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Macromolecules contribute broad “background” resonances to
he 1H NMR brain spectra at short echo times. The application of
ong echo times is the most widely used method for removing these
esonances. Here, it is demonstrated that these background reso-
ances may be suppressed at short echo times using multiple

nversion recovery (MIR). In the technique presented, the MIR
equence consists of four adiabatic inversion pulses, applied pre-
aratory to a 20-ms echo time stimulated echo localization se-
uence. The inversion times (359, 157, 69, and 20 ms) were se-
ected to preferentially suppress macromolecules with longitudinal
elaxation times between 38 and 300 ms. While the resulting
pectra have lower overall signal-to-noise, baseline contributions
rom macromolecules are greatly reduced. Unlike the typical long
E acquisitions, the short TE MIR acquisition preserves the myo-

nositol resonance. © 1999 Academic Press

Key Words: magnetic resonance spectroscopy; proton; brain;
acromolecules; suppression.

INTRODUCTION

High molecular weight chemicals contribute broad “ba
round” resonances to1H NMR brain spectra at short ec

imes (1, 2), making accurate identification of the base
roblematic for both absolute and relative quantitative m
urements. Because the so-called “baseline distortions” cr
y these macromolecules have short transverse relax

imes (T2), long echo time (TE) spectroscopy has become
ost widely used technique for removing these broad r
ances. The work presented here offers a method for sup

ng these baseline distortions at short TEs. The method ut
ultiple inversion recovery (3) to suppress signal contributio
ver a specific range of spin–lattice relaxation times (T1).
Dixon et al. first introduced multiple inversion recove

MIR) nearly a decade ago as a method for suppressing
issue in spin-labeled angiography (3). Recently, MIR has bee
sed to selectively image gray or white brain matter4),

mprove suppression of CSF in brain imaging (5), and suppres
he signal from the thorax tissues in1H lung imaging (6). In
pectroscopy, MIR has been employed to improve water

ressionin vivo (7). Here, it is demonstrated that by using at
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IR preparation, the magnetization from macromolecules
e selectively suppressed in short TE localized1H spectros
opy. The method is demonstratedin vivo for STEAM local-
zation in human brain.

EXPERIMENTAL

echnique and Theory

A general theory of multiple inversion recovery has b
horoughly explored, both analytically and conceptually,
ixon et al. (3) and therefore will not be discussed in detai

his paper. In the original application of the MIR techniqu
aturation pulse initializes the longitudinal magnetization to
ame intensity prior to application of the inversion pulses.
aturation pulse is not employed in this implementation
ombined MIR and stimulated echo localization seque
STEAM (8–10)). Hence, saturation effects must be con
red in the solution to Bloch equations (11) for the MIR-
TEAM combination. A general steady-state solution to
loch equations for the longitudinal magnetization of a M
TEAM combination withN number of inversions, assumi

deal conditions, is given by

MZ_n~t! 5 MO_nH1 1 2 O
i51

N F ~21! iexpS2
¥ j5N2i11

N t j

T1_n
DG

1 ~21! N11expS2
TR 2 TM 2 TE/2

T1_n
DJ,

[1]

heren is theT1 species number, ranging from 1 toN; MZ_n,
O_n, and T1_n are the longitudinal magnetization, therm

quilibrium magnetization, andT1 of the nth T1 species to b
ulled, respectively;t j is the inversion time after thej th

nversion pulse;t is the total preparation time¥ j51
N t j ; TR is

he repetition time; and TM is the mixing time. MIR manip
ates the spin system so that the residual longitudinal ma

ization from each of theN number ofT1 species is zero at the
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229MACROMOLECULE SUPPRESSION IN SHORT TE SPECTROSCOPY
nitiation of spectroscopic localization. Gradient spoiling
sed to reduce signal contributions from transverse mag
ation inadvertently created by application of the inver
ulses.
The use of nonselective RF pulses in the MIR prepara

