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Abstract 

 

 

1H magnetic resonance spectroscopy (1H-MRS) is a non-invasive method allowing the 

detection as well as the quantification of several metabolites in the human brain. The 

introduction of ultra-high field (UHF) scanners (≥7 T) led to an increase of the signal-to-

noise ratio and a higher frequency dispersion, hence better spectral resolution. These 

advantages promote the potential of MRS.  Despite the significant advantages of UHF for 

MRS, several technical challenges (such as B1
+efficiency and inhomogeneity, increased 

power deposition, chemical shift displacement etc.) must be addressed for the efficient 

utilization of these prospective benefits. 

The methods and techniques developed during this Ph.D. demonstrated the feasibility of 

metabolite cycling (MC) at 9.4 T, and the advantages of non-water suppressed MRS 

regarding frequency and phase fluctuations. The newly developed sequences (MC-

STEAM and MC-semi-LASER) enabled the acquisition of reliable spectra with enhanced 

frequency resolution, both upfield and downfield of water in 1H spectra. 

Furthermore, the designed RF coils, hardware setup (power splitters, phase cables, etc.), 

as well as, the gained knowledge regarding the achievement of efficient transmit fields 

and can be utilized in future MRS studies and applications. 

As a result, the human brain macromolecular baseline was investigated revealing 

additional macromolecular peaks and information regarding their concentration levels.  

Moreover, the chemical exchange rates of the downfield metabolites, as well as, their 

correlation with the upfield peaks were examined contributing further to the assignment 

of the downfield peaks. 

Finally, the performed functional MRS studies in which the MC-semi-LASER sequences 

were used, demonstrated the potentials of UHF and MC regarding the simultaneous 

investigation of water and metabolites alterations during visual stimulation.  
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1. Introduction 

 

 

The aim of this chapter is to provide the reader with the appropriate theoretical 

background for the understanding, of the potentials of UHF, of the developed methods 

and applications, as well as, of the technical challenges addressed during this doctoral 

research. A basic knowledge of quantum mechanics and nuclear magnetic resonance 

physics is assumed1. The following theoretical analysis is mainly focused on the hydrogen 

atom (1H) since proton MRS is the topic of this thesis. However, equations for other atoms 

with a spin number of one-half can be derived similarly as well. 

 

 

1.1 Advantages of MRS at Ultra High Fields  

 

1.1.1 Signal to noise ratio 

 

One of the major advantages of UHF is the increased signal to noise ratio (SNR). A short 

theoretical proof follows. More specifically, the magnetization at thermal equilibrium  (𝑀0) 

generated by proton spins within a volume V with a proton density 𝑝 in the presence of 

an external magnetic field (𝐵0) at a temperature (𝑇) is given by the following formula [3]: 

 

 𝑀0 = (𝛾 ∙ ℏ)
2
𝑉 ∙ 𝑝

4 ∙ 𝑘 ∙ 𝑇
𝐵0 [Eq. 1.1] 

 

After the application of RF pulses and the rotation of the bulk magnetization from the 

longitudinal axis to the transverse plane, the magnetization will precess with an angular 

                                            

1 The reader is suggested to refer to the following references for a more detailed description: [1,2] 
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frequency (ωο), the so-called Larmor frequency, around the axis of the static magnetic 

field. The Larmor frequency is given by the following equation: 

  

 ωο = 𝛾 ∙ 𝐵0 [Eq. 1.2] 

 

where 𝛾 is the gyromagnetic ratio of protons. The magnetization vector in the transverel 

plane (𝑀𝑥𝑦), assuming an application of an ideal 90 degree pulse and no off-resonance 

effects, will be given by the following formula: 

 

 𝑀𝑥𝑦 = 𝑀0 ∙ 𝑒
𝑖𝜔0𝑡 [Eq. 1.3] 

   

This precessing transverse magnetization in combination with an RF coil will induce a 

detectable signal (𝑆) in the RF coil, which according to Faraday’s Law is: 

 

 𝑆 ∝ 𝑅𝑒𝑎𝑙 [
𝑑𝑀𝑥𝑦

𝑑𝑡
]  ∝ 𝜔0 ∙ 𝐵0 ∝ 𝐵0 

2 [Eq. 1.4] 

   

At the same time, the root mean square of the noise (𝑁) produced on the RF coil, 

assuming thermal noise (Johnson-Nyquist noise [4]), is: 

 

 𝑁 = √4 ∙ 𝑘 ∙ 𝑇 ∙ 𝑃𝑑𝑖𝑠𝑠 ∙ 𝐵𝑊 [Eq. 1.5] 

                                              

where 𝐵𝑊 is the receiver bandwidth, 𝑘  the Boltzmann constant, 𝑇  the absolute 

temperature and 𝑃𝑑𝑖𝑠𝑠 the dissipated power. In particular, 𝑃𝑑𝑖𝑠𝑠 consists of two 

components, the dissipated power within the sample (𝑃𝑠𝑎𝑚𝑝𝑙𝑒) and the losses in the coil 

(𝑃𝑐𝑜𝑖𝑙) [5]. 

 

 𝑃𝑑𝑖𝑠𝑠 = 𝑃𝑠𝑎𝑚𝑝𝑙𝑒 + 𝑃𝑐𝑜𝑖𝑙 [Eq. 1.6] 
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Assuming that the majority of losses are produced within the sample, Eq. 1.6 becomes: 

 

 𝑃𝑑𝑖𝑠𝑠 ≈ 𝑃𝑠𝑎𝑚𝑝𝑙𝑒  ∝ ∮|𝐸|
2

𝑉

𝑑𝑉 [Eq. 1.7] 

   

where 𝐸 is the electrical field produced by the sample with volume 𝑉. Using Maxwell’s 

equations regarding electromagnetic waves and neglecting the displacement current term 

(low-frequency approximation), Eq. 1.7 becomes:   

 

Therefore, Eq. 1.5 becomes: 

 

 𝑁 = √4 ∙ 𝑘 ∙ 𝑇𝑠𝑎𝑚𝑝𝑙𝑒 ∙ 𝑃𝑠𝑎𝑚𝑝𝑙𝑒 ∙ 𝐵𝑊 ∝ √|𝐵0|2 ∝ 𝐵0 [Eq. 1.9] 

 

Combining Eq. 1.4 and Eq. 1.9, the SNR per bandwidth is calculated as:  

 

 
𝑆𝑁𝑅

√𝐵𝑊
=
𝑆

𝑁
 ∝
𝐵0 

2

𝐵0
∝ 𝐵0   [Eq. 1.10] 

 

 

Eq. 1.10 shows that the SNR increases with the static magnetic field (Figure 1-1). 

 

 

 

 

 

 

 

 𝑃𝑠𝑎𝑚𝑝𝑙𝑒 ∝ ∮|𝐵0
2|

𝑉

𝑑𝑉  [Eq. 1.8] 
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However, Eq. 1.10 involves lot of approximations and simplifications and in reality, the 

dependency of SNR with 𝐵0 is super-linear. More specifically, a study [6] have shown that 

the SNR as a function of the external magnetic field is described by: 

 

 𝑆𝑁𝑅 = 𝐵0 
𝛽 [Eq. 1.11] 

 

The exact value of the 𝛽 parameter (𝛽 >>  1) depends highly on the location of the 

acquired signal (Figure 1-2). However, a value of 𝛽 =  1.65 is a good approximation for 

most brain compartments [6] 

 

 

 

 

 

Figure 1-1: (Top) SNR maps over three slices from the same volunteer acquired at 

three different static magnetic fields (3 T, 7 T and 9.4 T). (Bottom) SNR ratios between 

the fields. Reprinted from [6] with permission of John Wiley & Son, Inc. 
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1.1.2 Chemical shift dispersion  

 

Proton MRS also benefits from the increased chemical shift dispersion at UHF. In 

particular, hydrogen spins within molecules experience different magnetic field due to the 

interaction of the magnetic field produced by the electrons of the molecule with the 

external magnetic field (𝐵0), the so-called chemical shift. The magnetic field (𝐵) that is 

experienced by the protons’ spins is 

 

 

where 𝜎 is the chemical shift. According to Eq. 1.2 the corresponding Larmor frequency 

of the proton spin will be    

 

 

Therefore, the frequency difference (𝛥ω) of two proton spins in two different chemical 

environments (i.e. two different metabolites) with chemical shift 𝜎1 and 𝜎2 will be:  

 

Figure 1-2: SNR values for four different brain regions. The red line indicates fitting 

results on the SNR over the entire cerebrum (SNR = B0
1.65). Adapted from [6] with 

permission of John Wiley & Son, Inc.  

 𝐵 = (1 − 𝜎) ∙  𝐵0 [Eq. 1.12] 

 𝜔0 = 𝛾 ∙ (1 − 𝜎) ∙  𝐵0 [Eq. 1.13] 
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 𝛥ω = γ ∙ (𝜎1 − 𝜎2) ∙  𝐵0   [Eq. 1.14] 

   

Thus, the frequency difference between these two spins increases linearly as the static 

magnetic field increases. 

 

1.1.3 J-coupled spins 

 

Another advantage of UHF regarding proton MRS is the simplification of the spectrum of 

strongly J-coupled spins. More specifically, the Hamiltonian (𝐻̂𝑡𝑜𝑡𝑎𝑙) of two strongly J-

coupled hydrogen nuclei spins excluding secular dipole-dipole coupling is given by2:   

 

 

 𝐻̂𝑡𝑜𝑡𝑎𝑙 = 𝜔1𝐼1𝑧 + 𝜔2𝐼2𝑧 + 2𝜋 ∙ 𝐽12 ∙ 𝐼1 ∙ 𝐼2 [Eq. 1.15] 

 

where 𝜔1 and 𝜔2 are the Larmor frequencies, 𝐼1𝑧 and 𝐼2𝑧 the operators of the z-component 

of the angular momentum and 𝐼1and  𝐼2 are the operators of the angular momentum of 

spin 1 and spin 2 respectively and 𝐽12 the J-coupling constant. If matrix presentation is 

used for the operators, then Eq. 1.15 becomes: 

 

 

 𝐻𝑡𝑜𝑡𝑎𝑙 =
1

2
[

𝜔1+𝜔2 + 𝜋 ∙ 𝐽12 0 0 0
0 𝜔1−𝜔2 − 𝜋 ∙ 𝐽12 2𝜋 ∙ 𝐽12 0
0 2𝜋 ∙ 𝐽12 −𝜔1 + 𝜔2 − 𝜋 ∙ 𝐽12 0
0 0 0 −𝜔1−𝜔2 + 𝜋 ∙ 𝐽12

] [Eq. 1.16] 

 

 

                                            

2  For more details refer to chapter 14.3 in [2] 
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Thus, the Hamiltonian matrix (𝐻̂𝑡𝑜𝑡𝑎𝑙) can be splitted in two matrices, one diagonal (𝐻̂𝐴) 

and one non-diagonal (𝐻̂𝐵): 

 

 

 𝐻̂𝑡𝑜𝑡𝑎𝑙 = 𝐻̂𝐴 + 𝐻̂𝐵 [Eq. 1.17] 

 

 

where  

 

 

𝐻𝐴 =
1

2
[

𝜔1+𝜔2 + 𝜋 ∙ 𝐽12 0 0 0
0 𝜔1−𝜔2 − 𝜋 ∙ 𝐽12 0 0
0 0 −𝜔1 +𝜔2 − 𝜋 ∙ 𝐽12 0
0 0 0 −𝜔1−𝜔2 + 𝜋 ∙ 𝐽12

] 

                     and  

𝐻𝐵 =
1

2
[

0 0 0 0
0 0 2𝜋 ∙ 𝐽12 0
0 2𝜋 ∙ 𝐽12 0 0
0 0 0 0

] 

 

[Eq. 1.18] 

The wavefunctions and the energy levels of the system are the eigenvectors and 

eigenvalues of the 4x4 Hamiltonian matrix 𝐻̂𝑡𝑜𝑡𝑎𝑙 respectively. Due to the presence of the 

off-diagonal elements, the resulting energy levels (i.e. the energy spectrum) will have 

more complicated form. However, if the following condition is satisfied (weak coupling 

condition): 

 

 |𝜋 ∙ 𝐽12| ≪ |𝜔1 − 𝜔2| [Eq. 1.19] 

 

then, the off-diagonal elements in 𝐻̂𝐵 can be ommitted since they do not contribute that 

much to the resulting energy levels compared to the eigenvalues of the diagonal elements 

in 𝐻̂𝐴. Hence, Eq. 1.17 can be approximated by (secular approximation3): 

 

                                            

3 For more details refer to Appendix A.6 in [2] 
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 𝐻̂𝑡𝑜𝑡𝑎𝑙 ≈ 𝐻̂𝐴  [Eq. 1.20] 

 

which is equivalent to  

 

 𝐻̂𝑡𝑜𝑡𝑎𝑙 = 𝜔1𝐼1𝑧 + 𝜔2𝐼2𝑧 + 2𝜋 ∙ 𝐽12 ∙ 𝐼1𝑧 ∙ 𝐼2𝑧 [Eq. 1.21] 

In this case, the J-coupling interaction depends only on the z-projection of the spins, which 

in turn results in a simplification of the resulting spectrum of this system. Combining Eq. 

1.14 and Eq.1.19 the result is the following:  

 

 |𝜋 ∙ 𝐽12| ≪ 𝛾 ∙ |𝜎1 − 𝜎2| ∙ 𝛣0 [Eq. 1.22] 

   

 

Figure 1-3: Simulated spectra of glutamine and glutamate at different magnetic fields 

assuming a linear increase of linewidth (Δν1/2) with the magnetic field. At higher fields, 

metabolites exhibiting strong J-coupling shift towards the weak coupling regime. As a 

result, strongly coupled spin systems such as glutamine and glutamate become visible 

at 7 T. Adapted from [7] with permission of John Wiley & Son, Inc.  
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Thus, at higher magnetic fields, metabolites exhibiting strong J-coupling shift towards the 

weak coupling regime resulting in simplification of the energy levels and therefore of the 

detected spectrum (Figure 1-3). 

 

1.1.4 Summary 

 

To sum up, the advantages of UHF regarding MRS are: 

 

 the higher SNR 

 the increase of chemical shift dispersion 

 the simplification of spectra of strongly J-coupled spins 

 

These advantages promote and further enhance the potential of MRS [8,9] by allowing 

the detection and quantification of more metabolites (Figure 1-4). Noteworthy, published 

studies have demonstrated the detection of up to 18 metabolites both in human and 

rodents’ brain at UHF [10-14].  
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1.2 Technical Challenges of MRS at Ultra High Fields 

 

Despite the significant advantages of UHF for MRS, several technical challenges have to 

be addressed for the efficient utilization of these prospective benefits. In particular, the 

severe B1
+ inhomogeneity due to destructive interference [6,16,17], the increased 

chemical shift displacement (CSD) of different metabolites caused by the larger frequency 

range induced by chemical shift and the requirement of short echo time (TE) sequences 

due to shorter transverse relaxation times (T2) are critical problems. 

 

 

 

 

Figure 1-4: 1H MR spectrum acquired at 9.4T from the occipital lobe of a healthy 

volunteer using metabolite cycled STEAM sequence [15]. Higher magnetic fields 

enable acquisition of higher spectral resolution spectra. Several metabolites can be 

detected at 9.4 T. 
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1.2.1 Chemical shift displacement 

 

Under the presence of a localization gradient (𝐺𝑥) the Larmor frequency at position 𝑥 shifts 

by: 

 

Thus, the total precession frequency at this point is: 

 

 

According to Eq. 1.24 the spatial displacement (𝛥𝛸) between two resonances 𝜔1 and 𝜔2 

(𝜔2  =  𝜔1  +  𝛥𝜔) will be:  

 

 

In the case of localized spectroscopy, the dimension of the excited voxel along axis 𝑥 (𝑉𝑥) 

is given by:  

 𝑉𝑥 =
𝐵𝑊𝑅𝐹
𝛾 ∙ 𝐺𝑥

  [Eq. 1.26] 

 

where 𝐵𝑊𝑅𝐹 is the bandwidth of the excitation pulse. Thus, the chemical shift 

displacement (𝐶𝑆𝐷𝑥) in direction 𝑥 between two resonances with frequency difference 

 𝛥𝜔 produced by an excitation pulse with a bandwidth 𝐵𝑊 is described by the following 

expression (combining Eq. 1.25 and 1.26): 

 

 

The negative sign indicates the direction of the displacement. In particular, when 𝜔2 > 𝜔1 

then 𝐶𝑆𝐷𝑥 < 0, which means that the voxel of resonance 𝜔2 will shift to more negative 𝑥 

 ω = 𝛾 ∙ 𝐺𝑥 ∙ 𝑥 [Eq. 1.23] 

 𝜔𝑥 = 𝜔0 + 𝜔 = 𝜔0 + 𝛾 ∙ 𝐺𝑥 ∙ 𝑥 [Eq. 1.24] 

 𝛥𝛸 = −
𝜔2 − 𝜔1
𝛾 ∙ 𝐺𝑥

  [Eq. 1.25] 

 

  

 𝐶𝑆𝐷𝑥 = −
𝜔2 − 𝜔1
𝐵𝑊𝑅𝐹

𝑉𝑥   [Eq. 1.27] 
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values (x-) compare to ω1 (Figure 1-5). In the opposite scenario, 𝜔2 < 𝜔1, 𝐶𝑆𝐷𝑥 will be 

positive which means that the voxel of resonance 𝜔2 will shift to more positive 𝑥 values 

(x+) compare to 𝜔1. Eq. 1.27 in combination with Eq 1.14 becomes: 

 

 𝐶𝑆𝐷𝑥 = −
γ ∙ (𝜎1 − 𝜎2) ∙  𝐵0

𝐵𝑊𝑅𝐹
𝑉𝑥  [Eq. 1.28] 

 

Thus for a given 𝐵𝑊𝑅𝐹, 𝐶𝑆𝐷 increases as the magnetic field increases. Consequently, 

due to the CSD, acquired signals are generated from different voxels, which in turn results 

in degradation of spatial accuracy and artifacts such as lipid contamination.   

 

 

 

Figure 1-5: Schematic diagram indicating chemical shift effect. Metabolites with 

different Larmor frequency are excited in different locations under the presence of a 

localization gradient. As a result, signals from the several metabolites are generated 

from different voxels. The chemical shift displacement between two metabolites 

depends on the frequency difference, the bandwidth of the excitation pulse and the 

voxel size. 
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1.2.2 B1
+ inhomogeneity 

 

The increase of B1
+ inhomogeneity at UHF can be explained using electromagnetic wave 

theory. In particular, the wavenumber (𝑘) of a plane wave in a general lossy medium is 

given by the following equation4 [18]:   

 

 𝑘 =  𝜔√𝜇𝑟 ∙ 𝜇0 ∙ 𝜀𝑟 ∙ 𝜀0(1 − 𝑗
𝜎

𝜔 ∙ 𝜀𝑟 ∙ 𝜀0
) [Eq. 1.29] 

 

where 𝜔 is the frequency, 𝜀0 and 𝜇0 the permittivity and permeability in vacuum 

respectively, 𝜀𝑟  and 𝜇𝑟the relative permittivity and permeability of the medium 

respectively, and 𝜎 the conductivity. Both 𝜀𝑟 and 𝜎 are frequency-dependent [19] (Figure 

1-6). As Figure 1-6 illustrates, 𝑘 increases as the frequency increase for a brain region 

with a composition of 50% white matter and 50% gray matter. 

                                            

4  For more details please refer to Eq. 1.51 (Chapter 1.4) in the following book: [18] 

 

Figure 1-6: (Top) Relative permittivity (𝜀𝑟); (Middle) Conductivity (𝜎) and (Bottom) 

Wavenumber ( 𝑘) as a function of frequency (i.e. External magnetic field). The graphs 

were derived using published values in [19] assuming a brain region consisting of 50% 

gray and 50% white matter. Wavenumber (1/m) increases as the frequency increases. 
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However, the wavelength (𝜆) of an electromagnetic wave is inversional proportional of the 

wavenumber 𝑘 (Eq. 1.30). 

 

 𝜆 =
2𝜋

𝑘
 [Eq. 1.30] 

 

Figure 1-7 demonstrates the wavelength of electromagnetic waves as a function of 

frequency. In particular, at 300 MHz (7 T) the wavelength is about 12cm while at 400 MHz 

is about 10cm in the human brain, which is comparable to the size of the human head, 

as well as, of other parts of the human body. As a result, standing wave effects occur in 

the B1
+ excitation profile leading to an increase of the B1

+ inhomogeneity (Figure 1-8).   

 

 

Figure 1-7: Magnitude of wavelength (𝜆) as a function of frequency (MHz) calculated 

based on Eq. 1.30 and 1.29 using published values in [19]. As the magnetic field 

increases (i.e., the frequency) the wavelength becomes smaller and comparable to 

human brain size. Consequently, standing wave effects occur in the B1
+ excitation 

profile (see also Figure 1-8). 
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1.2.3 B1
+ efficiency and SAR 

 

The deposited power in the sample per kilogram (kg), the so-called specific absorption 

rate (𝑆𝐴𝑅), at location 𝑟 is given by: 

  

 𝑆𝐴𝑅(𝑟) =
𝜎(𝑟) ∙ |𝛦⃗⃗(𝑟)|

2

2 ∙ 𝜌(𝑟)
 [Eq. 1.31] 

 

where 𝛦⃗⃗(𝑟) is the local electric field, 𝜎(𝑟) is the local conductivity and 𝜌(𝑟) is the density. 

Both 𝛦⃗⃗(𝑟)5 and, 𝜎(𝑟) increases as the static magnetic field increases (see Figure 1-6 C). 

Consequently, at higher magnetic fields, the energy absorbed by the subject elevates and 

the required power for the achievement of a given B1
+ increases (since greater part of the 

energy converts to thermal energy6). Hence, the B1
+ efficiency (μΤ/W) decreases (Figure 

1-8) and SAR increases at UHF. 

                                            

5 According to Maxwell-Faraday Equation: ∇⃗⃗⃗ × 𝐸⃗⃗ = −𝑖𝜔0𝐵1⃗⃗⃗⃗⃗, where 𝜔0 the Larmor frequency (see Eq. 1.2).  

6 The main mechanism for the heating is the induction of eddy currents due to the nonzero conductivity of 

the tissue (induction heating) [20]. 

 

Figure 1-8: B1
+ maps (nT/V) of three similar coils used in different external magnetic 

fields strength (3 T, 7 T and 9.4 T).  Reprinted from [6] with permission of John Wiley & 

Son, Inc. 
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1.2.4 B0 inhomogeneity  

 

According to electromagnetic theory, an external magnetic field 𝐻 will produce a magnetic 

induction 𝐵 within a material. In the case of a linear, isotropic, nondispersive medium, the 

relationship between the external magnetic field and the magnetic induction is given by 

the following relationship:    

 

 𝐵 = 𝜇 ∙ 𝐻
𝐻=𝐵0
⇒   𝐵 = 𝜇 ∙ 𝐵0 [Eq. 1.32] 

 

where 𝜇 is the magnetic permeability of the medium, and 𝐵0 is the external static magnetic 

field. Different tissues have different magnetic permeabilities (𝛥𝜇),  resulting in different 

magnetic inductions between the tissues, the so-called 𝐵0 inhomogeneity (𝛥𝐵0; Eq. 1.33 

and Figure 1-9).  

 

 𝛥𝐵0 = 𝛥𝜇 ∙ 𝐵0 [Eq. 1.33] 

 

Eq. 1.33 indicates that the 𝐵0 inhomogeneity scales up with increasing 𝐵0. Additionally, 

𝐵0 inhomogeneity results in a faster relaxation of the transverse magnetization, the so-

called 𝑇2
∗ which is given by the following formula:  

 

 
1

𝑇2
∗ =

1

𝑇2
+ + 𝛾 ∙ 𝛥𝛣0 [Eq. 1.34] 

 

where 𝑇2
+ is the apparent relaxation time of the transverse magnetization (see chapter 

1.2.5) and 𝛾 is the gyromagnetic ratio. At the same time, the linewidth of the Lorentzian 

peak of a metabolite in the frequency domain, expressed as the full width half maximum 

(𝐹𝑊𝐻𝑀), is given by the following equation:  

 

 𝐹𝑊𝐻𝑀 =
1

𝜋𝑇2
∗

𝛦𝑞.1.34
⇔    𝐹𝑊𝐻𝑀 =

1

𝑇2
+ + 𝛾 ∙ 𝛥𝛣0 [Eq. 1.35] 
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According to Eq. 1.35, increased static magnetic field inhomogeneity results in 

broadening of metabolites peaks. Thus, reduction of frequency resolution (Figure 1-10).   

 

 

Figure 1-9:  A) Anatomical image of a human head, sagittal plane. B & C) Axial B0 

maps acquired at 4T from different locations shown in (A) after the performance of 

second-order shimming. Regions with different tissues and properties such as the sinus 

cavity (air) and the auditory tracts exhibit high B0 inhomogeneity. The figure was 

adapted from [3] with permission of John Wiley & Son, Inc.  

 

 

Figure 1-10: The effect of B0 inhomogeneity on water linewidth of the entire human 

head at 4T. As the shimming order increases (n) the inhomogeneity of the external 

magnetic field decreases. As a result, the linewidth of water decreases and the water 

peak is better observable. Adapted from [3] with permission of John Wiley & Son, Inc. 
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1.2.5 𝑇1 and 𝑇2  relaxation time 

 

The first complete theory describing the origins of the relaxation of the longitudinal (𝑇1) 

and transverse (𝑇2) magnetization was proposed by Bloembergen, Purcell, and Pound in 

1948, the so-called BPP theory [21]. In this theory, the main cause of the relaxation is the 

dipole-dipole interaction between the different molecules. The dependency of the 

relaxation times 𝑇1 and 𝑇2 as a function of the frequency (i.e. the external static magnetic 

field) is given by the following equations7: 

 

 
1

𝑇1
=
3

10

𝛾4ℎ2

4𝜋2𝑟6
(

𝜏𝑐
1 + 𝜔2𝜏𝑐2

+
4𝜏𝑐

1 + 4𝜔2𝜏𝑐2
) [Eq. 1.36] 

 

 

 
1

𝑇2
=
3

20

𝛾4ℎ2

4𝜋2𝑟6
(3𝜏𝑐 +

5𝜏𝑐
1 + 𝜔2𝜏𝑐2

+
2𝜏𝑐

1 + 4𝜔2𝜏𝑐2
) [Eq. 1.37] 

 

The 𝜏𝑐 number is the so-called rotation correlation time and characterizes the frequency 

of the rotational processes. In general, molecules with slow rotational frequencies exhibit 

smaller 𝑇2  and 𝑇1 relaxation times. Eq. 1.36 and 1.37, as well as, Figure 1-11 indicate 

that 𝑇1 increases with higher magnetic fields, while 𝑇2  appears virtually independent from 

the external magnetic field. However, in vivo 𝑇2  relaxation time demonstrate a decrease 

with increasing magnetic field. The reason for this disagreement, between in-vivo 

measured 𝑇2 relaxation times [22-25] and BPP theory has to do with the fact that in BPP 

theory mainly the dipole-dipole interaction is taken into consideration. In reality, diffusion 

and other processes contribute to the total 𝑇2. More specifically, the apparent transverse 

relaxation time (𝑇2
+) is given by the following equation [22]:  

                                            

7 For the derivation of the equations and the rotation correlation time tc, please refer to chapter 3.2.1 in [3] 

 
1

𝑇2
+ =

1

𝑇2
+

1

𝑇2,𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛
+

1

𝑇2,𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒
 [Eq. 1.38] 
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where 𝑇2 is the intrinsic relaxation time mainly due to the dipole-dipole interaction and 

𝑇2,𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 and 𝑇2,𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒 the relaxation times due to the diffusion of the molecules and 

exchange of spins between locations with different magnetic fields (i.e. bound to distinct 

molecules) respectively. Neglecting the relaxation time due to the exchange and utilizing 

the study of Carr and Purcell [26] in which they investigate the diffusion of water with the 

application of refocusing pulses with interpulse interval 𝜏𝑐𝑝, Eq. 1.38 simplifies to: 

 

 
1

𝑇2
+ =

1

𝑇2
+
𝐷

12
(𝐺 ∙ 𝛾 ∙ 𝜏𝑐𝑝)

2 [Eq. 1.39] 

 

 

 

Figure 1-11: T1 and T2 relaxation time as a function of the magnetic field for three 

different correlation times tc. For chemical compounds with slow rotation, the T1 

demonstrates a high increase with increasing magnetic field. However, T2, based on 

BPP theory seems to be independent of the external magnetic field assuming only 

dipole-dipole interaction. Adapted from [3] with permission of John Wiley & Son, Inc. 
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where 𝐷 is the apparent diffusion and 𝐺 is the magnetic field gradient which is created 

either by the externally applied gradient pulses or the microscopic susceptibility gradient 

induced by the heterogeneous tissues. However, as it was described in chapter 1.2.4, 

both the macroscopic and microscopic susceptibility variations scale linearly with the 

magnetic field (see Eq. 1.33). Thus, at higher magnetic fields the 𝑇2
+ is smaller (Figure 

1-12). Additionally, in MR sequences, the SNR of the signal acquired at a given 𝑇𝐸 is 

inversely proportional to 𝑇2
+8. 

 

 

Hence, at higher magnetic fields, the SNR of the signal decreases quicker for a given TE. 

For this purpose, sequences with short TE are required at UHF to maintain the full SNR 

gain. 

 

                                            

8 For the rest of this document, the apparent transverse relaxation time (𝑇2
+) will be indicated as 𝑇2 

 𝑆𝑁𝑅 ∝ 𝑒
−
𝑇𝐸

𝑇2
+
 [Eq. 1.40] 

 

 

Figure 1-12: 𝑇1  and  𝑇2
+ (indicated as 𝑇2) relaxation times of in vivo measured NAA 

(acetyl moiety) and total creatine (tCr) in the human head at 9.4T as a function of the 

magnetic field. 𝑇2
+ decreases as the magnetic field increases. The figure was copied 

from [23]  with permission of Elsevier, Inc.  
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2. Thesis Synopsis 

 

2.1 Scientific Goals 

 

The purposes of this doctoral study were the utilization of the advantages of ultra-high 

fields (UHF) and the development of new methods for the performance of single-voxel 

proton magnetic resonance spectroscopy (1H-MRS) in the human brain at 9.4 T. The 

developed methods were implemented in applications such as the characterization of 

human brain macromolecules, the investigation of the downfield spectrum and the 

changes of the human brain metabolites and water signal under visual stimulation (f-

MRS).  

