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Abstract 

 

Magnetic resonance imaging is a powerful, non-invasive technology to acquire 

anatomical images from the human body. Operating at a magnetic field strength of 7T 

or higher (i.e. ultrahigh field (UHF)) provides a higher signal-to-noise ratio, facilitates 

higher spatial resolutions, and potentially improves diagnostic sensitivity and 

specificity compared to clinical field strength, such as 1.5T or 3T. 

Unfortunately, UHF is accompanied with technical hurdles, from which the most 

problematic is the inhomogeneity in the radiofrequency transmit field. That can lead to 

spatially varying flip angles and, thus, to signal dropouts, local brightening or spatially 

altering imaging contrast. 

The most flexible approach to address this issue is the parallel transmission (pTx) 

technique, which itself has the disadvantage of a lengthy calibration procedure. To 

overcome the calibration procedure the ‘universal pTx pulse’ (UP) concept was 

introduced. It is a radiofrequency pulse design concept that relies on a pre-collected 

design database. The resulting pulses then work on a wide cohort of subjects without 

recalibration. 

As a first step, in this PhD project the advantages of imaging the human spinal cord at 

UHF were exploited. It was possible to acquire the first images from the human spinal 

cord at an ultrahigh in-plane resolution of 0.15x0.15mm2 at 9.4T. The images showed 

the tiny structures of the spinal cord in great detail. The signal-to-noise ratio and T2
*-

times in the human spinal cord at 9.4T were presented. 

Furthermore, in this thesis the UP concept was further developed, in order to use UHF 

and the pTx technique more widely. 

While UPs were originally introduced for whole-brain or slice selective excitation, in 

this work a feasibility study for UPs for local excitation in the human brain (i.e. exciting 

only specific regions of the brain, while others should experience no excitation) was 

performed.  UPs that locally excite the visual cortex area were calculated. The 

underlying transmit k-space trajectory for these radiofrequency pulses were ‘spiral’ 

trajectories. These local excitation UPs were successfully tested in vivo on non-

database subjects at 9.4T. 
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In a next step, the UP performance was further improved by optimizing the underlying 

transmit k-space trajectory to match the excitation target. The trajectory optimization 

and the UP design algorithms have been implemented into an open source software 

package (called OTUP) and demonstrated using simulations and in vivo experiments 

at 9.4T. The code was tested for three different target excitation pattern with varying 

complexity. 
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Zusammenfassung 

 

Die Magnetresonanz Bildgebung ist ein bedeutendes, nicht invasives Verfahren um 

anatomische Bilder des menschlichen Körpers zu erhalten. Das Verwenden einer 

Feldstärke des Hauptmagnetfeldes von 7T oder höher (sog. Ultrahoch Feld (UHF)) 

ermöglicht höhere Signal-zu-Rausch-Verhältnisse, räumlich höher aufgelöste Bilder 

und verbessert die diagnostische Genauigkeit verglichen zu klinischen Feldstärken, 

wie 1.5T oder 3T. 

Leider ist das UHF verbunden mit einer Reihe von technischen Problemen, wovon das 

schwerwiegendste die Inhomogenität im Radio Frequenz Sendefeld ist. Dies kann zu 

räumlich sich unterscheidenden Flip- oder Anregungswinkeln führen und dadurch zu 

räumlich sich unterscheidenden Signalstärken auf den anatomischen Bildern. 

Der flexibelste Ansatz um dieses Problem zu lösen ist die parallel transmission (pTx‚ 

‚paralleles Senden’ bzw. ‘Übermitteln‘) Technik. Der Nachteil dieser Technik ist ihr 

langwieriges Kalibrierungsverfahren. Um die Kalibrierung zu umgehen, wurde das 

Konzept der ‚universellen pTx Pulse‘ (UPs) eingeführt. Dieses Radio Frequenz Puls 

Design Verfahren basiert auf einer vorher erfassten Design Datenbank. Der 

resultierende Puls funktioniert dadurch für eine große Probandengruppe ohne erneute 

Kalibrierung.  

Als ersten Schritt dieses PhD Projektes wurden die Vorteile der UHF für die 

Bildgebung am menschliche Rückenmark genutzt. Mit einer Spule, die ursprünglich 

für die Anwendung am menschlichen Gehirn vorgesehen war, war es möglich 

ultrahoch aufgelöste Bilder (Auflösung von 0.15x0.15mm2) vom Rückenmark zu 

erhalten. Diese Bilder zeigten detailliert die kleinen Strukturen des Rückenmarks. Die 

Signal-zu-Rausch-Verhältnisse und die T2
*-Zeiten des menschlichen Rückenmarks 

bei einer Feldstärke von 9.4T wurden präsentiert. 

Des Weiteren wurde in dieser Dissertation das UP-Konzept weiterentwickelt um UHF 

und das pTx Verfahren verstärkt in Kliniken einsetzen zu können. 

Nachdem UPs ursprünglich dafür gedacht waren das gesamte Gehirn oder gezielt 

einzelne Schichten im Gehirn anzuregen, wurde in dieser Arbeit eine Studie über UPs 

für lokale Anregungen (d.h. es soll nur ein bestimmter Bereich im Gehirn angeregt 
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werden, während andere Bereiche explizit nicht angeregt werden sollen) durchgeführt. 

Es wurden UPs designt die lokal die Region des visuellen Cortex anregen. Die dabei 

zugrundeliegenden ‘sende’ k-Raum Trajektorien waren ‚spiral‘ Trajektorien. Die UPs 

wurden erfolgreich an Probanden getestet die nicht der Design Datenbank 

angehörten. 

Im nächsten Schritt wurde die Performance der UPs weiter verbessert. Es wurde ein 

Verfahren präsentiert mit der die zugrundeliegenden ‚sende‘ k-Raum Trajektorien in 

Abhängigkeit der Zielanwendung optimiert werden konnten. Die Trajektorie 

Optimierung und der UP Design Algorithmus wurden in einem ‚Open Source‘ Software 

Paket (genannt OTUP) implementiert und anhand von Simulationen und 9.4T in vivo 

Experimenten demonstriert. Das gesamte Verfahren wurde an drei unterschiedlich 

komplexen Ziel-Anregungsmustern getestet. 
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1. Introduction 
 

Magnetic resonance imaging (MRI) is a non-invasive method to image the human 

body, measure function and metabolism and derive clinical diagnoses. 

The following chapter provides a basic background of MRI with a focus on ultra high 

field (UHF) (i.e. a main magnetic field (𝐵0) strength of equal or above 7T). It describes 

the great potential of UHF MRI to allow imaging of the human body in excellent spatial 

resolution and sharpness (section 1.1.). This potential was exploited in PUBLICATION 

1 of this cumulative thesis, where images of human spinal cord were acquired at 

ultrahigh resolution (in-plane: 0.15x0.15mm2). 

Furthermore, the technical challenges UHF is accompanied with are introduced in this 

chapter. It provides the reader with an understanding of what these challenges are 

and how and why they arise at UHF (section 1.2.). As an approach to address these 

challenges, the technique of ‘parallel transmission’ (pTx) will be explained (section 

1.2.).  Section 1.3. describes the difference between the application of magnetic field 

gradients for the acquisition and the transmission case. Especially the latter is of high 

importance for pTx. Section 1.4. demonstrates how a  pTx pulse can be designed. 

Within the field of pTx, there is the concept of ‘universal pulses’ (section 1.5.). A 

powerful concept, PUBLICATION 2 and 3 were focused on. 

Section 1.6. presents the research objectives of this thesis.  

 

1.1. MRI basics and advantages of UHF 

 

To understand the advantages of MRI at UHF, the underlying mechanisms of nuclear 

magnetic resonance (NMR) and MRI in general need to be discussed briefly. A more 

detailed overview can be found in the literature (1,2). 

A hydrogen nucleus contains a single proton. Each proton possesses a spin. That 

means it rotates about its axis. The angular momentum of a rotating object is a vector 

and the direction of ‘the vector indicates the axis of the rotational motion’ (2). The 

direction of the
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spin angular momentum is denoted as the spin polarization axis. In general, the 

polarization axes pointing in all possible directions in space (Figure 1): 

 

Figure 1: Randomly directed spin polarizations. Reprinted from Levitt M.H. (2) with 
permission of John Wiley & Son, Inc. 

The proton has a magnetic moment and behaves like a small magnet, due to its 

positive electrical charge, the rotation and the spin. The direction of the magnetic 

moment of a proton is either the same direction as the spin polarization or the opposite 

direction. It depends on the gyromagnetic ratio , the ratio of the magnetic moment to 

the spin angular momentum. Different particle or systems of particle have different 

gyromagnetic ratios . In case of the hydrogen nucleus, the gyromagnetic ratio  is 

42.577 MHz/T (3). If  is positive (as for the hydrogen nucleus), the magnetic moment 

points in the same direction as the angular momentum. If  is negative, the magnetic 

moment points in the opposite direction. 

Exposing the protons to an external magnetic field (𝐵0), the spins (i.e. the magnetic 

moment vectors) start to precess around the direction of the 𝐵0 field (Figure 2). 

The spins precess with a characteristic frequency, the so called Larmor frequency 0 

(2): 

 0 =  − 𝐵0 Eq. 1 

where  is the gyromagnetic ratio and 𝐵0 denotes the strength of the external magnetic 

field. As depicted in Eq. 1 the Larmor frequency 0 increases with increasing 𝐵0 field 

strength. 
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Figure 2: A proton spin precessing in an external magnetic field (𝐵0). Reprinted from 
Levitt M.H. (2) with permission of John Wiley & Son, Inc. 

In an external magnetic field the magnetic moment vectors tend to align along the 𝐵0 

field. It is slightly more probable that the spins are driven towards an orientation with 

lower energy (parallel to 𝐵0) than towards an orientation with higher energy (anti-

parallel to 𝐵0) (4). Thereby, an entire ensemble of spins gives rise to a small net 

magnetic moment along 𝐵0. This state is called the thermal equilibrium (Figure 3). 

 

Figure 3: Thermal equilibrium. Reprinted from Levitt M.H. (2) with permission of John 
Wiley & Son, Inc. 

The difference between the amount of spins (and their magnetic moments) aligned 

either parallel or anti-parallel to 𝐵0 results in the useable net longitudinal 

magnetization. As the 𝐵0 direction is often referred to as the z-axis, the net longitudinal 

magnetization is referred to as 𝑀𝑧.  
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Through application of a radiofrequency (RF) pulse (i.e. an electromagnetic wave of 

the same frequency as the Larmor frequency) the spins experience excitation. During 

this excitation process an entire spin ensemble absorb energy and become tipped 

away from the z-axis into the transverse xy-plane (i.e. the plane perpendicular to 𝐵0 

and the z-axis) (Figure 4). Thereby, the net longitudinal magnetization is also tipped 

into the transverse plane (Figure 4). 

 

Figure 4: Polarization distribution after application of a RF pulse. Reprinted from Levitt 
M.H. (2) with permission of John Wiley & Son, Inc. 

𝑀𝑥𝑦 denotes the resulting net magnetization of the spin ensemble in the transverse 

plane. In the transverse plane, the spins (and through that the transverse 

magnetization) are rotating about the 𝐵0-axis, thereby inducing an alternating voltage 

in a RF receiver coil (4). Acquiring and processing this signal, finally results in the MR 

image. 

Theoretically, RF pulses can be designed to tip the spins with any desired flip angle 

between 0 and 180° (from the z-axis). A tip angle of 90° results in a 𝑀𝑧 magnetization 

of 0. 

To investigate the influence of a RF pulse on the magnetization of a spin system, the 

Bloch equations need to be considered. The Bloch equations are a set of macroscopic 

equations, describing the behavior of the nuclear magnetization as a function of time 

involving a RF pulse. The equations and how they were utilized in this work, can be 

seen in section 1.4. 

By means of the ‘Boltzmann-statistics’ (1), the crucial advantage of MRI at UHF can 

be derived: With an increased 𝐵0 field strength, the fraction of spins aligning parallel 

to the 𝐵0 field is increased due to the higher energy gap between the spin states. 
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Therefore, the net longitudinal magnetization 𝑀𝑧 is incremented. Consequently, the 

transverse magnetization is also incremented (after excitation) and a higher signal is 

induced in the receiver coil. 

As visible in Figure 5, this effect causes an increased signal-to-noise ratio (SNR) (5,6) 

at higher 𝐵0 field strengths. 

 

Figure 5: Intrinsic SNR0 values in four different brain compartments. The red line 

represents fitting results on the SNR over the entire cerebrum as SNR0 = 𝐵0
1.65. 

Reprinted from Pohmann et al. (6) with permission of John Wiley & Son, Inc. 

SNR increases superlinearly with the 𝐵0 field strength (6,7) (Figure 5) and is 

consequently higher at UHF compared to lower fields. Additionally, SNR is directly 

proportional to the measured voxel size (8) of a MR acquisition. As a result, UHF 

enables the measurement of smaller voxel sizes, thereby increasing the spatial 

resolution of the anatomical images. In consequence, MR images acquired at UHF 

might reveal anatomical structures, which are not detectable at lower field strength. 

The literature provides several studies, which compare 7T acquisitions of the human 

brain or the spinal cord (SC) with corresponding measurements at 3T (9,10,11). All 

previous work shows an excellent improvement of the image quality and diagnostic 

power of the 7T versus the 3T results. As an example, Figure 6 compares SC 

acquisitions at 3T and 7T. The improvement in the image quality from 3T to 7T for an 

in-plane resolution of 0.5x0.5mm2 is clearly visible. Additionally, the increased SNR at 

7T allows a higher resolution of 0.3x0.3mm2 to further improve the image quality and 

potential diagnostic power.  
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Figure 6: Comparison of transversal GRE images acquired at different 𝐵0 field 
strengths and spatial resolutions. a: 3T, Res.: 0.5x0.5x3mm3. b: 7T, Res.: 
0.5x0.5x3mm3. c: 7T, Res.: 0.3x0.3x3mm3. Reprinted from Zhao et al. (12) with 
permission of John Wiley & Son, Inc. 

In some cases higher 𝐵0 field strength can also result in an improved contrast-to-noise 

ratio between different tissue types (13). The contrast itself arise from different spin 

relaxation times for different tissue types. As PUBLICATION 1 quantified T2
* times in 

the SC, the process of relaxation will be explained briefly. 

Longitudinal (or T1) relaxation (Figure 7) describes the process of the gradual 

realignment of the net magnetization with the outer magnetic field (z-axis along the 

scanner bore) after the RF pulse was applied. The parameter T1 is the longitudinal 

relaxation time constant. T1 increases with increasing 𝐵0 field strength (6). 

 

Figure 7: A symbolic depiction of T1 relaxation, the process by which the net 
longitudinal magnetization (Mz) returns to its initial maximum value (M0) after a RF 
pulse tipped the spins into the transversal plane. Courtesy of Allen D. Elster, 
MRIquestions.com. 

Furthermore, directly after the application of a RF pulse the transverse magnetization 

is at its maximum because all spins have a coherent phase. Afterwards the spins start 

to dephase (i.e. the spins lose phase coherence) because of spin interactions. The 

transverse magnetization decays. This is the process of transverse (or T2) relaxation 
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(Figure 8). The time constant T2 characterizes the transverse relaxation and can be 

measured by spin echo series. It decreases with increasing 𝐵0 field strength (6). 

 

Figure 8: A symbolic depiction of T2 relaxation, the process where the transversal 
magnetization (Mxy) decreases when the spins start to dephase after a RF pulse tipped 
the spins into the transversal plane. Courtesy of Allen D. Elster, MRIquestions.com. 

Alternatively, the time constant T2
* is often considered. This constant characterizes 

the signal decay after a single excitation pulse and is dominated by macroscopic and 

microscopic magnetic field inhomogeneity, which causes spin dephasing that can be 

refocused by spin echo pulses.T2
* is always smaller than or equal to T2 and decreases 

with field strength.  

The mentioned advantages of UHF are accompanied with a set of technical hurdles. 

The following sections focus on these hurdles, as well as on a possible solution.  

 

1.2. Technical challenges at UHF & parallel transmission 

principle 

 

As described in section 1.1. RF pulses excite the spins and flips the respective 

magnetization vector away from the z-axis. At UHF certain technical challenges occur 

when the RF pulses are applied. The following section explain why these challenges 

arise and how they can be addressed. 

Let 𝐵1
+ denote the complex radiofrequency (RF) magnetic field created by a RF coil 

with 𝑁𝑇 RF transmit elements. As Eq. 1 shows, the net 𝐵1
+ field produced inside a 

sample is the superposition of the fields 𝐵1,𝑟
+  produced by each transmit element 𝑟, 

with 𝑟 = 1, … , 𝑁𝑇 (14). 



  1. Introduction 

24 
 

 𝐵1
+(𝒙, 𝑡) = ∑ 𝐵1,𝑟

+ (𝒙, 𝑡)

𝑁𝑇

𝑟=1

 Eq. 2 

 

where 𝒙 is the spatial position of a voxel and 𝑡 the time.  

𝐵1,𝑟
+ (𝒙, 𝑡) can be separated as follows: 

 𝐵1,𝑟
+ (𝒙, 𝑡) =  𝑝𝑟(𝑡)𝑆𝑟(𝒙) 

 

Eq. 3 

where 𝑝𝑟(𝑡) is the RF pulse applied through transmit element 𝑟 and 𝑆𝑟(𝒙) is the RF 

sensitivity of transmit channel 𝑟.  

In a conventional ‘single channel’ system, all transmit elements of the RF coil are 

driven by the same transmit channel or amplifier (i.e. every transmit element applies 

the same pulse shape 𝑝𝑟(𝑡) with same amplitude). For single channel applications, 

the most frequently used transmit mode is the ‘circularly polarized (CP) mode’. Herein, 

the same RF pulse is applied for each transmit element, with 360°/𝑁𝑇 phase shifts 

between adjacent channels. The phase shifts are achieved by utilizing RF cables of 

corresponding different lengths. 

At lower fields, fixed transmit modes produce good MR images. However, at UHF the 

following problem occurs: Shorter electromagnetic wavelengths are necessary to 

excite spins precessing at higher Larmor frequencies. Thereby, wave interference 

effects (15,16) becoming more pronounced at UHF compared to lower field strengths. 

The consequence is severe inhomogeneity in the transmit sensitivities 𝑆𝑟. Figure 9 

shows combined transmit sensitivity maps (often referred to as 𝐵1
+ maps) acquired at 

3T, 7T and 9.4T in the CP mode. While the 3T map is relatively homogeneous along 

the whole brain (except of at the periphery), the 9.4T map is immensely 

inhomogeneous with spatially varying sensitivities along the whole brain. 
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Figure 9: Transmit efficiencies of the coils used at 3T, 7T, and 9.4T. Different color 
scales were used to emphasize the 𝐵1

+ homogeneity changes. Reprinted from 
Pohmann et al. (6) with permission of John Wiley & Son, Inc. 

Due to the inhomogeneous transmit sensitivity maps at UHF, fixed modes such as the 

CP mode often produce spatially varying flip angles (FAs) in the scanned object. This 

results in spatial variations of the signal and tissue contrast in the final MR image as 

visible in Figure 10. 

 

Figure 10: Sagittal image of a FLAIR-SPACE sequence acquired in CP mode at 7T. 
Reprinted from Gras et al. (17) with permission of John Wiley & Son, Inc. 

The most promising approach to overcome this problem is the concept of ‘parallel 

Transmission’ (pTx) (18,19). Herein, each transmit element of the RF coil is driven by 

its own transmit channel, independently with ‘full control over amplitude and phase 

modulation with microsecond temporal resolution’ (14). This is achieved by individual 

RF pulse synthesizers and amplifiers for each transmit element, respectively. In 

contrast to the CP mode, each RF pulse 𝑝𝑟(𝑡) can have a completely different shape 

for each transmit element (Figure 11).  
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Figure 11: Amplitude of example RF pulses for 𝑁𝑇 = 8 transmit elements each driven 
by its own transmit channel. 

Because of these additional degrees of freedom in the pulse design (compared to a 

fixed transmit mode), pTx pulses enable improved performance for homogenous 

whole brain excitation or simultaneous multislice excitation (20). In addition, the pulse 

duration can often be reduced (18,19) through the application of multiple transmit 

channels. 

By setting a corresponding target excitation pattern for the pulse design, pTx allows 

not only for whole brain, but also for ‘local excitation’ (LEx) (or inner volume) 

applications (21). LEx enables to reduce the field of view (FOV) by masking the tissues 

outside the FOV, which would otherwise fold into the image (22) (exploited in 

PUBLICATION 2). Consequently, LEx can reduce the total signal acquisition time 

and/or increase the spatial resolution, which is important for a range of clinical brain 

and body applications (23). LEx pulses were applied within various MR sequences for 

human brain and body measurements in the literature (24,25,26). 

During this work, a ‘pTx pulse’ is referred to as the entire set of RF pulses for all 𝑁𝑇 

transmit elements. As explained in the following two sections, a pTx pulse is commonly 

designed based on a given transmit gradient waveform. 
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1.3. Gradient fields in acquisition versus transmission 

 

Next to the applied RF pulse, the transmit gradient waveform and the resulting transmit 

k-space trajectory (see Figure 12 for an example waveform and the corresponding k-

space trajectory) has a crucial role for pTx pulse design. Gradient waveforms are 

produced by gradient coils, which are loops of wire or conductive sheets inside the MR 

scanner bore. Passing an electric current through these coils produces an additional 

magnetic field (i.e. the gradient field). For x-, y- and z-direction one set of gradient coils 

is utilized, respectively. Depending on the current, it is possible to create various 

gradient field waveforms, based on which the k-space trajectory can be calculated 

(see section 1.4.). 

The following section describes how gradient fields (and waveforms) are utilized in 

MRI in general and explains the difference between the acquisition and the 

transmission case.  

 

Figure 12: The gradient waveforms (left) result in a 3D shells excitation k-space 
trajectory (right) consisting of multiple nested shells. Figure reprinted with permission 
from Padormo et al. (14) with permission of John Wiley & Son, Inc. 

In comparison to other imaging techniques as x-ray imaging or ultrasound, the signal 

detecting device in MRI (i.e. the RF receiver coil) cannot assign the location from 

where the signal origins. The signal the receiver coil detects origins from all voxels 

within the scanned sample. For that reason, a spatial encoding scheme is needed to 

form the MR image. Therefore, the 𝐵0 field will be mildly ‘distorted in a precise manner 

through the application of time-dependent magnetic field gradients’ (27). There is one 

gradient coil that produces the linear field gradients along the x-, y- and z-direction, 
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respectively. The current in each gradient coil can be modulated independently 

yielding a specific maximum magnetic field gradient strength and slew rate. Through 

the application of these gradient fields the spins frequencies and phases in different 

voxel locations change in a predictable manner. Exploiting the processes of frequency 

and phase encoding in combination with Fourier transformation enables to assign a 

signal strength to each image voxel. Thereby, an anatomical image can be formed. 

Next to their application in image acquisition, gradient fields can also be utilized in the 

transmission case for spatially selective excitation of certain spins inside the whole 

sample. Herein, varying gradient fields are combined with a simultaneously applied 

RF pulse that is specifically designed for a certain gradient waveform. Again, magnetic 

field gradients along all three spatial dimensions change the Larmor frequencies of the 

spins across the sample in a spatially dependent manner. If at the same time a 

specifically designed RF pulse is applied that only excites certain frequency bands, 

only spins in certain voxels across the whole volume become excited, while other may 

fall into stop bands of the pulse and thus experience no excitation. Only the spins that 

resonate with a frequency inside the pass band of the RF pulse experience excitation. 

