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Abstract

A high-frequency RF volume coil based on the use of microstrip transmission line (MTL) has been developed for in vivo 1H MR

applications on the human head at 4 T. This coil is characterized by major advantages: (i) completely distributed coil circuit, (ii)

high-quality factor (Q), (iii) simple coil structure, and (iv) better sensitivity and less signal-intensity variation in the MR image of the

human head compared with an RF shielded birdcage coil of similar coil size. The proposed MTL volume coil does not require

additional RF shielding for preventing Q degradation from radiation losses due to the unique MTL structure; thus, it provides a

maximal useable space inside the volume coil when compared with most volume coils available at high fields with the same overall

coil size. The intrinsic B1 distribution of the MTL volume coil effectively compensates for the dielectric resonance effect at 4T and

improves the signal homogeneity in human head MR images in the transaxial planes. The results of this study demonstrate that the

MTL volume coil design provides an efficient and simple solution to RF volume coil design for human MR studies at high fields.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Technical developments and applications of high-

field (3–8T) human magnetic resonance imaging (MRI)

and spectroscopy (MRS) have been accelerated because
of the inherent advantage of high sensitivity achieved at

high fields, which significantly improves the capability

and quality of MRI/MRS for human applications [1–6].

This advancement is further stimulated by the unique

MRI contrasts obtainable at high fields for functional

MRI studies [7–9]. However, to realize the high sensi-

tivity promised by high-field strength, many engineering

challenges arising from high-operating frequencies, es-
pecially for 1H MRI/MRS, must be resolved. One major

challenge is the difficulty of designing large-size radio

frequency (RF) coils with high-resonant frequencies.

When the wavelength of a high-frequency electromag-

netic wave in the human body approaches the RF coil�s
dimension, the inhomogeneity of MR image intensity

caused by the dielectric resonance effect in the human

head and body become pronounced [3]. At such high

frequencies, radiation losses also become prominent.

These problems could result in a severe degradation of

coil quality factor (Q) and, ultimately, coil sensitivity,
and limit the design of large-size RF volume coils with

high-operating frequencies. As a result, the RF coil

performance becomes an important factor at high fields.

Due to increased radiation losses, the conventional

lumped element birdcage coil design originally intro-

duced by Hayes et al. [10] is limited at higher fields. An

RF shielded birdcage coil has been proposed for re-

ducing radiation losses and achieving a high-operating
frequency for high-field MR applications. This modified

birdcage coil demonstrates improved performance for

human head imaging at high-magnetic fields up to 4T.

The transverse electromagnetic resonator (TEM)

volume coil [11] proposed by Vaughan et al. in 1994 uses

the coaxial transmission line design [12] with a cylin-

drical RF shielding. Each resonant element of the coil

was made of an open-circuited coaxial transmission line
with the bisected center conductor and a continuous
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outer conductor. This coil design supports transverse
electromagnetic waves due to its multiconductor and

uniform medium (i.e., air) structure. The prototype

TEM resonator operated at 170MHz, corresponding to

the proton Larmor frequency at 4 T. With a 34-cm outer

diameter (OD; determined by RF shielding), a 27-cm

inner diameter (ID; determined by resonant elements),

and a 22-cm length, the TEM coil was shown to have an

effective imaging region of 23-cm by 23-cm approxi-
mately in the transaxial plane. By performing an

asymmetrical adjustment of individual resonant element

impedance, B1 homogeneity with 10% variation over a

15-cm diameter spherical volume could be achieved in

the unloaded case [11]. Recently, the TEM coil has been

successfully applied to high-field MRI at 7 and 8T [3–5].

Another volume coil called free element resonator

was developed by Wen et al. [13] for high-field MRI. The
coil comprised 16 independent, inductively coupled

rectangular LC resonant circuits (free elements) associ-

ated with RF shielding. The coil dimension was 41-cm

OD by 28-cm ID by 37-cm length. The effective imaging

region of the prototype coil in the transaxial plane was

about 20cm� 20cm. The B1 distribution in the imaging

area could be improved by rotating the resonant ele-

ments appropriately to compensate for the B1 distur-
bance caused by an asymmetric load, such as the human

head.

