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In the last two decades, a plethora of
magnetic resonance (MR) techniques,
such as functional magnetic resonance
imaging (fMRI), have come to play an
indispensable role in the neurosciences.
In our laboratory, the Center for Magnetic Resonance Research (CMRR) at the
University of Minnesota, the evolution of
such methods has been intricately tied
with the development of high field MR,
starting with the installation of one of
the first three 4 Tesla (T) scanners in
approximately 1990, followed by the
establishment of the very first 7 Tesla
system in 1999 (e.g. reviews [1–5]).
The development of this 7T scanner for
human imaging was justified based on
the results of numerous human and animal model studies conducted at 4 and
9.4T, respectively, in our lab through the
mid-nineties. These studies demonstrated that despite many contravening
notions of the time, high magnetic fields
could provide significant advantages.
Using this first ultra-high1 field 7T system, we were able to demonstrate that
challenges faced at such field strengths
in human imaging could be overcome.
Although it is taken for granted today,
at the time we started working with 7T,
even field-dependent signal-to-noise
ratio (SNR) gains in the human head were
questioned. In one of first 7T studies,
however, we were able to experimentally
demonstrate for the first time that SNR
does increase with magnetic field in the

human head, though this increase was
complex and spatially non-uniform [6].
More importantly, over the years, 7T
has been shown to provide unique
anatomical, functional and physiologic
information beyond just gains in SNR
(e.g. [7–11]). With the rapidly increasing
number of recent 7T installations,
demonstration of such unique uses of
ultra-high fields is also rapidly blooming.
For approximately a decade, 7T studies
were restricted to the human head. Ever
since the discouraging early 4T results
from manufacturers’ laboratories [12],
the human torso has been considered
too difficult to tackle at ultra-high fields.
The large B1 and signal intensity inhomogeneities noted in these early 4T head
and body images were ascribed to “dielectric resonances”. However, some of the
first experiments we conducted at 7T
to understand the RF behavior in the
human body at the proton Larmor frequency at this field strength (300 MHz)
indicated that we are not dealing with
a “resonance” phenomenon. Rather, in
a paper we and our collaborators from
Penn State University published in 2001
[13], we concluded that 300 MHz RF
behaves as a damped traveling wave in
the human body and that (to quote from
our original paper) “the characteristic
image intensity distribution in the human
head is the result of spatial phase distribution and amplitude modulation by the
interference of the RF traveling waves
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determined by a given sample-coil configuration”. Later studies further confirmed that when the object size exceeds
the wavelength of the RF used, we operate in the damped traveling wave regime,
leading to large and spatially rapid phase
variations over the object, resulting in
destructive interferences [14] and these
destructive interferences are responsible
for the spatially non-uniform SNR gains
that was noted in our earlier study [6].
This was in fact good news: Resonance
phenomena are difficult to deal with for
recovering signal where there is virtually
none; but destructive interferences due
to traveling waves can be managed to
extract full SNR gains intrinsically provided
by increasing magnetic fields.
This complex RF behavior at ultra-high
fields in fact turns out to be a major
advantage for signal reception, leading
to significantly better parallel imaging
performance on the receive side at 7T
or above. Thus, as the magnetic field
increases, spatial encoding information
provided by the receive array replaces
k-space data to a larger extend due to the
complex RF phase and amplitude over
the sample [15–17]. However, the consequences of damped traveling wave
behavior is a major problem on the transmit side and it is particularly severe in
the human body where the object size
is 4 to 6 (or more) times larger than the
300 MHz wavelength, which is ~12 cm in
human tissues such as muscle and brain.
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Figure 1 illustrates electro-dynamic simulations taken from our recent paper [18]
for the human body at 7T: The RF field
and SAR were modeled by the finite difference time domain (FDTD) method, for
a “body” coil at 7T with and without the
human body loading the coil.
The circularly polarized transmit B1 (i.e.
B1+) field magnitude generated in the
unloaded body coil shown in figure 1
was uniform in a cylindrical volume with
a length slightly less than the length of
the resonant elements in this coil (33
cm). The axial plane shown in figure 1
(top row, left) is for a slice in the center
of this volume. Despite the uniformity of
B1+ in the unloaded coil, upon loading
with a human body, the magnetic field
and consequently power deposition
becomes extremely non-uniform (Fig. 1,
lower part). There are regions in the center of the body where there is virtually
no RF (light blue color). Note that highest intensity of the B1+ and the largest
SAR is in the human head, even though
the head is significantly outside the coil
and that when unloaded the coil does
not have any significant B1+ in the region
where the head is.
Our solution to the destructive interferences induced by traveling waves has
been the use of multichannel parallel
transmit (pTx) with channel-specific
independent control [19–22, 18]. With
this approach, the B1+ fields can be
targeted and homogenized over a predefined region, enabling body imaging
for the first time in the human torso at 7T
[23, 24, 18]. The strategy is not to aim
for a homogeneous image over the entire
slice but rather over the targeted organ.
Figure 2 illustrates the cardiac set-up, the
B1+ distribution before and after B1+ optimization over the heart (images in color)
and the resultant cardiac image at 7T. In
this approach, we employ a dual 8-channel transmit and receive array placed one
above and one below the human torso
for a total of 16 transmit and receive elements (Fig. 2). Excellent quality cardiac
images were also obtained using a more
traditional circumscribing TEM body coil
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1 B1 and SAR calculations for a TEM Body RF coil tuned to 300 MHz with and without the
human body in the coil. The body model used was derived from the National Library of
Medicine (NLM) Visual Human digital atlas whose segmented anatomy was adjusted to match
the conductivity and permittivity of tissues at 300 MHz. The coil was driven at four ports
(45°, 135°, 225°, and 315°).