The spins resonating with a frequency unequal to the frequency of the RF pulse 

experience no excitation. 

In theory, transmit gradient fields could be combined with design of a single RF pulse 

(i.e. only one transmit channel). However, in general, transmit gradient fields are 

combined with pTx pulses as it increases the degrees of freedom through the 

application of multiple transmit channels simultaneously (18,19). 

The consecutively altered gradient fields form a trajectory through the k-space. The k-

space is a formalism representing the spatial frequency information of an object. For 

the transmit case it is referred to as transmit k-space. Accordingly, for the acquisition 

case it is denoted as acquisition k-space. The calculation of a transmit k-space 

trajectory out of a transmit gradient waveform will be explained in section 1.4. 

Furthermore, section 1.4. describes how a pTx RF pulse can be designed for a given 

target excitation flip angle pattern, based on a certain transmit gradient waveform and 

specific sensitivity maps. 

 



  1. Introduction 

29 
 

1.4. Conventional pTx pulse design 

 

The strategy exploited within the majority of pTx pulse design algorithms (14) is the 

‘small tip angle’ (STA) approximation from Pauly et al. (28). A frequently used design 

algorithm constitutes the ‘spatial domain method’ from Grissom at al. (29).  

At this point, the ‘spatial domain method’ will be explained briefly. It should provide the 

reader with a general insight into the Bloch equations and pTx pulse design. The 

‘spatial domain method’ played a key role in PUBLICATION 2 and 3. 

As already announced in section 1.1. the Bloch equations describe the nuclear 

magnetization as a function of time under the influence of a RF pulse. In the rotating 

frame of reference (i.e. a transformed coordinate system assuming the observer is 

rotating with the spins at the Larmor frequency) the Bloch equations are as follows 

(28): 

 
𝑑

𝑑𝑡
(

𝑀𝑥(𝒙, 𝑡)
𝑀𝑦(𝒙, 𝑡)

𝑀𝑧(𝒙, 𝑡)

) =   (

0 𝑮(𝑡)𝒙 −𝐵1,𝑦
+ (𝒙, 𝑡)

−𝑮(𝑡)𝒙 0 𝐵1,𝑥
+ (𝒙, 𝑡)

𝐵1,𝑦
+ (𝒙, 𝑡) −𝐵1,𝑥

+ (𝒙, 𝑡) 0

) (

𝑀𝑥(𝒙, 𝑡)
𝑀𝑦(𝒙, 𝑡)

𝑀𝑧(𝒙, 𝑡)

) 

 

Eq. 4 

where 𝒙 is the spatial position of a voxel and 𝑡 denotes the time. 𝑀𝑥(𝒙, 𝑡) describes 

the x component of the magnetization and analog for y and z. 𝑮(𝑡) is the transmit 

gradient waveform and 𝐵1,𝑥
+ (𝒙, 𝑡) and 𝐵1,𝑦

+ (𝒙, 𝑡) are the real and imaginary component 

of the complex RF magnetic field 𝐵1
+(𝒙, 𝑡) from Eq. 2 in section 1.2. The RF pulse is 

incorporated in 𝐵1
+(𝒙, 𝑡) (see Eq. 3 from section 1.2.). 

Notably, in the full Bloch equations spin relaxation effects (longitudinal and transverse 

relaxation) are incorporated. For the sake of simplicity they are neglected herein. 

Assuming a RF pulse is tipping the spins with only a small tip angle away from the z-

axis, Pauly et al. (28) presented that the Bloch equations can be approximated by the 

following term (the so called small tip angle approximation): 

 𝑚(𝒙, 𝑇) = 𝑖 𝑚0 ∫ 𝐵1
+(𝒙, 𝑡)𝑒𝑖𝐵0(𝒙)(𝑡−𝑇)𝑒𝑖𝒙𝒌(𝑡)𝑑𝑡

𝑇

0
   Eq. 5 

where 𝑚(𝒙, 𝑇) =  𝑀𝑥(𝒙, 𝑇) + 𝑖 𝑀𝑦(𝒙, 𝑇) is the final transverse magnetization in the 

voxel at the spatial position 𝒙 after the pulse of length 𝑇 was applied,  is the 
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gyromagnetic ratio, 𝑚0 is the equilibrium magnetization magnitude and 𝐵0 is the main 

magnetic field map (in short: 𝐵0 map). A central part of Eq. 3 is the transmit k-space 

trajectory 𝒌(𝑡): 

 

𝒌(𝑡) =  −𝑖∫ 𝑮(𝑠)𝑑𝑠

𝑇

𝑡

 Eq. 6 

where 𝑮 is the already mentioned transmit gradient waveform. 

Pauly et al. are referring to a tip angle as small if it is up to 30°. However, they also 

state that the concept can ‘still work well for tip angles on the order of 90°’ (28). 

According to Grissom’s ‘spatial domain method’ (29) utilizing Eq. 2 and Eq. 3 from 

section 1.2. Eq. 5 modifies to: 

  𝑚(𝒙, 𝑇) = 𝑖 𝑚0 ∑ 𝑆𝑟(𝒙)

𝑁𝑇

𝑟=1

 ∫ 𝑝𝑟(𝑡)𝑒𝑖𝐵0(𝒙)(𝑡−𝑇)𝑒𝑖𝒙𝒌(𝑡) 𝑑𝑡
𝑇

0

 Eq. 7 

where 𝑁𝑇 constitutes the number of transmit channels, each with a unique sensitivity 

map 𝑆𝑟(𝒙) (often called 𝐵1
+ map) and RF pulse 𝑝𝑟(𝑡).  

Through discretizing space and time and restructuring Eq. 7 further, it can be 

expressed as matrix multiplication:  

 𝒎 = 𝑨𝒑 Eq. 8 

where 𝒎 is the vector of the transverse magnetization for each voxel, 𝑨 is the system 

information matrix, containing all information on 𝑆𝑟, 𝐵0 and 𝒌(𝑡) and 𝒑 is a 

concatenation of RF pulses 𝑝𝑟(𝑡) from each transmit element. 

By specifying a target magnetization pattern 𝒎𝑡𝑎𝑟, Eq. 8 can be exploited to create the 

following optimization problem: 

 𝒑∗ = arg min
𝒑

{‖ 𝑨𝒑 − 𝒎𝑡𝑎𝑟 ‖2} Eq. 9 

Solving this problem designs the final pTx RF pulse 𝒑∗.  

This approach is capable to produce well-performing pTx pulses. However, there is 

one striking disadvantage: For each pulse, the sensitivity maps 𝑆𝑟 and 𝐵0 map needs 

to be measured for each subject. Only afterwards, the pulse calculation can start. This 

time-consuming process of acquisition and RF pulse calculation takes usually between 
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10 and 15 minutes (30) and needs to be executed while the subject is already 

positioned inside the scanner. That hinders the pTx technique from being widely used 

in the clinics. 

 

1.5. Universal pulse concept 

 

2017, Gras et al. (31) introduced the concept of ‘Universal pTx pulses’ (UPs). As UPs 

were investigated in PUBLICATION 2 and 3, the general idea of this concept will be 

discussed briefly. 

The motivation for the UP concept consists in the circumvention of the subject specific 

calibration (i.e. measuring the sensitivity maps 𝑆𝑟 and 𝐵0 map) and pulse calculation 

procedure. First, a set of 𝐵0 and sensitivity maps from a representative subject cohort 

is measured in order to build up a database for the pulse design. Based on this 

database a pTx pulse is calculated that works robustly on all of the subjects contained 

in the design database. Due to the similarity of these maps for most human subjects 

(see Figure 13), the calculated pulses (i.e. the UPs) then also perform well on subjects, 

which were not contained in the design database (31). 

 

Figure 13: A: Measured 𝐵0 map of the central transversal slice of heads from eight 
different subjects in Herz. B: Measured sensitivity (𝐵1

+) map from each transmit 
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channel of the central transversal slice of heads from eight different subjects in nano 
Tesla per Volt. 

Notably, the UPs can be applied on non-database subjects without further 

measurements or pulse optimizations. The performance of the UPs is just slightly 

worse compared to subject specific tailored pulses (see Figure 14). 

 

Figure 14: Comparison of normalized root mean squared error values for whole brain 
excitation pulses on heads of 12 different subjects at 7T (blue: CP-mode, orange: RF 
shim, yellow: universal pulse calculated based on subjects 1-6, green: subject specific 
tailored pulses). Reprinted from Gras et al. (31) with permission of John Wiley & Son, 
Inc. 

For nonselective (i.e. whole brain) and slice selective pulses the benefit and reliability 

of this concept has been proven extensively (17,32,33,34). As an example, Figure 15 

displays acquisitions with the same sequence and subjects as in Figure 10, but herein 

an UP was applied instead of the CP mode. These three subjects were not contained 

in the design-database for that UP. However, the UP enables a more uniform 

excitation of the entire brain, respectively, compared to the CP mode (Figure 10).  
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Figure 15: Sagittal image of a FLAIR-SPACE sequence acquired with an UP at 7T. 
The presented subjects were not contained in the design database of that UP. 
Reprinted from Gras et al. (17) with permission of John Wiley & Son, Inc. 

 

1.6. Research Objectives 

 

The thesis focused on exploiting the advantages of MRI at UHF (PUBLICATION 1), 

as well as on addressing the accompanied technical hurdles of UHF by utilizing the 

pTx technique with UPs (PUBLICATION 2 and 3). 

In the first project (PUBLICATION 1) the first human spinal cord (SC) in vivo 

acquisitions at the 𝐵0 field strength of 9.4T were presented. The goal of this study was 

to image the cervical SC in an ultrahigh spatial in-plane resolution of 0.15x0.15mm2. 

Furthermore, different 𝐵0 shimming routines were compared and T2
* relaxation time 

maps of the spinal cord at 9.4T were calculated. Algorithmic SC segmentation was 

tested. Imaging the SC at UHF was of high practical relevance, because tiny 

anatomical structures were visible herein. Moreover, at 9.4T structures as the anterior 

median fissure and posterior median septum were recognizable. These structures 

were only hardly detectable at 7T and were not detectable at lower field strengths. 

In the second and third project (PUBLICATION 2 and 3) it was investigated with 

‘universal pTx pulses’ in order to circumvent the lengthy subject specific calibration 

and pulse calculation procedure which is inherent to conventional pTx applications. 

Both projects contributed to complement and extend the general concept of UPs and 

to facilitate the wider adoption of the pTx-technique in clinical practice. 
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The objective of the second project (PUBLICATION 2) was to show the feasibility of 

using the UP-concept for local excitation applications in the human brain. Recent 

studies proved the concept only for whole brain or slice-selective excitation. However, 

in PUBLICATION 2 UPs were calculated, that locally excited the visual cortex area in 

the human brain, while the surrounding tissues experienced only minor excitation. 

These pulses were especially useful because they allowed reduced field-of-view 

applications on non-database subjects. With a reduced field-of-view it was possible to 

save scan time or to keep the scan time constant while imaging the region of interest 

at an improved spatial resolution. 

In the third project (PUBLICATION 3) the transmit k-space trajectories for UPs were 

optimized in dependence of the specific excitation target. 

The resulting UPs from PUBLICATION 2 and 3 were applied in vivo at 9.4T on non-

database subjects. In order to show their reliability, the UP acquisitions were 

compared with images, acquired with subject specific tailored pulses. 

Finally, an open source software package (called OTUP) integrated the algorithmic 

advances of PUBLICATION 2 and 3.
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2. Publication summaries 

 

This PhD thesis is written as integrated accumulation of publications. This chapter 

summarizes the three publications. Notably, while in PUBLICATION 2 and 3 the pTx 

technique was used, in PUBLICATION 1 each measurement was performed utilizing 

the CP mode (i.e. in the single channel mode). The full articles are appended in 

chapter 7. All in vivo measurements shown and utilized in the three publications were 

acquired at a 9.4T whole-body human MR scanner (‘Magnetom 9.4T’, Siemens 

Healthcare, Erlangen, Germany). 

 

2.1. Ultrahigh-resolution quantitative spinal cord MRI at 9.4T 

 

This section summarizes PUBLICATION 1. 

Introduction 

Due to its excellent soft tissue contrast, MRI is the diagnostic imaging technique of 

choice for spinal cord (SC) related diseases, such as multiple scleroses (35,36), 

amyotrophic lateral sclerosis (37) or SC injury (38). Operating at UHF (7T) is crucial 

for SC imaging because of the already mentioned advantages of UHF MRI for SNR 

and measured voxel size (see introduction chapter, section 1.1.). The small diameter 

of the cord (~1cm) (39) necessitates high spatial resolution in the millimeter and 

submillimeter range to make the small structures within the cord (gray matter, white 

matter, nerve roots,..) visible and distinguishable.  

The literature provides several examples, which show the improved SC image quality 

at 7T compared to images acquired at lower fields (10,11,12) (see Figure 6 in the 

introduction chapter).  

To take it a step further, this publication presented the first in vivo human SC MR 

images at 9.4T. In this work, T2
* weighted gradient-echo (GRE) images with an 

improved spatial 
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resolution compared to the 7T acquisitions from the literature (10,40,41) were 

acquired. The echo time of a GRE sequence was optimized in order to maximize the 

contrast between gray and white matter within the SC. 𝐵0 shimming methods were 

compared for SC imaging. Algorithmic SC segmentation was tested and T2
* times of 

gray and white matter in the cervical SC at 9.4T were calculated. 

Methods 

All measurements were performed with an in house built 16-channel tight-fit array coil 

(42). It consisted of eight transceiver surface loops and eight receive only loops 

perpendicular to the surface loops. 

This coil, originally constructed for human brain scans, provided enhanced SNR in 

deep brain structures, what was the motivation for using this coil also for imaging the 

cervical SC. Additionally, this coil had a cylindrical geometry with openings at top and 

bottom. Thereby, it was possible to place the subject further inside the coil than 

originally intended and to position the cervical SC in the array center. 

During RF transmission, the coil was driven in CP mode. Ten healthy volunteers were 

measured. 

Anatomical images were acquired with an axial T2
* weighted GRE sequence. Various 

SC images with different settings and sequence parameters were acquired for the 

following purposes: 

- 𝐵0 shimming comparison: 

Along the SC the 𝐵0 field varies dramatically because of the transitions between 

bone and intervertebral discs (43). For that reason, four different shimming 

algorithms (or settings) were performed to compare their influence on the SC 

image quality. The shimming routines were: the vendor implemented image-

based shim routine, FASTESTMAP (44), ConsTru (45) and the TuneUp shim. 

- Calculation of the intrinsic signal-to-noise ratio: 

To create intrinsic SNR maps (‘the SNR that would be obtained with a 

homogeneous FA of 90°, an infinite repetition time and an echo time of zero’ 

(6)) signal and noise measurements were performed consecutively. SNR was 

computed with the phased array root-sum-of-squares magnitude image 

combination (46). 
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- Sequence parameter optimization and high-resolution anatomical images: 

Various echo times (TEs) were applied in order to optimize this sequence 

parameter. The acquisitions from different TEs were combined to MEDIC (multi 

echo data image combination) (47) images. Ultrahigh resolution SC images 

(0.15x0.15mm2 in-plane) were acquired.  

- Segmentation: 

Algorithmic SC detection, as well as GM/WM segmentation, was tested. 

- T2
*-time calculation for gray matter and white matter: 

By means of the SC acquisitions with different TEs, T2
* maps were calculated. 

The T2
* times from GM and WM were averaged. 

Results 

High resolution anatomical SC images could be obtained at 9.4T. The individual 

investigations revealed the following results: 

- 𝐵0 shimming comparison: 

The vendor implemented shim routine offered the images with best quality. 

- Calculation of the intrinsic signal-to-noise ratio: 

The SNR values in the SC were mostly between 6600 and 8060. 

- Sequence parameter optimization and high-resolution anatomical images: 

Figure 16 depicts enlargements from the spinal cord acquisitions at different 

TEs and the MEDIC images. TEs between 9 and 13.8ms provided a good 

compromise between tissue contrast and minimal magnetic susceptibility 

effects. The MEDIC images delivered the highest contrast between gray and 

white matter. The high resolution images Figure 17) showed the SC in excellent 

quality and allowed for a clear distinction of gray and white matter. Tiny 

structures including nerve roots, blood vessels, anterior median fissure, 

posterior median septum were also recognizable. 

 



2. Publication summaries 

38 
 

 

Figure 16: Enlargements of the spinal cord. Each column presents the 
measurements from different slices (slice number displayed by yellow numbers, 
every second slice is skipped) at a certain TE (depicted at the header in ms). 
Each row presents measurements from the same slice position, but at a 
different TE. The very right column of images show scaled multiecho data 
image combination (MEDIC) images calculated as the sum of squares from the 
eight measurements from the table of images. Reprinted from Geldschläger et 
al. (48) (PUBLICATION 1) with permission of John Wiley & Son, Inc. 

- Segmentation: 

Algorithmic SC detection and GM/WM segmentation worked reliably. 

- T2
*-time calculation for gray matter and white matter: 

The resulted, averaged T2
* values for GM (WM) in the cervical SC at 9.4T were 

24.88ms ± 6.68ms (19.37ms ± 8.66ms). Figure 18 depicts an example slice 

from a T2
* map. 
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 Figure 17: 9.4T spinal cord images acquired with a GRE 
sequence (in-plane resolution: 0.15×0.15 mm2). Nerve 
roots (green arrows), blood vessels (red arrow), the anterior 
median fissure (dark blue arrow) and the posterior median 
septum (sky blue arrow) are marked. Reprinted from 
Geldschläger et al. (48) (PUBLICATION 1) with permission 
of John Wiley & Son, Inc. 

 

 

 

 

 

 

 

 

 

 

 

Discussion 

The first in vivo MR images of the human SC acquired at 9.4T were presented. The 

highest in-plane resolution of 0.15x0.15mm2 outperformed the recent 7T acquisitions 

(0.18x0.18mm2). Visibility of nerve roots was improved compared to 7T results. 

Anterior median fissure and the posterior median septum were visible at 9.4T, while 

only hardly detectable at 7T. 

The calculated SC T2
*-times were (as expected) slightly lower compared to 7T and 

similar to T2
*-times in the brain at 9.4T. 

Although the proposed RF coil was originally intended for human brain applications, it 

produced excellent images from the human cervical SC. In consequence, there is no 

costly development of a SC dedicated coil needed to image the cervical SC. 

Figure 18: Enlargement at the spinal cord 
position of an example slice from a T2

* map. 
Reprinted from Geldschläger et al. (48) 
(PUBLICATION 1) with permission of John 
Wiley & Son, Inc. 
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The resulted intrinsic SNR values in the SC are slightly below comparable values in 

the human brain. However, this may be explainable with the suboptimal coil loading 

due to the subject repositioning for SC measurements. 

Conclusion 

The first step into human SC research using 9.4T MRI was performed. It was possible 

to generate excellent ultrahigh resolution images with an actual brain coil. UHF 

imaging of the human SC might open new possibilities in SC research and clinical 

patient care. 
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2.2. Local excitation universal parallel transmit pulses at 9.4T 

 

This section summarizes PUBLICATION 2. 

Introduction 

The advantages and accompanied technical hurdles of operating at UHF MRI were 

already discussed in the introduction chapter of his thesis (section 1.1. and 1.2.). The 

most promising approach to address these hurdles is pTx. To circumvent the lengthy 

calibration process usually needed for pTx scan sessions, the UP concept was 

introduced (31). All previous studies investigating UPs have in common, that they 

present UPs for whole brain or slice selective excitation, based on ‘spokes’ (49) or ‘kT-

points’ (50) as the underlying transmit k-space trajectory. 

The goal of PUBLICATION 2 was to investigate the concept of UPs for LEx at 9.4T. 

The utilized transmit k-space trajectory were ‘spiral’ (51) and ‘stack-of-spirals’ (52) 

trajectories. The advantages of LEx were already discussed in the introduction of this 

thesis (section 1.2.). 

Methods 

To design UPs, an extension of the ‘spatial domain method’ (29) explained in the 

introduction of this thesis, was utilized. Instead of incorporating transmit sensitivity 

maps (i.e. 𝐵1
+ maps) and 𝐵0 maps only from one subject in the pulse design as usually 

done for the ‘spatial domain method’, the maps from all database subjects were 

included. Analog to Eq. 9 from section 1.4., the optimization problem was extended as 

follows: 

 

𝒑𝑈𝑃
∗ = arg min

𝒑
{‖ |[

𝑨𝑓𝑢𝑙𝑙,1

⋮
𝑨𝑓𝑢𝑙𝑙,𝑁𝐷𝐵

] 𝒑| −  [

𝒎𝑡𝑎𝑟

⋮
𝒎𝑡𝑎𝑟

]  ‖

2

} 

 

 

Eq. 10 

where 𝒑𝑈𝑃
∗  is the final UP, 𝑨𝑓𝑢𝑙𝑙,𝑖 is the system information matrix from subject 𝑖 from 

the database, 𝑁𝐷𝐵 is the number of subjects in the database and 𝒎𝑡𝑎𝑟 is the desired 

target excitation pattern which is aimed to create on each subject. 
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The optimization problem in Eq. 10 was solved performing two steps. First, the least-

squares optimization (53) was applied (as in the spatial domain method (29)). Notably, 

with the least-squares method, it is not possible to exclude the phase of the resulting 

excitation profile from the optimization, however, the profiles phase was of no interest 

during this study. For that reason, in the second step, the least squares result was 

used as an initial guess for the active-set algorithm implemented in Matlabs 

(MathWorks, Natick, MA) fmincon-function. Within the cost function for the active-set 

algorithm, only the magnitude of the profiles was considered (Eq. 10). By means of 

the active-set algorithm, the solution was constrained to a maximum voltage of 130. 

Two different UPs were designed. UP2D aimed to excite the visual cortex region in 

the central transversal slice of a head (by means of a 2D target pattern) with a target 

flip angle (FA) of 90 degree (FA90). The remaining areas within the target slice should 

not be excited. UP2D was non-slice-selective and had a fixed duration of 7.96ms using 

a 2D spiral-in k-space trajectory (54,51). 

Analogously, UP3D aimed to excite the visual cortex area with FA90, but by means of 

a 3D target pattern (i.e. incorporating the entire head) and based on a 3D stack-of-

spiral-in trajectory (52) (pulse duration 8.18ms).  

In order to create UPs for small tip angles, the resulting UPs for FA90 were scaled 

down proportionally to generate pulses with a FA of 7° (FA7).  

The UP performances were compared with subject specific tailored pTx pulse (TP) 

performances on non-database heads. The TPs were calculated using the 

conventional ‘spatial domain method’ (i.e. the profiles phase was incorporated herein). 

All pulses were tested in simulations and in vivo in the human brain at 9.4T. The FA7 

pulses were applied in a T2
* weighted GRE sequence. The FA90 pulses were applied 

in a presaturated TurboFLASH sequence. UP3D for FA7 was applied within GRE 

sequence with a reduced FOV. 

The pulse design database contained 𝐵1
+/𝐵0 maps from eight different subjects. 
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Results 

UP2D 

As Figure 19 displays, simulations and in vivo results were similar for UP2D and the 

respective 2D TPs. Both excited the visual cortex area, while the remaining areas 

experienced only minor excitation. The respective 2D TPs delivered only a slightly 

better performance compared to the UP2D performance. The mean normalized root 

mean squared error (NRMSE) of UP2D on three non-database heads (FA7 and FA90) 

was ~0.069 for UP2D and ~0.034 for the TPs.  

