
Mouse 3 3.002 1.027
Mouse 4 2.39 0.3
Mouse 5 2.13 0.68
Mouse 6 3.07 1.03
Mouse 7 3.45 1.02
Mouse 8 3.3 1.024
Mouse 9 2.2 0.308
Mouse 10 4.19 1.08
Mean 3.131 0.8649
Std.Deviation 0.7351 0.3199
Variation Coefficient 23.48% 36.99%
Correlation coefficient(r) 0.8216

Table 5.4: The SUVs for FDG andN-NH 3 rest scans in healthy mice. The values were derive
from averaging the VOIs of the LV during the whole duration of the dynamic scans. Th
correlation value between the two SUVs group was 0.8216, indicating a good positive correlati
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5.7Discussion:

5.7.1Standard protocol analysis:

Several attempts have been made to quantify MGM and MBF in various murine models using
micro-PET imaging. However, there is still a lack of standard PET imaging protocols to quantify these
biomarkers in mice. In thieapter, the concept of compartmental modelling along withP&Edro
imaging was used to develop, standardize, and validate imaging protocols in a healthy murine model.
It is important to emphasize that these protocols were designed based on the pestigasans
that have handled one or multiple challenging aspects in mice PET imaging by applying different
experimental conditions. The applied protocols were designed to ensure optimal accuracy and
repeatability while maintaining the least methoddlogimplexity.

Our results of MGM and MBF, in adenosine rest and dobutamine groups, were repeatable and
comparable to the scans obtained using MRI or electrocardiography(iRaagingt al. 2007; Jogiya
et al. 2013b; Naresh et al. 20libjater sections, both MGM and MBF will be discussed separately
and with more detail.

Mice are sensitive to changes in the surrounding environmental conditions, it was critical to
standardize the imaging protocols to minimize any variation that might originate due to the lack of
consistency. Studies showed that moesabawlism and blood flow are susceptible to any source of
stress thus, this was minimized by allowing one week for mice to rest followingradelgaret al.

2006; Prior 2017; McDougald et al. 20PI0¢ scanning protocols were designed to align with our
project animal license, which only allowed only onesnowery imaging session per mouse, thus
scanning over multiple days was not possible. This led to the idea of performing three scans in a row
considering the hdife of the radiotracers and any other injected drugs and the duration of their
effects.

The scanning began with standardizing the general animal handling variables including,
temperature, fasting and anesthEasting for one hous recommended to increase the uptake of
the glucoserhe use of anesthesia was essential to scan the mouse, but it might introduce another
source of variation or errors if adjusted differently in each(ldddabrandt et al. 200&)revious
studies demonstrated an improvemeffEiRDG uptake in fasted and warm nffegeger et al. 2006;
Hildebrandt et al. 2008Fonsequently, on the day of the scanning, each mouse was warmed and
fasted(before one hour and extra half an hour during the scan beforenfgbti®n)to ensure

maximum ugke of thé®F-FDG. In addition, the choice of anesthesia has a significant impact on the
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metabolism and perfusion of the mice myocar(iltebrandt et al. 2008h our protocols, the
anesthetic agent given wsagflurane at-2% v/v, which should minimally alter MB&aber et al.
2005)

Importantly, mice could only handle a limited injected volume, thus, increasing the total injected
volume might interfere with the body hemostasis of the rfiws®er et al. 2009; Thackeray et al.
2015) (Lindsey et al. 2018)herefore, two canulation routes were prepared, mcthei IV route
to inject the radiotracers and the IP route to inject the pharmacological stressing agent.

One tissue compartmental (1TC) model was the best fit with the mechanism of ammonia uptake.
Ideallythe application of 1 TC model sholidve beerofmally tested, as it may vary between species
and experimental sap. In our case, we have tested this model using our standardized imaging
protocol settings before applying it in all our mice and then compared the MBF results with the
literature whichavealed a comparable result of MBF in mice with other MBF results produced by the
MRI and microspherds.is the simplest model, which consists ofdwapartments, namely blood
and cardiac compartme@hoi et al. 1999 he metabolite percentage in ammoniaaiin was
reported to be negligible by several studies in the early duration of the dyn@Dhioistaai. 1999)
Importantly, for the IF measurements, which were derived based on our dynamic images, LVBP VOI
were created from placing a VOI in the LV blooal pegion, and the LVBP VOI was convoluted
with the PSF of the scanner as well as corrected for PVE aimdusiilyy the RV VO(Huang et al.

2019) Notably, this approach was verified by several previous studies and showed similar results when
also using the inferior vena cava retficcorrect for PVE and spill activity within the same scan

and mouséFang and Muzic 2008; Huang €2@19) The VOI of the myocardium was over the LV

regi on, and itds the | argest chamber of the h
assimed to be uniforniChang et al. 202®owever, in our data analysis, there was slight variation
within the different LV regions generated, bstwas expected due to the small size of the mouse

heart and the limited SR of the system that generates spillover and PVE. Consequently, the images
were reconstructed using the iterative reconstruction method while applying attenuation and scatter
correctbns to maintain maximum SR.

PMOD was the software of choice, and it allows a variety of compartmental modelling options.
For our ammonia scans, two models were used, including 1TC (DeGrado) and 2TC models, to
guantify MBF and ammonia trapping, respegtiVee main difference between the two models was
the timing from which the LV VOIs were extracted. The 1TC (DeGrado) model only considers the

first 23 minutes for the ammonia perfusion estimation, while the other 2TC model considers the last
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1520 minuts of the dynamic scan duration. The DeGrado model was applied to avoid the metabolite
buildup, though Choi and his-emrker(Choi et al. 1998¢ported negligible metabolite amounts in
ammonia clinical studies. No previous literature was found regarding gnéasumetabolite
percentage interference during ammonia scan in mice; thus, 4 minutes was the best option to
accurately represent the MBF.

The MBF values during dobutamine stress were higher than the rest ones as expected. Visual
interpretation and comgson between the two scans within each mouse also confirm a rise in the
radioactivity concentration in the heart, considering sufficient time were allowed between the two
scans to allow for ammonia to decay. However, no increase in MBF values wais @joostzohs
following the administration of adenosine.

For *-FDG scans, the scans were 40 minutes duration because it has been reported by several
investigations that FDG reaches the equilibrium state within 40 rfQustEs et al. 2014; ¢kisr et
al. 2021b)Sirce FDG can be metabolically trapped or not trapped, the 2TC model was applied. Note
that the compartment does not mean a physical entity; however, it describes the state of the radiotracer
(Bertoldo et al. 2014)
5.7.2MBF quantification:

A comprehensive understanding of the influence of genes, proteins and different metabolic
pathways is a crataspect that explains the close connection between cellular level processes and the
health state of the organ of interest and the whole animgKloeger et al. 2013J)his integrated
understanding, for example, of how genes work or how metabolic pathways might reflect the general
health state and disease conditions, can be achieved through the assessment of margl physiologi
biomarkers, one of which is MB&ueger et al. 2013)nimal models have been used extensively to
generate structural carphysiological information about normal or pathological conditions that
obtainable in humans to facilitate the correlation of research findings between clinical and preclinical
studiesimportantly, the evaluation of new treatments for CVDs can also benefit from the ability to
monitor changes in biomarkers through scanning small animals repeatedly-irarasively
(Krueger et al. 2013)

The myocardial blood flow is an important physiological biomarker because any reduction in its
value may precede disease ¢Ksaeger et al. 2013Jhere were several validation studies to assess
MBF in mice using microspheres, open chest Doppler perfusion imaging, MRI, and echocardiography
(Kober et al. 2005; Makowski et al. 2010; Krueger et al. 2013; Phoon and Turnbgll #@16)

previous modalitiedo not provide absolute quantification of MBF; however, 4REEfoimaging
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allows quantitatively assessment MBF in mice through compartmental ngSdahlmngt al. 2005;
Herrero et al. 2006l addition, the various image acquisition options in-REfoimaging also

provide an evaluation of temporal changes of the physiological biomarker of interest, which can
predict disease onset or assess the response to a newHleeragmyet al. 20Q6)

Several PET perfusion tracers, suckiGsvater,®Rb}'C-acetate anéN-NHs, are used in
conjunction with wellalidated compartment mod@Bhoi et al. 1999; Morris et al. 2004 this
research’™N-NH;was used to measure quantitively MBF in rest and stress conditidvigdisimg
micro-PET/CT scanneand compamental modelling. Indeed, this chapter has mainly focused on
developing PET imaging methodologies in mice for CVS assessment, a better understanding of
substrate metabolism and MBF, and their baseline values in case of different physiological states. To
adieve this, previous cardiac PET methodologies that were used in clinical and preclinical research
were reviewed to apply the optimal choice in mice.

N-NH;is a PET perfusion radiotracer used to assess regional blood flow in tissue in clinical and
resarch studies. Following the injectidN;NH, in its nonionic form, diffuses freely through the
cell membrane with a high extraction fraction (abou®8@8pand a diffusion rate that is proportion
to myocardial tissue blood flow, as explained in Ogtaitevious studie@Valsh et al. 1977;
Krivokapich et al. 1982; Ziessman et al. 20hé&)efore, it is one of the optimal radiotracers for the
accurate representation of M@ivokapich et al. 1982; Ziessman et al. 2014; Nkepang et al. 2019)
After extraction, its cellular localization is not entirely explained, but previous evidence suggested that
it converted to an ionic ammonium ion, which is a relatively impermeable cation to the cell membrane
(Walsh et al. 1977yherefore, ammonium does not diffuse back to the blood pool and become
metabolically trapped, simplifying the compartment model. The backflow todle®bipartment
could be assumed small or negligidieokapich et al. 1982; Nkepang et al. 20h@8)ammonium
ion (NH;") is involved in many metabolic pathways in various body organs such as the heatrt, liver,
and kidney$Walsh et al. 1977; Krivokapich et al. 1982huscle, as in the case of the heart; NH
plays a role in glutamiegnthesis and is converted to glutamate, which is then transported via the
bloodstream to the liver for further metabolism and excretion; thus, high liver uptake is something
expected and was reported in later images of ou(\84ek et al. 1977; Krivokapich et al. 1982;
Nkepang et al. 2019Jonsequently, only the first 5 minutes of the dynamic scan were used in our
blood flow measurement, although the scan duration was 20 minutes. PMOD software, using th
kinetic tool, allows the users to choose the dynamic duration for the generated TAC of the

myocardium.
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It is evident from our data in the tabl2 that the measurements of MBFest and dobutamine
stress, assessed\bydiso micréPET using*™N-NH;in mice, is accurate and repeatable with good
correlation with other obtainable data from microspheres and MRI i(Radiaget al. 20QJgiya
et al. 2013b; Naresh et al. 20Ib¢ imaging was performed using an isoflurane concentration of less
than 2% to prevent the rise in MBF reported by Kober @aider et al. 2005yhen raising the
isoflurane concentration to 2% or mdrefact, most anesthetic agents are known to trigger slight
coronary vasodilation if their concentration is not maintained carefully, but to a lesser extent when
compared to the vasodilator dobutani@mteau et al. 2004 learly, our PET imaging cannot be
performed without the use of anesthaésiss, their influence cannot be avoided but can be controlled
by the anesthetic type and its concentration.

At rest, MBF values ranged 4-1P9 ml/g/minwith a significant increase reaching 01EL78
ml/g/min following bolus IP injection of dobutamine as a pharmacological strefiscigpret al.
2005) The IP route was mainly used to avoid injecting intravenously large volumes that interfere with
the hemodymaics of the anim@Kober et al. 2005n addition, our rest and stress imaging protocol
indicated that the vasodilation of the coronary arteries, which was initiated by dobutamine, can be
identified by micrd®’ET in mice. Dobutamine is an inotropic agent that activatesddeeB&rgic
receptors agonist, which subsequently raises the HR and the intensity of c§@uatetzanet al.
2004; Croteau et al. 2Q1@¢nerallyit has been demonstrated that the pharmacological stress agent,
such as dobutamine, is valuable for detecting and assessing the severity of the ischemic event and
monitoring response to treatment intervention under different blood flo(iRiegest al. 20Q6)he
recorded differences between rest and sthddH; scans using dobutamine were statistically
significant, with a-palue of 0.0001, revealing that our imagintpqoibcould detect temporal
differences in the blood flow.

On the other hand, we didndt report any effe
myocardium, and this was also reported previously by KalkafKalkah et al. 201,ut MBF
values during both rest and stress scans were repEat@btbougltedenosine is known to control
the CBF and has vasodilatory effects in most vassmignmammalian species we havendt r
increase in the MBBerne 1963; Mubagwa kt1®96; Jackson et al. 201@portantly, we have
recorded a decrease in the HR following the infusion of adenosineaghmhsistent with several
studieghat indicated its influence slowing the heart rhythm and decreasing blood prégkace
et al. 1997; Fromonot et al. 2016; Jackson et al. 2018)
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Importantly, the MBF measurement in mice is not a simple process in the way that it requires
careful management to sources of variability and errors. Assdgs@iliously, several challenges
wereassociated with mice imaging with respect to the imaging system, radiotracer of choice, the
applied imaging protocol, reconstruction, and compartmental modelling.

To begin with, MBF measurement requires high tenaparapatial resolution to generate images
and subsequent TACs that genuinely represent the arterial input function, cardiac extraction, and
uptake of the radiotracer. Moreovke detection of MBF changes under two physical conditions
requires a high terogal resolution of the PET scanner, which was achieved using a Mediso scanner
with a temporal resolution b2 ns

Thefast heart rate and the small size of the mice LV were other challenges that were tackled to the
best of our ability and knowledgeré&sorted by the Mediso scanner manufacturer, the SR with the
iterative reconstruction method is 0.7 mm. However, the type of the injected radiotracer also affects
the SR level because each tracer has its own positron range that adds more blurreqget e im
evaluate the SR for the used tracers, we assessed the scanner performance and calculated the RCs
different rod sizes usifff-FDG and*N-NHs. Although the two radiotracers have a different half
life, the timing of image acquisition in the performance assessment test was the same for both
radiotracers to be consistent with NEMA standard evaluation, whi¢t#26 as a reference
radiotracerThe *¥-FDG images produce good SR images, but in the c¢dde\i ;, the images
had relatively | ower SR, whi chlifewamsequextlNect ed a
NHzimages can be significantly improved by injecting a higher dosesTtiae by injecting a
higher ammonia dosanging 382 MBqto compensate for the loss in counts and improve the image
quality. After scan completion, the images were reconstructed with IR for maximum possible
resolution as recommended by the Mediso aeatnuér and applied all the corrections, including
attenuation and scatter corrections.

The compartmental modelling first requires the knowledge of IF to calculate the kinetic rate
constant as in figure%£-5.8. Several studies have described the tgpenplartment models that can
be applied when using ammdifiahle et al. 1992; Muzik et al. 1993; Choi et al. E389)though
each applied compartment model tackles different problems ref&tediia and PET systems, all
agree with a basic model configuration consisting of two compafivhenitset al. 1993; Choi et al.

1999) Compartment one is the blood plasma compartment or IF, which represents ammonia
concentation in the arterial blood, while compartment two reflects the cardiac compartment through

which ammonia is freely diffusible, as illustrated in qufluzik et al. 1993; Choi et al. 1999)
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Other™N-ammonia compartment models configurations involve a third compartment that describes
the metabolically bound ammonia in the forfd\bfjlutamine within the cardiac tissue

Several lines evidence have justified that 1TC model for MBF quantification in which the data
are derived from the first few minutes of the dynamic scan while disregarding the rest of the dynamic
duration(Choi et al. 1993; Muzik et al. 1993; Choi et al. 1999; Carli et aln2@@0) by only
considering the first few minutes to measure MBF, the metabolite percentage and its correction can
be neglected, as suggested by many gle®t al. 1993; Choi et al. 1989addition, Croteau et
al.(Croteau et al. 200d@¢monstrated that both metalediand the cardiac to blood spillover occurs
in the later dynamic frame thus they have a minor effect on our MBF values which were derived from
the first 5 minutes of our applied model (1TC) model.

Describing the kinetics of ammonia in BreGrado(1TC)model can be done mathematically
using firstorder differential equations in which rate constants are used to describe the tracer kinetics
between compartments as in fighuveand equatiof. In 1TC, which is the case in the DeGrado
model, the rate consta K, (mL/min/g) reflect the MBF; in contrast,, Kmin®) represents the
MBF/V in which V is the volume distribution of ammonia in free gQ4noe et al. 1999)
5.7.3MGM quantification:

This section aimed to assess the Mediso -Riicfoscanner's ability and thenoepts of
compartmental modelling &F-FDG to quantify MGM to generate baseline quantitative and
repeatable data among healthy mice. In addition, the myocardial glucose uptake was assessed usin
SUV and was compared to tid-ammonia uptake values ie thext section.

Our MGM results in the tabe3 produced from healthy mice usiitgFDG demonstrated the
ability to generate repeatable and quantitative glucose metabolism results by integrating the Mediso
micro-scanner with the 2TC model. Notably, datiee comparable to results reported in mice by Wu
and his colleagues using fifeFDG and 2TC moddgWu et al. 2007Furthermore, both uptake
images produced frofF-FDG, and*N-ammonia were strongly correlated (r= 0.8264), indicating
the ability to use the uptake images generated from the SUV method as other methods to validate the
compartmental modelling techniques, especially when comparing treatment within different animal
groups.

The myocardial metabolic pathways are highly flexible and complicated and they can use all types
of energy substrates, mainly FAs and glucose, for energy production that is important for cell function
and contractilitf{Simdes et al. 2004loreover, recent investigation reported an increase in the

glycolytic flux to cope with the higheemy need during pathological events such as hypertrophy or
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heart failuréSchonekess et al. 1995; Depré et al. 1998; Simbes et &b 28@ipn, stimulation of

the glycolysis process appears to play a protective role during acute ischemic events and myocardia
infarction (Vanoverschelde et al. 1994; Kudej et al. .2088%e previous findings justify the
importance of exploring the MGM of the heart bestdedirect importance in developing new
therapeutic interventiofSimdes et al. 2004)

Therefore, it is widely accepted that MGM quantification can be used as a biomarker to reflect
myocardial viability and function. The assessment of myocardial viability with PET imaging includes
the measurement of MBF and metabolic activity by using twoace® Consequently, PET
imaging protocols usually involve injecfifg-DG for MGM evaluation as well as flow tracers to
detect myocardial infraction or irreversible defect. Accurate differentiation between viable (reversible)
and nonviable (irrever@pmyocardium has crucial diagnostic value regarding the decision of surgical
intervention or assessing the severity of CADs and LV dysfunction.

Importantly, it has been demonstrated by previous papers that the uptake of the FDG is
significantly affectedy many factors, including type of anaesthdisiary state, and ambient
temperature, as previously discussed. FuegéFeegér et al. 20a6d reported an increasé’m
FDG when mice were kept fast and warm and anaesthetized using isoflurane concentration between
1-2%. Therefore, these technical parameters were applied in which mice were kept fasted (1 hour) and
warmed (1 hour) with isoflurane concentration in the recommended range. These parameters were
standardized in all the scanning processes to eliminate emyfwariability induced by technical
factors.

5.8 Conclusion:

The results of this chapter confirm the accuracy and repeatabilityirofasore measurements
of MGM and MBF in mice withF-FDG and*N-NHs, using micrd®’ET imaging and quantification
methods, including compartmental modelling and SUV. The comparinutdlling method is a
comprehensive method for describing physiological functions, but it is methodologically and
mathematically more complicated certainly in mouse imaging. In contrast, SUV analyses are simple to
implement; however, they might not jleva profound insight into physiological biomarkers. Both
guantification methods have been applied and showed a good correlation between the two radiotracers
results with the ability of compartmental modelling to measure quantitively regional MB¥sand gluc
The applied imaging protocols were based on previous clinical and preclinical investigations in which

choices were made to produce as much information as possible with minimum complexity and the
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simplest possible assumptions. Additionally, our fsndimdjcate that, among the different
compartment models available in PMOD softwarrepilot studiesesults indicated thpteference
should be given to twtissue compartment and Degrado models for MGM and MBF measurements,
respectively. Our data welsoaccurate when compared to the MGM and MBF, produced either by
other imaging modalities or different imaging protocols.

