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Macromolecules contribute broad “background” resonances to
the '"H NMR brain spectra at short echo times. The application of
long echo times is the most widely used method for removing these
resonances. Here, it is demonstrated that these background reso-
nances may be suppressed at short echo times using multiple
inversion recovery (MIR). In the technique presented, the MIR
sequence consists of four adiabatic inversion pulses, applied pre-
paratory to a 20-ms echo time stimulated echo localization se-
quence. The inversion times (359, 157, 69, and 20 ms) were se-
lected to preferentially suppress macromolecules with longitudinal
relaxation times between 38 and 300 ms. While the resulting
spectra have lower overall signal-to-noise, baseline contributions
from macromolecules are greatly reduced. Unlike the typical long
TE acquisitions, the short TE MIR acquisition preserves the myo-
inositol resonance.  © 1999 Academic Press
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INTRODUCTION

MIR preparation, the magnetization from macromolecules ce
be selectively suppressed in short TE localiZzetspectros-
copy. The method is demonstrategdvivo for STEAM local-
ization in human brain.

EXPERIMENTAL

Technique and Theory

A general theory of multiple inversion recovery has beel
thoroughly explored, both analytically and conceptually, by
Dixon et al. (3) and therefore will not be discussed in detail in
this paper. In the original application of the MIR technique, ¢
saturation pulse initializes the longitudinal magnetization to th
same intensity prior to application of the inversion pulses. Th
saturation pulse is not employed in this implementation of
combined MIR and stimulated echo localization sequenc
(STEAM (8-10). Hence, saturation effects must be consid
ered in the solution to Bloch equation&l} for the MIR-
STEAM combination. A general steady-state solution to thi

High molecular weight chemicals contribute broad “backBloch equations for the longitudinal magnetization of a MIR-
ground” resonances ttH NMR brain spectra at short echoSTEAM combination withN number of inversions, assuming
times @, 2, making accurate identification of the baselinéeal conditions, is given by
problematic for both absolute and relative quantitative mea-
surements. Because the so-called “baseline distortions” created

times (T,), long echo time (TE) spectroscopy has become the

N N
by these macromolecules have short transverse relaxation,\/IZ (1) = Mo [1 +25 {(_1)iexp(_zj—wi+1 TJ)]
.n n : Tl N
i=1 -

most widely used technique for removing these broad reso-

nances. The work presented here offers a method for suppress-
ing these baseline distortions at short TEs. The method utilizes

TR—TM — TE/Z)}

_ N+1 _
+ (-1 exp( T

multiple inversion recovery3) to suppress signal contributions [1]

over a specific range of spin—lattice relaxation tim&g) (

Dixon et al. first introduced multiple inversion recoverywheren is theT, species number, ranging from 1% M, ,,
(MIR) nearly a decade ago as a method for suppressing stédig ,, and T, , are the longitudinal magnetization, thermal
tissue in spin-labeled angiograpiB).(Recently, MIR has been equilibrium magnetization, and@, of the nth T, species to be
used to selectively image gray or white brain mattd), ( nulled, respectively;r; is the inversion time after th¢th
improve suppression of CSF in brain imagisy, @nd suppress inversion pulser is the total preparation timg*; 7;; TR is
the signal from the thorax tissues iRl lung imaging 6). In  the repetition time; and TM is the mixing time. MIR manipu-
spectroscopy, MIR has been employed to improve water suates the spin system so that the residual longitudinal magn
pressionin vivo (7). Here, it is demonstrated that by using aization from each of th& number ofT, species is zero at the
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TABLE 1 Sequence Parameters and Computer Simulation

Nulled T, Values and Inversion Times for a Four-Pulse MIR . . . . . .
Solving Eq. [1] for the inversion times requires preselectiol

n Ti . (Ms) o (MS) of TE, TR, TM, N, and the specifi¢, , values. Thel, , values
were chosen to suppress signal contributions filbnspecies

! 300 359 between 38 and 300 ms fot = 4. As recently demonstrated

:2,, 1?2 12; by Hofmannet al. (13), this range includes many of the

4 375 20 macromolecule resonances that are typically identified as ba:

line distortions. The selectel, , values are shown in Table 1.
Ther, values were determined from a solution to Eq. [1] using
a Marquardt—Levenberg nonlinear least-squares algorithm pr
initiation of spectroscopic localization. Gradient spoiling igided in SigmaPlot (SPSS Inc., Chicago, IL). Thevalues
used to reduce signal contributions from transverse magnetiere constrained to positive times betwegn> 10 ms and
zation inadvertently created by application of the inversiop®, r, = + < TR-TE-TM. The normalized magnetization
pulses. was simulated as a function ©f, using Eqg. [1], to examine the
The use of nonselective RF pulses in the MIR preparatiguppression profile for the inversion times shown in Table 1
sequence will null the signals from thig species of interest ) )
over the entire frequency bandwidth of the inversion pulsd§. Vivo Experiments

