Noise performance of surface coils for magnetic resonance imagingat1.5T
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In this paper we analyze the signal-to-noise ratio (SNR) for surface coil magnetic resonance
imaging at 1.5 T. We have applied the treatment of Hoult and Lauterbur to determine the factors
that most affect coil performance. We have imaged lossy phantoms with 8-, 10-, and 14-cm-diam
circular surface coils and compared the results to body and head coil images. Surface coils can
improve SNR by a factor of 4 or more for regions close to the surface. Surface coils are effective for
regions up to 6 cm deep inthe head and about 12 cm deep in the body. Nonuniformity of image
intensity is a necessary requirement for improved SNR in surface coils. Coil losses make only a
small contribution to image noise compared to tissue losses at 1.5 T. Surface coils need not be

placed in close contact with the patient at 1.5 T.

I. INTRODUCTION

Magnetic resonance imaging (MRI) with surface coils is a
rapidly developing technique ' which provides improved
image quality for relatively superficial structures in the
body. The chief advantage of using a surface coil arises from
the higher signal-to-noise ratio (SNR) possible compared to
using a head or body coil. The better SNR from a surface coil
can be used to decrease imaging time, particularly at low
magnetic field strengths, or to decrease pixel size and there-
by increase the resolution of structural details. The chief dis-
advantage of surface-coil imaging is the rapid falloff in signal
strength with distance from the coil. Unfortunately, this
nonuniform spatial response is a necessary condition for the
improved SNR in surface coils.

The above cited studies were primarily concerned with
demonstrating the improved clinical images possible with
surface coils and with discussing the diagnostic potential of
surface-coil imaging of various parts of the body. They are
largely qualitative in nature. In this report, we discuss the
factors affecting the noise performance of surface coils, de-
scribe some measurement techniques useful in analyzing
surface coils, and give quantitative results from some simple
imaging experiments performed in a 1.5-T magnetic field.

Il. NOISE IN SURFACE COILS

In 1979, Hoult and Lauterbur’ first discussed the princi-
pal sources of noise in magnetic resonance imaging. They
applied the fluctuation—dissipation theorem, which states
that any dissipative medium generates thermally activated
random fluctuations, which can be detected as noise. There
are two dissipative elements which are the principal noise
sources in MRI. The first is the series resistance of the receiv-
er coil r.; dueto conductive losses of the wire. The second is
the magnetically induced eddy current losses in the sample
or patient. This loss mechanism can be represented by an
equivalent series resistor 7y, to account for the loading
effect on the receiver coil by the sample. The expression for
SNR is’

SNR &« (a)Z Bl)/\} Teoit + rsample ’ (1)
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where o is the Larmor frequency. The B, factor arises from
the reciprocity theorem,® which states that the signal in-
duced in a coil by a precessing nucleus will be proportional to
the magnetic field B, produced at the nucleus by a unit cur-
rent in the coil. Hoult and Lauterbur derived an expression
for 7umpie bY calculating the energy dissipated in a sphere of
radius b with electrical conductivity o subjected to a homo-
geneous rf field B,. They found’

« gw*B3b°. (2)
The strong dependence of 7, ,,;. On Larmor frequency  and
sample size b results in tissue losses becoming the dominant
noise source when imaging bodies or heads at high fields. We
find that, for whole-body imaging at 1.5 T, 7, py 18 typically
six or more times as large as r_;, . Neglecting _; and substi-
tuting Eq. (2) into Eq. (1) gives

SNR « (o/yobd). (3)

Note that the B, factor, which depends on the coil geometry,
has dropped out. The SNR for a fixed voxel size decreases as
the tissue volume in the receiver coil increases.

