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This article reviews the principle of dual-channel transmit MRI and highlights current clinical applications which are per-
formed primarily at 3 Tesla. The main benefits of dual-channel transmit compared with single-transmit systems are the
increased image contrast homogeneity and the decreased scanning time due to the more accurate local specific
absorption ratio estimation, meaning that less conservative safety limits are needed. The dual-transmit approach has
been particularly beneficial in body imaging applications, and is also promising in terms of cardiac, spine, and fetal
imaging. Future advances in transmit SENSE, the combination of dual-channel transmit with high permittivity pads, as
well as the potential increase in the number of transmit channels are also discussed.

J. MAGN. RESON. IMAGING 2015;42:855–869.

Clinical MRI Scans, ideally, have uniform tissue contrast

across the entire image. On 1.5 Tesla (T) and 3T sys-

tems the body coil is used for excitation, and is designed

either as a birdcage1 or transverse electromagnetic magnetic

(TEM)2 geometry, both of which provide a homogeneous

radiofrequency (RF) transmit field (B1) in an empty coil.

However, the presence of the patient in the RF coil disturbs

the uniformity of the RF transmit field, and results in areas

within the body in which the transmit field is significantly

weaker than in other regions. This perturbation increases as

a function of the main magnetic field (B0), the dimensions

of the body part being imaged, and the relative permittivity

(sometimes referred to as the dielectric constant) and con-

ductivity of the tissue. A spatially varying transmit field pro-

duces corresponding variations in the flip angle within the

body, and subsequent distortions in image contrast weight-

ing. In extreme cases signal voids can occur in the image.

Examples of image artifacts in breast, abdominal and cardiac

scans at 3T are shown in Figure 1. Although some degree of

intensity correction is possible using a direct measurement

of the transmit field, these types of postprocessing schemes

cannot recover any of the reduced tissue contrast due to spa-

tially varying tip angles. Because these effects are more

severe the higher the magnetic field, many clinical protocols

which could potentially benefit from the intrinsically higher

signal-to-noise ratio (SNR) at 3T continue to be run on

1.5T systems. Several review articles have addressed the con-

siderations in determining which clinical applications are

appropriate for which field strength.3–6

The major factor causing B1-inhomogeneity is the high

relative permittivity of the body. The wavelength of the RF

waves in tissue is inversely proportional to the square root of

the relative permittivity of the tissue. Figure 2 shows the

relative permittivity of muscle, as well as the corresponding

wavelength, as a function of field strength. In muscle, at

1.5T the wavelength is �52 cm, whereas at 3T it is �26 cm.

This means that at 3T the dimensions of the body are a sub-

stantial fraction of the RF wavelength in tissue, and so the

RF energy propagating through the body from different

directions by means of the body coil produces areas of con-

structive and destructive interference, as shown schematically

in Figure 3. The second factor which can cause B1-inhomo-

geneity is tissue conductivity: increased conductivity corre-

sponds to reduced RF penetration through tissue. As shown

in Figure 2, this effect is not too severe with penetration

depths of many tens of centimeters for healthy tissue at 1.5

and 3T. However, because conductivity increases with fre-

quency (and, therefore, magnetic field strength) the effects

become much more pronounced at 7T and above. A full

mathematical description of the effects of permittivity and

conductivity on the RF behavior in elliptical objects can be

found, for example, in the publication by Sled and Pike.7

The relationship between body type and the degree of

image artifacts involves several components. Obese patients

typically show greater image inhomogeneity due to their

larger body size. Pathological conditions such as ascites, in

which large volumes of water accumulate, are particularly

problematic due to the high relative permittivity. If fluid

accumulations within the body also have high salt content,

then image uniformity is further degraded due to the reduced

penetration depth. However, as reported by many authors,

image artifacts can also be substantial in very thin patients.

This is because the cross-section of the body in these cases is

highly elliptical, i.e., very asymmetric with respect to the cir-

cular body coil. There is very little that can be done to over-

come these artifacts using a single transmit channel 3T

FIGURE 1: Examples of image artifacts at 3 Tesla. Left: Breast images showing unequal left/right signal intensity. Center: Ante-
rior/posterior signal voids in abdominal imaging. Right: Shading artifacts in cardiac scans.
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scanner (Fig. 4a). Dielectric pillows containing water-based

gels have been proposed,8 and indeed image quality generally

increases, but these pillows are large and heavy, placement is

critical and patient comfort is compromised. New approaches

using much thinner pads with very high permittivity materi-

als9 are discussed in the final section of this article.

