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Abstract
This thesis attempts to address the challengewfsignal in fluorinated gas ventilation
imagingandoptimizeimaging methodsonsidering the particular MR parameters gFgby
the following approaches:
(i) Exploration of coil designcapable of imagingothproton ¢H i 63.8 MHz at 1.5T) and
fluorine (°F i 60.1 MHz at 1.5T) nuclenvolved:

1. The novel use of mroelectromechanical systertts switch a single transceive vest
coil between the two nucleiascompared to hal-wired or PIN diode switching

2. The design of an 8lement transceive array wi#m additional 6receive only coils
for 1% imaging. MEMswas utilizedfor broadband transmitceive switching.

3. The amalgamation of a ladder resonator @oih a 6-element transceive array to
reduce SAR rd improve transmit homogeneity whemmpared to standard stecoil
designs.

(i) Development of imaging methods involved:

1. The optimization and comparisohsteadystate free precessi@amd spoiled gradient
19F imaging with GFs at 1.5T and 3T. Simulation othe optimal SNR waserified
through comprehensive phitam and iavivo imaging experiments

2. The investigation of @ampressed sensing via incoherent sparspadce samplingp
maximize theresolutionin °F ventilation imagingunder the constraint of low SNR.
Retrospective simulatiomvith hyperpolarized gas ingas were corroborated by
prospective®F imaging of a 3D printed lung phantom anevino measuremenisf
the lungs

(iii) In-vivo ventilation metrics ofained by*°F ventilation imagingvereexplored by

1. The invivo mapping of T at1.5T and3T and mappig of FV and % at 3 T.The
apparent diffusion coefficier{L..5T) andthe evaluation ofentilated volumg1.5T
and 3T)wasalsocompared to imagingerformedwith 12%Ke (1.5T).

2. The optimization of imaging for the evaluation of percent ventilated voluithe 3

at 3T with a commercial birdcage coil.



Acknowledgments

First, | would like to thank my parents (DaMhunder and Darlene Werner) for the support
they provided over the years while living in Sheffield. The support from my family and friends
was also crucial to the undertaking of this research.

I would like to thank my supervisor Jim Wild for providing méh the opportunity to
undertake my PhD research. | am grateful for the resources and opportunities that were
provided during my degree allawg me to perform my research and develop my skills as a
researcherAlso, being interesteah, and critically revewing and providing timely feedback
on workresearchs vital support provided by a PhD supervisor that | am extremely grateful
for.

| am thankful to Fraser Robb for his help and guidance and GE healthcare for providing
funding support and creating thesearch positiomundertook

Funding was also provided in part by the CanadNational Research d@incil through a
NSERC PGS grant.

During thestart of my PhD Felix Horn helped me greatly in training on the operation of the
two MRI scanners used in this vko Furthermore, he provided useful guidance and references
on fluorinated gas research and was kewitiating the start ofn-vivo experinment greatly
advancing the progression of the research presented here.

The exploration of steadstate free pre@sion imaging presented in this thesis was greatly
enhance by discussion and review of the initial simulations by Neil Stewart, who was also
responsible modifying the 3D sequence'ftr SSFP and compressed sensing imaging.

In the exploration of sparse MRIndertaken in this thesis Guillhem Collier provided
extensive help and direction. The code provided and the lengthy discussions and réveew of
work he provided was extremely generous. Furthermore, help in understanding and using a
number of MR sequens&asvital to the work carried out.

A great deal of help was provided Byaham Norquagnd Oliver Rogers in polarizing for
experiments redting hyperpolarized®®Xe. Furthermore, both provided useful discussion and
support in the additional projects dfissolved kidney imaging and the design of a
JAVA/Arduino run NMR spectrometer that are not included in this thesis. | am also grateful to
the discussions of basic MR physics with Graham.

Collaboration withPaul Hughesvas important for the application ¥F ventilation imaging
in a way that could be compared effectively witfXe imaging. He alsgrovided useful

information and code that wased/modified to perform segmentation and registration with



19F imagesn this work Furthermore, training and discussion on the correct way to interpret
and process lung images was invaluable.

Collaboratiorwith Ho-Fung Chanwas essential in performing-vivo 1°F diffusion weighted
imaging and the code used to perform ADC analysis was provided by him. Furthermore, useful
discussion and information on the physics of diffusion in lungs and on aspects of ssedpre
sensing are appreciated.

Both Paul Hugheand HeFung Chan were essential in running the scanner in performing
many experiments in which | was imaged. Therefore, much of the initial testingvisoin
experiments and coil testing could not have bemaredvithout their help.

In the progressionfahe LIFT project close collaboration with the group from Newcastle
was indispensable and | would like to express special thanks to Pete Thelwell, Ben Pippard and
Mary Neal. Furthermoreylberto Biancardi promed important support with the segmentation
GUI andthe radiographic team at the University of Sheffield provided crucial suppdrt
work: especially Dave Capener, Julia Bigley and Charlotte Oram. There are also many more
people involved in the LIFT pregt that deserve credit, but are not named.her

Most importantly, 1 am thankful for the friendships developed and emotional support
provided by members of the POLARIS group not named here.

Finally, | would like to express my gratitudertty partner Linday Canhamfor herlove and

support throughoutny degreeln uprooting our lives in to move to Sheffield she made a large

sacrifice that resulted in an amazing advent



Table of Contents

GlOSSANY Of TOIMIS ..uuuiiiii i it nmee e e e e et emmrnnenes Xiv
Chapter 1 INtrodUCHION. ...t ieee e e e 1
| N | (o AV 1o o PP TTPPPPP 1
1.2 TheSIS OULINE ...t seeeees 1
Chapter 2 BaCKgroUnd.............couvvuuiuuiiimmreeeeeeeisiiee s seeerennnse e 3
2 N [ 0110 To [ Tod 1 o] o PRSPPI 3
2.2 PrinCiple Of NIMR... ..o e e e e e e e e e e anes 3
2.3 Excitation of Transvers®lagnetization..............coooveiiiiiiiieenne e 9
2.4 Relaxation PrOCESSES........cooiiiiiiiiiitieees sttt eeesssebee e e e e eeeaaeaeas 10
2.5 The Spin Echo and Free Induction Decay............c.c.uuuveeiiieemuiiiiniiiieeeeeeeeeen. 14
2.6 RECEIVE SIGNAL....ciiiiiiiiiiiiii e e 16
2.7  Spatial Encoding of th8ignal............cooiviiiiii e 16
2.8 Imaging Sequences and Methods............ccuuuiiiiiimemniiiiiiiiee e 18
2.8.1 2D aNnd 3D IMAGING......uuuuuuriiiiiiiiiiiieieeeeiieee et e e e e e e e e e s smme e e e e e e e e e e aa s 18
2.8.2  Spoiled Gradient EChO..........ccoooiiiiiiiiiiiiee e 19
2.8.3  Steady State Free PreCeSSION........coooeeeeviiiiiieeeie e eeeeeeeeeeeeevmeme e 20
2.8.4  Signal in Hyperpolarized Gas Imaging.............coooeeuvvvimmmnsninniennirnnnnnne. 22
2.8.5 Diffusion Weighted IMaging........cccoeeriiiiiiiiiiiiee e 23
2.8.6  K-space Filtering and Rd Spread Function...............cccuvvvvivieencinnnnnnee. 24
2.8.7 Compressed Sensing and Parallel Imaging.............cooooeeiieeeeiiiiinee 25
2.8.8  CoOmMPressed SENSIMG........coeuiiiiiiiiiiiiirene e s s e e enessesrerereeeeeeees 29
2.9 Inert Ga MRI for Lung Imaging of DiSeases............ccccuvvvviriimmmniiiniinnninne. 31
2.9.1  Lung Physiology and fuNCHOM..........ccouiiiiiiiiiiiicceeeee e s 31
2.9.2  Pulmonary FUNCHON TESIS......uuiiiiiiiiiiiiieii it eeee e 31
293 LUNQG IMAGING ... uititiiiiiiiiiiieieeetereerire e et eaaeae e e e e s smamreeeaaeaeeeeaaaasssanannnne 32
294  Different LUNg DISEASES.......uuuuuiiiiiiiiiiiiiieeeiiieiiee et e e 33
2.9.5 Hyperpolarized Gas MRI for Lung Imaging..........cccccceeeeeeiiieeeceeeennnnnnn. 34
2.9.6  Fluorinated Gas IMaging.........cooouiiiiiiiiiiieeee e 36
2.10 Hyperpolarized vs. Fluorinated Gas Imaging..........cccceeeeeviiiccceeeeeeeeeeeeeeenn 40
2.10.1 SNR difference in HP gas and TP Fluorinated Gas.MRl..................... 41
2.10.2 Apparent Diffusion Coefficient Masurement with Hyperpolarized and
[ (0T g g =Y =0 B T TSRS 44
2.11 Theoretical Description of the Radifyequency SY8M..............eeevvveviiiiirienee a7
2.11.1  Transmit System Characterization.............cccceeeeiiiieeceiiiieeeeeeeeee a7
2.11.2 Network Theory Description of Signal and Noise in Receive Arrays...48
2.11.3  SNR COMDINALION......ccciiiiiieiieeiiiei et 53
2.11.4 Electromagnetic Simulation by the Finite Element Method.................. 53
B I B T 111 = =] N 54
2.12  Practical RadigFrequency Coil DeSIgN..........ccoovviiiiiiiiiiimmmeeieeeeeeeeiiiin b6
B 1 B Vo 8T = o | P 56
2.12.2  RECEIVE AITAYS ...ceiiiiuuuiiiiaie e e e e e e eeeeaaa s s e e e e e e e e e e e eeeeeinaneaeeaeeaeeeeeeeassennnnns 57
2.12.3 Coil Design for MultiNuclear Imaging...........cccccuvvrmvimiimmmiiiiiiriireeeeeee 59
2.12.4 DuakTuned CoOib.........oooeiiiiiiiiiiiiiieeeeeie e 60
2.12.5 Application of Microelectromechanical Systems to Switching calls.....62
2,13 Summary an@oNCIUSION........cooiiiiiiiiiieiieeee e 64
Chapter 3: Comparison of MEMS switches and PIN diodes for switche&8ual
3.1 OVBIVIBW. ..ttt s e e e e e e e e e e e et ettt tneeeeeaeeeeeeeeeeeesbsnannn e e e eesnnee 65
R 202 011 o To [ T £ o P 66
33 MEINOAS ... . enner e e e 67

\Y



3.3.1 Componengvaluation- Power Handling of PIN Diode and MEMS....... 67

3.3.2  Coil Design for SwitchingApplication..............ccoooiiiiiiiimmmnsieee 68
333  SIMUIATION......ci i rena bbb e e e e e e s e 70
3.3.4  IMAGING tESES. ...ttt ieeei e erer e e e e e e e e e e 70
335 IN-VIVO IMAGING. . .tttiiiiiiiiiiiiiiieeeeeiiieieee e e e e e e e e e ssssnnes s s ssnnsnssssssseee dd O
34 RESUIS ..o eeeeeeeenn L L
3.4.1  Coil BENCH TeSHING.....cciiiiiiiitiiiiiiee e 71
3.4.2  Transmit Uniformity and Efficiency witlswitching...........ccccceeiiiiiiiiiiees 73
343 IN-VIVO IMAGING . .utttiiiiiiiiiiiiiiiiieeeeeeeieeeeeeee e e e e e e e e e s s s s s ssmmmee e s e e e e s s s sssnnnnenenn d D
T T B 1 o U 11 o] RS 76
3.6 CONCIUSION. ..ottt e e et r e et e e e e e e e e e e e e e s s e e e aeeas 77
4 Chapter 4: An &lement Tx/Rx Array Utilizing MEMS Detuning Combined with 6 Rx
Loops for'®F and*H Lung Imaging at 1.5 T......cccovveerieriieceemeeecveeceeeee e B
O O © 1V oV = PSSO PSPSPRRRN 78
N 1 11 {0 To [ T 1[0 P PP TP P PRSPPI 79
S V= 1 o o £ 80
43.1  COil AIraY DESIGN...cceiiiiiiiiiiiieeee et 80
4,32 MEMS Switching VoltagaJp-CONVErSION.......cccoeevieeeeiiiiiiiiieeee e 82
433 MEMS Performance TeSHNG........ccoeeriiiiiiiiiiiimee e e e e 83
O TR Y1 U] F= U1 o] o PR 84
4.3.5  Phantom IMagiNg......cccccuuuiiiiiiiiiiiieesiiiiiiiiieeeeeeeeeeeeeesssssreeeeeeaaaaeaeeaeeeed 384
43,6 IN-VIVO IMAGING.....ciiiiiiiiiiiiiiie e 85
44 RESUIS ..coi ittt e e aanr b eeeees 36
T I 1 ot B = [ P 93
O N Oo ] (o1 U1 (o] o PRSPPI 96

5 Chapter 5: Linear Ladder Restors for Improved Transmit Efficiency of Individual
Elements in Transceive Arrays: Application for a Thorax Transceive ArrayfoB8

R S Y o 1 1 - Vo G 98
07 | 011 To [¥ o (o o F PP 98
5.3 TR0 Y e e 100
5.3.1 General Solution for Blement Linear Ladder Resonator................... 100
5.3.2  Application to the Birdcage Coil...........coooeiiriiiiiiieee e 104
5.3.3  Application to the NorPeriodic Linear Ladder Resonatar................... 105
5.3.4  Hybrid Linear Ladder Network and Transceiver Array...............c....... 106
54 MENOAS . ..coiiiiiiiiie e 106
5.4.1  Simulation of Transmit/Receive Comparison Metrics........................ 106
542  Simuation of Zmesh Linear Ladder Resonator............ccccccvvvveieeeeeneee. 107
5.4.3 6-mesh Ladder/Transceive Array Hybrid............ccevvviiiiiieeeiiiiiiiiieee. 107
5.4.4  Simulation of 8mesh Elliptical Birdcage Colil.............ccccccvviiviieenninnns 110
5.4.5  Simulation of 8element TransCeiVe AITaY..........ooveeeeieiieenn e 110
5.4.6  Fabrication and obvench Measurement of Ladder fisaeive Array....... 110
547 MR IMAGING......citiiiiiiiiiiiiieeesseeeeeennnaaa s e e e e e eeeeeessamaesasaaaaeaaeeeeseeeessnnnne 113
5.5 RESUIS e eeeeae 113
5.5.1  Simulation of Tuning Capacitor Values..............ccoevvvvvvimmmreeeeeeeeennnnnnns 113
5.5.2  Variation of Transmit Field with Load...............oooviiiiiccciiiiiiiiiiiiies 115
5.5.3  Transmit Efficiency of Coil DeSIgNS.........cccoovvviiiiiiiiiccc 118
5.54 Receive Sensitivity Of COil DESIgNS......uuuiiiiiiiiiieeiieiceeiieiee e 119
5.5.5 LadderArray Transmit MatChing...........ccccvvviiiiiiiiiincceeieeeeeeee s 120
556  Phantommaging.........coooiiiiiiiiiiiiiiiimme et e 121
557 IN-VIVO IMAGING......iii i eee e 122



I R B 1Yol 11T (o] a W 124

R A ©7o ] o o4 [ 11 [ o USSR 127
5.8 Appendix: Explicit Solution for No#Periodic Linear Ladder Resonator Applied to
B-MBSNES. ... e eren e e e e e aaas 127
6 Chapter 6: Optimization of steadyate free precession MRI for lungentilation
imaging With19F C3F8at 1.5T and 3T.......ccouvuiiiiiiiiiiis i 130
0.1 OVEIVIBW. . .uuiiiiiiiiiiiiiee ittt ettt ettt e e e e e e e e e e e e s s st e e e e e e e e e e e e s e s st nnes s e e e 130
(ST [ 011 o To 18 T £ [ o PP 131
0.3 TR0 Y i 132
6.3.1  Simulations of SPGR and SSFP Signal felFeC..............oooooiiiiiiiiieennn. 132
6.3.2  Quantification ofT," Decay Inducedx Filtering............cccoveeveevrivieemennnn 133
6.3.3  RelaxationParameters of £88/On.........c.cciiviiiiiiiiiieee e 133
6.4  Materials and Methods...........ccocuiiiiiiiiiiee e 133
6.4.1  Simulation of Steadytate Magnetization with SSEP...............c......... 133
6.4.2  Validation of Simulated Magnetization with Phantom SNR................ 134
6.4.3  Phantom Relaxation Parameters............cccovvvviiiieeene e 136
6.4.4  Simulated and Masured Optimization of SPGR and SSFP Imaging.136
6.4.5 In-vivo Relaxation Parameter Mapping............ceeeeeeeeeeiieemeeeeeeeeneeeeenns 136
6.4.6  In-vivo Comparison of SPGR and SSFP Image SNR........................ 137
0.5 RESUIS ..o ———— e eeearne 138
6.5.1  Simulations for Informing Experimental Optimization........................ 138
6.5.2  Simulation Investgation and Validation.............ccccceeeeeiiiieeeiiiii e, 139
6.5.3  CsFg Phantom SSFP vs SPGR SNR Comparisan.............cccevvveeennnnns 140
6.5.4  In-vivo Parameter MappiNg........cccuueeiiiiiaiiiiiiecreeeeeee e eeee s 142
6.5.5 In-vivo SNR performance: SSFP vs. SPGR........cccccceiiiiiiiiicc. 144
6.5.6  In-vivo Ventilation Imaging: 1.5T and 3T comparison...................... 145
0.6 DISCUSSION......eeiiiiiiiiieeee et et e e e e e e e e e e e nnne e e e e e e e e e e e s enennnnne 146
ST A @7 o Tod 11 1= o o TSR 149
7 Chapter 7: Application of Sparse Incoherent Undersamplingdiés Iling Ventilation
Imaging: Investigation of Reconstruction and Sampling Methods.................. 150
8 I O 1V 4T OSSR R P TR RTRTRR 150
A2 1011 o To 11 1o £ [ o SO 151
25 T I 01T o Y PP 153
7.3.1  SNR differaace in HP gas and TP Flupated Gas MRI....................... 153
7.3.2  SNR-Resolution Relation for 3D iMmaging........ccccceeeeeeeiiiiiicccieeeeeeee, 154
7.3.3  Algorithm for Threshold Based Cancellation of Incoherent Interferericst
Td  MENOAS . ..cciiiiiiiiie et 156
7.4.1  SAmMPliNg Patterns. .........ooviiiiiiiiii e 156
7.42  Reconstruction ACCUraaYIEtriCS. . ..uuuuririiiiiiiieieeeei i 159
7.4.3  Retrospective Siolation from Fully Sampled Dataset........................ 160
744 Design of 3D Lung Phantom for Prospective Measurement of Sparse
RECONSITUCTION ACCUIBCY ....ceiiiiiieeeeee et re e 161
7.4.5 Parameter Optimization with Added NOISE............coevvvvviiiiiccceeeeeiiinne 163
7.4.6  In-vivo Experiments with Spae Sampling...........cccvvveiiiiiiiiecciiiiiieeen. 163
7.5 RESUIS et eeeae e 164
7.5.1  RMSE comparison with Retrospective Simulation fréie In-vivo and%F
PRANTOM DALA.......uuiiiiiii e ettt e e eeeeeee 164
7.5.2  Prospectively Sampled Sparse Imaging Withand 3D printed lungs....172
7.5.3  In-vivo F imaging: Array vslransceive Coil.........c...ccccoveeeeveemnenen. 173
A S o U 71 o 175

vii



0 A O] o To] (51 o VT 178

8 Chapter 8: Parametric mapping '8F GsFs ADC, T2', T1 and lung ventilation in the
Lungs of Healthy Volunteers at 1.5T and 3T Benchmarkedfike MRI ......... 179
e B O YT VT PP 179
e [ o1 (oo [Fox 1 o] o PP PPPPPR 180
8.3 MELNOAS ... 182
B.3.1  RF COllS. ittt 183
8.4  IMAgiNg ParBeterS. ......coviiiiiiiiiii e 183
8.4.1  %VV, COV @nd SNR ...ttt 183
e 5 I T PPPPP 184
S TSRS 184
8.4.4  Apparent Diffusion COeffiCIENL...........oviiiiiiiiiiiiieeee e 185
8.4.5  Fractional Ventilation.........cccccueeeiiiiiiiiccc e 186
e T o= U £ UPSPPP 187
8.5.1  %VV, COV @nd SNR ...ttt ettt 187
e S0 I TSP 189
S T PSS 190
8.5.4  Apparent Diffusion COeffiCIENL..........ueiiiiiiiiiiiiiieeeie e 191
8.5.5  Fractional Ventilation..........ccccceeeeiiiiiiiiccce e 195
T D o 11 o] P 195
A O] o[ 113 o] o TP PPPUPRR PP 198
9 Chapter 9: Optimization ofH and !°F Imaging at 3T and Po&rocessing for the
Evaluation Of Y0V V. ...cooo it r e e 199
2 N @ 11 o= S 199
L0 | 011 o To [¥ o (o o TR TPTPPPPPPR 200
0.3 MEINOUS ... oo 203
9.3.1  Coil CharaCterization.............ccoiiiuuuriiieeer e enesreeer e eeeeees 203
9.3.2  Scan Protocol Development.........ccccviiiiiiiiiecciieieeeeeeeeeeen 203
9.3.3  MuUlti-eChO IMAGING .. .uuviiiiiiiiiiiiii e 204
9.3.4  ANAtOMICAIMH SCAN........cceeiveeieiecie e eeme e 204
9.3.5 Ventilation%F Scan Protocol Development...........c.ccocveveeveeeeneennenne., 206
9.3.6 SemiAutomated Registration and Segmadidn................cccvvvvvvviieennns 207
0.4 RESUIS ..ottt e e e e e e e e e e e e e e e st a e e e e eeeas 209
9.4.1  Coil CharaCterization..............coeeeiiiiiiiieeee e emme e eeeeeaeeees 209
9.42  Seami-Automated RegiStration............ccevviiiiiiiiieeciiiieeeeeee e 211
9.43 2D Imaging OPtiMIZatioNn.............uueeiiiiiiiiiieeeiieieieee e 212
9.4.4 3D Imaging OPtiMIZatioN............uueiiiiiiiiiiiieeeiiiiiiieeeee e e e 213
9.4.5 Ventilation Scans in Protocol Development Phase..............ccccccoveee... 214
9.4.6 T2 ANAIYSIS.....coiieieieeeceeeee ettt emeea et ate e eaeaaen 215
947  %VV and SNR reproduCibility............cccuuuimiiiiiiieeeiiiiieeeeeee e 217
20 T B 1o U 11 o PP RRSSPPP 220
9.6 CONCIUSION. ..ottt e e es e e e e s sener e e e e e e e e aaaaaeaeeesammnaeaeas 221
10 Chapter 10: Conclusion and Future Directions..............ccceuvvvumemrnnnnn. 222
11  List of PUBIICAtIONS..........ooiiieeeee s 228
12 REIEIBNCES. ...t 230

viii



List of Figures
Chapter2

Figure2l: ener gy st at e dinalgarshel model...A.a.r.b.i..t.a&bl so6 i n
Figure 22: Zeeman energy levels for a sSpin %2 NUSIEU..........ccooeiiiiiiiiicceciiiicciee e, 7.
Figure 23: Spatial orientation diagram of dipedigpole coupling interaction................... 13
Figure 24: Spin diagrams demonstrating the state of the magnetizatian................... 15
Figure 25 MRI systen diagram(reproduced with permission fro(82)).......................... 17
Figure 26: Imagingseqience diagrams for gradient echo imaging included................ 19

Figure 27: Steady state magnetization as a function of RF offset between.pulses...22