Equation (1) also applies to surface-coil imaging where the
inhomogeneity of the receiver coil sensitivity B, imparts the
only spatial dependence to the SNR. That is, we assume all
the nuclei are uniformly stimulated by a larger transmitter
coil, which produces a homogeneous rf field. For simplicity,
we consider a single turn circular receiver coil having radius
a and lying in the x = 0 plane at the surface of the sample. B,
has a simple expression when evaluated on the x axis. In this
case, the signal is given by

¥ sample

@
(1[1 + (x2/02)]3/2 *
Note that, for x = 0, the signal for a fixed voxel size increases
as coil radius decreases. Equation (2) no longer applies for
Z<ample Of @ surface coil, where B, is not uniform. The B} b°
factor in Eq. (2) must be replaced by a much more complicat-
ed function of coil geometry and sample geometry. The rapid
falloff of coil sensitivity B, with distance implies that ran-
domly fluctuating currents in the tissue far from the coil
produce little noise in the receiver coil. Hence those portions

Signal « w?B,(x,a) « 4)
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of the sample closest to the coil contribute the most t0 7, ppie -
The effective volume of tissue that loads the coil is essentially
determined by the coil radius a, provided that the sample
dimensions are large compared to the coil. Hence we expect
for a surface coil,

rsample o« a'a)zf(a), (5)
where f(a) should be a rapidly increasing function of a. For
the coil sizes useful in surface imaging, we find 7, is nine
or more times as large as 7.;, . Hence substituting Egs. (4) and
(5) into Eq. (1) and neglecting 7, we obtain

SNR « (o/aJaf(@) (1 + (x*/a%)] " (6)

The first factor suggests that the SNR at the surface (x = 0)
increases rapidly as the coil radius a is decreased. The second
factor demonstrates that the radius a is the scale factor
which determines how rapidly the SNR rolls off with dis-
tance into the sample. Hence, in contrast with Eq. (3) for
head or body imaging, the SNR for surface imaging depends
little on the total tissue volume and greatly on coil geometry.

Iil. METHODS

The most common quantity for characterizing a resonant
circuit is the quality factor Q. Q is defined as the ratio of the
peak magnetic energy stored by the coil to the average ener-
gy dissipated per radian by the coil. High Q implies low
losses. The Q is numerically equal to the resonant frequency
o divided by the 3-dB bandwidth Aw or the inductive imped-
ance wL divided by the equivalent series resistance r. Equat-
ing the two expressions for O leads to the relationship
r = LAw. Hence a relatively small valued radio-frequency
resistance can be accurately deduced from measurements of
inductance and bandwidth. The quantity 7., is proportional
to the 3-dB bandwidth when the coil is empty and 7, is
proportional to the increase in bandwidth when the sample is
added. With this operational definition r,; includes losses
due to matching network, cables, clipping diodes, and coil
resistance, but not the loading due to the preamplifier. The
preamplifier is not connected during Q measurements. The
@ can be measured with a radio-frequency signal generator,
an oscilloscope, a frequency counter, and two inductive
loops. The inductive loops, which are small compared to the
coil under test, are placed on opposite sides of the coil. One
loop, driven by the signal generator, excites the coil’s reso-
nance and the other, connected to the scope, monitors the
coil’s response. For high-Q coils, the two loops must be
loosely coupled to the coil to prevent loading of the coil by
either the output impedance of the generator or the input
impedance of the scope. The resonant frequency and the
low- and high-frequency — 3-dB points can be determined
by manually tuning the signal generator. We obtained the
same results more quickly by using the inductance loops
with a spectrum analyzer and tracking generator in place of
the scope and signal generator.

In the experiments described below, the SNR was ob-
tained by imaging homogeneous phantoms containing dis-
tilled water doped with NaCl and CuSO,. The CuSO, con-
centration was about 0.01 M, which gave a convenient T}
spin-lattice relaxation time. Our simple “head” phantom
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consisted of a 1-gal plastic bottle with enough NaCl added to
make it load a head coil to the same degree as a typical hu-
man head. The bottle was oriented on its side with its longer
dimension parallel to the main magnetic field. The second
phantom was a 21-cm square flat-bottomed plastic container
with 11 cm of water in it. In use, this phantom was centered
on top of the surface coil. The NaCl concentration was ad-
justed so that the phantom’s loading on the surface coil
equalled that caused by placing the coil against a human
abdomen. In both cases, the NaCl concentration was ap-
proximately 0.034 M.