During this Ph.D. research, several methods and techniques regarding MRS localization, 

post-processing, radiofrequency (RF) coils were developed and optimized. The projects 

conducted during this Ph.D. are presented and discussed in chronological order to 

highlight the steps and the way that each technical challenge was addressed. 

Note: The purposes of this section is to provide to the reader a synopsis for each 

manuscript avoiding a detailed description. For more details please refer to the 

corresponding publication/manuscript (chapter 7).  

 

2.2 Safety evaluation of self-developed RF coils  

 

Summary of the published journal paper entitled “Safety testing and operational 

procedures for self-developed radiofrequency coils” (NMR Biomed 2016;29:1131-44). 

Please refer to the List of Publications and Statement of Contibutions sections for more 

details.  

 

2.2.1 Introduction 

 

One of the first steps for the acquisition of reliable MRS spectra was the use of RF coils 

that could provide efficient B1
+ fields and good reception as well. As it mentioned in the 
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introduction section (paragraphs 1.2.2 and 1.2.3), at UHF B1
+ efficiency and 

inhomogeneity is a critical technical challenge.  

For this purpose, the development and the design of self-developed RF coils were 

essential. This necessity also arose from the fact that no commercial coils were available 

for  9.4 T since no company produced RF coils for human applications at 9.4 T, mainly 

due to the small market interest (at the time of this Ph.D. only four sites worldwide were 

equipped with 9.4 T scanner systems for humans). 

Therefore, our department had to develop its own RF coils. However, any RF coil must 

meet the strict requirements for safe application on humans [27-31]  with respect to 

mechanical and electrical safety. Also, RF transmission during the MR examination must 

comply with specific SAR limits and must not raise the tissue temperature above certain 

levels. Although limits for local energy deposition and temperature increase are defined, 

e.g. by International Electrotechnical Commission (IEC) norms [27], a standardized 

method to test UHF RF coils for safe operation in compliance with these limits was 

lacking.  

Thus, safety evaluation of our coils was an essential step before any in vivo 

measurement, and it was demanded by the local ethics committee. However, an 

assessment of our developed coil by third parties would request a significant amount of 

money per coil evaluation (> 40,000 euros). Also, the evaluation procedure would include 

mainly safety tests regarding the electrical and electronic components of the coil and no 

 

 

Figure 2-1: An example of a schematic of a vertical receive-only loop used in an 

8Tx16Rx coil  [32].  

 



24 

 

other crucial issues at UHF such as SAR distribution. Moreover, potential evaluation of 

our coils by externals would restrict our research due to the high cost demanded for the 

evaluation of the different coils, as well as, the necessity of external re-evaluation of our 

coil in case of modifications (such as the introduction of additional receivers, different 

phase arrangements or power distributions). 

For this purpose, in April of 2013, the department of High-Field Magnetic Resonance at 

the Max Planck Institute for Biological Cybernetics initiated an effort to develop a protocol 

consisting of a series of operational procedures for the development, testing, and 

application of self-developed MR Coils [28]. The procedures comprise i) coil and system 

type specification; (ii) electrical and mechanical safety and performance tests; (iii) 

numerical SAR analysis; (iv) electrical failure mode and risk analysis; and (v) 

documentation, user training and quality assurance (QA) (Figure 2-1). 

 

2.2.2 Electrical and Mechanical Safety and Performance Tests 

 

The tests are conducted on phantoms with similar dielectric properties and loading 

conditions of the human body.  Performance evaluation of the coil ensures optimal image 

quality and signal to noise ratio. Safety tests are obligatory for the safe function of the coil 

(Figure 2-2). 

 

2.2.3 Numerical SAR Analysis 

 

Except the safety and performance tests ensuring good image quality and safe operation 

of the coil, the SAR distribution within the human body has to be determined (Figure 2-3). 

Temperature and SAR limits set by the IEC [27] have to be complied by the coil. Finally, 

validation of the SAR prediction method by comparison with experimentally accessible 

data is performed in accordance with IEC guidelines (Figure 2-4). 
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Figure 2-2:   Examples of performance and safety tests. (a) Temperature increase 

during the radiofrequency (RF) heating test measured on the housing of a four‐channel 

surface coil . (b) Measurement of the linear relationship between flip angle and input 

voltage for a microstrip element at two distances to a phantom. As predicted by 

simulations, the voltage at the terminating capacitor (red circle) exceeds its maximum 

working voltage and starts to fail (sparking). (c) Proton decoupling test in the case of a 

nested 1H and 13C dual‐tuned birdcage coil arrangement. The desired decoupling 

behavior is illustrated by the two figures on the left. The characteristic spectral pattern 

in the case of insufficient proton power, resulting in incomplete decoupling (middle 

right), and noise enhancement and spikes caused by pre‐amplifier saturation (right) 

resulting from insufficient isolation of the 1H and 13C coils. (d) Signal‐to‐noise ratio 

(SNR) map in a phantom. (e) Noise correlation matrix (dB) for an eight‐channel 

transmit/receive (Tx/Rx) array. Figure replicated from [28] with permission of John Wiley 

and Sons, Inc. 
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Figure 2-3:  A) Sagittal and B) transverse SAR maps calculated for the circular polarized 

(CP) excitation mode of an 8Tx16Rx array [33]. Arrows show the position of the 

transverse slice (A) and the maximal local SAR (B). Figure adapted from the coil file of 

the 8Tx16Rx array. 

 

 

Figure 2-4: Experimental (A,B,C) AFI and simulated (D,E,F) B1+ maps of the CP mode 

obtained for sagittal (A,D), coronal (B,E), and transverse (C,F) projections through the 

center of a head/shoulder phantom produced by an 16Tx30Rx array [34], which 

approximately corresponds to the maximal value of the B1+ field. The maximum scale 

for all maps is calculated using the average B1+ over corresponding transverse slice 

multiplied by a factor of 1.5.  Figure copied from the coil file of the 16Tx30Rx array. 
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2.2.4 Electrical Failure Mode and Risk Analysis 

 

The rationale of this step is to investigate the potential failure modes of the electrical 

components in the coil during function and the potential threat for the subject (Table 2-1). 

Each risk is characterized by two values: (i) the severity (S) of the possible adverse 

consequence; and (ii) the likelihood (L) of occurrence of each consequence. The rating 

(R) of each risk factor is estimated using the product of the severity multiplied by the 

likelihood (R = L × S). Finally, each potential danger is placed in a risk profile matrix in 

which the columns and rows show the severity and likelihood, respectively. Serious 

injuries during the operation of RF coils, such as an electrical shock or skin burn, can be 

practically eliminated by the coil design, the safety test procedures and the regular QA. 

 

2.2.5 Documentation, User Training and Quality Assurance (QA) 

 

Documentation, extensive user training, and regular tests are essential for the optimal 

and correct operation of the coil. A detailed documentation of each coil is provided to the 

user. The documentation provides a description of the electrical components and 

characteristics of the coils, instructions for the installation and correct usage of the coil, 

as well as, records describing the history of the coil.  

 

2.2.6 Conclusion 

 

After the establishment of the procedures for the evaluation of self-developed coils 

several RF coils and new designs were developed enabling the acquisition of MR data at 

9.4 T, as well as, the increase of B1
+ efficiency, which is essential for single voxel 

spectroscopy (SVS) at 9.4 T. The reader can find more information regarding some of the 

new coils produced in our institute in the following references: [32,34-37], as well as, in 

the next chapters. 
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Table 2-1: Example of some of the potential hazards with a 8Tx16Rx array [32]. Table 

reproduced from the coil file of the 8Tx16Rx array. 
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2.3 Metabolite-cycled STEAM and semi-LASER at 9.4 T 

 

Summary of the published journal paper entitled “Metabolite-cycled STEAM and semi-

LASER localization for MR spectroscopy of the human brain at 9.4T” (Magnetic 

Resonance in Medicine, DOI: 10.1002/mrm.26873). Please refer to the List of 

Publications and Statement of Contibutions sections for more details.  

 

2.3.1 Introduction 

 

After the development of coils for the acquisition of MRS data at 9.4 T (see the previous 

paragraph), the design and the optimization of new spectroscopic sequences at 9.4 T 

were essential. For this purpose, two new sequences for UHF MRS in the human brain 

at 9.4T utilizing the so-called metabolite cycling (MC) technique were developed. In 

particular, an asymmetric adiabatic fast passage pulse (AFP) optimized for MC at 9.4 T 

was incorporated with STEAM and semi-LASER optimized to account for inhomogeneous 

transmit fields and minimizing CSD. 

In particular, a previous study at 9.4 T has shown the potentials of MRS at 9.4 T for the 

quantification of metabolites in the occipital lobe of the human brain [23]. Due to the 

increased B1
+ inhomogeneity at UHF, most studies at UHF utilize localization schemes 

based on adiabatic refocusing [11,38]. The advantage of adiabatic pulses is their 

insensitivity against B1
+ inhomogeneity. However, AFP requires normally high B1

+ peak 

power. As a consequence, their implementation can introduce high SAR. A suitable 

compromise between TE and power deposition with adiabatic refocusing is the semi-

LASER sequence [11,39,40]. In semi-LASER, localization is performed by a conventional 

slice-selective excitation pulse followed by two pairs of refocusing AFP. In this way, a full 

intensity signal is acquired at reasonably short TEs (e.g. 25 ms [11]). Moreover, the high 

bandwidth of the refocusing AFP leads to lower CSD. In addition, refocusing AFP pulses 

typically have good slice profiles with little refocusing outside of their bandwidth leading  

to improved excitation profiles largely devoid of lipid contaminations and significantly 

reduces the need for outer volume suppression (OVS) (Figure 2-5).  
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2.3.2 Asymmetric Adiabatic Pulse for Metabolite Cycling at 9.4 T 

 

Water suppression is an essential part of MRS [41,42] for the prevention of gradient 

modulation sidebands and baseline distortions, which become more crucial at UHF since 

stronger gradient amplitudes are required. 

However, studies implementing non-water-suppressed MRS techniques, such as MC 

[43], have shown their potential in addressing these challenges. MC allows the 

simultaneous acquisition of water and metabolite spectra without scan time prolongation 

or the requirement for a water reference scan.  

 

 

Figure 2-5:  Magnetization profile of one adiabatic full passage 180° refocusing pulse. 

Magnetization inversion over the slice profile (a) is done with a spectral bandwidth of 

5100 Hz. Due to the high bandwidth the CSD of different compounds at 3T is relatively 

small. The phase of the magnetization is refocused by the second AFP pulse (b): 

outside the slice profile the spins are not refocused.  Figure was replicated from [39] 

with permission of John Wiley and Sons, Inc. 
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The principle of MC is the adiabatic inversion of the upfield and downfield part of the 

spectrum in an alternative manner without affecting the water signal. Consequently, 

subtraction of two successive acquisitions leads to a “pure” metabolite spectrum while a 

summation to a water reference signal (Figure 2-6). 

MC has been implemented in PRESS, LASER sequences9 [45-47] where the non-water-

suppressed signal was used for frequency, and phase alignment before averaging as well 

as eddy current correction [48-50]. MC technique has also been utilized for chemical 

exchange saturation transfer experiments of the downfield resonances in the human brain 

and muscle [47,51,52]. In this study, for the inversion of upfield and downfield metabolite 

signals at 9.4 T, an asymmetric adiabatic pulse (InvP) was designed. 

                                            

9 MC was also combined with a STEAM sequence in a pilot study at 7T. However, the resulting spectra 

exhibited some artifacts due to hardware issues [44]. 

 

 

Figure 2-6:  Schematic representation of metabolite cycling technique. Adiabatic 

inversion pulses are used to invert the metabolite signals on alternating scans (either 

the resonances upfield or downfield from water), so that subtraction of even from odd 

scans results in ‘water suppressed’ spectra 
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The InvP of duration Tp was composed of the first half of a sech pulse (HS1/2, R = 31.415) 

for 0.9 Tp and the second half of a tanh/tan pulse (R=100) for 0.1 Tp (Figure 2-7). The 

detailed shape and characteristics of the pulse are given in the paper of Hwang et al. [53].  

The InvP as an asymmetric AFP pulse features a narrow transition bandwidth (BWtrans, 

frequency range in which longitudinal magnetization Mz:  -0.95 ≤ Mz/ Mo ≤ 0.95) on the  

 

 
 

 

Figure 2-7: Modulations functions of InvP for MC. The InvP of duration Tp is constructed 

of the first half of a sech pulse (HS1/2, R = 31.415) for 0.9 Tp and the second half of a 

tanh/tan pulse (R=100) for 0.1 Tp. (Top) Amplitude modulation function. (Middle) Frequecy 

modulation. (Bottom) Phase modulation. Figure replicated from [53] with permission of 

Elsevier, Inc. 
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water side and a broad inversion bandwidth (BWinv, Mz/ Mo ≤ -0.95; Figure 2-8). For 

applications in the human brain at 9.4 T the desired frequency range is about 1400 kHz.  

BWinv and BWtrans were investigated for the following parameter ranges: pulse duration 

from 20 to 30 ms, frequency factor from 1 to 4 (see below), and B1
+ values from 15 μΤ to 

30 μΤ (Figure 2-9). The frequency factor is simply a number that is multiplied with the 

frequency sweep range of the FM and defines the resulting BWinv. Additionally, the 

frequency profile of the InvP exhibits an initial frequency offset (Mz/ Mo = 0.95) due to the 

asymmetry of the pulse, which was also studied for different B1
+ values, pulse durations 

and frequency factors (Figure 2-8, B). 

  

 

 

 

Figure 2-8: Simulations and experimental results of the asymmetric adiabatic pulse for 

inversion of the upfield part of the spectrum. A) Longitudinal magnetization profile of the 

inversion pulse simulated for different B1
+ values, pulse durations and frequency factors.  

B) Zoomed region of panel A illustrates detailed behavior at the transition from full 

inversion to the transition band. The initial frequency offset is also demonstrated. Figure 

adapted from [46] with permission of  John Wiley and Sons, Inc. 
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2.3.3 Development of MC-STEAM and MC-semi-LASER 

 

MC-STEAM and MC-semi-LASER were designed based on the MC principle in 

combination with conventional spectroscopy sequences. The first scheme consisted of a 

conventional STEAM sequence in which an InvP for MC was incorporated during the 

mixing time (Figure 2-10, A). The second localization strategy involved a semi-LASER  

 

 

Figure 2-9:  Simulation results for BWinv and BWtrans as a function of B1
+ amplitude, pulse 

duration, and frequency factor (left frequency factor = 1.0, right = 2.0). (Upper panel). 

BWinv results in Hz. The black contour line indicates 1400Hz which is the required 

frequency range for spectroscopic applications at 9.4 T. (Lower panel) BWtrans results in 

Hz. For both simulated frequency factors, for durations larger than 22 ms the BWtrans
 

ranges from 60 to 80Hz which corresponds to 0.15 to 0.2 ppm at 9.4 T. Figure replicated 

from [46] with permission of  John Wiley and Sons, Inc. 
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sequence [11] that was preceded by a MC pulse (Figure 2-10, B). For the semi-LASER 

sequence, both sagittal and coronal slices were selected using a pair of refocusing offset 

independent trapezoidal adiabatic pulses [11] optimized for 9.4 T. 

  

2.3.4 In vivo spectra from occipital lobe  

 

A voxel (2x2x2 cm2) was placed in a mixed gray (GM) and white matter area (WM) in the 

occipital lobe. Placement of the voxel was facilitated using high-resolution images from  

2D FLASH scans acquired in three orientations (axial, sagittal and coronal). First and 

second order Bo shimming was performed using FASTE(ST)MAP [54] and voxel-based 

 

 

Figure 2-10:  Sequence diagrams. A) MC-STEAM sequence with a TE of 8 ms and a 

TM of 50 ms. MC was incorporated during the mixing period without an extension of TE, 

therefore without any loss of signal due to T2 relaxation. B) MC-semi-LASER sequence 

with TE of 24 ms. A metabolite cycling pulse is introduced directly before the localization. 

Figure replicated from [46] with permission of John Wiley and Sons, Inc . 
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power calibration was executed [55]. MR spectra using the MC-STEAM and MC-semi-

LASER were acquired from 8 healthy volunteers (6 male and 2 female, age: 29 ± 4 years). 

The repetition time was 6000 ms, ensuring an acceptable SAR level. Totally, 96 averages 

were acquired with 4096 time-points and an 8 kHz receive-bandwidth (Figure 2-11).  

 

 

 

Figure 2-11: Sample spectra acquired from the same volunteer using MC-semi-LASER 

and MC-STEAM from a voxel in the occipital lobe (red square). Both, the upfield and 

downfield parts of the spectrum are detected with good quality with both sequences. Red 

arrow indicates some contributions in the MC-STEAM spectrum that are likely to arise 

from outer volume lipid signals. Spectra have been filtered for illustration purposes using 

a Voigt filter (Gaussian part: 50ms, Lorentzian part: 7.8Hz). Figure reproduced  from [46] 

with permission of  John Wiley and Sons, Inc. 
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2.3.5 Conclusions  

 

To conclude, this was the first study, where semi-LASER is applied at 9.4 T and the MC 

technique is implemented on a whole body 9.4T UHF system. The outcomes of this work 

highlight the advantages of semi-LASER compared to STEAM in terms of excitation 

profile and lipid contamination, and indicate the importance of frequency and phase 

alignment for MRS at 9.4T in the human brain. MC-semi-LASER is an attractive choice 

for measurements at UHF since it enables the constructive summation of the different 

FIDs without the need for additional water reference scans for frequency alignment and 

eddy current correction, optimized OVS, or lengthy water suppression schemes. 

Additionally, MC-semi-LASER results in the doubling of the SNRNAA compared to MC-

STEAM. This SNR benefit is inherent in the spin echo based LASER techniques in 

comparison to STEAM and was not substantially compromised by the somewhat longer 

but still short TE in semi-LASER. 

 

2.4 Characterization of macromolecular baseline at 9.4 T 

 

Summary of the submitted manuscript entitled “Characterization of macromolecular 

baseline at 9.4 T” (Magnetic Resonance in Medicine DOI: 10.1002/mrm.27070). Please 

refer to the List of Publications and Statement of Contibutions sections for more details.  

 

2.4.1 Introduction 

 

Macromolecular resonances (MM) arise mainly from cytosolic proteins and overlap with 

resonance lines of metabolites in 1H-MRS [56-60]. Consequently, MM can influence the 

precision and the accuracy of metabolite quantification due to baseline distortion.  This 

effect becomes even more severe in the case of short TE due to their fast transverse 

relaxation time (T2) [59,61]. Because of their short T2, MM appear in 1H-MRS spectra as 

an underlying baseline consisting of several broad peaks.  

In addition to their significance regarding the quantification of metabolite levels, 

macromolecules can potentially be valuable biomarkers for several diseases and 
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pathologies [62-68]. Moreover, several studies have investigated potential differences in 

MM between different age groups and brain regions. However, many of the reported 

results are contradictory to each other. Particularly, early studies at 3 T demonstrated 

differences between various areas of the brain indicating that a regional specific MM 

baseline was required for quantification [69,70].  

The increased spectral resolution at UHF comes at the cost of more elaborate handling 

of the MM baseline for adequate quantification. More specifically, at low static magnetic 

fields, MM in 1H-MRS spectra can be sufficiently handled by  different fitting software (e.g. 

LCModel [71])  using polynomial functions (e.g. splines) or simulated macromolecule 

resonances [38,72]. However, at higher fields, it has been shown that a measured MM 

baseline is required to be included in the fitting model due to the higher frequency 

resolution [60]. 

Hence, the objective of this study was the quantitative characterization of the human brain 

macromolecular baseline for the first time at 9.4 T in occipital lobe (OccL) and left parietal 

lobe (lPL) exploiting the advantages of UHF. In this work, a double IR scheme was 

combined for the first time with MC semi-LASER [46,73] (see also chapter 1.3) for 

metabolite nulling at 9.4 T. For this purpose, an AFP pulse for inversion was optimized. 

In addition, a multi-channel array circumscribing the entire head [74-77] utilizing 

appropriate phase arrangement and power distribution was used, enabling the production 

of high and efficient B1
+ fields in both OccL and lPL. MM spectra were acquired from 7 

volunteers from these two brain regions and volunteer’s MM baselines were averaged 

and then smoothed utilizing cubic splines creating a MM template, which was 

parametrized using 15 simulated Lorentzian lines within LCModel. Quantification, 

corrected for different tissue composition and 𝑇1 relaxation, was performed for each MM 

peak.  

 

2.4.2 Double Inversion Recovery for Metabolite Nulling  at 9.4 T 

 

For the suppression of metabolites’ signals, a double IR technique was implemented and 

optimized since it is less susceptible to 𝑇1 variations of the metabolites [78]. It was 

implemented in combination with a previously developed MC semi-LASER sequence [46] 



39 

 

(see also chapter 1.3). For the inversion of the metabolites, a 3T AFP pulse was adapted 

and optimised to address the increased B1
+ inhomogeneity at 9.4 T ( the minimum B1

+ for 

adiabatic condition was 15μΤ). Specifically, the amplitude modulation (AM) of the pulse 

was constructed using a hyperbolic secant pulse (HS1; [79]) and the frequency 

modulation (FM) using a hyperbolic tangent function (Figure 2-12, A and B). 

For the calculation of a set of IR  times (TI1 and TI2) suitable for metabolite nulling, Bloch 

equation simulations were performed assuming different T1 for metabolites (1000 ms to 

2000 ms) and MM (400 ms) using reported values from studies at 7 T [80]. Afterward, the 

developed InvP was incorporated into a double IR scheme preceding the localization 

scheme, in this case, MC semi-LASER. The final selected inversion times were 2360 ms 

and 625 ms respectively.  

 

2.4.3 Macromolecular Baseline Templates 

 

The double IR in combination with the MC semi-LASER enables the reliable acquisition 

of MM spectra with the absence of lipid contamination (Figure 2-13). The pattern of MM 

baselines for the same brain region among different volunteers is consistent. However, 

potential differences in peak amplitudes between the various volunteers can be observed 

in the spectral area from 1 ppm to 2 ppm (M2 to M5) by visual inspection. The deviations 

in these MM, which can be seen in another study [61], probably indicate physiological 

variations (e.g. motion of free proteins).  

Moreover, the average-smoothed (using cubic splines within MATLAB, smoothing 

parameter p = 0.001) MM baselines acquired from seven healthy volunteers from a voxel 

within the OccL and the lPL do not show notable differences. Nevertheless, minor 

variations in peaks amplitudes can be noticed in the frequency area from 3.8 ppm to 4 

ppm (M12 to M15; Figure 2-13). The average SNR of M1 peak (peak at 0.9 ppm; Figure 

2-13) between the occipital lobe and the left parietal lobe exhibits a statistical difference 

(P < 0.05). Particularly, the SNR values are 54 and 24 for the occipital lobe and the left 

parietal lobe respectively. The FWHM of the M1 peak is 45 Hz and 41 Hz in both regions 

accordingly. Smoothing procedure using cubic splines do not affect the linewidth of MM 

peaks, while improving the SNR of the MM baseline template. 
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Figure 2-12:   Design of the adiabatic inversion pulse (InvP) for metabolite nulling at 

9.4 T (A) Amplitude modulation (AM) (normalized) of InvP as a function of time (B) 

Frequency modulation (FM) function of InvP in Hz as a function of time C) Inversion 

profile of InvP simulated using Bloch equation simulations for different B1
+ levels 

assuming a pulse duration of 15ms. The minimum B1
+ for adiabatic condition was 15μΤ 

(red line). The resulting inversion bandwidth is about 1650 Hz and the transition 

bandwidth roughly 500 Hz. D) Same as subplot C using a smaller frequency range for 

the illustration of inversion profile details. 
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Figure 2-13:   Macromolecular spectra acquired from 3 different volunteers (Vol.1, Vol.2 

and Vol.3) from a voxel of 2x2x2 cm3 (red square in anatomical images) placed in a 

mixed area of GM, WM and CSF in the occipital lobe (left) and in the left parietal lobe 

(right), respectively. The averaged MM spectra (n=7) and the smoothed averaged MM 

spectra using cubic splines are illustrated in addition (top). 15 MM peaks are observed 

by a visual inspection (M1-15). White letters L and A stand for left and anterior 

coordinates respectively.  
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Noteworthy, two new MM peaks at 2.57 ppm (M7) and 2.74 ppm (M8) are easily 

observable. These peaks appear in MM spectra of other studies in which more advanced 

MRS techniques were used (e.g. 2D COSY) [56,59,61], however, they have not been 

reported.  

 

2.4.4 Conclusions  

 

In this study, we obtained macromolecular spectra acquired for first time from two different 

regions of the human brain at 9.4 T, occipital lobe and left parietal lobe, using a double 

inversion recovery technique in combination with MC semi-LASER. We demonstrated a 

coil setup enabling the achievement of efficient B1
+ fields in different brain locations 

without the need of different coils. In addition, we demonstrate an AFP appropriate for 

inversion of MM and metabolites at 9.4 T. Double inversion which was combined for first 

time with MC semi-LASER enabled the acquisition of high spectral resolution MM spectra 

where 15 MM peaks were detected for both brain regions at 9.4 T.  MM baseline models 

for both locations were established, and mean concentration levels for each of the 15 MM 

components were calculated utilizing water referecne scans. In addition, in this study, two 

new MM peaks (M7 and M8) were reported for first time and potentially assigned to β-

methylene protons of aspartyl-groups.  

  

 

2.5 Characterization of the downfield 1H MR spectra of human brain at 9.4 T 

 

Summary of the published journal paper entitled “In vivo characterization of the downfield 

part of 1H MR spectra of human brain at 9.4T: Magnetization exchange with water and 

relation to conventionally determined metabolite content” (Magnetic Resonance in 

Medicine, DOI: 10.1002/mrm.26968). Please refer to the List of Publications and 

Statement of Contibutions sections for more details.  
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2.5.1 Introduction  

 

The use of water suppression also results in suppression of peaks from exchanging 

protons. Using a non-water suppressed sequence, such as the developed MC-STEAM 

(see chapter 2.3) allows for exchange rate measurements using methods such as 

inversion transfer. In particular, several peaks on the downfield side of water (typically 

between 5.0 – 10.0 ppm) have protons, which exchange with water. In contrast to upfield 

metabolites, most of the downfield peaks remain unlabeled [47,81-83].  

Knowledge of exchange rates allows the optimization of spectroscopy experiments and 

sequence parameters, as well as, the investigation of pathologies where concentrations 

may vary with the degree of disease severity or metabolic activity, or where exchange 

rates may vary with changes in pH. Chemical Exchange Saturation Transfer (CEST) 

experiments utilize chemical exchange for the measurement of  the enhanced signal from 

exchanging species [84], as well as, for the study of tumor severity and treatment [47,81-

83]. CEST can measure exchange from a range of species with varying exchange rates, 

and mostly investigates species downfield of water. Therefore, study of the downfield 

resonances is of high importance for the CEST community for a better understanding of 

CEST effect. 

Although suggestions of labels for several downfield resonances have been made 

[85,86], most remain unlabeled. Hence, characterization of downfield peaks and 

comparison to upfield concentrations in grey and white matter may contribute to 

determine peak labels. For this purpose, UHF can play an important role due to higher 

spectral resolution (see chapter 1.1.4). However, as field strength is increased, the 

shorter T2 values of the downfield peaks requires sequences with short TE in order to 

minimize signal loss (see chapter 1.2.5). In this study, exchange rate and T1 

measurements were performed utilizing, MC STEAM in combination with inversion 

transfer to investigate in vivo brain metabolites downfield of water.  
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2.5.2 In vivo downfield spectra from human brain at 9.4 T 

 

In this study, the acquired data demonstrated higher spectral resolution and exchanging 

peak intensity compared to lower field strength [47] or water-suppressed experiments 

[85]. Consequently, further separable peaks in the 8.2-8.5 ppm region and additional 

exchanging peaks closer to water could be observed (Figure 2-14)Totally, thirteen and 

fourteen peaks for WM and GM were evaluated respectively, utilizing the inversion 

transfer experiment (inversion delay times: 41, 96, 171, 321, 671, 1321, 3021 ms). This 

study also included upfield data in both WM and GM for additional peak concentration 

comparisons in order to determine any correlations between known upfield metabolite 

concentrations and the unknown downfield resonances. 

 

 

Figure 2-14:   Average downfield spectrum with no water pre-inversion for the GM ROI 

series, overlaid with the fitted spectrum, the model peaks (grey for unlabeled, colour for 

NAA and homocarnosine (hCs) with their respective labels), and with residuals shown 

below. Residuals indicate a decent fit for most peaks. No filtering was used. The WM 

ROI model is the same except for one removed peak, at 7.4 ppm, highlighted in orange. 

Also shown are representative locations of the voxels in the occipital lobe (above) and 

in the white matter region on the left cerebral side above the ventricles (below).  
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2.5.3 Chemical exchanges rates and T1 of human brain downfield metabolites at 9.4 T 

 

 Exchange measurements at 9.4 T enabled the investigation of additional peaks (peaks 

at 5.8 ppm and the peaks of the amide region from 8.2-8.5 ppm), which could not be 

studied in a previous study at 3 T [47] (Figure 2-15). The 5.8 ppm peak, which was 

previously suggested to be urea [85], has a mean exchange rate of 7.4 Hz from the 

combined GM and WM experiments. The amide region has a range of exchange rates, 

from a mean of 3.7 Hz for the 8.5 ppm peak, which is significantly slower than the 8.9 Hz 

found at 3 T, to 9.9 and 13.6 Hz, for the 8.2 and 8.3 ppm peaks, respectively, which are 

 

 

Figure 2-15: Boxplots indicating the range of exchange rates (k) for the different 

resonances fitted with the Bloch-McConnell model [87]. The edges of the box plots are 

at the 25th and 75th percentiles, while the red line in between indicates the median. 

