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Abstract

Split RF coils offer improved patient access by eliminating the need for the coil to be slid over the region of interest. For unshielded
birdcage coils, the presence of end ring currents necessitates a direct electrical connection between two halves of the coil. For high-field
(>3 T) shielded birdcage coils, both the shield and the coil must be split and reliably connected electrically. This problem can be circum-
vented by the use of split TEM volume coils. Since the elements of a TEM coil are coupled inductively, no direct electrical connection
between the halves is necessary. In this work we demonstrate that the effects of splitting the shield for head and knee TEMs can be
compensated for, and performance retained. For the knee, the improved access allowed the coil diameter to be reduced, enhancing

the sensitivity by 15-20%.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Conventional high-field RF coils for the human head
and limb are typically formed from rigid cylinders. The
use of this design requires that either the coil be slid over
the subject or alternately the subject slides into the coil.
For patients with impaired or limited mobility this can
make positioning difficult. Additionally, when receive-
only arrays are used within the transmission coil, the
ability to both place and visualize the location of the
array is limited. These limitations can be overcome using
a split “two-piece” coil. Split unshielded birdcage coils
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have been described for field strengths up to 3T [1].
Due to the presence of end ring RF currents, split bird-
cage coils require a continuous electrical connection
between two halves of the coil [1]. Additionally, most
high-field (>3 T) head-sized RF coils use a shield sur-
rounding the entire coil to decrease radiation losses [2].
For shielded RF coils, both the birdcage coil and the
shield must be separated and reliably reconnected electri-
cally during each use, which complicates both the fabri-
cation and utilization. Therefore, to our best knowledge,
the construction of high-field (>4 T) split shielded bird-
cage coils, has not been described in the literature. How-
ever, transverse electromagnetic (TEM) RF coils [3], due
to use of through-space inductive coupling between reso-
nant elements [3], can circumvent this limitation, since
the two halves of the coil do not require electrical conti-
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nuity. Also the TEM design has been demonstrated to
have certain advantages over the birdcage design at
higher fields (>3 T) [4-7]. The TEM design has been suc-
cessfully applied for head and body coils [3,4,8,9] up to
7T. The TEM coil inductance depends on the ratio of
the RF shield diameter to the inside diameter of the coil
[3] rather than on the absolute value of the coil diameter
such as in the birdcage coils. The latter does not take
into account the dependence of the birdcage inductance
on the distance to a shield, which is substantially weaker
than its dependence on the coil radius. Thus, it is much
easier to scale the TEM coil size up while keeping the
inductance low. This design decreases radiation losses
and improves current distributions (no end ring current).
Quantitative comparisons of the TEM and birdcage
designs at frequencies greater than 120 MHz have dem-
onstrated advantages of the TEM over the most com-
monly used design of the birdcage coil (straight
cylindrical shield, flat rungs) [4-7]. For example,
Vaughan et al. [4] reported that a quadrature TEM head
coil was almost 20% more effective than a similar in size
birdcage coil at 4 T.

Previous works by Vaughan et al. [10-12] have
described split TEM coils. However, these reports did
not provide technical details of the design and construc-
tion or experimental performance data [10-12] describing
how the splits in the TEM shield modify the distribution
of RF currents in the resonant elements and affect the
coil performance. In this work we report the detailed
design, construction and performance analysis of split
4T TEM volume coils for the human knee and head.
We also provide a comparison of the performance of
the split TEM coils with their corresponding one-piece
counterparts.