equence will null the signals from theT1 species of intere
ver the entire frequency bandwidth of the inversion pu
he specificT1 values and the number of nulledT1 species ar
etermined by the choices forT1_n andN when solving for the

nversion times in Eq. [1]. However, as demonstrated by o
roups (3, 12), MIR will not only null the signals for th
pecifiedT1’s, but will also act as aT1-dependent broadba
uppression technique. The profile of this suppression ba
etermined by the inversion times and number of inver
ulses. In the case of macromolecules, it is desired that shT1

pecies be more greatly suppressed than longT1 species. Thi
an be achieved by preferential nulling of shortT1 species ove
specified range ofT1 values,DT1.
To suppress macromolecule resonances for a speciN

umber ofT1 values, it is required that allN sets of Eq. [1] be
imultaneously solved for the inversion timest j that make th
um of the absolute values of the longitudinal magnetiza
qual to zero at timet, ¥ n51

N uMZ_n(t)u 5 0. These sets o
quations can be solved easily and exactly forN 5 1 or 2.
owever, for larger values ofN, the inversion times are be
etermined through numerical optimization using a stan

terative minimization or search algorithm.

TABLE 1
Nulled T1 Values and Inversion Times for a Four-Pulse MIR

n T1_n (ms) t n (ms)

1 300 359
2 150 157
3 75 69
4 37.5 20

FIG. 1. A four-pulse MIR preparation sequence combined with a sp
f the individual inversion times,¥ i51

4 t i . Gradient pulsesG1, G2, G3, G5, an
8 are orthogonal slice selective gradients forx, y, andz axes, respectively.
ti-
n

n

s.

er

is
n

n

rd

equence Parameters and Computer Simulation

Solving Eq. [1] for the inversion times requires preselec
f TE, TR, TM,N, and the specificT1_n values. TheT1_n values
ere chosen to suppress signal contributions fromT1 species
etween 38 and 300 ms forN 5 4. As recently demonstrate
y Hofmann et al. (13), this range includes many of t
acromolecule resonances that are typically identified as

ine distortions. The selectedT1_n values are shown in Table
het n values were determined from a solution to Eq. [1] us
Marquardt–Levenberg nonlinear least-squares algorithm

ided in SigmaPlot (SPSS Inc., Chicago, IL). Thet n values
ere constrained to positive times betweent n . 10 ms and
i51
4 t n 5 t , TR–TE–TM. The normalized magnetizati
as simulated as a function ofT1, using Eq. [1], to examine th
uppression profile for the inversion times shown in Tabl

n Vivo Experiments

All experiments were performed on a 1.5-T Magne
ison whole-body MRI system (Siemens Medical Syste

selin, NJ) using a Siemens standard 27-cm circularly pola
roton head coil. All human studies were performed und
rotocol approved by the institutional review board and u

he informed and written consent of each volunteer.
The MIR preparation sequence consisted of four 10

yperbolic secant pulses each followed by a 2-mT/m gra
ulse of variable length (dependent upon the inversion ti
ater suppression was performed by RF saturation and g

nt spoiling of the water magnetization during the third in
ion period using a single 26-ms frequency selective Gau
ulse (bandwidth 50 Hz) followed by a 10-ms 2-mT/m si
oidal gradient. The MIR-STEAM sequence parameters
E/TM/TR 5 20/10/4000 ms. A diagram of the MIR-STEA
equence is shown in Fig. 1 without the water suppres
equence. Data acquisition time was 819.2 ms for 1024
lex data points. The localization RF pulses were altern

hrough an eight-step phase cycle to reduce outer vo
ontamination and spectral distortions.