Recently, we have demonstrated the feasibility of

designing an efficient high-field surface coil based on the

concept of using microstrip transmission line (MTL) as

a resonator, which consists of a thin strip conductor and

a ground plane separated by a low-loss dielectric mate-

rial [14]. Due to its specific semi-open transmission line
structure, substantial electromagnetic energy is stored in

the area near the strip conductor. This results in reduced

radiation losses and reduced perturbation of sample

loading to the RF coil at high fields. In this paper, we

present a volume coil design using MTLs as resonant

elements for acquiring high-quality images of the human

head at 4 T. In comparison with previous designs, the

new MTL volume coil design is simpler and has a much
larger usable space inside the coil. This design could

provide a simple solution for reducing technical diffi-

culties in performing MRI/MRS studies at high fields.

This work was presented in part in the 9th annual

meeting of International Society for Magnetic Reso-

nance in Medicine (ISMRM), Glasgow, UK, April,

2001 [15].

2. Materials and methods

2.1. Characteristics of a single MTL resonator

The MTL has been widely used in RF/microwave

circuit design. It is formed by a dielectric substrate

sandwiched between a strip conductor and a ground
plane as illustrated in Fig. 1a. A standard circuit dia-

gram describing an MTL is displayed in Fig. 1b, where

Z0 and b are the line�s characteristic impedance and

propagation constant, respectively. The basic analysis of

the MTL resonator used as an RF coil at high fields had

been described previously [14,16]. The MTL has an

asymmetric structure between the strip conductor and

ground plane as indicated in Fig. 1a. Therefore, the ef-
fective dielectric constant eeff of the microstrip line in-

stead of the relative dielectric constant er of the substrate
has to be considered in characterizing different param-

eters related to the microstrip resonant element. The

expression of effective dielectric constant in unloaded

case can be given by [17]

eeff ¼
er þ 1

2
þ er � 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð12H=W Þ

p ; ð1Þ

where H is the distance between the strip conductor and
ground plane andW is the width of the strip conductor.

The characteristic impedance Z0 and propagation con-

stant c of microstrip resonant element can be calculated

according to Eqs. (2) and (3) [17]

Z0 ¼
120pffiffiffiffiffiffi

eeff
p ðW =HÞ þ 1:393þ 0:667 lnððW =HÞ þ 1:444Þf g

ð2Þ

Fig. 1. (a) Sectional sketch of an MTL. The commonly used material

for strip conductor and ground plane is copper. The geometry of MTL

determines its nature for preventing Q value from radiation losses in

the MR applications of RF coils. H is the distance between the strip

conductor and ground plane,W is the width of the strip conductor and

l is the width of the ground plane. (b) A standard circuit diagram

describing a microstrip line. Z0 and b are the line�s characteristic im-

pedance and propagation constant, respectively.
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and

c ¼ a þ jx
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l0e0eeff

p
; ð3Þ

where e0 is the relative dielectric constant of free space, l0

is the permeability of free space, x is resonant angular

frequency, and a is the attenuation constant. In our case,

a results from conductor losses ac, dielectric losses ad and

radiation losses ar for unloaded condition. However, for

human head MR imaging applications, the sample losses

must be considered. The fundamental resonant frequency
of a single MTL resonator can be expressed as

f ¼ c
2L

ffiffiffiffiffiffi
eeff

p ; ð4Þ

where c is the speed of light in free space and L is the

physical length of the microstrip element. Therefore, one

critical parameter determining the MTL resonant fre-
quency is L, which is inversely proportional to f. A

single microstrip line has been applied to build a square-

shape or circular surface coil for high-field MRI appli-

cations [14]. In principle, a volume coil could be built by

using multiple straight MTL elements. To make such a

volume coil operate properly, coupling between the

MTL resonant elements, an important parameter in

volume coil design, has to be evaluated.
The coupling coefficient (Kc) between two adjacent

microstrip lines can be expressed as

Kc ¼
jð�ZZ0e � �ZZ0oÞ sin bL

2 cos bLþ jð�ZZ0e þ �ZZ0oÞ sin bL
; ð5Þ

where b (¼ 2p=k) is the propagation constant with the

effective wavelength k ¼ k0=
ffiffiffiffiffiffi
eeff

p
, ko is the wavelength in

the air, �ZZ0e and �ZZ0o are the even and odd modes of the

normalized characteristic impedance of the two micro-

strip lines considered and they can be calculated using

Eqs. (6) and (7) [18,19]

