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We have previously shown the continuous wavelet transform
(CWT), a signal-processing tool, which is based upon an iterative
algorithm using a lorentzian signal model, to be useful as a postac-
quisition water suppression technique. To further exploit this tool
we show its usefulness in accurately quantifying the signal metabo-
lites after water removal. However, due to the static field inhomo-
geneities, eddy currents, and “radiation damping,” the water sig-
nal and the metabolites may no longer have a lorentzian lineshape.
Therefore, another signal model must be used. As the CWT is a flex-
ible method, we have developed a new algorithm using a gaussian
model and found that it fits the signal components, especially the
water resonance, better than the lorentzian model in most cases. A
new framework, which uses the two models, is proposed. The frame-
work iteratively extracts each resonance, starting by the water peak,
from the raw signal and adjusts its envelope to both the lorentzian
and the gaussian models. The model giving the best fit is selected. As
a consequence, the small signals originating from metabolites when
selecting, removing, and quantifying the dominant water resonance
from the raw time domain signal are preserved and an accurate es-
timation of their concentrations is obtained. This is demonstrated
by analyzing (1H) magnetic resonance spectroscopy unsuppressed
water data collected from a phantom with known concentrations
at two different field strengths and data collected from normal vol-
unteers using two different localization methods. C© 2001 Academic Press

Key Words: localized magnetic resonance spectroscopy; contin-
uous wavelet transform; water suppression; quantification.
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1. INTRODUCTION

The development of localizedin vivo proton (1H) spectro-
scopic methods has involved the suppression of the water r
nance using a variety of approaches, which may be divided
two general categories. The first category, called preacquis
methods (1–4), includes reducing the longitudinal and transve
water magnetization using CHESS pulses followed by spo
gradients (5) or applying a frequency selective inversion pu
to the water resonance and choosing a preacquisition delay
that the water resonance is passing through null (6). Other meth-
ods, which avoid the excitation of the water spins (7), or methods
based onT2 differences (8) may be used. These approaches w
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based on the premise that the analog to digital converter ha
sufficient dynamic range to accurately digitize small metabo
signals (1–10 mm) in the presence of the dominant water (
proximately 80 M). Water suppression from the acquired fr
induction decay (FID) allows observation of the signals aris
from these dilute metabolites. In these methods the accurac
data analysis, especially metabolite quantification, may dep
upon the quality and the degree of water suppression.

The performance of most of these preacquisition methods
pends on a number of technical issues such as the frequ
profile and phase of the selective pulses and the homogene
of the radiofrequency andB0 fields. As a result, the spectrum
may suffer from incomplete solvent suppression, baseline
tortions, artifacts, and the partial saturation of signals close
the water resonance (9). Furthermore, the magnetic interaction
such as dipolar coupling, between water and the metabolites
tected in the brain and muscle may be affected, leading to
underestimation of the metabolite concentrations when us
the preacquisition methods (10).

The advent of high-speed receivers capable of oversamp
(11) and the improvements in the analogue to digital convert
have increased the dynamic range of the receiver. This incre
allows sampling of the signal of the small metabolites in the pr
ence of a strong water component. This still leaves the prob
of removing the water in the processing of the data. A seco
category of water suppression techniques, called postacquis
methods, has emerged (12–17) which can address this problem
These methods employ different mathematical approaches t
move the water component from the magnetic resonance s
troscopy (MRS) data. These algorithms are based on band
filtering in the time or frequency domains (12, 13), data matrix
representation using singular value decomposition or Toep
matrix decomposition (14, 15), or fitting the water peak by mean
of a nonlinear least-squares method (16). The postacquisition
methods allow quantification of the water peak, which can th
be used as an internal reference for frequency, linewidth,
concentration (18). Time-frequency and time-scale approach
such as continuous wavelet transforms (CWT), have been
posed as postacquisition methods in order to remove the w
1090-7807/01 $35.00
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peak from the unsuppressed solvent data (19, 20) and for ac-
curate quantification of MRS metabolite signals based on
lorentzian model (21). This method is based on an iterative pr
cess which extracts, quantifies, and subtracts the signal co
nents from the raw signal sequentially, according to their res
tive apparent relaxation time (T∗2 ) values. The extraction of th
signal components is based on their time duration rather
their magnitudes.

