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AAPM Magnetic Resonance Task Group #9 on proton magnetic resonance spectrddRg)yin

the brain was formed to provide a reference document for acquiring and processing pigfon (
MRS acquired from brain tissue. MRS is becoming a common adjunct to magnetic resonance
imaging (MRI), especially for the differential diagnosis of tumors in the brain. Even though MR
imaging is an offshoot of MR spectroscopy, clinical medical physicists familiar with MRI may not

be familiar with many of the common practical issues regarding MRS. Numerous research labora-
tories performin vivo MRS on other magnetic nuclei, such #®, 1°C, and'%F. However, most
commercial MR scanners are generally only capable of spectroscopy using the signals from pro-
tons. Therefore this paper is of limited scope, giving an overview of technical issues that are
important to clinical proton MRS, discussing some common clinical MRS problems, and suggest-
ing how they might be resolved. Some fundamental issues covered in this paper are common to
many forms of magnetic resonance spectroscopy and are written as an introduction for the reader to
these methods. These topics include shimming, eddy currents, spatial localization, solvent satura-
tion, and post-processing methods. The document also provides an extensive review of the literature
to guide the practicing medical physicist to resources that may be useful for dealing with issues not
covered in the current article. @002 American Association of Physicists in Medicine.
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[. INTRODUCTION frequency. The abscissa for spectra went from low field to

; - - high field, which means that protons precessing at the high-
Proton magnetic resonance spectrosc S) is provided
ghet b ARS) is provi gst frequencies would be recorded fillsft-hand sid& Now

as an option by most manufacturers and is becoming mor | *all " ; the FFT. but ¢ -
common in clinical practice, particularly for neurological ap- aimost all spectrometers use the , but Spectra are st

plications. Although MRS can be performed on nuclei Suchdisplayed historically with the abscissa displaying decreasing

as 3P and3C, proton ¢H) MRS requires only a software Treduency from left to right.
package plus a test phantom, making it the easiest and least

expensive spectroscopy upgrade for the MRI system. Non-

proton spectroscopy requires radio frequen®F) coils  C. Parts per million (ppm) scale

tuned to the Larmor frequency of other nuclei plus matching Although one could use a frequency axis to display spec-

preamplifiers, hybrids, and a broad-band power amplifiertra’ two problems arise with this type of display. One, the

Proton MRS software packages automate acquisition S€5yis is proportional tB, [Eq. (2)] which means that peak

quences and pogtjproc_essing for metabolite quamiﬁ.cét_ionlocations on an axis will depend on tBg field used for the
However, .the eﬁ|C|e.nt |mpler_nentat|0n of MRS acq‘%'s'“"” measurement. Second, there is no natural material to repre-
protocols is someth'lng that is beyond the e'xpectatlons fogent zero frequency. To overcome these problem, NMR
most MR technologists. Therefore, MR physicists are ofte hemists mix the substance to be measured with a reference,

called in to_perform MRS procedures to e_valuate Whethe‘Ehen express the frequency difference between the substance
problems with proton MRS are due to equipment malfunc-

. _ ~and the reference as a dimensionless quadiy(in parts per
tions, software problems, or operator errors. We give a brie

. - . illion), given by
overview of clinical proton MRS, discuss some common

clinical MRS problems, and suggest how they might be re- ~ (fs—frep) 3
solved. S f X108 @
A. Larmor equation wheref is the frequency of the substan@aboratory framg

andf ¢ is the frequency of the referen¢laboratory framg

The reference used in proton spectroscopy is TMS

{tetramethyl-silang (CH5;),Si]}, and its single peak is as-
f=yBo, 1) signed a chemical shift of 0.0 ppm. Another reference used is

whereB,, is the strength of the external magnetic field and PSS (2,2-dimethyl-2-silapentane-5-sulfongtand its major

is the nucleus’ gyromagnetic ratio. For protonds equal to  P€ak is at 0.0 ppm. Figure 1 displays the ppm axis and dem-

42.58 MHz/Tesla. If all the proton nuclei in a mixture of onstrates that the 'horlzontal peak spacing remains constant in

molecules had the same Larmor frequency, magnetic res®Pm when collecting data at 1.5Tand at3.0 .

nance spectra would be limited to a single peak. However, Since TMS and DSS are toxic, they are not useh ivivo

the magnetia, field “seen” by a nucleus is shielded by the SPectroscopy. When spectra are acquired without TMS or

covalent electron structure surrounding the nucleus. Therd?SS, another equation fai is as follows:

fore, nuclei with different chemical neighbors will have f

slightly different resonance frequenciés given by Ocs

In magnetic resonance, nuclei resonate at a frequéncy
given by the Larmor equation

S

ftransmittelx 10_6 +offset, (4)

f=vBo(1-0c, 2) where f¢ is the frequency of the samplgotating frame,
where o is a screening constanta.{<1). This small  fyansmiter IS the frequency of the transmittetaboratory
change in the resonance frequency is the basis for magnetitame), and offset is a constant that references the ppm scale
resonance spectroscopy. Note that both the overall molecul® anin vivo standard, which fotH brain spectroscopy, is
structure and the prot@s) position within the molecule will usually the CH peak of N-acetyl aspartatdNAA) with a
determineo or f. chemical shift value of 2.01 ppm. Knowing the chemical
shift of a peak, the value for offset can be determined by
using the measured frequendi) of the peak, the chemical
shift of the peak 6.9, and the transmitter frequency. Once

In spectroscopy, the strength of the MR signal is propor-determined, this offset can be used to change all frequencies
tional to the number of protons at that frequency. Whilein a spectrum from Hz to ppm. For example wiifg
spectroscopy can be described in the time domain, MRS data 2.01 ppm, fs=—171.8 Hz, and firansmitter
are usually displayed in the frequency domain. In the fre-=63 863 375 Hz, the offset is equal to 4.700 ppm. In this
guency domain, the area under a specific peak is proportionalkample the transmitter frequendy,ansmiten Was centered
to the number of protons precessing at that frequency. Then water. Note that the resonance frequency of water is de-
frequency axis itself is reversed from “normal” for historical pendent on temperature, with frequency increasing as tem-
precedent. Before the introduction of the Fast Fouriemperature decreasesAppm/A °C=—0.01 ppm/°C)® At
Transforn? (FFT) in 1965, almost all spectrometers em- 37 °C, 8. of water is 4.70 ppm; at 20 °G of water is 4.87
ployed continuous-wave irradiation, which swept either theppm. Therefore water is not a good internal standard for the
applied magnetic fieldan electromagngbor the transmitter ppm scale.

B. Magnetic resonance signal
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CHs NAA A G NAA B

N(CH3J; Cho
N[CH3) Cr
N{CHz)Cr

N(CHa)a Cho

(CHl4 M=Ins

CHM-=-Ins, {CHz)2 Cho
CHM-Ins, (CHz2)2 Cho

(CH)s M=Ins

CH2z Glu

CHz Glu

Fic. 1. Spectra from a test phantom
containing 12.5 mM NAA, 10.0 mM

CH; Lac

i ‘ \ . . — CHstac , Cr, 3.0 mM Cho, 12.5 mM Glu, 7.5
5 4 3 2 1 0 5 4 3 2 1 0 mM M-Ins, and 5.0 mM Lac at 1.5 T
PPM PPM [panels(A) and (B)] and 3 T[panels
(C) and(D)]. All were acquired with a
24 CH3 NAA C CHs NBA D PRESS sequence, 'ERLSOO ms, 32
o o3 5 averages, and voxel sizé cnt. Pan-
o g; o g'g els (A) and (C) have TE=36 ms and
'g . = f;‘ % panels (B) and (D) have TE
e £ o 5] =144 ms.
£ = I=] =
1 <+ '}
9.8 £
CHz Glu CHa Lac §
o CH2 6lu
CH3 Lac
5 4 3 2 1 05 4 3 2 1 0
PPM PPM
D. J coupling ities. For this reason, metabolites such as glutani®ie),

Another feature of spectra is peak splitting or muItipIets,gIUtamate(Glu.)’ andyuammob.utyrlc acidGABA) .ca_nnofc be
measured using long echo times (¥B0 ms) within vivo

as shown by lactate (GHLac) in Fig. 1. Multiplets are

caused byl coupling(spin—spin which is explained in Refs. proton spectroscop‘?y(HO\I/qv.ever Elef|689 ;lsesl a C.ZMG type

4-7. WithJ coupling, the nuclear magnetic energy levels are>cduence to overcome this pro é N the plus si €, Spec-
tral editing, a spectroscopy technique that usesupling to

split by quantum interactions, via covalent bond electrons, = - : .
with other nuclei whose magnetic moments may be paralle?“mmate overlapplng'peaks, can be' useq to'quantlfy concen-
or antiparallel to the main magnetic fieldl.coupling can be trations of an un_derlylng peak aIIowirfg tive vivo measure-
homonucleare.g.,'H-'H) or heteronucleate.g.,'H-*°C). ment of metabolites such as GABA.

