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Abstract

Conventional magnetic resonance spectroscopic imaging (MRSI), also known as

phase-encoded (PE) chemical shift imaging (CSI), suffers from both low signal-to-noise

ratio (SNR) of the brain metabolites, as well as inflexible tradeoffs between acquisition

time and spatial resolution. In addition, although CSI at higher main field strengths, e.g.

7 Tesla (T), offers improved SNR over clinical 1.5T or 3.OT scanners, the realization of

these benefits is limited by severe inhomogeneities of the radio frequency (RF)

excitation magnetic field (B,+), which is responsible for significant signal variation within

the volume of interest (VOI) resulting in spatially dependent SNR losses.

The work presented in this dissertation aims to provide the necessary means for

using spectroscopic imaging for reliable and robust whole brain metabolite detection and

quantification at high main field strengths. It addresses the challenges mentioned above

by improving both the excitation and the readout components of the CSI acquisition. The

long acquisition times of the PE CSI are significantly shortened (at least 20 fold) by

implementing the time-efficient spiral CSI algorithm, while the B1 non-uniformities are

corrected for using RF pulses designed for new RF excitation hardware at 7T, so-called

parallel transmission (pTx). The B1 homogeneity of the pTx excitations improved at least

by a factor of 4 (measured by the normalized spatial standard deviations) compared to

conventional single channel transmit systems.

The first contribution of this thesis describes the implementation of spiral CSI

algorithm for online gradient waveform design and spectroscopic image reconstruction



with standard clinical excitation protocols and applied in studies of Late-Onset Tay-

Sachs (LOTS), adrenoleukodystrophy (ALD) and brain tumors.

A major contribution of this thesis is pTx excitation design for CSI to provide

spectral-spatial mitigation of the B1+ inhomogeneities at 7T. Novel pTx RF designs are

proposed and demonstrated to yield excellent flip angle mitigation of the brain

metabolites, and also enable improved suppression of the undesired water and lipid

signals.

A major obstacle to the deployment of 7T pTx applications for clinical imaging is the

monitoring and management of local specific absorption rate (SAR). This thesis also

proposes a pTx SAR monitoring system with real-time RF monitoring and shut-off

capabilities.

Thesis Supervisor: Elfar Adalsteinsson

Title: Associate Professor of Electrical Engineering and Computer Science
Associate Professor of Health Sciences and Technology



Acknowledgements

I'm done with my PhD. I have closed a chapter of my life which would not be

possible without the support of many individuals. The least I can say is that, so far in my

life, I have been surrounded with amazing people that enabled me to prosper in every

aspect of my life. Here, albeit in only few lines, I try to give out my sincere gratitude to

those who have helped me reach the biggest accomplishment of my life to this date.

Elfar Adalsteinsson - my research advisor. His style of work, his guidance, his

patience, his way of dealing with issues and his insights (i.e. his "sixth sense") on all the

things I encountered (not just in research, but in general), could not have been better in

any other advisor that I would have had. While his technical competence and advising is

pristine, what is more important is his amazing way of motivating his students. Every

week when I had a meeting with him, I came out of his office ready and eager to tackle a

problem starting right then, at that moment. He also had great belief in me, at times here

at MIT, when I seriously doubted myself. He literally "raised my from the dead", and

made a better person in every way possible. The amount of gratitude I cannot express in

words. I am convinced that we are going to have a life-long friendship, and I cannot be

thankful enough for that fact.

Larry Wald and Polina Golland - members of my PhD committee. Larry, in a way,

has been my unofficial co-advisor. While working on the parallel transmission project, I

have been having meetings with him regularly. He is undoubtedly one of the greatest

minds in his field, and I was honored to work with him. Furthermore, as a remarkable

presenter, his comments on all of my oral and written presentations had significantly

improved my presentation skills, and I am thankful for that. I would like to thank Polina

for her willingness to be on my committee and spent some of her precious time learning

about my work. I greatly appreciate all her comments and great attitude throughout the

past three years.



My working environment and surroundings were great. The lab groups at MIT and

MGH consist of these great people, who are not highly intelligent and smarter than me,
but also make me laugh on a daily basis. Kawin and VJ have introduced me to the

parallel transmit project, and have warmed me about the "evil ghosts of Bay5", that

prevent robust scanning (they were/are right!). Joonsung and Khaldoun have been there

with me in Bay5, trying to debug the pTx system, and were great company in the long

hours spend at the system. When not in Bay5, I enjoyed the time in the lab with Div,
Berkin, Trina, Audrey, Lohith, Padraig, Adam, Dan, Jessica, Christin. I could not ask for

nicer and more fun labmates to spend my time with - chatting about MR, or making me

smile for random things. Somewhere in between Bay5 and the MIT lab, I was also

surrounded by interesting people from Larry's group, working over at Charlestown. Jon,
Thomas, Azma, Boris, Christina, Jen, Julien, Veneta and Wei are tremendous

individuals and I enjoy having them around. I won't tell the stories here. Here, I would

also have to mention the great support that I have received from Siemens employees,
particularly Michael, Josef, Ulrich, Franz, Himanshu and Philipp.

Outside school, I have enjoyed most of my free time with MIT crowd or with the

Balkan's community in the Boston area. I have known Demba, Zahi, Alex, Obrad, Cathal,
Rory, Conor, Andrej, Carlos, ... for years know, and I can not say that I have met more

fun people to be around. From time spending in bars, to going to ski trips - it was always

a blast, and the time I spent with them made me realize how much these smart people

are down to earth, and great to be around. The Balkan's crowd living in Boston area
have helped me feel more like home. I am very grateful that I have Beti, Vlatko, Marija,
Filip, Adri, Iva (and Jason), Kate (and Steve), Nikola, Sinisha (I am forgetting somebody,

I know) as my life-long friends, who always crack me up, and make me relax after the
though hours spend in the lab and Bay5.

I could not go without mentioning my friends who I grew up with, back in Macedonia.
They define me who I am, my personal character, my way of looking at life. They will
always have place in my home wherever I end up living. I am certain that I will have

Vaso, Sneze, Gogo, Maja, Kico, Filjo, Tanja, Leko, Eci, Fiki ... as friends for life, and I
feel so fortunate about it. Barpa, TypaBa og MeHe ;).

My family has played a tremendous role in my success in life so far. My parents:

Lidija i Aleksandar have shown me how parents should love and care for a child, and I
only hope I am as good of a parent as they are to me. They have never pushed me to do



anything, yet they have always guided me in life, but me being the one making the

decisions. They had faith in me throughout the years, even when I was sent to US at the

age of 18 for my studies. I thank them, and love them endlessly, and I am looking

forward to being even better grandparents. Also, I would like to thank all the other family

members back in Macedonia, as well as the ones that are currently in the US: Mare,

Ivan, Aleks, Igor, Ane, Maja, Talija and Kalina.

Last, by certainly not the least, I want to thank my wife-to-be Lepka for all her love

and support in the past few years. I am looking forward to the times when we will

substitute "skype" with "living together" (happy) (h) (blush). I love her truly and sincerely,

and I have not been more certain in my life that I have found the girl of my life. It just

feels great. I can't wait to start spending my life with her, somewhere on this Earth,

traveling, being happy, and understanding each-other without saying a word ... 3enie,

Meqe, 6n/3Haqe HajMoe;)

Watch out world, I am coming.

"&er tie 5 Jealize how dumb 5 am, 3 get smader"

Borjan A. Gagoski

Cambridge, Massachusetts, USA



THIS PAGE INTENTIONALLY LEFT BLANK



Contents

Chapter 1 Introduction ..................................................................... 21
1.1 M otivatio n ...................................................................................... . . 2 1
1.2 Thesis outline and contributions..................................................... 23

Chapter 2 Background: Magnetic Resonance Spectroscopic
Imaging ........ .. ........... ...... ............. .... ... 29

2.1 Chemical shift and the signal equation for CSI .............................. 30
2.1.1 The signal equation for spectroscopic imaging ................................. 32

2.2 E ncoding in C S I ............................................................................ 33
2.2.1 Phase-encoded C SI ........................................................................ 33
2.2.2 Time-varying readout gradients in CSI ................................. 34

2.3 Excitation in C SI............................................................................. 35
2.3.1 Preparation Modules for Water and Lipid Suppression..................... 37
2.3.2 Spatial localization.................................. 39
2.3.3 Multi-dimensional, Spectral-Spatial RF designs................................ 40

Chapter 3 Spiral Spectroscopic Imaging on Clinical 3T Siemens
Systems .......................................................... 43

3.1 Introduction: Temporal and Angular Interleaving ............................ 44
3.2 Implementing Spiral CSI on Siemens Platforms............................. 48

3.2.1 The spiral CSI sequence .................................................................. 48
3.2.2 The online gridding reconstruction.................................................... 50

3.3 Verifying the spiral CSI reconstruction ........................................... 51
3.4 Spiral CSI in Clinical Settings......................................................... 54

3.4.1 Spiral CSI in Late-onset Tay Sachs (LOTS) ..................................... 54
3.4.2 Spiral CSI in brain tum ors................................................................ 56

3 .5 C onclusions .................................................................................. . 58

Chapter 4 Background: Acquisitions on 7T Parallel Transmission
(p Tx) Systems................................................. 59

4 .1 M otivatio n ...................................................................................... . . 5 9
4 .2 pTx H ardw are................................................................................. 60
4.3 B1 and Bo field mapping ................................ 61



4.4 pTx RF pulse design methods ...................................................... 64
4.4.1 pTx spokes RF waveforms .................................. 65
4.4.2 Wideband spokes excitation ............................................................ 67

4.5 SAR modeling and simulations ....................................................... 68

Chapter 5 Real-Time RF Monitoring in a 7T Parallel Transmit
System ......................................................................................... 71

5 .1 M otivatio n ...................................................................................... . . 7 1
5.2 pTx system layout with real time RF monitoring.............................. 73
5.3 The coupling matrix......................................................................... 74

5.3.1 Subject-induced variability in the monitoring signals......................... 76
5.4 The threshold algorithm ................................................................. 77

5.4.1 Finding VindE ----------. -------- *.............................................................. 78

5.4.2 Derating the simulated maximum local SAR value ............. 78
5.4.3 Stopping the measurements........................................................... 79

5 .5 R e sults ........................................................................................ . . 7 9
5.6 Discussion and conclusions ........................................................... 84

Chapter 6 7T Parallel Transmit (pTx) Spectroscopic Imaging using
Wideband Spokes Excitation and pTx-Optimized CHESS................87

6 .1 Introd uctio n ................................................................................... . . 88
6 .2 M ethod s ......................................................................................... . 8 9

6.2.1 RF excitation design......................................................................... 89
6.2.2 Water Suppression Design............................................................. 91
6.2.3 Im age acquisitions........................................................................... . 92

6 .3 R e s u lts .......................................................................................... . . 9 3
6.4 Discussion and Conclusions ........................................................... 97

Chapter 7 Two-shot Spectral-Spatial 7T Parallel Transmit
Spectroscopic Imaging using Spiral Trajectories.............................99

7 .1 Intro d u ctio n ...................................................................................... 10 0
7 .2 M e th o d s ........................................................................................... 1 0 1

7.2.1 RF pulse design ................................... 101
7.2.2 Data Acquisitions.......................... ........ 107

7 .3 R e s u lts ............................................................................................. 1 0 8
7.4 Discussion and Conclusions ............................................................ 111

Chapter 8 Summary and Recommendations .................................. 115
8 .1 S u m m a ry .......................................................................................... 1 15
8.2 Recommendations ........................................................................... 117

Chapter 9 Bibliography ............................. 121

10



List of Figures

FIGURE 2-1: SIMULATED, NOISE-FREE 7T 1 H MR SPECTRA OF THE THREE DOMINANT BRAIN

METABOLITES OBSERVED IN VIVO BY PROTON SPECTROSCOPY: NAA, CR AND CHO

SHOWING THE EFFECTS OF THE CHEMICAL SHIFT PHENOMENON. BASED ON THEIR

CHEMICAL STRUCTURE, DIFFERENT MOLECULAR STRUCTURES EXPERIENCE

DIFFERENT SHIELDING, AND THEREFORE RESONATE AT DIFFERENT FREQUENCIES. THE

NUCLEI THAT PRODUCE THE MAIN SINGLET OF NAA EXPERIENCE DIFFERENT

EFFECTIVE Bo MAGNETIC FIELD COMPARED TWO PEAKS OF THE CR MOLECULE........ 31

FIGURE 2-2: ENCODING SCHEME FOR CONVENTIONAL, PHASE-ENCODED CSI ACQUISITION.

THE SPECTRAL CONTENTS OF EACH SPATIAL FREQUENCY - PHASE-ENCODED ONE

REPETITION PERIOD (TR) AT A TIME - ARE ACQUIRED IN A RATHER LONG READOUT

PERIOD (SEVERAL HUNDRED MILLISECONDS). THE IMAGING TIME IS DEPENDENT ON

THE NUMBER OF POINTS THAT NEED TO BE COLLECTED IN (KX,KY,KZ) SUCH THAT AT

LEAST ONE TR IS REQUIRED FOR EACH RESOLVED VOXEL, AND CAN THEREFORE BE

IMPRACTICALLY LONG FOR IN VIVO ACQUISITIONS OF EVEN MODEST (X,Y,Z) =

(16,16,16) MATRIX SIZES, WHICH RESULTS IN 2.3 HOURS AT TR=2S.................... 33

FIGURE 2-3: ENCODING SCHEME OF THE SPIRAL CSI ALGORITHM; A) SAMPLING IN THE (KX,KY)

PLANE IS DONE WITH SPIRAL-SHAPED TRAJECTORIES; B) SPIRAL TRAJECTORIES ARE

REPEATEDLY PLAYED IN A LONG READOUT PERIOD FOR SIMULTANEOUS ENCODING IN

OF (KX,KY,KF) SPACE WITHIN ONE TR; C) FOR VOLUMETRIC ACQUISITIONS, PHASE-

ENCODING IS DONE ALONG THE KZ AXIS. ............................................................ 35

FIGURE 2-4: SPATIALLY SELECTIVE RF PULSES. TRAPEZOID GRADIENT IS PLAYED ON THE Z

GRADIENT CHANNEL AND A TRUNCATED SINC FUNCTION IS PLAYED ON THE RF

CHANNEL. THE GRADIENT AMPLITUDE AND DURATION ARE GIVEN AS A FUNCTION OF F

AND THE RF PULSE PARAMETERS. THE SIMULATED EXCITED PROFILE HAS A
RECTANGULAR-LIKE SHAPE ALONG Z AXIS. ... ...... ................. ........... 36

FIGURE 2-5: WET. A) ESTIMATED IN V/VO B1* MAP AT 3T; B) TIMING DIAGRAM OF A THREE-

PULSE WATER SUPPRESSION MODULE, WHERE THE SPECTRALLY-SELECTIVE-ONLY

PULSES ARE SEPARATED T MS APART; C) RESIDUAL Mz COMPONENT MAPS BEFORE

THE BEGINNING OF THE A2 (LEFT IMAGE), THE A3 (MIDDLE IMAGE), AND THE EXCITATION

PULSE (RIGHT IMAGE, SHOWING A STEP-WISE DECREASE OF THE RESIDUAL Mz AFTER

THE APPLICATION OF EACH WATER-SUPPRESSION PULSE, WITH SPATIAL VARIATION IN

PERFORMANCE BASED ON INHOMOGENOUS B1*.... ... . . . . . . . . . . . . . . . . . . . . . . . . 38



FIGURE 2-6: GENERATING A SPECTRAL-SPATIAL RF PULSE. ITS SHAPE IS DETERMINED BY

MULTIPLE REPETITIONS (IN TIME) OF THE SPATIALLY-SELECTIVE RF PULSE,
MODULATED BY THE SHAPE OF THE SPECTRALLY-SELECTION FUNCTION............... 41

FIGURE 2-7: A) THE SHAPES OF THE Gz GRADIENT (DASHED LINE) AND THE REAL PART OF THE

RF PULSE (SOLID LINES) USED FOR SPECTRAL-SPATIAL EXCITATION; B) BLOCH

SIMULATION SHOWING THE RESULTING (Z-F) PROFILE; C) CROSS-SECTION ACROSS

THE SPATIAL AXIS (F = 0), SHOWING THE 1 D SLICE SELECTION PROFILE; D) CROSS-

SECTION ACROSS THE FREQUENCY AXIS (Z = 0), SHOWING THE 1 D SPECTRAL

P R O FILE ;....................................................................................................... . . 4 2

FIGURE 3-1: DECOMPOSING SPIRAL K-SPACE TRAJECTORY INTO NA = 4 ANGULAR

INTERLEAVES. AFTER BEING UNDERSAMPLED BY A FACTOR OF 4, THE SPIRAL LOBES

ARE SEQUENTIALLY ROTATED BY 2YNA RADIANS. .............................................. 45

FIGURE 3-2: TIMING DIAGRAM SHOWING 2 OUT OF THE NA = 4 ANGULAR INTERLEAVES SHOWN

IN FIGURE 3-1. IN ONE TR, SAMPLES OF ALL TIME (KF) POINTS OF A SUBSET OF (Kx,Ky)

SAMPLES ARE ACQUIRED. THE REST OF THE (Kx,Ky,KF) SPACE IS COLLECTED IN

SUBSEQUENT TRS. FOR THIS EXAMPLE, SINGLE SLICE SPECTROSCOPIC IMAGING IS

ACQUIRED IN 4 TRS...................................................45

FIGURE 3-3: TIMING DIAGRAM DESCRIBING THE CONCEPT OF TEMPORAL INTERLEAVES FOR

THE CASE OF NT = 3. EACH TEMPORAL INTERLEAVE PLAYED IN DIFFERENT TRS,
DELAYS THE START OF THE READOUT GRADIENTS RELATIVE TO THE ADC WINDOW

BY N-AKF SECONDS (N = [0, 1, 2]) IN EVERY SUBSEQUENT TR. THE LENGTH OF ONE

SPIRAL LOBE HAS TO BE AN INTEGER MULTIPLE OF AKF THE TEMPORAL SAMPLING TIME

(UNIFORM TEMPORAL SAMPLING IS OBTAINED)................................................... 46

FIGURE 3-4: IDEA SIMULATION OF THE SPIRAL CSI SEQUENCE, SHOWING THE SPIRAL

READOUTS APPENDED TO A STANDARD PRESS-BOX EXCITATION. FOR THE GIVEN

SPECTRAL-SPATIAL IMAGING PARAMETERS, THE SEQUENCE GENERATED SPIRAL

TRAJECTORIES OF LENGTH 5MS, 8% OF WHICH BELONGS TO THE REWINDER

GRADIENTS (IDENTIFIED ON THE FIGURE FOR THE 1ST AND 5TH SPIRAL LOBE)............. 49

FIGURE 3-5: PHANTOM ICC, 3D CSI, 10MIN ACQUISITIONS USING A) PE CSI READOUT; B)

SPIRAL CSI READOUTS (12 AVERAGES), SHOWING EQUIVALENT RESULTS; C) 0.38CC,
4.8MIN 3D SPIRAL CSI ACQUISITION, DEMONSTRATING A FLEXIBLE SETTING FOR SCAN

TIME AND VOXEL SIZE THAT IS POSSIBLE WITH TIME-VARYING READOUT GRADIENTS.

REDUCTION IN VOXEL SIZE AND IMAGING TIME RESULTS IN NATURAL SNR TRADEOFFS

AS EVIDENT WHEN PANEL C) IS COMPARED TO THOSE SHOWN IN A) AND B). ............. 52

FIGURE 3-6: IN VIVO 1CC, 3D CSI SCANS USING A) PE CSI READOUT ACQUIRED IN 20MIN (TR
= 2s); B) SPIRAL CSI READOUTS ACQUIRED WITH 9.6MIN (6 AVERAGES, TR 2S),
DEMONSTRATING THE EXPECTED TRADEOFFS, I.E. SHORTER IMAGING TIME RESULTS IN

REDUCED SNR FOR A FIXED VOXEL SIZE............................................................ 53

FIGURE 3-7: SPECTRAL GRIDS FROM TWO MATCHING SLICES FROM 3D SPIRAL CSI

ACQUISITIONS ON A) LOTS PATIENT AND B) CONTROL SUBJECT (AGE MATCHED)

OVERLAID ON HIGH RESOLUTION T1 WEIGHTED ACQUISITIONS. IT WAS FOUND THAT,
WHEN COMPARED TO CONTROLS, LOTS PATIENTS HAD SIGNIFICANT ELEVATIONS IN



CHO/CR WITHIN THE THALAMUS (YELLOW BOX, BOTTOM LEFT IMAGE) AND BASAL

GANGLIA (GREEN BOX, BOTTOM RIGHT IMAGE)....................................................... 55

FIGURE 3-8: 3D SPIRAL CSI FROM A PATIENT WITH A BRAIN TUMOR (GBM). THE SPECTRAL

GRIDS AND EXAMPLES OF SPECTRA FROM VOXELS LOCATED IN THE HEALTHY BRAIN

(OUTLINED IN BLUE) AND IN THE TUMOR (OUTLINED IN RED) ARE SHOWN FOR TWO

SLICES. THE DECREASE OF THE NAA AND THE INCREASE OF CHOLINE IS EVIDENT IN

BRAIN TISS U E .................................................................................................. 5 7

FIGURE 4-1: A) SCHEMATIC OF THE 8-CHANNEL PTx SYSTEM AND B) THE 8-CHANNEL

TRANSMIT COIL ARRAY USED FOR MOST OF THE EXPERIMENTS IN THIS THESIS; C) THE

16-CHANNEL STRIP-LINE COIL ARRAY USED FOR THE WORK PRESENTED IN CHAPTER

6 . ....................................................................................................................... 6 1

FIGURE 4-2: A) ESTIMATED IN Vvo B0 MAP; B) IN VIVO B1* MAPS (MAGNITUDE AND PHASE) OF

THE 8 ELEMENTS OF THE TRANSMIT COIL ARRAY (SHOWN IN FIGURE 4-1 B) ESTIMATED

USING THE METHODS DESCRIBED IN [103]. ...... ........... ............................ 62

FIGURE 4-3: A) THE EXCITATION K-SPACE TRAJECTORY FOR A 4-SPOKE EXCITATION. B) THE

RF AND THE GRADIENT SHAPES FOR THE SAME EXCITATION. Gx AND Gy GRADIENTS

ARE USED TO GET TO A DESIRED K-SPACE LOCATIONS (SHOWN IN THE TOP IMAGE OF

A)), AT WHICH TIMES THE SLICE SELECTIVE RF-SINC PULSES (ACCOMPANIED BY Gz
GRADIENT FOR SLICE SELECTION), ARE PLAYED ON EACH OF THE 8 TRANSMIT

CHANNEL. THE MLS DESIGN FINDS THE BEST AMPLITUDE AND PHASE TERMS FOR

EACH SPOKE AND EACH TX CHANNEL (TOTAL OF 32 COMPLEX COEFFICIENTS), SUCH

THAT B1 MITIGATION IS AS UNIFORM AS POSSIBLE. (FIGURE UNDER A) COURTESY OF

S ETSO M PO P [113]). ...................................................................................... . . 66

FIGURE 4-4: B1+ COMPARISON BETWEEN A) THE CONVENTIONAL BIRDCAGE (BC) EXCITATION

(ROUTINELY DONE ON A SINGLE-CHANNEL SYSTEMS), AND B) THE PTX 4-SPOKES RF

EXCITATION. THE SUPERIORITY OF THE 4-SPOKES PTX EXCITATION WITH RESPECT TO

MANY UNIFORMITY METRICS (SHOWN ON THE RIGHT OF EACH IMAGE), IS EVIDENT.

(FIGURE COURTESY OF SETSOMPOP [104])........................... 66

FIGURE 4-5: COMPARING THE PERFORMANCE OF THE WIDEBAND SPOKES AGAINST THE

CONVENTIONAL SPOKES AND SINGLE-TX BIRDCAGE (BC) EXCITATION SCHEMES. IT

CAN BE SEEN THAT THE WIDEBAND SPOKE EXCITATION SACRIFICES SOME UNIFORMITY

COMPARED TO THE CONVENTIONAL SPOKES AT OHz, AT THE BENEFIT OF MAINTAINING

THAT UNIFORMITY ACROSS 600HZ OF SPECTRAL BANDWIDTH (FIGURE COURTESY OF

S ETSOM POP [114]). ................. ........... ........ ....... 68

FIGURE 4-6: A) CONDUCTIVITY MAPS, or OF THE ELLA HUMAN MODEL; B) THE MAGNITUDE OF

THE AXIAL E FIELD VECTORS FOR THE ISO-CENTER POSITION OF THE 8-CHANNEL

TRANSMIT COIL ARRAY, LOADED WITH THE ELLA MODEL; C) THE MAGNITUDE OF THE X,
Y, AND Z COMPONENT OF THE E VECTOR SHOWN IN B). ................................ 70

FIGURE 5-1: SCHEMATIC OF THE 8-CHANNEL PTX SYSTEM INCLUDING THE REAL TIME

MONITORING SYSTEM USING DIRECTIONAL COUPLERS THAT MEASURE THE FORWARD

AND REFLECTED POWER CLOSE TO THE TRANSMIT COIL ARRAY. THE 60 DB

ATTENUATED MONITORED SIGNALS WERE FED TO THE STANDARD RECEIVER, AND

PROCESSED BY THE ONLINE IMAGE CALCULATION ENVIRONMENT CAPABLE OF



STOPPING THE ACQUISITION IN REAL TIME IF THE ERROR THRESHOLDS ARE REACHED.

.......................................................................................................................... 7 3

FIGURE 5-2: THE COMPLEX [8x8] ALPHA MATRIX TRANSFORMS THE IDEAL WAVEFORMS (LEFT)

TO THE MONITORED SIGNAL (RIGHT) IN THE MINIMUM LEAST-SQUARE SENSE............ 74

FIGURE 5-3: A) EXAMPLES OF THE MAGNITUDE FORWARD AND REFLECTED SIGNALS ALPHA

MATRIX (TOP AND BOTTOM IMAGE, RESPECTIVELY); B) SAME MATRICES FROM A)

SHOWN ON DB SCALE; C) ONE DIMENSIONAL PLOTS ALONG THE DIAGONAL FOR THE

FORWARD AND REFLECTED POWER MATRICES SHOWN IN A) (FORWARD = BLUE LINE,
REFLECTED = RED LINE); D) THE VOLTAGE AND POWER RATIOS OF THE CURVES

S H O W N IN C ).......................................................................................................7 5

FIGURE 5-4: A) THREE PLOTS SHOWING THE THREE COLUMNS OF EMAXA, I.E. THE MAXIMUM

ERROR VALUES AMONG ALL 15 SUBJECTS FOR EACH OF THE THREE MEASUREMENTS

PERFORMED PER SUBJECT; B) THE [1X15] ERROR VECTOR FORMED BY TAKING THE

MEAN OF EMAXA ALONG THE SECOND DIMENSION ................................................ 77

FIGURE 5-5: OVERLAID PLOTS OF THE MONITORED (BLUE) AND PREDICTED (RED) RF

WAVEFORMS FROM ACQUISITION PTX1 FOR A) THE REAL PART OF THE RF SAMPLES

FROM TR#5 (TX1 -TX8); B) THE IMAGINARY PART OF THE RF SAMPLES FROM TR#50
(T X 2 -T X 4 );.................................................................................................. . . 8 1

FIGURE 5-6: OVERLAID PLOTS OF THE MONITORED (BLUE) AND PREDICTED (RED) RF

WAVEFORMS FROM ACQUISITION PTX2 FOR A) THE REAL PART OF THE RF SAMPLES

FROM TR#16 (TX1-TX8); B) THE IMAGINARY PART OF THE RF SAMPLES FROM TR#23

(TX6-TX8); B) THE IMAGINARY PART OF THE RF SAMPLES FROM TR#16 (TX2 ONLY);
.. ....... ................ ................................................................ 81

FIGURE 5-7: RESULTS FROM RF MONITORING OF THE PURPOSELY DISTURBED ACQUISITION

PTX3_DSTR, WHERE THE PHASE OF TX-CHANNEL #7 WAS PURPOSELY ALTERED. A)

THE BLACK CROSSES ('X') IDENTIFY THE INDEXES OF THE ERRONEOUS RF SAMPLES,
MOST OF WHICH ARE ON THE RF WAVEFORM PLAYED ON TX7; B) MAGNITUDE (TOP)

AND PHASE (BOTTOM) OVERLAID PLOTS OF THE PREDICTED (RED) AND MEASURED

(BLUE) RF WAVEFORMS, CLEARLY DEMONSTRATING THE PHASE JUMP INTRODUCED

O N T X 7 . ........................................................................................................ . . 8 2

FIGURE 5-8: RESULTS FROM RF MONITORING OF THE PURPOSELY DISTURBED ACQUISITION

PTX4_DSTR, WHERE THE TUNING OF THE 4 TH ELEMENT OF THE TX-ARRAY WAS

PURPOSELY CHANGED BY PUTTING A SMALL PIECE OF TITANIUM IN ITS VICINITY. A) THE

BLACK CROSSES ('X') IDENTIFY THE INDEXES OF THE ERRONEOUS RF SAMPLES, MOST

OF WHICH ARE CONCENTRATED AROUND SAMPLES OF THE RF WAVEFORM PLAYED ON

TX4; WHILE THE MATCH BETWEEN THE PREDICTED (RED) AND MEASURED SIGNALS

(BLUE) ON THE 6 TH 7TH AND 8TH CHANNELS IS WITHIN THE LIMITS (B), THIS IS NOT THE

CASE FOR THE WAVEFORMS ON TX4 (C). .......................................................... 83

FIGURE 5-9: THE PERFORMANCE OF THE RF MONITORING FOR A) 'PTX2' B) 'PTX3_DSTR' AND

C) 'PTX4_DSTR' THROUGHOUT THE TRS, EXPRESSED BY THE VALUES OF E%........... 84

FIGURE 6-1 A) FOUR-SPOKE RF PULSE FOR SLICE-SELECTIVE (2CM THICK SLAB) UNIFORM

WIDEBAND EXCITATION (600 HZ SPECTRAL BANDWIDTH). THE FOUR SINC SUB-PULSES



(SPOKES) ARE PLACED AT CHOSEN (Kx,Ky) IN EXCITATION K-SPACE FOR UNIFORM B1*

MITIGATION. SLICE SELECTION IS ACHIEVED BY PLAYING Z GRADIENT DURING THE SINC

SUB-PULSES. THE RF LENGTH IS 1.75MS B) PRE-VERSE-ED VERSION OF THE PULSE

IN A) USING A VERSE FACTOR OF 0.2. THE NEW RF LENGTH IS 2.71 MS ACHIEVING

ABOUT -4 TIMES HIGHER FLIP ANGLE FOR A GIVEN PEAK VOLTAGE.......................91

FIGURE 6-2: THE TIMING DIAGRAM FOR THE PTx SYSTEM. THE WATER SUPPRESSION

CONSISTED OF THREE 12MS LONG, SPECTRALLY SELECTIVE, MINIMUM PHASE, PARK-

MCCLELLAN PULSES SPACED 20MS APART. THIS WAS FOLLOWED BY FOUR-SPOKE

SLICE SELECTIVE (2-CM THICK) WIDEBAND (600Hz) UNIFORM RF EXCITATION. SINGLE

- SLICE, PHASE-ENCODED (PE) CSI READOUT WAS APPENDED TO THIS EXCITATION IN A

GRE SEQUENCE WITH THE MINIMUM TE OF ONLY 5MS. THE READOUT MATRIX SIZE

WAS 32X32 ENCODED OVER FOV = 20CM FOR AN OVERALL VOXEL SIZE OF 0.78CC.

