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INTRODUCTION

The provenance of the recent but exploding interest in ultrahigh magnetic fields (UHF, 

defined as 7 T (T) and higher) can be traced back to efforts initiated in the mid-70s aimed at 

extracting biological information from intact biological systems nondestructively using 

magnetic resonance spectroscopy and, in particular, to the development of functional MR 

imaging (fMR imaging) to map neuronal activity in the brain.1 These efforts introduced 

disruptive new technologies and catalyzed the pursuit of new magnetic resonance (MR) 

instrumentation, including the development of UHF. Motivated by the promise of high 

magnetic fields to accelerate discoveries in brain science, several preclinical and human 

UHF MR imaging systems were designed and constructed including the first whole-body 7 

T system installed in 1999 at the Center for Magnetic Resonance Research (CMRR) at the 

University of Minnesota.1,2 This passively shielded scanner inspired subsequent commercial 

efforts. Although functional mapping in the human brain was initially the primary mission 

for this scanner, soon after the focus was extended to imaging in the human torso,3 a much 

more challenging target for UHF ambitions. From this point forward, the increased 

availability of commercial 7 T systems from major manufacturers and the technologies 

introduced to solve the problems encountered in the brain at 7 T1,4 ultimately led to the 

successful expansion of the UHF applications to the entire human body in order to exploit 

unique advantages that UHF provides (eg, reviews,5–12); in this article, the authors review 

some of the distinct UHF challenges that had to be met to accomplish this goal. These topics 

were also covered in part in other reviews by us with different emphasis and overall 

content1,4; these reviews may also be of interest to the reader. The 10.5 T data presented 

were published recently in a paper.13
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RADIOFREQUENCY INTERACTIONS IN THE HUMAN BODY AT 7 T

The most frequently cited advantage of UHF,12 which justifies both further developing the 

technology and establishing its safety for human investigations, is the increase in signal-to-

noise ratio (SNR). Electromagnetic (EM) simulations suggest that the ultimate intrinsic 

SNR14,15 in MR measurements increases with the magnetic field strength, displaying 

supralinear gains in objects mimicking the human body, depending on the magnetic field 

strength and spatial location.16,17 Field-dependent supralinear SNR gains have also been 

reported in experimental measurements.18–20 Although experimentally realizable SNR must 

also account for specifics of the instrumentation used and acquisition and anatomy specific 

relaxation effects, this underlying increase in ultimate intrinsic SNR plays an important role 

in the overall benefits expected from high magnetic fields. Other significant UHF advantages 

include improved parallel imaging performance,21 increased susceptibility-based contrast for 

improved anatomic and functional imaging,22 increased chemical shift dispersion for 

improved spectroscopic quantification,23,24 shifting exchange to faster regimes for improved 

chemical exchange saturation transfer studies,25 and increased longitudinal relaxation times 

for improved noncontrast-enhanced arterial spin labeling of perfusion, in-flow angiography,
11,26,27 and 4-dimensional flow acquisitions.28,29

In order to realize these benefits, nontrivial challenges had to be overcome with the most 

significant being the transmit B1 (B1
+) field heterogeneities, which scale in complexity with 

the size of the imaging region of interest (ROI). As the RF wavelength used in MR becomes 

shorter than the dimensions of the object to be imaged, significant B1
+ distortions occur, 

which depend on tissue EM properties and object size and geometry.30,31 Deleterious 

consequences of such complex B1 behavior at high magnetic fields was prominently visible 

in early efforts that aimed at increasing the operational magnetic fields to 4 T at a time when 

high-end clinical MR imaging scanners operated at 1.5 T. Initial results32,33 at 4 T revealed 

that at such a high magnetic field, imaging the human body faced new challenges associated 

with dramatic image inhomogeneities both in the human head and torso. Originally, these 

homogeneity issues were described as resulting from “dielectric resonances.” Ultimately, 

however, the RF phenomenon was better characterized as an attenuated traveling wave based 

on early 7 T experiments examining the physics of RF behavior at ~300 MHz (proton 

resonance frequency at 7 T) in the conductive tissues of the human body.34

Fig. 1 illustrates calculations from Yang and colleagues34 showing 2-dimensional plots of 

instantaneous transverse |B1| at progressive time points in phantoms with different 

conductivities generated by placing a surface coil on one side of the phantom. The cross-

section of the RF coil is visible as 2 small bright circles to the left of the phantom, especially 

in the left-most column. The line drawings display signal intensity traces along a line that 

cuts through the middle of the phantom and the coil. At zero conductivity, a one-wavelength 

standing wave (ie, a “resonance”) is established (leftmost column, see Fig. 1); under this 

condition, excitation is simply not possible in certain areas, such as the middle of this 

standing wave. At higher conductivities approximating human tissue (rightmost column, see 

Fig. 1), the RF wave is attenuated and a more familiar surface coil profile emerges. These 

calculations were experimentally verified at 7 T.34 Thus the image signal intensity can 

become highly nonuniform as the result of the spatial phase distribution and amplitude 
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modulation by the interference of the RF traveling waves determined by a given sample-coil 

configuration.34

In an object similar to the approximately spherically symmetric human head, where 

azimuthally distributed elements in an RF coil are used to generate a transmit B1 field, this 

attenuated traveling wave behavior leads to what can be a complex interaction of the waves 

emanating from each of the current carrying elements. When driven in a circularly polarized 

mode, where each element has a transmit phase equivalent to its azimuthal position, the RF 

waves constructively interfere in the center of the brain, whereas in the periphery they 

largely interact destructively,35 leading to the well-known center bright B1 fields (Fig. 2). 

