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Manipulation of Image Intensity Distribution at 7.0
T: Passive RF Shimming and Focusing With
Dielectric Materials
Qing X. Yang,1* Weihua Mao,1 Jinghua Wang,2 Michael B. Smith,1 Hao Lei,3
Xiaoliang Zhang,4 Kamil Ugurbil,4 and Wei Chen4
Purpose: To investigate the effects of high dielectric material padding on RF ﬁeld distribution in the human head at
7.0 T, and demonstrate the feasibility and effectiveness of
RF passive shimming and focusing with such an approach.

to locally enhance the signal-to-noise ratio (SNR) in targeted regions of interest (ROIs; RF ﬁeld focusing).
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Materials and Methods: The intensity distribution
changes of gradient-recalled-echo (GRE) and spin-echo
(SE) images of a human head acquired with water pads
(dielectric constant ⫽ 78) placed in speciﬁed conﬁgurations
around the head at 7.0 T were evaluated and compared
with computer simulation results using the ﬁnite difference
time domain (FDTD) method. The contributions to the B1
ﬁeld distribution change from the displacement current
and conductive current of a given conﬁguration of dielectric
padding were determined with computer simulations.
Results: MR image intensity distribution in the human
head with an RF coil at 7.0 T can be changed drastically by
placing water pads around the head. Computer simulations reveal that the high permittivity of water pads results
in a strong displacement current that enhances image intensity in the nearby region and alters the intensity distribution of the entire brain.
Conclusion: The image intensity distribution in the human
head at ultra-high ﬁeld strengths can be effectively manipulated with high permittivity padding. Utilizing this effect,
the B1 ﬁeld inside the human head of a given RF coil can be
adjusted to reduce the B1 ﬁeld inhomogeneity artifact associated with the wave behavior (RF passive shimming) or
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INTERACTIONS BETWEEN THE HUMAN BODY and RF
ﬁeld in ultra-high-ﬁeld human MRI systems (7.0 –9.4 T)
present interesting challenges for RF engineering (1,2).
In the corresponding RF ﬁeld frequency regime, the RF
magnetic ﬁeld inside a human head exhibits prominent
wave behavior that destroys the otherwise homogeneous ﬁeld produced by an unloaded RF coil (3–7). The
electrical properties, geometry, and relative position of
the sample in the coil become important factors in determining the RF ﬁeld distribution inside the sample
(6). In addition to sample size with respect to the wavelength of the RF ﬁeld, the high dielectric permittivity
(dielectric constant) of human tissues is a key physical
parameter that contributes to the wave phenomenon.
Consequently, adjustment of RF ﬁeld distribution inside the sample and the coupling between the sample
and coil can be facilitated with high permittivity materials. Studies performed at 3.0 and 4.0 T indicate that
the RF ﬁeld distribution can be altered by changing the
coil loading (8,9). With increasing RF ﬁeld frequency (up
to 300 MHz at 7.0 T), this effect is drastically ampliﬁed.
In this study, experimental results and computer simulations demonstrate that the RF ﬁeld distribution at
300 MHz in a human head can be drastically altered
with water padding. The results provide experimental
and theoretical evidence that the RF ﬁeld inside the
human body at high ﬁelds can be effectively adjusted to
a desirable distribution by proper placement of dielectric materials of certain geometries between the coil and
sample. By this means, passive shimming of the RF
ﬁeld can be performed.

THEORY
For conductive dielectric materials, such as human
brain tissues, the RF ﬁeld inside the sample is per-
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turbed by conductive (Jc) and displacement (Jd) currents according to Maxwell’s equation:
ⵜ ⫻ H⫽J c⫹J d⫽E⫹iεrε0E

(1)

