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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 (*H) 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. © 2001 Academic Press

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

1. INTRODUCTION

The development of localizeh vivo proton ¢H) spectro-

based on the premise that the analog to digital converter had
sufficient dynamic range to accurately digitize small metabolit
signals (1-10 mm) in the presence of the dominant water (a
proximately 80 M). Water suppression from the acquired fre
induction decay (FID) allows observation of the signals arisin
from these dilute metabolites. In these methods the accuracy
data analysis, especially metabolite quantification, may depe
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 frequel
profile and phase of the selective pulses and the homogenei
of the radiofrequency anB, fields. As a result, the spectrum
may suffer from incomplete solvent suppression, baseline di
tortions, artifacts, and the partial saturation of signals close
the water resonanc8)( Furthermore, the magnetic interactions
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 usil
the preacquisition method$@).

The advent of high-speed receivers capable of oversampli
(11) and the improvements in the analogue to digital converte
have increased the dynamic range of the receiver. This incre:
allows sampling of the signal of the small metabolites in the pre
ence of a strong water component. This still leaves the proble
of removing the water in the processing of the data. A secol
category of water suppression techniques, called postacquisit
methods, has emergetiX-17) which can address this problem.
These methods employ different mathematical approaches to
move the water component from the magnetic resonance sp

scopic methods has involved the suppression of the water resoscopy (MRS) data. These algorithms are based on bandp
nance using a variety of approaches, which may be divided irftibering in the time or frequency domainZ, 13, data matrix

two general categories. The first category, called preacquisiti@presentation using singular value decomposition or Toepli
methods{—4), includes reducing the longitudinal and transversmatrix decompositionl4, 15, or fitting the water peak by means
water magnetization using CHESS pulses followed by spoilef a nonlinear least-squares methddé)( The postacquisition

gradients §) or applying a frequency selective inversion pulseethods allow quantification of the water peak, which can the
to the water resonance and choosing a preacquisition delay shehused as an internal reference for frequency, linewidth, a

that the water resonance is passing through guldther meth-
ods, which avoid the excitation of the water spif)s 6r methods

concentration18). Time-frequency and time-scale approache:
such as continuous wavelet transforms (CWT), have been pl

based o, differences®) may be used. These approaches wempsed as postacquisition methods in order to remove the wa
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peak from the unsuppressed solvent da@, 0 and for ac-  In mathematical terms, the CWT of a signal of finite energ

curate quantification of MRS metabolite signals based on théth respect to the defined prototype functigft) in the time

lorentzian modelZ1). This method is based on an iterative prodomain is given by

cess which extracts, quantifies, and subtracts the signal compo-

ljents from the raw S|gnal ;equentlally, accordingto Fhelr respec- Su(b) = (S, Gap) = /s(t) gy (1) - dt, 1]

tive apparent relaxation tim@{) values. The extraction of the

signal components is based on their time duration rather than

their magnitudes. with gap(t) = %g(%), characterized by two parameters, the
Although the postacquisition methods do not suffer from trgcale or dilation parameter notada > 0) and the translation

problems associated with preacquisition methods, they preseatameter notetl (b € R). The asterisk stands for the complex

their own set of challenges. In particular, they can be sensitivenjugate. Any prototype functiog(t) belonging toL?(R) is

to interactions, which result in a non-lorentzian lineshape féglled an analyzing wavelet if it complies with the so-called ac

the water resonance. Furthermore, few of the proposed postassibility condition @3). The transform in Eq. [1] maps the

quisition methods described in the literature went beyond thignal via a two-dimensional functio,(b) on the time-scale

suppression of the water peak to accurately quantify the rema#i®main planed, b). This operation is equivalent to a particular

ing metabolite components. filter-bank analysis in which the relative frequency bandwidth
The aim of this paper is to overcome the lineshape pealdsw/w) are constant and related to the parameggosand to the

problem and to propose a new global framework for absolui@quency properties of the waveletTo achieve a correct anal-

quantification of unsuppressed water signal data using CWHBIs of the signal(t), regularity and suitable time-frequency

Therefore, the following points are addressed: bandwidth product are required fgr The most commonly

