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ABSTRACT

Radiofrequency energy loss has been investigated for a resonant NMR surface coil between 20
MHz and 400 MHz. High-field NMR (> 64 MHz) is used increasingly for human imaging and
spectroscopy to achieve improved SNR and spectral resolution. RF losses in coils designed using
conventional lumped-element principles, however, often limit the practicality of high-field imaging.
New design principles are required for the construction of efficient high-field RF coils.

The RF energy losses investigated include RF coil losses and losses to a phantom load. These
were studied using single-loop, resonant surface coils. Coil Q values, both unloaded and loaded,
were measured and used to determine the coil radiation resistance, load resistance, B, field
magnitude, and SNR. Radiation resistance is shown to increase like R, - fo4.

It is widely believed that load losses dominate all other losses in biomedical NMR. This study
indicates that limiting radiation losses may improve loaded coil SNR at high frequencies. To this
end, one may decrease the coil electrical length and/or apply transmission line principles in the
construction of RF coils. Decreasing the coil electrical wavelength may be accomplished by
decreasing the coil dimensions. Transmission line principles, which have been demonstrated for
volume coils, improve performance by minimizing the coil radiation resistance.
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1. INTRODUCTION

There is considerable movement to high static magnetic fields (Bo fields) in nuclear

magnetic resonance (NMR) experiments (1-22). This trend is motivated by the greater signal-to-

noise ratio (SNR) and enhanced spectral resolution obtained at higher fields'. In an electrically

lossless sample under ideal conditions, Hoult predicts SNR increases with frequency like fo( 7/4 ) 2

(23), and for an electrically lossy sample, such as physiologic tissue, he estimates SNR increases

approximately linearly with frequency (23). SNR gains are desirable as they may be used to

enhance the spatial resolution, temporal resolution, or contrast-to-noise ratio (CNR) of NMR

images. Figure 1 shows the improvement in SNR and spectral resolution obtained with increasing

field strength.

This investigation will show that the SNR benefit sought by moving to higher frequencies

may be diminished by radiofrequency-dependent energy losses. For loaded coils, the primary

sources of radiofrequency (RF) energy loss are the ohmic (R. [0]), radiation (R, [Q]), and tissue

load (RL [0]) resistances. These affect SNR with increasing angular frequency, o (w = 27tf), like

(23)

2 (r) 2 ()
SNR - =

VRa + Rr + RL [1]

where K-(r) is the magnitude of the signal-generating RF field (B, [T]) per unit current. As

frequency increases R simultaneously grows, diminishing the SNR gains realized with increasing

(0.

1 For this study highfield is considered a magnetic field greater than 1.5 T.
2 B, [T] and fo [MHz] are directly related by the nuclear gyromagnetic ratio, y [MHz/T], such that fo = yBo. This is

known as the Larmor relation.
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Figure 1. The increase in SNR and spectral resolution with
increasing Bo. The spectra were collected in similar NMR surface
coil spectroscopy experiments performed on canine brains in-vivo at
1.5, 4.0, and 9.4 T at the University of Minnesota [24].

The aforementioned RF energy losses become a significant obstacle to high-field

experiments when the RF coil(s), which generate the B, field, are designed using lumped-element

(RLC) equations. The electrical length of the lumped-element coil increases as frequency

increases. This causes the coil to behave less like an energy-conserving coil and more like an

energy-radiating antenna. As with any well-designed antenna, more power is radiated from the RF

coil to the surroundings. While this increase in radiated energy is desirable for antennae, an

efficient coil must radiate as little energy as possible in order to stimulate and receive a detectable

NMR signal.

Currently, the mechanisms and parameters affecting RF losses are not well-characterized.

The goal of this study is, therefore, to better understand basic RF coil performance versus

frequency. To this end, we use single-loop, resonant surface coils to investigate the frequency

dependence of the coil Q, B, field strength, and SNR. This yields quantitative information about

RF losses that may subsequently be used to indicate design principles appropriate for constructing

efficient high-field RF coils, including surface coils, phased arrays, and volume coils.



2. BACKGROUND

In 1946 both Purcell (25) and Bloch (26) reported the detection of an NMR signal. NMR

was immediately applied to chemical spectroscopy, but it took decades before the first NMR image

was formed (27). In 1973, Lauterbur (27) and Mansfield (28) both realized how to spatially

localize the NMR signal, making NMR imaging a reality. Soon after Lauterbur's first image,

whole-body human images were able to be constructed (29,30). As the first NMR imaging

experiments were being performed on humans, theoreticians explored ways to improve the

imaging process. They posited that increased SNR and higher spectral resolution would be

obtained my moving to higher Bo fields (23).

Scientists were eager to explore the possible gains in SNR, so NMR magnet technology

rapidly progressed. In the 1980's, biomedical NMR research was dominated by mid- and high-

field magnets with Bo values as high as 4.1 T (22). Clinical NMR scanners evolved, too--whole-

body magnets up to 2.0 T were available (31). Finally, the early 1990's saw the clinical NMR

scanner settle at Bo = 1.5 T. This occurred due to 1) high-field technological limitations, 2) high-

field costs, and 3) RF safety concerns. This continues to be the highest clinical field strength

approved for use in the United States, as permitted by the Food and Drug Administration3.

Notwithstanding the current standards, interest in higher Bo fields has existed for many

years. In 1987 General Electric, Siemens, and Philips each built 4.0 T whole-body NMR systems

to investigate potential high-field clinical applications (32). Human exposure to the 4.0 T static

magnetic field was found to be safe (31), and early high-field experiments soon followed (22).

Today, many studies have been safely performed at high fields (1-22,33) and the improvement in

spectral, spatial, and temporal resolution is well-documented (21). High-field imaging is now

used extensively in human anatomic, metabolic, and functional applications for both diagnostic and

research purposes (1-20).

3 General Electric is currently seeking FDA approval for its 3.0 T clinical imaging system.



Widely-reported successes at high fields have prompted many medical research centers to

acquire high-field NMR scanners. There are currently thirty-six 3.0 to 4.0 T whole-body magnets

worldwide used for biomedical research while whole-body magnets as high as 8.0 T have recently

been delivered to research institutions. However, as magnet strength and the dependent Larmor

frequency increase, the radiation resistance of the RF coil theoretically increases like f0 4 (34-37).

