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Abstract— A new class of wavelet functions called data-based
autocorrelation wavelets is developed for analyzing Magnetic
Resonance Spectroscopic (MRS) signals by means of the con-
tinuous wavelet transform (CWT), instead of the traditional
wavelet like Morlet wavelet. These new wavelets are derived
from the normalized autocorrelation function from metabolite
data and then used for detecting the presence of a given
metabolite in a signal with a presence of many different
components and finally for quantifying some of its parameters.

I. INTRODUCTION

Magnetic Resonance Spectroscopy (MRS) is a technique
based in the interaction between atomic nuclei of a sample
submitted to a strong static magnetic field and bursts of radio-
waves. This results in a signal composed of many frequency
components typical from the active nuclei of that sample and
the chemical environment around them. One characteristic is
that the amplitude of the time-domain contributions of each
nuclei or the area in the frequency domain is proportional
to the amount of those nuclei in the sample under test,
which is then related to the concentration of the substance in
the sample [1]. However, the MRS signal acquired at short
echo-time contains contributions not only from metabolites,
but also from water and macromolecules and lipids, with
noise and distortion. Many techniques have been proposed
in the literature to quantify the metabolite contributions.
These techniques are based on time domain quantification or
frequency domain quantification methods. A review on this
subject can be found in [2] and [3]. In this paper, we apply
the wavelet analysis to the MRS signals, with the aim of
detecting the presence of specific metabolites in an arbitrary
superposition. Analyzing in the time and scale domains
simultaneously can provide more useful information than the
Fourier transform which gives only spectral information. In
addition, a small perturbation of a signal which may occur
during the data acquisition will result only in a small, local
modification of the wavelet transform. Among several types
of wavelet transforms, the continuous wavelet transform
(CWT) technique can estimate the frequency and amplitude
of the spectral line directly from the phase and modulus of
the wavelet transform. A review of this approach may be
found in [4]. However, the formalism developed in that paper
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used exclusively the Morlet wavelet transform to analyze the
MRS signals. Now, the efficiency of the CWT analysis can
be improved if one uses an a priori knowledge about the
signal. The idea presented here is to define wavelet functions
directly from the MRS data themselves by the autocorrelation
function of the MRS data signals, properly averaged to
zero. We will proceed in two stages. In a first step, we
start from a model FID signal, for instance a truncated
Lorentzian (i.e. put to zero for times ¢t < 0) and evaluate
its performance. Then, in a second step, we start from
real metabolite data. Here we face the additional problem
that data are by the nature of the acquisition discrete, and
thus also their autocorrelation function. Therefore an extra
step based on interpolation/decimation is needed for using
such discrete wavelets for a continuous wavelet transform.
The outcome is that these wavelets look promising for the
analysis of MRS signals. In particular, they are able to detect
without ambiguity the presence of a given metabolite in a
superposition of several metabolites and lipids.

II. THE AUTOCORRELATION WAVELETS

Let us start from the autocorrelation function of a given
model signal and use it as adapted wavelet after proper
normalization. The autocorrelation function estimator R, (7)
of an ergodic process time series x(7) is defined by

Ralt) = [ x(en(z=1)dr, (1)

where the overline denotes the complex conjugate [5].
Now, be a signal x;(t) a one component Lorentzian
spectral line as

x1(t) = Aje P17 9(¢), D >0, ()

where 0(¢) is the Heaviside function (or step function). This
model allows us to find an autocorrelation function, whereas
the “pure” Lorentzian spectral line cannot have an analytical
autocorrelation function. Also this model looks more like a
FID signals obtained in vitro than a pure Lorentzian one.

Thus, computing the autocorrelation function of x; by (1),
we obtain the adapted wavelet
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The function obtained is localized and oscillating, but to
make this wavelet function admissible, it is necessary to



introduce an additive correction term, as for the Morlet
wavelet [10]. But here too, the correction term is numerically
negligible for realistic values of the parameters, so we will
omit it.

The CWT of the signal x;(r) with the wavelet y(z),
evaluated in the frequency domain, is:
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where W (®) means the complex conjugate of the Fourier
transform of yi(¢), @ > 0 and b € R are the scaling and
translation variables, respectively.