The following is a more intuitive, classical explanation of
J coupling. Suppose nucleusis coupled to nucleuX and
nucleusX has an equal probability of being in a parallel oran  Metabolites containing protons that can be measured in
antiparallel spin state. Nucledswill be split into two equal the brain at 1.5 Tesla include N-acetyl aspartdt8A ), con-
peaks. The peak of nucledsthat is coupled to nucleu¥  sidered to be present only in neurons and dendrites;
parallel to the main field will have higher frequency; the N-acetylaspartylglutamatédNAAG), suggested to be in-
peak of nucleus\ that is coupled to nucleus antiparallel to  volved in  excitatory  neurotransmission;  creatine/
the main field will have lower frequency. For lactate, the phosphocreatin€Cr), a reservoir for high energy phosphate
CHs; nucleus at 1.31 ppm is coupled to the CH nucleus afor generation of adenosine triphosphd#®TP); choline/
4.10 ppm, and the CHnucleus is split into two equal peaks phosphocholine/glycerophosphorylcholif@ho), associated
(double} separated by 6.93 Hy. with glial cell membrane integrity; GABA, glutamat&lu),

Peak splitting fromJ coupling has the same absolute and glutamine(GIn), important in neurotransmission, but
value in Hz, regardless of the main magnetic field strengthvery difficult to quantify in vivo due to multiplets and
References 4 and 8 and Table | have a listJofoupling  coupling effects; myo-inositolM-Ins), important in cell
constants for other metabolitescoupling also causes phase growth and possibly a glial cell marker; and sometimes lac-
evolutions that cause peak and baseline distortions that vatate (Lac), indicative of anaerobic metabolism. Although
with echo time (TE)®>~’ and field strength, as shown by NAA is considered a neuronal marker, changes in NAA from
glutamate and lactate in Fig. 1.coupling explains the well- normal may reflect reversible changes in neuronal metabo-
known observation that the lactate doublet has negativésm rather than irreversible changes in neuronal density.
peaks(180° out of phaseat TE=~140 ms for a PRESS se- Rosset al. have a good discussion on neurometabolism and
quencedFig. 1(B)]. Less known is thal coupling also causes the clinical application ofn vivo 'H MRS 23 Table | lists
overlapping multiplet peaks within individual metabolites some additionatH metabolites which can be detected using
and between metabolites to cancel each other due to dephashort (e.g., TE=20) single voxel spectroscopy under opti-
ing at later echo times under typidal vivo field homogene- mum conditiong:'* In addition to these metaboliteis, vivo

E. Brain metabolites

Medical Physics, Vol. 29, No. 9, September 2002
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TaBLE |. Metabolites observed with brain MR®Ref. 4). Multiplicity definitions ares, singlet;d, doublet;dd,
doublet-of-doubletst, triplet; g, quartet;m, multiplet. Note that T1 and T2 values for metabolitBef. 85 are
offered for comparison only and may vary somewhat vilithmagnetic field strength in various tissues.

Number

Ocs Conc. of J T1 T2
Metabolite (ppm  (MM/Kgyn)  protons  Multiplicity (Hz) (ms) (ms)
CHg lipid 0.94 3
CHs lactate 1.31 0.4 3 d 6.933
CH, lipid 1.33 2
CH lipid 15 1
CH; NAA 2.01 7.9-16.6 3 s None 1368 376
CH; NAAG 2.04 0.6-2.7 3 S None
CH, Glu 2.04 6.0-12.5 2 m 4.651
CH, Glu 2.12 6.0-12.5 2 m —14.85
CH, Glu 2.34 6.0-12.5 2 m 8.406
CH, Glu 2.35 6.0-12.5 2 m 6.875
CH, NAA 2.49 7.9-16.6 2 dd —15.59
CH, NAA 2.67 7.9-16.6 2 dd 9.821
N(CHy) Cr 3.03 5.1-10.6 3 S None 1424 217
N(CHjz); Cho 3.19 1.5-2.5 9 s None 1369 346
(CH)4 M-Ins 3.52 3.8-8.1 4 dd 3.006 1124 162
CH Glu 3.74 6.0-12.5 1 dd 7.331
CH, Cr 3.91 5.1-10.6 2 S None
(CH,), Cho 4.05 15-25 4 m 3.14
CH M-Ins 4.05 3.8-8.1 1 t 9.998
CH lactate 4.10 0.4 1 q 6.933
H, water (37°) 4.70 36 M 2 S None 380-1470 60-130

brain proton MR spectra may also contain peaks due to waems, they lead to well-resolved spectra with flat baselines,
ter, lipids, and macromoleculé®® The methods used to facilitating the detection of MRS acquisition or post-
deal with the signals from these last three categories oprocessing problems. A good MRS phantom is also required
chemicals, when they are unwanted, are discussed below. for an effective MRS quality contrdlQC) program.

F. Magnetic field homogeneity

Spectral resolution is determined primarily by three fac-
tors. First, the transverse relaxation timig) of the metabo-
lite is inversely proportional to the ideal peak width. Second,
th.e Bo separ'atign between pea@s Hz) increases Iim_aarly The most commorin vivo 'H spectroscopy acquisition
with magnetic field strength. Third, the local magnetic f'eldtechniques are STimulated Echo Acquisiton Mode

inhomogeneities widen and distort the spectral lines fro STEAM)Y” and Point-RESolved SpectroscofRESS.18
their ideal Lorentizian forms. Maximum homogeneity is ac- Both of these sequences use three slice-selective radio-

cor;pllshe? by adjtustmgh_DC CFI‘”E?;S n thefgrzitﬂ!ent COIISfrequency pulses with orthogonal magnetic field gradients
and room temperature shim coris. The name 1or IS proCeSg,q e the intersection of the slices defines the volume of

IS Sh'mm'”g' which is a h_|stor|cal term that is derived interest(VOI). The three RF pulses produce FIDs, multiple
from a time when magnetic resonance researchers wer

. - : in ech , timulat TB.5°Four ti
working on resistive pole—gap magnets and adjusted thSepln echoesSB), and a stimulated ech&TH our ime

. ! . ) tervals (r;,7,,73,74) associated with the RF pulses are
magnetic field by placing thin brass shim stock between th.%efined as lfollf)w?s’;:rl‘lis the time between the first and sec-

gsgg:;e%ns] gglr?]efag:tzifomm;;f i?em parallel. Shimming 'Bnd RF pulsess,+ 75 is the time between the second and
" third RF pulses, and, is some time period after the third RF

pulse. The FID of the first RF pulse refocused by the second
Il. TEST PHANTOM RF pulse[SE1,2)] occurs at 2. If 2( 7+ r5)>27,, the

The MR system’s manufacturer will supply a test phan-echo SE1,2) is refocused by the third RF pulse to produce
tom, usually an 18 to 20 cm diameter sphere contaifkig the spin echo, SB,1), at 2(r,+ 73). The FID from the sec-
metabolites. Figure 1 shows spectra from a test phantorond RF pulse refocused by the third RF pulS&2,3)] oc-
containing 12.5 mM NAA, 10.0 mM Cr, 3.0 mM Cho, 12.5 curs atr;+2(7,+ 73). The FID from the first RF pulse re-
mM Glu, 7.5 mM M-Ins, and 5.0 mM Lac with TE36 ms  focused by the third RF puld&E1,3)] occurs at 2¢;+ 7
and TE=144 ms. These concentrations emuiatgivo brain ~ + 73). The stimulated echo occurs at2- 7o+ 73. Note that
concentrations. Because test phantoms lack nramiwome-  all times are from the center of the first selective RF pulse.
tabolites, lipids, macromolecules, and susceptibility prob-Also see Fig. 2.29 in Ref. 5.

IIl. SPECTROSCOPIC SEQUENCES

Medical Physics, Vol. 29, No. 9, September 2002
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180 180
O .
CHESS T v i 13 1
RF ¥ ¥ : i ;
I—@—\ i Fic. 2. Timing diagram for a PRESS sequence with one
Gx ; ; : : : CHESS pulse for water suppression. The circles in the
: i H : timing diagram demark the duration of the slice selec-
ﬂ n i i i tion gradients necessary for defining the VOI. Although
Gy : H H the gradient areas outside the circles are used for spoil-
i ; i ; H ing, more spoiling can be added with equal area gradi-
l i \ ; ents on each side of the 180 degree pulses on the other
6z : : : : : axis (Ref. 22. Additional water spoiling gradients can
be added between the CHESS and the first RF pulse.
ADC
H H STE
SE(1,2) SE(21) SE[23) SE(13)
echoes ' d ' | |
A. Point RESolved spectroscopy (PRESS) tudinal magnetization stored by the second RF pulse back

A PRESS sequence has three slice-selective RF pulsé@to the transverse plane to form the stimulated echo. The
with the form of 90°,-180°-(r,+ r3)-180°-7,-SE2,1) circles in the timing diagram show the slice selection gradi-

Figure 2 shows a PRESS timing diagrafwith one ents necessary for defining the VOI. The other gradients are
CHEmical-Shift-Selective (CHESS pulse for water used to dephase the spins from the CHESS pulse and to
suppressiof]. With a PRESS sequence,=7, and 75 suppress all the spin echoes, leaving only the stimulated

— 7,. The TE of the SE2,1) in this PRESS sequence is equal echo. In practice, both PRESS and STEAM use several
to 7+ 7o+ 75+ 74. The circles in the timing diagram show crusher gradients after each RF pulse to dephase unwanted

. —23
the slice selection gradients necessary for defining the Voﬁ'gnals from echoes and '_:“.5%' Although more c_:_rusher
The other gradients are used to dephase the spins from t|;_1‘;(1’;ad|ents can be added, this increases the probability of eddy

CHESS pulse and to suppress all the NMR signals exceff'""ent artifac_ts_,.in the spectrum. Typical _clinicmi vivo
SE1,2) aFr)1d SE2,1) PP ¢ -MRS acquisitions have TEs of 20 ms with STEAM and

30 ms or 135 ms with PRESS; TRs greater than or equal to
1.5 s; and data acquisition times of 1 s. Research MRS

groups have reduced TE from 1 to 6 ms with STEAM and to
A STEAM sequence has three slice-selective RF pulse$3 ms with PRES&!:24.25

with the form of 90°+-90°-(7,+ 73)-90°-7,-STE. Figure

3 shows a STEAM timing diagram with one CHESS pulse.
For the STEAM sequence; is equal tor,, 71+ 7, is the C. PRESS and STEAM spectra

echo time, andr,+ 73 is called the mixing timgTM). An Examples of PRESS and STEAM spectra are shown in
important feature of STEAM is that only half of the trans- Fig. 4. Both spectra were acquired at 1.5 T with the same
verse magnetization prepared by the first 90° pulse is trangeceiver gain settings, an 8 ml VOI, H288 ms, TR=1500
formed into longitudinal magnetization by the second 90°ms, and 32 signal averages. The measured noise for the
pulse, decreasing signal-to-nois®/ ) by a factor of 2. Dur- PRESS spectrum and the STEAM spectrum was the same. A
ing the TM period, longitudinal magnetization decays with comparison of the unsuppressed water and water-suppressed
T1 rather than T2. The third RF pulse transforms the longi-NAA peaks is given in Table IlI. In this table, signal is pro-

B. Stimulated echo acquisition mode  (STEAM)

S0 90 80
CHESS il T2+13 T4
RF Y .
’ \ ’ Fic. 3. Timing diagram for a STEAM sequence with
Bx : B V \ i one CHESS pulse for water suppression. The circles in
: the timing diagram demark the duration of the slice
: selection gradients necessary for defining the VOI. Al-
Gy : g : though the gradient areas outside the circles are used

H ; for spoiling, more spoiling can be added by turning on

E \ i the G, gradient during the TM period and placing equal
6z ; : : gradient areas in the; and 7, intervals. Additional
water spoiling gradients can be added between the
CHESS and the first RF pulse.

