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RADIO FREQUENCY VOLUME COILS FOR 
IMAGING AND SPECTROSCOPY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation in part of US. Ser. No. 
08/526,135, ?led Sep. 5, 1995, now US. Pat. No. 5,557,247 
Which is a ?le Wrapper continuation of US. Ser. No. 
08/103,940 ?led Aug. 6, 1993, noW abandoned. 

BACKGROUND OF THE INVENTION 

The invention relates to extending the inherent signal-to 
noise (S/N) advantage of high ?eld MR to human imaging 
and spectroscopy, doing so by using a distributed circuit 
approach to designing RF volume coils, Which approach 
Wavelength dimensions. Performance of conventional 
lumped element designs succumbs to: 1) non uniform cur 
rent distributions resulting in decreased homogeneity, 
decreased ?ll factor, and increased electric ?eld losses, 2) 
decreased conductor skin depths resulting in decreased Q 
and increased ohmic losses, 3) self resonance beloW or too 
close to the desired frequency of operation and 4) increased 
electromagnetic radiative losses. 
At higher frequencies the phase change due to ?nite 

propagation velocity of transmit and receive signals on coil 
conductors is no longer negligible. To preserve coil perfor 
mance above 100 MHZ, coil circuits must be distributed, and 
the distributed nature of the patient loaded coil must be 
considered. 

More speci?cally in the present invention, lumped ele 
ments are replaced by transmission line and cavity elements, 
in the design of Which lumped element circuit theory has 
been replaced by transmission line, i.e., transverse electro 
magnetic (TEM) theory. DC circuit and ?eld analysis is 
replaced With fully time-dependent AC analysis for the coil 
and the human load. High frequency coils designed by the 
high frequency methods presented herein, have optimum 
desired B1 ?eld characteristics minimiZed coil losses and 
maximiZed self resonance. The inherent SIN advantage of 
high ?eld MR is thereby realiZed in clinical images and 
spectra. 
Lumped transmission line elements have been proposed 

heretofore for use in high frequency MR coil circuits. Thus, 
in 1976 Schneider and Dullenkopf proposed their slotted 
tube resonator probe head More recently, Barfuss et al., 
used capacitively shortened, half Wave slotted tube lines for 
170 MHZ (4 T) human body coils Roschmann mini 
miZed the electric ?eld loss problems of these resonator 
designs by replacing the unshielded, lumped element, slotted 
tube With a “tube” of half Wave coaxial transmission line 
elements The present invention provides further 
improvements of this transmission line (TEM) resonator in 
the form of variable tuning, double tuning, matching, and 
quadrature phasing (4, 5, 6). 

In the previously knoWn NMR coils, an RF shield Was 
provided around the coil to stop or shield all signals at the 
radio frequency at Which the RF coil resonates and to also 
pass unimpeded the sWitched DC gradient ?elds used to 
magnetically localiZe an image slice or volume. 

In these previously knoWn shields for NMR coils, such 
coils used a thick copper or conductive layer that retarded 
the sWitch gradient ?eld induced eddy current by cutting or 
etching breaks or gaps in the conductive layer to interrupt or 
break up any eddy current ?ux path. This approach also 
interrupted the RF ?ux path making the shield inef?cient or 
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2 
“leaky”. Additionally, the gaps in these prior art shields 
alloWed some RF to pass through the shield unshielded. 

SUMMARY OF THE INVENTION 

The present invention provides novel distributed element 
radio frequency (RF) coil design, capable of achieving large 
volume, distributed element coils for MR imaging, Which as 
compared to prior art coils, have increased magnetic ?eld 
homogeneity and ?ll factor, While minimiZing E loss. They 
have more conductor surface Which decreases resistance, 
and increases Q. Further, their self resonance is far above 
clinical coil frequencies, and electromagnetic losses are 
contained, and minimiZed, as Well. Of course, a coil accord 
ing to the invention also Works Well With lesser volumes, and 
loWer frequencies. 
A tunable TEM resonator according to the invention has 

a cavity and a set of transmission line segments Which 
provide a high frequency magnetic ?eld in the cavity. 
Circuitry including the distributed impedance of all the 
segments together determines the ?eld frequency. 
The resonator has an adjustment mechanism connected to 

the segments for adjusting the distributed impedances 
thereof at the same time. Each segment has a pair of 
members, such as the inner and outer conductors of coaxial 
cable, de?ning the distributed impedance of the segment. 
One member of each pair is positionable With respect to 

the other member for setting each segment’s distributed 
impedance, and is connected to the adjustment mechanism, 
Which is operable to position, simultaneously, all the mem 
bers Which are connected to it. 

The resonator can be constructed for selective operation at 
different ?eld frequencies. More than one ?eld frequency 
may be provided by having the resonator include tWo or 
more sets of adjustable impedance segments arranged about 
the volume Within the cavity. In this case, the adjusting 
mechanism also provides for positioning all the positionable 
members of each set simultaneously, but preferably Without 
affecting the positions of members of any other set. 
A preferred form of segment is a length of coaxial 

transmission line, Wherein the center conductor’s length is 
interrupted intermediately, so that the circuitry, of Which it 
forms part, incorporates it as a half-Wave resonator balanced 
With respect to a virtual ground plane of the cavity. 

Preferably, the circuitry for each set of segments includes 
a variable reactor connected to one of its segments for 
compensating for the effect of, say, a human body or body 
part on a ?eld due to a set of segments. The set or sets of 
segments Will have been tuned prior to using the resonator 
to image a subject. 

In a double-tuned form of the invention the tWo tuning 
frequencies can be up to 500 MHZ and higher, With the same 
cavity providing generally the same sensitivity to the con 
tents there at both frequencies. High Q ratios, e.g., 800/80 
for the human head can be attained along With high 
ef?ciency, e.g. 90°, ikW/250 psec square pulse, head 
optimiZation, and high homogeneity of ?eld, e.g., 10% A3,, 
over 80% of the cavity inner diameter. At the same time, the 
coil operates at high poWer, e.g., 15 kW, With highly 
contained ?elds having minimal coupling to the exterior of 
the coil, making the coil ideal for combinations With close 
?tting magnet gradient coils, or other RF coils. 
The particulariZed object of this invention is to provide a 

tunable TEM resonator, Which is both singly and/or 
multiply-tunable; variably tuned, matched, and quadrature 
phase optimiZed; and useful for circularly polariZed volume 
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coil constructions, as in medical and scienti?c applications 
for MR imaging, or spectral analysis. 

Another object of the invention is to provide a TEM 
resonator for operation at more than one frequency. 

Another object of the invention is to provide a TEM 
resonator Which can be tuned to one or other of several 

frequencies. 
Another particular object of the invention is to provide a 

TEM resonator having a plurality of sets of distributed 
irnpedance elernents, Wherein each such set tunes the reso 
nator to a corresponding frequency, substantially Without 
affecting the tuning thereof at any other frequency. Again, it 
is a particular object of the invention to provide a TEM 
resonator tuned to each of tWo frequencies, at either of 
Which it is operable substantially independently of its tuning 
for the other. 