Figure 28: A typical sequence used for ADBeasSUremMeNt.........ccccveveeeeeiiiiiiccceeeeeeeeenn 24
Figure 29: ky andky filtering curves for a 2D SPGR Seq@en..............ccoeeveeiieiciennneeeneennn 25
Figure 210: demonstration of parallel imaging where compared to fully sampled......26
Figure 211: lllustration of the basic SENSE relation...............cocoooiiemnn i 27
Figure 212: Reconstruction kernel with three coils. Points in grey correspond to acqd@ed
Figure 213: Exanples of variable density undersampling patterns with different........ 30
Figure 214: A volumetime graph representing lung inflation level.........................cce.. 32
Figure 215: HyperpolarisedHe MR human lung images for various lung diseases....35
Figure 216: UTE lung images mixturef 79% PFP and 21% O2 inhaled.by................. 40
Figure 217: Images taken of the lungs witH (left), *He (red), and**Xe (blue)............... 41
Figure 218: Representative diagram of typical path of gat atoms in healthy............... 45
Figure 219:3He ADC maps in a volunte@eft) and m@tients with emphysema..............46
Figure 220: Diagram of the RF system network in MRI with receive.cail...................49
Figure 221: The homogeneous resonabardcage coil is shown in)Ya........cccccoeeeivviiine 57
Figure 222: Commonly used coil in quadrature combination with loop coils.............. 58
Figure2-23: Variations of coil array designs for high sensitivity................coovvvveeen.. 59
Figure 224: Example of orthogonal coils used to image differantlei tH and®*Na).......60
Figure 225: Various circuits used for multuned coils: the coil with tuning/matching...61
Figure 226: Sideview of MEMs switch. An array of these switches reduces.............. 63
Chapter 3
Figure 31: Circuit schematic of MEMS switch used harel wafer level...................... 68
Figure 32: Circuit schematic for lumped elementrate (branchine) 3 dB.................... 69
Figure 33: Measured reflamn coefficients for three ports of 188ybrid......................... 12
Figure 34: Measured right coil reflection coefficient when coils are tuné#ito.............. 73



Figure 35: Measured transmit efficiency at 63.8 MHz within a cylindrical phantam...74
Figure 36: Simulated transmit effiency at 63.8 MHz within a cylindrical..................... 75
Chapter 4
Figure4-1: Layout schematic and dimensions e#l8ment TR array with...................... 81
Figure 42: The simulation model of both@&@ement TR (orange) andebement............... 32
Figure 43: Simplified circuit schematic of valge up conversion circuity tmnvert......... 83
Figure 44: Scattering parameters measured at the preamplifier input.patrts............... 87
Figure 45: Driver circuitry used for converting coil TRx biasing voltage...................... 89
Figure 46: Simulated transmit homogeneity at thefrequency in axial, coronal............ 90
Figure 47: Individual sensitivity maps for coils shown as axial slices through............ 91
Figure 48: The measured receive sensitivity for three different.cail.................ccooeeee. 92
Figure 49: In-vivo ventilation and cdocalized anatomical/structural tdasets acquired...94
Chapter 5
Figure 51: Conceptual diagram of a general linear ladder resonator with lumped...101
Figure 52: Simulation models of a-fhesh norperiodic ladder coil with....................... 109
Figure 53: Multinuclear'®F and'H phantom (separate compartmgms coil................ 111
Figure 54: Circuit Schenatic for 3element ladder/transceive array with Rx/Tx.......... 112
Figure 55: Simulatedd and6 fields in a central axial slice produced.by................ 116
Figure 56: Simulated reflection coefficient (without matching) femesh..................... 117
Figure 57: Simulatedransmit efficiency for a given 1 kW RMS input power............. 118
Figure 58: Simulated receive sensitivity of thentesh ladder/transceive array cail......119
Figure 59: Simulated (dashed) and measured (solid) scattering parameters........... 120
Figure 510: For the ladder/traeive array hybrid measured noise correlatidn............ 121
Figure 511: For the ladder/tranceive array hybrid measured noise correffion........ 12
Figure 512:°F in-vivo SPGR images and b: FA Maps...........cccceeveeveieemrveerecreeneenn 123
Figure 513: 1°F Ventilation images of 81%4Fs+21%Q overlaid on anatomical........... 124
Chapter 6
Figure 61: Simulated steady state magnetization as a function of FA and.affset.....138
Figure 62: Simulated SSFP transverse magnetization and measured.SNR............. 139
Figure 64: The measured variatidiircular markers) of SNRith TR for SSFP............ 141
Figure 65: Maps ofFA for a prescribed 30° and &t 1.5 T, for images acquired......... 142
Figure 66: Maps of T in-vivo at 3T forlung volumes of RV and TLC are.................. 143
Figure 67: SNR maps of PFP in the lungs acqdiat 1.5T usingither SPGR............... 144

Figure 68: SNR maps for fully optimized imaging at equal resolution with SSEP.....146

X



Chapter 7

Figure #1: Diagram demonstrating the relative sparsity of coefficients in image......158
Figure 72: Sampling patterns that are comgzhforreconstruction accuracy................ 159
Figure 73: Demonstration of the method used here to convitteaventilation.............. 161
Figure #4: Simulation model of parallel driven quadrature coil with 3D lung............ 162
Figure 75: Histograms of CoV idHe ventilation lung imge and'F image................... 165
Figure 76: Retrospective simulation of the variation of RMSE with the TV and.Xfm.166
Figure #7: Retrospective simulation of the variation of RMSE with SNR for sparsely sampled
data with varying AFs for regions of low CoV, medium Can hidh CoV.................... 167
Figure 78: Results of retrospective simulation withe ventilation image for varying...168
Figure 79: Retrospective simulations performed witte ventilation imaging............... 169

Figure 7#10: Reconstructed images using the NCGD algorithm wittying nominal

resolutions and AFs when the SNR of a fully sampled image would be 3 or 23....... 170

Figure 711: Variation of RMSE and L1 norms of different transforms.far................. 171
Figure 712: RMSE with varying imaging time for different AFs (a discratenber........ 173
Figure 713: Representative slices in similar anatomiegions from a volunteer.......... 174
Figure 7#14: Imaging results for iwivo application of sparse sampling....................... 175
Chapter 8
Figure 81: Inhaled inert gas ventilation SNR maps for representatimmal slices....... 188
Figure 82: BlandAltman plot of %VV values derived from images...............cccc.o..... 188
Figure 83: Mean CoV histogram of volunteers obtained from 3T imaging with........ 189
Figure 84: In-vivo FA maps for a prescribed 9BA obtained for 4 healthy.................. 190
Figure 85: In-vivo FA maps for a prescribed 9BA obtained for 4 healthy.................. 190
Figure 86: T." maps fort®F/CsFs measured at 3T in anterjaentral and posteriat........ 191
Figure 87: 1%F ADC maps in representative slices plotted from posteriar ta............. 192
Figure 88: 12°Xe ADC maps in representative slices plotted from posterior.to........... 192
Figure 89: Histograms of ADC in healthy volunteers measured at lung inflation......193
Figure 810: Labelled sgmented regions for performiagalysis.............ccccovvviviiiiiennn.. 194
Figure 811: FV maps of fluorinated gasnaging during washout with labelled............ 195
Chapter 9
Figure 91: Flow chart demonstrating the process carried out for calculatian.af....... 202
Figure 92: Predictedelative SNR for multecho vs single echo imaging, with........... 205
Figure 93: Sparameter measurementghin the scanner bore of the birdcage coil....210

Xi



Figure 94 FA and receive sensitivity maps in human torso shaped multinuclear......210
Figure 95: FA and receive sensitivity mapsvivo for *H anatomical ané®F................. 211
Figure 96: Ventilation images overlaid armahical images before and after registratiop12
Figure 97: The SNR for 2D MS and 3D imaging in slices throughout the body........ 213
Figure 98: The SNR for 2D MS imaging in slices throughout the body (MICHAL.01214
Figure 99: The SNR for 3D imaging in slicésroughout the body (subject S1 16).....214
Figure 910: The SNR for 3D imaging in slices throughout the body (MICHAL.01)...215
Figure 911: SNR histograms for ventilation images obtained from subjects S13 04..215
Figure 912: Histograms of the fitted sl in different LIFT volunteers during phase......216
Figure 913 SNR histograms of the single echo sequence used in phase 2 imaging217
Figure 914: SNR histograms and representative slices for all LIFT volunteers........ 219
Figure 915: %VV with SNR for the analysis of fierent ventilation scans.................... 221

Xii



List of Tables
Table 21: The relative abundance and gyragnetic ratios of common Isotopes used for in
VIVO MR (L)oot ettt e e e e e e et eenee s s e e e e e e e e e eeeeeeeeesebsbnnneeeeeeeeeeenssnnnnnns 6

Table 22: Chemical structures and molecular weights of perfluorinated gases used 8 MRI.

Table 23: Summary of fluorinated compounds and hyperpolarized gas relayatrameters
and diffusion COEMfICIENES..............ovvviiiiiiireee e e e e eeeeeeeen D

Table 24: Summary of relevant properties of H#¥Xe and TP GFs gases at 1.5T for
comparison of expected difference in relative SNR. The valumsrshare for a hypothetical
imaging resolution of 4x4x10minmatrixsize=10082 24 G Y¢ ¢ 1, TR=5ms and

relaxation parameters matching those in TabBe.2.........ccccooeeeiiiiiiiieeeii e, 43

Table 31: Performance parameters of common switching devices: Pin diodes, MEMS and
I T PP PPPPPPPPPPPPR PR 67

Table 32: Imaging parameters for coil performance evaluation................c..ovveeeeeeee... 71

Table 41:. Imaging parameters for phantom and-vivo SSFP and SPGR performance
VErifiCatioN WIth GFg ... ..ooieei et eeen e 86

Table 51: Imaging parameters of the phantom FA mapping ardvim ventilation and
ANALOMICA! IMAGING. ...ttt ettt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e nnne e e e e e 113

Table 52: Tuning capacitor values and simeld impedance pameters (selfmpedance and
nextnearest neighbour mutual impedance) einésh linear ladder resonator when simulated
with the realistic body MOdel...........ccoooiiiiiiiiee s 114

Table 53: Tuning capacitor values and impedance parameters (self and impadhnce) of
the 3elenent linear ladder resonators for the ladder/transceive array hybrid simulated with
Male DoAY MOEL..........ooo e et 114

Table 61. Imaging parameters for phantom andvivo SSFP and SPGR performance
VErification WIth GFg .....ccooe e et e e ennn s 135

Table 71: Imaging psameters used in imivo experiments with'®F 3D SSFP ventilation
imaging with FOV 0f40x32x24m’ (i 7 ™ vandn ” T for the sampling pattern used).

................................................................................................................................... 164
Table 81: Imaging parameters for specific volunteers for the characterization of different MR
02 1= 1 =T S PP 185

Table 91: Sequence parameters used ¥6rand'H FA mapping in torso phantom andvivo.
Fitting of the resulting signal was performed pixelwise according to equation.(1)....203

Table 92: Imaging parameters for scans performed on volunte@arasf the LIFT study for

1 7= TSt PP 207
Table 93: Additional protocol testing performed as partMICHAL ethics for protocol
development of optimal imaging parameters.............coeeiiiiiiieemeeeiie e eeee 208

Table 94: Global Values of %VV and TLV measured for healthy voluntearsicipating in
LTSI I I o )Y USSP 219

Xiii



Glossaryof Terms

ADC
AF
BW
CF
COPD
CoV
Do

FA
FEW1
FOV
FVC
GRAPPA
HP
IST
iISNR
MEMS
NLCG
NMR
%VV
PCB
PDF
PFP
PSF
RMSE
RF
Rx
RV
SAR
SENSE
SEOP
SMASH
SNR

Apparent diffusion coefficient
Acceleration factor

Bandwidth

Cystic fibrosis

Chronic obstuctive pulmonary disease
Coefficient of Variation

Free diffusion coefficient

Flip angle

Forced expiratory volume in orsecond
Field of view

Forced vital capacity

Generalized autocalibrating partially parallel acquisition
Hyperpolarised

Iterative soft thesholding

Intrinsic SNR
Microelectromechanical system
Non-linear conjugate gradient descent algorithm
Nuclear magnetic sonance

Percent ventilated volume

Printed circuit board

Probability distribution function
Perfluoropropane

Point spread function

Rootmean square error

Radio frequency

Receive

Residual volume

Specific absorption rate

Sensitivity encoding
Spinexchange optical pumping
Simultaneous acquisition of spatial harmonics

Signal to noise ratio

Xiv



SPGR
SPIRIT
SSFP
SIV
Taq

TP

TX

T1

T2

T2

TE
TLC
TP

TR
TV
UTE
ZTE

Spoiled gradient echo
Self-consistent parallel imagingconstruction
Steady state free precession
Surface to volume ratio

Acquisition Time

Thermally polarized

Transmit

Longitudinal relaxation time
Transverse relaxation time
Reduced transverse relaxation time
Echo time

Total lung capacity

Thermally polarized

Repetition time

Total variation

Ultrashort echo time

Zero echo time

XV



Chapter 1 Introduction

1.1 Motivation

The objectives of this thesis are to improve the siftbe art with regards toF fluorinated
gas pulmonary ventilation imaging tine followingthree ways (i) to develop effective, novel
and optimized radidrequency coils foexcitation and reception of magnetic resonance signal
with both*®F and'H nuclei (ii) to optimize the imaging sequences usediaragje acceleration
techniquesge.g.compresed sensing, for imagingsks; and (iii) to investigate the potential
applicationof fluorinated gas imaginggainstventilation imaging with hyperpolarized gas

imaging.

1.2 Thesis Outline

Chapter 2 provides an introduction of basic MRI methods and theocjuding signal
detection, image formation and compressed senBwitpwing that,an overview of previous
research and various applications of inert gas MR imaging of lungs and the curreot-state
the-art is detailed. The application of thermodynamic Eopilim fluorinated gas imaging vs.
hyperpolarized gas imaging tken comparedand finally thetheoretical and experimental
methods oRF coil design and previously employed methods of -duaing coils is reviewed.

Chapter 3is the first chapter of origal work, and described withintise designsimulation
and measurement of astecoil for imaging both fluorinated gas and proton. MEMS switches
are used to switch the coil resonance between the Larmor frequency of the two nuclei and
MEMS switching is ompared tdvardwired switching or switching with the use of PIN diodes.
Key coil performance measurements between the different switching methods are provided.

Chapter 4 presents an improved vest coil design for imagffrgand'H using an &lement
trangeiver array for improved SNR and additional 6 recenby coils. MEMS aremployed
for transmitreceive detuning with the-8ements and performance is quamed to the use of
PIN diodes in terms obwitching speed and isolation. SNR improvement overnglesi
transceive element is simulated and measureégpelimentatomparisa to the theoretically
obtainable maximum SNR isvestigated

Chapter 5 demonstrates a novel vest coil design utilizing a mixedie excitation of a
ladder resonatorstructure. Though improved approximation of the current patterns of a
quadraturedriven birdcage coil reduced SAR and improved transmit homogeneity are
demonstrate, and derivation of the tuning for mixethode excitation is provided. The
transmit/receive performancgcompared to the previously detailed coil array.

1



Chapter 6 contains simulied and experimentally validated improvement of SNR in 3D
ventilationimaging with GFg utilizing a steadystate free precession (SSFP) sequence. The use
of SSFP compared to themaally used spoiled gradient echo (SPGR) sequences is compared
in phantom masurements doth1.5T and3 T and invivo measurements at 1.5 T. The MR
relaxation parameters okks are shown to be particularly suited for SSkfrencompared to
other fluorirated gas compounds.

Chapter 7 investigates the potential applicationcimpressed sensing, vi@constructing
incoherently undersampled MR dateor maintaining SNR, while improving effective
resolution of fluorinated gas imaging. Retrospective optimomatiia simulation using two
different reconstruction methods using a datadétde 3D lung imaging is validated by
measurement witl’F imaging of 3D printed lungs. The optimized compressed sensing
parameters takes into account the expected lower SI¥R whaging and is demonstrated with
in vivo imaging.

Chapter 8 demonstrateshe application of improved 4€s image quality provided by the
constructed 14lement receive array, SSFP imaging image resolution optimization to the voxel
wise measurement of péiological related MR parameters such as ventilated volum@, T
apparet diffusion coefficient and fractional ventilation. Tleequisition of images and
parametrianaps with suitable SNR and higher region than previously obtaineat1.5 Tare
denonstrated and compared to data acquired at 3 T. Additionally, comparison to similar
ventilation imaging carried out with**Xe is shown forrelative assessment eEntilated
volume and apparent diffusion coefficiemth the two inhaled gases

Chapter 9 summarizes the optimization of imaging parameters for protocol development
and the registration/segmentation methods for measurement of ventilated volume at 3
Additionally, the results of analysing a cohort of healthy volunteers is presented.

Chapter 10 summarizes the findings presented in each of the thesis chaptertheand
challenges and future directions for future coil design and the applicatidf BIR imaging

and its limitations based on the work presented here.



Chapter 2 Background

2.1 Introductio n

The principles of nuclear magnetic resonance (NMR) were first described by Bloch and
Purcell(1, 2). Their experiments quantified the behaviour of nuclear spins precessing in a static
magnetic field thereby opening uphe field of NMR research. The latdevelopments of
Lauterbur and Mansfiel(B, 4)provided a practical and robust mettaddising magnetic fiel
gradiens to encode image information that laid the foundationthe field of magnetic
resonancémaging MRI).

MRI has proven to be valuabddinical, diagnostic and research imaging modality toas
not require ionizing radiation, afulovides better contrast for safésues (grey matter, fibrous
connective tissue, muscular tissue, etc.) than other imagidalities such as computed
tomogaphy (CT)(5, 6) or ultrasoundConventional MR imaging targets thiel nucleus to
provide structural and physiological information about the human body, while MRI of other
nuclei, such adHe, 1°C, 12°Xe, °F, 2Na, %P, provides a multitude cidditionalinformation.
This chapter provides an oveew of the basics of MRI anithe application of lung imaging
with MRI.

2.2 Principle of NMR

The basics of the phenomenon of nuclear magnetic resonance and nucleartsgsedne
models presented and developedjirantum physics arare described in detdi references
(7-10). The most pertinent details are describedollows.

Neutrons and protons on their own have a property known as spin angular momentum. In
atoms protonsand neutrons pair up with oppositeirs partners in nowlegenerate states. If
there are an odd number of protons or neuttie@atomic nucleus has a naero spin angular
momentumgiven by

{ ok (2-1)
where? is Planckés constant—“ is the spin singular momentum atit the spin opetar. For
a spin ¥ nuclei the Pauli matrix representatiorkisfexpresseas:
L 5, TPy U Qg P (2-2)
C p T Q 1 m p
whered are the Ruli matriceswhich shows the potential values that the spin may take in a
chosen Cartesian coordinate syst&ime spin angular momentum results in a magnetic dipole

moment given by



H T (2-3)
where’ is the gyromagnetic ratio, which is a constantverynuclei The gyromagnetic ratio

may be expressed:as

- (2-4)
)

where'Q is thenuclearg-factor of theparticle/atomic nucleus and is thenucleammagneton.
The magneton expresses the relation for the classical fesutie magnetic momerdf a
charged particle moving in a circle with difeetive angular momentum of, given as

@ (2-5)
¢

whereQis thecharge(1.602x10' C for proton and electr) andd is the mass of the particle,

respectively(11). In classical physics there is no analogy explaining the presence of the
magnetic moment for the neutron, while in quantum mechanics the expectedaior @f a
spin ¥z point particle such as the electron may be derived as approximately 2. On the other
hand, for free nucleons, the experimental spfador is far from thexpected value for point
particles: it is 5.586 for the proton (expected value 2)-8®8R6 for the neutron (expected
value zero)11). This was one of the first lines of evidence it nucleons are not point
particles, and in fact are each made ufhode quarks (one up, two down for the neutron and
two up, one down for proton), and adding the magnetic moments of the quarks gives rise the
magnetic moment of eactucleon.

In atoms, nucleons typically pair ypeutrons with neutrons and protons witbtpns)and
align in opposite spin stateso that only unpaireducleons contribute to the overall angular

momentum and magnetic moment. Thereforesoilld be expected thanagnetic quantum
numberad = kb E 18 hE would only have values that aiie -k for an unpaired

neutron or protorgsuch asH), or & phtp for anatom with both aminpaired neutron
and protor(such agH). Generally, the case that thdagtor is negative or positive will come
from whether the contribution to the angular momenisifrom unpaired neutrons or protons,

respectively.
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state filling by nucleons fot’O and!°F, where it is demonstrated that the model does not absolutely predict the
spin states fot°F.

For more complicated nucléheinternal structure of the nucleus and ithteraction between
nucleonamust be consliered The nuclear shell model is analogous to the atomic shell model
and helg to explain the presence bigher values spin statds. this modelnucleons occupy
independent energy states that are analogoudits @ndan associated energy differense i
required to transition between states, which is generally much larger than the energy associated
with collisions between nucleons in lower energy statéth inclusion ofaspinorbit potential
the introductionof subshells predicts the presence ofrsgdi nuclei, and for the majority of
odd nucleon isotopes the model also predicts the correct value. However, there are many
exceptiongound as based in the shell filling diagramFigure2-1b 1°F should have spi5/2,
but is in factis spinl/2. The diferencecan be somewhat accounted for by recognizing that the
nucleusof °F is not spherica(12), leading to different splitting dheenergyfor the different
subshells This is the case for many other nuclei, such as many of the different isofdyes
(13). The atomic shell model helps to explain the differefiacors of nuclei, wher¢he

predicted gfactor depends on the contribution from all the nucleons in treneealshell and
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the angular momentum from both the spin and the orbital angutanemtum.For the
remainder of this thesis it will only be necessary to review the behaviour of spin %2 nuclei for
the application of MRIThe relevant MR characteristics of commisotopesirelisted inTable

2-1, demonstrating the large range of gyromaigneatio among common MR sensitive
isotopesMRI is most often performedsing*H, because of its abundance in the human body
and high gyromagnetiatioleading to high obtagble signal relative to other nuclei. However,

the other isotopes listed are@l®levant and can provide information about biochemical and
physiological changes that occur within the body. The focus of this thesis is imaging using

inhaled inert gases, wdh here involves th&F, 2°Xe, or®He nuclei.

Table2-1: The relative abundee and gyromagnetic ratios of common Isotopes used for in vivo (R

Isotope Spin Abundance Gyromagnetic ratic Larmor

(%) I OAA Frequency at
pr iy 1.5T (MHz)
H 1/2 99.9885 26.752 2128 63.9
%He 1/2  0.000137 -20.380 1587 48.7
5 1/2 1.07 6.728 284 16.1
19F 1/2 100 25.181 48 60.2
2Na  3/2 100 7.080 8493 16.9
3p 1/2 100 10.8394 25.9
12%9%e  1/2 26.44 -7.3997 177

The Zeeman effect refers to thalitting of energy levels in the presence of a static magnetic

field (|| . The Hamiltonia describing the interaction of the magnetic moment it
7 7 Hi (2-6)

whereq describeghe Hamiltonian of the nuclear system in the absen&&eman splitting
due to kinetic and potential energiasd Ht || Is the spin camibution to the Fmiltonian,
7 v q IS assumed teommutewith the Hamiltonian describing thepin operators and
thereforemaybe treated separatelyis customary to choose the coordinate system so that the
static magnetic field i®riented with», so || 0 » The potential energy ahe nuclear

magnetic moment ihereforedescribed by:

P Ht »= HO6 » (2-7)



whered 1 is the static magnetic fiel&ince the spin operator has multiple vajesshown in

equation(2-2) for a spin ¥ systenthis leads to nowlegenerate eneygtates for the nuclear
spin. For example, for a spin % nuclei likel,*°F %°Xe or °He, & - and the energy
difference between the parallel and grarallel statess given by

30 120 (2-8)

The Zeeman energy diagram of this energy difference is shokigune2-2.

AE=YhB
By=0 ’

+

u

B()?l:o Y

Figure2-2: a: Zeeman emgy levels for a spin %ucleus and b: orientation of magnetic moment of spin ¥z nucleus
that is parallel to the siatmagnetic field.