In conclusion@Qur Medisamicro-PET/CT scanner is able &valuat¢he murine cardiac function
through MBF and MGM in which the datare accurate and repeatalnigortantly, we have
successfully developeaseline imaging protostiat couldoe applied to different disease models
or conditions to evaluate therapeutic strategies for treating differentiC@®d. chapter, these
deweloped protocols will Barther validated using HLI model.
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Chapter 6:
The ability of the Micro-PET/CT system to
detect metabolic and blood flow changes in
the HLI model

6.1Introduction:

Peripheral arterial diseases (BAde one of the main causemorbidity andanortality in the world
(Niiyama et al. 2009; Campia et al. 2019; Zemaitis et alTR8Z Are characteil by a decrease in

the arterial perfusion in the lower extrefNtiyama et al. 2009; Campia et al. 2019; Zemaitis et al.
2022) The decrease in blood perfusion is mostly causgddogsclerotic plague formation which
narrows the arterial lumen vedlding to a reduction in the blood supply or isci{@emaaitis et al.

2022) However, there are other causes of PADs which could be blood vessel inflammation, injury,
radiation exposurerany other CVD4PADs have a group of risk factors such as obesity, hogh blo
pressure, DM and increasing @gmaitis et al. 2022)iagnosing PADs hdsada great clinical

impact as it is often considered to be a marker for the onset of atherosclerosis. There are different
treatment choices available for PAlEch,depending on the severity of the disease, might include
achang inlifestyleor pharmacolagal, endovascular or surgical interventions.

The murine model with induced hindlimb ischemia (HLI) has been used widely to test new
approacheto therapiessuch agherapeutiangiogenesis, stem cell therapy or gene th&hapy.
induction of HLI in mice often involg¢he ligation othe femoral or iliac arterigsoth of which
have easy surgical access avldbw mortality rat€Niiyama et al. 2009)here are a variety of
modalities available for assessing the blood flow in HLI and monitoring the recovery process
following treatmen{Kochi etal. 2013)Moreover, the assessment of HLI is usually performed using
a combination of imaging modalities and molecular and histologicehtbstd which has its own
advantageand disadvantag@3rbay et al. ; Paek et al. 2002; Niiyama et al. 2009)

CVDs have a major impact doth the heartandvascular componentus studyingvessel
growth mechanisms atiekirpotential repaicould beafundamental aspeattesting the efficiency

of treatmeniNiiyamaet al. 2009; Tsatralis et al. 20IB6¢ growth of new blood vessels involves
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vasculogenesis, arggaesis and arteriogengSgift et al. 1999; Dikici et al. 20B0thangiogenesis
andarteriogenesis avéal mechanisms thaéspondo pathological conditions fadaptation and
regeerationpurposes of the infected tisgDékici et al. 2020)

In clinical settingshe HLI could beassessed IBoppler ultrasonography, contrast angiography,
and various molecular imaging techniQdsay et al. ; Paek et al. 2002; Hoinoiu et al.. 2019)
preclinical studies, the HLI is often evaluated usindlappler perfusion imagir{@rbay et al. ;
Pefuelas et al. 2007; Niiyama et al. .2D@@pler imaging is only able to measlwed flow
superficially, thus it could be a reliable itoaksessg subtle changes in blood fl¢@ill 1985)
however, it remains an inadequate tool for the estimation of changes in blood flow or for monitoring
an angiogenesis procgdu et al. 2019Both high resolution MRI imaging and nuclear imaging
could be a promising tool fanin-vivo assessment of the perfusioa fissue or orgatEnglund
and Langham 2020)RI imaging provides a good spatial resolution including the morphological and
functionakepresentation of the peripheral arteries without the need of radiation; but it is an expensive
option(Englund and Lagham 2020Dn the other hand, nuclear medicine techniques such as SPECT
and PET imaging are noninvasive imaging modalitiepthdtbe used tdetectischemic evest
abnormal changés blood flowat a molecular leviel an early stad®rbay et al. ; Hoinoiu et al.
2019) The great development in the spatial resolution of the small PET/CT scanner has helped in
providing more reliable and accurat@vio studies of small animal imaging with different diseased
modelsresulting in aaasier translation of experimental trials between different. species

Accordingly, in this chapter, we aim to evaluate the ability of our MedisBEKId scanner

to assess blood flow and detect changes following HLI induction.
6.2Objectives:
1 Assess the ability of our mid?&T/CT scanner taletectblood flow changes follomug
surgical HLI.

1 Compare our PET results with both Eh@ppler imaging and histological data.

6.3Materials and methods:

All procedures are approved by the British Home Office and Bristol University (Project License
PPL 30/2911) using the Care and Use bbtadory Animals Guide (The Institute of Laboratory
Animal Resources, 1998he surgical operations were carried out in Bristol Medical School,

Translational Health Sciences (Bristol Heart Institute), University of Bristpl (UOB
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6.3.1The animals:

Four healtly male mice C57BL/6 aged about 8 weeks (body wedgbt@@vereobtained from
Charles River which is one of the main Cardiff and Bnst@rsitysuppliersThe option of using
healthy mice for the induced HL model was an appropriate choice &sliadraseline study without
any ageing or pathological condgmhich would have added other degrees of complexity to this
study.
6.3.2Animal preparation and surgical HLI induction:

The surgical HLI induction was performed by one of the research grouprsmiengréstol
university and not by the researcher who had only observed the surgical prévemtutesach
HL surgery, the heating pad was set to 37 °C and eomestibe was connected to an isoflurane
vaporizelito ensurea continuous flow ofinaesthetigas. On the other side of the operation room,
there was anotheanaesthesiaystem including an oxygen cylinder, induction box, scavenger,
isoflurane liquid amnehporizerEach mouse was placed in the induction box with an oxygen flow of
1 L/min andisoflurane percentage of 2%. Before being transferred to the surgical bench, each
mouse was tested to ensure itamasthetizecompletely. It was then moved to the Doppler imaging
panel foablood flow assessment prior to surgery. The mosgaaldy moved to the surgical bench,
applying ophthalmic lubricant to both eyes to prevent dryness. Isoflurane veessstinteed.5>

3% and hair was removed from the left leg using hair removal cream.

6.3.2.1Induction procedures:

An initial incision was m™a in the abdomen moving downwards tacérgerof the medial left
thigh using fine scissors astalpelA retractomas inserted and pulled out to expose the ligation
site. Forthe acute HL induction, a transaction was performed for the left présmmahl artery
usinga 7 0 O threadsuture under the artery and thleaartery was ligated. After that, a second
transection and ligation were performed 1mm distally from the proximal point of the left femoral
artery The incision was closed later usitgriupted 5 O vicryl sutured-inally, a pstsurgery
Doppler imaging was performed on Day 0, Day 3, and Day 7.

As advised by the UOB NatioNaterinanservices (NVS), the four mice were housed individually
to avoid them fighting following HL surgand not due to toe checking requirements. Thus, they
were placed separately in four normal cages with an environmenhotialightdark cycle and

daily monitoring of temperature and humidity. They were supplied with water and food. In addition
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to tha, their appearance, clinical signs, unprovadiealvioyrandbehaviouresponses to external
stimuli were all monitorethilyafterlHL surgery
6.3.3The doppler imaging:

The doppler imaging was performed by one of the research group members in Brisityl univer
and not by the researcher who had only observed the doppler imaging prolcedures were
positioned in dorsal decubitus, anesthetised with 4% isoflurane induction dose which was then
reduced to 1:3% maintenance dose and oxygen with 1L/min. wlappler imaging, the mice
were maintained at°Ebtemperaturéo prevent hypothermia. The mice were shaved prior to ligation
procedureThe doppler acquisition required 5 minutes under anaesthesia per each mouse. We allowed
10 minutes following induction dose of anaesthesia to avoid unstable body temperature which might
affect the blood flow readings.

Doppler was performed using theamd12 laser Doppler blood flow imager (Moor Instruments,
Millwey Rise Industrial Estate, Weycroft Ave, UKg laser source was moorLIMR; 633nm
wavelengthl.2mm beam using the high resolution of 0.05 mm/pixel and scan speed of 4ms/pixel.
The Doppleimaging is based on the principle of the doppler effect, in which the laser interacts with
red blood cells and is translated as coloured dots in the computerized image with a chromatic scale
ranging from blue to red which represent poor and good bloodce8pectively and expressed in
Volts. The blood flow values were calculated from the generated image through drawing ROIs in the
hindlimb region and then the mean of the signal in the ROI was measured.

After completing the Doppler imaging on Day 7, mare wansferred to Cardiff university for
PET/CT imaging.
6.3.4The micro-PET/CT scanner:

The Mediso Nan&can 122smahlbore PET/CT imaging system manufactured by the Mediso
medical imaging system, Budapest, Hungary. All the scanner specifications adeirdéiseribe
methodology chapter.
6.3.5Radiotracers:

In thischaptertwo radiotracers were uséd and"N, to quantifyglucosaiptake and blood flow
(MBF)respectivelin both legs
6.3.6PET/CT imaging protocol:

The four mice were transferred to the anfawlity in Cardiff university within one week after
surgery. PET/CT imaging was carried out a week to prevent discomfort or any stress fanditions

the animalsThe scanning and termination procedures were carried out over two days (two mice per
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day) wih the same imaging protocols and consideratiandardised in chapter fifde imaging
scans include dfinute®™N-NH; rest scan, iMinutedobutaminé®N-NH; stress scan, 40 minutes
¥F-FDG scan and then termination of the mouse. The total PET/Cilisgdime for each mouse
was approximately-35 minutes.
6.3.7Culling, tissue collection and histological analysis

The mice were then culled with an eutlgtadtion via the IV cannula and death was confirmed
by cervical dislocation or onset of rigor mortis prior to the dissection process. Muscle collection was
carried out to investigate arterial supply and necrotic events i teg bhd to compare tham
the healthy leg. Thus, following terminatioemice were dissected in order to collectthgcles,
including theyracilis and adductor musctesm each legrhe dissected muscles were then dropped
and fixed separately 44 PFA, which is a fixaBvcompound that fixes tissue by ctiogsng
proteins. The muscle samples weredtégiioratory temperature (arouné@Jin the PFA solution
for 24 hoursvhich was thereplaced with normal PB8d kept at4C (in the fridge) for further
histologicaknalysisilmmunohistochemistry staining was performed to quantify the capillary and
arteriole density in eactuscldissue using isolectin &% (1B4, 121414, Life Technologief§A)
and specific antibodntia-smooth muscle acti@SMA; C6198SigmaUK) as explained in the
methodology chapter. Following stainthg, sectionsvereanalysedising optical or fluorescence
microscopyZeiss Axicobserver microscop€at# 1026044910, Germany). The stawitiygreen
colour (488 emission) ledtinding representing the capillaries, and red (Cy3 enaiSsiéstaining
identifying the arteries. All fields were saved in TIF (Tagged image file) format in an external hard
drivein order to be analysed with Image J software as explained in thelogstlobapter.
6.3.8PET image reconstructionand analysis software:

PETi mages were reconstructed with Medisods N
3.04.010.0000) using the TEoano 3D reconstruction algorithm wittur iterationsand sixsubsets,
on 0.4mm isotropic 3D voxel grids and an enargylow of 406600 KeV Next, the images were
imported toPMOD to carry out quantitative analy$ise analysis was divided into three sections
which include:

1 The measurement tfe blood flow in both legdurngrestand stress conditisyand the

data were compared to confirm the state of sts@®g thé*N-NHs;scans and 1TC model

1 The blood flow data was compared in the normal and ligated legs.

1 The glucose uptake was measured in both legs usiRgHDE& and SUV tool.
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1 PET datavasdirectly compared with both tb@ppler imaging and histological data through

performing the correlation test and calculating the correlation factor (Pearson r coefficient)

6.3.9Statistical analysis:

Statisticahnalyses were conducted using GraphPad Prism (vet§iod ®A),through which
data were represented with their individual values, meaid inAfter testing for normality,
comparisons were generated uSirng u d etest Differences were consideragngicant when
p<0.05. To assess the relation between the parameters produced with different imaging or tests, the
correlation Pearson coefficient (r) was used in which values betwleesfl@cks good positive
correlation.
6.4 Results:
6.4.1Doppler imaging reaults:

The surgical ligation of the HL was completed for all micamaitiverse effectsaser Doppler
imaging was performéalr all mice prior and pastirgery, includinday 0,day 3 andlay 7 The
blood flow values for both legs in all mice wererdtesitin table 6.1, including the blood flow ratio
between the two legs. figure6 .1, thepresurgery imagdsr both legs, showed a good blood flow
with red colour. After ligation, there was significant decrease in the blood flow in the ligated (L) leg
compared to the normal (N) leg as in tabladlfigures.l. In figure &, there was a significant
decreasm blood flow of the ligated leg at day 7 compared to the normal one with p<0.005.
6.4.2PET Results:

The table 6.3 showise rest and stress blood flealues measured in both hindlimb usiNg
NHs;and 1TC model in Pmod. There was a significant decréresblood flow between the ligated
leg compared to normal leg with p.@dD1 as in figure 6.2, which confirm the state of ligation. In
addition, there was a statistical difference between rest and stress scan in the normal legs which
confirmed the effeadf the pharmacological stress agent as in figure 6.3. However, there was no
considerable increase in the blood flow in the ligated leg as in figure 6.4.

Furthermoresemi quantificationf the SUVs in both legs was performsithg'#-FDG scans
after aveaging the dynamic sdangenerate a static image. The SUVs for both legs are illustrated in
table 6.4.A comparison between the blood flow (at rest) and the calculated glucose uptake in both
legs revealed the presence of good correlation betweerothé@dvof*N-NH3) and the glucose
uptake F-FDG) in both normal and ligated legs with correlation Pearson coefficient r = 0.93 and

0.67 respectively as in figureG6b
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Pre-surgery 1435.8 1292.2 1.111
Day O
Postsurgery 123.4 2146.2 0.057
Day O
Postsurgery 218.6 1754.9 0.124
Day 3
Postsurgery 156.4 1228.1 0.127
Day 7
AA02 Pre-surgery 1098.8 949.4 1.157
Day O
Postsurgery 68.8 2046.9 0.034
Day O
Postsurgery 219.2 986.5 0.222
Day 3
Postsurgery 401.8 2069.4 0.194
Day 7
AAO03 Pre-surgery 763.4 828.9 0.920
Day O
Postsurgery 101 1718.8 0.059
Day O
Postsurgery 180.6 1271.1 0.142
Day 3
Post-surgery 259.7 1016 0.255
Day 7
AA04 Pre-surgery 1264.5 1551.8 0.815
Day O
Postsurgery 100.9 2726.7 0.037
Day O
Postsurgery 220.2 1102.7 0.199
Day 3
Postsurgery 297.4 1067.3 0.278
Day 7

Table 6.1: The blood flow and blood flow ratio for both legs in all mice prand postsurgery at Day 0, 3, and 7
The flow in the left leg was reduced following surgical ligation.
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Figure6.1: Demonstration of Doppler repeated scans for the four mice during Day 0,3 and 7. |
signal which appeared in red colour represents good blood flow, while the blue colour represer
blood flow. The mouse is placed in dorsal recumbendgsible that the ligated (L) leg in all mice
significant decrease in the blood flow following ligation at DO. The normal (N) leg showed good
perfusion with redolourin all mice.
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Figure 8: The Doppler blood flow for the ligated and normal legs at daydatalaee presented as t
mean® STD, n=4/group. There was a statistical difference in blood flow between the normal le
compared to the ligated leg. The symbol ** indicatdicahtsgnificance in which P ** < 0.005e
unpaired-testwas used for the statistical analysis in the data presented.
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AAO01 0.26 4.01

AAO02 0.35 4.34
Rest state

AA03 0.43 4.9

AA04 0.45 5.9

AAO01 0.32 9.5

AAO02 0.06 10.1
Stress state

AAO03 0.90 12.88

AA04 0.51 13.7

Table 62: The blood flow values (ml/min/g) for both legs using ¥N-NH s and
1TC.

E’ *k%kk e ligated (L) leg
% 6 .l e Normal (N) leg
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2
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o
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Figure 8: TheldN-NH3 restingblood flow values (ml/min/g) for the ligated (L) and normal (N)
The data are presented as the MeanD, n=4/group. There was a statistical difference in b
flow between the normal leg group compared to the ligated leg. The symbol **** atiiteta
significance in which P ** < 0.000he unpairetitestwas used for the statistical analysis in the

presented.

- Rt normal Leg Lf ligated Leg

AA01 28 12
AA02 26 17
AAO03 31 14
AA04 36 19

Table 63: The calculated SUVs for both legs using 18FDG scans.
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Figure 6 TheldN-NH3 blood flow values (ml/min/g) for the normal legs during rest and stress
The data are presented as the me&ifD, n=4/group. There was a statistical difference in blood
between the rest and stress. The symbol *** indicate statistical sigrnifigdrich P ** < 0.009he
unpaired-testwas used for the statistical analysis in the data presented.
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Figure &: Thel3N-NH3 blood flow values (ml/min/g) for the ligated legs during rest and stress
The data are presented as the rmeé&rD, n=4/group. There was no statistical difference in blood
between the rest and stress. The symbol ns indicate no statistical significance in whicf i 3
unpaired-testwas used for the statistical analysis in the data presented.
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Figure : Scatter plot of the blood flow (ml/min/g) measured with-N#H8 versus the glucog
uptake measured with 2BBG in the normal legs. The regression line was fitted using th
square method. The n=4. Pearsomelation coefficient r = 0.93 shows that there is a s
correlation between the blood flow and glucose uptake in the normal hindlimb.
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Figure 67: Scatter plot of the blood flow (ml/min/g) measured with-MN#8 versus the gluse
uptake measured with 1BBG in the ligated legs. The regression line was fitted using th
square method. The n=4. Pearson correlation coefficient r = 0.67 shows a good correlatio
the blood flow and glucose uptake in the ligated hindlimb




6.4.3Capillary and artery density results:
Immunohistochemical staining revealed that capillary and artery numbers were significantly higher

in normal legs compared to ligated legs as in table 6.5 and figuB8elt@ges of capillary artery
density stating are illustrated figure 6.9.

Rt Leg

Lf Leg Rt Leg Lf Leg

(ligated leg) (ligated leg)
AAO1 87 49 17
AA02 86 52 19
AA03 93 67 21 11
AA04 95 69 23 9

Table 64: The Capillary and artery density in (n/mn®) in both the normal
and ligated legs.
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Figure @8: The capillary density (n/mm2) in both the normal and ligated legs. The data are f
as meafi STD, n=4. The capillary density in normal legs was statistically higher than the lig
The symbol * represents significant difference with svw&lad®.005The unpairetitestwas used
for the statistical analysis in the data presented.
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Figure @: The artery density (n/fmm2) in the normal and the ligated legs. The data are pre
mear® STD, n=4. The artery density in normal legs was statistically higher than the ligated
symbol *** represents significant difference with p valye8.6005The unpairetétestwas used
for the statistical analysis in the data presented.
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Figure 6L0. Representative images of ischemic hindlimb sample
immunostaining with green colour (488 emission) lectin bi
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identifying the arteries. Nuclei counterstained withl Q#Ee). A, B
Quantitative analysis of the capillaries in normal and ligate
respect i-8MApgsitive &tery $hainiaag in normal and liga
legs respectively.
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6.4.4Comparison of PET results with the Doppler imaging and histology:

The corelation was assessed between the resting blood flow (ml/min/g) meastiédHy,,
both legs wittboth the Doppler imaging blood flow rasie well ashe histological results. The
correlation was based on calculating Pearson correlation coefiincvenich the values between 0.5
and 1 reflect a strong positive correlgfibnkaka 2012; Schober et al. 2018)

The was a good correlation between the PET blood flow in normal leg and the blood flow ratio
measured by the doppler imaging at day 7 (as the most recent results generated by doppler) with
correlation r= 0.9 as in figures 66101.