 

Figure 19: Bloch simulated flip angle profiles of the TPs for FA90 (first row of profiles), 
UP2D for FA90 (second row of profiles), the TPs for FA7 (third row), and UP2D for 
FA7 (fourth row). The eight columns on the left present the database heads. The three 
columns on the right present the non-database heads. The upper numbers within each 
profile depict the mean FA and the corresponding standard deviation in the non-
excitation region. The lower numbers within each profile depict the mean FA and the 
corresponding standard deviation in the excitation region. The bar plot below the 
profiles illustrates the NRMSEs between the target pattern and resulting profile for 
each pulse and head. Reprinted from Geldschläger et al. (55) (PUBLICATION 2) with 
permission of John Wiley & Son, Inc. 
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UP3D 

In simulations, both UP3D and the respective 3D TPs performances had some lack of 

homogeneity in the excited areas and achieved FAs below the desired FA90 or FA7. 

UP3D for FA90 (FA7) created a mean FA in the target excitation areas of ~70° (~6°), 

while the corresponding 3D TPs for FA90 (FA7) on the non-database heads only 

achieved a mean FA of ~49° (~4°). For non-database heads, UP3D performed with a 

mean NRMSE of 0.114 for FA90 and 0.115 for FA7. The mean TP performance for 

those heads was 0.129 for FA90 and 0.128 for FA7. 

In vivo, UP3D and the respective 3D TPs performed similarly well. Both excited the 

visual cortex area while only very little signal of the surrounding tissues arose (Figure 

20). 

 

Figure 20: GRE images (one representative slice per orientation) from two non-
database heads (for UP3D). The first row of images depicts images acquired with the 
corresponding TPs. The second row of images depicts images acquired with UP3D 
(FA7). Reprinted from Geldschläger et al. (55) (PUBLICATION 2) with permission of 
John Wiley & Son, Inc. 

For the reduced FOV sequence, UP3D for FA7 was applied. As Figure 21 shows, only 

minor folding artifacts from outside the FOV occurred. 
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Figure 21: A: In vivo GRE images from one non-database head acquired with UP3D 
(FA7) with full FOV (voxel size: 0.8x0.8x0.8mm3, matrix size: 224x280x280, scan 
duration (utilizing GRAPPA (56) acceleration): 9:24 min:sec). Utilizing the same voxel 
size as in the reduced FOV images in B and no GRAPPA, would have result in a scan 
duration of 75:16 min:sec. The yellow boxes in A mark the positioning of the reduced 
FOV applied in B. B: GRE image analog to A, but acquired with a reduced FOV (voxel 
size: 0.4x0.4x0.4mm3, matrix size: 224x162x200, scan duration (without GRAPPA 
acceleration): 10:53 min:sec). The white arrow depicts a slight folding artifact. 
Reprinted from Geldschläger et al. (55) (PUBLICATION 2) with permission of John 
Wiley & Son, Inc. 

Discussion 

PUBLICATION 2 demonstrated that the concept of UPs is applicable for LEx in the 

human brain. For a 2D and a 3D target pattern, UPs based on eight database heads 

were designed. The UPs delivered a good performance in simulations and in vivo 

experiments at 9.4T on database heads and non-database heads for small and large 

FAs.  

The pulses in this study were designed based on a modification of the ‘spatial domain 

method’. This method relies on the small tip angle approximation of the Bloch 
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equations. Nevertheless, it was also possible to design large FA LEx pulses (FA90) 

with this method. 

On non-database heads, the respective 2D TPs performed slightly better compared to 

UP2D. Interestingly, UP3D outperformed the corresponding 3D TPs. That is most 

likely due to the fact that UP3D was calculated with the active-set algorithm without 

incorporating the excitation phase in the optimization (Eq. 10). For the TP calculation 

it was included (Eq. 9 from section 1.4.), as the phase cannot be excluded in the least-

squares optimization (53) in the ‘spatial domain method’ (29). 

Both, UP3D and corresponding 3D TPs, exhibited some deviation in terms of 

excitation uniformity in the excitation areas in FA profiles in simulations. However, that 

could be deemed acceptable as ‘most neuroimaging applications exhibit some 

resilience against moderate FA variations’ (57). Addressing this offset for 3D target 

patterns should be part of future investigations. 

In general, the NRMSE values from this study were in agreement with the works on 

whole brain excitation using kT-points. However, these values are only partially 

comparable because in this study more complicated LEx pulses based on spiral 

trajectories were designed. 

Conclusion 

The UP concept for LEx pulses was demonstrated. The visual cortex region in the 

human brain was locally excited with UPs in vivo at 9.4T. Reduced FOV imaging was 

possible without significant folding artifacts from outside the FOV. 
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2.3. OTUP-workflow: Target specific optimization of the transmit k-

space trajectory for flexible universal parallel transmit RF pulse design 

 

This section summarizes PUBLICATION 3. 

Introduction 

The advantages and disadvantages of UHF and pTx were discussed in the 

introduction chapter of this thesis (sections 1.1. and 1.2.). As a possible solution for 

the lengthy calibration procedure typical for pTx, UPs were introduced. 

As the literature states, for a given target excitation pattern ‘the choice of a suitable 

transmit k-space trajectory is crucial’ (21) for a reasonable RF pulse performance. For 

that reason, in the first part of PUBLICATION 3, stack-of-spiral (52,58) and SPINS 

(spiral nonselective (59)) trajectories were optimized for RF pTx pulse design to match 

the specific target excitation pattern. 

In the second part of this study, UPs were designed based on the optimized transmit 

k-space trajectories.  

The entire workflow (called OTUP) was tested on three different target excitation 

patterns (two LEx- , one ‘whole brain like’ homogeneous excitation target pattern). For 

one target the resulting RF pulses and transmit trajectories were applied in vivo at 

9.4T. The OTUP workflow implementation was made available as open source 

(https://github.com/ole1965/workflow_OTUP.git). 

Methods 

Three target excitation pattern were created in order to test the OTUP workflow. The 

first one was ‘targetNuclei’. Herein, only a small central region encompassing the red 

nuclei on eight consecutive transversal slices, should experience excitation. The 

second test target was ‘targetM’, a ‘proof of concept’ pattern in which an area shaped 

like the letter ‘M’ should be excited on one central slice. The third target pattern was 

‘targetWB’, a homogeneous excitation whole brain like pattern, in which all brain 

voxels on 16 consecutive transversal slices should be excited (i.e. there are no voxels 

which were not allowed to experience excitation).  

All excitation areas should be excited with a desired flip angle of 7°. 
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For each test target excitation pattern, four different basis transmit k-space trajectories 

were optimized: A single variable density spiral-in trajectory (51,54) (1SOS), a two 

stack of variable density spiral-in trajectory (2SOS) (52,58), a three stack of variable 

density spiral-in trajectory (3SOS) and a spiral nonselective trajectory (SPINS) (59). 

For each of the basis trajectories, the corresponding analytic equations were 

considered. The equation parameters of each trajectory were optimized using the 

‘Particle swarm optimization’ (60) algorithm implemented in Matlab (MathWorks, 

Natick, MA). From the four optimized gradient trajectories, the one that enabled the 

lowest root mean squared error (RMSE) or provided another good argument (for 

instance considerably shorter duration with similar RMSE) was utilized for UP 

calculation. 

For each test target pattern and optimized transmit k-space trajectory, the final UPs 

were calculated with a combination of the ‘magnitude least squares’ (61) (MLS) 

optimization and the active-set algorithm implemented in Matlabs fmincon-function 

(i.e. Eq. 10 from section 2.2. (PUBLICATION 2) was solved). The solution of the MLS 

optimization was used as initial guess for the active-set algorithm. In contrast to the 

design procedure from PUBLICATION 2 the MLS optimization provided an initial 

guess that considers only the resulting magnetization profile’s magnitude in the 

optimization process and not the profile’s phase. The least-squares optimization (53) 

used for initial guess creation in PUBLICATION 2 included the profile’s phase and 

magnitude in the optimization. However, during both works, the profile’s phase was of 

no interest. 

Furthermore, in the present study within the cost function to be optimized with the 

active-set algorithm the flip angle profiles were simulated using the Bloch equations. 

In contrast, in PUBLICATION 2 the cost function to be optimized only exploited the 

matrix multiplication (Eq. 8 from section 1.4.) resulted from the small tip angle 

approximation in order to simulate the flip angle profiles. 

The UP design database consisted of the 𝐵0/𝐵1
+ maps from 11 different subjects. The 

final UPs were simulated on 7 non-database heads using Bloch-equations. The final 

UP for targetNuclei was applied in vivo at 9.4T for proof of principle of the UP design 

algorithm. The utilized sequence was a T2
* weighted gradient-echo sequence. 
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For comparison, subject specific TPs were calculated for each non-database head by 

means of the ‘magnitude least squares’ (61) (MLS) optimization. 

Results 

Figure 22 shows the optimized transmit k-space trajectories for each test target. 

Depending on the complexity of the target the extent of the trajectories on the kx and 

ky  axis differs. For the most complex pattern, targetM, the extent was the largest. For 

the least complex pattern, targetWB, the extent was the lowest. While all SOS 

trajectories were located close to the center of the kz axis, the SPINS results for 

targetNuclei and targetM had a large extent on the kz axis. 

Some of the spirals of the 2SOS or 3SOS results reduced to arcs, instead of a full 

spiral. For targetM all trajectories enabled similar performance and exploited the 

maximum allowed duration of 10ms. For targetNuclei and targetWB there were 

differences in the RMSE performance and/or the duration visible between the four 

optimized trajectories, respectively. 

Figure 23 depicts that for each target pattern the associated optimal transmit trajectory 

enabled the best performing tailored RF pulse. However, if the underlying trajectory 

was not designed for the target pattern, the RF pulse performance could be 

diminished. 
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Figure 22: Optimized transmit trajectories. In each column, the same basis trajectory 
(1SOS, 2SOS, 3SOS or SPINS) was utilized, respectively. Each row presents the 
results for one of the three test target patterns, respectively. For each optimized 
trajectory the duration of the trajectory (in ms) and the RMSE (in degree) that the 
trajectories enables, is displayed. The green boxes indicate the trajectories that were 
chosen for UP design. 

 

 

Figure 23: Bloch simulated FA 
profiles of RF pulses designed for 
different target patterns and 
different transmit trajectories. In 
the first row subject specific TPs 
aiming at excitation of targetNuclei 
were applied. Each pulse was 
designed based on another 
trajectory (depicted in the column 
header). In the first column, the 
underlying trajectory was the 
optimized trajectory for 
targetNuclei. In the second (third) 
column, the underlying trajectory 
was the optimized trajectory for 
targetM (targetWB). Analog, in row 
two and three TPs were applied 
aiming at excitation of targetM and 
target WB, respectively. Below 
each profile, the corresponding 
RMSE and the maximum 
amplitude of each TP is displayed. 
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From the three calculated UPs, the UP for targetNuclei provided the lowest difference 

between the mean RMSE of the TPs (0.25) and the mean RMSE performance of the 

UP on 7 non-database heads (0.52). The UP performance was satisfactory on all non-

database heads. 

The UP for targetM was not able to create the sharp transition between excitation and 

non-excitation voxels on all non-database subjects. The mean RMSE performance of 

the UP (TP) was 0.53 (0.14). 

The targetWB UP was not capable of producing a similarly homogenous excitation on 

all non-database subjects. On certain heads, the TP and UP performance differed 

substantially for targetWB. 

As the targetNuclei UP provided the best performance among the tested targets it was 

tested in vivo at 9.4T for demonstration purpose. For both subjects depicted in Figure 

24, UP and TPs images appeared almost identical. The central voxels containing the 

nuclei were excited relatively uniform, while excitation in the surrounding tissues (in 

the slices of interest) was visible, but drastically lower compared to the desired 

excitation area. The mean excitation values and standard deviation again were highly 

similar. 

Discussion 

This work presented the OTUP workflow to optimize the underlying transmit k-space 

trajectory for pTx UPs and through that further improve and exploit the advantages of 

the UP concept. 

With increasing complexity of the target excitation pattern the extent of the optimized 

trajectories in kx and ky direction in k-space increased. For targetM (i.e. the most 

complex target pattern exciting only the voxels along an area shaped like the letter 

‘M’) very sharp transitions between excitation and non-excitation between adjacent 

voxels needed to be achieved. For that reason high frequencies were covered by the 

optimized trajectories. Only low frequencies needed to be covered for targetWB, as 

that was the least complex target pattern. The optimized trajectory ran close to the k-

space center. For targetNuclei, where no sharp transitions between excitation and 

non-excitation voxels were necessary (because the voxels directly adjacent to the 

desired excitation voxels were masked out) the trajectories extent on the kx and ky axis 
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was between the extent of the targetM and the targetWB trajectories. Due to the 

differences in the frequencies covered by the respective optimized transmit k-space 

trajectories, unsuited trajectories can diminish the RF pulse performance and 

potentially lead to impractically high RF pulse voltages (Figure 23). 

 

Figure 24: A and B present two different subjects. The structure is the same in both 
boxes. The images in the left column show the pulse design mask with the target 
excitation area (yellow) and non-excitation areas (blue) with a representative 
transversal, sagittal and coronal slice for targetNuclei. The black-white images are 
GRE acquisitions utilizing the UP and the respective TPs for targetNuclei on two non-
database head. Only the voxels between the two red horizontal lines on the sagittal 
and coronal images were taken into account for the pulse design. The numbers above 
depict the mean signal and standard deviation in desired excitation and non-excitation 
regions, calculated by means of the masks on the left. The GRE images are expressed 
in normalized arbitrary unit, i.e. the values of each voxel was divided by the maximum 
signal values in the whole acquisitions. 

For all test target pattern there were no transitions between excitation and non-

excitation voxels along the head-to-foot direction necessary (i.e. for each target, the 

transversal slices were identical, respectively). For that reason, all spirals of the SOS 

results were located close to the center of the kz axis. Only the SPINS trajectories for 

targetM and targetNuclei had a large extent on the kz axis, because the kx and ky extent 

was large. Due to the radial extent 𝑘𝑚𝑎𝑥 of a SPINS trajectory (59), these trajectories 

have a similar extent along all three directions in k-space, respectively. 

The OTUP workflow yielded optimized transmit trajectories and TPs that produces 

similar or improved performances compared to the approaches in the literature 
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(59,58,62). Only for whole brain excitation, optimized kT-points trajectories (31) seems 

to have advantages in terms of the pulse duration. 

The GRE acquisitions in Figure 24 demonstrated the power of the UP-concept 

impressively: Although the depicted subjects were non-database subjects, the UP for 

targetNuclei had a highly similar in vivo performance at 9.4T as the subject specific 

TPs. 

The performance of the UP for targetWB was not satisfactory on all tested non-

database heads. Especially on a head with conspicuously different head size and 

shape, compared to the other heads, the performance was insufficient. In order to 

avoid such suboptimal performances in the future, different UPs for different head 

sizes and shapes should be designed. 

In PUBLICATION 2 UPs for LEx of the visual cortex in the human brain, based on non-

optimized transmit trajectories (duration: 8.18ms), were presented. These UPs 

performed with a mean NRMSE of 11.4% on non-database heads. This visual cortex 

target from PUBLICATION 2 is comparable to targetNuclei from PUBLICATION 3. 

With optimized transmit trajectories it was possible to outperform the UPs from 

PUBLICATION 2, as in PUBLICATION 3 a mean UP NRMSE (RMSE divided by 7) for 

targetNuclei of 7.4% and a pulse duration of 6.5ms was achieved. 

Conclusion 

The OTUP workflow to optimize the transmit k-space trajectory (SOS and SPINS) and 

to calculate UPs and subject specific TPs based on the trajectory was presented. The 

workflow was demonstrated for three different target excitation patterns. The 

importance of utilizing an optimized transmit k-space trajectory that matches the target 

excitation pattern was emphasized. 

TPs and UPs produced highly similar GRE images in vivo at 9.4T, proofing the power 

of the UP concept. 

The workflow code and the 𝐵0/𝐵1
+ map data from 18 subjects measured at 9.4T are 

available online as open source.
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3. Conclusion and Outlook 

 

The strength of the main magnetic (𝐵0) field is crucial to obtain ultrahigh resolution 

magnetic resonance images from the human body. The first part of this thesis 

exploited the advantages of the ultrahigh 𝐵0 field strength of 9.4T for spinal cord 

imaging. While numerous studies showed the improvements in the image quality and 

diagnostic power for imaging the spinal cord at 7T compared to 1.5T or 3T, this thesis 

presented the first spinal cord MR images at 9.4T. The ultrahigh resolution images (in-

plane resolution of 0.15x0.15mm2) were acquired with a brain coil. T2
* relaxation times 

of gray and white matter in the human SC at 9.4T were calculated. The work performed 

the first step into spinal cord research at a field strength higher than 7T and might open 

new possibilities in clinical patient care in the future. Knowing the T2
* times allows 

optimization of imaging parameters and potentially enables improvements in 

sensitivity and contrast. 

The second part of this thesis investigated with parallel transmission, a powerful 

technique to address the UHF inherent issue of inhomogeneous RF transmit 

sensitivities. In order to circumvent the lengthy calibration procedure typical for parallel 

transmission applications, the ‘universal parallel transmit pulses’ were introduced. 

After the literature provided several examples of universal pulses for whole brain or 

slice selective excitation, in this thesis a ‘proof of concept’ study was performed, that 

showed the feasibility of universal pulses for a local excitation application. It was 

possible to design universal pulses that excited the visual cortex region locally on non-

database heads. 

Furthermore, this thesis proposed an universal pulse design workflow that optimized 

the underlying transmit k-space trajectory to match the excitation target in the best 

possible way, before the actual universal pulse design started. Notably, in contrast to 

the literature, where universal pulse design was performed based on ‘kT-points’ or 

‘spokes’ trajectories, in this thesis the transmit k-space trajectory optimized were 

‘spirals’ and ‘SPINS’ trajectories. The entire workflow was applied for different 

excitation targets, including local excitation targets and whole brain excitation. 

Designing universal pulses based on optimized transmit k-space trajectories improved 

the pulse performance compared to the 
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performance of universal pulses based on non-optimized trajectories. The entire 

trajectory optimization and UP design code was provided as ‘open source’ software to 

the community. 

This thesis extended the general concept of universal pulses. Providing these pulses, 

not only for whole brain, but also for local excitation applications, prospectively 

abandons the need for time-consuming subject specific 𝐵1
+ and 𝐵0 calibration 

measurements and parallel transmission-pulse calculation during the scan session. 

Thus, with this thesis the next step towards utilizing parallel transmission-techniques 

more widely in the clinics was done. 

As a possible next goal in the future, the universal pulse concept may be utilized for 

applications in other body parts as the head. As an example, universal pulse design 

could be tested for local excitation of the human spinal cord. However, this problem 

seems to be more challenging as universal pulses for the head, due to higher inter-

subject variability in human necks compared to heads. Further, the increased 

main magnetic field inhomogeneity in the neck compared to the head, may make the 

pulse optimization more difficult.
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1  |   INTRODUCTION

Today MRI is an indispensable method for clinical diagnostic 
and research investigations of the human spinal cord (SC). 
For SC-related diseases such as multiple sclerosis,1-3 amyo-
trophic lateral sclerosis,4 spondylosis,5 or SC injury6 MRI is 
the technique of choice for primary diagnostics, patient strat-
ification, and therapy monitoring. Furthermore, it has been 
reported that in patients with multiple sclerosis, gray matter 
(GM) lesions in the SC may be detectable more readily than 
GM lesions in the brain, which illustrates the importance of 
SC imaging investigations in general.7

Small structures within the SC are inherently challenging 
to image at lower B0 field strengths; hence, field strength is 
of important relevance for SC measurements. Utilizing higher 
field strengths provides a higher signal-to-noise-ratio (SNR), 
facilitates higher spatial resolutions, and potentially improves 
diagnostic power. For example, it has been shown that the 
detection of small lesions in patients with multiple sclerosis 
at 3T MRI is improved versus 1.5T MRI.8,9 Sigmund et al10 
and Zhao et al11 have published comparisons of anatomical 
SC images, which display excellent improvement of the image 
quality at 7T versus 3T. Additionally, it has been shown that in 
patients with multiple sclerosis, on average 4.7 white matter 
(WM) lesions can be detected at 7T in the SC, whereas at 3T 
only 3.1 WM lesions can be found. This increase of 52% em-
phasizes the advantages of higher field strengths for SC MRI.12

Barry et al13 gave an excellent review on the current 
state of “Spinal Cord MRI at 7T” included also the advan-
tages of ultrahigh-field strength for different imaging mo-
dalities beyond anatomical MRI. To take it a step further, 
this study presents in vivo MR measurements of the SC at a 
field strength of 9.4T, which could theoretically offer about 
twice the SNR compared with MRI at 7T with similar radiof-
requency (RF) coils and sequences.14,15 To our knowledge, 
with the exception of our own preliminary work published in 
a conference abstract,16 these are the first human in vivo SC 
MRI results obtained at this field strength. Previous work at 
9.4T has focused on human postmortem samples,17 injured 
SC in squirrel monkeys,18,19 and SC in mice20 and rats.21

A comprehensive overview on 7T SC coils13 demonstrated 
that the majority of these designs had only posterior elements 
on a holder adapted to the neck and utilized only surface-loop 
receive elements.10,11,12 In this work, a new approach to SC 
RF coil design is introduced that combines transceiver sur-
face-loop elements with additional receive-only vertical loops 
and contains anterior as well as posterior coverage to increase 
the central SNR. This coil design22 was originally suggested 
for improved central SNR in human brain scans. The increase 
in central SNR is also beneficial for imaging the cervical SC 
because of its central position in the head and neck.

Anatomical images of the cervical SC were measured 
with a T2*-weighted GRadient-Echo (GRE) sequence.23 To 

address the SC MRI inherent issue of periodic B0 inhomo-
geneities caused by the intervertebral discs,24,25 the literature 
provides solutions as “electrocardiogram-triggered, higher 
order, projection-based B0 shimming”26 or z-shim gradient 
pulses.25 To minimize the influence of these B0 inhomo-
geneities, four different B0 shimming routines were tested 
and compared during this work. Intrinsic SNR maps were 
calculated and the impact of different echo times (TEs) on 
image quality and contrast was investigated to find optimal 
sequence parameters.

Recently, anatomical SC images with an in-plane resolu-
tion of 0.18 × 0.18 mm2 have been published,10,27 which is 
the highest resolution of in vivo human SC measurement in 
the literature. In this study, the resolution could be further 
improved and anatomical images with an in-plane resolution 
of 0.15 × 0.15 mm2 are presented.

Additionally, algorithmic SC detection and GM/WM 
segmentation was performed, as well as calculation of  
T2*-relaxation-time maps of the human SC at 9.4T.

2  |   METHODS

2.1  |  Radiofrequency coil

All measurements in this study were performed with an 
in-house-built 16-channel tight-fit array coil.22 This array 
consists of eight transceiver surface loops and eight receive-
only loops. The eight transceiver surface loops are placed 
on a cylindrical holder. Each of the eight vertical receive-
only loops is positioned along the central axis of a trans-
ceiver loop, perpendicular to its surface. Figure 1A consists 
of a photograph of the coil and some of the transceiver and 
receive-only loops.

This coil was originally constructed for human brain scans 
with an emphasis to enhance the SNR in deep brain structures 
and high-transmission efficiency. The addition of the vertical 
loops has no measurable effect on the Tx efficiency of the 
array. However, the 16-channel set-up provides an improve-
ment of the SNR in vivo of approximately 30% in the center 
of the brain, compared with the surface-loops-only set-up.