Following the principles of statistical physics this resimtsvo populations of nuclethose
in the parallel €) and those in the anpardlel (¢s) state(15). The populationratio of the two
stateds given by

& g (2-9)
Eu
whereQ is the Boltzmannconstant and T is the temperatuFae net resulting magnetization
is given by
Of 90 00 po (2-10)
oQ"Y

Since therés no energy difference for the orientatidmeagnetic moment ithe transverse

plane the angle of the magnetic moment is randomthaubsolute valuef the magnetic

moment is givery:

Ho., o2 O0Op O (2-11)

Therefore, the orientation of the magnetic moment in the static madedd may be
represented as fRigure2-2b. The state of the spin system with tirge, 0 § is described by
the unitary timeevolution operato(10):

(2-12

AR~
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As ademonstrative example, if the system is ordjinin the eigenstate given by:

. - .. 2-13
ra ﬂ_ P i ﬂ_ Pra P (213
ng P ng Q s
the time progressioof the state is then given by:
. P - . P Q S 0] (2-14)
I oa — * h 0 — h oa
ng Q Ng Q@ e
The expectation valuesith time of the spinsn this initial state aréghendetermined by
o0 ¢ sys @ & sYs @ 9 Svs Gy (2-15
This is expanded as:
e D _ oo mpQ 0 (2-16)
— i j .
O“O T « « p T Q ! @
o) A R eNe) i,
— ' ] .
T Q Q NQn o ! ®
o) i
: p T Q :
- J (ol
C Q LG N - y
with the result that
) 2 ) -
80 = Q Q w .0 Q W - (217)
T TQ C

O~ . .. O ..~ ., O,
—Al1Oow —-OFBI ow —aqHu
C C C
so the expectation value of thepin precesss about the static magnetic field with angular
frequency , designatedby the Larmorfrequencygiven by o6 8
In the semiclassical sense, it can be stated thatréite ofchange in angular momentum
(torque)induced bya static magnetic field is given by
T plH || (2-18)
TorT o

Assuming an initial transvee magnetization, and the magnetic moment is aligned with the

H

static fieldd », the resulting change in the magnetic mometitéagiven by

TH ‘ ‘ (2-19

T_C‘)T ° ¢

Therefore taking the yaxis as the imaginary compert of the transversemagnetizatiorso
that* = ‘Q , thetransverse component of theagnetic momens given by
o Q ' m (2-20)

whichagainrepresents a precession about the static magnetisvigl@ngular frequency .

It is interesting to note that the result obtainedgunation(2-17) makes no explicit use of the

8



torque producetly astatic field on anagnetic moment, but results hretsame solution for the

time progressionf the magnetic mmoent vectoms the serclassical approach.

2.3 Excitation of Transverse Magnetization
In the presence of a time varyitgnsversanagnetic field|| , with angular frequency ,
the Hamiltonianin equation(2-6) is modified to:
1 9 HE[ 6o (2-21)
Theresultingchange in thexpectation value of theagnett moment vectocan be most
easily described in the rotating eeénce frame where:
o Ai1lde OEITO « (2-22)
(2 OEToe AT1D «
] ]
In the rotating reference|,ispradmedgvenbf,f f ect i v

—2». The new modified spin Hamiltoniag y - . Ht || 0 » in the rotating reference

frameis then

as . . . —| _
Tvw HEL 80 o HEL 8 o (2-23)

If1 3 the spinsare at restin the rotating reference frame agdy . Ht || . The
transverse magnetic fielﬂi can be decomposed into two countateting component$16,
17).

(. (2-24)
6 AT100 6 OETojce
” 6 OBTo 6 Ai100j¢e
6 AT100 6 OETojge
” 6 OBTo 6 Ai100j¢e
where | and | are the right and left circularly polarized components|of The left
circularly polarized component has an effective negative frequency of rotatiopmand over
time does notnteract wih the precessing magnetization so that the spin Hamiltonian ca
instead bemore usefullywritten asq y-. Ht | 8This is already in the form giveim
equation(2-6), for which theevolution of the magnetic moment was solvedhbgtiantum
mechanically and seralassically. Thereforan the rotating referendeamewe can instead

comfortablyapply the equatiofor change in angular momentymesentedn equation(2-18)



to the thermal equilibrium bulk magnetizatiohhe change inhe magnetization with the

application of| is thus described as
1 A4
T

Similar to equation(2-20), themagnetization with timduring the application of th# field

o @

is thengiven by
4 5 AT|10» OBT « (2-26)
where the flip angle, , is:

o ” 08 (2-27)

This demonstrates the process by which a transverse magnetization is excited, which then
precesses about the direction of the static magnetic field accordingation(2-38) after the

perturbing field| is removed

2.4 Relaxation Processes

In an unpenrbed and isolated system there would be no process to induce transitions
between spin stateso that the expectation value of a sgiystemwould be described
effectively by the result in equatig@-17). Thus, to be able to model the relaxation processe
that leads to the thermal equilibrium magnetization of equdg®el0) it is necessary to
introduce a perturbation intequation(2-6). A mechanism/model gberturbationthat has a
strong physical basis am@nbeen used to describelaxation in a quaiftable wayfor many
practical casess the dipoledipole interaction between magnetic momeinsthe caseof a
system of two spins/dipolése Hamiltonan ismodified to(18):

72 7 Ht] Ht] 9 (2-28)

7 okir Eip Lik

98
Using the coordinate system showrFigure2-3a3 can be expanded:as
N ‘000 ol (2-29)
im0 Q00 MO VO MQMO00 M0 0~
A 11 O "0°00 O ‘000 "O Iyl

11 1l
u O Q00 MO0 O MO0 W "OU

Wherethe geometric function©H0O and’O are given by:

O 0p oAl &0 (2-30)
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The charge of spinstates can therefore be seen to arise fftmenrientation of the dipoles

fluctuatingrelative to each other

The transition probabilities per unit tinege denotedd andd for the longitudinal and
transvers comporents of the gin, respectivelyAn energy state diagram is shownFigure
2-3b showing the transitions for the longitudirsglin statesThe transition probability per unit

time betweerongitudinalstateq[ ) is given by

, p ! o (2-31)
0 5 [ af Q 1°Q 0
and the transition probabilities for the transverse states can be defined sirdiarlye
functions in(2-28) are randomlyfluctuatingwith time they have associated autocorrelation
functions,’O t , defined by
'Ot 0006006 tO (2-32)
wherethe autocorrelation function has been established as having an exponential form given
by:
Ot onqQ ” (2-33
Consequently, itan be senfrom equation(2-29) thatthe transitionprobabilities take the
form of Fourier transforms of the autocorrelation functi@esignatedhe spectral density
function). For the sake of brevity only the explicit formf is stated here as
p (2-34)
1 t

The additional transition probability per unit time can be found in a similar mamitrthe

0 i E"Oc‘>‘Q Q0o T—G‘OT{@
(o) T yo Y]

transitian probabilitiesestablishedt is possible talefinethe rate of change of the longitudinal

and transverse parts of the sfassuming like spins with the same gyromagnetic ratios) as
% ¢ L 0 © O O O (2-39)
Q0 O
—o

thus, this is a differential equation resulting in a simple exponential decay with relaxation times

¢ o 6 O O O ©

given by

11



oo T Tt (2-36)
pmtw p 1t p U T
P . . cof vt q
0 ——— of
C W p 1 T p 1 *T
T1is the spirAlattice relaxation time and characterizes the return of the magnetization to the

thermal equilibrium of its surroundings (the lattice).iS the spirspin relaxation time and
characterizes the decay of the transeemagnetization by phase decoherence ttrou
interaction with local magnetic field inhomogeneity due to molecular interactions/prqcesses
such as the dipoldipole interaction described hefie is always lower or equal td; since any
process that indusespinlattice relaxation also induces sgpin relaxation. Processes that
only induces sphspin relaxation are called secular contributions to the relaxdt@nsecular
interactions are independent of the Larmor frequency and depend only on theticortehe
(related to molecular motion)sahown for the first bracketed for 2if equation(2-36). This
means that for solids or very viscous fluids, where correlation times are extremely long, the T
becomes extremely short (right of the minimunfrigure2-3).

As water is a highly abundaint the body it provides an interesting example for evaluating
the applicability of equatio(2-36). If the distance betweéhi nuclei in the molecule is taken
as 1.58 p m m then the variation of the relaxationrgaeters with correlation time is as
shown in Figure2-3. The correlation time of water is known to vangatlywith the viscosity
(19) andfor typical solutions can encompass much of the retgevn.In different tissues
within the human body the;hasa typical range of 268000 ms, while th@> has a typical
range of 122000 msat 1.5 T The approximation shown iRigure2-3 matches experiment to
with an order of magnitude, but more accurate theoretical predictions require: including the
effect of neighouring molecules, the presence of digedlgases and the potential presence of
paramagnetic ions.

In the case that one of the spins has a much larger gyromagnetic ratio, such as the spin of a
paramagnetic ion, there is no significpetrturbationon the state of the o reléctronic spin
induced by the nuclear spinFurthermore, in such a paramagnetic solution typically the
relaxation is close to the extreme narrow déesie of minimum inFigure2-3) whereY Y.

As such, the decay constafis the nuclearspin systenaresimply givenby:

p p 9T ; (2-37)
Y Y ®
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Although only the dipolaipole relaxation was detailed explicitly there are other meshemi
that induce relaxatiorthat area result of fluctuating magnetic field either caused by
microscopic atomic interactionsr from macroscopic variations in the field.

In gasessuch as?®Xe and*°F, the correlation timéecomes largelyelated to thekinetic
collision time (20). For the case of inhaletf®Xe gasthe presence of paramagnetic oxygen
becomes the determining facttor Ty/T2, and therefore ¥T> changes from hours when
isolated to <20s in the lungsin fluorinated gasethe rotational andntermolecular dipole
dipde interactions are predominant andTkis nearly identical and very short (<&fs for
CsFs). Consequently, th&1/T> becomegdependent on the partial pressuige to thedirect
relation with mean collision tien Therefore, th presence of oxygen has a similar effect as
with 12%Ke of lowering the T'Tz, but in contrasthe mechanism idy increasing the free
diffusion coeffcientof the gas mixture (fT2reduced to <&s when GFgis mixed with>95%
0y).
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Figure 2-3. a: Spatal orientation diagram of dipoldipole coupling interactionh: energy state diagram for
coupled dipolddipole system and: predicted relaxation tineebased on only intramolecular dipalgole

coupling betweetH atoms in avater molecule.

2.5 The Spin Echo and Free Induction Decay

Based on the theoretical background provided in secto®?2.4 the behaviour of the

magnetization during NMR camow be described effectivelyn the rotatingreference frame

the equations of motin for the bulk magnetizatiorare definedby the Bloch equationg8),

givenas

14
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whered , . is the transverse component of tlmagnetization and is the longitudinal
component of the magnetizatiomhomogeneity in the static magnetic field reduces th T

the effective time constaf¥, given by

PP P (2:39
!IY !IY IIY

where”Y depends on factors such as magnet design and regidmghofariation in tissue

susceptibility
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Figure 2-4: a: Spin diagramsdemonstratinghe state of the magnetization during the FID/Sgho NMR
sequencen the rotating reference frame. As an illustration, the transverse magnetization is split inpdemulti
vectors representing groups of spins with greater and lower frequencies of precessionatmatatmntribute to
phase decoherence resulting indleeay of the transverse magnetizattmmAn illustration of the time dependence
of the transverse mgaetization during the spiacha

According to the defined equations of motion the behaviour of the bulk magnetization in a
typical NMR spirecho experimdns shown inFigure2-4. In this example, following a brief
application of the|| RF field (an RF pulse) the bulk magnetization is tipped in to the
transverse plane by e 1 dngle, as described by equati¢227), and the transverse
magnetization decayaccording to

1o, 0 g Teee (2-40)
After atimeTE/2 ap Y TRF pulseis applied. As demonstrated igure 2-4, spins that are

precessingit slower/faster rate than the central Larmor frequency dMé tdegin to return

to phase coherence, and the transverse magnetization is described by

A 0 -$ g Z. i -=) (2-41)
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Thus an echo is formed at "Y'Gand the magnetizatiaat this time point is dependent on the
decay constarity (any decay due t¥6 is reversed after the application of iap Tpulse)
During this timethe longitudinal magnetization has also been returning to its thermal

equilibrium according to the relakon time constarity according to

b p g GHI O "YOC (2-42)
&b o o YO |
0 p Q ! Q ¢Q otth— o)

The example of the spiacho reveals the basic tiregolution of the magnetization vectors
in NMR, assuming short RF pulses relative to the relaxation and a homogeneous sample. In
practice, the fin# length the RF pulse and spatial dependence of the g@raman be included
with more comprehensive simulation with equat(2+38).

2.6 Receive Signal

From the principle of reciprocity, the opeircuit voltage induced on a coil (or any analogous
electronagnetially reactive detecting devitdy a time varying magnetic field is directly
proportional to the magnetic field producedthg coil, || »Wherethed h at 6 imsligatad o |

that it is the field produced penit-current The induced voltage is given K31).
I ; .
L 1 JJ 3 N
0o [,id »haQi

(2-43)

It can be shown that only the left circularly polarized component of tlgnetia field is
sensitiveto the MR signalso the resulting induced voltagemsreaccuratelygiven ay8, 22)

o w1 | L. rheg > Qi (2449

By mixing the resulting time domain voltage wavefornthamhe carrier signafE > the
resulting signal equation is:

Yo w1 »| 4., sheQi (2-49)

2.7 Spatial Encoding of the Signal

The use of gradient magnetic fields éacode image information was one of thesino
fundamental technological advances in the formation of the field of MRI. For image formation,
linear variations in the staticagnetic field,| , are introduced by three different gradient coils.
The full imagng system is shown iRigure 25a, with a diagram of the windings of a gradient

coil in Figure 25b. Gradients crea a linear variation in the precession frequenmhich cause
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a change in the phase and frequency encoding information in the -§mafishcy domain,

which is quantified with

T (2-46)

where is the gradient vectapplied, in units of T/m, arg

oOrepresents the pos
spaceo.

Assumingthat the gradients applied are the only modifying term t@teeessiofrequency
in a volume] »
equation(2-45) to:

o ti, the application of the gradients modifies the signal voltage

__Z - - " . -
Yo mi | L.ovheg E QI (2-47)
Obtaining animagefrom the acquired time domain sigrm&qures performing thenverse
Fourier transformresulting in

Bz

1 | L. vhie g Yog E B (2-48)

This shows that the image obtained in MRI is in fact a spatial measurement of the factor
1 || 1", ., »h< In practicedata is acquired at discrete time points #radintegrais replaced

with the discrete &urier transform. The resulting image is explicitly dependent on the receive
sensitivity || , while 4, , ph« has a spatl and tine dependenc¢hat depends on the

relaxation paramete(2-38) and applied RF magnetic fielcﬂs pha.

a RF SHIELDED ROOM b

( MAGNET |
| GRADIENTCOLLS |

I RF COIL '

RF COIL
GRADIENT COILS |
( MAGNET |

— mmm——) |

GRADIENT 2
AMP RF AMP

[l 1 i

GRADIENT
PULSE

= 1 | & !

RF PULSE DIGITIZER

COMPUTER

Figure2-5a: MRI system diagraifneproduced with permission frof23)) © 1998 IEEE and b: schematic of the windings
for a G gradien coil (reproduced with permission frof@4)).
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2.8 Imaging Sequencesnd Methods

2.8.1 2D and 3DImaging
In 2D imaging the| RF pulse is applied with frequenty , while 1 is applied
perpendiculato the slice direction during the RF pulse (tinsrghown inFigure2-6a). The
RF pulse amplitude is modified with a carrier functiofQ&td @ O so that a resulting slab
is excited with thicknessi equal to
"o w (2-49
o

In practice, the RF pulse shape is défar than asinc pulse since it must be limited in

Xl

duration and the pulse waveforrm designed for minimal duration, while maximizing
selectivity and linearity25). This same slab is excited for each variation of the phase encoding
direction, while the grdient in the fequency encoding/readout direction is applied each time

to obtain lines of kspace in a Cartesian sampling pattern. In 3D imaging a homogeneous
excitation pulse without applied gradient may be employed, with phase encoding also applied
in what constituteshe slice selection direction of 2D imaging. For 2D imaging a 2D Fourier
transform is applied on thedpace data acquired for each slice/slab, while for 3D imaging a

3D Fourier transform is applied to the acquiresplace data.
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Figure2-6: Imagingseqience diagrams for gradient echo imaging included the a: spoiled gradient echo sequence
(with three gradient recallezthoe¥and b: balanced steadyate free precession sequence

2.8.2 Spoiled Gradient Echo

In the sequence shown Figure 2-6a a spoiling gradient is applied after every readout
gradient that dehases the transverse magnetization and spoils the precessing signal. In
addition, phase shifts can be applied to each RF pulse to prevent refocussing of any residual
transverse magnetizati. The resulting steady state transverse magnetization at=inae(at
the centre of space) in this sequence therefor@4sndependent, relying ofi; andthe T
decay after each excitation, and is giver(24:28):.

s (2-50)
) Q  p Q OFI
1, Yo ©

o Q AIO
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Using the Ernst angle AT OQ  , that maximizes the steady state magnetization
(29), thesteady state magnetizatias given by
Q 7T'p Q7 (2-51)
p @ 7
Though not explicitly stated, the paramef€ss’Y andd are spatially dependent

I, »iyo ©

The resulting image SNR is related to the tvanse magnetization Kg8):

Y
Y'Y (2-52

w0 .0 0 oy
YO Y — 30 —— —3W —
U O w U )

whered w is the bandwidth pepixel, b0 is the number of averagesp is the voxel size,
0 is the number of phasencode steps$yY is the readout gradieacquisition time (16 ®)
and"Y is the total imaging time. The factor j "Y"Yepresentshe efficiency of the sequence
in terms of maximizing the fraction of thiER devoted to sampling the signal. The expected
optimal”Y with SPGR is close t6Y Y (305).

Imaging timing parameters that impact upon TE ‘ahdnclude the following: the RF pulse

width ('Y ) and imaging gpdient encoithg/refocusing delays beforéY( ) and after {Y )
frequency encodingrherefore, TE=— Y —andY “Y Y Y 7Y .These

variables are labelled Figure2-6.
Images reconstructed from mulgpgechoes may be combined by the sum of squares of each

of each individual echo, so that the image SN&vsn by

'Q T - i , (2-53)
YOY e Y T Q r
Mo Q 7 4

where”Y is the delay between readout of multiple echBsr a rapid 3D SPGR imaging

x
sequence and for most tissuesfdrimaging,” YL Y, SO—= P

2.8.3 Steady State Free Pregssion

The balanced steady state free precessie®SBP) sequence shown kigure 2-6 uses
additional gradientthat wind back the dephasing caused during phase and frequency encoding
each kspace acquisition repetition. This results in a steady stateatizgtion that depends on
the propagation of transverse coherence frompteviousexcitations The derivatiorof the
transverse magnetization during each pulse is detailed in reféBf)ees follows.

During each TRthe nutation of the magnetizaticaused by the RF pulse is given by
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p T T (2-54)
4+ m Al O OEIl
n OETAINO
while the free precession over a tirhes given by
Al ©3d OEJF'sd n (2-55)
|t OE¢ad AT ©3d =
Tt Tt p

wherea’Qs the offresonance frequency (the difference between RF excitation frequency and

transverse magnetization precession frequencthelfelaxation matrix is given by:

G o T (2-56)
11 _ 11
F T WRL Q L
g mn QU
then the redxation over the timé due to Tand T.is given by
L1 (2-57)
rt Ept om
5

Sothe resulting magnetization after each RF pulse (at time TE) is related to the magnetization

after the previous RF excitation by:
s+ F'YOr™O4 | YY "YOr"YY "YO! »0 (2-58)
F "YOr YO " YY "YO | "YO

Dependence on ;T does not appear explicitly in this equations, which is a reasonable
approximation as it is expected that the transverse magnetizatioafadus at tim@ & TR/2
(31). However, similar to the spiacho sequence it is expected that from this {oiat there
is an additional 7 component that causes signal decay away from the centre

Equation(2-58) describes the transient behaviour of 8&FP sequenc&hile the steady
state magnetization of the SSFP sequence can be show(B®):be

(2-59)

Q p Q OFI
Toow ©

p Qo AijoqQ o
However, this equation is only valid for the case that the RF pulsenisesonance
(alternating by 180each pulse). The effects of afsonance excitatidnequency is shown in

Figure2-6. The SSFP sequence can result in higher signal than SPGR, and allow signal to be

weighted byT, andT; rather tharil,’, but off-resonanceartefactslike the bandingn Figure
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2-6, are prevalen In addition to inhomogeneities irp Besulting in banding, inhomogeneities

in FA can result in similar nulls.

e
F

o
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o
.

transverse magnetization
=
N

o
o

-x w2 0 n/2 x
b phase offset 0 between a pulses

Figure2-7: Steady state magnetization as a function of RF offset ketwalsesand image inelding banding
artifacts as a result of regions with offset center frequerf@gsoduced with permission froraferenceg32))

2.8.4 Signal in Hyperpolarized Gas Imaging

The natural thermodynamic (Boltzmann) equilibrium longitudinal magnetization density of
TP nuclei is given by equatiof?2-10) (15). However,HP gases have an artificially enhanced
magnetization density ¢fL32)

b 6o (2-60)

hered is the initiallongitudinalmagnetizatiorof the HP sample at the start of imagidgs
the polarization percent (typically0-40%) and0 is the densityThe signal dynamics of HP
MRI differs from conventional TRIRI since the nomenewable longitudinal magnetization is
depleted with the application of RF excitations and due italécay as the longitudinal
magnetization returns tesiT P equilibrium. For SBRimaging, instead of equatid2-50), the

dynamics of HAmagnetization are described (38)

e (2-61)
I, . »EAYO 0Q "Q ogi A1 |10 8

The signal strength is mainly determined by the magnitude of signal e¢nlreof k-space
Therefore, for typical sequential Cartesian sangplthe angle that maximizes the signal at the

centre of kspacH( is given by

P (2-62)
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wherel is the number of phase encodes (equivalent to the number of RF pOtsgsary to
acquiring kspace in a sequential manner, acquithrggcentral kspace lines firswill result in
the highest signal, but result in blurring of the image (discussed in s@d@i@h In this case
equation(2-51) may still be applied as an approximatamfrthe optimaFA.

For SSFP imaging with HFh¢é nonrenewable longitudinal magnetizati@afso resuk in
different signal dynamics then in TP imagi{34). Thus equationg2-54)-(2-58) are modified
such that there is an initial starting magnetizationsfit 0 that is much greater than the
thermal equilibrium magnetizatiod . Consequently, thdf “"YOF "YO{  “YY "YO
r “YOterms can typically be neglectedas| 0 .

For 12%e HP gas imaging it has been shothat, in the optimal case, the longitudina
magnetization at the centre ofspace § ») "Y'Y¢ will be approximately50% of 0 ,
with a FA 10J, such thatd  »h) "YY¢*x ®0 OEd 1 (35). Thus a factor 2
improvement in SNR is expected compared to SPGR imaging with comparable optimized
imaging parameter&6). However, this case cannot be generalized for all HP imaging since
the results is highly dependent on the particular relaxation parametédseoin-vivo.
2.8.5 Diffusion Weighted Imaging

One parameter that is typically measuogdiRI to characterize lung function is the apparent
diffusion coefficient (ADC), which i measure of the magnitude of diffusidmere are a
number of different sequences thande ged to measure diffusion, such as the diffusion
weighted spin echo sequen&¥). Themost relevant spiencefor measuring the ADC ithe
study of inert gas MRI, as presented in thissis is shown inFigure2-8, where the diffusion
is measured in th@direction.The ADC is measured by applying opposjielarity gradients
in succession during imaging and relating the effect of restricted diffusion due to the lungs on
the expected loss of sighal due to dephaiom the gradients with and without &enovement
of the molecule$38) as will be detailed further in secti@a10.2
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Figure2-8: A typical sequence used for ADC measurem@eproduced with permission fro(89))

2.8.6 K-space Filtering and PointSpread Function

Although the steady state sigrfar SPGR and {86SFPmay bedescribedeffectively by
equation(2-50) and equation(2-59), k-space filteringdue totransient behaviour during
sequenceand thetransverse magnetizatiaecay during the graeht echo are additional
factors affecting imagirmation. The impact of-kpace filtering may beharacterized by the
pointspread functiorf40, 41) If the ideal images taken from equatio(2-48) to be directly
proportional to! , , i YOfthenthe filtered imagek | is given by

Eoe 1, »YOID "Y'® (2-63)
whered “Y'® is the point spread functioSince data in MRI is acquired in thespace domain

the optical transfer function) "Y'@ 0 "Y'® may be used talescribes the -kpace

filtering according to
(2-64)




where_ is the Fourier transform operatdn. the case ofiltering along the readout direction
(typically designated filtering) the decay of transverse magnetizatf®s decay)resuts in

an altered point spread function leading to blurrfrgy gradient echo imagingltering in the

phase encoding directisoccurs partially due tthetransient oscillation in thenagnetization

prior toreaching the steady state conditiBrgure2-9a shows the expected signal decay curves

for ky andkx points acquired in a 2D SPGR sequence assuming a Cartesian sampéing pat
and uniform relaxation parameters as labelled in the figure. In reality, the tissue parameters
vary significantly betweendsues and the decay will affect the resolution of different tissues
separatelyHowever, as a demonstrative example the atfeate decay curves would have on

a hypothetical 2D brain imageth all tissues having the same relaxation parametestsown

in Figure2-9b.
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Figure 2-9: a: ky and ky filtering curves for a 2D SPGR sequence with given sequence parameters and MR
relaxation parameters abd corresponding PSFs and resulting filtered images given an ideal 2D brain image.