It is also a particular object of the invention to provide a 
TEM resonator having tWo sets of distributed resonance 
elernents, one set being arranged to provide for operation at 
a ?rst frequency, and the other set being arranged to provide 
for operation at a second frequency, but substantially With 
out either set affecting operation of the other. 

The present invention also provides an electromagnetic 
shield for NMR radio frequency coil having an electrically 
conductive layer surrounding the coil. This conductive layer 
preferably has a thickness of about one skin depth of the 
selected Larrnor frequency for the coil such that the con 
ductive layer, via the skin effect, ef?ciently conducts radio 
frequency currents and contains these radio frequency cur 
rents Within the coil. Simultaneously, the conductive layer 
attenuates loW frequency eddy current propagation of the 
type induced by sWitching gradient currents in an NMR 
application of the type used to rnagnetically localiZe an 
image slice or volume. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1a, b, c, d cornpare lurnped elernent resonant 
circuits to transmission line analogues. 

FIGS. 2a, b diagrarnrnatically illustrate a coaxial cavity 
used for high frequency volurne MR coils according to the 
invention. 

FIGS. 3a, b diagrarnrnatically illustrate a tuned TEM 
resonator according to the invention. 

FIG. 4 is a diagram of the modes of an eight elernent TEM 
resonator. 

FIGS. 5a, b, c, d, 6 show B1 ?ux line representations for 
the ?ve modes of an eight elernent TEM resonator, accord 
ing to the invention. 

FIG. 6 shoWs tirne-dependent B1 magnetic vector equi 
potentials for mode 1 of a head loaded coil according to the 
invention. 

FIGS. 7a, b shoW tirne-dependent B1 contours for mode 
1 of the phantom and head loaded resonator according to the 
invention. 

FIGS. 8a, b shoW alternative circuit models for a tuned 
TEM resonator according to the invention. 

FIG. 9 is an elevation, in perspective, of a tuned TEM 
resonator for a high frequency, large volume MR coil, 
according to the invention. 

FIG. 10 is a circuit diagram of a driven coaxial line 
element used in the present invention. 

FIG. 11 is a diagram of transmission return loss shoWing 
resonances of a sixteen elernent resonator according to the 
invention. 

10 

15 

25 

35 

45 

55 

65 

4 
FIG. 12 is an elevation, in perspective, of a dual frequency 

tunable TEM resonator for a high frequency, large volume 
MR coil, according to the invention. 

FIG. 13 is a sectional vieW of a portion of FIG. 12. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The tuned TEM resonator of the present invention is 
exernpli?ed by a transmission line tuned coaxial cavity 
resonant in a TEM mode. The coaxial line tuning elernents 
correspond to the “slotted” holloW center conductor of this 
coaxial cavity. 

In FIGS. 2a and 2b, the TEM cavity volurne coil is shoWn 
in the form of a reentrant cavity 1 such as is used for 
klystrons and microwave triodes The cavity is reentrant 
in that its conductive boundaries 2, 3, 4, 5 and 6 extend into 
or reenter the volume encompassed by the cavity. Using 
transmission line theory, approximations of the distributed 
irnpedance coef?cients R, L, C, the fundamental TEM rnode 
resonant frequency, and the resonant Q of this cavity are 
made. The coaxial cavity is similar to a coaxial line shorted 
at tWo ends and joined in the center by a ring capacitor CC, 
and having the dimensions 

The input impedance to each loW loss, shorted coaxial 
half cavity is given by 

The characteristic impedance for this coaxial cavity is 
derived from Eq. 

For a coaxial cavity Whose outside radius is bC and Whose 
inside radius is ac, 

(3) 

(4) 

for ot=0, 

(5) 

For ZinC=XinC Eq. (12), the distributed inductance LC of the 
loW loss cavity is: 

For the loW loss coaxial cavity, 

Lc=2ZOctan (1500/ mzzzllcl/ v0 (7) 

Compared to a lumped elernent coil circuit enclosing a given 
volume, the inductance LC of the coaxial cavity containing 
the same volume is signi?cantly loWer. The center gap series 
capacitance CC required to resonate this cavity at the design 
frequency f=u)/2J'c is: 
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And for the loW loss approximation, 

Cc=1/(20JZ0tan[50l) (9) 

This center conductor gap capacitance could be supplied in 
lumped elements or by a capacitive ring 7 as pictured in 
FIGS. 2a and 2b. Stray capacitance CS betWeen the inner and 
outer Walls of the coaxial cavity contributes a small fraction 
of the value CC. CS ultimately limits the cavity’s self 
resonance frequency Which is substantially higher than that 
of the lumped element coil of the same volume; a cavity of 
human head coil siZe Will resonate above 500 MHZ, for 
example. The stray capacitance for the lossless coaxial 
cavity is approximated by, 

CS=nel/ln(a/b) (10) 

The fundamental TEM mode resonant frequency fO of the 
cavity given by Eqs. (9, 10) is: 

fD=1/(ZTI\/(LCCC)) (11) 

The series conductor resistance RC in the cavity is deter 
mined by the frequency dependent surface resistance RS: 

Where 

RS=\/(0)/1D//2o)=1/o6 (12) 

ShalloW skin depth 6 of current ?ux in a good conductor 
o=6(107), S/m makes for the requirement of a large surface 
area of cavities for minimiZing R. The skin depth, 6, of 
copper at 100 MHZ, for example, is 0.0066 mm. 

6=1/\/(nf,uo) (13) 

The small, high frequency skin depth dimension hoWever 
alloWs the use of very thin foil or surface deposited con 
ductors Which adequately conduct (and contain) RF currents 
and ?elds, but effectively attenuate loW frequency eddy 
current propagation as induced by sWitching BO ?eld gra 
dient currents in the MR application. The characteristically 
high resonant Q,C of the cavity is: 

Although the optimum TEM mode Q occurring for the b/a 
ratio of 3.6 is not readily achievable in head and body coil 
applications in the meter bore magnet, practical coil dimen 
sions alloW for unloaded Q values in excess of 1000. The 
advantageous properties of decreased inductance, decreased 
resistance, increased frequency, high Q, and self shielding 
for the coaxial cavity should noW be clear. As pointed out, 
the cavity of the present invention makes for an effective 
shield as Well. 

The shield of the present invention is designed such that 
the conductive layer 23 (FIG. 9) surrounding the NMR coil 
has a thickness such that the conductive layer conducts RF 
current near the surface of the layer via the skin effect. As 
such, the thickness of the conductive layer is preferably 
about one skin depth at the selected Larmor frequency, i.e., 
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6 
the depth beloW the surface at Which the current density has 
decreased one neper beloW the current density at the surface. 
This is de?ned as a decrease in the ?eld to 1/e (36.8%) of its 
surface value. 
By selecting a conductive layer having a thickness equal 

to one skin depth, the conductive layer ef?ciently conducts 
the radio frequency at the selected Larmor frequency thus 
ef?ciently containing radio frequency ?elds Within the inte 
rior of the shield. Simultaneously, a thin conductive layer 
conducts the much loWer frequency ?elds of the type 
induced by sWitching ?eld grading currents or sWitched DC 
transients very inef?ciently. Consequently, such relatively 
loW frequency sWitched DC gradient ?elds pass essentially 
unimpeded through the conductive layer or shield. 