�ZZ0e ¼
60

Z0

ffiffiffiffiffiffi
eeff

p ln 2

�

þ ln
1þ tanhðpW

2H Þ tanhðp2 
 WþS
H Þ

1� tanhðpW
2H Þ tanhðp2 
 WþS

H Þ

�
; ð6Þ

�ZZ0o ¼
60

Z0

ffiffiffiffiffiffi
eeff

p ln 2

�

þ ln
1þ tanhðpW

2H Þ cothðp2 
 WþS
H Þ

1� tanhðpW
2H Þ cothðp2 
 WþS

H Þ

�
; ð7Þ

where S is the distance between the two adjacent mi-
crostrip elements. When W þ S P 2H , �ZZ0e � �ZZ0o that

leads to Kc � 0 according to Eq. (5) (i.e., the MTL ele-

ments are decoupled).

2.2. Dielectric resonance compensation in the human head

Due to the high permittivity of the human head, the

dielectric resonance effect, resulting in higher signal in-
tensity in the central region of the head image, has to be

considered in designing volume coils for use at high
fields. To obtain a relatively uniform MR image in the

human head, an inhomogeneous intrinsic B1 distribution

in the transaxial plane (i.e., stronger B1 in peripheral

region and relatively weaker B1 in central region) in free

space had been intentionally designed in this work to

compensate for the dielectric resonance effect in the

human head in the transaxial orientation. We have

demonstrated that the penetration depth of the B1 field
generated by an MTL resonator decreases when a small

H or a large ratio of W/H is used [14]. Therefore, utili-

zation of small H in designing an MTL volume coil can

lead to a stronger B1 field in the peripheral areas than

that in the central areas inside the MTL volume coil,

ultimately leading to relatively uniform MR images for

human head applications. In this study, we used a rel-

atively small H (0.64 cm) compared with W (2.54 cm)
and S (2.45 cm) in the MTL volume coil design. This

configuration satisfies the decoupling condition (i.e.,

W þ S P 2H ). Therefore, coupling among the microstrip

resonant elements is weak. To make the entire MTL

volume coil resonate, a floating plane was introduced

for coupling the MTL resonant elements.

2.3. MTL volume coil design

Fig. 2 illustrates the schematic drawing of MTL

volume coil and the photograph showing the prototype

MTL volume coil structure with quadrature driving

circuits for human head MRI at 4T. The MTL volume

coil was built on a clear acrylic cylinder with dimensions

of 26.7-cm OD by 25.4-cm ID by 21-cm length, which

also served as a dielectric substrate for the microstrip
resonant elements. The acrylic material used in the de-

sign has a relative dielectric constant ðer) of 3 at the

frequency of interest (170MHz). The coil comprised a

total of 16 open-circuited microstrip resonant elements,

which were equidistantly distributed around the acrylic

cylinder. Each microstrip conductor was made from 2.5-

cm wide adhesive-backed copper tape of 36-lm thick-

ness (3M, St. Paul, Minnesota) and was simply taped to
the inner surface of the acrylic cylinder wall. A cylin-

drical copper foil (18-lm thick copper foil from Oak-

Mitsui, Hoosick Falls, NY) was continuously rung on

the outer surface of the acrylic cylinder wall and was

bisected in the middle plane that is perpendicular to the

cylinder�s axis leading to one ground plane and one

floating plane as illustrated in Fig. 2a. Fig. 2b shows the

photograph of the prototype MTL volume coil for hu-
man head MRI at 4T. All microstrip resonant elements

were electromagnetically coupled via the floating plane.