The clinical importance of this situation has resulted

in the recent introduction of commercial dual-channel trans-

mit systems at 3T, in which the body coil is effectively split

into two channels, each of which can be driven with an

independently controlled magnitude and phase, as shown in

Figure 4b. The additional degrees-of-freedom (relative

amplitudes and relative phases of the two channels) com-

pared with a single degree-of-freedom (amplitude) for a

conventional single transmit system can produce significant

increases in RF transmit homogeneity, as has long been

known theoretically. This approach of having extra degrees

of freedom has been adapted from similar approaches in the

area of electromagnetic hyperthermia,10 and is considered in

more detail in the following sections.

Single-Channel Transmit Versus
Dual-Channel Transmit Approaches

In the conventional single-channel approach, Figure 4a, the

body coil is driven in quadrature with equal magnitudes

FIGURE 4: a: Single-channel transmit body coil operating in
quadrature mode. There is a fixed phase angle of 90

�
between

the two ports, and the amplitudes of the signal fed into each
of the two ports are the same. b: Dual-channel transmit body
coil. Using two separate transmitters, the amplitudes and
phases of the two channels can be set independently, giving
additional degrees of freedom.

FIGURE 3: A schematic showing interference effects of the RF field in the body, represented as an ellipse, within the circular body
coil (red circle). a: At 1.5T, the wavelength in air is �235 cm, and in tissue �52 cm. The tissue wavelength is larger than the body
dimensions and, therefore, relatively little wave interference occurs. b: At 3T, the wavelength in air is �117 cm, and �26 cm in tis-
sue. A much greater degree of wave interference is, therefore, seen than at 1.5 Tesla. c: This increased wave interference mani-
fests itself as areas of low transmit efficiency (shaded regions).

FIGURE 2: Plots of relative permittivity, wavelength, conductiv-
ity, and penetration depth for muscle tissue at different mag-
netic field strengths.
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and a fixed 90� phase shift of the two signals fed into the

two orthogonal ports of the coil. Although this mode is

effective in terms of providing a homogeneous transmit field

at low (�1.5T) magnetic field strengths, this geometry is

not optimal at 3T for a subject geometry which is essentially

elliptical, and results in nonuniformities in the transmitted

RF field. The dual-channel transmit approach forms a logi-

cal improvement to the single-channel system in that it uses

two completely independent transmit chains for driving the

two ports of the coil. Different amplitudes and phases of

the RF pulses, as well as their waveforms, can be applied

through these two independent channels. Initially it was

thought that a limited number of fixed preset amplitude

ratios and phase differences could be used for different

applications, e.g., breast, liver, and cardiac imaging, without

the need to determine patient-specific values. However, as

illustrated in Figure 5 studies have shown that this approach

was too simplistic, as there was significant variation in

FIGURE 5: An illustration of the advantages of using patient-specific B1-shimming for breast imaging compared with a generically
optimized fixed amplitude/phase relationship. In the upper panel the fixed values give good image quality with no signal drop-
outs or differential intensities in the left and right breasts: there is little difference between fixed and patient-specific values.
However, in the lowest panel there are clear image artifacts produced by the fixed-value approach in a different subject with
larger breast size. In contrast, by using patient-specific values of the amplitude and phase, good image quality can be obtained in
all cases.

FIGURE 6: Simulations of the effect of B1-shimming on the B1 transmit field. The vertical axis denotes the relative power ratio,
and the horizontal axis the relative phase of the two channels. The transverse B1 field is illustrated through the centre of the torso
at the level of the liver (superior/inferior direction). The simulation was performed using the Ella model of a normal-sized woman77

with 75 tissue types, and the maps were normalized to the mean B1. The white box corresponds to the case of the lowest CV,
i.e., the highest B1 homogeneity.
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imaging performance between patients.11 Therefore, most

studies are now performed using patient-specific settings. The

process of optimizing image quality by adjusting the ampli-

tudes and phases of the two channels is often referred to as

“B1-shimming.” A short additional calibration scan (typically

lasting less than a minute) is added to the start of the clinical

protocol to map the B1 field within the patient, and based

upon this scan the optimum relative phases and magnitudes

feeding the two ports of the dual-channel transmit coil are cal-

culated. There are many different schemes for fast B1 map-

ping12–14 with different vendors using different sequences.