Whiskers extend to the extremes of the data within 1.5 times the interquartile range (if 

no data lies within that range, they extend to the minimum or maximum). Outliers beyond 

the interquartile range are denoted by a cross. No significant differences were found 

between white and gray matter exchange rates. 
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higher rates than the 7.5 Hz found for the broader 8.2 ppm peak fitted at 3 T [47]. 

However, the exchange rates found in the the 7.5 Hz found for the broader 8.2 ppm peak 

fitted at 3 T [47]. However, the exchange rates found in the current study are in agreement 

with what has been reported previously for the amide region using water exchange-

filtered experiments [88]. Downfield T1 relaxation values, varying from 0.22 s to 0.77 s, 

are shorter than previously published upfield values at 7 and 9.4 T [23,80], and are on the 

order of macromolecular T1 values, which suggests that macromolecular components are 

contributing to the peaks (Figure 2-16). The downfield T1 values are also higher than 

those found downfield at 3 T for similar experiments, a finding that is expected, since 𝑇1 

relaxation times increase with field strength [25]. The combined NAA peak here has a 

much lower T1 than that found for NAA at 7 T; however, in this case the combined NAA 

peak cannot give us a meaningful estimate of  T1, and was of more interest for its 

exchange rate. At 3 T, this peak was modeled as one peak only, due to the broader peaks 

at lower field strengths.  

Correlations between downfield peaks and upfield representations of metabolites were of 

particular interest for these experiments, in order to investigate potential labels for peaks 

as previously indicated in the literature [86,89]. Downfield NAA positively correlates with 

upfield NAA concentrations, with a Spearman correlation coefficient of r = 0.63 (p < 0.01).  

However, none of the other downfield peaks significantly correlates with upfield 

metabolite concentrations. Thus, while these and other upfield metabolites may certainly 

still be present as small components of the different downfield peaks, they do not appear 

to represent large proportions of these peaks. 
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2.5.4 Conclusions 

 

This is the first study in which downfield metabolites were investigated at 9.4 T, as well 

as, first comparisons of downfield and upfield peak concentrations were performed. 

Furthermore, exchange rates and 𝑇1 values for at least six of the twelve measured 

resonances downfield were calculated. Increased peak separation of the 8.2-8.5 ppm 

region allowed for improved characterization of the amide region and corresponding 

exchange rates. Moreover, for the first time it was possible to quantify the exchange rate 

 

 

Figure 2-16: Boxplots are indicating the range of 𝑇1 values for the different resonances 

fitted with the Bloch-McConnell model [87]. The edges of the box plots are at the 25th and 

75th percentiles, while the red line in between indicates the median. Whiskers extend to 

the extremes of the data within 1.5 times the interquartile range (if no data lies within that 

range, they extend to the minimum or maximum). Outliers beyond the interquartile range 

are denoted by a cross. Significant differences (p < 0.05) between WM and GM ROIs are 

denoted with asterisks. 
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of the 5.8 ppm peak, tentatively assigned to urea [85,90], in vivo in human brain. 

Correlations between downfield peaks and known upfield metabolite concentrations were 

insignificant, except for NAA. This suggests that, while the compared metabolites might 

form components of these peaks, they do not make up a significant portion of them.  

 

2.6 Functional Magnetic Resonance Spectroscopy (fMRS) at 9.4 T 

 

2.6.1 Introduction  

 

The introduction of UHF in spectroscopy applications enables the investigation of 

dynamic changes of metabolites under different types of functional stimulation, the so-

called functional MR spectroscopy (fMRS). 

In particular, several studies utilize the advantages of 7 T to investigate the dynamic 

changes of brain metabolites under different types of functional stimulation [91-95]. 

However, along with lactate (Lac) and glutamate (Glu) increases that were reported by 

all previous studies additional metabolite changes (glucose [93,94], aspartate [92,93], 

glutamine and glycine decrease and GSH increase [92]) have been reported 

inconsistently. Thus, the purposes of this pilot study10 were: 

 

 Evaluate the capabilities of the MC semi-LASER sequence (see chapter 

2.3) applied at 9.4T for fMRS under visual stimulation.  

 

 The synchronous investigation of dynamic alternation of the BOLD effect (water) 

and metabolite levels based on the MC technique (simultaneous acquisition of 

water and metabolites). 

 

 The investigation of potential changes in the downfield spectrum (including water 

exchanging peaks) based on the MC technique in (see chapter 2.5). 

                                            

10 This study was submitted and presented in ISMRM 2017 conference [96] 
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2.6.2 Study design 

 

All measurements were performed using a home-built proton  4Tx8Rx half-volume coil 

[32,36] with an appropriate power distribution and phase increment for the achievement 

of efficient an B1
+ field in the area of the occipital lobe (Figure 2-17). Eleven healthy 

volunteers participated in this study. Two paradigms were applied (Figure 2-18). The first 

was a visual stimulus (STIM) and consisted of a radial red-black checkerboard that 

flickered with 10 Hz (ON), alternating with a black screen (OFF). The second paradigm 

was exactly like the first. However, only a black screen was projected with the absence 

of any stimulus (no-STIM). During the paradigms, fMRS data were acquired from a voxel 

(2x2x2 cm3) in the visual cortex (V1) using the MC-semi-LASER sequence (TE/TR: 

24/6000 ms). 244 averages were acquired for each subject during a stimulation period of 

22'24''. Neither WS nor OVS was implemented.  

The fMRS data were corrected for eddy currents, frequency and phase fluctuations based 

on the MC water peak [46,97].  Afterwards, the data from all the volunteers were averaged 

and smoothed using a moving average over 16 acquisitions. As a result, the final data set 

conisted of 97 time-point where each time-points was the average of 352 (2x11x16) 

excitations (Figure 2-19).  

 

 

Figure 2-17: (Left) The half-volume array coil (4Tx8Rx) used for the fMRS experiments. 

For the increase of the B1
+ efficiency only three transceiver elements were utilized (red 

circles). The percentage numbers (%) indicate the power delivered to each Tx element. 

A phase step of 90o was implemented. (Right) Internal view of the coil. For the reception, 

four vertical loops were used along with four transceiver elements [32].  



50 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-18: The two paradigms used for the fMRS experiments. A) The STIM paradigm 

in which a visual stimulus consisted of a radial red-black checkerboard that flickered with 

10 Hz (ON), alternating with a black screen (OFF). B) The no-STIM pattern in which no 

stimulus was used.  
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Figure 2-19: A spectrum of one time-point. Each time-point spectrum is the average 

of 352 NEX. The fMRS spectra demonstrated high spectral resolution and decent 

quality for the downfield part of the spectrum (>4 ppm). The data were acquired from 

a voxel placed in V1 (white square). 
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2.6.3 Water and metabolic dynamic changes during visual stimulus  

 

The resulting spectra demonstrate a high reliability and reproducibility of the spectral 

acquisitions in both the upfield and downfield frequency range (Figure 2-19). The SNR of 

the water peak (SNRH20) of the STIM data followed the stimulus paradigm pattern (Figure 

2-18). In addition, the changes of  SNRH20 were highly correlated with the linewidth 

changes of the water peak (FWHMH20) during the stimulus period (R= -0.99, P<0.001), 

proving that SNRH20 variations of the STIM water data were mainly due to the BOLD effect 

[98]. Contrariwise, the changes of SNRH20 of the REST data did not exhibit any correlation 

(Figure 2-20).  

 

 

 

 

Figure 2-20: (Top) SNR of the water signal (SNRH20) over the fMRS study for both STIM 

and no-STIM experiments. (Bottom) SNRH20 variations were highly correlated with 

FHWMH20 changes for the STIM experiment. 
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Except the alterations of FWHMH20 and SNRH20, the MC technique enabled the 

simultaneous investigation of the dynamic changes of the metabolites. In particular, 

variations of about 3.8% and 20% were observed in Glu and GABA respectively during 

the visual stimulus (Figure 2-21). These findings are in agreement with older fMRS 

studies [91-95], as well as, with recently published studies [99,100].  

Moreover, the influence of the inclusion of an experimentally measured MM baseline in 

the resulting quantification was investigated. More specifically, the quantification of the 

concentration levels was performed utilizing the LCModel [71], which is considered the 

„gold“ standard in MRS for metabolite quantification. As explained in chapter 2.4, it is 

quite crucial at UHF to include the MM baseline in the basis set model due to the high 

spectral resolution of the MM at UHF. However, the LCModel (V6.3-1L) does not provide 

any options for fixing the concentration levels of MM. As a result, the fitted MM 

concentration varies during the different timepoints which in turn may lead to potential 

alterations of metabolite levels. The results demonstrated an alteration of the MM 

 

 

Figure 2-21: Time-course of Glu and GABA metabolites during the visual stimulus 
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baseline during the different timepoints (Figure 2-22). However, these alterations did not 

correlate with the Glu level variations indicating that Glu changes were a result of 

physiological changes due to the visual stimulus rather than the influence of the MM 

baseline fit. In contrast, a correlation between the changes of the MM and GABA levels 

demonstrated a potential influence of the MM baseline fit in GABA timecourses. 

Furthermore, the linewidth of total creatine (tCr) and total NAA (tNAA) varied during the 

STIM experiment. These variations were highly correlated (>0.85) with the MC water 

signal changes with a statistical significance (P<0.001; Figure 2-23) indicating that these 

alterations were due to BOLD effect. Moreover, the use of the MC technique instead of a 

WS enabled the investigation of potential variations of the downfield part of the spectrum  

 

 

Figure 2-22: (Top) MM variation introduced by LCModel quantification. These variations 

indicate a quantification variation related to the LCModel estimation model rather than a 

real alteration of the MM during the visual stimulus. (Bottom) Correlation graphs of Glu 

and GABA with MM variation. Glu alterations seem to be uncorrelated with the MM 

estimation variations. 
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due to the absence of a WS (see chapter 2.5). More specifically, for both experiments 

(STIM and no-STIM), the acquisitions acquired during the ON period were summed in 

one block and likewise the acquisitions during the OFF period in another. Then the OFF 

block data were subtracted from the ON block data using the appropriate linewidth 

(δFWHM= -0.2 Hz) and frequency correction (δf0= 0.1Hz) for the BOLD effect. The 

difference spectrum demonstrated potential changes (Figure 2-24). 

However, since some of these peaks also appear in the no-STIM difference spectrum, it 

is not clear if these changes were due to physiological changes or because of some 

system instability (e.g. gradient modulations). Hence, further investigation is required to 

draw reliable conclusions. 

 

 

 

Figure 2-23: tNAA and tCr linewidths were highly correlated with the MC water signal 

intensity (a.u.) indicating that linewidth changes were introduced mainly from the BOLD 

effect  
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2.6.4 Conclusions 

 

This study is the first trial of 1H fMRS at 9.4 T in the human brain. Hence, preliminary data 

are reported. This is also the first study where water and metabolic alterations are 

detected simultaneously based on the MC technique, highlighting the potential of MC for 

fMRS experiments. In particular, MC seems an attractive method for fMRS due to its 

advantages such as frequency and phase fluctuations correction, simultaneous 

acquisition of water and metabolite signals, as well as, the detection of downfield 

metabolites. Moreover, high correlation of the MC water signal intensity with the linewidth 

of tNAA and tCr variations was reported indicating that the linewidth alterations of these 

metabolites are mainly due to the BOLD effect. Furthermore, the time-courses of Glu and  

GABA during visual stimulation are presented and variations of about 4% and 20% are 

reported respectively.  In this study, the influence of the MM baseline in the metabolite’s 

time-courses is investigated. Finally potential changes of the downfield metabolites during 

visual stimulation are reported. However, further investigation and measurements are 

required. 

 

 

Figure 2-24: Difference spectrum of the downfield part of the spectrum.  The difference 

spectrum demonstrates potential changes. However, since some of these peaks also 

appear in the no-STIM difference spectrum, it is not clear if these changes were due to 

physiological changes or because of some system instability (e.g. gradient modulations). 
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Safety testing and operational procedures for
self-developed radiofrequency coils
Jens Hoffmanna*†, Anke Henninga,b†, Ioannis A. Giapitzakisa,
Klaus Schefflera,c, G. Shajana, Rolf Pohmanna† and Nikolai I. Avdievicha†

The development of novel radiofrequency (RF) coils for human ultrahigh-field (≥7 T), non-proton and body
applications is an active field of research in many MR groups. Any RF coil must meet the strict requirements for safe
application on humans with respect to mechanical and electrical safety, as well as the specific absorption rate (SAR)
limits. For this purpose, regulations such as the International Electrotechnical Commission (IEC) standard for medical
electrical equipment, vendor-suggested test specifications for third party coils and custom-developed test procedures
exist. However, for higher frequencies and shorter wavelengths in ultrahigh-field MR, the RF fields may become
extremely inhomogeneous in biological tissue and the risk of localized areas with elevated power deposition increases,
which is usually not considered by existing safety testing and operational procedures. In addition, important aspects,
such as risk analysis and comprehensive electrical performance and safety tests, are often neglected. In this article,
we describe the guidelines used in our institution for electrical and mechanical safety tests, SAR simulation and
verification, risk analysis and operational procedures, including coil documentation, user training and regular quality
assurance testing, which help to recognize and eliminate safety issues during coil design and operation. Although
the procedure is generally applicable to all field strengths, specific requirements with regard to SAR-related safety
and electrical performance at ultrahigh-field are considered. The protocol describes an internal procedure and does
not reflect consensus among a large number of research groups, but rather aims to stimulate further discussion related
to minimum coil safety standards. Furthermore, it may help other research groups to establish their own procedures.
Copyright © 2015 John Wiley & Sons, Ltd.
Additional supporting information may be found in the online version of this article at the publisher’s web site.

Keywords: Ultrahigh-field; RF Safety; SAR; Numerical Simulations; RF transmit coils; RF receive coils

MOTIVATION

The development of novel radiofrequency (RF) coils for human
ultrahigh-field (UHF) (≥7 T), non-proton and body applications is
an active field of research in many MR groups, as suitable coils are
often not commercially available. Any RF coil must meet the strict
requirements for safe application on humans (1–5) with respect to
mechanical and electrical safety. In addition, RF transmission during
the MR examination must comply with specific absorption rate
(SAR) limits andmust not raise the tissue temperature above critical
levels. The latter is challenging at high RF frequencies because of
the reduced wavelength and increased local power deposition,
especially in the case of multichannel parallel transmission (pTx).
Although limits for local energy deposition and temperature
increase are clearly defined, e.g. by International Electrotechnical
Commission (IEC) norms (3), a standardized method to test UHF
RF coils for safe operation in compliance with these limits is lacking.
In this article, we present testing and operational procedures

that must be conducted for any self-built RF coil at the Max
Planck Institute for Biological Cybernetics before clearance for
in vivo use is granted. These procedures were assembled to
ensure the safety of human subjects against potential coil-
related risks during MR examinations, to train the concerned
staff regarding the appropriate use of the coils and to ensure
their good condition and long-term functionality. Although the
proposed procedures are not part of a document issued by a
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regulatory body, they follow the IEC standard for medical
electrical equipment, European Union (EU) regulations (2–5),
and Siemens and Philips test specifications for third party coils.
However, they go beyond these documents to consider specific
requirements for RF coils in general and for simulation and
verification of SAR at UHF.

Our procedures comprise: (i) coil and system type specifica-
tion; (ii) electrical and mechanical safety and performance tests;
(iii) numerical SAR analysis; (iv) electrical failure mode and risk
analysis; and (v) documentation, user training and quality
assurance (QA). These procedures may serve as a template for
other MR groups (a complete set of test sheets with more
detailed descriptions is available on request). However, they do
not reflect a consensus among a larger research community,
nor do they represent a technical specification discussed by a
regulatory body, and we raise no claim that these procedures
are mandatory or complete, but rather wish to stimulate
discussion related to minimum standards.

COIL AND SYSTEM TYPE SPECIFICATIONS

The number and type of required safety and performance tests
depend on the coil design (see Tables S1 and S2). Therefore,
any test protocol includes coil specifications that define the coil’s
name, the code with which it is recognized by the scanner, the
operating frequency, the number of transmit (Tx) and receive
(Rx) elements, its interface to the scanner and the coil type.
The most commonly used coil types are transceiver (Tx/Rx) coils
(which are used for transmission and reception), Tx-only and
Rx-only coils, and combinations of Tx-only and Rx-only coils.
Each of the four types can be further separated into single-tuned
and dual-tuned coils, the latter of which are tuned to two
resonance frequencies. For an array coil with independent Tx
elements, it must be specified whether it is used together with
a pTx system.

The coil specification also includes schematics and a description
of all parts comprising the coil. Figure 1 shows an equivalent circuit
of a single coil (array element) for illustration with all the typical
components, including an RF power amplifier (RFPA), a low-noise
preamplifier (LNA), a cable trap, a matching circuit, a detuning
element and a decoupling element. The specific RF coil element
can differ from the most common loop shape, i.e. stripline (6),
dipole antenna (7) or travelling wave transmission (8) set-ups.

ELECTRICAL AND MECHANICAL SAFETY AND
PERFORMANCE TESTS

The tests are separated into two categories: safety and perfor-
mance. Tests in the performance section are highly recommended
for QA and are a prerequisite for optimal image quality and signal-
to-noise ratio (SNR). Tests in the safety section are mandatory for
safe operation of the coil.
All test measurements described below are performed using

phantoms that load the coil in a comparable manner to the
human body. Parameters of the phantoms are documented as
a base for reproducible QA tests and electromagnetic (EM)
modelling. In the case of unshielded coils, all measurements
should be performed in the scanner bore or in an RF shield of
identical dimensions. For comparison with standard or reference
coils, we refer to suitable commercial coils or coils that have
already passed the test procedure. Every specific test is docu-
mented in respective data sheets and the results are controlled
by RF experts.

Safety tests

Prevention of superficial burns, electrical shock and injury

Potential hazards of RF coils during transmission include skin
burn caused by heating of coil components or cables and
electrical shock caused by poor electrical isolation. In addition,
mechanical and material properties can be a source of potential
injury.

Electrical and thermal isolation of the coil housing. All materials
used for the housing must provide sufficient electrical and
thermal isolation for protection against electrical shock and
sparks [Sections 6.2 and 8.8.3 of ref. (2)]. The required
electrical isolation of plastic materials is estimated on the
basis of an analysis of the highest possible voltage gener-
ated across components such as capacitors (see section:
Evaluation of maximum power/voltage across components).
The dielectric strength (V/mm) of the corresponding material
can be found in ref. (9). In line with industry standards on
flammability rating, the deflection temperature should be at
least 80 °C and the ignition temperature at least 350 °C
(4) to prevent injury by melting plastic in the case of electri-
cal sparks. If material properties are unknown, a high-voltage
test and a flammability test of the material are performed.

Heating of the coil housing. To verify the absence of significant
heating of the coil housing by component warming during
normal operation [Section 11.1 of ref. (2)], continuous RF power
that corresponds to the 6-min average SAR limit for Tx volume
coils in the respective body part in normal mode operation
(see Table 1) is delivered for 30 min. Temperature hotspots can
be identified by an infrared camera. For quantitative assessment
of the temperature rise, measurements with temperature probes
placed in predetermined temperature hotspots are conducted
(Fig. 2a). This test is meant to detect and prevent significant
heating along the inner surface of the coil housing that might
cause discomfort to the subject or deflection of the housing
material.

Shield current trap (cable traps). During transmission, high
currents can be induced in the shields of cables. The resulting

Figure 1. Schematic diagram showing the typical components of a
radiofrequency (RF) transmit (Tx) and receive (Rx) chain together with
the equivalent circuit of an RF coil (array element). LNA, low-noise
preamplifier; RFPA, radiofrequency power amplifier.
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heat can cause skin burns if cables are placed too close to a
patient’s skin. Cable traps reduce these currents (11,12) and thus
represent a safety measure [Section 4.6 of ref. (2)]. In addition,
cable traps can substantially reduce parasitic coupling between
array elements and improve Scattering Parameter (S-parameter)
stability, and thus ensure consistency with regard to S-parameter
measurements and simulations. Placement of the cable traps in
both Tx and Rx coils is documented, including a short descrip-
tion of trap designs, total number of traps and their locations.
Changes in S-parameters during tuning/matching and
decoupling on touching the coil cables or moving their relative
positions should be minimized.

Coil cables. The coil cables must provide sufficient electrical and
thermal isolation and need to be positioned with sufficient

distance to the patient’s skin to prevent skin burn in the case
of the malfunction of shield traps [Section 4.6 of ref. (2)]. This
might require additional padding, especially in the case of coil
cables running across the patient’s body.

Biocompatibility, toxicity and allergic potential. Coil housing and
cable insulation materials must be non-toxic and must not cause
potential allergic reactions if in contact with the skin (i.e. latex)
[Section 11.7 of ref. (2)].

Mechanical properties and stability of the coil housing and mount-
ing. To prevent injury as a result of the mechanical properties
or instable positioning of the coil, to ensure the integrity of the
RF coil during continued usage and to prevent a number of
electrical failure modes, the mechanical stability and quality of

Table 1. Specific absorption rate (SAR) limits according to International Electrotechnical Commission (IEC) standard 60601-2-33,
201.12.4.103. SAR averaged over any 10-s period may exceed the 6-min limits by a factor of two

Averaging time 6 min

Transmit (Tx) coil type Volume Tx coils (global SAR) Local Tx coils (local SAR)

SAR type Whole body
SAR (W/kg)

Head SAR
(W/kg)

Partial body
SAR (W/kg)

Local head
SAR (W/kg)

Local trunk
SAR (W/kg)

Local extremity
SAR (W/kg)

Normal mode 2 3.2 2–10 10 10 20
First controlled mode 4 3.2 4–10 20 20 40

Global SAR, absorbed radiofrequency (RF) power in a specific body part divided by the mass of the respective body part. Local SAR,
SAR averaged over 10 g of tissue.

13C MRS:
proton decoupling

2

4

6

8

-20

-25

-30

-35

# 
C

oi
l e

le
m

en
t j

 

Vmax, CAP, DC = 2500 V

CT

CM

2 pF

1.2 pF

VIN

VCAP

Prediction (sim.):

Input voltage VIN (V) 

Power Linearity: Experiment

F
lip

 a
ng

le
 (

de
g)

5o

30o

55o

80o

25 75 125 175 225

15 mm

30 mm

5

4

3

2

1

0

coupled fully decoupled partly decoupled pre-amplifier saturation

a db

6.27

4.81

2.66

0

1

2

3

4

5

6

0 10 20 30

Sensor C

Heating Measurements 
(Input power = 20 W)

Time (min)

x10
4

Te
m

pe
ra

tu
re

 c
ha

ng
e 

(°
C

)

e Correlation Matrix (dB)

# Coil element i
2 4 6 8

c

Sensor A
Sensor B

CAP IN

INCAP

CAP IN
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(red circle, ATC 100C) exceeds its maximumworking voltage and starts to fail (sparking). The allowed VIN depends on the Q-factor and coil design (factor
C). (c) Proton decoupling test in the case of a nested 1H and 13C dual-tuned birdcage coil arrangement. The desired decoupling behavior is illustrated by
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the housing and mounting must be in accordance with
Sections 8.10, 9.3, 9.4, 11.6 and 15.3 of ref. (2). More specifically,
the coil housing should not contain sharp edges or a rough
housing surface that can cause skin injury [Section 9.3 of ref. (2)],
nor should it easily tip over in operation or in its storage position
[Section 9.4 of ref. (2)]. In addition, the coil should be mechanically
stable [Sections 8.10 and 15.3 of ref. (2)] to ensure its integrity
during continued usage and to prevent failure modes, such as
poor electrical isolation caused by broken housing or failure of
electrical components as a result of mechanical shock. Finally,
the coil housing should be ideally splash proof to prevent water
damage of electrical circuits during cleaning of the coil or in the
case of spillage of body fluids [Section 11.6 of ref. (2)].

Electrical properties related to SAR safety, Tx efficiency and avoid-
ance of component failure

Changes in the electrical properties of Tx coils as a result of aging
or malfunction of coil components can alter the RF current
distribution and thus the resulting RF field, Tx performance and
local SAR distribution.

Tuning and matching of Tx coils. This is verified by measuring
the power reflection coefficient (S11) using a network analyzer
and a tissue-mimicking phantom. The measured S11 values are
documented for the QA test and for comparison with the EM
model. The loading characteristics of single-input RF coils or
individual array elements, determined as the linewidth of the
S-parameter frequency dependence (i.e. relative Q factors), are
measured (13) to ensure compliance with numerical models
and as an input for regular QA tests. For arrays, the relative phase
shift between the RF signal at the coil plug [which is often the
reference plane for the MR system’s RF phase measurements
(14)] and the phase of the current in the coil element is
measured [e.g. using a pickup probe (15)], so that the identical
phase shift can be applied in SAR simulations.

Decoupling of Tx arrays and dual-tuned coils. Decoupling of all
elements within a Tx array is verified by measuring the
power transmission coefficient (S12) using a network analyzer.
Acceptable decoupling values depend on the specific coil design
and application requirements. For example, for eight-channel Tx
head arrays for pTx, we aim for decoupling values better than at
least –15 dB (16). For dual-tuned coils and arrays, we aim for
decoupling values better than –25 dB for 1H and X-nuclei
elements, which is usually sufficient not to compromise the Tx
performance (16). The S-parameter matrix must be investigated
for a realistic load range to ensure compliance with SAR models
and as input for regular QA tests.

T/R switch performance. The T/R switch connects each element
of the transceiver array either to an RFPA during transmission or
to an LNA during reception (Fig. 1). Failure of the T/R switch may
cause SNR degradation during reception and SAR increase
during transmission. The T/R switch performance is checked by
measuring S12 between all three ports for both the Tx and Rx
state (T/R switch is ON or OFF). The necessary protection for
the LNA is derived by its power handling capacity and the
maximum Tx power. The switching speed is also documented.

Rx coil detuning during transmission (protective circuitry). Detuning
minimizes the interaction between combined Rx and Tx coils
(17,18). Safe operation of any Tx-only/Rx-only coil combination
requires at least two levels of protection to ensure safety in the
case of malfunction. Commonly, an active, i.e. electronically con-
trolled, detuning circuit provides a primary level, whereas the sec-
ondary level is provided, for example, by using fuses or passive
detuning circuits (cross-diodes, etc.). Alternatively, the secondary
level can also be provided by an active electronic circuitry, which
verifies the correct functionality of PIN diodes in the detuning.

Primary protection level (active detuning). Commonly, the test is
performed using a decoupled double pickup probe (18). Accept-
able decoupling, measured as a difference in S12 when detune
circuits are ON (activated) and OFF (not active), depends on
the specific coil and interface design; however, from our
experience, –25 dB is usually sufficient not to spoil Tx coil
performance. The test should be performed for the entire Tx/Rx
coil combination for both Tx and Rx modes. The switching speed
of the circuits should also be documented.

Secondary protection level (fuses, passive detuning, etc.). It is
difficult to experimentally evaluate the functionality of passive
protective circuitry, such as fuses or cross-diodes. However,
related component specifications, such as speed and current
ratings, are evaluated and the number of incorporated fuses
and current ratings are reported.

Tx performance in the presence of an Rx coil. The goal of this test
is to verify that the presence of an Rx-only coil does not strongly
alter the Tx performance and B1

+
field distribution of a Tx coil.

This is tested by RF field probes on the bench or by the
acquisition of B1

+ maps in the presence and absence of the Rx
coil. This test is necessary as simulation models for SAR evalua-
tion often do not include Rx coils.

Evaluation of maximum power/voltage across components. The
purpose of this procedure is to ensure that all elements of Tx
coils are capable of withholding high power (voltage) generated
during the Tx phase [Section 4.8 of ref. (2)]. The evaluation of the
voltage values across components as a function of power or
voltage applied to the coil can be performed by analytical
calculations or numerical simulations (see Fig. 2b for an
example). From these data, a maximum allowed power delivered
to the coil at the level of the coil plug is defined.

Power linearity of the Tx coil. The power linearity test verifies
that all non-linear devices (e.g. PIN diodes in the detune circuits)
do not compromise the linearity (linear relationship between Tx
voltage and B1

+
field) of the Tx coils. In addition, it ensures that all

components operate correctly at high Tx voltages. The test is
performed at the scanner by increasing the RF input power up
to the highest allowed power with simultaneous measurements
of B1

+ generated in a phantom (Fig. 2b).

Installation of the coil at the scanner

Safe operation builds up on correct installation of the coil,
including the recognition of the specific coil by the scanner
and correct specifications within the related coil file, such as
switching logic, RF power limits and SAR limits.
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System plug connection test (bench and scanner). All vendors
take measures to identify the connected RF coil and to link it
to coil-specific settings in the scanner software (coil file), e.g. to
define control voltage and current settings. The coil recognition
is usually performed by implementing resistors into the coil plug
that define a coil-specific code. Related bench tests include: (i)
coil code ground isolation (>2 MΩ); (ii) coil code resistance
verification; (iii) preamplifier current consumption and bias
voltage verification; and (iv) PIN diode current source verification
and voltage drop measurements [Sections 8.5 and 13 of ref. (2)].
Scanner tests include: (i) coil plug layout test, i.e. compatibility of
the plugs and the pin layouts on the coil and the system
connectors; (ii) coil plug exclusion test, i.e. compatibility of
mechanical codes to exclude connection of coils not suited for
the system; and (iii) coil code verification, i.e. the coil is properly
recognized by the system [Sections 8.5 and 13 of ref. (2)].

Correctness of the coil file and coil functionality verification. The
coil file, among other things, comprises safety limits and the
control logic, and must be verified to ensure correct implemen-
tation of SAR and power limits, as well as Tx/Rx switching and
active detuning [Sections 12.4, 13 and 14 of ref (2)]. In addition,
poor contacts at the coil plug must be excluded. The functional-
ity of all Tx and Rx channels of the coil is verified by the
acquisition of channel-wise and combined-mode B1

+ maps and
gradient echo images.

Performance tests

SNR and parallel imaging performance

Important performance parameters of an RF coil include Tx and
Rx efficiency, as well as the g-factor of Tx and Rx coils, which
depend on the degree of coupling between coil elements. As
related parameters for Tx coils have been discussed in the
‘Safety tests’ section above, the focus here is on Rx coils and
specific requirements for dual-tuned coils.