ADC
STE

oser23) se( 2 SE1 3)
! 1 |

echoes
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PRESS STEAM

Fic. 4. PRESS and STEAM spectra from a test phan-
tom (same as Fig. )lacquired with the same receiver
gain, 8 ml VOI, TE=288 ms, TR=1500 ms, and 32
averages. Theory predicts that the PRESS acquisition
has twice theS/N as the STEAM acquisition. Also note
the difference inJ coupling effects between PRESS and
STEAM in the 4 ppm and 2.5 ppm regions.

5 4 3 2 1 0 5 4 3 2 1 0

PPM

PPM

portional to peak height and peak area is proportional to16x 16 phase encode steps on a<iB cm FOV. This results
(peak height FWHM). The product ofS/N and FWHM  in 100 voxels of data with a nominal voxel size of1
with STEAM is 0.6 that found with PRESor the same 2 cn. However, to minimize the sinc point spread func-
TE), aIthpugh theorepcally it should be 0'.5. The main reasohjon of each reconstructed voxebibb’s ringing in imaging,
for thg dlscrepgncy is the poor VOI profiles due to the 180° k-space filter(typically 50% Hamming is applied before
RF slice selective pulses compared to 90° RF pulses. Poorggconstruction, which effectively increases the voxel size in
slice profiles also lead to more out-of-volume contaminationys example to 1.5 1.5x 2 cm3° A more elegant technique
that results in larger lipid peaksn vivo and baseline s 1o apply thek-space filter during data acquisition, which
distortion® There are also other differences betweenincreases/N.2 Since signal is only measured from the vol-

6 o
STEAM and PRESS' Because STEAM uses only 90° RF yme selected by STEAM or PRESS, any combination of
pulses with a TM period, the TE can be shorter than with 80y and number of phase encoded steps can be chosen to
PRESS sequence, which reduces signal decay and distortigfat the desired voxel resolution without phase wrap effects,
due toJ coupling. Large and lengthy crusher gradients cargs jong as the FOV is larger than the selected volume. Figure
be applied during the TM interval to dephase unwanted sigs shows NAA, Cho, and Lac CSI images from a patient.
nals which will reduce out of volume contaminatitfThe CSI can also be implemented without a STEAM or
specifk_: absorption rz?\tiquAR) with PRESS is ab(_)ut twice  pRESS volume, using, for example, a 90°—~180° spin—echo
that with STEAM. Finally, the effects o coupling can single or multislice excitation with 2D C¥ or even a 3D-
change whether STEAM or PRESS is used, although thgs) yolume acquisitioi® These CSI techniques are useful
effects depend more on the TM, TE, and actual flip anglesor collecting spectroscopy data from the outer cortex of the
choserf:"**"There is an additional complication in that the prajn. Reference 33 implements data collection during re-
chemical shift that occurs with RF selective slices means thgieated interleaved spiral readout gradients to reduce the total
a particular metabolite such as lactate has coupled nuclgjata acquisition timeat a cost of reduce®/N). One can
which are excited by one RF pulse, but not necessarily botkhink of collecting time domain spectral data during an os-

the remaining two selective RF pulses. This can lead to siggjjiating gradient as collecting individual time domain points
nal cancellation within the voxel, which depends on both the

type of sequence and the bandwidth of the RF pul$es.

D. Chemical shift imaging

STEAM or PRESS can either be used to acquire data
from a single voxel or from multiple voxels using chemical |
shift imaging (CSI).>'82°-%6 phase encoding gradients are |
used in CSI spectroscopy to encode spatial information
analogous to imaging. The selected CSI volume to be phase
encoded will be larger than a single volume acquisition. A S8
typical CSI acquisition will select a 10 cil0 cmX 2 cm 2
volume using three RF selective pulses with a STEAM or | #
PRESS sequence and phase encode this CSI volume wit

glioblastoma

hemorrhagic cyst

TasLE Il. Comparison of full-width at half-maximuntfFWHM) and signal-
to-noise ratio §/N) between PRESS and STEAM spectra in Fig. 4.

Lac Post-gadolinium

FWHM S/IN
Fic. 5. N-acetyl aspartatdNAA), choline(Cho), and lactatéLac) chemical
PRESS water peak 1.45 154 000 shift images superimposed over a T1 weighted image from a patient with a
STEAM water peak 2.01 66 700 glioblastoma and a hemorrhagic cyst. The lower right image is a post-
PRESS NAA peak 1.49 69.0 gadolinium T1-weighted image acquired after the CSI images. The 10 mm
STEAM NAA peak 1.55 38.8 CSl slice was acquired with 144 ms, TR=1000 ms, 1& 16 phase en-

coding steps, and a 24 cm FOV.
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for a repeating series déspace points* Only a few time lite concentrations will depend on such factors as voxel
domain points are collected at eakispace point during a location and how quickly metabolite concentrations
single TR, but repeated data acquisitions with different time  change spatially throughout the brain. Since the point
delays will produce a complete time domain signal for each  spread function usually has negative loksgc func-
k-space point. These advanced techniques are not currently tion) and spectra quantification is done in the absorption
available in a commercial product. mode, metabolite peaks from adjacent voxels will be

added in negative phase. This will cause peak shape dis-

tortions because adjacent voxels usually have different
E. Single voxel vs chemical shift imaging center frequencies than the voxel of interest.

Proton MRS with CSI acquisition has several advantages

over single voxel acquisitionéSVA). In summary, consistent, high quality, short TE speatra

vivo are best acquired with the SVA technigifebut time
(1) CSI provides betteS/N as compared to two or more restraints limit acquiring data from only a few VOIs. CSl is
sequential SVA since the signal from each voxel is averbest when more VOIs are required. A long echo time (TE

aged for the total data collection time with CSI. >130 ms) can be used to simplify the spectra and reduce the
(2) The CSI grid can be shifted after data acquisitieimi-  lipid and macromolecule signal, which will make metabolite

lar to image scrolling allowing precise positioning of a quantification reasonably consistent. However, the long TE

voxel after data acquisition. time reduces the number of quantified metabolites to NAA,

(3) Many more voxels of data are collected in a practicalCho, Cr, and lactate.
acquisition time.

There are also disadvantages of CSI compared to SVA. IV. SIGNAL-TO-NOISE RATIO

(1) Since with CSI only the whole CSI volume is shimmed Since the MRS time domain signal is complex, two fre-
rather than each individual voxel as in SVA, the shim for quency domain signals result from the Fourier transform that
each CSI voxel is not as good as on a SVA voxel in theare typically labeled “real” and “imaginary.” These signals
same location. are linear combinations of the absorptive and dispersive

(2) The poorer shim causes more problems with lipid con-components of the Lorentzian line shape. In principle proper
tamination although additional techniques, such as outephase adjustments can make the “real” signal purely absorp-
volume suppressionOVS), can be used to reduce tive and the “imaginary” signal purely dispersive.
this 22932 \Water suppression will also vary across the The signal from a metabolite is the area under its peak.
CSI volume because of both changes in B1 and magnetithe full-width at half-maximum valugFWHM) of the
field inhomogeneities. Lorentzian absorption spectral peak in Hz is defined as,

(3) Because three “slice” selective RF pulses are used t&FWHM=1/(#wT2*), where 1/TZ =1/T2+ yAB,. For an
select the CSI PRESS or STEAM volume, there are im-absorptive Lorentzian peak the area under the peak is equal
perfect slice profiles which cause problems for spectrdo =/2x (FWHM)* (peak height For the Lorentzian disper-
from voxels near the outside of the CSI volume. Thesion component, the peak width is much broader and the area
resulting alterations in tip angle and phase for differentunder the peak integrates to zero, so the dispersion peak is
voxel locations will alterd coupling effects as a function not typically used in clinical MRS analysis. A mathematical
of location that in turn will make consistent metabolite description of the Lorentzian function can be found below in
quantification more difficult. Nonoptimal tip angles at Sec. XV.
the outer edges of the CSI volume also red8b¥ in the In a well-shimmed spectrum, the peak’s height is an easily
outer voxels. measured indicator of the signal. Noise in a spectrum can be