oscopic STEAM localization sequence. Total inversion timet is equal to the sum

7 are spoiling gradients applied along multiple orthogonal axes.G4, G6, and

ectr
dG
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230 JACK KNIGHT-SCOTT
1H spectroscopic brain examinations were carried ou
ight healthy volunteers (four males and four females,
1–44). Localization was performed in the hippocampus
ietal lobe, or occipital lobe. Volumes varied from 5 to 10 c3.
ach examination included a MIR-1-STEAM, and a 3-DR
TEAM (TE/TM/TR 5 20/10/4000 ms) acquisition. If tole
ted by the volunteer, a double echo localization experim
PRESS) (14) was also performed using a 3-DRYPRESS (
R 5 135/4000 ms) sequence (see Ref.15 for nomenclatur

or localization sequences). All water-suppressed data
veraged 128 times. An unsuppressed water reference
cquired with each data set. In a separate examinati
4-point T2 measurement (15-s TR, 26 to 1000-ms TE’s
veraging) for unsuppressed water was performed on o

he volunteers to examine the effect of the MIR prepara
equence on a well-known case of multiexponential relaxa
All data were zero-filled to 4 K, corrected for a DC offs

podized with a Gaussian filter (water-suppressed data)
orentzian filter (unsuppressed water data), and phase
ected using the water referencing method prior to FFT.
ntegrated area of the unsuppressed water data was ob
rom a fit with a Lorentzian distribution. TheT2 data were
tted with a biexponential relaxation model using the nonlin
arquardt–Levenberg least-squares algorithm provide
igmaPlot.

RESULTS

All spectra were normalized to the intensity of the peak f
he N-acetyl-aspartate (NAA) CH3 group at 2.02 ppm. Figu

shows representative MIR-1-STEAM, 3-DRYSTEAM, a
-DRYPRESS spectra acquired from the occipital–parieta
ion of a healthy volunteer. Figure 3 shows represent
IR-1-STEAM and 3-DRYSTEAM spectra acquired from
ippocampus of a healthy volunteer. These two data sets
nstrate the range of baseline distortions possible in ty
hort TE1H NMR spectrain vivo and show the improvemen
ossible with a MIR-based sequence.
In the occipital–parietal data set, all three spectra re

xcellent water suppression with the metabolites peak
ng easily differentiated from the residual water. The re
nce lines, the baselines measured by averaging the firs

ast 512 data points in the spectra, are represented by d
ines. In spite of the small baseline roll in the long
-DRYPRESS spectrum, baseline distortions are clearl
uced relative to the 3-DRYSTEAM spectrum. The long
-DRYPRESS spectrum has only a slight sloping baselin

he 3- to 5-ppm region, while the short TE 3-DRYSTEA
pectrum reveals a much greater degree of contamin
rom residual water and shortT2 species. In the MIR-1
TEAM spectrum, the baseline contributions from ma
olecules are clearly reduced relative to the 3-DRYSTE

pectrum. If theN-acetyl (NA) peak at 2.02 ppm is tria

ulated, the base of the peak is coincident with the referenp
n
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ine, while the base of the creatine1 phosphocreatine (Cr
nd choline (Cho) peaks are only slightly elevated above
eference line, relative to the 3-DRYPRESS spectrum. H
ver, whereas themyo-inositol (Ino) peak at 3.56 ppm
early absent in the 3-DRYPRESS spectrum and po
esolved in the 3-DRYSTEAM spectrum, the peak is w
esolved and easily identifiable in the MIR-1-STEAM sp
rum. The Cre peak from the CH2 group (3.9 ppm) is highl
levated in the 3-DRYSTEAM spectrum due to underly
acromolecules and residual water. Resonances unde

his peak are well suppressed in the MIR-1-STEAM
-DRYPRESS spectra. Overall, the MIR-1-STEAM s

FIG. 2. (a) 20-ms TE 3-DRYSTEAM, (b) 20-ms TE MIR-1-STEAM, a
c) 135-ms TE 3-DRYPRESS spectra acquired from a 1.83 2 3 1.8-cm
olume localized in the occipital–parietal region of a healthy volunteer
pectra were averaged 128 times using a 4000-ms TR.
ceresses the broad resonances that are apparent throughout
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231MACROMOLECULE SUPPRESSION IN SHORT TE SPECTROSCOPY
he standard short TE 3-DRYSTEAM spectrum, while p
erving many of the narrower resonances.
Short TE spectra from the hippocampus usually exh

xtreme baseline distortions, due to significant contribut
rom macromolecules and increased B0-field inhomogene
ties in this region, as is evident in Fig. 3a. Suppressing

acromolecule resonances through multiple inversion
overy removes most of the baseline distortions. In pa
lar, the large sloping baseline extending from the w
esonance to about 0.5 ppm is absent from the MIR-STE
pectrum (Fig. 3b). The resolution of the spectrum is cle
mproved.