Although the postacquisition methods do not suffer from
problems associated with preacquisition methods, they pre
their own set of challenges. In particular, they can be sens
to interactions, which result in a non-lorentzian lineshape
the water resonance. Furthermore, few of the proposed po
quisition methods described in the literature went beyond
suppression of the water peak to accurately quantify the rem
ing metabolite components.

The aim of this paper is to overcome the lineshape pe
problem and to propose a new global framework for abso
quantification of unsuppressed water signal data using C
Therefore, the following points are addressed:

(i) theory developments of the extension of the previous C
method to the quantification of MRS data signals based on
gaussian model (Section 2);

(ii) application of the new framework to water signal su
pression and absolute quantification of metabolites, inin vitro
and in vivo unsuppressed water MRS data, modeled as an
known mixture of gaussian and lorentzian signals (Section
and 4).

Results of two studies are reported.

(1) The first consists of analyzing proton data acquired w
out water suppression from a phantom containing metabo
with known concentrations on different scanners (Siemens
General Electric) using two different localization techniqu
(PRESS and STEAM).

(2) The second study consists of quantifyingin vivo unsup-
pressed water proton spectra obtained from normal volunt
and comparing the results of the quantitation of the metabo
to the results obtained from thein vivo proton data acquired
with water suppression. The aim of these studies is to determ
the accuracy of unsuppressed proton MRS in terms of abso
metabolite concentrations in phantoms and relative conce
tions in volunteers.

2. METHOD FOR QUANTIFICATION OF THE
UNSUPPRESSED WATER MRS DATA

The CWT analyzes a nonstationary signal by transform
its input time domain into a time-scale domain (22). Through
translation and dilation operations, the CWT decomposes
signal according to a set of functions deduced from a defi

prototype function, assumed to be well localized in both tim
and frequency domains.
ET AL.
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In mathematical terms, the CWT of a signal of finite ener
with respect to the defined prototype functiong(t) in the time
domain is given by

Sa(b) = 〈s, ga,b〉 =
∫

s(t) · g∗a,b (t) · dt, [1]

with ga,b(t) = 1
a g( t − b

a ), characterized by two parameters, t
scale or dilation parameter noteda (a > 0) and the translation
parameter notedb (b∈R). The asterisk stands for the comple
conjugate. Any prototype functiong(t) belonging toL2(R) is
called an analyzing wavelet if it complies with the so-called a
missibility condition (23). The transform in Eq. [1] maps th
signal via a two-dimensional functionSa(b) on the time-scale
domain plane (a, b). This operation is equivalent to a particul
filter-bank analysis in which the relative frequency bandwid
(1ω/ω) are constant and related to the parametersa, band to the
frequency properties of the waveletg. To achieve a correct ana
ysis of the signals(t), regularity and suitable time-frequenc
bandwidth product are required forg. The most commonly
used analyzing wavelet has been the so-called Morlet wav
(22, 23):

g(t) = e(−t2/2) · e(i .ω0.t) + c(t), [2]

wherec(t) is a correction term to enforce the admissibility cond
tion. Forω0 > 5, the termc(t) is numerically negligible andg(t)
is practically applicable (24). Due to the causality of the MRS
signal (s(t)∈ R+), the translation parameter is positive,b∈ R+.
The CWT method has been proposed to quantify the time
main MRS data with a lorentzian model (21). The details of the
developed iterative procedure given elsewhere (25) are briefly
summarized here.

Considers(t) a noise-free FID signal composed of one damp
complex sinusoid given by

s(t) = A · e(−t/T∗2 ) · ei ·(ωs·t+ϕ), [3]

whereT∗2 andωs = 2πδs are the apparent relaxation time an
the angular frequency (chemical shiftδs), respectively, of the
signals.