Tuning and matching (Rx-only coils). Tuning and matching of
individual coils is checked by measuring S11 using a network
analyzer. We usually consider S11 values of better than –10 dB
as acceptable, which corresponds to an SNR drop of 5% for an
individual Rx coil.

Decoupling of Rx-only arrays. In most cases, passive decoupling
of Rx-only arrays is limited to the decoupling of adjacent
elements (18,19), which is checked by measuring S12 using a
network analyzer and a decoupled double pickup probe (18).
Decoupling values of –10 dB or better are usually acceptable.
In general, the effects of coupling on Rx coil performance (i.e.
SNR, parallel imaging, etc.) (20–22) may differ for specific coil
geometries. Preamplifier decoupling of array elements further
improves this by an additional –15 to –20 dB (18,19). Measure-
ments are carried out for every element of the array. Specifica-
tions of the preamplifier should also be attached.

Tx coil detuning during reception. A single detuning level is
sufficient for Tx coils, as their malfunction during the Rx phase
can only cause SNR degradation. Decoupling is measured as
the difference in S12 when detuning circuits are ON and OFF.
Based on our experience, a value of –25 dB is usually sufficient
not to compromise Rx coil performance.

Rx SNR and noise covariance. As a base for regular QA testing,
Rx SNR maps and a noise covariance matrix using a standard
phantom are calculated (Fig. 2d, e). In the case of the Rx array
being compatible with different Tx coils, a change in the SNR
map and noise covariance between a standard Tx coil and a local
Tx coil should not occur, which is tested by comparative
measurements (20,23).

Proton decoupling performance of 1H/X-nuclei coils. This test is to
verify that decoupling of proton and X-nucleus spins is possible
with dual-tuned and, more specifically, 1H/31P and 1H/13C coils.
Decoupling requires high power transmission on the proton
channel during reception with the X-nucleus channel. The
proton power level must be sufficient to ensure complete reuni-
fication of split lines in X-nuclei spectra without side bands or
major line broadening. In addition, the proton and X-nucleus coils
must be sufficiently decoupled to avoid preamplifier-saturation
indicated by additional spikes or noise enhancement (Fig. 2c).

Image quality and artefacts

Another important performance aspect is the lack of artifacts
induced by the RF coil.

Eddy currents. Eddy currents produced on the RF coil or on its
shield can lead to artifacts in imaging and spectroscopy (24).
Single-voxel water spectra are acquired at different positions in
a water-rich phantom that is easy to B0 shim. Line shape distor-
tions are compared with results obtained with a reference coil.

B0 field distortions. Materials used in RF coils can cause signifi-
cant inhomogeneity of the static magnetic field (B0) with
potential negative impact on image quality. B0 maps of a
phantom are acquired with the new coil set-up versus a standard
set-up, and the absence of local B0 artifacts is verified.

Parasitic coupling and RF noise. To exclude parasitic coupling to
other RF sources inside and outside the scanner room, which
leads to image artifacts and quantification errors not present in
the presence of standard coils, gradient echo images are
acquired to verify the lack of additional image artifacts.

MR signal from housing. Material used for housing of the coil (e.g.
glue or cables) can produce an MR signal. Therefore, a gradient
echo image at short TE (<1 ms) is acquired from a large field of
view, encompassing all coil housing and cables, to verify that the
signal level and location do not potentially impair in vivo imaging.

NUMERICAL SAR ANALYSIS

Purpose

This section guides the implementation and verification of
numerical simulations for the assessment of the SAR generated
by the RF coil in the subject’s body. The SAR at location r is

determined by the local electric field E
→

r
→� �

as well as the local

conductivity σ r
→� �

and mass density ρ r
→� �

of tissue:

SAR r
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¼
σ r
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This describes the absorbed RF power per tissuemass and can be
directly related to tissue heating. As defined in ref. (3), SAR is aver-
aged across entire body parts (whole body, partial body and head
SAR), which we herein summarize as global SAR, or over volumes
containing 10 g of tissue (local SAR). Currently, a new standard
[Institute of Electrical and Electronics Engineers (IEEE)/IEC 62704-1]
is in preparation which defines procedures to determine the peak
spatial average SAR in the range of 30 MHz to 6 GHz (25).

The relationship between the applied RF power and expected
energy deposition can be easily calculated and measured for low
RF frequencies, assuming a homogeneous RF field distribution
across the sample. For higher frequencies and shorter wave-
lengths, the RF fields may become extremely inhomogeneous
in biological tissue, and the risk of localized areas with elevated
power deposition increases. In addition, the RF field distribution
at high fields becomes more susceptible to variations in load, coil
geometry, tuning conditions and scanner environment. For
arrays, SAR depends on the coupling characteristics and is a
function of the excitation mode, i.e. the relationship between
the complex voltages at the single array elements. Therefore, a
realistic numerical SAR assessment must take these issues into
account and simulated results must be carefully verified.

Once a reliable simulation set-up is established, its task is to
relate the RF power sent towards the coil to the SAR produced
in the subject. This information is passed to the MR system and
is used to restrict the RF power so that the MR scan complies
with SAR and temperature limits defined by corresponding
regulations (1,3,26).

SAR and temperature limits

We comply with limits recommended by the IEC (3) to protect
the subject from excessive heating and local tissue damage.
Temperature is the primary safety criterion: the body core
temperature may not be raised by more than 0.5 °C and not
above 39 °C in ‘normal mode’, and not by more than 1 °C and
not above 40 °C in ‘first controlled mode’. The latter operating
condition poses more physiological stress to the subject, but is
still considered as safe. To comply with temperature limits, the
IEC specifies limits on whole body, partial body and head SAR
(herein referred to as global SAR limits), as well as on local SAR
for different body parts, all averaged over time intervals of
6 min and 10 s (3). Table 1 provides a summary of these limits.

High-field RF coils, especially arrays, often display features of
volume coils and local coils at the same time; therefore, they
must satisfy all local and global SAR limits. For many coils,
however, the most critical body part can be defined as the part
of the body in which SAR limits are exceeded first, independent
of the excitation mode.

EM modelling

A realistic numerical model of the RF coil within the scanner
environment must be constructed. To this end, simulation
packages are available that solve the full Maxwell equations in
a three-dimensional numerical domain. Examples of commonly
used software include Finite Difference Time Domain (FDTD),
Finite Integration Technique (FIT) or Finite Element (FEM) solvers,
such as CST Studio Suite (CST, Darmstadt, Germany), XFDTD
(Remcom, State College, PA, USA), SEMCAD (SPEAG, Zurich,
Switzerland) and HFSS (ANSYS, Canonsburg, PA, USA).

The model should comprise all details relevant for the
strength and distribution of the EM field (27,28). This includes
an exact replication of the coil geometry, its material properties,
relevant capacitors and inductors, input and decoupling circuits,
as well as interaction with the load and all parts of the scanner
environment that have a significant influence on the RF field
propagation, e.g. the gradient’s RF screen (Fig. 3). Sources of
power and efficiency loss, such as cable attenuation or resistive
loss in capacitors, should be incorporated into the simulations.
Numerical accuracy is ensured by an appropriate choice of
simulation parameters, including mesh density, convergence
criteria and boundary conditions. The power budget, i.e. the
sum of the dissipated and radiated power, is compared with
the total power entering the computational domain (28).
For experimental verification and safety assessment, simula-

tions should be able to predict the following: (i) the component
values (e.g. capacitances) necessary to adjust the loaded coil to
the frequency of operation; (ii) the S-parameter response; (iii)
the EM field distribution and strength for any relevant excitation
mode; (iv) the expected voltages across the coil components;
and (v) the local and global SAR per input power for any relevant
excitation mode.

Validation of the numerical EM model

Validation of the SAR prediction method by comparison with
experimentally accessible data is required according to IEC
guidelines [Section 201.12.4.105.3 of ref. (3)]. However, recom-
mended procedures, such as the National Electrical Manufac-
turers’ Association (NEMA) MS 8 Standard (29), are only valid
for homogeneous volume coils at low field strength and are
not applicable for high RF frequencies.
Instead, we compare performance measures in a well-defined

experimental set-up with results obtained from a numerical
representation of precisely the same set-up. As the primary test
set-up, the RF coil is positioned inside the MR scanner and is
adjusted to a phantom that is similar in size and dielectric
properties to the concerned body part. The numerical coil model
is loaded with a precise replication of this phantom at exactly the
same position (Fig. 3) and is adjusted to the Larmor frequency
using the same procedure as for the actual coil.
The first two comparisons are consistency checks to rule out

fundamental errors in the simulations and to ensure similar
loading and tuning conditions compared with experiment, as
different tuning conditions can considerably affect SAR (30).
These checks are independent of the excitation mode.

(1) A comparison between simulated and measured coil compo-
nents is performed. Simulated capacitances and inductances
should not deviate considerably from the components
actually used as this may indicate a different current distribu-
tion on the real and simulated coil. An agreement on the
order of 15% has been reported previously for a 400-MHz
Tx array (27), but the achievable precision depends on the
coil’s complexity and the level of detail used in the simula-
tions. From our experience with EM modeling of UHF RF
coils, in the case of large systematic deviations, e.g. more
than 50% in capacitances, the simulation model should be
checked in order to detect the causes of the divergence.

(2) Simulated and measured S-parameters are compared
(Fig. 4a). For a realistic description of loading characteristics,
the relative Q factors, determined as the linewidth of the
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Figure 3. Specific absortion rate (SAR) simulation set-up of a 400-MHz eight-channel array. Screenshot of the simulation set-up constructed in CST
Studio Suite (top left) including the gradient’s radiofrequency (RF) screen (1), coil housing (2), input network (3), tuning capacitor (4), decoupling
network (5), fixed capacitors (6), a tissue-equivalent phantom (7) and the coil’s local RF shield (8). Photographs of the experimental set-up (top right)
and a single coil element (bottom left) are shown for comparison. Input and decoupling networks as realized in circuit co-simulation are shown at
the bottom center and bottom right, respectively.

Figure 4. Validation of the simulations. A comparison of the measured and simulated S-parameters (a) and B1
+
fields in two excitation modes (b)

in a head phantom using the 400-MHz eight-channel array (set-up according to Fig. 3) shows reasonable agreement in B1
+ distribution and

strength, decoupling levels and Q-factors. (c) RF heating experiment using the eight-channel array in CP mode and an elliptical gel phantom [εr = 78;
σ = 0.59 S/m; proton resonance frequency (PRF) coefficient, 0.01 ppm/°C; Cρ = 3994 J/(K kg)]. Transverse B1

+ maps (top) are shown together with
the temperature increase (bottom) after 138 s of RF transmission with an average power of 162 W using the sequence described in ref. (33). (d)
Electric field probe measurement (EASY4MRI, Speag, Zurich, Switzerland) and simulation inside a rectangular phantom 25 mm above a 400-MHz
loop surface coil.
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resonance curve in simulations, should be consistent with
experiment. For example, deviations of less than 30% could
be achieved for the eight-channel array shown in Fig. 4a.
The decoupling between a pair of array channels (in dB) is
converted to a power crosstalk in per cent. The requirements
on an acceptable deviation between simulated and mea-
sured crosstalk depend on the coil design. For example, at
a given average level of decoupling, the total percentage
of input power that couples to other elements increases with
the channel count. Based on our practical experience, for
eight-channel arrays for pTx operation, we consider a
difference in crosstalk below 4% as acceptable to realistically
capture the effects of coupling on reflected power and on
the RF field distribution in different excitation modes. For
other designs or arrays with fewer channels, the require-
ments may be relaxed.

The following tests confirm the RF field distribution and depend
on the excitation mode. For pTx operation, we recommend that
the tests are performed for at least two different modes to ensure
a robust validation.

(3) For each excitation mode, simulated B1
+ distributions and

measured B1
+ maps, normalized (e.g. B1

+/√ power) and
referring to the same position in the RF Tx chain, are com-
pared (Fig. 4b). There must be qualitative agreement of
the |B1

+| distributions, which is confirmed by at least two
RF experts. The quantitative agreement is checked by
comparing the average B1

+ strength. For the array shown
in Fig. 4b, for example, the simulated B1

+ efficiency
exceeds the experimental efficiency by about 15%, which
suggests a SAR overestimation by about 30%. Large quan-
titative and qualitative deviations imply that simulations
cannot predict the actual RF field and SAR with sufficient
accuracy.

(4) Similarity of the simulated and measured B1
+
fields does not

necessarily imply a similar agreement of the electric fields
in any location; therefore, a calorimetric method is per-
formed to assess SAR. The RF-induced temperature increase
in a suitable temperature phantom is measured using the
proton resonance frequency (PRF) shift method (31–33).
Desired phantom characteristics include: MR visibility,
dielectric properties similar to human tissue, known thermal
properties, low heat conductivity and diffusivity (e.g.
gel-based phantoms), reasonable T1 and T2* decay times
and a linear relationship between the signal phase and
temperature change (34). The temperature sensitivity of the
chemical shift can be increased, e.g. by adding paramagnetic
lanthanide complexes (35). Following a short excessive RF
heating period τ, the temperature increase ΔT is virtually
linear and can be converted to SAR (36), and vice versa, via
the specific heat Cρ:

ΔT≈τ� SAR
Cρ

The temperature maps are compared with corresponding
simulated data in equal measure as performed for the B1

+
fields.

Figure 4c demonstrates the results of a thermometry experiment.
According to SAR∝ |E|2, deviations in efficiency between
simulated and measured RF fields must consistently manifest in
the RF heating experiment.

(5) As an alternative to tests (3) and (4), the EM field, SAR and
temperature distributions can be obtained by field probe
measurements in a phantom during continuous-wave RF
exposure (37) (Fig. 4d). This method is suited to the accu-
rate validation of numerical simulations in well-defined test
scenarios (37), as it includes direct access to the electric
field, in contrast with MR-based validation techniques.
However, it requires a special test arrangement that pre-
cisely moves the probes through the phantom liquid, a
task that is difficult to perform with realistically shaped
phantoms and with the RF coil positioned inside the
scanner. Therefore, this method is not a regular part of
our current procedure.

Only if phantom tests (1)–(4) have been successfully performed
can the actual coil be used for volunteer scanning after SAR
analysis, as described in the next section. In the case of large
deviations, especially if the experimental RF field is stronger than
the simulated field, the EM model or the actual coil needs to be
adapted to improve agreement, or safety margins (see below)
must be increased considerably.

Calculation of SAR and power limits for in vivo application

After validation, the simulation set-up is used to predict SAR in
the human body. In our present procedure, we use a time-
domain solver (CST Studio Suite) and two human voxel models
with 2-mm3 resolution (Duke and Ella from the virtual family)
with dielectric tissue properties valid at the Larmor frequency
(38,39). Alternatively, frequency domain solvers and surface-
based models can be used (30). If possible, the performance of
SAR calculations with additional models or even patient-specific
models is preferable, whereas the models may be truncated to
reduce the computational cost as long as it does not compro-
mise the RF field in the body part under evaluation. The distribu-
tion of SAR across the models is calculated as a function of input
power and excitation mode (Fig. 5). Local SAR averaging is
performed using standard IEEE/IEC 62704-1. If several positions
of the body relative to the coil are possible, multiple simulations
are performed to obtain SAR data as a function of position.
The conversion from input power to SAR must be transferred

to the scanner, which supervises and restricts the RF power in
order to comply with IEC limits (14). In the following, we
distinguish between single-channel operation, i.e. transmission
with a fixed excitation mode, and pTx operation. The supervision
concept refers to Siemens Magnetom scanners and a Tx Array
Step 2 pTx system, respectively.

Single-channel operation

For a fixed excitation mode and subject position, SAR is propor-
tional to the total power accepted by the coil (forward minus
reflected power). Therefore, two factors are calculated that relate
the accepted power at the coil plug to the maximum local SAR
and to the global SAR in the most critical body part, respectively.
The more conservative of the two factors is loaded to the
scanner to restrict RF power for compliance with 6-min and
10-s SAR limits. If a single factor is used to cover different
subjects and positions, the most conservative factor across all
corresponding simulations is used.
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pTx operation

For pTx, SAR is a function of the complex RF voltages (amplitude
and phase) applied to individual array channels. For each voxel
model and position, the electric fields resulting from separate
transmission through the single coil elements (considering coil
coupling) are determined and normalized to a predefined in-
put power level at the coil plug. Together with local tissue
properties, a 10-g averaged Q-matrix (40,41) is calculated for
every voxel in the human model. This approach separates
spatial and temporal dependences, and local SAR in every
voxel in the model can be derived for an arbitrary excitation
mode by multiplication of the Q-matrix with the vector of
complex voltages.
For online local SAR supervision, the number of Q-matrices is

compressed to a few hundred ‘virtual observation points’ (VOPs)
(41) and the results are loaded to the scanner software. During
scanning, the amplitudes and phases of the RF signal at the Tx
channels are monitored and used to perform a real-time local
SAR calculation. Correct calculation and implementation of local
SAR data is confirmed by comparison between SAR displayed at
the scanner and SAR calculated by Q-matrices, VOPs and the EM
simulation software.
Alternatively, a conservative worst-case power limit that

complies with the local SAR limit, independent of the current
excitation mode, can be derived by calculating the maximum
eigenvalue across all Q-matrices. This number gives the highest

possible local SAR if the RF power can be freely distributed
among the coil channels (Fig. 5); the corresponding eigenvector
describes the worst-case excitation mode (40).

For additional global SAR supervision, simulations provide the
limit on the accepted power that complies with the global SAR
limits of the most critical body part. These numbers are derived
to be valid for any excitation mode.

Safety margins

Uncertainties (42–45) in the conversion from the measured RF
signal in the Tx chain to the real SAR in the subject are estimated
and converted into a safety margin for the allowed Tx RF power.

Assuming the correct implementation of the EM simulation
code, we consider several uncertainties (42–45). First, inaccuracies
in RF power and voltage measurement are derived from the
vendor’s specifications for the respective hardware (14). Second,
numerical inaccuracies (e.g. arising frommeshing, boundary condi-
tions, power budget, SAR averaging method, etc.) and uncer-
tainties in the numerical representation of the coil are assessed
via multiple simulations with varying parameters and with the
verification procedure as described above. Third, the difference be-
tween voxel or surface models and the actual human subject (e.g.
in shape, position, dielectric properties) can be estimated by simu-
lating multiple different models (46) at slightly varying positions.

The final safety margin reflects the combined uncertainty
in SAR, considering that many errors may be treated as

Figure 5. Specific absorption rate (SAR) caused by an eight-channel array (cf. Fig. 3) in the Duke model for an input power of 1 W. In CP mode (left),
maximum local SAR appears in the nose because of its proximity to the coil conductors. The worst-case shim (center) focuses the E-field on the left eye,
causing a sixfold increase in the maximum SAR compared with the CP mode. A histogram of maximum local SAR for 1000 random radiofrequency (RF)
shims is displayed on the right.

Table 2. Risk values: for each probability and each severity of occurrence a value has been assigned.

Value Likelihood Severity Description of severity

1 Very low Negligible No effect
2 Low Minor Degradation in image quality or SNR

Cessation of scanning procedure
Potential sensations experienced by subject

3 Medium Moderate Potential minor injury of the subject (local skin burn)
4 High Critical Potential severe injury of the subject (extended skin burn,

electrical shock, burns in tissue other than skin)
5 Very high Catastrophic Disability or death of the subject

SNR, signal-to-noise ratio.
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normally distributed and statistically independent. A more
precise discussion of SAR simulation procedures is the
subject of upcoming IEEE/IEC standards, in particular IEEE/IEC
62704-1 (25).

Future developments may include more efficient simulations
(47), patient-specific voxel or surface models (48), an improved
understanding of SAR variations caused by subject position and

shape (46), tuning and loading conditions (30) or uncertainties in
dielectric properties (49), as well as improved pTx hardware
that is able to monitor changes in B1

+ levels, loading and coupling
(e.g. using pickup probes) in order to instantaneously detect
malfunctions or patient movement (50,51). Future RF supervision
concepts may strive towards temperature rather than SAR
monitoring.

Table 3. Risk profile matrix: incidents corresponding to the risk situations
indicated in white are considered to be acceptable, whereas those indicated in
black are not acceptable and will be avoided by the risk management
measures taken during the design and operation of the radiofrequency (RF) coils

Figure 6. Impact of element failure in an eight-channel array (cf. Fig. 3) on B1
+ in a phantom (top row) and specific absorption rate (SAR) in the Duke

model (bottom row). As E-fields in the CP mode (left column) tend to interfere destructively between neighboring elements, the absence of the pos-
terior transmit (Tx) element locally increases SAR (middle column). A phase shift of 180° causes twice the maximum local SAR across the model (right
column). In the absence of hardware supervision, such malfunctions can be detected via rapid B1

+ mapping prior to in vivo scanning (top row).
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ELECTRICAL FAILUREMODEANDRISKANALYSIS

Purpose

The purpose of this procedure is to analyze the possible failure
modes of the electrical components in the coil during operation
and the potential hazard for the subject. This represents the
basis for a succeeding risk analysis [Sections 4.2 and 12.4 of
ref. (2), and Section 201.13 of ref. (3)].

Risk analysis

Each hazard risk is characterized by two quantities: (i) the
severity (S) of the possible adverse consequence; and (ii) the
likelihood (L) of occurrence of each consequence (Table 2). The
rating (R) of each risk factor is calculated using the product of
the severity multiplied by the likelihood (R = L × S).
Finally, each hazard risk is placed in a risk profile matrix in

which the columns and rows indicate the severity and likelihood,
respectively (Table 3). For our RF coils, we defined acceptable
risks to be those up to a risk value of ‘8’ for negligible to
moderate severity and up to a risk value of ‘4’ for critical and

catastrophic severity (Table 3), in order to rule out incidents with
severe negative impact on the volunteers.

Electrical failure mode analysis with risk assessment

Severe injuries during the operation of RF coils, such as an electri-
cal shock or skin burn, can be practically excluded by the safety
test procedures and the regular QA.

Therefore, the major potential risk is an unexpected increase
in SAR as a result of failure of one or multiple RF coil components
during transmission. These failures can, in principle, be identified
by the quality control of previously acquired images or the result
of pre-scan adjustments performed before each scan (Fig. 6).
Substantial heating is only expected if elevated power absorp-
tion occurs over a prolonged time, whereas most scan protocols
take only a few minutes. However, SAR-enhancing failures
occurring during a prolonged single scan protocol or multiple
scan protocols performed without QA are still problematic and
must be prevented by additional safety measures during coil
design (Table 4) and, in the best case, by monitoring system
parameters, such as the forward and reflected power, Tx phase

Table 4. A radiofrequency (RF) coil-specific detailed failure mode analysis is provided with entries similar to the examples
provided herein. The resulting risk number R = L × S is given, considering risk control by design and action, and must correspond
to the white fields in Table 3. The examples given here do not represent a complete analysis of a specific RF coil, but only illustrate
the principle of electrical failure mode and risk analysis based on typical cases

Item Potential
failure
mode

Potential effect
of failure

Potential cause
of failure

Risk control
by design

Risk control
by action

R = L × S

Distributed
capacitors in
Tx array coil
element

Component
failure, open/
short circuit

Coil element
detunes causing
change in the
RF field pattern
and thus change
with regard
to SAR

Improper
component
selection;
aging of
components

Appropriate
capacitor power
rating; regular QA

Scanner implemented
power monitoring
system should stop
the scan in the
case of high-power
reflection

1 × 2

Cable traps Component
failure, open/
short circuit

High shield
current on
the cables

Improper
component
selection; poor
manufacturing

Appropriate
capacitor power
rating; cable traps
tuned to the Larmor
frequency and
appropriately
isolated

Cable traps are not
accessible to the
subject; extra
thermal insulation
of cables near
human body

1 × 2

Detuning
circuit in
Rx-only coils

Component
failure

Rx coil stays
tuned during
transmission;
alteration of RF
field and SAR

Improper
component
selection; aging
of components;
wire that provides
current for active
detuning
ripped off

Fuses must be
added to the
Rx coil loops

Scanner control
stops the scan
if resistance of
detune circuit is
outside the
specifications

1 × 2

Housing Mechanical
damage

Contact of the
subject with
high-voltage
components

Improper
material;
improper
handling of
the RF coil,
i.e. dropping

Use of robust
material for
housing

Check for
mechanical integrity
before scanning;
handle RF coils
with care

1 × 1

QA, quality assurance; Rx, receive; SAR, specific absorption rate; Tx, transmit.
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or integrity of detune circuits during operation, and automatic
cessation of the scan if safety-related thresholds are violated (51).

The related electrical failure mode analysis is performed based
on the coil-specific schematics and specification on the design
(Fig. 1). Potential failure modes, the cause and effect of these
failures, and the available risk controls by design and action
during operation are tabulated for each component (see
example in Table 4). A risk analysis after consideration of the risk
control by design and action must result in the cases indicated in
white in Table 3, otherwise coil design and operational procedures
will need to be adapted further.

DOCUMENTATION, USER TRAINING AND QA

Even after successful completion of all safety and performance
tests, safe operation of the RF coil can only be ensured if the
integrity of the coil and its correct installation and usage are
guaranteed. Thus, a comprehensive documentation, rigorous
user training and regular tests of the appropriate functioning
of the coil are required. A responsible person, usually the main
user, is identified for each coil to perform these tasks in cooper-
ation with the coil designer.

Coil documentation

The documentation serves as a reference for the routine user.
First, it contains a technical description of the coil to provide
elaborate insight into its design and function. This includes
electrical circuit layouts, coil file specifications and details on
SAR simulations. Second, the documentation contains brief and
comprehensible instructions for installation and correct usage
of the coil, also in combination with other equipment. Third, it
gives detailed instructions, together with typical results, for coil
function tests that are performed before each human measure-
ment and for tests performed at regular intervals. Finally, the
documentation records the history of the coil, containing
information on the tests performed, repairs, modifications and
user training.

Quality and safety assurance

Before each in vivo scan, the Tx and Rx functionality of the coil is
quickly verified using predefined tests performed on a
standardized phantom with the parameter settings given in
the documentation. As malfunction in a Tx element will probably
change the RF field (Fig. 6), scout images or rapid B1

+ maps are
acquired and compared with reference images or maps. If
obvious deviations are detected, SAR predictions are considered
as invalid and experiments on humans are not allowed. The Rx
functionality is tested by comparing the free induction decay
signal after a single, non-selective excitation pulse on the single
Rx channels with reference data. For the pTx system, in addition,
a coupling matrix is acquired and the functioning of the SAR
supervision unit is verified according to the procedure described
by the vendor (14).

More thorough quantitative tests are performed by the person
responsible for the coil at regular intervals of not more than half
a year. The tests include a check of the S-parameters, the power
linearity of the coil, the acquisition of B1

+ maps and images
acquired with each Rx channel separately. The results are
compared with the reference values. These regular tests serve

as further QA and are used for the early detection of coil
degeneration or failure.

User training

Before in vivo application, the user is instructed on the safe usage
by the person responsible for the coil. The training includes the
coil’s correct installation with regard to the connection to the
scanner, and ensures that the positioning of the coil and subject
complies with SAR simulations. Further, the user must be famil-
iarized with the test scan procedure that is performed before ev-
ery human experiment and informed how to properly remove
and store the coil after usage. Apart from the coil-specific train-
ing, every user undergoes general site-specific MRI safety
instructions.

CONCLUSION

The above-described guidelines on safety tests, SAR simulation,
risk analysis and operational procedures, including coil
documentation, user training and regular QA testing, help to
recognize and eliminate safety issues during coil design and
operation. However, they represent current knowledge, and
open questions, for instance on the validity of human models
for SAR evaluation, the impact of the variety of body sizes and
shapes, the relationship between SAR and temperature in vivo,
the best possible approach for the online observation of safety-
related system parameters and universally applicable specifica-
tions or limits for a number of safety and performance tests,
remain to be answered. Hence, it is recommended to always
operate with sufficiently large safety margins. The research
community is invited to actively participate in extending the
knowledge on which the safety procedures are based in an open
discourse about best possible practice.
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Metabolite-Cycled STEAM and Semi-LASER Localization
for MR Spectroscopy of the Human Brain at 9.4T

Ioannis-Angelos Giapitzakis,1,2* Tingting Shao,1 Nikolai Avdievich,1 Ralf Mekle,3

Roland Kreis,4 and Anke Henning1,5

Purpose: Metabolite cycling (MC) is an MRS technique for the
simultaneous acquisition of water and metabolite spectra that
avoids chemical exchange saturation transfer effects and for

which water may serve as a reference signal or contain addi-
tional information in functional or diffusion studies. Here, MC

was developed for human investigations at ultrahigh field.
Methods: MC-STEAM and MC-semi-LASER are introduced at
9.4T with an optimized inversion pulse and elaborate coil

setup. Experimental and simulation results are given for the
implementation of adiabatic inversion pulses for MC. The two

techniques are compared, and the effect of frequency and
phase correction based on the MC water spectra is evaluated.
Finally, absolute quantification of metabolites is performed.

Results: The proposed coil configuration results in a maximum
B þ

1 of 48 mT in a voxel within the occipital lobe. Frequency and

phase correction of single acquisitions improve signal-to-noise
ratio (SNR) and linewidth, leading to high-resolution spectra.
The improvement of SNR of N-acetylaspartate (SNRNAA) for fre-
quency aligned data, acquired with MC-STEAM and MC-semi-
LASER, are 37% and 30%, respectively (P<0.05). Moreover, a
doubling of the SNRNAA for MC-semi-LASER in comparison with
MC-STEAM is observed (P<0.05). Concentration levels for 18
metabolites from the human occipital lobe are reported, as
acquired with both MC-STEAM and MC-semi-LASER.
Conclusion: This work introduces a novel methodology for
single-voxel MRS on a 9.4T whole-body scanner and high-

lights the advantages of semi-LASER compared to STEAM in
terms of excitation profile. In comparison with MC-STEAM,

MC-semi-LASER yields spectra with higher SNR. Magn
Reson Med 79:1841–1850, 2018. VC 2017 International Soci-
ety for Magnetic Resonance in Medicine.

