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1.5, 3, 7, 10.5 and 14 Tesla in an 8-channel Transmit/receive 
Array

Zhipeng Cao1, Joshua Park2, Zang-Hee Cho2, and Christopher M. Collins3,*

1Department of Bioengineering, The Pennsylvania State University, Hershey, PA, USA

2Neuroscience Research Institute, Gachon University of Medicine and Science, South Korea

3Department of Radiology, New York University College of Medicine, New York, NY, USA

Abstract

Purpose—Predict trends of SNR and absorbed energy in MRI of brain up to 14T.

Materials and Methods—A human head in an eight-channel transmit/receive coil was 

simulated with Maxwell and Bloch equations to determine excitation homogeneity with RF 

shimming, image homogeneity, SNR, and absorbed energy in MRI from 1.5 to 14T considering 

realistic field distributions and relaxation properties.

Results—RF shimming alone achieved a standard deviation in excitation flip angle less than 10° 

in mid-brain up to 14T, but produced a small region with low excitation on a lower slice. Current 

reconstruction methods may produce shading artifacts at 14T. SNR increases with a greater-than-

linear rate for GRE sequences having short (2 ms) TE and long TR (approximately 2.3-fold 

increase from 7T to 14T), but a less-than-linear rate if TE is 10 ms (approximately 1.6-fold 

increase from 7T to 14T). Depending on the sequence, SNR per square root of imaging time may 

produce a less-than-linear increase with B0. Whole-head absorbed energy shows a less-than-

quadratic increase with B0 (1.7-fold increase from 7T to 14T).

Conclusion—Numerical simulations indicate that with proper preparation and precautions, 

imaging of the human brain at up to 14T could be performed safely with advantages in SNR.
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Introduction

While it is generally expected that MRI at increasingly high static magnetic (B0) field 

strengths will provide a variety of benefits, including improved SNR, for a wide range of 

applications (1–4), at field strengths much above 1.5T wavelength effects in the RF field 
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distributions begin to complicate performance of MRI and a number of studies have 

indicated that extrapolating results from lower field systems in this regime will not always 

provide accurate results (5–10). Currently there are numerous whole-body systems at 7T and 

a few head-only systems at 9.4T. With a system at 10.5T recently introduced (11), a system 

at 12T under construction (12), and a head-only system at 14T being planned (13), a 

prediction of the relative potential performance and safety of imaging the human brain at up 

to 14T is warranted.

Simulation of electromagnetic fields in MRI has been used to predict or better understand a 

variety of phenomena in MRI (14). While a few field simulation studies have been published 

on evaluating SNR at increasing field strengths from 1.5T to 9.4T (5–10), these often utilize 

simple geometrical approximations of the human tissue structure or single-channel volume 

coils for transmission and reception. These previous studies typically evaluate the “intrinsic 

SNR,” which takes into consideration RF field effects and expected increase in signal 

strength with B0, but not effects of B0 inhomogeneity or B0-dependent MR relaxation rates. 

Also, current MR systems for imaging human subjects at 7T or above are often designed to 

utilize multichannel receive and transmit coils, and can potentially achieve improved 

transmit and receive characteristics than single channel birdcage or TEM coils.

With the above limitations in previous studies and recent rapid progress in multichannel 

transmission and reception techniques, a simulation study solving the Maxwell equations for 

field distributions and the Bloch Equation for MR signal is presented here with the purpose 

of evaluating the potential of human brain imaging at up to 14 Tesla with methods used 

fairly commonly at 7T today. Specifically, this study aims to evaluate trends in excitation 

homogeneity, image homogeneity, SNR, and absorbed energy with multiple-channel 

transmission and reception for MR scanners at 1.5, 3, 7, 10.5 and 14 Tesla with 

consideration of all frequency dependent field distributions, relaxation rates, and imaging 

parameters.

