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Conversion of MR signals into units of metabolite concentration requires a very high level of diligence to
account for the numerous parameters and transformations that affect the proportionality between the
quantity of excited nuclei in the acquisition volume and the integrated area of the corresponding peak
in the spectrum. We describe a method that eases this burden with respect to the transformations that
occur during and following data acquisition. The conceptual approach is similar to the ERETIC method,
which uses a pre-calibrated, artificial reference signal as a calibration factor to accomplish the conver-
sion. The distinguishing feature of our method is that the artificial signal is introduced strictly via induc-
tion, rather than radiation. We tested a prototype probe that includes a second RF coil rigidly positioned
close to the receive coil so that there was constant mutual inductance between them. The artificial signal
was transmitted through the second RF coil and acquired by the receive coil in parallel with the real sig-
nal. Our results demonstrate that the calibration factor is immune to changes in sample resistance. This is
a key advantage because it removes the cumbersome requirement that coil loading conditions be the
same for the calibration sample as for experimental samples. The method should be adaptable to human
studies and could allow more practical and accurate quantification of metabolite content.

� 2008 Published by Elsevier Inc.
1. Introduction

A practical and robust method for converting signals into units
of metabolite content would greatly improve the accuracy, infor-
mation content, and utility of MR measurements. Quantification
of metabolite content, a process often referred to as absolute quan-
tification, requires accurate determination of the proportionality
factor between the quantity of excited nuclei associated with that
metabolite within the measurement volume and the integrated
area of the corresponding spectral peak in the processed data. In
general, a very high degree of diligence is required to account for
all of the parameters that affect this calibration factor. As a result,
nearly all MR results are presented in terms of arbitrary units or as
ratios, which can be difficult to interpret and of limited clinical and
experimental utility.

We have developed a method that eases the burden of the
quantification process. Our approach utilizes a small RF coil (the
injector coil) that couples inductively with the RF coil used for
signal acquisition. The purpose of the injector coil is to stimulate
a robust synthetic signal (the pseudo-signal) in the receiver coil
at the same time that the real signal is acquired from the sample.
Elsevier Inc.
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The amplitude, frequency and linewidth of the pseudo-signal are
first set relative to a real peak corresponding to a known metabo-
lite concentration. The same pseudo-signal is then injected during
subsequent measurements and used as a reference signal for
converting the real signals into standard units of concentration.

The key innovation of this approach is that the pseudo-signal is
introduced to the receiver coil via inductive coupling. Since this is also
the mechanism by which the local B1 field (B1m) arising from excited
nuclei in the sample couples with the receiver coil, any subsequent
manipulations of the data have an equal effect on both signals. This
makes the calibration factor immune to changes in coil loading condi-
tions, receiver gain settings and data processing methods.

We have built and implemented a prototype probe and we have
conducted in vitro experiments to verify that the pseudo-signal
and the real signals are completely independent of each other—a
necessity for accurate quantification—and that the ratio of the
pseudo-signal and real signal is immune to variations in coil load-
ing. Our approach could allow more practical and accurate quanti-
fication of metabolite content using non-invasive MR techniques.
2. Experimental

All experiments were conducted on a 4.7 T Bruker horizontal
bore magnet equipped with a Varian Inova spectrometer and
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VNMR version 6.1. The pulse sequence and RF coil were modified
to allow injection of a pseudo-signal during acquisition of the real
signals, as described below. Before each measurement, the tune
and match capacitors were adjusted to yield 50 X impedance,
the Bo field was optimized by manually adjusting the shims, and
the flip angle was set to maximize the real signal. The integrated
areas of the spectral peaks generated by the real and pseudo-sig-
nals were determined using the Advanced Method for Accurate,
Robust and Efficient Spectral (AMARES) time domain fitting algo-
rithm [1] as included in the Java-based Magnetic Resonance User
Interface (jMRUI) software package [2].

Signal excitation and acquisition were achieved using a 2 cm
diameter surface coil. The experiments were specifically designed
to avoid potential errors in quantification caused by the highly
non-uniform B1 field generated by the surface coil. This eliminated
the need for spatial calibration measurements. A simple pulse-ac-
quire sequence was used for all measurements and the repetition
time was always much longer than the T1 of the samples. This
eliminated the need to compensate for differences in relaxation
times for different samples.

2.1. Probe design

Our prototype probe consisted of a 2 cm diameter surface coil
(C1 in Fig. 1) and a 1.5 mm diameter, 2-turn injector coil (C2),
both formed from copper wire. C1 was tunable to both 1H and
31P frequencies, 200.4 and 81.2 MHz, respectively, and was oper-
ated in both transmit and receive modes. The injector coil was
used solely to inject the pseudo-signal into the surface coil dur-
ing data acquisition. To minimize coupling between the injector
coil and the sample, C2 was oriented perpendicular to the plane
defined by C1.