2.8.7 Compressed Sensingnd Paallel Imaging

To perform the discrete Faoar transform required by equati¢®-48) for image formation
full Nyquist sampling of kspace is required. This places a fundamental limit on the acquisition
time possible in MRI. Compressed sensing and parafialging are related methods of
undersamphg k-spacewhilst obtainingan artefact freeanage resulting in reduced acquisition

time. The acceleration factor (AF) is the ratio of sampled points tartt@unt required for full
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Nyquist sampling, and charadtas the degree of undersamplifgrallelimaging generally

uses the additional information provided by the different sensitivity profiles of the coil elements

in receive arrays. Two classes of parallel imaging methods exist: image domain based methods
like sensitivity encoding (SENSH¥?2) and kspace based methods like SiMultaneous
Acquisition of Spatial Harmonics (SMASK®3). Both these methods involve skipping phase
encoding lines of dspace as shown Figure2-10, which results in the foldirg of the image

domain data, but the methodsre€overing the fully sampled image are different.

(a) k-space Image space

FovV

% FOV

Figure2-10: Demonstration of parallel imaging where compared to a: fully samp$gaé&e and resulting image
b: skipping kspace lines results in a foldédimage (image reproduced with permission fr¢4d)). Parallel
imaging involves the reconstruction of the unfaldemage with the partially sampledpace.
In SENSE(42) the fully sampled image is reconstructed for a set of superimposed pixels of

numbere less than the number of separate receive chabneor each pixel in the folded
in image (ex. locationfdolded-in pixel 'O in Figure2-11) the complex coil sensitivities at
each of the unfolded fully sampled image pixel positions’(ex in Figure2-11) are contained
inthe¢ £ coil sensitivity matrix, g

F > (2-65)

With the sensitivity matrix the urfolding matrix is calculated as:
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T F FF (2-66)
and for eaclfolded in pixel the vector containing values from the multiple eleméritspsed

to reconstructedhe unfolded pixel values with

z Tk (2:67)
The elements of the noise covariance matrixare foundas
(2-69)

where0 is the number of sampled points of a reconstructed fully sampled noise image (image

acquired without RF excitation) used to determine the noise statisties: gand= - gare the
measurements by receivieand j, respectisly, for point'Q
The SNRusing SENSE igiven by
YO 'Y (2-69)
vy
where the g‘actorl represents théoss in SNR due to thmability of the coil sensitivity

YO Y

profiles to fully encode the missing information doaeundersampling and is given:by

Il ° &P ra &1

Aliased pixels in the R pixels in the desired full
N, coil images N XR FOV image

c

R pixels

. i e

A

G o 0

Coil sensitivity
matrix

folded pixels

desired pixels

Figure2-11: lllustration ofthe basic SENSE relation us{i#ggure reproduced with permission frqd+)).
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Generalized Autocalibrating PartialParallel Acquisition (GRAPPA5) is a similar but
generally more robust method than SMASH where missing/unsampled poinrtpacé are
obtained by weighting surrounding samplesgidace points according (46):

{="ofq  as (2-71)

¢ Wiy o Q@ @i o1 p s

where=is thek-spacemeasuremerfor coil j, N is the number of coils and the valuesiof and
@ determine the number ofdpace point in th& and™Q direction usedor the interpolationThe
weighting parameters "@fcitha  are calculatedfrom the central kspace lines acquired for
calibration, where|=-is a vecto containingthe target kspace pointso be reconstructecand-u is a
vector containing theurroundingknown/measure#l-space pointsSimilar to SENSEGRAPPA also
has an associatedfgctor, (47) which is similar in pattern when calculated for igient coil
geometries and images, but is also typically latgewever, GRAPPAs a selfcalibrating method that
does not requiracquisition of an additional sensitivity map, that may liematched in position or of
insufficient quality to perform accate SENSE reconstruction.

A
AT
AT

Figure2-12: Reconstruction kernel with three coils. Points in gray corresfmadquired dateaauto calibration
lines are shown in black. To estimate the signal at unsampled points, the weights are determinedafiton the
cdibrationlines. (Figure reproduced with permission fr¢46))

Coil 1

28



2.8.8 Compressed Sensing

The parallel imaging methods described thus far skip lrgshase encoding in a regular
pattern resulting in foldingn of the image. Another method of undersampling tersarse
sampling involved sampling the central part edgace and then under sampling in a random
or incoherent manner forgpace points dside the central region as shownFigure 2-13.
Rather than folding in, undersampling results in incoherenéfadiasing in the image domain.
Therefore, the method of reconstructadrk-space sampled in this way is differémthat with
parallel imagng and requires the removal of the incoherent noise based on known properties
of the reconstructed image. Namelye property that MR images are sparse in some domain,
and/or that the aliasing caused by the undersampling behaves in a way that caodoeedpr
and removed based on the reconstructed image.

One method of correcting for the incoherent noise is tahésronlinear conjugate gradient
descent (NLCG) algorithm to modify the data to enforce the sparsity of thé4@tan the
NLCG method theonjugategradient descent algorithism used to minimizéhe function(48):.

Qo £ 0 e _ r w _ A o= (2-72)
where _ is the undersampledobrier transform,w is undersampled kpace,w is the
reconstructedundersampled image and is the sparsifyingdomain transform. The

operator is a total variatio(TV) transformation that quantifies the spatial variatiomoof
and is typically included as an extra regularization term to maintain imageyqudie
weighting terms_  ,_  determine the tradeff between sparsifyingnd maintain original
k-space data consistency.

Equation(2-72) is minimized bythe iterative modification d the undersampled image :by

O o o W +LF g (273

whereYQm and @ arethe gradients of Qo and o and the constant parametex 1
determines the rate at which the algorithm minimi{282) with each iterationThe gradient
in "Qw for each iteratiomf (2-73) is given by

[ ® [ W (2-74)

r I B S U-S.

One benefit of this method over parallel imaging is that multiple receive channels are not
required. However, the reduction in SNR is difficult to quantfgparsesampling, and there
is hoequivalent gfactor since the error introduced is not a geormetriable. This also means

error is not introduced from the mismatch of the sensitivity profile acquisition.
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A more recent advance in reconstructionhe iterative selconsistent parallel imaging
reconstruction (SPIRiT)method which includesinformaion from multiple channels to
reconstrucsparsely samptedatawith arbitrary sampling pattern(g9). SPIRIT is similar to
GRAPPA in that it reconstructbe data within the dspace domain, but the kernel changes
with each reconstructed points and usesitii@ from other reconstructed-dpace points.
SPIRIT is still largely a parallel imaging method, but the modified verBisgSPIRIT (50)
includes the gemal algorithm of SPIRIT with the additional modification that the
reconstruction of the missingdpace data satisfies an equation similar to equgerp).

With the evolving state of parallel and compressed sensing methods there is no clearly
superiormethod of accelerated MRI. SENSE and similar image based methods require an
accurate sensitivity maphich is not possible to obtain in many applications@rdbehighly
affected by motion and SNR. GRAPPA requires -salfbration lines for kspace, whth
reduces the level &fF possible for lower resolution imaging. Even though GRAPPA is more
robust, in the ideal case it typically results in a higher SNR penalty. However, the method of
JbeSPIRIT and other related hybrid techniqgues may prove to be bettenstruction and

samplng methods.

Acceleration factor and Inverse Fourier Discrete Wavelet
ky-kz sampling pattern Transform Transform

Figure 2-13. Examples of variable density undersampling patterns with different acceleraf@moduced with
permission from(51))
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2.9 Inert Gas MRI for Lung Imaging of Diseases

2.9.1 Lung Physiology and function

Each of he lung are contained witn a doubldayered membrane called the pleura that
forms the pleural cavities. The trachea is the largest airway and connects tHelepléeft
lung and the doubiwbed right lung. In each lung the trachea splits into tiragry bronchi,
which further divides for approximately 23 generations of binary branches. The major airways
conduct gas to the respiratory zone, which consists of the peripheral airways with bronchioles
and alveolar sacs at the end, whexggen diffusesnto the blood by gas exahge between
alveoli and the blood in capillaries. In healthy lungs the alvemdpillary wall is thin and the
distribution of inhaled gas to the alveolar s&csapid and mostly homogenouwsith some
natural heterogeneity due gravitational52) and dher effectg53). Lung diseases affect the
delivery of oxygen to the blood by different pathophysiological mechanisms resulting in a less
efficient gas exchange. MRI is used in a number of ways to monitor and characterize the
medanisms of lung diseaserguiding detailed and regional information not obtainable by
other modalities of lung function testing.

2.9.2 Pulmonary Function Tests

There are various tests used in diagnosing and treating lung disease to determine the severity
of obstructior(54). Some oftheseinclude the followingwhich will be detailed furthedung
volume tests, diffusion and gas exchange tests and the measurement of forced expiratory
volume in one second (FEV1) compared to the forced vital capacity (FVC).

Figure 2-14ashows the different lung volume sdivisions corresponding to different levels
of lung inflation. To measure lung volume a test subject/patient may be placed in a special
sealed box and the volume of the different lung capacities can be meaguwikdnigs in
pressure in the boi restrictive lung conditions lungs cannot expand fully because lungs have
lost elasticity.

The diffusing capacity for carbon monoxide is a measure of the ability of gas to transfer
from the alveoli to the red blood cellThealveolar volume, regional variation in ventilation
and thickness of the bloeghs barrier affect the indirect measurement of perfusion. After
patients breath in some carbon monoxide, hold their breath for some time (about 10s), then
exhale, the amaou of exhaled carbon monoxide is compared to the predicted value based on

age and ethnicity.
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Finally, the measurement of FEV1/FVC is performed by have the test subject/patient
forcefully exhale from total lung capacity into a spirometer (the device thsg¢th measuring
lung function) and then comparing the total volume of air exhaled in one second to the total
than can be exhaled. The normahgeof FEV1/FVC is0.750.85,and a valuéower than 0.7
is indicative ofobstructed lung functignwhile restictive lung diseases often produce a
FEV1/FVC ratio thamay benormal or high A representative example of volume flow for a

normal or obstructed forced expiratory lung function test is showigure2-14b.
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Figure 2-14: a: A volumetime graphrepresating lung inflation level during a typical breathing patteon.
Representative diagrams of forced expiratory fleith for the case ofiealthy and obstructed lungs. Lungs with
obstructed flow are typically characterized by reduted with expiraion.

2.9.3 Lung Imaging

In lung diseases airflow and ventilation are regionally impaisedlveoli are not supplied
with enough oxygenA perhaps moralirect method of assessing lung functitran the
pulmonary lung function test described previously is imggvith MRI through ventilation
imaging ofinhaled inert gassduring breatkhold (55, 56) Performing ventilation imaging of
the inhaled gas an approximate measure of thensity throughout the lungs. In conjunction
with anatomical imaging of the seundingtissuethrough'H imaging the assessment of total
lung volume, percent ventilated volume (%V\4nd ventilation heterogenei($7) can be
obtainedThe %VV is found as thigactionof the lung cavitythat is ventilateddefined by the
boundaries of thermtomical image, that contains a concentration of inert gas after inhalation
discernible in ventilation imaging.he measurement of fractional ventilation (FV) is a related

method where imaging is performed over multipfeaths and the increase/decreasgas
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concentration is determined for each pixel during wiaghiashout of the tracer ga$8, 59)
Compared to ventilation imaginfgactional ventilation can provide more specific regional lung
information and may coelate better with overall lung fution (58).

Further to ventilation and diffusion imaging, there are methods of measuring the
ventilation/perfusion ratio (V/Q[60-62). For exampleby imaging the dissolved phase a&f
tracer gas'f®e) alongside ventikion imaging(62). In healthy lungshe amount of gas that
dissolves into the blood should be approximately proportional to the gas that is distributed to
the alveoli. In diseased lungs, inflammation, disruption of blood flow and/or damaged lung
tissue mayead to mismatch between ventilatiand perfusion. In many such cases there may

be normal or unimpaired ventilation, but abnormal perfusion.

2.9.4 Different Lung Diseases

Lung diseases cause disability, reduced economic productivity, suffering and death for
millions. Furthermore, 6 million hgsal admissions a year and one in eight of all deaths each
year are due to respiratory illnesses and lung condi{@®)s As such, lung diseases have a
huge cost to hospital care and treatments, as well as a hugat@sseconomic burden due to
the los of productivity for peoplé¢hatalso may die early because of them. Estimations of the
total direct and indirectosts to the lung disease to the European Ualoneexceed £380
billion each yeak64). Therefore, imprved methods of diagnosis and morniitig have large
potential value for thereatment of théollowing described conditions.

Asthma is a condition where airways are hyremponsive to different stimuli, such as
histamines or exercise, resulting in bromcbnstriction and chronic or acuteflammation.
Patients with asthma have obstructed lung function and will have abnormal FEV1/FVC, but
typically normal FVC Asthma begins in the peripheral airways and results in remodelling of
the airways from chronic fammation process can result in pement obstruction and chronic
mucus plugging. Therefore, early detection with ventilation imaging can help improve patient
outcomes.

Cystic fibrosis (CF) is a genetic disease where régulation of the production and
elimination ofmucus and digestivéuidsis affected This leads to blockagand inflammation
in the lungs In CF changes occur peripherally in the small airn@g and by the time a
change in global lung function by methods such as spirometry igettt@ajor damage may

already be cawsl(66). Patients with Cinayhavebothrestricted and obstructed lung function.
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Chronic obstructive pulmonary disease (COPD) is used as an umbrella term to describe
irreversible airflow obstruction in specific diseasash as chronic bronchitis and empéma,
partially characterized by narrowing of the airways because of chronic inflammation. A major
cause of COPD is smokin@7). Late diagnosis and und@eatment contribute to the high
mortality of COPD, so early detton to treat and prevent the lossd lung function is crucial
(68).

2.9.5 Hyperpolarized GasMRI for Lung Imaging
Hyperpolarisation is a process of drastically increasing the ratio of nuclear spins parallel to
the static magnetic field high above the thermal equilibrium 1&®). The fouration for
hyperpolarization was introduced in the 195008), with the extensin to MRI/NMR occurring
in the early 1990s
Hyperpolarization of noble gases for MRI studies was introduced in [A94and first
demonstrated for use in humaw®n afte(72). For Xenon, there are three stages in the method
of hyperpolarization by spi exchange optical pumping (SEOP) using alkadital atoms
(specifically Rubidium). Rubidium gas is vaporized in the polarisation glass chamber due to
the vapour pressure of mall heated sample.
i.  Inthe first stage the electron orbital spin of the Rulndgas is excited into the +1/2
spin state of the 794.7 nm D1 transiti¥( 0 ) using optical pumping with a
circularly polarized lasg{73).
ii. In the second stage a van der Waals molecules is formed between a Rubidium
molecule, Xenon and typicallyitdogen. The nuclear spin lost by the rubidium atom
in this moleculas transferred to the nuclear spin of Xenon and the rotational motion
of the molecule.
iii.  Inthe last stage the molecule is broken up by collision with another pérdgleAt
high presares binary collisions becomes the dominant source of spin traagfer r
than the complicated van défaals interactiong75, 76)
In addition to its function in the van der Wamnolecule formation Nitrogen also acts as a
buffer to prevent the radiative emission of the excited Rubidium state ph@tdhsvhile the
useof helium in the mix broadens the D1 transition linewidth through collisional broadening
(78). The statisticaphysics relations of the polarization of rubidium and its dependence on a
multitude of factors is detailed further(n9). The relation of theurclear polarization of xenon
by rubidium spin transfer is related to these statistical factors, as well dseps K@lating to
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its gas density, surface effects and temperature as sha®)irmhe different optimizations
for high density(80, 81)vs. low density(82) hyperpolarization have been detailed, with the
result that although higher polarization may bkiaved with lower density it requires a higher
power and more expensive laser, while requiring a longer time, or larger glass cell, to collect
as a large a sample by cryogenic freen¢ of the!?Xe.

3He hyperpolarizatiorcanbe doneusing SEOP, or via atastable optical pumping (MEOP)
on the electron orbital spins of Helium itself. In this case 8 23P state is excited with
lasers of 1083 nm wavelength and the excitation of ground®statatoms to the +1/2 nuclear
spin state then occurs by colligiwith the 2P excited Helium atom@3). The use of enriched
3He and'**Xe (natural abundance of Z.3p 1 % and 26.4% respectively) for pulmonary
ventilation imaging is expensive. Xenon is cheaper than helium and it is also feasible to use
naturally abunént xenor(26%'2°Xe) as demonstrated {i84).

For the clinical diagnosis and monitoring of theedses such date stagecystic fibrosis,
wherein the morphological and physiological changey besignificant, current statef-art
proton MR imaging of the lungsay be clinically usefuHowever, in disorders likearly stage
cystic fibrosisor emplysema structural changesedessobviousand the low tissue density of
the lungs makes imaging a challer{§6). Hyperpolarized gas MRI allows the direct imaging
of the lungds microstruct doneise @) dvhich emalbld | at i o

detection ofimpaired functio in diseased lungs as illustratedrigure2-15.

smoker

Asthma

Figure 2-15. Hyperpolarised®He MR human lung images for various lung diseases: smoker, Chronic
Thromboembolic Pulmonary Hypertension (CTEPH), Cystic Fibrosis (CF), Chrorstru@bve Pulmonary
Diseag (COPD) and Asthma. © University of Sheffield.
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The measurement of diffusidB5, 86) ventilation(87, 88)and the estimation of perfusion
by imaging dissolved phasé&Xe (62, 89, 90has been demonstrated and validated with HP
gases. In additionphgitudinal studies have been performed showing the validity and use of
important biomarkers only measureable by HP gas imaging. For exampegriakfrom red
blood cells diminishes relative to the tissue/plasma s@maliopathic pulmonary fibrosis
progresses(91), %VV and ventilation heterogeneity correlates with spirometry measures of
lung function in cystic fibrosi§92), measurement of collateral ventilation can reveal regions
where normal paths for air flow are obstrucf@8) and treatment response mapping in imaging
subjects with asthma before and after use of a bronchodilation agent correlates with lung
function. However, there are complicating factors in the assessment of the sensitivity of HP
gas imaging. For example, ig known thatlung volume has an effect on the quantitative
measures of lung ventilation (%VV and ventilation heterogenéibyva in reference(94)),
with differences irdiffusion demonstrated previously as wgb). However,HP gas imaging

hasstill proven to be a sensitive technique for evaluating and studying lung physiology.

2.9.6 Fluorinated Gas Imaging

19F is a naturally 100% abundant isotope, daggher Larmor frequency thafXe and®He,
and is available in gaseous compounds with higher dgmsityfor a standard pressutiean
12%e or®He due to the presence of multiple nuclei per each molettulsthey need not be
hyperpolarizedThe outlhe of*°F imaging by Holland et a(96) noted some of the potential
benefits of%F MRI: there are nbackgound endogenous biological signaleen a'°F tracer
is introduced, the Larmor frequency is close to proton so the B&eguipment may be used
ard many fluorocarbons compounds are biologically inert. Most importantly, the longitudinal
relaxation time Tis small ( 20 ms for GFs alone(97), and 12 ms when in the lungs and
mixed with 20% oxygeri98)), meaning that many averages carpbdormed in a short time
in orderto compensate for the low density of gases (2.3P«t6ms /cri(99)).

The chemical structure dnmolecular weight of a number of fluorinated gases used in
previous MRI studieg100) are shown inTable 2-2. Of the chemial species used GF
(tetrafluoromethane) has four chemically equival@Rtatoms within a molecule, while;Es
(perfluoroethane), & (sulfurhaxafluoride) and 4Es (perfluoropropane) all have six andFe
(cyclo-octafluorobutane) has eigl@sFs has two dditional '°F atoms with a 48ppm chemical
shift in Larmor frequencyCsFshas been shown to cause convulsions, whilh8g a lowével

of anaesthetic potency. On the other hand, CfsandCsFgare insoluble in blood and non
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toxic. Of the three only €Fs has been commonly used because of its established precedent
shown for safe inhalation in human subjects. Therefadigs i€ geneally considered the most

relevant invivo fluorinated gas imaging agent.

Table2-2: Chemical structws and molecular weights of perfluorinated gases used in MRI.

Molecule Molecular Chemical Structure
Weight
(g/mol)
CH 88.01 F
o
F
CoFs 138.02 CF;—=CF;
Cyclo-CsFs 200.04 CF; CF,
CF; CF,
SFs 146.06 Fo F
F-S-F
F/ OF
CsFs 188.02 CFs CF, CF,

The concept of lung imaging witfF fluorocarbons wafirst introducedpy liquid breathing
of oxygenated fluorocarbon liquids, which was realized [@di@t, 102) However, the first in
vivo imaging of a fluomated gas compound were performed using(C83). For a relatively
long period aftet°F imaging was primarily focussed on the use of chemical tracers (as an
approximation a concentration of 0.1 M was determined as the detection level afi@4pT
The use of fluorinated gas imaging wésst found to be usable for the evaluation of solid
materials (ceramics) imbued with a fluorinated gas, in which it was noted that surface
adsorption and the small features cause changes in the spin demasitithe dfusion (105).
Consequently, the change diffusion and T: was hypothesized as a potential way to
characterize differences in the local surtéme®olume ratios, which would have future
implications for lungimaging.

The first comprehensive studies withvivo fluorinated gas MRI (within a rat adel (106))

used GFs mixed with oxygen. The choice okks has a number of advantages over @fd

37



SFs, which have shortersT(107) However, from 2002004 publications ot’F lungimaging

(within porcine (88, 108) or rat models(109, 110) were dominad with the use of SF
partially because it was approved for human use, and had been used for many years in the
multiple inert gas elimination technique. At this tirttee concept of measuring the ventilation
to-perfusion ratio with fluorinated gases by MRI imaging was introduced. In this method it is
expected that inert insoluble gases become concentrated where vertilgterfusion ratio is

low (111) and in obstrated alveoli soluble gases comes to equiiirwith blood. Thus, the
difference in signal intensity when breathing a high vs. lovil@rinated gas concentration

is weighted by the ventilatieperfusion.

The measurement of fluorinated gas diffusion witthe lungs was then developed with
methodsthat had similarly been employed in hyperpolarized gas ima@fg112, 113)
Diffusion imaging was performed in rat lun@kl4) showing that diffusion was restricted
within airways and also has a measural@pethdence on the pressure and compositidineof
gas mixture(115) Imaging GFes (97) further expanded the theoretical basis for diffusion
imaging with fluorinated gases, showing ththe diffusion was restricted by the lung
microstructure and was higher emphysematous lungSorrespondingly, thgariation of &
with different properties, such as partial pressure, field strength and temperature, was
theoretically and experimentally described for a number for fluorinated gas comgttids
117) This woud prove to allow for more accurate optimipatof imaging parameters and the
mapping of T to relate to physiological parameters such as the perfusiotilation ration,
rather than the previous signal based techn{§0g118)

All the °F imaging perfemed up to this point required imaging tinfas above that of a
single breatthold, which would have greatly restricted tbknical application of'°F gas
imaging. Wolf et al(119) demonstrated that imaging with longer than previously employed
TR, and he use of @Fsgas instead of Sfcould albw rapid fluorinated gas image acquisition.