W ITH TR = 1S, THE TOTAL SCAN TIME WAS -17MINS. ................ ...................... 93

FIGURE 6-3: FIELD MAPPING OF THE SPECTROSCOPIC PHANTOM USED IN ALL OF THE

EXPERIMENTS; A) ESTIMATE OF THE Bo MAP; B) MAGNITUDE MAP OF THE ESTIMATED

B1* OF THE EIGHT OPTIMAL MODES OF THE BUTLER MATRIX TRANSFORMATION; C)

ESTIMATED PHASE MAPS OF THE MENTIONED EIGHT MODES. ............................... 94

FIGURE 6-4: A) THE 12MS PARKS-MCCLELLAN (PM) SHAPED PULSE USED IN THE WATER

SUPPRESSION MODULE (TOP) AND THE SIMULATED Mx COMPONENT AS A FUNCTION

OF FREQUENCY (BOTTOM) FOR A 90' FLIP. B) THE AVERAGE (CIRCLES) AND THE

MAXIMUM (TRIANGLES) RESIDUAL LONGITUDINAL (Mz) COMPONENT AFTER SIMULATING

1, 2, 3 AND 4 PM PULSES (FOR N > 2, THE SPACING BETWEEN PULSES IS 20MS). THE

FLIP ANGLES FOUND FOR EACH OF THE RUNS ARE SHOWN. C) RESIDUAL Mz AS A

FUNCTION OF SPACE OBTAINED BY CONVENTIONAL CHESS USING THE B1* OF THE

BIRDCAGE MODE (TOP) AND THE PTX CHESS USING THE COMPOSITE B1 MAP

CALCULATED ACCORDING TO (6-2) (BOTTOM). Mo WAS ASSUMED TO BE 1, BOTH

IMAGES ARE ON THE SAME SCALE OF 0.17. PTX CHESS OUTPERFORMS THE

CONVENTIONAL CHESS WHEN COMPARING THE AVERAGE AND MAXIMUM RESIDUAL Mz

(4.29% AND 8.58% FOR THE PTX CHESS AND 9.71% AND 16.29% OF THE
CONVENTIONAL C H ESS). ............................................................................... 95

FIGURE 6-5: IMAGES FROM SINGLE SLICE PHASE ENCODED CSI ACQUISITIONS WITH

UNSUPPRESSED WATER USING: THE 4-SPOKE UNIFORM WIDEBAND (SECOND ROW),
BC-SINC (THIRD ROW) EXCITATIONS AT -300, -150, 0, 100 AND 250 Hz. IMAGES ARE

OBTAINED BY LOOKING AT ABSOLUTE VALUE OF THE FIRST TIME SAMPLE. AFTER

DIVIDING OUT THE (RECEIVE) B1- PROFILE, THE 4-SPOKES DESIGN SHOWS

SUCCESSFUL B1* MITIGATION IN SPACE AND FREQUENCY, CLEARLY SUPERIOR TO THE

BC-SINC EXCITATION. THE FIRST ROW SHOWS IMAGES FROM A STRUCTURAL GRE
2DFT USING THE SPOKES-BASED PULSE (AT THE SAME OFF-RESONANCES), WHICH

ARE EXPECTEDLY EQUIVALENT TO THE ONES IN THE SECOND ROW. THE VALUES OF

SIGMA (1) ARE THE NORMALIZED STANDARD DEVIATIONS FOR EACH IMAGE, AND

REPRESENT A METRIC OF THE SPATIAL UNIFORMITY. ALL IMAGE INTENSITIES ARE

MAPPED TO THE SAME COLORBAR. ............. ............ ........................................ 95

FIGURE 6-6: MAGNITUDE SPECTRA ACQUIRED USING PHASED-ENCODED CSI READOUT

(TR=1S, TE = 5MS, VOXEL SIZE = 0.78CC) FROM PARTICULAR SPATIAL LOCATIONS OF



THE SPECTROSCOPY PHANTOM CONTAINING PHYSIOLOGICAL CONCENTRATIONS OF

THE MAJOR BRAIN METABOLITES. SPECTRA FROM THE SPOKES-BASED DESIGN SHOWN
IN B) DEMONSTRATE SPATIALLY UNIFORM EXCITATION COMPARED TO THE SINC BC
EXCITATION SHOWN IN A). THE MOST DRAMATIC BENEFIT IS SHOWN ON THE BOTTOM

TWO IMAGES WHERE THE GLUTAMATE SIGNALS ARE EASILY DETECTABLE FOR THE

SPOKES-BASED EXCITATION AS SHOWN IN D) BUT ARE AT THE NOISE LEVEL FOR THE

BC SINC EXCITATION AS SHOWN IN C). NOTE THAT THE AMPLITUDE IN PANEL C) IS

SCALED UP BY FACTOR OF 8 RELATIVE TO PANEL D)........................... ............ 96

FIGURE 7-1: A) EXAMPLE OF A FOUR-SPOKE RF PULSE FOR SLICE-SELECTIVE (4CM THICK

SLAB) UNIFORM WIDEBAND EXCITATION (450 Hz SPECTRAL BANDWIDTH)

ACCOMPANIED WITH THE CORRESPONDING GRADIENTS. THE FOUR SINC SUB-PULSES

(SPOKES) ARE PLACED AT CHOSEN (KX,KY) IN EXCITATION K-SPACE FOR UNIFORM B1+

MITIGATION. SLICE SELECTION IS ACHIEVED BY PLAYING Z GRADIENT DURING THE SINC

SUB-PULSES. ALL THE SPOKES WERE VERSE-ED IN ORDER TO REACH HIGHER FLIP

ANGLE, YIELDING A TOTAL RF DURATION OF 1.44MS. B) THE SHAPE OF THE TIME

ENVELOPE USED TO MODULATE A TRAIN OF THE FOUR-SPOKE PULSE (SHOWN IN A)) IN

ORDER TO ACHIEVE THE SPECTRAL SELECTIVITY. C) THE SPECTRAL-SPATIAL PULSE
COMPOSED BY THE CROSS-PRODUCT OF THE SAMPLES MARKED WITH CIRCLES ('0')

ON THE TIME ENVELOPE SHOWN IN B), WHICH IS PLAYED IN THE FIRST AVERAGE. D)

THE SPECTRAL-SPATIAL PULSE COMPOSED BY THE CROSS-PRODUCT OF THE SAMPLES

MARKED WITH CROSSES ('X') ON THE TIME ENVELOPE SHOWN IN B), WHICH IS PLAYED

IN THE SECOND AVERAGE. HAVING 18 CIRCLES/CROSSES SAMPLES IN THE TIME

ENVELOPE, THE OVERALL TIME DURATION OF THE SPECTRAL-SPATIAL RF PULSES

SHOWN IN C) AND D) WAS 18-1.44MS = 25.92MS; .............. ....................... 103

FIGURE 7-2: BLOCH SIMULATIONS OF THE ONE SPATIAL VOXEL (X = 14, Y = 11) CAPTURING

FREQUENCY BANDWIDTH OF ±700Hz. THE REAL (SOLID LINES) AND IMAGINARY

(DASHED LINES) PART OF THE SIMULATED FREQUENCY PROFILE OF THE SPECTRAL-

SPATIAL EXCITATION FROM THE FIRST AND SECOND AVERAGE IS GIVEN IN A) AND B),
RESPECTIVELY; C) EACH OF THE SPECTRAL PROFILES IS PHASED WITH DIFFERENT

LINEAR AND CONSTANT TERMS SUCH THAT THERE IS ZERO PHASE IN THEIR PASSBAND.

MAKING THE PHASE IN THE PASSPAND TO HAVE NO SLOPE CONSEQUENTLY MAKES
THE PHASE AROUND WATER AND LIPID FREQUENCIES TO HAVE THE OPPOSITE SIGN; D)

THE SIMULATED SPECTRAL-SPATIAL (F-Z) PROFILE ACROSS ±4CM AND ±700Hz. E)

SUMMATION OF THE TWO, PROPERLY PHASED EXCITATIONS OVER THE MIDDLE 1CM

THICK SLICE (-0.5CM< z <0.5CM) GIVES THE DESIRED FREQUENCY PROFILE, WHERE

THE WATER AND LIPID FREQUENCIES ARE SUPPRESSED, AND THE NAA, CREATINE AND
CHOLINE RESONANCES ARE PROPERLY MITIGATED. F) THE SLICE SELECTIVE PROFILE

SHOWN OVER ±4CM FOR THE CENTER SPECTRAL FREQUENCIES .......................... 104

FIGURE 7-3: BLOCH SIMULATIONS OF THE SPATIAL EXCITATION PROFILES FOR FOUR

DIFFERENT OFF-RESONANCES: -620Hz (RESIDUAL WATER), -180Hz (CHOLINE),
180Hz (NAA) AND 390Hz (LIPID SIGNAL AT 1.3PPM). MAGNITUDE IMAGES OF THE

TRANSVERSAL MAGNETIZATION FOR: A) 2-SHOT SPECTRAL-SPATIAL BIRDCAGE

EXCITATION; B) 2-SHOT SPECTRAL-SPATIAL RF SHIMMING EXCITATION; C) 2-SHOT

SPECTRAL-SPATIAL 4-SPOKES EXCITATION. WHILE ALL OF THE EXCITATIONS

SUPPRESS MORE THAN 99% OF THE WATER SIGNALS AND MORE THAN 95% OF THE



LIPID RESONANCES, THE 2-SHOT SPECTRAL-SPATIAL 4-SPOKES DESIGN SHOWS

SUCCESSFUL SPATIAL Bj t MITIGATION OVER THE SPECTRAL PASSBAND, CLEARLY

SUPERIOR TO THE BC-SINC AND RF SHIMMING EQUIVALENTS. THE VALUES OF SIGMA

(1) ARE THE NORMALIZED STANDARD DEVIATIONS FOR EACH IMAGE, AND REPRESENT A

METRIC OF THE SPATIAL UNIFORMITY. D) PHASE MAPS OF THE 4-SPOKES SPECTRAL-

SPATIAL 2-SHOT EXCITATION, WHICH DON'T CHANGE OVER THE PASSBAND

FREQUENCIES, AND ARE RELATED TO THE ESTIMATE OF THE Bo MAP. .................... 106

FIGURE 7-4: THE TIMING DIAGRAM FOR THE GRE, SPIRAL CSI, 2-SHOT SPECTRAL-SPATIAL

PTX ACQUISITION. THE SS RF PULSES PLAYED ON THE EIGHT TRANSMIT CHANNEL

WERE FOLLOWED BY A FAST 3D CSI READOUT USING SPIRAL K-SPACE TRAJECTORIES.

THE OVERALL VOXEL SIZES WAS 0.59CC, AND WITH TR = 1s, THE TOTAL IMAGING TIME

FOR THE 2-SHOT ACQUISITION WAS 13.5 MINUTES (6.75 / AVERAGE). THE TE

(MEASURED FROM THE PEAK OF THE PULSE TO THE START OF THE ADC) WAS

MEASURED TO BE -13MS FOR THE FIRST AVERAGE AND ~-12.28MS FOR THE SECOND

A V E R A G E .......................................................................................................... 1 0 7

FIGURE 7-5: IMAGES FROM THE MIDDLE SLICE OF A 3D VOLUMETRIC SPIRAL CSI
ACQUISITIONS USING A) THE 2-SHOT SPECTRAL-SPATIAL 4-SPOKE EXCITATION AND B)

THE 2-SHOT SPECTRAL-SPATIAL BC EXCITATION, DEMONSTRATING DRAMATICALLY

INFERIOR SPATIAL MITIGATION CAPABILITIES OF THE LATTER. FOR EACH OF THE

ACQUISITIONS, THE SYSTEM'S FREQUENCY WAS MANUALLY SHIFTED TO: -180Hz

(CHOLINE RANGE), -120Hz (CREATINE RANGE) AND 180Hz (NAA RANGE). THE

IMAGES WERE OBTAINED BY SUMMING THE MAGNITUDE OF SIGNALS IN THE VICINITY OF

THE MENTIONED FREQUENCIES FOLLOWED BY DIVISION BY THE (RECEIVE) B1 -

P R O FIL E ;......................................................................................................... . 1 0 8

FIGURE 7-6: IMAGES FROM THE MIDDLE SLICE OF A 3D VOLUMETRIC SPIRAL CSI
ACQUISITIONS USING THE 2-SHOT SPECTRAL-SPATIAL 4-SPOKE EXCITATION. A) THE

SYSTEM'S FREQUENCY WAS MANUALLY SHIFTED TO: -620Hz (RESIDUAL WATER

RANGE), AND B) 400Hz (RESIDUAL 1.3PPM LIPID SIGNALS), AND IMAGES WERE

OBTAINED BY SUMMING OVER THE MAGNITUDE OF THE SIGNALS IN THE VICINITY OF

THE MENTIONED FREQUENCIES, FOLLOWED BY CORRECTION BY THE (RECEIVE) B1-

PROFILE; TOP AND BOTTOM IMAGES SHOW THE SIMPLE SUM, AND THE PROPERLY
PHASED SUM OF THE TWO ACQUIRED AVERAGES, RESPECTIVELY. NOTE THAT THE

LOWER INTENSITY OF THE TOP IMAGE IS DUE TO THE FACT THAT 1.3PPM IS ROUGHLY

BETWEEN THE PASSBAND AND THE STOP BAND OF THE SPECTRAL PROFILE OF EACH

SPECTRAL-SPATIAL PULSE (I.E. FROM ONE AVERAGE). THE MEAN VALUE WAS

CALCULATED TO BE 3.95%. C) THE RATIO BETWEEN THE TOP AND BOTTOM IMAGES

FROM A) AND B), SHOWING MORE THAN 96% AND 94% SUPPRESSION OF THE WATER

AND LIPID SIGNALS, RESPECTIVELY. THE MEAN VALUES OF THE TOP AND BOTTOM

RATIO IMAGES WERE 2.32% AND 3.95%, RESPECTIVELY.. ............................... 110

FIGURE 7-7: A) MAGNITUDE SPECTRA FROM THE MIDDLE SLICE OF THE 3D SPIRAL CSI

ACQUISITIONS (TR=1s, TE ~ 13MS, VOXEL SIZE = 0.59CC) FROM PARTICULAR

SPATIAL LOCATIONS OF THE SPECTROSCOPY PHANTOM CONTAINING PHYSIOLOGICAL

CONCENTRATIONS OF THE MAJOR BRAIN METABOLITES. SPECTRA FROM THE 2-SHOT

SPECTRAL-SPATIAL 4-SPOKE DESIGN (SHOWN IN BLUE) DEMONSTRATE SPATIALLY



MORE UNIFORM EXCITATION COMPARED TO THE 2-SHOT SPECTRAL-SPATIAL BC

EXCITATION (SHOWN RED); B) (TOP) THE FULL-WIDTH-HALF-MAXIMUM (FWHM)

MEASURE OF AN ON-RESONANCE CSI ACQUISITION USING THE 2-SHOT SPECTRAL-

SPATIAL 4-SPOKE EXCITATION; THIS IMAGE SHOWS AN ESTIMATE OF THE LINE

BROADENING OF THE WATER SPECTRUM, AND REPRESENTS AN INDIRECT MEASURE OF

THE T2* CONSTANT; B) (BOTTOM) THE ESTIMATED Bo MAP. ....... ............ 111



List of Tables

TABLE 1: COMPARISONS OF THE OVERALL SCAN TIMES FOR SINGLE SLICE SPIRAL CSI AND

PECSI ACQUISITIONS FOR THREE DIFFERENT SPECTRAL BANDWIDTHS

CORRESPONDING TO THREE FIELD STRENGTHS. THE TIMES ARE GIVEN ASSUMING TR

= 2s. EVEN AT THE UPPER LIMITS OF SPECTRAL BANDWIDTHS, THE SPIRAL CS1
OFFERS ORDERS OF MAGNITUDES DECREASE IN ACQUISITIONS TIMES.................. 47

TABLE 2: IEC AND FDA LIMITS FOR THE LOCAL AND GLOBAL SAR VALUES IN THE HUMAN HEAD

................................................................................................................... . . . 6 9

TABLE 3: SUMMARY OF THE PERFORMANCE OF THE PROPOSED THRESHOLD ALGORITHM, FOR

4 DIFFERENT SCANS ACQUIRED UNDER UNDISTURBED AND DISTURBED CONDITIONS

USING BOTH 4-SPOKES AND SPIRAL PTX EXCITATION TRAJECTORIES; SEE THE TEXT

FO R M O R E D ETA ILS ........................... ....................................................... 80

TABLE 4: EVALUATING THE Bj+ MITIGATION OF THE METABOLITES MAPS ACQUIRED WITH THE 2-

SHOT SPECTRAL-SPATIAL 4-SPOKE (FIGURE 7-5A) AND BC (FIGURE 7-5B)

EXCITATION. COMPARING THE PERCENTAGES OF THE VOXELS THAT DEVIATE MORE

THAN 10% AND 30% (SECOND AND THIRD ROW, RESPECTIVELY), IT CAN BE SEEN THAT

2-SHOT SPECTRAL-SPATIAL 4-SPOKE EXCITATION, CLEARLY OUTPERFORMS THE BC
EQUIVALENT DESIGN. THIS CAN ALSO BE CONCLUDED BY LOOKING AT THE VALUES OF

THE NORMALIZED STANDARD DEVIATION (INORM) FOR EACH OF THE IMAGES SHOWN 109



THIS PAGE INTENTIONALLY LEFT BLANK



Chapter 1

Introduction

1.1 Motivation

Magnetic Resonance Imaging (MRI) is an imaging modality that enables high

quality, non-invasive visualization of soft tissue in the human body. In addition to

diagnostic imaging with structural MRI, the modality also offers possibilities for

monitoring biochemistry in vivo. Magnetic Resonance Spectroscopic Imaging (MRSI),

also known as chemical shift imaging (CSI) is a technique which obtains spectra of

signals, e.g. brain metabolites, from each spatial location of interest. Detection of these

signals is based on the MR phenomenon of chemical shift - a subtle frequency shift in

the spectrum that depends on the chemical structure of particular compound.

Quantitative measure of the amount of these metabolites, including: N-acetyl-L-aspartate

(NAA) - a neuronal marker, creatine (Cr) - one of brain's energy suppliers, choline

(Cho) - an essential nutrient, or lactate - glycolysis's end product, has great impact in

medicine for diagnosing and better understanding of many brain pathologies. For

example, deficiency in the amount of NAA is strongly correlated to the presence of a

neurodegenerative disease, like the Alzheimer's disease [1-4], multiple sclerosis [5-7],

adrenoleukodystrophy (ALD) [8-10], etc. Furthermore, besides a NAA deficiency, the

presence of certain types of brain tumor is strongly linked to increased choline levels

[11-13], while lactate and lipid resonances are typically found in high-grade gliomas [14-



15]. Increased lactate levels are indicators of abnormal metabolism caused by ischemia

[16], and are also reported in stroke [17-19]. Metabolite quantities in general could be

abnormal in post-stroke brain tissue [20-22], as well as in some neuropsychiatric

disorders [23]. Review papers, like [24-26], give a more detailed survey on spectroscopic

imaging, and the role of the brain metabolites in medical diagnosis.

The dominant challenge of proton (1H) CSI as a technique, is the fact that it is

inherently hindered by low SNR of the metabolites of interest due metabolite

concentrations on the order of 1-10 mM [26-28]. This is in contrast with structural MRI,

where water is the primary signal source at -50M concentration, which for conventional

clinical field strengths enables fast scan times (-minutes) and high resolution (-mm),

whereas spectroscopic imaging scan times are on the order of 1 Os of minutes for spatial

resolution on the order of 1cm. Beyond the SNR limitations, the much higher

concentrations from lipids and water pose problems in practical spectroscopic imaging

[29-30]. For instance, spectra at spatial locations near fat tissue suffer from strong lipid

contamination that poses significant difficulties to metabolite detection and estimation as

the lipids peaks resonate close in frequency to, e.g. the important NAA peak in the brain.

Therefore, metabolite detection and estimation requires CSI acquisitions that effectively

suppress the strong water [31-32] and lipid [33-37] signals.

SNR in MRI is proportional to the strength of the main field (Bo), the square-root of

acquisition time, and the voxel size [38-39]. Thus, an obvious means to improved SNR in

CS! without resolution or imaging time tradeoffs is the use of high-field scanners.

However, imaging at high field suffers from severe inhomogeneities of the radio-

frequency (RF) excitation magnetic field (B,+), that manifest as undesired non-uniform

spatial SNR distribution and image contrast [40-42]. Moreover, conventional phase-

encoded (PE) CSI [30, 43] suffer from long acquisition times that are impractical for

volumetric metabolite mapping of spatial resolution supported by the underlying

metabolite SNR.

The motivation for this thesis is the development of MRI methodology to overcome

these limitations in order to make high field, whole brain CSI clinically more available as

a practical and useful tool. To this end, excitations for CSI need to provide uniform

spectral-spatial excitation targets of the brain over frequency bandwidth of the

metabolites of interest, as well as effectively suppress undesired and interfering water

and lipid signals. For signal encoding, the inflexible tradeoffs among acquisition time and



spatial resolution intrinsic to PE CSI need to be overcome, so that volumetric, high

resolution whole brain in vivo CSI becomes a clinical reality.

1.2 Thesis outline and contributions

In what follows, I present the chapter-by-chapter organization of this dissertation.

Chapters 2 and 4 serve as background presentations of material that facilitates the

description of the intellectual contributions of this thesis.

Chapter 2, entitled "Background: Magnetic Resonance Spectroscopic Imaging",

gives a brief overview of the theory and the common acquisition methods of a typical

chemical shift imaging (CSI) experiment. This discussion is largely separated into

readout and excitation segments, each presenting the most commonly used techniques

for current clinical CSI. In addition to this, it also introduces improvements in each of

these segments. For example, the concept of time-varying readout gradients is

discussed as a way to improve time-efficiency and short CSI acquisition times.

Chapter 3, entitled "Spiral Spectroscopic Imaging at Clinical Settings at 3T

Systems", presents the spiral CSI algorithm in more details and lists its advantages and

tradeoffs. It then presents spiral CSI implementation using the Integrated Development

Environment for Applications (IDEA®), which is the Siemens software for custom

sequence development. This work has resulted in a Work-In-Progress (WIP) package,

which is a mechanism by which Siemens distributes MR software to other research

institutions and sites. The use of this package as a tool for the study of LOTS (Late

Onset Tay-Sachs) and brain tumors is illustrated. This work has produced the following

papers:

* B. Gagoski, E-M. Ratai, F. Eichler, G. Wiggins, S. Roell, G. Krueger, J. Lee, and

E. Adalsteinsson. 3D Volumetric In Vivo Spiral CSI at 7T. In Proc. Int. Soc. for

Magnetic Resonance Imaging (ISMRM), page 635, Berlin, Germany, 2007.

(submitted)

* B. Gagoski, M. Hamm, J. Polimeni, G. Krueger, E-M. Ratai, G. Wiggins, U.

Boettcher, J. Lee, F. Eichler, S. Roell and E. Adalsteinsson. Volumetric Chemical

Shift Imaging with 32-Channel Receive Coil at 3T with Online Gridding



Reconstruction. In Proc. Int. Soc. for Magnetic Resonance Imaging (ISMRM),
page 1608, Toronto, Canada, 2008. (submitted)

* B. Gagoski, E-M. Ratai, B. P. Schmidt, E. Adalsteinsson and F. Eichler. 3 Tesla

spiral CSI in Late Onset Tay Sachs reveals supratententorial changes in brain

metabolism. Submitted to the 19th Annual Meeting of the Int. Soc. for Magnetic

Resonance Imaging (ISMRM), Montreal, Canada, 2011.

* B. Gagoski. 0. Andronesi E. Adalsteinsson and G. Sorensen. Clinical 3D MR

Spectroscopic Imaging Using Low Power Adiabatic Pulses and Fast Spiral

Acquisition (In preparation for submission to Journal of Radiology)

Chapter 4, entitled "Background: Acquisitions on 7T Parallel Transmit (pTx)

System", introduces the concept of parallel transmission using multiple RF power

amplifiers that can simultaneously play more than one RF waveform, as an efficient way

to mitigate B1* inhomogeneity problems at 7T. Furthermore, it describes the data

collection process on our 7T parallel transmission (pTx) platform. The main objective of

this chapter is to list and fully describe all the necessary steps that are involved in a

typical pTx experiment, which when compared to a standard single-channel system, is

much more involved in every possible way (from RF pulse designs to patient's safety),

particularly in the current early phase of the implementation of this novel technology. The

chapter briefly describes B1*, B1-, and Bo mapping, followed by the RF pulse design, and

ends with the methods for estimation and modeling of the specific absorption rate (SAR).