A straightforward circuit analysis provides insight into how the
probe satisfies the key constraints described in Section 3. Fig. 2A
shows the main components of the probe, the voltage source used
to inject the reference signal, and the preamplifier used to acquire
the signals as the components are used during signal acquisition.

As shown schematically in Circuit A of Fig. 2, the injector coil
and the main RF coil were placed in close proximity to each other
(1 mm separation between them) so there was mutual inductance,
M, between them. The mutual inductance is defined as, M = k(LiLc)1/

2, where k is a scalar that depends on the geometric arrangement of
the two coils. In our probe, the injector coil was rigidly mounted to
the main RF coil so k was a constant. This is a key feature of the
design because it ensures that M is a constant and, therefore, that
the pseudo-signal remains in calibration when the probe is reposi-
tioned in the magnet to accommodate different samples. Any
change in M during the course of the study would have been obvi-
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Fig. 1. This schematic depicts the key components required to implement the quantific
create a digitized waveform describing the desired pseudo-signal. The pulse sequence re
transmitted through an RF synthesizer (RF synth 2) and passed through an external at
injector coil (C2). The diameter of C2 was much smaller than C1 and it was oriented perpe
cables (F1 and F2), the distance between them was maximized by feeding them in throug
transmit/receive mode while C2 was used only to transmit the pseudo-signal during the
to C1 were operated as they would be for a typical pulse sequence. We show a simple
pseudo-signals can be implemented.
ous because it would have required breaking the bonds holding the
probe together.

As shown in Circuit B of Fig. 2, the elements comprising the
voltage source and the injector coil can be replaced with an equiv-
alent voltage source and resistor, e0r and R0r, respectively, where

e0r ¼
jxM

Rr þ Ri þ jxLi
er R0r ¼

x2M2

Rr þ Ri þ jxLi
: ð1Þ

The parameters on the right-hand sides of these two equations are
constants determined by fixed physical characteristics of the hard-
ware that do not change after the calibration session. By summing
the voltage drops around the two loops in Circuit B, two simulta-
neous equations can be generated. These can be solved in order to
determine the detected signal, Vp,

Vp ¼
Rp

D
ðes þ e0rÞ

D ¼ 1þ Ct

Cm
þ jxCtRp

� �
Rs þ R0r þ Rc þ jxLc þ

1
jxCt

� �
� 1

jxCt
: ð2Þ

Note that the sample-dependent variables, Rs, Ct, and Cm, are all in
the denominator, D, and they act in equal proportion on the two
terms in the numerator, es and e0r. In this analysis, we have assumed
a single value for the frequency, x. In practice, the frequency for the
injected signal, xr, will be deliberately set to a slightly different fre-
quency from the metabolite frequency, xs, so that the peaks in the
processed spectrum do not overlap. The difference between xr and
xs, which is on the order of a few kilohertz, is much smaller than
the resonant frequency, which is at least tens of megahertz, so this
will introduce a negligible error into the analysis but it also allows
the acquired signal to be divided into two components,

Vp ¼ V sðxsÞ þ V rðxrÞ ð3Þ

V sðxsÞ ¼
Rp

D
esðxsÞ

V rðxrÞ ¼
Rp

D
e0rðxrÞ

where Vs arises from the sample and Vr is the voltage of the injected
reference signal.

This analysis demonstrates that the calibration factor, V rðxrÞ=
V sðxsÞ ¼ e0rðxrÞ=esðxsÞ, is independent of the sample-dependent
parameters that affect coil loading so, after it is set during the cal-
ibration session, it remains constant.

2.2. Properties of the injector coil

The analysis above assumes that the only coupling mechanism
between the injector circuit and C1 is inductive. The injector coil
Pwr amp

Ext atten

Magnet bore

C1

C2F1

F2

ation protocol. Prior to execution of the pulse sequence, a Unix macro was used to
ad the waveform and sent it to the second RF channel (RF2). The pseudo-signal was
tenuator (Ext atten) before being fed through an RG-223 coaxial cable (F2) to the
ndicular to the surface of the sample. To prevent cross talk between the two coaxial
h opposite ends of the magnet bore. During sequence execution, C1 was operated in
acquisition window (AQ). The main RF channel (RF1) and the components linking it