As such, with this advancement and appropriate regulatory hurdles overcome, the ability to
image human lungs foh¢ first time was demonstratedth SFs by Wolf et al.(120). A modest

SNR of 9 for full lung pragction human lung imaging was obtained. The main challenge to
achieving high SNR if°%F imaging in humanis the short T relaxation time (for SEaT2" of

1.2ms in the lungs, and approximately equaleportedn (114)).

In subsequent developments famman irvivo fluorinated gas imagin&erfluoropropane
(CsFs) was employed, which has largely proven to be a better imaging agent due to its even
longer &' compared to &% and Sk (98, 121) The use of ultrahort echo time (UTE)

sequences for imagingsks was investigated98), but overall images obtained withigh

38



method appeared more blurred than those obtained with conventional SPGR imaging methods
(121) Future measurements in rat lungs (wit€and Sk) produced highequality images
than use of UE wi t h-c emt riiXc 0 sequence ( pasuremenadf Four
missing data with additional TRVith the culmination of previous improvement%; imaging
was demonstrated to be applicable in mapping ventilation in healthy volynvaérs
compaable measured values of %VV and lung volumes as W *He imaging (122).
Probably one of the main potential advantages of fluorinated gas imaging was demonstrated in
a rat model with SFand xcentric imaging: the mapping of fractional ventilation (FENiying
washout(58). Fractional ventilation requiredynamicimaging over multiple breatholdsand
provides functional information on gas trapping, which is not asygasiformed with HP gas
imaging.

The state of°F imaging has now advancedttee point that clinical research studies with
large cohorts of hetlly volunteers and patients are being performed. Most recently, imaging
of CsFg to evaluation ventilation and FV has been performed in a cohort of healthy volunteers
and those with COPL23). Additionally, the use of°F washout imaging has been compared
with the use of Fourier decomposition MRI to evaluate FV in COPD patients, with significant
correlation indicating that a combination'df andH imaging may be used concurrently for
functionallung imaging. For additional information, there are a numbeiew articles that
further describe th@astprogress of fluorinated gas imagiig24-127), but the published
results are largely contained in what has been described thus far and the fottesuite) of

this thesis.
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Figure 2-16. a: UTE lung ventilation images mixture of 79% PFP and 21% O2 inhaled by a patient with
emphysemand b: the same ventilation images registeretHt@natomical images and overlaid in greyscale
(Reproduced with pernsgon from(126))

2.10 Hyperpolarized vs. Fluorinated Gas Imaging

There is a fundamental SNR advantage to hyperpolarized gas imegmpgared to
fluorinated gas imagingn Figure2-16 images taken with inhaled perfluorocarbon are shown
from Ref.(126) Theseilnages can be compared to those taken witietpolarizedHe (red),
and 1°Xe in Figure 2-17. The images irFigure 2-17 are clearly less blurred with better
resolution then the images Bigure2-16, but the localization of the gas in the lungs is still

clear and show the defects in ventilation with emphysema.
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Figure2-17: Images taken of the lungs witH (left), *He (red), and?*Xe (blue). Images for all three were taken
in the same breathold. (reproduced with permission frofh28))

The relevant pameters for a number of common fluorinated compoundshetid/o most
importanthyperpolarized gas imaging agert$Xe and®He, are showin Table 23. As noted
earlier, d the potential fluorineed compound€sFs is one of the most promising because of

its biological inertness, high number of nuclei per atom, potential for diffusion studies and cost.

Table 2-3;: Summary of fluorinated compounds and hyperpolarized gas relayasgi@meters and diffusion
coefficients

Gas | Ti(ms) T2(ms) T2 (ms) 0O ADC Density | Gyromagnetid
(cm?s?) | (cm?s?) | (mglen?) |ratio (MHz/T)

12%¢e 32000 20000 20 0.062 0.021 0.575 -11.77
(126) (113) (129) (39) (39) (125)

*He 20000 310 18.5 2.05 0.016 1.34 -32.434
(99) (112) (130) (39) (39) (125)

Sk 1.2 4.23 1 0.033 0.022 6.51 40.052
(126) (114) (131) (126) | (114) (125)

CaFs 5.9 5.9 0.033 0.018 6.16 40.052
(106) [84] (97) (97) (125)

CsFs 12.4 18 2.2 0.028 0.022 40.052
(98) (117) (98) (117) (86)

2.10.1 SNR difference in HP gas and TP Fluorinated Gas MRI

The SNR that may be expecteith TP fluorinatedgasMRI when compared to the more
established experimental evidence base of HP gas imaging expsriseetailed here as a
theoretical starting poinfhe received signal is proportional to the transverse magnetization,
which is depadent on the imaging segnce parameters by some proportionality factor,

as

o6 1 O (2-75)
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Here, the proportionality factgr describes the relationship between the longitudinal
magnetization (this is taken as the magnetizatibrthe beginning of imaging, to draw
equivalence between T@hd HP imaginpand thesteady statdansverse magnetizatigtaken
asapproximatelythe magetization at the point of encoding the central line-gpkce) The
factors affecting the proportionality factare T1,T> and & relaxation, FA and sequence
paameterswhich are detailed fof P SPGR imaging in sectidh 8.2 for TP SSFP imaging in
sedion 2.8.3 and for HP SPGR and SSFP imaging in seclBdh4 Specifically, for TP
imaging equatior(2-51) details the relation for SPGR imaging, equat{@#b9) details the
relation for SSFP imaging and for HP imaging equa(it61) details the relation forBGR
imaging. For HP SSFP imaging more detailed simulations are requitieel; than closed form
expressions

For an RF coil with loading that is bodpminaed the EMF induced by the transverse
magnetization is proportional td 6 , whilst the standard deviation of the thermally
generated Johnsamise voltage is proportional to6  (9). Therefore, when comparing the
SNRin imaging different nuclewith different gyromagnetic ratipassuming thahe imaging

coils have equivalergeometies,we have:

YO YD (2-76)

Finally, assuming equal imaging resolutions, bandwidths and imagingatiooenparison
between the SNR of TP and HP imaging can be drawn as follows. Using the expressions for
the longtudinal magnetization at the beginning of imaging, equafia0) for TP and

equation(2-60) for HP, the ratio of SNR"YU 'Y ) in a ventildion image obtained via a TP
samplecompared to a HBampleat the same &8s given by

0 | [ 2 (2-77)
U | r

C

YO 'Y

C4

The subscriptsYand 'O denote that the variable is associated with the TP or HP sample,
respectively.The polarization percent for the TP sample(( ) is isolded from equation
(2-10) as

0

5 o
50 Y8

As a demonstrative example relevant to the motivation and results of this thesis the relevant

(2-79)

C

parameters for equatiof®-77) comparing the SNR of 465 and ®Xe MRI for ventilation

imagingaresummarized imMable 24. The density of gas in the lungs is approximated by the
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ideal gas law, but there are additioagproximations for the density tfe two gases the
lungs during imagingFor GFs, there are 6 chemically equivaleéffE nuclei for each gas atom
and the lugs approximately reach full saturation of the geisile mixed with 20% oxygen:
0 O ™@ ¢ . For isotopically enriched (86%) HPF*°Xe a typical inhalation dose is
500mLO 1L, which ismixed within a lung volume & v0: 0 O Mo TOO pljul.

For the demonstrated case of optimizing 3D steady SSFP fdf°K® imaging(35) a flip
angleof |  =10° and imaginpandwidth of +8 kHz coincides with a steady statgitudinal
magnetization at the centre ofspace § 0 7¢ ) that is approximately 50% the initial
longitudinal magnetizatior(0 ). Likewise the steady state transverse magnetization for
perfluoropropane will be 50% the thermal equilibrium longitudinal magnetization using a

fully optimized SSFP sequenasnsidering that 1FT2 (133)

Table2-4: Summary ofrelevant properties of HP°Xe and TP GFs gases at 1.5T for comparison of expected
difference in relative SNRThe values shown are for a hypothetical imaging resolution of 4x4x20matrix
size=100 82 24 (0 Y ¢ ¢ 1), TR=5 ms and relaxation parameters matching tho$alie2-3.

Gas 0 * r | | 0
Pmia)|pn— SPGR SSFP
129¢e | ¢ 8 -74.0 o, T AEf ™ 0.1:0.4
LN Q70 0BT AT |6 Eq. ol
(2-61)™ 0.088Ref. (35, 134)
0.017
‘ ' T
CsFs 117 251.7 7 _ T -Eq. (2-51) Q c-Eq.(2-59) 2 -Eq.(2-78)
0.14 0.43Ref. (32)(135) 9.6
*pbased on ideal gas law at 1 aamd 300KU ¢ & p mja
| owep 0jg p-Eq.(2-62
0O 0 7¢ refers to the longitudinanagnetization at the centraldpace encoding ling, p tdr ——— 1@ in Ref(35)

Therefore, using thparameters detailed ifiable 24 in (2-77) under optimunconditions
for imaging both nuclei the SNR ratio foruivo SPGRimaging may be approximated as:

PP (2-79

YO ¥ YO "OY o’ o

Likewise, for optimal SSFP imaging the SNR ratio can be approximated as,

R P (2-80)
Y YYOU —0 —
vy U] oW T o
In summary, if two equal resolutiomentilation images are acquired within the same
acquisition time (for example, a single breatiid), one with TP fluorinated gas 4f€g) and
one with HP*?°Xe gas, the SNR of th€F image can be expected to be smaller than the HP

129 e image by the appriable rangegiven in(2-80) for SSFP imaging.
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2.10.2 Apparent Diffusion Coefficient Measurement with Hyperpolarized and
Fluorinated Gas

In healthy lungs the ADC is largely homogeneandin the peripheral sections of the lungs
diffusionis restricted antherefore bwercompared to the larger siays(86). A simple model
for the diffusion of lung acinar airways is a cylinder covered with an alveolar d&86¢
Based on this model, the MRI signal from a voxel is given by
(2-81)

YoYQ —~—T(b,0“ o _B o0 0o 7
wherelz @ is the error function© is the diffusion coefficient in the longitudinal direction
andO is diffusion coefficient in the transverse directi(88). For an applied trapezoidal
bipolar gradient the-lalue is obtained fror(lL37}

. 1 X, ¥ (2-82)
oorO‘|3~0’r‘1 3y 3~T(p3TpUT

wherel is the gyromagnetic rati@; is the gradient strength, is the gradient duratiors; is

the temporal separatidretween the leading edges of the diffussemsitizing gradient pulses
andt is the ramp up timéThe variable® 3 - may be defined as the diffusion time, which

is related to the characteristic frdé#fusion length ¢ ) by
0 1007 (2-83)
whereO is the free diffusion coefficienifThe freediffusion length characterizes the mean
distance travelled by a gas atom for a given time when unrestriaiethe typical diffusion
times used in inert gas experimentd@ ms), the mean free path affgiis approximately 0.35
mm, which is corparable with the 0.2 mm diameter of the alvedli36) Equationg2-82)-
(2-81) establish that the signal decay in diffusion imaging is highly dependent on the
geometrically dependérparameters of the lung airways. Thus, the use of imaging with
multiple interleaved kvalues has been used to characterize the effective geometric parameters,
or diffusion length scales, of this and other models (such as the stretched exponential
mode(138)) with 3He (38, 85)and ?°Xe (139), demonstrating how lung morphometisy
altered with disease.
An alternate expression may be obtained analogous to diffusion in porous med{a4®@jth
000 G Y, (2-84)

— — 0

0O P W W
whereS/V is the physiologically related surfatzvolume ratio, an@2-81) may be simplified
to:
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YOYQ (2-85)
where0 'O Gs the apparent diffusion coefficient. FOf w0 p equation (2-85) is an
accurate approximatiom tquatia (2-81), with'O 0 'O 6 This may be termed the linear
regime, or edge restricted, based on the expressi@84). In this case, the ability to probe
the lung microstructure with multiplenmlue imaging is limited, but still allows thegbing
of the S/V of the lung structure. Due to the low diffusivity af€ as well as the lowsI and
inherently low signal relative to HP gas imaging, it is not feasible to perfexivandiffusion
weighted imaging with fvalues that would place the ADoutside tk linear regime.

In diseasd lungs fibrosis changes the dimensions of the alveolar sac resulting from alveolar
wall breakdownTherefore, m patients with emphysema there is a substantial increase in ADC
levelscompared to healthy volunteessrapresented by the diagrantigure2-18. In addition,
the distribution of ADC and effective mean diffusion length scéale Y\ measured through
multiple bvalue imaging have been shown to be heterogeneous in diseaged 41)

Through multple studies it has been established that in progressive stages of emphysema
and COPD the measured ADC can increase by a factedafdnpared to healthy lungs. To
determine differences in healthy lungs (S/¢ vand ) and emphysmatous lungs (S/V
vam )0 should be chosen to result in a measurable change in eq(a8dnh Studies
with both HP®He and'?°Xe imaging have shown that comparable results are obtained through
diffusion imaging with both gas€$42)

Healthy Lungs Emphysematous Lungs

Figure2-18. Represatative diagram of typical path ghsatoms in healthy or emphysematous lungs. In healthy
lungs atoms are more restricted leading to lower ADC, while in emphysema gas atoms are less restricted leading
to a larger mean free path andger ADC.

Hyperpolarzed'?*Xe and®He have a more favourable AD@G9, 86, 99, 130yompared to
fluorinated compoundas shown imTable 23. The low diffusion constant dfuorinated gases
meanthat only with high RF power and very fast gradients can useful information beeabta
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(115) However, because of the longerdnd T. it has be shown that when imagingFein
excised human lungs it is possible to measure the ADC and show a sigrifitergnce
between normal anemphysematous lungs using imaging sequences in aneddsdoreath

hold timescale (10gP7). ADC maps taken usingerfluoropropane is shown kigure2-19(b),
which accurately reveals increased ADC resulting from emphyq86j)a However, the
maximum ADC is much reducedrly 0.022 cri/s for CsFs (86)) compaed to®He indicating
inferior potential sensitivity. This is particularly detrimental to evaluating the functioning of
structures such as alveoli and acinar airw&BC maps with*He measured in healthy lungs
vs. lungs of patients with emphysemahownin Figure2-19%a), where a significant difference

in emphysematic lungs is apparent.
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Figure2-19: 3He ADC maps in a volunteg¢left) and patients with emphysenfayo right). The maximum is the
free diffusivity without obstruction. The ADC imuch higher in emphysematic lungs than in healthy Iufiggs.
ADC maps can be compared to those usisgg@as, perfluoropropane, in (b). ADC froarlung of patient with
emphysema shown on right and from anised normal lung on the rightteproduced wittpermission from

(86)).

There are also changes in diffusion parameteasaitcur naturally due to affects such as
posture and the physiologicalakeup of healthy lungs. For example, in healthy volunteers a
22% decrease in the mean ADC witfiXe imaging was found moving from the anterior to

posterior of the lungs in healthy volunteers, which was not observed in volunteers with COPD
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(81). Furthermoe, a decrease of 24% in the supeniderior direction was also found, which

was potentially attributed toegional differences if?®Xe concentration, since the partial
pressure of gases greatly affects the diffusivity, and in a single breath thel itiiske gas

may not fully mix in the lungs. In previous works a similar gradient in ADC has been observed
in the anterior/posterior direction as well as the craniocaudal direction (although <15% in the
superior inferior direction)143, 144) which changegdepending on the posture during
imaging. Also, regions of the lung next to the heart experience compré&sst)nwhich result

in regional changes in ADC that can be observed in HP gas diffusion imaging. Furthermore,
lung inflation has a similar effect on mean ADC values, while at TLC the anfersberior
gradient is no longer observal§#s). The changes in BC dbserved with posture are smaller
than those observed with disease. Therefore, by replicating the results of previous studies
measuring the dependence of ADC on lung inflation and physiological distribution in healthy
volunteers with%F GsFs imaging tre feasibility of detecting changes in diseased lungs may be

extrapolated.

2.11 Theoretical Description of theRadio-Frequency System

The signalto-noiseratio (SNR) and spatial homogeneitgf the MR image is highly
dependent on the RF coil design. Thus depwnoh the volume coverage and sensitivity, two
different classes of coils are typically used: transmit volume coils such as a birdcage which
produce a homogeneous magnetic field in thefdidiew (FOV) and the receive coil arrays,
which have higher saitivity due to their close proximity to the ROI. In theory the transmit
and receive networks are part of the same RF system as shbigarne2-20a, but in practice
they are usually detuned to a high degree from each other during the separate trahsmit an

receive phases of MRIndcan be treated separately decoupled receivers

2.11.1 Transmit System Characterization
For thetransmit system there are thneevantfigures of merit. Firstthe mean transmit

efficiency(Hy) given by
(2-86)

where || .is the input poweand || is the perturbing RF magnetic field in equati@®27)
that results in the tipping of the magnetization into the transverse plane. Séwend,

homogeneity represented bytstandard deviation of the transmit efficieifCy) given by
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(2-87)

where the volumer encanpasses the desired imaging FOW ROI. Finally, there is the

specific absorptionate(SAR), typically averaged over 10g volumes for MR#6)
Yoy » P AAAR I T‘A.t.TAZ Qo (2-88)

© Pfomng !
wherewis at the centre of the 10g volunie] is the sample density, and the electric fidld
is for a given iput power SAR is therefore given in units of W/kg, but the value must be
related to an associated input power or mean transmit effici€heylevel of SAR that can be
deposited into theuman body is strictly regulated and often restricts the imagiraypeers
that can be used in MRI imaging sequendds$, 147)

The fidelity of the transmit signal is another important criterion for performance, but the

passive portion of the RF transmigstem (the coil and matching network) should not affect
this. Thereceive part of the network is arguably more complicated as described in the next

section.

2.11.2 Network Theory Description of Signal and Noise in Receive Arrays

Thetheory of thecoil array fa MRI wasformalizedby Roemer et a[148), but many of the
theoreical concepts and design principles of coil arrays are shared by multiplenmgtiple-
output (MIMO) antennas, which is a field that has been in development since thg 188H0s
Earlyin the developmentf coil arrays there were attempts to develaplaerent and complete
network description of the receive systé26, 150155), however it has only been relatively
recently all aspects have been able to be combined effectively.

From equ#ons (2-43) and(2-45) the open circuit MF induced on a networkf seceivers

(oy ») by the magnetization at positieawith small voxel volumew, can be approximated

as:
| phe (2-89)
Oy P g sz »l,. »
| oh»
In equation(2-89), || ¢h» is the receiver dependembmponentof the signalandis often
used interchangeabl y wilhdvhltage Is exduted in seriecB witbthd s e n

windings of the receive coils and its propagation through the receive chain is determined by

the network that makes up theceive chain as diagrammedFigure2-20a.
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The aralysis of preamplifier noise imultiport systens have been developed using S
Parameters in the field of MIMO antenna$l156-159), and also with a ZParameter
representation of thacludingmatching netwiks (160), based the on noise theory of passive
networks and preamplifie(d61, 162)
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Figure 2-20: a: Diagram of the RF system network in MiRith receive coilport network (0 7Y ) connected
directly to the Nport matching networks§ 7°Y ) with N individual preamplifier§™Y ) for each receiveiThe
transmit coil networkd 7°Y) can be modelled as coupled to the receive coil network with its own individual
matching ¢ 7Y ) b: A general circuit deematicof simple multi-coil receivearray with individual LC o
matching networks for elccoil. Coupling between coils is described by mutual resistaice)(and mutual
inductancey ) betweendt and¢ elements.

Using network theorythe wltage covariance and the sigmaltage (functionally equivalent
to the sensitivity matrixatthe outpubf the networks given by
v |'f-" Oy (2-90)

|L L5
[ o=l

where _is the voltage covariance at the preamplifier inpuhieals  is transformation of
o yto the voltage at the preamplifier input, wh"eelates the voltages at the preamplifier input
to output and they are given:by

E & E ¢ E fAx N L - (2-91)

T c%ﬁ = My = My
N ,']Fﬁ-,' 7 AT iy 7 are theN-port scattering parametexsf the array matchingnetwork and
preamplifier netwdt as shown irrigure2-20a andFigure2-20b. Thefull scattering parameter
matrices for the preamplifiers and matching networks are relatgd td T #; 1bythe block

matrix description of
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~ o (2-92)

n n
v o M
Na  Na
The covariance matrix at the preamplifieput ( _ is given by
QYL 'y 2 v 2 oy b0 (2:93)

whered w is the bandwidthand "Y,"Y and Y are the amplifier noise waviemperature

parameters (here assuming identical preamplifiersy thecombinedscattering matrixf the

matching and coil networkgven by

n N E g Ny # (2-94)
The noise figure forrmindividual preamplifier iftendescribed by163)
YO 'Y Y -
n Lo o (2-95)

YO 'Y © @)
where @ is the source admittance presented to the amplidier, is the optimal source
admittancelY is the equivalent noise resistance of an amplifirs the real part of the source
admittance andD is theminimum noise figure of the transisteb. ,'Y "O are theoft-
guoted preamplifier mise parameterand aredirectly relatedto theamplifier noise wave
temperature parameters as detailed in refer¢h6d) Thus the introduction of aise in
equation(2-93) can be seen to come from the noise from the amplifier and from the real part
of , which is related to theesistive Johnson noisntributed by the coils and matching
networks.

The noise figure of a cascaded system is gef163)
O p O p & (2-96)
O 00

where’O andO are the noise figure and gain of thestages respectively. Consequently, after

0 0

the preamplifier stage the noise cdmition from subsequent gfes areminimized bythe
ideally large gain of the preamplifier stagéhus, excluding the minor effect of subsequent
stages quations(2-89)-(2-94) can accuratelglescribe the signal and noise of the MR front
end RF receive system, as well as any sinaiteay of receivers. Indaition, the description is
put in terns of measurable and/or simulatapbrameters: parameters and noise parameters
of active devices

In most casesthere are a number of simplifications that can be ntadesduce the
complexty of analysing the systnt
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1 noise fromthe output side opreamplifiers is not coupled back into the system

"Y 1hHY 1 Thisis typically valid for low frequencies where feedback by
parasitic capacitance is minimized.

1 in equation(2-95) thenoise figure of th@reamplifiers is close to the minimum noise
figure (O ), which is equivalentte-]1 @& & 8

1 the matching networks have no loss associated with them

If the preamplifiers are assumed to add eadrsdividually to each channdbased on the
individual noise figureof each amplifierthe final noise covariance at the preamplifier output
is thengiven by

b P AEdc_P (297
wheres is adiagonal matrix containing the noise factors of the preamplifiers.

The noise contribution to only individual channels proves to be good approximation under
certain conditions, since noise introduced by the FET of a preamplifier is largely from the
thermd generated channel noise on the output side of the pream(l&é) that has marginal
coupling back to the input side of the preamplifier. Therefore, the approximation that the
preamplifier noise only affects the diagonal of the covariance matrixdemsibed in the past
(165). It has been shown previouslyath excluding active devices, the optimatigmbined
signal from an array of receirseis identical with or without the removal of couplifig6) In
theory, the active impedance of a multiportagrcan be noise matched to the preamplifier
optimal input impedance as in a single receoase, implying that there is penalty to noise
figure from mutual couplingl57) Nonetheless, The matching of array antennas can often be
done in such way thabaging does not reduce the SNR60).