The B1
+ is highly nonuniform within each of the transverse slices shown and the extent of 

this nonuniformity and B1 magnitude changes in the head-foot direction (ie, z-direction) as 

well. Such nonuniformities have been the cause of center bright human head images,19 

especially if 180° pulses were involved. However, it should be recognized that many 

sequences also produce relatively flat images despite the presence of B1
+ inhomogeneities 

because they have some intrinsic insensitivity to the flip angle (FA). Modified driven 

equilibrium Fourier transform (MDEFT) and rapidly acquired Gradient recalled echo (GRE) 

images are an example of this. In MDEFT, RF pulses used have nominally 90° and 180° FA; 

however, the FA achieved deviates from these nominal values due to B1
+ inhomogeneities; 

nevertheless, the intervals specified in MDEFT between the 90° and 180° pulses assure 

signal intensity and brain tissue contrast are not sensitive to flip angle variations.36,37 Fast 

GRE acquisitions can also seem to be flat under certain conditions due to the interplay 

between FA and relaxation rates.

In the human torso, the problem becomes even more complex because of the large body 

dimensions relative to the wavelength (approximately 11 cm at 7 T). An example of this is 

illustrated in Fig. 3, which shows simulation of the transmit B1 field for a circumscribing 

body volume coil. When unloaded, this coil generates a highly uniform B1
+ (see Fig. 3, 

upper panel) within its physical boundaries; however, when the human body is inserted into 

the coil, the B1
+ field propagates as a wave and even ends up strongest in the human head 

even though the head is very much outside the RF coil (see Fig. 3, lower panel). 

Understanding these complexities inherent at UHF frequencies ultimately led to the 

development of acquisition methods, RF hardware, and RF management strategies that 

allowed significant progress to be made in UHF MR imaging of the human head and the 

torso.

Fig. 4A shows an image of a single slice through the pelvis region of the human body 

obtained at 4 T in early work33 and highlights the presence of major problems. The ability to 

manipulate the transmit RF is ultimately necessary to overcome the aforementioned 

problems that are responsible for this poor image quality. This was accomplished using 

multichannel transmitters with channel-specific independent control.38–40 The multichannel 

approach, particularly combined with local transmit coil arrays placed in close proximity to 

the torso, introduced the ability to maximize and/or homogenize the B1
+ over a 

predetermined ROI, enabling imaging of targeted organs in the human torso at 7 T for the 

first time.27,39,41–46 Fig. 4B illustrates this, showing that the problems that resulted in the 

poor torso images at 4 T (see Fig. 4A) can be solved even at 7 T, yielding exquisite cardiac 

Uğurbil et al. Page 3

Magn Reson Imaging Clin N Am. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



anatomy, the organ targeted in this study.41,44 Fig. 4C, D show B1
+ maps in an axial slice as 

in Fig. 4B, demonstrating that B1
+ is both inhomogeneous and weak (see Fig. 4C) over the 

heart using a default transmit mode.41,44 However, with B1
+ shimming techniques, RF 

uniformity and magnitude is improved over the target (see Fig. 4D), leading to 7 T images of 

the type illustrated in Fig. 4B.

Since the original work from our laboratory,39,41,42 imaging in the human torso using 

multichannel parallel transmit (pTx) techniques and local multichannel transmit and receive 

array coils have been adapted and used for human torso studies by other groups as well (eg,
47–59) and is a growing endeavor. These efforts have resulted in diverse coil geometries (eg,
39,57). Significant further developments in this area are expected, including larger number of 

transmit and receive coils, advanced pulse designs such as multispoke pulses for improved 

B1
+ homogeneity, and significantly higher accelerations in image acquisition through the use 

of the multiband technique for simultaneous slice excitation together with k-space 

undersampling in the phase encode direction. An interesting extension of the B1
+ phase and 

magnitude shimming (ie, one spoke) approach is time interleaved acquisition of modes; this 

approach has been shown to significantly improve image homogeneity with minimal impact 

on overall acquisition time through the use of a virtual coil reconstruction.48 Two-spoke 

pulses have been used with 16 channel transmitters yielding significant improvements in 

spatial homogeneity of contrast and signal intensity over the heart.45 Similarly, using the 

principles described by Wu and colleagues,60 slice acceleration using pTx multiband pulses 

to optimize B1
+ with a power parameter regularization has been demonstrated in the heart as 

well.61 Substantial new improvements in such techniques are expected in the future as 

implementation workflows are improved, including robust and rapid acquisition of 

calibration data, rapid calculation of RF shims or pTx pulses, and implementation of real-

time power monitoring.

In combination with B1
+ homogeneity issues, challenges related to limitations in peak 

achievable B1
+ and concerns of local heating present further problems exacerbated by the 

geometry and size of the human torso.12 Addressing these interrelated issues has involved 

the constant development of RF transmit chain technologies, RF management strategies, and 

RF coil developments, each motivating the other. In contrast to lower field systems, local 

rather than global power deposition and heating becomes a primary limitation as governed 

by the International Electrotechnical Commission guidelines.62 Local power deposition is 

characterized by the specific absorption rate (SAR) given in W/kg averaged greater than 10 

g and is estimated through EM simulations of specific RF coils in human body models. RF 

coil simulations are typically performed as part of a coil validation process, which is often 

negotiated between a site and their local regulatory agencies. An example of a 

comprehensive validation procedure has been described by Hoffmann and colleagues.63

Beyond RF-related issues, physiologic confounders are increasingly impactful and become 

more difficult to manage at UHF in body applications.12 First, motion in the torso directly 

competes with the goal of exploiting SNR advantages to obtain higher resolution data. 