2. Methods
2.1. Coil design and evaluation procedures

16-element TEM open-end coils for knee imaging
(Fig. 1A,B) and closed-end head (Fig. 1C,D) quadrature
coils were built using coaxial resonant elements with Teflon
inserts as described by Vaughan et al. [3]. Copper tubes
with 12.5 cm OD (wall thickness 0.6 mm) and 6.4 cm OD
were utilized to construct the outer shell and central con-
ductor of the TEM elements, respectively. The open-end
split TEM coil for the knee was 20 cm in length with an
RF shield diameter of 24.8 cm and an element ID (diameter
measured at the element centers) of 21 cm. The coil had an
inner diameter clearance of 18.8 cm. The head coil had one
end closed and shielded for improved homogeneity of the
RF field [3]. The head coil was 21 cm in length with an
RF shield diameter of 33.2 cm, an element ID of 27.5 cm
and an inner diameter clearance of 25.3 cm. The outer shell
of the open-end split coil was constructed using a 25.4 cm
OD acrylic cylinder with a 3.2 mm wall thickness. The split
head coil was built from a 35.6 cm OD PVC pipe with
1.2 cm walls. The shield for both coils was constructed
from a 50 pm polyamide film with a 5 um copper layer lam-
inated on top of it (Gould Electronics, Eastlake, OH). The
thickness of the copper is approximately equal to the skin
depth at 170 MHz ('H frequency at 4 T). This allowed us
to preserve a high unloaded Q-factor for the TEM resona-
tor while suppressing gradient eddy currents [3,4,8,9]. To
provide a view for patients, the top portion of the head
coils had a window opening (11 x 5.5 cm) covered by a cop-
per mesh, which was electrically connected to the shield at
the edges (Fig. 1D). Comparison of the TEM coils with
and without window cut revealed no change in the coil per-

Fig. 1. Pictures of assembled and disassembled (A), (B) knee and (C), (D) head split TEM volume coils.
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formance. Both TEM coils were driven in quadrature using
capacitive matching and a two-port drive (Fig. 1) with the
driven elements located at the bottom of the coils. The coils
were driven in quadrature using high power 90° hybrids
(MAC Technology, Klamath Falls, OR). Adjustable
matching of the coils within the magnet was provided by
use of high voltage variable capacitors (Jennings Technol-
ogy, San Jose, CA) connected to the driven elements.
Although there is no provision for variable tuning within
the magnet the variation in resonance frequency from head
to head (<200 kHz) was mush smaller than resonance line
width of the loaded coil (~3 MHz). Thus subject dependent
changes in resonance frequency did not significantly alter
performance. The subject dependent change in resonance
frequency for the split TEM knee coil was also substan-
tially smaller than the coil’s resonance line width
(~2.5 MHz). The shift in resonance frequency was less than
0.4 MHz when the coil was positioned over the calf, knee
and thigh of the same individual. The power required to
produce 90° pulse in the calf and the thigh differed by
5dB. The coils were split into two parts (9 elements in
the lower portion and 7 in the top portion) with no electri-
cal connection between them. In spite of a fairly small gap
(1-2 mm) between the shields, the coupling between the
two elements adjacent to the split was reduced by about
40% in comparison to the coupling between adjacent ele-
ments located near the top or bottom of the coil. The cou-
pling was evaluated by measuring the frequency split
between two resonance modes with all other elements
removed from the resonator [13]. The coupling was
restored (75% of the value measured for two elements
located at the bottom (or top)) by overlapping the split
between the two halves of the TEM coil with an electrically
insulated piece of shield, (Fig. 1). These side shields were
constructed from the same type of foil as the major shield.
The side shields were insulated and positioned symmetri-
cally near both splits at about 3 mm from the major shield
(distance determined by plastic insulation). They measured
5 cm in width and 22 cm in length. The ratio of unloaded to
loaded Q-factors, Qy/Q;, was 700/60 and 740/70 for head
and knee coils, respectively. These measurements were per-
formed using a spherical 2.0 L (16 cm diameter, 50 mM
NaCl) phantom for the head coil and a cylindrical 2.0 L
(12 cm diameter, 50 mM NaCl) phantom for the knee coil.
The unloaded Q-factors of both TEM coils were unaffected
by the splits. The Q-factors were measured from frequency
dependence of the S;; reflection coefficient of the matched
coils, using the ratio of the resonance frequency to the
resonance width at the —3 dB level. Splitting of the shield
also did not significantly affect the separation between the
TEM modes, which measured 8-10 MHz for the split knee
coil and 10-12 MHz for the split head coil.