. . . used analyzing wavelet has been the so-called Morlet wave
(i) theory developments ofthe extension ofthe previous CW/,, 23:

method to the quantification of MRS data signals based on the
gaussian model (Section 2); t) = e1%/2) . gliwot) | ot 2
(i) application of the new framework to water signal sup- 9t ). 2]

pf‘jf.s‘of‘ and absolute q;antification 0('; metabo(ljitT%mé itro wherec(t) is a correction term to enforce the admissibility condi:
andin vivo unsuppressed water MRS data, modeled as an fon. Forwg > 5, the ternc(t) is numerically negligible ang(t)

known mixture of gaussian and lorentzian signals (SECtionﬁsspractically applicable2d). Due to the causality of the MRS

and 4). signal §(t) € RT), the translation parameter is positives R™.
Results of two studies are reported. The CWT method has been proposed to quantify the time d

main MRS data with a lorentzian mod@/1). The details of the

(1) The first consists of analyzing proton data acquired Wit'ﬂi’eveloped iterative procedure given elsewh@® @re briefly
out water suppression from a phantom containing metaboli marized here.

with known concentrations on different scanners (Siemens ancbonsides(t) anoise-free FID signal composed of one dampe
General Electric) using two different localization technique@omplex sinusoid given by
(PRESS and STEAM).

(2) The second study consists of quantifyingvivo unsup- S(t) = A. YT . drlostte), 3]
pressed water proton spectra obtained from normal volunteers
and comparing the results of the quantitation of the mmabo”%ﬁereTz* andws = 238 are the apparent relaxation time anc

to the results obtained from the vivo proton data acquired o angular frequency (chemical shi), respectively, of the
with water suppression. The aim of these studiesis to determ'g? nals.
the accuracy of unsuppressed proton MRS in terms of abso'“t%ubstitutings(t) andg(t) for Egs. [3] and [2], respectively, in

metabolite concentrations in phantoms and relative concentéql-_ [1] and referring toZ1, 25, the CWT ofs(t) is given by
tions in volunteers. T

2 )
af-20Ty

S (b)=A- \/g[lq:m] e(7z*2_) . gli@sbte) [4]

2. METHOD FOR QUANTIFICATION OF THE

UNSUPPRESSED WATER MRS DATA
wherea, is the final dilation parameter value obtained at thi

The CWT analyzes a nonstationary signal by transformirmpnvergence of the used iterative algorith?d (29, with o« =
its input time domain into a time-scale doma®). Through [(a/T,) — (b/a;)] and the signsr are conditioned by the sign
translation and dilation operations, the CWT decomposes thiee. A simple nonlinear regression algorithm applied on th
signal according to a set of functions deduced from a defingwdulus of Eq. [4] provides the valuesABndT,", whereas the
prototype function, assumed to be well localized in both timengular frequencyws and phase are linearly estimated from
and frequency domains. the phase 08, (b). The latter is equal to the signs(t) at every
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pointt=b up to a known functior(b) given by case becomes

T
T (a2/27 = |2 (@) () /1 e
_ T (a?/2T. _ ama? F(b) = e 1-e .
F(b) =/ Ze/ Aixa-en)]. 5] FO) 2 (17 + ) [ ]
[8]
The decomposition prod b) is equal to the signa(t) at
components, the resonances are successively extracted, qug{)gfy poinn:pzstl) Iup t?) a kun%{vxfn)fijsnct?gm:(b) Thesic,%gg ?)rin—

fied according to their time duratio{) in a decreasing or- ¢jq"of sequential extraction and quantification of the sign:

der, and subtracted with respect to the corresponding functi@ ponents based on their time duration’s holds as for the abc
F;,j=1.n(b) fromthe raw signalin an iterative process. The Sign%rentzian model

componens; j—1 n Possessing the greatest value is quanti-
fied first. With an appropriate choice of the translation parameter
b, its corresponding resonance frequengy(-1 n) is estimated
atthe end of the FID signal. The above signal componentis thenr, o sets offH MRS localized data without water suppres-
extracted, quantified, and subtracted from the raw signal (S§8n were collected from a 2.7-L spherical phantom. The fir:
details in Ref21). set consists of five FID signals acquired at 63.86 MHz on