where H is the magnetic ﬁeld, E is the electric ﬁeld,  is
the angular frequency, εr is the relative electric permittivity (dielectric constant), ε0 is the electric permittivity
in vacuum,  is the conductivity of the sample, and i ⫽
冑 ⫺ 1 is the complex unit that introduces a 90° phase
difference between the conductive current and the displacement current (10). The conductive current induced by the RF ﬁeld (eddy current) leads to a rapid
decay of the RF ﬁeld in the tissue as a function of depth
from the surface of the body, while the displacement
current acts as a secondary ﬁeld source that facilitates
RF wave propagation through the body. For brain tissue, although the conductivity increases while permittivity decreases with the frequency of the RF ﬁeld, both
Jd and Jc increase in the brain with the frequency (11).
Because Jd is proportional to the RF ﬁeld frequency, the
displacement current increases faster than the eddy
current (6). Thus, a strong RF ﬁeld can be formed inside
the human body despite increased tissue conductivities
and eddy currents at high ﬁeld strengths. Concomitantly, since the wavelength is inversely proportional to
冑εr (15), the high dielectric constant also shortens the
wavelength of the RF ﬁeld such that it is comparable to
the physical dimension of human-size samples. For example, the wavelength in the human brain at 300 MHz
is about 13 cm, which is close to the size of an adult
human brain. Under such geometrical conditions, the
phase distribution of the RF ﬁeld from a given source
becomes spatially dependent across the sample. The
observed inhomogeneous RF ﬁeld distribution is the
interference pattern of the RF waves from various
sources, such as coil elements and boundaries between
tissues with different dielectric constants. Thus, the
high tissue permittivity plays a critical role in the emergence of such RF ﬁeld wave behavior in the human
sample at high ﬁeld strengths. This suggests that it is
possible to use high permittivity materials to alter the
displacement current distribution so that the RF ﬁeld
can be adjusted to a desired distribution in a targeted
region.
MATERIALS AND METHODS
The gradient-recalled-echo (GRE) and spin-echo (SE)
human brain images were acquired using a 7.0 T
whole-body imaging system (Magnex Scientiﬁc Ltd.
magnet with Varian NMR console) using a quadrature
TEM head resonator for both transmitter and receiver
with slice thickness ⫽ 5 mm, matrix size ⫽ 256 ⫻ 256
and FOV ⫽ 25 ⫻ 25 cm2. The images were acquired with
TR/TE ⫽ 100 msec/4 msec for GRE images, and TR/
TE ⫽ 3000 msec/40 msec for SE images. The nominal
ﬂip angles were 20° for the GRE sequence, and 90° and
180° for the SE sequence. The ﬂip angles were calibrated with an experimentally determined nominal 90°
angle that produced maximum signal from the sample
with a single nonselective excitation. To empirically ex-

amine the effect of dielectric loading on the image intensity distribution, we placed water pads containing
200 – 400 mL of double-distilled water around each
subject’s head at various locations. Two shimming conﬁgurations were applied for this study. One was a single
distilled-water pad that conformed to the subject’s forehead above the eye level with a length, width, and thickness of about 16 cm, 6 cm, and 4 cm, respectively.
Another conﬁguration was four distilled-water pads of
the same dimensions that were formed in a circle
around the head. The images were acquired with identical parameters before and after the water pads were
removed. However, the 90° and 180° ﬂip angles were
adjusted following retuning of the coil after water pads
were removed. The subjects remained in the magnet
while the water pads were removed and the tuning and
matching of the RF coil were adjusted. A total of four
human studies were performed for this investigation.
Informed consent, as approved by the institutional review board, was obtained from all of the human subjects prior to the MRI studies.
To understand the physical underpinning of the dielectric loading effect, we performed a numerical analysis with the ﬁnite difference time domain (FDTD)
method using XFDTD software (REMCOM Corp., State
College, PA, USA). The numerical calculation was carried out with a 12-element TEM coil loaded with a threedimensional human head model consisting of 23 different tissue types with a 5-mm isotropic resolution (12).
Distilled water was simulated by assigning the medium
with  ⫽ 0 and ⑀r ⫽ 78. The resonance frequency of the
TEM coil model was ﬁrst tuned to 300MHz by adjusting
the length of the inner conductors and the relative permittivity between inner and outer conductors of the coil
elements. Subsequently, a unit voltage at 300 MHz was
applied on each of the 12 TEM coil elements. The
phases of the voltage source followed the azimuthal
angle positions of the coil element to generate an ideal
quadrature sinusoidal current distribution. The magnitudes of the positive (B1⫹) and negative (B1⫺) circularly
polarized magnetic ﬁeld components were calculated.
The signal intensity (SI) for GRE image was then calculated as
SI⬁sin共V␥兩B1⫹兩兲兩B1⫺兩

(2)

where V is a dimensionless normalization factor proportional to the coil driving voltage, ␥ is the gyromagnetic ratio, and  is the duration of the RF pulse (5). The
corresponding Jd and Jc were determined using Eq. [1].
RESULTS
Figure 1 shows the experimental and simulated GRE
sagittal brain images with and without water padding at
7.0 T. The image in Fig. 1a exhibits a typical intensity
distribution in a human head at high ﬁeld strengths,
with a prominent bright region in the center of the head.
As shown in Fig. 1b, when water padding is placed on
the forehead, the center bright region appears to be
“drawn” to the superior-frontal brain area near the padding, accompanied by a considerable signal decrease in
the posterior region. Figure 1c and d illustrate the cor-
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Figure 1. Sagittal GRE head images acquired at 7.0 T without (a) and with (b) the water pad and the corresponding calculated
images (c and d). The prominent bright region in the center of the human head, indicated by the arrows in images a and c, is
shifted to the brain area closer to the water pad in images b and d. In order to properly window the image intensity, the water
pad in the experimental image in b is removed and represented with a drawing. The simulated GRE images reproduce the
characteristics of the intensity distribution changes of the experimental image.