Second, the linear scaling of susceptibility effects with field strength, which is beneficial in 

some areas such as fMR imaging, becomes a challenging issue when considering larger 

scale, motion-induced, temporally varying static field inhomogeneities.64 Third, common 
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strategies for triggering and gating are compromised at UHF. Field strength-dependent 

magnetohydrodynamic effects obscure the T wave used in standard cardiac triggering,65 and 

standard navigator strategies can be hindered by the same RF inhomogeneities affecting 

image contrast.28,29,66–68

Radiofrequency Coils

The conventional approach used in clinical imagers for imaging the body is to use a large 

circumscribing “body” RF coil for RF transmission; this coil resides behind the bore liner 

that defines the patient accessible space, whereas signal reception is achieved using local 

coil arrays placed in close proximity to the target of interest in the human body. Although 

similar whole-body transmitters3,39 with local receive arrays69,70 were originally explored 

for 7 T, the ability to generate the B1
+ necessary for many standard imaging sequences was 

not possible because of the limitations in the transmit chain mainly due to the limited power 

available from the RF amplifiers used, coupled with poor transmit efficiency of the systems. 

Despite these challenges, new strategies for exploring the potential of integrated whole body 
1H transmit RF coils continues.71,72

In the absence of a viable whole-body proton transmitter solution, the workhorse for most 

UHF body imaging applications have been close-fitting local transmit and receive (ie, 

transceiver) arrays.44,56,59,73–79 The first arrays were larger scale versions of those 

successfully implemented for imaging the human head.38 These transceiver arrays, 

developed both independently and in collaborations by several groups, illustrate the variety 

of attempts that have been conducted to improve transmit and/or receive performance. On 

the receive side, design criteria include improved sensitivity and parallel imaging 

performance. On the transmit side, the focus has been on decreasing peak local SAR (W/kg) 

and increasing transmit efficiency (B1
+/W0.5), SAR efficiency (B1

+/SAR0.5), and in 

combination with the RF transmit chain, peak achievable B1
+.

Recently, several groups have begun to explore and evaluate the addition of separate receive-

only elements along with the transmit side technologies for body arrays.80,81 Minimizing 

interferences between receive and transmit elements, maintaining acceptable transmit 

performance, and developing a robust, practical, and comfortable mechanical housing are 

among some of the issues that need to be addressed with this approach.

We illustrate examples of RF coils used for imaging in the human torso using prostate and 

cardiac MR imaging as anatomic targets. The prostate was an ideal target to evaluate coil 

performance and explore body imaging at 7 T because of its relatively small size and central 

location in the pelvis. Its size and location made it possible to use the most basic RF 

shimming strategies {Metzger, 2008 #34} to optimize multichannel transmit arrays, and it 

was free from most physiologic motion compared with other organs allowing quantitative 

B1
+ mapping to be easily performed. Therefore, several general torso imaging arrays are 

presented as recently reviewed.12

A 16-channel micro-stripline array (16 ML) was developed in our laboratory82 and used 

with a pTx system with 16 1 kW transmit channels44 (Fig. 5A). Compared with an 8-

channel version of the coil, the higher element count and density increased the transmit and 
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receive performance by 22% along with improved parallel imaging performance, providing 

sufficient transmit and SAR efficiency to perform many of the acquisitions required in a 

clinical prostate examination. However, increased element density came at the expense of 

complexity, and the usability of this array was somewhat limited due to its weight, rigid 

structure, and the necessity to manually tune and match the elements on each subject.

An 8-channel array composed of center-fed microstrip line resonators with meanders was 

presented by Orzada and colleagues.73 This coil was lighter, as it used an air rather than a 

polytetra-fluoroethylene block as a dielectric and did not require patient-specific tuning and 

matching. Using this array, a multireader study looking at anatomic T2-weighted (T2w) 

image quality in patients reported “satisfactory” to “good” ratings for image quality and in 

the identification of anatomic structures. In 17 patients, pathologically confirmed prostate 

cancer was identified on pre-surgical T2w turbo spin echo (TSE) imaging in ~2 min in 

images acquired with 0.75 × 0.75 × 3 mm3 resolution.83

Dipole antenna arrays were introduced by Raaijmakers and colleagues59 for prostate 

imaging. Subsequently, meanders were added to improve SAR efficiency by 50% without 

compromising B1
+ efficiency. The average B1

+ in prostates between 12 and 18 μT were 

obtained for volunteers imaged on pTx systems with 8 × 2 kW amplifiers78 (Fig. 5B). In 

general, dipole antenna elements have favorable characteristics for body imaging such as 

improved B1
+ efficiency at greater depths and more uniform transmit-receive profiles 

compared with striplines or loops84 as shown in Fig. 5B. Practical advantages of the 

fractionated dipole array compared with the original stripline elements and similar to the 

meander striplines are the flexible housing, lighter weight, and the absence of subject-

specific tuning and matching. By adding 16 receive-only elements to an 8-channel 

fractionated dipole transceiver array SNR gains of 1.7- to 2.8-fold were observed compared 

with the same individuals imaged on a 3 T with a local commercial receiver array.76,85 

Along with increased SNR, lesion contrast to noise also increased in the patients studied.