pulse-acquire sequence and a pseudo-FID but more sophisticated sequences and
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Fig. 2. Circuit A shows the main components of the hardware needed to implement the quantification method. The probe consists of the injector coil and the main RF coil.
Each coil can be modeled as a fixed resistor and a fixed inductor, Ri and Li for the injector coil and Rc and Lc for the main coil. Since these two coils are placed close together,
there is mutual inductance, M, between them. Current around the injector coil loop is driven by the RF synthesizer and external attenuator (see Fig. 1). These can be modeled
as a voltage source, er, and a fixed resistor, Rr. During signal acquisition, excited spins in the sample create a current around the main RF coil loop. The sample can be modeled
as a voltage source, es and a resistive load, Rs. In general, Rs, and the tuning and matching capacitors, Ct, and Cm, are sample-dependent variables because, when the sample
changes, Rs changes and Ct, and Cm must be adjusted so that the net impedance of the main RF coil loop is 50 X. The acquired signal arises from the current flowing through
the fixed resistor, Rp, in the preamplifier, generating the voltage, Vp. In Circuit B, the components comprising the voltage source and the injector coil have been replaced with
an equivalent voltage source, e0r , and an equivalent resistor, R0r, where these parameters are as defined in the text.
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and the cable driving it must be designed so that reflected power
and the formation of standing waves are negligible or else the
injector circuit could act as an antenna and transmit a signal to
C1 via radiation coupling. To minimize reflected power, a 50 X,
non-magnetic resistor was included in series with the injector coil.
The return losses at the 1H and 31P frequencies were 14.9 and
26.8 dB, respectively. The power reflection coefficients of the injec-
tor circuit and the main RF coil circuit were calculated using the
values of resistance and reactance as measured at the BNC connec-
tors on the coaxial driving cables (Table 1).

To further attenuate formation of standing waves, bazooka ba-
luns [3] were placed on the coaxial driving cables (F1 and F2).
Additional precautions against radiation coupling between the
two cables included the use of RG-223 cable, which has two layers
of double silver braid for shielding, and maximizing the separation
distance between the cables by running them out opposite ends of
the magnet bore, as shown in Fig. 1.

2.3. Pulse sequence modifications

Modifications to the pulse sequence were necessary in order to
transmit the pseudo-signals during data acquisition. In all cases
described in this study the pseudo-signals were designed to mimic
FIDs. A UNIX-based macro was used to generate files containing
digitized descriptions of the pseudo-signals in terms of amplitude
and phase variations over time. Inputs to the macro were the dura-
tion (d), linewidth (k), frequency offset (x), and number of points
(N) desired in the pseudo-signal. The macro was executed prior
to running the pulse sequence and the amplitude and phase data
were stored in formats that were compatible with pulse sequence
commands. The amplitude waveforms were calculated according
to the following equation,

ApðnÞ ¼ Ap;nom exp
�TpðnÞ

T2p

� �
ð4Þ

where n = 1:N, Ap(n) is the amplitude of the pseudo-signal at each
digitized point; Ap,nom is the nominal amplitude of the pseudo-sig-
nal, Tp(n) = nd/N; and T2p = 1/(Pk). The frequency offset, relative to
the RF transmitter frequency, was controlled by ramping the phase
Table 1
Properties of the RF coils

Frequency
(MHz)

Injector coil Main RF coil

Impedance
(X)

Reflection
coefficient (%)

Impedance
(X)

Reflection
coefficient (%)

81.2 (31P) 47.3 + j6.4 0.005 53.5 + j3.2 0.002
200.4 (1H) 48.5 + j15.8 0.020 39.4 � j12.3 0.030
of the signal in the phase waveform file, providing a complex char-
acter to Eq. (4).

The pulse sequence subsequently accessed these files and trans-
mitted the artificial FID waveforms through the second RF synthe-
sizer (see Fig. 1) at the same time that the real signals were being
acquired from the samples. The duration of the pseudo-signal was
always set to be equal to the acquisition window used to acquire
the real data and the number of points in the pseudo-signal corre-
sponded to the block size. This ensured that, during the data acqui-
sition window, the pseudo-signal evolved exactly like a real FID
arising from the sample.

2.4. Tests to demonstrate that the real signal is not altered by the
pseudo-signal

In vitro measurements were acquired at both 1H and 31P reso-
nances from two different phantoms; one containing 5 M metha-
nol and one containing 400 mM phosphoric acid (H3PO4) (SW =
5000 Hz, block size = 8k points, single acquisition, TR = 30 s). The
DAC unit parameter, which controls the nominal amplitude of
the pseudo-signal waveform (Ap,nom in Eq. (4)), was increased from
100 to 1000 for the methanol measurements and from 0 to 2000
for the H3PO4 measurements. (Full range is from 0 to 4096.) This
provided linear control of Ap,nom.

2.5. Tests to demonstrate that the pseudo-signal is not altered by the
real signal

Measurements were obtained from six phantoms with varying
methanol concentration while keeping Ap,nom constant (TR = 30 s,
SW = 5000, block size = 8k, 4 averages) The volumetrically deter-
mined methanol concentrations were 0, 2.5, 5.0, 7.4, 9.9, and
12.3 M.