(4) The minimum CSI data collection time is determined byevaluated by measuring the standard deviation in a region
the required number of phase encode steps and can b#xat contains no signal, such as betweet.0 and —2.0
come long, especially if an unsuppressed water referenggpm. Therefore, one definition &/N is the ratio of peak
set is required. Time cannot be reduced by decreasingeight divided by the rms noigé.Under this definition, one
the size ofk space since this increases lipid contamina-manufacturer suggests that the minimum acceptebigvo
tion from the CSI point spread functidA.The acquisi- ~S/N is five. A second definition o§/N is peak area divided
tion time can be reduced by 25% with a circularly by the rms noisé? Both definitions are used in the literature,
boundedk-space acquisitiof?, a reduced FOV and num- but careful reading may be required to learn which definition
ber of phase encoded steps across the narrow direction af particular paper uses.

the head’ (similar to a rectangular field of view in im- The area of a Lorentzian peak is independent of the shim
aging, or with the echo planar imagind@EPI) spectros- quality measured by FWHM. Therefore, the second defini-
copy approacfi>34 tion is a more absolute measure®N and a better param-

(5) The metabolite concentrations measured from a specter for testing hardware performance on a MRS phantom,
trum associated with one voxel actually correspond toespecially for quality controlQC) and for comparing differ-
the integrated metabolite concentrations over the CSént hardware. Howeveim vivo, metabolite peaks typically
point spread function. This means the measured metab@verlap and the precision in determining metabolite peak ar-
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eas depends as much on the FWHM as on the peakSdkea  points, or the sampling frequenéyandwidth of the analog-
Therefore, the first definition o§/N is more pertinent for to-digital convertefA/D). Setting two of these automatically
comparingin vivo data and optimizing MRS methodology. calculates the other. Besides having a sufficiently long
Note, however, that metabolite concentrations are calculateehough data acquisition time one must also have a high
from peak areas. In addition, when comparBigN between enough sampling frequency to cover the bandwidth of the
two spectra, the comparison will be valid only if identical desired spectrum. Note that this required bandwidth scales
data acquisition and post-processing were used. These colmearly with B.

ditions are rarely met when spectra are collected on MR

systems from two different vendors. As an example, peal§/ SHIMMING
area which is proportional to the amplitude of the first time ™

domain point is usually not affected by post-processing time The preceding sections have emphasized the importance
domain filters, but these filters reduce noise and peakf magnetic field homogeneity in MR spectroscopy. Improv-
heights. Therefore post-processing filters change peak aréag magnetic field homogeneity increas&dN and narrows

S/N differently than peak heighs/N. peak widths. Thus shimming improves both sensitivity and

The magnitude of the noise is independent of the VOlspectral resolution. Modern clinical MRI systems use auto-
size, but depends on the tissue volume detected by the RiRated shimming routines to improve the homogeneity of the
coil, and increases with the square root of the number ofnagnetic field by monitoring either the time-domain or
signals that were added coherer(iy. The magnitude of the frequency-domain MRS sign&}=*® Note that most clinical
signal is directly proportional to the volume of the VOI, MR systems only have first-order shingradient coil DC
proton density, and the number of averagas Figure 6 offset9 but a few systems have an additional second-order
shows the noise and signal in the head and body coils as theom-temperature shim set. Examples of a good shim and a
VOlI size is changed. With respect to the head coil, the noiséad shim in the water and water-suppressed signals are
is 14% higher and the signal 76% lower with the body coil.shown in Figs. 7 and 8. Note that the water sigaaisup-
With averaging S/N is proportional ton/yn, or yn. presseflis always used for shimming.

Averaging is a specific example illustrating the principle The autoshimming algorithm of the MR system and the
thatS/N is proportional to the square root of the total signalmagnet B, homogeneity can be evaluated by using the
data acquisition tim&° Therefore,S/N (peak height will spherical MRS phantom. The evaluation should meet the fol-
also depend on the duration of the STEAM or PRESS echdowing criteria.
which decays with T2, assuming that the data acquisition  Global shim: After applying the manufacturer’s clinical
time is=5T2* in duration. The specific value of T2will auto shim software, usually over a 25 cm FOV, a simple hard
depend on the shim, metabolite T2, and tissue susceptibilifRF pulse(typically a 200—500us rectangular pulseplus
A good single voxel shim in the brain’s parietal—occipital signal readout without gradientédata acquisition time
lobe will give a linewidth approaching 4 Hz corresponding to >300 mg should show a water peak with a FWHb Hz
a T2* =80 ms.In vitro on a spherical phantom, voxel shims and a full-width at tenth-maximum (FWTMJ5XFWHM.
below 1 Hz are typical corresponding to a*T2318 ms.  This last condition on the FWTM is calculated assuming a
Therefore,in vivo, an echo data acquisition time of 400 ms Lorentzian line shape and is sensitive to second and higher
(5XT2*) is sufficient, butin vitro, data acquisition times order magnetic field inhomogeneities. Typical head/ivo
>1500 ms are required to maximi&N. When comparing shims range from 12—-20 Hz, FWHM.
two different MR systems oB/N, one must ensure that both Localized shim: Select a single voxel short echo (TE
systems are using the same data acquisition time. Also, since30 ms) STEAM or PRESS sequence and place>a22
in a typicalin vivo 'H-MRS acquisition TR is=1.5 s allow- X2 cn? voxel at approximately the center of the phantom.
ing a data acquisition times1 s, S/N will increase from the Acquire an unsuppressed water spectrum before and after a
longer signal duration obtained with better shimming. manual or localized auto shim. Ideally, there should be little

Depending on the system software, two of the followingor no change in peak width between the two acquisitions and
three parameters must be set prior to a spectroscopy acquie FWHM should be<l1 Hz, or a TZ >318 ms. The data
sition: the data acquisition time, the number of complex datacquisition time must be greater thax$2* and the phan-
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tom water T2-318 ms. Minimal post-processing of the time as an Eddy Current CorrectigBCC).***° Note that QUAL-
domain signal should be use@nly zero filling, Fourier ITY will correct peak distortion caused by zero- and first-
transform, and spectral phasing—see Sec).Xtleally, the order eddy currents an8, inhomogeneities, while ECC
final result should be a Lorentzian peak with no distortions,only corrects peak distortion for zero-order eddy currents.
but in practice, the peak will have some asymmetry due to Two hardware approaches can be used to correct for zero-
eddy currents. Note that if apodization was used in postorder eddy currents. One is tiB compensation coil which
processing, the apodization line broadening factor will haveyould be part of the eddy current compensation hardware.
to be subtracted from the linewidth to get the original line-This coil adds or subtracts a uniform field to the main field to

width (see apodization filter keep it at a constant frequency. A second approach is to vary
the frequency of the MR system’s frequency synthesizer dur-
VI. EDDY CURRENTS ing the signal readout to correct the detected signal fre-

é]uency for the zero-order eddy currents. This approach re-

EQdy currents are induced in the magnet structl_J're by fiel uires that a frequency-offset table is generated as part of the
gradient pulses. These eddy currents create additional ma ddy current compensation calibration. Eddy current distor-
netic fields that add to the static fiel@{). Eddy currents y P ' y

o © - : Jion from water spectréABy in Hz)*® on a magnet without
can be classified into two categories: one is a zero order ed thielded radient coils and a maanet with shielded aradient
current or time-varyingB, offset which could be compen- 9 9 9

sated with aB, coil; the other is a time-varying first or CO'IS’, are illustrated in Fig. 9. .

higher order gradierf. Zero-order eddy currents will cause " nally, for short TE spectroscopy the importance of hav-
a frequency-dependent phase shift during signal readout bi}9 nardware with low levels of eddy currents cannot be
no decrease irf§/N from spin dephasing within the VOI. overstasted both lfrom our own experience and that of
First-order eddy currents will dephase the spins within thePthers™ Short TE'H sequences require high amplitude/high
VOI, decreasing/N. Both types of eddy currents plus mag- slew rate gradients for adequate §p0|llng in the shqrt dura-
netic field inhomogeneities will distort peak shapes, makingonS between and after the selective RF pulses which leads
spectral quantification more difficult, especially when peaki©® higher generation of eddy currents. For this reason, we
fitting to modeled line shapes. The distortion from eddy cur-have found that tuning the gradient compensation in a
rents can be corrected by either dividing #espectra ime STEAM TE=6 ms sequence can be time consuming and
domain signal by the unsuppressed water time domain signore complex than a STEAM TE20 ms sequence in which
nal, dubbedQUAntification by converting to théorentzan  the gradient timing is more relaxed. For the same reason,
TYpe (QUALITY) deconvolutiorf® or by doing a point by ~short TE(~20 to 30 m$ *H spectroscopy sequences are a
point phase correction of the time domain signal, again usingood QC tool for checking system eddy currents, even if one
the unsuppressed water signal as a reference often referreddees not use the sequerioevivo.
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VII. PHASE CYCLING cycling schemesTable 11l) can be used References 22, 52,

Physical differences between the two channels of an anaqnd 53 demonstrate that phase cycling can inhibit unwanted

log quadrature receiver can introduce artifacts into a magt_ransverse magnetization and unwanted echo sigdakpite

netic resonance image or magnetic resonance Spectru r'ad|ent spoiling from corrupting the spectra. Therefore

. - . 1
There will be ghosting of the peaks mirrored about zero frephase cycling should be used with vivo "H spectroscopy,

guency if the phase difference between the two channels i‘é’hen possible. Single voxe.I acquisitions, which normal'ly
not 90° or the amplifier gains of the two channels are not'S€ 16 or more data averaging, allow 8 cycle phase cycling

equal. This is often called a quadrature ghost. If the DS shown in Table III._ However, CSI acquisitions rarely have
offsets of the two channels are not equal to zero, there WilfenOngh data averaging per phase encode step to allow ful

be a spike at zero frequend@Y Clically OrderedPhaseSe- phase cycling, but.eve.n_if iny two data acquisitions are u;ed
quences(CYCLOPS can be used to correct for these at eagH< space point, it is important to phase cycle the third
artifacts>* CYCLOPS involves rotating the transmitter phaseselectwg RF pulse 0 and 180 degrees to reduce the echo
by 0°, 90°, 180°, and 270°, then adding and subtracting thgo_ntammaﬂon.from the th|rd.RF pulsg FID. RF pulse FlD.S
two receiver channels. CYCLOPS is usually implemented orf''s€ from nonideal _sllce profiles and |mperfect RF pulse flip
NMR spectrometers, but not on whole body MR scanner ngles. In our experience and ottféithe third RF pulse FID

because image acquisitions almost never use four acqui§§ one of the main SOources of unwanted_ t ransverse coher-
}e]:‘nces because of the limited gradient spoiling available after

tions. MR scanners do feature a reduced implementation g
is last RF pulse.