Furthermore, there wastaong positive correlation between the resting blood flow measured by
PET scans and the capillary density calculateditoyrtheohistochemistry stainingh r=0.91 and
0.94 in the normal and the ligated legs respectively as in figare3.3knildy, there was a strong
correlation between the blood flow at rest and artery density in both normal and ligated legs with r=
0.97 and 0.81 respectively as in figures6lb4
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Figure 6.1 Scatter plot of the resting blood flow (ml/minfg@asured with 13NH3 versus the blood floy
ratio measured with Doppler imaging in the normal legs. The regression line was fitted using the
method. The n=4. Pearson correlation coefficient r = 0.9 revealed a good correlation betweefiidine
(PET results) and blood flow ratio (Doppler results).
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Figure 6.2: Scatter plot of the resting blood flow (ml/min/g) measured witiNEBBIversus the blood flov
ratio measured with Doppler imaging in the ligated legsedrhesion line was fitted using the least s
method. The n=4. Pearson correlation coefficient r = 0.99 revealed a good positive correlation betwee
flow (PET results) and blood flow ratio (Doppler results).
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Figure 6.3: Scatr plot of the resting blood flow (ml/min/g) measured ¥#RkNH 3 versus the capillary dens
(n/mm2) in the normal legs. The regression line was fitted using the least square method. The n3
correlation coefficient r = 0.91 revealed a goagélation between the blood flow (PET results) and cap
density (histological results).
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Figure 6l4: Scatter plot of the resting blood flow (ml/min/g) measured#ithiH ; versus theapillary densit
(n/mm?) in theligatediegs. The regression line was fitted using the least square methed. Plearson
correlation coefficient r 6.94revealed a good correlation between the blood flow (PET resuttapitlady
density (histological results).
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Figure 615: Scatter plot of the resting blood flow (ml/min/g) measured®tNH 3 versus thartery density
(n/mm?) in the normallegs. The regression line was fitted using the least square methed. Pharson
correlation coefficient r 8.97revealed a gdocorrelation between the blood flow (PET resultstapitlary
density (histological results).
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Figure 616: Scatter plot of the resting blood flow (ml/min/g) measured#tNH; versus thartery density
(n/mm?) in theligatediegs. The regression line was fitted using the least square methed. Plearson
correlation coefficient r 8.81revealed a good correlation between the blood flow (PET resuttapidiady

density (histological results).

6.5Discussion:

Murine models have been used extensively to assess the efficiency of therapy which resulted in the
development of various animal mod&song them, the HLI model which is used to study PADs
through simple surgical steps with low death rate. Measurinlgatielow in murine HLI is
frequently performed using Doppler imaging which isinvasive technique that allows the
evaluation of superficial blood flow in mice. However, it cannot measure absolute perfusion values,
such asnL/min/ g, which is essenttal evaluate angiogenesisl new vessels formatiarrepone
to therapyRatherjts blood flow readingee expressend arbitraryperfusionunits (PU)Molecular
imaging modalities , such as PET, have been used to detect alteration in the extremityldiood
which might provide early and sensitive insight of ischemic defects at a mole(tbriesialand
Sinusas 2007; Cavalcanti Filho et al..2011)

3N-NH; has been widely used in PET imaging as a perfusion agent that allows the assessment of
regioral MBF in both rest and stress heart conditions. In contrast, attempts to quantify the blood flow
in skeletal muscle have rarely been reported particularly in murine model due to the associated
challenge such as scanner resolution and animal prepargtisrcHapter, our goal was to test the
ability of our micrd®?ET/CT scanner to detect changes in the blood flow following surgical ligation

of the mouse using\-NH ;asthe perfusiotracerand compartmental modelling tool.
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Our *N-NH; quantification stcessfully detected the reduction in the blood flow values in the
ligated leg. The blood flow values were significantly higher in the normal leg compared to the ligated
leg, confirming the poor blood supply following surgical ligation. Additionally, eateddet
significant increase in the blood flow in the normal legs compared to its baseline values during the
stress scan. This is likely due to the vasodilation process stimulated by the administration of
pharmacological stress agent. In contrast, theftd@ovalues in the ligated legs were similar to their
baseline values due to the ischemic defect in which the muscle fail to raise the blood flow in response
to the pharmacological agédtbay et al. 2013; Hoinoiu et al. 2019)

With regards to the glucose uptake values, we have reported a significant decrease of the glucose
uptake in the ligated leg compared to the normal legs. Under normal condition, the skeletal muscle,
such as the hindlimb, extract it oxygen supply fromdbd tesselRivas et al. 197@ince the
metabolisim in muscle is masdyobic and the anaerobic metabolism is limited during is¢hemia
metabolic change in the muscle depends on adequate blooRiuaplgt al. 197&@ubsequently,
the poor blood supply in ligation could be the cause of the redndtie glucose uptake. In fact,
this might explain the strong correlation between the blood flow and the glucose uptake results.

Furthermore, we next sought to assess the correlation between our PET results and the Doppler
imaging and histological data. It is important to emphasigegejudgmenbf the feasibility ah
the accuracy of amyaging technique could be accompisheugh performing a combinatioh
other histological and functional test®nsequently, we have assessed the relation between PET
blood flow results and both the Doppler and vascular density results. The blood flow ratio values
measured in doppler igiag were in strongly correlated with PET flow results suggesting that PET
imaging can detect the flow defect as the case in Doppler imagiradpbaolute value.

Traditional assessment of ischemia and angiogenesis in murine model involve thesiise of inva
technigue which include animal termination and tissue collection, which subsequently limits serial
examination of the physiological process in living arf@rbbsy et al. 2013)Ve have assessed the
correlation between PET and histological results and there was a strong correlation between of the
PET blood flow and vascular density results. The vascular density in the ligated legs reduced
dramatically compared with the normagk.ldt has been reported that the reduction in the
microvasculature density, or vascular density, may contribute to the decreble®dihfibve and
that is possibly the cause of the strong correlation found between the PET and vascular density results
(LandersRamos and Prior 2018everal studidthverecorded the reduction in vascular density

following ligation process, which was aligned with our vascular density results in which both the
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capillary and artery density were significantly reduced in the lig&efiuelgs et al. 2007; Hoinoiu
et al. 2019; Tang and Kim 2021)

6.6 Conclusion:

In this chapter, we hagskown that the MedisuaicroPET/CT scanner can detect the changes in
the blood flow and glucose metabolisim following induced HLI in micédSiig ; and F-FDG
respectively. Our developethging protocelwereappliedor the quantitative assessnudrtilood
flow in the ischemic hindlimb murine modaladvantage of using PET is it allows measuring blood
perfusion in an absolute value mi/mig@ybay et al. 2013)he resulted biomarkers, that frequently
are used to evaluate cardiac function, were applicable to be used in the murine hindlimb using our
developednaging protocsland PET quantitative tools. Importantly, the use of thadradiblood
flow evaluation techniques, namely Doppteging,and histological analysis, were in good
agreement with our PET results.

In conclusion, we demonstrated that our rR&®CT scanner can be used as a feasible tool in
detecting blood flow arglucose uptake changes in disease model, such as HLI, in which the results
were validated successfully with other measurement tests. Therefeld,/@icroay permit of the
evaluation of disease progresses and therapeutic intervention to be traestté¢al ldirmans. In
the next chapter, we will use our imaging protocols to evaluate the therapeutic AXfd8PtFB4

genan protecting from cardiomyopathy in diabetic model.

167



Chapter 7:
The therapeutic effect oflongevity-associated
variant (LAV)-BPIFB4 gene therapy on

Diabetes mellitus (DM) murine models

7.1Introduction:

DM is a group of metabolic disorders that is characterized by an abnormal rise in blood sugar
resulting either from the inabilitytbé bodyto produce enougimsulinor not responég normally
to it (D. 1979; Mellitus and World Health 1980) is difficult toclassify butthe most common
classificatiagincludetwo types, T1and T20 as previously mentioned in the introduction chapter
(Group 1979; Mellitus and World Health 1980)

T1D is an autoimmune disease in which the immune system attacks and destroysatite pancre
beta cells that produce ins@@roup 1979; Mellitus and World Health 1980 curs mainly among
children and the young populatiamereas 2D is more commoin older peopléGroup 1979;

Mellitus and World Health 1980) T2 D occur s when the bodyds cel
insulin( iosulin resistanée) ia oftdn associated wibhesity(Group 1979; Mellitus and World

Health 1980)DM is one of the risk factdier CVDs, especially vascular disgéiseugh its impact

on initiating oracceleratingtheroscleros{&olakalapudi and Omar 2015; Oikonomou et al. .2018)

Generally, DM induces microvascular and macrovascular changes in the majbrit t he b o d
organs These changes inclugtedothahl dysfunction, aad stiffnessarterialstenosis and diabetic
nephropathyKampoli et al. 2009)he effects of DM orthe CVS including thenechanismthat
lead tovascular dysfunction and C¥,has gained great interest from the medical commudies
will onlybriefly discuss the effects of DM on the endothelium because of its adverse outcomes and
complications that could leadRADs, CADs or MI.

The endothelium is the inner most layfehe vasculatur@ampoli et al. 2009; Aaronson et al.
2020)It consists omonolayer of cells that acts asaierbetween the circulating blood and body
tissuegKampoli et al. 200%aronson et al. 2028ndothelium dysfunction results in abnormalities

such as changes in the vasomotor ability of the vessel, increased production of inflammatory cytokines
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and chemokines, and changes in platelet activity and coa@ddatipoli et al. 2009; Aaronson et al.
2020) These may ultimately lead to changes in vasoconstriction, inflammation, and thrombosis
(Kampoli et al. 2009; Aaronson et al. 2020)

In the case of DM, the endothelium has an increased probability of plague formation due to a
variety of factors that include hyperglycaemia, insulin resistance and increased free fatty acids in the
blood (Kampoli et al. 2009; Aaronson et al. 202@®se factors might affect the endothelium, causing
oxidative stress and endothelial dysfun@&eampoli et al. 2009; Aaronson et al. 200 ormal
vasodilation in DM is a result of the reduction in nitric oxide (NO) prod(idaeab et al. 1996;

Kampoli et al. 2009; Aaronson e28R0) NO is antioxidant, aAtiflammatory and artbagulant
gaseoumolecule that is associated with the maintenance of vascular vasodilation and blood pressure
(Kampoli et al. 2009; Amnson et al. 20203 plays &ignificant role in regulating the functiointhe

CVSsince any malformation in its production or availability might induce hypertension, angiogenesis
disorders and atheroscler¢gM®ncada and Higgs 2006; Pacher et al. 2007; Vanhoutte et.al. 2009)
Importantly, NOsyntheges throughnitric oxide synthageNOS) which is a vital protective enzyme

for vasculafunctions andhe CVS(Dossena et al. 2026pllowing NO production, it diffuses into

the smooth muscle cell layer of the vasculature andsitistusecretion cinenzyme called soluble
guanylate cyclase (sGC) which aciita¢etransformation of guanosine tripheap (GTP) into

cyclic guanosine monophosphate (cG{@Rao et al. 2015; Hofmann 2020)fact, cGMP is a
messenger regulator molecule that modulates various mechanisms such as vasodilation,
glycogenolysis, retinal phototransduction, calcium homeostasis, ion channel conductance and cellular
apoptosigZhao et al. 2015; Hofmann BQ2nce synthemd, cGMP stimulates proteim&se G

(PKG enzyme) that boosts many phosphorylation processes within the cell, decreases salcium level
as well as promoting vascular relax@fitwifertstetter et al. 2013; Zhao et al. 2015; Hofmann 2020)

A genetic sty among LLIs reported a gene variant that improved the NO production which
subsequently reduced endothelium dysfunction and boosted the vascular reparative process that is
often impaired in DMVilla et al. 2015c)his gene is the longevity associated gene variant (LAV) of
the bactericidal/permeabilitycreasing foldontaining fanily B member 4 (BPIFB4), a four
missense singheicleotide polymorphism haplotype allele, or-BRWB4 (Villa et al. 2015b;

Faulkner et al. 202@PIFB4 belongs to a group of proteins that appear to be involnedtan
immunity,many antimicrobial activities, cholesterol handling and the releadactdnt proteins
with antiinfectionandimmunomodulatory properti@éilla et al. 2015c; Spinelli et al. 2017; Dang et

al. 2020; Faulkner et al. 2020)a et al(Villa et al. 2015moted that BPIFB4 is reducedaged
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mice and forcing the expression of EBMFB4 prevented endothelial dysfunction which is one of
the common hallmaslof ageing. They also found th#V-BPIFB4 enhanced angiogenesis and
wound healing in murine HLI mod&llowing femoral artery lig@n.

Other studies showed that LABPIFB4 stimulated proteostasis and adaptive stress responses
which is known to bthe key elements for enhancing cell sur¢iNiabli et al. 2005; Vilchez et al.
2014)Many investigations, which have been carried out to justify these remarkable therapeutic effects,
demonstrated that LABPIFB4is more effectively phosphorylated and stimulated by protein kinase
C alpha and protein kinasdik® endoplasmic reticulum kinase, triggers and increases calcium
mobilsation,recruis heat shock protein 90 and stimedanhdotheliaNO synthaseNOSsigrdling
pathwaygVilla et al. 2015a; Spinelli et al. 2017; Villa et al. 2018; Malavolta et Bhe¥NOE is
one of the three isoform enzysnesponsible for synthagsig NO whichisresponsible for regulating
vasodilation and blood flow througdGC in the vascular smooth muscle and monitoring
O, consumption of the mitochondiigukreja and Xi 2007; Chen et al. 2008addition, studies
showed thathe presence of thé\V- BPIFB4 genas associated with a lower incidendgcbémia,
hypertension, and atheroscler@gita et al. 2015a; Spinelli et al. 2017; Malavolta et al. 2019; Di Pardo
et al. 2020; Faulkner et al. 20209yur previous workDang et al. 2020)e revealed that thAV-

BPIFB4 gene activatéhe expression of stromal derived fatt¢®DF1) in CD14+CD16+
intermediate monocyteé8DF1 is a chemokine that belongsattarge family of secreted proteins
involved in cell signalling through cell surface G picteiple chemokine recept@¥&alenzuela
Fernandez et al. 2002; Hughes and Ni@Bb8) Their major function is to regulate all protective and
destructive inflammatoryc@aimmune responses through inducing cell migration, mostly leukocytes
(Valenzuelirernandez et al. 2002; Hughes and Nibbs.R0di@povertheirreceptors on white blood

cells also regulate the biology of manylewocytic cell typg€dughes and Nibbs 2018herefore,

they play a gugficant role irthe development of themmunesystemand homeostas{¥alenzuela
Fernandez et al. 2002; Hughes and Nibbs.20a8) evidencéhasreported that the chemokine
receptor CXCR4 and its sole ligand stromati@élled factel (SDF1) (also called CXCL12)
regulate the CVS and neural growdmnd thehomeostasis of hematopoietic lineages, malulate
lymphocyte trafficking (the process in which lymphocytes and phagocytic cells adhere and migrate
across the endothelium of the vasculature into an organ or the region of inflaiiiNagtsaa et

al 1996; Aiuti et al. 1997; Ma et al. 1998; Tachibana et al. 1998; Zou et al. 1998; Peledret al. 1999)
fact, SDF1 and CXCR4 have constitutive (their genes are transcribed constantly) and large expression

in the body tissugShirozu et al. 1995; Nagasawa et al.. Fafiijionally, several studies reported
17(



that SDF1/CXCR4 pais participatan the pathogenesis of inflammatory and infectious processes
through inducing platelet aggregation (platelets adhere to each other in the region of vascular injury)
and subsequent development of atheroscléBbsig et al. 1996; Feng et al. 1996)

When gathering the above evidebh£&/-BPIFB4 gene therapy might be a novel treatment for
fighting CVDs and agelated cardiovascular patholddwerefore, in this chapter we will evaluate
the ability of th€ AV-BPIFB4 genéo prevent the progression & using murine models through
the assessment of cardiac function. The cardiac function was evaluated through the quantification of
myocardial glucose uptake and metabolism using the SUV and compartmental modelling methods
respectively.
7.20Dbjective:

The man objective of the experiments described in this chapter was to detdrativez the
LAV-BPIFB4 gen¢reatment hastherapeutic effecin amurinemodel ofdiabegés.This was done
through:

1. Quantifying myocardial glucose uptake (through the SUVs) abdliset (MGM through
compartmental modelling) in four groups of mice (1 experimental group, 3 control groups:
further details included in the method section).

2. Assessing any differences in either the SUVs or MGM between the experimental group and
the contrdgroups.

3. Comparing our PET data with the echocardiography and relevant histological data that were
produced from the same groups of mice. Please note that the echocardiography and
histological analysis in this chapter were carried out by other merhigersssfarch group.

7.3Material and Methods:
7.3.1Study design:

Some of the data in this chapter has been pub{i3aed ¢ al. 2020)The experimental design
of this study can be seenigufe7.1 Echocardiography scan results for the mice that underwent
PET/CT imaging hve been included in this chapter to enable a direct comparison with the PET scan
results. The mice that were not sent to Cardiff undeavbistological assessment after the
echocardiographid. ,at the same timepoint as the PET/CT scans), as a ftothparator to assess
the potential therapeutic effect of the LAV variant on the diabetic models.
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Figure 7.1: The experimental design for the diabetic model groups.

7.3.2Animal groups:
All animal experiments and imaging procedures in this research were approved by the British Home
Office (Project License PPL 30/3378)he University of Bristol and conducted according to the
Care and Use of Laboratory Animals (The Institute of Labofatonal Resources, 1996).
Twentyfour nineweekold male C57BLKS/JLeprdb/Leprdb/Dock7+[db/db] mice (Envigo,
Bicester, Oxfordshire, UKand eight gematched lean nediabetic mice [C57BLKSLEpr
db/LeprWT Dock7+ (wt/db), Envigofeceived a base linehecardiogram (at week 8) before
entering the study. @week latewhen all the DbDb mice were fully diabetic (glycosuriattests)
micewere aeesthesedusingisoflurane andiven a single injection via the tail veirebfcle (PBS),
AAV9-LAV-BPIFB4A or AAVOWT-B P | FB4 ( 10 ?GQPniL) as tan He sderfigue7.1.
Therefore, the mice were divided into four gg@imice each)
1. No virus (NV)controlgroup.
2. AAV9-WT-BPIFB4control group.
3. AAV9-LAV-BPIFB4experimental group.
4. Lean nordiabetiqdDblean)ontrolgroup.
One month after the gene delivery (when the mice were 13 weeks old), the mice underwent a final
echocardiography and then the mice (n=3/group) were randomly chosen to be sent from Bristol
University to PETIC in Cdiff university to undergo PET/CT imaging under terminal anaesthesia.

The remaining animals (n=5/group) underwent histological assessment in Bristol.
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7.3.3Micro PET/CT scanner:

The specifications for the Mediso N&tan 122smalborePET/CT imaging systemanufactured

by the Mediso medical imaging system, Budapest, Hungary have been outlined in the methodology
chapter.

7.3.4The used radiotracers:

¥F-FDG was used to assess the glucose uptake and metabolism through the SUVs and MGM. It
was not possible to uSH-ammonia in these mice, as the manufacture and supply logistics had not
beerfinalizedIn any caséhe aim of thistudywas to assess glucose uptake and metainaisse
diabetic mice, and to compare the results of the echocardiography and PEIEGanme animals
7.3.5Animal preparation:

Following the echocardiography, the mice were examined by the Bristol university veterinarian
(National veterinarian services NVS) prior to their transfer to Cardiff. The scanning procedures were
started after waitirfgr at least 5 days following the transfer to avoid mice distressiddaehwas
fasted for one hour and themrmed ugo 37°C for 5 minutes (for better vein cannulatioefore
being aeesthesedwith 2-3% isofluranén O, (1L/min). An IP injection of 10Qul of lohexol CT
contrast agent (647g/ml) was given to theouse just before injectiti§-FDG to help distinguish
between th&idneysaindthe liver in the CT images.