On the receive side, geometrically decoupled loops and dipoles have been shown to increase 

the SNR in the head86,87 and later in the prostate.85 For transmit, the benefits of the 

combination has been explored with a 16-channel combined loop-dipole transceiver array 

(16LD)79 (Fig. 5C). Experimental results demonstrated that the 16LD had more than 20% 

higher SNR and B1
+ transmit efficiency compared with both the previously detailed 16-

channel stripline and a 10-channel version of the fractionated dipole array.88 The 16LD is a 

preferable way of increasing channel count and element density as compared with the earlier 

16-channel stripline array. The loops and dipoles of the 16LD are geometrically decoupled 

eliminating the need for active decoupling. In addition, the performance of the 16LD 

performed well at multiple locations and on subjects with various sizes without the need for 

subject-dependent tuning and matching just as with the micro-stripline with meanders73 and 

the fractionated dipole.78 Maintaining this characteristic as a plug-n-play coil is critical for 

clinical applications.

The benefits of combining resonance structures in a coil can be appreciated by 

understanding the unique and complimentary RF fields, both magnetic (B-fields) and 

electric (E-fields), they produce. The B-fields are used for imaging whereas the E-fields are 
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responsible for heating, which we of course try to minimize. Together with the tissue 

properties of density (ρ) and conductivity (σ), the E-fields are used to calculated SAR as 

given by the relation, SAR= 1
V∫sample

σ|E|2
ρ dV. Fig. 6 shows an individual block of the 16LD 

coil (see Fig. 6A), which contains both a loop and a dipole resonance structure. The electric 

fields simulated for the dipole and loop elements of loop-dipole combination (see Fig. 6B).79 

The coupling between these 2 elements will be proportional to the dot-product of the E-

fields associated with 2 elements, integrated over space, that is, ∰ E L · E D dV . Even 

though the electrical fields from the 2 elements are not orthogonal everywhere, there are 

regions where the dot product is the same in magnitude but opposite in sign, thus canceling 

their contributions to the integral. Manipulating the phase and magnitude of RF within and 

between blocks provides many options for managing the B-fields for improved imaging and 

E-fields to reduce SAR. In addition to prostate imaging, the 16LD array has been used in 

multiple applications throughout the torso (see Fig 6D).

Other arrays developed for imaging in the torso, or specifically optimized to image the heart, 

are shown in Fig. 7. Although some of the cardiac imaging evaluations have been 

successfully performed with relatively simple RF coils, imaging studies seeking increased 

parallel imaging performance, improved management of B1
+, and increased SNR, and 

contrast homogeneity have used RF arrays with increasing numbers of channels.
56,70,74,77,81,89–92

A modular 32-channel coil was designed using 8 independent building blocks conforming to 

the chest wall, with each block containing 4 transceiver loop elements (see Fig. 7A).56 

Simulation-based phase shimming optimizing homogeneity was applied, which increased 

transmit efficiency 30% compared with a standard CP-like mode. Along with supporting a 

1D parallel imaging reduction factor of 4, cine imaging with 1.1 × 1.1 × 2.5 mm3 was 

possible, which is 6-fold better than standard cine protocols at 1.5 T.

A 16-channel bow tie dipole antenna array arranged in 2 rows was shown to improve parallel 

imaging performance, contrast-to-noise ratio (CNR) and SNR compared with the 32-channel 

array (see Fig. 7B).77 Although the form factor of this coil is bulky due to the D2O-filled 

containers used to shorten element lengths, it remains somewhat flexible to conform to the 

chest cavity. Benefitting from the favorable transmit profile of dipole elements demonstrated 

previously78 B1
+ uniformity improved in the heart, which is anteriorly positioned in the 

chest cavity. Further improvements in spatial resolution for cine imaging were reported with 

this array with acquisitions of 0.8 × 0.8 × 2.5 mm3. These reported gains in resolution mirror 

the theoretic gains in sensitivity expected when progressing from 1.5 to 7 T.18

Although a direct comparison is difficult, several other body-oriented RF arrays endeavored 

to improve transmit and receive performance by including elements of different resonance 

structures. Two arrays that have loop-receiver arrays separate from the transmit elements are 

shown in Fig. 5C, D. First is a cardiac tailored version of the 8-channel fractionated dipole 

with a 16-channel loop receiver (see Fig. 7C).81 By the addition of the 16 loops to the 8-

channel dipole transceiver array, the SNR was increased 50%.85 Second is the array 

presented by Rietsch and colleagues, which, similar to the previous coil, consists of 8 blocks 
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where each block is composed of a meander transceiver and 3 receive-only loop elements 

(ie, 8Tx/32Rx) (see Fig. 7D). Finally, Fig. 5E shows the previously described 16LD 

transceiver array, which has been used in an increasing number of cardiovascular 

applications79 (see Fig. 5E).

Parallel Transmit Systems

Using pTx is mandatory to achieve acceptable UHF images in the human torso, as 

demonstrated by the rather inhomogeneous B1
+ distribution illustrated in Figs. 3A and 4C. 

The RF transmit architecture to drive the transceiver arrays can be accomplished in different 

ways as recently reviewed.12 The first human imaging demonstration of this technology was 

carried out in the human head at 7 T and used a single RF power amplifier, which fed into 8 

ports or elements using a splitter or feeding network, providing static RF shimming 

capabilities (by adjusting the relative phase of each transmit channel) to improve field 

homogeneity.38 To expand control over the different elements of the transceiver arrays, pTx 

architectures were conceived and implemented,93 first on a 9.4 T head-only system40 and 

later on the first 7 T whole body scanner.3,39 The increased degrees of freedom afforded by 

the new pTx functionality was needed, as the RF shims required to satisfy the desired 

transmit profile depend on the RF coil, the object loading the coil, and the target of interest.
94 These initial systems used a single waveform generator from the spectrometer, but that 

waveform was modulated channel-wise by a programmable transmit phase and magnitude 

(gain) controller as inputs to channel-dependent RF power amplifiers. To supplement the 

standard power monitoring, additional home-grown channel-dependent monitoring hardware 

and software were implemented on which coil and target-specific time-averaged power 

limits could be set.82,95 These initial pTx setups provided the needed flexibility to 

accomplish a wide range of static RF shimming applications in the body but were still 

mostly beneficial for smaller and/or targeted regions of interest as detailed later.