This coupling mechanism is conceptually illustrated in

Fig. 3. A single MTL modified with bisection can be

considered a combination of two shorter standard mi-

crostrip lines. One short piece of the strip conductor

above the bisected gap can be modeled as an inductor
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with an impedance of jX (X P 0). Fig. 3a displays an

equivalent circuit diagram describing such a bisected

microstrip resonant element. For an MTL volume coil

segment consisting of two adjacent microstrip resonant

elements, the floating plane between the two microstrip
resonant elements can be considered an inductor with an

impedance of jX1, leading to an electromagnetic cou-

pling between the two elements (see the equivalent cir-

cuit diagram in the bottom insert of Fig. 3b). The same

concept can be further expanded to the rest elements

used to build an MTL volume coil. Tuning of the MTL

volume coil resonant frequency was achieved by sliding

the floating plane axially to change the overlap between
the strip conductor and the floating plane, and there-

fore, the effective length of the microstrip resonant ele-

ments. The resonant frequency could be tuned over a

Fig. 2. (a) Sketch of the MTL volume coil with quadrature driving

circuits. The MTL volume coil was built on an acrylic cylinder that

also serves as a dielectric substrate. There are 16 open-circuited mi-

crostrip resonant elements, which are equidistantly distributed on the

inner surface of the acrylic cylinder. The coil is comprised of a bisected

ground plane and a floating plane that wrap on the outside surface of

the acrylic cylinder. The gap between the two plane edges is less than

few millimeters. CM denotes the impedance matching capacitor. The

detail structure of one of the microstrip resonant elements connecting

with the quadrature driving circuit is shown on the top. Unlike the

existing high-field volume coil designs (e.g., the TEM coil, the free

element coil and the RF shielded birdcage coil) which are characterized

by TEM wave, the wave propagating in the MTL volume coil is a

quasi-TEM wave due to the asymmetric structure of its microstrip

resonant elements. (b) Photograph of the prototype MTL volume coil

for human head MRI at 4T. The coil dimension is 26.7-cm OD by

25.4-cm ID by 21-cm length.

Fig. 3. (a) An equivalent circuit diagram describing a microstrip res-

onant element with bisected ground plane and floating plane by cutting

a gap located at the center. This modified MTL can be considered a

combination of two shorter standard microstrip lines and the short

piece of the microstrip line above the gap can be modeled as an in-

ductor (jX X P 0). (b) Schematic diagram of an MTL coil segment

consisting of two microstrip resonant elements. The floating plane

between the two microstrip resonant elements can be considered an

inductor with an impedance of jX1, which leads to the equivalent cir-

cuit diagram (bottom inset) illustrating the mechanism for achieving

the electromagnetic coupling between the driving element and other

adjacent elements by introducing the floating plane.
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range of 50MHz using this approach. It is important to
note that the introduction of the floating plane would

significantly increase the effective length of the micro-

strip resonant elements used for the MTL volume coil

design, ultimately, resulting in a much lower resonator

frequency of the volume coil than that predicted by Eq.

(4).

2.4. Bench test and validation

One variable capacitor (CM) (Voltronics, Denville,

NJ) was connected serially to the strip conductor of the

driving microstrip element for matching the high im-

pedance of the input point to system�s 50X. For the

quadrature coil design as presented in this paper, the

two driving elements that are 90� apart in phase were

connected to a quadrature hybrid (KDI/Triangle,
Whippany, NJ). For optimizing the efficiency of RF

transmission and reception, the two quadraturely driv-

ing ports of the coil were adjusted identically in resonant

frequency, 3 dB bandwidth of the resonance peak, and

the degree of impedance matching. The isolation be-

tween the two driving ports was determined using

transmission coefficient, i.e., S12 or S21 measurement

taken on a Hewlett Packard Model 4396A network
analyzer with a frequency range of 100KHz to 1.8GHz.

The transmission coefficient measurement using two

shielded 2-cm single loops (search coils) for RF trans-

mitter and detector was also used to measure the Q

values of the MTL volume coil at 170MHz in both

unloaded and loaded cases.