2.6. Tests to demonstrate that the calibration factor is not affected by
coil loading conditions

Measurements were acquired at both 1H and 31P resonances
from two different phantoms to observe changes in the real and
pseudo-signals under different coil loading conditions. The 1H
measurements were conducted on a water phantom, i.e., with no
methanol, due to concerns over salt solubility in high methanol
concentrations. The 1H phantom was simply a 12 cm diameter
bowl containing 250 cc of water resting directly on top of the
2 cm diameter surface coil. To vary the ionic strength and hence
the effective resistance of the surface coil salt, (NaCl) was added
to the water to form concentrations of 25, 50, 100, 150, and
200 mM.
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The 31P phantom was identical to the 1H phantom except that a
1.2 cm diameter tube containing 5 cc of highly concentrated
(2.9 M) H3PO4 was centered in the bowl, directly above and per-
pendicular to the surface coil. This provided a strong Pi signal
but kept the solution well away from the surface coil and therefore
minimized the coil loading effects caused by dissociation of the
H3PO4 in water. A wide range of well-controlled coil loading condi-
tions was then induced by varying the salt concentration in the
surrounding saline solution to form concentrations of 0, 40, 80,
120, 160, and 200 mM.

2.7. In vitro quantification of metabolite concentration

To test the accuracy of the method when both coil loading and
metabolite concentration vary, 31P measurements were obtained
from a series of phantoms with volumetrically determined concen-
trations of 60, 118, 176, 233, 291, 347, 404, 460, 515, and 570 mM
H3PO4 (TR = 30 s, SW = 5000, block size = 8k, 4 averages). The fol-
lowing equation was used to calculate the H3PO4 concentration
from the Pi peak [4],

Cm ¼ Cref
Am

Ap

Ap;ref

Am;ref
ð5Þ

where Cm is the calculated metabolite concentration, Cref is the
independently measured metabolite concentration used during
the calibration session, Am and Ap are the areas of the metabolite
and pseudo-signal peaks, respectively, Am,ref and Ap,ref are the areas
of the metabolite and pseudo-signal peaks, respectively, acquired
during the calibration session. The measurements made at the high-
est H3PO4 concentration, and highest signal-to-noise ratio (SNR),
were assigned as the calibration session.

3. Results

Fig. 3 shows sample spectra acquired from an H3PO4 phantom
with and without injection of the pseudo-signal. In general, the
amplitude and linewidth of the pseudo-signal can be set to approx-
imate the real peak used for calibration. The frequency and phase
can be set so that the pseudo-peak does not overlap with any real
peaks. All of these parameters were easily controlled by pulse
sequence variables. No significant increase in spectral noise due
to injection of the pseudo-signal was observed in any of the mea-
surements conducted in this study, indicating that the method can
be implemented with no SNR penalty.

The method used to introduce the pseudo-signal must meet
certain constraints in order to accomplish accurate and robust
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Fig. 3. The figures show typical 31P spectra acquired from a phantom (2.9 M H3PO4 an
linewidth, phase, and frequency of the pseudo-signal can easily be set as desired by the
Fig. 4) and does not introduce any significant noise. For these two spectra, the standard
same (2.368 � 10�3 without the pseudo-signal, 2.457 � 10�3 with the pseudo-signal).
quantification. Our experiments were designed to examine three
of these constraints:

1. That variations in the amplitude of the injected pseudo-signal
do not change the magnitude of the real signal.

2. That variations in metabolite concentration do not change the
magnitude of the pseudo-signal.

3. That the ratio of the real signal to the pseudo-signal is indepen-
dent of coil loading conditions.

3.1. Variations in the amplitude of the injected pseudo-signal do not
change the magnitude of the real signal

Fig. 4 shows the results of experiments designed to demon-
strate that the amplitude of the pseudo-signal can be indepen-
dently adjusted, as desired, without affecting the real signal. In
Fig. 4A, the amplitude of the pseudo-signal increased linearly as
the amplitude of the RF power supplied to the injector coil (C2)
increased from 100 to 1000 DAC units, while the amplitude of
the real 1H signal, arising from a 5 M concentration of methanol,
remained constant. Similar results were obtained at the 31P
resonance using a 400 mM sample of H3PO4 (Fig. 4B).

3.2. Variations in metabolite concentration do not change the
magnitude of the pseudo-signal

Fig. 5 displays results from experiments in which we examined
the behavior of the pseudo-signal during changes in the amplitude
of the real signal. The amplitude of the real signal was changed by
varying the concentration of methanol in an in vitro sample while
keeping the amplifier power used to generate the pseudo-signal
constant. As expected, the integrated area of the methanol signal
increased linearly with concentration while the area of the pseu-
do-signal remained constant. The combined results in Figs. 4 and
5 demonstrate complete independence between the pseudo-signal
and the real signal arising from the metabolite in the sample, a
condition that must be met for accurate quantification of metabo-
lite content.