More recently, a new and more flexible version of pTx systems was developed and have 

been integrated into commercial UHF scanners where each transmit channel has its own 

synthesizer, thus permitting channel-dependent wave-forms.94,96 This hardware further 

increases the degrees of freedom available for RF shimming. They allow dynamic RF 

shimming, which is differentiated from static RF shimming by the ability to modify channel-

specific phase and magnitude during the RF pulse at a much smaller time scale. Such 

systems have permitted the development of a plethora of pTx RF pulses that deal with the 

transmit B1 inhomogeneity problem, and some of these more complex pulses have been 

used in UHF imaging of the human torso, such as multispoke pulses45 and multiband 

multispoke pulses.97 For such multichannel transmit systems, advanced power monitoring is 

typically implemented, allowing real-time channel specific complex recording of forward 

and reflected power, permitting the real-time prediction of local SAR through the use of 

virtual observation points (VOPs) assuming that appropriate EM simulations had been 

performed for the given coil and anatomy.98,99

Specific Absorption Rate and Safe Operation of Radiofrequency Coils

One of the most significant challenges facing ultra-high fields is SAR, that is, the power 

deposited into the subject. SAR increases with increasing magnetic fields due to the 
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correspondingly higher RF that must be used and becomes even more complex when 

efficiently using multichannel pTx technology to solve UHF B1
+ problems.

Regulatory bodies, such as the Food and Drug Administration (FDA) in the United States, 

set limits for “global” and “local” SAR. Global SAR can be experimentally estimated, as all 

MR imaging scanners are equipped with hardware and software to do so. With a single-

channel transmit coil, EM simulations of the specific coil loaded with different anatomic 

human models can be used to establish a correlation between global SAR and local SAR for 

that coil. This correlation, including a safety margin that accounts for possible variations 

among individuals, can then used to abide by global and local SAR limits based on the 

experimental measurement of total time-averaged power per kg of exposed tissue, giving an 

estimate of global SAR alone. This strategy may hold at magnetic field strengths less than or 

equal to 3 T when multichannel transmit coils with very few channels (eg, two) is used and 

where global SAR remains the primary limitation.

The afore-described approach, however, is not suitable for UHF applications of pTx. The 

greater problem at UHF is local SAR (ie, heating) resulting from the shorter wavelengths 

present at higher frequencies and the common use of local transmitters that are positioned 

closer to the body. The situation becomes even more complex, as the pTx systems used to 

manage RF field inhomogeneities also can create areas of higher local SAR even when 

reductions in total power are realized. Although a strategy similar to that used on lower field 

clinical scanners can still be used with UHF multichannel transmit systems (ie, monitoring 

global power to estimate local SAR), larger safety margins depending on the range of 

allowed pTx solutions are required. More commonly, peak local 10 g averaged SAR in one 

or more human body models are estimated using a validated RF coil model with a variety of 

shim settings,44,77–80 and worst-case SAR levels from those shims are used to determine 

channel-specific power limits for human imaging. The resulting conservative power limits 

are only reasonable to use when deploying pTx with limited degrees of freedom (ie, phase-

only RF shimming) or when highly conservative power limits can be used without 

negatively affecting the applications of interest. This approach has been extensively used, 

including in the very first 7 T head19 and body39,41,42 papers.100–110

Ideally, subject-specific local SAR estimates would be calculated in real time for each pTx 

solution in order to fully exploit pTx functionality. Currently, however, creating a subject-

specific human body models and performing the needed EM simulations are time prohibitive 

within the time constraints of an MR imaging session. Approximations to this ideal are 

possible, however, as EM simulations with a particular RF coil can be performed beforehand 

from a family of body models and used to guide real-time SAR predictions on the scanner.
110 Precalculated simulations provide complex estimates of the EM fields generated by each 

transmit channel of the desired RF coil. By multiplying with a complex weighting function, 

which carries with it the amplitudes and phases of each transmit channel for a particular pTx 

implementation, SAR can be determined. To perform this calculation in real time on the 

scanner, VOPs are implemented to greatly reduce the calculation burden.98 To address the 

impact of anatomic variations, several human body models can be used to generate VOPs for 

real-time SAR assessment or a fixed safety factor based on the known impact of anatomic 

variations can be used to scale the results. The use of VOP to enable real-time power 
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monitoring would allow the confident tailoring of power limits for each RF shim solution or 

pTx designed pulse run on the scanner. Doing so would avoid the limitation of assigning a 

fixed conservative estimate for power deposition for all scans. These methods and other 

strategies are slowly being validated and integrated on UHF systems and will be necessary to 

most effectively take advantage of pTx hardware while maintaining subject safety.100–110

A critical component to implementing a strategy to monitor and safely limit SAR is the 

process of RF coil validation. The goal of coil validation is to ensure that the model of the 