Key words: Metabolite cycling; MR spectroscopy; non-water

suppression; STEAM; semi-LASER

INTRODUCTION

1H MRS is a noninvasive method allowing the detection
as well as the quantification of several metabolites in the
human brain. The introduction of ultrahigh field (UHF)
scanners (� 7T) lead to an increase of the signal-to-noise
ratio (SNR) and a higher frequency dispersion, hence
better spectral resolution. These advantages promote the
potential of MRS (1,2). Noteworthy, multiple studies
have demonstrated the detection of up to 18 metabolites
both in human and rodent brains at UHF (3–7).

Despite the significant advantages of UHF for MRS,
several technical challenges have to be addressed for
efficient utilization of these prospective benefits. In par-
ticular, the severe B þ

1 inhomogeneity due to destructive
interference (8), the increased chemical shift displace-
ment (CSD) between different metabolites, and the
requirement of short echo time (TE) sequences due to
shorter T2 relaxation times are critical problems for
MRS at UHF. Previous work has demonstrated the fea-
sibility and prospects of the stimulated echo acquisition
mode (STEAM) sequence and localization by adiabatic
selective refocusing (LASER) sequence, along with opti-
mized outer-volume saturation (OVS) and water-
suppression (WS) schemes for the quantification of
metabolites in the occipital lobe of the human brain at
9.4T (9). Furthermore, studies have demonstrated the
advantages of localization schemes using adiabatic refo-
cusing at 7T (4,10). Adiabatic pulses provide localiza-
tion profiles that are robust against B þ

1 inhomogeneity.
However, their implementation can introduce high spe-
cific absorption rates (SAR) due to high B þ

1 peak power
requirements and longer TEs compared to nonadiabatic
sequences such as STEAM (11). On the other hand, in
STEAM only half of the available signal is detected. A
suitable compromise between TE and power deposition
with adiabatic refocusing is the semi-LASER sequence
(4,12,13). In this technique, localization is performed by
a conventional slice-selective excitation pulse followed
by two pairs of refocusing adiabatic fast passage pulses
(AFP). In this way, a full-intensity free induction decay
(FID) is acquired at reasonably short TEs (e.g., 25 ms
(4)). Moreover, the high bandwidth of the refocusing
AFP leads to lower CSD. The fact that refocusing AFP
pulses typically have good slice profiles with little refo-
cusing outside of their bandwidth and that in semi-
LASER the pair of refocusing AFP is repeated twice
leads to improved excitation profiles largely devoid of
lipid contaminations and greatly reduces the need for
OVS. In addition, J evolution is reduced for J-coupled
metabolites due to the Carr-Purcell train behavior of
semi-LASER (14,15).
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The need for higher B þ
1 fields with the use of adia-

batic pulses requires the implementation of more effi-
cient coil setups at UHF. For this purpose, transceiver
channel coils are placed adjacent to the area of interest,
combined with optimal B þ

1 phase shimming (9,16,17).
Another technical challenge at UHF is the increased

and variable inhomogeneity of the static magnetic field
(B0) due to susceptibility effects as well as physiological
and involuntary gross head motion. Minor bulk motion
or breathing-related field variation can shift the fre-
quency and phase of the acquired FID signals, increasing
the linewidth of the summed spectra and decreasing the
SNR because of the nonconstructive summation of
acquisitions.

Water suppression is an essential part of MRS for the
prevention of gradient modulation sidebands and base-
line distortions. This complication becomes more critical
at UHF because stronger gradient amplitudes are used to
realize short TE sequences and minimal CSD.

Nevertheless, several studies implementing non-water–
suppressed MRS techniques such as metabolite cycling
(MC) (18) have shown their potential in addressing these
challenges. MC allows the simultaneous acquisition of
water and metabolite spectra without scan time prolon-
gation or the need for a water reference scan. MC, which
involves alternating the adiabatic inversion of the
upfield and downfield part of the spectrum without
alteration of the water signal, has been incorporated in
point-resolved spectroscopy (PRESS), LASER, and
STEAM sequences (19–22).

Studies utilizing MC-PRESS have demonstrated the
advantages of this technique compared to water-
suppression techniques. In particular, the non-water–
suppressed signal can be used for frequency, and phase
alignment prior to averaging as well as eddy current cor-
rection, which is of particular value in very small voxels
of interest for applications in the spinal cord and the
myocardium as well as for GABA editing at 3T (23–25).
MC-PRESS also has been utilized for the measurement of
magnetization exchange of the downfield resonances in
the human brain and muscle (20,26,27). At 3T, diffusion-
weighted MC-STEAM has been shown to offer ways to
prevent motion-induced overestimation of diffusion coef-
ficients (28). Furthermore, MC MRS holds potential for
the simultaneous detection of blood-oxygen-level–depen-
dent changes in water and metabolite alterations under
functional stimulation (29). However, PRESS uses non-
adiabatic refocusing and suffers from a large CSD due to
limited radiofrequency (RF) bandwidths, especially in
human applications.

Thus, the purpose of this study was the development
of two new sequences for UHF MRS in the human brain
at 9.4T utilizing the MC technique and thus preparing
the ground for follow-up investigations with regard to
exchange spectroscopy, functional spectroscopy, and
diffusion-weighted spectroscopy at 9.4T. In particular,
an asymmetric adiabatic inversion pulse (InvP) opti-
mized for MC at 9.4T was incorporated with STEAM
and semi-LASER optimized to account for inhomoge-
neous transmit fields and minimizing CSD. These two
new sequences, along with the appropriate hardware
setup, were then used for the acquisition of in vivo data

from the occipital lobe of the human brain and their per-

formance was compared. In particular, frequency fluctua-

tions at 9.4T were quantitatively investigated, and the

related effect of frequency and phase correction from the

MC water spectra on the overall spectral quality was

studied. Finally, absolute metabolite quantification was

carried out deploying LCModel (30).

METHODS

Technical Description and Subjects

All measurements were performed on a Siemens 9.4T

whole-body MRI scanner (Erlangen, Germany) equipped

with a SC72 gradient system having a maximal nominal

amplitude of 40 mT/m and a maximal slew rate of

200T/m/s. All measurements were performed using a

home-built proton coil with eight transmit and 16

receive channels (31,32). Available peak power from the

amplifiers was 8 kW, with 50% line loss. To obtain

high B þ
1 values for the excitation of a voxel within the

occipital lobe, the entire power was applied only to the

three bottom coil elements using a three-way power

splitter (Supporting Fig. S1). As a result, on average a

maximum B þ
1 of 48 mT (ranging from 44 mT to 56 mT)

could be achieved in a voxel within the occipital lobe

(more detail provided in the Supporting Information

and Supporting Fig. S1). The coil was tuned and

matched for each volunteer individually before the

beginning of the experiment using a homebuilt tuning

and matching box (33) and a portable probe tuning

device (Morris Instruments Inc., Ottawa, Canada), ensur-

ing minimal reflected power. Eight healthy volunteers

(six male and two female, age: 29 6 4 years) participated

in this study. Written informed consent was given by

all subjects prior to the examination, and the study had

been approved by the local ethics board.

Optimization of Asymmetric Adiabatic Pulse for
Metabolite Cycling at 9.4T

For the inversion of upfield and downfield metabolite

signals without affecting the water peak, an InvP was

applied. In this study, the InvP with pulse length, Tpulse,

is constructed of the first half of a sech pulse (HS1/2,

R¼ 31.415) for 0.9 Tpulse, and the second half of a tanh/

tan pulse (R¼ 100) for 0.1 Tpulse. The detailed nomencla-

ture and the pulse parameters are described in the study

of Hwang et al. (34). The InvP as an asymmetric AFP

pulse features a steep transition bandwidth (BWtrans, fre-

quency range in which longitudinal magnetization Mz:

�0.95�Mz/Mo�0.95; Mo: magnetization at thermal equi-

librium) on the water side and a broad inversion band-

width (BWinv, Mz/Mo��0.95) (Fig. 1a). However,

adaptation and optimization of the InvP for applications

in the human brain at 9.4T were necessary for efficient

inversion of the desired frequency range. On the upfield

part of the spectrum (< 4.7 ppm), the main metabolites

extend from 1.3 ppm (lactate) to 4.1 ppm (myo-inositol).

Similarly, in the down-field region (>4.7 ppm), the

hydrogen compounds of interest lie within a range of

about 3 ppm as well (5.2–8.2 ppm). Thus, the required
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frequency range for inversion is 3.5 ppm, which is equiv-
alent to 1,400 Hz at 9.4T.

BWinv and BWtrans depend on three parameters: 1) the
duration of the InvP, Tpulse, 2) the frequency sweep range
of the frequency modulation function (FM), and 3) the
B þ

1 amplitude. The acceptable combination of these
three factors is restricted by the fulfillment of the adia-
batic condition (35).

Bloch equation simulations were performed using in-
house scripts in MatLab 2012b (MathWorks, Natick, Mas-
sachusetts, USA) to find optimal parameter sets. BWinv

and BWtrans were studied as a function of the three
influencing factors for the following parameter ranges:
pulse duration from 20 to 30 ms, frequency factor from 1
to 4 (see below), and B þ

1 values from 15 mT to 30 mT
(Fig. 2). The frequency factor is simply a number that is
multiplied with the frequency sweep range of the FM.
The original sweep range of the FM extended from
�11.36 kHz to 0.12 kHz (18,34). Therefore, the frequency
factor modifies the FM function of the adiabatic pulse
and defines the resulting BWinv.

Aside from that, the frequency profile of the InvP
exhibits an initial frequency offset (Mz/Mo¼ 0.95) due to
the asymmetry of the pulse, which also was investigated
for different B þ

1 values, pulse durations, and frequency
factors (Fig. 1b). After simulations and the selection of
appropriate parameters for the InvP, validation experi-
ments were performed using a spectroscopic phantom
containing lactate and acetate (Supporting Information
and Supporting Fig. S2).

Development of Metabolite Cycled Localization Schemes

Two localization schemes were developed exploiting MC
advantages based on conventional spectroscopy sequences.

The first scheme consisted of a conventional STEAM
sequence in which an InvP for MC was incorporated during
the mixing time (Fig. 3a). The second localization strategy
involved a semi-LASER sequence (4) that was preceded by
a MC pulse (Fig. 3b). For both sequences, a hamming-
filtered 90-degree sinc pulse with a bandwidth of �8 kHz
was used. The characteristics of InvP for MC were: mini-
mum B þ

1 ¼ 22 mT, pulse duration¼ 22.4 ms, frequency
factor¼ 2, and FreqinvP¼6 350 Hz.

For the semi-LASER sequence, both sagittal and coro-
nal slices were selected using a pair of refocusing offset
independent trapezoidal adiabatic pulses (4) optimized
for 9.4T. The pulse duration was 3.5 ms, with a band-
width of 8 kHz and a minimum required B þ

1 of 24 mT.
The moment for all the spoiler gradients was set to 53
mT/m*ms.

MRS Data Acquisition

Placement of the spectroscopy voxel was facilitated
using high-resolution images from 2D FLASH scans (in-
plane resolution: 0.7� 0.7 mm2, slice thickness¼ 3.5 mm,
25 slices) acquired in three orientations (axial, sagittal,
and coronal) and a 3D MPRAGE scan (36). Afterward, a
voxel (2� 2�2 cm2) was chosen in a mixed gray (GM)
and white matter area (WM) within the occipital lobe.
First- and second-order Bo shimming was performed
using FASTESTMAP (37) and voxel-based power cali-
bration was executed (38). Next, localized MR spectra
using the two described MC localization schemes were
acquired from each volunteer (MC-semi-LASER with
TE¼ 24 ms, MC-STEAM with TE¼ 8 ms, and mixture
time (TM)¼50 ms). For both cases, the repetition time
was 6,000 ms, ensuring an acceptable SAR level (aver-
age SAR as a percentage of the maximum allowed value
was 30% for MC-STEAM and 90% for MC-semi-LASER)
and almost complete T1 recovery; 96 averages were
acquired with 4,096 time points and an 8 kHz receive-
bandwidth. jFreqinvPj was set to 350 Hz. A phase-cycling
scheme of 16 steps (4) was applied. The transmit refer-
ence frequency was set at 2.3 ppm for the reduction of
CSD and minimization of lipid excitation. Neither water
presaturation nor OVS was applied. The slice-selection
gradients’ polarity was selected such that the CSD-
shifted ROI of upfield fat peaks would be moved away
from the skull (toward the anterior–right direction). Fur-
thermore, macromolecular spectra were acquired for
each volunteer (number of excitations (NEX): 64), with
both sequences using a double inversion recovery tech-
nique (Tinv1¼ 2,360 ms and Tinv2¼ 625 ms) with a repe-
tition time (TR) of 10 s (39,40). Finally, to avoid any
influence of MC pulses on absolute quantification, water
reference signals (NEX: 16) were measured with both
sequences without MC and WS. The total exam time for
each subject was about 50 min.

MRS Data Analysis

Raw data were analyzed in MatLab (MathWorks) with
in-house processing routines. Data processing involved
the following steps: Step 1 was zero filling with a factor
of two. Step 2 was frequency and phase alignment (MC
Corr) in the time domain (utilizing the fminsearch

FIG. 1. Simulations and experimental results of the asymmetric

adiabatic pulse for inversion of the upfield part of the spectrum. a)
Longitudinal magnetization profile of the inversion pulse simulated

for different B þ
1 values, pulse durations, and frequency factors.

The numbers in the annotation correspond to the B þ
1 value, pulse

duration, and frequency factor, respectively. The arrows point at

the inversion bandwidth BWinv (frequency range in which Mz/
Mo��0.95), the transition bandwidth BWtrans (frequency range in

which �0.95�Mz/Mo�0.95), and the initial frequency offset (Mz/
Mo¼0.95). The red dotted circle indicates the zoomed region
illustrated in panel B. b) Zoomed region of panel A illustrates

detailed behavior at the transition from full inversion to the transi-
tion band. The initial frequency offset also is demonstrated.
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function within MatLab (MathWorks)) by minimizing the

difference between individual FIDs. For comparison pur-

poses, the data also were analyzed without frequency

correction (MC Uncorr). Step 3 was minimization of the

residual water signal in the MC metabolite spectrum:

Even-numbered MC spectra were multiplied by a scaling

factor (Fs) between 0.90 to 0.97 before signal, as

described in (18). The Fs was calculated ensuring mini-

mal residual water in the metabolite spectra. In step 4,

water spectra were created by averaging odd and even

numbered acquisitions. Metabolite data were calculated

by subtracting even numbered averages from odd num-

bered FIDs. Step 5 was truncation of FIDs at 250 ms.

Step 6 was zero-order phase and eddy current correction

using the phase information of the water signal (41). In

step 7, signals from all 16 receive channels were com-

bined using a singular value decomposition method (42)

based on MC water data. Step 8 was manual first-order

phase correction for each dataset (0.015 6 0.011 degrees/

Hz). Step 9 was the removal of water residuals using

Hankel Singular Value Decomposition (HSVD (43), only
performed on MC Uncorr.)

Finally, full-width half maximum (FWHM) of the water
and creatine (Cr) peaks, as well as the SNR of N-
acetylaspartate (NAA) (SNRNAA) and glutamate (Glu)
(SNRGlu) peaks were calculated. SNRNAA and SNRGlu were

measured as NAA and Glu amplitude (frequency domain)

at 2.01 ppm and 2.35 ppm, respectively, divided by the

standard deviation of 1,000 points from 14.7 ppm to

12.3 ppm. For the creation of macromolecular template

signals (39), all the subjects’ macromolecular signals were

summed, and the averaged macromolecular spectrum was

smoothed using cubic splines within MatLab (MathWorks)

(smoothing parameter P¼ 0.001) for noise reduction.
Statistical hypothesis testing for differences between

STEAM and semi-LASER regarding FWHM, SNR, and Fs

was performed within MatLab (MathWorks) using one-
tailed nonparametric rank test (Wilcoxon signed rank
test for equal and matched sample size) and the Holm-
Bonferroni method for multiple comparisons correction.

FIG. 2. Simulation results for BWinv and BWtrans as a function of B þ
1 amplitude, pulse duration Tpulse, and frequency factor (left fre-

quency factor¼1.0, right¼2.0). (Upper panel) BWinv results in Hz. The black contour line indicates 1,400 Hz, which is the required fre-
quency range for spectroscopic applications at 9.4T. (Lower panel) BWtrans results in Hz. For both simulated frequency factors, for

durations longer than 22 ms, the BWtrans ranges from 60 to 80 Hz, which corresponds to 0.15 to 0.2 ppm at 9.4T. BWinv, inversion band-
width; BWtrans, transition bandwidth.
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MRS Data Quantification

For calculation of the metabolites’ concentrations, the
spectra were analyzed using LCModel V6.3-1L (30). A
basis set consisting of 19 metabolites was simulated using
PyGAMMA (44) based on experimentally measured chem-
ical shifts and J-coupling values (45–47). The MC-STEAM
basis set was simulated using a STEAM sequence (TE/TM:
8/50 ms) with ideal pulses, whereas the MC-semi-LASER
was simulated using a spin echo sequence with ideal
pulses and a TE of 6.5 ms corresponding to the apparent
TE of the real sequence (4,15). The apparent TE was
defined after comparing in vivo spectra, in particular, the
NAA aspartate moiety, with simulated spectra (48). Mea-
sured macromolecular templates were included in the
models for both localization strategies. More details
regarding quantification are provided in the text in the
Supporting Information. Absolute metabolite concentra-
tions in mM ([Met]mM) without correction for relaxation
were calculated using LCModel water normalized concen-
trations ([Met]Nwater) through the following equation (49):

½Met�mM ¼ ½Met�Nwater � 55126 mM

� ðfGM � aGM þ fWM�aWM þ fCSF � aCSFÞ
1� fCSF

� 2

1þ Fs

where 55,126 mM is the concentration of pure water at
body temperature. fGM, fWM, and fCSF correspond to the
GM, WM, and cerebrospinal fluid (CSF) percentages,
respectively, and the relative densities of NMR-visible
water (aGM ¼ 0:78; aWM ¼ 0:65; aCSF ¼ 0:97) were found
in (50). The denominator 1�fCSF was implemented for
partial-volume correction (30,50). The factor 2

1þFs
) was

introduced to correct for the multiplication of even num-
bered acquisitions with the Fs (18). No exclusion criteria
were used for the calculation of cohort average

metabolites levels for the avoidance of biased estimated

mean concentrations (51).

RESULTS

Coil Setup Performance

Phantom measurements demonstrate that the coil setup

along with the appropriate phase increment and power

distribution results in a maximum B þ
1 efficiency of

0.16 mT/V and an average value of 0.13 mT/V (Supporting

Fig. S1C). These findings are in agreement with in vivo

results in which an average B þ
1 of 0.106 mT/V was

achieved in the occipital lobe. Thus, a B þ
1 of 48 mT

could be achieved with the maximum allowed voltage of

450 V. In addition, coupling values of different coil loops

were small (< 18 dB); therefore, prior whitening of the

data was not required (52).
Figure 1 illustrates the simulated profile of the longi-

tudinal magnetization for different B þ
1 levels, pulse

durations, and frequency factors. The results demon-

strate that the initial frequency offset of the inversion

pulse remains practically unchanged with variations of

B þ
1 . However, it increases for larger frequency factors

and pulse durations (Fig. 1b). Additionally, BWinv

increases significantly for higher frequency factors and

FIG. 3. Sequence diagrams. a) MC-STEAM sequence with a TE of
8 ms and a TM of 50 ms. MC was incorporated during the mixing

period without an extension of TE, therefore without any loss of sig-
nal due to T2 relaxation. b) MC-semi-LASER sequence with TE of 24
ms. A metabolite cycling pulse is introduced directly before

localization.

FIG. 4. The effect of frequency and phase alignment of acquisi-
tions. a–b) Individual water signals before and after frequency

alignment. c–d) Zero-order phase and frequency shift for each
acquisition. e) MC Corr and MC Uncorr metabolite data. Spectra
acquired from a volunteer using MC-semi-LASER (TE/TR: 24/

6,000 ms, NEX: 96) from a voxel in the occipital lobe
(2�2�2 cm3).
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for higher B þ
1 amplitudes (Fig. 2). Simulations showed

that lower B þ
1 fields are required for longer pulse dura-

tions to achieve a given BWinv. For a frequency factor

equal to 1 (left part of Fig. 2), which corresponds to the

pulse settings used in (18), a notably high B þ
1 is

demanded to obtain a BWinv sufficiently large for spec-

troscopic applications at 9.4T. BWtrans ranges from 60 to

80 Hz (0.15 to 0.2 ppm at 9.4T) for durations longer than

22 ms and varies slightly with alterations of B þ
1 .

Finally, the experimental results from a spectroscopic

phantom using a parameter set suitable for the chosen

experimental setup (B1(min)¼ 22 mT, pulse duration¼ 23

ms, freq. factor¼ 2, jFreqinvPj ¼325 Hz) verified the sim-

ulations and resulted in high-quality phantom spectra

(Supporting Fig. S2).

Sequence Testing

Due to high coil efficiency and strong gradient system

performance, a short TE of 8 ms for MC-STEAM and 24

ms for MC-semi-LASER, respectively, could be achieved

(Fig. 3). In particular, the duration of the Hamming-

filtered sinc pulses used for slice selection in both locali-

zation techniques ranged from 1 to 1.2 ms, which in turn

resulted in an excitation bandwidth of about 8 kHz. As a

result, CSD was 5% per ppm for each voxel dimension.

As a consequence, because the reference frequency was

set at 2.3 ppm, CSD for the myo-Inositol peak at

4.05 ppm was 9% (1.8 mm), for the lactate peak at 1.31

was 5% (1 mm), and for the NAA downfield peak at

7.82 ppm was 28% (5.6 mm).

In Vivo Data: Effect of Reference Correction

Physiological motion during the scan led to frequency

and phase fluctuations of the acquired signal (Fig. 4). If

uncorrected (MC Uncorr), spectra exhibit significant

water residuals and baseline distortion. However, appro-

priate previous alignment of different MC metabolite sig-

nals gives rise to spectra with a flat baseline and water

peak residual in the order of the NAA amplitude (Fig. 4,

bottom panel).
MC-semi-LASER results show that average SNRNAA for

MC Corr and MC Uncorr are 940 and 657, respectively,

with a statistically significant improvement (P<0.05) of

30% (Fig. 5). For MC-STEAM data, the mean SNRNAA is

477 for MC Corr and 301 for MC Uncorr, with a similar

improvement of 37% (P< 0.05) for MC Corr. In addition,

a doubling of the SNRNAA for MC-semi-LASER in com-

parison with the MC-STEAM sequence is observed

(P< 0.05). Moreover, SNRGlu of MC Corr data for MC-

semi-LASER and MC STEAM are 243 and 151, respec-

tively, resulting in statistically significant increase

(P< 0.05) of 60%. In the case of MC-semi-LASER,

FIG. 5. Cohort comparison of SNR for NAA (SNRNAA) and FWHM
of water and creatine before and after the described reference

correction scheme for both MC-STEAM and MC-semi-LASER. In
addition, SNRGlu is illustrated after the described reference correc-

tion scheme for both MC-STEAM and MC-semi-LASER. Red hori-
zontal lines indicate median values; error bars illustrate the range
of values; and red crosses show outliers. Statistically significant

differences corrected for multiple comparisons are displayed with
asterisks (*P<0.05).

FIG. 6. Sample spectra acquired from the same volunteer using
MC-semi-LASER and MC-STEAM from a voxel in the occipital lobe

(red square; 96 averages, 2�2�2 cm3). Both the upfield and
downfield parts of the spectrum are detected with good quality
using both sequences. The red arrow indicates some contributions

in the MC-STEAM spectrum likely to arise from outer-volume lipid
signals. Spectra have been filtered for illustration purposes using a
Voigt filter (Gaussian part: 50 ms, Lorentzian part: 7.8 Hz ). Asp,

aspartate; Cr, creatine; GABA, g-aminobutyric acid; Gln, glutamine;
Glu, glutamate; Glx, Glu þ Gln; GPC, glycerophosphocholine; GSH,

glutathione; Lac, lactate; mI, myo-Inositol; MM, macromolecules;
NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutamate; PCh,
phophsocholine; PCr, phoshocreatine; PE, phosphorylethanolamine

and ethanolamine; sI, scyllo-inositol; Tau, taurine; tCh, PChþGPC;
tNAA, NAAþNAAG.
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frequency alignment reduces the FWHM of the water

and Cr peaks by 1.5 Hz (P<0.05) and 3.5 Hz (P< 0.05),

respectively, whereas for MC-STEAM the improvements

are 2.0 Hz and 1.8 Hz, although no statistically significant

difference was observed due to multiple comparisons

correction.

MRS Data Quantification

MRS spectra from the GM voxel of a volunteer, as

acquired with MC-semi-LASER and MC-STEAM, are

illustrated in Figure 6. Results demonstrate the higher

SNR of MC-semi-LASER data, despite the longer TE. The

MC-STEAM spectrum also features some slight contribu-

tions that are likely to arise from outer-volume lipid sig-

nals (highlighted by arrow in the Fig. 6). The LCModel

fit shows an almost flat spline baseline and a well-fitted

macromolecular template for MC-semi-LASER, whereas

the MC-STEAM fit features a more varying spline base-

line (Fig. 7).
Frequency resolution in both localization schemes ena-

bles the quantification of 18 metabolite peaks (Fig. 8),

with Cramer-Rao lower bounds (CRLBs) lower than or

equal to 100%, in both the upfield and downfield parts

of the spectrum (Supporting Fig. S3). In addition, clear

differences between the two sequences are observed

regarding the shape of the aspartate moiety peaks of

NAA at 2.67 ppm and 2.48 ppm due to J-evolution.
Absolute concentrations (not corrected for T2 relaxa-

tion) for 18 metabolites, illustrated in Figure 8, do not

demonstrate any statistically significant difference after

multiple comparisons correction.
CRLB values are systematically smaller for MC-semi-

LASER than for MC-STEAM, however, without any sta-

tistically significant difference after multiple compari-

sons correction (Supporting Fig. S3) (Supporting Table

S1). The average percentages of GM, WM, and CSF

within the voxel were 39.5%, 57%, and 3.5%, respec-

tively, which corresponds to a water content of 73.6%

using the assumptions mentioned in Methods. Absolute

concentrations values illustrated in Figure 8 also are

reported in the Supporting Table S2.

DISCUSSION

In this study, two new sequences utilizing the MC tech-

nique, MC-STEAM, and MC-semi-LASER are introduced,

implemented with the setup of optimized RF coils, and

used to measure metabolite content from human brain

FIG. 7. LCModel fitting results of the same MC-semi-LASER (TE:

24 ms) and MC-STEAM (TE/TM: 8/50 ms) spectra displayed in
Figure 8. The red arrows indicate baseline distortion in the MC-
STEAM spectrum due to some lipid contamination. For both

cases, the voxel size was 2�2�2 cm3 and 96 averages were
acquired. The basis set included the following 18 metabolites: N-
acetylaspartate, N-acetylaspartylglutamate, glutamine, glutamate,

aspartate, g-aminobutyric acid, glycine, glucose, phosphoryletha-
nolamine, glycerophosphocholine, glutathione, phoshocreatine,

creatine, choline, phophsocholine, myo-inositol, scyllo-inositol,
lactate, and a measured macromolecular (MM) baseline.

FIG. 8. Absolute concentration (not corrected for relaxation) values
for 18 metabolites from spectra acquired from eight volunteers
(n¼8) with MC-semi-LASER and MC-STEAM. Red lines indicate

median values (50% quartile), whereas the bottom and top box
boundaries demonstrate 25% (Q1) and 75% (Q3) quartile, respec-

tively. Small red (þ) indicate data points beyond the whiskers (out-
liers). A statistical comparison was performed using a two-tailed
Wilcoxon signed rank test for equal and matched sample size. No

statistically significant difference was observed after applying the
Holm-Bonferroni method for multiple comparisons correction.
Median, Q1, and Q3 values for metabolite levels are reported in

Supporting Table S2. Asp, aspartate; Cr, creatine; GABA, g-
aminobutyric acid; Glc, glucose; Gly, glycine; Gln, glutamine; Glu,

glutamate; GPC, glycerophosphocholine; GSH, glutathione; Lac,
lactate; NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutamate;
mI, myo-Inositol; PCr, phoshocreatine; PE, phosphorylethanolamine

and ethanolamine; sI, scyllo-inositol; Tau, taurine; tCh, PChþGPC;
tCr, Crþ PCr; tNAA, NAAþNAAG.
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gray matter at 9.4T. Moreover, a detailed description
including experimental and simulation results is given
for optimization of the InvP for MC at very high field.

Results demonstrate that utilization of three coil ele-
ments with appropriate phase and power distribution at
the location of the examined voxel (see anatomical image
in Fig. 6) yield high and fairly homogeneous B þ

1 fields
(48 mT). Efficient B þ

1 is necessary at UHF for the imple-
mentation of adiabatic MC pulses, for reduced CSD, and
for short TE. The same coil along with different phase
increments and power distribution can be utilized for
the acquisition of spectra from other locations, such as
parietal white matter (39,53).

Simulations highlight the demand for higher B þ
1 fields

and longer pulse durations to achieve a large-enough
inversion bandwidth. This outcome is in agreement with
the adiabatic principle (35) and previous study results
(34). The simulations also show that, for the achievement
of an efficient inversion bandwidth with pulse durations
of 20 to 25 ms, strong B þ

1 fields (> 20 mT) and large fre-
quency sweep ranges are required at UHF.

Frequency and phase alignment of acquisitions
strongly affects the resulting linewidths and SNR of the
final spectrum. MC-corrected data for both sequences
exhibits an increase of SNR for NAA by 45% and a
decrease of the water FWHM of about 2 Hz. This finding
confirms the outcomes of a previous MC study in the
human spinal cord at 3T (24). For WS single-scan data,
frequency and phase correction routinely are performed
using the NAA peak (9,54–56); however, this method
could not be investigated in this study because a fair
comparison would necessitate water-suppressed data
using WS scheme optimized for B1þ inhomogeneity.
Using MC-semi-LASER results in the doubling of the
SNRNAA compared to MC-STEAM. This SNR benefit is
inherent in the spin echo-based LASER techniques in
comparison to STEAM and was not substantially com-
promised by the somewhat longer but still short TE in
semi-LASER. The gain of SNR between semi-LASER and
STEAM also has been reported in studies at 4T and 7T
(4,15). Moreover, SNRGlu increases by 60% in the case
of MC-semi-LASER (TE¼ 24 ms) in comparison to MC-
STEAM (TE¼ 8 ms), despite the longer TE. This gain is
the result of the full signal acquisition within semi-
LASER and of the similar J-evolution of Glu in both
methods because semi-LASER behaves as a Carr-Purcell
sequence (14) and J-coupled metabolites were found to
effectively evolve with a free evolution time of about 6.5
ms. Of note, the accuracy of the estimated metabolite
SNR values is limited by spectral overlap with the
underlying macromolecule signals.