B1 distribution of the MTL volume coil in the un-

loaded case was evaluated using scattering parameter
S21 or S12 measurement with the search coils. To verify

the results of the B1 measurement and evaluate the

feasibility and efficiency of the high-frequency MTL

volume coil design for MR applications on the human

head, a set of gradient recalled echo (GE) images of a

mineral oil phantom and the human head in the trans-

verse and sagittal orientations were collected on a 4T/

90 cm whole body magnet equipped with actively shiel-
ded gradients (Siemens, Erlangen, Germany). The

magnet was interfaced to the Varian INOVA console

(Varian Associates, Palo Alto, CA). The multiple

transverse images were acquired using the imaging pa-

rameters of TE¼ 4ms, TR¼ 10ms, flip angle¼ p=8,
FOV ¼ 26cm� 26cm, and slice thickness¼ 5mm. A

transverse proton-density image (one slice) was collected

with a longer TR of 1000ms. A 2-ms Gaussian RF pulse
with a power of 349W was required to achieve a nom-

inal p=2 flip angle in the whole head.

To further evaluate the performance of the prototype

MTL volume coil, a comparison study on signal-to-

noise (SNR) and MR signal intensity variation (SIV) in

both phantom and the human head was conducted be-

tween the MTL volume coil and a 170-MHz RF shiel-

ded high-pass birdcage coil. The dimensions of the RF
shielded birdcage coil were 25.4-cm in ID and 20.5-cm in

length, which were very close to the dimensions of the

MTL volume coil (25.4-cm in ID and 21-cm in length).

The diameter of the RF shielding used in the RF shiel-

ded birdcage coil was 32 cm, and its length was 29.5 cm.

The RF shielded birdcage coil was first optimized on

bench in both unloaded and loaded cases. The resonant

frequency was tuned exactly to the proton Larmor fre-
quency at 4T. The reflection coefficient S11 of each

quadrature port was greater than )38 dB which indi-

cated the coil�s input impedance at each quadrature port

was well-matched to system�s 50X. Isolation between

the two quadrature ports (transmit coefficient S21 mea-

surement) was greater than )25 dB. The phantom used

in the comparison study was a cylindrical bottle with a

dimension of 15-cm in diameter by 25-cm in length filled
with mineral oil. The quantitative comparison was based

on the method described in literature [3]. Two sagittal

GE images across the center of the phantom were ac-

quired with exactly the same acquisition parameters

using the prototype MTL volume coil and the RF

shielded birdcage coil, respectively. These images and

their 1D intensity profiles were used to define the slice

positions, which showed the strongest MR signal in-
tensity along the axial direction of the coil, for acquiring

the transverse GE images for the purpose of sensitivity

comparison between the two volume coils. To minimize

the possible saturation effect, a long repetition time

(TR¼ 5000ms for phantom; TR¼ 1000ms for human

head) and small flip angle (¼ p=16) were used in the

transverse image acquisitions. Other imaging acquisition

parameters for acquiring the transverse images were:
3.1ms TE, 5mm slice thickness, 128� 128 matrix size,

and 24� 24cm2 FOV. For improving the accuracy of

sensitivity comparisons, the nominal p=2 flip angle was

calibrated using the NMR signal from the transverse

image slices of interest for both coils. Importantly, all

the experimental parameters and configurations were

kept the same throughout the entire procedure of the

comparison, including the relative positions between
the imaging samples (phantom or the human head) and

the volume coils.

3. Results

The prototype MTL volume coil was tuned to

170MHz for proton imaging at 4 T. The Q values of the
coil in the cases of unloaded and loaded with the human

head were 530 and 135, respectively. They are signifi-

cantly higher than the unloaded and loaded Q values of

the RF shielded birdcage coil measured in this study (96

versus 32), which were in agreement with the previous

report (100 versus 35) of Wen and co-workers [13]. For

the MTL volume coil, the isolation between the two
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quadrature-driving ports was greater than )36 dB. The
reflection coefficient (S11) of each driving port measured

was better than )45 dB, which indicated that the two

ports were well matched to the system impedance of

50X. Fig. 4 shows the normalized B1 plots obtained

from bench measurements by using the network ana-

lyzer with the 2-cm search coil. Within the transaxial

(x� y) plane, the B1 intensity at the region near the

microstrip resonant elements was stronger than that in
the center region, as illustrated in Fig. 4a. The variation