That is to say, the power radiated by the coil rapidly increases, leading to a diminished signal.

Apparently, limiting radiation resistance should be a high priority in ensuring efficient high-field

biomedical applications. This necessity was recognized in early high-field studies and is now

firmly established (38-40).

The deteriorating performance of conventional RF coils at high frequencies may be

explained by antenna theory. The RF wavelength and the diameter of an RF surface coil loop are

defined as X [m] and D [m], respectively. As a rule of thumb, the diameter of an efficient RF

surface coil loop (i.e. one that retains 99% of its energy) may not exceed 0. 1k (35). When the coil

exceeds that dimension, it is not electrically small. Its behavior increasingly resembles that of an

antenna, radiating energy rather than conserving it. Table 1 illustrates how the coil diameter,

relative to k, increases as Bo increases.

Because of their radiating behavior, coils designed using traditional lumped-element design

equations exhibit deteriorating performance, both theoretically and experimentally, as frequency

increases (36,41-43). In many cases, the RF coil cannot even be tuned to the desired resonant

frequency. This study will examine and quantify the effects of RF losses. These efforts will

permit the outline of general guidelines for constructing efficient high-field RF coils.



Table 1. Increase in the RF coil diameter in terms of the resonant RF wavelength.

calculations assume a circular surface coil with D = 20 cm. When D > 0. 1X, the coil radiative

losses are no longer negligible (35).

Bo field strength 'H resonance frequency h Coil length
(T) (MHz) (cm)

0.5 21 1428 0.01o

1.5 64 468 0.04k

3.0 128 234 0.08k

4.7 200 150 0.13X

7.0 300 100 0.20k

9.4 400 75 0.26k

3. THEORY

3.1 NMR THEORY

The nuclear spin, I [J-s], is given by (44)

A

I = (li
1=1

+ Si)

where 1i [J.s] is the classical orbital angular momentum of each nucleon, si [J.s] is the spin

angular momentum of each nucleon, and A is the atomic number. The nuclear spin obeys the

standard quantum mechanical relationships for angular momentum, vis. (44)

The



|I| = VI(I+1) ) + 2 [3]

and

Iz = mi(,), (mi = I, I-1,...,1-I, -I)[4]

where I is the nuclear spin quantum number, h [J.s] is Planck's constant, and Iz [J.s] is the

component of the nuclear spin along the z-axis. For 'H in the ground energy state, I = 1/2 as

determined by the single proton in the nucleus. Therefore

= +1(h)[5]
z 2 1c [5]

The current distribution in a I = 1/2 nucleus is spherically symmetric (44). Thus, the first

nonvanishing term in the multipole expansion for I = 1/2 nuclei is the magnetic dipole moment

(44). Interactions of these type nuclei with electromagnetic fields are primarily magnetic.

Accordingly, NMR experiments focus on observation of I = 1/2 nuclei as there are no unwanted

higher-order multipole interactions.

The nuclear magnetic moment (gi,z [A.m 2]), which is defined as parallel to the z-axis, is

related to the nuclear spin such that (45)

Iz I( 2 7 -2 2n_ [6]



For I = 1/2 nuclei, it is clear from [6] that the gyromagnetic ratio of the nuclear species determines

the strength of ti,z, which in turn determines the sensitivity to detection of the nuclei in the sample.

Protons have the largest gyromagnetic ratio save the unstable tritium (3H) nucleus (Table 2 displays

the gyromagnetic ratios of commonly observed nuclei in NMR). Furthermore, because hydrogen

is the most abundant nucleus in biological systems, signal-producing protons are numerous. For

these reasons, 1H is the most frequently observed nucleus in NMR (45).

Table 2. The gyromagnetic ratios of nuclei commonly observed in NMR (45).

Nucleus Gyromagnetic ratio [y] Relative sensitivity* Resonance frequency at 1.5T
(MHz/T) (MHz)

1H 42.58 1 64

13C 10.71 0.016 16

19F 40.05 0.830 60
23Na 11.26 0.093 17

31P 17.23 0.066 26

39K 1.99 5.08(10 -4 ) 3

* Calculated at a constant magnetic field for equal numbers of nuclei

The potential energy E [J] of a magnetic moment g [A.m 2] in an external magnetic field B

[T] is (45)

If we stipulate that the applied Bo field is parallel to the z-axis, then [7] may be simplified to

E = -I,zBo [8]



For I = 1/2 nuclei this results in a splitting of the ground state energy level, known as the Zeeman

effect. Combining equations [6] and [8] shows that the two allowed ground state energies of a I =

1/2 nucleus are

E = + yBo [9]

and the energy difference between these two states, AE [J], is

AE = E+-E. = yBo ( [10]

Substituting the Larmor relationship into [10] reveals

AE = fo( h
\27tL [11]

Thus the difference between the two ground state energy levels of a I = 1/2 nucleus is directly

proportional to the externally applied magnetic field (i.e. the nuclear resonant frequency).

3.2 RF COILS

The energy difference given in [11 ], which falls in the RF band of the electromagnetic

spectrum, is exploited to produce the signal in the NMR experiment. The alternating electric

current at an arbitrary point on the RF coil, I(r) [A], generates a time-dependent magnetic field at a

field point according to (46)



B = VxA [12]

where

A = o I(r) e-j' dl
o r [13]

A [A/m] is the magnetic vector potential at the field point, go [N/A 2] is the permeability of free

space, k2 = C02 c (gt [N/A 2] and E [C2/N.m 2] are the permeability and permittivity, respectively, of

the surrounding medium), r [m] is the distance from the point on the coil to the field point, and dl

[m] is an infinitesimal length element along the coil. Equation [13] is a line integral that must be

performed around the entire coil to be complete.

The magnetic field given in [12] is the B, field. This field, generated to oscillate at fo, is

applied orthogonally to Bo and so is simplified to its magnitude, B 1. The B, field couples to the

magnetic moment of the sample, which is a magnetic dipole oscillating at fo. The result of this

configuration is the transfer of RF energy from the B1 field to the sample spins. This energy

transfer from the RF transmitter coil excites spins from the lower to the upper spin state.