responding calculated GRE images weighted with relative water content of the brain model so that basic brain
structures can be visualized. The computer simulation
results closely reproduce the relative image intensity
distributions in both experimental conditions. Note
that the signal intensity near the water padding in Fig.
1d appears appreciably stronger than the center bright

spot in Fig. 1c, indicating a local signal enhancement by
the dielectric padding. The remarkable intensity distribution change by the water padding demonstrates the
effectiveness of using materials with a high dielectric
constant to manipulate the ﬁeld distribution inside the
human brain at high ﬁeld strengths.
Figure 2 shows two sets of SE images from the same

Figure 2. Axial SE images of a human head acquired at 7.0 T without (top row) and with (bottom row) water pads. The image
intensity acquired with water pads around the head from the same subject using identical experimental parameters becomes
more uniform within the same tissue type over the image slices. The bright areas surrounding the head are the images of water
pads. The signal intensity proﬁles on the left show a quantitative signal intensity comparison along the horizontal lines in the
images of the same slice acquired with and without the pads.
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Figure 3. The z-component of displacement current density (a and b) and conductive current density (c and d) (A/m2) without
(left column) and with (right column) the dielectric pad.

axial slices. With the SE method the B1 ﬁeld inhomogeneity is exaggerated because of the additional 180° RF
pulse in the SE sequence. The images acquired without
water padding in the top row exhibit an extraordinarily
large image intensity variation characterized by a hyperintense region in the brain center surrounded by a
dark peripheral area. This intensity characteristic becomes more prominent in the image sections in the
inferior brain region. The image intensity of the same
tissue type in the center region can be twice as strong as
that in the dark peripheral region. With such nonuniform image intensity, the utilization of SE images at
high ﬁeld strengths is severely limited. The images in
the bottom row show the same brain slices acquired
when four water pads are placed symmetrically around
the head above the eye level. The strong image intensity
in the central brain region is signiﬁcantly leveled out,
rendering a uniform signal intensity distribution over
the entire image slice. To illustrate this effect quantitatively, the plot on the left shows the image intensity
across the horizontal lines as indicated in the axial
images without and with the water padding. As indicated in the plot, a more uniform image intensity distribution was achieved with dielectric material around
the head, which allowed for a better SE image at 7.0 T.
To understand the physical underpinning of the dielectric padding effect on the B1 ﬁeld distribution, we
decomposed and evaluated the sources of the B1 ﬁeld,
Jc and Jd, separately. Figure 3 shows the z-components
of Jd and Jc that generate the transverse B1 ﬁeld in the
mid-sagittal plane without and with a dielectric pad on
the forehead. The most conspicuous feature in Fig. 3a