The central SNR improvement was the motivation for 
testing the coil for SC data acquisition. The coil array and 
its housing geometry is cylindrical, with openings at top and 
bottom. This geometry makes it possible to place the subject 
further inside the coil than originally intended and allow the 
cervical SC to be imaged. Figure 1B depicts the subject po-
sitioning for brain scans versus that for SC scans. For brain 
scans, the subject’s brain is placed in the center of the loop 
array; however, for cervical SC measurements in this study 
each subject was positioned further into the coil until the 
shoulders contacted the coil housing. In that position, the 
upper cervical SC is located in the center of the loop array.
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During RF transmission, the array was driven in the cir-
cular polarized mode with a 45° phase shift between adjacent 
transceiver loops. This was achieved with an eight-way split-
ter box, with corresponding phase shifts incorporated.

A comprehensive set of safety tests of the RF coil has been 
performed according to our internal standard operational pro-
cedures approved by the local institutional review board; the 
coil was certified for in vivo use in human subjects as described 
earlier.28 The specific absorption rate was continuously moni-
tored and supervised by means of the k-factor,28 which is incor-
porated in the coil file. Sequence parameters that would exceed 
the specific absorption-rate limit are hence not allowed, and the 
parameters have to be adjusted accordingly prior to the scan. 
In case the specific absorption rate is still exceeded during the 
scan, it is stopped automatically by the vendor-integrated spe-
cific absorption-rate–monitoring system.

2.2  |  Volunteer scans

Ten healthy volunteers (eight men, two women, age: 27.4 ± 
4.72 years, weight: 75.4 ± 11.77 kg) were scanned on a 9.4T 

whole-body MR scanner (Siemens Healthcare, Erlangen, 
Germany) equipped with a SC72 whole-body gradient sys-
tem with a maximum amplitude and slew rate of 40 mT/m 
and 200 mT/m/ms, respectively.

All experiments were performed with the approval of 
the local ethics committee. Informed signed consent was  
obtained from each volunteer before each MR experiment.

2.3  |  Study design

Each in vivo scan session was performed with the follow-
ing routine. A localizer sequence was applied and used to 
position the B0 shimming volume (Figure 1C). The tested B0 
shim approaches are explained in the B0 shimming compari-
son subsection below.

After B0 shimming, a flip-angle (FA) map using the AFI 
(Actual Flip-angle Imaging) sequence29 (field of view (FOV): 
243 × 243 mm2, in-plane resolution: 1.68 × 1.68 mm2, num-
ber of slices: 12, slice thickness: 5 mm, repetition time (TR) =  
20/100 ms, TE = 4 ms, FA: 53 degree, acquisition time: 
1:47 minutes:seconds, dimension: 3D, R = 2 [Gene Ralized 

F I G U R E  1   A: Photograph of the coil array (without cover) from Avdievich et al.22 Right photograph: The numbers 4, 6, and 8 represent 
vertical receive-only loops; the numbers 5 und 7 represent transceiver surface loops. B: Subject positioning. Left photograph: Subject positioning 
for human brain scans. The brain lays in the center of the loop array. Right photograph: Subject positioning for human cervical spinal cord (SC) 
scans. The upper cervical SC lays in the center of the loop array. The blue lines mark the beginning and end of the loops. C: Three-dimensional 
shimming volume (green box) shown on the localizer in a sagittal (left) and transversal (right) slice. From head to feet direction, the volume 
starts at the transition from the cerebellum to the SC and ends at vertebra C4. In transversal view, the shimming volume is including the SC and 
approximately 3 cm of the surrounding tissue from left to right and anterior to posterior direction. D: Flip-angle map of a slice positioned similar to 
the transversal slice in C. The white circle marks the values that were averaged for the adjustment of the transmit voltage.
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Autocalibrating Partially Parallel Acquisitions (GRAPPA)]) ac-
celeration) was acquired to check the achieved mean FA at the SC 
position (see FA map in Figure 1D). If the mean FA was unequal 
to the desired one, the transmit voltage was adjusted according to 
the proportion of desired and measured FA. After adjustment of 
the transmit voltage, the AFI sequence was applied and the mean 
FA was evaluated again to ensure correct FA adjustment. The FA 
homogeneity within the SC was assessed visually in the FA map.

All anatomical images were acquired with an axial T2*-
weighted GRE sequence.23 The sets of parameters used during 
this study are listed in Table 1. Every time sequence A, B, C, 
D, E, F, G, H, or I is mentioned in the text, respectively, a GRE 
sequence with the parameters displayed in Table 1 is referred to. 
All sequences acquired one average, and phase stabilization was 
active. Each parameter set was tested on at least three subjects. 
Sequence B was applied with a slice oversampling of 66%.

2.4  |  B0 shimming comparison

Along the SC the B0 field varies dramatically because of 
transitions between bone and intervertebral discs24,25; these 
“B0 field distortions interfere with encoding of contrast and 
spatial origin of the MR signal, commonly causing artifacts 
in the form of signal loss and geometric distortion, but can 
also contribute to ghosting, blurring and distorted excitation 
volumes, amongst other effects.”13 Thus, as input for the scan 
protocol optimization for anatomical SC imaging, multiple 
B0 shimming algorithms were compared to investigate the in-
fluence of the B0 shim performance on SC image quality. In 
particular, the primary focus evaluating B0 shim performance 
by the severity of signal dropouts that occur periodically in 
the intervertebral disc-located slices.

For all tested B0 shimming routines, the same three- 
dimensional cuboid B0 shimming volume was set on the  
localizer image. The B0 shimming volume was planned to 
encompass a region including the SC and approximately  
3 cm of the surrounding tissue (Figure 1C).

The first shimming routine was the Siemens implemented 
image-based shim routine using up to second- order spheri-
cal harmonics. Within this routine the B0 map is measured 
with a Double-Echo Steady-State (DESS) sequence30; based 
on that, the shim values for each transmit channel were cal-
culated and applied. Frequency adjustment was performed 
afterwards. The whole B0 shim procedure was repeated three 
times to achieve robust convergence, which is necessary be-
cause the Siemens shim algorithm implementation does not 
directly consider B0 shim field imperfections.

The next tested routine was the Fast, Automatic Shim 
Technique using Echo-planar Signal readouT for Mapping 
Along Projections (FASTESTMAP).31 Again, the process 
from B0 mapping to frequency adjust was performed three 
times before the image acquisition.

The third routine was the ConsTru (constrained TSVD in-
version) method.32 After acquiring the B0 map (with all shim 
values set to zero), the ConsTru shim values were calculated 
and applied to the scanner. Before the anatomical image was 
measured, the frequency adjust was performed.

Lastly, the straightforward TuneUp shim was applied. The 
TuneUp shim is the shim setting the vendor determines to 
deliver a homogeneous magnetic field in a spherical phantom 
after installing the MR scanner. It characterizes the B0 shim 
quality and is often used as an initial point for further B0 shim 
calculations.

After adjusting each set of B0 shim parameters, the ana-
tomical images were acquired with sequence A.

T A B L E  1   Description of the parameters of the gradient echo sequences

Sequence
FOV 
(mm2)

In-plane 
resolution 
(mm2)

No. of 
slices

Slice thick-
ness (mm) TR (ms) TE (ms)

FA 
(degree)

Acq. time 
(min:s) Dim

Acq. BW 
(Hz/vx)

A 133 × 133 0.22 × 0.22 9 3 365 9 50 03:40 2D 155

B 189 × 189 1.68 × 1.68 12 5 8.7 2 6 00:20 3D 580

C 150 × 150 0.47 × 0.47 1 3 250 5 or 9 or 14 
or 19

25 01:20 2D 155

D 140 × 140 0.23 × 0.23 12 3 500 4 and 10 
and 16 and 
22

50 05:04 2D 316

E 140 × 140 0.23 × 0.23 12 3 500 5.1 and 9.4 
and 13.8 
and 17.7

50 05:04 2D 316

F 147 × 147 0.15 × 0.15 10 3 259 12 25 04:14 2D 158

G 147 × 147 0.15 × 0.15 10 3 500 5.1 and 13.8 50 07:46 2D 220

H 147 × 147 0.15 × 0.15 10 3 500 9.4 and 17.7 50 07:46 2D 220

I 160 × 160 0.50 × 0.50 128 1 2800 10 50 15:00 2D 300

Acq. BW: acquisition bandwidth in Hz per voxel; Acq. time: acquisition time; FA: flip angle; FOV: field of view; TE: echo time; TR: repetition time
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2.5  |  Calculation of the intrinsic  
signal-to-noise ratio

To create intrinsic SNR maps (“the SNR that would be ob-
tained with a homogeneous FA of 90°, an infinite repetition 
time and an echo time of zero”14), signal measurements were 
acquired using sequence B. Afterwards a corresponding 
noise scan was performed by applying the same sequence 
with the transmit voltage set to zero. Based on the noise data, 
the noise covariance matrix33 was calculated. Analogous to 
Pohmann et al,14 the pseudo-multiple replica approach34 was 
employed. Experimental SNR was then computed with the 
formulation from Roemer et al35 for phased array root-sum-
of-squares magnitude image combination. Afterwards, these 
SNR values were corrected with Equation 1 from Pohmann 
et al,14 to achieve the intrinsic SNR. The correction was done 
based on the FA map acquired with the AFI sequence men-
tioned in the Study design subsection. The intrinsic SNR in 
the SC was averaged for each slice, respectively.

2.6  |  Sequence parameter optimization and 
high-resolution anatomical images

To show that the RF coil can be used to acquire high-quality 
anatomical images of the SC, single low-resolution axial 
slices were acquired with sequence C, utilizing each time an-
other TE (5, 9, 14, or 19 ms) as initial input for scan param-
eter optimization.

Following the feasibility test, multiecho sequences, 
where the signal is measured at four different TEs, were ap-
plied (sequence D and E). Within these sequences, 12 differ-
ent transversal slices with an in-plane resolution of 0.23 × 
0.23 mm2 were acquired along the upper cervical SC (level 
C1, C2, C3, and partly C4). The parameters of sequence E 
were set analogously to those set in Massire et al,27 because 
these TEs produced good results at 7T. The data from both 
sequence D and E were combined to create MEDIC (Multi 
Echo Data Image Combination)36 images and to calculate 
T2* maps. MEDIC images were obtained by computing the 
sum of squares of the image from each TE. To assess the 
GM/WM contrast for different TEs, the contrast-to-noise 
ratio (CNR) for each TE and each slice was calculated. We 
defined the CNR (analogously to Bachmann et al,9 Fushimi 
et al,37 and Constable and Henkelman38) as the difference 
between the mean signal of GM and WM, divided by the 
standard deviation of artifact free background noise. To av-
erage the signal intensities, the GM and WM tissue masks 
resulting from image segmentation (see Segmentation sub-
section) were utilized.

By means of the intrinsic SNR, statements for the exper-
imental SNR of acquisitions with different sequence param-
eter values can be derived. For various values of TE, TR, 

or FA, Equation 1 from Pohmann et al14 were employed to 
calculate the experimental SNR from the intrinsic SNR. For 
various voxel sizes, matrix sizes, or sequence dimensions, 
the rules from Constable and Henkelman,38 Hendrick,39 
Edelstein et al,40 and Brown et al,41 were applied. Following 
these rules, the experimental SNR for the parameters of se-
quence D and E was derived.

To observe the benefits of very high-resolution images, 
measurements (sequence F, G, and H) with the highest axial 
in-plane resolution (0.15 × 0.15 mm2) achievable with the 
proposed sequence settings and gradient timings, were per-
formed to make the small SC structures visible. The scanner 
did not allow the measurement of higher resolutions because 
the gradients could induce too severe peripheral nerve stim-
ulation. Although sequence F is a single-echo sequence, 
the sequences G and H are multiecho sequences, with two 
echoes, respectively. For that high resolution, the scanner 
did not permit the measurement of four echoes in one se-
quence because of the risk of too strong nerve stimulation. 
The data from both sequences G and H were combined to 
create MEDIC images.

2.7  |  Segmentation

Using the Spinal Cord Toolbox (v.4.0; sourceforge.net/pro-
jects/spinalcordtoolbox),42 algorithmic SC detection, as well 
as GM/WM segmentation within the SC, was performed. 
The Spinal Cord Toolbox is a comprehensive software pro-
gram used to process MRI SC data. From the wide range 
of applications and algorithms implemented in the Spinal 
Cord Toolbox, the propagated cord segmentation (function 
sct_propseg)43 for detecting the SC within the full FOV and 
the deep-learning algorithm with dilated convolutions (func-
tion sct_deepseg_gm)44 to segment the GM within SC were 
employed. Once the SC detection and the GM segmentation 
were executed successfully, the WM segments were detected 
by subtracting the GM mask from the full SC mask. To 
test the SC detection algorithm, a GRE sequence acquiring 
128 slices (sequence I, slice thickness: 1 mm) was applied. 
With these 128 transversal slices, it was possible to create 
sufficient sagittal and coronal coverage to visualize the SC 
detection result in all three dimensions. The SC detection al-
gorithm was also tested on the data acquired with sequence 
D and E. Additionally, on this data the GM segmentation al-
gorithm was applied.

2.8  |  T2*-time calculation for gray 
matter and white matter 

To perform pixel-wise T2*-time calculations, the multiecho 
results from sequences D and E were employed. In addition 
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to the four TEs adopted from Massire et al27 (sequence E), 
another four TEs (sequence D) were measured. This yielded 
eight, instead of four, sample points per pixel to calculate 
a more accurate mono-exponential fit. The fitting was per-
formed with a nonlinear least squares algorithm using 
MATLAB (MathWorks, Natick, MA).

To calculate the average T2*-relaxation times of GM and 
WM separately, the segmented GM and WM tissue masks 
were applied to T2* maps. All the fitted T2* values of GM 
and WM pixels from three subjects were pooled to calcu-
late mean GM and WM specific T2*-relaxation times and a 
two-sample t test was performed with MATLAB to investi-
gate statistically significant differences.

3  |   RESULTS

3.1  |  B0 shimming comparison

Figure 2 presents the results acquired with sequence A. The 
Siemens shim routine offered the images with the best quality 
and was consequently utilized for all of the following meas-
urements. Most notably, the Siemens shim performed much 
better in the first and second slice. Signal dropouts, which are 

visible for the other three set-ups, arose just marginally for 
the Siemens shim. For slices three to six, all routines provided 
excellent image quality. The Tune-Up shim, which consists of 
a fixed set of shim values, delivered similar image quality to 
those of other shimming routines. For slice seven, the Siemens 
shim again offered the best image quality. Because this slice 
touched a disc, a slight signal dropout occurred in the lower 
area of the SC and cerebrospinal fluid (CSF). This dropout 
worsened for Tune-Up, FASTESTMAP, and ConsTru shim 
relative to the Siemens shim. For slices eight and nine, again 
all routines provided similar, sufficient image quality.

3.2  |  Calculation of the intrinsic signal-to-
noise ratio

Figure 3A shows a map of the intrinsic SNR, represented by 
6 out of the 12 measured slices. For the two presented sub-
jects, the highest SNR in the SC was achieved in slices 3 to 
10, with values mostly observed between 6600 and the maxi-
mum of 8060 (subj.1, slice 4). For slices positioned further 
in the head direction than slice 3 and placed further in the 
feet direction than slice 10, the SNR dropped dramatically 
(Figure 3B).

F I G U R E  2   A: Comparison of the 
influence of different shimming routines. 
All images were acquired with gradient echo 
(GRE) sequence A. The table of images 
presents different slices (labeled with the 
yellow numbers) acquired with the same 
shim set-up in the columns and same slices 
acquired with different shim set-ups (Sh.1 = 
Siemens shim, Sh.2 = TuneUp, Sh.3 = fast, 
automatic shim technique using echo-planar 
signal readout for mapping along projections 
[FASTESTMAP], Sh.4 = ConsTru) in 
the rows. Enlargements of the full field of 
view are shown. B: The top (bottom) image 
presents the central sagittal (coronal) slice. 
The yellow lines mark the position of the 
transversal slices, depicted in A
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3.3  |  Sequence parameter optimization and 
high-resolution anatomical images

First, a single slice with a low in-plane resolution of  
0.47 × 0.47 mm2 was measured four times, each time with 

a different TE. Figure 4 displays the FOV of one volunteer. 
Anteriorly, the teeth can be seen and on the posterior side, 
the neck muscles are visible. In the center of the FOV, the SC 
is surrounded by CSF (yellow box) and the vertebrae. In the 
four surrounding images in Figure 4, enlargements from the 

F I G U R E  3   A, Intrinsic signal-to-noise 
ratio (SNR) map. Six of 12 measured slices 
are displayed by skipping every second 
slice. From left to right, the number of the 
displayed slice, the full field of view of 
that slice, and an enlargement of the spinal 
cord (SC) is visible. The slice positioning 
is similar to Figure 2B. The white circle 
in slice three marks the values that were 
averaged. The same circle (adjusted for the 
SC position, respectively) was used in each 
slice. B, Slice-wise averaged SNR values for 
two subjects. The SNR map from subject 1 
is shown in A



1020  |      GELDSCHLÄGER et al.

FOV at the SC location at different TEs are displayed. At a 
short TE of 5 ms, a high signal with low GM/WM contrast is 
visible. With increasing TE, the signal has partially decayed 
and GM/WM contrast has increased. The “butterfly” shape of 
the GM is clearly visible and distinguishable from the WM 
for a TE of 9 ms and 14 ms; furthermore, nerve roots at the 
left and right side of the SC are apparent. A TE of 19 ms 
seems to be too long, as GM/WM contrast has diminished 
and magnetic susceptibility effects appear, especially in  
the CSF.

In Figure 5A, the results of the two multiecho GRE se-
quences D (TEs: 4/10/16/22 ms) and E (TEs: 5.1/9.4/13.8/17.7 
ms) with an in-plane resolution of 0.23 × 0.23 mm2 are de-
picted. Figure 5B shows the corresponding CNR for each 
slice and TE. Figure 5C illustrates the averaged experimental 
SNR in the SC for each TE recalculated from the intrinsic 
SNR depicted in Figure 3B (Subj.1).

As Figure 4 has already shown, as TE increases, the signal 
decays and GM/WM contrast grows. While a TE of less than  
9.4 ms seems too short to achieve a strong visual GM/WM con-
trast, a TE of between 9.4 ms and 13.8 ms provided the best com-
promise between signal intensity and tissue contrast as illustrated 
in Figure 5A. Confirming this observation, the CNR between 
GM and WM is increasing from a TE of 4 ms until 13.8 ms for 
most slices. After 13.8 ms, the CNR is decreasing or rises only 
marginally.

Slice five is located at an intervertebral disc location. 
With increasing TE, a signal dropout occurred here. While 
this dropout does not or only marginally occurs for the first 
four TEs, it became severe for a TE of 13.8 ms and longer. 
To not adulterate the CNR of that slice, the GM and WM 
masks were corrected manually to exclude the pixels where 
the dropout occurs (see Supporting Information Figure S1 for 
the CNR values including signal dropout).

The experimental SNR is decreasing along an exponential 
curve with increasing TE. In slice three (which had one of the 

highest intrinsic SNR values of 8000 as seen in Figure 3) the 
highest experimental SNR was acquired.

The MEDIC images offer excellent GM/WM contrast, as 
it can be seen in the images in Figure 5A, as well as from the 
CNR values in Figure 5B. For instance, slice three provides 
a CNR of 4.95 at a TE of 13.8 ms and a CNR of 7.95 for the 
MEDIC image.

The results given in Figure 5 were acquired with a TR of 
500 ms and a FA of 50°; the results given in Figure 4 were 
acquired with a TR of 250 ms and a FA of 25°. After a proper 
scaling, there is no visible difference in the image quality.

As TEs between 9 and 13.8 ms are good compromises 
between tissue contrast and minimal magnetic susceptibil-
ity effects, a TE of 12 ms was chosen for the single-echo 
measurements with an in-plane resolution of 0.15 × 0.15 
mm2 (sequence F). In all depicted slices (Figure 6A), 
high-quality images of the SC are visible. GM and WM 
can be distinguished. Nerve roots and blood vessels are 
shown in excellent detail in most of the slices. The anterior  
median fissure and the posterior median septum are recog-
nizable. The same is valid for the MEDIC images (Figure 6B)  
created out of the measurements acquired with multiecho se-
quences G and H. The MEDIC images offer improved GM/
WM contrast compared with the single-echo measurements, 
while showing similar sharpness and number of details.

For comparison, Figure 6C,D show 7T GRE acquisitions 
from Sigmund et al10 and Massire et al27 with an in-plane 
resolution of 0.18 × 0.18 mm2.

3.4  |  Segmentation

The white-colored pixels in Figure 7 mark the SC, as it was 
masked by the SC detection algorithm. All white-colored pixels 
mark the location of the spinal cord in each perspective correctly, 
except for the bottom slices, where the SC was not detected.

F I G U R E  4   Comparison of images, acquired with gradient echo (GRE) sequence C (in-plane resolution: 0.47 × 0.47 mm2) and four different 
echo times (TEs). Central picture: Full transversal field of view of the measurement with TE: 9 ms. The yellow box marks the position of the 
enlargement, which is visible in the four surrounding pictures. Surrounding pictures: Enlargements of the spinal cord measured at four different 
TEs (one TE per sequence application)
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On the slices acquired with sequence D and E, the SC de-
tection algorithm and the GM segmentation algorithm were 
applied. Figure 8 shows three segmented example slices. The 
algorithm detected the SC and segmented GM and WM cor-
rectly. The typical butterfly shape is observed as depicted by 
white pixels in the GM mask.

3.5  |  T2*-time calculation for gray matter and  
white matter 

For each of the three subjects that were measured with multiecho 
sequences D and E (12 slices acquired per sequence), a T2* map 

was calculated. Figure 9 shows an example slice, where the CSF 
and the SC are distinguishable; to some extent, the GM and WM 
within the SC are also discernible. T2* slices, in which these tis-
sue types were not recognizable because of midvertebra disks-
related signal dropouts, were excluded from averaging. Based on 
the created GM and WM masks, mean T2* values were calcu-
lated. For the cervical SC at 9.4T, the calculated T2* value for 
GM is 24.88 ms ± 6.68 ms and for WM 19.37 ms ± 8.66 ms.

A two-sample t-test results in p value of 1.6233*10−271 for 
the null hypothesis (“The mean of the GM sample is equal 
to the mean of the WM sample.”). For that reason, the null 
hypothesis needs to be rejected. Thus, the means of GM and 
WM T2*-relaxation times differ significantly.

F I G U R E  5   A: Images acquired with two multiecho gradient-echo (GRE) sequences D (TE: 4/10/16/22 ms) and E (TE: 5.1/9.4/13.8/17.7 ms) 
(in-plane resolution: 0.23 × 0.23 mm2). Six out of 12 measured slices are displayed by skipping every second slice. The slice positioning is similar 
to Figure 2B. In A, enlargements of the spinal cord (SC) are visible. Each column presents the measurements from different slices (slice number 
displayed by yellow numbers) at a certain echo time (TE; depicted at the header in ms). Each row presents measurements from the same slice 
position, but at a different TE. The very right column of images show scaled multiecho data image combination (MEDIC) images calculated as the 
sum of squares from the eight measurements from the table of images. B: Plot of the contrast-to-noise ratio (CNR) values for all of the SC images 
shown in A. Each line presents the CNR values of a certain slice at different TEs and in the MEDIC image. C: Plot of the averaged experimental 
SNR values in the SC recalculated from the intrinsic SNR in Figure 3B (Subj.1). Each line presents the SNR values of a certain slice at different 
TEs. The x-axis and the legend is equal to B
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4  |   DISCUSSION

This work presents the first in vivo MR images of the human 
SC measured at the B0 field strength of 9.4T. An RF coil op-
timized for central SNR in the human brain was employed to 
acquire in vivo cervical SC images.