The spins excited by the B, field are then are allowed to return to their equilibrium state.

The ensemble of all nuclear magnetic moments in a sample may be represented as a net magnetic

moment, M [A.m 2], where

nmax

M = RI,n
n=1 [14]



n being the number of nuclei of interest in the sample. M is subjected to a torque from the static

magnetic field, given classically by (45)

dM = -y(Bo xM)
dt [15]

The resulting motion is a precession of M at the Larmor frequency, fo. This precession induces an

emf in the RF receiver coil according to

emf = E dl
Jcol I [16]

where the electric field E [V/m] is given by

BaAE=
at [17]

This line integral is evaluated around the coil for each infinitesimal length element dl. The current

resulting from the emf induced in the receiver coil is the signal that is detected in the NMR

experiment.

The RF transmitter coil excites the nuclear spins to a higher energy state and the receiver

coil carries the spin-induced current. Thus, the RF coils both stimulate and detect the NMR signal,

making them an essential component in the NMR experiment. Any energy loss mechanisms

affecting RF coil performance must be well-understood in order to realize efficient coil design.
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3.3 RESONANT RF COIL LOOPS

Impedance is a barrier to current in an electrical circuit. The RF coil impedance is the input

impedance, Zin [-], or impedance measured across the coil terminals. For an unloaded coil, Zin

consists of a real and imaginary component (35),

Zin = Rin + jXin. [18]

Rin [ ] is the input resistance and is related to the average power dissipated in the coil, Pin [W], by

(35)

Pin = 1 Rn I Iin 122 [19]

where lin [A] is the peak current across the coil terminals. In free space, power dissipation may

occur due to either coil ohmic losses (P. [W]) or radiation losses (Pr [W]),

Pin = PU + Pr. [20]

The input reactance of the coil, Xin [Q], represents power stored in the electromagnetic field

about the coil. Reactance in general consists of both a capacitive (Xc [Q]) and an inductive (XL

[]) component,

X = Xc + XL. [21]



Capacitive reactance is given by

Xc= 1
oC,

where C [F] is the coil capacitance. The inductive reactive component is

XL = CoL,

where L [H] is the coil inductance.

Maximum coil efficiency, which yields the highest possible SNR, occurs when Zin is

minimized. If impedance is represented as a vector [R, X] in the complex plane, minimization of

the vector magnitude occurs when X = 04. Coils with zero reactance are referred to as resonant

and are constructed by balancing the capacitive and inductive reactance according to

XL = Xc

1 = oL
(mC

(0= 1

[24]

[25]

[26]

3.4 RF LOSS MECHANISMS

There are two primary sources of RF loss in the NMR experiment--coil losses and losses to

the tissue load. RF coil losses, due to the input resistance of the coil, may be divided into losses

4 There is almost always some resistance, R, in the coil. This component of impedance cannot be eliminated.

[22]

[23]



due to the ohmic resistance (R.) and radiation resistance (Rr) of the coil (33). Tissue losses include

losses due to both eddy currents induced in the tissue conductor and displacement currents induced

in the tissue dielectric (33).

3.4.1 RF COIL OHMIC LOSSES

The average power dissipated in a coil, Pin, was shown in [19] as (35)

Pin 1 Rin I lin 2
2 [27]

Equation [27] may be decomposed into the ohmic and radiative power loss, seen in [20], which

may also be written as (35)

Pin =- RDI lin 2 ln 2

2 2

The coil radiation resistance referenced to the input terminals, R. [Q], is then defined as (35)

Rri= 2P,
I lin 1 2

[28]

[29]

The ohmic resistance of the coil is, therefore (35),

S= 2Pn

I in 2

- 2(Pin - Pr)

I inl 2 [30]



The resistance of a wire carrying RF current is given by (35)

R. = I Rs
27a , [31]

where e [m] is the wire length, a [m] is the wire radius, and R, [] is the surface resistance of the

wire. The surface resistance reflects the fact that current flows primarily on the surface of the coil

conductor in this instance and (35)

R = 2, [32]

where a [i-1'm-'] is the coil conductivity. Combining equations [31] and [32] reveals that coil

ohmic resistance increases proportionally with the square root of frequency,

RQ = . 9
27ca v 2 [33]

Rn - o1/2 .  [34]

The finite resistance of the capacitance (Rcap [92]) in the coil may be added to the ohmic

resistance to determine the total resistive losses in the circuit. American Technical Ceramics

(ATC), the manufacturer of the capacitors used in this study, has measured the resistance of their

capacitors at various frequencies. Data were used to generate an algorithm written in Visual Basic

code from which Rcap at a given frequency may be determined (47). Reap values were calculated

for the capacitances and frequencies of interest in this study and are displayed in Table 35'.

5 C is calculated from [26] using the coil inductance, described in §4.



Table 3. Reap calculated by ATC software (47). All resistances were calculated for the OO1E series
microstrip capacitors.

'H resonance frequency Capacitance Reap

(MHz) (pF) (A)

21 200 0.020

64 22 0.072

128 5.5 0.165

200 2.2 0.284

300 1.0 0.458

400 0.5 > 0.5

3.4.2 RF COIL RADIATIVE LOSSES

The radiation resistance of a coil referenced to the maximum coil current (Rr [Q]) is (35)

R 2Pr
lin 12.

For electrically small surface coils, the maximum coil current is across the coil terminals so Rr = Rn

(35). The maximum dimension for the electrically small condition to apply is listed for several

frequencies in Table 4.

The region satisfying the condition (46)

r < 0.62 3 1 

[36]

X [36]

where D [m] is the coil diameter and r [m] is the radius of a sphere originating at the coil center, is

referred to as the near field. The energy stored in the near field is used to excite the sample spins

[35]



and generate signal. Radiation resistance allows reactive energy in the near field to be lost to the

surroundings, including the patient, the magnet bore conductors, and free space. When energy is

radiated from the near field, the coil becomes less efficient. This results in a diminished SNR.