Chapter 5, entitled "Real time RF monitoring in a 7T pTx systems" focuses on the

development of the hardware and software methods needed to monitor all the RF

waveforms that are simultaneously played during every pTx acquisition in real time. The

main purpose of this tool was to instantaneously (-10 ms reaction time) stop the scan if

the mismatch between the ideal and measured RF waveforms exceeds the given

threshold criterion. The importance of being able to detect these transmission (e.g.

broken coil, or other spurious sources of pTx RF errors) or subject related mishaps (e.g.

movement changes the loading of the coil), is the fact that any variations in RF

waveforms may violate the estimate of the previously simulated local SAR map, and

therefore pose concerns related to patient safety. This work resulted in these papers:

B. Gagoski, R. Gumbrecht, M. Hamm, K. Setsompop, B. Keil, J. Lee, K. Makhoul,

A. Mareyam, T. Witzel, U. Fontius, J. Pfeuffer, E. Adalsteinsson and L. Wald.

Real time RF monitoring in a 7T parallel transmit system. In Proc. Int. Soc. for



Magnetic Resonance Imaging (ISMRM), page 781, Stockholm, Sweden, 2010

(submitted)

B. Gaqoski, H. Bhat, M. Hamm, P. Hoecht, K. Makhoul, J. Lee, K. Setsompop,

L.L. Wald, E. Adalsteinsson. Threshold criteria for real time RF monitoring in 7T

parallel transmit system. Submitted for the 19th Annual Meeting of the Int. Soc.

for Magnetic Resonance Imaging (ISMRM), Montreal, Canada, 2011

Chapter 6, entitled "7T parallel transmit (pTx) spectroscopic imaging using wideband

spokes excitation and pTx-optimized CHESS pulses", describes RF designs for

excitation and water suppression optimized for 7T parallel transmission using chemical

shift imaging to mitigate excitation inhomogeneity over a 2-cm thick slice and a 600Hz

spectral bandwidth. Water suppression precedes the excitation, and is performed with

three spectrally-selective pTx RF pulses optimized for the 8-channel excitation array.

The parallel excitation is then demonstrated with a spectroscopy phantom containing

physiological concentrations of several major brain metabolites using single-slice,

phase-encoded spectroscopic imaging (CSI) acquisitions. Furthermore, the parallel RF

excitation is compared with conventional birdcage excitation with equally thick slice

selection. The results demonstrate that for fixed imaging parameters, flip angle and

excitation target, the parallel RF excitation outperforms the conventional excitation and

provides superior spatial uniformity of the metabolites of interest. This work resulted in

these papers:

* B. Gagoski, K. Setsompop, V. Alagappan, F. Schmitt, U. Fontius, A. Potthast, L.

Wald and E. Adalsteinsson. Fast Spectroscopic Imaging Using Uniform

Wideband Parallel Excitation on 7T. In Proc. Int. Soc. for Magnetic Resonance

Imaging (ISMRM), page 559, Toronto, Canada, 2008 (submitted)

* B. Gagoski, K. Setsompop, J. Lee, V. Alagappan, M. Hamm, A. vom Endt, L.

Wald and E. Adalsteinsson. Spectroscopic Imaging Using Wideband Parallel RF

Excitation at 7T. In Proc. Int. Soc. for Magnetic Resonance Imaging (ISMRM),

page 328, Honolulu, HI, USA, 2009 (submitted)

Chapter 7, entitled "2-shot spectral-spatial parallel transmit excitation for 7T

spectroscopic imaging using spiral trajectories", shows novel methods for designing

spectral-spatial RF pulses for simultaneous metabolite excitation and joint water/lipid

suppression at our 7T eight channel pTx system using chemical shift imaging. More



specifically, the excitation target includes mitigation of B1* inhomogeneities over a 2.5-

cm thick slab and a 450Hz of spectral bandwidth. The desired 4-dimensional excitation

profile is achieved by playing two spectral-spatial RF pulses in two separate averages

with full metabolite SNR, followed by summation of the properly phased data from each

average. The performance of the design is demonstrated on a spectroscopy phantom

containing physiological concentrations of several major brain metabolites and three-

dimensional spectroscopic imaging (CSI) acquisitions using spiral k-space trajectories to

speed up the acquisition times. The 2-shot spectral-spatial 4-spoke parallel RF excitation

was compared with 2-shot spectral-spatial birdcage equivalent design with equally thick

slab selection. The chapter concludes that for fixed imaging parameters, flip angle and

excitation target, the 4-spoke design variant outperforms the conventional birdcage

excitation and provides superior spatial uniformity of the metabolites of interest, while

achieving the same signal suppression over water and lipid frequencies. This work

resulted in these papers:

* B. Gagoski, K. Setsompop, J. Lee, L. L. Wald and E. Adalsteinsson. 2-shot

Spectral Spatial Parallel Transmit Spiral Spectroscopic Imaging at 7T. Mag. Res.

In Med, in review, 2011. (submitted)

* B. Gagoski, K. Setsompop, J. Lee, L. L. Wald and E. Adalsteinsson. 2-shot

spectral-spatial spokes excitation using spiral spectroscopic imaging on a 7T

parallel transmit system. Submitted for the 19th Annual Meeting of the Int. Soc.

for Magnetic Resonance Imaging (ISMRM), Montreal, Canada, 2011.

Chapter 8, entitled "Summary and Recommendations", summarizes the contents of

this thesis and its contributions to the high field spectroscopic imaging community. It also

projects possible directions of future research projects.

Dissertation structure: All the readers are assumed to have basic knowledge in MR

physics, i.e. the complimentary interaction among the three fields used in every MR

scanner: 1. the main magnetic (Bo) field; 2. The RF (B1) field; 3. the linear gradients'

fields (Gx, Gy, G,). Several excellent texts describe the principles of MRI in detail [44-45].

Readers with limited knowledge in magnetic resonance spectroscopic imaging should

definitely get familiar with the basic concepts presented in Chapter 2. Those clinically

oriented, should focus their attention to the contents of Chapter 3, as it outlines

examples of successful usage of the spiral CSI algorithm on clinical scanners at the

Massachusetts General Hospital (Boston, MA). Chapter 4 is useful to the general MR



audience that wants to get familiar with all of what it takes to run a regular pTx

acquisition. Although the contents of Chapter 5 are motivated and related to the last part

of Chapter 4, the work presented is self contained, and can be understood without any

prior reading. Lastly, pTx RF pulse designers will be mostly interested in the contents of

Chapter 6 and 7.

Individually, each of the chapters are self contained, and can be read independently,

without previously reading any of the others. Exception to this are Chapters 6 and 7

which don't include discussion about the field mapping techniques, and therefore, rely to

some extent on the contents presented in Chapter 4.
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Chapter 2

Background: Magnetic
Resonance Spectroscopic
Imaging

Images of the human body generated using MRI are obtained in a two step process.

Firstly, in the excitation phase, the hydrogen spins from particular spatial locations are

excited using RF pulse(s), so that the MR signal is produced. In the readout phase, this

signal is encoded using linear gradients in the three principal spatial axis (x, y and z),

and after taking three dimensional (3D) inverse Fourier Transform (FT), the spatial

contents of the tissue imaged can be observed. Further details on the basic physics of

MRI, particularly about structural imaging, are given in [46], and will not be further

discussed.

The aim of this chapter is to give the background behind the generation and

encoding of the signals in a typical CSI experiment. We will immediately introduce the

chemical shift phenomenon which is the basis for spectroscopic imaging. We will then

reveal the disadvantages of the encoding scheme of the conventional PECSI, and

introduce the sampling patterns of a fast CSI algorithm based on spiral-shaped k-space

trajectories. At last, we will give overview of the excitation schemes commonly used in

CSI, particularly focusing on the spectral aspects of the RF designs.



It is important to note that the work done in this thesis is dedicated on obtaining 'H

spectra of the human head, meaning that the spectra presented throughout the chapters

span frequency bandwidths in the neighborhood of the resonance frequency of hydrogen

(i.e. water). However, it is worth mentioning that 13C [47] and 31P CSI [48] is of significant

importance. For example, 31P spectra are used for obtaining quantitative information

about chemical compounds like adenosine triphosphate (ATP), phosphocreatine (PCr),

and inorganic phosphate (Pi) [49-50]. However, 13C and 31P spectra have significantly

lower SNR compared to 'H spectra and therefore are more difficult to detect and

quantify. This is mainly because of lower abundance and sensitivity for these nuclei [51-

52].

2.1 Chemical shift and the signal equation for CSI

Chemical shift as a MR phenomenon is defined as a subtle frequency shift in the

signal that is dependent on the chemical environment of the particular compound. This

small displacement of the resonant frequency is due to the shielding created by the

orbital motion of the surrounding electrons in response to the main Bo field. By placing a

sample of biological tissue in a uniform magnet, exciting it, recording its free induction

decay (FID), and then Fourier transforming the FID, the resultant MR spectrum shows

resonances at different frequencies corresponding to different chemical shifts. It is this

ability to distinguish different signals at different off-resonances that makes MRI capable

of non-invasive physiological evaluation and material characterization of a given volume

of interest.

In a presence of Bo, the effective field experienced by a nucleus as part of a certain

molecular structure is defined as Beff = Bo - Boa. According to the Larmor relationship, w

is proportional to Bo, and therefore, we have that

Oeff -- Oo - woo, = td - (1 - o-) (2-1)

where a equals the shielding constant that depends on the chemical environment, and

therefore woa is the displacement of the resonance frequency. This alludes to a fact that

is important in CSI, i.e. that the change in frequency is proportional to the strength of the

main magnetic field Bo. This is the reason why when compared to lower fields, CSI at



higher B0 further disperses the frequency axis, making the detection and estimation of

the metabolites much easier.

For historical reasons, the frequency axis in CSI is, counterintiutively, drawn such

that the frequency decreases from left to right and it is given in units of "parts per

million", or ppm, relative to the frequency defined by the main field. This axis is centered

on the resonant frequency of tetramethylsilane, which is not found in human tissues, but

is a chemical that makes for a stable frequency marker in the presence of variations in

temperature and acidity, and represents the 0 ppm point. The resonances of all the other

molecular structures that are part of the 1H in vivo spectrum are therefore determined

relative to this reference point. Note that ppm is a unitless entity and if one wants to

convert the ppm axis in the units of Hertz (Hz), then 1ppm = (qY2Tr)-B0-10-6 Hz. Here,

(q2-rr) is the gyromagnetic ratio and is equal to 42.576 MHz -T-1 for 1H imaging.

- NAA (11.5 mM)
- Cr (5.2 mM)
- Cho (1.6 mM)

3.91 3.21 3.03 2.01 p.p.m

Figure 2-1: Simulated, noise-free 7T 1 H MR spectra of the three dominant brain metabolites observed in
vivo by proton spectroscopy: NAA, Cr and Cho showing the effects of the chemical shift phenomenon.
Based on their chemical structure, different molecular structures experience different shielding, and
therefore resonate at different frequencies. The nuclei that produce the main singlet of NAA experience
different effective Bo magnetic field compared two peaks of the Cr molecule.

Figure 2-1 shows simulated, noise-free 7T spectrum of the three important brain

metabolites: N-acetyl-L-aspartate (NAA), creatine (Cr), and choline (Cho), using the

SpinEvolution* software (Griffin Group, Department of Chemistry, MIT). The simulation

was performed using physiological concentrations of these metabolites (11.5 mM for

NAA, 5.2 mM for Cr, and 1.6 mM for Cho). Here we can see, for example, that most of



the NAA signal is concentrated in the singlet observed at 2.01 ppm. Creatine on the

other hand, has two distinct peaks (singlets) located at 3.03 ppm and 3.91 ppm (referred

to as Cr1 and Cr2, respectively). This means that compared to the hydrogen atoms

found in the creatine molecule, the protons that are part of NAA's chemical structure

experience less shielding. That is why the main peak of NAA deviates less from the

reference frequency (i.e. 0 ppm) relative to the Cr peaks.

2.1.1 The signal equation for spectroscopic imaging

From what has been said in the last section, it is clear that CSI acquisitions, in

addition to spatial encoding, need to also acquire samples as a function of time in order

to obtain spectral information. To better explain the origins of the signals that are to be

encoded, it is instructive to review the derivation of the signal equation for the case of

spectroscopic imaging. The derivation presented followed closely that of Dwight

Nishimura [45].

Leaving out the frequency axis for the time being, and considering only a three-

dimensional (3D) space of interest, one can imagine a tiny "magnetic oscillator" rotating

at frequency w=<pB (<p is the gyromagnetic ratio and B is the main magnetic field) at each

spatial location (x,y,z). Modeling these magnetic oscillators as having (constant in time)

magnitude m(x,y,z) and (variable in time) phase 4(x,y,z,t), the signal seen by the receive

coils, i.e. the transverse magnetization, is given by

s(t) = fffx'yz m(x, y, z) - e-iO(xY,zt) dx dy dz (2-2)

Bearing in mind that frequency is the time rate of change in phase, and that it is

proportional to the applied field B(x,y,z,t) one can write the following:

#(x,y,z) = fj -#5(x,y,z,r)dT = f o(x,y,z,r)dT = yf JB(x,y, z,)d (2-3)

knowing that B(x,y,z,t) = Bo + Gx(t)x + Gy(t)y + Gz(t)z and that k-space is defined as the

time integral of the gradients, i.e.

k(t) = f'f G(T)dr (2-4)

the signal equation given in s(t) = fff m(x, y, z) - e-4I(xY,z,t) dx dy dz

(2-2) becomes



s(t) = fff m(x, y, z) - e-i[kx(t)x+k(t)y+kz(t)z] dx dy dz
X yz

(2-5)

t=,y,zm(xy,z)-e-i[kxtx+kyty+kztz]dxdydz (2-5) and the signal

equation in MRSI is the consideration of a frequency axis in order to account for the

chemical shift phenomenon. Therefore, defining kf(t)=t, the signal equation in MRSI

becomes

s(t) = f f, f ff m(x, y, z, f) - ei[kx(t)x+kyt)y+kz(t)z+kr(t)f] dx dy dz df (2-6)

t=xyzfm(,y,z,f) -e-i[kxtx+kyty+ktz+kftf]dxdydzdf (2-6) is a four-

dimensional (4D) Fourier Transform (FT) of the excited object and its spectral contents.

From this, it is clear that the inclusion of the temporal variable adds another dimension to

the imaging problem compared to structural imaging. This formulation clearly depicts

volumetric CSI acquisition and reconstruction as a four-dimensional sampling problem.

2.2 Encoding in CSI

2.2.1 Phase-encoded CSI

Figure 2-2: Encoding scheme for conventional, phase-encoded CSI acquisition. The spectral contents of
each spatial frequency - phase-encoded one repetition period (TR) at a time - are acquired in a rather long
readout period (several hundred milliseconds). The imaging time is dependent on the number of points that
need to be collected in (kx,ky,kz) such that at least one TR is required for each resolved voxel, and can



therefore be impractically long for in vivo acquisitions of even modest (x,y,z) = (16,16,16) matrix sizes, which
results in 2.3 hours at TR=2s.

Conventional, phase-encoded, CSI encodes the excited signal in the 4D spectral-

spatial space in a straightforward, naive way [30, 43]. It acquires FID (time encoding) for

one spatial frequency at a time, i.e. per repetition period (TR). It uses the linear gradients

(Gx, Gy and Gz) to traverse to a particular location in the (kx,ky,kz) space prior to switching

on the analog-to-digital converter (ADC), that then acquires samples along the kf axis

(Figure 2-2). While the limit for achieving certain spectral bandwidth is unconstrained

(the ADC sample rates are in orders of ps), the spatial resolution requirements impact

the time spent for the acquisitions. In other words, FOV, spatial resolution and imaging

time are not independent parameters in conventional CSI, since going to higher

resolutions inherently means collection of more (kx,ky,kz) points, and hence more TR

periods. This inflexible coupling between scan time and resolution parameters is

impractical for even modest 163 spatial k-space positions, since this example of

volumetric acquisition with TR = 2s will take about 2.3 hours - clearly a prohibitive time

for in vivo experiments.

2.2.2 Time-varying readout gradients in CSI

As mentioned previously, spectral bandwidth (BW) is said to come "for free" in PE

CSI, since the sampling rates that the currently used ADCs can reach, is in the orders of

ps - far beyond the spectral BW requirements needed for CSI. As a matter of fact, all the

resonances that are present in the in vivo 1H spectrum are bandlimited to at most

10ppm, which means that the Nyquist rate along the frequency axis is at least Akf =
1 Oppm. At 3T, 1 Oppm ~ 10 123.1 Hz < 1250Hz, which means that spectral sampling of

Akf = 1/1250Hz = 0.8ms is more than enough to capture all the spectral contents of

potential interest. Furthermore, the hardware of the linear gradients (Gx, Gy and Gz) has
undergone major improvements in the last two decades, allowing possibilities for fast k-
space traversing. Nevertheless, the PE CSI takes absolutely no advantage of the

gradients' potential, suggesting that a method involving efficient k-space sampling with

time-varying readout gradients could overcome the rigid constraints on minimum

acquisition time in PE CSI. Practically speaking, for 3T CSI, at least some part (if not all)

of (kx,ky,k,) space can be acquired during Akf.



This basic idea was first identified by Mansfield [53], and exploited in different forms

by many for over 20 years [54-67]. In general, the approaches differ in the ways the

spatial k-space is sampled (and later reconstructed), given the spectral BW limits. Some

algorithms like the echo-planar spectroscopic imaging (EPSI) [66, 68] use conventional

phase-encoding to acquire samples in (kx,ky), and play time-varying, echo-planar

gradients during the long readout period to simultaneously encode the (kZ,kf) space. In

this case, 3D volumetric CSI data is obtained in acquisition times of a single slice PE

CSI.

Even further reduction in acquisition times can be achieved if time-varying gradients

are simultaneously played along two spatial directions. Adalsteinsson et al [67] have

proposed time-efficient CSI algorithm based on spiral k-space trajectories. The idea of

traversing the (kx,ky) space in a spiral manner makes excellent use of available gradient

amplitude and slew rate (Figure 2-3a). In this encoding scheme, spiral trajectories are

repeatedly playing during long readout period, simultaneously acquiring samples in

(kx,ky,k,) per TR (Figure 2-3b). For 3D volumetric acquisitions, phase-encoding is

performed along the k, axis (Figure 2-3c).

kk

a)b c) kz

k, ,k

Figure 2-3: Encoding scheme of the spiral CSI algorithm; a) Sampling in the (kx,ky) plane is done with spiral-
shaped trajectories; b) Spiral trajectories are repeatedly played in a long readout period for simultaneous
encoding in of (kx,ky,kf) space within one TR; c) For volumetric acquisitions, phase-encoding is done along
the kz axis.

2.3 Excitation in CSI

The readout explained above is preceded by excitation section, which excites the

spatial volume of interest, mitigates all metabolites of interest (spectral mitigation), and

suppresses the undesired water and lipid signals. There are different excitation modules,
i.e. series of RF pulses that achieve the excitation demands of a CSI experiments.

These can be broadly classified into three categories: 1. Preparation module, which



mainly deals with suppression of the water and/or lipid signals; 2. Localization module,

which usually follows the preparation modules, and limits the excitation volume to a

defined 3D space; and 3. Multi-dimensional, spectral-spatial RF pulses, which provide

simultaneous excitation along two or three dimensions of the (x,y,z,f) space.

Before giving an overview of the mentioned modules, it is instructive to briefly touch

upon how selective RF pulses work. An intuitive way to understand this is given by what

is known as the "small tip angle approximation" [69]. If RF pulse is played out with

accompanying gradient, the spatial region excited corresponds to the Fourier transform

of the function obtained from values of the RF pulse, at excitation k-space locations

defined by the gradient,

m = iym f b1(t)ek(t)dt (2-7)

where mxy(r;) is the spatial region excited, b1(t) is the RF pulse envelope, and k =

-y ft G(s) ds defines the k-space space waveform accompanying b1(t). In other words,

the RF pulse will deposit energy onto excitation k-space at positions determined by the

gradient, and the Fourier Transform of this function will produce the excited area/volume

of interest [69]. For example, if the z gradient (Gz) and the RF pulse take the shape of a

trapezoid and a sinc-like function, respectively, the resulted excited region will be a

rectangular-shaped function along the z spatial dimension. Note that the pre-winding

lobe is half the area of the main trapezoidal lobe (i.e. when the RF is played), and the

reason for that is the center of the RF to be played at excitation kz = 0.

Gamp = 2T/(At-y-Az) |

i~tZ

tt t cm
Simulated profile

RF pulse Gz gradient along z direction

Figure 2-4: Spatially selective RF pulses. Trapezoid gradient is played on the z gradient channel and a
truncated sinc function is played on the RF channel. The gradient amplitude and duration are given as a
function of y and the RF pulse parameters. The simulated excited profile has a rectangular-like shape along
z axis.

Figure 2-4 shows a simulated profile as a result of a RF pulse and slice selective

gradient. Increasing the time-bandwidth product (TBWP) of the pulse will improve the



sharpness of the excited profile. The amplitude and the duration of the slice selective

gradient are given as function parameters of the RF pulse and the gyromagnetic ratio y,

as shown. Spectral selectivity is achieved when there is not any gradient played during

the RF, and the spectral bandwidth of the frequency profile is a function of the TBWP

and the duration of the RF pulse.

2.3.1 Preparation Modules for Water and Lipid Suppression

The preparation module precedes the localization part of the CSI excitation scheme,

and its main purpose is to suppress as much of the dominant water signal as possible,

mainly using spectrally-selective-only RF pulse. Some preparation modules also try to

suppress the lipid signals as well, but given the proximity of the NAA resonance to the

lipid peaks, these are only feasible for higher field CSI applications. The initial attempt of

water suppression was introduced by [31] and was called CHEmical Shift Selective

imaging (CHESS). It simply played a single Gaussian-shaped spectrally selective 900

pulse (centered on the water resonance) immediately followed by dephasing, spoiler

gradient (Gs). The excitation module was played immediately following Gs.

At the end of the Gaussian pulse, all the water spins will be taken to the transverse

plane leaving residual amounts of the Mz component. At the end of G., two things will

happen: 1. most of the My magnetization will be dephased; and 2. some amount of the

Mz component will re-grow according to tissue's T, relaxation constant(s). However,

since the duration of Gs is short compared to most of the tissues' T1 constants, the

amount by which the M2 component has re-grown is almost negligible. Therefore, the

excitation pulse (played right after Gs) excites only the small residual Mz component, and

hence noticeable water suppression factors are achieved.

The limitations of this technique is that, due to RF field (B1*) inhomogeneities

particularly pronounced at higher Bo, the water suppression (i.e. the residual Mz) is not

uniform as a function of space. Water Suppression enhanced through T1 effects (WET)

[32], and others [70-71], have tried to address this issue. WET plays a series of

spectrally-selective RF pulses spaced T milliseconds apart, which incrementally

decreases (from one pulse to the next) the Mz component of the water signal across the

entire region of interest. Given B1* map, T, and several T1 values of tissues in the head

(e.g. cerebrospinal fluid, white and gray matter, etc), it finds the optimal set of flip angles



of the spectrally selective pulses, in order to achieve uniform water suppression across
the brain.

An example of a typical in vivo B1' map acquired at 3T is given in Figure 2-5a,
showing the slight central brightening present at this field strength. Assuming, for
simplicity, that all the tissues in the head have the same T1, the optimal set of flip angles
from a three-pulse suppression module that would minimize the water's Mz component is
(al, a2, a3) = (720, 900, 1380). Figure 2-5b shows the timing diagram of three spectrally

selective pulses separated T milliseconds apart. For this example, T = 30ms and T1 =
500ms. Lastly, Figure 2-5c shows the simulated residual Mz component of the water
right before the beginning of the a2 (left image), a3 (middle image) and excitation pulse
(right image). As expected, the continuous decrease of M, after each of the three pulses
is clearly noticeable. The maximum and mean percentage of residual Mz relative to the
steady state longitudinal magnetization before the excitation pulse was calculated to be
2.1% and 0.76%, respectively.
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Figure 2-5: WET. a) Estimated in vivo B1* map at 3T; b) Timing diagram of a three-pulse water suppression
module, where the spectrally-selective-only pulses are separated T ms apart; c) Residual Mz component
maps before the beginning of the a2 (left image), the a3 (middle image), and the excitation pulse (right
image, showing a step-wise decrease of the residual Mz after the application of each water-suppression
pulse, with spatial variation in performance based on inhomogenous B1*

As mentioned previously, the preparation module can also be used to suppress the
lipid signals. Balchandani et al [72] used spectrally selective adiabatic pulses [73-76] to

.......... I~ , .. .... .. .. .. .. -



invert the lipid signals prior to the CHESS module in a way that most of the lipid signals

are nulled at the time of excitation. This was demonstrated on 7T platform, where the

frequency dispersion is increased enough so that the adiabatic pulses reliably excite the

lipid signals (at 1.3ppm and 0.9ppm), but not the neighboring NAA peak (at 2.Oppm). In

general, it is very difficult to use spectrally selective pulses for lipid suppression for field

strengths lower than 3T with spectral cutoffs that do not account for spatial variations in

main field homogeneity.

In the case when spectral selectivity between the lipid and NAA is a challenge, a

way to suppress the lipid signals is to play non-selective inversion adiabatic pulse [77-

78], which inverts all the spins across space and frequency. Then, knowing the T1

relaxation constant(s) of the lipid signals, the excitation pulse is played at inversion time

(TI) when the longitudinal component of the lipid signal is close to zero. The drawback of

this method is that some of the metabolites' signals will be lost, as they have been

affected by the inversion pulse as well. Since the T1 constants of the metabolites are

longer than those of the lipid signals, the SNR loss of the metabolites signals ranges

between 15-20%.

2.3.2 Spatial localization

The main purpose of the spatial localization module is to excite the desired 3D

spatial volume of interest over which the metabolite quantification is to be evaluated.

Almost all of the excitation schemes curve out a box within the FOV by playing a series

of RF pulses, each of which excites a slice in different spatial orientation (i.e. x, y, z).

Specifically, the Point RESolved Spectroscopy (PRESS) excitation pattern [79] plays the

[900-1800-1800] train of pulses which slice-selects about the x, y and z axis, respectively.

STimulated Echo Acquisition Mode (STEAM) excitation [80-81] on the hand, play the

[900-900-900] train of pulses, again selecting slices in x, y and z, respectively. While

STEAM is capable of exciting small VOls effectively (particularly important for single

voxel experimens), the PRESS excitation provides somewhat sharper slice selection,

and is more useful in CSI acquisitions with long echo times (due to the refocusing of the

effects of 1800's).

Slice selective adiabatic refocusing pulses have also been extensively used as a

spatial localization module, due to their ability to provide extremely sharp slice-selection.

GOIA (Gradient Offset Independent Adiabaticity) [82-83] or FOCI (Frequency Qffset



Corrected Inversion) [84-86] pulses have been used in LASER (Localized Adiabatic

Selective Refocusing) [87-88] excitation schemes. The train of the adiabatic RF pulses in

a LASER sequence, usually starts off with a no selective adiabatic 900 pulse, which is

then followed by a series of adiabatic 1800's that slice-select along the three spatial axis.

The excellent slice selectivity of these RFs comes at a cost of high voltage demands for

the 1800 pulses, and therefore higher Specific Absorption Rate (SAR) values. As a

matter of fact, for some slice thicknesses and shorter TR (-1s), the FOCI 1800 pulse

violate the SAR limits.

In clinical settings, it is a common practice to prescribe the excitation box of the

localization module wholly within the brain in order to avoid any excitation of the lipid

signals coming from the skull. In other words, although the excited box might not even

touch (include) the skull, imperfections in the slice-profiles (particularly for PRESS and

STEAM, and much less for LASER) can cause even slight mitigation of the lipids which

would cause considerable contamination of the metabolite signals. Therefore, outer-

volume-suppression (OVS) bands [89] are usually prescribed on top of the skull tissue

(outside the excitation box). In essence, these 90* pulses excite the selected skull

regions, after which gradient crushers de-phase all of the transverse magnetization.

Since the OVS bands and the crusher gradients immediately precede the excitation

(PRESS, STEAM, LASER, etc), no magnetization of the saturated region is left at the

time of excitation. Therefore, the saturated part of the VOI is not going to be excited.

2.3.3 Multi-dimensional, Spectral-Spatial RF designs

All of the excitation modules mentioned so far are composed out of RF pulses which

are selective in one spatial dimensional only, and are therefore referred to as 1-D

pulses. More involved designs include selectivity along one additional axis (spectral or

spatial), which for CSI related applications is most likely to be the frequency axis. The

goal of these two-dimensional, spectral-spatial excitation schemes is to provide

excitation profiles that are spatially selective over particular slab thickness (usually along

the z axis), while in the same time achieving spectral selectivity that would suppress the

water and/or lipid signals, but mitigate the metabolites of interest. In signal processing

terminology, this pulses fall under the category of 2D low pass filter designs.

The concepts of simultaneous spectral-spatial RF excitation have been explored

extensively in the past [90-93]. The basic idea behind designing a spectral-spatial pulse



is given in Figure 2-6, and can be summarized in three steps: 1. Create the spectrally
selective RF pulse, given the spectral bandwidth requirements (i.e. determining the
extent of the pass band, transition band and the stop band); 2. Given the spatial
requirements (slices thickness and sharpness), design the spatial selective RF pulse

that has the same length as the sampling period of the spectral pulse; 3. Create a train

of N spatially-selective pulses, which is then modulated by the N-samples-long shape of

the spectrally selective pulse.
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Figure 2-6: Generating a spectral-spatial RF pulse. Its shape is determined by multiple repetitions (in
time) of the spatially-selective RF pulse, modulated by the shape of the spectrally-selection function.