Materials and Methods

Human Head Model

An anatomically accurate, multi-tissue human head model at 2 mm isometric resolution was 

created by manual segmentation of photo dataset from the National Library of Medicine’s 

Visible Male Project (10). Proton density, chemical shift, mass density, and T1 values for 

many tissues were assigned appropriately with reference to the literature (15–20). Whenever 

possible, frequency-specific T2* values for 1.5, 3, and 7T were collected directly from the 

literature (16). Based on the reported linear R2* relationships, the T2* values of gray matter 

and white matter at 10.5T and 14T were extrapolated, as shown in Table 1. Frequency-

dependent T1 values of cartilage, blood (17), fat (18), CSF (15), white matter and gray 

matter (19, 20) for 1.5T, 3T, and 7T were also collected and were extrapolated for 10.5T and 

14T based on published nonlinear relationships of T1 with frequency for these tissues (20), 

as shown in Table 2. For other tissue types, T1 and T2* values at 3T (15–18) were used in all 

simulations. Only brain tissues, with field-dependent T2 values, were used for the 

subsequent SNR evaluations. Frequency dependent electric conductivity and magnetic 

permeability values were also collected for the human model based on values published in 
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literature (21, 22). In general, tissues are slightly diamagnetic with a relative magnetic 

susceptibility close to that of water (μr≈0.999991 ppm) while air is slightly paramagnetic 

(μr≈1.0000004).

RF Coil Model

An 8-element coil array was simulated for transmission and reception at all frequencies 

(Figure 1). The diameter of the coil array is 250 mm. Each element of the array was modeled 

as a loop with 125 mm in length for each edge, and with 12 current sources on each loop, so 

that lengths of continuous conductors were approximately 4 cm, or an electrical length of 

1/12 the wavelength in air at 600 MHz (14T). The coil is surrounded by a copper shield as 

shown in Figure 1(c).

Electromagnetic Field Calculations

To calculate RF electromagnetic field distributions, Finite Difference Time Domain (FDTD) 

simulations (23) were performed. Results included the transmit and receive rotating 

magnetic fields (B1
+ and B1

−, respectively), and transmit and receive electric fields for the 

human head phantom with the transceive array. All simulations were performed using 

commercially available software (XFDTD; Remcom Inc.; State College PA, USA). To 

minimize variability of all aspects except those directly related to field strength, field 

distributions for each coil were determined with current sources across all gaps in the active 

coil and all gaps in other coils open. An in-house program based on a published method (22) 

was used to calculate a realistic static B0 magnetic field distribution for the human head 

model.

MRI Simulations

A Bloch-based MRI system simulator developed in-house (24) was used to simulate MR 

images for this study. A slice-selective 2D gradient recalled echo (GRE) sequence was used 

in this study to evaluate the signal intensity homogeneity, SNR, specific absorption rate 

(SAR), and absorbed energy. The sequence was generated with an in-house graphical user 

interface programmed using MATLAB (The Mathworks; Natick, MA USA), and was input 

into the Bloch simulator. It was used to separately target two different 6 mm thick transverse 

slices, one at the center of the coil, and the other 32 mm lower than the center slice (with a 

larger cross-section to evaluate effects due to more severe B1 field inhomogeneity). Both 

slices include air cavities, specifically the frontal sinus on the center slice and the sphenoid 

sinus in the below-center slice. The details of the GRE sequence varied based on different 

evaluation goals as described below.

To evaluate the change of image contrast and fundamental RF inhomogeneity effects with 

field strength, Bloch simulations were performed with quadrature transmission and 

reception. For this purpose, a single GRE sequence protocol was used for different field 

strengths: 3 ms TE, 500 ms TR, 30º flip angle, 200 kHz BW, 2 mm slice thickness, 128 × 

128 image resolution, and 256 × 256 mm2 FOV.

To evaluate the signal intensity distribution achievable with parallel transmission, the 

calculated distributions of transmit magnetic field were used to simulate RF shimming. The 
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RF shimming was performed on each slice independently with a routine programmed in 

MATLAB (The Mathworks; Natick, MA) to find the optimal magnitude and phase sets of 

each transmit channel to achieve optimal transmit magnetic field homogeneity. For this 

purpose, a uniform receive sensitivity was assumed in the simulation for convenience of 

evaluating transmit inhomogeneities independently from the receive field. A gradient echo 

sequence with 90º flip angle, 100 kHz BW, 128 × 128 image resolution, 300 × 300 mm2 

FOV, 6 mm slice thickness, with TEs inversely proportional to the main field strengths 

(18.67 ms for 1.5T, 9.33 ms for 3T, 4 ms for 7T, 2.67 ms for 10.5T and 2 ms for 14T), and 

TR equaling 3 times the value of T1 of gray matter for each field strength (3585 ms for 1.5T, 

4308 ms for 3T, 5331 ms for 7T, 5895 ms for 10.5T and 6333 ms for 14T). To evaluate the 

ability of a more advanced pulse design to improve upon RF shimming results in the lower 

slice at 14T, a 5-spoke tailored RF pulse with 8 channel parallel transmission and bipolar 

slice-selection gradient waveform was designed (31). The available signal intensity (sine of 

flip angle) after the 5-spoke pulse was compared to that of RF shimming based on Bloch 

simulations.