The electrically conductive layer preferably comprises a 
metal foil having a continuous surface. The layer may be a 
deposited metallic layer or a plated metal layer. 

Thus, for a conductive layer of at least one skin depth 
thickness at the selected Larmor frequency, an RF current 
?oWs ef?ciently through the conductive layer. When an RF 
electromagnetic signal, ie from the coil, impinges upon the 
conductive layer, a counter current or “shielding” current is 
induced in the conductive layer. The counter current in the 
conductive layer projects an opposing EM ?eld Which, When 
superimposed Within the source ?eld, creates ?eld cancel 
lation. The external RF signal is thereby effectively canceled 
or shielded at the conductive layer as desired. 

Conversely, When a DC magnetic ?eld gradient is 
sWitched, the sWitched gradient ?eld transient induces 
momentarily an opposing or shielding current to How in a 
nearby conductor. If this conductor, hoWever, is thin enough, 
much thinner than the skin depth of the higher frequency 
components of the gradient transient signal, then the 
sWitched gradient induced shielding currents or eddy cur 
rents Will be retarded and the sWitched gradient ?eld Will 
pass through the RF shield unimpeded as desired. 

Consequently, by utiliZing the skin effect phenomena at 
the RF frequency and selecting a conductive layer or “skin” 
having a thickness suf?cient to ef?ciently conduct the radio 
frequency currents and contain the radio frequency ?elds 
Within the coil and simultaneously attenuate loW frequency 
eddy propagation current of the type induced by sWitched 
DC gradient ?elds, the shield or conductive layer is effec 
tively opaque to RF ?elds and translucent to gradient ?elds. 
Furthermore, all of this is achieved Without the previously 
knoWn practice of providing slots or openings Within the 
shield Which renders the shield RF inefficient or “leaky”. 
Furthermore, since the conductive layer of the present 
invention is provided continuously around the coil Without 
gaps or slots, the previously knoWn RF leakage through the 
slots or gaps is effectively eliminated. 

To permit TEM mode magnetic ?eld propagation in the 
utility center of the coaxial cavity, the holloW center con 
ductor (reentrant Wall With capacitive cylinder), must be 
slotted (1, 2). Unshielded lumped element capacitors or 
capacitive plates bridging the cavity’s slotted center con 
ductor “leak” to the conservative electric ?eld largely 
stored Within these capacitors. Problematic stray E ?elds, 
hoWever, Which adversely affect the coil’s tune, match, and 
phase stability as Well as efficiency, can be better contained 
by using N coaxial line elements as tubular, shielded capaci 
tors 9 (3), as in FIG. 3b. The conservative E ?eld for the 
resulting TEM resonant cavity is thus largely contained 
Within the dielectric regions betWeen the ?oating outer 
conductors 10 of the coaxial elements, and the reentrant 
center conductors 11 Which are interrupted or split at 12, but 
are otherWise continuous With the cavity 1. (FIG. 3b) The 
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coaxial tuning element used is similar to a pair of open 
ended coaxial lines joined in the center by a continuous outer 
conductor. 

For the fundamental TEM mode resonance, each mirrored 
pair coaxial element is in balanced series resonance With the 
cavity. The current Waveform peak amplitude is centered on 
these balanced elements, and effects a transverse virtual 
ground plane Which bisects the tuned cavity. A desired 
transverse B1 ?eld maximum and an E ?eld minimum are 
thereby generated Within the cavity center as desired. 

The TEM cavity resonator is tuned to the design fre 
quency by adjusting the reactance (both L and C) of the line 
elements 9. Gross adjustment is managed by dimensional 
design of the elements and the cavity. Fine tuning is per 
formed by manipulating the center conductor gaps in the 
elements, i.e. positioning the center conductors to appropri 
ate insertion depths. 
The transmission line element tuned coaxial cavity 

according to the invention is the basis for high frequency, 
large dimensioned volume coils for MR applications, and 
can be brie?y characteriZed as a “tuned TEM resonator”. 

Transmission line theory (7) provides the design equa 
tions for the TEM resonator. The input impedance to each 
open coaxial half element is given by Eq. (15) 

and its characteristic impedance is derived from Eq. For 
the input impedance Zin=Xine and characteristic impedance 
ZO=ZO€, the distributed capacitance Ce for each of the 
coaxial tuning elements is: 

The distributed capacitance of a series pair of lossless open 
line segments is easily calculated using jZOcotBl for approxi 
mating Ce. 

C€=tan[5€l/20JZ0€=l/2Z0€l)=neel/ln(be/ae) (17) 

A coaxial tuning element of the cavity length 2l, FIG. 3b, is 
constructed for a desired Ce by choosing the appropriate 
dimensions for the center conductor radius ae and the outer 
conductor radius be. The dielectric material for the elements 
is typically not air, therefore ee=ereo Where the relative 
permativity for commonly used Te?on is e,=2. The distrib 
uted inductance Le for each coaxial element can be similarly 
derived from Eq. (15) for Le=2X- /u), and approximated by: Lne 

From Eq. (12), the resistance Re per element is: 

The total series inductance Lt, capacitance Cr, and resistance 
R, for an N element tuned TEM resonator are: 

L FL C+LE/N (20) 

CFNCE (21) 

Rt=Rc+Re)N (22) 
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Resonant frequencies are: 

f,=0J,/2n=[5v/2n=nv/4l=n/(4l\/(LC)), n=integer (23) 

In the approximations for L and C above, small amounts of 
mutual inductance and stray capacitance in the TEM reso 
nator structure Were not considered. By Eqs. (20, 21, and 23) 
the TEM mode resonance for the tuned TEM resonator is: 

fUr=1/(2n\/(L1:Cr)) (24) 

The Q factor for the TEM resonator is: 

QFZTIfULI/RI (25) 

When coupled inductively or capacitively to a matched 
transceiver netWork, the quality factor becomes Q/2 for the 
circuit loaded TEM resonator. 
TEM resonator modes: The tuned TEM resonator is a 

closed-ring periodic delay line similar to a traveling-Wave 
magnetron oscillator In the traveling Wave type 
oscillation, the mode M dependent phase difference (PM 
betWeen the electrical oscillations of N successive tuning 
elements is such to produce a rotating AC ?eld or traveling 
Wave periodic With TM in the interaction space betWeen the 
elements and the cavity of the resonator. 

¢M=27'1M/N =|3DTM (26) 

The traveling Wave propagates in the aZimuthal direction at 
an angular phase velocity (11M for the fundamental harmonic 
of mode M and phase constant [30 Where angular phase 
velocity (11M equals the resonant or eigen frequency of the 
corresponding mode. 

:(nM=:[5Dd¢/dt (27) 

In the pass-band of the resonator, :(IKJ'E, therefore from Eq. 
(27), OéMéN/Z for the integer M. (N/2+1) resonant modes 
are possible in the tuned TEM resonator. 