Next, the mouse wasmnsferred to a pwarmed imaging scanner bddch was supplied with a
small tooth bar (attached to a nose cand)a pad, in ordéo position the mousenaintain
anaesthesia (~1286 isofluran@ O,), andmeasure thieeart rate.
7.3.6Animal PET/CT imaging:

A 16 second CT scout scan was acqfgredcurate mouse positioning followed by DG
injectionviathe lateral tail vein rou{e20 MBq in 0.1 ml A 60-minutewhole body dynamic PET
scarnwas initiated immediately following the injectibis was followed by a Zrénute whole body
CT scarn(480 projectionis a semcircular methganerotation, 5kVP, 300 ms exposure time} 1
binning and a maximum FOV was usEdg CT scan was used to calculateuagtien correction.

The o-registrabn process of imagegms automatically appliedaitow a better visusdiion of
structural and functional information from the CT and PET respectively.
7.3.7Reconstruction of PET images:

All PET scans were acquired in list mode acquisition, and imagescamsstucted using
Medi sods pr op3Dirednstruction dlgonthanithoanoxel size of 400 um using

NuclinesoftwareThe FDG scans were reconstructed with a femnef 6x1&ec, 4x68ec,1x300
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sec, 5x608ec(total duration1l hour) The diffeence in reconstruction frameset was due to the
different in the injection tim€T scans were reconstruaiedhga 250 um voxel siznd sinograms
produced using the-I2 filtered baclprojection methodAttenuation (CT based) and scatter
corrections, asvell asnormalzation were applied to the reconstructed imdgeowing the
reconstruction, all images were exported to PMOD software fan@lUNGMquantifications using
data analysis andthé&tic modelling tooldmportantly, PET images were corrédta dead time,
scatter, and radiation decay.

7.3.8Data analysis:

As described previousRMOD was the softwaref choice for all image analydige toits
sophisticatedbilityof performing all quantification methods in PET imaging. In this chapter, cardiac
analysis was carried out using the heart SUVs and compartmental modelling (for MGM calculation).
7.3.9SUV measurements:

Standard uptake value (SUV) is the simplestigantification PET method that is applied using
static PET imagé€3urkheimer et al. 201#)is performed routinely for clinical and preclinical studies
because it can generatepproximate metabolic uptake of the radiotracer inglom ref interest
(Turkheimer et a014) However, it is only applicable to irreversibly binding radistrswen as
N-NH; and FDG(Boellaard 2009)

Since SUV measurements can be only generated for static PET images, the dynamic FDG scan
was averaged forethduration of the final 30 minut@sghich is the time that FDG reached the
equilibrium as previously explainead the regions of interest (ROIs) were delineated over the
myocardium using the manual delineation tool. Following this, the SUV, whegrersdielt of the
dimension of the object, was calculated through the following the formula ins2jG&ti6rand it
has no unit.
7.3.10Myocardial glucose metabolism (MGM) measurements:

The MGM for the four groups was assessed using FDG scans and a 2Tiaatveaekexplained
previously
7.3.1Echocardiography:

The echocardiography was performed by two Boasseld members in our research graup.
depilatory cream was used on the chest prior to scarirengevo 3100 echocardiography system
(Fujifilm VisualSonics Inc, Toronto, Canada) was used with a MX400 transducer to measure cardiac
dimensional and functional parameters such as SV, EF%, fractional shortening (FS%) and CO

(Katare et al. 2010; Katare et al. 2011; Dang et al T2@2@sults were obtained from thenEgk
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echocardiography using therasternal lorgxis (PLAX Viewland shoraxis viewglacedat the
papillary muscle level inibdeimaging The mice werareesthetzed using isoflurane @t5% in

air, then the proportion of isoflurawasaltered to maintain the heart rate at 450 bpm (x 25 bpm).
The procedure lasted for about 1 hour.

7.3.1Histological analysis:

The tissue harvest andtbisgical examinations were performed on the mice that had not
undergone PET/CT by other members of the research group (based in Bristol), and not by the
researcher. This data has been included as a comparator for the PET/CT study. After fixation in PFA
and cryopreservation in sucrose, the hearts were embedded in OCT and the cryosections were cut.
Capillay density was assesséigr staining witisolectin IB4andan antibody specific farSMA
staining to identify capillaries and artegepgectively.hesections wemxaminedsing fluorescence
microscopyZeiss Axio observer microscpp@X magnification Photomicrographs were taken and
image analyses w@erformed using the image J softwdine total number athe capillay and
arteriole (at <10 um, 180 um and >50 um) weidentifiedin at least 20 field&inal datavere
expressed as thamber of capillgior arterioleper mni.

7.4 Statistics:

Statistical analysis was performed uShaghPad Prism (version 9.3Data are shown as
individual values afudt meanwith £ standard error adhe mean. Comparisonere made using the
s u d et-test amsl oneor twoway analysisf variance (ANOVA), as appropriate. The Bfbwn
Forsythe test wassed to determine equal variance betgeeips. Podtoc analysis AANOVA
included Tukey and Welch tests, as appropki®evalueof less than 0.05 was considered to be

statisticallgignificant
7.5Results:

All mice were given the tail vein injections (virus or control) and underwent egrapasdio
without complications. As expected, the diabetic mice had gained a considerable amount of weight by
the end of the experiment at week fidie 7.2, gppendiceA.1-A.4). The mice underwent hair
removal (with depilatory cream) prior to the echacpegihy. A serendipitous observation identified
differences in hair regrowth, with the diabetic mice having impaired regrowth compared with the non
diabetic animal$iqure7.3, AppendixB.1). Interestingly, when evaluating the appearance of all the
groups(8 mice/group), including both the harvested and the PET/CT scanned mice, there was a
significant increase in the haigrewth rate within the AAYRAV-BPIFB4 treated group compared
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with the other diabetic groups (p<0.0001), while both the LAV armgide@s showed a similar hair
re-growth trend (p=0.20).

During PET/CT imagingall micerecordedstable and normdleart rate (HR) (with little
fluctuation), with a value of approximad@l$509 beats/mimas reported previously in literature and
under isflurane assthesia(Doevendans et al. 1998; Low et al. 201863 is slightly elevated

compared with the HR maintained in the mice during echocardiography.
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Figure7.2: Mice body weight (g) of all groups at &8ksDiabetic mice gained more weight over the §
than lean mic®ata shown as individual values, mean and SEighificant increase in the body weigh
week 13 among the diabetic mice, including NV, WT and LAV groups, compared to the LAy gvols
*p<0.05,*P<0.005, ***< 0.0005 an#*** P < 0.0001lindicate statistical differenddne oneway ANOVA
was used for the statistical analysis in the data presented.
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Figure7.3: Chest hair regrowth aftéepilation. Chest hair regrowth evaluation at week 4
depilation for echocardiography) was faster intt@ated mice than in mice given NV or
gene therapythe symbol*** indicates there is a statistical signifiehrtween theompared
groups(p < 0.000). Both the LAV and lean groups were similar in the hgioveh rate (P =
0.20).The oneway ANOVAwas used for the statistical analysis in the data presented.

7.5.1SUV measurements:

We investigated whether a single intravenous injection of theLAXWBPIFB4 gene could
promote glucose uptake, using#é-DG images and the sequiantitative assessment (represented
by SUVSs). As previously explained, the SUV is a general indeprésaits the radiotracer uptake
within a ROI or volume of interest (VOI). The uptake of the radiotracer was measured by averaging
the final30 min of the 60 miF-FDG scan for each individual mouse. Talldlustrates the SUVs
of the four groups. Ashown irfigure7.4, the healthy LC group reported the highest SUVs compared
to the other three groups with p0<005suggesting a significant difference between its values and
the SUVs of the three diabetic groups. Generally, the SUV figgu#3.4) suggested a reduction
in the'®-FDG uptake among diabetic groups compared with the uptake in lean mice (LC). No
significant differences were found between the three diabetic groups, as illusiyated74)
possibly because of the low numbers of@siinvolved. Consequently, we cannot sapéhgéne

treatment of mice with tHeAV9-LAV gene improved the glucose uptake in the LAV group.
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NV PA85 2.7

PA86 2.6
PA87 2.01

Diabetic mice WT BAOL 57
PA92 1.56

PA93 1.7

LAV PA88 3.1

PA89 2.2
PA90 2.27

Non-diabetic mice Lean PA94 4.1
PA95 5.56
PA96 4.22

Table 7.1: The SUVs for all the groups. There was a significant difference between the I
group (non-diabetic) and the diabetic groups (P<0.005).
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Standard uptake value (SUV)

Figure7.4: The SUVs for the four grogprhe symbot* indicates significant difference
< 0.05) between the LC (nediabetic) and the three diabetic grotlips.SUVs were similg
among the dizetic groups (p>0.05)he oneway ANOVAwas used for the statistical anal
in the data presented.
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7.5.2MGM measurements through compartmental modelling:

To further understand and investigate the impact of the single intravenous injection of-the AAV9
LAV gene on glucose uptake and metabolism among diabetic mice, the data were fitted into a two
tissue compartment model as explained previously. The comjgdrirodelling was used to assess
the rates of¥F-FDG phosphorylation throughe myocardial glucose metaboliSI&) or Kepe
(Cochran et al. 2017)

The MGM or Kg (in the unit of ml/g/min) of the four groups can be seen in faBleData
from each group were tedtior normal distribution using ti&hapireWilks test and the p values
were greater th&nh8301 suggesting normal distribution. Thuswtheay ANOVA was carried out
between the four groups to test the statistical difference betwedfrdinetimese tablé.2andfigure
75, it is apparent that the treatment with the ARXY-BPIFB4 gene did not significantly increase
the MGM in the LAV group compared to the other two diabetic groups (NV&WT). In addition, it
can be seen from this graph thatiieggroup had significantly higher MGM values, as expected when
compared tdNV and WTgroups with*P < 0.005.

PA85 0.018
NV PA86 0.02
PA87 0.019
PA91 0.017
Diabetic mice WT PAO2 0.019
PA93 0.018
PA88 0.021
LAV PA89 0.0D
PA90 0.019
Non-diabetic PA94 0.026
mice LC PA95 0.027
PA96 0.024

Table 7.2: The MGMvalues for all the groups in the unit of ml/g/min. There
was a significant difference between thiean group (nondiabetic) and the
diabetic groups (P values were <0.005).
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Figure B The MGM values for the four grap the unit of ml/g/min.Data shown as individu
valuesmean and SEM here was no significant difference (P08)oetween the three diabetic grou
However, there was a significant difference between the LC group and both NV and WT grou
values less than 0.0186 and 0.0052 respectively. Notably, there niisamt difference between tf
LC and the LAMreated group(p = 0.341)The oneway ANOVAwas used for the statistical anal
in the data presented.

7.5.3Echocardiography:

Echocardiography was used to characterize the role of lfii\tional studies. Many different
parameters cdre obtainedisingechocardiographiput we have chosen to focuscandiac output
(CO) andeft ventricular ejection fraction (LVEF)o&ster comparators withur PET/CT results
(table7.3-7.4). Table7.3 provides the mean HR, EF%, CO and LV mass for all mice (mice for
PET/CT that were alsosel in histological studies). The CO and LVEF% was significantly higher in
the lean control group (nalabetic) compared to the diabetic grobmgife ©-7.7), while both
parameters were similar in the three diabetic groups. However, when adding ti®gepica
data for the harvested mice, we observed a statistical difference between the dialaeticagrdeps
seen in table # and figures7 8-79. The larger sample size in the echocardiography data, when
including both the scanned and harvested, megealed a statistical difference between the LAV
group compared to the other diabetic groups for both functional parameters (the CO and LVEF%)
as infigures(7.8-79).
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Diabetic

PA85

433.930993

62.610172

15.699646

84.700259

mice

Non-
diabetic
mice

PA86
PA87
PA91
PA92
PA93
PA85
PA86
PA87
PA94
PA95
PA96

448.109538
443.008768
458.160993
449.929698
449.648712
459.550024
456.780333
455.62411

460.358056
459.110473
459.256897

76.474949
78.466467
65.119227
75.477833
79.685441
82.426317
71.790507
84.847426
97.444579
98.506749
97.664174

15.435991
14.437056
17.72038
14.963909
12.86803
15.557526
17.320126
18.160426
21.224636
22.24266
21.874793

112.939812
107.968245
89.149981
84.155673
72.544914
80.780513
79.4936
88.577606
122.979011
152.688008
99.85695

Table 7.3: Echocardiography (at week 13) for all mice groups that were scanned with PET/CT scanner.

HR
(beats/min)
LVEF%

CO (mL/min)

LV Mass (mg)

13

4317
448 + 8

439+ 6
449+ 4

74914
70.8+0.9
19.9+£0.7
195+£0.7
117 +9
132+9

76.3x2.0
70515
18.6 £0.8
17.7+£1.0
111 +7
133+ 11

430+ 8
446+ 4
754+1.1
76.3x0.9
17.8+0.7
21.9+0.7
116 £ 4
148 £ 11

453 £ 5
464+ 5
78.0 0.7
77.3x2.1
20.1+£0.8
199+0.8
138 + 13
145+ 12

Table 7.4: The echocardiography results for all micen the four groups The healthy LC group was
significantly higher in all the parametes compared tothe diabetic groups at 13 weeks. Importantly, there wa
a statistical difference between the LAV group vs. the other two diabetic in terms of LVEF%, CO ahd

mass at 13 weeks.
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Figure . The CO (ml/minymeasured by the echocardiography (at weédr 18 PET/CT scanned mice
groupsData shown as individual values, mean and Biglve waso statisticalifferercebetweerthe diabetic
groups in which p > 0.05. However, the CO was significantly higher in the {d@&lpetic) group compare
to the diabetic groups. Symbigs0.05,**P<0.005indicate statistical different@e oneway ANOVAwas
used for the statistical as#yin the data presented.

kK
Kk
—
ns
150
e NV
ns ns | *
I WT Diabetic groups
Eh oTe LC Non diabetic
> < group
50 -
0 T T T T

NV WT LAV LC
Mice group

Figure 77: TheLVEF% measured by the echocardiography (at wefek tt@PET/CT scanned mice group,
Data shown as individual values, mean and Bteve waso statisticalifferercebetweerhe diabetic group
in which p > 0.05. However, the LVEF% was significantly higher in the l-digbetic) group compared

the diabetic groups. Symbigs0.05*P<0.005ndicate statistical differentbe oneway ANOVAwas used
for the statistical alysis in the data presentdek dneway ANOVAwas used for the statistical analysis i
data presented.
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Figure @: The echocardiography CO (ml/min) for all mice groups (at week13) including the sca
harvested ones (n=8/grouffhere was statistical differe@between the LC compared to W& and NV
(diabetic groups The CO values of the LAV group wstatisticalhigher than the other diabetic groy
(WT and NV). Symbot<0.05,**P<0.005indicate statistical differen@®&e oneway ANOVAwas used
for the statistical analysis in the data presented.
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Figure R: The echocardiographyEF%for all mice groups (at weEd) including the scanned and harve
ones (n=8/group)There was statistical differee between the LC compared to the dialzgticips The
LVEF% values for the LAV group westatisticallyrigher than th&/T and NV (diabetic) groups. Symb
*p<0.05,**P<0.005, ***< 0.0005 and*** P < 0.0001indicate statistical differentbe oneway ANOVA
was used for the statistical analysis in the data presented.
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7.5.4Histological data:

The results of capillaand arterioldensityneasurementyepresented in table5 andfigures
7.0 and7.11l. The LAV grouphas a significant increase indagillay and arterglensity compared
with theotherdiabetic groups including NV and \ASTinfigures7.10 and 7.1. In addition, the LC
group exhibited the highest capylidensityand artery density, espectegwhen compared to the
NV and WT groups.

Diabetic NV PA21 118.9 55.1
mice PA22 133.1 46.8
PA24 118.1 35.5
PA26 153.0 65.2
PA15 136.4 57.2
PA16 140.5 29.9
PA40 171.9 34.7
WT PA7 139.8 34.0
PA8 147.4 51.4
PA9 144.8 63.8
PA10 156.0 52.0
PAl1l 140.3 66.4
PA12 143.6 37.7
PA27 144.2 31.2
LAV PA17 176.3 50.7
PA18 179.8 67.7
PA19 155.6 64.3
PA20 174.7 49.7
PA32 207 87.9
PA37 180.3 72.5
PA42 194.4 78.9
Non-diabetic LC PA52 173.4 95
mice PA53 186.2 95.1
PA58 240.8 90.7
PA59 222.8 81.1
PABO 241.8 79.4
PAG2 237.6 85.3
PA63 195.8 76.1

Table 7.5: The capillary and artery density of all the harvested mice groups.
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Figure 7.@: TheCapillay density (unit of n/mr) in the four groups. Thenasa significant difference betwe)
the LC (nordiabetic) and the three diabetic groups. In addition,vilasedso a significarmcrease in the
capillary density in the LAV group compared to the other diabetic ones. Synthots**P<0.005, ***<
0.006 and**** P < 0.0001lindicate statistical differen@ée oneway ANOVAwas used for the statistiq
analysis in the data presented.
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Figure 7.1: The arterydensity (unit of n/mm) in the four groups. Theveasa significant difference betwe
the LC (nordiabetic) and the three diabetic groups. In additionythsatso a significaitcrease in the arter
density in the LAV group compared to the other diabetic ones. SywBdlb **P<0.005, ***< 0.0005 and
*+x P < (0.000lindicate statistical differentée oneway ANOVAwas used for the statistical analysis in
data presented.
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7.5.5PET comparison with echocardiography:

There was a stromgsitive correlation between our MGM results (as a full quantitative tool) and
the echocardiography functional parameters, including CO and LVEF%. Both the PET and
echocardiography data were measured using the same mouse. The correlation Pears8n r was 0.89
between the MGM and CO, while it was 0.760 between MGM and LA&Riguresr 12-7 13.

25 - 0 NV
0 WT Diabetic groups

0 LAV
LC Non diabetic

group

Cardiac output (CO) ml/ min

0.00 0.01 0.02 0.03
MGM or Ky in unit of mifg/min

Figure 7122 The MGM (ml/g/min) versus the CO (ml/min) measurasgsing PET and
echocardiography respectively. Bmttameters were generated from the same mousgraphe
shows a&trong correspondenbetweerthe MGMand the CO. There was a strong positive correl
between the two parameters in which the Pearson r was 0.893.