A commonly employed method in the field MRI RF coil destge use of preantifier
decoupling.The concept of preamplifier decoupling canexploredby looking at the input

impedance of a single receiverkigure2-20. If the value of theLC elements of the matching

networls are defined by —— the active input impedane the colil input foreceiver

one is given by
5 01 (2-998)
L oo Ly L, Lo T
5

whered, , ig the output impegthce observedt the cd ports given as:
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01 (2-99)
LD . Q( e —Ir hX €
o &

andi s a diagonal matrix containing the values of the preamplifier input impedances. In

the case that the preamplifier inputpedances are very sma[2-98) can be approximated:as

AL AL I L n 1L "

AL AL - 01 Rk L 07

S L T

Consequentlyfor &£ , s 1 & A5 theactive impedance is the same as the impedance

of the isolated coilD ] j 'Y 0 6 ,wher€Y isthe lumped coil resistandg, is the
lumped coil inductance amal the lumped tuningapacitance shown iRigure 2-20b. Thus
preamplifierdecoupling removes the additional complication of coupling between elements of
the receive arrawhen matching and the associated coupling of noise and.signal

However, peamplifier decouplingplaces maog constraints on preamplifi@nd matching
design, and the use of highly reflective preamplifiers lessens stalhigiability in the
preamplifier results in oscillations that may be many orders of magritgder than the MRI
signal which will appearss noise and image artefactherefore, lhere is the case to be made
that the MRI arrays can be built without preamp decoupling and achieve the same sensitivity
(167).

As a final note on the network theory treatment of arrays, the intrinsic signaloéel n
covariance of the array can be stdtatthe case that the matching networks and preamplifiers
have unity available gain and add no noise, sohat kand|f  ksa

v oy (2-10)1
Qw4
whereltis the impedance matrix for the set of receivehe use of equatiof2-101) to evaluate
the sensitivity of aoil array provides the intrinsic SNR (iISNR)68, 169)

In MRI at high frequenciesthe resistance of coils/receivers is usually dominated by the loss
induced by the imaging sample due to randibbermal motion and the resulting eddy currents,
the level of which is directly proportional to the electric fields produced byettever per
unit-current. Therefore, in the case of body dominated noise there is a proportional increase in
noise with freguency for a coil of the same geome(®2, 154, 17Q) while if the loss is
dominated by loss in the windings the increase intagsig is instead related to the skin depth
effect (163) Based on this fact a naive approach to improving coil performantmevat

frequencies might be to use higher conductivity materials for coil development, however ultra
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pure copper has only a 5% higlwenductivity than normal annealed copper (resulting in only

a 2.5% decrease in resistance due to skin effect), which igibégfor the exorbitant increase

in cost. A better strategy at low frequencies is therefore double winding the same coil, leading
to square increase in the body loaded loss compared to a proportional increase in ¢oil loss.
addition, for low frequencgewhere coil loss is dominant over loss from the body cooling coils

to the temperature of liquid nitrogen (77K) can result in #ofaaf 2.8 improvement in SNR

(171) however the coils must then be contained in airtight and insulated containers.

2.11.3 SNR Conbination

The following formalism for pixelwise image reconstruction by multiple receivers follows
that presented ireferencg172) The combined signal from a set of independent receivers is
given by

(2-102)

where” is the resulting signal (pixel value in image combinationis a vector containing the
weighting coefficients an® is a vector of the signal from daindependent receiver. The
resulting SNR is given by
S — (2-103
N2 o
where is the covariance matrd53). For optimal combinatiorh{ghestSNR) the weighting

coefficients are given by

v (2-104)
where Vis given by equatiorf2-90). Using equatior{2-101) the intrinsic SNR (iISNR) for a
receive aray can therefore beated as:

QY'Y vad v (2-109

2.11.4 Electromagnetic Simulationby the Finite Element Method

Analytical solutions for the fieldsrpduced and impedance parameters exist for specific and
simple coil and load geometri€s/3) However, for the multitude of different coil designs and
geometrically complex imaging regions numerical methods must lik tasgetermine the
relevant coil releed RF parameterd.74, 175) Electromagnetic simulation methods fall into
two categories: time and frequency domain. In time domain methods the propagation and decay

of electromagnetic fields/waves from a source isitbwith increments in time that armall
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enough for a stable solution. In frequency domain methods, the stidd\solution is found
assuming a sinusoidally varyingource at a specific frequency. The objective of
electromagnetic simulation is to deténe the electric ®) and magnetiq§ ||71) fields
producedvhen the coil is excited by a source, where haedfers to the magnetic susceptibility
here rather than a magnetic momexst earlier

In this work the finiteelement method (FEM) solver HFSSused, so a brief overview of
the meéhods of FEM is provided as follow$he first step in this method is discretizing the
geometry into volume elements, by creating a mesh on the surface of the contained objects of
different electromagnetic propertiesdathen extending the mesh inside thierent objects
(178). The use of tetrahedronal elements is generally preferred due to their ve(d&@@)gnd
the simplicity ofconvertinga surface into triangular elemerfi80). Finally, to limit the size
of the geometry terminating boundariesish be introduced, these can include perfectly
matched layers, perfectly radiating and perfectly reflecting (magnetic or conductive walls)
surrounding the solution volum@81) Due to thecomplexity and intricacies involved in
forming the FEM meshand acurately solvingand applyinghefield equations iFEM space
commecial software is typically used. Thimdludes a number of different products:
COMSOL, ANSYS (HFSS), CST, SIMALIFE FEKCetc. The main purpose in using
numerical methods for coil desigs to obtain the variable§ h| for a given input
voltage/powerandZ so theanalysis presented in equatid@s86)-(2-105 can be performed.
Also, the simulategr-field is used to calculated SA&cording teequation(2-88).

2.11.5 Ultimate SNR

From equation2-103) it is not clear that if there is any limit on the SNR obtainable by
increasing the number of receivers, or by improvements in the receive design. However, it has
been shown that there are theoretical constraints on the maximuiR B&sed on
electromagnetic principles, termed the ultimate SNR (USNR). The calculation of the SNR
provides a basis for objectively comparing the performance of a receive array for imaging a
paticular region of interest. Therefore, methods for calculahiegiSNR have been developed
for simple geometries such as a cylinder or (X 182) a spherg165, 183)and even in
realistic models of the human he@®4).

The theory of the ultimate SN can be understood by looking at the general integral

equationdor the resistance, inductance and capacitance for an element in afi&8py
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(2-106)

where) ¢ is the unit current for elemeiffand the position dependent variakiesndA refer
to the permeability and conductivity,hile Aand £ are the electric and magnetic fields
produced per unit currenfFor MR frequencies and small coilse parallel/stray capacitance
can be excluded from analysis. Since the magnetic and electric fields are coupled, and in
general MRI involvesmaging a lossy bodggenerally for imaging in the >10MHz range loss
is body dominated)it can be seen that tleers a resistance associateihvihe RF magnetic
field produced by a coil, thdty the principle of reciprocityesuls in Johnson noise being
picked upby a receiver element.

To calculate the uSNR a set of infinite basis functions can be construatetdlsolutions
t o Maxwel | 6 bepatguaaimagioghgedmetny: t

(2-107)

where:: is equivalent to the weight® equation(2-103), with optimal valuesobtained by
equation(2-104) with the covariance matrix found by determining the resistance matrix by
integrating the electrical field of each baedd () in equatior(2-107) and applying equation
(2-105). For example, in the interior of a source free homogeneous mediunirateitifiear
combination of plane waves may be used give(2RY.

Pl Q BPQ (2-108

3 1 5 Q B
The set of equations to derigje and [ are given by22, 185)
(2-109

55



IS a unit vectorFor an elliptical cylinder there is an analytical solution for the mutual

and selresistances of the plane waves given by

. cOETQ Qac -~ (2-110
= — = —10 Q h
T Q Q Q¢
~ v o~ o Z < (4 4 , . - -
where Q w Q Q Q Q , U is the firstorder ordinary Bessel
function, i — w huis half the cylinder length anifc are the minor/major axis radii.

With these sets of equations the ultimate SNRagition™l can be determined defining the

Asensi tihplaneyave d@és e ac

” c71 ] (2-111)

Therefore, given a sufficient number of the plane waves the u@iNPbe calculated to a
sufficient degree of accuracy and compared to the intrinsic SNR of a receive array with

simulated values of theessitivity for each elemerft and resistance matrix < .

2.12 Practical Radio-Frequency Coil Design

With theelectromagnetic and network theory description of RF in MRI provided-flanshe
practical design of RF coils are now provided.

2.12.1 Volume Coils

To produce a uniform magnetic field within a cylinder a current density that is sinusoidally
distributed about the cylindebs surface 1is required,; a birc
conducting legs spaced equally amd a cylinder that approximatéss current distribution
(186, 187) A diagram of the birdcage coil with discrete legs and rungs is showiguime
2-21(a) with the capacitors used to tune the birdcage coil visible. The optimum current
distribution for an elliptical surface has also bdenved, which maximizes the usage of space
in the MRI borg(188). Asymmetrical designs also increases the flexibditgesign, which is
useful for multinuclear MRI where the birdcage coil must fit in #wailable space in tHeore
of the MRIscanneand be as large as possible for high performance and patient c(iBfrt
190).
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Figure2-21: The homogeneous resooabirdcage coil is shown in (a), while the TEM coil is shown in (b). ((a)
is reprinted permission frof191)and (b) is reprinted fror(92)

Transverse electromagnetic (TEM) coils approximate the same sinusoidal distribution, but
individual elements, equivalent to the legs of the birdcage, are excited individually and the
return path of the current is provided by a surrounding grountepla.the end rings of the
birdcage coil(193) TEM coils are especially suited for higher frequency (>3T) NIRX)

The phase and amplitude of excitation to the elements can be varied to optimize the
homogeneity of excitatioff195) The elements may alsbe exited with fixed phase and
amplitude as shown iRigure 221(b), where although there are 16 elements only four are fed
and the remaining are excited through inductive coufli®g) At higher field strengths (7T)

the TEM coil has better homogengiSAR (196)and SNR compared to birdcage c¢il97).

At ultra-high field arrays of elements placed around the ROI, with a geometry similar to TEM
coils, are often used with independently controlled phase and amplitude to optimize
homogeneity.Generally,for frequencies >64 MHz these transmit arrays may have better
performance, but at 64 MHesultin a significantly larger SAR196)

2.12.2 Receive Arrays

Receiver coil arrays were introduced early in the history of MRI as a method of extending
the SNR benef#t of snmall surface coils to larger fields of vie{@98, 199) Signal is received
from multiple coils and optimally combined as outlir®edRoemer et a[148). Additionally,
the localized sensitivity profiles of the coils can be employed to reduce thieeackispace
data for accelerated imagif¥R, 45) Three of the most common surface coil elements in arrays
are shown inFigure 222. The microstrip coil (geometry optimization presented18)
consisting of a long conductor and ground plane returh piing with the loop coil
(optimization of size for region presented1%5)) is shown in irFigure2-22(a). The loop coll
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is also showrigure2-22(b) combined with a butterfly (figure of) &al, whose geometry is

optimized for quadrature combinatioritiva loop coil in(200).

Figure 2-22: Commonly used coil in quadrature combination with loop coils. In (a) a microstrip coil is shown
with a loop caoil, in (b) a butterfly coil is shown withl@op coil and in (c) two loops coils are joined together.
(reproduced with permission fro(00))

Examples of array geometries typically employed are showigure 223. Arrays like those
in Figure 223(a) are useful for reducing the acquiredpgace dta in the direction of the coils
by parallel imagingas desribed earlief42). The array inFigure 223(c) provides the same
advantage for a FOV with cylindrical geometfjgure 223(b) and (€l) are variations on these
designs, while (d) is a demongtaom of using orthogonal coils that are naturally decouped
image over the same regid@enerally, forbest MRI imaging performance higlensity coll

arrays are used for receive in combination with volume coils for traifset}
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Figure2-23: Variations of coil array designs for high sensitivity and paraiging performance (reproduced
from permission fronf201))

2.12.3 Coil Design for Multi-Nuclear Imaging

Many of the principles for multinuclear coil design are exemplifieceferenceg(202) an
early study in the history of MRI that uses modern imaging ousthFirstly, the RF coils used
for different nucleineed to basolated from each othefs shown inFigure 224 the coils for
4 and #°Na are naturally orthogonal due to their geometrym@on designs of
nested/overlaid coils separately used for imagiifigrent nuclei are shown i(203), where
coils are either natwurally orthogonal or
Secondly, different amplifiers and hardware aretcved between before transmission and
reception of each nuclei ba® of the different resonance frequencies (17 MHZ & and
64 MHz for'H at 1.5T). In this case, the differentvialues ( 50 s in?*Na and 1s(204)for

H) are taken advantage of by performing interleaved imaging on the nuclei.
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Figure 2-24: Example of orthogonal coils used to image different nudidi gnd 23Na) in the same FOV.
(reproduced with permission fro(@02))

Other methods can include the desf duatresonant coils that operate at the resonance
frequencies of both nuclei. Ompecific design is a resonant ladder netw@#05) tuned to
both®*PandH using parallel induct or/P06 Podbeusedor c or
in conjunctionwith transmit coils receive coils are decoupled through the use of diode
controlled high mp e d a n ¢ Eigufe2-25a. Wihout tllese traps large currents would be
induced on the receive coils that would distort trengmit field; the required blocking
impedance provided by the traps to limit the distortion is a function of the receive coil area
(207).

For dual*°F and'H imaging a coil design employing a split resonance frequency from strong
mutual coupling was impmented in(208), allowing matching at both frequencies so that
simultaneous imaging could be performed on both nuclei with nearly identical coil sensitivity
(209) This design is especially suitedf (60.0 MHz)and'H (63.8 MHz)imaging because
of ther close resonance frequencies, but ¥Xe and!H/*He dual tuned coils a common

met hod is use of Atrapo ci r c uentfrequencke@10) al | ow

2.12.4 Dual-Tuned Coils
Figure2-25 shows two circuits used for the implemerdatof multrtuned coils. The input

impedanced of the coil inFigure2-25is given as

v - p .

., @Y W gy @

& - 5 (2-112)
b Y wW oA @
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where’Y s the series resistance of twl and0 s the coil inductance. For a muttined
coil the reactive elements andd¢ are designed so the matching condiion & =50 Y

is met at multiple frequencies.
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Figure 2-25: Various circuits used for multuned coils: the coil with tuning/matching elements used to multi
tune coils identified in red boxes (1) a generalized passive trap circuit (b) an actively switchedecdjmatst
circuit.

Figure2-25(a) shows a generalized tank cirg@fi1), which typially only employs the 1a
and Gaelementg212-214) The equivalent series resistance (ESR) of a parallel LC circuit is
higher than the ESR of the inductor alone, whike ESR of the LCC netwodhown is lower
(215) The operation of passive tank cirsufised for example fé#Na, 3P, and*H (216)), in
either matching or tuning circuitr§217), may result in coils which are comparable to single
tuned counterparts in terms of efficiency and homogel(2it§) For example, the efficiency
with trap circuis can be as high as 98% at the nuclei with lower frequ@i®). In addition,
referencg218) reports an operating efficiency of-80% and 460% for the lowerNa) and
higher ¢H) frequency nuclei compared to single tuned counterparts, respeciihédyalso
indicates the large impact loss in trap circaas haveon coil performance.

Another method employing this trap circuit topography, withexcluded, tunes the parallel
LC circuit0 and6 to the Larmor frequency of a nuclé@ihe large blocking impedance
greatly reduces induced current on the coil so separate coils tuni@tend nuclei may be
used concurrently. The combination of many such trap circuits can theoretically be used for
many multiple resonance frequenciest & significant increase in overall loss would occur as
described imeferencg212) wherea tank ciraiit used to block currents on a coil tunedtb
(63.8 MHz) at théHe frequency (48.7 MHzwhichutilized a 30 pF capacitod( and 360

nH inductor { . Forad of 150 and) of 1500 this would correspond to a series resistance
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of 2 . 33.8 WHzaBecawe of the increased resistance from trap circuits using either
method the configuration iRigure 225(b) may be preferred, despite the added complexity of
introducing DC biasing.

For the case of the diode switched capac#ioown when forvard biased the tuning
capacitors of the coil £ and G, combine in parallel, and when reverse biased onlyiC
functi onal. The ESR of a (2049 cawercahsiderably seesdhand i o d e
low quality factor inductors (egx 120 at 128 NHz in (220)). Therefore, a diode switched
circuit such as that shown in (b) will result in lower loss when comparthk circuits. Also,
the implementation of many diode switches in parallel can be used to create a wide range of
switchable frequenciesf @peration, without any additional loss when compared to a single
switch (221) However, in high power transmisgithe RF pulse may unintentionally reverse
bias the diodes and change the tuning with pulse transmission power. The next section
introduceghe use of MEMS as an alternative to diodes in the netwdfigafe2-15(b).

2.12.5 Application of Microelectromechanical Systems to Switching coils
Microelectromechanical systems (MEMs) are a fundamentally different technology from
solid-state devices because they involve moving (mechanical) parts. To be used-tamediti
coils MEMs replace the use of diodes in circugdimgies employing the stedy presented in
Figure2-25(b). The basic element of a common MEMs switch is shoviAigare2-26, where
the beam that makes up the working element of the switch is adtlwaten applied voltage
potential with the gate. Totimduce/implement MEMs in MRRF coil circuitry they must first
be evaluated against the current stHtéhe art solidstate devices such as PIN diodes and
FETSs. The figures of merit that can be used to compare typical solid state devices (diodes, FET
switches) include isolation, sertion loss, switching speed, reliability, power handling, signal
distortion, power loss, cost and implementation complexigeessitatéR systemhardware
changes. These quantities are highly dependent on the frequencgrafi@p and at high
frequentes MEMS have proven to be better than solid state de(2@2y hence their use in

many high frequency satellite and phone antenna applications.
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Figure2-26: (a) Sideview of MEMs switch. An array of these switches reduteseffective resistance. When
actuated (gate voltage high) the contacts connect and when open (gate voltage low) a high isolation is present
(reproduced with permission fro(@24) © 2012 IEEE )

There idittle room for improvement at low frequencies for the lisigdrfes of merit of solid
state device§222) MEMs still provide some benefits, such as very low power consumption
and high isolation, but their power handling, reliability and insertionitoggically worse at
low frequencies. Recent improvements ia technology involving the use of a large array of
MEMs, improved driver circuitry allowing improved switching speed and reduced arcing has
effectively eliminated these downsidéx24) MEMs switches typically require higher DC
voltages ( o ™ than PIN diodes. Also, MEMs are particularly susceptible to failure due to
electrostatic discharge, which can fuse the moving parts in place, and to stictoagkimg
from mechanical impacf225) Typically, solidstate devices are more mechaific and
electrically stable and therefore more relia(226). However, MEMS have the benefit that
they cannot be reverse biased witlgh transmission power and haveimilar ESR to high
performance PIN diodes.
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2.13 Summary and Conclusion

In this chapterthe essential basics of MRI and stafdhe art in the fields of inert gdisng
MRI and multinuclear RF coil design was established. The background provided should all
the reader to understand the motivation and results of the research pres#méallmwing

chapters of original research in thiresis.
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Chapter 3: Comparison of MEMS switches and PIN diodes for switched dual
tuned RF coils

3.1 Overview

Purpose: To evaluate the performance oficro-electromechanical systems (MEMSWitches against
PIN diodes for switching duakttunedradio-frequency (RF) coibetweent®F and'H resonant frequencies

for multi-nucleardung imagingat 1.5 T

Methods: A four-element fixeedpbhaseandamplitude transmiteceiveRF coil wasconstructed trovide
homogeneousxcitation across the lungsnd toserve as a test system for various switching methidus
MR imagingand RFperformanceof the coil whenswitched betweenhe °F (60.0 MHz)and*H (63.8
MHz) frequencies usiniylIEMS switchesPIN diodesandhardwired canfigurations wereompared

Results: The performance dahe coil with MEMS switchingwas comparabléo the coilsperformance

with PIN diodeswitchingin terms ofRF measuremest transmit efficiencyandimage SNRon both 1°F

and!H nuclei When the coilvas not switched to the resonance frequendierfespectivenucleus being
imaged reductiors in the transmit efficiency were observed o#3at the'®F frequency and 12% at the

H frequencyThe coil providedgransmit field homogeneity af12.9% at the'H frequency and:14.4%

at the'F frequency in phantoms representing the thorax with the air space of the lungs filled with

perfluoropropaga gas

Conclusion:MEMS and PIN diodewere found to provide comparable performance instate
configuration, whi¢ MEMS were demonstrated to be more suitable istafe highpowered operation
(>1 kW) with higher isolation and necessitating a lower Bching voltage than reverse biasing of PIN
diode Additionally, the benefits o§witching the lung TR coil betweenthe *°F and'H resonances was

demonstrateddespite thg@roximity of theirrespectiveLarmor frequencies.

! The work presented in the chapter has been published in the journal Magnetic Resonance in Medicnader, M.
Rao, F. Robb, and J. M. Wild, "Comparison of MEMS switca$PIN diodes for switched dual tuned RF coildidgn Reson
Med 2018;80(4):17463. Experiments, simulations and analysis on data were carried and described in the written manuscript
by AMM. Manuscript revisions performed with MR, IMW, FR
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3.2 Introduction

In nonproton MRI applications, it is desirable be able to acquiréH structural imaginghat is ce
registered to the complemtary functional imaging provided by the other nucleus, as demonstrated
previously with hyperpolarized gas lung MRI28) The motvation for this work was development of
switched duatuned radiefrequency (RF) coil designs to allow detectiohinhaled CsFs gasand *H
signals fronthelungsat 1.5T in the same scan session.

In previous human lung imaging studies with perfluoriddf€& gases, théH body coil has typically
been used with an actively decouplféB vest coil(131) The use of a coil for b *H and!°F nuclei
without duattuning has been implemented previou&¥7), but the detection sensitivity and homogeneity
wasonly optimized at thé°F frequency. Tap circuis are commonly employed tune the coil resonance
to multiple frequencie€10) usinginductive and capacitive elements in paraltwever, for'°F (60.06
MHz at 1.5 T) andH (63.8 MHzat 1.5 1) the bandwidth opassive trapsvith the typical Qfactors of
commercially available componeniss comparable to the frequency sepanatilimiting their use, as
discussed previousl§212) Anotherapproachs to activédy switchrin capacitors parallel tthe existing
tuning capacitorsisingPIN diodes, andmore recently the use of field effect transist@a8) andmicro-
electromechanicasystems(MEMS) (223, 229, 230have also beenreported The equivalent series
resistance (ESR)f thesethree devicearereported to bensignificant when compared to tiqeality factor
(0) of trap circuitinductors(eg.0* 120 at 128 MHz ir{220)), whichresulsin negligible additionaloss
For exampleyhen comparing a dudlined coil design to single tuned counterparts, SNR losses of 25%
and 50% were reported f&iF and'H, respectiely (231), while the switching employed {232)resulted
in more equivalent performance for imaging bb# and*H whencompared to respective single tuned
coils. Therefore, due to the close frequencie$foaind'H at1.5Tthe use of switching is favoed.

Recent improvements in the technoldgyMEMS switchesandassociatedriver circuitryhasallowed
increaseawitching speedbetterpower handling anteducednsertion los§224), so that MEMSwitches
have beesuccessfullidemonstratetbr coil decoupling233)and reconfigurable RF coi(226)in MRI.
A summary of typical performance parametersHais, MEMS or N diodesis presented ifable3-1,
with the specific values for the PIN diodes and MEMS components used in this Natdply, the
switching speed has been found to be limited by the driver circuitry rather than the devices themselve
(228). It would therefore be beneficial to uksv DC powerMEMS or FETSs for switching, but for FETs
the breakdown voltage is lower thanesf presentdr high power transmission pulsedjichrestricstheir
use.

In this Chaptetwo methoddor switching thematching networkuningare comparedVIEMS and PIN

diodes, andhese areompare to a harewired configuration The switching compasbn is exemjfied
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usingafour element fixed phase/amplitude transreiteiveRF coil designed for lung imaging 6H and

19F perfluorinated gases at5T.

Table3-1: Performance parameters of common switching devices: Pin diodes, MEMS and FETSs.