M=N¢M/2n (28) 

The fundamental modes and corresponding resonant fre 
quencies of the eight element tuned TEM resonator are 
graphically described in FIG. 4. The ordinate y is the unitless 
“retardation” ratio of the free space propagation velocity to 
the “sloW-Wave” angular velocity of the closed delay line 
resonator of radius a. 

The abscissa is the ratio of the free space Wavelength )to to 
the modal period "cM=2J'ca/M for the resonator. The curves 
y=fO()t/'c) for constant M/N are constant lines through the 
origin. The frequencies of the different fundamental modes 
are determined by the intersections of these constant mode 
lines With the dispersion curve: 

Because the angular phase velocity (1) has positive and 
negative components (traveling Waves propagate in tWo 
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directions around the closed-ring resonator), separate dis 
persion curves of positive and negative phase 4) may eXist 
resulting in more possible frequencies for the tuned TEM 
resonator, N in total. 

The loWest frequency corresponding to M=0 (the cyclo 
tron frequency mode) is the self resonance of the tuned TEM 
resonator Eq. (24). For this frequency With all tuning ele 
ments oscillating in phase, ¢=0°. The highest frequency and 
upper boundary for the fundamental modes corresponds to 
M=N/2, the at mode. In this mode all tuning elements are in 
phase opposition With adjacent elements, ¢=:180°. A single 
frequency standing Wave results. 

The remaining (N/2-1) modes of resonance are degener 
ate doublets for imperfect TEM resonator symmetries. A 
slight departure from circular symmetry in the resonator Will 
cause :dispersion curve separation resulting in degenerate 
mode splitting. The aZimuthal current distribution as a 
function of q) in the resonator elements can be generaliZed 
for an imperfect coil as a Fourier series of positive phase 
(co-rotating) and negative phase (counter-rotating) traveling 
Waves of unequal amplitude and phase, 

I=E1w(AMcos(mt—M¢+6)+BMcos(0Jt+M¢+E)) (31) 

Where 6 and E are arbitrary phase constants. For perfect 
circular symmetry Where A=B, and 6=E, the doublets con 
verge to a single frequency for each respective mode. As 
coupling betWeen the tuning elements decreases, the modal 
resonances converge toWard a single frequency approXi 
mated by Eq. (24). 
Mode M=1 corresponding to <|>=2rc/N is the TEM mode of 

choice for the clinical MR application. This mode produces 
a transverse B1 ?eld Whose maXimum magnitude and homo 
geneity are coincident With the central transverse virtual 
ground plane of the tuned TEM volume coil. The 2J'c/N mode 
can be driven in quadrature for improved MR coil transmis 
sion and reception ef?ciency. This M=1 mode is closest to 
the single cyclotron mode (M=0), and is easily identi?ed in 
non optimiZed coils as the loWest frequency split resonance. 

According to the invention, if only eight elements of the 
resonator are tuned for a given frequency, the other eight are 
tuned for a different frequency, ie the TEM resonator can 
be double tuned by tuning even and odd elements respec 
tively to tWo Widely different frequencies TWo reso 
nance groups then result of (N/4+1) modes each. Each 
resonance group consists of 2 single resonances separated by 
(N/4+1) degenerate double resonances. 

The second mode of each group generates the desired 
transverse B1 ?eld for the MR application. The double tuned 
TEM resonator so described is similar to the “rising-sun” 
magnetron oscillator 

PREFERRED EMBODIMENTS OF THE 
INVENTION 

These are shoWn in FIGS. 9 and 12. Since FIG. 12 in 
effect contains FIG. 9, the folloWing description of my 
invention Will be mainly in terms of FIG. 12. 

According to my invention, the same coil structure can 
alloW operation at tWo or more frequencies. For example, 
the FIG. 9 coil can provide ?elds at either of the commonly 
used values 70 MHZ and 178 MHZ. That is, While the 16 
elements of FIG. 9, as a single set, can be tuned so that the 
coil can operate Well at any single frequency in the corre 
sponding range, e.g., (70—200)MHZ, the elements can also 
be tuned so that the coil can operate Well at either of 71 MHZ 
and 175 MHZ, or other frequency pair in that range. Thus, 8 
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10 
of the 16 elements, preferably, every other one, can be 
adjusted to provide operation at 71 MHZ, and the remaining 
8 can be adjusted to provide operation 175 MHZ. Such 
adjustments do not interact, because no element of one set 
is closely enough coupled to an element of the other set, that 
adjustment of the impedance of an element of the said one 
set, can signi?cantly effect impedance in the said other set. 
Of course, in providing multiple frequency operation, it is 

necessary to provide different values for other parameters, 
such as B1. HoWever, the coil of my invention can accom 
modate such different values by having corresponding sets 
of elements, Which sets, once tuned, provide the desired 
frequencies Without further adjustment of any elements, and 
Without alteration of the physical con?guration of the coil 
itself. In effect, then the coil of my invention is as many coils 
as there are frequencies for Which the elements of my coil 
are tuned. 

As Will be seen from FIG. 12, my multiple tuned TEM 
resonator design, like the single frequency form of FIG. 9, 
uses 16 elements. HoWever, these are divided into tWo 
groups of 8, each of Which is mounted for adjustment 
independent of the other, by adjusting mechanism shortly to 
be described. 

In practice, each group is tuned to some desired frequency 
by appropriately varying the depths of insertion of the center 
conductors, thereby ?xing the elements’ distributed imped 
ances. 

In use, one set or the other provides the desired ?eld, and 
if necessary, is ?ne-tuned, just as if only 8 of its 16 elements 
are present. More generally, if there are n elements in all, 
then m thereof can form a set, thereby leaving (n-m) 
elements from Which to form one or more additional sets. 

Indeed, one Will be able, in general, to provide k tunings, 
Where k, the number of sets can be greater than 2. 

Turning to FIG. 12, cavity 21, corresponding to cavity 1, 
FIG. 3a, is essentially a plastic cylinder 22 having a circular 
plate 24 and an end ring 25 ?Xed thereto, these three 
elements being provided With a conductive foil on its inside, 
so as to provide the conductive cavity con?guration indi 
cated in FIGS. 3a and 3b. Ring 24 alloWs a body member, 
such as the human head, to be inserted into the cavity. 

Like cavity (and shield) 1, the cavity (and shield) 21 is 
provided With transmission line elements 29, like elements 
9, but being 16 in number. In order to provide more than one 
tunable frequency, tWo, say, for simplifying illustration of 
the present invention, a pair of circular non-conductive 
plastic plates 26 and 27 have the center conductors 30 of the 
elements 29 affixed thereto. In this case, every other con 
ductor 30 is affixed to just one plate. Thus, plate 26 is affixed 
to the center conductor 30 of a set of elements 29 corre 
sponding to frequency A, and plate 27 is affixed to the center 
conductors of the remaining elements 29, Which correspond 
to frequency B. The outer conductors 31 of all 16 elements 
29 are ?Xed to plate 24 and end ring 25, and are electrically 
continuous With the metal foil on cylinder 22, plate 24, and 
end ring 25. 
The conductors 30 are ?Xed in position by collet clamps 

32, Which releasably secure the center conductors 30. 
Clamps 32 themselves are ?Xed in place, as by being 
embedded in the respective plates, Which are shoWn as 
transparent, though they could as Well be opaque. 