110 0 NV

100 0 WT Diabetic groups
o 6 LAV
i
L LC Non diabetic

group

0.00 0.01 0.02 0.03
MGM or K p in unit of ml/g/min

Figure 713: TheMGM measured using tRET daa(ml/g/min) versus théVEF% measured by th
echocardiographBoth parameters were generated from the same muaisiata in the graph shoy
a strong correspondentetweenIGM and theLVEF%. There was a strong positive elation

between the two parameters in which the Pearson 76@s 0.
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7.5.6PET comparison with the histology data:

The capillary and artery density data were compared to the MGM PET results although the
histological data were not generated from the same mouse. There was a strong positive correlation
between our MGM results and the capillary and artery densfiguassii.14-7.15. The correlation
Pearson r was 0.710 between the MGM and the capillary density, while it was 0.876 between MGM
and the artery density.
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Figure 714: The MGM(ml/g/min) versus theapillary density (n/m#nvaluesThe twoparameters
were not generated from the same mousegrEph shows strong correspondenbetweerthe
MGM valuesand the capillary densityhere was a strong positive correlation between thg
parameters in which the Pearson r wd<0.
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Figure7.15: The MGM(ml/g/min) versus thartery density (n/mBpvaluesThe twoparameters wer
not generated from the same mouse.graph shows strong correspondenbetweerthe MGM
andthe capillary densityhere was a strong positive catimidbetween the two parameters in wh
the Pearson r was306.
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7.6Discussions:

DM is a complex metabolic disorder that results from an imbalance in the level of circulating
glucose caused by an abnormality in the secretion of insulin (as in T1D) or its absorption (T2D)
(Tsalamandris et al. 2Q18)fact, persistemtyperglycaemiaigh blood glucose) in DM might lead
to many pathophysbgical changes because it can promote oxidative stress resulting in an abnormal
level of reactive oxygen species (ROS) that inhibitsn@alisation and activatpsoapoptotic
signalgGaliciaGarcia et al. 202MWloreoverhyperglycaemaould boost the formatiaf advanced
glycation engroducts (AGEs) and finally, may alter gene expressions or cause org@siriceliure
al. 2018; Tsalamandris et al. 2019; G@lc@Ea et al. 2020)portantly, there iswmeltestablished
relaton between DM, as a metabolic disorder infldmmatory disorderfGiri et al. 2018;
Tsalamandris et al. 20I%)erefore, many investigations have focused on using diabetic models while
suppressing or enhanciragious inflammatory pathways and monitoringédffects on the disease
progressiorfWendt et al. 2002; Alexandraki et al. 200éstRaj al. 2010; Tabas and Glass 2013;
Wada and Makino 2013; Wang et al. 2016b)

A genetic study reported that gresence of the LABPIFB4 genender a homozygous genetic
model is related to the extreme age of (il et al. 2015a; Splnet al. 2017; Villa et al. 2018;
Faulkner et al. 2020)he authors hypothesised that theme variantould play a protective role
against disease and agermggsses, possibly due to its ability to enlesanoghelial vasorelaxation
and revascularisation through increasing eNOS activation, and stimulating a stress response by
upregulating the heat shock proteins, proteostasis (protein homeostasis), asgninetagVilla
et al. 2015a; Puca et al. 2020; Ciaglia et al. 2022)

In this study we sought to explore whether IB®IFB4 gene theraman inhibit the early
development of cardiomyopathy in T2D murine models, and how LAV may exert any positive effect.
The PET/CT arm of the study was an arm of a larger study which we published in 2020 (Dang et al
etc). Glucose uptake and metabolism casdxtas biomarkers for cardiac function which we chose
to evaluate through the measurement of SUVs and MGM, respectively. We then compared the SUVs
and MGM generated from the LV region of the dynamic PET scans with echocardiography and
vascular density nsegements of the LV.

We found a decreased FDG uptake (SUV assessments) and increatatecud fain all
animals in the diabetic groups. This, plus the glucosuria measurements, confirmed the state of T2D
in these micérhorn et al. 2013; Ko et al. 20Wgsimilarly found tha¥ilGM (representing glucose
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metabolism and phosphorylation) was lower in the diabetic animals than the leahhealifdls.

group values were similar to other diabetic greuggesting that AAMAV-BPIFB4 gene therapy

does not prom@ glucose uptake (SUVs) and metabolism (MGM). These results were consistent with
our work(Dang et al. 2020) which the plasma glucose level values were similar among the diabetic
groups including the LAV treated dipang et al. 2020mportantly, we have not measured the
plasma glucose levels before PET scamefme discussingossible explanations for these findings,

it is imporant to reiterate that T2D has a complicated pathological basis that is linked with multiple
metabolic or signalling pathway disorders.

A possible explanation might be not having all@medgh time for the LABPIFB4 gene
therapy to produce the potentlerapeutic effect that can raise the SUVs and MGM in the treated
group. This is unlikely, however, as the timeframe was sufficient for us to observe the benefits of the
LAV therapy in the echocardiography, histological and molecular biology measurements as
represented previougyang et al. 2020)Shoghi et alShoghi et al. 200@8¢rformed PET imaging
on Zuker fatty rats anddind that metabolic alterations, such as glucose uptake and metabolism, were
apparent only at the later stages of diabetes. It is possible that extending the time of our study in
DbDb mice may have allowed us to observe changes in SUV and MGM. Our Riah/Migsvas
performed at week 14, which might be considered as neither early nor late stage T2D.

Although the LAVBPIFB4 gene therapy did not cause changes in glucose uptake and metabolism
in its treated mice, we noted increased hair regrowth in thHedatdd mice compared with the other
diabetic mice. This observation may be explained by previous findings by our collaborators, which
included upregulation in eNOS activity and increased production of NO resulting in increased
vasorelaxatiofVilla et al. @15a; Spinelli et al. 2017; Malavolta et al.. 2{di®)oss in diabetes is
thought to be caused by many factors including inflammation and a reduction in NO availability
(Cotsarelis and Millab@1; Sasaki et al. 2018)hile NO is associated with changes in innate
immunity, it also contributes to vascular relaxation and may act in promoting hair growth by increasing
blood flow in the hair roqCotsarelis and Millar@Q Clark et al. 2010; Lombardo and Lamattina
2012; Jampidgern et al. 20L7Accordingly, the higher rate of haigrewth in the LAVBPIFB4
treated mice may be due to the upregulation of eNOS activity and the subsequent rise in NO caused
by the LAV-BPIFB4 gene. Importantly, we demonstrated that the LAV gene indu&idRthe
1/CXCR4 duo signalling pathwdsng et al. 2020)\ subset of haematopoietic ¢elsich is part
of the pro-angiogenic bone marrow (BM) cells, offers vascular support as welltlaslis@ndo

progenitor cells (EPCs) which could differentiate into vascular cells during certain conditions
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(Valenzuekirernandez et al. 2002; Ratajczak et al. 2006; Petit et aR@€)studies indicated
thatthe SDF1/CXCR4 duo play a crucial role in recruittCR4+ BM cells towards the neo
angiogeniaiches, and subsequently, in enhancing the vascularisation\pabereasekrernandez
et al. 2002; Ratajczak et al. 2006; Petit et al.|IBGac), this is a likely explanation forittoeeased
capillaryard artery density that we recorded in the-ti&%ted group, which will be addressed in the
next sections.

The echocardiography data (at week 13) for the twelve mice that were scanned using PET/CT
imaging revealed a reduction in the echocardiographytpesamine diabetic groups compared to
the LC group. This was reported previously in diabetic mice due to the possible effect of diabetes in
inducing LV dysfunctio(Hamdani et al. 2014)/hen comparing the echocardiography data of the
diabetic mice, we found no significant difference among them in terms of EF%, CO and LV mass
(despite a trend to improvementthie LAVAtreated group), and these results was comparable to our
PET data. However, it is likely that these findings are because of the small number of animals in each
group. When data from the remaining animals were addettebfivent was found to berieficial,
resulting in increased end systole, end diastole, SV, and CO, leading to a considerable improvement
in their EF% valueas can be observed in figur&/7R. Indeed, many parameters were similar to
those found in the lean (control) animals.ifipeovement in the cardiac performance, represented
by the CO and LVEF%, are most likely due to the ability of the LAV gene to induce both eNOS
signalling as well as the SDEXCR4 signalling pathways. As addressed earlier in this chapter, the
eNOS enzym is one of the NOS enzymes responsible for synthesising NO molecules, which is
known to cause vasodilation and increase blooddt@ame et al. 2015; Spinelli et al. 2017; Dossena
et al. 2020)The SDFL/CXCR4 signalling also has been linked with improved vascularisation and
angiogenesis, possibly through increasing the expression gf lgyd#€in and reducing myocardial
fibrosis(Dang et al. 2020)Ve reported an increased level of circulatinglSDEhe LAV treated
mice as well as an increased expression of Mywliaich is a contractile protein important for the
restoration of the endotheliu@idorte et al. 2005; Dang et al. 20203tudy using diabetic murine
models, reported a downregulation of MyH&otein among theifRundell et al. 2004)

In our histological analysis, we reported an increase in the capillary and artéiguessig-
7.11) whichwasexpected due to the above discussed reasons including the indtotidBDdF
1/CXCR4 duo that induced the expressionMyHC{ and enhance vasculasation and

angiogenesis.
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One last thing to mention is the reason behind hanngproved contractile function,
represented by the CO and LFEF%, but having similar MGM values amfiug greups. As
previously outlined, fatty acid oxidation is the primary energy source in normal myocardium, followed
by glucose and lactdfeaegtmeyer et al. 198@)diabetic myocardium, the contribution of glucose
to thetotal myocardial energy supply is reduced due to insulin resistance, leading to an increased
reliance o fatty acids as the main energy so@addik and Lopdudk 1994)Indeed, glucose only
contributedo a part of the total ATP synthesis by the oxidative metalfkilidwicz et al. 201.3)
Interestinglyastudy using a transgenic mouse, whasdeficient iraninsulin independent glucose
transporter (GLUTL1), reported a rise in glucose uptake and glycolysis without a change in the cardiac
output valuegLuptak et al. 20Q7)heir results might pbain the reason behind having a rise in the
CO without observingnalteration in the glucose uptake and metabolism.

Gathering these results can explain the strong correlation that we measured between our PET data
and both the echocardiography and loigioal data.

7.7 Conclusion:

Small PET/CT imaging allows the quantification of the metabolic state of the heart; thus, it
provides a unique platform to evaluate novel therapeutic attempts that can possibly be translated
clinically. In this chapter, we used mRET/CT with *F-FDG to quantify myocardial glucose
uptake and metabolism in T2D murine mo@®lr work was a part of larger st(ldgng etl. 2020)
in which we didot detect changes in glucose uptake and metabolism withAvtB&IFB4 treated
mice We performed a direct comparison betwRET data and echocardiography results at week 13,
and found that they were comparable, with no significant changes in EF%, CO and LV mass between
the four groups. However, this lack of effect for itldtment is likely to be due to the small number
of animals in each group. When data from all the animals were included, a significant improvement in
EF%, CO,andLV mass in th& AV-BPIFB4 group with respect to the other diabetic asasir
previously published waiRang et al. 2020Dpur histdogical analysis showed interesting findmgs,
which the LAV group had a significant increase in capillary density with respect to the control diabetic
groups.

The present results are significant in two major respelading the echocardiographglbmice
as well as the histological analysis. Overall, those findings demonstrated-BRIFB4 gene
therapy enhansthe cardiac function allowing the myocardium to withstand disloletesd stress

through improving its systolic performance and aciriity.
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In conclusion, the LAABPIFB4 gene enhanced capillary dewsiih resulted ianincrease in
vasculasation, angiogenesis, blood flow and ultimately, a significant improvement in the cardiac

performance. In the next chapter, we will invéstigea effect of LAMBPIFB4 gene in ageing mice.
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Chapter 8:
The therapeutic effect of longevityassociated
variant (LAV)-BPIFB4 gene therapy on

ageing model

8.1Introduction:

8.1.1Aging and Cellular Senescence:

Ageing is a biological phenomenon that is characterized by progressive deterioration in the tissues
andorgans of the body, resulting in a general decfingsiological homeostasie(tapability of
the body to maintain vital physiological param&tersas blood pressure and blood glueosk)
death(Balcombe and Sinclair 2001; Melzer et al.. Za#zinon hallmarks of ageing, which oatur
molecular and cellular lev@glude hair loss, loss of skin elasticity, muscle weakness, decrease in
immune competence, and incrdasesceptibility to many common diseases asck/Ds,
osteoarthritis, T2D and AlzheiatiseaséBalcombe and Sinclair 2001; Melzer et al..2020)

Senescat cellshave a reduction in replicative capaligyto telomere attritiofBalcombe and
Sinclair 2001)They alsoundergo morphological and organebdterations such ascell and
mitochondrial enlargemenmtcrease ROS andoxidative stressandchangedo the cytoskeleton
(Hwang et al., 2009; Zhang et al., 2W7ije @llular senescence occurs in all cells, tissues, and organs
(Hwang et al. 20Q9}VDs poses the greatest burden on older dBalisombe and Sinclair 2001)

With age, the CVS exhibits several structural and functional alterahensyocardiunandthe
vascular componer(Berrari et al. 2003)

The aged myocardiuran be quitanatomicdy and physiologidgldifferent fromyoung animals
(Khan et al. 200I)hese changexlude a reduction in the total number of cardiomyocytes, idcrease
LV wall thicknesgndotheliatelldysfunction, arterial stiffeniagdfibrosis all ofwhich carlead to
ahigher rislof Ml and heart failur@erstenblith et al. 1977; Anversa et al. A9®@ysa et al. 1994,
Lakhan and Harle 2008Yith age, there are often considerable decreases in the LV filiaggolic
myocardial oxygen consumption and coronary blood(lflakatta et al. 1975; Schulman 1999;
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Fajemiroye et al. 2018hese ageelated changes are responsible for the generalized decline the
physical condition among the aged individuals.

CVS ageing in healthy mice is aintdthat foundin humangDai and Rabinovitch 200@nd
their short lifespan makes them a good model to study ageing. A mouse at the age of 24 months is
approximately equivalent to a human in the seventh decade as illustrated in ([yutte 8rid
Sengupta 2016Jhe echocardiography 657BI/6 24 monthsaged mice revealed a significant
increase in LV mass index, and a reduction in both the fractional shortening (FS) and the diastolic
function(Dai and Rabinovitch 2009he same study also reported that the aged mice suffered from
cardiac hypertrophy, signifitalecline in the oxygen consumption, less exercise capability and a
considerable reduction in the cardiac performance and output.
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Figure 8.1: life phase equivalent for C57BL/6J mice compared with humar{€ atiagae
Hagan 2017)
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Recent research aims to improve health and disease prevention thragghgansing gene
therapy. This therapeutic approach is a promising field in preventing or treating chronic or polygenic
diseases that is linked with age. Retihjin elderly micehowed that LAABPIFB4 genéherapy
increasegndothelial vasorelaxation and revascularization through potentiating eNO&rattivity
enhancindNO productionthus delayingageing(Malavolta et al. 2019his findingswas further
supportedy other investigationshere theauthorgeported that thiigh levebf BPIFB4 isoforms
in LLIs serum stimulatedlaptive stress responses and proteostasis, which are two vital aspects linked
with exceptional longevjtyhe maintenance of the stem cells, andntpeoved survival of the
organisniVilchez et al. 2014; Villa et al. 2Q15a)

In the previous chapters we reported Wiale theLAV variantd i dndt i nduce gl ucc
changes in T2D modeéutit increasethe LV capillary densitgaccelerated hgirowth,andreduced
endothelial dysfunctioiaunknownmechanism@ang et al. 2020)

In this chapter we will investigate the therapeutic effect of LAV therapy on ageing through
measuring its impact on the MBF, durggjand stress coitibns, and MGM usingN-NH; and
18RFDG respectively. Additionally, we will also examine the ahdrtongterm effect of LAV
gene therapy in aging. Finally, a direct comparison between the PET results and the echocardiography
and capillary data Wk performed.
8.20Dbjective:

1. Evaluate the effect of theAV-BPIFB4geneon MBF and MGM with respect to three
control groups.
2. Assess the short and long effects oL &-BPIFB4therapy, usinIBF.
3. Compare the data from our PET/CT scans wiistological and higherformance
echocardiography results.
8.3Materials and Methods:

8.3.1Study design:

All procedures conformed to the guidelines of British Home Office and Bristol University (Project
License PPL 30&73)and The Care and Use of Laboratory Animals Guide (The Institute of
Laboratory Animal Resources, 1996 first cohort of micevere included ithe6ear | y tr eat
experiments and consisted ot 42nonth-old C57BL/6 female micend 12 14nonthold male mice
(12 female and 3 male mice per group) as in figure 8.2. These mice were followed up for 4 months.

~

Forty 18monthold C57BL/6 female micavere used in thé | at e experemertsfie nt 6
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mice/group, and these mice were folem up for 1 month as in figure 8.3. Twelve female mice from
each experiment were transferred to PETIC at the end of each study for PET/CT scanning and
harvest of tissueigures 8.28.3.

In the early treatment groudm@re 8.2, all mice underwentdsdine echocardiography on arrival
(ie at the age of 14 months). One week later, AAV or control solution was injected via the tail vein.
Mice were assessed at least weekly for health and clinical signs. Four months after the gene therapy
the mice underweérechocardiography assessment, and the cohort of 12 mice (n=3 per group)
transferred to PETIC to be scanned using ARHE®/CT and tissue harvest (for later capillary and
artery density assessment).

Similarly, the late treatment grdigu¢e8.3had a bseline echocardiography at age of 18 months.
One week later, they were injected intravenously with the virus or control solutions. One month later
the mice were assessed using echocardiography and then 12 mice transferred to PETIC for scanning

and tissuedrvest.

Mice were divided into
four groups

After Echocardiography,
12 female mice (3 in

Mice in this group
had no virus (NV)
injected, NV group

(n=3) each group) were sent to
% Cardiff for PET/CT
. . .
PN imaging,
Following scanning
14 months aged C57BL/6 . completion, mice were
mice with a total number N
of 54 mice 2 culled for organ
harvesting and
42 female 12 male “to histological analysis
protein (GFP) group (n=3)
. One week Later Four months Later "

r L€

T 1
mice underwent final 18 months
Echocardiography on 18
months

14 months old mice
underwent
Echocardiography on
arrival

Figure 8.2: The experimental design for the ageing model of the early treatment group.
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Figure8.3: The experimental design for the ageing model of the late treatment group.

8.3.2Animal groups:

As mentioned abovmice(Envigo,Bicester, Oxfordshire, UKjeredivided into two groups, the
early and late treatment grqupsth of whichweredivided further into 4 groups (3mice/ group).
The four groups were firahesthetized (with isoflurahé&2%) and injected intravenously with
either

1. Control groupNo virus (NV).
2. Control group: Wildype isoform (WT) of the gene BPIFB4 or-BHRIFBA4.
3. Control groupA virus marker with green fluorescent protein (GFRip.
4. Experimental group: Longevégsocited variant (LAV) of the gene BPIRBAV -
BPIFB4.
8.3.3Micro PET/CT Scanner:

The Mediso Nan&can 122smahlbore PET/CT imaging system manufactured by the Mediso
medical imaging system, Budapest, Hungary. All the scanner specifications have been previously
mentioned in the methodology chapter.
8.3.4The used radiotracers:

N-NH; and"®¥F-FDGwas used to quantify the MBF and MGM respectively.
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8.3.5Animal preparation, scanning and tissue harvesting:

The previously validated imaging protocolvgetsappliedn this clapter Mice were allowed to
rest for one week following transfer from Bristol group, to avoid distress that could affect the
guantificatiorof the PET resultsTheywere housed in normal cages with an environment of a 12
hour lightdark cycle. Cages were monitored on daily basis for temperature, humidity, water, and food
supply. Furthermore, Weekly checks were also carried out in terms of appearance, atlegght and
signghatmay originate due to their age.

From ane weelaftertransferPET/CT imaging was carried out for each m@ugk amaximum
of 3 miceon eaclday. The scanning and termination procedures were performed in one day with the
same imaging protosand consideratiorgplained in chapter 6

On the scanning day, each mousdaséed for one hour améhrmed up to 37¢inside a warming
boxfor 5 minuteyfor better visualization and cannulation process of the tail vein. After that, it was
anesthetiedusing 3% of isofluran@nd thentransferred to a pwarmed imaging scanner bed
which was supplied with a small tooth bar (attached to a nose cone) and a pad to maintain both
anaesthesi@using 1.52% isoflurane of ©(1L/min) nose tube) and headte measurement
respectivel\Next, themouse was cannulated in two different areas indMdanglIP routedor the
injectionof the radiotracerandthe pharmacological stress agelotbbutaminejespectively. Each
mouse hathreescansn totalincludng al0-minute™-NH; rest scan, B0-minute®™N-NH; stress
scan40-minute™F-FDG and a CT scais our purpose in this chapter was only to measure the MBF
only and not its metabolic trapping, the scanning duration™4Nelf ; was reduced to 10 minutes
dynamic scan. The total PET/CT scanning time for each mouse was approximatain8tes

which was comparable to the scanning duration of the echocardiography (approximately one hour).