Each coil was initially adjusted to obtain sufficient isola-
tion (better than —12 dB) between the modes mostly by
changing impedance of top and bottom elements and then
tuned using a procedure developed in our lab [14]. After
tuning, the isolation, Sj,, between linear modes of each

quadrature coil was better than —20 dB on the phantom
and a human head. The tuning was then verified in the mag-
net. Knee images were obtained on a 4 T Varian Inova Sys-
tem (Varian Associates, Inc., Palo Alto, CA) using T}-
weighted fast spin echo sequence with TR =1.2s5,
TE =26.4ms, echo train length =16, 18 slices, slice
thickness =3 mm, gap=3mm, and in-plane resolu-
tion =0.625 mm (matrix size 512x256, FOV =
320 x 160 mm for sagittal and coronal images; matrix size
256 x 256, FOV 160 x 160 for axial images). The data were
acquired with a single average.

Brainimages were also acquired ona4 T Varian Inova sys-
tem. To test the coil performance, gradient echo images of the
phantom and a human head were collected using 128 x 128
and 256 x 256 resolution respectively, 1.5 mm slice thickness,
20 x 20 cm field of view (FOV), TE = 50 ms, TR = 400 ms,
flip angle =30°. To provide anatomical contrast, a T-
weighted inversion recovery gradient echo sequence was used
with TR = 2500 ms, TIR = 900 ms, a 90° excitation pulse, a
slice thickness of 1.5 mm with 128 x 128 resolution over an
FOV of 19.2x19.2 cm. Echo planar images (EPI) brain
images were acquired using a 7>*-weighted gradient-echo
EPI pulse sequence (TR/TE = 5000/25 ms, FOV = 256 x
256 cm, matrix 64 x 64 pixels, slice-thickness =4 mm, flip
angle = 90°) without interleaving. All brain images were
acquired with a single average.

The performance of the split coils was compared to their
one-piece counterparts. The one-piece open-end TEM coil
[15] used for knee imaging was larger so as to provide easy
access of the leg and had a shield diameter of 33 cm and ele-
ment ID of 27.5 cm. Performance of this coil was compared
to the split TEM knee coil. The non-split closed-end head
coil had exactly the same size and geometry as the spilt head
coil. Again a spherical 2.0 L (16 cm diameter, 50 mM NaCl)
phantom was used for the head coil and a cylindrical 2.0 L
(12 cm diameter, 50 mM NaCl) phantom for the knee coil.
The efficiency of the coils was assessed by determination of
the B field required to produce a 90° rotation using a slice
selective excitation pulse in a transverse slice in the center
of the RF coil longitudinally in the head, knee and tissue
mimicking phantoms. To eliminate the effects of shaping
the RF pulse, the B; value in kHz (or uT) per 1 kW of power
was calculated based on the equivalent maximum amplitude
square pulse duration. The homogeneity of the coils was
measured by acquiring B; maps of the transmit field using
the procedure described by Pan et al. [16] using 64 X 64 reso-
lution and 3 mm thickness.

2.2. Effect of splitting the coil and rationale for the
adjustment procedure

To better understand the effect of splitting the coil, we can
view the N-element TEM volume coil as a multi-mode struc-
ture supporting N modes resonating at different frequencies
constrained by the boundary condition that the total phase
shift is 2nn (0 < n < N/2) per complete revolution about
the coil [3]. The lowest and the highest modes are two singlets
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(n =0 and n = N/2) with the rest of the modes being a set of
degenerate doublets [3]. The lowest frequency doublet
(n = 1) provides degenerate modes with the most homoge-
neous RF magnetic field distribution, which can be driven
in quadrature to produce a circularly polarized field. Split-
ting the shield between the elements reduces the inductive
coupling between the elements adjacent to the splits, thereby
spoiling the isolation between these two linear modes by mix-
ing them with other modes. These modes can also be consid-
ered as a set of standing waves produced by interference of
two waves propagating from element to element in opposite
radial directions similarly as in a transmission line. Viewing
the set of TEM elements as a piece of a transmission line can
help in analyzing the change in the RF current distribution.
Reducing coupling between the elements adjacent to the
splits results in reflection of the propagating waves at the dis-
continuities created by the splits. Reflection from both splits
produces changes in the current in each TEM element with
the distribution of the changes having a half-wave length
profile over both halves of the split coil. Since the decrease
of the coupling between the elements adjacent to the splits
is equivalent to a decrease of the impedance viewed from
the perspective of the propagating wave, this results in a
decrease of the voltage and an increase of the current in the
standing wave in the elements adjacent to the splits. Thus,
the resulting distribution of the current changes will have a
half-wave length shape in both portions of the split coil with
the maximal increase in current in the elements adjacent to
the splits and no change in the elements located in the middle
between the two splits (top and bottom elements).