The specificT, values and the number of nulldd species are Al experiments were performed on a 1.5-T Magneton
determined by the choices fdr;_, andN when solving for the vison whole-body MRI system (Siemens Medical System:s
inversion times in Eg. [1]. However, as demonstrated by othgielin, NJ) using a Siemens standard 27-cm circularly polarize
groups 8,12, MIR will not only null the signals for the proton head coil. All human studies were performed under
specifiedT,’s, but will also act as &,-dependent broadbandprotocol approved by the institutional review board and unde
suppression technique. The profile of this suppression bandHg informed and written consent of each volunteer.
determined by the inversion times and number of inversionThe MIR preparation sequence consisted of four 10-m
pulses. In the case of macromolecules, it is desired that $horthyperbolic secant pulses each followed by a 2-mT/m gradie
species be more greatly suppressed than Tongpecies. This pulse of variable length (dependent upon the inversion time
can be achieved by preferential nulling of shbytspecies over Water suppression was performed by RF saturation and gra
a specified range of ; values,AT,. ent spoiling of the water magnetization during the third inver

To suppress macromolecule resonances for a spedificsion period using a single 26-ms frequency selective Gaussi
number ofT; values, it is required that aN sets of Eq. [1] be pulse (bandwidth 50 Hz) followed by a 10-ms 2-mT/m sinu-
simultaneously solved for the inversion timgshat make the soidal gradient. The MIR-STEAM sequence parameters we
sum of the absolute values of the longitudinal magnetizatiaie/TM/TR = 20/10/4000 ms. A diagram of the MIR-STEAM
equal to zero at timer, )., [M, ,(7)] = 0. These sets of sequence is shown in Fig. 1 without the water suppressic
equations can be solved easily and exactlyMor= 1 or 2. sequence. Data acquisition time was 819.2 ms for 1024 cor
However, for larger values dfl, the inversion times are bestplex data points. The localization RF pulses were alternate
determined through numerical optimization using a standattttough an eight-step phase cycle to reduce outer volun
iterative minimization or search algorithm. contamination and spectral distortions.

180° 180° 180° 180°

90° 90° 90°
RF W 7 5 % T4:W:TE/2 ;dvv—m :dv;TEQ »WVW
oradients| |\ |1 | A
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Spin Echo
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FIG. 1. A four-pulse MIR preparation sequence combined with a spectroscopic STEAM localization sequence. Total inversias ¢iqual to the sum
of the individual inversion timesy ., 7. Gradient pulse§,, G,, G;, Gs, andG, are spoiling gradients applied along multiple orthogonal agss G, and

G, are orthogonal slice selective gradients %ory, andz axes, respectively.
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'H spectroscopic brain examinations were carried out on
. Water
eight healthy volunteers (four males and four females, ages a N
21-44). Localization was performed in the hippocampus, pa- Cre
Cho,

Ino

rietal lobe, or occipital lobe. Volumes varied from 5 to 10°cm
Each examination included a MIR-1-STEAM, and a 3-DRY-
STEAM (TE/TM/TR = 20/10/4000 ms) acquisition. If toler-
ated by the volunteer, a double echo localization experiment
(PRESS) 14) was also performed using a 3-DRYPRESS (TE/
TR = 135/4000 ms) sequence (see RE5.for nomenclature

for localization sequences). All water-suppressed data were
averaged 128 times. An unsuppressed water reference was
acquired with each data set. In a separate examination, a

6 5 4 3 2 1
ppm

14-point T, measurement (15-s TR, 26 to 1000-ms TE’s, no b

averaging) for unsuppressed water was performed on one of

the volunteers to examine the effect of the MIR preparation

sequence on a well-known case of multiexponential relaxation. no

All data were zero-filled to 4 K, corrected for a DC offset,

apodized with a Gaussian filter (water-suppressed data) or a

Lorentzian filter (unsuppressed water data), and phase cor-

rected using the water referencing method prior to FFT. The

integrated area of the unsuppressed water data was obtained S S !
6 5 4 3

from a fit with a Lorentzian distribution. Th&, data were 2 1
fitted with a biexponential relaxation model using the nonlinear

ppm
Marquardt—Levenberg least-squares algorithm provided in
SigmaPlot. C
RESULTS

All spectra were normalized to the intensity of the peak from no
the N-acetyl-aspartate (NAA) CHgroup at 2.02 ppm. Figure )
2 shows representative MIR-1-STEAM, 3-DRYSTEAM, and
3-DRYPRESS spectra acquired from the occipital—parietal re- _—