over a 23-cm distance is about 15%. In the axial (or z)

direction, the B1 variation is around 29% over a 21-cm

distance (i.e., length of the MTL volume coil) as shown

in Fig. 4b. Despite a much smaller outer diameter of this

MTL volume coil (OD¼ 26.7 cm) compared with the

RF shielded birdcage coil (OD¼ 32 cm), the TEM coil

(OD¼ 34 cm) [11] and free element coil (OD¼ 41 cm)
[13], the MTL coil provided a relatively large effective

imaging area of about 23-cm by 23-cm in the transaxial

plane. The B1 patterns were also reflected in the MR

images acquired by the MTL volume coil from a mineral

oil phantom in the sagittal orientation (Fig. 5a) and the

transverse orientation (Fig. 5b). In this case, the image

intensity distribution was determined mainly by the in-

trinsic B1 field of MTL volume coil because the dielectric

resonance effect in the mineral oil at that phantom size is
very small and therefore can be ignored at 170MHz.

The image intensity profiles in Fig. 5 show relatively

large variations in space compared with the B1 profiles

shown in Fig. 4. The inhomogeneous B1 field of MTL

volume coil can contribute to the image intensity vari-

ations in both proton spin excitation (/ sinðkB1Þ, where
k is a constant) and NMR signal reception (/ B1), thus,

increasing the variations.
Fig. 5a shows the comparison of the sagittal images

collected from the mineral oil phantom using the MTL

volume coil and the RF shielded birdcage coil, respec-

tively, at 4 T, as well as the 1D profiles of the MR signal

intensity through the image centers as plotted on the top

portion of the figure. For both coils, the coil center of-

fered the strongest MR signal as expected. Therefore,

transaxial planes across the center of both coils as in-
dicated by the arrows in Fig. 5a were selected to acquire

transverse images with long TR and small flip angle for

the SNR comparison study. Fig. 5b shows the transverse

GE images and 1D profiles of the MR signal intensity

through the image centers acquired using the MTL

volume coil and the RF shielded birdcage coil, respec-

tively. The advantage of MTL volume coil compared

with the RF shielded birdcage coil is clearly manifested
by these images and 1D profiles. Quantitatively, the

relative values of the MR signal intensity in the different

locations in the images were measured from boxes

(10� 10� 5mm3 box size) as shown in Fig. 5b. The

average values of signal intensity in the peripheral areas

were 34.3 for the RF shielded birdcage coil and 73.3 for

the MTL volume coil. In the center region of the images,

values of signal intensity were 32 for the RF shielded
birdcage coil and 47 for the MTL volume coil. The

overall signal intensity averaged from the five boxes in

the phantom (Fig. 5) was 33.8 for the RF shielded

birdcage coil and 68 for the MTL volume coil. For both

images, background noise was at the same level, which is

evident in the base lines of 1D profiles in Fig. 5b. MR

signal intensity variation (SIV) in this study was defined

as SIV ¼ ððSIc �AVpÞ=AVaÞ � 100% where SIc is the
relative MR signal intensity in the center area of image;

AVp is the average of the MR signal intensity in four

peripheral areas of image; AVa is the arithmetical av-

erage of all five measured signal intensity values on the

image. According to the 1D profiles of the transverse

images shown in Fig. 5b, the RF shielded birdcage coil

had a more uniform B1 distribution in the transaxial

plane than that of the MTL volume coil in the near-
unloaded case.

The same comparison approach as used in the

phantom experiment was applied to the human head.

The human head transverse images were acquired using

the two coils under exactly the same conditions, i.e., the

same experiment setup, image acquisition parameters,

magnet and console, as well as subject. Fig. 6 shows the

Fig. 4. (a) Unloaded B1 profile of MTL volume coil in the transaxial

plane (X–Y plane). This inhomogeneous B1 pattern can compensate for

the dielectric resonance effect in the human head. (b) Unloaded B1

profile of MTL volume coil along the z direction. In the horizontal

axis, 0 is defined as the center of the coil.
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experiment results. The overall average signal intensity

in the human head was 34.7 for the RF shielded bird-

cage coil and 53.2 for the MTL volume coil. The MTL

volume coil gained about 53% in SNR in the human

head over that of the RF shielded birdcage coil. In ho-

mogeneity measurements of the head transverse images,

SIV was 31.8% for the MTL volume coil while 55.4% for

the RF shielded birdcage coil. This result demonstrates

that the MTL volume coil achieves a 43% lower SIV

than that of the RF shielded birdcage coil in the human

head.