To evaluate the signal intensity distribution achievable with parallel reception, fully-sampled 

array images were simulated with RF shimming for transmission and with the calculated 

B1
− distributions as the receive magnetic field distributions. These array images were further 

processed for the combined approximate uniform-receive-sensitivity image based on the 

adaptive combination reconstruction method (25, 26).

SNR Quantification

With settings similar to those above, simulations with RF shimming and multichannel 

reception but with B0-dependent TRs and two different echo times (2 ms and 10 ms, to 

evaluate the effect of T2* relaxation on SNR) were performed for all field strengths, and the 

image SNR was evaluated quantitatively. Noise covariance matrices were measured and 

calculated as on an actual MR system by turning off RF excitation (27). Analytical sum-of-

squares SNR expression were used (27) to calculate pixel-by-pixel SNR. Because the 

absolute SNR level in this study is generally larger than 150, noise bias corrections were not 

applied. The average SNR value for gray matter and white matter on the target imaging slice 

were measured for each field strength. To account for the increase of T1 and scan time with 

increase of field strengths, the SNR values were further evaluated for SNR efficiency by 

dividing the square root of the scan time used for each acquisition. The square root 

relationship with time is chosen because SNR can be alternatively improved by increasing 

the number of averages, and in this situation SNR is proportional to the square root of the 

number of averages, or the square root of the total imaging time.

SAR and Absorbed Energy Quantification

To evaluate the EM power deposition of MR scanners with different field strengths, the 

above GRE sequence with B0-dependent TRs and transmit RF shimming was used to 

calculate the time-averaged local SAR for the whole human head phantom. Two types of 

SAR values were calculated by processing the time-averaged local SAR results output from 

the Bloch simulator based on the current guidelines by the IEC (28): The head-averaged 

SAR was calculated by averaging the above time-averaged local SAR in the head, and the 
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maximum 10-gram SAR was calculated using an in-house program (29) which can achieve 

accurate result at the tissue boundary. To account for the increase of TR and scan time 

required to maximize SNR with increase of field strength and T1, the SAR values were 

further processed by multiplying the scan time used for each scan to calculate the total 

absorbed energy.

Results

The signal intensity distributions as a function of field strength with quadrature excitation 

and reception and with constant TE and TR are shown in Figure 2. As expected, with the 

increase of B0, off-resonance effects and inhomogeneity become more notable. This 

includes chemical shift (lipid in scalp appearing further to the left), and signal loss 

(especially near the frontal sinus). Also, because of the increased Larmor frequency and 

decreasing wavelength, regions of low signal due to destructive interference of fields, seen 

primarily in the temporal lobes at 7T and above, become more focal and move closer 

together. Finally, primarily because of the lengthening of T1 with increasing field strength, 

image contrast becomes more T1-weighted at increasing field strength when TR is held 

constant.

The signal intensity distributions with RF shimming for excitation and uniform sensitivity 

for reception are shown in Figure 3. It is shown that RF shimming alone can achieve 

excitation homogeneity with flip angle standard deviation less than 10o on a single 

transverse plane near the center of the cerebrum for high field MRI scanners up to 14T. On a 

larger cross-section, such as that on a transverse plane passing through the eyes, a small 

region of low excitation is apparent at 14T. This indicates that RF shimming alone with only 

8 channels may not be adequate to achieve homogeneous excitation on all slices at this high 

field strength. Figure 4 illustrates that with more advanced pulse designs, homogenous 

excitation can be achieved even on this slice at 14T.

The signal intensity distribution with RF shimming, realistic receive magnetic fields and 

receive array reconstruction techniques are shown in Figure 5. Compared with Figure 3 

(obtained with homogeneous receive fields), it is shown that methods commonly used today 

to achieve homogeneous receive sensitivity may produce noticeable shading artifacts at 14T.

Trends in SNR in the head from the above simulations are plotted against B0 field strength 

in Figure 6. The lines of quasistatic approximations were generated from 1.5T, since at 3T 

and above wavelength effects become significant in the human brain. It is found that with 2 

ms TE and nominally long TR (equal to three times that of gray matter T1 at each field 

strength), the SNR has a better-than-linear increase with field strength (Figure 6(a)). 