CYCLOPS, called phase cycling that toggles the transmitte
phase between 0° and 180°. The signal obtained with the
transmitter phase at 180° is subtracted from the signal obVlll. THE PROBLEM WITH WATER

tained with the transmitter phase at 0°. This adds the signal The concentration of pure water is 55.6 M or 111 M for

and subtracts the DC offsets. Phase cycling corrects for thg e \yater concentration in the brain, calculated from an

DC artifact but does not correqt for the quadrature ,ghOStaverage MR visible brain water content of 70%, is 36Nh
Another purpose for phase cycling is the compensation fo,

. ) . ) ' O0ivo 1H spectroscopy requires water suppression because the
imperfect 180 degree flip angles in multiecho MRI acquisi-ge M water signal overpowers the 1—10 mM signal of the

tlor|1vsl.d digital . | lifi lus A/D metabolites. Water suppression is normally accomplished
odern digital receivers use only one amplifier plus with one or more narrow ban@0 Hz radio frequency

a”?' are no longer plagued with unequal DC qﬁsets, unE_IOIU%SHemicaI-Shift Selected CHESS pulsed® followed by
gains, or non 90° quadrature, but phase cycling can still bg ) jjiny gradients at the beginning of the STEAM or PRESS
useful. Multiple data acquisitions are used in single voxel,..isition. This is similar to frequency selective fat RF satu-
spectroscopy, and CYCLOPor even more complex phase ztion in imaging. The quality or degree of water suppression
depends on thi vivo shim, the stability and linearity of the
RF amplifier at low power output<0.3 W), the severity of

TaBLE Ill. A possible phase-cycling scheme for a three RF pulse sequence, . .
such as PRES&ee Fig. 2 Note that the total number of signal averages eddy currents, and the number and |mplementat|on of the

must be a multiple of 8. CHESS pulses. For maximal water suppression, the transmit-
ter voltage(flip angle of the CHESS pulsés) must be ad-
Signal RF pulse phase justed for each exam. Even though water suppression is op-
excitation 90° 180° 180° timized for the voxel or voluméCS]) of interest, the water is
1 o o o suppre;seq globally and will reduce out of volume water
2 180° 0° 0° contamination.
3 0° 180° 0° If only 1 or 2 CHESS pulses are used, the remnant water
4 180° 180° 0° must be fit and subtracted from the spectrum before peak
5 o o 180° quantification. The other alternative is to use a very efficient
? 18(())0 1880 iggo water suppression technique such\&siable Pulse power
8 180° 180° 180° and Optimized Relaxation delay$VAPOR)*#*>*which re-

duces the water peak to well below the metabolite peaks.
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TE=288 Fic. 10. Reduction of lipid signals as
TE is increased. The scans were from
fat a 27 cnd volume in the rectus femoris
with a PRESS sequence and TR
=1500 ms. As the TE is increased, the
fat peak decreases from 16.9 to 0.9.
Note that the Cr and Cho signals are
also diminished. In general a single
g voxel acquisition inside the brain with
a reasonable shim and gradient spoil-
ing will have the fat signal equal to the
metabolite signal at TE35ms and
therefore a fat signal buried in the
noise at TE=288 ms.

TE=35 TE=144 TE=200

fat fat fat

Cho

cr
Cho
cr

This technique is also insensitive to CHESS pulse RF powefl) Secure the head firmly before the study so there will be a
adjustments. Water suppression can also be added during the minimum voxel displacement. Also, since arm or leg

TM period of a STEAM acquisitioA* Normally, an unsup-

pressed water spectrum is acquired by turning off the water

suppression RF pulé®. This signal can then be used for an
ECC or QUALITY correction as well as a reference for ab-
solute metabolite quantificatio:>*=%* In order for ECC/

QUALITY to work correctly, only the RF pulses are dis-

motion will affect the voxel shim, instruct the patient not
to fidget. Perform the automated global head shim, cen-
ter frequency and transmitter power adjustments as nor-
mally done with imaging.

Acquire localizer images in three orthogonal planes di-
rectly before the MRS scan.

abled. Making the CHESS crusher gradients constant witli3) Position and size the voxel of interest. Ensure that the
and without water suppression will keep the eddy currents volume of the voxel under investigation is at least 4.5
consistent. cnr™. Shim the voxel, either manually or ideally under an
automated shim.
IX. THE PROBLEM WITH LIPIDS (4) Use a TE=144 ms and acquire about 128 scans. The
later echo time reduces the signal from macromolecules
and from lipid contamination while retaining go&iN.
For accurate automated analysis it is recommended that
the S/N of Cr should be greater than 5.0. Using TE
~ 288 ms would make the baseline flatter, but scan time
should be doubled or voxel size increased by 35% to get
spectra with the sam®&N as at TE=144 ms.
The use of short TE value6<35 mg is not recom-
mended because some tumors contain lipids that can
cause inaccurate baseline phase correction. For other pa-
thologies, a short TE will provide more information
(e.g., myo-inositgl, but metabolite quantification will be
more difficult because there are more metabolites, lipids,
and macromolecule peaks.
éG) Repeat this acquisition for a voxel on the contralateral
side to obtain a control spectrum.

Another problem associated with vivo proton MR spec-
tra is the ubiquitous presence of lipid peaks. These lipid
peaks may obscure other peaks of less abundant metabolites.
Lipid contamination usually arises from outside the skull due
to nonideal selective slice profilé& Often the spectral con-
tribution of lipids can be reduced by increasing TE, but this
strategy also reduces tl8N ratio of all peaks in the spec- 5)
trum. Other strategies include moving the STEAM or PRESS(
VOI away from the skull, outer volume saturation
band$®%12932an inversion puls€ similar to Short Tl Re-
covery(STIR) MR imaging, and/or spatid-space data pro-
cessing before the CSI reconstructi§iNote that STIR will
also add T1 weighting to the proton metabolites reducing
metaboliteS/N. The effect of increasing the TE in a PRESS
localization scheme can be seen in Fig. 10, where the lipi
peak is markedly reduced as the TE is increased from 35 ms
to 288 ms. Along with lipids, there are broad macromolecule
peaks under the spectrum*®?1As with lipids, these peaks X|. PRESCAN ADJUSTMENTS

are reduced with long TE times and/or the lipid STIR tech- . .
nigue. However unlike lipids, macromolecule peaks are a Before the spectral data are acquired, the MR system will

natural component of brain tissue present within the selecte'(gl_'t'ate_a prescan routine that is often _automatlc. The prescan
voxel. Therefore improved slice profiles, outer volume sup-WIII shim the VOI’_SEt thE_“ RF transmltte_r centgr frequency,

pression, and improved gradient spoiling, all techniques th _et the RF transmitter gain, set _the receiver gain, and set the

reduce lipid contamination, will not reduce macromolecule Ip angle f_or the water suppression pulses. On some systems,
peaks. the VOI will have to be sh!mmed m_ar_lually or sem|auto_mat|—
cally. If second order or higher resistive shims are available,

optimum shim results are obtained by using the higher order
X. SELECTING SPECTROSCOPIC PARAMETERS shims plus linear shims in a global shim before collecting the
Determining the proper parameters for MR spectroscopyocalizer images, followed by a localized voxel shim using
will often depend on the type of clinical study. As an ex-the linear shims only. The data acquisition without water

ample, the following guidelines have been listed for standarduppression is acquired by setting the water-suppression

brain spectroscopycranial tumors pulses to zero flip angle, and should be obtained just before
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L

Fic. 11. Post-processing examples of a PRESS (TE
=135,TR=3000) FID from a phantom of pure water
0.000 0512 1.024 0 -100 -200 300 and 45 mM methyl protons of NAA, Cr, and Cho. The
sec Hz left panels depict the time-domain signal and the right
panels show the absorption spectrgsignal intensity
versus frequengyfor the same signal. The water fre-
quency was set to zero. The frequency spectrum shows
both eddy current distortions and distortions from “sinc
ringing” because the time domain signal had not de-
cayed to zero by the end of the signal readout. PéBjel
shows the same signals after zero filling the original
1024 data points to 2048 data points. The absorption
o spectrum displays the higher frequency information that
is contained in the first 1024 data points. Paff€)
shows the same data after an apodization filter. This has
removed the sinc ringing artifact but at the cost of de-
creased spectral resolution in the absorption spectrum.
o]

The eddy current artifact is still present.

0.000 0512 1.024 1536 2.048
sec

0.000 0512 1.024 1536 2.048 -100 ~200 -300
sec Hz

or just after the water-suppressed acquisition. Since watewill discuss some typical techniques and provide illustrations

has a much higher concentration, 16 to 32 excitations usuallfor each step. Several references "®provide a general in-

provide sufficientS/N. The water data is used for ECC or troduction to post-processing.