Table 4.
.qnnlv

The maximum physical coil dimension permitted for the electrically small coil condition to

Frequency X Maximum coil dimension
(MHz) (cm) (cm)

21 1428 142.8

64 468 46.8

128 234 23.4

200 150 15.0

300 100 10.0

400 75.0 7.50

Radiation resistance may be determined from [35] if one knows the power radiated by the

coil, Pr [W]. Electromagnetic waves transport energy as they propagate. The instantaneous

Poynting vector, 6 [W/m 2], describes the power density associated with an electromagnetic wave

and is given by (46)

6 = Ex [37]

where C [V/m] is the instantaneous electric field intensity and O [A/m] is the instantaneous

magnetic field intensity. The total instantaneous power, V [W], passing through a closed surface

is given by integration of the power density over the entire surface (46), i.e.



S= urf -ds = .urf( ) da

where n-hat is the unit normal to the surface and da [m2] is an infinitesimal area element on the

surface. In this case the average cycle power divided by the cycle is useful, for the instantaneous

fields vary with time. Time-dependent harmonic fields may be expressed in terms of the complex

fields E [V/m] and H [A/m] (46):

(E(x,y,z,t) = Re [E(x,y,z) ejit]

[(x,y,z,t) = Re [H(x,y,z) eJ"t].

[39]

[401

Using the identity (46)

Re [Eet] = L [Ee"' + E*e-jt]
2 [41]

one may write [37] as

1 Re [Ex H* + 1 Re [Ex Hej2t]
2 2 [42]

The time-averaged Poynting vector, Say [W/m 2], may now be written as (46)

Sav(x,y,z) = [6(x,y,z,t)]av = -Re[E x H*]
2

Based on this definition, the time-averaged radiated power, Pr, is (46)

[43]

[38]



Sav-ds = Re Ex H* - ds
2 surf [44]

lsurf

The real component of the radiated power is (35)

Pr = 10 lin2 (k2S) 2 . [45]

where S [m2] is the coil area. Radiation resistance along a conductive copper surface in air may

then be calculated by substituting [45] into [35] so (35)

Rr = 2Pr = 20(k 2S)2

Iin2 [46]

Rr = 31,200S2 = 31,200 2

c4 [47]

[48]Rr - S2f4,

revealing that radiation resistance increases with the size of the coil like S2 and with frequency like

f4 . Equation [47] holds for any circular surface coil whose perimeter is less than 0.3k (35).

Figure 2 shows that radiation resistance is the major contribution to the total resistance of the

unloaded coil at higher frequencies. This implies that unloaded RF coil losses may be primarily

attributed to the coil radiation resistance.

Pr = Pay =



20

I Ro
S I--e Rc

E 15 x Rr

o 10
CZCo

0 100 200 300 400

Frequency (MHz)

Figure 2. Ohmic resistance (Ro), capacitive resistance (Rc),
radiation resistance (Rr), and total resistance (R) versus frequency
for the surface coil described in Table 5. At higher frequencies the
radiation resistance dominates the total coil resistance.

3.4.3 RF TISSUE LOSSES

The other major RF loss mechanisms are losses to the tissue load. Human tissue is a

conductive and dielectric medium--electromagnetic fields in the vicinity of tissue will induce

conductive currents and displacement currents. These patient-associated losses cannot be

eliminated. In a lossy, anisotropic, inhomogeneous system of coil and tissue load, the losses are

best described by time-dependent electromagnetic field equations. The B1 field in this system is

given by the Maxwell-Ampere Law (48),

aD
Vx B = Jc+

9 at [49]

where Jc [A/m 2] is the conduction current density and D [C/m 2] is the electric flux density. Ohm's

Law allows the conduction current density to be written as



[50]Jc = OLE,

and Euler's Law allows us to express D as (33)

DD _ LE= -- = j LE
at at [51]

Using [50] and [51], [49] may be given as (33)

[52]

E is a complex value that may be expressed in terms of the magnetic vector potential A and the

scalar potential 0 [V] so (33)

Vx B = (GL +jO L) (-jwA-V V)
t o[53]

Equation [53] shows two sources of load loss in NMR. The B,-induced conduction (or eddy)

current density goes according to (33)

Jc= -j o LA [54]

[55]

The displacement current density Jd [A/m2] may be expressed as (33)

Jc - (0.

V xB I = ((L "+ jwEL) E



Jd = -j)ELE = )2ELA

Jd ~ )2.

[56]

[57]

These losses are load-specific as determined by the tissue conductivity and dielectric, aL [2 - 1 '-1]

and eL [C2/N m 2] (33).

3.5 RF COIL PERFORMANCE

The Q value, or quality factor, is a measure of coil efficiency. Q is a dimensionless figure

of merit that is defined as the ratio of the energy stored to the energy dissipated in the coil circuit.

This is given by (35)

[Xin

Rin [58]

or, for an inductive coil loop,

Xin _ mL
Rin R [59]

From the theoretical unloaded total resistance of the coil (R = R, + Rcap + Rr) and the coil inductor

(see §4), one may calculate and plot the Q values versus frequency. This was done using a

Microsoft Excel spreadsheet--the results are displayed in Figure 3.

An accurate indication of coil performance is the B, field, generated by the coil current,

over a region of interest. From the discussion of §3.2, this field of the couples to the nuclear



magnetic moments, resulting in the NMR signal. The B, field will primarily determine both how

well the excitation energy is delivered to the sample and how efficiently the NMR signal is then

received. For a given power input, the coil current obeys the following relation:

Pin = Iin2Rin [60]

Pin -
Rin [61]

Therefore, a relative measure of the B, field may be calculated from the Biot-Savart Law (49)

B = '_ I dl x r
4 co r2

coil. [62]

For a circular loop of radius b [m] at a distance r [m] along the axis normal to the plane of the coil

and through the coil center, the magnetic field strength is (49)

B o 2irb 2IinB=
4t (r2 + b2)3 / 2  [63]

B o 1 2nrb 2
B1

47t R (r2 + b2) 3/ 2  [64]

B1  

[(r)

R[65]



where i(r) is a geometric factor. The calculated B, values are shown with increasing frequency in

Figure 4.

SNR is the figure of merit for NMR coil applications, as it is directly related to image

quality. SNR follows the general relation (23)

SNR 2 -K(r)SNR

and its behavior with frequency for an unloaded coil is shown in Figure 5.