Both MC-semi-LASER and MC-STEAM acquisitions
provide well-resolved spectra in which 18 metabolites
are detected. The quality of the MC-STEAM spectra is
equivalent to published data using STEAM along with
OVS at 9.4T (9). In addition, the average FWHM of the
water peak for MC-semi-LASER and MC-STEAM in this
study are 18.6 6 0.5 Hz (n¼ 8) and 17.9 6 0.5 Hz (n¼8),
respectively, whereas in (9) a mean water linewidth of
15.7 6 1.3 (n¼ 6) was reported. This variation of both
mean values and standard deviations can be assigned to
the different B0 shimming system (maximum amplitude

for each shimming term), the different voxel location
within the occipital lobe, and to the different calculation
of FWHM. In this study, the FWHM of water was mea-
sured after averaging of the 96 acquisitions for each
volunteer.

Although in this study shim variations between
acquisitions were found to be minor, larger frequency
and shim fluctuations related to significant displacement
of the voxel severely could affect the resulting spectra
because MC is a subtraction-based scheme (57). In par-
ticular, large voxel shifts would result in water signals
with different shape and size acquired from different
locations. As a consequence, significant water residuals
might be unavoidable in the metabolite spectra after sig-
nal subtraction. However, such degraded subtraction
also could be largely prevented by elimination of out-
liers that can easily be detected based on the large water
signal (28).

Direct comparison of quantification results for the
reported 18 metabolites (Fig. 8) with other published
studies at 7T and 9.4T (4,5,58–60) is not trivial due to
three reasons: Firstly, many of the previously reported
absolute concentration levels either do not include cor-
rection for tissue composition, or a water content of 80%
is assumed. In this work, the mean percentages of the
different tissue types correspond to a water content of
73.6%. As a result, the currently reported values are
expected to be about 7% lower compared to the case in
which one assumes 80% water content. Secondly, in this
study concentration levels are reported in mM (moles
per tissue volume) and not in moles per tissue weight
(mmol/g), which introduces another systematic difference
of about 5%. Finally, relaxation correction is usually
avoided in cases of long TR (> 4,000 ms) and short TE
(< 30 ms). However, at UHF this assumption may intro-
duce quantification errors due to a shorter T2 and longer
T1 of the metabolites. Moreover, different T2 values of
metabolites are expected between the STEAM and semi-
LASER techniques because the latter behaves like a Carr-
Purcell spin-echo sequence and longer T2 values have
been reported (14,58,59,61). Thus, interpretation of the
current concentrations must be performed with care.
However, a comparison with a semi-LASER study at 7T
(62) shows good agreement in most of the metabolites’
concentrations except myo-inositol, total creatine (tCr),
and glycine. This difference can be assigned to the
shorter T2 relaxation times at 9.4T, as well as to potential
lipid contamination due to the absence of OVS in this
study.

CRLBs of MC-semi-LASER data are systematically
lower than those for MC-STEAM (Supporting Fig. S3).
This improvement of quantification is achieved due to
the increased SNR in MC-semi-LASER in comparison
with MC-STEAM. Moreover, the dissimilarity in CRLBs
also arises because of LCModel noise-level estimation
using the residuals and not true noise outside the spec-
trum. Lower lipid contamination in MC-semi-LASER
also is highlighted from the fitting outcomes in which a
basis set in combination with a measured macromolecu-
lar baseline results in a flat spline fit. Concentration lev-
els for all the metabolites measured with both sequences
do not demonstrate any statistically significant difference
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after multiple comparisons correction. However, Figure

8 indicates a difference in the concentrations of Cr and
tCr between the two methods. This variation can be

assigned to the small lipid contamination in MC-
STEAM, which in turn results in a non-flat spline fit

under the Cr peak at 3 ppm, as illustrated in Figure 7.
To conclude, this is the first study in which semi-

LASER is applied at 9.4T and the MC technique is

implemented on a whole body 9.4T UHF system. The
outcomes of this work highlight the advantages of semi-

LASER compared to STEAM in terms of excitation pro-
file, and indicate the importance of frequency and phase

alignment for MRS at 9.4T in the human brain. MC-
semi-LASER is an attractive choice for measurements at

UHF because it enables the constructive summation of
the different FIDs without the need for additional water

reference scans for frequency alignment and eddy
current correction, optimized OVS, or lengthy water sup-

pression schemes. However, despite several disadvan-
tages of MC-STEAM, it remains useful for measurements

in which a short TE or TR is required due to the small
number of pulses. In fact, MC-STEAM already has

been used in a preliminary study for the measurement
of the magnetization exchange between water and down-

field metabolites in the human brain at 9.4T (53).
Furthermore, MC-semi-LASER was utilized in pilot stud-

ies for the characterization of the macromolecular base-
line at 9.4T (39) and for functional MRS during visual

stimulation at 9.4T, enabling the synchronous detection
of functional changes of water and metabolites signals

(29).
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Fig. S1. RF coil setup and resulting B 1
1 profile. A) Coil and 3-way power

splitter. B) A phantom is placed in the coil, representing subject position.
Red dotted circles illustrate coil loops used for transmission. Only the 3
bottom coil elements are connected with the power splitter. C) B 1

1 profile
(in lT/V) produced by the three coil elements (phantom measurement). The
gray ellipses mark the coil loops. The numbers next to each loop indicate
the phase and the delivered power respectively used for each individual
coil element. Maximum value of B 1

1 was 0.16 lT/V. Given that the maxi-
mum voltage allowed by our RF system amplifiers are 450 V, a maximum
B 1

1 value of 48 uT can be achieved.
Fig. S2. Phantom spectroscopy measurements where the inversion pulse
was implemented in the mixing period of a STEAM sequence. The methine
quartet of lactate at 4.09 is easily observed. The characteristics of the
asymmetric adiabatic pulse used for the experiment were B1(min): 22 lT,
pulse duration: 23 ms, freq. factor: 2, jFreqinvPj: 325 Hz. The experimental
results verified the simulations and resulted in high quality phantom
spectra.
Fig. S3. CRLB values for 18 metabolites from spectra acquired from eight
volunteers (n 5 8) with MC-semi-LASER and MC-STEAM. Red lines indicate
median values (50% quartile) while the bottom and top box boundaries
demonstrate 25% (Q1) and 75% (Q3) quartile respectively. A statistical
comparison was performed using a two-tailed Wilcoxon signed rank test
for equal and matched sample size. No statistically significant difference
was observed after applying the Holm-Bonferroni method for multiple com-
parisons correction. Median, Q1 and Q3 values for CRLB values are
reported in the Supporting Table S1.
Table S1. CRLB values [mM] for 18 metabolites from spectra acquired
from eight volunteers (n 5 8) with MC-semi-LASER and MC-STEAM.
Results are reported in quartiles.
Table S2. Absolute concentrations [mM] for 18 metabolites from spectra
acquired from eight volunteers (n 5 8) with MC-semi-LASER and MC-
STEAM. Results are reported in quartiles.
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FULL PAPER

Characterization of Macromolecular Baseline of Human
Brain Using Metabolite Cycled Semi-LASER at 9.4T

Ioannis-Angelos Giapitzakis,1,2y* Nikolai Avdievich,1,3y and Anke Henning1,3

Purpose: Macromolecular resonances (MM) arise mainly from
cytosolic proteins and overlap with metabolites, influencing

metabolite quantification. Macromolecules can serve as valu-
able biomarkers for diseases and pathologies. The objectives
of this study were to characterize MM at 9.4T in the human

brain (occipital and left parietal lobe) and to describe the RF
coil setup used for MM acquisition in the two regions.

Methods: An adiabatic inversion pulse was optimised for
metabolite nulling at 9.4T using double inversion recovery and
was combined for the first time with metabolite cycled (MC)

semi-LASER and appropriate coil configuration. MM spectra
(seven volunteers) from two brain locations were averaged and
smoothed creating MM templates, which were then parame-

trized using simulated Voigt-shaped lines within LCModel.
Quantification was performed on individual data sets, including

corrections for different tissue composition and the T1 and T2

relaxation of water.
Results: Our coil configuration method resulted in efficient Bþ1
(>30 T/�kW) for both brain regions. The 15 MM components
were detected and quantified in MM baselines of the two brain

areas. No significant differences in concentration levels of MM
between different regions were found. Two new MM peaks
were reported (M7 & M8).

Conclusion: Double inversion, which was combined with MC
semi-LASER, enabled the acquisition of high spectral resolu-

tion MM spectra for both brain regions at 9.4T. The 15 MM
components were detected and quantified. Two new MM
peaks were reported for the first time (M7 & M8) and prelimi-

narily assigned to b-methylene protons of aspartyl-groups.
Magn Reson Med 000:000–000, 2018. VC 2018 International
Society for Magnetic Resonance in Medicine.

Key words: MC semi-LASER; macromolecular baseline;
metabolite cycling; MR spectroscopy; ultra high field

INTRODUCTION

Macromolecular resonances (MM) arise mainly from
cytosolic proteins and overlap with resonance lines of

small metabolites in proton MR spectroscopy (1H-MRS)

(1–5). Consequently, MM can influence the precision

and the accuracy of metabolite quantification due to

baseline distortion. This effect becomes even more severe

in the case of short echo times (TEs) due to the more

pronounced presence of macromolecules (4,6).
Because of their short transverse relaxation time con-

stant (T2), MM appear on 1H-MRS spectra as an underly-

ing baseline consisting of several broad peaks. Initially,

these broad resonances were attributed to lipids (7).

However, later studies reported that polypeptides might

contribute significantly to the observed 1H-MRS baseline

spectrum (3,8).
In 1993, Behar and Ogino showed that the nonmetabo-

lite resonances observed in the 1H-NMR spectrum of the

rat brain tissue are the result of cytosolic proteins and

assigned them to specific amino acids (e.g., alanine,

valine, threonine) (1). One year later, they carried out a

similar study on the human brain in which they used an

inversion recovery (IR) experiment to null the metabo-

lites’ signal using the shorter longitudinal relaxation

time (T1) of MM in comparison with metabolites (4).

Metabolite nulling using a single IR works efficiently

under the assumption that metabolite resonances have

similar T1. However, in vivo, protons of methyl groups

demonstrate longer T1 than other protons (5). For this

reason, Hofmann et al. proposed a metabolite nulling

scheme based on a series of saturation recovery scans,

which was less sensitive to the T1 variations of different

metabolites (9). A similar approach exploiting double IR

had been previously implemented for the reduction of

static tissue signal in angiograms (10).
In addition to their significance regarding the quantifi-

cation of metabolite levels, macromolecules can poten-

tially be valuable biomarkers for several diseases and

pathologies (11–17). Several studies have investigated

potential differences in MM between different age groups

and brain regions. However, many of the reported results

are contradictory to each other. Particularly, early studies

at 3T demonstrated differences between various areas of

the brain indicating that a region-specific MM baseline

was required for quantification (9,18). Nevertheless, cur-

rent studies using ultra high fields (UHF) scanners

(� 7T) demonstrated that a general MM baseline might

be adequate for the quantification of the neurochemical

profile of different brain regions because no significant

differences in MM components of the various regions

were detected (6,19).
Moreover, the introduction of UHF enables the detec-

tion of up to 18 metabolites both in human and rodent

brains (20–24) due to the increase in the signal-to-noise

ratio (SNR) and higher frequency dispersion. This
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increased spectral resolution comes at the cost of more
elaborate handling of the MM baseline for adequate
quantification. More specifically, at low static magnetic
fields, MM in 1H-MRS spectra can be sufficiently han-
dled by different fitting software (e.g., LCModel) (25)
using polynomial functions (e.g., splines) or simulated
macromolecule resonances (26,27). However, at higher
fields, it has been shown that a measured MM baseline
is required to be included in the fitting model due to the
higher frequency resolution (5).

One technical challenge at UHF is the necessity of a
high RF transmit (Tx) magnetic field, Bþ1 . This require-
ment arises from the extensive usage of adiabatic full
passage (AFP) pulses for the compensation of the
increased Bþ1 inhomogeneity (28) and the need for high
pulse bandwidths to counteract chemical shift displace-
ment (CSD) artifacts, which are proportional to field
strength, but inversely proportional to pulse bandwidth
(29). Local transmit surface loops can be used for studies
which deal with small regions of interest (ROIs) located
peripherally (depth �30–40 mm). This maximizes Bþ1 by
focusing the entire RF power into a small volume. Alter-
natively, a multi-channel array circumscribing the entire
head can be used (30). When the array is very well
decoupled, it is possible to use only a few elements
located closely to the ROI. This approach also allows the
investigation of various ROIs located in different periph-
eral brain regions without the necessity of moving a sub-
ject out to switch the local transceiver array.

The purpose of this study was the quantitative charac-
terization of the human brain macromolecular baseline
of the occipital lobe (OccL) and the left parietal lobe
(lPL) at 9.4T. For this purpose, a double IR scheme was
combined, for the first time, with metabolite cycled
semi-LASER (MC-semi-LASER) for metabolite nulling. A
recent study demonstrated that MC-semi-LASER enables
the improvement of SNR of the acquired spectra at 9.4T
compared with MC STEAM, and 40% SNR improvement
with frequency alignment versus no alignment (31).
Additionally, a multi-channel array circumscribing the
entire head (32–35) using appropriate phase arrangement
and power distribution was used, enabling the produc-
tion of high and efficient Bþ1 fields in both OccL and
lPL. MM spectra were acquired from seven volunteers
from these two brain regions, and volunteer’s MM base-
lines were averaged and then smoothed using cubic
splines creating a MM template which was parametrized
using 15 simulated Voigt lineshapes within LCModel.
Quantification was performed on individual data sets,
including corrections for different tissue composition
and the T1 and T2 relaxation of water.

METHODS

Technical Description and Subjects

All measurements were carried out on a Siemens 9.4T
whole-body MRI scanner (Erlangen, Germany) equipped
with a SC72 gradient system having a nominal maximal
amplitude of 40 mT/m and a maximal slew rate of
200 T/m/s. A home-built proton coil circumscribing the
head with eight transmit and sixteen receive channels
was used (36). The coil was tuned and matched for each

volunteer individually before the beginning of the exper-
iment using a homebuilt tuning and matching box (37)
and a portable probe tuning device (Morris Instruments
Inc., Canada), ensuring minimal reflected power. Seven
healthy volunteers (five males and two females, mean
age: 28 6 3 years) participated in this study. Written
informed consent was given by all subjects before the
examination, and the study was approved by the local
ethics board.

Phased Array Design

The 16-element phased array consisted of 8 overlapped
transceiver (TxRx) surface loops (10 cm in length) cir-
cumscribing a head, and 8 receive-only loops located at
the center of each TxRx-loop perpendicularly to its sur-
face, i.e., “vertical” loops (36). Decoupling of surface
loops during both transmission and reception was pro-
vided entirely by geometrical overlapping of the loops.
Vertical Rx-only loops were decoupled by preamplifier
decoupling during reception and actively detuned during
transmission (32). Excellent decoupling during transmis-
sion (-20 dB or better) was obtained for all surface loops
(Supporting Fig. S1A, which is available online).
Because all the elements were very well decoupled, any
number of elements could be driven independently dur-
ing transmission. More details on the array design are
published elsewhere (36).

For the single voxel MRS experiments, only two to
three coil elements adjacent to the ROI were used for
transmission (Tx). For this purpose, we constructed two-
way and unbalanced three-way Wilkinson splitters (Sup-
porting Fig. S1C) enabling the driving of different coil ele-
ments. Specifically, for the excitation of an ROI in the
OccL, a three-loop (loops 8, 1, and 2; Supporting Fig.
S1B) mode was used (Fig. 1A), where 50% of the total
power was delivered to the central coil (loop 1) and 25%
to each of the other two (loops 2 and 8). Regarding the
lPL region, a two-loop (loops 3 and 2) mode was used
(Fig. 1B). For both 2-loop and 3-loop modes a 90

�
phase

shift between the channels was used, which has been
shown before to provide efficient local transmission (38).
The Tx-efficiency and specific absorption rate (SAR) dis-
tributions for one-loop, two-loop, and three-loop modes,
were also evaluated using electromagnetic (EM) simula-
tions (Fig. 2). For comparison purposes, the circular polar-
ized (CP) mode was also evaluated (Table 1). More details
regarding the evaluation of Tx-efficiency and SAR of the
coil are provided in the Supporting Information.

Development of the Double IR Technique for Metabolite
Nulling at 9.4T

For the suppression of metabolite signals, a double IR
technique was implemented and optimized because it is
less susceptible to T1 variations of metabolites (10). It
was implemented in combination with a previously
developed MC semi-LASER sequence (31). The inversion
of the metabolites and MM was performed using an adia-
batic HS1 pulse (39). More specifically, the amplitude
modulation of the inversion pulse for metabolite nulling
(InvP) with duration T¼ 15 ms, was constructed
using a hyperbolic secant function ðsech

�
b � ð1� 2t=TÞ

�
;
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b ¼ 5:982Þ and the frequency modulation using a hyper-
bolic tangent function

�
k � tanh

�
l � ð1� 2t=TÞ

�
; k ¼ 1017

Hz; l ¼ 5:938
�

(Figs. 3A,B). The inversion bandwidth of
the InvP, defined as the frequency region where the lon-
gitudinal magnetization of total magnetization (Mz/Mo)
is equal to or less than -0.95, was approximately 1650 Hz

and the minimum Bþ1 required for the adiabatic condi-
tion was 15 mT.

Bloch equation simulations were performed for the cal-
culation of a set of IR times (TI1 and TI2) suitable for
metabolite nulling. In particular, simulations were
implemented assuming different T1 for metabolites

FIG. 2. Coronal, sagittal, and axial sli-
ces of the local SAR maps through

the maximum obtained using EM sim-
ulations. A: SAR distribution for the

three-loop mode used for the excita-
tion of a voxel within occipital lobe.
White letters L and A stand for left

and anterior coordinates respectively.
B: SAR distribution for the two-loop

mode used for the excitation of a
voxel within left parietal lobe. White
dashed lines indicate the location of

the presented axial images. White let-
ters L and A stand for left and anterior
coordinates, respectively.

FIG. 1. A,B: Experimental (upper row) and EM simulated (bottom row) transversal Bþ1 maps (mT/�kW) obtained near the center of the
array for the excitation of a voxel placed in occipital lobe and left parietal using the HS phantom and driving various number (1–3) of
surface loops. For the occipital lobe (A), in 1-loop, 2-loop, and 3-loop excitation modes the following loops were driven (for loop num-

bers, please refer to Supporting Fig. S1B): loop 1; loops 8 and 1; loops 8, 1, and 2, respectively. For left parietal lobe (B), in 1-loop, 2-
loop, and 3-loop excitation modes the following loops were driven (for loop numbers, please refer to Supporting Fig. S1B): loop 3; loops
2 and 3; loops 2, 3, and 4, respectively. In the 3-loop mode the RF power delivered to loop 1 (occipital lobe) or to loop 3 (left parietal

lobe) was 2 times higher (output 1 in Supporting Fig. S1C) than the power delivered to the other two loops. White square boxes indicate
in approximation the planned placement of the voxels (20 mm�20 mm�20 mm) for the acquisition of MM data from OccL and lPL.

White letters L, R, and A stand for left, right, and anterior coordinates, respectively.
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(1000 ms to 2000 ms) and MM (400 ms) using reported

values from studies at 7T and 9.4T (Fig. 4) (40,41). The

InvP was incorporated into a double IR scheme preced-

ing the localization scheme, in this case, MC semi-

LASER (Fig. 4A) (31). The final selected inversion times

were 2360 ms and 625 ms, respectively.

Macromolecular Data Acquisition

First, high-resolution images from 2D FLASH scans (in-

plane resolution: 0.7� 0.7 mm2, slice thickness: 3.5 mm,

25 slices) were acquired in three orientations (axial, sagit-

tal and coronal) to facilitate the later placement of spectro-

scopic voxels. A 3D MPRAGE scan (42) was also acquired.

Afterward, for each volunteer, spectroscopy voxels

(2� 2�2 cm3) were selected in a mixed gray matter (GM)

and white matter (WM) area in the OccL, and the lPL

(mainly WM) using the appropriate coil configuration as it

is described in the Phased Array Design section. For both

voxel placements, first- and second-order Bo shimming

was performed using FAST(EST)MAP (43), and voxel-

based power calibration was executed (44). Next, localized

MM spectra using a double IR scheme along with MC

semi-LASER (TE: 24 ms) (31) were acquired from each

volunteer. The repetition time (TR) was set to 10000 ms to

ensure complete T1 recovery of macromolecular resonan-

ces. For each brain region, 64 MM averages were acquired

with 4096 time-points and an 8 kHz receive-bandwidth.

The transmit frequency of the IvP was shifted by -870 Hz

compared with the water frequency to invert MM and

metabolite resonances and affect the water peak partially.

The voltage of the InvP was set every time to ensure that

the resulting Bþ1 within the ROI was higher than the mini-

mum required Bþ1 for the fulfillment of the adiabatic con-

dition (Bþ1min¼15 mT).
Also, a phase cycling scheme of 16 steps was imple-

mented (21). The transmit reference frequency for the

localization pulses of MC semi-LASER was set at

2.3 ppm to reduce the misadjustment of the ROI based

on the water MR image (measured with water on reso-

nance at 4.7 ppm) and to minimize lipid excitation. In

particular, the pulse excitation bandwidth was approxi-

mately 8 kHz resulting in a CSD of 5% per ppm for each

voxel dimension. Neither water presaturation (WS) nor

outer volume saturation were applied.
Finally, to avoid any influence of MC pulses on quan-

tification based on water (assuming single proton reso-

nances), water reference signals (NEX: 16) were

Table 1
Simulated and Experimental Results for the 8Tx16Rx Array

Model Mode (location)

<Bþ1 > /�Pa,

mT/�kW

<Bþ1 >
a,

mT/V Ratiob
max SAR10G

c,

W/kG

<Bþ1 >/

�SAR10G

HS CP (OccL) 16.84 0.08 1 - -

phantom Ch1 33.36 0.15 1.98 - -
(EM Sim.) 2 Chs.; 8,1 42.59 0.19 2.53 - -

3 Chs. 8,1,2 46.47 0.21 2.76 - -

CP (lPL) 8.96 0.04 1 - -
Ch3 17.59 0.08 1.96 - -

2 Chs.; 2,3 29.45 0.13 3.29 - -
3 Chs. 2,3,4 32.54 0.15 3.63 - -

HS CP (OccL) 13.77 0.06 1 - -

phantom Ch1 29.28 0.13 2.03
(Exp.) 2 Chs.; 8,1 37.71 0.17 2.61

3 Chs. 8,1,2 36.79 0.16 2.55

CP (lPL) 14.45 0.06 1 - -
Ch3 16.76 0.07 1.22 - -

2 Chs.; 2,3 30.20 0.14 2.19 - -
3 Chs. 2,3,4 29.43 0.13 2.14 - -

Duke CP (OccL) 14.16 0.06 1 0.59 1

(EM Sim.) Ch1 34.66 0.16 2.45 2.17 1.28
2 Chs.; 8,1 41.11 0.18 2.90 1.92 1.61

3 Chs. 8,1,2 45.04 0.20 3.18 2.05 1.71
CP (lPL) 13.46 0.06 1 0.59 1

Ch3 16.82 0.08 1.25 1.88 0.70

2 Chs.; 2,3 30.68 0.14 2.28 1.58 1.39
3 Chs. 2,3,4 33.54 0.15 2.49 1.28 1.69

Ella CP (OccL) 17.04 0.08 1 0.63 1
(EM Sim.) Ch1 36.86 0.16 2.16 2.01 1.21

2 Chs.; 8,1 45.49 0.20 2.67 2.11 1.46

3 Chs. 8,1,2 48.26 0.22 2.83 1.88 1.64
CP (lPL) 9.37 0.04 1 0.63 1

Ch3 18.7 0.08 2.00 1.35 1.36
2 Chs.; 2,3 27.74 0.12 2.96 1.32 2.05
3 Chs. 2,3,4 30.54 0.14 3.26 1.47 2.13

aAveraged over 20 mm x 20 mm x 20 mm white square box (see Fig. 1 A and B).
bRatio to the<Bþ1 >measured for the corresponding location of the CP mode (see Supporting Information).
cEvaluated for the RF power of 1 W at the coil input.
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measured with semi-LASER (TE: 24 ms) without MC or
WS. In the case of OccL measurements, the TR was set
to 6000 ms, while for lPL experiments, the TR used
among different volunteers varied from 6000 ms to 7800
ms. The selection of TR enabled the minimization of the
duration of the water reference scans while ensuring
SAR levels remained within an acceptable range (31).

Macromolecular Data Postprocessing

The raw data were exported from the scanner, and all the
analysis steps were performed in MATLAB (Version
2012b, The Mathworks, Natick, MA) with in-house proc-
essing routines. The data-processing procedure involved
the following steps: (i) zero filling with a factor of two; (ii)
frequency and phase alignment in the time domain based
on the non-WS spectra (31,45); (iii) minimization of the
residual water signal in the MC macromolecular spec-
trum: even numbered MC spectra were multiplied by a
scaling factor between 0.90 to 0.97 before signal combina-
tion, as described in (46); (iv) water spectra were created
by averaging odd and even numbered acquisitions, and

macromolecular data were calculated by subtracting even
numbered averages from odd numbered acquisitions; (v)
truncation of MM signals at 150 ms; (vi) zero-order phase
and eddy current correction using the phase information
of the water signal (47); (vii) signals from all 16 receive
channels were combined using a singular value decompo-
sition method based on MC water data (48). No removal of
any metabolite peak on MM spectra using postprocessing
techniques was performed.

Macromolecular Baseline Model

For the creation of macromolecular template signals for
OccL and lPL, all the subjects’ macromolecular signals
(Supporting Fig. S2) were first frequency aligned using
the MC water peak (31) and then averaged. Finally, the
averaged macromolecular spectrum was smoothed using
cubic splines within MATLAB (smoothing parameter
p¼ 0.001) for noise reduction without affecting the actual
linewidth of MM peaks (Fig. 5). Then the averaged and
smoothed MM baselines for both the OccL and the lPL
were further analyzed for the extraction of the individual

FIG. 3. Profile of the adiabatic inversion
pulse (InvP) with duration T¼15 ms for

metabolite nulling at 9.4T. A: Amplitude
modulation (AM) (normalized) of InvP as a
function of time (t). B: Frequency modula-

tion (FM) function of InvP in Hz as a func-
tion of time (t). C: Inversion profile of InvP

simulated using Bloch equation simulations
for different Bþ1 levels assuming a pulse
duration of 15 ms. The resulting inversion

bandwidth is approximately 1650 Hz and
the transition bandwidth roughly 500 Hz. D:
Same as subplot C using a smaller fre-

quency range for the illustration of inver-
sion profile details.
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MM peaks. In particular, after visual inspection and using
previously published results regarding the composition of
MM baseline (1,9,23,49–51), 15 MM peaks were assumed
to be present in the acquired MM baselines and the
respective chemical shifts were extracted.

Using the simulated basis set option within LCModel

(CHSIMU), which allows the simulation of Voigt peaks,
the LCModel simulated Voigt lineshapes were fitted to the
average-smoothed MM baselines (Fig. 6). The simulated
basis set consisted of the following 15 MM components:

M1 (0.94 ppm), M2 (1.22 ppm), M3 (1.43 ppm), M4
(1.69 ppm), M5 (2.04 ppm), M6 (2.27 ppm), M7 (2.57 ppm),
M8 (2.74 ppm), M9 (3.01 ppm), M10 (3.21 ppm), M11
(3.71 ppm), M12 (3.79 ppm), M13 (3.85 ppm), M14
(3.87 ppm), M15 (4.20 ppm). The chemical shift tolerance

of each simulated peak in LCModel was set to 0.04 ppm.
Additionally, the selected values for the full width half
maximum (FWHM) of the simulated peaks varied from
0.04 to 0.13 ppm with a tolerance of 0.005 ppm.

Quantification of Macromolecular Components

For the calculation of the macromolecular concentra-
tions, the MM spectra of each volunteer for each brain
location were analyzed individually using LCModel

FIG. 4. Double inversion recovery scheme for metabolite nulling at

9.4T. A: Diagram of the sequence used for the acquisition of mac-
romolecular spectra. Two adiabatic inversion pulses (AFP) pre-
ceded the actual localization scheme (MC semi-LASER) using

optimized inversion times (TI1¼2360 ms and TI2¼625 ms). A
schematic of the semi-LASER sequence used in this study can be

found in Giapitzakiset al (31). B: Simulation of the effect of the
double inversion recovery scheme in subplot A on the longitudinal
magnetization for several T1 recovery times. T1 of macromolecules

is assumed to be 400 ms and for other metabolites T1 is higher
(1000 ms to 2000 ms) using reported values from studies at 7T

(40). The double inversion recovery scheme results in an efficient
suppression of longer T1 metabolites.

FIG. 5. Averaged MM spectra (bottom) the smoothed averaged
MM spectra using cubic splines (top). Macromolecular spectra

were acquired from 7 healthy within a voxel of 2�2�2 cm3 (red
square in anatomical images) placed in a mixed area of GM, WM,
and CSF in the occipital lobe (left) and the left parietal lobe (right),

respectively. The red area indicates the standard deviation (std),
while the blue line the average of MM spectra among the seven
volunteers (normalized to M1 peak). 15 MM peaks are observed

by a visual inspection (M1-15). White letters L and A stand for left
and anterior coordinates, respectively.