In our surface coil imaging experiments, the nuclei are
excited by transmitting with the body coil. Thus all the nu-
clei are subjected to essentially the same flip angles, provided
no significant currents are induced in the surface coil during
the transmit pulse. The induced current can be limited by
adding clipping diodes to the surface coil. Also, the transmit
and receive coils can be decoupled by positioning their axes
orthogonally. Decoupling is useful also during the receive
mode. Otherwise, the body coil can pick up noise originating
in parts of the body far from the surface coil and couple it
into the surface coil.

The three different surface coils used below were made by
wrapping one turn of copper foil strip, 1.27 cm wide, on
short sections of 8-, 10-, and 14-cm-diam acrylic tubing.
Each coil was tuned and impedance matched to give a 50-Q
real source impedance when loaded by the phantom. Thus
the preamplifier exhibited the same noise figure for all the
experiments. The receiver gain was also kept fixed so that the
same noise level appeared in all images. For each coil, the
same spin-echo pulse sequence with a repetition time of 300
ms was used to make an image which included the axis of the
coil. The signal amplitude versus depth along the coil axis
was read directly from the image printout. The resulting
SNR'’s were expressed as relative values only, since some
partial saturation occurred for the 7', and repetition rate
used. Higher absolute SNR values could be obtained with
less CuSO, doping and very long repetition time.

IV. OBSERVATIONS

Measurements were made to answer the following ques-
tions about surface coil noise performance: How important
are coil losses compared to tissue losses? How well does the
analysis given above apply? How do surface coils perform
compared to head or body coils? Must the surface coil be
placed flush against the sample? We will address these issues
in the order given above.

Table I gives values of Q for three loading conditions for
each of the three surface-coil diameters employed. Qempey
was measured with no sample present. Q... Was obtained

TaBLE I. Coil quality factors and coil noise contribution.

Coil Coil
diameter noise
(cm) Qempty Q head quuare (%)
8 274 44 38 7.2
10 298 33 32 5.5
14 245 26 18 3.7
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with the coil against the side of the head phantom, and
Q.quare» With the coil centered against the bottom of the
square phantom. The fifth column gives noise attributed to
the coil losses expressed as a percentage of total observed
noise. This factor is given by

Coil noise . \/r coil + 7 sample ~ \/r sample

Total noise m
=1- \/1 - (quuare /Qempty );

where the square phantom was used as the sample. The coil
noise contribution decreases as the surface coil radius in-
creases and is essentially negligible for all three coil sizes at
this frequency of operation (63.88 MHz). The variations in
Qempry fOr the three coil sizes arise primarily from variations
in the losses of auxiliary components such as the clipping
diodes. Unencumbered coils had empty Qs of approximate-
ly 470.

There was a possibility that some of the loading of the
phantom was due to dielectric losses induced by stray elec-
tric fields coupling the coil and sample. The relative magni-
tude of the stray electric fields can be determined by placing
a lossless phantom (distilled water) next to the surface coil
and observing the decrease in resonant frequency. The high
dielectric constant of water increases the effective stray ca-
pacitance. Adding NaCl to the water produces an inductive
coupling effect which opposes the capacitive frequency shift.
In a series of experiments with a fixed coil size, we were able
to vary the stray electric fields (as evidenced by the resonant
frequency shifts due to the distilled water phantom) without
changing the rf magnetic fields. The incremental increase in
bandwidth caused by the lossy phantom did not depend on
the variation in stray electric fields. Hence we concluded
that dielectric losses did not contribute significantly to the
surface coil losses at 64 MHz.