The dependence of the B1 field on the amplitude and

phase settings in a dual channel system is illustrated in Figure

6, which shows that moderate differences can have quite dra-

matic effects on the spatial distribution of the RF field: simu-

lations were performed as described in Brink and Webb.15

A 2.5 mm isotropic grid was used with commercially available

simulation software (xFDTD 7.2, Remcom Inc., State Col-

lege, PA). A two-port-drive high-pass birdcage structure was

used and the coefficient of variance (CV) of the B1 homoge-

neity was calculated for each case. In the case shown in Figure

6 the highest B1 homogeneity, i.e., the lowest value of the CV,

corresponds to a quadrature phase relationship with a 10 dB

power difference between the two channels.

In addition to the homogeneity of the B1 transmit

field, the other critical component is the specific absorption

raio (SAR), covered in the next section. This often sets the

limits for the total time that a particular scan can take.

Specific Absorption Ratio

Heat is created in the body by the interaction of the electric

field component of the EM field generated by the transmit

coil with the conductive elements (tissue, blood, skin) of the

body. The power deposited in the body is quantified in terms

of the SAR measured in Watts/kg. The SAR is proportional to

the product of the conductivity and the square of the electric

field. The two different SAR measures relevant to clinical MR

scanning are the local 10 g SAR and whole body SAR. As the

terms suggest the local SAR is defined as the peak SAR value

after spatial averaging over any 10 g of tissue, whereas the

whole body SAR is spatially averaged over the entire body. In

the United States, the Food and Drug Administration (FDA)

limits are: whole-body average 4 W/kg over 15 min, head/

trunk local (1 g tissue) 8 W/kg over 10 min, extremities (1 g

tissue) 12 W/kg over 5 min.16 The International Electrotech-

nical Committee (IEC) has three levels, with all values over a

6-min average: normal (all patients), whole body average 2

W/kg, head/trunk local 10 W/kg and extremities local 20 W/

kg; first level (supervised) 4 W/kg, 10 W/kg, and 20 W/kg,

respectively; second level (institutional review board approval)

4 W/kg, >10 W/kg and >20 W/kg, respectively.17

These safety limits ultimately pose constraints on the

values of different imaging parameters such as the flip angle

or minimum TR. In practice, the MRI system will not start

or will abort the scan if either the IEC-60601-2-33 6-min

or 10-s limit (the SAR over any 10-s period is not allowed

to exceed twice the levels listed previously) for global or

local SAR is exceeded. Using a body coil transmit at 3T, as

discussed by many publications, the local SAR limits con-

strain the imaging parameters before the whole body SAR

limit is reached.

In general, SAR is predicted by the MR scanner based

on the particular sequence being run. For single-channel

transmit systems, these estimates incorporate a set of body

models simulated at different landmarks within the system,

from which the worst-case scenario (i.e., the maximum pos-

sible local SAR as a function of both body model and

FIGURE 7: Simulation examples of the effect of B1-shimming on the local SAR. Shown are the transverse maximum intensity pro-
jections of the 10 g-averaged SAR for different driving conditions. All data is normalized to a mean B1 of 1 lT in the transverse
plane. The white box corresponds to the case of the lowest SAR.
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landmark) provides a very conservative estimate of the local

SAR. The SAR estimate is then coarsely calibrated by meas-

uring the global B1, i.e., as a single value for the entire

imaging volume. In contrast, the more elaborate calibration

procedure mandatory for B1 shimming in a dual-channel

transmit system provides a more reliable estimate of the

local SAR, because the B1 field is actually measured, mean-

ing that these additional safety margins can be reduced. Fur-

thermore, the effect of B1 shimming has been shown to be

typically coincident with a reduction of local SAR. This is

illustrated in Figure 7, which shows transverse maximum

intensity projections of the 10 g-averaged SAR, in which

the same driving conditions for the RF coil were applied as

in Figure 6. As can be seen from both figures, the driving

condition that improves B1 homogeneity also reduces local

SAR. This means that in many cases, the local SAR in the

B1-shimmed case is actually lower than in the single-channel

transmit configuration, even if the total amount of power

deposited within the body is higher. In this situation the

imaging sequence parameters can be “improved” by, for

example, decreasing the minimum TR, increasing the num-

ber of slices, or increasing the flip angle. The SAR behavior

of multi-channel transmit systems is an important advantage

and has been investigated by many groups.18–21

Clinical Applications

The first extensive clinically oriented reports on the advan-

tages of dual-channel transmit MRI was by Willinek et al22

who investigated several different application areas. They

determined that fast spin-echo images of the liver showed

significantly better image homogeneity with dual-channel

transmit, as did diffusion-weighted liver imaging. The effect

was particularly pronounced in three patients with ascites.