QUALITY eddy current correction and sometimes it is used The signal received in proton MRS, whether it is a free

as a reference value for absolute metabolite quantification.induction decay(FID) or the last half of an echdi.e.,
STEAM, PRES$ can be described mathematically as either
a damped complex exponenti@ne componentor a sum of

XIl. POST-PROCESSING damped complex exponentia{smultiple componenis The

There are many post-processing techniques used in prot(g@nventional display of an FID signal received in quadrature
MRS 5456-687172The vendors of clinical MR systems usu- iS as plots of “real” signal versus time and “imaginary”
ally provide post-processing software that provides a goo@ignal versus time. The conventional display of the FID in
starting point and works well, especially for spectra withthe frequency domain is as a correctly phased absorption
long TE’s. The individual steps embedded in these softwarérea) spectrum although sometimes the disperdiveagi-
packages are described below. In general, these packages'fary and absolute spectra are displayed as well. However,
model peaks to the observed spectrum in the frequency ddnetabolite concentrations are represented by the absorption
main with the vendor supplying suggested starting peak tenspectrum.
plates. However, all post-processing packages will require We start with a 1024 point water FID acquired with a
user tweaking for each different acquisition technique. Som&RESS sequence(TE=135ms, TR=3000ms, dwell
packages also require that the user first acqnirgtro data =1 ms on a magnet without self-shielded gradient coils.
on a set of metabolites to be used fompriori knowledge. The phantom consistd a 2 liter round bottom flask contain-
The a priori knowledge can either be measured experimening pure water with 45 mM in methyl protons of NAA, Cr,
tally or simulated. This will also have to be repeated for eactand Cho. Figure 1) shows the signal in the two received
acquisition technique. Typically as much or more time ischannels of the 1024 point FID and the corresponding ab-
required to analyze spectra as is expended in developing sorption spectrum with 1024 pointscaled to show the
MRS protocol and acquiring the MRS data. NAA, Cr, and Cho signajs This figure demonstrates eddy

Although raw and fitted spectra are displayed in the frecurrent artifacts and the additional “sinc ringing” artifact.
guency domain, fitting can be done in either the time orThis latter artifact is equivalent to the Gibb’s ringing artifact
frequency domain. The time domain fit is inherently simplerseen in imaging and has the same source. The time domain
and slightly more flexible, but the frequency domain fit will data has not reached zero value at the end of the readout
give exactly the same final result, provided that all the limi-period (truncation, which means the time domain data has
tations of the discrete FT are taken into accdinf’®?We  been multiplied by a box function, which is equivalent to a

Medical Physics, Vol. 29, No. 9, September 2002



2189 Drost, Riddle, and Clarke: Report of AAPM MR Task Group #9 2189

sinc convolution in the frequency domain. This effect is alsopulses turned off while panel (B) shows the water sup-

referred to as leakag®. pressed signdwater suppression RF pulses turned for a
PRESS acquisition. BothA) and (B) illustrate the artifacts
A. Zero filling caused by eddy currents. Pari€) was calculated by sub-

tracting the phase of the unsuppressed water from the phase
of the suppressed water at each time domain point. This has
dramatically reduced the effects of eddy currents and has
almost correctly phased the spectrum as well. Note that
QUALITY or a combined QUALITY/ECC technique can
also be used for eddy current correctf§ri*

Zero filling in the time domain is equivalent to a sinc
convolution(interpolatiorn) in the frequency domain. This in-
terpolation improves the visual display of the data in the
frequency domain, although no additional information is
added. This is identical to image interpolation in MRI. For
example, arN point FID hasN real andN imaginary, or 2\
points sampled aAt intervals. After Fourier transformation,
there areN real andN imaginary points with frequency spac-
ing equal to 1/NAt). The spectral widtiSW) of the spec-
trum is 1At with the abscissa going from SW/2 teSW/2.  D. Water suppression filter
Zeros can be added to the end of the FID to decrease the
frequency spacing over the same bandwidth. Figurdg)l1
illustrates zero filling the 1024 point FID to 2048 points in
the time domain and the resultant absorption spectrunﬁ
which increases the display of the higher frequencies that a
contained in the original 1024 data set.

Often the water suppression used with proton spectros-
copy does not completely eliminate the water signal. Post-
rocessing with a convolution difference filter can be used to
gliminate any residual water sigrfal*® "> This filter applies a
I%W-pass filter to the FID, then subtracts the filtered signal
from the original data in the time domain. The low frequency
component is obtained by convolution with either a sine-bell
window function or a Gaussian window functiéhFigure

The signal in a free induction decay contains the signall3 shows processing with a convolution difference filter. The
from the metabolites being studied and the noise in the deinput to the convolution difference filter is the two time do-
tector channels. A line broadening filter decreases the remain channels of the FID. The low-pass componeaicu-
ceived signal at the end of the sampling window, which in-lated with a 50 Hz sine-bell filtgicontains the residual water
creases the signal-to-noise ratio in a spectrjpmak area signal and the high-pass component contains the signals
definition of S/N) but increases the linewidth of the peak in from the metabolites. Note that this method assumes the wa-
the frequency domain. This filter multiplies the time domainter resonance is centered near the zero frequency. The ab-
FID by the filter before transforming to the frequency do- sorption spectrum in Fig. 13 shows well-defined NAA, Cr,
main. This weighing of the time domain data is known asand Cho peaks with no water peak as in Fig. 12. Another
apodization. A line broadening filter can also ensure that théechnique to eliminate or reduce water fits a set of peaks
FID is not truncated to eliminate sinc ringifpakage. An  using a linear least squares algorithm to the water peak and
exponential filter has the following form: subtracts this from the FIB. Hoch and Stern state that both

E(t)—exp(— 7LBY), 5) techniques work equally wetP

B. Apodization filter

whereLB is the FWHM of the filter. The time constant of the
filter is TC=1/(wLB). A matched filter has a time constant
equal to the time constant of the FID and will increase thee. Fourier transform
FWHM by a factor of 2. This filter reflects an optimum bal-

ance between the line broadening and noise reduction. To Any_dpe”?z'_(;r functt|fon can t_Je ex%ressetlj_t ads thgr;un; of
ensure that the tail of the filtered FID is zero, th#& should sinusoids of different frequencies and amplitudes. The Fou-

be =5/(7NAt) whereN is the number points in the FID and ner tlr_?ndsforn} 5’1 a mthod fcér exalu?t|ngt:]heffrequtlanc||et_s and
At is the dwell time in sec. Figure 1Q) shows the result of 'e;mpll u tes Of ese.;:nusm S: tn algori r;)]l' ohr %agué |n? a
a 1.5 Hz line broadening filter in the time and frequency ourier transtorm with a computer was publisned by .00y

domain. Reference 64 describes other filters. Since pea gDTg I;_ehy ?:T:ql_ Its nctjwtk:( nown E}S a fast '.:%L.melrl transfotrrg
height is equal to the “integral of the FID{sum of time ’ € reats the sigha’ as a periodically repeate

domain magnitude points expanding the readout time fugcu?n, v(\;hethert;;[ IS or ndt \(/jV:en _the &gnfll 'S atLreeI "
(NAt) will increase the peak heigliassuming there is still incuction decay, there 1s a stdden Jump between e 1as

. : . L , point (which is usually equal to zeyoand the first point
;sr?emsezlgr;]zzliéehjttwhlle a line broadening filter will decrease (which has the greatest amplitydé@his sudden jump in the

time domain will produce a DC offset in the frequency do-
main equal to half the first point of the FID. If the first point
of the FID is divided by 2 before transformation, this DC
Figure 12 illustrates the ECC method of correcting theoffset will be eliminated® The top curve in Fig. 14solid
spectrum for eddy current caused distortions. Pa@el line) is the FFT of a FID withS(0)=100 and TZ =10 ms
shows the water unsuppressed sigmeter suppression RF without dividing the first point by 2, and the DC offset is 50.

C. Eddy current correction
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A
750000 4
Y
0 iy
~750000 4
Fic. 12. Post-processing example of
1500000 F—r—r . . . . . eddy current correctiofECC) tech-
50 0 -50 -100 -150 -200 -250 nique for a PRESS (TE135,TR
Hz =3000) FID from a phantom of pure
20001 B water and 45 mM methyl protons of
NAA, Cr, and Cho. Pane{A) shows
1000 A the water unsuppressed time domain
and absorption signals. PandB)
o0 shows the water suppressed signals ac-
quired with the water suppression RF
T pulses switched on. BottA) and (B)
-1 000{ show the same eddy current distor-
tions. Pane(C) was calculated by sub-
—2000 tracting the phase of each time domain
50 0 -50 -100 -150 -200 -250 data point in(A) from the phase of the
Hz same time domain data point i(B)
2000 C (ECC correction Although ECC au-

1 tomatically gives the correct zero-
order phase, some first-order phase
correction is still required in panéC).

e s -1000 -
-2000

' 1
50 0 -50 -100 -150 -200 -250
Hz

The bottom curve in Fig. 14dashed lingis the FFT of the  will contain mixtures of absorption mode and dispersion

FID after dividing the first point by 2, and there is no DC mode spectrEgs.(14) and(15)]. Phasing a spectrum sorts

offset. the real and imaginary channels into absorption mode and
dispersion mode spectra:

F. Phasin
J o ) ) Absorptior{f )=Re(f )cog 8) + Im(f )sin( ), (6)
Whenever the initial phase of an F[lg in Eq. (11)] is not

zero, the real and imaginary channels after Fourier transforrand

1001 A 100+ B

Fic. 13. An illustration of the convolution difference

=100

=100

0.000 0512 1.024 0.000 0512 1024 technique for removing the remnant water signal from a
sec sec H spectrum. The starting spectrum is the one from Fig.