700

600

500

400

0 0 ..................

00

0 100 200

Frequency

300

(MHz)

400

Figure 3. Unloaded Q versus frequency for the surface coil

described in Table 5. Included are contributions from R0, Rcap, and

[66]
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4. MATERIALS AND METHODS

The benefits of RF surface coils are widely recognized (50-52) for localized, high-

sensitivity signal acquisition, and surface coils are in abundant use in the biomedical NMR

community (53-81). This general applicability, as well as its design simplicity, is why the single-

loop surface coil was chosen for this study. What is learned about RF coil losses from this

investigation applies to all NMR coils. Table 5 summarizes the surface coil characteristics. Coils

were fabricated in three configurations: with coil capacitance (necessary to make resonant coils)

distributed in one, two, and four locations. This was done with the intention of making the current

distribution around the loop more uniform. Figure 6 shows schematic diagrams of the three coil

configurations utilized.

Table 5. The design specifications of the surface coils used in this study.

coil material copper

coil shape circle

wire diameter d = 0.317 cm

wire length e = 40.89 cm

coil radius b = 6.50 cm

Small loop surface coils are inherently inductive (35). The inductance of a circular loop

satisfying the condition d << b is (35)

L= bg [ln( lb) - 1.75. [67]

For the surface coil described in Table 5, the theoretical inductance is calculated as Lth = 331 nH.

Coil imperfections will, however, likely cause the real coil inductance to deviate from theory. Coil



inductance was measured with a Hewlett Packard 4191A RF impedance analyzer and found to be

Lexp = 280 nH (see Figure 7).

In addition to the coil inductor there is a stray coil capacitance, Cs [F], caused by electric

field resulting from the voltage across the coil terminals, Vi. The value of the stray capacitance

may be determined from the coil self-resonant frequency. Using an HP 4191A, the effective coil

inductance versus frequency was measured. The data are displayed in Figure 7. From [26], the

stray capacitance may be determined according to

C= 1

02L [68]

as Cs = 4.07 pF. This capacitance must be taken into account whenever equation [26] or its

variants are used.

In order to construct resonant surface coil loops, capacitance must be added to the inductive

coil circuit. The capacitance required for resonance may be calculated from [68]. The stray coil

capacitance must be acknowledged when calculating the capacitance required for resonance.

Realizing this, the capacitance required for resonant coils is listed in Table 6. American Technical

Ceramics Corporation (47) 100E low-loss transmitter porcelain microstrip capacitors provided the

necessary coil capacitance.

The ohmic resistance of the surface coil may be calculated from [33]. Like the coil

inductance, the real ohmic resistance may be expected to differ from theoretically calculated values

due to imperfections in the coil shape and material. Using an HP 4191A, the experimental ohmic

resistance of the coil was measured at the frequencies of theoretical interest. Due to the upper

frequency limit of the test equipment, a complete data set was not obtained. However, the data that

were obtained are in good agreement with the theoretical ohmic resistance given by [33]. Based on

this observation, theoretically calculated values of R. will be used. The RF surface coils may be

modeled as the electrical circuit shown in Figure 8.



Table 6. The capacitance required for construction of resonant surface coil loops. The effect of the
stray coil capacitance (Cs = 4.07 pF) is not included in these calculations. If Cs were included, the
capacitance becomes negative between 128 MHz and 170 MHz. This is where the coil self-
resonant frequency should and does occur (see Figure 7).

Bo field strength 'H resonant frequency Discrete capacitance
(T) (MHz) (pF)

0.5 21 200

1.5 64 22

3.0 128 5.5

4.0 170 3.1

4.7 200 2.2

7.0 300 1.0

9.4 400 0.5

Figure 6. Coil schematic diagrams for the
distributed in one, two, and four locations.

discrete capacitance
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Figure 7. Effective inductance versus frequency for a one-capacitor
surface coil. The stray capacitance of the coil may be determined
from the resonant point (L = 0) according to [68]. Experiment has
determined this point as fo = 149 MHz.

L Ra

C Rp

Figure 8. Electrical circuit diagram of the surface coil used in this
study. The symbols are defined as follows: L = coil inductance, C =

coil capacitance, Cs = stray capacitance, R, = ohmic resistance, Reap
= capacitor resistance, and R,r = radiation resistance.
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The measurement of interest in this study is the coil Q at the 'H resonant frequency, in the

unloaded and loaded condition. From these data one may determine the coil radiation resistance,

load resistance, unloaded and loaded B, field magnitude, and unloaded and loaded SNR. All Q

measurements were performed on a Hewlett Packard HP 8753C vector network analyzer. To

measure the unloaded Q, coils were coupled to a HP 8753C using two small inductive loops as

depicted in Figure 9. This method eliminates undesirable secondary resonance peaks observed in

the data when capacitively coupling the coil.

Figure 9. A diagram of the inductive coupling scheme used to
measure coil Q.

The input signal originated in Port 1 of the HP 8753C. It was then sent via 50 Q coaxial

transmission line to a power amplifier [660 mW (35 dB from 1-350 MHz)] used to reduce noise

relative to the signal. Next the signal traveled along another 50 Q line to the transmitting inductor.

The signal returned via the receiving inductor, which was connected by a 50 Q line to Port 2 of the

HP 8753C. The S21 transmission coefficient is the parameter that was measured. During

measurements, coils were located atop an electrically insulated platform and isolated from

conductive material in the surroundings. Q was measured by the HP 8753C using the algorithm



Q= fe

Af-3dB, [69]

where f, [MHz] is the center frequency and Af-3dB [MHz] is the -3 dB bandwidth about fe"

For the loaded measurements of Q, a head phantom was constructed. The phantom was a

lexan cylinder (height = 4.56 in, diameter = 11.78 in) filled with 7.0 liters of 0.7% (by weight)

saline solution to approximate the conductivity of human tissue. The surface coil was placed in a

lexan box and fixed to the bottom. The box was then inverted and the head phantom placed atop

the box. Measurements were performed in the same manner as described for the unloaded case.