Considering the effect of T2* signal loss, the SNR results with 2 ms TE suggest a better-

than-increase of SNR. For example, the ratio of average SNR at 14T to that at 7T in brain is 

2.44 on the center slice, and 2.22 on the lower slice. This trend should be similar to what 

would be expected to predictions of intrinsic SNR, which typically consider RF field effects 

and B0 field strength, but not B0 inhomogeneity or tissue relaxation effects. With TE of 10 

ms (commonly used in scanners at 3T and below), the SNR trend becomes less-than-linear 

with B0 due to increased T2* signal loss. For example, the ratio of average SNR at 14T to 
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that at 7T in brain is 1.73 on the center slice, and 1.47 on the lower slice. The SNR 

efficiency, in the form of SNR per square root of imaging time, is shown in Figure 6(b). 

These SNR efficiency trends are similar to the SNR trends, as expected from the fact that T1 

does not increase rapidly with B0 (Table 2). This accounts for the fact that, due to the 

lengthening of T1 with field strength, a longer imaging time may be required to reach a 

higher SNR.

Trends in absorbed energy in the head from the above simulations are plotted against B0 

field strength in Figure 7. Head-average SAR is shown as a function of field strength in 

Figure 7(a). The head-average absorbed energy, Figure 7(b), shows a less-than-quadratic 

relationship with the main magnetic field strength. For example, the ratio of head-average 

SAR at 14T to that at 7T is only 1.72. This would be the same trend if TR were held 

constant with field strength and can be regarded as the relationship between intrinsic SAR 

and field strength if only electromagnetic field effects but not tissue relaxation times or 

sequence parameters were considered. Maximum local 10-gram SAR and head-average 

SAR are also given in Table 3, along with the ratios of local 10-gram SAR to head-average 

SAR.

Discussion

In this study, we evaluated the potential for MR imaging with a fixed multichannel RF coil 

design for transmission and reception with increasing field strength and Larmor frequency 

by predicting the trend of performance for MR scanners from 1.5T to 14T. Unlike previous 

simulation studies with similar goals (5–10), we utilized newer concepts and methods with a 

multichannel RF coil array, took into consideration expected changes of MR tissue 

parameters with increasing field strength, and considered realistic effects of B0 

inhomogeneity.

With RF shimming, good excitation homogeneity can be achieved for a gradient echo 

sequence at up to 14T on a transverse slice through the mid-brain. Although excitation 

homogeneity on a slice inferior to this shows a significant aberration, pulse designs more 

advanced than RF shimming should be able to overcome this on a slice-by-slice or whole-

brain basis at 14T (30). Excitation homogeneity will be further improved with use of more 

advanced parallel transmission techniques (31, 32), or if transmit arrays with more channels 

are utilized.

The shading artifacts from the receive field distributions seen at 14T with multichannel 

reception are noticeable, mainly due to current limitations of commonly-used methods for 

characterizing the receive magnetic field distributions and further reconstructing uniform 

receive sensitivity weighted image from multichannel receive arrays in MR experiments.

It is found in this study that the intrinsic SNR in brain follows a greater-than-linear increase 

with B0 field strength (with long TR and short 2 ms TE). Although quasi-static 

approximations for sample-dominant noise indicate that the longitudinal magnetization 

vector at thermal equilibrium, the receive magnetic field strength, and the square root of 

noise power should all increase linearly with the B0 field strength and thus the intrinsic SNR 
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should increase proportionally with B0 (1, 2), our numerical simulations indicate a better-

than-linear increase, as predicted and explained previously for a volume coil (9). Further, the 

simulation results for SNR efficiency with B0-dependent T1 show a slightly less-than-linear 

increase with small TE and a further lower trend at longer TE. This may suggest that, 

depending on the sequence, 14T MRI would require more accurate ΔB0 field shimming than 

lower strength systems to maximize achievable SNR. The increase of T2* signal loss may 

also imply stronger susceptibility-weighted contrast.

Because TR was increased proportionally to B0-dependent T1 in these simulations, the 

absorbed energy is proportional to the SAR that would be experienced with a constant TR, 

or intrinsic SAR. Quasi-static approximations indicate that volume-average absorbed energy 

should increase roughly with the square of the B0 field strength (1, 2), but our numerical 

simulations indicate a much lower rate of increase. It is also seen that the maximum local 

(10g-average) SAR will exceed the recommended limit in current guidelines for local 

transmit coils in normal control mode operation before the corresponding limit on head-

average SAR (28) is exceeded. This indicates tissue heating due to constructive electric field 

inference will become more severe with B0, and advanced local SAR and temperature 

monitoring methods need to be developed for high field MRI scanners.