It can be seen that the CWT diverges as a — 1 (the match
between the wavelet and the signal is too perfect!). But
choosing different damping factors for the signal and the
wavelet, namely Dj; and D, respectively, we get for a = 1:
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and one can estimate the damping factor of the signal by:
d
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This behavior changes, if we have more than one component,
i.e. a sum of Lorentzian lineshapes. For a left truncated signal
x2(¢) with two components as

x(t) =
its Fourier transform is
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and the autocorrelation wavelet derived from (10) is given
by
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If the peaks are sharp enough and far away from each other,
the third term in (11) will be numerically negligible and can

be omitted. Then, the CWT of the signal x(f) using this
wavelet becomes
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The terms in the sum are similar to (6), giving a local
maximum at @ = 1 and interacting with each other so that
one cannot use them for estimating the damping factors. On
the other hand, the last two terms will give local maxima

at scales a = 0;/ @, j # k. In this case, assuming again
that the peaks are sharp and far enough from each other
and that the damping factors of the signal (namely Di
and D) are different from those of the wavelet, then the
latter can be estimated by D ~ —% In|S> (b, %)| and Dy, ~
—£In|52(b,%)|. Figs. 1a and 1b show |S.(b,a)| for a one
peak (L =1) and and a two peak-signals (L = 2) and wavelets
for Ay =A, =1, D1 =Dy =1, 0 =32 and @, = 64 rad/s.
This method can be further generalized for multipeak signals
but we will refrain from doing it here.
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|SL(b,a)| for (a) One peak and, (b) Two-peak signals and wavelet

Fig. 1.
for Ay =Ay=1,D;=D; =1, o =32 and 0, = 64 rad/s, b =[0,2] and
a=10.5,1.5] and a = [0.2,3] in the two-peak case.

III. METABOLITE-BASED WAVELETS

Now we turn to more realistic signals and apply the
method developed above to signals limited in time, that
is, vanishing outside some interval [0,7j], for some finite
Tp. First, we analyze numerically a discretized L-component
signal xy [n], defined as

0, 0<n<i-1.
xn]=9 Y Ay, ¥Y<n<P -1,
0, F<n<N-1,

where N is the length of the signal in samples, each y;[n] =

e Diln=5lts giouln—%lts jg o single Lorentzian component, L is
the number of components and ¢, is the sampling period in
seconds. We perform the CWT analysis for the L =1 and
the L =2 signal with N =4096 samples using the YAWTB
toolbox [6].

The results are shown in Figures 2a to 2d.

Both results exhibit strong horizontal ridges (lines of local
maxima) for ¢ = 1 and this indicates that the component x;
or xp are present in the signal. This feature will be the crucial
ingredient for detecting a given signal (pure metabolite) in
an unknown superposition. Also, for the two-peak signal and
wavelet, one notices the presence of two horizontal ridges at
a = 0.5 and a = 2, which correspond to the ratios between
frequencies of the signal and the wavelet. The estimation
of damping factors was made for the scales 0.5 and 2 of
|CWT{}C2[71]}| for A] :A2 = 1, D]] =0.9 and D22 = 1.1,
@ =32 and @, = 64 rad/s, t; = 1/256 s. Here zeros were
added to extremities of signal to reduce estimation artifacts,
before the CWT be performed. The result is shown in Fig.
3. In the central part of the figure (5000 < n < 6000), one
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Fig. 2. (a) |[CWT{x[n]}| and (b) horizontal ridges of [CWT{x;[n]}|, (c)
|CWT{x,[n]}| and (d) horizontal ridges of |[CWT{x;[n]}| for A} =A; =1,
Dy =D; =1, ® =32 and w; = 64 rad/s, t; = 1/256 s and N = 4096.

does obtain the correct values of the damping factors, but for
multipeak signals, this estimation proves to be a hard task
and more effort should be made on that.
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Fig. 3. Estimation of damping factors made at the scales a = 0.5(line) and
a =2 (dash) of |CWT{x;[n]}| for Ay =A; =1, D;; =0.8 and Dy = 1.2,
o) =32 and @, = 64 rad/s, t, = 1/256 s.

Next, we derive our metabolite-based wavelets from
metabolite profiles, acquired by MRS measurements of
phantoms filled with single metabolites or by simulation in
JMRUI [7]. Here, these profiles have been simulated quantum
mechanically at ESAT, K.U.Leuven, with NMRSCOPE [8]
using a PRESS sequence, an echo time of 30 ms, and a
field strength of 1.5T. Among these, we will exploit two
particular cases, Creatine (Cre) and Lactate (Lac). Each of
those wavelets is supposed to be sensitive to one metabolite
and were calculated by the discrete form of Ry, (¢) for each
profile ¢,,(n), named R, [n] and given by

Ru[n] =Y. Oulk] ulk—n], m=1,... K,
kEZ

13)

where the overline denotes the complex conjugate, K is the
number of metabolite profiles and m indexes the profiles. As
the metabolite profile ¢, in MRS is a mixture of decaying,
complex oscillations, its autocorrelation values are complex,
too. Since the signal is limited, we removed its mean value
numerically in order to make an admissible wavelet from
this function so that

Vnln] = Ruln] —E{Ru[n]}; m=1,....K, (14)

Refl, (0}

1[\3«1] ‘[vE‘S]
() (b)

Fig. 4. Wavelet constructed from simulated Creatine (Cre) profile: (a)
Modulus of the Cre-based wavelet spectrum; (b) Real part of the Cre-based
wavelet in time domain.

where K is the number of metabolite profiles and m indexes
the wavelet function to the profiles.