6 5 4 3

gion of a healthy volunteer. Figure 3 shows representative
MIR-1-STEAM and 3-DRYSTEAM spectra acquired from the
hippocampus of a healthy volunteer. These two data sets dem-
onstrate the range of baseline distortions possible in typicakic. 2. (a) 20-ms TE 3-DRYSTEAM, (b) 20-ms TE MIR-1-STEAM, and
short TE'H NMR spectrain vivo and show the improvements(c) 135-ms TE 3-DRYPRESS spectra acquired from a 1.2 X 1.8-cm
possible with a MIR-based sequence. volume localized in the occipital-parietal region of a healthy volunteer. Al
In the occipital-parietal data set, all three spectra reveRfclra were averaged 128 times using a 4000-ms TR.
excellent water suppression with the metabolites peaks be-

ing easily differentiated from the residual water. The refer- . ) .
ence lines, the baselines measured by averaging the first 4A8 While the base of the creatine phosphocreatine (Cre)

last 512 data points in the spectra, are represented by dashg choline (Cho) peaks are only slightly elevated above tt
lines. In spite of the small baseline roll in the long TEeference line, relative to the 3-DRYPRESS spectrum. How
3-DRYPRESS spectrum, baseline distortions are clearly reer, whereas thenyoinositol (Ino) peak at 3.56 ppm is

duced relative to the 3-DRYSTEAM spectrum. The long TRearly absent in the 3-DRYPRESS spectrum and poor
3-DRYPRESS spectrum has only a slight sloping baselinefi@solved in the 3-DRYSTEAM spectrum, the peak is wel
the 3- to 5-ppm region, while the short TE 3-DRYSTEAMesolved and easily identifiable in the MIR-1-STEAM spec:
spectrum reveals a much greater degree of contaminatiéwm. The Cre peak from the GHyroup (3.9 ppm) is highly

from residual water and shoif, species. In the MIR-1- elevated in the 3-DRYSTEAM spectrum due to underlying
STEAM spectrum, the baseline contributions from macrgnacromolecules and residual water. Resonances underlyi
molecules are clearly reduced relative to the 3-DRYSTEARhis peak are well suppressed in the MIR-1-STEAM an
spectrum. If theN-acetyl (NA) peak at 2.02 ppm is trian-3-DRYPRESS spectra. Overall, the MIR-1-STEAM sup-
gulated, the base of the peak is coincident with the referengeesses the broad resonances that are apparent througt

2 1
ppm
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NAA Suppression and Saturation Effects at TR=4000 ms
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Ino FIG. 4. Suppression profile (solid line) and saturation curve (dashed line
as a function off, for a four-pulse MIR-STEAM acquisition for TE/TM/TR:
20/10/4000 ms. Inversion times are given in Table 1. Curves have be
normalized relative to the thermal equilibrium magnetizatidg(T,).
vivo—e is between 50 and 70%. The suppression efficiency |
given empirically by
('5 ' ; ' ; ' é ) é ! "I ' 100% 1 S(MIR-1-STEAM) )
&= S(3—DRYSTEAM) [2]
ppm

FIG.3. (a)20-ms TE 3-DRYSTEAM, and (b) 20-ms TE MIR-1-STEAM for long TR values, wher& is the signal intensity from the
spectra acquired from a X 2 X 1.8-cm volume localized on the right MIR-1-STEAM or 3-DRYSTEAM experiment. By substitut-

hippocampus of a healthy volunteer. All spectra were averaged 128 times uq'ﬁg the measuredinto Eq. [1], and the equation describing the
a 4000-ms TR. signal from a standard STEAM acquisitioh6], a “bulk T,”
value T, can be determined. Because the residual water at
the standard short TE 3-DRYSTEAM spectrum, while premacromolecules are not removed from the spectra, the pe
serving many of the narrower resonances. amplitude of the metabolites is used to calculatend avoid
Short TE spectra from the hippocampus usually exhibite baseline identification problem associated with many lin
extreme baseline distortions, due to significant contributiofiging algorithms (7). The resultinge and T, values are
from macromolecules and increased-field inhomogene- symmarized in Table 2.
ities in this region, as is evident in Flg 3a. Suppressing thEAs expected, théTl values for NA, Cre, Cho, Ino, and water
macromolecule resonances through multlple inversion I&sonances are less than many pre\/ious|y reported vdl8es (
covery removes most of the baseline distortions. In partig4). Contributions from macromolecules yield’s with aver-
ular, the large sloping baseline extending from the water
resonance to about 0.5 ppm is absent from the MIR-STEAM