The total imaging time could be reduced by one-third due

to the reduced maximum local SAR. For scans of the lum-

bar spine, reductions of 50% in total imaging time for sagit-

tal T2-weighted and 18% for sagittal T1-weighted scans

were achieved. This pivotal study formed the basis for many

subsequent investigations of dual-transmit performance,

which are summarized according to organ in the following

sections.

Cardiac
Cardiac imaging at 3T has shown significant benefits com-

pared with 1.5T in applications such as myocardial tagging

and myocardial perfusion measurements.23–25 However, in

conventional functional protocols using cine sequences and

single-channel transmit, the decreased B1 homogeneity over

the heart at 3T reduces image contrast compared with 1.5T.

Sung and Nayak26 have reported that the magnitude of the

B1 field can vary by up to 50% across the heart at 3T. For

FIGURE 8: Axial TSE BB images (TR 2000 ms, TE 90 ms) obtained with single-channel transmit (a) and dual-channel transmit (b) in
a 39-year-old man suspected of having arrhythmogenic right ventricular cardiomyopathy. Note the improved signal homogeneity
of the image acquired with RF shimming, which enables clear delineation of the inter-ventricular septum and the anterior free wall
of the right ventricle. Figure reproduced with permission from.31

FIGURE 9: Comparisons of single-channel and dual-channel
transmit in the spine. a: Sagittal single-channel images acquired
in 5 min. b: Corresponding dual-channel images acquired in 3
min with a reduced TR and showing greater image contrast
uniformity.
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single-channel transmit 3T systems, the minimum TR is

greater than that at 1.5T due to the local SAR constraints.

In addition to increased scan times, the longer TR increases

the sensitivity of the technique to banding artifacts in bal-

anced steady state free precession (bSSFP) sequences, which

are the mainstay of cardiac scanning at 1.5T.27 Despite sev-

eral authors having shown that there is an increased SNR

and contrast-to-noise ratio (CNR) at 3T, the nonuniform

flip angle distribution results in sections of the free right

ventricular wall and the mid-ventricular and apical septum

being obscured.28,29 The approach of using preset RF

shims30 was initially proposed, but was not found to be par-

ticularly effective, because patient size and the presence of

sternal wires, pericardial effusions and pleural effusions,

amongst other phenomena, strongly affect the B1 spatial dis-

tribution within the heart. Therefore, B1-shimming is per-

formed for each individual patient.

The first in-depth investigation of dual-channel trans-

mit cardiac MRI was by Mueller et al.31 A cardiac-triggered

B1 calibration scan was run for each subject using the satu-

rated dual-angle method (SDAM) with segmented echo pla-

nar imaging (EPI) readout within a single breath-hold.12

The mean percentage of the achieved flip angle with dual-

channel transmit was 91.9 6 3.3% versus 72.8 6 4.0% for

single-channel transmit. The CNR between the basal inter-

ventricular septum and blood pool increased from

26.3 6 3.4 to 33.3 6 3.4 with a bSSFP cine sequences, and

from 73.0 6 6.0 to 87.3 6 5.8 with a turbo spin echo

(TSE) black-blood (BB) sequence. In terms of image quality,

the contrast between papillary muscles and/or myocardium

and the blood pool was significantly increased, and the sig-

nal drop-off in the septum, right ventricle, and right ven-

tricular free wall were reduced, as shown in Figure 8. The

TR could be significantly reduced, which led to a decrease

in banding artifacts from bSSFP sequences.

Jia et al32 extended the analysis of dual-channel versus

single-channel transmit by investigating how the reduced

local SAR using dual-channel transmit enabled either an

increased value of the flip angle or a decreased TR to be

used. In their analysis, the TR could be reduced from 3.4

ms to 2.8 ms for a fixed flip angle of 45� in short-axis ven-

tricular cine scans, or alternatively the TR could be main-

tained at 3.4 ms and the flip angle increased to 58�.

Krishnamurthy et al11 investigated the performance of a

dual-channel transmit system for subjects with different

body mass indices (BMIs). The authors showed increased

B1 homogeneity, image quality, SNR and CNR for the

dual-channel transmit approach, confirming the data from

previous studies. In addition, they found that the B1 inho-

mogeneity from a single-channel system was not correlated

to the BMI (or associated measures such as body surface

area and width ratio) of the subject. Indeed, they also found

that the degree of improvement in B1 homogeneity using

the dual-channel transmit approach was also not correlated

to these measures. These findings provide further evidence

that a patient-specific B1-shimming approach, rather than

using predetermined fixed values, is most appropriate.