Figure 2-7a shows an example of a 25ms-long spectral-spatial RF pulse (N = 50
samples) and the accompanying Gz gradients for 7T CSI. The pulse was designed to
excite 3-cm thick slab in z and 400Hz of spectral bandwidth, but to also suppress most
of the signals at -620Hz and +400Hz (these parameters were determined for metabolite
mitigation and water/lipid suppression at 7T, respectively). The 2D Bloch simulation in
Figure 2-7b shows the magnitude of the desired (z-f) excitation profile. Figure 2-7c and
Figure 2-7d show the cross-section across the spatial axis (f = 0), and across the
frequency axis (for z = 0), respectively.
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Figure 2-7: a) The shapes of the Gz gradient (dashed line) and the real part of the RF pulse (solid lines)
used for spectral-spatial excitation; b) Bloch simulation showing the resulting (z-f) profile; c) Cross-section
across the spatial axis (f = 0), showing the 1D slice selection profile; d) Cross-section across the frequency
axis (z = 0), showing the 1D spectral profile;
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Chapter 3

Spiral Spectroscopic Imaging on
Clinical 3T Siemens Systems

As briefly mentioned in Section 2.2.2, an efficient way to address the inherently long

acquisition times of the conventional, phase-encoded (PE) chemical shift imaging (CSI),
is by using time varying gradients during the long acquisition readout periods, so that in

addition to sampling the time (kf) axis, samples are simultaneously acquired along one or

two spatial axis. The spiral CSI algorithm, introduced by Adalsteinsson et al [65, 67-68],
uses 2D spiral-shaped k-space trajectories that are repeatedly played during the long

acquisition window, to simultaneously collect samples in the 3D (kx,ky,kf) space in each

repetition period (TR). The spiral-shaped trajectories are formed by playing sinusoidal

gradient waveforms simultaneously along Gx and Gy axes. Figure 2-3 in Section 2.2.2

depicts the sampling scheme of the spiral CSI encoding.

The work presented in this chapter involved full implementation of the spiral CSI

algorithm on Siemens* MRI scanners. Given any set of CSI parameters, the developed

spiral CSI software package designed the appropriate spiral trajectories in real time,

provided on-line reconstruction of the spirally-acquired k-space samples, and returned

the Cartesian-grid-resampled spectroscopic data on the standard Spectroscopy Tool®

Task Card installed on every Siemens scanner. The main premise in mind was to allow



the clinically-oriented population to take advantage of algorithm's time-efficiency, so that

3D volumetric spectroscopic acquisitions become reality in clinical settings.

This chapter will start by providing a brief introduction discussing the sampling

patterns involved in the spiral CSI, mainly focusing on the concept of interleaving. It will

then elaborate on the most important steps involved in the development of the spiral CSI

algorithm on Siemens MR platforms. In order to show the reliability of the developed

spiral CSI engine, we will then present side-by-side comparisons of phantom and in vivo

spectroscopic data acquired using the PE and spiral CSI readouts for fixed imaging

parameters. Lastly, we will show preliminary data from two clinical applications using the

spiral CSI engine. The first one is collaboration with Dr. Eichler (Department of

Neurology, MGH, Boston, MA) where we explore the metabolite contents in different part

of the brain of patients diagnosed with the neurodegenerative disease called Late-Onset

Tay Sachs (LOTS). The second is a collaboration with Dr. Andronesi and Dr. Sorensen

(Department of Neurology, A. A. Martinos Center for Biomedical Imaging, MGH, Boston,

MA), where the 3D spiral CSI readouts were applied in a study on brain tumor patients.

3.1 Introduction: Temporal and Angular Interleaving

The primary constraint of the sampling requirements in spiral CSI, is that different

time samples of the same (kx,ky,k,) point need to be separated by time period not longer

than Akf = 1/FOV, where FOVf is the readout spectral bandwidth (Hz). The number of kf

points acquired during the long acquisition window (e.g. 320ms) determines the spectral

resolution. For small enough objects, i.e. for small spatial FOV and/or smaller resolution

parameters, it might be possible to design spiral trajectories that are shorter then Akf. In

this case, one would be able to acquire single slice spectroscopic data in only one TR.

Nevertheless, given more realistic spatial resolution and FOV parameters (e.g.

0.5cc over 24cm), and given the physical limitations of the maximum allowable gradient

amplitude and slew limits, in most of the cases it is impossible to traverse certain k-

space volume in Akf seconds. To overcome this constraint, the spiral CSI algorithm plays

different subparts (interleaves) of the of desired (kx,ky,kf) space in every subsequent TR

period. Hence the number of acquired TRs will increase with more demanding (i.e.

higher) spectral-spatial imaging requirements. There are two types of interleaving -

angular and temporal, each of which will be discussed next.
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Figure 3-1: Decomposing spiral k-space trajectory into NA = 4 angular interleaves. After being undersampled
by a factor of 4, the spiral lobes are sequentially rotated by 2TVNA radians.
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Figure 3-2: Timing diagram showing 2 out of the NA = 4 angular interleaves shown in Figure 3-1. In one TR,
samples of all time (kf) points of a subset of (kx,ky) samples are acquired. The rest of the (kx,ky,k) space is
collected in subsequent TRs. For this example, single slice spectroscopic imaging is acquired in 4 TRs.

With angular interleaves, commonly used in structural spiral MRI, the desired k-
space spiral trajectory is divided, or decomposed into spiral trajectories (angular
interleaves) that are sparser than the original one (Figure 3-1). Being sparser also
means being shorter in duration. The duration of an angular interleave is now a design
parameter, and has to be shorter or equal than Akf (if shorter than Akf, the trajectory is
padded with zeros, until its duration is equal to Akf). If certain k-space spiral trajectory
can be decomposed in NA angular interleaves, then a single slice spectroscopic data is
acquired in NA TRs. An informative observation about angular interleaving is that in one
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TR we sample all the time (kf) points of only a subset of (kx,ky) samples (i.e. the ones

included in the particular angular interleave). The timing diagram of the angular
interleaving is given in Figure 3-2.

-- TR period - i TR period -- TR period ---

z z z RF
0 0Ni 0 0 i

I OT

Temporal Temporal I .i Temporal Gx
interleave -ntedeave - ntereave

#1 #2 #3
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Figure 3-3: Timing diagram describing the concept of temporal interleaves for the case of NT = 3. Each
temporal interleave played in different TRs, delays the start of the readout gradients relative to the ADC
window by n-Akf seconds (n = [0, 1, 2]) in every subsequent TR. The length of one spiral lobe has to be an
integer multiple of Akf the temporal sampling time (uniform temporal sampling is obtained).

A different way of decomposing the designed (kx,ky,kf) is temporal interleaving.

Here, the original spiral trajectory is kept unchanged, and is repeatedly played during the

long acquisition time. However, in this case, looking at the data acquired in one TR,
samples in (kx,ky) are separated apart much more than Akf seconds, and therefore the

spectral bandwidth requirements are violated. To fulfill the gaps along the kf axis, the

readout gradients are started n-Akf seconds later relative to the ADC window in every

subsequent TR. Here n = [0, 1, ..., NT-1], where Nr is the number of temporal interleaves

needed to satisfy the spectral BW design parameters. A design parameter in this case is
that the total length of the spiral trajectory is an integer multiple of Ak, in order to be sure
that the single slice spectroscopic data acquired in NT TRs has uniform sampling along
the kf axis. The timing diagram of the temporal interleaves concept is given in Figure 3-3
for the case of NT = 3. Here in TR #1, for every (kx,ky) sample, we get the 1st, 41h 7th etc.,
time samples. In TR #2 and TR #3, all of (kx,ky) points get the 2", 5th, 8th etc., and 3rd

6th, 9th, etc., time samples, respectively. Since the length of spiral lobes is 3-Akf=NT-Akf,
uniform sampling along kf axis is guaranteed.

Up to this date, the spiral CSI algorithm is one of the most time-efficient
spectroscopic imaging techniques. Even at high field strengths, where the acquisition
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times are inherently longer due to the more demanding spectral bandwidth limits caused

by the increased frequency dispersion, the spiral CSI provides order of magnitude

speed-up factors compared to the widely used PE CSI readouts. Table 1 shows

comparisons of the scan times (for TR = 2s) of the PE CSI and spiral CSI for single slice

spectroscopic data set at spectral bandwidths of 600Hz, 1200Hz and 3000Hz,

corresponding to -10ppm at 1.5T, 3T and 7T, respectively. The comparison was done

on acquisitions with FOVxy = 24cm encoded over matrix size of (x,y) = (32,32), for an

isotropic voxel size of 0.56cc. The maximum amplitude and slew rate of the gradients in

the spiral designs was set to conservative 1OmT/m and 120mT/m/ms. It is clear that

spiral CSI trades off acquisition times with spectral bandwidth, but even for the 3000Hz

spectral bandwidth designs, we still get -26 fold decrease in scan time, which is an

improvement that make in vivo studies feasible.

Spectral BW (FOVf) 2D Spiral CSI 2D PE CSI Speed up factor

600 Hz (1.5T) 16s 2048s = 34.1min 170.2

1200 Hz (3.0T) 30s 2048s = 34.1min 68.3

3000 Hz (7.OT) 80s 2048s = 34.1min 25.6

Table 1: Comparisons of the overall scan times for single slice spiral CSI and PECS[ acquisitions for three
different spectral bandwidths corresponding to three field strengths. The times are given assuming TR = 2s.
Even at the upper limits of spectral bandwidths, the spiral CSI offers orders of magnitudes decrease in
acquisitions times.

At last, it is instructive to note that SNR in MRI does not depend on the number of

samples acquired, but only on the voxel size and the square root of the time spend on

acquiring the signal [38-39], or more specifically, SNR Vsize - q Therefore, there is

not any inherent SNR loss due to the usage of the spiral CSI encoding. The only SNR

loss is due to the decease of the acquisition time which can be addressed by averages

of the single slice scans, or, even better, extending the encoding to 3D, volumetric

acquisitions. For example, 32 slices spiral CSI data (enough to encode the entire head)

for FOVf = 1200Hz, with take only 16 minutes (TR = 2), which, while long, is an

acceptable scan time for many in vivo measurements.



3.2 Implementing Spiral CSI on Siemens Platforms

The process of implementing the spiral CSI algorithm on Siemens MR scanners

involved C++ programming under the Integrated Development Environment for

Applications (IDEA*), a set of C++ libraries and classes provided by Siemens, that

enables researchers to program (almost) any desired acquisition and on-line

reconstruction schemes. Therefore, the development of spiral CSI algorithm under IDEA

can be in general divided into two major programming tasks:

* Implementation of a spiral CSI sequence, i.e. generation of a executable

(installed on the scanner) which has been compiled from a C++ code that,

given the user defined imaging parameters (on the scanner), designs the

spiral k-space trajectories in real time.

* Implementation of the reconstruction algorithm that takes the spirally

acquired data, re-grids [94] it on Cartesian-grids and outputs the resulting

spectroscopic data in the format required by the Siemens Spectroscopy

Toolbox*Task Card, used to evaluate metabolites' contents on the scanner.

Further details regarding these two programming projects are given next.

3.2.1 The spiral CSI sequence

The new sequence, abbreviated as 'csisespiral', was based on Siemens' product

CSI sequence, where the phase-encoded readouts were replaced with the time-efficient

spiral trajectories. The interface of the sequence protocol, listing all the imaging

parameters that could be changed by the operator, remained equivalent to the one in the

original PE CSI product sequence. This included the values of the spatial FOVs, the

spectral BW, the size of the (x,y,z,f) matrix, the ability to prescribe outer volume

saturation (OVS) bands, to change the TR and TE, to acquire data using multi-channel

coil arrays, etc. In addition, extra parameters specific to the spiral CSI (e.g. gradient

delays) could be also modified from the protocol task card.

For a given spatial imaging parameters, 'csi se-spiral' designed constant density

spiral k-space trajectories, which were then played in NA angular and N- temporal

interleaves, i.e. in (NA-NT) TRs. The values of NA and NT were optimized based on the

user-defined spectral parameters, such that the length of the rewinder gradients, played



at the end of each repeatedly acquired spiral lobes, is minimized. The acquired rewinder
gradient's samples, which is required so that the spiraled-out k-space trajectory is
brought back to (kx,ky) = 0, are not used in the reconstruction, and therefore longer
rewinder lengths imply larger SNR loss (hence the need to minimize the rewinder's
length). The trajectories calculated were based on a constant density spiral design,
which as a function of k-space radius, keeps the distance between the spiral windings
equidistant (see e.g. Figure 3-1).
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Figure 3-4: IDEA simulation of the spiral CSI sequence, showing the spiral readouts appended to a standard
PRESS-box excitation. For the given spectral-spatial imaging parameters, the sequence generated spiral
trajectories of length 5ms, 8% of which belongs to the rewinder gradients (identified on the figure for the 1 s
and 5th spiral lobe).

Figure 3-4 shows the timing diagram obtained from IDEA simulation of
'csisespiral', demonstrating its ability to successfully append the designed spiral CSI
readouts to the conventional PRESS-box excitation scheme (TE = 40ms). For this
particular example, the spiral trajectories were calculated to encode the (x,y,f) = (32x32x
256) space, over FOVxy = 24cm (voxel size = 0.56cc) and FOVf = 800Hz. The total
duration of each spiral lobe (including the rewinder) was 5ms, and with NT = 4 and NA =

2, the rewinder gradient accounted for only 8% of the spiral lobe length. Figure 3-4
clearly identifies the rewinder gradients of the 1st and 5th spiral lobe within the 320ms-
long acquisition window (not completely shown). With TR=2s, the total duration of this
single-slice spectroscopic acquisition was only 20 seconds.

.....................



3.2.2 The online gridding reconstruction

The spectral-spatial k-space data acquired from all receive channels using the

sequence 'csise_spiral' was fed to the reconstruction computer running under the

Image Calculation Environment (ICE), where the executable 'IceProgramSpiralCSI' was

used for reconstruction. The main task of the C++ code used to compile this executable

was to develop the functions and classes needed to efficiently re-grid the spirally

acquired k-space data onto Cartesian grids. Hence, the core of the developed code was

the 2X gridding routine [94], performed using Kaiser-bessel kernel with window width

W=6 and shape parameter p = 13.86. Note that the sequence ('csi sespiral') ordered

the acquisition of the spectroscopic data such that the angular interleaves were in the

inner loop of the running kernel. In other words, before acquiring the (kx,ky,kf) samples of

the, e.g. third temporal interleave, the samples of all angular interleaves for the second

temporal interleave were acquired first. This ordering improved the reconstruction

efficiency, as it enabled 'IceProgramSpiralCSI' to perform the 2X gridding on all the

(kx,ky) samples for the given temporal interleave, while the (kx,ky) samples of the next

temporal interleave were being acquired in parallel.

Technically, gridding should be employed along the kf axis as well, as the majority of

the kf samples are not acquired at times which are integer multiples of Akf = 1/FOVf.

Specifically, 'csise spiral' acquires samples every 10ps (this is the used sampling rate

of the analog-to-digital receiver), while Akf is usually in orders of ms (e.g. for FOVf =

1000Hz, Akf = 1ms). However, instead of kf gridding (which can be time consuming),
appropriate phase correction was applied to all the kf samples that don't fall on the

spectral Cartesian grid. This correction exploits the Discrete Fourier Transform shifting

property, which states that non-integer delays in time domain can be corrected for by

applying a phase term in the frequency domain of the form exp (-i2ctof), for all to, even

if to < Ak. Note that this phasing was done prior to (kx,ky) gridding.

Given the nature of the spiral encoding, potential delays between the gradients and

the ADC event block can results in spatial rotation and blurring. Using already developed

gradient characterization methods [95], we found out that on several scanners this delay

was -8ps on both X and X gradients. 'IceProgramSpiralCSI' used this delay to properly

correct the k-space trajectories and to assure correct reconstructions.

Once re-gridded, the Cartesian (x,y,z,f) samples from each of the receive coil

array's elements, were optimally combined using an estimation of the coil sensitivities'



complex weights. These weights were obtained from a short pre-scan, which is a

standard sequence on all Siemens scanner. The coil combination for the sample at

(xc,ye,ze,fe) from an acquisition using Nc receive coil elements is given by

SX,y,z,f = (CH D)/-\IY9 (3-)

where CH ([lxNc]) is the Hermitian vector of the complex weights from all the coils at (xe,

ye,ze,fe), and D ([Ncxl]) is the vector holding the samples from all the coils at (xe,ye,ze,fe).

The reconstruction times for even the "data-heavy" acquisitions were reasonable.

For example, the reconstruction of 3D volumetric spiral CSI acquisition with isotropic

voxel size of 0.25cc and using 32-channel receive coil array, was finished -45 seconds

after the end of the acquisition. Note that this time would have been much longer had the

reconstruction not started in parallel with the acquisition. The reconstruction of the data

acquired at lower resolutions or using less receive elements, finished instantaneously

after the end of the acquisition. Finally, the single data set, holding the coil combined,

Cartesian gridded (x,y,z,f) samples was sent to the Spectroscopy Toolbox Task Card for

spectral analysis of the metabolites detected.

3.3 Verifying the spiral CSI reconstruction

In this section we compare phantom and in vivo 3T spectroscopic data acquired and

reconstructed using: 1. the developed Siemens spiral CSI software package; and 2. The

Siemens product PE CSI sequence. Same imaging parameters were prescribed on both

sequences, which included acquisition of 3D CSI data using (x,y,z,f) = (16x16x8x512)

samples, encoded over FOVxy = 16cm 2 , FOVz = 8cm and spectral bandwidth of FOVf =

1200Hz. Hence, the overall isotropic voxel size was 1cc. Using the option for elliptical k-

space sampling, the total duration of the PE CSI sequence was 10min (TR = 1s). In

order to provide a more fair comparison in terms of SNR, the spiral CSI sequence used

12 averages for a total scan time 9.6min (TR = 1s). For the in vivo acquisitions, TR of 2s

was used.

To emphasize the benefit of the fast encoding, the spiral CSI sequence was used to

acquire an additional, higher resolution spectroscopic data set. With FOVxy = 16cm 2,

FOVz = 8.8cm, FOVf = 1200Hz, and the 4D encoding matrix set to (x,y,z,f) =

(22x22x12x512), the voxel size of this acquisition was an isotropic 0.38cc. The overall



scan took 4.8min (2 averages, TR = 1s). Due to SNR constraint, this acquisition was

only employed in phantom, and not in vivo. For all the acquisitions, both the PE, and the

spiral CSI readouts were appended to a LASER excitation scheme [88], which provides

significantly improved localization profile compared to the traditional PRESS-box

excitation (TE = 45ms). All experiments were performed using the standard Siemens'

32-channel receive coil array.
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Figure 3-5: Phantom 1cc, 3D CSI, 10min acquisitions using a) PE CSI readout; b) Spiral CSI readouts (12
averages), showing equivalent results; c) 0.38cc, 4.8min 3D spiral CSI acquisition, demonstrating a flexible
setting for scan time and voxel size that is possible with time-varying readout gradients. Reduction in voxel
size and imaging time results in natural SNR tradeoffs as evident when panel c) is compared to those shown
in a) and b).

Figure 3-5 shows side-by-side phantom comparisons of the spiral and PE CSI
acquisitions from the middle slice of the 3D data sets (5th slice for the 1 cc, and 7th slice

for the 0.38cc scans). The 17-cm diameter spectroscopy phantom used for the

experiments, contained physiological concentrations of the following brain metabolites

[96]: 12.5 mM N-acetyl-L-aspartate (NAA), 10.0 mM creatine (Cr), 3.0 mM choline (Cho),
12.5 mM Glutamate (Glu) and 7.5 mM myo-inositol (ml). The volume of interest (VOI)-
box that was excited by the LASER pulses was of size (x,y,z) = (lOxlOx4)cm3. All
spectral grids and NAA maps shown were generated by the Spectroscopy Toolbox Task
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Card. Visually comparing the data presented in Figure 3-5a and Figure 3-5b, we see that

the two employed encoding schemes yield equivalent results, as expected. Closely

looking at the sample spectrum shown in the middle, we do see that the Spiral CSI

acquisition in Figure 3-5b is slightly lower in SNR. However, this is not surprising, having

in mind that the acquired data belonging to the rewinder gradients was not used in the

reconstruction, alluding to the fact that the spiral CSI acquisition effectively spent less

time acquiring data. However, SNR is not an issue, not just in this case, but also in the

shorter, higher resolution (0.38cc) scan shown in Figure 3-5c. Here, the spectral quality

(middle image) is quite reasonable, and the NAA map shown in Figure 3-5c is

considered reliable, far from the level of being compromised.

a) PE CSI, 1cc, 16x16x8 N=1, 20min MPRAGE b) spiral csI, 1cc, 16x16x8 N=6, 9.6min

LOLL

Figure 3-6: In vivo Icc, 3D CSI scans using a) PE CSI readout acquired in 20min (TR = 2s); b) Spiral CSI
readouts acquired with 9.6min (6 averages, TR 2s), demonstrating the expected tradeoffs, i.e. shorter
imaging time results in reduced SNR for a fixed voxel size.

Figure 3-6 shows the in vivo comparisons between PE and spiral CSI readout. The

3D, 1 cc protocols, described before, were employed on a healthy volunteer, who has

signed the consent forms approved by the Institutional Review Board (IRB) of our

institution. The volume of interest (VOI)-box excited by the LASER pulses was of size

(x,y,z) = (10x8x4)cm 3, and was prescribed wholly inside the brain, in order to avoid lipid

contamination from the skull. No OVS bands were used, and TR = 2s. Again, visual
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inspection of the data from two different slices, above the ventricles (top row), and in the

ventricles (bottom row), alludes to their equivalence. Reduction of the number of

averages for the spiral CSI acquisition to 6, yielded patient-friendlier scan time (10min).

In the same time, it did not compromise the spectral quality in terms of SNR.

3.4 Spiral CSI in Clinical Settings

The spiral CSI package is currently installed on number of 3T Siemens scanners at

the Massachusetts General Hospital (Boston, MA, USA). This provides the ability for

employment of the 3D fast readouts of the spiral CSI in clinical trials. Currently, there are

two brain diseases that are being metabolically evaluated using the spiral CSI package:

1. Late-onset Tay Sachs (LOTS); and 2. Brain tumor (glioblastoma multiformey). The

first one is a collaboration with Dr. Eichler (Department of Neurology, MGH, Boston,

MA), while the second one is in collaboration with Dr. Andronesi and Dr. Sorensen

(Department of Neurology, A.A. Martinos Center for Biomedical Imaging, MGH, Boston,
MA). At this time, these studies are at their initial steps, so only preliminary data are

presented.

3.4.1 Spiral CSI in Late-onset Tay Sachs (LOTS)

Late-onset Tay Sachs (LOTS) is a rare lysosomal storage disorder resulting from

mutations of the subunit of the lysosomal enzyme B-hexosaminidase A, which catalyzes

the degradation of GM2 ganglioside [97]. On conventional MRI, supratentorial brain

structures appear completely normal. However, on postmortem examination,
gangliosides are found throughout deep cerebral nuclei. Previous attempts to explore

the metabolite contents on LOTS were performed by Inglese et al. [98], using single slice

phase-encoded CSI. In this study, we set out to investigate metabolic abnormalities in

individual supratentorial brain regions volumetrically, using 3D spiral CSI at 3T.

We applied the fast readouts of the spiral CSI in 2 patients with LOTS (2 men, age

range 38-45 years) and 3 healthy age matched controls on a 3T Siemens MRI system

(all signed the consents forms approved by the IRB of our institution). The imaging

exams consisted of a 3-plane localizer, and 3D T2 and T1 (MPRAGE) weighted

acquisitions. The spiral CSI acquisitions used constant density spiral trajectories

appended to a standard PRESS-box excitation placed wholly within the brain over 5cm



thick slice-selective slab. Six outer-volume saturation (OVS) bands were used to

minimize lipid contamination. With FOVxy = 24cm, FOVz = 12cm and encoding matrix of

(x,y,z) = (32,32,16), the overall isotropic voxel size was 0.42cc. The spectral bandwidth

was 1.2 KHz, encoded over 512 samples along the frequency axis. The spiral designs

used gradient slew rate and amplitude of 120 mT/m/ms and 10mT/m, respectively, for a

total imaging time of 16.5 minutes (TR = 2s, TE = 144ms, 2 averages).

a)

C
0

Figure 3-7: Spectral grids from two matching slices from 3D spiral CSI acquisitions on a) LOTS patient and
b) control subject (age matched) overlaid on high resolution T1 weighted acquisitions. It was found that,
when compared to controls, LOTS patients had significant elevations in Cho/Cr within the thalamus (yellow
box, bottom left image) and basal ganglia (green box, bottom right image).

Five brain regions were assessed (basal ganglia, thalamus, corpus callosum,

occipital and parietal cortex) and metabolite ratios (NAA/Cr, Cho/Cr) of spectra in 3

voxels per brain region were measured. For statistical analysis, a mean ratio was

calculated for each brain region and metabolite. Overall ifferences between LOTS and

healthy subjects were assessed with repeated measure (brain region) ANalysis Of

VAriances (ANOVA)s. Additionally, differences within each brain region were analyzed

with a multivariate ANOVA.
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Figure 3-7 show spectral grids from two matching slices of a 3D spiral CSI

acquisition from one control (Figure 3-7a) and one patient (Figure 3-7b). All

supratentorial brain structures appeared normal on structural imaging. However,

metabolic abnormalities were found throughout the neuroaxis. Cho/Cr of LOTS patients

was significantly elevated compared to normal controls (122%, p<0.01). A subsequent

ANOVA revealed elevation in basal ganglia (121%, p=0.05), and thalamus (127%,
p<0.01). Reductions in NAA/Cr were found in the cortex (79%) and basal ganglia (87%)

but did not reach statistical significance. There was a trend within the corpus callosum

towards reduced NAA/Cr (79%) and elevated Cho/Cr (123%).

3.4.2 Spiral CSI in brain tumors

The potential of CSI is significant for improving diagnosis or treatment follow up in

clinical conditions of brain tumors [11, 99], where invasive (biopsies) and other serial

metabolic imaging (e.g. Positron Emission Tomography) investigations are limited.

Employment of volumetric CSI acquisitions using the spiral CSI readouts, appended to

the LASER [88] localization excitations, could potentially provide more insight compared

to the routinely used single voxel spectroscopy, or single slice PE CSI acquisitions..

3D spiral CSI of brain was performed on five healthy volunteers (three males and

two females, 21-30 years, median age 26) and five patients with brain tumors (4 males

and 1 female, 24-65 years, median age 59.5). The selected patients were diagnosed by

histopathology to have glioblastoma multiforme (GBM) prior to MRS investigation. The

inclusion criteria were to have a tumor that has at least 1 cm diameter on the contrast

enhanced T1 weighted image. Exclusion criteria were tumors that presented large areas

of blood products due to post biopsy hemorrhage. In addition to the CSI scans, two T1

(MPRAGE) weighted acquisitions were acquired. The first one was used as a reference

to the second, which was acquired post-Gd (Magnevist) contrast administration. All

subjects signed the consent forms approved by the IRB of our institution.

With FOVxy = 16cm 2, FOVz = 8.8cm, FOVf = 1200Hz, and the 4D encoding matrix

set to (x,y,z,f) = (22x22x12x512), the voxel size acquired using the spiral CSI readout

was set to the isotropic 0.38cc. The overall scan was only 4.8min using 2 averages and

TR = 1s. The rather short TR was used due to the limited time allocated to the overall

protocol, which was limited by the clinical schedule to 45 minutes. The LASER excitation

scheme (TE = 45ms) was prescribed wholly within the brain, covering a VOI of size



(x,y,z) = (8x8x4)cm 2, enough to both include the tumor and the symmetrical contralateral

brain, and not to excite the skull.

Figure 3-8: 3D spiral CSI from a patient with a brain tumor (GBM). The spectral grids and examples of
spectra from voxels located in the healthy brain (outlined in blue) and in the tumor (outlined in red) are
shown for two slices. The decrease of the NAA and the increase of choline is evident in brain tissue.