8.3.5.1"™N -NH ;rest scan:

During the image acquisition of each mod¥elNH; (30:100 MBq in 2®0 ul) wasinjected
through anV cannula. Following thiejection a 16minute dynamic PET scan was performed. The
actual acquisition started a few seconds prior to the administrafidrNef; to catch all the
myocardial flow process.
8.3.5.2"N -NH ; stress scan:

Tenminutes later, the stress scan was inifiaitebut moving th@anima) by IP injection ofthe
dobutamineas gpharmacologadstress stimus(2.5 ug/kg in 5@il). A 5-minute periodvas allowed

in orderfor the cardiac stress event to occur before initiating the stress scan. When the heart rate
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increased to about 66Ppm (measured by ECG pads placethepaws), a second dosé®df-NH
(30100 MBq in 2®0ul) wasnjectedntravenously. Image acquisition was also initiated a few seconds

prior to the radiotracer injection by applying the same image acquisitEsggatéhe rest scan.

8.3.5.3CT scan:

Following the"™N-NH; stressscan, a wholeody CT scan with a duration of 5 minutes (480
projections, 2 rotations, B@v) was performed to calculate attenuation corrections as well as allowing
the coregistration of images which in turn give a better visualisation of the structural and functional

information from the CT and PET respectively.

8.3.5.4*F-FDG scan:
Followingthe anmonia scans, an injection of A2Bq of *F-FDG °© 20 ulwasadministrated via

the sameév cannula lineand a 4éninutewholebodydynamic PET scan acquired immediately.

8.3.5.5Mice termination, tissue collection and histological analysis

Following scannghcompletion and while the mouse was usigesthesi®.t1 mL of blood
was taken directly from the heart using an EBJaked syringe with -2@uge needle (the syringe
was kept in ice before blood withdrawal) via cardiac puncture techeajhew®s c¢dirmed by
tissue harvest.

After determination of heart weight and dimension, the heart was cut into pieces (a top 2/3 section,
and a lower third section). The top section of the heart, right kidney, aorta, chest skin, and the right
adrenal gland were @ilbp-fixed in 46 PFAat RT for 24 h. The PFA was then replaced by PBS and
the samples kept &C4

The lower part of the heart was divided into LV (2 pieces) and RV and these, along with chest skin,
left kidney, liver, plasma, left adrenal gland are] wene flasfrozen in liquid nitrogen and kept in
-8(°Cfor later use.
8.3.6lmage Reconstructionfor the PET/CT scans:

All PET scans were acquired in list mode acquisition and images were reconstructed with the same
voxel size of 40(Am using interview fusion software. The frame sets of both rest andcstnsss
were as follow: 35 framé2(5 secs1830secswith a whole duration a0 minutes).

CT scans were reconstructed with gu@b@oxel size antthe snograms were producedngs2
dimentional filtered back projection method. Attenuation (CT based) and scatter corrections as well
as normalization were applied to the reconstructed images. Following the reconstruction, all images

were exported to PMOD software for data analgaig thekinetic modellingpol.
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8.3.7Medical Image analysis softwardéor PET/CT scans:

PMOD was the software of choioe the MBF quantification using thkénetic modellingool.

The measurements of MBF in both rest and stress were carried 38N dfihgdynamic scans and
1TC model. The MGM quantification were performed using the FDG scans and 2TC model.
8.3.8Echocardiography:

The echocardiography results were added to this chapter to explore the impact of LAV gene on
the cardiac contractility and output inaged mice groups and during early and late treéiraegt
et al. 2020Yheprocedures in this sectiwmerecarried out bpne ofmembers in our research group.
As described in the previous chapter, we uséelv@3100 echocardiography system (Fujifilm
VisualSonics Inc, Toronto, Canadayl MX550D transducer to measwenumber ofcardiac
dimensional and functional paramdteagare et al. 2010; Katare et al. 2@irng theexperiment
each mouseasanesthetized using isoflurane stawitig?.5% and then this percentageadfssted
as appropriate tkeepthe heart rate close to 450 bdrhe echocardiography procedure generally
lasted for about one hour.
8.3.9Histological analysis:

| performed the histological analyses reported in thiechée wished to explore the effect of
LAV therapy on capillary and arterial density in aged apidayand arteriadensitywereassessed
usingsections of myocardium aftermunohistochemistry stainjag described in the methodology
chapter.

Sedions were stained witbolectin GSB4 (I1B4, 121414, Life Technologi&tSA) andantia-
smooth muscle acti@SMA; C6198Sigma, UKY)o identify capillaries and arteries, respectively.
Following successful staining, the sectionsplvetegraphedsing optical fluorescence microscopy
(Zeiss Axioobserver microscop€at# 1026044910, Germaniext, thenumber of vessels were
assessed with the aid ofalge J softwaf€iji version 2.5,0JSA). The total number of capillaries
(IB4) (represented by the green coland maturarteriolefaSMA; represented by the red colour)
were identifiech at least 20 fields (20magnification)rinal data were generated as the number of
capillaries oarteresper mni.
8.3.10Statistical analysis:

Statistical analyses weaeried outising GraphPad Prism (versioh®.USA),through which
data were represented with their individual values, meaff RnAfter testing for normality,

comparisons were generated udifigr 24vay analysis of variance (ANOVA$, appropriate
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Moreoverthemeans of the four treated groups withbeesto one variableere compared using 1

way ANOVAs whereag-way ANOVA test weraused toexamine the effeof gene treatment in

the four groups with respect to two different variables (the response to the gene therapy at different
time points)Differences were considered significant \W@05.

8.4 Results:

The rest/stress myocardial perfusion imaging was performed successfully for most of the mice
using*N-NH ;withoutcomplications. However, | experienced a cannula break in four mice during
thestress. Importantly, during the MGM analysis of the FDG scans, we observed significant changes
in the myocardium dimensiondich was important issue will be investigated in future work.
Therefore, th&IGM analysis was excluded for future investigatibesovierall PET/CT imaging
time was approximately 35 to 45 minutes.
8.4.1Rest perfusion imaging:

N-NH;wasnjected intravenously via the tail vein and the MBF values at rest for the early and
late treatment groups are presentéabies 8.1Interestinglythe LAV groups in both the early and
late treatment experiments scored the highest resting MBF with a mean value of 5.058 ml/min/g,
which was statistically different from the other control grasipsigure 8.4

The MBF values ithe controlgroups were similar in both early and late trearasnifigure
8.5.In contrastthelate treatedAV group had higher rest MBF values compared to the early treated
group, suggesting that its therapeutic effect might diminish oyastimigure 8.5.
8.4.2Stress perfusion imaging:

Although the stressor (dobutamine IP injection) resuldednioreased HR in all mice, werbtl
observe a corresponding increase in the MBF values in the NV, GFRaisI®\8. fandfigure 8.&
in some rite, the injection of dobutamine lowered the MBF. In contrast, the MBF stress values for
LAV were significantly higher than its values at rest condition (p<0.005).

The LAV groups had the highest MBF values under stress cenditiah was significantly
different from the stress MBF in the control grd&ps0.005; figure 8.7).
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Figure 8.4: The MBF values (ml/min/g) at rest condition for all the mice groups during early
treatmentThe data are presented as the Me&mD, n=6/group. There was a statistical differe
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for the statistical analysis in the data presented.
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Figure 8.7The MBF values (ml/min/g) atresgondition for all the mice groups during early and late trea|
(n=6/group). The data are presented as the MeBNRD There was a statistical difference between the
group MBF stress values compared to the other control groups (P valu@s **<00.005, *** < 0.0005
The oneway ANOVAwas used for the statistical analysis in the data presented.
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8.4.3Echocardiography results:

The LVEF% values were similar within the control groups @arly and late treatment phases
as intable 8.2 and figug8.88.10 However, the LAV group scored a significantly higher LVEF%
value in the late treatment compared to the early treatmrefig@® 810 Additionally, there were
no significant differences in the LAV LVEF% compared to the other control groups at early
treatment, as in figure 8.8. However, the -trAgted mice scored a significantly higher LVEF%
compared to the control grougislate treatment grougs in figure 8.9.

The CO values (ml/min) were significantly higher in the LAV group compared\V/,tN&éT
and GFP in the other control groups at early and late treatmantapkes8.2 and figures 8312
(with p values df*<0.05).There were no significant changes in the CO between the early and the
late treatment phases witeach group as in figure 8.13.
8.4.4Capillary and artery density results:

Immunohistochemical staining revealed that the capillary and artery namgbesngnificantly
increased in the LAgroup mice compared to the other control groups at both early and late
treatments, as table 8.3 and figures 83.46.
8.4.5Comparison of the PET results with the echocardiography and histological data:

We compared theesting MBF in all the aged mice at early and late treatments with the resting
MBF values of the healthy young mice measured in Chapter 5, as in figure 8.18. There was a significant
reduction of the MBF in the aged control groups (NV, WT and GFP) cortgptvedBF of the
healthy young mice (p<0.0001). In contrast, the-ttdafed aged mice showed no statistical
difference compared with healthy young ones (p>0.05).

Furthermore, the correlation was assessed between the resting MBF PET results with both the
echocardiography and histological results. The correlation was based on calculating the Pearson
correlation coefficient r, in which the values between 0.5 and 1 reflect a strong positive correlation
(Mukaka 2012; Scholstral. 2018)rhere was a strong positive correlation between the MBF values
(at rest condition) and the CO during both the early and late treatment phases with the correlation
coefficient r = 0.713, as in figure 8.19. The comparison of the MBF at rest with ding depdity
revealed a strong positive correlation between them with r=0.818 (figure 8.20). Finally, there was also

a strong positive correlation between the CO and the capillary density with r=0.683, as in figure 8.21.
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PA 134 68.57 15.44

Early treatment PA 135 62.45 13.31
NV PA 136 71.25 15.02
PA 214 54.59 12.5
Late treatment PA 215 48.97 13.9
PA 216 63.56 13
PA 149 65.79 12.60
Early treatment PA150 55.12 15.06
wT PA 153 63.08 14.22
PA 225 62.10 11.6
Late treatment PA 226 45.19 10.6
PA 228 61.13 14.06
PA139 58.99 14.35
Early treatment PA140 58.07 14.52
GFP PAL42 73.24 14.89
PA219 48.36 14.46
Late treatment PA222 51.76 10.8
PA223 54.00 10.24
PA144 68.8 18.15
Early treatment PA146 61.09 17.5
LAV PA148 66.41 19.68
PA229 84.62 16.76
Late treatment PA230 81.56 17.37
PA231 75.02 16.6

Table 8.2: The echocardiography measurements for all the groupseatrly and
late treatment.
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Figure8.8: The LVEF% values among the four groups at early treatment. LVEF% was similg
the early treatmephase within all the groupih P>0.05. The data are presented as mg&ab,

n=3/group. The symboins represenno significant difference in whig»0.05.The oneway
ANOVA was used for the statistical analysis in the data presented.
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Figure89: The LVEF% values among the four grougatatreatmentThe LVEF% of the LAV
groupwassignificantly higher compared to the other control gnoiths<0.M5. The data arg
presented as mednSTD, n=3/group. The symbol* represent significant differerinewhich
p>0.005. The oneway ANOVAwas used for the statistical analysis in the data presented.
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Figure8.10 The LVEF% values among the four groups at early and late treatment. LVE
similar during the early and late treatment within the control groups with P>0.05. Hows¢
LAV group had a significantly higher value in the LVEF% during the late treatnpamed with
their values at early treatment phase. The data are presented &Tbearn6/group in which
it subdivided equally into early and late treatment groups. The symbol *represent g
difference in whicp <0.05.The tweway ANOVAwas ued for the statistical analysis in the ¢
presented.
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Figure 8.11The CO values (ml/min) among the four groups at early treatment. Therg
statistical difference between the LAV group with respect to the other control ones (n=3) (R
The data are presented as nfe&TD. The symbol *represent significant difference in wh
P<0.005. The oneway ANOVAwas used for the statistical analysis in the data presented.
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Figure 8.3: The CO values (ml/min) at early and late treatment phases within each group.
are presented as mearSTD, n=3/treatment phase/group. There was no statistical diffe
between the early and late treatment across all the groups. The syrapmgarjs no significa
difference in which P>0.05he tweway ANOVAwas used for the statistical analysis in the
presented.
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Early treatment

NV
Late treatment
Early treatment
WT
Late treatment
Early treatment
GFP
Late treatment
Early treatment
LAV

Late treatment

PA 134
PA 135
PA 136
PA 214
PA 215
PA 216
PA 149
PA 150
PA 153
PA 225
PA 226
PA 228
PA139
PA140
PA142
PA219
PA222
PA223
PA144
PA146
PA148
PA229
PA230
PA231

7534
8311
7175
7430

8400.3

9005.9
8434
7834
7987
7501
8429
8525
8910
7630
8053
8165
8255
6971
9285
11475
12042
14546
13565
14153

69.7
66.65
57.78

106.74

125.35
73.81

67.5
86.5
90.02
93.74

134.25

131.80
63.44
88.54
47.83
69.86
65.56
93.21

116.32
98.54

124.71

257
194.5
210.3

Table 8.3: The capillary and artery density{mm?2) for all the groups at early

and late treatment.
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Figure 8.14Comparison of theapillary densitin/mm?) for all groups at early treatmdrite data
are presented as méaB8TD, n=6/group. Thecapillary density in the LAV group \sttisticdy

higher than the other control groupke symbot represents significant differemgth p values *
< 0.05, ** < 0.005, ** < 0.0005he oneway ANOVAwas used for the statistical analysis in

datapresented.
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Figure 8.13Comparison of tharterydensityn/mm?2) for all groups at early treatmdrite data are
presented as me&rSTD, n=6/group. Theartery density in the LAV group vesatisticdy higher
than the other control grougshe symbot represents significant differemgth p values * < 0.05
** < 0.005, *** < 0.0005, ****<0.000The oneway ANOVAwas used for the statistical analys
the data presented.
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Figure 8.18Comparison of theapillary density/mma?) for all groups datetreatmentThe data
are presented as mé&a®TD, n=6/group. Theapillary density in the LAV group wtisticdy
higher than thether control group3.he symbot represents significant differendtn p values
* < 0.05, ** < 0.005, *** < 0.0005he oneway ANOVAwas used for the statistical analys
the data presented.
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Figure 8.17Comparison of tharterydensityn/mm?) for all groups datetreatmentThe data
are presented as mé&a8TD, n=6/group. Theartery density in the LAV group vesatisticdy
higher than the other control groupkse symbaot represents significant differemgth p values
*** < 0.0005.The oneway ANOVAwas used for the statistical analysis in the data preser
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Figure 8.18Representative images of isolectin B4 (green) positive endothétigbiesdenting the
capillary densitygnd| -smooth muscle actin (red) positive smooth muscl€reelissenting thg¢
artery densityith nuclei identified by DAPI (). There was a significant incraagbe capillary
and artery density in the LAV group compared to the other control groups at both early
treatment.
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Figure 8.2 Comparison of the reMtBF values (ml/min/g) for athe agednice groupsluring early ang
late treatmerdnd the rest MBF values of the healthy young Tieedata are presented as the rfie
STD, n=6/group. There was a significant increase in the MBF values in the heaftbynpaced to the
control groups including NV and WT (p value < 0.005). The LAV group showed similar rest MBF ¢
to healthy young group with no statistical difference (ns). The symbol * indicate statistical sign
which P values is * < 0.05,< 0.005, *** < 0.0005 and ****<0.000The oneway ANOVAwas used for
the statistical analysis in the data presented.

N
(3]
]

o NV

20 ° o WT
/‘/’-//- GFP

e LAV

-
o
1

[ ]

(3]
1

o

Cardiac output (CO) ml/min
&
L
[ ]
®\e

T 1
2 4 6 8

MBF (ml/min/g) at rest

o

Figure 80 Scatter plot of th€O (ml/min) as a function of thIBF (ml/min/g). The regressio
line was fitted using the least square meftnath=6/group. Pearson coefficient 0.713shows
that there is a stromgrrelation between ti&O and theVIBF.
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Figure &1: Scatter plot of the capillary density (nAnas a function of tHdBF (ml/min/g). The
regression line was fitted using the least square niétbod6/group and Pearson coefficiant
0.818shows the existence pdsitive significartorrelation between the capillary density ang
MBF.
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8.5Discussion:

The young myocardium is capable of renewal and repair; however, the extexdtildy toe
regeneratpositively correlagevith the lifespan of the anini®laier et al. 2004; Hosoda et al. 2011)
The recent study by Villa e(\dilla et al. 2015ajnong LLIs revealed a high lev@FB4 proteins
that might be associated with longevitygdmer incidence rate of CVDs among them. In our work
(Dang et al. 2020)e showdthat theLAV-BPIFB4gene216variant exerted therapeutic effects in
diabetic mice through improving the cardiac systdlaiastolic ventricular functidn.this chapter,
we wished to assess the effects oL#&W-BPIFB4gene on older mice and whether its influence
might diminish over time. Therefore, the mice were divided into two groups whicth tineladdy
treatment(gene delivery followed by evaluation after 4 months) and late treatment in which the
evaluationvasperformed one montéfterthe gene delivery. The evaluation was performed through
guantifying the MBF at rest and under stress conditions using ouPHTIEEd scanner and
correlating the data with the echocardiography and histological analyses.

Our data indicatethatthe LAV-BPIFB4 gene raised the MBF significantly compared to the other
control groups during both the rest and stresditions. Notablyts effect showed a higher trend in
the late treatmegroupcompared to the early one but tood significant levielhich might indicate
thatits benefits mighbereducd over time.

To begin withMBF is a key parameter in CVDs, particularly immghand is often measured at
rest and stress conditiof@ould et al. 1990Puring stress, the heart systolic performance should
increase tonatch the body global demand for oxygen and other metabolicunéesdsthere is a
narrowing in the coronary circulation as the case in many(\@da&sing et al. 281Guerraty et al.
2020) Therefore, assessing thecaydium under induced stress has been used widely as a diagnostic
technique for identifying ischemic defects in CADs as well as assessing the impact of experimental
therapies aimed to treat CVDs as the case in our réSaartthet al. 1990; Guerraty et al. 2020)
addition, through stress MBF measurement, the coftavamgserve (CFR) (flow at stress/flow at
rest) can be calculated to be used as a physidludgeah evaluating the extent of coronary
microvascular dysfunctigDal Lin et al. 2015y he reduction imesting MBF an@FR is known to
be linkedwith abnormal vasodilation, increasegoconstriction, or changes in the coronary
microvasculaturghich are all common hallmarks in ag@hadLin et al. 2015; Sinha et al. 2021)
previous study asses$eel resting cardiac flow velocity in agete C57BI/6 micasing Doppler

imaging. They reported a decrease in resting MBF and CFR at later stages of their lifespan which
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might be due to abnormal endothelial or microvasculature diargjey et al. 2010)heir findings

agreed with our results inialinthere was a significant reduction in the MBF at rest among the control
groups when compared to the resting MBF of the healthy young group measured previously (p<
0.0001). However, our LAV group (at early and late treatment phases) showed similaesVIBF va
compared to the healthy young mice during rest and stress conditions with no significant difference
suggesting an improvement in the MBF. This improvement might be due to an enhancement in
vasodilatioror changes in the coronary microvasculéakLin et al. 2015; Sinha et al. 2021g

coronary microvasculatuwrensists of capillaries (which are responsible for transporting oxygen and
metabolites to cardiomyocytes) and arterioles (that are responsible forvasocamngtrictioand
vasodilation in response to stim@l Lin et al. 2015; Sinha et al. 20%dgordinglyimprovement

in the myocardial microvasculature density, or vascular density, may contribute to the increase in the
MBF (LandersRamos and Prior 2018)deed, the LAV group scored significantly higher capillary

and arteriole density values compared to the other control groups and this is possibly the reason
behind the obserderise in their MBF. These findings were also validated through the strong
correlation that we observed between the MBF and capillary and arteriole density.