FIG. 6. Parametrization of smoothed and averaged MM baselines
for two brain locations: (left) occipital lobe and (right) left parietal

lobe. In total, 15 MM components are observed.
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V6.3-1L (25). The basis consisted of the 15 simulated
Voigt-shaped peaks exported during the establishment of
the macromolecular baseline model (see above para-
graph). During the LCModel fitting, the hidden parame-
ter of LCModel DKNTMN was set to 0.4. This value
controls the number of knots in the spline baseline and,
hence, the rigidity of the spline function.

The macromolecular components concentrations in
mmolal (mmol/g tissue water; ½MM�molal), corrected for T1

and T2 relaxation of different water compartments, were
calculated using the LCModel signal intensity ratio
between MM and water (SMM=SH20). These calculations
assumed MM components with only one proton through
the following equation (52):

½MM�mmolal ¼
SMM

SH20
� ðfGM � RGM þ fWM � RWM þ fCSF � RCSFÞ

1� fCSF

� 2

1þ Fs
� 55510 mmolal

where 55510 mmolal is the molality of pure water at
body temperature, fGM; fWM, and fCSF are the water tis-
sue fractions for GM, WM, and cerebrospinal fluid (CSF),
respectively, as they are described in (52) using the rela-
tive densities of NMR-visible water (aGM ¼ 0:78;
aWM ¼ 0:65; aCSF ¼ 0:97) (53), as well as, the GM, WM,
and CSF volume fractions determined by the image seg-
mentation procedure (see Supporting Information). RGM ,
RWM , RCSF are correction factors for the different T1 and

T2 relaxation of water (R ¼ e
�TE
T2 �

�
1� e

�TR
T1

�
) in GM, WM,

and CSF, respectively. The T1 values used for GM, WM,
and CSF were 2000 ms, 1300 ms, and 4000 ms, respec-
tively, and were calculated in approximation from (54),
while the T2 were 70 ms, 75 ms, and 143 ms, respec-
tively, using published values at 7T (55). No correction
was applied for T2 and T1 relaxation of macromolecules.
The denominator 1� fCSF was implemented for partial-
volume correction (25,53). The factor 2

1þFs was introduced
to correct for the multiplication of even numbered
acquisitions with the scaling factor (Fs) (46). No exclu-
sion criteria were used in the calculation of macromole-
cule concentration levels to avoid biased estimated mean
concentrations (56).

SNR of M1 was measured as M1 amplitude (frequency
domain) divided by the standard deviation of 1000
points from 14.7 ppm to 12.3 ppm. Statistical hypothesis
testing was performed within MATLAB using a two-
tailed nonparametric rank test (Wilcoxon signed rank
test for equal and matched sample size) and the Holm-
Bonferroni method for multiple comparisons correction.

RESULTS

Optimization of the Array

Simulated and experimentally measured Bþ1 maps,
obtained from a transversal slice near the center of the
array using the HS phantom for both locations (OccL
and lPL), agreed well, with the simulated results being
10–20% higher (Fig. 1). This result was consistent with
previously reported data for UHF head Tx-arrays (35,57).
As seen from Table 1 and Figure 1, both, the 2-loop and
3-loop modes were substantially more Tx-efficient than

the CP mode and 1-loop mode. Also, the 2-loop mode

and 3-loop mode produced very similar Bþ1 (within 10%
difference), but the 3-loop mode had higher maximum

SAR for both locations (Table 1). The in vivo experi-
ments demonstrated that the average maximum Bþ1 levels

among all the volunteers for a voxel placed within the

OccL and the lPL were 48 mT and 33 mT, respectively,
with a maximum allowed voltage of 450 V.

Development of the Double Inversion Recovery Technique
for Metabolite Nulling at 9.4T

Figure 3 illustrates the adiabatic behavior of the InvP.
The resulting transition bandwidth (jMz/Moj< 0.95) of

the InvP was approximately 500 Hz. Under the adiabatic
regime, the inversion bandwidth exhibited a well-

defined profile lacking intensive wiggles. Even for the

case of a Bþ1 value 15% smaller (Bþ1 ¼ 12.75 mT) than the
minimum required Bþ1 , the shape of the inversion band-

width was only slightly distorted and preserved its char-
acteristics such as the inversion profile. However,

in conditions of lower Bþ1 levels than the minimum Bþ1
(-30%), the inversion profile was deformed.

Regarding the double IR, for inversion times TI1 and
TI2, 2360 ms and 625 ms, respectively, the fast-T1-

recovered MM (�400 ms) resonances reached approxi-
mately 60% of their maximum magnetization, while the

longitudinal magnetization of metabolites with longer T1

relaxation (1000 to 2000 ms) was suppressed (Fig. 4).

Macromolecular Baseline Templates

Double IR in combination with the MC semi-LASER

enabled the reliable acquisition of MM spectra with the
absence of lipid contamination (Fig. 5 and Supporting

Fig. S2). The pattern of MM baselines for the same brain
region among different volunteers was consistent. How-

ever, potential differences in peak amplitudes between

the various volunteers could be observed in the spectral
area from 1 ppm to 2 ppm (M2 to M5) by visual inspec-

tion. Moreover, the average-smoothed MM baselines
acquired from voxels within the OccL and the lPL did

not manifest notable differences. Nevertheless, minor

variations in peaks’ amplitudes could be noticed in the
frequency range from 3.8 ppm to 4 ppm (M12 to M15;

Fig. 5). The average SNR of M1 peak (peak at 0.9 ppm;
Fig. 5) in the occipital lobe and the left parietal lobe was

54 Hz and 24 Hz, respectively, exhibiting a statistical dif-

ference (P<0.05). The FWHM of the M1 peak was 45 Hz
and 41 Hz in both regions accordingly. The smoothing

procedure using cubic splines did not affect the line-
width of MM peaks while improving the SNR of the MM

baseline template.

Extraction of Macromolecular Peaks

Figure 6 demonstrates the results of the extraction of the
MM peaks for the establishment of the MM model using

the average and spline-smoothed MM. The final number
of MM peaks included in the model were recognized

visually, whilst also considering previously reported
MM resonances (1,4–6,9,17,19,26,49,58). As a result, in

this study 15 MM peaks were used to adequately model
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the cubic spline-smoothed average MM baseline tem-

plates. In particular, for both brain regions, the same

number of simulated peaks was included in the LCMo-

del. No noteworthy differences were observed in the

resulting MM components after simple visual inspection.

However, differences in the amplitudes of M10 to M15

were indicated (Fig. 6). The detailed description of the

15 MM peaks is reported in Table 2.

Quantification of Macromolecular Components

Segmentation of anatomical images resulted in 55%

WM, 41% GM, and 4% CSF on average for the OccL and

80% WM, 18% GM, and 2% CSF for the lPL. LCModel

fitting of individual MM spectra of each volunteer for

both brain locations, using the 15 MM peaks extracted

during the establishment of the MM model, resulted in

well-fitted spectra with an almost flat baseline correction

and without pronounced systematic residual peaks

(Fig. 7 and Supporting Fig. S3).
Quantification results, corrected for different tissue

types and T1 relaxation times of various water compart-

ments, did not show any statistically significant differ-

ence in MM concentration levels between the OccL and

the lPL (Fig. 8). The only exception was the M1 peak,

where there was a trend for potential difference

(P< 0.05, not corrected for multiple comparisons). The

interquartile range (defined as the difference between the

Table 2
Concentration Levels in mmol/g (Assuming One Proton Resonances), Chemical Shift and Amino Acid Assignment of Macromolecules

Occipital lobe Left parietal lobe

MM Q1a Mediana Q3a Q1 Median Q3 d(ppm)b Assignment Ref.c

M1 7.99 8.31 8.60 6.44 7.05 7.34 0.94 Leucine, isoleucine valine 1,3
M2 1.50 1.82 2.43 1.65 2.63 4.29 1.22 Threonine alanine 1,3

M3 4.34 5.48 7.06 3.68 5.97 8.22 1.43 Threonine alanine 1,3
M4 5.33 8.63 11.19 3.60 5.34 8.87 1.69 Lysine arginine 1
M5 10.72 11.31 13.87 10.49 11.56 14.00 2.04 Glutamate glutamine 1

M6 8.23 9.54 10.34 8.64 9.42 10.62 2.27 Glutamate glutamine 1
M7 0.85 0.96 1.30 1.06 1.93 2.70 2.57 b-methylene protons of aspartyl groups This study
M8 1.65 1.84 1.87 1.83 2.14 3.14 2.74 b-methylene protons of aspartyl groups This study

M9 3.73 3.97 4.39 3.59 3.89 4.35 3.01 Lysine, arginine 1
M10 2.18 2.62 3.12 2.62 3.03 3.52 3.21 aCH protonsd 1

M11 0.88 1.10 1.22 0.67 1.23 2.78 3.71 aCH protonsd 1
M12 3.05 3.34 3.40 3.30 3.66 3.96 3.79 aCH protonsd 1
M13 0.67 0.83 1.10 0.91 1.36 2.58 3.87 aCH protonsd 1

M14 6.97 7.59 8.55 5.72 7.00 7.90 3.97 aCH protonsd 1
M15 1.27 1.83 2.02 0.92 1.70 3.86 4.20 aCH protonsd 1

aQ1: 25th percentile, Median: 50th percentile, Q3: 75th percentile.
bChemical shifts (ppm) are in approximation.
cReferences in which the assignment of MM to specific amino acid is reported.
daCH groups of the protein amino acids.

FIG. 7. LCModel fitting results of

the individual MM spectra for
three volunteers (Vol. #4, Vol. #1,

and Vol. #3), for two different
brain regions (top) occipital lobe
and (bottom) left parietal lobe,

using as a basis the 15 MM
components created after the

parametrization procedure (Fig.
5). The absence of pronounced
residuals (light blue colored line)

indicates that the basis set was
adequate. The LCModel fitting
results of the other four volun-

teers participated in this study
(Vol. #7, Vol. #6, Vol. #5, and Vol.

#2), are illustrated in Supporting
Figure S3.

8 Giapitzakis et al.



75th and 25th percentiles) of concentration levels for

most MM resonances was smaller than 2, except for the

MM region M3-5 (Table 2). Moreover, Cramer-Rao lower

bound (CRLB) values for most MM peaks were at a simi-

lar level, except for the OccL macromolecules: M11,

M13, M14, and M15, which were higher than 0.25

(mmol/g) (Fig. 8).

DISCUSSION

In this study, the approach to achieve Bþ1 can be viewed

as a simplified version of RF shimming. Theoretically, it

is also possible to focus the Bþ1 field locally within the

brain when the array is driven using eight independent

RF channels (pTx). This option is also available on many

commercial UHF scanners. Unfortunately, this does not

provide maximum power because each RF channel car-

ries only up to 1 kW while half of it is lost in cables and

interfaces on the way to the RF coil. Thus, for peripheral

locations (depth: �30–40 mm) where two to three chan-

nels contribute to the local Bþ1 field, only 1–1.5 kW

(including losses) of maximum power can be used. Con-

versely, in our method, the entire power (8 kW; 4 kW

after losses) of the power amplifiers was applied to the

two- or three-way splitter. A minor inconvenience was

produced from our technique due to the reconnecting of

the splitter in the case that different locations needed to

be measured within the same experiment. However, our

method, which is mainly applicable for research studies

and peripheral locations, provided a reasonable compro-

mise between eight-channel RF shimming with high

power capability without the necessity of using multiple

local coils and moving the subject when various brain

locations need to be studied. Additionally, the high Bþ1
efficiency provided by our RF coil configuration enabled

the achievement of TE¼ 24 ms (31).
The InvP provided an efficient inversion bandwidth to

cover the desired chemical shift range (0 ppm to

4.2 ppm) at 9.4T. The transition bandwidth of the InvP

(�1 ppm) in combination with the frequency offset, led

to a partial inversion of the water peak at 4.7 ppm. How-

ever, the residual water peak was sufficient for frequency

and phase alignment of the different averages using the

metabolite cycling technique. The selected parameters of

the InvP (b, k, l) and duration of 15 ms resulted in a

pulse with an efficient inversion bandwidth (1650 Hz)

that worked under the adiabatic regime with a minimum

Bþ1 of 15 mT (Fig. 3). Taking into consideration, the

achieved Bþ1 of each coil configuration, the InvP could

be applied in different brain regions. Additionally, the

final pulse duration and the minimum required Bþ1 in

combination with the TR ¼10000 ms, enabled the appli-

cation of two InvP for double IR without SAR issues. As

Figure 3 illustrates, the AFP profile demonstrated a Bþ1
sensitivity varying as a function of frequency offset,

which increased for lower Bþ1 values. However, the

FIG. 8. Quantification results of 15 MM for
two different brain areas, occipital lobe

and left parietal lobe, from seven volun-
teers using LCModel. (Up) Concentrations
levels in molal (assuming one proton per

resonance), corrected for GM, WM, and
CSF percentages and the different T1 and
T2 relaxation of the water compartments.

(Down) CRLB values in molal, calculated
as: concentration level x CRLB (%). Data

are presented in percentiles. In particular,
box borders indicate the 25th (first quartile:
Q1) and 75th (third quartile: Q3) percentiles

while the horizontal red line the median
value. Red crosses illustrate outliers. Black

bars show the minimum and maximum
values.
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minimum Bþ1 achieved within the voxel was 20% to
40% higher than 15 mT (blue and pink colored lines in
the Fig. 3). Thus, potential variations of the inversion
profile of MM peaks with different frequency offsets
were negligible.

The simulations of the double IR for the calculation of
inversion times appropriate for metabolite nulling at 9.4T
relied on reported T1 values of metabolites measured in
vivo at 7T and 9.4T (40,41). However, the quality and the
characteristics of the resulting MM spectra (Fig. 5 and
Supporting Fig. S2) were similar or better than other pub-
lished MM baselines (1,4–6,9,17,19,26,49,58) verifying the
efficient suppression of metabolites and especially of N-
acetylaspartate (NAA; 2 ppm), total creatine (tCr), and
total choline (tCh).

The averaged MM baselines for both brain locations
did not demonstrate substantial differences upon visual
inspection (Fig. 6). However, differences in the fre-
quency range of 3.8 ppm to 4 ppm (MM11 to MM14)
could be observed between the two brain locations due
to B0 inhomogeneity.

Some spectra contained what appear to be unspoiled
coherences in the 3.5 to 4.2 ppm range (Fig. 5 and Sup-
porting Fig. S3), which suggest incomplete spoiling in
the sequence and possibility that stronger crusher gra-
dients might be needed. Thus, this might lengthen the
minimum achievable TE. These unwanted coherences
were probably due to the high B0 inhomogeneity outside
the shim-voxel produced by the second-order shim terms
(59). This issue was more pronounced in the lPL region,
which translated into high variability in concentration
and CRLB values for M11 to M15 (Fig. 8), because the
voxel was closer to the ventricles.

MM spectra among different volunteers exhibited simi-
lar patterns except for macromolecules M2, M3, and M4,
which was also confirmed from the variation of these
MM in the quantification results (Fig. 8).The alteration
of M2, M3, and M4 can be seen in another study (6).
Moreover, data in Supporting Figure S2 suggested that
there was lipid contamination, which could influence
the appearance of those resonances. Thus, the deviations
in those MM could indicate lipid contamination or phys-
iological variations (e.g., motion of free proteins).

In this work, no postprocessing technique was applied
for the removal of potential residuals of tCr, NAA, or
tCh. Thus, for metabolites with T1 close to 1039 ms such
as tCr (41), a residual signal was expected (Fig. 4). In the
MM data there was no obvious contamination. However,
a potential contamination in MM9 and MM13–14 peaks
could not be entirely excluded.

In this study, 15 MM components were used for the
parametrization of macromolecular baselines as well as
for the quantification of individual MM concentrations
for each volunteer (Figs. 5 and 6). Figures 6 and 7 illus-
trate that this number of MM components was sufficient
for the quantification of MM peaks because no signifi-
cant residuals were observed after the fitting procedure.
Most of the MM peaks have been previously reported
from various studies (1,4–6,9,17,19,26,49,58) and
assigned to specific amino acids (Table 2). However, in
this work, more MM components were distinguished
mainly due to the increased spectral resolution at UHF.

A noteworthy finding is that two new MM peaks at
2.57 ppm (M7) and 2.74 ppm (M8) were easily resolved.
These peaks appear in MM spectra of other studies in
which more advanced MRS techniques are used (e.g., 2D
COSY) (1,4,6). However, to the best of our knowledge,
they have not been reported.

The direct assignment of M7 and M8 to specific amino
acids was not possible in this work. Nonetheless, they
can be indirectly ascribed to certain amino-acids using
the study of Behar and Ogino (1). The M7 and M8 are
most likely due to the beta-methylene protons of aspartyl
groups within cellular proteins. In his paper, Figure 2b
(2D COSY) shows these two peaks as corresponding to
spin-coupled 1H resonances, while Figure 3 (2D J-
resolved spectrum) indicates that both peaks correspond
to doublet-of-doublets in the 1D 1H spectrum (with
approximate J coupling constants of �5 Hz, �7 Hz, and
�19 Hz from the figure). In addition, the chemical shifts
and coupling constants of the MM peaks correspond
closely with aspartate (58).

Quantification results (Fig. 7 and Supporting Fig. S3)
showed that between both brain regions there were no sig-
nificant differences, except a small trend for M1. Single
voxel spectroscopic studies performed at 7T also report
small quantification differences between WM and GM
regions in the brain (6,19).

However, the concentration levels have to be inter-
preted with caution. First, the T1 times for the different
water compartments used for relaxation correction were
calculated in approximation, while the T2 values were
adapted from a study at 7T (55). Second, because no
postprocessing method was implemented regarding the
removal of potential contamination from metabolites
such as tCr, NAA, and tCh, there is an additional uncer-
tainty for the overlap of MM peaks with these metabo-
lites (M5, M9, M10, M13, and M14). The great majority
of the published papers regarding human brain macro-
molecules are dealing with the characterization of the
human brain MM baseline and its influence on metabo-
lite quantification rather than with the quantification of
the individual MM components.

Consequently, a limited number of papers about the
quantification of the human brain MM peaks exists in
the literature (e.g., Hofmann et al and Snoussi et al)
(9,19). Hence a direct comparison of the current MM
quantification results with other published studies is not
reliable. Moreover, relaxation correction is usually
avoided in cases of short TE (<30 ms), and at UHF this
assumption may introduce quantification errors due to
the shorter T2 of the MM peaks. Furthermore, in this
study 15 Voigt-shaped peaks were used for quantifica-
tion of the MM components due to the enhanced fre-
quency resolution at UHF. However, in previous studies
(9,19) fewer peaks were used.

Studies using MR spectroscopic imaging with high
spatial resolution have shown potential differences in
MM between WM and GM (51,60). However, in single
voxel spectroscopy studies, like in this work, the voxel
size is relatively large (in this case 2� 2� 2 cm3) and as
a result, it is a mixture of different tissues. Consequently,
differences in MM between GM and WM are difficult to
detect.
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CONCLUSIONS

In this study, we obtained macromolecular spectra

acquired for the first time from two different regions of

the human brain at 9.4T, in the occipital lobe and left

parietal lobe, using a double inversion recovery tech-

nique in combination with MC semi-LASER. We demon-

strated a coil setup enabling the achievement of efficient

Bþ1 fields in different brain locations without the need

for different coils. In addition, we demonstrated an opti-

mized AFP appropriate for inversion of MM and metabo-

lites at 9.4T. Double inversion, which was combined

with MC semi-LASER, enabled the acquisition of high

spectral resolution MM spectra. Particularly, 15 MM

peaks were detected and quantified for both brain

regions at 9.4T. MM baseline models for both locations

were established, and mean concentration levels for each

of the 15 MM components were calculated using water

reference scans. Furthermore, two new MM peaks (M7

and M8) were reported and preliminarily assigned to b-

methylene protons of aspartyl-groups.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of
this article.

FIG. S1. A: S12 matrix obtained using the HS phantom. B: Loop numbering
in the 8Tx16Rx transceiver phased array. C: Block-diagram of the unbal-
anced 3-way splitter. The ratio of the output power measures 2:1:1 for
ports 1, 2, and 3, respectively.
FIG. S2. Macromolecular spectra acquired from the 7 volunteers partici-
pated in this study (Vol. 1-7). Data were acquired from a voxel of
2 3 2 3 2 cm3 placed in a mixed area of GM, WM, and CSF in the occipital
lobe (left) and in the left parietal lobe (right), respectively.
FIG. S3. LCModel fitting results of the individual MM spectra for 4 volun-
teers (Vol. #7, Vol. #6, Vol. #5, and Vol. #2), for two different brain regions
(right) occipital lobe and (left) left parietal lobe, using as a basis the 15 MM
components created after the parametrization procedure (Fig. 5).
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In Vivo Characterization of the Downfield Part of 1H MR
Spectra of Human Brain at 9.4 T: Magnetization
Exchange With Water and Relation to Conventionally
Determined Metabolite Content

Nicole D. Fichtner,1,2,3,4y Ioannis-Angelos Giapitzakis,5,6y Nikolai Avdievich,5

Ralf Mekle,7 Daniel Zaldivar,5 Anke Henning,5,8 and Roland Kreis 1,2*

Purpose: To perform exchange-rate measurements on the in

vivo human brain downfield spectrum (5–10 ppm) at 9.4 T and

to compare the variation in concentrations of the downfield

resonances and of known upfield metabolites to determine

potential peak labels.
Methods: Non-water-suppressed metabolite cycling was used

in combination with an inversion transfer technique in two

brain locations in healthy volunteers to measure the exchange

rates and T1 values of exchanging peaks. Spectra were fitted

with a heuristic model of a series of 13 or 14 Voigt lines, and a

Bloch–McConnell model was used to fit the exchange rate

curves. Concentrations from non-water-inverted spectra

upfield and downfield were compared.
Results: Mean T1 values ranged from 0.40 to 0.77 s, and

exchange rates from 0.74 to 13.8 s�1. There were no signifi-

cant correlations between downfield and upfield concentra-

tions, except for N-acetylaspartate, with a correlation

coefficient of 0.63 and P<0.01.

Conclusions: Using ultrahigh field allowed improved separa-

tion of peaks in the 8.2 to 8.5 ppm amide proton region, and

the exchange rates of multiple downfield resonances including

the 5.8-ppm peak, previously tentatively assigned to urea,

were measured in vivo in human brain. Downfield peaks

consisted of overlapping components, and largely missing cor-

relations between upfield and downfield resonances—although
not conclusive—indicate limited contributions from metabolites

present upfield to the downfield spectrum. Magn Reson Med
79:2863–2873, 2018. VC 2017 International Society for Mag-
netic Resonance in Medicine.

Key words: proton magnetic resonance spectroscopy; 9.4 T;

human brain; metabolites; downfield; T1 relaxation time;
exchange rates

INTRODUCTION

Proton magnetic resonance spectroscopy is a noninvasive
method that can detect metabolites and quantify their con-
centrations and other characteristics, as well as any patho-
logical changes, in these parameters. Recent development
and optimization of non-water-suppressed (nWS) spectros-
copy for in vivo experiments (1,2) has expanded the range
of measurable peak characteristics to include exchange
rates. The use of water suppression causes exchanging
peaks to be suppressed, complicating quantification. Using
a nWS sequence allows not only for improved quantifica-
tion, but also for exchange-rate measurements using meth-
ods such as inversion transfer. In particular, several peaks
on the downfield side of water (typically between 5.0 and
10.0 ppm) have protons that exchange with water. In con-
trast, no peaks on the upfield (right) side of the water
peak have direct chemical exchange with water, although
there is some evidence of magnetization transfer effects
(3). As yet, the downfield peaks remain mostly unlabeled,
although previous studies on in vivo human downfield
brain spectroscopy have investigated exchange rates or
relaxation rates at a range of field strengths (2,4–6).

Exchange rates are of interest not only for optimization
of spectroscopy experiments and sequence parameters, but
also for pathology, where concentrations may vary with
the degree of disease severity or metabolic activity, or
where exchange rates may vary with changes in pH.
Chemical exchange saturation transfer (CEST) experiments
in particular take advantage of exchange to measure the
enhanced signal from exchanging species (7), and have
thus far been able to investigate tumor severity and treat-
ment, such as using amide proton transfer and dynamic
glucose-enhanced experiments (8,9). CEST can measure
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exchange from a range of species with varying exchange
rates, and mostly investigates species downfield of water;
increased knowledge of the downfield resonances is there-
fore also of interest for the CEST community.

Although suggestions of labels for several downfield res-

onances have been made (4,10), most remain unlabeled.
Additional characterization of downfield peaks and com-
parison to upfield concentrations in different brain loca-

tions may aid in determining peak labels. Furthermore,
ultrahigh field strengths may aid due to the advantage of

improved peak separation and increased signal-to-noise
ratio, leading to acquisition of smaller, more homogeneous

voxels within reasonable measurement times. However, as
the field strength is increased, the shorter T2 values of the

peaks (11,12) require sequences with short echo time (TE),
to minimize signal loss. In addition, at 9.4 T, even more so
than at 7 T, B1 radiofrequency (RF) field inhomogeneity

and power drop-off within the brain may render it diffi-
cult to achieve sufficient transmit power in the areas of

interest (13). Therefore, for these experiments performed at
9.4T for improved peak separation, a home-built coil with

appropriate power distribution and phase increment (14),
and a short TE sequence (stimulated echo acquisition
mode [STEAM] (15)) was used for enhanced acquisition.

To perform exchange-rate measurements, the metabolite
cycling (MC) (1) nWS sequence was used in combination

with inversion transfer to investigate in vivo brain metabo-
lites. Furthermore, both upfield and downfield data were

acquired in two different brain locations to compare
known metabolite concentrations to downfield peak
concentrations.

METHODS

Subjects

Eleven healthy volunteers (mean age: 28 6 3 years,

8 males, 3 females) were scanned for the occipital region
study, and another 11 healthy volunteers (mean age:

27 6 5 years, 7 males, 4 females) were scanned for the
left parietal white matter (WM) study. Written informed
consent was given by all subjects before the examination,

and the study was approved by the local ethics board.
Spectra from two volunteers from the WM group were

not included in the analysis as a result of excessive
motion artifacts in one or more of the data sets.

Hardware Setup and RF Coil

All measurements were carried out on a Siemens 9.4 T
whole-body MRI scanner (Erlangen, Germany) equipped

with a SC72 gradient system with a maximal nominal
amplitude of 40 mT/m and a maximal slew rate of 200 T/
m/s. A home-built proton coil with eight transmit and 16

receive channels was used (16). Available peak power
from the amplifiers was 8 kW with 50% line loss. The

coil was tuned and matched for each volunteer individu-
ally before the beginning of the experiment using a

home-built tuning and matching box (17) and a portable
probe tuning device (Morris Instruments, Ottawa, Can-

ada), ensuring minimal reflected power.
For this work, we used a 16-channel phased array con-

sisting of eight overlapped transceiver loops (10-cm

square loops) placed on an elliptical holder (clearance
23 cm height � 20 cm width) parallel to its surface (i.e.,
“horizontal” loops), and eight receive-only loops each
located at the center of the horizontal loops perpendicu-
lar to the surface of the holder (i.e., “vertical” loops)
(16). To increase the amount of RF power delivered to
the local surface coils, we used two-way and three-way
splitters with 90� phase shift between the channels.
More details on the array design are published elsewhere
(16).

Data Acquisition

High-resolution images from 2-dimensional fast low-
angle shot (FLASH) scans (in-plane resolution: 0.7 �
0.7 mm2; slice thickness: 3.5 mm; 25 slices) were
acquired in axial, sagittal, and coronal orientations to
facilitate the placement of spectroscopic voxels. For the
study on a region of interest (ROI) in left parietal WM
(subsequently referred to as the WM ROI), a 4.0 � 2.0 �
1.5 cm3 voxel was placed in the left-cerebral WM (aver-
age composition (14): WM: 78.6%; gray matter (GM):
19.3%; cerebrospinal fluid (CSF): 2.0%). For the study
on a slightly more GM-enriched area (subsequently
referred to as the occipital ROI), a 2.0 � 2.0 � 3.0 cm3

voxel was selected in a mixed GM and WM area in the
occipital lobe (average composition (18): WM: 54.8%;
GM: 41.5%; CSF: 3.6%). Both voxel positions are shown
in Figure 1. In particular, for the voxel located in the
occipital lobe, only the three bottom coil elements were
used, whereas in the case of the left-cerebral WM, the
two left-lateral coil elements were driven. For both voxel
placements, first- and second-order B0 shimming was
performed using FASTESTMAP (19), and voxel-based
power calibration was executed (20).

Localized single-voxel downfield (96 acquisitions) and
upfield spectra (64 acquisitions) were acquired from
each volunteer for both brain regions using MC STEAM
(TE/mixing time/repetition time: 10/50/5000 ms). In par-
ticular, a STEAM sequence was incorporated with an
asymmetric adiabatic inversion pulse (1) during the mix-
ing time optimized for MC at 9.4 T (18). For the selection
of the three orthogonal slices, a hamming-filtered 90

�

sinc pulse with a bandwidth of approximately 8 kHz
was used. The asymmetric adiabatic inversion pulse had
a duration Tp of 22.4 ms and was constructed from the
first half of a sech pulse (hyperbolic secant (HS)1/2,
R¼ 31.415) for 0.9 Tp and the second half of a tanh/tan
pulse (R¼100) for 0.1 Tp. The detailed nomenclature and
the pulse parameters are described in the study of
Hwang et al (1). In this study, the asymmetric inversion
pulse was applied with a minimum Bþ1 of 22 mT and
transmit frequency of 6 350 Hz. Moreover, the frequency
sweep range of the frequency modulation extended from
222.7 to 0.24 kHz (18).

For the measurement of magnetization transfer
between water and protons from downfield resonances,
the MC-STEAM localization scheme was preceded by a
frequency-selective pulse of duration 40 ms for the
inversion of the water resonance (Hamming-filtered
sinc pulse, bandwidth: 100 Hz) with varying inversion
delay times (41, 96, 171, 321, 671, 1321, and 3021 ms;
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96 acquisitions). Data were acquired with 4096 time
points and an 8-kHz spectral width. A phase cycling
scheme of 16 steps was implemented. To center the
voxel at the correct frequency, the transmit reference
frequency for the localization pulses of MC STEAM was
set at 7 ppm for the acquisition of downfield spectra
and at 2.3 ppm for upfield data. Neither water presatu-
ration nor outer volume suppression was applied.
Finally, to avoid any influence of MC pulses on abso-
lute quantification, water-reference signals (16 acquisi-
tions) were measured without MC or water suppression.
The total exam time for each subject was approximately
90 min.