Device Isolation Switching Speed Current Cost Size Control Peak Stand-off Ron
Impedance (us) (mA) Voltage Current Voltage '
PIN Diode <3 pF 0.3535(228, 234, > 100 low small x 5V 10A Peak Reverse <0.3
MA4P7435F10911 235) 1100V
GaAs FETs 3.1:7.1 pF Similar to dode <0.001 medium medium x BV 2-6.3A Vds breakdown  0.280.6
(228) (228) (228) x 100 V(228) (228)
MEMS <2pF x 4 <0.001 high large 82V 5A 500 V x 0.4
MM7100
3.3 Methods

3.3.1 Componentevaluation- PowerHandling of PIN Diode and MEMS

The mechanismof actuating MEMS switches is fundamentally different to that of PIN diodédwe
MEMS used hereonsist of an array of beam type structures that operate as relays actuated electrostaticall
by a DC voltageappliedbetween the beam and g4d833) A representativeside vew of the MEMS
structureis shownin Figure3-ladisplaying the method of operation, as the switch is actuated the beams
make contact with the central conductor providangonnection between RBnd Rk in the circuit
schematic model. More details on tievice structure are provided in referei224) To compare the
large signalbehaviour ofboth PIN diode and MEMS under the higher REnsmitpower conditions
experienced in wholbody MRI, a benchtop test was set up. A pulseodulated signal of 60 MHwith
pulse duration of 0.2 ms (duty cycle 0.02%) was generated by a W3aBg? waveform generator. A
335953Picker linear pulse amplifier was used to genepatgkoutputpowersfrom 7.317 2380 W. The
output timedomain voltage waveform waseasured oa highspeed oscilloscope (DSO 18Keysight)
after30 dBattenuationTransmission to the attenuator was through MEMS switch or PIN diode placed in
series, and DC bias isolated by choke inductors. MEMS switch configuration was evaluated with the
switch in open or closegbosition,andthe PIN diodeconfiguration was evaluateglith varying reverse

bias voltages anfibrward bias currents.
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Figure3-1: a: Circuit schematic of MEMS switch used here and wafer level representative diagrams of the dglmgde

b: A circuit schematic of the matching network design employing the various switching methods. c¢: The constructed matching
network on anteriorail. d: Schematic of transmieceive coil for 19F and 1H imaging at5T with dimensions labelled.
Included in the driving circuitry is a 90° hybrid, a pair of 180° splitters/combiners, and a T/R switch. e: The coil protbtype wi
cylindrical and bag phaom used to emulate body loading.

3.3.2 Coil Designfor Switching Application

To test tke switchingperformarme, a four element fixed phased transmg@teive coil was designed for
dual tunedusefor imaging*°F (60.06 MHz) andH (63.8 MHz)at 1.5T on aGE Sigra HDx system
equipped with a 4kW broadband RF amplifierciéculaly polarizedd excitation was achievedsing a
combination of 90° and 180° hybrid circuitst were custom built for both tAel and*°F frequencies.
The circuit schematic and constredtsplitter for the 180combiner is shown iRigure2-5. The90Jhybrid

hasa similar design layout, but modified for the different lumped impedance equi(ai)t
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Figure3-2: a: Circuit schematic for lumped element-rate (hanchline) 3 dB power splitteriductance is in nldnd capacitor
values are in pH: the PCB otline andc: top andbottom views of the splittegndplacedinside the protective box

In the matchingnetwork topography shown iRigure3-1b, the capacitor vas switchedn to change
the matching tuning (resonance) of the coil from the Larmor éegy of'H to '%F by three possible
mechanisms:

(1) MEMS (MM7100 MenloMicro, Irvine, CA, USA)switched on by application of 82 V DC,

(i) PIN diode(MA4P7435F1091T, MACOM, MA, USA)forward biased with 100 mA DC current,

(i)  Hardwired configuration for either nuels.

The matching capacitance (10C package, Dali Capacitors, Daliarg)@md inductance values were;
o ¢ yp &andd W ¢ "Gor the left andight coilsandd 56 pFand0 111 nHfor the anterior
and posterior coilsasannotated irFigure3-1c. The capacitowasCs=75 pFfor all four coil elemens.
The manufactured matching networ&ge shown irFigure3-1c. RF sattering parameters wemgeasured
on the bench using an Agilent E5061A Network Analyzer (Keysights, Santa Claral €éaracterize
the loss of the matching networkbe scattering parameters the matching network wemmeasured
without the coil connected and the power loss ratio, was calculate@.63)

Decoupling between adjacent coil elements was achieved using capacitive decoupling (étéarks
The axial crossectionof the mod#ed RF coil follows the conformation of an ellipse and the topology
and dimensions of ehcoil (Figure3-1d) weredesigned t@rovidea receivesensitivityand transmit field

profile that covered the lungs of a large adult malgh homogeneity within # region of interest
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comparable to a body coilrhe widths were 25.5 cm for the antepasgterior and 30 cm for the right/left
elements coils. The coils were constructed from 11 mm wide apdl thick selfadhesive copper tape
mounted on a flexible Pdigtrafluoroethylene substrate. There were five capacitor fpewits in each

coil. For 'H imaging and RF measurementsydindrical phantonwas usedonsisting of3.6 g/L NaCl

and 1.96 g/L CuSgBH,O saltsolution (237) to represent a human load. F8F imagingtwo glass
canisters (2 lvolume werefilled with CsFs gasmixed with 2% Oy at 1.5 baipressure, whickemulates
theair-space in théduman thoraxThe glass phantoms were placed in @ndylcal shell and surrauded

with a 12L bagcontaining the sale solution and placed over another equal volume bag for suitable

loading The phantoms and coil are showrFigure3-1le.

3.3.3 Simulation

The finiteelement method solver software HFSS (ANSY Sn&@eburg, PA) wassed for fullwave
electromagnetic simulation of the impedance parametghs,circularly polarized transmit field and
the left circularly polarized field pamit-currentd  (using current sources in place of lumped ports) for
each receive elemerCoils are tuned, decoupled and matched using EM simuldti@nreportd 6

was normalized foal kW RMS input power.

3.3.4 Imaging tests

Measurementf T1 of both'H and!®F was performeih homogeneous phantorig 2D spoiled gradient
echo (SPGR) imagindrirst, the flip angle (FA) was fit againshage intensitywith varying input power
with TR >>T; (TR 600 ms fotH phantom experiments and TR 80 ms'frin GFs/O, phanton). Next,
T1was fit against the image intensity with varying,@&cording to equatiof2-50), but with TR<T; (TR
8 ms for'H phantom experiments and TR 7.5 ms'ferin GFs/O2 phanton).

To normalize the data to SNR unitetignal was first divided bthe standard deviatioonf noise in
images wasneasuredn a sgnakfree region of greater than 100 pixasdescribed i{239) To compare
the effect of the respective switcheohing methods on transmit efficiency, the RAsre measured for
'H and!°F SPGRimagingby varying input power and fing FA according to equatio(2-50) with the
phantom measurechd s 'l and'°F (reported in results sectionhen the coituning wassetto both
19F and*H respectively The corresponding transmit efficienagth known input power and pulse width

was subseantly calculated

3.3.5 In-vivo imaging
In vivo lung imaging evaluationvas performeadvith inhaled CsFs mixed with 226 O, with a healhy

adult male volunteg28 y)following informed consent and a protocol approved by UK National research
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ethics committeeThreebreathsof the gas were inhaled and thdd ¥F SPGRimagingwas performed
within a single breatiold (37 s scan timen addition, *H 3D SPGRanatomicalinagingwas performed
during a separate brealiold (13 s) of air with the lungs at the same inflation leBeth images were
localized to cover the same geometry. MEMS were used to switch between the two tuning states durin
in-vivo imaging. A summary ddll sequence and acquisition parameters used for the imaging experiments

are provided inrable3-2.

Table3-2: Imaging parameters for coil performance evaluation

Measurement  Sequence TE TR BW Matrix size Fov Mean Avg.
(ms) (ms) (x kHz) (cmd) FA
©)
HT T 2D Axial 4.6 FAfit - 600  14.76 128 p ¢ Wp 40 Tt m p  varied 1
SPGR Tifit -8
BET T, 2D Axial 3.4 FA fit - 80 8.06 30 gu p 30 gt pT 20
SPGR T.fit- 7.5
HT Tx 3D Coronal 3.1 8 ms 31.25 128 wo om 44 o0 OT 1
efficiency SPGR
F§ Tx 3D Coronal 2.1 5.1 6.94 vmtg¢pm 30 g1 QT 10
efficiency SPGR
IH i In-Vivo 3D Coronal 3.7 9.1 8.06 100 pmtmmg Y 42 1 ¢ QY 35 1
SPGR
1F 7 In-Vivo 3D Coronal 0.9 4.3 10 VMTTCPT 42 o1 QU 27 15
SPGR (75% kx)
3.4 Results
3.4.1 Coil Bench Testing

Both the MEMS when switched closed, and PIN diode when forward biased, remained operational uf
to the maximum powers tested (2380 W, or approximately 6.9 A peak current), in accordance with the
maximum values specified ifable3-1. However, as demonstratedFigure3-4b the reverse biased PIN
diode began to conduct RF power when the reverse bias DC voltage was lower than the peak RF voltag
which was not the case with the MEMS switch in the open position. However, at the mapawam
690 Vpp del i 50

suffered critical failureFigure 3-4d displays measured pulse waveforms with increasing RF power and

(equivalenttoapéa vol t age of as vered to
reverse bias of PIN diode demonstratingaaction was primarily comg from undesired injection of
carriers in the intrinsic region on the negative voltage swhdgitionally, with high powethere was an
observed droop in the voltage over the pulse length when the diode was insufficientlg eased. This
was relatd to rapid heating of the PIN diode during the RF pulse resulting in increased impedance. The

waveform observed when the pulse length and power was increased (Vpp = 648V) shows the effec
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became more pronounced and also led taceestestruction. The sam#oop was not observed in any
configuration other than with PIN diode insufficiently reverse biased, as the waveform obtained using the
same power and 3 pF capacitor in place of the PIN diode corroborates. The MEMS switcheisexsher
found to have a mamgplly higher isolation (19.4 dB) when compared to the diode (18 dB) when a
sufficiently high reverse bias voltage was applied. The power levels tested on the bench were higher tha
those expected in the scanner and with the maxin2ZkW RMS input pulse the was no observed

unintentional reverse biasing of the forwdnidsed PIN diode or failure of the MEMS switch.
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Figure 3-3: a: Measured reflection coefficients for three ports of °1Bgbrid combiner andb: transmission from jout port
(port 1) and outpt ports (port 2 and port 3) with relative phase.

The measured unloaded and loaded quality factors of coils were 165 and 14.4 for anterior/posterior coil
and 195 and 14.3 for right/left coils, respectively. The measured cataese when loaded with a
cylindrical phantom was ¢ tmfor theanterior/posterior coils andg gnfor left/right coils Figure3-1e).

The reflection coefficient obne of the coilelemens (right) whenswitchedbetweenthe °F and *H
frequencies via each of the three methodhasvn inFigure3-4a. The reflection coefficierstof all of the
elements were found to lbess than20 dB at the frequencies of interest (60.06 MHzf6rand 63.8

MHz for *H). The 90° hybrid and 180° powenvtiers used had a reflection coefficient l&san-15 dB
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for both frequencies with insertion loss 00.5 dBas shown irFigure2-10 for the 180 combiner The
decoupling between nearest neighbour coilg. @nterior and right) was optimized for tHE frequency,
where isolationwas greater than 18B for quadrature channeld was12 * 2 %for the matching

networkfor MEMS, PIN diode and hardired configurations of the coil, which was verified with three
repeated measurements.
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Figure 3-4: a: Measured right coil reflection coefficient wheoils are tuned téH or switched to'F tuning by the three
methods: Diodes, MEMS and handred. b: Transmission relative to operation in the conducting state for MEMS and PIN
diode with different reuese bias voltages c: Measurement waveforms witreasing RF power when PIN diode is reverse
biased by 15V and with MEMS in opetate. The waveform during an extended Higlver pulse with PIN diode leading to
device destruction, as well as transmissidth a series 3 pF capacitor replacing switchese displayed. The Vpp labelled
next to waveforms is the voltage measured in the forward conducting state with 100 mA bias current.

3.4.2  Transmit Uniformity and Efficiency with Switching
The measured iTof *H in the salt solution phantom was 39.5 ms, wHike T; of 1°F in the GFs/O;

mixturewas 16.6 ms. Using the flip angle mapping method described)easuredransmitefficiency
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within a g/lindrical phantom at 63.8 MHis shown inFigure3-5a andFigure3-5b, when the coil is hard
wired tuned to'H and*°F respectively A measuredeductionofx 12% in the meartransmit efficiency
and & 21% increase in the:Bnhomogeneity (standard deviationps observed when tliesonance of
coil was set to thé’F frequencywhilsttransmitting and receivinat the'H frequency. Similarly, fot°F,

the mean transmit efficiency decreased by 32% and tithBmogeneity gtandard deviatigrnincreased

by 67% when the resonance of coil was séHto

Transmit Efficiency Maps (B;//A/kW)
Hardwire tuned to 'H Hardwire tuned to °F #T/ ‘Jk:"s/

b

6.72+£12.9%

6.06+£15.6%

10

MEMS tuned to °F Diode tuned to '°F Hardwire tuned to °F Hardwire tuned to 'H

C

Figure 3-5: Measured transmit efficiency at 63.8 MHz within a cylindl phantom in central axial and coronal slices. In
measurement the coil is either tuned tdthor b: 1F frequency. The mean transmit efficiency shown above axial slices is
calculated within te volume of the circled region. c: Measured transmit efficy within multinuclear phantom tuned teF
frequency using the three methods: MEMS switch, PIN diode\waetl connection and additionally the coil tunedb
frequency. d: CorondPF ventiation images overlaid upoitd images from a healthy volwdr (male, 28 years old) utilizing
MEMS to switch the coil resonance.
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The measured transmit efficiency fibre threeswitching methodsre presented ifigure 3-5¢c. The
mean and standard deviatiofthe transmit efficiency calculated from the fitted Fénfrequatior{2-50)
is displayed above the axial images. TBdR expected with fully recovered magnetization and J
excitation, fitted from equatiof2-50), within the!®F phantonwas43.6+17.8%with MEMS, 43.4+23.1%
with PIN diode 48.7+28.1%with hardwired%F tuning andt4.6+28.6%with hardwired *H tuning. The
mean SNR changed marginally when tuning was switched #6no *H, but the standard deviation
increases demonstrating a reductionhomogeneity of th@ransmit andreceive sensitivity profile
Results of transmit efficiency and SAR simulatid46) for a cylindrical phantom and realistic human
body model with HFSS®ANSYS, Canonsburg, PAndSim4Life® (duke mode{240) (ZMT, Zurich
Switzerland)shown inFigure3-6, which substantiatdhe measured results.

"
a Coronal Axial Bl/_'V 1‘1'/;/

6.83+£11.9%

110

11.8+12.2%

Figure 3-6: a: Simulated transmit efficiency at 63.8 MHz within a cylindrical phantom in central axial and coronal slices.
Simulated transmit efficiency (UIVQa) with 1 kWRMS input power at 60 MHz using b: HFSS or ¢: SIM4LIFE useaistic

human body models. The mean transmit efficiency + standard deviation shown above axial slices is calculated within the
volume of the circled region with phantom and over the displaggibm in human body models. Greater inhomogeneity is
observedn HFSS human model due to the larger size, thereby having regions much closer to conducing elements of coil.
However, Local 10g averaged SAR for the same input power calculated by HFSS ot SMWvth the body models at 60MHz

were close at 121 W/kg an@3 W/kg, respectively.
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3.4.3 In-vivo imaging

Eight central slices ofF in-vivo lung ventilationimages overlaid on 'H images are showiin Figure
3-5c. The resulting inhaled®F CsFs lung ventilation MRI display similar SNR homogeneity to those
performed withthie phantom. SNR was found to be high enough § with the given imaging parameters
for single breatthold lung ventilation images to be obtained anereggistered with proton structural

images.

3.5 Discussion

In this study there was no measurable differendbe power loss introduced by MEMS or PIN diode
switching 0 ) when compared to a havdred connection, as would be expected from their relatively
low nominal ESR Table3-1). The lossm the matching networks is less than the insertion lossredt
across the powatividers used to feed power to the coil elements-Q053dB loss for each stage) and

primarily comes from the use of inductors, which have physically limited Q factorse Wasronly a 4.5

% difference (10.6.1.11 4j VIE 7) in themean transmit efficiency measured with the three switching
configurations, which is likely in part due to the variation ifpositioningthe phantom. This is in
accordance with other studies, which showed similar imaging performance with switch&thddatoils
when compared to singtened counterpart®14, 232) Therefore, we believe the choice of switching
method is primarily one ofrpcticality and we summarize below the salient considerations.

From a component perspective, MEM@ically have a lgher cost and occupy a larger circuit footprint
than PIN diodesPIN diodes require high DC power consumption and biasing requires multiple inductive
chokes to prevent RF currents induced on DC lines, rather than resistive neMBMS switches
typically require higher DC voltagesince their operation is based on electrostatic actyatiunh would
requirethe scanner interface to be in accord witlitage directive for medical device®41) However,
to prevent unintentional forwd biasing of PIN @des in their offstate requires higher reverse bias
voltage(235). Additionally, without sufficient reverse biasing the isolation the transmitted power-4s non
linear (242) and unsafe for device operation as it can lead to device dgstr(243), as deronstrated
here with high power pulse leading to diode burnout. The lower switching speed of MEMS switches when
compared to PIN diodes is mentionedTiable 3-1, but previous research has demonstrated MEMS
switches have adequate switchspeed for most MRmaging method$223, 244) The coil presented in
this work was body loaded with low Q facter14) and switching was only applied in the matching
network, so expected losses were mivih either method of switching.

In this study, matching the coil tdhe correct frequency reduced the reflection coefficient frehdB
to <-20 dB which corresponds to ancreasd meantransmit efficiencyand homogeneity at tHé& and

4 frequency. Therefore, a clear advantage of the use otuhiat was identifieddespite the relatively
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close frequencies. Nevertheless, in situations where the required scépemafging is limited, e.g. for
initial localizer imaging or lowesolution structural lung imaging in the sabreath, acoil optimizedfor
19F frequencycould besufficientfor *H imaging. The limiationsof using the coil in this manner depand
on the loaded quality factaf the coil, which primarily depends on the physical dimension of individual
element/loop

Although the primary theme of the work wih® switching comparisothe °F perfluoropropane lung
image qually obtainedvith thetransceivecoil at 1.5T is enaaraging, ad.5T mayhavepotentialbenefits
over 3T for this applicatiom termsof reduced SAR and longd@e" of the gasem vivo.

3.6 Conclusion

The losgsintroducedby switching a duatuned coil betweed®F and'H with either MEMS or PIN
diode switches was found to be not measurably different to the losses experienced wttiredrd
connections. Moreover, the MEMS switch did not fhilring high RF power pulsingrherefore,we
believeMEMS switchesaresuitable for use in high power transmitls@and may be used in applications
which currentlyemployPIN diodes or in IR switch networks fodual tunedMRI coils.
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Chapter 4: An 8-element Tx/Rx Array Utilizing MEMS Detuning
Combined with 6 Rx Loops for'®F and *H Lung Imaging at 1.5 P

4.1 Overview

Purpose: To improve the attainable image sigtainoise (SNR) of'®F and'H CsFs lung
imaging at 1.5T usingn 8element transmit/receive XIRx) arraywith a 6-element receive
only array

Methods: An 8-channel TRRF coil array was designed utilizinlEMS switches for
broadband isolation of Tx/Rx circuitry f&H and'°F imaging at 1.5T. A additional 6 receive
only loops were adde®x decoupling and switching performance was compared to the use of
LC traps with diodes anigsted in the MR scanner systdma phantommeasured SNRvith

'H and!®F imaging were compared with simulated receive sensitivity(fpthe TR array
operating with fixed phase transmission/recept{opwith the optimally combined signal of
the TR array, and(iii) including the 6 receivenly loops. The transmit efficiency and
homogeneity was measured/simulated fdrimaging in a cylidrical phantom and imivo
19F'H imaging. Theoretical considerations of the SNR were investigated by compartsen t
ultimate SNR.

Results: A measuredMEMS switching speed of 12 [@nd isolation between the 8 Rx-oall
ports and 4 superior/inferior k@air Tx ports lower thar30 dB wadound to be sufficient for

Tx/Rx switching. FortH imaging themeasured transmit efficiency/homogeneigi(¢ ¥

NQw ¢ 1Pwas comparable to simulateg® ¥ WQ® ¢ R The transmit field
variation was meased as 17.5% fot°F in-vivo lung imaging. The mean increase of the
simulated receive sensitivity withindhvolume of typical human lungs was 2.6x for the 8
element array compared to operation as a single transceive element. The adfitenent

only loops led to a further increase of 1.39x in simulation and 1.36x in measurement.
Comparison of simulatioand calculated ultimate SNR (USNR) showed that a further mean
increase of 6.57x throughout the lung region is theoretically possible with an edcreasber

of receive elements, but in regions central to the body theleldent array achieves >=75%

of theuSNR.

Conclusion: Thedescribectoil arrayimprovedimage resolution and/or SNR obtainable with

19F ventilation imagindo a level that approach#setheoretical limitsn the cente of the body

°The results ofhis chapter will be submitted to the journal Magnetic Resonance in Medicine. All experiments,
simulations and analysis on data were carried out by AMMia. Imaging assisted by PH. Manuscript revisions
performed with MR, JIMW, FR.
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4.2 Introduction

MRI of inert fluorinated gases is a developing method for pulmonary ventilation imaging,
but image quality is constrained by low spin dengit®.37x13° atomg¢cm?®for gaseg99) vs.

x 6.62<1072atomgent for *H) and short T (< 3ms(126)). Thereforejn-vivo image resolution
attainable within a single breattold is limited.

Most commonly,’F lung imaging has been performed with the use of sicigdanel
transmitreceive (TR) coils(131, 215). Receive arrays provide improved SNR, while
maintaining a large field of view (FOV), by combining individually received signals from
multiple isolated smaller RF coild48) Therefore, the use of a receive array fr lung
imaging, as in referencd23), is critical to facilitating the acquisitionf cnigher resolution
ventilation images. Additionally, an emerging methodin¥estigating ling functionrelates
the change ifH signal with different inflation volumeg46), based on algorithmic analgsi
and Fourier decomposbn methods(247) with registered imageg248). Therefore, the
improvement of'H imaging with the use of an array for bdflr and'H nuclei would be
beneficial for the combined investigation of complementary methods of lung imaging

However, he commonly used combination ofba&dcage coil and receive arrdmas two
potential disadvantages for the applicatior%flung imaging:

i.  The patients participating in ventilation imaging often have debilitatorglitions,
such as COPD or Asina, so patient comfort and minimizing timeespin the MRI
bore are high priorities. A body sized birdcage coil within the scanner bore is
cumbersome because it restricts patient movement in the bore, reduces available
space for a nested receive arragl arcreases setp/removal times.

ii. A large®F birdcage coil will couple strongly to the integrated systehbody coil
and any'H/*F receive arrays. The close proximity of tHe andH resonance
frequencies also mean that isolating the different cdilbath frequencies with
conventional strategsels challenging249)

For these reasons, in this work afel8ment array is designed as a TR array at 1.5 T;
combining the receiver (Rx) elements in transmission (Tx) with a distributed tranesmive
switching network. Mcroelectromechanical systemsEMS) have been proposed as a method
for decoupling coilswvith a number of advantagés.g. broadband operation, low DC power,
fast switching223, 226, 229)over the strategy of utilizing tanks circuits enaldbg pin diods
(233) Therefore, ® protect he receive chaifrom couplingto transmit power the MEMS
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switches were incorporated in the receive detuning netwdwkbroadbandature ofMEMS
means thathe coilcan also baised for'H imagingwithout anyadditional circuit With this
method the issiof coupling between Tx and Rx coils for both frequencieSFoindH is
mitigated. Therefore, the@ement array is operational for combirtéé and'H lung function
and structure examinations.