RF coil accurately represents physical implementation and to incorporate discrepancies 

between simulation and experimental results into safety factors when defining safe power 

deposition limits or when generating VOPs. This process is especially important given the 

growing numbers of home-built coils designed to maximize SNR and exploit the pTx 

capabilities of the MR imaging systems. The common approach adopted by different 

institutions is to validate EM models of the RF coil in phantoms via B1
+ mapping, 

measurement of the scattering parameter matrix, and temperature measurements to assess 

local SAR.63

IMAGING THE HUMAN TORSO AT 10.5 T

Significant gains have been achieved for imaging the human body at 7 T as outlined earlier 

and in referenced papers; undoubtedly, however, such gains will continue to grow as the 

number of research sites focused on UHF work grow, and the installed base of the number of 

latest generation 7 T scanners increase. However, despite these successes at 7 T, the SNR 

and CNR of MR imaging measurements for many applications remain a limiting factor for 

the biomedical information content sought in such studies. This is certainly true in the brain 

where information on structural and functional connectivity, anatomy, and neuronal activity 

are pursued; in such applications, 7 T has enabled acquisition of images for function and 

connectivity in the millimeter to submillimeter space scale1,4,111,112; however, this is still a 

relatively course resolution in comparison to the spatial organization and architecture of the 

brain. The same can be said of the applications in the torso; 7 T has significantly improved 

the resolution limits, imaging times, and, in many cases, the available contrast for 

biomedical imaging with organ systems of the human torso. However, these gains are still 

not a match to the scope of biological problems faced in understanding organ function and 

dysfunction. Pushing against these limitations, we have numerous tools in our 

armamentarium, and one of these tools is clearly higher magnetic fields. As such, there are 

several efforts pursuing magnetic field strength significantly beyond 7 T113 for imaging the 

brain as well as the organ systems of the human body and extremities. One of these efforts is 

work on whole-body human imaging at 10.5 T (447 MHz) in the CMRR. Although imaging 

human brain function and anatomy remains the primary motivation for the development of 

the 10.5 T system, the torso imaging is a target of interest and the first human studies 

performed at 10.5 T was of the human torso.13

Local transmitters close to the surface of the body have been the preferred approach for 7 T 

imaging in the human torso in the authors’ laboratory, as detailed before. Following this 

approach, the authors started 10.5 T torso imaging effort with a 10-channel transceiver 

dipole array20 and reported results obtained with simulations and experimental data using a 
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human-torso shaped phantom. This relatively simple RF array, where each element is 

heavily loaded by the body and far from its neighbors, was straightforward to validate and 

thus was approved for human imaging by the FDA before any RF coil designed for the head. 

Using this RF coil, human imaging was possible as an additional component to an ongoing 

10.5 T safety study, allowing us to explore the feasibility and challenges of imaging the 

human torso at 447 MHz.

One of the primary questions in pursuing magnetic fields substantially higher than 7 T is 

whether one can deal with the expected transmit B1 inhomogeneities and operate also within 

safe power deposition (ie, SAR) limits. This was evaluated through simulation for 10.5 T 

using the approved 10-channel transceiver dipole array in comparison to a similar antenna 

array configuration at 7.0 T.20 Because of the higher Larmor frequency at 10.5 T, optimized 

dipole antenna element lengths were shorter than the similarly designed 7.0 T elements. Fig. 

8 illustrates L-curves demonstrating the tradeoffs between excitation error (ie, Normalized 

Root Mean Square Error) and peak local SAR for various design scenarios using spoke 

pulses. Combining 2-spoke pulse design with our 10.5 T dipole array provided comparable 

(when imaging kidneys or heart) or even better (when imaging prostate) RF performance 

than single-spoke designs at 7 T. These data demonstrate that the issues of transmit B1 

inhomogeneities can be managed at 10.5 T using pTx, and operational conditions can be 

achieved where peak local SAR and the degree of B1 inhomogeneities are comparable to 

what is currently obtained at 7 T.

In addition to exploring the role of pTx in the management of B1
+ and local SAR at 10.5 T, 

EM simulations in the human torso-shaped phantom yielded relative SNR gains of greater 

than 2-fold compared with 7 T. Experimental measurements in the same phantom yielded 

SNR gains of 2.2-fold, demonstrating that the gains in SNR predicted by EM simulations 

can be realized in practice. The challenge will be to build and validate RF coils that allow us 

to manage B1
+ and SAR while simultaneously realizing the promised gains in SNR 

compared with the highly optimized, state of the art receive only arrays at 3 T.

With the recent availability of the 10.5 T system for human imaging under an Investigational 

Device Exemption from the FDA, preliminary human images in the human torso were 

obtained using the aforementioned 10-channel dipole array. In these initial studies, static 

phase-only RF shimming optimized primarily for transmit efficiency provided sufficient B1
+ 

peak performance and homogeneity to perform anatomic and quantitative imaging in the 

prostate. The small volume of the prostate enabled this relatively simple strategy to be 

successful. However, as the anatomic targets increased in size and asymmetry within the 

body, additional degrees of freedom were required either through phase and magnitude RF 

shimming (ie, one spoke pulses) or multispoke RF pulses to obtain the desired homogeneity 

in signal and contrast.

An example of these preliminary 10.5 T images in the pelvis is shown in Fig. 9. In these hip 

images, local phase-only shimming was used using ROIs that outlined the 2 femoral heads 

and associated cartilage in the coronal and axial planes with a negative ROI removing the 

bone, thus leaving the signal from a thin rim of soft tissue for optimization; this approach 

followed a protocol previously used for 7 T.46 The restricted volume of the ROIs used for the 
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shimming naturally led to some image inhomogeneities in regions outside the ROI. 