These two data sets demonstrate how great the reg
ifferences in baselines can be. Because the baseline a
uppression efficiency« of MIR are functions ofT1, the results
f MIR-based sequences are highly region dependent. Fig
hows the simulated suppression profile of a MIR-STE
equence as a function ofT1 using the parameters given
able 1. Theoretically,« for T1 species between 30 and 300

s 97% or greater, while forT1 species between 900 and 15
1

FIG. 3. (a) 20-ms TE 3-DRYSTEAM, and (b) 20-ms TE MIR-1-STEA
pectra acquired from a 23 2 3 1.8-cm volume localized on the rig
ippocampus of a healthy volunteer. All spectra were averaged 128 times
4000-ms TR.
s—the range ofT1 values for the majorH metabolitesin
-

it
s

e
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ivo—« is between 50 and 70%. The suppression efficien
iven empirically by

« 5 100%F1 2
S~MIR-1-STEAM!

S~32DRYSTEAM!G [2]

or long TR values, whereS is the signal intensity from th
IR-1-STEAM or 3-DRYSTEAM experiment. By substitu

ng the measured« into Eq. [1], and the equation describing
ignal from a standard STEAM acquisition (16), a “bulk T1”
alue T1 can be determined. Because the residual water
acromolecules are not removed from the spectra, the
mplitude of the metabolites is used to calculate« and avoid

he baseline identification problem associated with many
tting algorithms (17). The resulting« and T1 values are
ummarized in Table 2.
As expected, theT1 values for NA, Cre, Cho, Ino, and wa

esonances are less than many previously reported values18–
4). Contributions from macromolecules yieldT1’s with aver-

ing

FIG. 4. Suppression profile (solid line) and saturation curve (dashed
s a function ofT1 for a four-pulse MIR-STEAM acquisition for TE/TM/TR5
0/10/4000 ms. Inversion times are given in Table 1. Curves have
ormalized relative to the thermal equilibrium magnetizationM 0(T1).

TABLE 2
Average MIR Suppression Efficiency and T1 Values

from Eight Healthy Volunteers

Resonance
« (%)

(mean6 std. dev.)
T# 1 (ms)

(mean6 std. dev.)

NA 0.596 0.04 10846 121
Cre 0.606 0.03 10356 86
Cho 0.636 0.06 9676 156
Ino 0.636 0.08 9826 253
Water 0.726 0.06 7576 123
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232 JACK KNIGHT-SCOTT
geT1 values shorter than those of the metabolites. The
oefficient of variance (CV) for theT1 of the metabolites
ean5 15.4%, reflects differences in water suppression

iency and regional concentration, as well as differences i
elative signal contributions from macromolecules. Unsurp
ngly, Ino has the largest CV (;25%), mirroring publishe
esults that reveal regionalT1 differences of up to 50%
18, 20).

The metabolite« values vary from a low of 51% to a high
3% (mean: 616 6%), in excellent agreement with the p
icted range. Nonetheless, these values are probably g

han the true metabolite« values, since part of the loss in sig
mplitude is due to the suppression of underlying macro
cules. With an average« ; 72 6 6%, the water is moderate
uppressed by the MIR preparation sequence. This allow
se of only one RF pulse for water suppression.
The effects of MIR on the water signal can also be see

omparing the acquiredT2 curves (Fig. 5). In a biexponent
t, the water signal is assumed to be bicomponent. In tis
he primary component has a shortT2, T2S, of less than 100 m
hile the second component has a longT2, T2L, ranging
etween 200 and 2000 ms (25). The MIR-STEAM acquisition
xhibits an overall longerT2 than the standard STEAM acq
ition, as well as an increase in the relative signal contribu
rom the longT2 component (Table 3). The removal of shortT1

ater components concomitantly reduces contributions
hortT2 components, resulting in a relative increase in co
utions from the longT2 components.