A TE between 9 and 13.8 ms was found to offer the 
best image quality with an excellent contrast between CSF, 
GM, and WM (Figures 4 and 5). That TE recommendation 
is slightly higher in comparison with what Sigmund et al10 
suggested at 7T with their SC-dedicated coil (GRE sequence 
with TE = 4.91 ms). In comparison with the noncombined 

data, the combined MEDIC images36 show improved image 
quality in terms of tissue contrast. Because the acquisition of 
multiecho data does not require additional scan time, MEDIC 
is an attractive alternative to single-echo measurements. Slice 
one in Figure 5A shows high contrast between CSF and the 
SC largely independent of TE, which possibly occurs because 
of the reduction in transmit B+

1
 field at the edge of the FOV of 

the RF coil in that slice position.
The highest axial in-plane resolutions (in vivo) acquired 

prior to this work were 0.18 × 0.18 mm2 by Sigmund 
et al10 (Figure 6C) and Massire et al27 (Figure 6D) at a 
field strength of 7T with SC-dedicated coils. We presented 

F I G U R E  6   A: 9.4T spinal cord (SC) images acquired with single-echo gradient echo (GRE) sequence F (in-plane resolution: 0.15 ×  
0.15 mm2). B: 9.4T multiecho data image combination (MEDIC) images calculated from the measurements acquired with multi-echo sequence  
G and H (in-plane resolution: 0.15 × 0.15 mm2). 5 of 10 measured slices are displayed by skipping every second slice. Nerve roots (green arrows), 
blood vessels (red arrow), the anterior median fissure (dark blue arrow), and the posterior median septum (sky blue arrow) are marked. C: 7T SC 
GRE images from Sigmund et al.10 D: 7T SC GRE image from Massire et al.27. C and D have an in-plane resolution of 0.18 × 0.18 mm2

F I G U R E  7   Spinal cord (SC) detection applied on the images acquired with sequence I. From left to right, sagittal, coronal, and a transversal 
slices are displayed. The yellow line on the sagittal and coronal image marks the position of the transversal slice in the right picture. The yellow 
vertical line in the transversal slice marks the position of the sagittal slice. The yellow horizontal line in the transversal slice marks the position of 
the coronal slice. The white-colored pixels in each image show the SC that the SC-detection algorithm determined
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an improved resolution of 0.15 × 0.15 mm2. That means 
in the 9.4T images (Figure 6A,B) the area of each pixel 
is decreased by approximately 30% from 0.0324 mm2 to 
0.0225 mm2 compared with the 7T acquisitions. The 9.4T 
results show the small SC structures in excellent detail. 
The quality of these images seems to outperform the 7T 
results, as the nerve roots are also visible at 7T, but are not 
as sharp as at 9.4T. Moreover, the anterior median fissure 
and the posterior median septum are recognizable in T2*-
weighted images at 9.4T, whereas they are hard to detect at 
7T.10,27 In the most recent work from Massire et al,45 these 
two structures are recognizable on 7T T1 maps of the SC, 
but again difficult to detect on T2*-weighted images, as is 
possible at 9.4T.

Compared with the acquisitions with an in-plane resolu-
tion of 0.23 × 0.23 mm2 (Figure 5A), the 0.15 × 0.15 mm2 
images present the SC in slightly improved acuity. However, 
the enhancement may not be as strong as expected from the 
difference between both spatial resolutions. A possible rea-
son for this is the physiological SC motion (between 0.40 and 
0.50 mm in superior/inferior, 0.60 ± 0.34 mm in anterior/
posterior, and 0.17 ± 0.09 mm in right/left direction46,47), 
which possibly blurs images, especially in cases of very high 
spatial resolutions. Cardiac triggering or prospective motion 
correction48 could be an option to mitigate the influence of 
motion; however, it was not applied during this study. Future 
work should test whether image acuity at a spatial resolution 
of 0.15 × 0.15 mm2 can be improved and even higher spa-
tial resolutions are feasible by including optimized motion 
compensation methods and encoding schemes that prevent 
excessive peripheral nerve stimulation. Even if a higher spa-
tial resolution would be possible technically, it remains to be 
clarified whether this can further improve diagnostic speci-
ficity and sensitivity.

T2* maps were derived from multiecho GRE images 
and showed clear distinction between GM, WM, and CSF. 
By means of the Spinal Cord Toolbox, masks for GM and 
WM were calculated, and the T2* times for all GM and WM 
voxels inside the respective masks were averaged. Although 
an uncertainty remains when using this pixel-by-pixel fit 
method (see noise in Figure 9 and the resulting relatively high 
SD) the first estimate of T2* times in the human SC at 9.4T 
has been presented (GM 24.88 ms ± 6.68 ms and for WM 
19.37 ms ± 8.66 ms) and a statistically significant difference 
was found between GM and WM. These results are consis-
tent with the literature. While Massire et al27 presented the 

F I G U R E  8   Spinal cord (SC) and gray matter (GM) segmentation applied on the results acquired with gradient echo sequence E (echo time: 
9.4 ms). Enlargements of three transversal example slices are shown in the left column of images. The central column of images depicts where 
the SC-detection algorithm determines the SC (white-colored pixels). On the right hand side, one column depicts where the GM-segmentation 
algorithm determines the GM (white-colored pixels) within the SC. The other column presents the white matter (WM) pixels

F I G U R E  9   Enlargement at the spinal cord position of an example 
slice from a T2* map
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expected slightly higher T2*times from the cervical SC at 7T 
(GM: 29.3 ms ± 4.5 ms, WM: 23.5 ms ± 5.7 ms), Pohmann 
et al14 published T2*times at 9.4T for the human brain (GM: 
23.8 ms ± 1.0 ms, WM: 19.2 ms ± 0.9 ms), which are very 
similar to the values calculated for the SC at 9.4T.

Periodic signal dropouts were observed in slices near in-
tervertebral discs, possibly due to strong magnetic suscepti-
bility between soft tissue and bone.24,25 although among the 
herein investigated B0 shimming approaches, the vendor-im-
plemented second-order B0 shimming offers the best image 
quality for slices next to intervertebral disks; in general, the 
differences within the four different shimmed images are not 
very prominent (Figure 2). Even the TuneUp shim, which is a 
fixed set of shim values, does not have a substantially poorer 
performance in most slices in comparison with FASTEST 
MAP and ConsTru. Although the vendor shim mitigates the 
dropouts, it did not obliterate it. Tackling the B0 inhomoge-
neities for SC imaging remains a future challenge. A possible 
solution could be dedicated B0 shim hardware.49-53 In addi-
tion, a 3T study showed improved B0 homogeneity within the 
neck by placing pyrolytic graphite foam behind the neck54; 
this could also be worth investigating at ultrahigh field.

The simplicity of the utilization of a 16-channel trans-
ceiver array RF coil driven in circular polarized mode for SC 
imaging that was originally optimized to yield high SNR in 
central brain structures and high transmit efficiency for brain 
MRI and MRS is worth noting. Utilizing the same coil for 
both brain and cervical SC applications is cost-efficient and 
offers the opportunity to tackle “the lack of commercial SC-
dedicated coils” as reported in Massire et al.27 There is no 
costly development of a SC-dedicated coil needed to achieve 
comparable results for the cervical SC. Two of the 10 sub-
jects reported that the positioning inside the coil was not as 
comfortable as for brain scans; however, no subject needed to 
interrupt or abort a scan session.

We chose to investigate the intrinsic SNR of the SC (ie, 
the SNR in the situation of a homogeneous FA of 90°, an 
infinite TR and an TE of zero) to achieve a normalized SNR 
value that allows for the comparison between different field 
strength and hardware set-ups by correcting for the influ-
ence of the sequence parameters. It is worth noting that the 
reported intrinsic SNR values featured in Figure 3 are not 
achievable in experiments.

The intrinsic SNR reported in Pohmann et al14 (approxi-
mately 3000 in brain center at 9.4T, but smaller voxel size as 
in sequence B) can be recalculated with respect to the param-
eter values from sequence B by multiplying it with a factor 
of 3.2 (eq. 7.12 from Hendrick39). With the coil55 used in 
Pohmann et al14 and the settings from sequence B, the in-
trinsic SNR in the brain center theoretically would be 9600. 
This value is higher than the intrinsic SNR that was acquired 
in the SC during this study (Figure 3; SNR between 6600 

and 8060 in slices 3 to 10). The lower SNR in the SC com-
pared with the brain center at 9.4T is most likely caused by 
the different coil set-ups utilized. The dedicated brain coil55 
has 31 receive channels arranged on a close-fitting helmet to 
maximize SNR. The coil employed in this study was a sin-
gle row eight-channel transceiver coil with eight additional 
receive-only elements and has, therefore, a limited coverage, 
which negatively impacts central SNR.15 On the other hand, 
the combination of transceiver loops and dipolar receive-only 
elements was designed to enhance the SNR in deep-brain 
structures.22 The design of the coil used herein allows SC 
applications, which is not the case for the dedicated brain coil 
design in Pohmann et al.14 However, the coil loading differs 
between the subject position for SC imaging and brain imag-
ing (Figure 1B), which may also lead to SNR losses. All these 
influence factors could be reasons for the slightly lower SNR 
in the SC as compared with the central brain at 9.4T.14

In Sigmund et al,10 the authors report an average exper-
imental SC SNR in vivo of 227 at 7T. If we recalculate the 
intrinsic SNR from this study (Figure 3, slices 3 to 10) with 
respect to the sequence parameter from Sigmund et al10 (uti-
lizing eq. 7.12 from Hendrick39 and eq. 1 from Pohmann 
et al,14 acquisition bandwidth was not mentioned; therefore, 
we assumed the same bandwidth as in sequence B) and we 
achieved an experimental SNR between 265 and 324. The 
SNR increase was expected; however, it is not as high as the 
change from 7T to 9.4T may imply.14,15

In general, an increase of the static magnetic B0 field strength 
leads theoretically to an almost quadratic increase of SNR and 
thus doubles the SNR at 9.4T versus 7T for similar sequences 
and coils.14,15 Furthermore, at high field a combination of sur-
face loops and dipolar elements is needed for SNR optimization 
in central regions.15 In addition, wrap-around coils (such as the 
coil in Zhang et al56), tend to provide higher SNR compared 
with the neck coils used by Sigmund et al10 and Zhao et al11 
with only posterior elements. Both advantages are incorporated 
in the coil proposed herein.

The decreased SNR in slices 1, 2, 11, and 12 (Figure 3), 
as well as the failed SC detection in the lowest positioned 
slices in Figure 7, indicates a drawback of the proposed coil: 
the relatively small longitudinal coverage for areas that are 
not placed in the center of the loops. Vertebras C1, C2, C3, 
and to some extent, C4 can be covered excellently, but reach-
ing any lower vertebra seems to be problematic. In addition, 
measuring the brain and the SC within the same scan is not 
possible. To achieve extended coverage, other array archi-
tectures (eg, with dipole receive elements instead of loops57 
or SC-dedicated coils (eg, see Sigmund et al,10 Zhao et al,11 
Kraff et al,58 or Barry et al13 for an overview of all 7T SC 
coils) need to be employed. Having a coil design that con-
siders the principles of the proposed coil, but is further op-
timized for SC imaging could improve results with respect 
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to longitudinal coverage, SNR, and subject comfort. With an 
extended longitudinal coverage, the brain and the SC could 
be imaged in the same experiment, as it is necessary to assess 
the functional connectivity between both regions.

With this work, we have taken the first step into SC re-
search at a B0 field strength higher than 7T. By testing and op-
timizing other sequences (eg, magnetization-prepared 2 rapid 
gradient echoes [MP2RAGE],59 T2W, echo planar imaging, 
MRS, or the AMIRA approach60) in the future, anatomical 
image quality could be further improved and multimodal SC 
imaging at 9.4T can be enabled. Furthermore, T1

- and T2
-

relaxation-time measurements need to be performed to com-
plete the set of tissue relaxation times as input for sequence 
optimization and quantitative MRI for the SC at 9.4T.

5  |   CONCLUSION

With this work, the first step into SC research at a B0 field 
strength of 9.4T was performed. With an RF coil, originally 
optimized for maximal SNR and transmit efficiency in deep 
brain structures, we were able to acquire high-resolution (in-
plane: 0.15 × 0.15 mm2) anatomical SC data in excellent de-
tail and quality. Algorithmic SC detection, as well as GM/
WM segmentation, reliably works on the data. The T2*times 
of GM and WM in the human SC at 9.4T were presented. 
Such high-resolution images at ultrahigh field of the human 
SC might open new possibilities in the field of SC research 
and clinical patient care. Knowing the T2*-relaxation time 
allows optimization of imaging parameters and potentially 
enables improvements in sensitivity and contrast.
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FIGURE S1 Plot of the CNR-values for all of the SC images 
shown in Figure 5A, from the main document, but without 

removing the signal dropout in slice 5 from the signal aver-
aging. Each line presents the CNR-values of a certain slice at 
different TEs and in the MEDIC image
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Purpose: To demonstrate that the concept of “universal pTx pulses” is applicable to 
local excitation applications.
Methods: A database of B0/B+

1
 maps from eight different subjects was acquired at 

9.4T. Based on these maps, universal pulses that aim at local excitation of the visual 
cortex area in the human brain (with a flip angle of 90° or 7°) were calculated. The 
remaining brain regions should not experience any excitation. The pulses were de-
signed with an extension of the “spatial domain method.” A 2D and a 3D target 
excitation pattern were tested, respectively. The pulse performance was examined 
on non-database subjects by Bloch simulations and in vivo at 9.4T using a GRE ana-
tomical MRI and a presaturated TurboFLASH B+

1
 mapping sequence.

Results: The calculated universal pulses show excellent performance in simulations 
and in vivo on subjects that were not contained in the design database. The visual 
cortex region is excited, while the desired non-excitation areas produce the only 
minimal signal. In simulations, the pulses with 3D target pattern show a lack of ex-
citation uniformity in the visual cortex region; however, in vivo, this inhomogeneity 
can be deemed acceptable. A reduced field of view application of the universal pulse 
design concept was performed successfully.
Conclusions: The proposed design approach creates universal local excitation pulses 
for a flip angle of 7° and 90°, respectively. Providing universal pTx pulses for local 
excitation applications prospectively abandons the need for time-consuming subject-
specific B0/B+

1
 mapping and pTx-pulse calculation during the scan session.
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1  |   INTRODUCTION

Operating MRI systems with a B0 field strength of 7T and 
above (ie, ultra-high field (UHF)), provide higher signal-to-
noise ratio, facilitates higher spatial resolutions, and poten-
tially improves diagnostic sensitivity and specificity compared 
to clinical field strength, such as 1.5T or 3T.1-3 However, var-
ious technical challenges prevent UHF systems from being 
used routinely in the clinic.4 The shorter electromagnetic 
wavelength at UHF, which results in inhomogeneity of the ra-
diofrequency (RF) field,5,6 can lead to spatially varying flip an-
gles (FAs) and, thus, a spatial variation of the image contrast, 
signal dropouts or brightening. The most flexible approach to 
overcome this issue is parallel transmission (pTx).7 PTx en-
ables much-improved control over the spatial and temporal RF 
field8,9 by exploiting the additional degrees of freedom of mul-
tiple independent RF transmission channels. Thus, research 
not only focuses on pulses for homogeneous slice selective10,11 
or whole volume excitation,12 but also on pulses that produce 
local excitation13,14 (LEx, also called inner volume or spatially 
selective excitation) within the scanned object.

In general, pTx pulse design is based on a set of calibra-
tion measurements for each individual subject at the begin-
ning of the scan session/experiment. Subject-specific static 
magnetic field (B0) offset and transmit (B+

1
) field distribution 

maps from each transmit coil need to be acquired before the 
actual pulse can be calculated. The time needed for B0 and 
B+

1
 map acquisition and pulse calculation is usually between 

10 and 15 min,4 while the subject is already positioned in 
the scanner. Based on these maps, an RF pulse is calculated, 
which, usually in conjunction with a gradient waveform, ex-
cites a desired spatial pattern in the subject’s tissue. The com-
putational effort of pulse design increases when RF power 
limitations have to be taken into account. This whole proce-
dure consumes time that gives no clinical information and is 
a barrier to clinical uptake of the pTx technique.

Recently, Gras et al15 introduced the concept of “universal 
pTx pulses” (UPs). The general idea is to collect a database 
of B0 and B+

1
 maps from a representative subject cohort. An 

RF pulse is designed based on this database and turns out to 
also perform well on subjects who were not inside the design 
database. The reliability and benefit of this concept for non-
selective and slice selective pulses has been proven for pulses 
with small and large target FAs as well as their applications 
in various MRI sequences in the human brain at 7T.16-19 It has 
been shown that UPs are virtually immune to inter-site differ-
ences.20 Additionally, a feasibility study for UPs calculated 
and simulated on B0/B+

1
 maps acquired at 9.4T,21 has been 

presented. In all of these studies, the used transmit k-space 
trajectories are either “spokes”22 or “kT-points.”12

In contrast to existing approaches, the goal of this study is 
to investigate the concept of UPs for LEx at 9.4T. In our own 
preliminary work, it was shown in simulations that it is possible 

to design pulses that can selectively excite the same 2D23 or 
3D target pattern24 at 9.4T, as well as at 7T,25 across multiple 
subjects. The transmit k-space trajectories in these studies, as 
well as in the current work, are “spiral” k-space trajectories, 
which is another difference compared to previous UP studies. 
The advantages of spirals for LEx were already discussed.26

In general, LEx can be used for reduced (or zoomed) 
field of view (FOV) applications. It allows to reduce the 
FOV in phase-encoding direction by masking the tissues out-
side the FOV, which would otherwise fold into the image.27 
Consequently, LEx can reduce the total signal acquisition 
time and/or increase the spatial resolution which is import-
ant for a range of clinical brain and body applications.28 
Furthermore Lex can reduce the distortion in EPI readouts in 
functional and diffusion-weighted MRI,29 due to the reduced 
FOV, especially because the decreased number of points in 
the readout direction allows shorter inter-echo spacing. LEx 
pulses were applied within various imaging sequences such 
as the gradient-echo (GRE) in rats13 or the fast-spin-echo se-
quence in the human brain,30 as well as for diffusion-weighted 
imaging in human prostate31 and pancreas.32 Moreover, LEx 
has been exploited for MR spectroscopy in the human brain 
at 3T33 and 7T34 to define shaped voxels.

In this work, we demonstrate the feasibility of the combi-
nation of LEx and UPs by local excitation of the visual cortex 
in the human brain with excellent suppression of the remain-
ing brain areas as proof of principle. For that purpose, we 
collected a database of B0 and B+

1
 maps from eight different 

subjects. We designed pulses that aim to excite a predefined 
2D or 3D target excitation pattern (target FA of 90°, FA90), 
on the database heads. Afterward, the performance of these 
pulses was tested in simulations and in vivo at 9.4T. In order 
to show the potential of UPs for LEx, a GRE sequence with a 
reduced FOV was applied.

2  |   METHODS

2.1  |  UP calculation

To design UPs that produce the same excitation pattern on 
different heads, the “spatial domain method”35 from Grissom 
et al. was applied. Its basic idea is to exploit the linearity of the 
Bloch equations for small tip angle regimes. Using the small 
tip angle approximation (STA), Pauly et al26 derived that the 
Bloch equation can be approximated by a Fourier integral of 
any desired (and realizable) excitation k-space trajectory,36k (t)

, weighted by a complex RF pulse p (t), and spatially weighted 
by the transmit coils complex transmit sensitivity s (x):

(1)m (x) = i�m0s (x)

T

∫
0

p (t) ei�ΔB0(x)(t−T)eixk(t)dt,
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with m(x) is the magnetization in voxel x, γ is the gyromagnetic 
ratio, m0 is the equilibrium magnetization magnitude, T is the 
pulse length, and ΔB0 (x) denotes the field map.

To form an aggregate excitation pattern the single exci-
tation patterns sr (x) from the R transmit coils can be spatially 
superposed:

Analogously to Yip et al,37 discretizing time to Nt sam-
ples and space to Ns voxels yields the following matrix-vector 
multiplication

with m is the length-NS vector of the magnetization from each 
voxel x and Sr = diag

{
sr

(
xi

)}
 is a diagonal matrix containing 

the sensitivity pattern of transmit coil r. The (i, j)-th element of 
the NS × NT system matrix A is given by:

Afull is a vertical concatenation of the matrices SrA and 
pfull is a horizontal concatenation of the length-NT vectors pr 
of RF-pulse samples from coil r.

By defining a target excitation pattern mtar we obtain the 
optimization problem

By minimizing this problem in Equation (5), we design 
the RF pulse p∗

TP
 that aims to excite the desired target pattern 

on one specific head (ie, the tailored pulse [TP]).
While the original “spatial domain method” was intended 

for designing pulses tailored to one specific subject, we ex-
tend this method herein in order to create a pulse p∗

UP
 that 

excites the same target pattern on multiple heads (ie, the UP):

where Afull,j, with j = 1,…, NDB, is the full system information 
matrix of subject j and NDB is the size of the design database, 
ie, the number of subject heads based on which the pulse will 

be designed. By minimizing Equations (5) or (6) all voxels 
are weighted equally, ie, no specific weighting function was 
applied.

The optimization problem in Equation 6 was solved by 
performing two steps. First, the least-squares method imple-
mented in the lsqr-function38 from MATLAB (MathWorks, 
Natick, MA) was applied, which solves a system of linear 
equations. The optimization was stopped after 20 iterations, 
which was empirically found as a compromise between per-
formance and compute time. Applying higher iteration num-
bers led to drastically increased pulse voltages with only 
minor performance improvements, and no regularization 
term for voltage was applied. Notably, with the least-squares 
method, it is not possible to exclude the phase of the resulting 
excitation from the optimization, however, the profiles phase 
was of no interest during this study. For that reason, in the 
second step of the UP calculation, the lsqr result was used 
as an initial guess for the active-set algorithm implemented 
in MATLAB’s fmincon-function. The cost function used for 
this optimization is presented in Equation (6), ie, only the 
magnitude of the profiles are considered. Analogously to 
the literature,15,16,18,21 the active-set algorithm was chosen 
because of its speed and robustness.39,40 By means of the 
active-set algorithm, the solution was constrained to a max-
imum pulse amplitude of 130 Volt at plug level (hardware 
limit). The optimization was stopped if the improvement of 
the cost-function values was negligible during 30 consecutive 
iterations.

Although this approach was introduced for designing 
small tip angle pulses, it also “holds well at tip angles of 
90°.”26,35,41 For that reason, we designed two different UPs 
with FA90. The first UP (UP2D) aimed to excite the visual 
cortex region in the central transversal slice of a head (by 
means of a 2D target pattern, Figure 1A)) with FA90. The 
remaining areas within the target slice should not be excited. 
The UP2D pulse is non-slice-selective and has a fixed dura-
tion of 7.96 ms using a 2D spiral-in k-space trajectory (max. 
amplitude: 23 mT/m, max. slew rate: 150 T/m/s, Figure 1A). 
That pulse length was chosen as a compromise between suffi-
cient degrees of freedom for the optimization and application 
possibilities for pulses of that length. Tissue outside of the 
target slice was not taken into account for designing UP2D. 
Since UP2D is non-slice selective, a 3D sequence was used 
for performance evaluation, with frequency encoding along 
the head-foot direction (see “UP versus TP performance eval-
uation” section).