The developed iterative procedure above has been testeq .1 scanner (Siemens Vision System, Iselin, NJ) with a PRES
quantifying and removing the water peak modeled as a Complféhuence (TE- 40 ms, TR=6's, 2x 2 x 2 cn® voxel size, 32

exponential decay ifH MRS time-domain data without water 5c.cymulations, 1 KHz spectral width,cih K data points). The
suppressiond0). The CWT was able to suppress the water pedlgonq set contains four FID signals acquired at 170 MHz or
without affecting the small metabolite components close t0 {.7 scanner (General Electric Medical Systems, Milwau
This is performed by a frequency bandwidth reduction achievgge, WI) with a STEAM sequence (FE30 ms, TR=5 s,
by an increase of the value ef (21). We extend here the wa- 1\ = 13.7 ms 2x 2 x 2 cn? voxel size, 32 accumulations,
ter peak removal by analyzing the remaining metabolite signals >5g Hz spectral width, and 1024 data points). Figures
and obtaining an estimation of their absolute concentrationg,q 1p display spectra of the aliphatic parts of unsuppress
However, we found experimentally that the signal componenjsiier MRS signals acquired with STEAM and PRESS s¢
especially the water resonance in the proton data without SURiences, respectively. The phantom consists of 50 mM pot:
pression of the water may have a gaussian lineshape. We sugggst, phosphate monobasic, 56 mM sodium hydroxide, 12.5m

that the main reason is due to the static field i”h0moge”eitieﬁl-acetylt-aspartic acid (NAA), 10 mM creatine hydrate, 3 mM
As presented above, if the resonance frequency and the phafiine chioride, 7.5 mM myo-inositol, 12.5 mMglutamic

of the signal components are linearly calculated from the phaggq (monosodium salt), 5 mML-lactic acid (lithium salt),
of Eq. [4] by CWT, the estimation of the amplitude and the apynq 0.109% sodium azidén vivo proton MRS localized brain
parent relaxation time values are signal model dependent. l5ag, with and without water suppression were collected fro
an accurate estimation of the remaining parametersy), the 5 healthy volunteer on a Siemens whole body system (1.5
adapted signal model must be used. For this purpose, the metngﬁilg a PRESS sequence with the same acquisition parame
is extended here to quantify MRS signal with the gaussian et apove. For the data acquired with water suppression, th
velope. Therefore, applying CWT, with the Morlet wavelet as @Ess pulses were used to suppress the water resonance be
prototype function, to an FID signal of the form signal acquisition. Prior to signal processing and quantificatio
the acquired signals were frequency demodulated by using
analytic solution to remove the spurious peaks added through
the spectrum due to the acoustic vibrations of the gradi@sjs (
A new framework based on CWT is used to quantify the time
domain unsuppressed water signals, using a program develo
in house, (Interactive Data Language, IRIX mipseb Ver. 5, R¢

S.(b)= A T TS [1 n m] search Systems, Inc.) proceeding as follows.

In a general case where the sigs@d is composed ol (N > 1)

3. MATERIALS AND METHODS

S(t) =A. e(—t2/2'T2*) . ei'(wS'H‘lﬂ)’ [6]

and after some mathematical development inspired fraih (
and following steps similar to those above, leads to

2. (TZ* + ar?) For each signal component selected by the iterative procedu
b2 2(Trrad)  i(ocb the chemical shift value is estimated from the phas&db),
L@ DT . gllebto) [71 whereas the values of the amplitudland relaxation tim&; are