Substitutings(t) andg(t) for Eqs. [3] and [2], respectively, in
Eq. [1] and referring to (21, 25), the CWT ofs(t) is given by

Sar (b) = A ·
√
π

2

[
1∓

√
1− e−α2

] · e( a2
r −2bT∗2
2T∗22

)
· e(i (ωsb+ϕ)), [4]

wherear is the final dilation parameter value obtained at t
convergence of the used iterative algorithm (21, 25), with α =
[(ar/T∗2 )− (b/ar)] and the signs∓ are conditioned by the sign
of α. A simple nonlinear regression algorithm applied on t
modulus of Eq. [4] provides the values ofA andT∗2 , whereas the

eangular frequencyωs and phaseϕ are linearly estimated from
the phase ofSar (b). The latter is equal to the signals(t) at every
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point t= b up to a known functionF(b) given by

F(b) =
√
π

2
e(a2

r

/
2·T∗22 )

[
1∓

√
(1− e−α2)

]
. [5]

In a general case where the signals(t) is composed ofN (N > 1)
components, the resonances are successively extracted, q
fied according to their time duration (T∗2 ) in a decreasing or-
der, and subtracted with respect to the corresponding func
Fj, j=1,N(b) from the raw signal in an iterative process. The sign
componentsj, j=1,N possessing the greatestT∗2 value is quanti-
fied first. With an appropriate choice of the translation parame
b, its corresponding resonance frequency (ω j, j=1,N) is estimated
at the end of the FID signal. The above signal component is t
extracted, quantified, and subtracted from the raw signal (
details in Ref.21).

The developed iterative procedure above has been teste
quantifying and removing the water peak modeled as a comp
exponential decay in1H MRS time-domain data without wate
suppression (20). The CWT was able to suppress the water pe
without affecting the small metabolite components close to
This is performed by a frequency bandwidth reduction achie
by an increase of the value ofar (21). We extend here the wa
ter peak removal by analyzing the remaining metabolite sign
and obtaining an estimation of their absolute concentratio
However, we found experimentally that the signal compone
especially the water resonance in the proton data without s
pression of the water may have a gaussian lineshape. We su
that the main reason is due to the static field inhomogeneitie

As presented above, if the resonance frequency and the p
of the signal components are linearly calculated from the ph
of Eq. [4] by CWT, the estimation of the amplitude and the a
parent relaxation time values are signal model dependent.
an accurate estimation of the remaining parameters (A, T∗2 ), the
adapted signal model must be used. For this purpose, the me
is extended here to quantify MRS signal with the gaussian
velope. Therefore, applying CWT, with the Morlet wavelet as
prototype function, to an FID signal of the form

s(t) = A · e(−t2/2·T∗2 ) · ei ·(ωs·t+ϕ), [6]

and after some mathematical development inspired from (21)
and following steps similar to those above, leads to

Sar (b) = A ·
√

π · T∗2
2 · (T∗2 + a2

r

) [1+√1− e−α2
]

· e−b2/2(T∗2 +a2
r ) · e(i (ωsb+ϕ)), [7]

wherear is the final dilation parameter value obtained at the co
vergence of the used iterative algorithm andα = −b · T∗2

a2
r · (T∗2 +a2

r ) . The
values ofA andT∗2 are nonlinearly estimated from the modulu

whereas the angular frequency,ωs, and phase,ϕ, are linearly
calculated from the phase ofSar (b). The functionF(b) in this
OUT WATER SUPPRESSION 47
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case becomes

F(b) =
√

π · T∗2
2 · (T∗2 + a2

r

) · e((b2 ·a2
r )/(2·T∗2 (T∗2 +a2

r )))
[√

1− e−α2
]
.

[8]

The decomposition productSar (b) is equal to the signals(t) at
every pointt = b up to a known functionF(b). The same prin-
ciple of sequential extraction and quantification of the sig
components based on their time duration’s holds as for the ab
lorentzian model.