Furthermore, the increase in the vascular density is known to be linked with multiple cardiac
regeerative mechanisms that aim to restore tissue architecture, particular in case of injury and wound
healing, through the activation of sequential processes involved in cellular proliferation,
differentiation, and new blood vessel formation such as aegisgerd revascugation. In our
work (Dang et al. 202@ye showed that the LAV group has a high circulating S[@fehemokines
that appears to recruit cardiac and bone marrow derived stem cells and activate myocardial
vasculogenesisd angiogenesis based on paracrine m@bimtt et al. 2004; Hiasa et al. 2004;
Elmadbouh et al. 200%jilla et al(Villa et al. 2015a¢ported that the SDECXCR4 might be
involved in the ability of the LAV gene to stimulate M2 macrophage zatideri usingan
atherosclerotic moddlherefore, there is a possibility that the LAV gene acted through inducing the
SDF1/CXCR4 signng pathwaysangiogenesis, and new blood formationchwiibsequently
increased the vascular density and. MBF

Another possible explanation for the rise in MBF during the ahdrtongterm treatment of
the LAV group might be due to the stimulation of the eNOS patiwverysesulted in a rise in NO
vasodlation and enhanced blood flofldossena et al. 202@vidence suggested that impaired
angiogenesis old mice might be due to endothelial dysfun¢hiah may lead to decreased

expressiorof a vascular endothelial growth factor (VE@E)well as the reduction in the eNOS
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signalling pathwaySwift et al. 1999; Westvik et al. 2008 collaboratoralsoshowed the link
between endothelial dysfunction and the decreased eNOS activity tiratl doeurto the
downregulationof BPIFB4 protein in old micdVilla et al. 2015b)rhe eNOS s vital for
neovasculaationas well as the bioavailability of NO which is reported to enhance vasodilation and
increase blood floMees et al. 2007; Villa et al. 201Abgordingly, the increased activity of the
eNOS signalling mighe one of the causes of enhanced vascular density and MBF in the LAV treated
mice.

In our echocardiography data, bMEF% values wersimilaracross the control groups at the
early and late treatment phases. It is well knoweg#iag causes a geneedldegeneratioof the
cardiac structure and performaracel thus, aged individuals are expected tcaliaglkeer rate of
arterial stiffnessypertension, stroke or Mbmpared to healthy young individ{@lstmann et al.

2012; AlGhatrif et al. 2013; Chia et al. 2@héng et al(Zhang et al. 202%howed that ageing

causes impairmein the cardiac diastolic function, but not the systolic functional measures (including
fractional shortening, FS andEF%), among aged female miéelditionally, ageing is known to

not significantly alter the LVER%eibowitz and Gilon 2012 our results, we observed a similarity

in the LVEF% values across the control groups during both the early and late treatoetnést|n

although the LAV group showed similar values of LVEF% at early treatment compared to the other
control groups, there was a significant increase in its LVEF% values compared to the control groups
at the late treatment phase, which might suggesstaffects might decrease over time.

Moreover, we also observed a significant increafiee €O values(measured by the
echocardiography) in the LAV groups compared with the control gtdugik the early and late
treatmentssuggesting that theerapeutic effects of the LABPIFB4 is continuing to occur even
afteralongperiod oftime (about 4 monthshn improved blood supply to the myocardium (as we
found in the LAV group) may result in an improvemeits pumpingcapabilityandthusa greater
CO. Additionally the senescent mouse hegppeared to have significant decreasge contractile
ability and thus a reduction in its efficiency to pump the blood (low€y@)et al. 199N oda
et al(Noda et al. @20)reported ageelateccontractileysfunction in aged57BL/6 micghatmight
be dueto mitochondrial impairmemnother study reported that the dysregulation of the motor and
structural proteins, such as decreased myosin expression, couldtecdntrthe contractile
dysfunction in old migganjul et al. 2020 our previous work, we reported that the EBRIFB4
gene increased the MyHCexpression in the cardiomyocytes which improved the endothelial

function andenhanced w&ular eNOS phosphorylatiorthiediabetic mice mod@bang et al. 2020)
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The enhancement in the expressioM@ifiC{ , which could be due to induc8®F1/CXCR4
signding pathwayss reported bgthers(Tang et al. 2009; Chiriac et al. 204 0ikely to be behind
the improvement in cardiac performance and thabdeevedise in th€CO values among the LAV
group (intheearly and late treatm®r(tNakao et al. 1997; Korte et al. 2005; Lv et al..2011)

What is morga previous study demonstrated tinat AV-BPIFB4 gene transfer could be a factor
in improving cardiac function and contractiitymaily through boosting multiple mitochondrial
related pathwayBaulkner et al. 202@onsequently, this might be one of the therapeutic pathways
in which the LAV gene exerts its effect in improving cardiac function thrbaghieg contractility,

CO and LVEF% among LAV treated mice.

In addition, the enhanced CO among the LAV goouitd be attributed to the increase in their
capillary and artery densag revealed by ounistological resultMicrovasculature plays a
fundamental role in oxygen and nutrient delivery to the cardiac muscle, particularly during exercise or
when under stregSsliemann 2016)Therefore, an increase in capillary and artery density, which
represents the microvasculatur#,result in an increase in the exchange surface area between the
muscle and blood. As a consequence, this will also decrease the distance required for oxygen diffusion,
all of which will result in an improved M@temann 2016) he rise in the MBF, due to the increase
in vascular density, leads to a higher oxygen supply to the myocardium, enhances its contractile
performance and improves the CO, which we reported in our LAV treaté@Glieimann 2016)

This could explain the strong correlation found between MBF values compared to both the vascular
density and the CO.

Taken togetheour study in this chapter confirms the beneficial effects of the LAthgemay be

involved in several cardiac repagatiechanismghrough stimulatingDF1/CXCR4 and eNOS
signallingpathwaysseverafmitochondrialelategpathwaysand many other unknown pathways. The
stimulation of these pathways among {t#&¥dted mice is likely to be responsible for the increase in
vascular density, MBF a@&R whichall could improveardiac performance and GQur results

also indicate that ttefect of theLAV-BPIFB4treatment might persist for several martihs its

effect may be diminished with time.
8.6 Conclusion:

The measuremendf MBF using®™N-NH; and PET quantification tools camovide vital
information regarding cardiac function foli@aireatment interventiohhe purpose of the current

study was to determitie beneficial effect of th&V-BPIFB4 genen old mice at various times of
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intervention. The micyBET/CT scanner and compartmental modelling were used to investigate its
benefcial impact through quantifying the MBF during rest and stress conditions at different points
on the timelineOur PET/CT results were also compared and correlated to the vascular density and
echocardiography data.

We demonstrated that the LABPIFB4 improved cardiac function and contractility, enhanced
cell survival and proliferation, decreased inflammatory resmontseémproved cellular
communication, angiogenessscularisatioand molecular regulatiandproliferationof the cell
cycle all ofwhich subsequently maintaine repair of theneart and its regenerative al(isyinelli
et al. 2017; Malavolta et al. 2019; Dang et al. 2020; Ciaglia et ahe202pEficial effects of the
LAV gene could belue to the stimulation c8DF1/CXCR4 and eNOSsignding, several
mitochondriatelated pathwaysmd many other unknown pathways and mechanisms.

In conclusionLAV-BPIFB4 gene delivepan attenuate the deteriorative impact of age on the

CVS through thactivation of many reparative mechanibutsts effects may be reduced over time.
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Chapter 9:

Final Discussion:

PET imaging using small animal models has been used widely as a powerful tool in assessing the
efficiency of therapeutic interventions, standardizing, or refining imaging protocols, and validating
new radiotracers to be used clini¢a@llyerry and Gambhir 2001; Slomka et al. 2bt#®ed, the
strength of PET imaging is that it allows the semi or absolute quantification obi@dgicsl
biomarkers such as cardiac metabolism, blood flow to different organs, receptor binding or gene
expressiofinubushi et al. 2004; Turkheimer et al. 2014)

The primary objective of this research projast to assess the feasibility of ugiagMediso
micro-PET imaging to evaluate murine cardiac function. This evaluation was performed through the
guantification of vitgbhysiological biomarkers, namely MGM and NB&.o-PET/CT imaging
and quantificatiowas used to examine the effectiveness ofBA¥B4 gene therapn cardiac
function In order to do this, we first had to test the performance of theRitdrecannegnd then
develop and standardize imaging protocols to assess the accuracy and repeataBiifly data.
Furthervalidatiorof the feasibility of our mici®eET was achieved by combining different assessment
tools including echocardiography and higicabtests. An early experiment was to assess whether we
could detect changes in the FDG uptake and blood flow following induced HLI. Following the
successful completion of these experiments, evaludiv-&PIFB4 gene therapy was carried out
on murinemodels of diabetes and ageing.

In order to do these assessments, we first needest tioe accuracy of our Mediso micro
PET/CT scanner. We did this through evaluating its physical performance in terms of the overall
image quality when usitig and™N. The evaluation of the performance was carried out according
to the NEMA NU 406 2008 standard and the manufacturer guidelines which recommended
performing the 1Q test before quantitative studies for any used radi¢aobedVitherspoon et
al. 2002; Cafiadas et al. 20bl)ne with these NEMA and manufacturer recommendation®, the
performance was carried outdégery radiotracer before carrying out PET quantitative affddigsis
testcovers most of the important physical factortsatteadependent on the radiotracer choice, such
as SR and count rate. The IQ test enables measuring the RCs% which is defined as the ability of the
PET system to recover radioactivity concentration at different objedSsizieas et al. 2009;

Disselhorst et al. 2010; Teuho et al. 202 measurements of the RCs reflect the level of SR
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particularly in using different radiotracers that have different positron ranges. Generally, a low RCs%
reflects a poor resolution and a higher PSfthivas et al. 2009; Disselhorst et al. 2010; Kim et al.
2021)

The RCs of®F were within the NEMA acceptable ranges, reflecting the good SR of the produced
images. ThEN RCs were lower than thosé®f, but this was expected considering that we did not
increase the scannitime to compensate for the loss in counting statistics. This issue could be
minimised through increasing the imaging time or the injected thiseuodl thus, improving both
the RCs and the SRhoi et al. 1999; Maddahi and Packard .2A@d)her important factor that
contributes to the SR and the accurate ifigation of the PET images is thexrtial volume effects
(PVEs)which result from the false estimation of reginal radioactivity siiéd-aat and spHin of
the radioactivity from the neighbouring regi@us.study on both radiotracers shows th&8@R
values were in the required NEMA range.

We have shown that our Mediso 122S sl PET/CT scanner offers appropriate legtls
sensitivity and SR for small animal imaging when using®ife6G and™N-NH ;. However, we
wished to further improvEN-NH;image quality by altering aspects of the scanning protocol,
including scan duration and the amount of the injected dose. Therefore, we have incfiased the
NHinjected dose to compensate for the loss in counting statistics due to its difert half

The next aim of this research was to assess the accuracy and repeatability ePBdrsysteom
in quantifying MGM and MBF in healthy control mice d%treDG and*N-NH srespectively. Both
MGM and MBF are used as biomarkers that may reflect some aspects of cardiac function, hence, they
are often quantified to assess response to treat@emédbert et al. 1981; Khorsand et al. 2005;
Medical Advisory 2005; Ziadi and Beanlant®; Fyior 2017)n Chapteb, we developed a set of
imaging protocols that could produce as much information as possible with minimum mathematical
complexity and the simplest possible assumptions. These imaging protocols were design based on
previous clinical and preclinical investigations, and then treyested for their accuracy and
repeatability.

Our imaging protocols were designed to fit with our project animal license which currently only
allows norrecovery procedures. Each mouse underwent three scans followed by termination on the
same day. Thixgerimental design was designed to take advantage of the short (10 milfete) half
of ¥N-NH,. The scanning protocols started with fasting the mouse for approximately one hour to
enable maximal FDG uptake. The mouse was transferred to a prewarmebedhigpothermia

(Lee et al. 2005; Cates et al. 20Adgsthesia was induced usingdomcentration isoflurane (1.5
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2%) in oxygen, in order to prevent the dramatic increase MBFR undethigher isoflurane
concentratiorthat was observed by Kober et(Kbber et al. 2005) Cannula placement was
performed via two routd¥, andIP, for the injection of the radiotracer and dobutamine respectively.
We decided to use two different routeavioid injecting large volumes that may interfere with the
haemostasias of the mokeintner et al. 2009; Thackeray et al. 2015; Lindsey et alA2018)
previously reporteddministration oflobutamineviathe IV or IP routefiad no difference in both
casegPuhl et al. 2016A resting ammonia dynamic scan (duration of 10 minutes) was performed
following IV irjection. After a Hninute gap to allow the ammonia to decay, the dobutamine was
injected via the IP route. Five minutes later, the second dose of ammonia for the stress test was
injectedPuhl et al. 201@nd the stress scan performed for itutes. A further tinute gap was
allowed for the ammonia to decay, and the FDG was injected, and the scan was initiated. Finally, the
CT scan was acquired, and the animal was terminated. To ensure maximum SR, all dynamic PET
images were reconstructeithgsa 3D OSEMBoth 1TC and 2TC models were used for the
guantification of MBF and MGM respectively. The choice of models was conditioned to the
mechanism of the radiotracer uptéRboi et al. 1999)mportantly, the IF measurements were
derived from the dynamioages in which a VOI were placed over the LV blood pool (eigiang
et al. 2019)The LVBP VOI was convoluted with the PSF that was calculated by the scanner
manufacturer. In fact, this technique was applied and validated by previous investigations, and they
reported similar resulath regards to IDIF derivatigirang and Muzic 2008; Huang et al. 2019)
The myocardium VOI was derived from the LV region.

Our MBEF results, during rest and dobutamine stress, were repeatable and comparable to the MBF
measured previously in mice (of the sama)stiging an intraventricular injection of microspheres,
MRI, and echocardiograp{iRaher et aR007; Jogiya et al. 2013b; Krueger et al. 2013; Naresh et al.
2015) In addition, our MGM results were accurate, repeatable, andrdonglsterevious MGM
values measured in mice under a similar protocol (including animal fasting, anesthetic agent type and
concentrationf\Wu et al. 2007; Cochran et al. 2017)

We then tested the ability of our miBI®T scanner to detect changes in blood flow landsg
metabolism following the induction of HLI in healthy mice, tlAgH ;and**F-FDG. Both blood
flow and glucose metabolisim measurements were significantly reduced in the ligated leg compared to
the normal one, as expected. Next, the blood fldvglacose metabolism results were compared
with doppler imaging to assess blood flow, and for changes in vascular density (using histological

analyses). There was a strong correlation between the blood flow assessed byBO7V@icro
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scanner and dopplienaging, validating our PET protocols. In our histological analyses, we found a
considerable reduction in capillary and arteriole density in the muscle of the ligated leg of each mouse.
As the case with doppler imaging, our histological data stronditembrréth our PE-Herived
blood flow results. These results demonstrate the capability of otPETISCT system to detect
changes in blood flow and metabolisim after surgical ischemia. Importantly, our results confirm that
N-NH3;, a flow radiotracerllaws the quantification of hindlimb perfusion in murine models
following induced hindlimb ischemia and the data were strongly correlated across different imaging
or assessment technigues. Therefore bbiiH ;and**F-FDG quantitative imaging can beduias
an effective imaging modality to evaluate treatment through quantifying blood flow and glucose
metabolism respectively.

We then used PET imaging to examine the therapeutic efficiency AV tH&PIFB4 gene in
animal models of diabetes and ageihgsd animals had already undergone hair removal for
echocardiography imaging. Hair loss has long been associated with diabetes and has been attributec
to stress (cortisol levels) and changes to the circulatory and immunéSgsagaret al. 2018; Singh
et al. 2018)n the experiments on the diabetic mice, we noted a considerable intredseriret
growth rate among the LAfveated mice compared with control mice (NV and WT groups). This
observation suggests that LAV treatment may stimulate signaling pathways relatedrtntiair re
processes. An alternative hypothesis is that LAV yhesayts in improved blood flow, and this may
be by a number of possible routds role of NO in modulating blood flow is well kngMoncada
1991; Nakanishi et al. 1992; Partovian 20@%; Raher et al. 2007AV-BPIFB4 gene therapy is
known to increase eNQthosphorylation and translocation, and increases the release of NO in the
in endothelial celld/illa et al. 2015b) AV can also improve blood flow by other routes. -LAV
treatment ofeNOS knockout mice still hairaprovedvasodilation even though eNOS was not
present. This was probably via endothelienved hyp@olarising factor (EDHF) mediated
pathways in smaller blood vesgblss improving tissue blood fl¢@arland et al. 2011; Spinelli et
al. 2017)Yet anothealternative is that LAV exerts its positive effect on hair growth by improving
local blood flow by angiogenesis. We have demonstrated this as an increased density of arteries (age
animals only) and capillaries.

Furthermore, our calculated SUVs and MGIMegawhich represent myocardial glucose uptake
and metabolism respectively, showed a significant reduction within the diabetic groups compared to
the lean control (nediabetic) group, with the MGM in LAkéated group not as severe as in the

control dialetic groups (NV and WT groups). The echocardiography data for our scanned mice at 13
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weeks was similar and revealed no statistical difference in CO, LVEF%, or LV mass among the
diabetic groups. The lean control showed a considerable increase in botlaride LEBF%,

compared to the diabetic groups. However, this lack of effect is due to the small number of animals
in these experiments. When the data obtained from the remaining animals given each treatment (the
animals that remained in Bristol), L#&&atnent resulted in significantly different echocardiography
characteristics. CO and LVEF% were significantly higher in the LAV group compared with the
diabetic NV and WT groups and approached that found in the lean mice. The histological analysis of
capillaryand arteriole density revealed a significant decrease in two of the diabetic groups, namely the
NV and WT groups, compared to the lean control group, and a remarkable increase in both capillary
and arteriole density in the LAMated group. The capillatgnsity and the MGM values were
strongly correlatad the lean control group.

The reduction in the FDG uptake and metabolisim, represented by the SUVs and MGM values,
by the heart in all the diabetic groups (NV,WT and LAV) confirmed the state of Ti2[3 windevn
to have a decrease in insgtimulated glucose uptake because of the general reduction in the
endogenous insul{iihorn et al. 2013; Ko et al. 20&jhough our LAMreated group exhibited a
higher value with respect to the other diabetic groups, this group réeaba significant change
in the glucose metabolic rate. Additionally, the further analysis performed by our groups, also recorded
no difference in the plasma gludeselamong the LAV treated gro(ipang et al. 2020Another
possible explanation might be that we did not allow the model to be sufficiently advanced to detect
changes in the MGM following the LAV genatiment. Previously, researchers performed-micro
PET imaging and quantification of glucose uptake and metabolism in Zuker fatty rats. They found
that changes in glucose uptake and metabolisim occurred only at a late stage of the($abghodel
et al. 2008)We performed PET/CT scanning on our mice when they were 14 weeks old (ie not in an
advanced diabetic statelefle is a possibility that through extending the time of the study or
commencing LAMreatment at a later age, we might detect MGM changes.