selected from the best fit of the modulusSyf(b) to the moduli
wherez is the final dilation parameter value obtained at the coof the signal models of Egs. [4] and [7], which provide the signé
vergence of the used iterative algorithm ang %. The component model.
values ofA andT; are nonlinearly estimated from the modulus Once the selected signal component is quantified, it is su
whereas the angular frequeneay, and phasey, are linearly tracted from the raw signal with the respect to the correspon
calculated from the phase &, (b). The functionF(b) in this ing signal model functiofir(b) of either Eq. [5] or Eq. [8]. The
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the CWT removes the major part of the water resonance. T
remaining water residue is removed by neglecting the fir
16 points of the signal. This resulting signal is used to succe
sively quantify the metabolite signals (Fig. 2b). For the Siemer
data collected at 1.5 T the NAA, creatine, choline and myc
inositol peaks were quantified, whereas for the General Elect
data collectedta4 T the myo-inositol peak is ignored. This is
done because the myo-inositol peak is “deceptively simple”
1.5 T and becomes a set of coupled peaks at 4 T, making it dif

o cultto estimate it in the time domain by the CWZ9j. The other
T | I I T a NAA
4.0 3.0 2.0 1.0 0 choline
Frequency, ppm l

creatine
lactate

«—Z

Mi _
i choline NAA

L creatine
, i lactate

I I | | I
4.0 3.0 2.0 1.0 0

Frequency, ppm

4.0 3.0 2.0 1.0 0

Frequency, ppm

FIG. 1. (a) A spectrum of the aliphatic part of the MRS signal acquired

without water suppression using the STEAM sequebdddTE=30ms, TR=
5, 1 K points, and 2500 Hz). (b) A spectrum of the aliphatic part of the MRS JL
signal acquired without water suppression using the PRESS sequence at 1.5 T
(TE=40ms, TR=6s, 1 K points, and 1000 Hz). | I i | I
4.0 3.0 2.0 1.0 0

. . . . . Frequency, ppm
residue is used as an input signal to quantify another resonance q ¥l

for the next iteration. c
In this scheme, the water peak is selected first, quantified
and subtracted from the raw signal. The adjacent metabolit
signals are preserved by an appropriate increase of the dilatic
parameter value, during the use of the iterative procedure,
reducing the frequency bandwidth of the time-frequency filter
of the CWT. In the phantom studies, absolute concentration o ! I I ! !

the metabolites is obtained based on the concentration of th 40 30 20 o0
water (110 M). Frequency, ppm
4. RESULTS AND DISCUSSION FIG. 2. (a) A spectrum of the same region as in Fig. 1a after water pee

removal. Note the good quality of water peak suppression without alteration

Figure 2a displavs the spectrum of the aliphatic part of tthe other metabolites and baseline distortion. The first 16 points are neglec
Igu ISplay p u Iphatic p I?l%m the signal residue after water resonance subtraction. (b) The sum of 1

reSidl.Ja| signal afFer Water peak §UbFraCti0n by CWT fromkaks of NAA, creatine, choline, and myo-inositol successively extracted by t
the signal shown in Fig. la. It qualitatively demonstrates thatT method. (c) The final residue after subtraction of the metabolite peaks.
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TABLE 1 to be very small compared to the shortggtin the data in order
Estimated Absolute Concentrations of the Metabolites (NAA, to avoid a complete decrease of the corresponding metabo
Creatine, Choline, and Myoinositol) Obtained from Data Acquired  component. The removal of the first 16 points would result i

using STEAM and PRESS Sequences and Their Errors the inability to observe resonances that h@yevarying from
Estimated absolute Percentage ofthe 8 {0 16 MS. Since in most of the processed dataTthef the |
concentration expected valde metabolite resonances are of the order of 75 ms or greater, w
(mean value in mmol) standard deviation  accurate quantification should still be achievable after the r
Metabolite PRESS STEAM PRESS STEAM mova_l pf thes_e first points. Quantllflcanon of macromolecule
and lipids which have shortdi;’s (i.e, broader lines) may be
NAA (129 12.25 12.40 9&23  99.3t10 gchieved in a better way if the first points are not remoag. (
Creatine 10 9.34 9.45 93.4:3.8 94.5+2.1