Nevertheless, the acquired images demonstrate excellent lipid suppression throughout the 

pelvis, effective mitigation of B1
+ inhomogeneity in the ROIs, and the ability to visualize 

fine structures on the 0.7-mm isotropic MEDIC images. Important tissue contrast was 

obtained through the acquisition of proton density (PD) weighted TSE images, allowing 

visualization of the labrum.

Fig. 10 displays examples of axial and coronal T2-weighted TSE images demonstrating the 

image quality of clinically relevant T2-weighted anatomic images of the prostate at 10.5 T. 

Again, only phase shimming was used within an ROI encompassing the prostate. By using 

efficiency or trade-off shimming solutions, average B1
+ efficiency was approximately 

doubled, whereas inhomogeneity (measured by the coefficient of variation of the magnitude-

of-sum of B1
+ within the ROI) decreased more than factor of 2, suggesting the effectiveness 

of using phase shimming to mitigate B1
+ inhomogeneity for this relatively small target.

Even images of the heart, a difficult target, were obtained at 10.5 T using multichannel 

transmit techniques established for 7 T, as shown in Fig. 11, which compares a 4-chamber 

cine acquisition acquired with simple phase shimming, with one using a single-spoke pTx 

pulse with channel-wise phase and magnitude optimization.

These first ever in vivo human imaging studies at 10.5 T demonstrated that previously 

developed RF management strategies for imaging at 7 T are effective in tackling the B1
+ 

inhomogeneity at 10.5 T, allowing high-quality images to be acquired in multiple target 

anatomies throughout the human torso. It is evident, however, that further development of 

the RF coils and integration of pTx functionality is required. Target-specific RF pulses are 

needed to achieve more uniform transmit B1 fields while optimizing for SAR efficiency 

because both peak B1
+ and local SAR are limiting factors in many applications. In 

particular, significant new developments are expected in the RF coil arrays, incorporating 

many of the advanced features such as the loop-dipole combinations used at 7 T and 

increasing the number of transmit elements to more than 10, first to 16 that the instrument is 

currently capable of supporting and even going beyond to 32. The number of receive 

channels can also be increased independent of the number of transmit channels. The coil 

elements can be improved in transmit and receive performance using high permittivity 

materials with low conductivity, optimized in their properties for the frequency of interest; 

this approach would decrease the length of the dipoles used, allowing dense arrays to be 

constructed. All of these future developments will need careful design and evaluation efforts 

and ultimately accurate RF coil validation in order to realize these advances.

SUMMARY

Imaging of the human torso at high magnetic fields such as 4 T was considered almost an 

impossible task due to the short wavelength of the required RF relative to the object size, 

and this idea was cemented by the early, virtually unrecognizable images of the torso first 

reported at 4 T (see Fig. 4A). This skepticism was, in a way, a continuation of the doubts 

surrounding the use of high magnetic fields for imaging in the human body that existed since 

the early days of MR imaging. At that time, based on modeling the electrically lossy and 
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conductive human body tissue, it was suggested that sensitivity and RF penetration issues 

made imaging at frequencies beyond ~10 MHz (~0.24 T) inadvisable.114 Especially after the 

launch of 7 T,1 however, the UHF imaging community achieved critically important strides 

in our understanding of the physics of RF interactions in the human body, which in turn has 

led to solutions for the challenges posed by such UHF. As a result, the originally obtained 

poor image quality, as demonstrated in Fig. 4A obtained at 4 T, has progressed to the high-

quality and high-resolution images obtained at 7 T and now at 10.5 T in the human torso. 

Despite these tremendous advances, work still remains to further improve the image quality 

and fully capitalize on the potential advantages UHF has to offer. Many potential 

improvements are well known to the practitioners in the field and simply need to be 

implemented. Inevitably, new technologies will be developed also, bringing new 

transformative changes and carrying UHF imaging of organ systems of the human torso to 

new heights.
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KEY POINTS

• The ultrahigh magnetic field (UHF) imaging community achieved critically 

important strides in our understanding of the physics of radiofrequency (RF) 

interactions in the human body.

• Despite tremendous advances, work still remains to further improve the image 

quality and fully capitalize on the potential advantages UHF has to offer.

• Many potential improvements are well known to the practitioners in the field 

and simply need to be implemented. Inevitably, new technologies will also be 

developed , bringing new transformative changes and carrying UHF imaging 

of organ systems of the human torso to new heights.
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Fig. 1. 
Two-dimensional (2D) plots of instantaneous transverse |B1| at progressing points during a 

half period in phantoms with (A) σ = 0 S/m, (B) σ = 0.26 S/m, and (C) σ = 0.67 S/m. The 

intensity profiles along the horizontal centerlines are also shown on the right of the 2D plots. 

The surface coil position is indicated by 2 small dots on the left side of the phantom. 

Because the temporal B1 strength varies greatly among these 3 cases, the signal intensities 

of temporal points are normalized individually for each conductivity condition in order to 

visualize the temporal change for all the conditions clearly.