In a study on high-dose dobutamine stress (HDDS) at

3T, Strach et al33 also found significant improvements in

image and diagnostic quality using a dual-channel transmit

system. In the HDDS study (n 5 13), all 13 cases were

found to be diagnostic in dual-channel transmit mode, com-

pared with only 5 of 13 with single-channel transmit.

HDDS studies are potentially affected even more than

standard clinical scans by bSSFP image artifacts due to the

significant increase in heart rate, and, therefore, more com-

plex and greater blood flow, which in turn result in greater

DB0-induced image artifacts for a given TR. The fact that

the TR can be reduced in dual-channel transmit mode is,

therefore, particularly important in this type of application.

FIGURE 10: Metastatic pancreatic tumor in a 52-year-old man. a: Transverse T2-weighted TSE image acquired using single-channel
transmit. There are marked signal loses in the left lobe of the liver and dorsal parts of the right lobe of the liver. Image quality
was rated as poor and lesion conspicuity moderate by two readers. b: Corresponding image acquired with dual-channel transmit.
Image quality and lesion conspicuity were rated as good by both readers. One additional confluent liver metastasis in Couinaud
liver segment II (arrow) was identified by both readers. Figure reproduced with permission from Kukuk et al.44
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FIGURE 11: Example of image improvement by means of dual-channel transmit from a patient with ascites. A T2-weighted TSE
sequence was run with spatial resolution 1.2 3 1.4 3 7 mm within a single breathhold of 14 s. Left: Single-channel transmit. Right:
Dual-channel transmit.

FIGURE 12: a,b: An example of improved image uniformity (thin arrow) and also fat suppression (thick arrow) using dual-channel
transmit and a T2-weighted TSE sequence with SPAIR fat suppression.

FIGURE 13: Representative images from healthy volunteers acquired at 1.5T (top row), using a single channel transmit 3T (middle
row), and using a dual-channel transmit 3T (bottom row). From left to right within each row, b-values increase from 50 to 400 to
800 s/mm2. Reproduced with permission from Riffel et al.48
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Musculoskeletal
The first application of dual-channel transmit MRI in the

spine was presented by Nelles et al.34 The authors showed

that the duration of a three-station examination of the entire

vertebral column could be reduced by, on average, a factor

of one-third due to the shorter TR values enabled by the

reduced local SAR estimate when using dual-channel trans-

mit. Sagittal T2-weighted scans had a reduction in TR from

3496 to 1748 ms, sagittal T1-weighted scans from 812 to

578 ms, and sagittal spectral adiabatic inversion recovery

(SPAIR) scans from 3554 to 2495 ms. Qualitative analysis

showed that the diagnostic imaging quality was comparable

to that from the single-channel transmit. In the same study,

the authors reported that the transmit power was raised by a

mean value of 68% for dual-channel transmit compared

with single-channel transmit, while remaining within SAR

limits, and produced the same maximum transmit field.

However, the root-mean-square (RMS) of the magnitude of

the B1 field was increased by an average of 29% using the

dual-channel transmit approach, showing that a higher

transmit homogeneity and average efficiency had been

achieved.

In routine clinical practice, the reduced total imaging

time is particularly important in spine applications due to

patient discomfort from lying still for long periods of time:

images showing slightly improved image quality even when

using reduced imaging times using dual-transmit are shown

in Figure 9.

A follow-up study provided further quantitative analy-

sis of single-channel versus dual-channel transmit mode in

the lumbar spine.35 In this case, the authors kept the TR

value the same for both cases: however, because the local

SAR estimates were reduced using dual-channel transmit,

they were able to scan more slices in each TR interval,

which halved the imaging time for their axial T2-weighted

and axial T1-weighted scans. Qualitative assessment by two

neuroradiologists showed that both judged �90% of the

scans (axial T1-weighted, axial T2-weighted, sagittal T1-

weighted, and sagittal T2-weighted) to be superior for the

dual-channel transmit mode. Measures of the CNR and

SNR showed improvements of 53% and 19% (sagittal T1),

48% and 23% (axial T1), 38% and 20% (sagittal T2), and

100% and 18% (axial T2), respectively.