3. MATERIALS AND METHODS

Two sets of1H MRS localized data without water suppre
sion were collected from a 2.7-L spherical phantom. The fi
set consists of five FID signals acquired at 63.86 MHz o
1.5-T scanner (Siemens Vision System, Iselin, NJ) with a PRE
sequence (TE= 40 ms, TR= 6 s, 2× 2× 2 cm3 voxel size, 32
accumulations, 1 KHz spectral width, and 1 K data points). The
second set contains four FID signals acquired at 170 MHz o
4-T scanner (General Electric Medical Systems, Milwa
kee, WI) with a STEAM sequence (TE= 30 ms, TR= 5 s,
TM= 13.7 ms 2× 2 × 2 cm3 voxel size, 32 accumulations
±1250 Hz spectral width, and 1024 data points). Figures
and 1b display spectra of the aliphatic parts of unsuppres
water MRS signals acquired with STEAM and PRESS
quences, respectively. The phantom consists of 50 mM po
sium phosphate monobasic, 56 mM sodium hydroxide, 12.5
N-acetyl-L-aspartic acid (NAA), 10 mM creatine hydrate, 3 m
choline chloride, 7.5 mM myo-inositol, 12.5 mML-glutamic
acid (monosodium salt), 5 mMDL-lactic acid (lithium salt),
and 0.10% sodium azide.In vivo proton MRS localized brain
data with and without water suppression were collected fr
a healthy volunteer on a Siemens whole body system (1.5
using a PRESS sequence with the same acquisition param
as above. For the data acquired with water suppression, t
CHESS pulses were used to suppress the water resonance b
signal acquisition. Prior to signal processing and quantificat
the acquired signals were frequency demodulated by usin
analytic solution to remove the spurious peaks added throug
the spectrum due to the acoustic vibrations of the gradients (28).

A new framework based on CWT is used to quantify the tim
domain unsuppressed water signals, using a program devel
in house, (Interactive Data Language, IRIX mipseb Ver. 5, R
search Systems, Inc.) proceeding as follows.

For each signal component selected by the iterative proced
the chemical shift value is estimated from the phase ofSar (b),
whereas the values of the amplitudeAand relaxation timeT∗2 are
selected from the best fit of the modulus ofSar (b) to the moduli
of the signal models of Eqs. [4] and [7], which provide the sign
component model.

Once the selected signal component is quantified, it is s

tracted from the raw signal with the respect to the correspond-
ing signal model functionF(b) of either Eq. [5] or Eq. [8]. The
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FIG. 1. (a) A spectrum of the aliphatic part of the MRS signal acquir
without water suppression using the STEAM sequence at 4 T (TE=30 ms, TR=
5 s, 1 K points, and 2500 Hz). (b) A spectrum of the aliphatic part of the M
signal acquired without water suppression using the PRESS sequence at
(TE= 40 ms, TR= 6 s, 1 K points, and 1000 Hz).

residue is used as an input signal to quantify another reson
for the next iteration.

In this scheme, the water peak is selected first, quanti
and subtracted from the raw signal. The adjacent metab
signals are preserved by an appropriate increase of the dil
parameter valuear during the use of the iterative procedur
reducing the frequency bandwidth of the time-frequency fi
of the CWT. In the phantom studies, absolute concentratio
the metabolites is obtained based on the concentration o
water (110 M).

4. RESULTS AND DISCUSSION

Figure 2a displays the spectrum of the aliphatic part of

residual signal after water peak subtraction by CWT fro
the signal shown in Fig. 1a. It qualitatively demonstrates th
ET AL.
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the CWT removes the major part of the water resonance.
remaining water residue is removed by neglecting the fi
16 points of the signal. This resulting signal is used to succ
sively quantify the metabolite signals (Fig. 2b). For the Sieme
data collected at 1.5 T the NAA, creatine, choline and my
inositol peaks were quantified, whereas for the General Elec
data collected at 4 T the myo-inositol peak is ignored. This i
done because the myo-inositol peak is “deceptively simple
1.5 T and becomes a set of coupled peaks at 4 T, making it d
cult to estimate it in the time domain by the CWT (29). The other