To give an example, we take a simulated Creatine (Cre)
profile. Fig. 4a) shows the absolute value of the correspond-
ing Cre-based wavelet, in frequency domain. It shows two
characteristic peaks as the original Creatine profile in the
frequency domain. Fig 4b shows the real part of this wavelet
in time domain. One can see that the function obtained
is well localized and has zero mean, as required for an
admissible wavelet. The same operation was performed for
all the metabolites and lipids contained in the data base.

Since these wavelets are numerical and discrete, perform-
ing the CWT requires to dilate them. To do that it was used
an upsampler/downsampler system as proposed in [9] it is
used because changing the scale corresponds to choosing
another sampling frequency in the discrete case. First expand
the signal by an integer factor of L by inserting L — 1 zeros
between the original samples and then calculate these values
with a low-pass digital filter with cutoff frequency of 7/L rad
(here a Bartlett window of length 2L — 1). After the signal is
again low-pass filtered in order to avoid aliasing effects by a
filter with cutoff frequency of /M rad (here a 128 tap FIR
filter in MATLAB®). With this procedure, our possible scales
will be a = L/M. To perform a CWT analysis, the set of
dilated wavelets are created at the desired scales, aligned and
their length made equal by zero padding at the extremities.
Then, their FFT are taken as the signal. The CWT is obtained
by multipling the spectra of the signal by the wavelet spectra
and then taking the IFFT of the result (this is the discrete
version of (5)).

In order to estimate the efficiency of the method, two
noise-free signals were created: (a) one composed of a sum
of all metabolites and lipids available from the data base,
shown in Fig. 5a ;(b) the second, exactly the same signal,
but with the Lactate component removed, shown in Fig. 5b.
The difference between the two spectra can hardly be seen.

Next we apply the CWT with the metabolite-based
wavelets to the two composed signals of Figure 5, in order
to see if the metabolites could be detected. The upper panel
of each figure shows the modulus of CWT coefficients
in a time-scale representation. The lower panel shows the
horizontal ridges as an indicator of local maxima along the
time axis.

First, we show the analysis with the Cre-based wavelet.
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Fig. 5. Example of a composed MRS signal: (a) including all metabolites

from the data base; (b) the same as (a), but with the Lac contribution
removed.
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Fig. 6. CWT using the Cre-wavelet on (a) The composed signal from Fig.
5a; and (b) The same without Lac. The presence of Cre is indicated by the
local maxima at scale a = 1.

When applied on the composed signal with Lac, the outcome
is not a straight line (Fig. 6a). However, it still shows signifi-
cant local maxima at scale a = 1, which are characteristic for
the presence of this metabolite. The same result is obtained
on the composed signal without Lac, there are only some
minor differences in the amplitudes of the maximum CWT
magnitude (Fig. 6b).

Then we turn to the Lac-wavelet. The CWT with the Lac-
based wavelet of the composed signal exhibits a significant
structure at the scale a = 1 (Fig. 7a). Again, this indicates
the presence of Lac in the composed signal. But when we
analyze the composed signal without Lac, that structure at
scale a = 1 disappears as it should (Fig. 7b).

CWT Lac: Max= 39960107.9 at scale=1 and t=0ms CWT Lac: Max= 33988649.6 at scale=1.2 and t=0ms
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Fig. 7. CWT using the Lac-wavelet on (a) The composed signal from Fig.
5a and (b) The same without Lac. The presence of Lac is indicated by the
local maxima at scale @ =1 in (a) but not in (b), since Lac is no longer
included.
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IV. CONCLUSION

The conclusion of the preceding analysis is that these
metabolite-based wavelets are able to identify without am-

biguity the presence of the corresponding metabolite in a
composed signal, simply by viewing local maxima in the
wavelet transform. The method works also in the presence
of noise, which makes it more realistic for application to in
vivo signals. In addition, using an approximate expression for
the wavelet spectrum of a composed signal, these wavelets
allow us also to estimate the amplitude of each metabolite
contained in the mixture. This aspect, however, requires fur-
ther work, as well as designing a fully automated algorithm
based on the present technique.
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