Figure 3-8 show spectra for two of the slices which corresponded to the middle of
the enhancing tumor and above the enhancing margin. The positions of the FOV and

VOI for each slice are shown on axial and sagittal MPRAGE cross-sections. Examples of

spectra from voxels in the healthy brain (blue outlined) and tumor (red outlined) indicate

some NAA decrease, but more importantly, a significant choline increase. Due to the

high resolution of the spectroscopic data, the choline maps shown for both slice

positions provide solid separation between the areas of high choline tumor metabolism

and the area of necrosis or ventricles. Importantly, the choline maps show active tumor

beyond the margins of the contrast enhancing region.
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3.5 Conclusions

For any user specified spectral-spatial imaging parameters, the spiral CSI software

package calculated the constant density spiral trajectories in real time, acquired the non-

uniformly sampled spectroscopic k-space data, and reconstructed it on Cartesian grids

in a time-efficient manner. Due to its usefulness in obtaining volumetric CSI data in

acquisition times permissive for clinical in vivo measurements, we have given the

developed code to Siemens Healthcare (Erlangen, Germany), in order to officially

release it as a Work In Program (WIP) package. The WIP package is a form of software

release that Siemens (with an authorization of the code developer), can distribute to

research and clinical sites so it can be more widely used. All the necessary

documentation, including a User Manual, has already been written, and soon, this WIP

can be used by any research lab using Siemens scanners.

Furthermore, the results presented in this chapter showed successful employments

of the spiral CSI software package on 3T Siemens scanners in clinical settings. Our

preliminary studies in LOTS patients reveal alterations in supratentorial metabolism

within brain regions that appear normal on conventional MRI. The decreases in NAA/Cr

and increases in Cho/Cr presented may reflect neuroaxonal injury and gliosis

respectively, consistent with previous reports on the pathology of LOTS.

In the brain tumor studies, we have shown that 0.38cc volumetric CSI is feasible in

only -5min of scanning, a time which allows its routine employment during every clinical

scanning session. Furthermore, due to its volumetric coverage, the proposed acquisition

can be particularly useful for obtaining metabolite information in the cases where the

brain tumor is spread across multiple brain regions.

More spiral CSI acquisitions on various patient populations are underway. Besides

the mentioned LOTS and GBM brain tumor patients, we are also starting a pediatric

study exploring the metabolite distribution on children (4-12 years old) who are

genetically preconditioned to be diagnosed with X-linked adrenoleukodystrophy (ALD).

Previous studies [10, 100] have shown that spectroscopic imaging is able to identify

impending or beginning degeneration in white matter (characteristic for ALD), that still

appears normal on conventional MRI. Therefore, the premise in this pediatric study is to

use spiral CSI as a technique for earlier prediction of lesion progression on MRI in X-

linked adrenoleukodystrophy.



Chapter 4

Background: Acquisitions on 7T
Parallel Transmission (pTx)
Systems

4.1 Motivation

The complexity of a given excitation target determines the duration of the designed

RF waveforms. RF pulses that are too long yield excitation patterns that are degraded

not only by Bo, T1, or T2 effects. Therefore, it is always desirable to design RF waveforms

that achieve the target excitation in the least amount of time possible. Moreover, certain

desirable excitation targets for clinical imaging (e.g. arbitrary shaped saturation bands,
spectral-spatial excitations with curved spatial profile) are practically impossible to

achieve on the current MR systems.

Recently, parallel transmission (pTx) systems with independent control over the

amplitude and phase on each of the N excitation channels, have been successfully

demonstrated as means to reduce RF duration of spatially tailored excitation patterns

compared to single-channel implementations. All of the work shown in the chapters that

follow was performed on a 7T MAGNETOM Siemens scanner equipped with eight

independent transmit channels. This system is part of the A.A. Martinos Center for

Biomedical Imaging at the Massachusetts General Hospital (MGH). Since the process of



data acquisition on pTx systems is more complicated than on conventional single-Tx

systems, the main purpose of this background chapter is to give an overview of that

process. Specifically, it starts by briefly describing the hardware components involved,

followed by the techniques used to estimate the field maps (B0, B1' and B1-). Next, it will

touch upon the pTx RF design algorithms, concentrating mostly on the, so-called

"spokes" RF pulse waveforms. Lastly, it will emphasize the importance of monitoring and

management of the local specific absorption rates (SAR) in pTx systems, which naturally

motivates the work presented in the next chapter.

4.2 pTx Hardware

Unlike the conventional single-Tx scanners, pTx system have multiple transmit

channels. Our 7T Siemens scanner uses eight independent RF Power Amplifiers

(RFPAs), each capable of transmitting 800W of power with maximum transmit voltage of

200V. Furthermore, the system is equipped with high-performance head-insert

gradients, capable of reaching maximum gradient amplitude and slew rate of 80mT/m

and 400mT/m/ms, respectively. Each of the RFPAs' output is connected to a directional

coupler (called TALES® on the Siemens systems) which monitors the forward and

reflected power in real time, and detects possible RFPAs mishaps. The signals from the

RFPAs are connected through the coil feeder panel to the custom made transmit coil

array. The received signals from the RX-coil are sent to the receiver, after going through

optional 20dB attenuation (controls the 'low/high' gain of the receiver). Rough schematic

of the system layout (including the path for signal reception) is given in Figure 4-1 a.

A desirable feature of pTx is orthogonality of the spatial B1* profiles (greater

orthogonality allows greater acceleration factors). Hence, the TX-coil array is built to

reduce coupling among coil elements. The most common way to achieve the desired

decoupling is via capacitive means [101]. Figure 4-1b shows the 8-channel TX gapped

loop array used in all the experiments shown in this thesis, except for the results shown

in Chapter 6, where we used the 16-channel TX strip-line array (Figure 4-1c). When the

former coil array was used, a separate 8-channel receive coil array was used for signal

reception (which can be seen inside the TX array in Figure 4-1 b). These coil arrays were

build by our collaborators from the RF lab at the A.A. Martinos Center for Biomedical

Imaging, MGH [102].



Figure 4-1: a) Schematic of the 8-channel pTx system and b) the 8-channel transmit coil array used for most
of the experiments in this thesis; c) The 16-channel strip-line coil array used for the work presented in
Chapter 6.

4.3 B1 and Bo field mapping

Estimation of the transmit (B1*) fields is a requirement for pTx experiments.
Furthermore, the accuracy of the maps' estimates is essential for achieving the designed
spectral-spatial excitation patterns on the scanner. For further experimental accuracy, it
is also highly desirable to get an estimate of the main field's (Bo) inhomogeneities, as
many excitation targets, particularly for CSI applications, are sensitive to Bo effects.
Hence, every pTx experiment starts with the "field mapping session", which consists of a
series of acquisitions that are ideally short in time, and provide reliable and accurate
estimate of the B1* and Bo fields.

Estimation of the BO field is fairly straightforward and fast. It requires data acquisition
at two echo times, say TE1/TE 2 = 5ms/6ms, yielding two images, ImTE1 and ImTE2,

respectively. The estimated Bo field at a particular spatial location (x,y), is then given by
BO(x, y) = p(x, y)/(21r -ATE), where Vp is the phase term of ImTE1-conj(ImTE2), and ATE =
TE2 - TE1. The Bo map is given in units of Hertz, and gives the deviations from the
resonant frequency (~297.18Hz at 7T) as a function of space. Note that in order to get a
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good phase estimate at all spatial locations, the dual-echo acquisitions are usually
performed on a uniform transmit mode, like the birdcage mode. Furthermore, since the
Bo estimate calculation depends on the difference of the two echo times, the repetition
times (TR) of the sequence used can be made short, making the Bo estimation process
fast. An example of an in vivo BO map is given in Figure 4-2a.

|B1*| (pTN)
0.05

a) Bo (Hz)
70

0

b) <B1 (rad)
-80

-7E

Figure 4-2: a) Estimated in vivo BO map; b) In vivo B1* maps (magnitude and phase) of the 8 elements of the
transmit coil array (shown in Figure 4-1 b) estimated using the methods described in [103].

Compared to single-Tx systems, B1* mapping of the individual TX elements in

parallel transmission is more involved, mainly because of the severely inhomogeneous
(i.e. localized) spatial profiles of the transmit coil array's elements. Hence, conventional
magnitude-based B1* mapping techniques, such as the multi-angle method [104-105],
saturation angle method [106-107], or Actual Flip-angle Imaging (AFI) [108], have poor
SNR or require acquisition of more images if applied on one transmit channel at a time.
The B1 mapping method that was used for all the pTx experiments done in this thesis
can be thought of as a hybrid between the ones shown in [107] and [104]. In essence, it
requires two sets of acquisitions and several calculation steps that at the end generate
estimates of both the transmit (B1 ) and receive (B1-) profiles. Next, I give a brief
explanation of the methods used (more details can be found in [103]).

.... .. ... .. ....... .. .. ... ...



The first acquisition collects eight low flip angle images (one per each transmit

channel) which are used to create a combined mode by linearly combining them, such

that the maximum to minimum ratio of the combined image is minimized. The purpose of

this step is to avoid dynamic range problems when estimating the B1* at locations with

low SNR. The intensity of each of these images is given by:

I.(x,y) = p(x,y)RX(x,y)sin (O,(x,y)), n = [1 ... 8] (4-1)

where p(x,y) is the tissue density, RX(x,y) is the coil's receive profile and Oc(x,y) is the

flip angle map of the n-th channel, to be estimated.

Then, a second acquisition operated in the combined mode (by simultaneously

transmitting through all transmit channels scaled by the amplitude and phase terms

found earlier) obtains: 1. A reference, low flip angle image of the combined mode, or

Iref(x,y) = p(x,y)RX(x,y)sin (6(x,y)); and 2. Several (m) saturation images, each

acquired with different flip angle of a saturation pulse that precedes the excitation, or

Isat(x,y) = p(x,y)RX(x,y)sin (6(x,y))cos (m6s(x,y)). In Iref (x,y) and Isat(x,y), 9(x,y)

and 6O(x, y) are the flip angles of the excitation and saturation, respectively. Since at

least one saturation image is acquired, Os(x,y) can be estimated by fitting a cosine

curve to Isat(X,Y)/Iref(X,Y) for every (x,y) position. Once Os(x,y) is known, it is

straightforward to get the excitation flip angle map of the combined mode (6(x,y)), as

well as the product of p(x,y)RX(x,y). Lastly, knowing p(x,y)RX(x,y) we go back to

In(x,y) = p(x,y)RX(x,y)sin (6.(x,y)), n = [1 ... 8] (4-1) and the

individual flip angle maps (6n(x, y)) for all transmit channels can be obtained.

Example of in vivo B1* maps (magnitude in pTN, phase in radians) estimated using

the procedure described, is shown in Figure 4-2b (magnitude/phase in top/bottom of the

figure). Note that these methods assume that we operate in a regime without any T1

effects. To fulfill this constraint, the set of saturation images (m = 5 for this example)

were acquired with TR of 20s (i.e. > 5 time more than the longest T1 measured in the

head). The TR of the low flip angle acquisitions on the other hand, was set to 2s, due to

the fact that excitation of several degrees does not tip the magnetization to an extend

that can cause T1 weighting effects. Therefore, the total time to acquire all the images

needed to calculate the B1* map was estimated to (5-20s + (8+1)-2s) = 118s or less than

2 minutes, which is an acceptable time for in vivo acquisitions.



Once the estimates of both the Bo and the B1* maps are obtained, they are then

used as inputs of the pTx RF pulse design algorithms. The next sections discuss the RF

pulse design methods that are mostly related to the work in this thesis.

4.4 pTx RF pulse design methods

All of the pTx RF pulse design algorithms use the extra degrees of freedom

provided by the additional transmit channels (i.e. the extra RFPAs) to "accelerate" a

given single-channel excitation, such that the resulting RF pulse durations are R times

shorter and the quality of the resulting excitation target is not compromised. R

represents the acceleration factor, such that R < N.

Most of the currently used pTx pulse design methods are based on the Transmit

SENsittivity ENcoding (SENSE) algorithm [109-111]. While the original SENSE algorithm

[112] was developed to speed up the readout portion of the MRI experiment by using the

sensitivity maps of the receive coils arrays, Transmit SENSE uses the spatial patterns of

the B1* (transmit) profiles of the transmit coil array to speed up (shorten) the excitation

schemes. Having N transmit channels, the formulation of the spatial excitation profile

given in equation mxy(i) = iym0 fj bi(t)er(0dt (2-7)

extends to:

()= iym 0  S() f BI(t)efk(t)dt (4-2)

where Sn(r) is B1* sensitivity profile for the n-th transmit channel. Discretizing in both

space and time, and still assuming the low tip angle approximation [69], mxy(f) =

iym 0 n=1Sn(f) fJ B1,n(t)eiik(t0dt (4-2) can be formulated as

m = Ab, where A incorporates the B1* coil profiles modulated by the Fourier kernel due

to the excitation k-space traversal, m is the (spectral-) spatial target profile, and b

contains the RF waveforms. Therefore, in its essence, the pTx RF design is an

optimization problem that tries to find the estimates of b, (i.e. the N RF waveforms) that

give the best target excitation m, given A, and a particular cost function. One way to

solve for b is by using conventional least squares (LS) optimization, i.e.

b = argbmin [IlAb - m|| 2 + A(b)], where t(b) is the regularization term that can be used

to control the integral of the RF pulse and its peak voltage.



For many imaging applications, the phase profile of the excited region is not of a

particular interest. Taking advantage of this observation, Setsompop et al. [113] have

proposed the magnitude least square (MLS) optimization of b, i.e.:

b = ar9bmin [|||Abi - m||z + A(b)] (4-3)

In [113] it was shown that for a given RF pulse shape, the MLS design outperformed

the LS equivalent by achieving more uniform magnitude excitation profile, at a cost of

less uniform phase profile, which, as mentioned previously, is not critical in many in vivo

applications.

4.4.1 pTx spokes RF waveforms

Imaging at high field strength (e.g. 7T) suffers from severe B1 inhomogeneities that

manifest as a significant signal variation within the volume of interest (VOI) resulting in

non-uniform spatial SNR distribution and image contrast [40-42]. Parallel transmission

has the utilities to robustly correct for these non-uniformities. The most commonly used

pTX excitations that yield uniform excitation are the so-called "spokes" RF pulses, where

multiple sinc-shaped RF pulses are played at particular locations in excitation k-space.

The idea behind the spokes excitation is that, rather than using the conventional

way of playing a single sinc pulse (which, in a low-flip-angle view of RF excitation,

deposits RF energy only at DC in excitation k-space), correcting for the B1*

inhomogeneities can be better achieved if multiple sinc pulses are played at different

excitation k-space frequencies (DC can be also included), so that the final excitation is a

better representation of the excitation target's spectral contents. Figure 4-3 shows an

example of a typical 4-spokes pTx excitation scheme. Gx and Gy gradients (Figure 4-3b)

are used to traverse the kx-ky excitation space and get to the desired k-space locations

(shown in the top image of Figure 4-3a). At these times, the slice selective RF-sinc

pulses (accompanied by Gz gradient for slice selection) are played on each of the 8

transmit channels. RF energy is only deposited along excitation kz, and for particular

(kx,ky) positions (as shown by the bold vertical lines in Figure 4-3a), and no RF is played

between spokes. The MLS optimization given in b = argbmin [11 |Abi - m|| 2 + i(b)]

(4-3) finds the best amplitude and phase terms for each spoke on each

TX channel (total of 4-8=32 complex coefficients), such that the mitigated B1* profile is

as uniform as possible.
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Figure 4-3: a) The excitation k-space trajectory for a 4-spoke excitation. b) The RF and the gradient shapes
for the same excitation. Gx and Gy gradients are used to get to a desired k-space locations (shown in the
top image of a)), at which times the slice selective RF-sinc pulses (accompanied by G, gradient for slice
selection), are played on each of the 8 transmit channel. The MLS design finds the best amplitude and
phase terms for each spoke and each TX channel (total of 32 complex coefficients), such that Bi+ mitigation
is as uniform as possible. (Figure under a) courtesy of Setsompop [113]).
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Figure 4-4: B1+ comparison between a) the conventional birdcage (BC) excitation (routinely done on a
single-channel systems), and b) the pTx 4-spokes RF excitation. The superiority of the 4-spokes pTx
excitation with respect to many uniformity metrics (shown on the right of each image), is evident. (Figure
courtesy of Setsompop [104]).
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Figure 4-4 shows an in vivo comparison between the conventional single-Tx, single

sinc birdcage excitation and the pTx 4-spokes RF design. The spatial signal dropout due

to excitation RF inhomogeneities in Figure 4-4a is clearly demonstrated, as is the

excellent mitigation shown in Figure 4-4b. Looking at the measured flip angle maps

shown on the right of the figure, the pTx 4-spokes mitigation provides superior uniformity

over the conventional birdcage excitation with respect to several defined metrics. The

pTx spokes excitation schemes using the MLS optimization algorithm was the core

engine behind all of the RF pulse designs developed for the purposes of this thesis.

4.4.2 Wideband spokes excitation

The spokes excitation mentioned, achieved successful B1 mitigation for the water

resonance, but offer inadequate frequency bandwidth to be of use for CSI applications in

the brain where the RF design must incorporate B1* mitigation over a wider spectral

bandwidth for a proper metabolite excitation. In order to fulfill this extra requirement,

[114] proposed an extension to the spokes-based design by extending the m = Ab

formulism to NF specified off-resonances, such that b is now obtained by solving the

concatenated set of equations, i.e.

Mh mf -Af1 1
lf2 Af.f = f -b (4-4)

mf NF- IAN-
Figure 4-5 shows the performance of the pTx wideband spokes against the

conventional spokes and single-Tx birdcage excitation. The excitation target for all three

excitations was a uniform slice-selective B1' mitigation over a 5-cm thick slice and 600Hz

of spectral bandwidth. The vertical axis on the figure presents the normalized standard

deviation across the entire volume of interest, and represents a metric for spatial

uniformity. While the RF shimming method provides equal performance across all

frequencies, it is hindered by poor spatial uniformity. Conversely, the conventional

spokes achieve pristine spatial uniformity on resonance, but suffer greatly for all off-

resonances. At the end, the wideband spokes sacrifices some uniformity compared to

the conventional spokes at OHz, at the benefit of maintaining that uniformity across the

entire target spectral bandwidth (i.e. 600Hz). Variants of this excitation (among other



proposed) were used for the spectroscopic imaging acquisitions presented in Chapter 6

and Chapter 7.
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Figure 4-5: Comparing the performance of the wideband spokes against the conventional spokes and
single-Tx birdcage (BC) excitation schemes. It can be seen that the wideband spoke excitation sacrifices
some uniformity compared to the conventional spokes at OHz, at the benefit of maintaining that uniformity
across 600Hz of spectral bandwidth (Figure courtesy of Setsompop [114]).

4.5 SAR modeling and simulations

Patient safety concerns in MRI are related to the measure of specific absorption rate

(SAR), i.e. the rate at which energy is absorbed by the human tissue when exposed to

the RF field played during the excitation phase of an MRI experiment. Therefore, prior to

employing the designed excitation to the subject, it is required that this excitation is SAR-

checked. Mathematically, the local (spatial) distribution of SAR is given by

SAR(?) = 2-p( 9 TRfO l|E(f, t) | dt (4-5)

where TR is the time between two consecutive excitations, a(f) is the conductivity and

p(f) is the density of the tissue at location r, and E(-, t) is the electric field generated by

the transmit coil Ec(r), scaled by the RF samples transmitted at each time point, b(t). If

Lb is the duration of b(t), then Lb ; TR, and the ratio Lb/TR is known as the duty cycle.

The Food and Drug Administration (FDA) and the International Electrothecnical

Commission (IEC) impose limits on: 1. The maximum value of local SAR for 1g (SARLocal-

1g) [115] or 10g (SARLocal-10g) [116] of tissue; and 2. The maximum value of global

(averaged) whole-body or whole-head SAR (SARGlobai) [115-116]. Table 2 shows the



local and global SAR values for a human head. Looking at

SAR(i) = IITR||E(f, t)|| dt (4-5), the global SAR
2-p(i)-TR0

values are obtained by simply averaging SAR(f) over all f, while the 1-gram and 10-

gram local SAR maps are obtained by finding the 1-gram and 10-gram volumes

surrounding each i and then averaging SAR(f) over all f within the cube.

SARGobal SARLocal-1g SARLocal-1 Og

IEC 3.2 W/kg / 10 W/kg

FDA 3 W/kg 8.1 W/kg /

Table 2: IEC and FDA limits for the local and global SAR

r=o-(r)2p(r)-TROTRF(r,t)22dt (4-5), but now Er,t is the

superposition of the electric fields generated by each transmit coil scaled by the RF

pulses played on each coil. For N transmit coils, we have

E(f, t) = ENi b h(t) En (f) (4-6)

Currently, there does not exist a safe and reliable way to directly measure local SAR

in humans. Therefore, various electromagnetic (EM) software packages are currently

exploited to simulate the electric fields using human models which consist of high

resolution conductivity and density maps of the human body. REMCOM* (State College,

PA, USA) and SEMCAD* (SPEAG, Zurich, Switzerland), use finite-difference time-

domain (FDTD) methods to calculate En(i;) - the E field's spatial distribution of the n-th

element of the previously modeled transmit coil array. Calculating the complete set of E

fields for all the transmit channels can be time consuming, i.e. -24 hours for 8 coils, on a

high-end graphical processing unit (GPU) card. Figure 4-6a shows the conductivity map

of the "Ella" model ("Virtual Family", ITIS, Zurich, Switzerland), where the red (blue)
colors represent tissues with highest (lowest) conductivity. Figure 4-6b shows the

magnitude of axial E fields from the iso-center position of the 8-channel transmit coil

array loaded with the Ella head model. For completeness, Figure 4-6c shows the

magnitude of the x, y and z vector components of E fields, shown in Figure 4-6b.

Given the simulated E fields, using o-(f) and p(f) from the head models, and

REF _Ref277420687 \h SAR(i) = (f TR T IE(, t) ||2 dt
2rpn nnTR (on c e cua t

r,t=n=lXhnAn(r) (4-6), one can easily calculate the spatial



SAR distribution for a given pTx RF excitation, [b(i) ... bn(r)]. This is important, since

the calculated values of the maximum local and global SAR are used to determine the

minimum TR that is allowed to be used in the sequence, such that the pre-defined IEC

limits are not exceeded.
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Figure 4-6: a) Conductivity maps, a(r) of the Ella human model; b) The magnitude of the axial E field
vectors for the iso-center position of the 8-channel transmit coil array, loaded with the Ella model; c) The
magnitude of the x, y, and z component of the E vector shown in b).

Local SAR depends on the superposition of the electric fields from all the RF

waveforms played, therefore, in parallel transmission, assuring patient safety relative to

SAR, requires monitoring of the RF waveforms being played on each transmit channel,
ideally in real time. This is going to be the main topic of discussion in the chapter to

follow.



Chapter 5

Real-Time RF Monitoring in a 7T
Parallel Transmit System

5.1 Motivation

In conventional single-Tx system, patient's safety related to SAR is monitored by

estimating the delivered power to the tissue averaged over 10s and 6 minute periods.

The difference between the measurements of the (forward) power sent by the RF power

amplifier (RFPA) and the (reflected) power reflected by the transmit coil, gives an

estimate of the power delivered to the tissue, and therefore, indirectly of the amount of

tissue heating caused by the given RF excitation. These power measurements are

performed by directional couplers (i.e. the TALES units on Siemens platforms) which are

placed right next to the RFPA (see Figure 4-1). The system then compares the TALES

values to the limits defined by the International Electrotechnical Commission (IEC)

(shown in Section 4.5 above), and decides whether the acquisition is patient safe or not.

In the latter case, the scan is automatically stopped, and patient safety is assured.

Monitoring the power averaged over given time period is necessary and sufficient

requirement for guaranteeing patient safety in single-Tx system. However, this is not the

case in parallel transmission. While lower TALES values are always safe for a patient



scanned on single-Tx system, this is not the case for pTx acquisitions. Since the local

SAR distribution in pTx depends on the superposition of the electric fields from all the RF

waveforms played, lower TALES values measured on one or more TX channels alter the

local SAR maps in a way that does not necessarily imply lower maximum value of the

previously simulated local SAR map (as shown in Section 4.5). For example, if one

RFPA gets defective during a given pTx acquisition and delivers only half the power, that

might actually increase (and possibly shift) the maximum value of the local SAR

distribution. Therefore, given the TALES values only, i.e. the measured power averaged

over given period of time (e.g. 10s, or 6min), it is hard to draw rational conclusions on

whether the given pTx acquisition assures patient's safety or not.

Having said this, there is a need of including an additional layer of monitoring in the

transmit chain of each TX channels, in order to better ensure the validity of the simulated

SAR estimation. Since the local SAR distribution depends on the RF waveforms being

played on each TX channel (as described by E(i, t) = ZI b(t) En(i)

(4-6)), it makes sense for this enhanced monitoring system to include

measurements of the actual complex RF waveforms monitored for each individual

transmit element.

The two most common ways to implement real-time RF monitoring include the

usage of directional couplers, or, the so-called pick-up loops. The latter involves placing

small wire loops (-5ms in diameter) in near proximity of each transmit coil element, in

order to "pick-up" the currents induced by the RF waveforms played. Previous

successful attempts to use pick-up loops for RF monitoring are given in [117-118]. The

work presented in this chapter however, focuses on the implementation of the real-time

RF monitoring system using directional couplers.

The objective of the work presented in this chapter was to develop a fully functional,
real-time RF monitoring system using directional couplers, that tracks and compares RF

waveforms on each TX-channel to the expected digital pulse waveforms and shuts down

the scan in the event of a mismatch due to e.g. a broken coil, RF amplifier failure, phase

discrepancies, or other spurious sources of pTx RF errors. Furthermore, it investigated

subject-to-subject variation in excitation coil array monitoring parameters and used these

findings to propose threshold criteria that identified the detected RF mismatches that

could potentially be harmful to the subject being scanned. Calibration of the cut-off

values needed in the threshold algorithm was done empirically by monitoring the RF



signals in 15 in vivo measurements. The performance of the proposed algorithm was
then tested for different types of RF pulses in undisturbed and purposely disturbed
acquisitions. Once the given proposed threshold was exceeded, the measurement was
successfully stopped in real time with at most 10 ms latency.

5.2 pTx system layout with real time RF monitoring

Eight directional couplers (DiCos) were used to measure the forward and reflected
power to an 8-channel transmit coil array for our MAGNETOM 7T (Siemens Healthcare,
Erlangen, Germany) with an 8-channel prototype pTx system. Compared to the
directional couplers already present in the Siemens systems (i.e. the TALES units),
which remained to measure the power averaged over 10s and 6min time periods, these
newly added DiCos were placed as close to the transmit coil elements as possible. Our
original system's layout shown in Figure 4-1, is now updated to include the DiCos in the
TX-RX chain, as shown in Figure 5-1. Here, it can been seen that the received
monitoring signals were attenuated by 60dB at the receiver, which was the level
necessary to allow transmission at 200V simultaneously on all 8 channels without
clipping artifacts. The value of 200V was the maximum voltage that each of the 8 RFPAs
could deliver. After being fed to the standard receiver, the monitored signals were
processed by the online scanner image calculation environment, which is able to stop
the sequence at a time when predefined error thresholds are reached. The shutdown
reaction time is guaranteed to be less than 10 ms.

Figure 5-1: Schematic of the 8-channel pTx system including the real time monitoring system using
directional couplers that measure the forward and reflected power close to the transmit coil array. The 60 dB
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attenuated monitored signals were fed to the standard receiver, and processed by the online image
calculation environment capable of stopping the acquisition in real time if the error thresholds are reached.

5.3 The coupling matrix

Transmission of RF on TX-channel k generates non-trivial monitoring signals on all
8 channels due to coil coupling. To account for these coupling effects and resolve
independent pTx waveforms by observation of the monitoring signals from the DiCos, a
separate calibration step preceded the pTx exam to estimate the full complex-valued 8x8
coupling matrix. Note that the coupling patterns are different for the forward and
reflected monitored signals, so two separate matrices are estimated. Row k (k=1 ... 8) of

each coupling matrix is generated by playing an RF pulse on channel k, and receiving
forward/reflected data through all 8 DiCos, followed by a least-squares estimate of 8
complex-valued weights that relate the forward/reflected transmission to the DiCos, and
populate row k of the correlation matrix, UFWD/UREF. The estimated waveforms are then
bestFWD(t) = TXvor b(t)-aFWD and bestREF(t) = TXvor b(t)-aREF, each expressed as an Nx8

matrix (N=number of RF samples), where TXvol is the maximum voltage and b(t) are the
ideal Nx8 pTx waveforms.

ideal \bm lasured
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Figure 5-2: The complex [8x8] alpha matrix transforms the ideal waveforms (left) to the monitored signal
(right) in the minimum least-square sense.