3.3. The ratio of the real signal to the pseudo-signal is independent of
coil loading conditions

The data in Fig. 6 show the changes in the real signal and the
pseudo-signal over a wide range of coil loading conditions, which
were induced by varying the salt concentration in a water phantom
1.5 1.0 0.5 -0.5 -1.0 -1.5

2

4

6

frequency,kHz
0

d 200 mM NaCl) with and without injection of the pseudo-signal. The amplitude,
user. Injection of the pseudo-signal does not alter the amplitude of real peaks (see

deviation of the signal measured between �1350 and �1450 Hz was essentially the
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Fig. 5. In these experiments the concentration of methanol was increased from 0 to
12.3 M in six increments while the RF power used to generate the pseudo-signal
(Ap,nom in Eq. (4)) was held constant. The amplitude of the methanol signal
increased linearly with methanol concentration but the amplitude of the pseudo-
signal remained constant. These results demonstrate that the calibration factor, as
determined by the amplitude of the pseudo-signal relative to a known metabolite
concentration, remains constant when the metabolite concentration changes.
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and an H3PO4 phantom. As salt concentration increased, the Q of
the coil decreased and the duration of the excitation pulse required
to maximize the signal increased. Both of these changes were
caused by increased sample resistance (Rs) as the ionic strength
of the solution increased. The increase in Rs, in turn, caused a sub-
stantial decrease in the integrated area of the real signals. The
pseudo-signal was affected equally by Rs so that the ratio between
the real signals and the pseudo-signals remained constant over the
wide range of coil loading conditions tested. These results demon-
strate that our method eliminates the requirement that coil load-
ing conditions be identical when acquiring the reference and
in vivo signals.

3.4. In vitro quantification of metabolite concentration

The results described above demonstrate that the calibration
factor remains valid when either concentration or coil loading con-
ditions change. The results in Fig. 7 demonstrate that accurate
quantification can be achieved when these parameters are changed
simultaneously. Increasing H3PO4 concentration caused increases
in Rs. This increase in coil loading is evident from the approxi-
mately 35% drop in the integrated area of the pseudo-signal and
the 50% increase in pwmax between the lowest and highest phos-
phoric acid concentrations. Coil loading conditions also affected
the area of the Pi peak, causing it to deviate from the line of iden-
tity at higher H3PO4 concentrations. However, the H3PO4 concen-
trations, as calculated from Eq. (5) were all very close to the line
of identity, indicating that the calibration factor, determined at
the highest H3PO4 concentration, remained valid over these wide
ranges of concentration and coil loading conditions.
4. Discussion

The many factors involved in converting MR signals into units of
metabolite content can be divided into two groups. The first group
includes transformations that occur during and following data
acquisition and determine the proportionality between the magni-
tude of the B1m field generated within the acquisition volume by a
given metabolite concentration and the integrated area of the peak
in the processed spectrum. This group includes:

� Coil loading: Electromagnetic coupling between the RF coil and
the sample determines the effective resistance of the coil, which
in turn determines the amplitude of the current generated in the
coil by B1m. Loading can vary between subjects and can change
during the course of a measurement session due to motion.

� Receiver gain stability: The gain of the RF amplifier can drift
over time. Correction for drift requires separate calibration
measurements.

� Data processing algorithm: Many different data processing algo-
rithms are available to convert the raw MR data to spectra and
then to perform the integration of the peaks. The various algo-
rithms can yield different peak areas depending on the details
of implementation.

Our approach eases the burden of the quantification process
with respect to this group of parameters. Accurate quantification
still requires due diligence to compensate for, or minimize the
effects of, the second group of parameters, which includes pro-
cesses that occur prior to data acquisition and affect the magnitude
of B1m. Among other factors this group includes:

� T1, T2, TR and TE: Relaxation times vary between metabolites and
the pulse sequence, repetition time, and echo time can have a
substantial effect on the signal amplitudes.

� B1 field homogeneity: Local variations in the amplitude of the B1

field generated by the RF coil can affect the flip angle, reception
sensitivity, and integrity of volume selection and therefore the
amplitude of the acquired signal.