Using echocardiography, we identified a reduction in the CO and LVEF among the two control
diabetic groups compdrt® the treated group. We have observed that hearts from mice treated with
LAV-therapy had a considerable increase in the expression of Ndydt€in when compared to
the diabetic groug®ang et al. 2020fheMyHCH is a protein involved in the contractile fuorcti
of the myocardium and a previous study reported its downregulation in diabgticehade2011)
Therefore, the increase in its expression within the LAV mice may justify the improved systolic

performance among these nfiRendell et al. 2004; Villa et al. 2015b; Dang et al. B@20hproved
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CO and LVEF in the LAV group are likely to be related to the increase in capillary and artery density.
The coronary microvasculature consists of arterioles and capillaries both of which bewe their
function. The arterioles are responsible for resistance in coronary vessels, and they dilate according to
the changes in myocardial demand for ox{fgjeha et al. 202Ihe capillary bed transfers the

oxygen and substrates to the cardiomyocytes. Therefore, increasing the capillary and arteriole density
will increas¢he oxygen supply and improve the CO. Our collaborators have repoittes Sz

1/CXCR4 is involved in LAABPIFB4 stimulated macrophage polarizatiatheroscleros{®uca

et al.2020) and we have found that LAkatment in diabetic animals is also at least partially exerted

via theSDF1/CXCR4 axis (Dang et a§DF1 is a chemokine that is involved in the activation of

many physiologicalqresses such fetaldevelopment and organ haemostgRatajczak et al.
2006)SDF1 and its recept@XCR4 play a key role in embryonic vasculogenesis through modulating
haematopoietic stem cell (HSCs) trafficking and proper engréiraegit al. 2005; Ratajczak et al.

2006) In addition, multiple studies have demonstrated that the increased exprédssi&DBf

1/CXCR4 duo in ijured tissue strongly related to the new blood vessel formation through
angiogenesi{achibana et al. 1998; Peled et al. 198%tAl. 2005; Ratajczak et al. 2006ur

related work, we had higher levels of circulatinglSBDEhe LAV treated mice gro(Ipang et al.

2020) Therefore, there is agsibility that the SDFE is involved in the therapeutic effect of the LAV

gene through its role in preventing contractile dysfunction, increasing the expression ¢ofkyHC
decreasing myocardial fibr¢Bistit et al. 2007)

Even though CO reflects myocardial mataim as well as coronary circulation, we did not detect
changes in MGM (glucose metabolism) in the diabetic animals, which might be due to not allowing
enough time to observe chan@éscent 20080ne reason is based on the results from our RNAseq
study on the diabetic mice (Faulkner et al 2020). In this study we found that hearts-freatdd\V
diabetic mice had altered mitochondrial metabolism wtkreAtment resulting in elevated genes
and proteins associated with FA metabolism, ketone synthesis, ATP synthesis@od/aCy|
cycle progression. This suggestion that glucose metabolism is just one component of myocardial
metabolism that has beaoosed previous(iKolwicz et al. 2013 study conducted in transgenic
mice engineered to have an overexpression of Hnsi@pendent glucose transporter (GLUTL1),
denoted a substantial rise in glucose uptake and glycolysis with no change in the normal contractile
function (Luptak et al. 20Q07)his finding also suggests that CO is regulated tyylenuietabolic
pathways and changes in its value may not directly be as a result of an alteration in the glucose

metabolism. This may explain why the it¥dted group had similar MGM values with respect to
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other diabetic mice but experienced a sigrififeaease in their systolic performance represented by
the improvement in the LFEV% and CO. Due to the therapeutic effect of the LAV gene that was
observed in the diabetic model, we continued to investigate its influence in an ageing model.

In our ageing experiments we reported a substantial increase in the MBF values within the LAV
treated group, during rest and induced stress, compared to the control groups, in both early and late
treatments, resulting in an improvement in the CFR in tegtdup. Moreover, the increase in
MBF, following pharmacological stress agent administration, was statistically significant in the LAV
group in comparison with the control groups. In the stress scan, the other diabetic groups, including
NV and Whave adkignificabttrise in MBF. As in the results using the diabetic model, the
echocardiography results indicated a significant improvement in the CO and LVEF% among the LAV
group with respect to the other control groups. Importantly, and consistent wrtétvious findings
in the diabetic model, we reported an increase in capillary and arteriole density in the LAV group in
contrast to the other control groups. There was a strong positive relation between the MBF values at
rest (in late and early treatits) and both CO and LVEF results measured by the echocardiography.

MBF and CFR quantifications are thought to be prognostic biomarkers in marii €rv@rs et
al. 2009; Fukushima et al. 2011; Farhad et al. 2013; Valenta et al. 2013; Nesterovaatiadr014)
thought to be @ood representation of coronary microvascular fur(@Gioerraty et al. 2020h
clinical studies, a low CFR has been associated with various pathological and physical conditions
including CADs, diabetedeasity and ageiri@how et al. 2014; Murthy et al. 2&kah et al. 2016;
Guerraty et al. 2020)Ve reported a decrease in the MBF valuest(encestress) in our control
groups, including NV, WT and GFP in early and late treatments, in contrast to our MBF values that
we measured in healthy young mice previously in Chaptgrconsistent with a previous study
which also used aged C57BL/6JenfRammos et al. 2016)he LAVttreated group showed a
considerable increase in MBF during rest and stress and in the early and late treatment stages,
suggesting the beneficial effect oLiN&-BPIFB4gene. It is likely that the observed increase in the
MBF values within the LAV group was due to the significant increase in the capillary and arteriole
density which was also the case in our diabetitreAtéd mice.

Many CADs are thought to be due to structural changes in the microvascular structure and
endothelium dysfunctiofSinha et al. 2021The microvascular chasgmight be caused by
microvascular obstruction, due to narrowing in the capillaries and arterioles wall, and capillary
rarefactionMosseri et al. 1986; Sinha et al. 2021 )we did not observe any changes in arteriole

diameter in our mice (data from aged studies submitted for publication). These microvascular changes
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can occur with endothelial dysfunction and can result in impaired vasodietuced
vasoconstriction in response tstimulus and a reduction in the ClHRosseri et al. 1986aqueti
and Di Carli 2018; Sinha et al. 20@4 outlined previously that the L-B?IFB4 gene treatment
resulted in increased exp@s®f SDF1/CXCR4, which has been linked to the improvement in
angiogenesis and vasculogenesis following injury. It is possible that activation ef/{DxERDF
signallingpathways resulted in the increased Myld&pression as reported ea(Demng et al. 2020)

Age is often associated with endothelial dysfunction and a reduction in NO bioa(Mdillabdity
al. 2015b)Our collaborators found that LA¥atment restdd in increased the phosphorylation of
eNOS in circulating mononuclear c@lifa et al. 2015b; Spinelli et al. 207§ inceased eNOS
phosphorylation might increase the production of NO wilals a major role in the endothelial
function through regulating the vascular tone by inducing vasorelaxation, decreasing oxidative stress,
stimulating arpoptosis and artiflammabry functions, angiogenesis activation and the regulation
of blood flow(Karbach et al. 2014; Villa et al. 2015b; Spinelli et al. 2017; Sinha et&e20@24 a
possibility the itrease in eNOS activity noted in the LAV group could be the reason of enhancing
the MBF(Villa et al. 2015b; Spinelli ekall7; Dang et al. 2020)

The MBF and CFR values in the LAV group during the late treatment trial are higher than those
in the early treatment experiments. It is ples#iat LAVitreatment may be more effective in older
animals or that a single injection of the 180X loses efficacy with time, but this is a consideration
open for further investigatigpang et al. 2020)

There was a strong positive relation between the MBFatakessn the late and early treatments
and the CO results, which could be because the increase in the MBF led to a sufficient oxygen supply
to the myocardium and thus an enhancement in its pumping performance and contractile ability
(Gliemann @16; Sinha et al. 2021)

To sum up, our studies have shown firafEDG and*3N-NH; can be used to assess aspects of
cardiac function in mice with our Mediso nanoscan 122S PET/CT scanner in both diabetic and ageing
models. We have also demonstrated®hdH ;imaging can be used to assess the therapeutic effect
of the LAV-BPIFB4 gene which has been shown to improve cardiac performance, reduce capillary
rarefaction fibrosis and endothelial dysfunction, and enhance MBF possibly through increasing SDF

1/CXCR4 anceNOSsignallinghathways, as well as other unknown mechanisms to be investigated.
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Chapter 10:

Conclusion, limitations, and future work:

10.1Summary and conclusion:

Thereis a paucity of literatuusingsmall PET/CT imaging in mi¢e assess cardiac function
resultig in a laclof standardizeonagingorotocok. This isdue to many challenges associated with
resolution, animal handling, tracer availability, preparation, and access to the scanner. In this research,
we successfullevealedhe robustness ahicroPET CT scanner in evaluating cardiac function
across different murine modeAslditionally, wedeveloped imaging protocol sets through which
cardiac function could be assessed in terms of MBF and glucose metaboNéedisOumicre
PET/CT scanneproduced accurate and repeatable results that were congruent with the histological
analysis, echocardiography and doppler imagindgeahglityof these developed protocols has
enabled us to extend our work to investigate the therapeutic effedtAV thpene in diabetic and
ageing models. In our study,aldemonstrated that LABPIFB4 therapy increased the MBF and
CFR, increased the capillary and arteriole density, decreased endothelial dysfunction, and enhancec
the cardiac contractility performanhroughmechanismthat might be involved increasing SBF
1 and eNOSignallingrathways and other unknoames

In conclusion, welemonstratethe accuracy and repeatability of our Mediso HRETGCT
scanner as a powerful tool in evaluating cduodietton in mice through the absolute quantification
of MBF and MGM using the concept of compartmental modelling. A noteworthy outcome was the
feasibility of our micrkET/CT scanner in making it possible to assess the therapeutic effect of LAV
BPIFB4 gea therapy in diabetic and ageing models. Our resnfiisnedthat the LAVBPIFB4
gene exerted its beneficial effects through increasing capillary and arteriole density that subsequently
resulted in an improvement in the blood flow and contractile panicerof the myocardium and

these benefits lasted for several months following treatment intervention.
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10.2Novelty of the research:
The noveltyof theresearclecan beoutlinedas follows:

1 Demonstratinghe ability of the Micro PET/CT scanner in assessrgjac function in
murine modelssing PET quantitative techniques

1 Standarding PET imaging protocols in murine mettel theevaluation of cardiac function
through absolute quantification using compartmental modelling and two radiotracers
including™N-NH ; and*®F-FDG.

1 This studyis the first to evaluate the effects of EBRIFB4 gene therapy usiadlediso
microPET/CT scanner and compartmental modelling that provided absolute quantification
of MBF and MGM.

10.3Research limitations:

Micro PET/CT imagig suffes from multiple challenges associated with the use ofigedrt
radiotracers which requareon-site cyclotron and coordination with the production team is term
of the timeto prepaethe radiotracer, the animal cannulation process, and access to the scanner room.
In our researchone of the major limitatioregainst smootimagingprocesses was due tte
cyclotronbeinglocated in a different building (about®Bminutes delivery tan

Another limitation was calculating the IF, whieltiscial aspect in compartmental modelling. It

requireaseresof blood withdrawaland tissue specimens to dettivarterial IF and then correlate

it with our ammonia flow results. Howevers thas not possible, and the IF was derived from the
imagewhichwas previously validated by several reseavhigough PMOD can extract all heart
segments for regional myocardial analysis, the resolution of the scanner might not cope with the small
siz of each myocardial region

This research was designed to help in develporgputational cardiac model of the mouse,

however this was not possible ttuneCovid pandemic which delayed the imaging analysis process
and the ability to stay in contaith the assigned supervisors in Bath universityisaliéthy resulted

in a lack of the timeecessany carry out this gaal
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10.4Future work:

Additional experiments might be needed to assess the physical performance ofREiF AGIiEro
scanner withA®™N-NHs. Indeed, NEMA only provided a standard acceptable limit fpretiaical
scanner resolution usiff-FDG and according to our knowledge, previous work has been
conducted to set standard 1Q test values for ammonia in a small PET/CT scanner. It would be useful
to test the performance of the mi&BT scanner by performing an IQ performance test using
different radiotracers considering rthdiysical halife and positron range differences which are
important factors in designing imaging protocols.

Interestingly, our quantitative MBF data, that we measuredNditd;;, was of interest to the
Pmod developers who we met at the Pmod tragoimgge in Switzerland in September 2019. They
showed interest in using our 2BIN3 data for MBF quantification in murine models for the purpose
of developing their analysis software. This was agreed but unfortunately, this process has been
attenuated bye Covid pandemic crisis. One of our future goals is to contact them again for future
collaboration in developing imaging protocols that may play a role in drug development.

Another important goal is the further refinement of our developed imaginglpitotoveestigate
the influence of imaging duration on the produced quantitative data in murine modeige Inddct,
problems with changes in the heart dimension {#FtR®G scans of the aged mice which might be
related to scan duration or thgected pharmacological stress drug. Repeating the protocols, while
changing some of the technical variables such as scan duration, might identify the cause behind these
results.

One of the aims of this research was to use quantitative gated daimpmgesomputational
mice models but due to the limitation addressed above, this was not the case. Therefore, performing
gated micrd®?ET/CT scans to produce functional parameters, such as LVEF%, and then comparing
the values with echocardiography valilesenan interesting aspect to investigate.

Finally, our collaborators in Bristol university aim to further evaludt&\tHBPIFB4 gene

therapeutic effect by monitoring its effect when it is administrated orally in old mice models.
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Appendices

10.1Appendix A: The gain in body weight (in gram) for all the diabetic groups
at week 6,8,9 and 13.

Weight in grams (g)

Mouse ID Week 6 Week 8 Week 9 Week 13
PA30 29 38 37 48
PA31 30 37 36 49
PA40 30 41 36 45
PA41 34 41 40 49
PA45 32 38 37 42
PA46 32 39 38 47
PA50 26 37 34 51
PA51 37 35 32 50
Mean 31.25 38.25 36.25 47.63

Table A.1:The gain in the body weight (in gram) for the NV group at week 6,8,9 and 13.

Weight in grams

Mouse ID Week 6 Week 8 Week 9 Week 13
PA52 34 28 25 32
PA53 23 26 25 32
PA54 22 24 24 28
PA55 24 26 26 32
PA56 22 24 24 28
PA57 25 27 26 31
PA58 24 27 27 31
PA59 23 24 24 29
Mean 24.63 25.75 25.13 30.38

Table A.2: Thegain in the body weight (in gram) for the LC group at week 6,8,9 and 13.
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Weight in grams

Mouse ID Week 6 Week 8 Week 9 Week 13
PA27 30 38 36 45
PA28 30 38 37 51
PA29 26 34 33 47
PA35 30 36 36 51
PA36 29 35 35 47
PA47 28 36 34 51
PA48 30 38 36 51
PA49 29 36 33 49
Mean 29.00 36.38 35.00 49.00

Table A.3: The gain in the body weight (in gram) for the WT group at week 6,8,9 and 13.

Weight in grams

Mouse ID Week 6 Week 8 Week 9 Week 13
PA32 33 36 36 52
PA33 33 39 39 37
PA34 33 40 35 53
PA37 33 41 38 54
PA38 34 39 39 49
PA39 36 41 40 50
PA42 30 38 35 48
PA43 32 38 36 46
PA44 33 40 38 47
Mean 33.00 39.11 37.33 48.44

Table A.4: Thegain in the body weight (in gram) for the LAV group at week 6,8,9 and 13.

23:¢



10.2Appendix B: The chest hair regrowth (# of grids) in all the diabetic groups.

NV
control
NV
control
NV
control
LAV
virus
LAV
virus
LAV
virus
WT
virus
WT
virus
WT
virus
lean
control
lean
control
lean
control

PA85

PA86

PA87

PA88

PA89

PA90

PA91

PA92

PA93

PA94

PA95

PA96

18/01/2017

18/01/2017

18/01/2017

18/01/2017

18/01/2017

18/01/2017

18/01/2017

18/01/2017

18/01/2017

18/01/2017

18/01/2017

18/01/2017

13/03/2017

13/03/2017

13/03/2017

13/03/2017

13/03/2017

13/03/2017

13/03/2017

13/03/2017

13/03/2017

13/03/2017

13/03/2017

13/03/2017

Chest
hairiness
(# of
grids)

0

0.5

9

Chest
hairiness
(# of
grids)

2

2.5

0.5

Table B.1 The chest hair regrowth (# of grids) inthe diabetic groups.
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2

15

Chest
hairiness
(# of
grids)

2.5

0.5

3.5

2.5

15
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10.3Appendix C: Image demonstratiom for the™N-NH ;dynamic scans at rest

and stress for all the ageing groups during the early and late treatments.

Mice Treatment

Rest scan Stress scan
Group phase
PA134
Earl
NV y PA135
treatment
PA136

Table C.1: Image demonstrationfor the 1N -NH sdynamic scans at rest and stress for the NV group at ear

treatment phase.
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Mice Treatment

Rest scan Stressscan

Group phase

PA214
Late
NV PA215
treatment
PA216

Table C.2: Image demonstratiom for thelN-NH ; dynamic scans at rest and stress for the NV group at la
treatment phase.
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Mice  Treatment

Rest scan Stress scan

Group phase

PA150

Early

treatment

PA153

Table C3: Image demonstratiom for the!N-NH s;dynamic scans at rest and stress for thA®T group atearly
treatment phase.
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Mice Treatment

Rest scan Stress scan

Group phase

PA225

Late PA226
treatment

WT

PA228

Table C4: Image demonstratiom for the!IN-NH 3 dynamic scans at rest and stress for th&T group at late
treatment phase.
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Mice Treatment

Rest scan Stress scan
Group phase
PA139
Earl
GFP Y
treatment

PA140

Table C5: Image demonstratiom for the!™N -NH sdynamic scans at rest and stress for ti&FP group atearly

treatment phase.



Mice Treatment

Rest scan Stress scan

Group phase

PA219
Late
GFP PA222
treatment
PA223

Table C.6:Image demonstratiom for thelIN-NH 3 dynamic scans at rest and stress for th8FP group at late
treatment phase.
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Mice  Treatment

Rest scan Stress scan

Group phase

PA144

Early
LAV s e
treatment

PA146

Table C.7:Image demonstratiom for the!N-NH s;dynamic scans at rest and stress for theé\V group at

earlytreatment phase.
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Mice Treatment

Rest scan Stress scan

Group phase

PA229

Late  paA230
treatment

LAV

PA231

Table C8: Image demonstratiom for thelIN-NH 3 dynamic scans at rest and stress for theAV group at late

treatment phase.
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10.4Appendix D:
10.4.Publications:

1. Dang, Z. et al. 2020. Transfer of a human gene variant associated with exceptional longevity
improvescardiac function in obese type 2 diabetic mice through induction of the SDF
1/CXCR4 signalling pathway.

10.4.2Expected to be published:

1. LAV-BPIFB4 rejuvenates human heart pericytes and improves aged cardiac function and
vascularization.

Corresponding Author(s)
Dr. Paolo Madeddu
Contributing Author(s):
Monica Cattaneo, Antonio Paolo Beltrami, Anita Thomas, Gaia Spinetti, Valeria Alvino, Elisa Avolio,
Claudia Veneziano, Irene Giulia Rolle, Sandro Sponga, Elena Sangalli, Anna Maciag, Fabrizio Dal
Piaz Carmine Vecchione, Aishah Alenezi, Stephen Paisey, Annibale Alessandro Puca.

10.4.3Presentation

1. 5" of October 2018Wales Research and diagnostic Imaging Center PETIC, University
Hospital of Wales UHW, Cardiff, UKgdéoQuant

2. 25" of October 2019 PETIC Research Roadshow Autumn 20¥8les Research and
diagnostic Imaging Center PETIC, University Hospital of Wales UHW, Cardiff, UK,
OQuantitative Analysis in cardiac PET I mag

10.4.4Poster:

1. 16" of April 2021, The 35studerdled Cardiff Medical and Dental School Research
Symposiumni versity Hospital of Wal es UHW, Ca
cardiac PET I magingbo.

2. 6"-8"of September 20Aritish Society dtardiovascul&esearcBSCRAutumnMeeting
and Early Career Symposium 26Quantitative cardiac mieRET/ CT Imaging to evaluate
murine cardiac functionBristol Medical schodUniversity of BristolOnline (Zoom) &
Gather.Town
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