Figure 5-2 shows the pTx RF excitation used to calculate the alpha matrices. The
left image shows Gaussian pulses that were played simultaneously on all 8 TX-channels
([1600x8]). Two Gaussian pulse per transmit channel were played, each of them being
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either purely real (blue) or purely imaginary (red). The monitored signals (forward in
figure shown) received by the 8 DiCos are shown on the right image ([1600x8]). Then,
the alpha matrix is the [8x8] complex-valued matrix that transforms the ideal waveforms
(left) to the monitored signal (right) in the minimum least-square sense. The pTx
sequence that acquired the data necessary to calculate the alpha matrix, consisted of 32
repetitions (TR = 1 Oms) of the excitation shown on the left of Figure 5-2, for a total scan
time of only 3.2s. This sequence was part of the adjustments portion of the pTx session.
While only one TR is really needed to get the coupling matrix, the 32 acquired
measurements provided better fits for aFWD and aREF-

a) Forward Si nals b) Forward Signals (dB) c) Along Diagonal
0

ADC
Counts

/V Forward Signals

Reflected Signals

-65

Reflected Si nals Reflected Signals dB d) Diagonal Ratios (%)

Voltage Ratio

Power Ratio

0 _-65

DiCo# >

Figure 5-3: a) Examples of the magnitude forward and reflected signals alpha matrix (top and bottom image,
respectively); b) Same matrices from a) shown on dB scale; c) One dimensional plots along the diagonal for
the forward and reflected power matrices shown in a) (forward = blue line, reflected = red line); d) The
voltage and power ratios of the curves shown in c).

Sample examples of alpha matrices are given in Figure 5-3, showing the expected,
predominately diagonal pattern. The top and bottom image of Figure 5-3a show the
magnitude of aFWD and aREF scaled to the same maximum value. The units of the alpha
matrix are given in ADC (or receiver) counts per unit voltage. Figure 5-3b shows a dB
plot of the matrices given in Figure 5-3a, seeing that the off-diagonal terms of aFWD are at
least 25dB lower in magnitude compared to the diagonal terms, alluding to decent de-
coupling of the transmit coil array's elements. Furthermore, Figure 5-3c presents a 1-D
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plot of the diagonal terms of gFWD and gREF (blue and red curves, respectively), which

ratio is labeled as the "Voltage Ratio" in Figure 5-3d (shown in blue). Squaring the

voltage ratio, gives us the power ratio between the diagonal terms of gFWD and gREF

(shown in red, Figure 5-3d), which represents a measure of the amount of reflected

power observed in our transmit coil array. It is important to note that the sub 5%

reflection seen in Figure 5-3d is in correspondence to the amount of reflection observed

in this coil array on the bench.

5.3.1 Subject-induced variability in the monitoring signals

Any threshold criteria used to determine the extent to which the monitored DiCos'

signals deviate from the ideal RF waveforms, and to decide whether the transmitted RF

excitation is reliable or not, would require some cut-off values that would discriminate

between the "erroneous" and the "reliable" samples. Calibration of these cut-off values

needed in the threshold algorithm was done empirically by monitoring the RF signals in

15 in vivo measurements. The goal here was to investigate the subject-to-subject

variation in excitation coil array monitoring parameters and use these findings to propose

reasonable threshold criteria (discussed later in the chapter), that stop the acquisition if

the mismatch between the ideal and observed RF signals is large enough so that patient

safety is in question.

The values of the coupling matrices gFWD and gREF vary from one subject to the next

due to modulation of the array couplings by loading differences. This is particularly true

for the values of gREF. In order to quantify this variability, we collected gFWD and gREF for

each of the 15 different subjects scanned, who were asked to position, remove and then

re-position their head in the array three times. We analyzed the calibration matrix for the

delivered power, a= (gFWD - cREF). Defining gmean archive as the mean among all the 15-3 =

45 a's, we calculated the [15x3] (15 heads; 3 measurements per head) maximum error

vector Emax a, such that

Emax_a [n, m] = max (an,m-ameanarchive) ,n = [1 ... 15], m = [1,2,3] (5-1)
11 amean archive

where an,m is the m-th alpha matrix measured on the n-th subject. The three plots given

in Figure 5-4a show the values from each of the three columns of Emaxa, i.e. the

maximum error values in each of the three alpha matrices, measured for every subject.

Taking the mean of these three vectors, gives us the maximum error values for each



subject averaged over the three measurements. Looking at this plot, we see that the
maximum error value is 4.65% (on subject 3). Adding a slight safety-buffer margin to the
calculated error maximum, we declared Emax = 5% to be considered as the upper limit of
the range of variability present in our monitoring system. This cut-off value was used in
the threshold algorithm to identify the potentially erroneous RF samples.

a) 10% Ema, m=1 5% Emx., m2 4 max_, m b) s%

Subject# Subject# Subject# Subject#

Figure 5-4: a) Three plots showing the three columns of Emax-a, i.e. the maximum error values among all 15
subjects for each of the three measurements performed per subject; b) The [1 x1 5] error vector formed by
taking the mean Of Emax_a along the second dimension.

Since the coupling matrices do vary slightly from subject-to-subject, and since the pTx

acquisition used to calculate gF-WD and aREF takes only 3.2s, every new pTx session

started with an acquisition of aFWD -curr and aREF-curr for the subject being scanned. These

matrices, together with Emax, were used in the threshold algorithm to be discussed next.

Moreover, the value Of Emax was used to verify whether our hardware is in a normal,

operable state, by calculating the maximum error value between acurr = (aFWD_curr -

aREF-curr) and amean-archive, i.e. Emax-curr = max[I(acurr - amean-archive) /(amean-archive)J]- if

Emax-curr > Emax, we question the state of our hardware and abort the session overall (the

subject is not scanned, and the hardware is brought back to the bench). If Emax-curr < Emax,

we claim that our hardware is in operable state, and we proceed with our experiments.

5.4 The threshold algorithm

For a given set of pTx RF pulses b(t), played at a maximum transmit voltage, TXvoi,
the forward and reflected measured RF signals from the DiCos (bmFWD(t) and bmREF(t),

respectively) are compared against be_-FWD(t) = TXvor b(t)-aFWD_curr and beREF(t)

TXvor b(t)-aREF_curr, by defining the normalized complex error matrix

E~)=[bmFWD(t)-bmREF(t)]-beFWD(t)-beREFWt (-2
[be_FWD(t)-be REF(t](52
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The size of E(t) is [Ns x 8], where Ns is the number of samples in the pTx excitation,

and 8 is the number of used transmit channels. Then, the proposed threshold algorithm

does the following for every TR of pTx acquisition:

* Finds Vind E, the vector of indexes of all RF samples in E(t) that exceed the

empirically obtained Emax = 5%;

* For the RF samples at the indexes VindE, assumes the worst case scenario

when all the E fields sum constructively, so the maximum 10g-avg local

SAR, SARog-iocai curr, is further derated by a local SAR term;

* Stops the measurement in real time if the minimum TR calculated based on

new SAR estimate is longer than the TR being used.

5.4.1 Finding VindE

At any given time sample to, E(to) is a [1 x 8] complex vector. If either the real or

imaginary part of any of these 8 samples exceeds Emax = ±5%, that it is said that the pTx

excitation at time to is erroneous. The index of this RF sample is then included in VindE.

We further define E% to be the fraction of RF samples that exceed Emax = 5%. E% is

calculated by dividing the length of Vind_ £with Ns.

5.4.2 Derating the simulated maximum local SAR value

Prior to the pTx acquisition with the given RF excitation, the local SAR distribution,

SARogocai_curr, was calculated as described by SAR(I) = 2-p TRTRE(ft)||1 dt
- 2.p(i;).TR0

(4-5) and E(f, t) = EN i bn(t) En(?)

(4-6) in Section 4.5. Since the RF samples at time points given in Vind_E are "not

to be trusted", for the vector of RF samples bE(t) = b(vindE) we assume the worst case

scenario when all the E fields from the 8 RF pulses sum constructively, so that the

maximum 10g-avg local SAR, SARog_local-curr, is further derated by a local SAR term

SARogocai_Ei such that

SAR1gocalE = PE/(rworstCase mhead) (5-3)

where PE = E bE(t) 2 /50f (500 is the assumed impedance), rworstcase is the worst case

SARogloca/SARgobal for the TX-array used and is typically -60 [119] and mhead= 4kg is

the mass of the head. Since SARoglocaiE is calculated only for the samples that



constitute a fraction of the total pTx excitation, which fraction is given by the value of of

S%, then SAR1og local derated, the derated maximum 10g-avg local SAR is given by

SAR 1 0glocalderated = SAR10g-localE - E% + (1 - E%) SARIOgocal-curr (5-4)

5.4.3 Stopping the measurements

For a currently designed pTx excitation, the maximum global SAR (SARgobai curr),

and the maximum 10g-avg local SAR (SAR1ogIocai_curr) values are calculated for 100% of

duty cycle (see SAR(i) =- TR T|EO,)||dt (4-5)
2p(f;)TR I IO r t) 112

for details). Given the IEC-defined values (see Table 2) for the global and 10g-avg local

SAR limits, SARgobal and SARog-iocai, respectively, we say that the current pTx excitation

is local SAR limited if (SARogiocaicurr / SARgobal curr) > (SARoglocal / SARgobai). Otherwise,

the pTx excitation is global SAR limited. Then, the minimum TR value that would not

violate the IEC-defined limits for both global and local SAR will be: 1. TRmin =

(SARogocai_curr / SAR1ogocaI)-LRF if the pTx excitation is local SAR limited, and 2. TRmin =

(SARgobaicurr / SARgiobai) -LRF if the excitation is global SAR limited. LRF is the duration of

the pTx excitation given in seconds.

Since almost all the pTx excitations are local SAR limited, the derated maximum

10g-avg local SAR given in SAR 10g-local-derated = SARiog-localE -8% + (1 - E%) -

SAR10g-local-curr (5-4) can be used to calculate a new estimate of the minimum TR,

i.e. TRderated = (SAR10g_local derated / SAR1ogIocal)-LRF. Then, the final task of this threshold

algorithm is to compare TRderated With the TRused, i.e. the TR being used in the current

sequence, and to stop the scan in real time if TRderated > TRused.

5.5 Results

The feasibility of the proposed threshold criteria was tested on pTx excitations using

spokes and spiral trajectories. Table 3 presents the performance of the RF monitoring

for four acquisitions in undisturbed and purposely disturbed settings, by showing the

values for: SARogiocaicurr (abbreviated as SARcurr), SAR1ogjlocal derated (abbreviated as

SARderated), TRmin, TRused, TRderated and finally the percentage of RF samples with



monitored error values greater than Smax = 5%, E%. Note that the values presented were

taken from the "worst performing" TR, i.e. the TR with maximum length Vindd.

The TR used in each of the four acquisitions was TRused = 1.2-TRmin, where TRmin

was calculated as described above. Then, the last column in Table 3 shows the decision

of the threshold algorithm for the given acquisition, such that the scan is stopped if the

percent of TR increase due to TRderated is greater than 20%, i.e. if TRderated > TRused.

The abbreviations of the pTx acquisitions shown in the first column of Table 3 mean

the following:

* pTxl - undisturbed acquisition using 4-spokes pTx excitation, designed for

300 flip angle (LRF = 4.1ms, TXv0 i = 170V);

* pTx - undisturbed acquisition using spiral-shaped pTx excitation, designed

for 400 (LRF = 6.42ms, TXv0i = 180V);

* pTx3 dstr - pTx excitation using 4-spokes trajectories (same RF design

used in pTxl), disturbed by purposely adding 0.25m of extra cable on TX-

channel #7, in order to change its phase.

* pTx4 dstr - pTx excitation using spiral trajectories (same RF design used in

pTx2), disturbed by purposely placing a small titanium piece next to the TX-

coil element #4, in order to change its tuning.

pTx Exc. SARcurr E% SSARderated TRmin TRused TRderated Stop?

pTxl 15.9 W/kg 0% 0 W/kg 6.52 ms 7.82 ms 6.52 ms NO

pTx2 24.6 W/kg 1.1% 0.77 W/kg 15.75 ms 18.9 ms 16.06 ms NO

pTx3_dstr 15.9 W/kg 29.3% 422.54 W/kg 6.52 ms 7.82 ms 138.8 ms YES

pTx4_dstr 24.6 W/kg 12.4% 331.8 W/kg 15.75 ms 18.9 ms 226.1 ms YES

Table 3: Summary of the performance of the proposed threshold algorithm, for 4 different scans acquired
under undisturbed and disturbed conditions using both 4-spokes and spiral pTx excitation trajectories; See
the text for more details.

Figure 5-5 and Figure 5-6 show overlaid plots of the measured (blue) and predicted

(red) RF waveforms for the excitations 'pTxl' and 'pTx2', respectively. The waveforms

(real or imaginary part shown), randomly chosen from different TRs, present the quality

of the match between the blue and red curves, which is not surprising and expected,

given the fact that these measurements were performed under normal, undisturbed



conditions. Therefore, as seen in Table 3, the real time monitoring system did not stop
the scans, as the TRderated did not exceed TRused. While none of the monitored RF
samples in 'pTxl' exceeded the cut-off value of Emax = ±5%, this was the case for only
1.1% of the monitored RF samples in 'pTx2'. Note that in pTx2, most of the samples
identified as "erroneous" were towards the end of the pulse, where the RF waveform
abruptly changed its amplitude (from low to high, or vice versa).

bmwD - bmREF beJD - beREF a) TR#5, Real part; b)TR#50, Imaginarypart

Figure 5-5: Overlaid plots of the monitored (blue) and predicted (red) RF waveforms from acquisition pTx1
for a) the real part of the RF samples from TR#5 (TX1-TX8); b) the imaginary part of the RF samples from
TR#50 (TX2-TX4);

a) TX1

b) TX6 TX7 TX8

4;46ra)TR#16,
c) TX2 IReal part

bejwD - be. REF b) TR#23,
Imaginary part

bm FwD - bmREF c) TR#1 6,
Real Part

Figure 5-6: Overlaid plots of the monitored (blue) and predicted (red) RF waveforms from acquisition pTx2
for a) the real part of the RF samples from TR#16 (TX1-TX8); b) the imaginary part of the RF samples from
TR#23 (TX6-TX8); b) the imaginary part of the RF samples from TR#1 6 (TX2 only);

Figure 5-7 presents the performance of the RF monitoring for the excitation
'pTx3_dstr', where the phase on TX-channel #7 was purposely altered by adding 0.25m
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long cable in its transmit path. The black crosses ('x') in Figure 5-7a, overlaid onto the
magnitude plot of the ideal RF waveforms, b(t), identify the indexes of the RF samples
which the threshold algorithm identified them as erroneous. While, not surprisingly, most
of the RF samples played on TX-channel #7 have exceeded the error bar of Emax = ±5%,
note that, due to coil coupling, some of the samples of RF waveforms played on the
neighboring coils have also been classified as erroneous. Figure 5-7b shows the
magnitude and phase overlaid plots of bmFRW(t) - bmREF(t) (blue) and beFRW(t) - beREF(t)
(red) for the 6th, 7th and 8th TX-channel, where one can clearly see observe the phase
jump introduced to TX-channel #7. For this purposely disturbed acquisition, E% = 29.3%

and TRderated is almost 18 times longer than TRused. As expected, the threshold algorithm
has successfully caught the introduced phased jump on one of the TX-channels, and
has rightfully stopped the acquisition.

a) TX1 TX2 TX3 TX4 TX5 TX6 TX7 TX8

b) TX6 TX7 TX8

b -b b -b a) TR#30, Magnitude, 'x'- "bad" samples
mFWD) "bmREF _FWDj ""beREF b)TR#1 0, Magnitude (top), Phase (bottom

Figure 5-7: Results from RF monitoring of the purposely disturbed acquisition pTx3 dstr where the phase
of TX-channel #7 was purposely altered. a) The black crosses ('x') identify the indexes of the erroneous RF
samples, most of which are on the RF waveform played on TX7; b) Magnitude (top) and phase (bottom)
overlaid plots of the predicted (red) and measured (blue) RF waveforms, clearly demonstrating the phase
jump introduced on TX7.

At last, Figure 5-8 shows the results from the RF monitoring for the excitation
'pTx4_dstr', where the tuning of transmit array's 4th element was purposely changed by
purposely placing a small titanium piece in its vicinity. Similarly to the plots shown for
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'pTx3_dstr', Figure 5-8a plots black crosses ('x') onto the monitored RF samples which
have deviated more than Emax = ±5% from the ideal shapes. Again, not surprisingly, the
majority of the crosses are concentrated on the TX-channel that has been disturbed
(TX4 in this case). While Figure 5-8b shows that the match between the measured and
predicted waveforms is very good for the RF waveforms played on the 6th, 7th and 8th

(showing the real part of the signals), even an eye comparison of the waveforms on TX4
reveals noticeable differences. The last raw of Table 3 shows that E% = 12.4%, and that
calculated numbers of the derated maximum 1 Og-avg local SAR have caused TRderated to
be -12 time longer than TRused.

a) TX1 TX2 TX3 TX4 TX5 TX6 TX7 TX8

b) TX6 TX7 TX8

TX4

a)TR#45, MagnitudeF " REF 'X' - "bad" samples
b) TR#45,Imaginary part

bmFD - bmREF c) TR#45, Real Part

Figure 5-8: Results from RF monitoring of the purposely disturbed acquisition pTx4 dstr, where the tuning
of the 4 th element of the TX-array was purposely changed by putting a small piece of titanium in its vicinity.
a) The black crosses ('x') identify the indexes of the erroneous RF samples, most of which are concentrated
around samples of the RF waveform played on TX4; While the match between the predicted (red) and
measured signals (blue) on the 6 th, 7 th and 8th channels is within the limits (b), this is not the case for the
waveforms on TX4 (c).

As mentioned previously, the values given in Table 3 are from the one TR with the
most erroneous RF samples, i.e. where the length of Vind E is largest. Nevertheless, it is
instructive to also show the performance of the RF monitoring throughout all the TRs.
The value of TRderated is directly depended on the value of SAR10g_localderated, which on the
other hand scales proportionally to the value of E% (the larger the percentage of the
erroneous samples, the larger the value of SAR1oglocaderated). Therefore, to judge the
stability of the RF monitoring system, it would be enough to show the values of E% for all
the TRs in a given acquisitions. Figure 5-9 plots the values of E% for all the TRs in the
acquisitions of 'pTx2', 'pTx3_dstr' and 'pTx4_dsrt'. The blue/red samples in the graphs
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represent the values of E% calculated using the error index vector VindEreal/VindEimag, for

which the real/imaginary part of the error matrix E(t) exceeds the error bar of Emax = ±5%.

The black samples on the head, represent the values of of E% calculated using the error
index vector vindE (introduced in Section 5.4.1), which takes the non-repeating union of

VindE real and VindEimag.

Figure 5-9a and Figure 5-9b shows the great consistency of the RF monitoring
system using the proposed threshold criteria for the acquisitions 'pTx2' and 'pTx3_dstr'.
As seen in Figure 5-9c, the values of E% for 'pTx4_dsrt' experience a slight fluctuation
(±0.5%), which could be a consequence of playing a rapidly changing RF waveform
under the given disturbed conditions. In any case, given the small range of fluctuation,
we consider this possible and normal. Note that for 'pTxl', F_% = 0% (hence, not shown).

a) pTx2
1.1*% %for the real part of

the signals (E% real)

-% 9% for the imaginary part
of the signals (E%imag)

9% obtained using the union
of indexes that determine

0.6% E%jeal and E% imag

TR #
b) pTx3.dstr c) pTx4_dstr

29% 12.5%

E%. %

26% 8%

TR # TR#

Figure 5-9: The performance of the RF monitoring for a) 'pTx2' b) 'pTx3_dstr' and c) 'pTx4_dstr' throughout
the TRs, expressed by the values of E%.
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5.6 Discussion and conclusions

The work presented in this chapter demonstrates the development of a local SAR

monitoring system based on real-time monitoring of RF waveforms using directional

couplers that measure the forward and reflect power signals transmitted. The

implementation of this RF monitoring system required modifications on both the

hardware (Section 5.2) and software end of the pTx system. On the software end,

upgrades were performed on the acquisition, and the real-time processing side.

On the acquisition side, the sequence which employs the designed pTx excitation,

had to be instructed to record the samples of the RF transmitted - a task that is not

needed on any other normal (single-TX) MR acquisition. Secondly, the online image

calculation environment had to take the recorded RF samples, do the calculations

involved in the threshold algorithm, and stop the acquisition in real time, if needed. While

the author of this thesis was heavily involved in the implementation of C++ code needed

on the acquisition end, it is important to stress and acknowledge, that the

implementation of the developed algorithm in the online calculation environment was

done by Siemens engineers involved in the pTx project.

Every new pTx exam session started with the acquisition of a dedicated calibration

sequence, with scan time of less than 10s, which estimated the complex-valued 8x8

coupling matrices that transform the transmitted power waveform for each channel set

by the digital pulse waveform to the forward or reflected power at each 500 matched coil

element.

In order to evaluate the intrinsic subject-induced variability in the pTx RF monitoring

system, we used 15 subjects with three repeated calibration acquisitions. The calibrated

cut-off value (Emax = 5%) was applied in a threshold algorithm, which incorporated worst-

case local SAR criteria to derate the applied power based on worst-case local SAR

calculations during periods where the waveforms deviated from that expected. Based on

the maximum 10g-avg derated local SAR value, a new value of the minimum TR was

calculated (TRderated), so that the scan would be stopped in real time, if the value of

TRderated is bigger than the TR being used in the currently running sequence.

The algorithm was tested for two, most commonly used types of RF pulses (4-

spokes and spiral) in disturbed and undistorted conditions. As expected, in the

undisturbed acquisitions, the threshold algorithm yielded values for TRderated that did not



trigger acquisition stop. On the other hand, the two disturbed acquisitions (one

introduced extra phase in the TX-path of one transmitter, the other changed the tuning of

one element of the transmit coil array), caused large error values in the threshold

algorithm, yielding values for TRderated that are more than 10 times larger than the

minimum TR value. Therefore, in these cases, the acquisitions were rightfully stopped.

Note that this monitoring setup, together with accurate models of local SAR for the

given transmit coil and pTx pulse, is critical for reliable and safe in vivo acquisitions

using parallel transmission. The preliminary results shown in this work demonstrate that

the proposed methods can be used to monitor pTx RF waveforms and trigger system

shutoff within a 10-ms delay. Future work on larger sample size would be valuable to

determine the robustness of the proposed cutoff thresholds.



Chapter 6

7T Parallel Transmit (pTx)
Spectroscopic Imaging using
Wideband Spokes Excitation and
pTx-Optimized CHESS

RF designs for excitation and water suppression using eight independent transmit

channels for parallel RF transmission at 7T was used in chemical shift imaging to

mitigate excitation inhomogeneity over a 2-cm thick slice selection and a 600 Hz spectral

bandwidth. Water suppression preceded the excitation, and was performed with three

spectrally-selective RF pulses designed for the 8-channel excitation array. The parallel

excitation was demonstrated with a spectroscopy phantom containing physiological

concentrations of several major brain metabolites using single-slice, phase-encoded

spectroscopic imaging (CSI) acquisitions. The parallel RF excitation was compared with

conventional birdcage excitation with equally thick slice selection. For fixed imaging

parameters, flip angle and excitation target, the parallel RF excitation outperformed the

conventional excitation and provided superior spatial uniformity of the metabolites of

interest.



6.1 Introduction

As mentioned in the previous chapters, one of the major challenges in chemical shift

imaging (CSI) is the intrinsically low signal-to-noise ratio (SNR) of the metabolites of

interest. SNR and chemical shift dispersion are improved at higher field, but at the cost

of more severe Bo and B1 inhomogeneities [40-42].

Previous attempts to mitigate these excitation field inhomogeneities include the use

of adiabatic RF pulses [73-76], RF shimming methods [120-122], or spatially tailored RF

excitations [123-124], each of which is associated with tradeoffs. Adiabatic excitation

achieves B1* robustness at the cost of high RF power and SAR, and often yields long

pulse waveforms which are sensitive to off-resonance effects. RF shimming maintains

the short pulse duration of conventional excitation, and is therefore robust for wide

spectral bandwidth mitigations, although, some residual excitation inhomogeneity

typically remains for large-volume brain excitations at 7T. Spatially-tailored single-

channel excitations for mitigation have been demonstrated, but at the cost of significant

pulse duration penalty.

As discussed in Section 4.4.1 parallel transmission provides the means to effectively

correct for these inhomogeneities. Successful B1* mitigation using pTx excitation at 7T

for the purposes of mitigating spatial non-uniformity of the excitation flip angle has been

demonstrated with phantom validations as well as in vivo for brain excitations by many

[104, 109-111, 113]. The in vivo studies showed that the proposed "spokes"-based pTx

RF design significantly improves the spatial B1* inhomogeneities in the human head

compared to conventional birdcage and RF shimming excitation [104]. For CSI related

applications however, the RF design needs to provide B1* mitigation over a wider range

of off-resonances. As described in Section 4.4.2, [114] proposed an extension to the

spokes-based pTx design for slice-selective B1* mitigation (called wideband spokes

design) that achieved uniform excitation flip angle for a 5-cm thick slice and 600Hz of

spectral bandwidth at 7T. This design incorporated Bo tracking to improve robustness to

spatially-varying main field inhomogeneities, which is important design aspect for band-

limited excitation in CSI. This design employed the excitation k-space formalism and is

thus limited to the low-flip angle approximation [69].

The goal of the work presented in this chapter is to apply the wideband pTx spokes

excitation for B1' mitigation in gradient-recalled-echo (GRE), phase-encoded (PE) CSI



acquisitions using a spectroscopy phantom containing physiological concentrations of

the major 'H brain metabolites, and thus demonstrate the feasibility of these pTx RF

pulses for spectroscopic imaging. CHEmical Shift Selective (CHESS) excitation was

designed for optimized water suppression with the parallel transmit array via the SLR

algorithm [125]. For fixed CSI acquisition parameters, we show that the proposed

wideband spokes excitation outperforms conventional birdcage (BC) sinc excitation in

terms of B1* mitigation by providing significantly more spatially uniform distributions (75%

reduction in spatial inhomogeneities of flip angle) of the major metabolites of interest

across the entire in-plane field of view (FOV).

6.2 Methods

All experiments were performed on 7T Siemens Magnetom scanner (Erlangen,
Germany) equipped with insert head gradients (80mT/m, 400mT/m/ms) and eight

independent transmission channels and power amplifiers used for simultaneous RF

excitation (details presented in Section 4.2). Butler matrix transformation of a 16 channel

stripline transmit-receive (Tx/Rx) array (shown in Figure 4-1 c) was used to drive the 8

brightest orthogonal birdcage (BC) modes for the most efficient usage of the eight

available TX channels [101]. The signal was received in a birdcage mode using all of the

16 elements of the Tx/Rx array. All acquisitions were performed on a 17-cm diameter

spectroscopy phantom containing physiological concentrations of the following brain

metabolites [96]: 12.5 mM N-acytel-L-aspirate (NAA), 10.0 mM Creatine (Cr), 3.0 mM

Choline (Cho), 12.5 mM Glutamate (Glu) and 7.5 mM myo-inositol (ml). Magnevist

(GdDPTA) was used to shorten the relaxation times of the solution, yielding T1 = 450 ms.

6.2.1 RF excitation design

The design goal of the excitation was wideband (600 Hz) mitigation of spatial

inhomogeneity of B1*, with excitation target of the pTx RF pulses defined as the inverse

of the measured B1* profile to yield a constant flip angle of ~350 degrees across the

entire region of interest. Note that the chosen spectral bandwidth of 600Hz is more than

enough to properly mitigate the major brain metabolites at 7T (fNAA - fCho = 1.2ppm at 7T,
which is -356Hz, see Figure 2-1). Non-uniformities due to receive coil sensitivities (B1-)

are corrected in post-processing based on the measured receive profiles (a by-product



of the B1* estimates, as shown in Section 4.3). Furthermore, by incorporating an

estimate of the Bo field map into the wideband pTx RF design, the algorithm accounts for

measured spatial Bo variations, improving the robustness of the excitation to spatial

frequency variations. The BO map was estimated following the description given in

Section 4.3. However, due to the unavailability of the B1* methods discussed in Section

4.3 at the time when this work was performed, the complex transmit profiles were

obtained using a slightly different, more time consuming approach, [104].

In short, two sets of GRE acquisitions were used to estimate the B1* maps. The first

set obtained quantitative flip angle maps on the birdcage mode of the Butler matrix mode

transformation by acquiring images at six different transmit voltages (10V, 30V, 50V,
70V, 90V and 120V) and fitting a sine curve do the data in each voxel. The second set of

acquisitions obtained low flip angle images of each of the other seven transmit modes,
used to complete the estimates of all eight B1* maps. Using 3x3 mm2 in-plane resolution,
TR = 2s (with T1 = 450ms of the facilitated phantom solution, TR is more than 4T1, so T1

weighting is avoided) for the quantitative mapping and TR = 0.5s for the individual

modes mapping, the overall time for the mapping was -17 minutes.