Analogously, UP3D aimed to excite the visual cortex area 
as well with FA90, but by means of a 3D target pattern (Figure 
1B) and based on a 3D stack-of-spiral-in trajectory42,43 (max. 
amplitude: 7.4 mT/m, max. slew rate: 150 T/m/s, six spirals, 
Figure 1B). The pulse duration was 8.18 ms. For both pulses 
and gradient shapes, the dwell time was 10 μs. The scanner 
inherent gradient delay of 4 μs was taken into account in the 
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pulse files. For UP3D (FA90), the deviations between the 
STA forecasts and the results from the Bloch simulations 
were compared.

In order to create not only UPs for large tip angles, but 
also for small tip angles, the calculated UPs for FA90, were 
scaled down proportionally in order to create UPs with a de-
sired FA of 7° (FA7). We also tested UP calculations directly 
with a target FA of 7°, but since these pulses did not consid-
erably outperform the downscaled UPs (on the non-database 
heads, see Supporting Information Figure S1, which is avail-
able online, for 2D- and Supporting Information Figure S2 
for 3D results), we maintained the downscaled approach.

To create a representative design database for the calcula-
tion of the UPs, B0 and eight single-channel B+

1
 maps were ac-

quired from the heads of eleven different subjects at 9.4T. Eight 
of the eleven datasets were used for UP design and three for 
performance evaluation in simulations. These numbers were 
based on a 7T simulation study25 in which it was shown that 
database size of five different heads theoretically is sufficient 
to design reliable LEx UPs. To increase reliability and since 
herein the field strength is higher, we wanted to be more con-
servative and added three more heads to the design database.

To calculate UP2D, the B0/B+

1
 map information and the 

resulting excitation pattern from only the central slice of 

each head were taken into account. After application of 
the masking routine, each of the eight central slices con-
sisted of between 1942 and 2208 voxels, which resulted in 
a total of 16533 voxels for all eight heads. For the design 
of UP3D, the information from the entire heads was em-
ployed (57028 to 65801 voxels per head, 487734 voxels for 
all eight heads).

Both optimization problems were solved on a high-
performance-compute system node equipped with an Intel 
“Haswell” Xeon E5-2698 processor (128 GB RAM, 32 cores 
with 2.3 GHz each).

The design of UP2D was done using parallel computing 
on the 32 cores. However, for calculating UP3D, parallel 
computing was not applied because of RAM limitations.

During this study, the subject-specific TPs were calcu-
lated as a reference by solving the optimization problem in 
Equation (5) with MATLABs lsqr-function. As mentioned 
before, the lsqr-function does not allow to exclude the ex-
citation phase from the optimization. However, only lsqr 
was used for TP design, due to time limitations for online 
pulse design (20 iterations ~ 0.7 (19) seconds for 2D (3D)). 
It should be noted that the TPs for FA7 were not downscaled 
FA90 pulses, but directly designed with a target FA of 7°. In 
case the maximum pulse amplitude exceeded the limit of 130 

F I G U R E  1   A, The upper picture displays the 2D target pattern with the desired FAs in the excitation and non-excitation areas. The image 
below shows the spiral-in k-space trajectory based on which the 2D target pattern pulse is designed. B, The upper picture displays the 3D target 
pattern (same desired FAs and colorbar as in A), with red lines marking the position of the respective sagittal, coronal and transversal slice 
depicted. The image below shows the stack of spiral-ins k-space trajectory based on which the 3D target pattern pulses are designed
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V, the TPs were constrained by applying the optimal control 
based pulse-design method GRAPE.44,45

2.2  |  UP versus TP performance evaluation

Bloch equations were used to simulate the magnetization pro-
files of each RF pulse (using the corresponding B0/B+

1
 maps 

of the heads). For simplicity, relaxation effects during the RF 
pulse dynamics were ignored but could be incorporated with 
knowledge of T1/T2 maps. The magnetization profiles were 
converted to FA profiles afterward. For each FA profile the 
normalized root mean square error (NRMSE) between the 
profile and the target excitation FA pattern, respectively, was 
determined, in order to evaluate the overall performance of a 
pulse. Additionally, the mean FA in the target excitation and 
non-excitation areas, respectively, were calculated for each 
profile to also verify the background suppression performance.

Before the application of TPs and UPs at the scanner, 
both, global SAR and maximum local SAR for each pulse 
were calculated using the VOP method.46 None of the pulses 
calculated during this study exceeded any of the SAR regula-
tion limits. However, SAR constraints were not incorporated 
in the pulse design algorithm.

To test the pulses in vivo at 9.4T, all FA7 pulses (ie, 
UP2D/UP3D and the corresponding TPs for FA7) were 
applied on three non-database subjects in a T2*-weighted 
3D short repetition time (TR) GRE-sequence (voxel size: 
0.8 × 0.8 × 0.8 mm3, matrix size: 224 (left to right) × 280 
(anterior to posterior) × 280 (head to feet), 3D encoding di-
rection: left to right, phase-encoding direction: anterior to 
posterior, frequency encoding direction: head to feet, TR = 
18 ms, echo time (TE) = 8 ms, bandwidth (BW) = 260 Hz/
px, GRAPPA47 2 × 2. To further prove the performance of 
the pulses, UP3D for FA7 was applied in a GRE-sequence 
with a reduced FOV (voxel size: 0.4 × 0.4 × 0.4 mm3, ma-
trix size: 224 × 162 × 200, TR = 18 ms, TE = 8 ms) on one 
non-database subject.

All FA90 pulses (ie, UP2D/UP3D and the correspond-
ing TPs for FA90) were applied on three non-database 
subjects with a sequence analog to the one used for acqui-
sition of the B0/B+

1
 maps (see “Volunteer scans” section). 

For that purpose, the FA90 pulses were used as prepara-
tion pulse in the TurboFLASH sequence,48 in order to cre-
ate their FA maps. Applying FA90 pulses to the short TR 
GRE-sequence was not possible due to conservative SAR 
constraints, which lead to long TRs and, thus, unrealistic 
scan times.

F I G U R E  2   Bloch simulated FA profiles of the TPs for FA90 (first row of profiles), UP2D for FA90 (second row of profiles), the TPs for FA7 
(third row), and UP2D for FA7 (fourth row). The eight columns on the left present the database heads. The three columns on the right present the 
non-database heads. The upper numbers within each profile depict the mean FA and the corresponding SD in the non-excitation region. The lower 
numbers within each profile depict the mean FA and the corresponding SD in the excitation region. The bar plot below the profiles illustrates the 
NRMSEs between the target pattern and resulting profile for each pulse and head
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2.3  |  Volunteer scans

All measurements were performed on a 9.4T whole-body MR 
scanner (Siemens Healthcare, Erlangen, Germany) equipped 
with an SC72 whole-body gradient system, with a maximum 
amplitude and slew rate of 40 mT/m and 200 mT/m/ms, re-
spectively. An in-house-built 16 channel tight-fit array coil,49 
consisting of eight transceiver surface loops and eight ad-
ditional receive-only loops was used. All experiments were 
performed with the approval of the local Ethics Committee. 
Informed signed consent was obtained from each volunteer, 
before each MR experiment.

A 3D presaturated TurboFLASH (satTFL) sequence was 
used for interferometric individual-channel B+

1
 mapping48 

(TR = 2.44 ms, TE = 0.75 ms, BW = 700 Hz/Px, asymmetric 
echo, elliptical k-space acquisition, GRAPPA 2 × 2, recovery 
time between acquisitions = 7.5 s, nominal FA saturation = 
60°, FA readout = 4°). An additional scan with 500 µs pro-
longed TE was used to calculate B0 maps, from the phase 
evolution between the two different echo times. All maps 
were recorded with 3.5 mm isotropic spatial resolution and 
a matrix size of 64 × 64 × 64. Note that, as most FA map-
ping methods, this sequence allows for measuring accurate 
FA maps within the range of ~30-150°.50 The acquired B0/B+

1
 

maps of each database head (central transversal slice) is visi-
ble in Supporting Information Figure S3.

To guarantee that all heads were positioned highly anal-
ogous relative to the coil and the isocenter of the scanner, 
the top of each head was aligned to a marker inside the coil. 
Furthermore, all scans were executed with the same pad un-
derneath the head. Scanning was performed in the head-first 
supine position.

Based on a reference image of the B+

1
 mapping data, tissue 

masks were created using a neural network implemented in 
MATLAB, which was trained on five manually segmented 
datasets. The major purpose for creating these tissue masks 
was to exclude the voxels in the skull bone positions, for 
which contribution to the signal is negligibly low. Here, the 
B0 maps change rapidly, which makes pulse design particu-
larly difficult in those regions. Since these voxels do produce 
almost no signal in the MR acquisition, they can be neglected 
in the pulse design. It should be noted that only the skull bone 
voxels were masked out, not the subcutaneous fatty tissue 
voxels (Figure 1).

3  |   RESULTS

3.1  |  UP2D – 2D target pattern

After 716 iterations of the active-set algorithm, the optimi-
zation was stopped because the cost-function values did not 
decrease further. The average duration of one iteration was 

3.5 min. The resulted UP2D for FA90 applied within the TFL 
sequence produces a maximum local specific energy dose 
(SED) of 2.65 J/kg. Herein, SAR is not a meaningful meas-
ure, as the pulse is played out only once in the TFL sequence. 
UP2D for FA7 produces a maximum local SED of 0.02 J/kg, 
a maximum local SAR of 0.89 W/kg, and a global SAR of 
0.07 W/kg within the GRE sequence (TR = 18 ms).

Figure 2 shows simulated FA profiles of the eight data-
bases and three non-database heads. For both FA90 and FA7, 
the profiles resulting from the TPs and from UP2D are very 
similar. The respective TPs deliver only a slightly better per-
formance compared to the UP2D performance. The mean 
FAs for the TPs and UP2D are highly similar, while the SD 
is slightly higher for most UP2D profiles. For non-database 
heads, the NRMSE values of UP2D are increased compared 
to database heads, but the resulting profiles are still highly 
similar to the TP profiles. For non-database heads, UP2D 

F I G U R E  3   The central box shows in vivo GRE images (central 
transversal slice, respectively) from the three non-database heads. Both 
the respective TPs and UP2D for FA7 were applied on each head. The 
line charts above and below the GRE box show the normalized signal 
strengths in arbitrary units in the respective voxels in the GRE images 
(marked by the colored lines in the images)
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performs with a mean NRMSE of 0.069 ± 0.005 for FA90 
and 0.069 ± 0.009 for FA7. The mean TP performance for 
these heads is 0.035 ± 0.002 for FA90 and 0.033 ± 0.001 
for FA7. Notably, without optimizing UP2D with the active-
set algorithm, the mean NRMSE on non-database heads 
would have been 0.087 ± 0.008 for FA90 and 0.087 ± 0.009 
for FA7.

Figure 3 presents images recorded with a GRE sequence 
at 9.4T applying UP2D for FA7 and the respective TPs, for 
the three non-database heads. The image quality in the target 
excitation region and the background suppression resulting 
from the TPs and UP2D are very similar. Confirming the 
simulation results from Figure 2, it is visible that the areas 
where no excitation is desired, contribute very little signal. 
The visual cortex area is excited almost exclusively. The TPs 
outperform UP2D at the subcutaneous fatty tissue regions.

By applying UP2D with FA90 and the respective TPs in 
the satTFL sequence (for three non-database heads), we ob-
tain the FA maps visible in Figure 4. Again, the performance 
of UP2D and the TPs is similar. Excitation occurs mainly in 

the visual cortex area; however, there is some lack of FA ho-
mogeneity within that region. While the TPs performance is 
close to the desired FA90, the UP2D causes a slightly too 
high FA in some of the excited voxels. In the remaining areas, 
the shown FAs are below 30° for most voxels. As mentioned 
before, for observed FAs of below 30° the satTFL-sequence 
results are not reliable50 (ie, the observed FAs of approx-
imately 20° on the green and blue profile line in Figure 4 
are most likely not the actual FAs). Supporting Information 
Figure S5 shows the mean FAs in the target excitation and 
non-excitation areas, respectively.

3.2  |  UP3D – 3D target pattern

Each iteration of the active-set optimization for UP3D took 
2:19 h:min on average. The algorithm was stopped after 
175 iterations, as the further improvement was expected 
to be negligible. The resulted UP3D for FA90 applied 
within the TFL sequence produces a maximum local SED 

F I G U R E  4   The central box of images 
shows FA profiles (central transversal slice, 
respectively) acquired in vivo with the 
satTFL B+

1
 mapping sequence from the three 

non-database heads. Both the respective TPs 
and UP2D for FA90 were applied on each 
head The line charts above and below the 
FA profiles, show the FAs in the respective 
voxels in the FA profiles (marked by the 
colored lines in the images)
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of 0.65 J/kg. UP3D for FA7 produces a maximum local 
SED of 0.004 J/kg, a maximum local SAR of 0.22 W/kg, 
and a global SAR of 0.016 W/kg within the GRE sequence 
(TR = 18 ms).

Figure 5 displays the simulation results for the pulses with 
a 3D target pattern. Due to space limitations in the figure, only 
the FA profiles from three representative database subjects 
and three non-database subjects are depicted. Comparing the 
pulse performances, both UP3D and the TPs have some lack 
of homogeneity in the excited areas and achieve a mean FA 
below the desired 90° or 7°. In the center of the target exci-
tation area, the FA is generally higher compared to the periph-
eral regions of the excited areas. On the non-database heads, 
UP3D for FA90 (FA7) creates a mean FA in the target excited 
areas of ~70° (~6°), while the corresponding TPs for FA90 
(FA7) on the non-database heads only achieve a mean FA of 
~49° (~4°). The FA SD is in general slightly higher for UP3D, 
compared to the TPs (Supporting Information Figure S4 de-
picts the mean FAs and SD in the excited/non-excited areas, 
respectively). Notably, the TPs for FA7 are not downscaled 
from the TPs for FA90, but directly designed with a target 

FA of 7°. Furthermore, UP3D outperforms the corresponding 
TPs in the overall performance which is visible observing the 
NRMSE values: For most database and non-database heads 
(FA90 and FA7) the NRMSEs from UP3D are lower than the 
NRMSEs from the TPs. For non-database heads, UP3D per-
forms with a mean NRMSE of 0.114 ± 0.007 for FA90 and 
0.115 ± 0.009 for FA7. The mean TP performance for those 
heads is 0.129 ± 0.004 for FA90 and 0.128 ± 0.004 for FA7. 
Without optimizing UP3D with the active-set algorithm, the 
mean NRMSE on non-database heads would have been 0.133 
± 0.004 for FA90 and 0.133 ± 0.005 for FA7. In general, the 
NRMSEs are higher, compared to the NRMSEs for the 2D 
target pattern (Figure ).

Figure 6B compares the NRMSE values between the STA 
forecast and the Bloch simulation for UP3D (FA90) for the 
eight database heads, respectively. The biggest NRMSE dif-
ference is visible for h1 (0.0026). In the example FA profiles 
in Figure 6A, differences between the STA and the Bloch pro-
file are barely visible. A lack of excitation uniformity in the 
excitation area occurs in both profiles. In the voxel-wise dif-
ference map of STA profile and Bloch profile, discrepancies 

F I G U R E  5   Bloch simulated FA profiles of the TPs for FA90 (upper left sector), UP3D for FA90 (lower left sector), the TPs for FA7 (upper 
right sector), and UP2D for FA7 (lower right sector). Depicted are just three database heads (h1, h4, h8) and the three non-database heads (h9, h10, 
h11). For each head, a transversal, a sagittal, and a coronal slice are depicted (see Figure 1B for the slice positioning). The different colormaps for 
the FA90 and FA7 profiles are worth noting. The bar plot below the profiles illustrates the NRMSEs between the target pattern and resulting profile 
for each pulse and head
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of a maximum of 12° mainly in the excited area are observ-
able. In the non-excited area, there are almost no differences 
between STA and Bloch profile. For the remaining database 
heads, the results are similar to the shown representative ex-
ample h6.

Figure 7 depicts in vivo GRE imaging results of UP3D and 
the corresponding TPs for FA7 (for the three non-database 
subjects). On all three comparisons, UP3D and the TPs per-
form similarly well. UP3D delivers a slightly higher signal 
in the visual cortex area compared to the TPs, while there is 
very little signal in the remaining areas for both pulses.

In Figure 8, in vivo FA maps acquired with the satTFL 
B+

1
 mapping sequence by applying UP3D and the respec-

tive TPs for FA90, are shown. The FAs resulting from the 
TPs are mostly below the desired FA90. UP3D outper-
forms the TPs as the FA in the excited areas is in general 
closer to 90° (see Supporting Information Figure S5 for the 
mean FAs in the target excitation and non-excitation areas, 
respectively).

In order to further demonstrate the performance of UP3D, 
GRE images with a reduced FOV compared to the FOVs 
from Figures 3 and 7, were acquired (Figure 9). Since the two 
phase-encoding directions were anterior to posterior and left 
to right, folding artifacts would have occurred, if the signal 

from outside the FOV were not suppressed sufficiently. In 
fact, folding artifacts are negligible.

4  |   DISCUSSION

This work demonstrated that the concept of UPs is applicable 
for LEx. For a 2D and a 3D target pattern, UPs based on eight 
database heads were designed. The UPs delivered a good per-
formance in simulations and in vivo on database heads and 
non-database heads for small and large FAs.

The pulses in this study were designed by means of an 
extension of the “spatial domain method.”35 This approach 
is based on the small-tip-angle approximation26 of the Bloch 
equations. Nevertheless, it was also possible to design large 
FA LEx pulses with this method. However, when simulated 
with full Bloch equations it is revealed that the pulse perfor-
mance is slightly lower than predicted by the STA method. 
Figure 6 shows that this decrease is minor for LEx patterns 
with a relatively small excited area. In the non-excited area, 
there are almost no differences between STA and Bloch pro-
file, which was expected since this is inside the small-tip-
angle regime. Performing pulse optimization exploiting full 
Bloch simulation in the active-set algorithm, was not feasible 
during this study, as replacing the matrix multiplication by 
full Bloch simulations would lead to immensely increased 
optimization time for a database of eight heads and a pulse 
length of 8 ms (for 3D target patterns, ~22 h per iteration).

Despite the slight difference between the STA profile and 
Bloch profile, the introduced method produced UPs with ex-
cellent performance. For the 2D target pattern, the respec-
tive TPs perform just slightly better than UP2D (Figure 2) on 
non-database heads. The mean NRMSE difference between 
TPs and UP2D is 0.034 ± 0.004 for FA90 and 0.036 ± 0.008 
for FA7. The simulated FA profiles are very similar. That is 
confirmed in the in vivo measurement results (Figures 3 and 
4), where TP and UP2D acquisitions are akin. Both have very 
low excitation in the desired non-excitation areas and good 
excitation in the visual cortex area. However, in the satTFL 
FA profiles (Figure 4) UP2D exceeded the desired 90° in 
some voxels, which explains the higher NRMSEs for UP2D 
compared to the TPs. In the GRE results in Figure 3, UP2D 
delivers a slight unwanted excitation of the subcutaneous 
fatty tissue next to the visual cortex area. A possible reason 
why this is not visible in simulations (Figure 2) could be in-
accuracies in the B0 field measurements of these tissues or 
nonlinearities in the gradient system of the scanner.

The simulated FA profiles resulting from UP3D and the 
respective TPs are similar as well (Figure 5). Interestingly, 
UP3D performs slightly better than the respective TPs. The 
mean NRMSE difference between TPs and UP3D on non-
database heads is 0.015 ± 0.011 for FA90 and 0.013 ± 0.013 
for FA7. That is most likely due to the fact that UP3D was 

F I G U R E  6   A, Left: Comparison between the STA and the 
Bloch simulated FA profile for UP3D (FA90) on head 6 (a database 
head). Right: Voxel-wise difference between the STA and the Bloch 
simulated FA profiles. B, Bar plot illustrating the NRMSEs between 
target pattern and the STA or Bloch simulation for UP3D on the 
database heads
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calculated without incorporating the excitation phase in the 
optimization, while it was included for the TP calculations. 
For that reason (and for the non-existing compute time limita-
tions, theoretically) UP3D produces better results, although 
the optimization takes eight complete heads at the same time 
into account. The Supporting Information Figure S6 presents 
simulated 3D profiles for TPs that were calculated with the 
magnitude least-squares optimization51 in order to exclude 
the phase from the calculation. As the computation time for 
this approach (~ 6:48 min:sec for a 3D TP) was considerably 
higher compared to the solely least-squares approach, the re-
sulted pulses were not measured in vivo in this study.

In vivo (Figures 7 and 8), the performance of the corre-
sponding TPs and UP3D (FA7 and FA90), again, is similar. 
Analog to the 2D results (Figure 3) it is visible for FA7 that 
the excitation in the target non-excitation areas is very low. 
Since the satTFL-sequence results (Figures 4 and 8) are not 
reliable for FAs of below 30°50 and since the simulations 
(Figures 2 and 5) and the GRE results for FA7 (Figures 3 
and 7) show a very low excitation in the target non-excitation 
areas, it leads to the assumption that this is also true for the 
UP2D- and UP3D-FA90 in vivo results.

The FAs in the visual cortex resulting from the TP in 
Figure 8 are mostly below the desired FA90, while UP3D 
is in general closer to FA90. The deviation in terms of exci-
tation uniformity in the excitation area which is visible in FA 
profiles in simulations (Figure 5) and in the satTFL acquisi-
tions (Figure 8) for TPs and UP3D can be deemed acceptable 
as the GRE sequence (Figure 7) as well as “most neuroim-
aging applications exhibit some resilience against moderate 
FA variations.”21 It should be noted, that this offset in the 
simulations is not a result of the slight discrepancy between 
STA forecast and Bloch simulation. Both profiles exhibit this 
offset problem, as visible in Figures 5 and 6A. For the 2D re-
sults (Figure 2), this offset is very small, as the optimization 
problem is not as difficult as for the 3D case. For the same 
reason, the 2D TPs were still outperforming UP2D, even 
though they incorporated excitation phase optimization.

This offset for 3D target pattern pulses is one of the fu-
ture challenges that need to be addressed. Increasing the 
pulse length or applying pulse oversampling are options to 
increment the degrees of freedom. However, they also have 
their own drawbacks, such as increasing T1/T2 effects and 
elevated computational burden. A further solution could be 

F I G U R E  7   The central box and the two boxes on the right-hand side show in vivo GRE images (represented by three slices respectively, slice 
positioning according to Figure 1B) from the three non-database heads. Both the respective TPs and UP3D for FA7 were applied to each head. The 
line charts left and above the central box show the normalized signal strengths in arbitrary units in the respective voxels in the GRE images of the 
central box (marked by the colored lines in the images)
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using another pulse design method, such as optimal control 
approaches,44,52,53 which show good performance for de-
signing LEx TPs at 7T. Extending the k-space domain paral-
lel transmit pulse design method54 for UP calculation could 
also be an option. Another possibility is the application of 
joint optimization methods that optimize the RF pulse shape 
and the k-space trajectory simultaneously.55-57 In addition, 
using variable-density spiral k-space trajectories,58,59 or 
completely different trajectories such as SPINS60 or concen-
tric shells,13 could be worth investigating to excite a more 
accurate pattern.

Furthermore, the subject positioning procedure could be 
improved. Instead of aligning the top of the head, the sub-
jects’ eyes can be used as a reference for the position, in order 
to be more robust toward different head sizes/shapes. Another 
topic for future examinations could be to search for the opti-
mal database size for designing LEx UPs at 9.4T.