It Will be evident that during resonator assembly, the 
depth of insertion of conductors 30 in the segments 29 can 
be set by loosening the collet clamps, then individually 
adjusting the depths of insertion of conductors 30 until by 
actual measurement a resonant condition eXists When RF 
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energy of the desired frequency is used to energize the coil. 
This tuning is coarse, but at this point, the collet clamps are 
set to ?x the depth of insertion of conductors 30. HoWever, 
plate 27 can be translated along its axis (Which is also the 
axis of cavity 21), in order to move all 8 conductors 
simultaneously, so as to vary their depth of insertion, by 
equal amounts. 

(This may be taken as a description of the construction 
and operation of the single frequency resonator of FIG. 9. 
That is to say, in FIG. 9, the only difference is that the 16 
center conductors 30 have their depths of insertion adjusted, 
just as in FIG. 12, 8 conductors are so adjusted, in order to 
tune to the desired frequency.) 

The remaining 8 center conductors in FIG. 12 are ?xed to 
the plate 27 by collets 32, at their outer conductors 31. As 
With their 8 felloWs, their depths of insertion are adjusted 
also, but so as to tune the coil to a different desired 
frequency. As before, collet clamps 32 releasably ?x the 
conductors 30 in a circular plate 27 again of transparent 
plastic. Like plate 26, plate 27 can be translated along the 
cavity axis, thereby to vary the depths of insertion of the 
corresponding 8 conductors simultaneously, and by equal 
amounts. 

Various mechanical movements can be used for translat 
ing the plates 26 and 27, and indeed they can be moved 
directly by hand since the conductors 30 can have something 
of a friction ?t in the dielectric of the elements, and in any 
event, the plates can be clamped in place by obvious means, 
not shoWn. 

Preferably, I provide a simple screW mechanism, Which 
acts colinearly of the plates’ axis. Due to the symmetry of 
the arrangement, the plates cannot cock, and screW threading 
inherently provides clamping. 

In FIG. 9, such screW mechanism 33 is just that: a screW 
34. The screW 34 has its outer end terminated by a knob 35 
for turning it, and has its inner end journaled at 36 in plate 
24. The journal 36 may be any suitable hardWare rotatably 
securing the end of screW 34 in plate 24, so that When knob 
35 is turned, the screW 34 Will rotate but Will be prevented 
from translating along the coil axis. 

ScreW 34 passes through plate 37, Which corresponds to 
plate 26, via a threaded bore (not shoWn) in the plate, the 
bore being coaxial With the coil axis. Turning knob 35 
therefore causes the plate 37 to translate along the coil axis, 
Whereby to adjust the central conductors’ position simulta 
neously and by equal amounts. 

In FIG. 12, a someWhat more complex screW mechanism 
38 is provided. Mechanism 38 has a knob 39, corresponding 
to knob 35, in that turning it translates plate 26, but as Will 
be seen later differs someWhat, structurally, from screW 33, 
though otherWise performing the same tuning function. 

Corresponding to journal 36, mechanism 38 has journal 
40 rotatably securing it to plate 24. ScreW mechanism 38 is 
also threaded to plate 27 for translating it along the cavity 
axis. 

FIG. 13 shoWs screW mechanism 38 in longitudinal 
section. Thus, corresponding to screW 34 and journal 40 of 
FIG. 9, in FIG. 13, a screW 41, terminating in the knob 39 
at one end is journaled in plate 24 for rotation, Without 
translation along the axis of plate 24. As shoWn, screW 41 is 
threaded into plate 26. A sleeve screW 43, in Which screW 41 
freely rotates has at one end a journaled portion 44 securing 
it to plate 26 for rotation Without translation When knob 45, 
Which terminates the other end of sleeve screW 43, is turned. 
The sleeve screW 43 is threaded to plate 27, so rotation of the 
knob 45 therefore causes plate 27 to translate along the axis 
of cavity 21. 
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In use, one ?rst tunes the elements 29 Whose center 

conductors are clamped in the collets of plate 26. Then one 
turns the other elements Whose center conductors are 
clamped in the collets of plate 27. Since there is negligible 
coupling among the elements, neither turning affects the 
other. 

The tuning features described above contemplate that, at 
the other ends of the transmission line segments, the initial 
depth of insertion of the corresponding center conductors, 
established in assembling the cavity, Will not be changed in 
subsequent use. (The ring 25 Will, of course, support the 
other outer ends of the elements 29, like the ring 24 does.) 
Additional tuning effect could be had by varying the depth 
of center conductor insertion at the other ends of the 
elements 29. This could be managed by an arrangement of 
rings corresponding to plates 26 and 27, Which Would serve 
to bodily adjust such depth of insertion, as do the plates 26 
and 27. Note that one end of the cavity needs to be open for 
insertion of a body or body member. 

In sum, then, one set or the other provides the desired 
?eld, and if necessary, is ?ne-tuned just as if only 8 of its 16 
elements is present. More generally, if there are n elements 
in all, then m thereof can form a set, thereby leaving (n-m) 
elements from Which to form one or more additional sets. 

Indeed, one Will be able, in general, to provide k tunings, 
Whereby k, the number of sets, can be greater than 2. 

The same approach alloWs the coil to be multiply tuned, 
in general, i.e., to three or more resonances. 

TEM resonator B1 ?elds: The free space magnetic vector 
potential contours (?ux lines) for the ?ve modes of the eight 
element TEM resonator are schematiZed in FIGS. 5a—5e. 
The mode M=1 is the obvious choice for ef?cient, homo 
geneous magnetic coupling to a central region of interest. 
Such free space AC ?elds are often approximated by the DC 
?eld Biot-Savart laW. At radio frequencies beginning at 
about 100 MHZ hoWever, static ?eld approximations of RF 
?elds in human anatomy are no longer accurate. Similarly, 
simple homogeneous, isotropic geometries (spheres and 
cylinders) are not appropriate for modeling the human load. 