D 12, panelC). Panel(A) is the time domain output from

2000 - the low frequency filter. Pane(8) and(C) are the time

domain outputs of the high-pass filter and pati2l is

10004 ” l the spectrum from the high-pass filter.
L

=2000

B0 0  -50 -100 -150 -200 -250
Hz
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Fic. 15. Complex plots of a spectrum containing two components demon-
Fic. 14. The DC offset of the signal peak, as seen on the solid line, can betrating zero- and first-order phasing. In paf#el, both zero- and first-order
eliminated by setting the first data point of the FID to one-half its measurechbhases are equal to zero. The projection in the real plane is the absorption
value before the Fourier transform. spectrum and the projection in the imaginary plane is the dispersion spec-
trum. In panel(B), the zero-order phase is 45° and the first-order phase is
zero. In panelC), the zero-order phase is zero and the first-order phase is
—360°. In panelD), the zero-order phase is zero and the first-order phase is

Dispersionif )=Im(f )coq ) — Re(f )sin( 6). (7) —720°.

Phasd ) is the sum of the zero-order pha& (constant for
all frequenciesand the first-order phag€) (linear with fre-

quency and is defined by the following equation: dwell times the FID is delayed. In this case, dwells A
f second terminology would refer to this as a left shift. The
=7+ F(ﬁ\/) (8) spectrum in Fig. 1&) is twisted. The loop at 0 Hz produces

an absorption peak in the real plane and the loop at 250 Hz
The zero-order phase term corrects for the initial phase of thproduces an absorption peak in the imaginary plane. This
FID. For a single spin compound, in Egs. (6) and (7) is  spectrum will require a first order phase 6860°. For Fig.
equal to¢ in Eq. (11) and can be determined by taking the 15(D), a FID with two exponentials was generated with
four-quadrant arctangent of the first data point in the time=0° and a time delay of 2 ms, or 2 dwells. The spectrum in
domain FID. Fig. 159D) is twisted with the loop at 0 Hz producing an
Delay in the time domain corresponds to a frequency deabsorption peak in the real plane and the 250 Hz loop pro-
pendent phase shift in the frequency domain. The first-ordeducing an inverted absorption peak in the real plane. This
phase term is necessary whenever the start of the A/D sanspectrum will require a first-order phase 6720°.
pling window does not start at the peak of the damped ex- The zero-order phasg) is equal to the phase of the first
ponential. A DISPA plot is obtained by displaying the real point in the FID(time domain. The zero-order phase is also
and imaginary data in aXY’ plot. ”’ equal to the four-quadrant arctangent of the sum of the real
To illustrate phasing, a time domain FID with a dwell points and the sum of the imaginary points in the frequency
time of 1 ms and two components was generated with Egdomain, providing that there were no alterations to the FID
(12), then converted to the frequency domain with an FFTbefore Fourier transformation such as applying saturation
One exponential hadf,=0Hz, S(0)=100, and T2 pulses when acquiring a FID or shifting the time domain
=100 ms. The other exponential hag=250 Hz, S(0) points after a FID is acquireffor first-order phase correc-
=200, and T2 =50 ms. The peak heights for both peakstion).
will be 10 000. For Fig. 18A), Z=0° and there was no time When correcting water-suppressed spectra for eddy cur-
delay. Like FIDs, MR spectra are complex data degal, rents with post-processing such as ECC, the phase of a water
imaginary, or some combinatifnas illustrated in Fig. 15. FID is subtracted from the phase of a water-suppressed FID.
The projection in the real plane is the absorption spectrunBesides linearizing the phase, this subtraction also applies a
and the projection in the imaginary plane is the dispersiorzero-order phase to the spectra because the phase offset of
spectrum(The DISPA plot, not shown here, is the projection the water FID is equal to the phase offset of the water-
in the real-imaginary planeFor Fig. 13B), a FID with the  suppressed FID. If the A/D sample window is placed cor-
two exponentials was generated with=45° and no time rectly in a STEAM or PRESS sequence, first-order phasing
delay. The spectrum in Fig. 1B) shows the spectrum ro- is not required, and the eddy current corrected spectrum is
tated 45°, producing spectra in the real and imaginary planesroperly phased.
that are mixtures of the absorption and dispersion spectra. Software post-processing usually has a left shift tool that
This spectrum will require a zero order phase of 45°. allows one or more data points to be deleted from the begin-
For Fig. 15C), a FID with the two exponentials was gen- ning of the complex FID. This is equivalent to changing the
erated withZ=0° and a 1 mgime delay. One terminology delay time by 1 A/D sample point and may correct the A/D
for specifying the delay is as dwells, which is the number ofsample window position if it was positioned early. Some-
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A

N[CHzJCr

Fic. 16. Anin vivo PRESS TE=30ms) spectrum
showing the typical baseline from underlying macro-
molecule, lipid andJ coupled metabolite peaks is
shown on the left along with a cubic spline baseline as
indicated by the dashed line. The right figure depicts the
spectrum resulting from the subtraction of the baseline.
This is one of many methods to remove the baseline
and not necessarily the optimum technique.

CH3 NAA

N(CH3)3 Cho

[CH)s M-Ins

NCCHs] Cr
NICHg) Cr

CHa NAA CH3 NAA

N(CH3}; Cho

Fic. 17. A demonstration of spectral peak fitting on the
baseline correcteith vivo spectrum from Fig. 16 using a
nonlinear least-squares method. The heavy solid line in
panel(A) shows the fitted spectrum and the lower line
is the difference between the raw data and the fitted
spectrum. Pane(B) shows the individual peaks from

difterence “MMMWV\WMWW‘«WMW which metabolite areas would be calculated.

5 4 3 2 1 0 5 4 3 2 1 0
PPM PPM

N(CH3)s Cho

{CH)4 M=Ins
[CH)4 M-Ins

CHa Cr

times, the first points in a FID may be corrupted and theseal technique is illustrated in Fig. 8.6 in de Graaf's bddk.
points can be removed with the left shift tool, but first-order Another method for measuring the area is to manually select
phasing will be required to correct for the additional delaybaseline points under a peak, then determine the area be-

time. tween this baseline and the spectral points. However, calcu-
lating areas in spectra with multiple, overlapping peaks can-
G. Baseline correction not be evaluated this w&¥. With overlapping peaks, it is

e . . necessary to deconvolve the individual peaks to find their
The quantification of MR spectra requires evaluating the o . .
-areas. Such deconvolution involves fitting a spectrum with

r nder th ks in th rption m rum. Dis- ) . ) . .
area under the peaks in the absorptio ode spectru Eorentman, Gaussian, or a Lorentzian—Gaussian mixture of

tortions of the baseline around these peaks mgy.greatly aﬁeﬁ%e shapes so that the difference between the observed and
the accuracy of these areas. Methods for defining the base-

line of a spectrum include DC offset correction, correction itted spectra is approximately equal to the noise. The fitting

with linear tilts, and cubic or higher order splines. This basel 0¢€SS usually utllizes the Levenberg—Marquardt method

line is subtracted from the spectrum before calculating th for*nonlmear least squares to de.termlne. tge A(fo),'a.nd
) . .T2* parameters for each peak. FigurdAYillustrates fitting
areas. As mentioned previously, short TE spectra contai

broad lipid and macromolecule peaks that require fitting beﬂqe spectrum from Fig. 18) with Lorentzian peaks while

fore metabolite peak areas can be evaluated. Figu(a)16 Fig. 17(.8) ShOV.VS the ‘individual p_eaks. The slight misfit
shown in the difference spectrum in (&j on for example

zhﬁr\:\f t?azr;ﬁrzteﬂlzzisﬁfgtig)n;;%r\?vsﬂlﬁecireebcetlrllljrrnn :Egrijg_b'&e NAA peak illustrates that eddy currents and/or magnetic
P - 19 P field inhomogeneties produce non-Lorentzian line shapes.

tracting the baseline. This actually illustrates a poor base"nEAIthough spectral post-processing and fitting has been de-

fit since some of the baseline has been fit to metabolitess.Cribed as a set of individual steps. a sophisticated post-
Therefore, a better approach to dealing with baseline peaks is bS, P P

to include them in the overall metabolite fitting algorithm processing package will often incorporate water subtraction,

either as a baseline f"8or to model them as peakssually phasing, 2‘5?3,82?‘833“”6 fitting as part of the computer fitting
Gaussian®’ algorithm: The authors discourage manual phasing

) S . : . and baseline fitting since this will lead to poorer results for
Discrepancies in metabolite values between mvestlgatorﬁ1 ) ) :
. . . . e final fitted metabolites.
often arise from differences in baseline procesgfis pre-
viously mentioned, long TE spectra usually will not require
baseline correction for macromolecules and lipids. In thisl. Correcting for relaxation and saturation
case a baseline correction may not be required at all as long

. ) The measured area under a spectral pg@akn a known
as there are no other baseline artifacts such as a DC offset or - . .
. volume is directly proportional to the concentration of the
a first-order phase roll.

metabolite, after normalizing to the number of protons in the

metabolite peak. Since spectroscopy sequences do not have

TR=« and TE=0, the measured area must be corrected for
Evaluating the area under a single peak can be done witbaturation and relaxation effects. Equati(® is for areas

the traditional running integral, i.e., the running sum of thefrom a PRESS sequeriteand Eq.(10) is for areas from a

amplitudes above baseline across the spectrum. This histolSTEAM sequencé’

H. Peak areas
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ar€heasured
areéQorrected™ “TE TR (9)
exr{ 1- exr{ T ) }

T2
ar€&heasured
-TM|
N 1

—(TR-TM-TE/2)
1 ex;{ T1 )

Since the STEAM echo arises from the longitudinal magnetabolite peak are&/N will depend on the metabolite concen-
tization stored at the beginning of the TM interval, the addi-trations. As an example, a phantom with 100 mM acetate has
tional term in Eq.(10) accounts for the loss of the longitu- a S/N>100 for two acquisitions with the same parameters as
dinal magnetization by T1 decay during the TM interval.  above while for 10 mM, the expecte®N will be greater