5. RESULTS

Q data were collected with each coil impedance matched to a varying degree from - 15 dB

to - 40 dB. This was done to ensure accuracy while simultaneously keeping the energy transfer at

a level that did not load the coil with the inductive couplers. The Q values acquired for each coil

were averaged and are displayed in Figures 10 and 11. The averaged Q data is also listed in

Appendix B.

From the Q data we may determine the frequency dependence of key parameters. Equation

[59] and the experimental inductance permits calculation of the total resistance of both the unloaded

and loaded surface coils. These values are listed in Appendix B. For the unloaded coils, the

experimentally determined coil inductance, calculated ohmic resistance, and ATC-provided

capacitive resistance was used to determine Rr from

Rr = R - Rn + Rap. [70]

Figure 12 shows the frequency dependence of the coil radiation resistance.



The total resistance calculated from the unloaded and loaded coil Q values may be used to

determine the B1 field magnitude at one coil radius and the dependent coil SNR from equations

[64] and [66]. Figures 13 and 14 display the calculated unloaded coil B, field strength and SNR

while Figures 15 and 16 display the loaded coil B, field strength and SNR.

There are numerous potential sources of error in the experiments. However, based on the

analysis performed in §6, none of these errors has a significant impact on the data. Error sources

include, but are not limited to, the mutual inductance between the coupling probes; the presence of

conductive material in the vicinity of the experimental setup; imperfections in the coil that cannot be

accounted for, such as the effects of soldering and imperfections in the coil shape and material; and

the inherent inaccuracy of the measurement instrumentation.

800

- -- 1 cap
-x- 2 caps

600 --- . .

400- --

200

0

0 100 200 300 400

Frequency (MHz)

Figure 10. Unloaded Q versus frequency for the surface coils. The
legend corresponds to data for coils with capacitance distributed in
one, two, and four locations.
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Figure 15. Loaded B, field magnitude at one coil radius versus
frequency for the surface coils, calculated from the total coil
resistance. The B1 units are relative to the power input.
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6. DISCUSSION

6.1 COIL Q AND RADIATION RESISTANCE

Figure 17 is a comparison of the calculated and measured coil Q values. Very good

agreement can be seen between the theoretical and measured values. The highest Q observed is the

measured value of the one-capacitor coil. The subsequent decline in measured Q for the two- and

four-capacitor coils may be accounted for by the increase in coil resistance associated with the

additional capacitors. At low frequencies, the increase in Rcap is a significant fraction of the total

coil resistance. The effect becomes imperceptible at higher frequencies as the total resistance of the

coil overwhelms the capacitive resistance.

800

600

0 400

200

0 100 200 300 400

Frequency (MHz)

Figure 17. Unloaded coil Q versus frequency for the surface coils.
The fact that the one-capacitor coil exceeds theory indicates that
measurement error and coil imperfections cause the coil to be less
resistive than the theoretical coil.

Figure 18 compares the theoretical and measured radiation resistance of the coil. Only the

measured values for the four-capacitor coil are shown, as that is the only coil that resonates at

I--.--theory-- e- 1 cap

--- ----------------- ---------------

--.- -



frequencies high enough to permit comparison. From the plot it may be seen that radiation

resistance for a small loop surface coil behaves according to theory. That is,

Rr = 31,200 S2f 4

c4 . [71]

0 100 200 300

Frequency (MHz)

400

Figure 18. Radiation resistance versus frequency for the theoretical
and experimental surface coils. The agreement between the
theoretical and experimental values indicates that radiation resistance
increases like fo4 in a small loop surface coil.

6.2 B1 FIELD MAGNITUDE AND SNR

Figure 19 is a comparison of the theoretical and measured unloaded B, field magnitude at

one coil radius from the coil center. The theoretical values were calculated as described in §3.5 and

the experimental values were found from [64] using R as determined from the measured Q values.

There is excellent agreement between theoretical and experimental values, as would be expected

given the accuracy of the Rr measurements.
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Figure 20 compares the theoretical and measured SNR of the unloaded surface coils. There

is excellent agreement between theory and the real surface coil.

larger than linearly up to 100 MHz.

SNR may be seen to increase

From 100 MHz to 200 MHz, the increase in SNR is

approximately linear. Greater than 200 MHz (D > 0.1 X), the SNR begins to level off due to the

rapidly increasing radiation resistance of the coil.
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Figure 19. Unloaded B, field magnitude at one coil radius versus
frequency for the surface coils.
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Figure 20. Unloaded, normalized SNR versus frequency for the
surface coils. The SNR is normalized to the theoretical maximum
value.

6.3 RF COIL DESIGN GUIDELINES

Figure 21 again displays the loaded Q data. The broad peak in the data at - 300 MHz is

due to a dielectric resonance in the phantom load. The speed of light in saline dictates that the

phantom thickness is V4 at - 300 MHz. About this frequency energy is preferentially transmitted

through the phantom, resulting in higher Q values. The effect of the resonance peak may be

expected to appear in any analysis performed with the loaded Q data, including RL, the loaded B1

magnitude, and the loaded SNR.

From the previously calculated coil radiation resistance and the measured loaded Q values

we may determine the resistance of the phantom load because

RL = R - Ra + Reap + Rr. [72]

The frequency dependence of the load resistance is shown in Figure 22. The dip in the load

resistance is due to the effect of the dielectric resonance carried through the data analysis. Without



that effect the load resistance appears to increase in a greater than linear fashion as at the lower

frequencies.

It is widely believed that the load resistance dominates all other RF losses in biomedical

NMR. Based on the measured radiation resistances and load resistances, we now consider this

question. Figure 23 shows the load resistance and radiation resistance of a four-capacitor surface

coil versus frequency. At 200 MHz (D - 0.1 k) the radiation resistance is a small fraction of the

load resistance. At 400 MHz (D - 0. 17X), however, radiation resistance is approximately 20% of

the load resistance. Consequently, if radiation resistance was limited in this experimental setup,

SNR would increase approximately 8% at 400 MHz. The SNR improvement that would be

realized from limiting radiation resistance is shown in Figure 24.
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Figure 21. Loaded Q versus frequency for the surface coils. The
peak in the data is due to a dielectric resonance that occurs at - 300
MHz for the phantom described in § 4.
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Figure 22. Load resistance
coils.

versus frequency for the loaded surface
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Figure 23. Measured load and radiation resistance versus frequency
for the four-capacitor surface coil. While the load resistance is
greater than the radiation resistance, the radiation resistance becomes
a significant fraction of the load resistance as the electrical length of
the coil increases.
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Figure 24. Normalized coil SNR versus frequency for a surface coil
both with and without limited radiation resistance. An improvement

in SNR is noticeable beginning at 200 MHz (D = 0. 1) for the
radiation-resistance-limited coil.