and c is a prominent dark band along the axis of symmetry of the coil, which indicates low current intensity
distributions in this region. The current intensity directions on each side of the dark band are opposite, which
is consistent with the observed strong B1 ﬁeld distribution in the center of the brain. With a placement of high
dielectric constant padding, both Jd and Jc distributions were altered considerably. In particular, a strong
and highly concentrated displacement current distribution was induced in the dielectric pad. This introduced a local current source that resulted in a stronger
B1 ﬁeld in the nearby brain region, as shown in Fig. 2.
The current intensities in the dark bands in the superior brain region were also increased signiﬁcantly,
yielding a completely different B1 ﬁeld distribution.
DISCUSSION
RF ﬁeld inhomogeneity at high ﬁelds has long been
observed as a well-known “bright center spot” in human brain images obtained on 3 and 4 T imaging systems (13–18), as well as in human-body-size phantom
images taken at 1.5 T (19). As demonstrated by the
human brain SE images in Fig. 2, this effect is drastically intensiﬁed because of a stronger B0 ﬁeld strength.
This phenomenon has been considered to result from
the wave behavior of the RF ﬁeld. The fundamental
factor for the observed wave behavior, however, can be
attributed to the high dielectric constant of human or
biological tissues. First, the wavelength of the RF ﬁeld is
approximately and inversely proportional to the square
root of dielectric constant. Because of the high dielec-
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tric constant of the human brain tissues, the wavelength of the RF ﬁeld in human brain at 300 MHz is
close to the size of an adult human brain. Under this
condition a strong wave behavior arises, causing a severe RF ﬁeld inhomogeneity. Second, as shown in Eq.
[1], the displacement current is a secondary source for
the B1 ﬁeld propagation. The RF wave propagation depends on the displacement current that is directly proportional to the dielectric constant. Thus, the high tissue permittivity is a key factor for the prominent wave
behavior seen in high-ﬁeld MRI. Although the dielectric
constant distribution in human samples cannot be
changed easily, the RF ﬁeld can be manipulated by
altering the dielectric constant distribution between the
sample and an RF coil. As demonstrated in Fig. 1, the
simple placement of a water pad that introduced a
strong local Jd source and altered coupling between the
coil and the head dramatically changed the RF ﬁeld
distribution inside the human head.
Our experiences with the TEM coil on a 7.0 T human
imaging system and computer simulations indicated
that the current distribution in the coil elements could
be perturbed by sample loading (20). This raises the
question as to whether the current distribution in the
coil conductors could be altered by a dielectric loading,
such as water pads, which may in turn contribute to
the observed image intensity changes. This issue was
addressed carefully in a previous study (20) in which
the image intensities with and without dielectric padding were calculated twice: one with an ideal sinusoidal
current distribution, as in our current computer simulation, and one with the current distribution signiﬁcantly perturbed by the water pad simulated using two
power input ports, as in the current experiment. The
results showed that image-intensity changes due to
water padding are similar in these two cases. Thus, the
dominant cause for the image intensity change is Jd in
the water pads. Experimentally, the images with and
without water pads were acquired after the coil’s tuning
and matching were carefully adjusted, which may partially compensate for the perturbation of the coil current distribution by the water pads.
In our experiment we used water as a dielectric medium to demonstrate the described effect. However,
from a technical point of view, water is not a suitable
high-dielectric material for this purpose because it produces a strong signal that saturates the receiver and
deceases the dynamic range of the digitizer, and its
movements and geometry are difﬁcult to control. Solidstate materials with a high dielectric constant and low
conductivity are more advantageous and may be used
for future developments. To utilize dielectric material
for passive RF shimming, a systematic investigation
with the aid of computer modeling is necessary in order
to address these technical issues and to devise an optimization routine for a desirable B1 ﬁeld distribution.
The strong effect of the water padding on the RF ﬁeld
distribution demonstrated in this experiment has an
important practical signiﬁcance. The RF ﬁeld inhomogeneity has been a critical limitation for effective utilization of ultra-high-ﬁeld MRI systems (3). Various RF
coil designs, image acquisitions, and postprocessing
approaches have been proposed to reduce such arti-
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facts (21–26). The results of this experiment suggest an
effective way to adjust the RF ﬁeld distribution inside
the sample. As demonstrated in Figs. 1 and 2, similarly
to the passive shimming of the static magnetic ﬁeld, the
RF ﬁeld for a given coil and sample conﬁguration can
also be “shimmed” passively with placements of the
dielectric material between the sample and the coil. RF
ﬁeld shimming with dielectric material is effective and
versatile. As indicated in the Fig. 1, one can easily move
the high-SNR region from one brain region to another
by placing water pads at a certain location. This allows
us to manipulate the RF ﬁeld to achieve not only a more
homogeneous RF ﬁeld distribution, but also a focused
high-signal-intensity area in an ROI. The latter approach can be used to enhance SNR in an ROI for
functional MRI (fMRI) studies and other localized investigations, such as localized spectroscopy. The RF shimming and focusing with dielectric material illustrated in
this study can be integrated directly into RF coil designs. The investigations at 7.0 T demonstrate that parallel-imaging methods that utilize inhomogeneous RF
ﬁeld for spatial encoding would most likely offer a solution for RF ﬁeld engineering at high ﬁelds. The RF shimming and focusing with dielectric materials can be utilized with the development and optimization of
multicoil systems for parallel imaging at high ﬁelds
(27,28). Based on the principles demonstrated in this
study, more deliberate engineering methods can be devised to produce desirable RF ﬁeld distributions at various ﬁeld strengths.
In conclusion, the high dielectric constant in biological tissues leads to the pronounced RF ﬁeld wave behavior that destroys the ﬁeld homogeneity in the human body at high ﬁelds. Experimental and computer
simulation results at 7.0 T demonstrate that one can
effectively manipulate the MR image intensity distribution in the human head with a given volume coil by
placing water pads around the head. The high permittivity of water results in a strong displacement current
that enhances image intensity in the nearby region and
alters the overall intensity distribution. Utilizing this
effect, one can adjust the B1 ﬁeld of a given RF coil
inside the human head to remove the ﬁeld inhomogeneity artifact associated with the wave behavior (RF
passive shimming) or to locally enhance SNR in a targeted ROI (RF ﬁeld focusing). A thorough understanding of this phenomenon may lead to an effective approach for RF ﬁeld engineering in high-ﬁeld MRI.
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