To simplify the tuning of a multi-mode coil, the
elements, which affect only one of the modes without
changing the others, are used. Thus, to restore the isolation
between the linear modes of the TEM, the elements 7 (top)
and 15 (bottom) (Fig. 1C) can be utilized. These elements
strongly affect the isolation between the modes of the
closed TEM due to their location at 45° relative to the
driven elements [17] and as discussed above do not affect
the standing waves due to reflections at the splits. The sym-
metry of the current distribution may be restored by
increasing the impedance of the elements located near the
splits (elements number 3, 4, 10, 11), thus, decreasing their
current. Intuitively one might try to compensate for the
decrease in coupling between two elements adjacent to
the split by increasing current in these elements. However,
this neglects the interaction with other elements of the
TEM and does not resolve the problem.

2.3. Tuning method

Fig. 2 shows a picture and a block-diagram of the tuning
method developed in our lab previously [14] for tuning
TEM volume coils. In this method rotation of a small mag-
netic or a dielectric probe in close proximity to the TEM ele-
ments produces a shift of the resonance frequency
proportional to the square of the amplitude of the RF current
flowing in the corresponding element (Fig. 3A). By measur-
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Fig. 2. (A) Picture and (B) block-diagram of the TEM coil tuning method.
A ferrite probe rotated in close proximity to TEM elements to produce a
shift of the resonance frequency and modulate S;;. To visualize the
modulation of S;;, which reflects the current distribution in the TEM
elements, the network analyzer was used in the linear amplitude mode with
the frequency sweep turned off. The network analyzer was externally
triggered from the rotation of the probe.

ing changes of the S;; reflection coefficient, caused by the
modulation of the resonance frequency, the distribution of
the current in all of the TEM elements can be visualized
simultaneously on a network analyzer as shown in Fig. 3.
Probes were mounted on the end of G10 plastic rod and
rotated using a small DC motor as shown in Fig. 2. The angu-
lar position of the probe was determined using a small infra-
red (IR) source/receiver and a disk mounted to the G10 rod
(Fig. 2). The TTL signal, generated by IR triggering system
was used to start the network analyzer. To observe the Sy,
modulation, which reflects the current distribution in the
TEM elements (Fig. 3B), the network analyzer was externally
triggered in the linear amplitude mode with the frequency
sweep turned off. This method allows easy and quick bench
measurements of the current distribution in the resonant ele-
ments for each linear mode of the volume coil. By adjusting
the sinusoidal symmetry of the current distribution [18] the
optimal homogeneity of the B field can be achieved [14].
The currents in resonant coaxial elements are adjusted by
varying their impedance, which is achieved by changing the
extent of the overlap between the central rod and its shell (a
change in capacitance).