DISCUSSION

The primary advantage of long TE1H NMR spectroscopyin
ivo is that the subsequent flat baselines make identific

FIG. 5. A semi-log plot of normalizedT2 curves for water in the huma
rain. Data points are represented by (F) for the MIR-STEAM curve and (E)

or DRYSTEAM, while the results of the respective biexponential fits

Sepresented by a solid line and a dashed line.
e

-
he
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ter

l-
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n
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n

nd quantitation of the resonances relatively simple. How
t typical TEs of 135 ms or greater, the severeT2 weighting of

he technique drastically reduces the information content o
pectra, thus reducing the sensitivity and specificity of1H
pectroscopy. Multiple inversion recovery spectroscopy
uences have the potential to significantly suppress bas
rtifacts while keeping the information content of spectra h

n the previous examples shown, the MIR-1-STEAM dram
cally improves the baselines at a short TE. In brain reg
here contributions from macromolecules are especially h
uch as in the hippocampus, where recent studies sug
0% failure rate for acquisitions from healthy normal vol

eers (26), a MIR-based sequence may be particularly use
For suppressing the macromolecules,DT1 has to be prese

ected. Unfortunately, there are littleT1 data for macromole
ules at 1.5 T. The choice in this case was based mainly o
raphical data of Hofmannet al. (13). The lower threshol
alue of 30 ms was selected to keep the minimum inver
ime above 20 ms, the shortest interval possible that would
llow adequate time for gradient spoiling on the MRI syst
he upper value of 300 ms was selected to allow the ma

ization at 4000 ms TR to recover to approximately 37% (
ime constant) of its steady-state value forT1 5 900 ms, the
hortestT1 usually reported for1H metabolitesin vivo. How-
ver, without full T1 characterization of the macromolec
pectrum, it is unknown whether this selectedDT1 is the mos
ppropriate choice. Further experiments are necessary to
ure the suppression factor for the macromolecule spect
The most critical drawback of MIR is the reduction in sig

ntensity. In some aspects this complicates absolute qua
ion methods. Because MIR spectra are highlyT1-weighted
hey must be corrected forT1-dependent signal loss due to
ultiple inversions. A long TR is no longer sufficient

emoving T1 weighting. Since a MIR preparation tends
educe overall spectral SNR, it is crucial that the sequenc
ptimized to yield (i) minimum signal intensity overDT1, and
ii) maximum SNR over a selected range ofT1 values outsid
he suppression region. In the current MIR-1-STEAM imp
entation, the sequence is only optimized to minimize

ignal intensity over the selectedDT1. The overall spectra

TABLE 3
Water Transverse Relaxation Times for a Healthy Volunteer

Biexponential fit parameters
MIR-STEAM

(mean6 std. dev.)
DRYSTEAM

(mean6 std. dev.)

T2S (ms) 76.8 6 1.4 75.3 6 0.7
T2L (ms) 563.7 6 53.6 486.5 6 80.4
M 0(T2S)

a 1.196 0.01 1.346 0.01
M 0(T2L)

a 0.166 0.01 0.056 0.01

a Values have been normalized to signal intensity from the 20-ms
cquisition.
NR is roughly comparable to a 150-ms TE STEAM acquisi-
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233MACROMOLECULE SUPPRESSION IN SHORT TE SPECTROSCOPY
ion. One method for improving the SNR is by using a differ
ocalization scheme. A doubling of the SNR may be ea
ained through a short TE MIR-PRESS acquisition. It may
e possible to increase the SNR by improving the suppre
rofile. For example, theB1- andT1-insensitive water-suppre
ion method WET (12) is a solution to the same suppress
roblem proposed by Dixonet al. (3). Both WET and MIR
ttempt to manipulate the evolution of the spin system