� Frequency response of the RF pulse: Non-uniform excitation of dif-
ferent chemical species can occur if the frequency response of
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graph). Similar results were obtained from the Pi phantom. Both the pseudo-signal and the Pi signal decreased as salt concentration increased but the ratio of the two signals
remained essentially constant at about 0.71. This demonstrates that a single calibration measurement will allow accurate quantification over a very large range of coil loading
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concentration in the sample increased and so did the sample resistance, Rs. The changes in Rs increased the load on the coil used to acquire the signal, resulting in a non-linear
relationship between H3PO4 concentration and the area of the Pi signal, as indicated by the deviation from the straight (dashed) line at the higher concentrations. The changes
in coil loading had an equivalent affect on the pseudo-signal, causing it to decrease in amplitude at higher concentrations. Graph B shows the H3PO4 concentrations as
calculated using Eq. (5). The calculated concentrations are all very close to the line of identity (dashed line), indicating that the calibration factor remains constant despite
changes in both metabolite concentration and coil loading conditions. Measurements of Q for the receiver coil were not obtained but the accompanying table shows that
pwmax increased from 27 to 41 ls over the full range of H3PO4 concentrations. The increases in pwmax reflect decreases in Q that were comparable to those in Fig. 6.
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the pulse is not constant over the frequency range covering all
the nuclei of interest.

� Flip angle deviations: Quantitative errors can result if the
actual flip angles differ from the nominal/desired flip
angle. Sensitivity to these deviations is pulse sequence
dependent.
� MR visibility: The available signal depends on binding conditions
and, in some cases, orientational effects in the tissue [5].

� Magnetization transfer effects: Diffusion-driven exchange
between pools of nuclei can affect the available signal if off res-
onance pulses are employed (e.g. for fat suppression, water sup-
pression or outer volume suppression).
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A large number of papers have been published addressing the
second group of parameters and it is beyond the scope of this paper
to summarize or improve upon them.

The general algorithm most often used to convert MR spectra to
units of metabolite content is to acquire a reference signal from a
sample with a known concentration, establish the calibration fac-
tor between the reference metabolite concentration and the inte-
grated area of the reference peak, and then use that calibration
factor to convert in vivo peaks of interest into units of concentra-
tion [6–8]. Most implementations of this algorithm can be divided
into two groups, depending on whether the reference signal is
obtained from within the subject (internal reference) or from a
phantom placed outside the subject but within the sensitive
volume of the RF coil (external reference). The calibration factor
can also be determined using the principle of reciprocity [9].

The internal reference method uses either an in vivo metabolite
signal [10,11] or the in vivo water signal as the reference standard
[12–16]. The main advantage of this approach is that it does not re-
quire separate measurements to calibrate the reference signal. This
eliminates problems due to differences in coil loading in the cali-
bration and in vivo sessions. An inherent assumption behind this
approach is that the reference metabolite or tissue water concen-
tration is accurately known and remains stable during the course
of the measurement. The physiological water content in the central
nervous system is relatively stable in healthy subjects and appears
to remain fairly constant during edema [17] but it can vary sub-
stantially due to disease [18,19]. There is no reliable reference
metabolite that allows this method to be broadly applied to 31P
measurements.

With external reference methods, a vial containing a known
concentration of an MR-visible substance is placed outside the sub-
ject but within the sensitive volume of the RF coil. A spectrum from
the external reference standard is recorded during [20,21] or after
data [22–25] acquisition of the in vivo data. This method does not
rely on assumptions regarding tissue composition and can yield
high SNR data. However, the external reference standard is suscep-
tible to RF field inhomogeneities, inaccuracies of transmitter gain
settings [26] and potential mismatch of loading conditions if the
external reference standard is acquired in a separate session from
the in vivo data.

Metabolite quantification can also be achieved without the use
of a physical sample to establish the required calibration factor. In-
stead, the RF coil voltage needed to produce a known flip angle in
the measurement volume is determined. The principle of reciproc-
ity [9] is then used to calculate the magnitude of the B1 field—and
therefore the quantity of nuclei—that must be present in the mea-
surement volume in order to generate the peak areas observed in
the in vivo spectra. Each quantification method has specific weak-
nesses that limit practical utility. As a result, none of these meth-
ods has achieved widespread clinical acceptance.

The ERETIC (Electronic REference To access In vivo Concentra-
tions) method is an innovative approach to metabolite quantifica-
tion that was proposed by Barantin et al. [27]. They showed that a
calibrated synthetic signal could be acquired simultaneously with
the in vivo signals and used as a reference for quantification. The
artificial ERETIC signal can be provided using either a broad band
antenna [27,28] or the second coil in a high-resolution MR probe
[29–31]. High-resolution MR probes can only be used with samples
that are small enough to fit within the required shielding that must
be placed around the probe. When an antenna is used, the ampli-
tude of the pseudo-signal depends not only on the power supplied
to the antenna but also on the physical size and location of all RF
reflectors and absorbers in the vicinity. This problem is commonly
encountered in high frequency radio applications, where the
strength of the received signal is known to be affected by standing
wave reflections from nearby objects. It is feasible, using a high
degree of diligence, to control for some of the factors that affect
reflection and absorption of the broadcast RF signal, such as anten-
na position, sample size and position, cable lengths and positions,
and position of other objects in the magnet room. But highly pre-
dictable signal reception is not possible when large objects of var-
iable shapes, such as humans, are present in the bore of the
magnet, except under tightly controlled and limiting conditions.