3. Results and discussion

As predicted, splitting the shield and the consequent
reduction of the coupling between the elements adjacent
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Fig. 3. (A) Frequency dependence of the S, reflection coefficient. The bottom linear part of the dependence is magnified on the right side of the figure.
Two curves, measured at one of the driving ports correspond to probe positions near TEM elements with maximum (bottom element) and zero RF current
(top element). The network analyzer is used in cw mode at a frequency of w;. (B) Distribution of the current in both linear channels of the TEM volume
coil as observed on the network analyzer. The tuning method allows visualization of the two distributions of current for both linear modes simultaneously.
The right side of the figure correlates the probe position to a corresponding peak in the current distribution.

to the splits substantially decreased isolation between two
linear modes of the TEM coil, thus, compromising the per-
formance of the coil. The reduction in mutual inductive
coupling between adjacent elements from the introduction
of a very small split in the shield suggests that the TEM
structure supports some residual RF currents flowing in
the shield in radial direction near the ends of the coil per-
pendicular to the coil axis. This is similar to end ring cur-
rents in birdcage coils. Introduction of a small split
(much smaller than a wavelength) in a shield of a resonator
parallel to RF currents should not substantially modify the
RF field distribution or cause mode coupling. However,
introducing a split perpendicular to current flow will have
a substantial effect [19].

To decouple the modes and to tune the TEM volume
coil we used a procedure described above. Fig. 4A shows
the distribution of current in the split knee TEM coil ele-
ments measured for one of the linear modes with the coil
driven at element 13. For convenience the plot observed

on the screen of a network analyzer (Fig. 3) was flipped
vertically and normalized. The measurement was per-
formed after the coil was adjusted to restore the isolation
between the two modes. Since the method detects the
square of the amplitude of current and is not sensitive to
the phase [14] both halves of the sinusoidal distribution
have the same sign. As seen from the figure, the current dis-
tribution is not symmetric. Specifically, the current is
increased in the elements adjacent to the splits (elements
number 4, 11, 12) as compared to elements distant from
the splits (elements number 6, 14, 15). Fig. 4B shows the
symmetric current distribution measured for one of the lin-
ear modes of the one-piece TEM volume coil. To restore
the symmetry of the current distribution of the split TEM
we decreased the current in the elements adjacent to the
splits as well as their immediate neighbors (elements
number 2, 5, 9 and 12). In practice, it was not possible to
completely restore the symmetry without degrading the iso-
lation between two linear modes. The isolation between the
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Fig. 4. (A) The distribution of RF currents in elements of the quadrature
TEM split knee volume coil measured for one of the linear modes after the
coil has been tuned and adjusted. (B) The distribution of current in
elements of continuous non-split TEM coil measured similarly as in A.

modes was adjusted primarily by decreasing the current in
elements 7 (top) and 15 (bottom). Adjusting these two ele-
ments was the most effective way to restore the mode isola-
tion as compared to tuning the other elements. The
analogous distribution was also measured for the other lin-
ear mode of the TEM coil with the current increased in ele-
ments adjacent to the splits. The distribution of current
flowing in TEM elements was also measured for the split
head coil and produced a very similar pattern to shown
in Fig. 4A.

The residual asymmetry of the current distribution
didn’t substantially affect the quality of the images or the
overall coil performance. Fig. 5 demonstrates transverse,
sagittal, and coronal T-weighted spin-echo images of a
human knee obtained using the split TEM knee coil. The
split TEM knee coil was about 15-20% more efficient than
the larger one-piece open-end TEM coil. We obtained a
similar result for 2.0 L cylindrical leg-mimicking phantom.
This increase in SNR of the split TEM can be attributed to
a decrease in coil volume (due to a change in the coil diam-
eter) as well as minimizing the extension of the B, field
from the wider coil’s openings. The small decrease in signal
at the very top of the coil is most likely due to the residual

Fig. 5. (A) Transverse, (B) sagital, and (C) coronal human knee spin-echo
images obtained using split TEM volume coil.

asymmetry of the current distribution. The split TEM knee
coil generated a circular polarized RF magnetic field By of
1.43 kHz (or 33.6 uT) in amplitude in the central transverse
slice of an average size human knee using 1 kW RF. Since
the size of a human knee can vary we also performed this
measurement using 2.0 L cylindrical phantom (12 cm dia.,
50 mM NaCl) and obtained a B; of 2.0 kHz (or 47 uT)
per 1 kW. To quantitatively evaluate the coil sensitivity
we attempted to measure B; map of the transmit field
[16]. Unfortunately, it was difficult to map the transmit
B field due to the minimal signal arising from bone tissue.
Therefore, the analysis of the effect of the changes in the
distribution of current on the homogeneity of the B; field
was performed using the head coil.