VieWing the human body as a heterogeneous, lossy dielec 
tric of tissue Wavelength proportions, the electromagnetic 
propagation boundary effects of refraction, re?ection and 
attenuation must be considered. Substantial axial eddy cur 
rent shielding and orthogonal displacement current exten 
sion of the B1 ?eld are observed in human tissues at high 
frequencies. Fully time-dependent equations and complex 
numerical models are required for describing the high fre 
quency coil B1 ?eld distribution in anatomic regions of 
interest. A time-harmonic magnetic ?eld Bl/p in a lossy, 
anisotropic, inhomogeneous coil-tissue system can be 
described by the differential form of the MaxWell-Ampere 
LaW (10): 

VX B1/;t=JC+aD/az (32) 

By Ohm’s LaW the current density JC=oE, and by Euler’s 
LaW the electric ?eld displacement 6D/6t=6eE/6t=j (neE/6t= 
juueE so that Eq. (32) can be reWritten as: 

VXBl/,u=(o+jme)E (33) 

The complex value of E can be Written in terms of the 
magnetic vector potential A, and the electric scalar potential 
4), such that: 
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In?uencing the B1 distribution and loss in human tissues 
adjacent to the coil are the B1 ?eld induced eddy current 
density, Je=—ju)oA, and the accompanying electric ?eld 
displacement current density, Jd=—ju)eE=uu2eA for tissue 
speci?c values of o and e. The magnetic vector potential 
lines A, and the contours B1=VXA generated in a human 
head model by speci?ed resonator element currents can be 
determined by solving numerically for A and q) in the 
equation: 

In FIG. 6, the Finite Element Method (FEM) is used to 
model a human head loaded 16 element TEM resonator 
operating at 175 MHZ. The magnetic vector equipotential 
lines A/m, for mode M=1 of the TEM resonator Were 
numerically solved by Eq. (35). The tWo layers of the head 
Were traced from a 4.1 T MR image, and represent brain and 
scalp/fat/skull respectively. Table values for frequency 
dependent o, e, and p of human brain and skull/fat Were 
assigned to the appropriate tissue layers of the model. The 
cross sectional vieW corresponding to the central transverse 
plane of the volume coil, is the Cartesian xy plane for the 
model With Z being in?nite. The coil’s 16 RF current 
elements are contained Within a cavity’s usual grounded 
conductive cylinder. With equal RF current amplitude in the 
elements separated by phase ¢=2Jt/N, a transverse electro 
magnetic (TEM) ?eld is generated Within the transmission 
line model as shoWn. Note the ?ux line rotations present in 
the high frequency coil-head model of FIG. 6, but not seen 
in the free space/static ?eld representation of M=1 in FIG. 
5. 

Calculated B1 contours, T/m for phantom and head loaded 
TEM resonator models are shoWn in FIGS. 7a and 7b. 
Central to the current elements in FIG. 7a, is a 20 cm human 
head phantom identi?ed by the contour pattern of ?ve 
concentric circles. The phantom Was assigned 0, e, and p 
values of human brain. All space not occupied by the coil 
cylinder, elements or subject’s head is free. With a 175 MHZ, 
2 ampere current assigned to the elements, a 10 pT B1 ?eld 
is generated in free space at the surface of the head phantom. 
At 175 MHZ the head becomes a lossy dielectric resonator 
With a B1 ?eld distribution substantially different than that of 
free space. The model predicts an attenuation of the B1 ?eld 
by 3pT (30%) in the outside 1/3 radius of the phantom. This 
is the expected result of eddy current shielding. The model 
also predicts more than a lpT (10%) B1 ?eld enhancement 
in the inside 1/10 radius of the head. This displacement 
current induced B1 enhancement compensates for the 
increased shielding expected for higher frequencies such 
that B1 homogeneity is adequate for imaging the human 
head and body in ?elds of 4 T and higher. FIG. 7b presents 
the FIG. 6 scale model of a head Within a coil Which is 
excited With current levels required for gradient echo imag 
ing at 175 MHZ. The model predicts B1 contours of highest 
magnitude to be in the frontal and occipital regions of the 
head due to their close proximity to the coil elements. The 
more distant temporal regions are loWer in B1 magnitude. 
The center of the brain shoWs the displacement current B1 
enhancement characteristic of the fortuitous coincidence of 
tissue 0/6 and human head electrical dimensions at higher 
frequencies. Also bene?cial is the eddy current retarding 
effect of the heterogeneity of human tissue and anatomical 
structure. The more heterogeneous tWo layer model in FIG. 
2b predicts a B1 inhomogeneity of less than 110% magni 
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14 
tude variation over the head compared to 115% variation 
over the single layer isotropic model of FIG. 2a. Empirical 
observations support the predictions from the coil-head, and 
coil-phantom models above (2, 4, 5, 13,14). 

Alternative TEM resonator models: So far, transmission 
line theory Was used to describe the tuned TEM resonator as 
a transmission line tuned coaxial cavity resonator. 
Alternatively, the TEM resonator can be approximated as a 
balanced comb-line, band-pass ?lter using the lumped ele 
ment circuit of FIG. 8a. The lumped elements in this circuit 
approximate the distributed element coef?cients of the trans 
mission line circuit. Analysis of this lumped element ?lter 
circuit model adhering to methods in the literature for 
“bird-cage” resonators gives inaccurate results (15, 16). My 
invention’s more accurate approach considers the lumped 
element ?lter’s distributed stripline analogue in FIG. 8b. 
This netWork is a quarter Wave (as in FIGS. 1a and 1c) 
comb-line ?lter interfaced With its mirrored image at the 
virtual ground plane of symmetry indicated by the dotted 
line. Each coaxial element, due to its split central conductor, 
therefore is a resonant half Wave line (mirrored quarter Wave 
pair, as in FIGS. 1b and 1c Wave pair) Whose bisected center 
conductor 11 is grounded at both ends to a cavity. The 
elements 9 are coupled via the TEM sloW Wave propagation 
in the cavity. The performance characteristics of this dis 
tributed structure are calculated from TEM assumptions 

(17). 
Methods and Materials: 
TEM resonator construction: Single and double tuned 

TEM resonators have been built for clinical MR applications 
from 70 to 175 MHZ. Prototypes have been bench tested to 
500 MHZ. Thus, FIG. 9 shoWs a 175 MHZ (4.1 T) head coil. 
Here the tuned TEM human head siZed resonator measures 
34 cm o.d. (cavity) by 27 cm i.d. (elements) by 22 cm in 
length. The id. and length Were determined by head siZe 
While the 0d. Was chosen for compactness With some 
sacri?ce of the optimal coil Q predicted for a larger cavity 
Eq. (14). The cavity itself is constructed of 1 mil copper foil 
13 ?tted to the inside and outside surfaces of an acrylic 
cylinder Eq. (13). Acrylic end members support the reentrant 
tuning elements and the copper foil making their continuity 
With the cavity. The cavity could be extended With foil on 
plate 24. 
NB. A “transmission line element” need be no more than 

a pair, or more, of conductors side by side, and AC coupled 
to each other by a dielectric therebetWeen. It is evident, 
therefore, that “coaxial cable” is not the only form the 
“elements” or “segments” may take in the process of my 
invention. 
The tuning elements are 21 cm coaxial line segments 9 

Whose outer member 31 is a copper conductor Whose id. is 
12.7 mm (0.5 “), and Whose center conductor 30 is a bisected 
6.5 mm (0.25“) 0d. copper rod. Te?on sleeve inserts (not 
shoWn) provide the dielectric betWeen conductors 30 and 31, 
and are machined to serve as both a dielectric and bearing 
surface betWeen the tWo conductors. The Te?on sleeve 
thickness (be-a6) should be greater than 3 mm to preclude 
the possibility of dielectric breakdown and consequential 
arcing during high peak poWer transmitting. 5 mm Te?on 
spacers 15 at each end of the coax segment maintain 
electrical isolation betWeen the outer conductor 11 of the 
element 9 and the cavity foil 13 to Which the center 
conductor is attached. See FIGS. 1 and 2 of Roschman (3) 
for an exemplary element construction of this sort. 
The element component diameters and the number of the 

tuning elements used are determined for a desired frequency 
and coil siZe by starting With Eq. (25) and Working back 
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Wards solving for N, ae, and be. Assuming the lossless case 
for the lines and the cavity simpli?es the calculations 
required. Using 4N tuning elements in the design facilitates 
quadrature drive. Typical values for N are 12 to 16 in a 
human head coil and 24 to 32 in a human body coil. 
Homogeneity is proportional to N Whereas frequency is 
inversely proportional. 