spectrum (Fig. 3b). The resolution of the spectrum is clearly TABLE 2
improved. Average MIR Suppression Efficiency and T, Values
These two data sets demonstrate how great the regional from Eight Healthy Volunteers

differences in baselines can be. Because the baseline andthe

suppression efficiencyof MIR are functions off, the results 8+(%21 ] Ti(mz) ]

of MIR-based sequences are highly region dependent. Figurpezf.‘(Jnance (mean-- std. dev.) (mean-- std. dev.)

shows the simulated suppression profile of a MIR-STEAM na 0.59 + 0.04 1084+ 121

sequence as a function @f, using the parameters given in Cre 0.60+ 0.03 1035+ 86

Table 1. Theoreticallys for T, species between 30 and 300 ms Cho 0.63*+ 0.06 967+ 156

is 97% or greater, while fof, species between 900 and 1500 '"° 0.63+0.08 982+ 253
Water 0.72+ 0.06 757+ 123

ms—the range off, values for the majorH metabolitesin
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ageT, values shorter than those of the metabolites. The large TABLE 3

coefficient of variance (CV) for thd, of the metabolites, Water Transverse Relaxation Times for a Healthy Volunteer
mean= 15.4%, reflects differences in water suppression effi-
ciency and regional concentration, as well as differences in tEe MIR-STEAM DRYSTEAM

. . . . .Biéxponential fit parameters (mean= std. dev.) (mean= std. dev.)
relative signal contributions from macromolecules. Unsurpris-

ingly, Ino has the largest CV~25%), mirroring published Tas (Ms) 76.8 = 1.4 753 = 0.7
results that reveal regional, differences of up to 50% Ta (M) 563.7 £ 53.6 486.5 + 80.4
(18, 20. Mo(T2s)® 1.19+ 0.01 1.34+ 0.01

The metabolites values vary from a low of 51% to a high of Mo(Ta)" 0.16= 001 0.05= 001

73% (mean: 61+ 6%), in excellent agreement with the pre- “Values have been normalized to signal intensity from the 20-ms TI
dicted range. Nonetheless, these values are probably greaégiisition.
than the true metabolitevalues, since part of the loss in signal
amplitude is due to the suppression of underlying macromol-
ecules. With an average~ 72 + 6%, the water is moderately and quantitation of the resonances relatively simple. Howeve
suppressed by the MIR preparation sequence. This allows #taypical TEs of 135 ms or greater, the sevéseveighting of
use of only one RF pulse for water suppression. the technique drastically reduces the information content of tt
The effects of MIR on the water signal can also be seen bpectra, thus reducing the sensitivity and specificity‘laf
comparing the acquired, curves (Fig. 5). In a biexponential spectroscopy. Multiple inversion recovery spectroscopy s
fit, the water signal is assumed to be bicomponent. In tissugiences have the potential to significantly suppress baseli
the primary component has a shost T,s, of less than 100 ms, artifacts while keeping the information content of spectra higt
while the second component has a loiig, T,, ranging In the previous examples shown, the MIR-1-STEAM dramat
between 200 and 2000 m&5). The MIR-STEAM acquisition ically improves the baselines at a short TE. In brain region
exhibits an overall longerT, than the standard STEAM acqui-where contributions from macromolecules are especially higl
sition, as well as an increase in the relative signal contributieach as in the hippocampus, where recent studies sugges
from the longT, component (Table 3). The removal of shdrit 20% failure rate for acquisitions from healthy normal volun-
water components concomitantly reduces contributions fraers 26), a MIR-based sequence may be particularly useful
shortT, components, resulting in a relative increase in contri- For suppressing the macromoleculdd;, has to be prese-

butions from the londl', components. lected. Unfortunately, there are little, data for macromole-
cules at 1.5 T. The choice in this case was based mainly on t
DISCUSSION graphical data of Hofmanet al. (13). The lower threshold

value of 30 ms was selected to keep the minimum inversic
The primary advantage of long TH NMR spectroscopjn  time above 20 ms, the shortest interval possible that would st
vivo is that the subsequent flat baselines make identificatignow adequate time for gradient spoiling on the MRI system
The upper value of 300 ms was selected to allow the magn
tization at 4000 ms TR to recover to approximately 37% (on

time constant) of its steady-state value Tgr= 900 ms, the

shortestT, usually reported forH metabolitesin vivo. How-
ever, without full T, characterization of the macromolecule

spectrum, it is unknown whether this selected, is the most
appropriate choice. Further experiments are necessary to mi
sure the suppression factor for the macromolecule spectrun
The most critical drawback of MIR is the reduction in signal
intensity. In some aspects this complicates absolute quanti