Choline 9 » 78 578 92634 927185 The obtalneq results on the phgntom data for the metab
Myo-inositol  (7) 6.83 _ 91+ 7.7 _ lite concentrations are reported in Table 1 for the PRES
and STEAM, respectively. The difference between the know
metabolite concentration and its experimentally determine
value increases as the metabolite’s frequency becomes clo
to that of water. This trend may reflect the fact that the accl
metabolite peaks, such asthe other creatine resonance, the lacéigedetermination of these amplitudes may be sensitive to i
and the glutamate peaks, could be selected and quantified. Wefections in the suppression of the water peak. Despite tt
focus only on the major ones (NAA, creatine, choline, and mytrend, the accuracy of the obtained results is very good. T
inositol). Furthermore, the CWT has been successfully testeddroposed method also provides an estimate of the apparent
extracting and quantifying peaks framvivoproton MRS brain laxation times ;") of the water and the metabolites. These val
data @5). The water peak either from Siemens (PRESS) or Gemes are summarized in Table 2 along withvalues reported
eral Electric (STEAM) was gaussian. This was also true for tiyy GE at 1.5 T. However, for all the signal components the ol
NAA and myo-inositol. For creatine and choline, the lorentziatainedT; values are underestimated compared@zoexcept for
model fits better than the gaussian model in the General Electhie myo-inositol metabolite, which is overestimated by 3%. Th
data, and the inverse is observed in the Siemens data. main reason for this underestimation is the static field inhom
The removal of the first data points does not affect the esgieneities, which deform the signal envelope, and the data len
mation of the MRS parameter values, especially the amplitudésK points), which may be too short to allow a complete acquis
The correct amplitude values could be recovered. Let’s assutiua of the signal. Less precision is observed onTfi&alues of
that the portion of the MRS signalt) belonging to [0,T] is creatine (22.8% for PRESS and 4.2% for STEAM) and cholin
removed. The envelope of the resulting sigadt) = s(t + T);  (15.4% for PRESS and 2.3% for STEAM) compared to NAA
t > 0 is equal toAr - /2T for the gaussian model and(7.5% for PRESS and 0.3% for STEAM). The lack of precisior
to At - eYT2) for the lorentzian model. Knowing tHEvalue, is mainly due to the overlap between creatine and choline pea
which is equal to the number of the removed data points, theTo further demonstrate the usefulness of the method, o
initial amplitude value is calculated frotA = Ay - &T*/2T) in vivo spectrum without water suppression is analyzed ar
(gaussian model), oA = Ar - eT/T)(lorentzian model). The the relative ratios of the metabolite amplitudes are compar
equations above are used for a second time in a similar manndotthose obtained from tha vivo spectrum with water suppres-
correct for the amplitudes due to tfig differences between the sion. The NAA/creatine and creatine/choline ratios observed
water and metabolites by substitutiigo TE. TheT value has the suppressed spectrum are 2.8 and 1.9, respectively, wher

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

TABLE 2
Estimated Apparent Relaxation Times T,* of the Signal Metabolites (NAA, Creatine, Choline, and Myo-
inositol) and Water Resonance from Data Acquired Using STEAM and PRESS Sequences and the Errors
tothe True T, Valuesat 1.5 T

Estimated relaxation timeTg’) (mean value ms) Estimated relaxation tirfig'{(mean value ms)
T (1.5T) + standard deviation (PRESS) =+ standard deviation (STEAM)
Water @65 212.2+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 (NG 169.3+15.4 163.H-2.3
Myo-inositol (75) 78.2+5.0 —

Note.The trueT; values for the phantom are written in bold type and reported from the manufacturer (R. Hurd, General Electric,
spectroscopy manual).
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obtain the absolute concentrations of the metabolites based
the estimation of the water content and relative concentratio
from in vivo data. Furthermore, other signal models, such &
I multilorentzians and multigaussians, may be used if needed &

> could be easily implemented and added to the technique, shc

chofine ing its flexibility to analyze data with different models. As a

Water residue //”ea““eNAA consequence, the problems induced by the static field inhon
/ / geneities, eddy currents, etc., are addressed.

/ Using this approach we have demonstrated that it is possil

/ g to acquire and quantify, without a significant loss of accuracy, I¢

calized MRS spectrawith short TE without suppression of wate

J\\ The accuracy of the results obtained from the spectra acquir

JavA ¢ on phantoms is excellent. The comparisons made between

results from the spectra obtained with and without water su
d pression on normal volunteer also show that good results can
attained fromin vivo data without suppression of water.
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