7. APPLICATIONS

Ackerman et al. (50) were the first to utilize surface coils for NMR studies in-vivo,

applying them to 31 P NMR spectroscopy. Since the early investigations of surface coil imaging

(51-53), they have become the preferred RF coil for many highly-localized applications (54-81).

Their abundance is due in large part to the fact that the circular surface coil offers the best

achievable SNR of any RF coil to a limited depth (82,83). Additionally, surface coils are simple

and inexpensive to design and construct.

Surface coils are effective because they are very efficient in coupling a small sample volume

to its B, field (see §3.2). The efficient coupling arises from the physical placement of the coil near

the region of interest. Also, the small volume covered by the coil minimizes RF tissue losses and

the consequent diminishing of SNR. Surface coils have drawbacks, such as a relatively

inhomogeneous B, field and a limited field of view (FOV). Also, coil sensitivity decreases sharply

with depth in a tissue load. This may be overcome by placing the surface coil inside the patient for



several limited applications. In the end, however, the drawbacks of surface coils are outweighed

by the SNR gains realized in many localized applications.

Surface coils may be used en masse to form a phased array (84). The phased array is a set

of overlapping surface coils in which each coil simultaneously receives signal from the sample.

Each coil signal is then weighted according to the voxel location in the sample. The weighted data

are then combined to form a composite image. Phased arrays are commonly used as the receiver

coil with a volume coil transmitter, permitting a more homogeneous, and therefore more efficient,

B, excitation field.

The advantage of the phased array is that it may cover entirely any anatomical structure.

This is possible as the coils (elements) that comprise a phased array are decoupled, i.e. they do not

electrically interact. Thus, the phased array offers the SNR benefit of the surface coil while

improving upon the FOV limitation. Further, the insensitivity of surface coils at depth may be

overcome by fashioning a phased array volume coil (85). Since the introduction of the phased

array, their SNR, FOV, and depth sensitivity benefits have been clearly established (86-95) and

they have found numerous applications in biomedical NMR (95-107).

Volume coils are designed to completely surround a sample and are found in NMR

scanners in which you may want to image any region of the body. These are generally the most

complicated and expensive RF coils, but the challenge of engineering a volume coil is repaid by its

highly homogeneous B, field and large FOV. The most common volume coil is the birdcage coil

(108,109).

Most RF coils, including surface coils, phased arrays, and birdcage coils, are designed

using lumped-element (RCL) circuit theory. This technique relies on discrete capacitors in the

inherently inductive coil circuit to tune the coil to the desired resonant frequency. The coil

designed using lumped element theory, while effective at 1.5 T, becomes increasingly inefficient as

experiments increase in frequency (36,41,42,110). In many cases, traditional techniques cannot

even furnish a coil that can be tuned to the resonant frequency.



The electrical length of RF coils, based on the data collected in this study, increases coil

radiation resistance at high frequencies. This renders lumped-element coils ineffective. In order to

overcome the problem of radiation resistance in RF coils at high frequencies, one may utilize

transverse electromagnetic (TEM) principles, also known as transmission line theory (111). This

is the standard design technique when a signal needs to be transmitted with minimal loss.

Transmission line theory uses true distributed circuit components, such as transmission lines, strip

line circuits, and cavities to theoretically eliminate radiation resistance.

The progression from distributed coil circuits to transmission line principles may be seen in

several head and body coils to date (21,112-115). The most capable high-field coil design is the

TEM volume coil described by Vaughan (33). This TEM coil shows a significant BI-gain

improvement over the most common commercial volume coils, including the birdcage coil (41).

Its design has been demonstrated successfully in human head and body imaging experiments at 3.0

and 4.0 T (33,116-118) and a head coil (3/5 human scale) has been used to successfully image

primates at 9.4 T (119). The TEM coil has also been demonstrated for humans as a body coil at 8

T by Vaughan (120) and as a head coil at 9.4 T by Zhang (121).

The data presented in this study have several implications for RF coil engineering. The link

between the coil efficiency and performance and the total coil resistance has been demonstrated.

That is, coils are optimized by eliminating resistance. While ohmic resistance (consisting of the

coil conductor and the capacitors) and the load resistance are difficult to limit in many cases, coil

radiation resistance may be limited. This must be one goal of any attempt to improve high-field RF

surface coil performance.

The results for the surface coil used in this study may be applied to surface coils and

phased array elements of the same size. However, changing the size of the coil even a few

centimeters has important ramifications on the electrical length of the coil. In that case, the lessons

learned from this study may be extended to other coils of the same electrical length. The

frequencies at which some common coils have the same electrical lengths are listed in Table 7.



Table 7. The frequencies at which various coils have the same electrical length (i.e. 0. 1k).
Radiative properties of these coils may be expected to be similar based on their electrical length.

Coil type Coil physical dimension Frequency
(cm) (MHz)

surface coil/phased array element 13 230

surface coil/phased array element 6.5 461

head coil 25 120

body coil 100 30

Equation [71] reveals that decreasing the coil size will limit the coil radiation resistance.

Figure 25 compares the radiation resistance of the surface coil used in this study and a surface coil

whose radius is half as large. Thus, at 400 MHz the electrical length of the larger surface coil is

0.17, while the electrical length of the smaller coil is 0.09X. The radiation resistance of the

smaller coil is approximately 95% less than that of the larger coil at 400 MHz. This would

translate into a SNR improvement of nearly 4.5 times. Therefore, limiting the electrical

wavelength of the RF coil is effective in controlling its radiative properties. Limiting the radiation

resistance may also be accomplished by designing coils based on transmission line principles. As

their performance indicates, TEM coils are effective in decreasing coil radiation resistance. Coils

designed based on transmission line principles may be expected to exhibit a significantly higher Q

and SNR.
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Figure 25. The effect of decreasing surface coil size on radiation
resistance. By decreasing the coil radius by 1/2, the resulting effect
on radiation resistance may be seen.

