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There is a need for absolute quantitation methods in 3P mag-
netic resonance spectroscopy, because none of the phosphorous-
containing metabolites is necessarily constant in pathology. Here,
a method for absolute quantitation of in vivo 3P MR spectra that
provides reproducible metabolite contents in institutional or stan-
dard units is described. It relies on the reciprocity principle, i.e., the
proportionality between the B, field map and the map of reception
strength for a coil with identical relative current distributions in
receive and transmit mode. Cerebral tissue contents of *'P metabo-
lites were determined in a predominantly white matter-containing
location in healthy subjects. The results are in good agreement with
the literature and the interexamination coefficient of variance is bet-
ter than that in most previous studies. A gender difference found
for some of the 3P metabolites may be explained by different voxel
COMpOosition.  © 2001 Academic Press
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INTRODUCTION

of 'H MR spectra (references in)j. The suggested technique
for 3IP MRS circumvents problems with external standards an
signals, exact correspondence betwénand 3P signals in
double-tuned coils, and/or time consuming load matching in
phantom studies for eveig vivo measurement.

THEORY

The suggested single-voxel technique consists of two part:
As afirst step, a series %P MR spectra is recorded with a short-
echo-time stimulated echo (short-TE STEAM) sequence using
range of flip angles to determine the lo&lfield. The voltage
Vmax required to obtain the maximum signal respoi$kgy is
taken as a measure of the lo@lfield at the region of interest
(ROI), including effects of bottB; inhomogeneities and coil
loading. The’'P signal can be approximated with a%sitepen-
dence on flip angle, i.eB;, or applied voltage. Strictly speak-
ing, the sirt dependence is only correct for a description of the
stimulated echo signal strength following three hard pulses ap
plied with sufficiently long repetition time to prevent saturation

Absolute quantitation increases the information content effects. For a STEAM sequence with (numerically optimized)

clinical MR spectroscopy (MRS). FdH MRS, simple refer- slice-selective pulses, deviations from the nominal palse
encing to the fully relaxed water signal has turned out to be thause changes in slice profile. Similarly, pulsing too rapidly will
most simple and robust way of signal calibratiGh @s none of produce saturation effects that also provoke deviations from th
the phosphorous-containing metabolites can safely be assursiaple sir? signal response. However, these effects are not detri
to be constant in pathology, there is no such convenient solutimental, if the fitted position of the signal maximum as a function
for 3IP MRS. This may be the main reason why in mM3®tMR  of the applied voltage is only taken as a measure of IB¢aind
studies to date results are reported as area ratios, with resp@ttaken as an indication of the 9flip angle. Hence, the max-
to either the nucleotide triphosphate (NTP) or the total phosaum signal amplitudeS,ax in this series of STEAM scans is
phorous signal, which is thus assumed to be unchanged witht used in theB; calibration procedure, but rather the corre-
disease. This is the case, in spite of many methods suggestedfmmding voltagé/ax is taken as being inversely proportional
absolute quantitation, including those based on external stémthe localB; field. If the RF coil used is fairly homogeneous,
dards 2-4), external reference signalS)(theH water signal the region selected for this calibration can be chosen larger tha
(6), the B;-field distribution determined witAH MRI (7), or the real ROI in order to save time.

phantom replacement techniques with coil load matctihgdrg The final spectra to be quantitated are subsequently recorde
the following, it is suggested thatBy -insensitive excitation be with an ISIS sequencell, 12 using adiabatic inversion and
used and that receive sensitivity be calibrated based on the regieitation pulses that yield the maximum response indeper
procity principle @, 10 using a local measurement of the powedent of exact knowledge of locd,;. These spectra are pro-
required for a standardizds}, field. Techniques relying on the cessed and fitted and the resonance areas can be conver
reciprocity principle have been widely used in the quantitatido absolute units based on the reciprocity principle using the
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previously performed power calibration. The reciprocity princimetabolites, is inadequate for inorganic phosphade\ifich is

ple (9), which has recently been nicely reevaluafgd), states reported to be 0.5 mM in CSF. Foy,fhe expected signal based
that the signal received from a point sample in a coil followingn this assumed; Rontent in CSF and the volume fraction of
application of a pulse with a given flip angle is directly pro€SF is subtracted from the otherwise obtained concentratio
portional to the magnetic field that is created at the positisalue.