Uğurbil et al. Page 20

Magn Reson Imaging Clin N Am. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Transmit B1 magnitude in the human head at 7 T, generated by a volume TEM coil. The 

color code is proportional to μTesla/V.
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Fig. 3. 
Electromagnetic simulations of the transmit B1 field in a body RF coil at 7 T. The coil 

produces a homogenous B1 when empty (top figure) but not when loaded with the human 

body (lower figure).
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Fig. 4. 
(A) Single axial slice image from the human pelvis reported from early 4 T experiments 

from the research laboratories of Siemens; (B), a contemporary 7 T image of an axial slice in 

the human torso, targeting imaging of the heart, obtained with a 16-channel transmit and 

receive array coil, using B1 “shimming”. (C) and (D) The transmit B1 magnitude map 

before (C) and after (D) optimization over the heart in an axial slice approximately at the 

same position as that shown in Fig. 4B, demonstrating that the B1 is normally highly 

inhomogeneous and weak over this organ of interest (C) but can be improved significantly 

by multichannel transmit methods (D).
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Fig. 5. 
T2-weighted turbo spin echo anatomic images acquired with different body array 

configurations. (A) Image obtained with the original 16-channel micro-stripline (16 ML) 

with 8 anterior and 8 posterior elements and capacitive decoupling between adjacent ground 

planes and conductors. (B) Image obtained with a 10-channel fractionated dipole antenna 

(10DA) array with 6 anterior and 4 posterior elements. (C) Image obtained with the 16-

channel loop-dipole array with 8 fractionated dipoles and centrally geometrically decoupled 

loops. All coils had similar circumferential coverage with their relative spacing to the 

nearest neighbor dictated by design. On quantitative analysis, the combination of loops and 

dipole elements (C) provided improved SNR and transmit efficiency. The uniform cross-

sectional images produced by 10DA (B) highlight the benefits of the dipole resonant 

structure for body imaging in general. Although overflipping is more pronounced with the 

16LD due to the inclusion of loop elements (C) on transmit (yellow arrows), the 

characteristically high B1+ gradient at the surface is more prevalent with the 16 ML (red 
arrows), again due to the presence of the surface coils. All data are from CMRR.
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Fig. 6. 
(A) The loop and dipole element within a single block of the 16LD coil used to generate the 

images in Fig.5C; (B) the electrical fields associated with the dipole and the loop elements, 

calculated by electromagnetic simulations. (C) Four loop-dipole blocks as manufactured 

containing the 8 transceiver channels for the anterior side of the 16LD coil. The same 

configuration is then placed also on the posterior side, as shown in Fig. 7E with a torso 

phantom. (D) Kidney, cardiac, and prostate images obtained with the 16LD coil.
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Fig. 7. 
Single frames from short-axis (SA) cardiac cines acquired with 5 different 7 T body imaging 

arrays. (A) A 32-channel transceiver array consisting of 8 building blocks composed of 4 

shielded loops in a 2 × 2 configuration per block. (B) An array composed of 16 building 

blocks each containing a bow tie-shaped λ/2-dipole antenna in a 4 × 2 configuration anterior 

and posterior. (A) and (B) used a universal RF shim solution based on EM simulations 

implemented through a splitter to produce a uniform field in the 4-chamber view. Images for 

(A) and (B) are acquired with resolutions of 1.1 × 1.1 × 2.5 mm3 and GRAPPA = 2 with 

acoustic cardiac triggering. (C) An 8 block array where each block is composed of a 

fractionated dipole transceiver and 2 receive only loops (ie, 8Tx/32Rx). The anterior 

elements are bent in the middle to better conform to the chest wall. Images were acquired 

with a resolution of 1.3 × 1.3 × 8 mm3 with subject-dependent phase-based RF shimming 

and VCG gating. (D) An 8-block array where each block is composed of a meander 

transceiver and 3 receive-only loop elements (ie, 8Tx/32Rx). RF shimming consisted of a 

universal phase-only RF shim and gating was performed with a finger pulse oximeter. 

Acquisition resolution was 1.5 × 1.5 × 3 mm3 with GRAPPA = 2 acceleration. (E) A 16-

channel transceiver array with 4 loop-dipole blocks both anterior and posterior driven by a 

16-channel pTx system using subject-specific static RF shim optimized for homogeneity 

over the heart. Acquisition parameters were 1 2 × 1.2 × 4 mm3 with GRAPPA = 2 and 

acquired with VCG gating. VCG, vectorcardiogram. (Courtesy of: Neindorf and Ozerdem 

(A, B); Steensma (C); Reitsch (D).)
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Fig. 8. 
L-curves demonstrating the tradeoff between excitation error (Normalized Root Mean 

Square Error) and resulting peak local SAR for 7.0 T (blue) and 10.5 T (black) arrays when 

designing 1-spoke (dashed) and 2-spoke (solid) pTx pulses to image the prostate (A), the 

kidneys (B), and the heart (C). The pTx pulses were designed with explicit local SAR 

constraint, and the L-curve per design scenario was created by varying the predefined peak 

10 g SAR limit. In all cases, the nominal flip angle was 45°.
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Fig. 9. 
Anatomic hip imaging acquired at 10.5 T with a 10-channel dipole transceiver array. (A) An 

axial multislice 2D gradient echo acquisition acquired with fat saturation. (B) 3D coronal 

MEDIC acquisition. (C) Zoomed version of the right femoral head form the MEDIC (B) 

acquisition. (D) A proton-density (PD) weighted turbo spin echo (TSE) acquisition showing 

the expected contrast between the labrum and cartilage (yellow arrow).
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Fig. 10. 
Initial images of the prostate at 10.5 T images. (A) Axial fat-suppressed T2w TSE, 9 slices, 

FOV 220 mm TR/TE: 7000/55 ms, resolution: 0.72 × 0.57 × 3mm3, TA: 05:30. (B) Coronal 

fat-suppressed T2w TSE, 9 slices, FOV 220 mm TR/TE: 7000/55 ms, resolution: 0.72 × 0.57 

× 3mm3, TA: 05:30.
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Fig. 11. 
10.5 T cardiac images obtained with phase-only shim and 1-spoke pTx RF pulses, 

retrospectively gated GRE cine acquisition in the 4-chamber view.
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