A series of 4 T human head images from a healthy

volunteer obtained with the MTL volume coil in the

transverse orientation is shown in Fig. 7. The proton

density image (Fig. 7a) shows relatively uniform signal

intensities across the entire brain. This uniformity indi-

Fig. 5. (a) Two sagittal GE images of a cylindrical mineral oil phantom acquired using the prototype MTL volume coil (left column) and an RF

shielded birdcage coil (right column), respectively. The 1D image profiles along the center of the phantom (top insets) were used to determine the

positions having the highest MR signal intensity for acquiring the transverse images. Arrows point to the positions of the transverse images to be

acquired. The imaging acquisition parameters used for both coils were identical: TR¼ 2000ms, TE¼ 3.1ms, Flip angle ¼ p=16, slice thick-

ness¼ 5mm, FOV ¼ 24� 24cm2, and matrix size ¼ 128� 128. (b) Two fully relaxed transverse GE images of a cylindrical mineral oil phantom

acquired using the prototype MTL volume coil (left column) and an RF shielded birdcage coil (right column), respectively, with the same image

acquisition parameters, which were identical to that used in (a) except a longer TR (¼ 5000ms) was used. The numbers in the small boxes show the

experimental values of signal intensity measured at five locations on the images.
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cates that the MTL coil design with an inhomogeneous

intrinsic B1 field distribution in the transaxial plane ef-

ficiently compensated for the image inhomogeneity
caused by the dielectric resonance effect in the human

brain in the transverse orientation at 170MHz.

4. Discussion

In this paper, we present a new RF volume coil based

on the use of the MTL resonator elements for high-field
MRI applications. Unlike previous approaches, such as

the TEM coil or the free element coil or even the RF

shielded birdcage coil, which supports TEM wave, the

MTL volume coil presented in this paper supports

quasi-TEM wave due to the asymmetric structure of the

microstrip resonant elements.

The MTL volume coil is characterized by a distrib-

uted element design. It provides better MRI sensitivity
(> 50%) in the human head when compared with the RF

shielded birdcage coil based on the lumped element de-

sign at 4 T. In contrast with existing high-frequency

volume coils, the MTL volume coil provides several

major advantages: (i) the MTL volume coil structure is

simple, thus, it is easily fabricated, requiring fewer parts

(e.g., fixed or variable capacitors) and (ii) the MTL

volume coil does not require additional RF shielding for
preventing performance degradation from radiation

losses due to the unique structure of MTL. Thus, it of-

fers a much larger usable space inside the volume coil

due to its extremely low OD/ID ratio of 1.05 versus 1.26

for the previously published TEM resonator volume coil

[11] as well as for the RF shielded birdcage coil used in

this study, and 1.45 for the free element resonator coil

[13]. This is essential for many MRI applications at high
fields where the spaces inside the magnets are usually

limited (e.g., with an inserted head gradient). In addi-

tion, the intrinsic B1 distribution of the MTL volume

coil effectively compensates for the dielectric resonance

effect at 4 T and improves the signal homogeneity sig-

nificantly in human head images in the transverse ori-

entation. The image quality of the MTL volume coil

could be further improved by optimizing the ratio W =H
of microstrip resonant elements, permittivity of the di-

electric substrate, and the number of the microstrip el-

ements. However, the intrinsic B1 distribution designed

in this work does not improve the homogeneity of MRI

signal intensity along the axial (z) direction.
Bisecting the ground plane of microstrip resonant

element is essential for achieving electromagnetic cou-

pling and resonating all MTL elements. This notion is
supported by the result of the bench test showing that

the resonance of interest in the prototype MTL volume

coil vanishes completely when the bisected ground

planes, especially near the driving elements, are con-

nected electrically (i.e., short ground plane and floating

plane). This connection can provide an efficient method

for detuning the coil, and could be useful for designing a

multiple RF coil system with separate transmitter and
receiver coils. On the other hand, the design using the

bisected ground planes can lead to a significant increase

in the effective MTL resonator length, and a decrease in

the resonant frequency of the designed MTL volume

coil compared with the resonant frequency of a single

standard MTL resonator element according to Eq. (4).