FIG. 2. (a) A spectrum of the same region as in Fig. 1a after water p
removal. Note the good quality of water peak suppression without alteratio
the other metabolites and baseline distortion. The first 16 points are negle
m
at

from the signal residue after water resonance subtraction. (b) The sum of the
peaks of NAA, creatine, choline, and myo-inositol successively extracted by the
CWT method. (c) The final residue after subtraction of the metabolite peaks.
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TABLE 1
Estimated Absolute Concentrations of the Metabolites (NAA,

Creatine, Choline, and Myoinositol) Obtained from Data Acquired
using STEAM and PRESS Sequences and Their Errors

Estimated absolute Percentage of the
concentration expected value±

(mean value in mmol) standard deviation

Metabolite PRESS STEAM PRESS STEAM

NAA (12.5) 12.25 12.40 98± 2.3 99.3± 1.0
Creatine (10) 9.34 9.45 93.4± 3.8 94.5± 2.1
Choline (3) 2.78 2.78 92.6± 3.4 92.7± 8.5
Myo-inositol (7) 6.83 — 91± 7.7 —

Note.The true absolute concentration values are given in bold type.

metabolite peaks, such as the other creatine resonance, the l
and the glutamate peaks, could be selected and quantified
focus only on the major ones (NAA, creatine, choline, and m
inositol). Furthermore, the CWT has been successfully teste
extracting and quantifying peaks fromin vivoproton MRS brain
data (25). The water peak either from Siemens (PRESS) or G
eral Electric (STEAM) was gaussian. This was also true for
NAA and myo-inositol. For creatine and choline, the lorentz
model fits better than the gaussian model in the General Ele
data, and the inverse is observed in the Siemens data.

The removal of the first data points does not affect the e
mation of the MRS parameter values, especially the amplitu
The correct amplitude values could be recovered. Let’s ass
that the portion of the MRS signals(t) belonging to [0,T] is
removed. The envelope of the resulting signalsT (t) = s(t + T);
t ≥ 0 is equal toAT · e(−t2/2·T∗2 ) for the gaussian model an
to AT · e(−t/T∗2 ) for the lorentzian model. Knowing theT value,
which is equal to the number of the removed data points,
initial amplitude value is calculated fromA = AT · e(T2/2·T∗2 )

(gaussian model), orA = AT · e(T/T∗2 )(lorentzian model). The
equations above are used for a second time in a similar mann

correct for the amplitudes due to theT∗ differences between the
water and

sion. The NAA/creatine and creatine/choline ratios observed in
ctively, whereas
2
metabolites by substitutingT to TE. TheT value has

TABLE 2
Estimated Apparent Relaxation Times T∗2 of the Signal Metabolites (NAA, Creatine, Choline, and Myo-

inositol) and Water Resonance from Data Acquired Using STEAM and PRESS Sequences and the Errors
to the True T2 Values at 1.5 T

Estimated relaxation time (T∗2 ) (mean value ms) Estimated relaxation time (T∗2 )(mean value ms)
T2 (1.5 T) ± standard deviation (PRESS) ± standard deviation (STEAM)

Water (265) 212.2± 3.9 193.6± 0.2
NAA (400) 223.6± 7.5 202.5± 1.1
Creatine (265) 201.2± 22.8 180.4± 4.2
Choline (175) 169.3± 15.4 163.1± 2.3
Myo-inositol (75) 78.2± 5.0 —

the suppressed spectrum are 2.8 and 1.9, respe
Note.The trueT2 values for the phantom are written in bold t
spectroscopy manual).
OUT WATER SUPPRESSION 49
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to be very small compared to the shortestT∗2 in the data in order
to avoid a complete decrease of the corresponding metab
component. The removal of the first 16 points would resul
the inability to observe resonances that haveT∗2 varying from
8 to 16 ms. Since in most of the processed data theT∗2 of the
metabolite resonances are of the order of 75 ms or greater,
accurate quantification should still be achievable after the
moval of these first points. Quantification of macromolecu
and lipids which have shorterT∗2 ’s (i.e, broader lines) may b
achieved in a better way if the first points are not removed (30).