While this work presents a number of advances over previous methods to predict trends of 

achievable SNR at field strengths beyond where experiments can currently be performed, 

there are a number of limitations. Among these, the T1 and T2* values used are estimated or 

extrapolated from values measured at lower field strengths, and the same coil is used at all 

field strengths. Recent work indicates that at very high frequencies, optimal current 

distributions may have non-circulating components, leading to increasing use of dipole 

antennas under some circumstances in high-field MRI (33, 34). Thus it may be possible to 

achieve even greater increases in SNR with smaller increases in SAR at high field strength 

than predicted here. Additionally, in this study only RF shimming was used to improve 

excitation homogeneity with no consideration of SAR. With more advanced pulse designs, 

either greater excitation homogeneity, lower SAR, or perhaps both can be achieved.

In summary, a multichannel head-only 14 Tesla MR scanners should be able to achieve 

adequate transmit field homogeneity for gradient echo imaging with standard RF shimming 

alone on a transverse slice through the middle of the brain. For homogeneous excitation on 

lower transverse slices or of the whole brain, more advanced pulses may be required. 

Imaging in the head at up to 14T can achieve a better-than-linear increase in SNR for short 

TE. The increase of SNR efficiency, however, is slightly less than linear. For longer TE, 

both SNR and SNR efficiency would increase at a lower rate with B0 field strength. Both 

SNR and SNR efficiency follow a less-than-linear increase with field strength using a longer 

TE, such that B0 inhomogeneities result in greater intravoxel dephasing with more T2* 

signal loss. The head-average SAR increases at a less-than-quadratic rate with field strength 

up to 14T. Further development of reconstruction methods to homogenize image intensity 

would be required for standard anatomic imaging with high field MRI.
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Figure 1. 
Schematic diagram of the head, multichannel transmit-receive array, and shield on different 

cross-sections (a), and 3D renderings of the head in the array only (b), as well as in the array 

and shield (c).
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Figure 2. 
Simulated MR images with quadrature excitation and reception for different field strengths. 

Constant TE of 3ms and TR of 500 ms here lead to stronger T1 weighting at higher field 

strengths, while decreasing wavelengths decrease both the size of regions of destructive 

interference and the distance between them.
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Figure 3. 
Simulated MR images with RF shimming for transmission and uniform receive field 

distribution on the center slice (top) and 32 mm below center (bottom). Here TE is inversely 

proportional to field strength to minimize B0 related artifacts and TR is equal to 3 times the 

T1 of gray matter to maintain image contrast. At 1.5T, 3T, 7T, 10.5T, and 14T respectively, 

standard deviations in excitation flip angle of 3.9°, 1.8°, 4.6°, 7.3°, and 9.1° are achieved for 

the center slice, and of 3.2°, 1.9°, 4.8°, 8.4°, and 9.8° are achieved for the below center slice.
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Figure 4. 
Comparison of available signal intensity (sine of flip angle) achieved on the lower slice in 

brain at 14T with RF shimming alone (left) and with a 5-spoke tailored RF pulse (right). 

Standard deviations in flip angle are 9.8° (left) and 4.1° (right).
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Figure 5. 
Simulated MR images with RF shimming for transmission and realistic receive magnetic 

fields for reception on the center slice (top) and 32 mm below center (bottom). TE and TR 

vary with field strength as in Figure 3. With the reconstruction method used, shading from 

the receive field distributions is apparent above 7T.

Cao et al. Page 14

J Magn Reson Imaging. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
SNR with increasing B0 field strength. SNR (a) and SNR efficiency (b) for 2 ms and 10 ms 

TE with field-dependent TR equal to 3 times T1 of gray matter on center and below-center 

slices. On each plot what would be a linear increase from the value at 1.5T with 2 ms TE are 

indicated with dotted lines.
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Figure 7. 
Trends in head-average SAR (a) and absorbed RF energy (b). For SAR, the field-dependent 

TR is 3 times the value of T1 of gray matter for each field strength. Thus, the absorbed 

energy can be compared to the quadratic increase predicted by quasistatic approximations 

from the values at 1.5T, shown with a dotted line.
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