The UP concept was originally invented for whole-brain 
excitation to mitigate the RF field inhomogeneity at 7T.15-19 
All of these studies are using kT-point12 k-space trajectories 
based on which the pulse is optimized. During the design, the 
kT-points amplitudes, as well as their positions in the trans-
mit k-space, are optimized simultaneously. By means of that 

approach, the authors created UPs for whole-brain excitation 
at 7T, which perform with an NRMSE of between 0.08 and 
0.11 for non-database subjects. In the respective 9.4T feasi-
bility study,21 a whole-brain excitation UP with a target FA of 
5° (180°) and a pulse length of 0.83 ms (3.98 ms), performs 
with an NRMSE of 0.129 (0.063) for the one tested head 
that was not contained in the design database. The average 
NRMSEs (0.114 for FA90, 0.115 for FA7) from UP3D for 
non-database heads for LEx we obtained in this study is in 
good agreement with the whole-brain excitation values from 
the literature. However, the values for the whole-brain exci-
tation UPs and the LEx UPs are only partially comparable, 
as the whole brain UPs are shorter and just the kT-points’ 
amplitudes and positions are optimized. For LEx UPs, we 
optimize the complete pulse shape sampled in 10 μs steps 
based on the spiral k-space trajectory, which is not changed 
during the optimization. Furthermore, a LEx target pattern 
creates a significantly more difficult optimization problem, 
as not every voxel is allowed to be excited. Only an area in 
the volume should be excited, while other areas should expe-
rience no excitation. Using kT-points pulse design for LEx 
applications is not possible due to the complexity of the op-
timization problem.

F I G U R E  8   The central box and the two boxes on the right-hand side show FA profiles (represented by three slices respectively, slice 
positioning according to Figure 1B) from the three non-database heads, acquired in vivo with the satTFL B+

1
 mapping sequence. Both the respective 

TPs and UP3D for FA90 were applied to each head. The line charts left and above the central box show the FAs in the respective voxels in the FA 
profiles of the central box (marked by the colored lines in the images)
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Another interesting outcome of this study is that using 
spiral k-space trajectories for excitation seems to be more 
robust toward gradient nonlinearities than it is known from 
readout spirals. A possible reason for that observation may be 
that the RF pulse has a more significant influence compared 
to the applied transmit trajectory.

We demonstrated that UP3D can be used for reduced FOV 
acquisitions (Figure 9). Taking no acceleration methods (ie, 
GRAPPA47) into account and assuming the same spatial res-
olution of 0.4 × 0.4 × 0.4 mm3 for full FOV (Figure 9A) 
and reduced FOV (Figure 9B) measurement, the scan time 
duration of the full FOV acquisition theoretically would 
have been 75:16 min:sec (matrix size: 448 × 560 × 560 (3D 
phase encoding, phase encoding, frequency encoding), TR = 
18 ms). For the reduced FOV the scan duration was 10:53 
min:sec (matrix size: 224 × 162 × 200 (3D phase encoding, 
phase encoding, frequency encoding), TR = 18 ms). For an 
application in which only a certain transversal (here: the cen-
tral transversal slice) is of interest, UP2D could also have 
been used, instead of UP3D.

A conventional way to image the visual cortex area as 
shown in Figure 9 would be to apply a coronal slab selec-
tive sinc pulse to excite a subvolume including the target. 
By again choosing the H->F direction as the frequency en-
coding direction, folding artifacts would be avoided in this 
direction. However, the FOV still needs to cover the entire 
L->R direction (448 steps) in order to avoid folding arti-
facts. For a slab sized equally to the reduced FOV scenario, 
that would result in 162 3D-encoding lines, respectively a 
scan duration of 21:46 min:sec (ie, twice of the reduced 
FOV scan time).
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FIGURE S1 A: First row: Bloch simulated FA profiles of the 
FA90 UP2D (downscaled to FA7). Second row: Bloch sim-
ulated FA profiles of a UP directly designed with target FA 
of 7°. B: Mean and standard deviation bars of the FAs in the 
excited (upper values) and non-excited regions (lower values) 
of each head. The green markers depict the values achieved 
with the downscaled UP2D, the blue markers depict the val-
ues achieved with the directly FA7 designed UP2D (legend 
visible in C). C: Bar plot illustrating the NRMSEs between 
target pattern and resulting profile for each pulse and head
FIGURE S2 C: First row: Bloch simulated FA profiles of the 
FA90 UP3D (downscaled to FA7). Second row: Bloch simu-
lated FA profiles of a UP directly designed with target FA of 
7°. Three representative database heads and all non-database 
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heads are shown. A: Mean and standard deviation bars of 
the FAs in the excited (upper values) and non-excited re-
gions (lower values) of each head. The green markers depict 
the values achieved with the down-scaled UP2D, the blue 
markers depict the values achieved with the directly FA7 de-
signed UP2D (legend visible in B). B: Bar plot illustrating 
the NRMSEs between target pattern and resulting profile for 
each pulse and head
FIGURE S3 A: B0 map of the central transversal slice of 
each database head in Herz. B: B+

1
 map from each transmit 

channel of the central transversal slice of each database head 
in nano Tesla per Volt
FIGURE S4 A: Mean FAs and standard deviation bars in the 
respective excitation or non-excitation regions in the Bloch 
simulated FA profiles for UP3D (FA90) and the respective 
TPs. B: Analog to A, but for FA7

FIGURE S5 Left: Mean FAs and standard deviation bars 
in the respective excitation or non-excitation regions from 
the in vivo 2D FA maps from Figure 4. Right: Mean FAs 
and standard deviation bars in the respective excitation or 
non-excitation regions from the in vivo 3D FA-maps from 
Figure 8
FIGURE S6 Analog to Figure 5 from the main document, 
except that the TPs were designed by means of the magnitude 
least-squares optimization
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Abstract

Purpose:

To optimize transmit k-space trajectories for a wide range of excitation targets and to design ‘Universal 
pTx RF pulses’ based on these trajectories.

Methods:

Transmit k-space trajectories (stack-of-spirals and SPINS) were optimized to best match different 
excitation targets using the parameters of the analytical equations of spirals and SPINS. The 
performances of RF pulses designed based on optimized and non-optimized trajectories were compared. 
The optimized trajectories were utilized for universal pulse design. The universal pulse performances 
were compared with subject specific tailored pulse performances.

The workflow was tested on three test target excitation patterns. For one target (local excitation of a 
central area in the human brain) the pulses were tested in vivo at 9.4T.

Results:

The workflow produced appropriate transmit k-space trajectories for each test target. Utilization of an 
optimized trajectory was crucial for the pulse performance. Using unsuited trajectories diminished the 
performance.

It was possible to create target specific universal pulses. However, not every test target is equally well 
suited for universal pulse design. There was no significant difference in the in vivo performance between 
subject specific tailored pulses and universal pulse at 9.4T.

Conclusions:

The proposed workflow further exploited and improved the universal pulse concept by combining it 
with gradient trajectory optimization for stack-of-spirals and SPINS. It emphasized the importance of a 
well-suited trajectory for pTx RF pulse design. Universal and tailored pulses performed highly similarly.

The implemented OTUP-workflow and the B0/B1
+ map data from 18 subjects measured at 9.4T are 

available as open source (https://github.com/ole1965/workflow_OTUP.git).

Keywords: parallel transmit, pTx, universal pulses, local excitation, reduced FOV, high-field MRI, 9.4T, 
gradient optimization
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Introduction

The great potential of MRI scanners operating at ultra high field (UHF) (i.e. a B0 field strength of 7T and 
above) was  extensively discussed(1,2,3). UHF systems provide higher signal-to-noise ratios(4), reduced 
acquisition times and improved spatial resolutions. However, the shorter electromagnetic wavelength at 
UHF results in inhomogeneity of the radiofrequency (RF) field. The most promising approach to 
overcome these issues is the parallel transmission (pTx) technique, as it provides improved control over 
the spatial and temporal RF field(5,6). 

PTx RF pulse design is accompanied with an underlying transmit (or excitation) k-space trajectory 
spanned by appropriate gradients. Usually the pTx pulse is calculated based on that transmit k-space 
trajectory. Both are played out simultaneously, resulting in excitation of the spins in a scanned object. 
For a desired target excitation pattern ‘the choice of a suitable transmit k-space trajectory is crucial’(7). 
For non-selective (whole brain) and slice selective excitation, various studies have optimized the 
positions of ‘kT-points’(8,9) and ‘spokes’(10,11) trajectories together with an appropriate RF pulse. RF pulses 
based on more sophisticated and optimized trajectories such as ‘stack-of-spirals’ (SOS)(12), ‘concentric-
shells’(12) and spiral nonselective (SPINS)(13)-trajectories were also investigated in the past, both in 
simulations(14,15) and measurements (in rats)(7).

In the first part of the following workflow (called OTUP), we optimized transmit k-space trajectories for 
pTx RF pulse design. For three test target excitation patterns, we investigated and optimized four basis 
trajectories. These trajectories were a single variable density spiral-in trajectory(16,17,18) (1SOS), a two 
stack of variable density spiral-in trajectory(12,14) (2SOS), a three stack of variable density spiral-in 
trajectory (3SOS) and a SPINS(13) trajectory. Davids et al.(15) were optimizing  these trajectories utilizing 
certain shape parameters for each trajectory. For each set of shape parameters a set of control points 
was assigned. Connecting these control points resulted in the final trajectory, based on which a pTx 
pulse was designed and evaluated. The optimized trajectories and resulting pulses were tested only in 
simulations. In the current work we utilized a similar approach. However, we considered the analytical 
equations of spirals(16) and SPINS(13) in order to create the trajectories. The parameters to be optimized 
were the parameters of these equations. 

During the second part of this study, so-called ‘Universal pTx RF Pulses’(19) (UPs) based on the optimized 
k-space trajectories were designed.

Traditionally the transmit RF field (B1
+) and the static magnetic field (B0) distribution is measured for 

each subject and based on this information the pTx RF pulse is calculated during the scan session. The 
concept of UPs was introduced by Gras et al.(19) to circumvent this pTx inherent lengthy calibration 
procedure. The major idea of the UP concept is to design RF pulses based on a database of B0/B1

+ maps 
from different subjects prior to pTx scan sessions. Due to the similarity of these maps for most subjects, 
the UPs also perform well on subjects which were not contained in the pulse design database.

The UP concept was proved(20,21) and developed(9,22,23) for different sequences, applications and RF coils 
at 7T. These works have in common that they present UPs for nonselective or slice selective excitation, 
based on ‘kT-points’(8) or ‘spokes’(10). Additionally, a recent study performed a combination of UPs and 
subject specific tailored pulses (TPs)(24) for whole brain excitation using SPINS(13) trajectories.
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Most recently, we published a feasibility study for local excitation (LEx) UPs at 9.4T(25). We created LEx 
UPs based on fixed non-optimized spiral transmit k-space trajectories, which locally excited the visual 
cortex region of the human brain, while the surrounding tissues experienced only minor excitation. 

The UPs in the current study were calculated based on the optimized k-space trajectories. As UPs can be 
calculated offline with (theoretically) no time limitation, additional computation time to optimize the 
trajectories next to the actual RF pulse is not problematic. The entire OTUP workflow was tested on 
three different target excitation patterns (two LEx- , one ‘whole brain like’-target pattern). For one 
target the resulting RF pulses and transmit trajectories were applied in vivo at 9.4T for proof of principle. 
The OTUP code was made available as open source.

Methods

Test target patterns

The following three target excitation patterns (Figure 1) were created in order to test the workflow:

- ‘targetNuclei’: A small central region encompassing the red nuclei should be excited with a 
homogenous flip angle (FA) of 7° in eight consecutive transversal slices. The surrounding voxels 
within these slices should not experience excitation. The voxels directly adjacent to the excited 
region were excluded from the pulse design mask, to avoid a direct transition from excitation to 
non-excitation regions, thereby reducing the complexity of the optimization problem. The red 
nuclei are small structures in the human rostral midbrain involved in motor coordination(26). This 
structure is of special interest for research on Parkinson’s disease(27,28) and may be of interest for 
practical reduced FOV application. 

- ‘targetM’: The letter ‘M’ should be excited with a FA of 7° in one central transversal slice. The 
surrounding voxels within these slices should experience no excitation. Desired excited and non-
excited voxels are directly adjacent. This target pattern served as a ‘proof of concept’ pattern.

- ‘targetWB’: All brain voxels located in 16 consecutive transversal slices should be excited with a 
homogenous FA of 7° (i.e. there are no voxels which were not allowed to experience excitation). 
Excitation of the whole brain was not possible as the coverage of the utilized RF coil was not 
sufficient to reach the upper and lower brain (see B1

+ maps in the supporting information Figure 
S1).

All target patterns had in common, that the transversal slices located above or below the slices of 
interest (see red horizontal lines in Figure 1) are excluded from the pulse design mask, i.e. the 
performance of the pulse in these excluded slices is neither evaluated nor optimized by the pulse design 
algorithm. This approach is feasible since the head to feet direction was chosen as the frequency 
encoding direction for in vivo imaging. Thereby, folding artifacts from tissues above and below the red 
lines would not appear.

For each of the three targets pattern the OTUP workflow consisting of ‘Gradient Trajectory optimization’ 
and ‘Final UP calculation’ was tested. The workflow was implemented in Matlab (MathWorks, Natick, 
MA) and is available as open source (https://github.com/ole1965/workflow_OTUP.git).
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Gradient Trajectory optimization

In order to save computation time, we optimized the transmit k-space trajectory based on only one 
head from the design database. Afterwards the UPs were designed on B0/B1

+ maps from the entire 
design database using the resulting optimal k-space trajectories (see ‘Final UP calculation’ section).

Four different basis k-space trajectories were chosen: A single variable density spiral-in trajectory(16,17,18) 
(1SOS), a two stack of variable density spiral-in trajectory(12,14) (2SOS), a three stack of variable density 
spiral-in trajectory (3SOS) and a spiral nonselective trajectory (SPINS)(13).

A single variable density spiral-in trajectory(16) can be represented by: 

𝑘(𝑡) =  𝑡𝑒𝑖𝜔𝑡 Eq. 1

with  where  is the length,  is the radial extent of the 𝑡 = 1,  1 ―   
1

𝑇 ― 1, 1 ―   
2

𝑇 ― 1,…, 0, 𝑇 ∈ ℕ  ∈ ℝ > 0

spiral,  is the density variable and  with  is the number of spiral turns.  ∈ ℝ > 0  = 2𝜋𝑛, 𝑛

For 1SOS Eq. 1 was implemented in a cost-function having the equation parameter  and the  𝑇,, , 𝑛
position  of the spiral on the kz-axis as input parameter. Within the cost-function, the spiral  was 𝑧 𝑘
created based on these input parameters. For that trajectory, a RF pulse was designed based on the 
B0/B1

+ map of one subject. For RF pulse design the ‘Spatial domain method’(29) was utilized because of its 
speed, due to the small tip angle approximation(30) of the Bloch equations. The output parameter of the 
cost-function was the root mean squared error (RMSE) between the FA profile of that pulse (Bloch 
simulated) and the target excitation pattern.

For 2SOS and 3SOS the procedure was analogous with the only exception that two or three spirals were 
designed, respectively. For 2SOS the cost-functions input parameter were , ,  for the first spiral 𝑇1, 1 1 𝑛1

and , ,  for the second spiral, as well as  and  as the positions on the kz-axis. For 3SOS a 𝑇2, 2 2 𝑛2 𝑧1 𝑧2

third spiral with corresponding input parameters for the cost-function was added.

A SPINS trajectory(13) can be created using Eq. 2-4:

𝑘𝑟(𝑡) =  
𝑘𝑚𝑎𝑥

1 + 𝑒
(

𝑡
𝑇 ― )

Eq. 2

𝑘(𝑡) =  𝑢𝑡 Eq. 3
𝑘(𝑡) =  𝑣𝑡 Eq. 4

Where  is the radial coordinate and  and  are the polar and azimuthal angles. The parameter 𝑘𝑟 𝑘 𝑘 𝑘𝑚𝑎𝑥

 is the maximum radial extent,  and  are the respective angular velocities and ∈ ℝ > 0 𝑢 ∈ ℝ > 0 𝑣 ∈ ℝ > 0 𝑇
 is the length of the trajectory. Additional parameters are . Similar to 1SOS, 2SOS and ∈ ℕ , ∈ ℝ > 0

3SOS a cost-function with the SPINS parameter ( ) as input parameter was implemented 𝑘𝑚𝑎𝑥, , , 𝑢, 𝑣, 𝑇
in order to create a SPINS trajectory for each set of parameters and to design a pulse based on this 
trajectory.
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Trajectories that exceeded the maximum gradient amplitude or slew rate were punished with a very 
high cost-function output value, in order to prevent the optimization from considering these trajectories 
as optimum. The maximum allowed trajectory duration was 10ms. Reasonable lower and upper bounds 
for the input parameters were found empirically. Each basis k-space trajectory was optimized 
separately. From the four optimized trajectories the one that enabled the lowest RMSE performance or 
a considerably shorter duration with similar RMSE, was considered for UP calculation.

To solve the four optimization problems the ‘Particle swarm optimization’(31), implemented in Matlabs 
particleswarm function was utilized. Particle swarm optimization ‘works by maintaining a swarm of 
particles that move around in the search-space influenced by the improvements discovered by the other 
particles’(32). This optimization routine was chosen because it creates a reliable overview on the entire 
search-space and it does not require an initial guess, which would be hard to find in this case. As this 
algorithm is stochastic and non-deterministic the calculated optimum of the particleswarm function can 
differ from one call to another. For that reason, the particleswarm function was executed 20 times for 
each cost-function mentioned above. From the 20 optimized parameter sets, the one that provided the 
lowest RMSE was utilized for further RF pulse calculation. In case several parameter sets provided equal 
or highly similar RMSE values, the one that produced the shortest trajectory duration was used further.  

In order to show the influence of the underlying transmit trajectory on the RF pulse performance, we 
tested each of the optimized trajectories for each of the test targets, respectively. For instance, for 
targetWB, we calculated pulses based on the optimal trajectory for targetNuclei, targetM and targetWB, 
respectively. The pulses were calculated and applied on one example subject using Bloch simulations.

Final UP calculation

Analog to the own preliminary work(25) the following optimization problem was considered in order to 
create a pulse that excites the same target pattern on multiple heads (i.e. the UP):𝑝 ∗

𝑈𝑃 

𝒑 ∗
𝑈𝑃 = arg min

𝒑 {‖ |[ 𝑨𝑓𝑢𝑙𝑙,1
⋮

𝑨𝑓𝑢𝑙𝑙,𝑁𝐷𝐵
]𝒑| ―  [𝒎𝑡𝑎𝑟

⋮
𝒎𝑡𝑎𝑟

] ‖2},
Eq. 5

where , with , is the full system information matrix(29) of  subject  and  is the 𝐴𝑓𝑢𝑙𝑙,𝑗 𝑗 = 1, … , 𝑁𝐷𝐵 𝑗 𝑁𝐷𝐵

size of the design database, i.e. the number of subject heads based on which the pulse will be designed. 
 is the RF pulse and  is the target excitation pattern. This approach is an extension of the spatial 𝒑 𝒎𝑡𝑎𝑟

domain method(29).

For each test target and optimized trajectory, we solved this optimization problem in Eq. 5 with a 
combination of the ‘magnitude least squares’ (MLS) optimization(33) and the active-set algorithm 
implemented in Matlabs fmincon-function.

The MLS optimization relies (similar to the spatial domain method) on the small tip angle 
approximation(30) but considers only the resulting magnetization profile’s magnitude in the optimization 
process. The spatial domain method used within the gradient optimization was drastically faster but 
includes the profile’s phase and magnitude in the optimization. However, the profile’s phase was of no 
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interest during this study. Considering only the profiles magnitude and not the phase in the pulse design 
results in an improved pulse performance for applications where the profile’s phase is of no 
relevance(33).

Similar to the own preliminary work(25) the MLS result was post processed in order to potentially further 
improve the pulse performance. The MLS pulse was utilized as the initial guess for the active-set 
algorithm. Within the cost-function minimized by the active-set algorithm the FA profile for a given 
pulse was simulated with Bloch equations (without relaxation). The output parameter of the cost-
function was the RMSE between the resulting FA profile and the target FA pattern.

In line with the literature(19,20,22,21), the active-set algorithm was chosen because of its speed and 
robustness(34,9). With the fmincon-function the solution was constrained to a maximum pulse amplitude 
of 130 Volt at plug level (hardware limit). The optimization was stopped if further improvement on 30 
consecutive iterations was negligible.

The final UPs were simulated on 7 non-database heads using Bloch-equations. Their performances were 
compared with the corresponding TP performances. The TPs were calculated with the MLS method only.

For all of the mentioned calculations a target FA of 7° was set. In the ‘Results’-section we will only focus 
on the results for that FA. However, we ran analogous calculations for targetNuclei for a FA of 180° 
(results are shown in the supporting information Figure S4). 

The UP design database consisted of the B0/B1
+ maps from 11 different subjects. The 11 datasets were 

randomly chosen from the 18 overall acquired B0/B1
+ maps at 9.4T. In the supporting information we 

provide an ‘Analysis of database size’, where we explain why the design database contains 11 heads. 

All calculations (gradient trajectory optimization, analysis of database size (supporting information) and 
final UP calculation) were performed on a high-performance-compute system node equipped with an 
Intel Xeon IceLake Platinum 8360Y processor (256 GB RAM, 72 cores with 2.4 GHz each) exploiting 
parallel computing.

Measurement system and data acquisition

All measurements were performed on a 9.4T whole-body MR scanner (‘Magnetom 9.4T’, Siemens 
Healthcare, Erlangen, Germany) equipped with a SC72 whole-body gradient system, with a maximum 
amplitude and slew rate of 40mT/m and 200 mT/m/ms, respectively. An in-house-built 16 channel tight-
fit array coil(35), consisting of eight transceiver and eight receive-only loops was used. All experiments 
were performed with approval of the local Ethics Committee. Informed signed consent was obtained 
from each volunteer, before each MR-experiment.

Individual-channel B1
+ mapping was performed using a 3D presaturated TurboFLASH sequence(36) 

(TR=2.44ms, TE=0.75ms, BW=700Hz/Px, asymmetric echo, elliptical k-space acquisition, GRAPPA(37) 2x2, 
recovery time between acquisitions=7.5s, nominal FA saturation = 60°, FA readout = 4°). For B0 mapping 
an additional scan with 500µs prolonged TE was utilized. B0 were then calculated from the phase 
evolution between two different echo times. All maps were acquired with a 3.5mm isotropic spatial 
resolution and a matrix size of 64x64x64. With these scanning procedure 18 different subjects were 
measured. The resulting B0/B1

+ maps can be seen in the supporting information Figure S1.
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Tissue masks were created using a masking routine based on a neuronal network(25).

The final UP for targetNuclei was applied in vivo at 9.4T as proof of principle example. In order to test 
the in vivo performance for targetNuclei, the calculated pulses were applied in a T2*-weighted 3D short 
TR spoiled GRE-sequence (voxel size: 0.8x0.8x0.8mm3, matrix size: 224 (left to right) x 280 (anterior to 
posterior) x 280 (head to feet), 3D encoding direction: left to right, phase encoding direction: anterior to 
posterior, frequency encoding direction: head to feet, TR=18ms, TE=8ms, BW=260Hz/px, GRAPPA 2x2). 