Fig. 6 shows head images and B; field maps obtained
with the split TEM head coil and the one-piece TEM coil
of the same size. All of the images and the B; maps demon-
strate a very characteristic pattern of increased magnitude
in the center of the brain as compared to the periphery due
to standing waves formed in dielectric media [8,20,21]. The
magnitude of the B; field measured at the top and the bot-
tom of the split coil is ~10-15% lower in comparison to the
analogous positions for the one-piece coil. Conversely, the
B field produced at the left and right sides of the split-coil
was ~20-25% greater than By field from the same locations
for the one-piece coil. These in vivo measurements are in
good agreement with the differences in current distribution
between the two coils obtained by our bench measure-
ments. The symmetric current distribution of the one-piece
coil (Fig. 4B) produced a symmetric B; map pattern
(Fig. 6D). In contrast, the higher current near the splits
(Fig. 4A) in the split-coil enhances the B, field at the left
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Fig. 6. Gradient echo human brain images and B; maps of the
corresponding slices obtained using (A), (B) split TEM volume coil and
(C and D) continuous non-split coil of the same size.

and the right sides of the volume coil (Fig. 6B). It is note-
worthy, that the asymmetry in the B; distribution of the
split coil (top/bottom vs. left/right) is due more to enhance-
ment in B field at the left and the right sides of the head
than a decrease in B; field at the top and bottom of the coil.
The alteration in B, distribution, however, did not substan-
tially degrade the quality of the images shown in Fig. 6 A
and C.

The split TEM head coil generated a circular polarized
RF magnetic field By of 1.1 kHz (or 25.8 uT) in amplitude
in the central transverse slice of a human head using 1 kW
RF. This is similar to or better than previously reported
for a non-split quadrature TEM head volume coil of sim-
ilar size (diameter at the element centers—27 cm, length
21 cm) that provided the equivalent of a 255 ps 90° square
pulse in the central transverse slice of the head using
1 kW RF power [4]. This corresponds to a B; field ampli-
tude of 0.98 kHz (or 23 uT). We also evaluated the effec-
tiveness of the quadrature TEM head coil in producing
circular polarized RF magnetic field using a By mapping
method [16]. The ratio of the B] and B components of
the circular polarized magnetic field rotating clockwise
and counter clockwise, respectively, averaged over the
entire human head, measured better than 10 dB. This
indicates that the average loss of the amplitude of the
transmit B field due to the contribution of the By com-
ponent was less than 5%. Finally, the average B field
(measured over the entire slice) as well as power required
to produce a 90° pulse in the transaxial slice at the center
of the coil were approximately the same for both split and

Fig. 7. EPI images of a human brain obtained using TEM split head coil.

non-split TEM head coils within the error of the experi-
ment (4+1 dB). In comparison, a commercially available
3 T split head-sized birdcage coil (USA Instruments, Aur-
ora, OH) generated a B, field of 0.82 kHz (19.3 uT) per
1 kW of power using standard Siemens head phantom.
Fig. 7 presents EPI data obtained using split head coil.
No evidence of substantial eddy current artifacts was
observed in the images.

4. Conclusions

Introduction of a relatively small split (1-2 mm) along
the longitudinal axis of the outer conductor (shield) of a
TEM coil substantially changed the coupling between the
elements adjacent to the split and increased the coupling
between the two linear modes of the TEM coil. This sug-
gests that the TEM structure supports some residual radial
RF currents flowing in the shield perpendicular to the coil
axis. However, as demonstrated, this effect can be compen-
sated for by adjusting the impedances of the coil elements.
Using this approach, we have developed split TEM volume
coils for the knee and head. For the head coil, no signifi-
cant difference in overall performance was detected in com-
parison to a one-piece coil of the same size. For the knee,
splitting the coil allowed the diameter to be reduced,
thereby improving sensitivity as well as patient comfort
and accessibility.
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