The same group has recently used a dual-channel

transmit system for producing quantitative T1q maps, which

are representative of the distribution of proteoglycan con-

tent, in the lumbar spine disk spaces.36 The authors showed

that the dual-channel transmit approach allowed them to

use much thinner slices (3 mm) as opposed to 8 mm using

the single-channel approach, thus reducing partial-volume

effects. Using dual-channel transmit it was possible to run a

three-dimensional sequence within SAR limits. In contrast,

only a 2D multi-slice sequence was possible in single-

channel transmit mode. The reduction in estimated SAR

enabled more rapid acquisition of individual images, each

one acquired with a specific spin-lock period. This meant

that a greater number of images could be acquired within a

given total scan duration, which led to a more accurate

quantification of the T1q images.

Body Imaging
As noted by many researchers, the intrinsic increase in SNR

in body imaging by moving from 1.5T to 3T is often offset

by a greater extent of signal loss and inhomogeneous image

contrast,37–43 rendering the higher field images less diagnos-

tically useful. Dual-channel transmit technology has made a

substantial contribution to restoring the advantages of the

higher field. Kukuk et al,44 using axial T2-weighted single-

shot turbo spin echo (TSE) sequences, showed significant

improvement in the detection of liver lesions using dual-

channel compared with single-channel transmit, in addition

to improved lesion conspicuity, lesion contrast and general

FIGURE 14: Comparison between single-channel (left) and dual-channel (right) single shot spin echo images of a fetus. The single-
channel images shows a very low signal intensity in the centre of the image, with much reduced contrast in the fetal brain. This is
due to a large amount of amniotic fluid, combined with the large size of the patient. The dual-channel transmit approach improves
the diagnostic image quality substantially.
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image quality. An example is shown in Figure 10, which dis-

plays significantly improved image quality in segment 3 of

the liver, with an increase in lesion conspicuity and detec-

tion (white arrow). Luo et al45 have also shown significant

improvements in liver imaging using a dual-channel trans-

mit approach.

As mentioned earlier, image quality degradation at 3T

is particularly severe with patients with ascites, a pathologi-

cal condition in which large volumes of fluid accumulate in

the abdomen. Because ascites is normally a product of path-

ologies such as liver cirrhosis or neoplasms, it is important

to be able to image the affected organs for diagnosis. The

fluid has a very high permittivity and conductivity, and,

therefore, has a very severe deleterious effect on the B1

homogeneity. An example of how dual-channel transmit can

improve image quality is shown in Figure 11.

The increased homogeneity of the transmit field also

enables improvements in fat suppression, as illustrated in

Figure 12, even for methods such as SPAIR which have an

“in-built” robustness with respect to B1 inhomogeneity due

to the use of an adiabatic pulse.

Diffusion-weighted abdominal imaging is another area

that has shown significant improvement when using the

dual-channel transmit approach.46,47 Any B1 inhomogeneity

present not only reduces the image intensity but incomplete

fat suppression, as a result of spatially varying flip angles,

can cause significant ghosting in the images. Riffel et al48

showed that images acquired using a dual-channel transmit

3T were of higher quality than those acquired at 1.5T, and

both were better than those acquired with a single-channel

transmit 3T system, as demonstrated in Figure 13. In a sim-

ilar study by Rao et al,49 diffusion coefficients determined

using dual-channel transmit at 3T were found to be almost

identical to those measured at 1.5T, the current gold stand-

ard. This is in stark contrast to the case using single-channel

3T systems, where the values obtained are not currently con-

sidered to be reliable.50

Diffusion-weighted whole-body imaging with back-

ground body signal suppression (DWIBS) is another tech-

nique that has been explored using dual-channel transmit at

3T. DWIBS has been used for several different, mainly

oncological applications.50–53 In a trial involving 40 sub-

jects, using dual-channel transmit compared with single-

channel transmit, Murtz et al46 showed that signal homoge-

neity was improved in 25/40 cases and was equal in 15/40

cases, and fat suppression improved in 17/40 and was equal

in 23/40 cases. In addition, the total scan time per patient

was reduced by approximately one-third. The image

FIGURE 15: a: Single-channel transmit T2-weighted sequence with SPAIR fat suppression, spatial resolution 1 3 1.3 3 2.5 mm.
There is a significantly lower signal intensity and image contrast in the right breast compared with the left (arrow). b: Correspond-
ing dual-channel transmit shows a much more homogeneous signal intensity and increased image contrast. c: 3D T1-weighted
high-resolution isotropic volume excitation (THRIVE) sequence, 0.9 3 0.9 3 0.9 mm spatial resolution. The single-channel transmit
shows significant image artifacts from incomplete fat suppression (arrows). d: Corresponding images using dual-channel transmit
show much more homogeneous fat suppression.
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homogeneity improved in 50% of the pelvis cases, 100% of

the abdominal cases, 67% of the chest cases, and 60% of

the neck cases: in all other cases the images were judged to

be equal. Fat suppression was improved in 33% of the pel-

vis cases, 50% of the abdominal cases, 83% of the chest

cases: in all other cases the images were judged to be equal.