The estimated field maps were then used in the RF pulse design. The spatial-

spectral excitation parameters were 2-cm thick axial slab in and 600Hz of spectral

bandwidth. A four-spoke excitation k-space trajectory was used, each sinc RF pulse

modulated in amplitude and phase on each of the TX channels to mitigate the B1* non-

uniformity. Slice selection was obtained by playing z gradient during the sinc sub-pulses.

For a magnitude B1* non-uniformity of 2.5-to-1 (maximum-to-minimum), time-bandwidth

product of the sinc sub-pulses equal to 2.7, and maximum design gradient strength and

slew rate of 30 mT/m and 300 mT/m/ms, the total duration of the RF pulse was 1.75ms.

It is important to note that the spectroscopy phantom used was doped enough to roughly

match the inhomogeneity of the human head.

For our CSI target excitation, the 1.75 ms-long, four-spoke, slice-selective uniform

wideband RF pulse required a peak voltage of 130V (-340W of peak power) to achieve

a ~54 flip angle. Note that the RF pulse with this peak voltage (power) is played on one

TX channel and is the maximum among all the pulses played. As mentioned in Section

4.2), the current hardware constraints on our system limit the maximum transmit voltage

on each TX channel to 200V (-800W of maximum power), which consequently limits the

excitation to a flip angle of less than 80. To increase the flip angle while satisfying the



peak voltage (power) constraint, the VERSE algorithm [126] was applied to the 4-spoke

RF pulse to yield a 360 flip angle with a penalty of increased pulse duration of 2.71 ms.

Figure 6-1a shows a 4-spoke RF pulse and the corresponding gradients that requires

142.5V for 5.730 (0.1rad) flip. Keeping the flip angle constant, Figure 6-1b presents its

VERSE-ed version, where the VERSE factor of 0.2 lowered the peak RF voltage to

-29V. The new RF duration has been increased to 2.71 ms, which is an acceptable RF

length in terms of robustness to Bo inhomogeneities. Transmitting at 180V (which is

-90% of the imposed hardware limitations of 200V), we were able to achieve a 360

excitation flip angle for our experiments.

a) b)

1.75ms 2.71ms

Non-VERSE-ed RF VERSE-ed RF

GT G

Figure 6-1 a) Four-spoke RF pulse for slice-selective (2cm thick slab) uniform wideband excitation (600 Hz
spectral bandwidth). The four sinc sub-pulses (spokes) are placed at chosen (kx,ky) in excitation k-space for
uniform Bi+ mitigation. Slice selection is achieved by playing z gradient during the sinc sub-pulses. The RF
length is 1.75ms b) Pre-VERSE-ed version of the pulse in a) using a VERSE factor of 0.2. The new RF
length is 2.71 ms achieving about -4 times higher flip angle for a given peak voltage.

6.2.2 Water Suppression Design

A CHESS [31] water suppression with three spectrally-selective RF pulses prior to

the excitation was designed for application on the pTx system. The flip angles of these

pulses were optimized based on previously estimated composite map, B,comp, to

minimize the maximum residual Mz across the phantom in the 2-cm thick slice, such that:

6 = min [max (IB+I)/mean(IB+ 1)] (6-1)



The estimation search of 6 was exhaustive, including flip angle ranges between 00

and 1800 with an increment of 20. 0 is a vector of the flip angle values of N pulses, and

B,comp is a vector of a composite transmit profile that is to be estimated. Given the

Btifnd profiles of the eight Butler modes and the fact that these pulses are not spatially

selective, the composite BIcomp map used in 6 = min [max (IB+I)/mean(IBI)]

(6-1), was estimated by finding the set of amplitudes and phases

for each of the 8 pulses that minimizes the spatial non-uniformities of BIcomp with the

cost function:

(a, V) = min[max (IB+,1|)/min(|B+, |)], i = [1, 2, ... 8] (6-2)

Here a and <p are both [1x8] vectors holding the amplitudes and phases of the

pulses, respectively, and Bj is the transmit profile of the i-th Butler mode. The minimum

was selected from an evaluation of (a, V) = min[max (IBI )/min(IBti |)], i =

[1,2, ... 8] (6-2) over a range of amplitudes and phases for each channel.

The phase range included 8 points equally distributed between 0 and 2T, while the

amplitude range included 500 points distributed between 0 and 1.

The O's in 6 = min [max (IB+l)/mean(IB+l)] (6-1)

express the largest flip angle of the water suppression pulse(s) played on the first,

brightest Butler mode (i.e. B+1) and the flip angles for the rest of the pulses, were simply

a scaled version of 0 by the relative amplitude amounts given in a.

6.2.3 Image acquisitions

In order to demonstrate the feasibility of the 4-spoke wideband mitigation at high

SNR, single-slice structural and phase-encoded CSI data was acquired in the absence

of water suppression, but with shifts in carrier frequency for the excitation pulse at -

300Hz, -150Hz, OHz, 100Hz and 250Hz. Images from the CSI were obtained by looking

at magnitude of the 1st time sample from each spatial location. All the images were B1

corrected, and were acquired using a voxel size of 0.78cc (2cm thick slice and 0.39cc in-

plane resolution).

Figure 6-2 shows the pulse sequence diagram on the parallel transmit system. The

water suppression module was followed by the pre-VERSE-ed, slice-selective, wideband



uniform 360 excitation. The readout section consisted of a single-slice phase-encoded
(PE) CSI in a GRE sequence with a TE of 5 ms. The encoded (x,y,f) space was 32 x 32
x 1024 points with 3200Hz spectral bandwidth over a 20-cm in-plane FOV and with a 2-
cm thick slice, resulting in a voxel of 0.78 cc. With TR = 1.0 s, the total scan time was
-17 minutes.
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Figure 6-2: The timing diagram for the pTx system. The water suppression consisted of three 12ms long,
spectrally selective, minimum phase, Park-McClellan pulses spaced 20ms apart. This was followed by four-
spoke slice selective (2-cm thick) wideband (600Hz) uniform RIF excitation. Single slice, phase-encoded
(PE) CSI readout was appended to this excitation in a GRE sequence with the minimum TE of only 5ms.
The readout matrix size was 32x32 encoded over FOV = 20cm for an overall voxel size of 0.78cc. With TR=
1 s, the total scan time was ~1 7mins.

The data from the 16 receive coil elements were combined using a constant phase
term for each coil. The resulting combined data set was then corrected for the spatial

receive inhomogeneities by division of the previously estimated B1- profile. Neither

spatial'nor spectral apodization was applied. All of the CSI acquisitions were repeated

using a BC-sinc excitation, which used a single sinc pulse in a BC mode of the Butler

matrix, and served as a comparison case for the pTx four-spoke excitation.
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6.3 Results

Figure 6-3 shows the acquired Bo (Figure 6-3a) and the magnitude and phase of the

estimated B+ maps (Figure 6-3b and Figure 6-3c, respectively). The normalized spatial

standard deviation of the birdcage mode's B+ (bottom right image in Figure 6-3b) was

calculated to be 14.88%, which is comparable to the in vivo example presented in [114].

b) 40uTN

80Hz
a)

0

C) 1800

-20Hz

-180P
Figure 6-3: Field mapping of the spectroscopic phantom used in all of the experiments; a) Estimate of the Bo
map; b) Magnitude map of the estimated Bj+ of the eight optimal modes of the Butler matrix transformation;
c) Estimated phase maps of the mentioned eight modes.

Figure 6-4a shows the shape and the spectral profile of a 12ms-long, minimum-
phase Parks-McClellan (PM) 900 RF pulse (designed to excite 300Hz of spectral
bandwidth) used in the pTx CHESS design. Figure 6-4b shows a plot simulating the
average (circles), and the maximum amount (triangles) of spatial residual Mz left at the
time of excitation, for a series of 1, 2, 3 and 4 PM pulses spaced 20ms apart (T1 used
was 450ms) using the optimization described in 0 = min [max (IB'|)/mean(IB+|)]

(6-1) and (a, (p) = min[max (|BtI|)/min(|BjI)], i=

[1,2, ... 8] (6-2). Note that the performance after N > 2 doesn't significantly

lower the amount of residual Mz. For the purposes of our experiments, we chose N = 3,
where the set of flip angles was [870, 570, 1440] with average and maximum residual Mz

value of 4.29% and 8.58%, respectively. Figure 6-4c compares the performance of the

............................................................ ................................... - ........... ......... ..



pTx-CHESS variant proposed, and the conventional birdcage CHESS by comparing the
simulated residual Mz across the phantom after playing the set of 3 pulses 20ms apart.
The top image is residual Mz of the conventional CHESS played only on the birdcage
Butler mode, while the bottom image represents the residual Mz of the pTx-CHESS

using the B+,comp obtained from a linear combination of the individual, B profiles using

a and 0 from (a, p) = min[max (|B~j|)/min(|Bt 1 |)], i = [1,2, ... 8] (6-2).

Compared to the average and maximum Mz values reported above (4.29% and 8.58%,
respectively), the pTx-CHESS variant outperformed the conventional CHESS (average
and maximum M, values of 9.71% and 16.29%, respectively).

0.17
1 pulse: [6901
2 pulses: [132 631
3 pulses: [870 570 1441
4 pulses; [1650 720 1770 1501

A Maximum ME
0 Average Mt

# of PM pulses

Figure 6-4: a) The 12ms Parks-McClellan (PM) shaped pulse used in the water suppression module (top)
and the simulated Mxy component as a function of frequency (bottom) for a 900 flip. b) The average (circles)
and the maximum (triangles) residual longitudinal (M,) component after simulating 1, 2, 3 and 4 PM pulses
(for N > 2, the spacing between pulses is 20ms). The flip angles found for each of the runs are shown. c)
Residual Mz as a function of space obtained by conventional CHESS using the B1* of the birdcage mode
(top) and the pTx CHESS using the composite B1 + map calculated according to
(a, p) = min[max (IBig|)/min(|Btg|)], i = [1, 2, ...8] (6-2) (bottom). Mo
was assumed to be 1, both images are on the same scale of 0.17. pTx CHESS outperforms the
conventional CHESS when comparing the average and maximum residual Mz (4.29% and 8.58% for the pTx
CHESS and 9.71% and 16.29% of the conventional CHESS).
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Figure 6-5: Images from single slice phase encoded CSI acquisitions with unsuppressed water using: the 4-
spoke uniform wideband (second row), BC-sinc (third row) excitations at -300, -150, 0, 100 and 250 Hz.
Images are obtained by looking at absolute value of the first time sample. After dividing out the (receive) B1
profile, the 4-spokes design shows successful B1 mitigation in space and frequency, clearly superior to the
BC-sinc excitation. The first row shows images from a structural GRE 2DFT using the spokes-based pulse
(at the same off-resonances), which are expectedly equivalent to the ones in the second row. The values of
sigma (a) are the normalized standard deviations for each image, and represent a metric of the spatial
uniformity. All image intensities are mapped to the same colorbar.

The bottom two rows of Error! Reference source not found. show images at 5
different frequencies from PE CSI acquisitions in the absence of water suppression
using the spokes-based (second row) and BC-sinc (third row) excitation. These data
demonstrate excellent fidelity of the pTx wideband spoke pulse compared to the BC
mode. The first row in Error! Reference source not found. shows images from
structural GRE 2DFT acquisition using the pTx 4-spoke pulse, obtained at the same
imaging resolution as the CSI scans. The values of sigma (a) below each of the images
represent the normalized standard deviations of the magnitude of the signal intensity
across the FOV, and are reported as a metric of the spatial uniformity of the flip angle.
As expected, the first and second rows yield equivalent results.
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Figure 6-6: Magnitude spectra acquired using phased-encoded CSI readout (TR=ls, TE = 5ms, voxel size =
0.78cc) from particular spatial locations of the spectroscopy phantom containing physiological
concentrations of the major brain metabolites. Spectra from the spokes-based design shown in b)
demonstrate spatially uniform excitation compared to the sinc BC excitation shown in a). The most dramatic
benefit is shown on the bottom two images where the glutamate signals are easily detectable for the spokes-
based excitation as shown in d) but are at the noise level for the BC sinc excitation as shown in c). Note that
the amplitude in panel c) is scaled up by factor of 8 relative to panel d).

Figure 6-6 shows Bl'- and B;-corrected water suppressed CSI acquisitions using
the BC-sinc (Figure 6-6a and Figure 6-6c) and the 4-spoke excitation schemes (Figure
6-6b and Figure 6-6d). A baseline correction was applied in post processing (VB15
Siemens Spectroscopy Toolbox*) and all spectra are displayed over the 1.5 ppm to 3.5
ppm (-600Hz) range. The BC sinc-RF spatial signal dropout due to excitation RF
inhomogeneity is clearly demonstrated (Figure 6-6a), as is the excellent mitigation by to
the wideband spokes design (Figure 6-6b). The most dramatic benefit is shown on the

bottom two images that focus on the region with the most severe B+ inhomogeneity, and
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in this case the glutamate signals are easily detectable for the spokes-based excitation

(Figure 6-6d), while they are at noise level for the BC sinc excitation (Figure 6-6c).

6.4 Discussion and Conclusions

These results demonstrate successful wideband B1* mitigation in 7T CSI with parallel

transmission for a 2-cm thick axial slab over a 600Hz spectral bandwidth. The methods

were applied in a spectroscopy phantom containing physiological concentrations of the

major 1H brain metabolites. The 4-spoke design yields greatly improved spatial-spectral

uniformity of excitation flip angle across the entire excited slice, and performs

significantly better than the standard BC-sinc excitation. B1 shimming comparison was

not performed, since Setsompop et al [104] show that while the B1 shimming slightly

improves the spatial uniformity over the birdcage excitation (normalized spatial standard

deviation of 14.8% and 12.2%, respectively), the proposed spokes-based design is

clearly superior (normalized spatial standard deviation of 6.5%). Furthermore, the

associate water suppression was achieved by 3-spectrally-selective pulses in a RF-

shim, pTx-optimized version of CHESS for 8 channels.

The results presented show the feasibility of the proposed methods for phantom

scanning. However, there still are several issues that need to be addressed prior to in

vivo imaging. These include larger flip angles, suppression of subcutaneous lipid signals,

and online monitoring of specific absorption rate (SAR).

Each of the RF power amplifiers used in our pTx system can physically deliver no

more than -800 W of power, which yields an upper limit voltage of -200V for RF

excitation per channel. Overcoming this constraint would not only facilitate 900 pTx

wideband excitation designs, but also permit the development of 1800 refocusing pulse,
needed for CSI spin-echo acquisitions. Larger flip angles also offer possibilities for

alternate water suppression schemes to employ spokes-based spectral-spatial pulse for

more spatially uniform water suppression. Other developments are also enabled by

larger flip angles, including an extension of the standard (single-TX-channel) spectral-

spatial RF design [127] to pTx RF design, in a way that the sinc sub-pulses of the

spectral-spatial RF pulse can be replaced with the spokes-based RF shapes that would

mitigate the spatial B1* inhomogeneity.



Estimation of metabolite signals, particularly near the skull, are significantly
contaminated by strong lipid bleed due to point-spread function issues. Recently,
Avdievich et al [128], proposed lipid suppression methods for a pTx system, by playing

pre-saturation pulses on the first gradient mode of a Butler matrix transformation which

has an excitation pattern in a shape of a ring, approximating the shape of the head (i.e.

the skull). These methods can be combined with the current excitation scheme to enable

for in vivo imaging with lipid suppression. Alternate lipid suppression methods include

"inner-volume" excitation [129] with parallel transmission to selectively excite brain only,

but exclude skull and subcutaneous tissue. Yet another candidate for lipid suppression is

spectral suppression, by extending the current pulse design to improve the spectral

profile of the RF target excitation, i.e. adding a stop-band over the frequencies of strong

lipid signals In addition, one could design for a stop band over 100Hz of spectral

bandwidth around 4.7ppm, in order to suppress the water, and therefore exclude any

water suppression module. These and related ideas are currently active areas of

research.

Finally, it's worth noting that phase-encoded readout schemes prohibit in vivo

volumetric CSI acquisitions beyond low-resolution single-slice acquisitions due to time

constraints. This can be addressed with more efficient CSI readout schemes, such as

the spiral CSI algorithm [67] described in Error! Reference source not found., which

offers two orders of magnitude decrease in acquisition times. Employment of the spiral

CSI package to pTx spectral-spatial designs that simultaneously suppress both the

water and lipid signals is presented in the chapter that follows.



Chapter 7

Two-shot Spectral-Spatial 7T
Parallel Transmit Spectroscopic
Imaging using Spiral Trajectories

Spectral-spatial RF designs using eight independent transmit channels for parallel

RF transmission at 7T was used in chemical shift imaging to simultaneously mitigate Bl'

inhomogeneities over a 2.5-cm thick slab selection and a 450Hz spectral bandwidth, and

suppress the water and lipid resonances. The desired 4-dimensional excitation profile

was achieved by playing two spectral-spatial (SS) RF pulses in adjacent TR periods,

each with full metabolite SNR, followed by a phased combination of the complex-valued

data from each excitation. The performance of the design was demonstrated with a

spectroscopy phantom containing physiological concentrations of several major brain

metabolites and three-dimensional chemical shift imaging (CSI) acquisitions using spiral

k-space trajectories to speed up the acquisition times. The parallel (SS) RF excitation

was compared with equivalent birdcage excitation having identical spectral bandwidth

and slab thickness. For fixed imaging parameters, maximum flip angle and excitation

target, the parallel RF excitation outperformed the birdcage excitation by providing -3.5

times more uniform spatial profile of the metabolites of interest (measured by the

normalized spatial standard deviations), while achieving the same signal suppression

over undesired water and lipid frequencies.
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7.1 Introduction

The work presented in this chapter follows up on the methods described in Chapter

6, in order to further improve the spectral-spatial excitation patterns for pTx CSI

applications. As already mentioned, in addition to wideband spectral mitigation,

spectroscopic imaging also requires suppression of the strong water and lipid signals,

which are the main contamination sources of the metabolites' signals.

The performance of conventional water suppression preparation modules, such as

Chemical Shift Selective Imaging, or Water Suppression enhanced through T1 effects

[32] (WET), performance is limited at high field strengths due to the inability to reach

uniform flip angle across the volume of interest. Section 6.2.2 proposed a pTx-CHESS

RF pulse design, which outperformed the conventional birdcage-CHESS scheme.

Lipid suppression preparation modules usually take the form of spectrally- [72], or

not spectrally-selective [75, 130] adiabatic pulses, that are played before the excitation

and are timed such that the longitudinal component of the lipid is as small as possible.

Moreover, spectral-spatial RF excitation schemes [90-93] provide simultaneous

selectivity in frequency and one spatial dimension, by playing a train of spatially selective

pulses modulated by a time envelope which produces the spectral selectivity. While they

can yield excellent water suppression, nulling of the lipid signals is mostly limited by the

frequency dispersion (i.e. the field strength) between the NAA and the lipid signals.

The goal of the current work is to further extend the wideband pTx spokes excitation

[114] into a spectral-spatial RF design that in addition to the spatial B1 mitigation, it will

also incorporate spectral selectivity for simultaneous water and lipid suppression. The

feasibility of the proposed excitation for 7T pTx spectroscopic imaging is demonstrated

in a 3D volumetric gradient-recalled-echo (GRE), spiral CSI [67] acquisitions using

spectroscopy phantom containing physiological concentrations of the brain metabolites.

For fixed CSI acquisition parameters, we show that the proposed spectral-spatial

wideband spokes excitation outperforms the conventional spectral-spatial birdcage-sinc

(BC) excitation by providing more spatially uniform distributions of the major metabolites

of interest across the entire in-plane field of view (FOV).
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7.2 Methods

All experiments were performed on 7T Siemens Magnetom scanner (Erlangen,

Germany) equipped with head insert gradients (80mT/m, 400mT/m/ms) and eight

independent transmission channels and power amplifiers used for simultaneous RF

excitation. The feasibility of the proposed excitation was shown on a 17-cm diameter

spectroscopy phantom containing physiological concentrations of the following brain

metabolites [96]: 12.5 mM N-acytel-L-aspirate (NAA), 10.0 mM Creatine (Cr), 3.0 mM

Choline (Cho), 12.5 mM Glutamate (Glu) and 7.5 mM myo-inositol (ml). Magnevist

(GdDPTA) was used to shorten the relaxation times of the solution, yielding T1 = 450 ms.

7.2.1 RF pulse design

The design goal of the excitation was to simultaneously achieve: 1. Wideband

mitigation of spatial inhomogeneity of B1*, with excitation target of the pTx RF pulses

defined as the inverse of the measured B1* profile, and 2. Spectral selectivity in order to

suppress water and lipid resonances. The RF design algorithm required estimation of

B1*, B1- and Bo maps for every experimental run based on a single-slice (1-cm thick)

measurement. The acquisition time for the B1*, B1- and Bo maps was about 2 minutes,

and followed the methods described in Section 4.3.

The first step of the RF design was creating the wideband spatial mitigation. The

excitation parameters were 2.5-cm thick slab in z and 450Hz of spectral bandwidth,

enough to mitigate the major metabolites of interest at 7T. A four-spoke excitation k-

space trajectory was used, each sinc RF pulse modulated in amplitude and phase on

each of the TX channels to mitigate the B1* non-uniformity. Non-uniformities due to the

B1 patterns were corrected in post-processing, with the previously measured receive

profiles. The estimated Bo field map was incorporated in the design algorithm to account

for Bo variations. Slice selection was obtained by playing z gradient during the sinc sub-

pulses. For a magnitude B1* non-uniformity of 2.5-to-1 (maximum-to-minimum), time-

bandwidth product (TBP) of the sinc sub-pulses equal to 3, and maximum design

gradient strength and slew rate of 25 mT/m and 200 mT/m/ms, the total duration of the

RF pulse was 1.05ms. However, this pulse required a peak voltage of 160 V to achieve

a 50 flip angle. Current hardware constraints on our system limit the maximum transmit

voltage to 200 V, so in order to increase the flip angle while satisfying the peak voltage
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constraint, the VERSE algorithm [126] was applied to the 4-spoke RF pulse to yield a

-140 flip angle (for 190V of transmit voltage) with a penalty of increased pulse duration

of T4spokes = 1.44 ms. Figure 7-1a shows the VERSE-ed 4-spoke RF pulse and the

corresponding gradients.

The second step in the RF design dealt with the spectral selectivity of the overall

excitation. As mentioned previously, spectral-spatial RF pulses are created by a train of

spatially selective RF pulses, modulated by a time envelope which forms the spectral

selectivity [93]. The extend and the sharpness of the spectral profile is determined by the

number of samples and the sampling period of the time envelope, At, which in the same

time is also the duration of the spatially selective sub-pulse. For 7T CSI, the frequency

bandwidth between the choline and the NAA peak is about 360Hz, the water signal is

-620Hz away from the middle of the choline and NAA peak, and the closest lipid signal

to the NAA is -210Hz away. If the metabolite signals were to be in the passband, and

the water and lipid signal in the stop band of the spectral window, then At < 0.9ms (for

total pulse duration < 30ms and TBWP ~ 15). Given this constraint and the fact that

T4spokes = 1.44ms > At, an extension of the wideband 4-spokes pulse to the desired

spectral-spatial pulse is not straightforward.

In order to meet the At constraint, one must divide the spectral-spatial design into

two-shot excitation. Separation of excitation k-space into two averages (which are later

summed) was shown by [131] in order to reach extra short TE. In that work, half-sinc RF

pulses excited two halves of excitation k-space in two separate averages. This type of

idea can be applied to the current spectral-spatial design by subsampling the spatial or

spectral dimension of the overall excitation k-space. Spatial dimension subsampling

means that the wideband 4-spoke pulse is separated into two 2-spoke pulses such that

T2spokes = T4spokes/ 2 < At, and a straightforward spectral-spatial design is possible.

Therefore, the uniform B1 mitigation is produced after summation of the two, spatially

non-uniform mitigations from two separate averages. However, the main problem of this

approach for spectroscopic imaging is that it is not SNR optimal, since a two-average

acquisition will not produce I2 gain in the signal. Therefore, this approach was not

pursued.

Alternatively, subsampling of the spectral dimension involves modulating a train of

the 1.44ms long 4-spoke wideband pulse with different (the even and the odd)

subsamples of a time envelope that satisfies the desired spectral bandwidth
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requirements. The samples marked with circles (g) and crosses (x) in Figure 7-1 b are
1.44/2 = 0.72ms apart and yield excitation with spectral profile that puts the metabolite
peaks in its passband, and the water and lipid signals in its stopband for 7T CSI. Hence,
the sampling between two g/x samples is 1.44ms, enough to fit the full 4-spokes
wideband pulse. Therefore, the spectral-spatial pulse played in the first/second average,
is obtained by modulating the train of the wideband 4-spokes subpulse with the o/x
samples (Figure 7-1c and Figure 7-1d, respectively). The time envelope shown in Figure
7-1 b, has 18 o/x samples, so the total duration of each of the spectral-spatial pulses
given in Figure 7-1c and Figure 7-1d was measured to be 18-1.44ms = 25.92ms. In
addition, compared to the flip angle of one sublobe (Figure 7-1a), now the overall flip
angle has been increased -2.3 times (due to the modulated repetition of the 4-spoke
pulse), yielding a flip angle of ~314 for a transmit voltage of 190V.

Figure 7-1: aj Example of a four-spoke RF pulse for slice-selective (4cm thick slab) uniform wideband
excitation (450 Hz spectral bandwidth) accompanied with the corresponding gradients. The four sinc sub-
pulses (spokes) are placed at chosen (kx,ky) in excitation k-space for uniform B1 + mitigation. Slice selection
is achieved by playing z gradient during the sinc sub-pulses. All the spokes were VERSE-ed in order to
reach higher flip angle, yielding a total RF duration of 1.44ms. bI The shape of the time envelope used to
modulate a train of the four-spoke pulse (shown in a) ) in order to achieve the spectral selectivity. c The
spectral-spatial pulse composed by the cross-product of the samples marked with circles ('o') on the time
envelope shown in b), which is played in the first average. _d The spectral-spatial pulse composed by the
cross-product of the samples marked with crosses ('x') on the time envelope shown in b), which is played in
the second average. Having 18 circles/crosses samples in the time envelope, the overall time duration of the
spectral-spatial RF pulses shown in c) and d) was 18-1.44ms = 25.92ms;
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Due to the undersampling that was done on the time envelope, each of the pulses
shown in Figure 7-1c and Figure 7-1d has the first spectral sideband (sidelobe) over the
water and lipid frequencies, which is off course undesirable. However, the two RF pulses
together sample all of the desired spectral-spatial excitation k-space, and if properly
phased and summed, the desired spectral selectivity (i.e. suppressing the water and the
lipids, and mitigating the metabolites) can be reached.

a)

c)

e)

Figure 7-2: Bloch simulations of the one spatial voxel (x = 14, y = 11) capturing frequency bandwidth of
±700Hz. The real (solid lines) and imaginary (dashed lines) part of the simulated frequency profile of the
spectral-spatial excitation from the first and second average is given in a and ), respectively; W Each of the
spectral profiles is phased with different linear and constant terms such that there is zero phase in their
passband. Making the phase in the passpand to have no slope consequently makes the phase around water
and lipid frequencies to have the opposite sign; _D The simulated spectral-spatial (f-z) profile across ±4cm
and ±700Hz. e Summation of the two, properly phased excitations over the middle 1cm thick slice (-0.5cm<
z <0.5cm) gives the desired frequency profile, where the water and lipid frequencies are suppressed, and
the NAA, creatine and choline resonances are properly mitigated. 0 The slice selective profile shown over
±4cm for the center spectral frequencies.
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Figure 7-2 shows Bloch simulations of one spatial location (x = 14, y = 11, z = 0)

capturing off-resonances spanning ±700Hz. Inputs to these simulations (and to all the

others shown later) were the eight estimated B1* maps, the estimated Bo map and the

two designed sets of eight spectral-spatial RF pulses. The Bo for this particular voxel was

estimated to be -10.48Hz (measured relative to the main water peak). The real and

imaginary parts (solid and dashed lines) of the simulated frequency profile from the first

and second average is given in Figure 7-2a and Figure 7-2b, respectively. Each of these

profiles has been properly phased with different constant and linear phase terms such

that there is no phase (zero radians) in their passband, as shown in Figure 7-2c.