of the sample, when unit current flows through the coil. For fq is the correction factor for potential changes in detectol
transmit/receive coils that are matched, this relation transformgain that is constant, if the hardware is unchanged, and can |
into an inverse statement between the externally applied vattntrolled by regular phantom measurements.

age needed to achieve a certain flip angle and the receive signdig, is the localB; correction factor obtained from the pre-
induced by alocal 90pulse. The external voltage needed to prazeding sequence of STEAM experiments:

duce a giverB; field at a given location is therefore inversely

proportional to the voltage induced in the coil by a predefiBed fg, = 1/ Vinax [4]
field occurring as a spin response. The recorded MR signals can

thus be calibrated through division by the voltagex needed fc is a calibration constant that converts the arbitrary absolut

for the maximum STEAM signaGnax. The units obtained by . - .
. . . S . numbers into mmol/kg using measurements on a phantom wit
this calibration are absolute institutional units that can be us, ; :

) . ."Known concentration of'P metabolites.
as such for direct absolute comparisons, but that need calibray

. . : . fl is the number of'P nuclei in metabolite(e.g., 3 for whole
tion measurements with solutions of known concentration to RFI’P pattern area or 2 for NAD)

converted to molar quantities. fr is the temperature factor to correct for unequal Boltzmanr
The following equation contains all the factors needed for the ' " P q

determination of the absolute concentratidrof metabolitei equilibrium magnetization, if calibration experiments are not
. performed at 38C (x1/ T[K]).
(in mmol/kg wet w),

p is the brain density.

i A Data modeling using prior knowledge constrai(it4) is an
¢ = 1 foacfafa fflfro (4 integral part of the suggested quantification procedure. Pric
T, I, Tesrld Te, Te Tp T1 0 _ ) : o
knowledge enters in the form of fixed relations between differen
parts of the spectrum of a single component (e.g., NTP) or ii

A_i is the fitted peak area for metabolite i hoi f model functions for broad unresolved resonan
f+1 is theT; saturation correction,wheretheef'fectofthethreé1ec oice of modetfunclions for broad unresolved resonance

potential ISIS inversion pulses is approximated by the effect Many model parameters were determined on summed speci

a single inversion pulse at the position in time of the middl%nOI kept at f|_xed relatlo_ns wh_en fitting smgle_ spectra with ¢
inversion pulse, much lower signal-to-noise ratio (SNR). The fitting procedure

is described in more detail under Experimental.

fl = exp{—n/Ti} — exp| —w/Ti}. 2]

with 7, being the delay between the middle inversion and the
excitation pulse andg being the relaxation delay, i.e., the time The determination ofthe loc#) field is illustrated for a single
between the spoiler pulse at the end of acquisition, which wsgbject in Fig. 1. Trace a contains the average of six STEAN
inserted for reduction of localization errors2j, and the fol- spectra recorded with varying flip angles and the average of th
lowing excitation pulse. Normallyr; <« T;, such that the corresponding fits. The SNR of the individual spectra range:
T1 correction takes on the simpler, well-known exponentidetween 20 and 50% of that of the presented sum spectrur
form. Figure 1b demonstrates the signal variation as a functidsy of
f1, is the T, saturation correction, which is minimal becauswiith the fits of all six spectra obtained with differing input power
of a very short dead timep after the adiabatic half-passageplotted on the same scale. The sum of the PCr, NTP, packBs
excitation pulse: obtained from the individual spectra is plotted agaiBstin
. . Fig. 1c, together with the modeled 3idependence.
fr, = exp{—10/T,)}. [3] Figure 2 and Table 1 portray the main results of this study
Figures 2a and 2b contain averaged ISIS spectra and the cc
fcseis the correction factor to make up for the inclusion ofesponding fits: in Fig. 2a for a single subject (four spectra;
CSF spaces. It can be determined either from MR imagesand in Fig. 2b for all 10 subjects (40 spectra). The fitted spec
a series of localizedH MR spectra with differing echo timestra are further illustrated in traces ¢ and d, where the [Gng
(13). In the current work a constant value of 0.94 was used thaetabolites (Fig. 2c) are separated from the broad baseline cor
had been obtained in this position from 10 healthy subjects ($@nents (Fig. 2d). The adequacy of the fit model is demon
of 0.01). This correction, which is motivated by the fact thattrated by the averaged residuals from all fitted spectra dis
CSF does not contain relevant concentrations of most of'the played in trace e. The concentrations obtained and their SD a