The use of an artificially injected pseudo-signal to quantify
metabolite content offers several advantages over the internal
and external reference methods. The user has complete freedom
to set the amplitude, frequency, phase, and linewidth of the refer-
ence peak as desired. The frequency can be set to a convenient
location, within the acquisition bandwidth but not overlapping
the in vivo peaks. To minimize differential effects of data process-
ing techniques, the amplitude and linewidth can be set to approx-
imate in vivo peaks. The method can be applied to any nucleus and
time consuming searches and preparations of calibration samples
can be eliminated. Lastly, the electronically injected reference sig-
nal is readily available, eliminating the need to maintain stable bio-
chemical samples for use as external references.

When implementing this approach, great care must be taken to
avoid damaging the receive circuitry of the system. The amplitude
of the injected signal must be limited so that the current it gener-
ates in the receive coil is comparable to that generated by the
nuclei within the acquisition volume. We achieved this by passing
the pseudo-signal generated by the pulse sequence through an
external 30 dB attenuator and bypassing the power amplifier (see
Fig. 1). The pulse sequence modifications required to inject the
pseudo-signal during acquisition of the in vivo signal may not be
trivial. All MR instrument manufacturers include safety features
in the system software and hardware to ensure that direct RF
pulses from a source amplifier are not introduced during the acqui-
sition phase of the pulse sequence, when they could damage the
extremely sensitive receiver components of the instruments. The
effort required to bypass these safety features will vary between
different magnet systems and is generally eased in systems that
allow homonuclear decoupling during acquisition.

4.1. Probe design

The key innovation that we are introducing is the use of induc-
tive coupling to inject the pseudo-signal. Robust implementation
of this approach requires a probe that is designed to:

� Provide efficient and constant mutual inductance between the
injector and receive coils.

� Minimize inductive coupling between the injector coil and the
sample.

� Minimize radiation coupling between the injector and receive
circuits.

Our probe design incorporated several features to meet these
constraints. The diameter of our injector coil, 1.5 mm, was more
than an order of magnitude smaller than the diameter of the sur-
face coil (2 cm) used to excite and acquire the signals. This small
diameter and the location of the injector coil—on the opposite side
of the surface coil, relative to the sample—ensured that inductive
coupling between the injector coil and the sample was negligible
because the magnetic field falls off with the square of the coil
diameter. The small size of the injector coil also minimized the
load it placed on the transmit/receive coil so that no blocking cir-
cuit was necessary to prevent coupling when the latter was oper-
ated in transmit mode.

The injector coil was fixed in position with a separation distance
of 1 mm between it and the surface coil. Fixed positioning of the
injector coil was an important feature of the design because we
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noted that even very small changes (<1 mm) in position, relative to
the surface coil, altered the mutual inductance between the two
coils and destroyed the calibration factor.

The probe included a 50 X resistor in the injector coil circuit, to
optimize matching with the transmitter amplifier, and bazooka ba-
luns [3] on the driving cable to suppress common mode currents
on the shield. These precautions alone were not sufficient to elim-
inate radiation coupling between the injector coil cable and the
surface coil cable. In our initial experiments we used two RG-58
cables, one for the injector coil and one for surface coil, laid parallel
to each other, approximately 15 cm apart, and running out the
same end of the magnet bore. With this arrangement there was
substantial radiation coupling between the two cables. This cou-
pling mechanism completely bypasses the surface coil, so the
amplitude of the pseudo-signal in the processed spectrum does
not change with coil loading conditions. Empirical evidence for
coupling between the cables was that the integrated area of the
pseudo-signal remained essentially constant as the salt concentra-
tion increased in experiments similar to those of Fig. 6 (data not
shown). To eliminate radiation coupling, we switched to RG-223
cable, which has two layers of double silver braid for shielding,
and we maximized the separation distance between the two cables
by running them out opposite ends of the magnet bore, as shown
schematically in Fig. 1.

We note that, since we were using a surface coil to excite and
receive the real signals, all our measurements were conducted
using a simple pulse-acquire sequence and phantoms that were
specifically designed to eliminate potential errors in quantification
that could arise due to the highly non-uniform B1 field created by
the coil. In order to acquire spatially localized measurements with
this probe, spatial calibration measurements would generally be
needed to account for the non-uniform field. Implementation of
the method using a well-designed volume coil would eliminate
the need for spatial calibration measurements provided that all
the measurements were acquired within the homogenous region
of the coil.

4.2. Independence of the real and pseudo-signals

Accurate and robust quantification requires that there be com-
plete independence between the processed pseudo-signal and the
real signal. This independence is generally not in question for
in vivo signals; if the concentration of a single metabolite changes,
only the peak corresponding to that metabolite changes in the
acquired spectrum. It is not obvious that this feature holds true
for an artificially injected signal. The circuit analysis accompanying
Fig. 2 predicts this independence and the results presented in Figs.
4 and 5 validate the prediction.