The divided center conductors of the tuning elements are 
conductively connected to the cavity 1 on one end thereof by 
the collet clamps 32, and on the other end by copper 
beryllium spring gaskets, copper straps, or the like. The 
collet clamps alloW for ?xed adjustment of the insertion 
depths of the center conductor halves during coil fabrication. 
The gaskets alloW for variable adjustment during coil opera 
tion. By varying the insertion depth of their center 
conductors, the coaxial line elements are tuned to a desired 
coincidence of mode and frequency. 
As previously described, the center conductors on one end 

of the cavity are mechanically linked by a mobile plate and 
screW mechanism such that by turning a knob or knobs all 
can be adjusted in concert to tune the resonator Without 
effecting its ?eld symmetry. TWo line elements 9 separated 
by a 90° aZimuth angle are connected to a pair of 90° phased 
ports 21 of a strip line quadrature hybrid for quadrature drive 
of the TEM resonator. See FIG. 10 Which shoWs one of tWo 
driven line elements for a quadrature excited resonator. 

The hybrid ports are properly phased and impedance 
matched to the coil and its human head or body load via the 
reactance of variable reactors comprising variable series 
capacitance and/or balun circuits, not shoWn in FIG. 9, 
Which, hoWever, does shoW knobs 46 for varying said 
reactance. FIG. 12 requires an additional circuit of this sort, 
so knobs 47 Would provide for varying reactance. The 
quadrature hybrids for frequencies A and B are identi?ed by 
reference numerals 48 and 49. Reference numeral 50 iden 
ti?es FIG. 9’s quadrature hybrid. 
TEM resonator optimiZation: Frequency tuning, imped 

ance matching, quadrature phase isolation, B1 homogeneity 
and sensitivity, and Q are among the more important per 
formance characteristics to be optimiZed for any quadrature 
volume coil. After the TEM resonator is constructed, the ?rst 
step toWard optimiZation is to adjust all elements (2N half 
elements) to the equal capacitance values Which tune the 
resonator’s M=1 mode resonance to the design frequency. 
An RCL meter is used for element capacitance measure 
ments. A netWork analyZer frequency sWept re?ection mea 
surement is used to produce the return, loss plot identifying 
the 16 element head coil’s 9 resonant modes in FIG. 11. 
Mode 1, located at 174.575 MHZ Will initially appear as a 
double resonance as mode 2 for the non optimiZed coil. By 
an iterative method of ?ne tuning the capacitances of 
individual elements (not unlike the tuning of a bicycle Wheel 
through spoke adjustment), the mode 1 doublet Will collapse 
into the Well matched, high Q, single frequency point as 
shoWn. For the quadrature coil, the plot of FIG. 11 must be 
reproduced for mode 1 at each of the tWo drive points 
independently. Additionally, a transmission test should con 
?rm better than 40 dB isolation betWeen the quadrature drive 
points, at the design frequency. Maximum B1 ?eld ampli 
tude should be veri?ed on the axes orthogonal to the 
bisecting longitudinal planes of the coil containing the 
driven elements. B1 transmission ?eld magnitude and homo 
geneity are measured on the quadrature x and y axes With a 
directional magnetic ?eld probe receiver. After the align 
ment of quadrature, Well matched and isolated, high B1 
amplitude resonances at the mode 1 design frequency in the 
unloaded coil, the optimiZation process is repeated for the 
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phantom loaded coil. The phantom electrically mimics a 
human head in volume and conductivity. The resonator is 
then ?ne tuned on human subjects. A stripline quadrature 
hybrid is ?nally connected to the tWo capacitively matched, 
quadrature drive points of the resonator. In the optimiZed 
coil, tWo superposed quadrature B1 ?elds corresponding to 
the mode 1 frequency are measured, With peak amplitudes of 
3 dB less gain than the previously measured single drive 
point linear ?elds. With all adjustments complete, the sliding 
center conductors of the coax segments are clamped into 
position at both the ?xed ring and mobile plate ends of the 
coil. In the magnet, the resonator is tuned to different loads 
by turning the central knob 35 shoWn in FIG. 9, 46 are 
adjusted for precise impedance matching and 90° phase 
isolation betWeen the tWo coil ports of the quadrature hybrid. 
Tune, match, and phase adjustments can readily be per 
formed on each study. 

Results: 
Single and double tuned TEM resonators perform ef? 

ciently from 70 to 175 MHZ in human head and body 
applications. The Q ratio of a 175 MHZ tuned TEM head coil 
design is a high 840/90 typical of resonant cavities. The 
tuning range for this tuned cavity design is arbitrarily large 
to an octave or better. This range facilitates the use of a given 
coil at different ?eld strengths and for different nuclei. For 
a Whole human head, 90° optimiZation is typically achieved 
With a 1 kW, 250 psec square pulse. For each MR study 
performed, the TEM resonator is tuned to frequency, 
matched to a VSWR of 1.0 at both coil drive points, and 
quadrature phase isolated to greater than 50 dB, all Without 
adversely in?uencing B1 ?eld symmetry. This In Situ opti 
miZation requires three external adjustments and less than 
three minutes time. 

B1 ?eld patterns observed in phantom and human loads 
are consistent With the model predictions of FIG. 7. Equal 
element currents correlate to maximum homogeneity of B1 
?eld distribution in axis symmetric phantoms coaxially 
located Within the coil. Head images from resonators With 
equal element currents do not shoW the best achievable 
homogeneity. The B1 contour pattern calculated for equal 
currents in FIG. 7 predicts the inhomogeneities in the head 
image of FIG. 12. B1 coupling of the highest magnitude is 
in the occipital region of the head due to the head’s close 
proximity to the coil elements. The intensity of B1 coupling 
to the frontal region of the brain Which is spaced further 
from the coil elements to alloW for the nose, is less. The 
more distant temporal regions shoW the least signal intensity 
and corresponding B1 ?eld strength. The center of the brain 
shoWs the displacement current B1 enhancement predicted. 
At high frequencies, a more homogeneous B1 distribution in 
the head or other loads lacking perfect axial symmetry and 
position can be achieved by asymmetrically adjusting indi 
vidual element currents While otherWise maintaining opti 
miZed performance characteristics for mode 1 of the coil. 
Element currents affecting higher homogeneity for a design 
and application can be calculated as before by numerically 
solving MaxWell’s equations for ?nite-element scale models 
of the loaded coil. Homogeneity in the human head of 10% 
variation over a 15 cm d.s.v. has been achieved in practice, 
using a Tl Weighted gradient echo sequence Wherein 
TR=2500 ms, TE=17.5 ms, and TIR=1000 ms for a 3 mm, 
5122 resolution single acquisition image. Only a relatively 
loW level 400 W peak RF prefocussed pulse excitation Wave 
form Was required for head images. This is in contrast to the 
exceedingly high levels formerly predicted in the literature 
for high ?eld clinical imaging. High resolution de?nition of 
the transcranial vascularity is thought to be enhanced by the 
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high ?eld susceptibility gradient imparted by the relative 
paramagnetism of deoXygenated hemoglobin in venous 
blood. 3 mm and 5 mm slice thickness brain images of 5122 
and 10242 resolution shoWing submillimeter detail of brain 
vasculature and neuroanatomy have been obtained (4, 18). 
Excellent quality human head and body images have been 
shoWn (19). 