Specifically, phase terms in the form of exp(2-rr-iP1in_1-f - i-Pconst_1) and exp(2-rr-iP 11n_2-f -

i-Ponst_2) have been applied to the first and second average excitation, respectively. The

linear phase terms (Pn_1 and (Pin 2) have been optimized separately for the two RF

pulses such that the slope of each of the excitation phase is zero. The constant phase

terms (Tconst_1 and Tconst_2) simply bring the phase of the passband frequencies to zero

radians. Note that, if properly optimized, (Pin_1 and (Pin 2 make the two frequency profiles

to be completely out of phase around the water and lipid frequencies, while in the same

time being completely in-phase for the metabolites' frequencies (as seen in Figure 7-2c).

Figure 7-2d shows the simulated 2D spectral-spatial (f-z) space after summation of

the two, properly phased excitations and extending the Bloch simulations over a range of

values along the z axis (±4cm). Looking at the combined spectral profile for a 1-cm thick

slice (-0.5cm < z < 0.5cm), one can see that the water and lipid frequencies are

suppressed, and the NAA, creatine and choline ones are properly mitigated (Figure

7-2e). An insightful observation here is that (Pin_2= (Pn_1 + T4spokes/ 2 . Note that (Pin_2 would

exactly equal (Pin_1 + T4spokes/ 2 in the unrealistic case when there are no B0 drifts, i.e.

Bo(x,y) = [O]Hz. Hence, we can say that (Pun_2 = (Plin_ + T4spokes/ 2 + A(PBO, where ABO is an

extra phase term that is directly dependent on the estimated Bo map. At last, Figure 7-2f

shows the slice profile of the overall excitation for the middle frequency of the spectral

passband.

Figure 7-3 shows Bloch simulations of the in-plane spatial profiles for a 1-cm thick

slice (-0.5cm < z < 0.5cm) and four different off-resonances: -620Hz (residual water), -

180Hz (choline), 180Hz (NAA) and 390Hz (the lipid resonance at 1.3ppm). The

performance of the 2-shot spectral-spatial 4-spoke design was compared against two

alternatives: 2-shot spectral-spatial birdcage (BC) and 2-shot spectral-spatial RF-
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shimming designs. In both of these two cases, a train of 1-spoke (i.e. single sinc

waveform) subpulses were modulated by the same time envelope shown in Figure 7-1b
(the length of the 1-spoke subpulse was extended to T4spokes = 1.44ms). The values of

sigma (a) shown are the normalized standard deviations for each image, and represent

a metric of the spatial uniformity. Comparison of the passband images from Error!

Reference source not found.a and Figure 7-3b to those from Figure 7-3c, alludes to

successful spatial B1 * mitigation of the 4-spokes spectral-spatial excitation across all of

the metabolites' frequencies, clearly superior to the BC and RF shimming spectral-

spatial excitations. In the same time, all of the three excitations suppress more than 99%
of the water, and more than 95% of the lipid resonances. Finally, Figure 7-3d shows the

phase maps of the 2-shot spectral-spatial 4-spoke excitation, which don't change over

the passband frequencies.

Res Water (-620Hz)
1%

0.Ni

c) ]

d

d)

Cho (-180Hz) NAA (180Hz)
=10 7AOL -= 1a AQO1

Lipid (390Hz)
5%

N~I

10%

1800

-1800

Figure 7-3: Bloch simulations of the spatial excitation profiles for four different off-resonances: -620Hz
(residual water), -180Hz (choline), 180Hz (NAA) and 390Hz (lipid signal at 1.3ppm). Magnitude images of
the transversal magnetization for: al 2-shot spectral-spatial birdcage excitation; b) 2-shot spectral-spatial RF
shimming excitation; c) 2-shot spectral-spatial 4-spokes excitation. While all of the excitations suppress
more than 99% of the water signals and more than 95% of the lipid resonances, the 2-shot spectral-spatial
4-spokes design shows successful spatial B1* mitigation over the spectral passband, clearly superior to the
BC-sinc and RF shimming equivalents. The values of sigma (a) are the normalized standard deviations for
each image, and represent a metric of the spatial uniformity. _d Phase maps of the 4-spokes spectral-spatial
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2-shot excitation, which don't change over the passband frequencies, and are related to the estimate of the
Bo map.

7.2.2 Data Acquisitions

All the data was acquired using a 2-average, gradient recalled echo (GRE)

spectroscopic imaging sequence. Figure 7-4 shows the pulse sequence diagram on the

parallel transmit system. The spectral-spatial RF pulse design was followed by time-

efficient 3D volumetric CSI readout using constant density spiral k-space trajectories

[67]. The 4D spectral-spatial (x,y,z,f) space included 26x26x12x640 points (zero-padded

to 32x32x16x1024) encoded over FOVxy=20cm and FOVz=12cm, resulting in an overall

voxel size of 0.59cc. The spectral readout bandwidth was 2000Hz, and the acquisition

window was 320ms long (hence the 640 frequency points). The maximum gradient

strength and slew limit for the spiral trajectories were set to the conservative 10.5 mT/m

and 120 mT/m/ms, respectively, in order to avoid any image artifacts due to gradient

imperfections. With a TR = 1.5s, the total scan time of the 2-shot acquisition was 13.5

minutes (6.75min / average). The echo time, defined as the distance between the peak

of the RF and the start of the ADC window, was measured to be =13ms and (13 -

T4spokes/2 ) 12.28ms for the first and second average, respectively.

Average - Average 2
RF1  RF1

N TRs

RF8  RFa

Spiral CSI Spiral CSI
readout readout

Acquisition Time Acquisition Time ADC

Figure 7-4: The timing diagram for the GRE, spiral CSI, 2-shot spectral-spatial pTx acquisition. The SS RF
pulses played on the eight transmit channel were followed by a fast 3D CSI readout using spiral k-space
trajectories. The overall voxel sizes was 0.59cc, and with TR = 1s, the total imaging time for the 2-shot
acquisition was 13.5 minutes (6.75 / average). The TE (measured from the peak of the pulse to the start of
the ADC) was measured to be -1 3ms for the first average and -1 2.28ms for the second average.
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The spectroscopic data for each time point from the 8 coil elements of the dedicated
receive array were combined by point wise multiplication of each of the estimated B1
profiles' conjugate. The resulting combined data set was then corrected for the spatial
receive inhomogeneities by division by the sum of squares of the eight B1 profiles. The
overall reconstruction was implemented using the spiral CSI package described in
Error! Reference source not found.. Lastly, all of the CSI acquisitions were repeated
using the mentioned 2-shot spectral-spatial BC excitation, which served as a comparison
case for the 2-shot spectral-spatial 4-spoke excitation.

7.3 Results

In order to show the feasibility of the 2-shot spectral-spatial 4-spoke excitation at
high SNR, spiral CSI data was acquired with different shifts in the carrier frequency for
the excitation pulse on a single peak water phantom. Figure 7-5 and Figure 7-6 show the
results of these acquisitions. All images shown come from the middle slice of 3D
volumetric spiral CSI acquisitions, where the system's frequency was manually shifted
to: 1. -180Hz (choline range), -120Hz (creatine range) and 180Hz (NAA range), shown in
Figure 7-5; and 2. -620Hz (residual water range) and 400Hz (residual 1.3ppm lipid
range), shown in Figure 7-6. All the images were obtained by summing the signals'
magnitude in the vicinity (±100Hz) of the said frequencies, followed by correction of the
remaining receive inhomogeneities using the previously estimated B- profiles.

@ -180 Hz (Cho range) @ -120 Hz (Cr range) @ 180 Hz (NAA range)

2-shot 4-
spokes pTx
Excitation

0

b) .
2-shot

BC-mode
Excitation

0
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Figure 7-5: Images from the middle slice of a 3D volumetric spiral CSI acquisitions using g the 2-shot
spectral-spatial 4-spoke excitation and PI the 2-shot spectral-spatial BC excitation, demonstrating
dramatically inferior spatial mitigation capabilities of the latter. For each of the acquisitions, the system's
frequency was manually shifted to: -180Hz (choline range), -120Hz (creatine range) and 180Hz (NAA
range). The Images were obtained by summing the magnitude of signals in the vicinity of the mentioned
frequencies followed by division by the (receive) B1 ~ profile;

Figure 7-5a and Figure 7-5b show images acquired at the three mentioned off-

resonances of the spectral passband using the 2-shot spectral-spatial 4-spoke and BC

excitation, respectively, clearly demonstrating the superiority of the former in terms of

spatial uniformity. A quantitative measure of their performance is given in Error!
Reference source not found., showing the percentages of the voxels that deviate less

than 10% and 30% (second and third row, respectively) of each image's mean.

Specifically, while -92% of the voxels in the images shown in Figure 7-5a deviate less
than 10% from their (individual) mean, that is the case for -58% of the voxels in the
images shown in Figure 7-5b. The third row gives the values of anorm, the normalized

standard deviation across the entire volume of interest, and represents another metric
for spatial uniformity. Note that these values correspond well with the ones shown in
Figure 7-3.

ChOFig7a CrFig7a NAA Fig5a ChOFig7b CrFig7b NAAFig7b

E < 10% 91.5% 92.3% 93.2% 56.8% 59.1% 57.5%

E < 30% 98.1% 98.4% 98.7% 91.4% 92.5% 91.5%

Unorm 5.91% 5.85% 5.66% 19.59% 19.42% 19.55%

Table 4: Evaluating the B1* mitigation of the metabolites maps acquired with the 2-shot spectral-spatial 4-
spoke (Figure 7-5a) and BC (Figure 7-5b) excitation. Comparing the percentages of the voxels that deviate
more than 10% and 30% (second and third row, respectively), it can be seen that 2-shot spectral-spatial 4-
spoke excitation, clearly outperforms the BC equivalent design. This can also be concluded by looking at the
values of the normalized standard deviation (anorm) for each of the images shown

Figure 7-6 demonstrates the feasibility of the proposed excitation in suppressing the
water and lipid resonances. The top images of Figure 7-6a and Figure 7-6b, show the
pure sum (i.e. without any phasing) of the two average acquisitions, clearly indicating

that if not properly phased, the 2-shot spectral-spatial 4-spoke excitation does not

suppress the water signals. Note that the lower intensity around the lipid resonances is

due to the fact that 1.3ppm is roughly between the passband and the first sidelobe of the

spectral profile of each spectral-spatial pulse (see Figure 7-2a and Figure 7-2b for visual

clarification). The seconds rows show exactly the same data, but with the proper phasing
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of the first and second average acquisition. Finally, the top and bottom images in Figure
7-6c presents the ratio between the two sets of images in Figure 7-6a and Figure 7-6b,
respectifully, showing that at least 96% of the residual water and at least 94% of the
residual lipid frequencies have been successfully suppressed. Furthermore, Pwater =

2.32% and Plipid = 3.95% represent the mean values across the phantom for the water
and lipid resonances, respectively. All the percentage values mentioned are calculated
with respect to the full flip angle of 310 (shown in Figure 7-5).

400Hz(1.

270 
4%

1 0%
=3.96%

6%

0 0%

Figure 7-6: Images from the middle slice of a 3D volumetric spiral CSI acquisitions using the 2-shot spectral-
spatial 4-spoke excitation. a) The system's frequency was manually shifted to: -620Hz (residual water
range), and b) 400Hz (residual 1.3ppm lipid signals), and images were obtained by summing over the
magnitude of the signals in the vicinity of the mentioned frequencies, followed by correction by the (receive)
B1 profile; Top and bottom images show the simple sum, and the properly phased sum of the two acquired
averages, respectively. Note that the lower intensity of the top image is due to the fact that 1.3ppm is
roughly between the passband and the stop band of the spectral profile of each spectral-spatial pulse (i.e.
from one average). The mean value was calculated to be 3.95%. c) The ratio between the top and bottom
images from a) and b), showing more than 96% and 94% suppression of the water and lipid signals,
respectively. The mean values of the top and bottom ratio images were 2.32% and 3.95%, respectively.

Verifying the feasibility of the excitation on a high SNR phantom was followed by
testing its performance on a spectroscopy phantom containing physiological
concentrations of the major brain metabolites. Figure 7-7a shows grids of magnitude
spectra from particular spatial locations, displayed over the 1.75 ppm to 3.45 ppm
(-50OHz) range. The water suppression was good enough, so that the quality of the
metabolite peaks was not compromised. In terms of B1 spatial uniformity, the inferiority
of the 2-shot spectral-spatial BC-RF excitation's (red spectra on the spectral grid) over
the 2-shot spectral-spatial 4-spoke RF design (blue spectra on the spectral grid) is
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clearly demonstrated, particularly when looking at the top right part of the phantom (right
grid in Figure 7-7a).

Figure 7-7b shows the estimated Bo map (bottom) and a full-width-half-maximum
(FWHM) measure of the spectra from an on-resonance CSI acquisition using the 2-shot
spectral-spatial 4-spoke excitation (top). In other words, the latter image shows an
estimate of the line broadening of the water spectrum, and represents an indirect
measure of the T2* constant. As it can be seen, parts of the phantom (especially towards
the edges) which have greater FWHM (i.e. greater T2* values) suffer from some signal
loss, which can be observed in broadened linewidths and lower amplitudes of the
metabolites peaks. This can be noticed on the blue spectra shown on the right spectral
gird in Figure 7-7a. While the inherently long RF pulses are partly responsible for this
signal loss, the major contributor of these effects is the relatively long TE time in
combination with the somewhat large voxel sizes (0.59cc). The main point that needs to
be made here however, is that these physical effects are present in both excitations, and
this doesn't change the fact the 2-shot pTx 4-spoke design provides improved uniform
mitigation compared to the 2-shot BC-RF one.

a) 1b)

2) b FW HM ( T2*)
63Hz

40Hz

2-shot I-ho
4-spokes B-oe1Excitation Excitation 3H

blue spectra red spectra

Figure 7-7: a Magnitude spectra from the middle slice of the 3D spiral CSI acquisitions (TR=1s, TE - 13ms,
voxel size = 0.59cc) from particular spatial locations of the spectroscopy phantom containing physiological
concentrations of the major brain metabolites. Spectra from the 2-shot spectral-spatial 4-spoke design
(shown in blue) demonstrate spatially more uniform excitation compared to the 2-shot spectral-spatial BC
excitation (shown red); Pj [top) The full-width-half-maximum (FWHM) measure of an on-resonance CSI
acquisition using the 2-shot spectral-spatial 4-spoke excitation; This image shows an estimate of the line
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broadening of the water spectrum, and represents an indirect measure of the T2* constant; N (bottom) The
estimated Bo map.

7.4 Discussion and Conclusions

Our results demonstrate successful wideband B1 mitigation in 7T CSI with parallel

transmission for the center part of a 2.5-cm thick axial slab over -450Hz of spectral

bandwidth, enough to mitigate the major brain metabolite of interest at 7T. In addition to

this, the proposed RF design also suppresses most of the strong water (more than 96%)

and lipid resonances (more than 94%). The methods were applied on a high SNR single-

peak phantom, and in a spectroscopy phantom containing physiological concentrations

of the major brain metabolites. The 2-shot spectral-spatial 4-spoke design yields greatly

improved spatial-spectral uniformity across the entire excited slice, and performs

significantly better than the 2-shot spectral-spatial BC equivalent excitation.

The proposed RF design presents a novel method for designing spectral-spatial RF

pulses, for the case when the duration of the spatially selective sub-lobes violates the

Nyquist rate of the temporal envelope that determines the desired spectral excitation

bandwidth. In the proposed approach, the given temporal envelope is divided into

"even"- and "odd -sample waveforms, that are then used to create two spectral-spatial

pulses, played in two separate averages. When properly phased and summed, the

acquired data from the two averages yields excitation that has the spectral profile of the

original, not-undersampled time envelope. This benefit of the proposed approach comes

at the cost of doubling the acquisition times. However, using the highly time-efficient

spiral CSI readout schemes, the overall scan times for 3D volumetric acquisitions can be

easily kept well below 15 minutes (TR = 1.5s), which is a reasonable scan time for in

vivo acquisitions.

It is worth noting that the processing of the data from the two acquired averages

included an extra step in addition to the phasing described in Figure 7-2. In order to

reach better water suppression, the resonances around the residual water from the two

averages have to be the exact opposite of each other. To correct for some of the

inherent mismatches from one TR to the next, each spectrum of the second average

was multiplied by a term in the form of a. exp (i -Ap), where a = [0.99-1.01] and Ap = [-

50 - 50] so that the magnitude of the added signals around the residual water frequencies

is as small as possible. This post-processing step improved the water suppression
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relative to its maximum peak value by at most 1%, and did not alter the quality of the

metabolites' distributions. Given the orders of magnitude concentration differences

between the water and the metabolites signals, this 1% improvement can, in some

cases, realistically improve the quality of the spectra. However, even with this additional

step, the water suppression at some spatial locations was measured to be as low as

-4% (Figure 7-6), which is -7 times worse compared to the sub-1% suppression

predicted by the Bloch simulations (Figure 7-3). We believe that this mismatch is due to

some higher order effects caused by systems' imperfections (RF and/or gradient).

Nevertheless, as seen in Figure 7-7, the quality of the spectra is not hindered by any

unsuppressed water signals.

Additional limitations that are beyond the RF design methods include the hardware

limitation on each of the eight RF power amplifiers, which are capable of playing at most

200V of RF excitation. Overcoming this constrain would not only allow achievement of

full 900 flips, but also permit the development of 1800 refocusing pulse for spin-echo

acquisitions. The spin-echo acquisitions are especially important when trying to

overcome the signal degradations due to T2* effects, which as seen in Figure 7-7, can be

particularly severe at some parts of the volume of interest. Furthermore, the addition of

the refocusing pulse in the excitation scheme will also provide improvement of the

suppression of the signals in the stopband of the spectral profile, and therefore achieve

superb suppression of the strong water signals.

Moreover, pushing the gradient coils to their limits (maximum gradient amplitude

and slew rate limits of 80mT/m and 400mT/m/ms, respectively), would yield additional

decrease in the RF durations, enabling spectral-spatial design with spatial sublobes that

include more than 4 spokes. Using more than 4 spokes may become necessary at

parallel transmission on ultra-high field strength systems for human imaging beyond 7T,
e.g. 9.4T or higher. It is fair to note however, that for the cases when the magnitude B1*

non-uniformity is less than then 2.5-to-1 (maximum-to-minimum), a robust spatial B1*

mitigation is possible with 3 spokes, or in some case with even 2 spokes. Additionally,

pushing the gradient limits would also provide the opportunity to achieve thinner and

sharper slices, so that single-slice CSI acquisitions are sufficient to encode the excited

volume.

As already mentioned throughout this thesis, the dominant constraint that prevents

the employment of these techniques to in vivo measurement, is the estimation and
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monitoring of the specific absorption rate (SAR) for pTx systems. The methods in Error!

Reference source not found. outline the methods and workflow for future systems of

local SAR estimation and real-time waveform monitoring, which we expect to become

core elements in the deployment of in vivo spectroscopic imaging with parallel

transmission.
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Chapter 8

Summary and
Recommendations

8.1 Summary

Spectroscopic imaging at 7T allows for better metabolites' detection due to the

intrinsically improved SNR and increased frequency dispersion compared to lower field

systems. However, these benefits come at the cost of increased RF inhomogeneities

causing undesirable non-uniform image contrast and SNR distribution. Eight channel

parallel transmit system at 7T was used to design the RF excitations that, not only

corrected for the B1 non-uniformities, but also enhanced the excitation part of a typical

7T CSI experiment in terms of providing novel means for suppressing both the water and

lipid signals. However, employment of these pTx excitations in vivo requires estimation

and monitoring of the local SAR limits, in order to assure patient safety. Part of the work

in this thesis was dedicated to the development and implementation of a real time RF

monitoring system capable of detecting sporadic RF mishaps, and stopping the

acquisition in real time if the transmission errors observed were estimated to violate

assumptions of local SAR estimation. Furthermore, the contributions to the readout

design of a CSI experiment included the full implementation of the spiral CSI algorithm

[67] on Siemens MR scanners, enabling a routine use of the time-efficient spiral CSI for

clinical applications.
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More details on the specific contributions are summarizes below. All in all, the work

in this thesis presented:

* The full implementation of the spiral CSI algorithm on Siemens's MR platforms,

resulting in the release of a Work In Progress (WIP) package (Error! Reference

source not found.). For a given set of user-defined imaging parameters, this

package designed constant density k-space spiral trajectories in real time, acquired

the non-uniformly sampled CSI data, and used 2X gridding to reconstruct the

spectroscopic data onto Cartesian grids in time efficient manner. Installing this

package on clinical Siemens MR scanners, made it possible to acquire volumetric

CSI data sets on different patient populations. Preliminary studies are currently

underway, exploring metabolite distributions in patients suffering from Late-Onset

Tay Sachs (LOTS), X-linked adrenoleukodystrophy (ALD), and brain tumors.

* The development and implementation of real time RF monitoring system for pTx

using directional couplers measuring the forward and reflected power to the transmit

coil array (Error! Reference source not found.). The proposed threshold algorithm

triggered acquisition stop (shutdown time -10ms), if the monitored RF waveforms

deviated from the ideal to a level that was considered to compromise patient's safety

in terms of local SAR. The cut-off values used in the threshold algorithm were found

empirically by monitoring the signals in 15 in vivo measurements. It was shown that

the monitoring system successfully detected several kinds of purposely induced

disturbances, including: 1. random phase jumps on any TX-channel; and 2. Coil

tuning change on any transmit coil element.

* The design of a pTx-variant of the conventional CHESS excitation scheme, which

compared to conventional CHESS designs, provided a factor of 2 improved

suppression of the water signals (Chapter 6). The pTx-CHESS preceded the pTx

wideband spokes excitation which provided uniform spatial mitigation over 600Hz of

spectral BW, as shown by PE CSI acquisitions applied on a spectroscopic phantom

containing the physiological concentrations of the major brain metabolites.

" The design of a 2-shot spectral-spatial pTx RF excitation that simultaneously

provided both uniform mitigation over 450Hz of spectral BW, and suppression of the

water and lipid signals (Chapter 7). This interleaved excitation scheme comes at a

cost of doubling the acquisition time, which is not a big issue when it is followed by

the time-efficient spiral CSI readouts. Proper reconstruction, which matches the

effective TE time from the two acquisitions of the first and second average, yields
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water and lipid signals in quadrature to the desired metabolites, while keeping the

metabolites in-phase, at no SNR cost.

While realistically, 7T pTx spectroscopic imaging is far from being routinely used in

clinical settings, the work presented in this thesis makes fundamental and important

contributions towards reaching this goal.

8.2 Recommendations

The methods and concepts presented in this thesis can be extended in several

ways. Most of the suggestions for the future work presented below are directed towards

additional improvement of the excitation part of the CSI experiment by taking further

advantage of the extra degrees of freedom in the pTx RF design provided by the 8 TX-

channels. Moreover, the ability to monitor the RF waveforms on each TX-channel in real

time can be used not only to monitoring local SAR, but also to predict the quality of the

RF excitation.

In general, RF pulse designs for CSI applications are posed as a 4D excitation

problems. Achieving the desired spectral-spatial profile can be done with one, or a series

of RF pulses in sequential excitations at the cost of increase in the minimum scan time.

This approach is particularly well suited to fast spatial encoding via spiral CSI, whereas

phase encoded acquisitions suffer from a long minimum scan time penalty. One way to

improve the preparation pTx-CHESS module presented in Chapter 6, is by replacing the

single-band frequency selective pulse with its dual-band equivalent, such that now the

longitudinal components of both the water and lipid signals are inverted and properly

suppressed prior to the excitation. Compared to the proposed pTx-CHESS, this design is

more involved on two levels: 1. It has more complicated frequency profile, including two

passbands (one for water, the other for lipid resonances) and one stopband (for the

metabolites' spectral band); and 2. It has to account for multiple T1 constants - several

for different brain tissues, and couple for the lipid signals. Once designed, this

enhanced, dual-band preparation module is followed by standard wideband excitation

schemes [114]. Successful implementation of this idea for single-TX 3T CSI has been

shown in [132], but extending it to 7T pTx would require some effort.
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Another area of future work involves adding curved saturation-band pulse that

precedes the current spectral-spatial excitation and fully pre-saturates the signal from

the skull. In other words, the target excitation of this pulse would be the skull itself, and

its main purpose would be to help the 2-shot spectral-spatial excitation to better

suppress the residual lipid signals. Going back to the concepts presented in Chapter 7,

note that minimizing the spectral transition band between the NAA and lipid peak would

yield longer RF pulse durations, and therefore delay the effective TE, causing slightly

pronounced T2* effects. Also, shrinking the spectral passband would make the excitation

less robust to Bo inhomogeneities and endanger proper NAA detection and estimation.

Therefore, any additional help received from the curved pre-saturation band pulse that

suppresses the skull (i.e. lipid signal), would only help the excitation proposed in Chapter

7. It is important to stress however, that this curved saturation band excitation has to be

wideband, i.e. it has to maintain the designed spatial profile (at least) around the spectral

bandwidth that includes the lipid and metabolite frequencies. Otherwise, metabolites'

signals inside the brain might be pre-saturated as well, which is off-course, undesirable.

To some extent, the performance of the pTx RF pulse design of the spatially curve-

saturated excitation can be improved if the pTx experiment is conducted using the Butler

matrix transformations of the transmit coil array [104]. In this case, the eight measured

B1' maps won't have localized patterns (as shown in Figure 4-2b), but rather more

circular spatial distribution (as seen in Figure 6-3) [101]. Given the ring-like shape of the

human skull, this alternative set of B1* maps (modes) might pose fewer constraints on

the pTx RF design, and would therefore potentially improve its performance.

In many cases, the reliability of the spectroscopic data in brain regions that are

potentially interesting to explore, is compromised by increased susceptibility artifacts.

Examples include CSI of the top part of the spinal cord, which is close to the nasal

cavities, i.e. close to the border of air-tissue transition. Therefore, it would be interesting

to explore the means to design wideband curved excitation, which would provide a

"brain-only" spatial target across wide range of spectral bandwidth (e.g. 450Hz). In other

words, the spatial region to be excited would be curved out such that it excludes the

regions with high susceptibility. Note that achieving the spectral-spatial profile of this

wideband 3D-spatially curved excitation would be extremely demanding on the pTx RF

pulse design, even to a level that the desired target is unrealizable. However, successful
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designs of even the simpler, 2D-spatially curved wideband excitation would be thought

of as a great contribution to the field of pTx RF design, in general.

In terms of future work related to the materials presented in Error! Reference

source not found., one can potentially use the capabilities of the real time RF

monitoring system as a way to predict the transmission quality of the pTx excitation. It

would be interesting to find a correlation measure between: 1. the level to which the

Bloch-simulated RF targets match the results obtained from the scanner; and 2. the level

of mismatch between the monitored and ideal RF waveforms. More specifically, a

hypothetical result of these calculations would for example say that, the quality of final

images obtained from the scanner remains high (e.g. >99% of RMSE), as long as, (for

example) less than 10% of the RF samples among all the monitored waveforms deviate

at most 5% from the ideal pulse. This statistical analysis that links transmission quality to

the deviation of the monitored RF waveform could be beneficial in terms of finding the

extent to which the RF pulse design algorithms can relax the constraints posed on the

RF's amplitude and phase values.

On a pTx system level, several improvements would be beneficial not only for pTx

CSI related applications, but for pTx imaging in general. On the hardware side, the RF

power amplifiers on our system, are currently capable of delivering 800W of power,

resulting in a maximum transmit voltage of only 200V. High flip applications, like spin-

echo, are impossible to realize for RF pulse designs like the one presented in Chapter 7,

where the maximum duration of the 4-spokes subpulses has an upper limit (i.e. it may be

VERSE-ed only to a certain level). On a software side, improvements have to be made

on the time-efficiency of the workflow involved in a typical pTx experiment (Error!

Reference source not found.). While our group has made great progress addressing

this issue, RF pulse designs, and SAR calculations for a given pTx excitation can still

take a long time, and therefore keep the subject in the scanner longer than needed.

Improvements on this end might include implementations on the pTx RF pulse design

and SAR calculation on graphical processing units (GPUs). Currently these are done in

MATLAB* (MathWorks, Natick, MA, USA) and run on high-end CPUs.

More generally, particular attention should be paid on checking the feasibility of the

methods dedicated to simulation of the electric (E) fields using standardized human

models. For a given transmit coil array model, the calculated E fields should be fully

trusted and cross-checked among the several currently available software packages.
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Even if the simulations are thought to return trustworthy E fields, currently, the time
needed to tune and match a particular coil array model and simulated the E fields on
each transmit elements, is measured in days. Therefore, it would instructive to look into

alternative numerical methods to simulate these fields - methods that are different from

the two, currently most widely used ones: the finite-difference time-domain (FDTD), and

the methods of moments (MoM). This is essential, due to the fact that, at this moment,
the management of local SAR during pTx excitation is the biggest obstacle for routine in

vivo measurements.
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