Figure 1 gives plots of the relative SNR along the surface
coil axis versus the depth measured from the surface of the
head phantom for the three coil diameters used. Also includ-
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F1G. 1. Signal-to-noise ratio vs depth in a head-sized phantom imaged with
surface coils of three different diameters and the head coil.
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ed for comparison is the SNR versus depth for a head coil
used as both transmitter and receiver coil. The functional
dependence of the SNR on depth is well described by the
second factor in Eq. (6), using the known values of radius &,
provided x is taken as the depth plus an offset Ax. Here,
Ax=~ 0.6 cm, which corresponds to the distance between the
center of the coil and water interface. The rapid variation of
SNR at the surface for the three different radii demonstrates
the expected inverse radial dependence of the first factor in
Eq. (6).

A surprising feature in Fig. 1 is that the SNR’s for all three
surface coils fall below that of the head coil at nearly the
same depth. For depths greater than 6 cm, the head coil will
probably outperform any surface coil. For depths less than 6
cm in the head, the choice of surface coil radius is primarily
determined by the desired field of view extending parallel to
the surface. Increasing coil radius increases the useful imag-
ing volume but decreases the SNR. For a region 2 cm below
the surface, the 8-cm-diam surface coil SNR is 4.7 times
better than that of the head coil. Resolution could be en-
hanced by reducing the voxel size by the same factor while
still retaining the same SNR as provided by the head coil.
Surface coils perform even better compared to imaging the
torso with a body coil. As expected from Eq. (3), theSNRina
whole-body image decreases, due to the increased losses in
the larger sample. On the other hand, the SNR for a surface
coil should be essentially unaffected by the larger tissue vol-
ume present. For example, when we imaged a large lossy
phantom with the 14-cm-diam surface coil, the SNR at the
surface was 5.6 times better than that produced by the body
coil. The SNR of the surface coil dropped below that of the
body coil at a depth of 11.4 cm. Larger surface coils should
outperform the body coil at somewhat greater depths. Pa-
tient losses were also the dominant noise source for the head
and body images. Hence the surface coil performance rela-
tive to head and body imaging would be little changed by
reduced coil losses but could be influenced by the size and
shape of the head and body coils. Smaller head or body coils
would give better SNR’s at the expense of poorer uniformity
of image intensity.

The effect on SNR of withdrawing the 14-cm-diam sur-
face coil from the bottom surface of the square phantom is
demonstrated in Fig. 2. Images were taken for various sepa-
rations between the top of the coil and the bottom of the
phantom. The coil was retuned and matched to 5042 for each
new separation. The SNR values plotted were taken from
two regions fixed in the phantom. The superficial region was
located on the coil axis immediately above the bottom sur-
face of the phantom. The interior region was located on the
coil axis, 7 cm above the bottom surface of the phantom.
Both regions exhibit a nearly constant SNR for separations
less than 4 cm. At 5-cm separation, both SNR’s are about
90% of their peak values. An explanation of this behavior
lies in the fact that the lossy sample material produces both
the signal and the bulk of the noise when the coil is tightly
coupled to the sample. Withdrawing the coil decreases the
signal strength, as would be predicted by increasing x in Eq.
(4). The constant SNR therefore implies that 7, must
also decrease as separation increases. The geometric factor
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FI1G. 2. Signal-to-noise ratio vs the distance by which a 14-cm-diam surface
coilis displaced below the bottom of a lossy phantom. The superficial region
is located adjacent to the bottom of the phantom and the interior region is
located 7 cm above the bottom.

fla) in Eq. (5) must decrease rapidly as separation increases.
At larger separations, the signal decreases asymptotically to
zero, but the noise is bounded by the coil losses r.;, and so
the SNR decreases to zero.

V. CONCLUSIONS

Surface coil imaging can produce substantially higher sig-
nal-to-noise ratios for regions near the surface than can con-
ventional head and body imaging. Surface coils are effective
for depths up to about 6 cm in heads and about twice that in
bodies. Surface coils produce better SNR’s because the coil
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sensitivity factor B, is higher for smaller coils and because
less noise is detected from distant parts of the sample. Non-
uniformity of image intensity is therefore a nccessary re-
quirement for reduced noise detection. At high fields, tissue
losses are the dominant source of noise. Thus coil losses
make only a small contribution to the total noise and coils
need not be placed in close contact with the patient.
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