8. CONCLUSIONS

The RF losses of a resonant NMR surface coil have been examined for coil electrical

lengths from 0.01X to 0.17X. The radiation resistance of a small loop surface coil has been shown

to increase like fo4. From the measured load and radiation resistances, it has been demonstrated

that radiation losses are a significant fraction of the load losses at higher frequencies. This implies

that limiting coil radiation resistance may noticeably improve loaded coil SNR.

To prevent radiation resistance one may limit the coil electrical length and/or apply

transmission line principles in the construction of RF coils. Decreasing the coil electrical length

may be accomplished by limiting the coil size relative to the RF wavelength. Transmission line

principles, which have been demonstrated for volume coils, use true distributed circuits to

minimize radiation resistance. Based on the data presented, these actions may yield a greater coil
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SNR, which may be used to enhance the spatial resolution, temporal resolution, or contrast-to-

noise ratio of NMR images.
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APPENDIX A: ABBREVIATIONS AND SYMBOLS

The abbreviations and symbols used in the paper, in order of their appearance.

Abbreviation or symbol Definition [SI units]

B0

NMR

SNR

fo

CNR

RF

coil diameter [m]

static magnetic field strength [T]

Nuclear Magnetic Resonance

Signal-to-Noise Ratio

nuclear resonance frequency [s-', Hz]

gyromagnetic ratio [MHz/T]

Contrast-to-Noise Ratio

Radio Frequency; falling between approximately 10 and 1012 Hz on

the electromagnetic spectrum (47)

ohmic resistance [Q]

radiation resistance (relative to the maximum coil current) []

resistance due to the coil load [Q]

angular frequency [rad/s]

B, magnetic field strength per unit current [T/A]

RF magnetic field strength [T]

R = R Rap+ Rcap + R+ R []

quality factor

wavelength [m]

RL

(0

ic(r)

B,



nuclear spin [J-s]

orbital angular momentum [J.s]

spin angular momentum [J.s]

atomic number

nuclear spin quantum number

Planck's constant; h = 6.63(10 -34) J's

nuclear spin component along the z-axis [J.s]

m = I, I-1,..., 1-I, -I

nuclear magnetic moment component parallel to the z-axis [A-m2]

potential energy [J]

magnetic moment [A.m 2]

magnetic field [T]

current [A]

magnetic vector potential [N/A2]

permeability of free space; gto = 47(10-7) N/A 2

k2 = )2LE

permeability [N/A 2]

permittivity [C2/N-m 2]

distance [m]

infinitesimal length element [m]

net sample magnetic moment [A-m2]

I(r)



t

emf

E

Zin

wire radius [m]

coil surface resistance [92]

conductivity [Q-'.m]

nuclear magnetic moment [A-m2]

time [s]

ElectroMotive Force [V]

electric field [V/m]

input impedance []

input resistance [2]

input reactance [Q]

input power dissipated [W]

coil current across the coil terminals [A]

ohmic power loss [W]

radiative power loss [W]

reactance []

capacitive reactance []

inductive reactance [Q]

capacitance [F]

inductance [H]

radiation resistance (relative to the current across the coil terminals)

[1]

wire length [m]

Xin

Pin

X

Xc



Rcap capacitor resistance [0]

instantaneous Poynting vector [W/m2]

(6 instantaneous electric field intensity [V/m]

instantaneous magnetic field intensity [A/m]

Stotal instantaneous power [W]

ds ds = (n-hat)da [m2]

n-hat unit normal to a surface

da infinitesimal area element [m2]

H complex magnetic field [A/m]

Sav time average Poynting vector [W/m2]

Pav average radiated power [W]

I coil current [A]

S coil area [m2]

c speed of light in free space; c = 3(108) m/s

Jc conduction current density [A/m 2]

D electric flux density [C/m 2]

Jd displacement current density [A/m2]

TL  load conductivity [Q-'.m-']

EL load permittivity [C2/N.m 2]

scalar potential [V]

Vin voltage across the coil terminals [V]

r-hat unit vector between the point of calculation and a field point [m]

b coil radius [m]

d wire diameter [m]

Lth theoretical inductance [H]
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Lexp  measured inductance [H]

Cs  stray capacitance [F]

fc center frequency [MHz]

Af-3dB -3 dB bandwidth [MHz]

FOV Field Of View

TEM Transverse ElectroMagnetic



APPENDIX B:

Unloaded Q data.

Frequency Capacitance Qavg* R**

(MHz) (pF) (2)

30

63

96

115

169

42

63

143

183

259

41

61

90

122

145

206

246

378

100

22

8.2

5.6

2.2

2x 100

2 x 47

2 x 8.2

2 x 5.6

2 x 2.2

4 x 220

4x 100

4 x 47

4 x 27

4x 18

4 x 8.2

4x 5.6

4 x 2.2

578

777

590

519

270

517

655

464

178

112

328

398

472

414

327

227

120

39

0.091

0.143

0.286

0.390

1.101

0.143

0.169

0.542

1.805

4.056

0.216

0.265

0.329

0.508

0.765

1.566

3.523

16.747

* Q data was averaged over a range of match levels
** R is calculated using equation [59] and the measured coil inductance

Q DATA



Loaded Q data.

Frequency Capacitance Qavg R

(MHz) (pF) (2)

29

64

97

113

162

42

63

148

192

262

41

62

92

126

153

213

260

415

100

22

8.2

5.6

2.2

2x 100

2 x 47

2 x 8.2

2 x 5.6

2 x 2.2

4 x 220

4x 100

4 x 47

4 x 27

4x 18

4 x 8.2

4 x 5.6

4 x 2.2

29.2

14.9

9.7

10.1

10.2

21.7

15.7

8.3

7.2

9.7

22.5

16.0

12.9

11.1

11.0

8.9

13.5

7.6

1.747

7.574

17.593

19.683

28.079

3.413

7.082

31.371

46.914

47.519

3.149

6.717

12.323

19.702

24.033

41.586

33.278
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