Fetal Imaging
Ultrasound is currently the main imaging modality used to

diagnose disorders related to pregnancy. However, fetal MRI

is increasingly being used because the quality of ultrasonic

imaging is highly dependent on the maternal body habitus

and fetal position. Additionally, visualization of the brain

using MRI is not restricted by the bony structure of the

skull. Soft tissue contrast is better in MR images and abnor-

mally large fetuses can also be studied. However, fetal MR

imaging at 3T is particularly sensitive to transmit field

inhomogeneities because large volumes of high permittivity

and high conductivity liquid, primarily amniotic fluid, are

often present. In this case, the added flexibility of dual-

channel transmit systems often results in significantly

improved image quality. Figure 14 shows a comparison

between single-channel and dual-channel transmit for a sin-

gle shot spin echo sequence at 3T.

Breast Imaging
Left–right differences in image intensity and contrast in

imaging the breast are well-known to hamper diagnosis.54

Fat-suppression also varies spatially, which can cause prob-

lems in detecting small lesions. Dual-channel transmit is

very effective in reducing both of these types of image arti-

fact, as shown in Figure 15.

Current State-of-the-art and Future
Advances

Dual-channel 3T transmit systems are now offered by most

major MR manufacturers, and B1-shimming algorithms are

implemented as simple extra calibration scans at the begin-

ning of each examination. Comparison studies with single-

channel 3T systems have shown significantly improved diag-

nostic quality in many applications. Because technology

never stands still, we consider here several different areas

which may well expand in the future.

Improved and More Rapid B1 Mapping
A key component to obtaining optimum image quality is

the accuracy of the B1 map produced by the B1-calibration

sequence, which should also be extremely fast to enable

implementation in the clinical routine. Current protocols

include methods such as dual-TR and dual tip angle12,14

which are not particularly rapid. However, this is an area of

active research, with several new schemes being developed

which result in higher sensitivity, more rapid data acquisi-

tion and lower SAR: these include using the Bloch-Siegert

effect55 and very rapid dual-stimulated echo approaches.13

Many of the current sequences are very accurate in mapping

areas in which the transmit field is high, but are relatively

inaccurate in areas with very low transmit efficiency, which

are of course the areas that most need to be improved. B1-

FIGURE 16: Top: Comparison of image quality in an abdominal scan using a single-channel, dual-channel, and dual-channel with
high permittivity pads, the last of which gives the highest imaging consistency (ref). Bottom: Similar images from a cardiac scan at
3T, again showing the most consistent image quality from the combined approach.15
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mapping sequences with greater “dynamic range” are, there-

fore, needed to improve the B1 calibration quality, and con-

sequently the B1 shimming performance.56

Accurate SAR Estimation
The estimation of local SAR must be performed extremely rap-

idly for regular clinical practice. Having determined the B1-

shimmed values of the amplitudes and phases of the two inde-

pendent transmit channels, these values are then used to predict

the SAR based on a precalculated SAR database. For a two-

channel system, this consists of a simple lookup-table with vari-

ous shim settings and corresponding SAR values. To better

manage the increasing complexity of these SAR models, which

can be especially challenging when considering systems with an

even higher channel count (>2), so-called Q-matrices have

been introduced.18 A database consisting of a subset of these Q-

matrices can then be built up for a set of different subject mod-

els (e.g., adult/child, male/female, high/low BMI, tall/short), to

provide a rapid estimate of the SAR. The major disadvantages

of this approach is that Q-matrices need to be computed for

idealized body models rather than being patient specific, and

they do not account for positional differences (e.g., the patient

lying asymmetrically). The computational complexity can also

be reduced by methods such as the virtual-observation-point

approach.57 The ultimate aim is to be able to produce an accu-

rate estimate of local SAR based upon, for example, the rapid

“localizer prescans” used in every clinical protocol.