The propose 8-element TR array is designed for reasoeat@nsmit homogeneity, and thus
has limited sensitivity in receive to central portions of the lungs, bordering the heart. A targeted
receiveonly array combined with a TR array has been shown to improve eesensitivity,
without interfering with the ansmit performanc€250) Consequently, here adement
receiveonly array is added. Decoupling is provided by series active detuning using LC traps
and PINdiode switching for bothH and*°F frequencies.

In addition to practicatonsiderations, there are fundamental limits on the ultimate SNR
(USNR) obtainable through increasing the number of receive channel&@oil82, 183)The
USNR at the center of an object is quickly approached by increasingrtiinof elements
on thesurfacg169), as found for objects that resemble the {&&8)(a sphere), or torgd.82)

(a cylinder). Therefore, the performance of the designedldment array was compared to
uUSNR from simulation to assess the performancarbpbjective referencend explore the
potential for future improvement 8fF lung imaging by more complex receive coil array
design. Finally, 3D isvivo fluorinated gas ventilation images and structticeimages were
obtained, demonstrating the achieleainage quality with aoptimized image sequen(2s1)

and the designed coil array.

4.3 Methods

4.3.1 Coll Array Design

The printed circuit board (PCB) design schematic for the flexibddeBent TR coil is
provided inFigure4-1a, with the labelled dimensionslaseted to be suitableof the majority
of adult body sizes. Adjacent coils were decoupled by critical ovewage capacitive
decoupling(236) was used to decouple superioferior pairs. Additional decoupling in
reception was provided by low input ingance preamplifiers (p® Y for WanTCom WMM
series, with measured noise figure gf®dB for bothH and°F frequencies(252).
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Figure4-1: a: Layoutschematic andimensionsof 8-element TR array with coils, 18@ouplers andC bias
lineslabelled b: A circuit schematic of the matching Tx power splitting andRxdecoupling circuitry used for
superiorinferior coil pairs Two methods ofsolatingRx circuitry are comparedc: MEMS with switches open,
or with PIN diode forward biased producing athimpedance with the LC trap

The circuit diagram for matching and decoupling superiosinferior pairs is provided in
Figure4-1b. Matching for both Tx and Rx was performed with lumpetvorks made up of
the labelled and0 circuit componentsTx-Rx decoupling and transmit power division is
also provided for superianferior pairs in the same network. There are two potential
mechanisms that can be employed to provide detuning as shéiguie4-1c. For e Tx/Rx
detuningthat employs MEMSthe MEMS is switched opeduring transmission and the
intrinsic capacitance (2 pF) provides a high blocking impedance. For the detuning method
employing PIN diodes the diode figure4-1c is forward biased introducirtged inductor
into the circuit, which forms a high impedance with the capaditorin transmission the PIN
diodes presenfigure 4-1b are forward biased to enable operation of transmit circuitry and
further protect the receive preamplifiers duribg

For the 8elenent TR array he transmit power delivered to the four coil pairs was split
equally using lumped element hybrid couplers, providing the phase necessary for circular
polarization, as diagrammed on the HFSS simulation model for the con®alechent TR
arrayand 6element receive array Figure4-2a. The geometric model of theddement array
is shown inFigure4-2b. The location of the lattice baluns used for matching and detuning LC

traps switched during transmit (two tuned to 64 MHz &wal tuned to 60 MHE included for

81



each coil) are labelled’ he constructed-8lement TR array PCB is shownkigure4-2c while
unfolded with a torso shaped phantom placed onGopipling between receiver coil cables
and the coil itself during transmitlisnited significarily by the cables running primarily along
an axis of symmetry along the middle. Interaction with volunteers and cables are avoided with
additional foam padding.

25cm 3 cm ~13:2.CM, *Diode

a b G e =
W EE e Switched
208 om 16.8 cm } " J “‘ \ LE TrEp
I -
i& ‘ | | | ‘
| | - | | *%)/4
1 . - EEs - HLattice
| | Y | O ok [ S e o+ Ik =
E g : & Balun
~ =
I
N\ !
\
=
1809 |180°
L ggel]

Figure4-2: a: The simulation model of both@&@ement TRorange)and 6element receiv®nly (yellow) array is
displayed with locations of coil excitation labelled with power/phase division shown schematicatizSS
simulation model of 6-elementreceive onlyarraywith dimensions labelled and location of LC traps forRx
detuning and lattice balun for coil matching indicatedThe constructed coil PCB is shown witlhaman torso
sized phantom positioned on the coil.

Measurement of coil Rx and Tx matching and cmgpbetween coils is performed when the
coil is DC biased ithe appropriate state with the preamplifier stage bypassed arAgilent
E5061A Network Analyer (Keysights, Santa Clara, CA homebuilt cylindrical phantom
(15.5 cm radius and 42 cm heipiwas usedconsisting 0of3.6 g/L NaCl and 1.96 g/L
CuSQit5H,0 saltsolution(18)to represent a human load.

4,32 MEMS Switching Voltage Up-conversion

The particular MEMSswitch employed requires 82 V between the beam and gate to
transition between the fiono and fAoffo state.
a +5 V DC bias voltage on the signal line of the receive channels to control treesane
switching.To exploit the new MEMS paradigm of switching the MRI system electronics must
be modified and high voltage switching functionality must be added.
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Thesimplified circuit schematic shown Figure4-3 shows the PCB blueprint of the method
devised for contriovoltage upconversion from 5V to 82 V. The constant 10 V source provided
by the system is uponverted to 82 V using a FAN7085 switching voltaggutator, which
constantly monitors the 82 V output voltage and switches a BSR92P BJT to regulate the

voltage.
+10V +82V__
| —
e Tl  INverting ._rrm_IHigh_thage
vecl  Driver Veel  Driver

— JTTTL| MCP416T
MC Bias IN ouT IN] FAN7085

sV \ 10V _ 82V | 8oy

-svw_ Y, Rx| T | 72VW_ Rx| Tx | oV

Figure4-3: Simplified circuit schematic of voltage up conversion circuity to convert 5 V control voltage to 82V.

433 MEMS PerformanceTesting

The operational consistency of MEMS switching was demonstrated using a test circuit
consisting of a bias sighemulating system default signals, the MEMS driver and a RF source.
The bias signal and RF source (2 MHz voltage sigaibered to the RF pins of BMS) were
provided by aNS8352Taber waveform generatorvhile aKeysight DSO 104ascilloscope
was usedd measure the outpuurther, MEMS switching was also measured while scanning
(on the1.5T GE HDx Signa system) to verify the switching operatiohe Transmission
between the Tx and the Rx port of a single coil was measured to determine the isolation
provided by the MEMS

MEMS switching was also measured while scanning orl th€ GE HDx signa system to
verify the operation. Testing in the MR systeansisted of using thEeysight DSO 104a
oscilloscopdao measure the induced RF and DC voltages on the Rx input of a single coil, the
Tx input to the &lement array and on the MEMS DC bia®liat the point of connection on
the coll array.

This measuremewas performed with the 50 oscilloscope directly connected to the Rx
port, so the expected voltage induced on the preamplifier ports is expected to be less with the
low-input impedance anddditional PIN diode forward biased in Tx mode by an amount

appoximately given by
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where'Y s on the resistance of the forward biased pin diode included for safetg) (b2 is the

input impedance of the preamplifier (Igp, @ is the voltage measured with the oscilloscape

is the capacitance of the MEMS when switchedrd@ pF)andw is the expected voltage across the

preamplifierinput terminals. Equatio(-1) is valid as longas——| & 8

434 Simulation

Simulation is carried out for each element as described in s&#dSimulation of transmit
efficiency was performed with ideal power division/excitation maghhat inFigure 4-1b.
Simulation of transmit efficiency is performati64 MHz and 60 MHin a cylindrical phantom

with dimensions andlielectric propertieq- X ¢and,  0.8S/m (54)) matching the
measurement phantoihe simulated was used to calculate the intrinsic SNR (iISNR) with
the coil either acting as a single TR coil or as receive array with the iISNR calculated
usingequation(2-105). To emulate a single coil the fields were combined with a fixed phase
corresponding to the ppste circular polarization of that in transmission, while for a receive
array the weights for optimum combination usesidescribed by equatio(2-104). The
optimally combined iISNR of the array was compared to the ultimate SNR (USNR) as calculated
in sedion 2.11.5within a phantom equal in size to that of the simulated cylindrical phantom
The fields from a planevave basis set with the first 400 plawave field modes was used to
calculate the uSNR as detailed in Chapté&2).

Noise introduced in theeeive chain by lossy passive elemeatsithe preamplifiersvas
approximated as described by equat{@®97). To more accurately match realistic MRI
conditions a 1.5 dB noise figure was added to each individual channel in the array due to
preamplifiersand2.5 dB for the single TR element for an additional 0.5 dB noise figure from

each of the two additional stages of power dividing circuitry.

4.3.5 PhantomlImaging

Coil receive and transmit performance was evaluated with the designed coil operating as (i)
a M-element array, (i) &lement TR array, or (iii) with the receive cables and preamplifiers
in Figure4-1b removed so that the coil acted as a single TR element. For the purpose of this
study the receive sensitivity and transmit efficiency in the phamtera compared at thtH

frequency (64 MHz), which should be closely applicable at¥aérequency (60 MHz) due to
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the relative proximity of the two Larmor frequencies. Mismatch at‘dhdrequency was
expected to slightly reduce the transmit efficiency &odiogeneity(255) However, for
receive sensitivity the potential difference in the preamplifier noise figure due to mismatch was
marginal(163) Flip angle (FA) mapfom the cylindrcal phantom were generateditmaging
usinga 3D spoiled gradient echequence (SPGR) with previously measured3B.5 ms),
varying input power and fittopto the SPGR signal equation:
"p Q T OE® (4-2)

., P QTAT@G
where” is a proportionality factor that depends upystem hardware and the TE, which was

“y

fixed (256, 257) The noise standard deviatigrjis included to scale the signal to SNR units.
The standard noise deviation of noise in images was measured in grg&gmabion of greater
than 100 pixels as dadweed in (20). The factor”/, represents the potential image SNR
allowing for fully recavered longitudinal magnetization prior to excitation, and is therefore
used to represent receive sensitivity.

The FA in the cylindrical phantom was related to the transmit efficiency by
"00 Y paﬂb 6p (4'3)
. @0Q0 Vo Qo
where the voltage wavefor V(t) input to the coil by the MR system was measured by

oscilloscope, while adjusting for cable loss and an additional 60 dB attenustohin
measurement. Imaging sequence parameters for FA mapping and the later detailed imaging
experiments are detad inTable3-2.

Images from the array were optimally reconstru@edording to the method described in
section2.11.3

4.3.6 In-Vivo Imaging

In vivo lung imagingvith inhaled GFs mixed with 21% Qwas performed in a healthy adult
volunteer(29 years oldwith the 8element TR array combined withedbement receive only
array following informed consent and protocol approved by UK National resela ethics
committee Prior to breatkhold 4 deep inhataons were taken of the mixture to fully saturate
the lungs. At1.5T optimized SSFP imaging of s provides improved SNR over the
commonly used SPGR sequences by a mean fac¢tdt.@fvith in-vivo imaging (see Chapter
6) (251) and is therefore employdtere. Additionally, for a more accurate comparison
hamming filter was applied to-space as in referencéis31, 258) so that SNR was higher and

could be accurately measured throughout the lungsimelgA mapping was performed-iivo
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by acquiring three8D SPGR sequences within the same brbatd and nearly identical
imaging parameters, but with varying RF pulse amplitude. The actual FA was subsequently
calculated pixelwise according to equat{@f?) based on the different in image SNR obtained.
Findly, using the TR array ctocalized 'H anatomical (15 second bredthld) and°F

ventilation imaging (the average of two 16 second brkattis) was achieved.

Table4-1: Imaging parameters for phm and iavivo SSFP and SPGR performance verificatioth CsFs

Measurement  Sequence TE TR BW Matrix size FOV Prescribed  Avg. Tow
(ms) (ms) (* kHz) (pixels®) (cm®) FA (°) (us)

15T

Phantom Imaging
'H FA mapping 3D SPGR 4.5 10 3.97 T Vg OO TY o@ OO 5-42 2 872

phantom

In-Vivo Imaging

FA mapping 3D SPGR 2.2 30 3.01 o¢ QT pTI TMo¢ omn 26/52/77.4 2 832

'H anatomical 2D SPGR 1.8 130 42 PMTMPMTMGCT TTTT QY 30 1 800

9F ventilation 3D SSFP 1.9 5 95 TMOT QT TMOT QT 77.4 8 832
4.4 Results

For the matchednd tuned &lement array low reflection loss:{S-15 dB) and low coupling
(S21<-15 dB) between superior and inferior coils was measured, as shéigune4-4a for a
single supericinferior coil pair. Anterior, posterior, left and right coil pairs pérformed
similarly. The reflection coefficient at the Tx port of the anterior coils is shown Higure
4-4b demonstrating very low reflection loss-28 dB). The isolation between preamplifier
inputs and the Tx input of supermiferior coils provide by Tx/Rx detuning is shown in
Figure4-4c. The baseline isolation is measured when the Tx diodes are forward biased, but no
Rx detuning is employed. The isolati provided when the two methods of detunarg
employed, MEMS or PIN diode, is compared Higure4-4b an additional >20 dB isolation
between the Tx input and Rx ports of one of the coils in thle®ent TR array is added by
the MEMS to the inherentagation of 12dB. It is observed that although MEMS provides more
broadband isolation, the isalon provided by PIN diode detuning is higher at'flfeLarmor
frequency. There is an additional 6 dB of isolation expected to be pddwdihe additional
two stages of power division. The impedance mismatch between the preamplifief$ &hé
50 Y mipedance of the vector network analyzer (VNA) further increases the isolation in
practice Furthermore, additional detuning from the switching of PIN diodeaardramplifier

input also protects preamplifiers. Therefore, the isolation provided by theSvdgtining is
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sufficient and there is nsignificantdifference to be found in the performance when detuning

is provided by MEMS or by PIN diode.
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Figured-4: a: Scattering parameters measured at the preamplifier input ports of the anterior supeénifariand

coils. Sisis the reflection coefficient for the superior c@lsis the reflection coefficient for the inferior coil and

Sy is the tranmission coefficient for superior/inferior coils: Reflection coefficient at the anterior coils Tx port
when Rx circuitry is decoupled: Transmission between Rx port of superior anterior coil, with preamplifier
bypassed, and input of hybrid coupler feeding Tx ports of anterior coils with no detuning, or with detuning
provided by MEMS or PIN diode detuning theds. Further isolation is primed by the low input impedance of

the preamplifiers compared to the $Qort impedance of the VNA used in measurement.

87



The performance of the MEMS driver and MEMS state switching is preserigpine4-5b.
The MEMS showed a 15 ps delay when switchinmto receive (low impedance) state and
x 12 us delay when switching toansmit (high impedance) state. In both cases approximately
4 us of this period is attributable to the MEMS switching itself and the remaining delay to the
driver circuitry.

During meaurement of the MEMS biasing within the scann€igire 4-5c-e) it was
observed that the delay between Tx pulse and start of signal receive is significantly longer
(>v 1t ) than the MEMS driver switching delalyurthermoreFigure4-5b demonstrates the
voltage induced on the MEMS DC bias line by the high power Tx pulse is small compared to
the 82 V switching voltage. Also, the RF voltage induced on the Rx portg abtls is low
enough (<5 Vpp) to avoid damage with a given approximately 2 kW peak paiser(voltage
waveform shown ifFigure4-4e). This measurement was performed with th¥ B8cilloscope
directly connected to the Rx port, so @ualexpected vdahge induced on the preamplifier

ports isexpected to be <20mVpp according to equatibm).

88



a 1ox 10, 10 10x
g 5 "_L_? g
& - WAAA )
;f ‘<-,[ —‘E -5 b
> -10 > -10
-20-15-10-5 0 5 10 15 20 -20-15-10-5 O 5 10 15 20
Time (us) Time (us) |
10 10x | n
75 [ ] Ine
5
2.5
0 —
>C>-2.5
= —RF 1nput
-7.5 —MEMS Bias
10 —Switching |
0 05 1 15 2 25 3 35 4 45 5
Time (ms)
b R .
75 o | antm—
65 MEMS DC
= 55 |
o 45
S 5
5 \ T —
-5 CALLAEALL A A
3 [RX Input [
S 2 p— i VV V T —
\g.;n Cl) e e ||Hu|| Hi\\ | “|‘ ‘“ H H “ ‘ “ “ ‘ “ H “ “ || w h I‘J|| it
& -1
<3
-4 ‘
=5 vt Iwm"‘"*‘m-nm
-6
322 Tx Input m m
% r ”
% i,
£ %2?% . n ’x".‘.'u"l*’W“ﬂ“Ul'”ll“H||HH ‘ “ ‘ ““ M“H"ﬂf SRl
£ \H“ “ i
iz ‘ ’ 1
59 ML
-325
0 0.5 1 2 5 3 35
Tlme (ms)

Figure4-5: a: Driver circuitry used for converting coil TRx biasing voltage to regulate 82 V required for MEMS
switching.b: The switching performancegeof MEMS devices and driver circuitry together demonstrated with
oscilloscope measurements of voltage waveforms across ports of MEst&nner measurement of MEMS bias
switching, receive coil preamplifier port isolation and transmit input.
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Figure4-6: a: Simulated tansmit homogeneity at tHél frequencyin axial, oronaland sagittaklices within a
cylindrical phantom. The mean and standard deviation of transmit efficiency is displayed above the axial slices.
Also depicted is the measured transnoittogeneity in a cylindrical phantom for the coil actindpaa sirgle TR
elementc: an 8element TR array, al: as the TR array with additionaléement receive only array included

(total of 14elements). Sagittal slices are taken through the cenesabf lung region that is outlined in transmit
homogeneity maps. Line art is the location of a typical lung.
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The smulated transmit homogeneity in central coronal, axial and sagittal slices are shown
for the cylindrical phantomHgure4-6a). Measurement selts in the cylindrical phantom are
displayed: for case (i) when the coil is acting in single TR configurafiigu(e4-6b), for case
(i) with the 8element TR array configuratiorrifure 4-6¢) and for case (iii) with the-6
element receive only arralsoincluded (14 elements in totalfriQure4-6d). The simulated
field maps are normalized to the mean transniitiehcy, measured a (uT), for a 1 kW
RMS input power, found within the exemplified lung volurhesses in the power dividers of

x 0.5 dB were measured for each of the three power divider stages, resulting in the lower
transmit efficiency in measuremigfor case (i), single TR configuration (6:83WQcx20%),

when compared to simulation (7:45WQc*20%). The measured trani efficiency was

lower and less homogeneous in case (i), theleghent TR array configuration
(6.28 WIQak25%), and also sihtly changed in case (i), when theeBment array was

included (6.79 TWIQax26%), which indicates minor coupli/loss with the receive circuitry
(cables, preamplifiers and MEMS detuning) and possible effects from changes in positioning
between imagingessions.

Coil sensitivity maps are presented Figure 4-7a for the 14channels. No significant
coupling is evignt between the coils as represented by the varied and largetyadapping
regions of sensitivity, which is further corroborated by tive hoise correlationd={gure4-7b)

(generally 9©.25 between individual channels.
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Figure4-7: a: Individual semsitivity maps for coils shown as axial slices through the cesfteach coil with a
cylindrical phantom and: measurechoise correlation matrix for the dglement array
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The measured receive performance in a central axial and coronal slice of the aaflindri
phantom, (characterized by thg, in equation(4-2)), areshown for the single TR element,
8-element TR array configuration and with the additionalednent receive only array included
(14-receive elements) is shown Kigure 4-8a-c. Also, the simulated receive sensitivity,
characerized by equatiof2-50)) for the single TR element-&8ement array and idlement

array is presented figure4-8d-f.

Measured Receive Sensitivity Simulated Receive Sensitivity Increase in Receive Sensitivity
Transceive (Fixed Phase) Transceive (Fixed Phase) g 8-element vs. fixed phase

4763+23%

14-element vs. 8-element array
1.39+0.48

8-element Transceive Array

9925e+40%

14-element Array )
i
0.414uT//a+36.9%

0 02040608 1 12141618 2 0 0.10203040506070808 1 1 15 2 25 3 35 4
SNR x10% Receive Sensitivity (u7//q) Ratio of Receive Sensitivities

Figure4-8: The measured receive sensitivity for three different coil configuratioa cylindrical phantom for

axial and cororisslices are presented as folloves:the coil operating as a single TR eleméntpperating as an
8-element TR arrayg: or with the 6 additional receive elements (total of 14 receive elements). The simulated
receive sensitivities in a cylindrical phantaare also presented for the same three configuratiortsfin The

ratio of simulated increase in receive sensitivity is showigftie 8element TR array compared to the TR array
acting as a single transeer element anth: 8-element TR array with aitional receive éelements compared to

the 8element TR array alone. Additionally,the uSNR is compared to the combinedl@ment TR array and 6
additional receive loops (total 14 receive elemerfhe mea and standard deviation of the presented maps
within the outlined lung volumes, are labelled above the axial slices.

The measured mean increase in SNR using theleéiment array ovethe coil single TR
configurationwithin the outlined lung volume is sidicant (a factor of 2.8 increase); it was
slightly larger in simulation (a factor of 3.4 increase), which may be a product of slightly
different imaging conditions as the coil is changed between imaging sessions. Also, in
simulation the 14lement arrayesults in a furthet.39 factor increase thatosely matches

the measured increase of 1.36. A large increase is observed in the central area of the lungs
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(Figure4-8h), where the &®lement array has low sensitiviljhe comparison of the optimally

combired iISNR to uSNR ifrigure4-8i demonstrates #t in central portions of the lung volume
x x v bof the uSNR is achieved with the -Bfement array. However, at the periphery
significant increases in SNR may still be achieved with increased receiver element count.

In Figure4-9a a lower FA is observed the inferior region of the torso, since thel eeas
positioned more superior than in simulation with the volunteers arms raised above the head.
However, the observed-wivo FA homogeneity is still 17.5%, which is better than the 20%
simulated within a dyndrical phantom igure4-6a) due to the aaly conforming better to the
shape of a human torso than that of a cylinder. The ability to obtaigsteredH structural
and*°F ventilation images is demonstrated with the coronal ventilation slideigime 4-9b,

and coronal anatomical sliceskigure4-9c.

4.5 Discussion

The use of MEMS in MRI RF coil design is a relatively new developr(#2f), and has
requiredimprovements over previous MEMS switchésamely: higher standoff voltage,
simultaneous hig beam reliability with high conductancend nonrmagnetic desigr{224,
233). In subsequent applications the MEMS device has been employed for detuning in receive
arrays(233), coil duattuning (257), reconfigurable coil array@29), wireless power tranef
in the MR system(259) and coils for B shimming (260) For the first time, this study
demonstrates the use of MEMS in the Tx/Rx detuning of a transceive Hned/pis delayof
the MEMS switch used here is minimal, but the driver circuitry employdd ad additional
11 us. This delay is small when compatedhe 50 s reported in earlier performance testing
of MEMS for MR application$223), and is sufficiently short for the ultshort TE (UTE) and
zero TE (ZTE) sequences expected to be employahéming®SF (98, 258, 261and*H (262,
263) in the lung. Further improvements in driver circuitry are therefprebably not
necessary. Also, using individual transmit switching for each superior/inferior pair in the circuit
topology eased constraints dhe isolation required for each channel. Consequetitéy,
method of using MEMS with the MR system established here introduces many new

opportunities for multtuned coil design.
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Figure 4-9: In-vivo ventilation and cdocalized anatomical/structurabth sets acquired in the same imaging
session with the dooperating as a télement array are displayed as follo@s2°F FA mapsh: SNR maps of
the 1%F GFs ventilation imaging using 8D SSFP sequencacquired in two separate bredtbldsandc: *H
anatomical/structural images measured with a 2D SBé€sfdence.

However, there are still a number of barriers tarthgineuse of MEMS in coil design. First,
the MEMS employed here are still rare and expensiven compeed to PIN diode$>£200
comparedd <£10 for the devices used in this ChaptEdrthemore, the activation voltage is
still much larger than that easily provided by an MR sys¥&f@a.overcame this issue with a

driver circuit that operated as a sigp voltage transformef.he MEMS employedhere also
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