hat the residual longitudinal magnetization over a specifieT1

ange or specificT1 values is zero at the initiation of spect
copic localization or imaging. In MIR, the flip angles of
reparatory RF pulses are fixed to 180°, and the delay
etween the RF pulses is allowed to vary. In contrast, the
ngles are the variables in implementing the WET techn
hile the delay times are fixed at a prechosen value
llowing both the flip angles and the delay times to vary for
olution, it might be possible to reduce suppression effect
hemicals withT1 values outside the selectedDT1 if the
uppression profile can be closely matched to that of a
unction.

The simulated suppression profile shows oscillations on
rder of63% overDT1. These variations are not expected
reatly affect the spectral pattern if originating from the re
al macromolecule signals. In regions of high macromole
oncentrations or poor B0-field homogeneity, these oscillatio
ill likely increase the overall variance and could possibly
istaken for a pathological-dependent spectral alteratio
ifferent MIR scheme might reduce the intensity of th
scillations.
An unanticipated advantage of MIR is that it simplifies wa

uppression by reducing the number ofT1 components. Fo
ypical water suppression sequences, as one tries to min
he residual water signal, the observed peak will freque
plit, part positive and part negative. Because of multie
ential relaxation, for some regions of the brain it is
ossible to simultaneously suppress the various compone

he water with the standard three RF pulses permutation27).
he MIR preparation sequence reduces the water sign
0%, so that when using only a single frequency sele
ater suppression RF pulse, water-suppression factors

han 200:1 (relative to the NA resonance) can be achie
dditional frequency selective RF pulses, interleaved wi
IR, may yield further reductions in the water-suppress

actor.
MIR-based sequences may also be advantageous in

pectroscopic techniques. For instance, a major drawba
etabolitenulling (MENU (1, 2)) is that it assumes a singleT1

or all the metabolites of interest. A MIR scheme could sim
aneously null metabolites for three or moreT1 values. It would
e fairly simple to simultaneously null the NA, Cre, Cho, a

no resonances. Even a simple double-inversion scheme w
ield improved results by widening theT1 suppression rang
IR could also be applied to1H spectroscopic imaging (HS

SI methods that acquire at least a complete slice must su
t
y
o
on

h

e
ip
e,
y
e
or

ep

e

-
le

e
A
e

r

ize
ly
-

t
of

by
e
ss
d.
n
n

her
of

-

uld

ress the signal from the subcutaneous fat of the scalp. Th
ost widely used techniques are HSI combined with a sin

oxel localization sequence and HSI combined with o
olume saturation (OVS) (28). The single-voxel techniqu

imits the region of interest to only tissue definitively within
calp borders. OVS attempts to saturate the fat signal from
calp, prior to slice excitation and phase encoding. T
echniques could be replaced by MIR, optimized to yield v
fficient fat suppression.

CONCLUSIONS

In preliminary studies, it has been shown that base
istortions due to chemicals with short spin–lattice relaxa

imes can be suppressed in short echo time1H brain spectr
hrough selectiveT1 weighting using a multiple inversio
ecovery preparation sequence. Preliminary results show
ra with only minor baseline distortions at a 20-ms TE. Th
s an unavoidable reduction in signal intensity similar to tha
ong echo time spectroscopy studies. In comparison to the
E studies, the overall spectral information content is no
reatly reduced. Specifically, themyo-inositol resonance
reserved.
Multiple inversion recovery appears to be a promising t

ique that may widely impact MR spectroscopy. The res
resented here establish the basic concepts of MIR for l

zed spectroscopy. Additional studies are necessary to qu
ate MIR-based spectra, perform large scale statistical stu
eexamine peak identification due to the improvement in
lution, and optimize the suppression profile.
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