Global and local SAR were supervised using the VOP method(38,39). The dwell time for RF pulses and 
gradient shapes was 10 s. The scanner inherent gradient delay of 4s was taken into account in the 
pulse files.

Results

Gradient Trajectory optimization

Figure 2 shows the optimized transmit k-space trajectories. It should be noted that all plots have the 
same kx and ky  axes limits, however, for the sake of clarity the limits of the kz axes of the SPINS plots 
differs from the limits of the kz axes of the SOS plots. The RMSE values next to each plot are based on 
the difference between the target FA profile and the respective Bloch simulated FA profile (i.e. the unit 
of the RMSE is degree).

For targetNuclei the 1SOS optimization resulted in a 9.44ms long spiral located on -3m-1 on the k-space 
z-axis. The spiral had an extent of approximately ±80m-1  on the kx and ky  axis. The first of the two spirals 
from the 2SOS result (6.5ms) had the same extent. The extent of the second spirals is approximately half 
of the extent of the first spiral. One spiral of the 3SOS result (8.37ms) had an extent of ±100m-1 in kx and 
ky  direction. Next to a second, smaller spiral, the optimization created an additional very short third 
spiral shaped like an arc or a half-turn, rather than a full spiral. The SPINS optimization resulted in a 
trajectory (9.38ms) similar to a concentric 3D-shell(7).

As the 2SOS trajectory enables the shortest duration (6.5ms), while having a similar RMSE as the other 
trajectories (0.26), it was chosen for UP calculations for targetNuclei.

The trajectories for targetM extended further into the outer k-space compared to the targetNuclei 
trajectories. The 1SOS and the 2SOS results were very similar having one large spiral reaching ±150m-1 
on the the kx and ky  axis (one spiral of the 2SOS result is only an arc). The 3SOS result consisted of a big 
low density spiral having the same kx and ky extend as 1SOS and 2SOS and smaller spiral underneath. The 
third spiral, again, was only an arc. The SPINS result had a similar extend on the kx and ky  axis, but a large 
extend on the kz axis (from 0m-1 till -400m-1).

Again, all four results were similarly well suited for RF pulse design, i.e. all four RMSE values were 
between 0.15 and 0.17. All trajectories exploited the maximum allowed duration of 10ms. The SPINS 
result was considered for further pulse calculations for targetM because it showed the best 
performance.

For targetWB all trajectories exhibited a drastically lower extend in k-space compared to the 
targetNuclei and targetM trajectories. Additionally, the durations are shorter compared to the durations 
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from the other trajectories. As the 3SOS result constituted the best compromise between duration 
(3.96ms) and RMSE (0.36) this trajectory was chosen for further pulse calculations for targetWB.    

The calculation time for each of these k-space trajectory optimizations was below 24 hours, respectively 
(depending on the target (Figure 1)).

As Figure 3 shows, for each target pattern the associated optimal transmit trajectory enabled the best 
performing RF pulse. However, if the underlying trajectory was not designed for the respective target 
pattern, the RF pulse performance diminished. This effect is most pronounced in case the optimal 
trajectory for targetM pattern is applied to the targetWB pattern and vice versa. The maximum pulse 
voltages were relatively low if the RF pulse was designed based on the trajectory designed for a certain 
target. Utilizing a suboptimal trajectory can lead to dramatically higher pulse amplitudes (for instance, 
586V for targetWB using the targetM trajectory, 24V using the targetWB trajectory). 

Final UP calculation

For targetNuclei, the fmincon function was stopped after 395 iterations (~9 days). Figure 4 presents a 
comparison between the simulated performances of the UP and the corresponding TPs on seven non-
database heads. The TPs were slightly outperforming the UP. The computation time of each TP was ~24 
seconds (pulse length: 6.5ms). The FA profiles resulting from the TPs exhibited a uniform excitation of 
the desired excitation area with mean FAs close to 7°. The desired non-excitation areas were in some 
voxels only very slightly excited with mean FAs close to 0°. The mean RMSE performance of the TPs (UP) 
was 0.25 (0.52). For the UP the mean FAs in the nuclei area were between 6° and 7° (except of head 14) 
and the excitation in the desired non-excitation areas was close to 0°.

Analogously, Figure 5 displays the TP and UP performances for targetM. The mean TP (UP) RMSE 
performance was 0.14 (0.53). Each TP created an excitation perfectly shaped like an ‘M’. For the UP 
(fmincon function was stopped after 820 iterations, ~6days) the transition between desired excitation 
and non-excitation voxels was not as sharp as for the TPs (computation time per TP was approximately 5 
seconds, pulse length: 9.92ms). The mean UP excitation within the ‘M’ is mostly between 6° and 7.5°. 
However, for head 14 the mean excitation was 5.3°. 

In Figure 6 pulse performances for targetWB are depicted. The TPs reached a mean excitation of 7° on 
all heads, the mean RMSE performance was 0.38. The computation time per TP was approximately 22 
seconds (pulse length:  3.96ms). The mean RMSE for the UP was 0.81 (fmincon function was stopped 
after 950 iterations, ~11days). It was striking that especially on head 14 the UP performance was 
insufficient, but also on head 12 and 13 the RMSEs differed considerably between UP and the 
corresponding TPs. For heads 15-18 the UP and TPs performances were similar. 

The targetNuclei UP performance was satisfactory on all non-database heads. It provided the lowest 
difference between the mean RMSE TP value and the mean RMSE UP value (0.27). For that reason, the 
pulses for targetNuclei were tested in vivo at 9.4T. Additionally, targetNuclei was tested for calculation 
of pulses with a FA of 180° in the target excitation area. The results are presented in the supporting 
Figure S4.
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In Figure 7 GRE images of two different non-database subjects with targetNuclei excitation are visible. 
For both subjects, UP and TPs images appeared almost identical. The central voxels containing the nuclei 
were excited relatively uniformly, while excitation in the surrounding tissues was visible, but drastically 
lower compared to the desired excitation area. The mean excitation values and standard deviation were 
highly similar. For the UP, the mean excitation in the desired excitation area was 0.33 for the one 
subject and 0.40 for the other subject. In the desired non-excitation areas the excitation was 0.04 and 
0.05 (only about 12% of the excited region). For the TPs these values were very similar. 

Discussion

This work presents the OTUP workflow to optimize the underlying transmit k-space trajectory for pTx 
UPs and through that further exploit the advantages of the UP concept.

As the theoretically unlimited computation time is one of the main advantages of UP design, the 
underlying transmit k-space trajectories is optimized to achieve the best possible match with the 
excitation target (up to 24hours) before the actual UP design process started. For each of three test 
target excitation patterns (Figure 1), four basis transmit trajectories were optimized, respectively. The 
optimization procedure was also utilized for subject specific TP designed herein for comparison.

The optimized k-space trajectories revealed that with increasing complexity of the target excitation 
pattern the extent of the optimized trajectories in kx and ky direction in k-space increased. For the least 
complex targetWB (i.e. excitation of 16 entire transversal brain slices) the optimized trajectory ran close 
to the k-space center, covering only low frequencies. For that reason, the targetWB trajectory is 
unsuitable for excitation of targetM (i.e. the most complex target pattern exciting only the voxels along 
an area shaped like the letter ‘M’) (Figure 3).

For targetM, a very sharp transition between excitation and non-excitation between adjacent voxels 
needed to be achieved. The optimized targetM trajectory covered high frequencies and expanded till 
±150m-1. That resulted in a k-space FOV of 300m-1 in kx and ky direction. Converting this value to the 
voxel size in the image space (i.e. calculating the reciprocal of the k-space FOV) results in the utilized 
voxel size of the B1

+ maps of 3.5mm approximately. As visible in Figure 3, such high frequencies are 
unsuited for excitation of targetWB.

As some of the spirals in the SOS trajectory optimization reduced to arcs (i.e. the shortest possible spiral) 
the number of spirals could be included as another parameter to be optimized in future optimizations.

Interestingly, the SPINS trajectories had completely different shapes for the three tested excitation 
targets. Although originally thought to be well suited for entire brain slices(13), the proposed 
optimization method created a SPINS trajectory that was also well suited for the complex LEx targetM. 
In general, SPINS tend to have a longer duration for similar RMSEs as SOS trajectories.

While in the current work the underlying transmit trajectories were optimized, the following two and 
numerous other pulse design studies(29,33,40,41,7) have in common, that the respective transmit 
trajectories were only adapted to a given target pattern, field of view and matrix size, rather than an 
actual trajectory optimization. Any RF pulse calculations started only after the transmit trajectories were 
fixed.
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Shao et al.(14) presented the concept of transmit k-space trajectory container ‘that shapes and forms the 
candidate trajectory’(14) based on which the RF pulse will be designed later. In Malik et al.(13), the study 
that introduced the SPINS trajectory, the parameters of the analytical equation of the SPINS were 
adapted in order to match the excitation target pattern (homogenous excitation of five brain slices). For 
instance, ‘  was chosen to cover sufficiently high spatial frequencies to correct for typical  𝑘𝑚𝑎𝑥 𝐵 +

1

variations across the adult brain’ at 3T. With that approach a 1ms SPINS trajectory were designed that 
enables a subject specific tailored RF pulse performing with a normalized RMSE (NRMSE) of 5.5% on the 
whole brain at 3T (target FA: 8°). The mean TP performance for targetWB with the optimized 3SOS from 
the current study was also 5.5% (mean TP RMSE of 0.38 divided by the FA of 7°), but the utilized field 
strength of 9.4T was drastically higher herein.

An actual optimization of the k-space trajectory was performed for spokes(11,42,10,43)- and kT-points-
trajectories(9), where the location of the spokes and the kT-points is optimized simultaneously with the 
RF pulse for non-selective or slice selective excitation.

In a 7T study(19), 0.7ms long kT-point TPs performed with ~7% (NRMSE) for a target FA of 9° for whole 
brain excitation. Davids et al.(15) presented a NRMSE of 6.2% for whole brain excitation with a 4.5ms 
optimized shells trajectory. The 3SOS TPs for targetWB from the present study (NRMSE: 5.5%) 
outperformed these two NRMSEs from the literature, but has a considerably longer duration as the kT-
point pulse (3.96ms versus 0.7ms).

Furthermore, Davids et al.(15) tested a LEx target pattern exciting a cube at the back of the head (NRMSE: 
3.6%, duration: 5ms). This cube target is comparable with respect to its complexity to targetNuclei from 
this work (NRMSE: 3.7%, duration: 6.5ms). 

In order to create and optimize the k-space trajectories SOS, shells and cross, Davids at al.(15) assigned a 
set of up to 50 control points for each set of certain shape parameters for the respective basis 
trajectory. These control points needed to be connected afterwards with further software(44). In 
contrast, in the current work, the trajectories were created by analytical equations for given parameters, 
what is more straightforward and easier to implement as the approach in the literature.

It should be noted, that none of the presented performance values from the literature is directly 
comparable to the values from the present work, as the utilized coils, target pattern and field strengths 
differed, respectively. However, the OTUP workflow yielded optimized transmit trajectories and TPs that 
produces similar or improved performances compared to the approaches in the literature. Only for 
whole brain excitation, optimized kT-points trajectories seems to have advantages in terms of the pulse 
duration.

For each test target, the optimal trajectory was utilized to calculate UPs. Considering the UP results for 
targetWB it was conspicuous that the UP performance on head 14 is drastically lower as the 
performance on the remaining non-database heads. Taking all heads except of head 14 into account the 
mean RMSE (NRMSE) is 0.72 (~10%). Head 14 exhibited a different head size and shape compared to the 
other heads which is most likely the reason for the poor UP performance on that head. In order to avoid 
such suboptimal performances in the future, different UPs for different head sizes and shapes should be 
designed.
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The UP performances for targetWB (without consideration of head 14) slightly outperformed the kT-
point UPs for whole brain excitation from Gras et al.(19) (mean UP NRMSE of 12% for a target FA of 9° on 
non-database heads). However, as already mentioned, the duration of the kT-point trajectory (0.7ms) is 
drastically lower as the duration of 3SOS trajectory utilized in the current study (3.96ms).

In an own previous study(25) we presented UPs for LEx of the visual cortex in the human brain, based on 
non-optimized transmit trajectories (duration: 8.18ms). These UPs performed with a mean NRMSE of 
11.4% on non-database heads. This visual cortex target is comparable to targetNuclei from the present 
work. With optimized transmit trajectories we were able to outperform the UPs from the previous 
study, as we achieved a mean UP NRMSE for targetNuclei of 7.4% and a pulse duration of 6.5ms. To our 
knowledge, there are no further works on UPs for LEx, yet.

The GRE acquisitions in Figure 7 demonstrate that the experimental results confirm the simulation 
results and that the presented UP design software is fully functional. The power of the UP concept with 
optimized transmit trajectories is clearly demonstrated: Although the depicted subjects were non-
database subjects, the UP had a highly similar in vivo performance at 9.4T as the subject specific TPs. 
Before the TP could be applied, subject specific B0/B1

+ mapping and pulse calculation needed to be 
performed, while the UP could be applied immediately. In all images the red nuclei are excited. For UP 
and TPs, there is some slight excitation in areas were no excitation was desired. Especially in the TP 
simulations (Figure 4) this excitation was not visible at all. That leads to the assumption that there are 
experimental inaccuracies in the transmission of the RF pulse or the execution of the gradient 
waveform. B0/B1

+ map inaccuracies may also be possible(36,45). The calculated pulses itself should not be 
responsible for the unwanted excitation, even if it is only slight. These problems should be further 
investigated and addressed in the future.

Conclusion

We introduced and validated a new pTx pulse design method that optimizes the transmit k-space 
trajectory (SOS and SPINS) to best match the excitation target of interest prior to calculation of 
respective UPs or subject specific TPs. OTUP was demonstrated for three different target excitation 
patterns. The importance of utilizing an optimized target dependent k-space trajectory was emphasized.

For one of the target patterns the resulting pulses were tested in vivo at 9.4T as proof of principle for 
the integrity of the design method. TPs and UP produced highly similar GRE images, proofing the power 
of the UP-concept. Both excited the target excitation area, while the surrounding tissues experienced 
only minor excitation.

The workflow code and the B0/B1
+ map data from 18 subjects measured at 9.4T are available online as 

open source.
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Figure captions:

Figure 1: The three target FA pattern to test the workflow. From left to right: targetNuclei, targetM and 
targetWB. The patterns are displayed by a representative slice in all three orientations (from top to 
bottom: transversal, sagittal, coronal). For the pulse design, only the voxels between the two horizontal 
red lines were taken into account for each target pattern, respectively. 

Figure 2: Optimized transmit trajectories. In each column, the same basis trajectory (1SOS, 2SOS, 3SOS 
or SPINS) was utilized, respectively. Each row presents the results for one of the three test target 
patterns, respectively. For each optimized trajectory the duration of the trajectory (in ms) and the RMSE 
(in °) that the trajectories enables, is displayed.

Figure 3: Bloch simulated FA profiles of RF pulses designed for different target patterns and different 
transmit trajectories. In the first row subject specific TPs aiming at excitation of targetNuclei were 
applied. Each pulse was designed based on another trajectory (depicted in the columns). In the first 
column, the underlying trajectory was the optimized trajectory for targetNuclei. In the second (third) 
column, the underlying trajectory was the optimized trajectory for targetM (targetWB). Analog, in row 
two and three TPs were applied aiming at excitation of targetM and target WB, respectively. Below each 
profile, the corresponding RMSE and the maximum amplitude of each TP is displayed. 

Figure 4: TargetNuclei. The images above present the resulting FA profiles for the corresponding TPs 
(first row) and UP (second row) for the heads 12-18 (non-database heads for the UP). The bar plot 
displays the corresponding RMSE values for TPs and UP for the FA profiles from above. The plot below 
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shows the mean FAs in the excited and non-excited areas from the FA profiles above. The means are 
depicted by small diamonds. The bars below and above the diamonds present the standard deviations.

Figure 5: TargetM. The images above present the resulting FA profiles for the corresponding TPs (first 
row) and UP (second row) for the heads 12-18 (non-database heads for the UP). The bar plot displays 
the corresponding RMSE values for TPs and UP for the FA profiles from above. The plot below shows the 
mean FAs in the excited and non-excited areas from the FA profiles above. The means are depicted by 
small diamonds. The bars below and above the diamonds present the standard deviations. 

Figure 6: TargetWB. The images above present the resulting FA profiles for the corresponding TPs (first 
row) and UP (second row) for the heads 12-18 (non-database heads for the UP). The bar plot displays 
the corresponding RMSE values for TPs and UP for the FA profiles from above. The plot below shows the 
mean FAs in the excited areas from the FA profiles above. The means are depicted by small diamonds. 
The bars below and above the diamonds present the standard deviations. 

Figure 7: A and B present two different subjects. The structure is the same in both boxes. The images in 
the left column show the pulse design mask with the target excitation area (yellow) and non-excitation 
areas (blue) with a representative transversal, sagittal and coronal slice for targetNuclei. The black-white 
images are GRE acquisitions utilizing the UP and the respective TP for targetNuclei on two non-database 
head. Only the voxels between the two red horizontal lines on the sagittal and coronal images were 
taken into account for the pulse design. The numbers above depict the mean signal and standard 
deviation in desired excitation and non-excitation regions, calculated by means of the masks on the left. 
The GRE images are expressed in normalized arbitrary unit, i.e. the values of each voxel was divided by 
the maximum signal values in the whole acquisitions.

Supporting Information Figure S1: A: Left: Central transversal B1
+ map from each transmit channel of 

each head. Right: Central sagittal B1
+ map (sum of all transmit channels) of each head. B: B0 map of the 

central transversal and sagittal slice of each head.

Supporting Information Figure S2: 

To create a representative analysis of UP performances with differently sized databases (DBs), we 
ordered the 18 datasets of B0/B1

+ maps randomly 500 times. For each order the following design 
databases were created: DB1 contained the B0/B1

+ maps from the first head in the order, DB2 contained 
the B0/B1

+ maps from the first and the second head in the order,…, DB17 contained all but the 18th head 
in the order.

For each DB and order an ‘like UP’ was designed utilizing the MLS optimization (33). All pulses were 
simulated on the respective 18th head in the order, with Bloch simulations neglecting relaxation. As 
performance measure, we calculated the RMSE between the target excitation FA pattern and the 
resulting FA pattern. 

Both plots belong to the database size investigation for the optimized 2SOS trajectory for targetNuclei. 
A: Each thin dotted line corresponds to one of the 500 random orders of B0/B1

+ maps. It displays the 
RMSE values the UPs based on DB1,…,UP-DB17 produced on the respective 18th head (non-database 
head). The bold blue line presents the mean values of the 500 lines for each DB. The bold red lines 
present the 95% confidence interval (calculated with the percentile method). For instance, for DB11 the 
mean RMSE is 0.501, while for DB17 the RMSE is 0.487.
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B: For each thin dotted line in A, the differences between the RMSE for each DB and DB17, respectively, 
are displayed by new thin dotted lines. Analog to A, bold blue and red lines depict mean values and 95% 
CI for each DB size. Blue and red arrows mark certain RMSE values of interest. For a database size of 11, 
the 97.5% quantile of the differences is 0.068, i.e. lower as 1% of the target excitation FA of 7°. That 
means for 97.5% of the 500 random orders the UP performance improvement from DB11 to DB17 is 
below 0.068.

Supporting Information Figure S3: The diagram shows the RMSE values for different sized design 
databases on the 18th head (a non-database head) for a representative order of B0/B1

+ maps. The 
diagram corresponds to one thin dotted line in Figure S2 A. Additionally, the RMSE for the TP for the 18th 
head is depicted. For certain database size (DB1, DB2, DB3, DB8, DB9, DB11, DB17) and the TP, the 
resulting FA profile on the 18th head is shown above. The performance from the pulse for DB9 and DB11 
is very similar with the DB17 performance. That means there is no improvement in the performance of 
an UP calculated based on 11 heads compared to an UP calculated based on 17 heads.

Supporting Information Figure S4: TargetNuclei. The images above present the resulting FA profiles for 
the corresponding TPs (first row) and UP (second row) for the heads 12-18 (non-database heads for UP). 
The bar plot displays the corresponding RMSE values for TPs and UP for the FA profiles from above. The 
plot below shows the mean FAs in the excited and non-excited areas from the FA profiles above. The 
means are depicted by small diamonds. The bars below and above the diamonds present the standard 
deviations. 
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Figure 1: The three target FA pattern to test the workflow. From left to right: targetNuclei, targetM and 
targetWB. The patterns are displayed by a representative slice in all three orientations (from top to bottom: 

transversal, sagittal, coronal). For the pulse design, only the voxels between the two horizontal red lines 
were taken into account for each target pattern, respectively. 
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Figure 2: Optimized transmit trajectories. In each column, the same basis trajectory (1SOS, 2SOS, 3SOS or 
SPINS) was utilized, respectively. Each row presents the results for one of the three test target patterns, 
respectively. For each optimized trajectory the duration of the trajectory (in ms) and the RMSE (in °) that 

the trajectories enables, is displayed. 
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Figure 3: Bloch simulated FA profiles of RF pulses designed for different target patterns and different 
transmit trajectories. In the first row subject specific TPs aiming at excitation of targetNuclei were applied. 
Each pulse was designed based on another trajectory (depicted in the columns). In the first column, the 

underlying trajectory was the optimized trajectory for targetNuclei. In the second (third) column, the 
underlying trajectory was the optimized trajectory for targetM (targetWB). Analog, in row two and three TPs 

were applied aiming at excitation of targetM and target WB, respectively. Below each profile, the 
corresponding RMSE and the maximum amplitude of each TP is displayed. 
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Figure 4: TargetNuclei. The images above present the resulting FA profiles for the corresponding TPs (first 
row) and UP (second row) for the heads 12-18 (non-database heads for the UP). The bar plot displays the 
corresponding RMSE values for TPs and UP for the FA profiles from above. The plot below shows the mean 

FAs in the excited and non-excited areas from the FA profiles above. The means are depicted by small 
diamonds. The bars below and above the diamonds present the standard deviations. 
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Figure 5: TargetM. The images above present the resulting FA profiles for the corresponding TPs (first row) 
and UP (second row) for the heads 12-18 (non-database heads for the UP). The bar plot displays the 

corresponding RMSE values for TPs and UP for the FA profiles from above. The plot below shows the mean 
FAs in the excited and non-excited areas from the FA profiles above. The means are depicted by small 

diamonds. The bars below and above the diamonds present the standard deviations. 
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Figure 6: TargetWB. The images above present the resulting FA profiles for the corresponding TPs (first row) 
and UP (second row) for the heads 12-18 (non-database heads for the UP). The bar plot displays the 

corresponding RMSE values for TPs and UP for the FA profiles from above. The plot below shows the mean 
FAs in the excited areas from the FA profiles above. The means are depicted by small diamonds. The bars 

below and above the diamonds present the standard deviations. 
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Figure 7: A and B present two different subjects. The structure is the same in both boxes. The images in the 
left column show the pulse design mask with the target excitation area (yellow) and non-excitation areas 

(blue) with a representative transversal, sagittal and coronal slice for targetNuclei. The black-white images 
are GRE acquisitions utilizing the UP and the respective TP for targetNuclei on two non-database head. Only 
the voxels between the two red horizontal lines on the sagittal and coronal images were taken into account 

for the pulse design. The numbers above depict the mean signal and standard deviation in desired excitation 
and non-excitation regions, calculated by means of the masks on the left. The GRE images are expressed in 

normalized arbitrary unit, i.e. the values of each voxel was divided by the maximum signal values in the 
whole acquisitions. 
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