This design feature provides one option for designing an

MTL volume coil with a relatively short coil length at
4 T, or alternatively, with a longer coil length at rela-

tively low field strengths (e.g., 3 or 1.5 T).

As mentioned previously, frequency tuning of the

prototype MTL volume coil was achieved by changing

the degree of overlap between the strip conductors and

bisected floating plane. Another efficient approach for

tuning coil frequency is to terminate the MTL resonant

elements capacitively using variable capacitors [16]. A
trait of this approach is that termination capacitors can

store some electric field energy, thus reducing the electric

field in the end region of the coil. In addition, termi-

nation capacitors can increase the RF current in the end

region of the coil, thus increasing B1 field penetration

and improving B1 homogeneity along the coil axis. This

type of B1 distribution is desired in some circumstances

where the specific MR studies need the coil �seeing�
farther along the coil axis. For an individual microstrip

resonant element, the resonant frequency can be modi-

fied by choosing an appropriate dielectric substrate with

a different relative dielectric constant according to Eq.

(4). This modification can provide an alternative ap-

proach for changing the operation frequency of the

MTL volume coil.

Fig. 6. Transverse GE human head images acquired from a healthy

volunteer using the MTL volume coil and the RF shielded birdcage

coil, respectively. The numbers in the small boxes show the experi-

mental values of signal intensity measured at five locations on the

images. The acquisition parameters were: TR¼ 1000ms, TE¼ 3.1ms,

flip angle ¼ p=16, slice thickness¼ 5mm, FOV ¼ 24� 24cm2, and

matrix size ¼ 128� 128.
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A more open head volume coil is desirable for MRI/

MRS applications. Due to the unique structure of MTL,

most of the electromagnetic fields toward the outside of
the volume coil were restrained by the ground plane and

floating plane. Practically, for designing an MTL vol-

ume coil with sufficient air flow for the patient and a

favorable environment for functional MRI studies, the

part of dielectric substrate and the bisected ground

planes between the adjacent microstrip elements can be

partially taken off with a negligible Q value degradation

and B1 distortion as long as the conditions of microstrip
line are satisfied. This could also reduce the possible

eddy currents around the coil for certain MRI studies in

which a strong gradient is employed.

Finally, the MTL resonator can be adapted to design

other types of RF coils with different geometry. One

example is the dome-shaped coil which is characterized

by increased filling factor, great sensitivity and homo-

geneity in the top area of the human head [20–25]. By
applying the microstrip resonator volume coil tech-

nique, the dome-shaped coil could be readily con-

structed for MRI/MRS applications at 4 T.

5. Conclusions

In summary, an MTL volume RF coil operating at
high frequency has been successfully designed and

evaluated for 1H MRI on the human head at 4T. Our

results show the feasibility and excellent performance of

the MTL volume coil for high-field MRI/MRS appli-

cations. The concept of RF coil design using the mi-

Fig. 7. (a) A proton density image (TR¼ 1000ms, TE¼ 4ms, flip angle ¼ p=8, FOV ¼ 26cm� 26cm, slice thickness¼ 5mm) and (b) a set of the

multiple slice transverse GE images (the same acquisition parameters, except a shorter TR of 10ms was used) from the human head acquired with the

MTL volume coil at 4 T.
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crostrip resonators makes high-frequency RF coil de-
signs simpler and it also provides the possibility to effi-

ciently extend the same concept to a variety of low-field

RF coil designs for high-field applications. This MTL

coil design should benefit both the research community

and the clinical community with rapidly increasing de-

mands on RF volume coils at high fields.
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