T1 and T2 values can be found in the literature for somethan 10. Sincén vivo studies often reference metabolite peak
metabolites in various tissues at some spedBi¢ field areas to the internal unsuppressed water peak area, the most
strengths.>%°062848\ost clinical MRS papers do not cor- relevant QC parameter will be the ratio of metabolite peak
rect for T1 or T2 effects since typically spectral changes arerea to the unsuppressed water peak area. This ratio should
studied over time, or spectra from a group of normal subjectpave an approximately 1% variance for acetété0 mM,
are compared to spectra from a group of subjects with awo acquisitions or 10 mM, 256 acquisitiongor the phan-
pathology. Therefore, a constant correction term for T1 or T2om with the concentrations listed in the caption of Fig. 1,
relaxation will not change the results. However, if metabolitethe expected coefficient of variation ranges from 3% for
levels are altered in a diseased state or over time, one CaJAA to 6% for M-Ins for an 8 ml volume, 128 acquisitions,
never rule out that these changes are due to changes in Mer/TE 1500/30, PRESS sequefftand as low as 1% for
tabolite T1 or T2 relaxation times rather than actual change§aA, Cr, and Cho, for an 8 ml volume, 256 acquisitions,
in metabolite levels. Although a few authors have measuredR/TE 2000/136, PRESS sequeriédote however, thain
metabolite T1 and T2, this is a very time-consuming procewjyo results have much poorer precisith.
dure since spectra have to be acquired at several TR/TE time An excellent phantom test for hardware stability is to ob-
points®” > Since the effects on peak distortions dueJto serve the water-suppressed water signal with the RF adjusted
coupling change with TE, T2 measurements become difficulfg maximum water suppression afukually maximum re-

(10

aAreQorrected™ _TE
ex;{ W)

. . fadd

for metabolites withd coupled spins ceiver gain. Visually, inspect the remnant water peak signal
from acquisition to acquisition. Amplitude fluctuations below

J. Calculating concentrations 10% are excellent. This is a good hardware test especially for

0Ilg?w level RF stability, but since some type of water subtrac-
tion is done in'H spectroscopy post-processing, the final
spectral quantification may not be affected by unstable water
suppression, as long as a sophisticated water fitting/
suppression routine is used in post-processing. If these hard-
ware instabilities also occur during the RF volume selective
0Dulses and rephasing gradients, spectra will be degraded.

get absolute concentratiorig. 377 in de Gradf). For ex- The unsuppressed water peak is also useful for looking at

ample signal losses from diffusion and nonideal slice profile§’ver"’1II system stability, especially if the data can be acquired
will need correction factors and displayed in real time in the frequency domain. Usually,

this is done after performing a localized shim with a STEAM

or PRESS sequence. Continuously acquire data and measure
Xlll. MRS EQUIPMENT QUALITY CONTROL (QC) changes in peak position and signal amplitude for an hour.

The MRS phantom should be measured every 1-4 weekBhe peak position should not change by more than 1 Hz

with all the in vivo MRS acquisition techniques. Water and while the peak amplitude typically varies around 1%. Note
metabolite peak areas, peak FWHMSs, and baseline noidgbat the typical manufacturer’s specification €f0.1 ppm
should be recorded. The water peak area is from a watefield drift (6 Hz at 1.5 T will not affect image quality but
unsuppressed acquisition. Two sequential water unsupwill degradein vivo 'H spectra sincen vivo localized line
pressed spectra should be acquired so that the second canvglths can be<5 Hz and data collection can require 30
used for ECC(or QUALITY) processing on the first. Two minutes. Field drifts in only one direction are typically
acquisitions for the water unsuppressed spectra provide moaused by the magnet. Oscillating field drifts are probably
than enough peak are&/N (S/N>10000, PRESS, TE caused by temperature fluctuations in the passive shielding
=135ms, 22x2cnt, TR=1500 ms, 1024 ms readout, (if it exists), in the passive shim@f they exisd, current drifts
0.9 Hz exponential filtering post-processin@hantom me- in the room temperature shim suppligisthey exisy or, less

Methods have been reported that calculate concentrati
using an internal water sign#°"°® an internal creatine
reference® an external referenc®® the amplitude of a
nonselective 90° reference puffeand the amplitude of a
modified water-suppression pul&e’®Barantin has written a
well-referenced review of absolute quantificatfmNote that
many other NMR mechanisms will need correction factors t
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likely, drifts in the system frequency synthesizer. Variationsadditional advantage of ultrashort TE spectroscopy is the

in peak amplitude, shape, or phase are most likely caused apility to quantify J coupled metabolites such as glutamate

gradient instabilities. and glutamine. With short TE spectroscopy, macromolecule
Since spectral localization depends on the complex intersignals dominate the spectra baseline, which have to be ac-

actions between crafted RF pulses and pulsed gradient fieldspunted for during spectral quantification or nulled during

it is useful to verify the accuracy of the VOI selected by thespectral acquisition with an inversion pufSeé’®8Also, RF

MR spectroscopic process. This accuracy can be verified byower requirements increase dramatically because RF power

using a phantom with discrete solutions of metabolites aincreases with the square Bf, and the RF bandwidt The

various locations. Volume-of-interest accuracy should beéandwidth has to increase to reduce the volume selective

tested for both single voxel and CSI spectroscopy. Generathemical shift artifact and/or to achieve ultrashort echo

ing an image of the localized VOI, obtained with water sup-times.

pression inactive, can validate the localization accuracy of a A final comment: Signal loss from diffusion has some-

specific clinical study. This image is acquired with standardtimes been mistaken for a decrease in T2 with field strength.

readout and phase encoding gradients added to the MR&oton metabolite T2's remain relatively constant wigh

pulse sequence. and are long compared to water, typically in the 200400 ms
Any hardware problems in RF linearity, both phase andrange®?

amplitude, will cause poorer localization which in turn will

increase spectral baseline distortion from out-of-volume con-

tammanpn. Pro_blems in the gradients, for examplg, eddy U/ MATHEMATICS USED IN SPECTROSCOPY

rents, will manifest as increased peak distortion in the non-

ECC-corrected spectra, especially in short acquisitions. The Lorentzian characteristic of the NMR signal have

Therefore, equipment QC for spectroscopy requires clospeen mentioned above but a more complete mathematical

monitoring of on-line signals and the unprocessed data, agescription is now presentétbr references see, for example,

well as the final numbers produced by the post-processinghap. 1’° or Sec. 2.1.47 The time domain signal of water

software. can be described mathematically as a damped complex ex-

ponential,

XIV. COMMENTS FOR HIGH FIELD
SPECTROSCOPY

Systems withB,, greater than 1.5 T are becoming wide- WhereS(0) is the magnitude of the FID at=0, f is the
spread. The advantages flif spectroscopy are linear in- frequency of the rotating fram@iz), and¢ is phase offset at
creases in signal-to-noise and metabolite peak separatidfr O-
with increased,. SinceJ coupling constants do not change  The time domain FID can be transformed to the frequency
with By, the multiplet groups will become further separateddomai” with a Fourier transform. Spectroscopists call this
in frequency while theJ coupled multiplets within each Peak a Lorentzian. When the phase offstis zero, the real
group will stay at the same spacing. When displaying spectra@nd imaginary components are absorption mjodief ) ] and
with a parts-per-million scale, thé coupled peaks will ap- dispersion mod¢D(f)] spectra
pear closer aBy is increasedsee Fig. 1. Additionally, Fig. .

1 shows that the effects dfcoupling areB, dependent*©° (f)= 1 S(0)T3 (12
Therefore, quantification methods that require metabolite At 1+[27T5(f—f)]?
templates need new templates at each field strength.

Although the increase i6/N with higherB,, fields should ~and
allow smaller voxels or faster patient measurement times, %12
other effects counter these gains. The high-field MRI litera- D(f)= i S(0)2m(T3)(f ~ o)
ture shows that T2 decreases with increased field strength. At 1+[27T5(f=f9)]*"

Even at 3 TS/N gains can be nullified by decreases in .
T2* % Our own experience is that spectral linewidths double”Vn€ré fo is the center frequency of the peak. Several refa-

going from 1.5 to 4.0 T regardless of voxel size or shimmingt'on,sr"p_S bet\{veen th? time domain and the fr.eque.ncy do-
protocol. This almost nullifies the 2.7-fold gain in spectral maég with a single spin compound are summarized in Table
dispersion for this particular change in field strength. An ad- " ) ) )

ditional signal loss mechanism is diffusion. Since the selec- CG€neral equations for the real and imaginary channels that
tive gradient strength must increase to keep a constant vol’clude phaséd, Eq. (8)] are given by the following equa-
ume selective chemical shift artifact with increasBg, the ~ 1ONS:

signal loss from diffusion increases. Diffusion signal loss is _ :

also worse with long echo times, although creative pulse Re(f)=Ccot HA(T) +sin(6)D(T) (14
sequence design can ameliorate some of the signafddss. gnq

in high field micro-MR imaging, the optimum solution is

ultrashort TE combined with higher order shimmittgAn Im(f)=coqg #)D(f)—sin(G)A(f). (15

S(t):S(o)ei(7277frmt+¢)7t/T;, (11)

(13
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TasLE IV. Mathematical relationships of a single spin compound.

Time domain Frequency domain

. . A(fg)At
Initial amplitude of FID S(0)
2
. S(0)T}
“Integral” of FID 2 M, 2 A(fo)
=1 At
T2* AtEir'lei 1
S0) 7FWHM
n
Amplitude of peak z M, A(fo)
=1
- S0) A(fo)
Peak area f[Z  A(f )df =~
[E-A(T)df) 2At 2175
Full-width at half-maximumFWHM) S0 !
WAtZin:lMi Ty
0) 3
Full-width at tenth-maximuntFWTM) 3xm s
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