Magnetic Resonance Spectroscopy Data Analysis

All data were saved in raw format and exported and
reconstructed in MATLAB (MATLAB and Statistics
Toolbox Release 2014b, The MathWorks Inc, Natick,
MA). Data were processed using home-written software
for frequency alignment in the time domain based on the
nWS spectra (18,21), averaging, eddy current correction
(22), and coil combination using singular-value decom-
position based on the MC water data (23). Scaling of
even- versus odd-numbered acquisitions with a scaling
factor Fs was performed to account for the asymmetric
effect of the metabolite cycling pulse applied alternately
on either side of the water peak (1). Zeroth- and first-
order phasing were performed manually on the individu-
als’ spectra using jMRUI (24). The spectra from the dif-
ferent inversion times were aligned between volunteers,
and the complete data sets from the best nine subjects
from each of WM and GM were averaged to create the
model spectra. nWS water data were processed using the
same methods.

Both water and downfield metabolite spectra were fit-
ted similarly to previous work (4) using the Fitting Tool

for Arrays of Interrelated Datasets (FiTAID) (25) by

developing a model using the averaged data sets. Prior

knowledge was defined with 13 peaks for supraventricu-

lar and 14 peaks for occipital lobe in the region between

5.5 and 9 ppm (Fig. 1). The peak from N-acetylaspartate

(NAA) at 7.82 ppm was defined as a binary pattern as

modeled in VeSPA (26), while homocarnosine was

defined at two locations, 7.05 and 8.02 ppm, as was pre-

viously found to be reasonable (4,27). Other lines used

in the model were based on visual appearance of the

peaks, and included several broad lines to account for

the baseline of the spectrum, a line to fit the residual

water, and numerical spectral patterns (25) as modeled

in VeSPA to account for the upfield spectra and base-

line. Fitting errors for the concentrations were deter-

mined as Cramer–Rao lower bounds (CRLB) (28). Peak

concentrations from FiTAID were scaled by the appropri-

ate average water-scaling factor: 75% (41,056 mM) for

GM (18) and 69% (38,348 mM) for WM (14) based on

previous work using the same voxel placement. To

obtain these average water-scaling factors in the previous

publication, average GM, WM, and CSF percentages for

each examined voxel were calculated using a home-built
MATLAB script that used segmentation algorithms

within SPM8 (Institute of Neurology, University College

London, United Kingdom) and 3-dimensional magnetiza-

tion-prepared rapid gradient-echo (MPRAGE) images

(voxel size: 1 � 1 � 1 mm3) that had been acquired for

each volunteer at 3 T. In particular, the 9.4T MPRAGE

image from each volunteer was registered on the corre-

sponding 3T image assuming a rigid body transforma-

tion, and the calculated transformation matrix was then

used to transform the spectroscopy voxel to the 3T

MPRAGE image. The specific values for the water scal-

ing factor (WSF) were calculated using the following

equation:

FIG. 1. Averaged downfield spectrum with no water pre-inversion for the occipital ROI series, overlaid with the fitted spectrum, the
model peaks (gray for unlabeled, color for NAA and homocarnosine (hCs) with their respective labels), and with residuals shown below.

Residuals indicate a decent fit for most peaks. No filtering was used. The WM ROI model is the same except for one removed peak, at
7.4 ppm, highlighted in orange. Also shown are representative locations of the voxels in the occipital lobe (above) and in the left-parietal
WM region (below).
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WSF ¼ 55126 mM � ðfGM � aGM þ fWM�aWM þ fCSF � aCSFÞ
1� fCSF

where 55,126 mM is the concentration of pure water at
body temperature; fGM; fWM, and fCSF correspond to the
GM, WM, and CSF volume percentages, respectively;
and the relative densities of NMR-visible water
(aGM ¼ 0:78; aWM ¼ 0:65; aCSF ¼ 0:97) were taken from
(29). Differences in downfield concentrations between
occipital and WM ROIs were compared using the Wil-
coxon rank-sum test.

Upfield spectra were fitted using LCModel (30), with
methods similar to previously published work (18). In
particular, a basis set consisting of 19 metabolites
(alanine, aspartate, creatine, gamma-aminobutyric acid,
glucose, glutathione, glutamate, glutamine, glycerophos-
phorylcholine, glycine, lactate, myo-inositol, NAA, N-
acetylaspartylglutamic acid, phosphocholine, phospho-
creatine, phosphorylethanolamine, scyllo-inositol, and
taurine) was simulated with PyGAMMA (31) based on
experimentally measured chemical shifts and J-coupling
values (32–34). The MC-STEAM basis set was simulated
using a STEAM sequence with ideal pulses. Measured
macromolecular templates for both brain regions were
included in the model (14). In addition, the hidden
parameter of LCModel DKNTMN, which controls the
baseline rigidity, was set to 0.6. A minor lipid contami-
nation in a few subjects, caused by the absence of outer
volume suppression, was handled by omitting a section
of the spectrum from 1.1 to 1.8 ppm from the x2 fit range
(using the PPMGAP parameter), to prevent a potential
artifactual influence on the estimation of the macromo-
lecular content. (It was made sure that the lipid artifact
from the methylene protons was small enough, such that
the rest of the lipid spectrum would be too small to sub-
stantially interfere outside the excluded fitting range.)

For the upfield spectrum, absolute metabolite concen-
trations in mM (½Met�mM) without correction for relaxa-
tion were calculated using LCModel water normalized
concentrations (½Met�Nwater) through the following
equation:

½Met�mM ¼ ½Met�Nwater �WSF �
2

1þ Fs

where WSF is the mean water content as described previ-
ously, and the factor 2/(1þFs) was introduced to correct
for the multiplication of even-numbered acquisitions with
Fs (1). Because of likely effects of motion between the
upfield scans (acquired first) and the non-MC, nWS water
scans used for scaling (acquired last), the upfield GM con-
centrations showed large intersubject variations. To remove
the effects of the variable water reference on the occipital
ROI upfield data, the upfield occipital ROI metabolite con-
centrations were rescaled based on the total creatine peak.
(More specifically, the cohort average of total creatine was
conserved from the values obtained by water scaling, while
all individual spectra were rescaled to yield identical total
creatine content.)

For WM ROIs and for downfield occipital ROIs, the
water variances were smaller; therefore, the concentrations
were left relative to water. Spearman correlation

coefficients and statistical significance were calculated

between several downfield peak areas and upfield

metabolite concentrations, and Spearman testing was

used because of the small sample size (N¼20). The 6.8,

7.0, 7.3, 8.2, 8.3, and 8.5 ppm peaks were compared with

glutathione, gamma-aminobutyric acid, glutamine, gluta-

mate, or total glutamine/glutamate, which were several

of the suggested assignments for those downfield peaks.

Correlation coefficients were also calculated between the

overall upfield macromolecule concentration and the

6.8, 7.0, and 7.3 ppm peaks downfield. For the WM ROI,

in which concentrations were not rescaled relative to

total creatine, comparisons were also made between the

downfield peak at 6.8 ppm and total creatine from the

upfield spectra.

Magnetization Exchange Model

Exchange between the longitudinal magnetization of

inverted water and the downfield metabolites was mod-

eled using the Bloch–McConnell equations for a two-

pool system (35). The model started with an initial mag-

netization of zero for both pools, considered as satura-

tion recovery after the STEAM localization sequence.

The second step consisted of the subsequent inversion

pulse and recovery, with the corresponding initial condi-

tions after the saturation recovery phase, as in previous

published downfield work (2). The third step included

numerical simulations using the Bloch–McConnell equa-

tions, ideal pulses, and phase dispersion into four equal

components to account for exchange and recovery during

the STEAM sequence itself. The MC pulse was simpli-

fied as an ideal nonadiabatic RF pulse, with the assump-

tion that only the metabolites were affected. The water

T1, equilibrium magnetization, and inversion pulse effi-

ciency, which were used as constants in the fitting of the

exchange curves of the metabolite peaks, were deter-

mined using an inversion recovery model in FiTAID

(25), using three components for water: brain water, cere-

brospinal fluid water, and myelin water, the latter two of

which had upper limits of 10 and 5%, respectively, for

GM, and 5 and 10%, respectively, for WM. The inversion

pulse efficiency was found to be lower than expected

(yielding an effective average flip angle of 117� for the

WM ROI, and 126� for the occipital ROI), which made

its inclusion in the model necessary to account for

reduced inversion and therefore less exchange than

expected for an ideal 180� pulse. Six peaks were mod-

eled for exchange in WM: 5.8, 6.8, 8.2, 8.3, and 8.5 ppm,

and a combined NAA and broader underlying compo-

nent (taken separately, neither component yielded a rea-

sonable exchange curve). An additional peak at 7.3 ppm

was fitted for the occipital ROI. The exchange curves

yielded T1 and exchange rates for the various metabolite

peaks fitted. For occipital lobe, the individual data sets

for 7.3 ppm were not fitted because of larger errors in the

individual points; for this case, only the average data set

was fitted. Exchange rates and T1 values were compared

between occipital and WM ROIs using the Wilcoxon

rank-sum test.
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RESULTS

The averaged results for non–water inverted, nWS spec-
tra for both WM and occipital ROIs are shown in Figure
2. Several peaks show exchange over the different inver-
sion times, as they decrease in amplitude before recover-
ing again, with the 5.8-ppm peak and the peaks in the
region between 8.2 and 8.5 ppm in particular showing
fast exchange, decreasing to close to 0 by 300 ms.
Exchanging peaks fitted using the exchange model are
highlighted by red arrows for fast exchange, and blue for

apparent slower exchange, which was in some cases not
quantifiable. An individual data set from one volunteer
for the occipital ROI, including fit and residuals, is
shown in Figure 3 as a sample of data quality (an indi-
vidual data set from one volunteer for the WM ROI can
be seen in Supporting Fig. S1). Appropriateness of the
model can be determined from the residuals from both
the model shown in Figure 1 and the individual data set.
Upfield spectra from the same volunteers as in Figure 3
and Supporting Figure S1 are shown in Figure 4, along
with the corresponding LCModel fits, baselines, and
residuals.

Mean downfield concentrations found from the non-
water-inverted spectra for the peaks of interest are pro-
vided in Table 1, with errors given as standard devia-
tions over the cohort. Specifically, homocarnosine, the
6.0-ppm peak, the 7.3-ppm peak, the 8.3-ppm peak, and
NAA show significant differences between WM and
occipital lobe with P< 0.05. For comparisons between
upfield and downfield peak areas, NAA was found to
have a Spearman correlation coefficient of 0.63 and
P< 0.01; the corresponding NAA scatter plot is shown in
Figure 5. No other correlations with P< 0.1 were found
for any of the combinations of the downfield peaks to
upfield metabolite concentrations described in the meth-
ods; the corresponding scatter plots for these combina-
tions are shown in Supporting Figure S2.

Box plots for T1 values and exchange rates are shown
in Figures 6 and 7, respectively. Table 2 lists the mean
values for T1 and exchange rates. Mean metabolite T1

values ranged from 0.22 s for the 8.3-ppm peak in the
occipital ROI up to 0.77 s for the 5.8-ppm peak in WM.
Fitted exchange curves for the exchanging peaks are
shown for the average WM and occipital ROI series in
Figure 8. Exchange rates were within a range of 0.74 s-1

for the combined NAA peak in the occipital ROI to

FIG. 2. Averaged inversion transfer series for WM and occipital

ROIs. Peaks indicated by red arrows (at 5.8, 8.2, 8.3, and
8.5 ppm) show fast exchange, leading to almost complete disap-

pearance of the respective signals for a water-inversion delay of
approximately half a second. Peaks shown in blue also show
exchange, but at a slower rate, perhaps because of the exchange

being from underlying components or only part of the peak.

FIG. 3. Representative occipital ROI inversion transfer series from an individual volunteer, along with the corresponding fitted spectra
and residuals, indicating the quality of the data and the suitability of the model. For a representative inversion transfer series for the WM

ROI, see Supporting Figure S1.
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13.8 s�1 for the 8.3-ppm peak in the occipital ROI. The
7.3-ppm peak for the average occipital ROI series yielded
a T1 of 0.42 s and an exchange rate of 1.9 s�1. Between

WM and occipital ROIs, the only significant differences
found (P< 0.05) were for T1 values for the 8.2- and 8.3-
ppm peaks, as highlighted in Figure 6.

DISCUSSION

The nWS spectra acquired in this study provided
improved spectral resolution and higher exchanging
peak intensity compared with lower field strength (2) or
experiments with water presaturation (4), yielding in
particular further separable peaks in the region between
8.2 and 8.5 ppm as well as additional exchanging peaks
closer to water. The inversion transfer experiments per-
formed allowed the evaluation of 13 or 14 peaks for WM
and occipital ROIs, respectively, for extraction of concen-
trations and, for several of the peaks, exchange rates and
T1 relaxation values. This study also included upfield
data in both WM and occipital ROIs for additional peak
concentration comparisons, to determine any correla-
tions between known upfield metabolite concentrations
and the unknown downfield resonances.

Concentrations

The concentrations of the downfield metabolites from
the two ROIs were significantly (P< 0.05) different for a
few peaks only: homocarnosine, the 6.0-, 7.3- and 8.3-
ppm peaks, and NAA. They were not significantly differ-
ent for the remainder. Standard deviations for most of
the peaks were relatively small, indicating good agree-

ment across subjects. The 5.8-ppm peak, being closer to
water and therefore more prone to any artifacts related to
imperfect water cancelation, was slightly more difficult
to fit and hence has a somewhat larger standard devia-
tion. The 7.3-ppm peak may be different as a result of
the additional modeling of the 7.4 ppm for the occipital
ROI. The concentration of the narrow NAA doublet in
the occipital ROI was 10.5 6 1.2 mM, and in the WM ROI
it had a value of 8.4 6 1.5 mM, which was found to be
significantly different (P< 0.05). Both of these values are

FIG. 4. Representative upfield spectra along with the LCModel

fits, baselines, and residuals for the occipital ROI (a) and the WM
ROI (b) from the same volunteers as in Figure 3 and Supporting

Figure S1. The section between 1.1 and 1.8 ppm, which was not
critical to the analysis, was removed from the LCModel x2 fit as a
result of lipid artifacts, as described in the methods by the

PPMGAP parameter.

Table 1
Mean Downfield Concentrations for Both WM and Occipital ROIs for the Peaks of Interest, Presented as Mean 6 Standard Deviation
Over the Cohort

Occipital ROI WM ROI

Mean concentration 6 SD (mM) Mean CRLB (mM) Mean concentration 6 SD (mM) Mean CRLB (mM)

hCsa 1.02 6 0.39 0.141 0.35 6 0.21 0.147
5.8 ppm 4.58 6 1.12 0.138 4.02 6 1.89 0.357

6.0 ppma 1.25 6 0.73 0.117 0.62 6 0.36 0.238
6.1 ppm 1.21 6 0.74 0.124 0.81 6 0.33 0.123
6.8 ppm 2.87 6 0.68 0.183 2.96 6 0.82 0.294

7.0 ppm 1.96 6 1.14 0.290 2.96 6 0.73 0.422
7.3 ppma 1.94 6 0.28 0.196 2.93 6 0.84 0.351

7.4 ppm 0.56 6 0.21 0.124 — —
8.2 ppm 4.16 6 0.45 0.219 3.93 6 0.80 0.266
8.3 ppma 0.92 6 0.32 0.120 0.64 6 0.12 0.114

8.5 ppm 0.89 6 0.32 0.106 0.78 6 0.21 0.118
NAAa 10.52 6 1.16 0.404 8.43 6 1.54 0.416

NAA shoulder 4.91 6 0.79 0.293 5.07 6 1.15 0.333

Note: Concentrations are obtained from the non-water-inverted spectra. Mean CRLB over the cohort are also included. The CRLB are
only valid for a correct model, which is definitely not strictly the case in this setting, where we have composite peaks heuristically mod-

eled as a single entity. SD, standard deviation; CRLB, Cramer–Rao lower bounds; hCs, homocarnosine.
aA significant difference was found between the occipital and the WM ROI concentrations with P<0.05.
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in agreement with previously published work on NAA
concentrations (36). Homocarnosine was found to be sig-
nificantly higher in the occipital ROI at 1.02 6 0.49 mM
than in WM at 0.35 6 0.21 mM. This difference may be
the result of the fitting model and procedure, as the con-
centrations are low, but may also be caused by differ-
ences between voxel locations. However, previous
literature is in disagreement about whether a difference
is expected (37). If so, the WM ROI would be expected
to have a higher concentration than occipital ROI, con-
trary to what was seen in the present study. Other reso-
nances have concentrations that are lower than those
found at 7 T (4), possibly related to the presence of broad
underlying components that were additionally included
in the fitting model at 9.4 T, such as in the range of 6.8
to 7.3 ppm, where the concentrations at 9.4 T are lower
than at 7 T. Differences between the 9.4 T and 7 T experi-
ments are also expected as a result of the use of water
suppression at 7 T, where exchanging peaks would be
reduced. Concentrations of the 6.0- and 6.1-ppm peaks
are higher at 9.4 T than at 7 T, which is likely due to the
presence of slow exchange. Similarly, concentrations of
resonances in the 8.2- to 8.5-ppm region could not be

compared as a result of fast exchange and the use of

water suppression at 7 T.
Correlations between downfield peaks and upfield rep-

resentations of metabolites were of particular interest for

these experiments, to investigate potential labels for

peaks as previously indicated in the literature (4,10). As

expected, downfield NAA positively correlates with

upfield NAA concentrations, with a Spearman correla-

tion coefficient of r¼ 0.63 (P<0.01). However, none of

the other downfield peaks significantly correlates with

upfield metabolite concentrations. Of course, significant

correlations can only be expected if there is sufficient

true variation in metabolite content within the cohort at

a limited random variance level. For all of the tested

candidate metabolites, the cohort variance in upfield

concentration was larger than that for upfield NAA, and

one could expect this variance to be reflected downfield,

but no significant covariance was detected. Therefore,

although these and other upfield metabolites may cer-

tainly still be present as small components of the differ-

ent downfield peaks, they do not appear to dominate

any of the downfield peaks.

Exchange Fitting

Although up to 14 peaks were fitted in the spectra, sev-

eral did not evidence exchange in these experiments, or

had such slow exchange that its quantification was not

possible. Exchange rates and T1 values were obtainable

only through the Bloch–McConnell model used for fit-

ting the exchanging peaks, and are therefore only pre-

sented for the exchange-modeled peaks. Many of the

resonances downfield are quite broad, indicating a

potential for several underlying components; even

exchanging peaks may consist of more than one compo-

nent, with potentially different exchange rates for differ-

ent components. However, the required simplicity of the

model led to fitting the visible resonances with single

peaks, with the T1 and exchange rates therefore corre-

sponding to averages over the components. Moreover,

the occipital ROI and WM ROI provide very similar

exchange rates and T1 times for the fitted peaks, as dem-

onstrated in Figures 6 and 7, with only two significant

FIG. 5. Scatter plot of the downfield NAA peak concentrations ver-
sus the upfield NAA concentrations, plotted with separate colors

to distinguish the WM ROI and occipital ROI concentrations. Scat-
ter plots of the other correlations tested are shown in Supporting

Figure S2.

FIG. 6. Box plots indicating the range of
T1 values for the different resonances
fitted with the Bloch–McConnell model.

The edges of the box plots are at the
25th and 75th percentiles, while the red

line in between indicates the median.
Whiskers extend to the extremes of the
data within 1.5 times the interquartile

range (if no data are found within that
range, they extend to the minimum or

maximum). Outliers beyond the inter-
quartile range are denoted by a cross.
Significant differences (P<0.05)

between WM and occipital ROIs are
denoted with asterisks.
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T1 differences between the two voxels, for the 8.2- and
8.3-ppm peaks. Similar values are expected not only
because of the fairly high percentage of WM in the occip-
ital ROI, but also because of the equal proportions of
metabolites and macromolecular baseline for WM and
occipital ROIs upfield (38), therefore supporting the
results found in this study.

Of particular interest are the peaks that were not fitted
at 3 T (2), such as the 5.8-ppm peak, or the peaks that
have improved separation, such as in the amide region
from 8.2 to 8.5 ppm. The 5.8-ppm peak, which was pre-
viously suggested to originate from urea (4), has a mean
exchange rate of 7.4 s�1 from the combined occipital ROI
and WM ROI experiments. A low exchange rate on this
order is expected, as this peak remains visible in experi-
ments that use water suppression (4,39). The amide
region has a range of exchange rates, from a mean of
3.7 s�1 for the 8.5-ppm peak, which is significantly
slower than the 8.9 s�1 found at 3 T, to 9.9 and 13.6 s�1

for the 8.2- and 8.3-ppm peaks, respectively, which are
higher rates than the 7.5 s�1 found for the broader 8.2-
ppm peak fitted at 3 T (2). However, because of the dif-
ferences of timing and localization between the current
study and the 3T inversion transfer experiments (2), the
limits of exchange that can be measured are also different.
In this case, the measured amide peaks may consist of
slightly different exchanging amides, and the model used
for fitting may have also captured different peaks than

before. Despite the minor differences between the 3T and
9.4T experiments, the exchange rates found in the current
study are similarly in line with the lower end of what has
been reported previously for the amide region using water
exchange–filtered (WEX) experiments (40).

There is also limited exchange for the three peaks in
the 6.8- to 7.3-ppm region, although at 3 T there
appeared to be greater exchange visible. These differ-
ences may be explained by the addition of a broader
peak in the 9.4T model, which would account for any
subtler changes in the broader peaks that may be the
result of macromolecular exchange, or other slow
exchange from overlapping peaks. The combined NAA
and its shoulder provided an average exchange rate of
0.8 s�1, which is similar to what was found for the
broader NAA peak that was modeled at 3 T; individually,
neither the NAA doublet nor the broader shoulder pro-
vided meaningful exchange curves, and were therefore
exchange-modeled together. It is possible that the fitting
model had not been able to properly separate out the
exchanging component.

Downfield T1 relaxation values, varying from 0.22 to
0.77 s, are shorter than the previously published upfield
values at 7 and 9.4 T (41,42), and are on the order of
macromolecular T1 values, which suggests that macro-
molecular components are contributing to the peaks. The
downfield T1 values are also higher than those found
downfield at 3 T for similar experiments (2), a finding

FIG. 7. Box plots indicating the range of

exchange rates (k) for the different reso-
nances fitted with the Bloch–McConnell

model. The edges of the box plots are
at the 25th and 75th percentiles, while
the red line in between indicates the

median. Whiskers extend to the
extremes of the data within 1.5 times

the interquartile range (if no data are
found within that range, they extend to
the minimum or maximum). Outliers

beyond the interquartile range are
denoted by a cross. No significant dif-

ferences were found between the WM
and GM exchange rates.

Table 2
Mean Exchange Rates (k) and T1 Values for Peaks Fitted Using the Bloch–McConnell Model for Occipital and WM ROIs, Presented as
Mean 6 Standard Deviation Over the Cohort

Occipital ROI exchange rate WM ROI exchange rate Occipital ROI T1 WM ROI T1

Mean k 6 SD (s�1) Mean k 6 SD (s�1) Mean T1 6 SD (s) Mean T1 6 SD (s)

5.8 ppm 6.76 6 1.59 8.00 6 1.63 0.65 6 0.16 0.77 6 0.11

6.8 ppm 2.34 6 0.44 2.42 6 0.69 0.40 6 0.03 0.41 6 0.04
8.2 ppm 9.32 6 0.91 10.6 6 1.50 0.46 6 0.12 0.69 6 0.18

8.3 ppm 13.8 6 0.79 13.4 6 1.77 0.22 6 0.09a 0.41 6 0.14a

8.5 ppm 3.31 6 0.06 4.05 6 2.12 0.71 6 0.14a 0.76 6 0.20a

Combined NAA 0.74 6 0.23 0.92 6 0.60 0.52 6 0.11 0.58 6 0.16

SD, standard deviation.
aA significant difference was found between the occipital and the WM ROI concentrations with P<0.05.
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that is expected, as proton T1 relaxation times increase

with field strength (12). Although the T1 relaxation times

are similar to those at 7 T, only the order of magnitude

should be compared, as the current study extracted

exchange-independent times, and a previous 7T study,

which was a different experiment altogether, did not

account for exchange effects (4). The 6.8-ppm peak has a

mean T1 of 0.41 s, which is similar to that found for the

6.8-ppm resonance at 7 T, and again on the order of the

T1s for macromolecules. The combined NAA peak here

has a much lower T1 than that found for NAA at 7 T;

however, in this case the combined NAA peak cannot

give us a meaningful estimate of T1, and was of more

interest for its exchange rate. At 3 T, this peak was mod-

eled as one peak only, because of the broader peaks at

lower field strengths. The T1’s for the faster exchanging

peaks vary, although the low T1 for the 8.3-ppm peak

may have been partially compensated by the faster

exchange rate.

Limitations

Exchange with inverted, as opposed to saturated, water

magnetization has the potential to affect the metabolite

peak sizes more strongly, such that for fast-exchanging

species the peak may even be inverted. However, it was

discovered upon fitting of the water inversion curves

after all measurements had been completed that despite

B1 optimization, the effective flip angle for the water

inversion pulse had not reached higher than 131�. Fur-

ther investigation into the potential cause for the low

inversion efficiency led to the suspicion that radiation

damping (43) may have played a role in reducing the

maximum signal achievable after applying the non-

spatially selective inversion pulse. In addition, the long

duration of the pulse (40 ms) may have allowed T2 relax-

ation effects to reduce the signal during the RF pulse

itself, as the pulse duration is on the order of brain-

water T2 at high fields (4,44). It is likely that with 100%

efficiency and a shorter duration of the inversion pulse,

the metabolite peaks would have evidenced exchange

more strongly, improving the accuracy of exchange rate

and T1 calculations.
A further experimental issue found after completion of

the study was that there was an unexpectedly large asym-

metry for the water signal in up- versus downfield

inverted spectra in MC. The size of the effect and the fact

that downfield inverted scans showed larger water ampli-

tude than upfield inverted acquisitions indicate that the

asymmetry is not exchange-related, but more likely to be

an effect of experimental asymmetry, including potential

frequency drift after center-frequency adjustment.
The measurable exchange rates in this experiment are

limited by several factors, including the TE and the

FIG. 8. Exchange curves showing
the peak area as a percentage of

the equilibrium magnetization for
the occipital ROI metabolites (a)
and the WM ROI metabolites (b)

that were fitted for the average
over all individuals.

Downfield Part of 1H MR Spectra of Human Brain Investigated at 9.4 T 2871



global water inversion pulse duration. The TE for these
experiments was 10 ms, limiting our ability to measure
exchange rates faster than 100 s�1 (corresponding to a
lifetime of less than approximately 10 ms), as any spins
exchanging too fast would no longer be properly refo-
cused for measurement. Furthermore, the long inversion-
pulse duration of 40 ms implied that any fast exchange
of more than approximately 25 s�1 would be moderated
even before the inversion-recovery period started, reduc-
ing the ability to properly quantify it. Although this
pulse was optimized for a small bandwidth to reach
close to water, it would be clearly more efficient to have
a shorter inversion pulse for those resonances further
away from water. Another limiting effect on measuring
the exchange rates is evolution into out-of-phase signal
as a result of exchange during the TM period, which was
relatively long at 45 ms because of the MC pulse. This
evolution into out-of-phase signal is caused by the differ-
ing effective chemical shifts in the half echo periods
before and after TM (analogous to a single T2 trace from
a 2-dimensional exchange spectroscopy (45) experiment
with an acquisition delay in T2 equal to the T1 dwell
time (i.e., TE/2 in our case)). Based on simulations, there
should be some measurable effect for faster-exchanging
species. However, no such signal behavior was found in
the data, leading to the conclusion that any fast-
exchanging species that would lead to out-of-phase com-
ponents were exchanging too fast to be measured by this
experiment anyway.

For the fast-exchanging resonances, in particular at 8.2
and 8.3 ppm, the minimum of the exchange curve often
occurred at the second inversion time, rendering accu-
rate fitting of the exchange curve difficult due to the lack
of points describing the initial decrease in the exchange
curve. In those cases, the recovery component of the
curve had more weighting, and the Mz,eq could compen-
sate for T1 and k more than for the slower exchange
curves. The 41-ms inversion time was already the mini-
mum achievable on the system; however, additional
points before 96 ms would have helped for the faster-
exchanging resonances. Unfortunately, because of the
restrictions on the duration of the experiment, further
inversion times were not acquired.

Furthermore, with regard to the missing correlations
leading to a labeling of downfield peaks, the fit model
for the downfield spectrum is heuristic. The specific
choice of components—although chosen as carefully as
possible with Occam’s razor in mind to represent the
spectrum’s main content—may hide some covariance
with upfield metabolites, where again some of the vari-
ance will be spurious for the smaller spectral
contributions.

CONCLUSIONS

This study presents the first in-depth investigation of
downfield metabolites at 9.4 T, as well as first compari-
sons of downfield and upfield peak concentrations. Fur-
thermore, exchange rates and T1 values for at least 6 of
the 12 measured resonances downfield were calculated.
Increased peak separation of the 8.2- to 8.5-ppm region
allowed for improved characterization of the amide

region and corresponding exchange rates. Moreover, for
the first time it was possible to quantify the exchange
rate of the 5.8-ppm peak, tentatively assigned to urea
(4,39), in vivo in human brain. Correlations between
downfield peaks and known upfield metabolite concen-
trations were insignificant, except for NAA. This sug-
gests that, although the compared metabolites might
form components of these peaks, they probably do not
make up a significant portion of them.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of
this article.

Fig. S1. Representative WM ROI inversion transfer series from an individual
volunteer, along with the corresponding fitted spectra and residuals, indi-
cating the quality of the data for the WM ROI and the suitability of the
model.
Fig. S2. Scatter plots for the range of correlations tested between the
upfield and downfield peak areas. Occipital ROI data points are shown in
blue; WM ROI data points are shown in red. The downfield peaks are along
the x-axes, and the upfield peaks along the y-axes, as labeled in the
figure.
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