Combination with Other Approaches
An alternative, and ultimately complementary, approach to

overcoming the conductivity and dielectric effects is the use of

high permittivity “dielectric pads.” Commercial pads consisting

of water-based gels are currently available from some vendors.

However, with a relative permittivity of �80, and a thickness

up to �4 cm these are rather bulky while only providing a

moderate correction of the B1 field.8,58 Much higher permittiv-

ity materials (�300) made from an aqueous suspension of bar-

ium titanate59,60 have recently been introduced for body

imaging at 3T.9 De Heer et al9 showed significantly enhanced

contrast homogeneity in liver scans using two symmetrically

placed (anterior/posterior) 1 cm thick pads. Brink and Webb15

have shown that cardiac imaging can be improved by reducing

SAR by as much as 50% while increasing B1 homogeneity by

using an asymmetric anterior/posterior pad configuration.

Both studies indicated that the most consistent imaging quality

is obtained by a combination of dual-channel transmit and

high permittivity pads, stressing the complementary nature of

the two approaches, as demonstrated in Figure 16.

Although there are several advantages of such an

approach, most particularly the fact that it is platform-

independent and requires no alterations to imaging sequen-

ces etc., there are issues of dielectric placement and patient

comfort which need to be considered if these are to be used

routinely in clinical practice.

Development and Evaluation of Parallel Transmit
SENSE
In contrast to the approach of driving the two channels of

the body coil with the same RF pulse shape, independent

RF waveforms can be transmitted from each channel: this

technique is referred to as “parallel transmit” or “transmit

SENSE”.61–63 In general, this approach enables one to

improve the performance of spatially selective multidimen-

sional RF pulses by reducing their length (therefore, reduc-

ing T2* decay and off-resonance effects), enhancing their

spatial definition (for reduced field-of-view imaging), or

reducing the RF power deposited in the patient.

Reduced field-of-view imaging, using multidimen-

sional RF pulses in combination with shaped gradients, is a

FIGURE 17: Left: Imaging sequence using the full flexibility of a dual-transmit channel system. Completely independent RF wave-
forms are used for each channel, with appropriate waveforms on all gradient amplifiers for the particular application. Right:
Zoomed image of the internal auditory canal from Boada et al.78
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method to increase the spatial resolution achieved per unit

data acquisition time.64–66 It is also a useful technique for

minimizing motion artifacts from outside the reduced

field-of-view. However, the RF pulses required for this type

of application are quite long and this results in the images

being very sensitive to artifacts caused by magnetic field

inhomogeneities. The length of the pulses can be reduced

by transmitting different waveforms on the two different

channels. For dual-channel transmit systems the pulse

lengths can be approximately halved. This has recently been

implemented for zoomed imaging by Siemens under the

tradename Syngo ZOOMit, as shown in Figure 17.

The second important application of transmit SENSE

is to increase the B1 homogeneity compared with B1-shim-

ming which forms the basis of all of the clinical studies out-

lined earlier in this study. Transmit SENSE gives an

additional degrees of freedom for increasing the B1 homoge-

neity67 because two separate waveforms can be used. Several

different mathematical methods have been presented for

optimizing the pulse shapes of each individual RF pulse and

the corresponding gradient waveforms.63,67–69 Finally, trans-

mit SENSE can be used either to reduce the local SAR70,71

by means of minimizing the mean RF power, or to mini-

mize the peak power required for the RF pulses.72

The natural extension of the advantages afforded by dual-

channel transmit is to increase the channel count further.

Potential advantages are: (i) further reduced local SAR allowing

shorter overall scan times, (ii) further increases in the B1 homo-

geneity and image contrast, and (iii) increased flexibility for

reduced field-of-view imaging using shorter RF pulses, with the

imaging volume more closely matching the geometry of the

organs of interest. The major disadvantages are the added com-

plexity of the system, the need for sophisticated multi-element

transmit arrays, and the increased computational time for SAR

calculations. The architecture of an eight-channel system, with

eight independent sources, designed for operation at 3T was

described many years ago by Vernickel et al.70 In recent work,

Childs et al73 showed that there was an increase in B1 homoge-

neity with increasing channel count, although the greatest

increase is achieved by going from single- to dual-channel

transmit. There is a large literature dealing with the system

architecture for body imaging at 7 Tesla, with between 8 and

32 transmit channels.74–76 However, such developments at 3T

will require significant financial and resource investment from

the major commercial MR vendors, and whether the advan-

tages outweigh the costs remains to be seen.
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