but driven as a 16-channel transmit and
receive array [18]. Two cardiac imaging
examples from such a body coil are illustrated in figure 3. Functional cardiac cines
of these and other cardiac images can be
found at http://www.cmrr.umn.edu/
research/videos/. We have had similar success with imaging the prostate [23] and
the kidney (unpublished results), demonstrating the feasibility of excellent high
resolution torso imaging at 7T (Fig. 3).
So far, we have employed multichannel
transmit only for “B1+shimming” but not
for generating spatially targeted pulses
(e.g. [25–28]) using transmit SENSE
principles [29, 30]. In the B1+shimming
approach, all pTx channels transmit the

same RF pulse waveform but with differing phases and/or amplitudes. This
approach is particularly suitable in body
imaging where the targeted organ is
often much smaller then the dimensions
of the torso, which dictates the dimensions of the RF transmit array to be used.
When the target covers a small portion
of the entire field of view, optimizing the
B1+ over this target in fact results in
decreases in power deposition (SAR) [23],
which is a major confound at ultra-high
field applications. Spatially tailored
pulses, on the other hand rely on different
modulation patterns on each channel,
which can be generated on the Siemens
pTx system. Such pulses have been known

The radiofrequency band 300 MHz to 3 GHz is defined as Ultra high frequency (UHF) (see http://en.wikipedia.org/wiki/Ultra_high_frequency).
The hydrogen nucleus resonance frequency at 7T is 300 MHz i.e. in UHF band. Therefore, 7T to 70T can be defined as Ultra High Field (UHF).
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Half of the 16 element TX array
2 The multichannel transmit and receive array coil that is used for body imaging at 7T. Only the 8 elements positioned superior to the subject
are shown. An identical unit is placed below the subject. The images in color display the B1+ map before and after optimization over the heart.
Lower right shows the resulting cardiac image at 7T. TR/TE=45/3.06 ms; 2.0 x 2.0 x 5.5 mm resolution; Matrix size 144 x 192; Breath held and
ECG retrogated; Snyder, et. al. MRM 61, 517 (2009); Vaughan, et. al. MRM 61, 244 (2009)

for some time; however, they are typically
very long when applied with a single
transmit channel and as such not practical in most human applications. The use
of pTx capability, however, enables the
spatial encoding to be performed in part
by the coil transmit sensitivity profiles,
leading to a significant shortening of the
pulse. This shortening, however, results
in substantial increases in peak voltage
that must be used, and hence SAR. Strategies to control this SAR amplification

are pursued in several laboratories and
will be critical in successfully using this
approach. The number of channels
employed likely plays an important role
in SAR deposition with pTx applications.
Just as in spatial encoding with multichannel receive to replace k-space encoding [15–17], spatial encoding to shorten
the k-space trajectory in spatially targeted RF pulses works much more efficiently as the relative object size gets
larger. Thus, the acceleration factors that
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can be achieved to shorten otherwise
extremely long, and, as such, impractical
pulses also improve with higher magnetic
fields and with a larger object size. Thus,
one solution to the ultra-high field transmit RF non-uniformity problem is actually
a strategy that works particularly well in
ultra-high fields. Provided that SAR limitations can be overcome, spatially targeted pulses applied using pTx introduces
the possibility of applications beyond just
B1 flattening, such as restricted FOV
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3 7T body images with targeted B1 shimming using 16-channel pTx capability; cardiac images (on two different planes), a transaxial image
through the torso at the level of prostate and a coronal plane through the kidneys obtained using pTx and multichannel receive technology.
Note that while there exists strong non-uniformities in the entire image, the image over the targeted organ(s) (heart, prostate and kidneys) is
relatively uniform.

“zoomed” imaging, vessel selective
angiography etc.
These initial results are a prelude to dramatic improvements that are sure to
come in body imaging using pTx methodology and enabling the exploitation
of advantages provided by ultrahigh
fields, such as improved SNR, improved
contrast in many instances, longer T1
times of blood, and improved parallel
imaging. In particular, many SNR limited
applications in the body, such as angiog-

raphy and perfusion imaging without
using an exogenous contrast agent, vessel wall imaging, high resolution imaging of pathology and of musculoskeletal
structures and high resolution spectroscopy, to name a few potential applications, will come to exist and will be further enhanced even at higher magnetic
fields. Finally, it is inevitable that these
successes will impact, in some fashion,
how we do body imaging at the lower
magnetic field of 3 or even 1.5T.
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