N Y tion methods. Because MIR spectra are highlyweighted,
— they must be corrected fdr,-dependent signal loss due to the
d multiple inversions. A long TR is no longer sufficient for
removing T, weighting. Since a MIR preparation tends to
10% - reduce overall spectral SNR, it is crucial that the sequence |

0 200 400 600 800 1000 1200 optimized to yield (i) minimum signal intensity ov&rT,, and

Echo Time (ms) (i) maximum SNR over a selected rangeTof values outside
FIG. 5. A semi-log plot of normalized, curves for water in the human the suppressmn region. In.the Currem.: MIR-l-STE.AM .|mple-
brain. Data points are represented #) for the MIR-STEAM curve and@) mentation, the sequence is only optimized to minimize th

for DRYSTEAM, while the results of the respective biexponential fits ar§ignal intensity over the selectefiT,. The overall spectral
represented by a solid line and a dashed line. SNR is roughly comparable to a 150-ms TE STEAM acquisi

Transverse Relaxation Curves
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100
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107

10
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tion. One method for improving the SNR is by using a differergress the signal from the subcutaneous fat of the scalp. The t
localization scheme. A doubling of the SNR may be easilypost widely used techniques are HSI combined with a single
gained through a short TE MIR-PRESS acquisition. It may alsmxel localization sequence and HSI combined with oute
be possible to increase the SNR by improving the suppressimiume saturation (OVS)2@). The single-voxel technique
profile. For example, thB,- andT,-insensitive water-suppres-limits the region of interest to only tissue definitively within the
sion method WET 12) is a solution to the same suppressioscalp borders. OVS attempts to saturate the fat signal from tl
problem proposed by Dixoet al. (3). Both WET and MIR scalp, prior to slice excitation and phase encoding. Thes
attempt to manipulate the evolution of the spin system sutgchniques could be replaced by MIR, optimized to yield ven
that the residual longitudinal magnetization over a specified efficient fat suppression.

range or specifid’, values is zero at the initiation of spectro-

scopic localization or imaging. In MIR, the flip angles of the CONCLUSIONS

preparatory RF pulses are fixed to 180°, and the delay time

between the RF pulses is allowed to vary. In contrast, the flip), preliminary studies, it has been shown that baselin

angles are the variables in implementing the WET techniqygqisrtions due to chemicals with short spin—lattice relaxatio
while the delay times are fixed at a prechosen value. es can be suppressed in short echo thidebrain spectra
allowing both the flip angles and the delay times to vary for tr{ﬁrough selectiveT, weighting using a multiple inversion
soluti(_)n, it mi_ght be possible to.reduce suppression'effects covery preparation sequence. Preliminary results show spe
chemicals withT, values outside the selectelT, if the 5 \ith only minor baseline distortions at a 20-ms TE. Ther
suppression profile can be closely matched to that of a sfemn ynavoidable reduction in signal intensity similar to that o

function. long echo time spectroscopy studies. In comparison to the lol

The simulated suppression profile shows oscillations on the: gy dies, the overall spectral information content is not
order of £3% overAT,. These variations are not expected tQre4tly reduced. Specifically, theyoinositol resonance is

greatly affect the spectral pattern if originating from the residj,aserved.
ual macromolecule signals. In regions of high macromoleculeMumme inversion recovery appears to be a promising tech

concentrations or poor gfield homogeneity, these oscillationsmque that may widely impact MR spectroscopy. The result

will likely increase the overall variance and could possibly bﬁresented here establish the basic concepts of MIR for loce
mistaken for a pathological-dependent spectral alteration.

k ’ : | ized spectroscopy. Additional studies are necessary to quar
different MIR scheme might reduce the intensity of thesge \iR-based spectra, perform large scale statistical studic

oscillations. - _ o reexamine peak identification due to the improvement in re
An unanticipated advantage of MIR is that it simplifies wateg tion and optimize the suppression profile.

suppression by reducing the numberTof components. For

typical water suppression sequences, as one tries to minimize

the residual water signal, the observed peak will frequently ACKNOWLEDGMENTS

split, part positive and part negative. Because of multiexpo-
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The MIR preparation sequence reduces the water signal by
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