Using the tuned TEM resonator at 4.1 Tesla, the potential 
for scienti?c studies and clinical diagnostics from anatomic, 
spectroscopic, and functional imaging of the brain has been 
convincingly demonstrated. With 400 pM in plane resolu 
tion from 3 mm slices, clinically important structures such 
as the basal ganglia, red nuclei, thalami and the substantial 
nigra Were clearly visualiZed in 20 volunteers, potentiating 
image based diagnoses of neurodegenerative disorders such 
as Parkinson’s disease (20). In 8 healthy volunteers and 7 
patients With temporal lobe epilepsy, the internal anatomy of 
the hippocampal formation Was Well de?ned. The alveus and 
?mbria Were resolved from adjacent cellular layers; the 
stratum radiatum and lacunosum Were resolved from the 
cornu ammonis. Atrophy, normal layer disruptions, and/or 
T1 and T2* deviations clearly indicated the affected hip 
pocampus in all seven patients studied (21). High resolution 
spectroscopic images (0.5 cc voXels) from 10 healthy vol 
unteers and 3 multiple sclerosis (MS) patients indicates the 
potential for using the spatial variability of NAA, creatine, 
choline, and lactate across MS plaques for the diagnosis and 
understanding of the disease (22). In high resolution NAA 
images of the Whole brain, the loss of NAA from small 
stroke penumbra is dramatic (23). The high spatial and 
temporal resolution detection and quanti?cation of the 
amino acids glutamate and glutamine are important for 
mechanistic studies and diagnoses of metabolic disorders 
such as hepatic encephalopathy (24). High resolution spec 
troscopic imaging studies of 10 human subjects have been 
used to quantify gray and White matter metabolites in the 
Whole brain In-Vivo (25). The tuned TEM resonator has 
proven effective for the application of homogeneous, high 
resolution 3-D cerebral activation mapping (functional 
imaging) of the human brain at 175 MHZ (26). The preced 
ing results and those from studies in progress, demonstrate 
the effectiveness of the tuned TEM resonator design for high 
?eld clinical applications. 
Human images and spectra obtained With an experimental 

4.1 T MR system indicate the advantages gained by per 
forming clinical studies at higher BO ?elds. These advan 
tages of S/N, spatial resolution, temporal resolution, chemi 
cal shift resolution and the magnetic susceptibility 
enhancement of brain and other organ functions point to 
higher BO ?elds in clinical MR. 
My neW RF coil achieves those advantages, so it can 

replace coils of the present lumped element technologies 
Which perform poorly for clinical siZed volumes at higher 
frequencies. The distributed technology presented herein, 
making use of transmission lines and resonant cavities, 
perform Well over the tested bandWidth of 70—175 MHZ for 
human head and body coil applications. Beyond this, bench 
tested prototype single and double tuned large volume coils 
forecast successful use of the tuned TEM resonator at 
frequencies to 500 MHZ for human volumes, and even 
higher for smaller volumes. 
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What is claimed is: 
1. An electrornagnetic shield for an NMR radio frequency 

coil and means for generating a resonant rnagnetic ?eld in 
said coil at a selected Larrnor frequency, said shield corn 
prising: 

an electrically conductive layer surrounding the coil, 

10 

15 

20 
said conductive layer having a thickness suf?cient to 

conduct radio frequency currents and contain radio 
frequency ?elds at the selected Larrnor frequency and 
simultaneously attenuate loW frequency eddy current 
propogation of the type induced by sWitching ?eld 
gradient currents in an NMR application. 

2. The invention as de?ned in claim 1 Wherein said 
conductive layer comprises a metallic foil. 

3. The invention as de?ned in claim 1 Wherein said 
conductive layer has a continuous surface. 

4. The invention as de?ned in claim 1 Wherein said layer 
has a thickness substantially equal to one skin depth at said 
selected Larrnor frequency. 

5. The invention as de?ned in claim 1 Wherein said 
conductive layer comprises a deposited rnetallic layer. 

6. The invention as de?ned in claim 1 Wherein said 
conductive layer comprises a plated metal layer. 

* * * * * 



PATENT NO. 
DATED 

UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

: 5,886,596 Page 1 of l 

1 March 23, I999 
INVENTOR(S) : John Thomas Vaughan, Jr. 

It is certi?ed that error appears in the above-identified patent and that said Letters Patent is 

hereby corrected as shown below: 

Column 6: 
Line 62, replace “3b” with -- 3a --. 

Column 8, 
Line 59, replace “y=fo(?t/r)” with -- =f(“A0/r) --. 

Column 10, 
Line 53, insert —- 3O -- after “coductors”. 

Column 11, 
Line 4, replace “27" with -- 26 --. 
Line 57, replace “40" with -- 36 --. 

Column 14, 
Line 39, replace “13" with -- 23 --. 

Column 15, 
Line 9, replace “1” with -- 21 --. 
Line 22, replace “effecting’ with -- affecting --. 

Column l6I 
Line 41, replace “Figure 7” with -- Figure 6 --. 
Line 42, replace “Figure 12” with -- Figure 7b --. 

Signed and Sealed this 

Nineteenth Day of March, 2002 

Arrest: 

JAMES E. ROGAN 
Arresting O?’icer Director ofthc United Smtex Parent and Trademark Office 



UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO. 2 5,886,596 Page 1 Ofl 
APPLICATION NO. : 08/710365 

DATED : March 23, 1999 

INVENTOR(S) : John Thomas Vaughan, Jr. 

It is certified that error appears in the above-identi?ed patent and that said Letters Patent is hereby corrected as shown below: 

In the Specifications: 

Column 1, 
Line 2, please insert following “RADIO FREQUENCY VOLUME COILS FOR IMAGING AND 
SPECTROSCOPY” 

-- GRANT REFERENCE 

This invention Was made With government support under NCRR-RR07 723, awarded by the National 
Institutes of Health. The government has certain rights in the invention. - 

Signed and Sealed this 
Seventh Day of May, 2013 

Q7 
r a; 

Teresa Stanek Rea 

Acting Director afthe United States Patent and Trademark O?ice 