The obtained results on the phantom data for the meta
lite concentrations are reported in Table 1 for the PRE
and STEAM, respectively. The difference between the kno
metabolite concentration and its experimentally determi
value increases as the metabolite’s frequency becomes c
to that of water. This trend may reflect the fact that the ac
rate determination of these amplitudes may be sensitive to
perfections in the suppression of the water peak. Despite
trend, the accuracy of the obtained results is very good.
proposed method also provides an estimate of the appare
laxation times (T∗2 ) of the water and the metabolites. These v
ues are summarized in Table 2 along withT2 values reported
by GE at 1.5 T. However, for all the signal components the
tainedT∗2 values are underestimated compared toT2, except for
the myo-inositol metabolite, which is overestimated by 3%. T
main reason for this underestimation is the static field inhom
geneities, which deform the signal envelope, and the data le
(1 K points), which may be too short to allow a complete acqu
tion of the signal. Less precision is observed on theT∗2 values of
creatine (22.8% for PRESS and 4.2% for STEAM) and cho
(15.4% for PRESS and 2.3% for STEAM) compared to NA
(7.5% for PRESS and 0.3% for STEAM). The lack of precis
is mainly due to the overlap between creatine and choline pe

To further demonstrate the usefulness of the method,
in vivo spectrum without water suppression is analyzed
the relative ratios of the metabolite amplitudes are compa
to those obtained from thein vivospectrum with water suppres
ype and reported from the manufacturer (R. Hurd, General Electric,
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FIG. 3. (a) Magnified view of the aliphatic part of thein vivo spectrum
shown in the inset acquired with PRESS sequence at 1.5 T (TE= 40 ms, TR=
6 s, 1 K points, and 1 kHz). (b) Spectrum of the same part as above after w
signal suppression by CWT (LB= 3 Hz). (c) Peaks of the metabolites NAA
creatine, and choline extracted from the signal in (b) by CWT. (d) Differe
between the spectra of (3b) and (3c) (LB= 3 Hz). (b), (c), and (d) are magnified
40 times compared to (a).

for the spectrum obtained without suppression of water they
3.0 and 1.8. The error for both the NAA/creatine and the c
atine/choline ratios is 6.2%, which is close to the sum of
standard deviations obtained from the phantom data of both
atine and choline, which is about 7%. Figure 3 displays spe
of the aliphatic part of the unsuppressed waterin vivo data be-
fore and after water signal suppression and after subtractio
the metabolite peaks.

There is a drop in the SNR of water by 40 and 65 dB for t
in vivo and the phantom data, respectively, when the water
nal is removed by the proposed CWT scheme. The water is
pressed by about a factor of 10.000. The SNR of the NAA p
(in vivo data) in the CWT water suppressed spectrum is ab
17:1, which is well above the SNR of MRS signals quantifi
elsewhere (21, 26, 27).

5. CONCLUSIONS

We have described a new framework based on the cont
ous wavelet transform approach for the quantification of M
data without suppression of water acquired using localized s
troscopy techniques. Two signal model envelopes are inclu
in the procedure, the classical lorentzian model and the ne
added gaussian model. An automatic selection of the signa

velope model is obtained based on the best fit. This appro
is tested onin vitro MRS data without water suppression t
ET AL.
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obtain the absolute concentrations of the metabolites base
the estimation of the water content and relative concentrat
from in vivo data. Furthermore, other signal models, such
multilorentzians and multigaussians, may be used if needed
could be easily implemented and added to the technique, s
ing its flexibility to analyze data with different models. As
consequence, the problems induced by the static field inho
geneities, eddy currents, etc., are addressed.

Using this approach we have demonstrated that it is pos
to acquire and quantify, without a significant loss of accuracy
calized MRS spectra with short TE without suppression of wa
The accuracy of the results obtained from the spectra acq
on phantoms is excellent. The comparisons made betwee
results from the spectra obtained with and without water s
pression on normal volunteer also show that good results ca
attained fromin vivodata without suppression of water.
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