Comparison of spectra with and without the presence of the
pseudo-signal, such as those shown in Fig. 3, confirmed that the
noise level in the spectra is essentially constant. Fig. 4 shows that
the amplitude of the real signal also remains constant. These re-
sults demonstrate that the method can be implemented with no
detrimental effect on the SNR of the measurements.

4.3. Immunity to coil loading conditions

An important advantage of using inductive coupling to inject
the pseudo-signal is that it is also the mechanism by which B1m

couples with the receive coil. As we show in the circuit analysis
accompanying Fig. 2, all subsequent manipulations of the data
have an equal effect on the real and pseudo-signals. If coil loading
conditions change, either between experiments or during the
course of a single experiment, the current produced in the receive
coil by the excited nuclei and the current produced by the injected
pseudo-signal will be scaled up or down in the same proportion.
Therefore the ratio of the integrated area of the injected peak to
the area of an in vivo peak will stay constant (see Fig. 6), preserving
the calibration and making quantification robust.

The data in Fig. 6 demonstrate that the calibration factor re-
mains robust when coil loading is the only parameter that changes.
The data in Fig. 7 demonstrate that accurate quantification can be
achieved when both coil loading and metabolite concentration
change. An important difference between these two experiments
is in the properties of the solutes used. Methanol is an extremely
weak acid. Its hydroxyl proton exchanges with water protons but
no ions are produced so changes in methanol concentration do
not change the electric field that interacts with the RF coil. In con-
trast, H3PO4 is an extremely strong acid. When it dissolves in water
it dissociates and produces ions. As the H3PO4 concentration in-
creased in Fig. 7, the ion concentration increased, altering the elec-
tric field within the sample and increasing Rs, the effective
resistance of the RF coil used to acquire the MR signal. The increase
in Rs caused pwmax to increase by more than 50% as the H3PO4 con-
centration increased from 60 to 570 mM. The increased resistance
spoiled the otherwise linear relationship between H3PO4 concen-
tration and the integrated area of the Pi signal. However, since
induction was the mechanism of coupling for both B1m and the
injector coil, the changes in coil loading affected the Pi signal and
the pseudo-signal in the same proportion. Eq. (5) could then be
used to accurately determine the H3PO4 concentration without
the need to compensate for coil loading changes.

Use of inductive coupling to inject the pseudo-signal eliminates
the substantial burden imposed if coil loading must be identical for
the calibration and in vivo measurements, as is required for most
other absolute quantification methods. In order to match coil load-
ing conditions, it is necessary to adjust the electrolyte content of
the calibration phantom, using an iterative trial and error process.
Our modeling and experimental results demonstrate that this te-
dious, time consuming and error-prone process can be avoided
when a properly designed injector coil is used to create a stable ref-
erence signal. This approach makes the quantification process
independent of the properties of the sample so that, once the cal-
ibration factor is set during the calibration session, it remains
constant.
5. Conclusions

We have designed and built a prototype probe that uses induc-
tive coupling to inject a stable pseudo-signal into the receive coil.
The pseudo-signal can be acquired in parallel with the real signal
arising from the sample. The system design minimized radiation
coupling and ensured that the dominant mechanism of coupling
between the injector circuit and the receive circuit was induction
between the two coils.

The general protocol for converting peak amplitudes into units
of metabolite content would begin with a calibration measurement
on a sample with a known concentration of an MR-visible metab-
olite. The calibration session could be conducted on a suitable
phantom or on an in vivo sample, if there were an internal refer-
ence peak for which the metabolite content were accurately
known. The amplitude and linewidth of the pseudo-peak would
be adjusted to approximate the amplitude of the real reference
peak. The frequency of the pseudo-peak would be set to a region
of the spectrum where no real peaks appear. These measurements
would establish the calibration factor between the amplitude of
B1m and the concentration of the reference metabolite. The identi-
cal parameters would be used to inject the pseudo-signal in subse-
quent in vitro or in vivo measurements and the calibration factor
would remain valid, provided that all the variables that affect the
amplitude of B1m (see Section 4) were accurately accounted for.
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Our results demonstrate that the amplitude of the real signal
and the pseudo-signal are completely independent and that the
ratio of the two peaks is immune to changes in coil loading
conditions. Once the pseudo-signal is properly calibrated against
a known concentration, the calibration factor should remain stable,
provided the physical arrangement of the coils is unaltered. We
chose to integrate our injector coil with a surface coil but the
principles involved are general and should transfer directly to
other receive coils. The method should be adaptable to human
studies and could allow more practical and accurate quantification
of metabolite content.
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