RESULTS
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FIG. 1. Exemplary results in a single subject (female, 22 years) from the A

first part of the suggested quantitation method consisting of STEAM spectre
recorded with varyingB;. In (a), the sum of six such spectra is plotted along d .
with the sum of the respective fitted spectra (broken line). Trace (b) contains Pl -baseline
all six fitted spectra singly, illustrating the effect Bf variation on the spectra.

Finally this variation is also presented in (c), where the summed signal of the@ " - > .

PCr, NTP, and Pareas ) is plotted against the applied voltage, iBy, together 10 0 -10 -20 ppm
with the modeled sihdependence. chemical shift

FIG. 2. ISIS-localized'P MR spectra of a cerebral ROI located predomi-
nantly in supraventricular white matter. (a) Spectrum and model fit of the sam
given in Table 1, together with the values from other studies feingle subject as the data represented in Fig. 1. (b) Averaged spectra and moc
comparison. fits from 10 healthy subjects. (c) Low-molecular-weight part of the model fit

Testing for gender differences (Table 2) it was found th ?ntaining contributions attributed to NTP, NAD, PCy, PME, and PDE. (d)
' aseline components of the cerebral spectra attributed to phosphd®ays

) . 0
the phosphodlester (PDE) contentis (_)n average_ 16% lower A modeled as equidistantly placed Voigt lines with equal Lorentz and Gaus
women than for menR = 0.05), while the ratio of phos- gamping. (e) Averaged overall residualsillustrating that all reproducible spectra
phocreatine (PCr) vs the sum of &P metabolites (excluding features are well represented by the fit model.

TABLE 1
Quantitative Results of This Study Compared to Literature Values (Mean Value &+ 1 SD; All Tissue Contents in mmol/kg wet wt)
Reference PCr NTP P2 NAD PME PDE PL-BL Mg pH
This study 2.72£0.11 2.41+ 0.19 0.95+ 0.09 0.20+ 0.08 1.75+ 0.2% 8.97+1.29 126.14+ 8.6 0.18+ 0.03 7.00+ 0.02
8¢ 28+0.4 2.8+ 0.3 1.2+ 0.3 4.1+ 0.8 13.6£ 2.5
(8)¢ 28+0.3 2.8+0.2 1.0+ 0.2 3.1+ 0.3 10.3+1.9 0.50+ 0.2 6.99+ 0.02
@t9 3.43+0.14 297+0.21 1.8 151 6.9% 0.03
(e 25+0.3 — 0.9+ 0.1 7.02+0.02
2 29+05 2.2+ 0.8 1.1+ 0.3 2.6+ 0.8 7.7£13 7.03+£0.11
(22) 0.17+0.02
(149" 0.16+ 0.04 22.6+1.1

a Contributions from CSF subtracted.

b 2.6 + 0.2 mmol/kg if based or- andS-NTP only.

¢ The relatively low value for PME found in this study is likely caused in part by the excitation profile of the adiatiatiol86 that had not been corrected for.
d White matter, i.e., similar location as this study.

€ Cerebrum.

f PRESS, TE 12 ms.

9 From proton-decouplettP MR spectra.

N'84% WM, based on 2.9 mM ATP.

i Calculated from their published area ratio with regard to PCr and using the currently found PCr concentration.
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TABLE 2
Some of the Results of This Study Grouped According to Gender (Mean Value + 1 SEM; All Tissue Contents in mmol/kg wet wt) and P
Values from a Univariate Repeated Measures ANOVA Including the Individual Results of the Four Repeated ISIS Spectra

PCr NTP P PME PDE Sum PCr/sum
Female 2.74:0.03 2.36+ 0.06 0.92+ 0.05 1.65+0.14 8.20+ 0.25 16.2+0.3 0.171+ 0.002
Male 2.70+ 0.07 2.46+ 0.08 0.98+ 0.03 1.84+0.11 9.73+ 0.63 18.1+ 0.8 0.151+ 0.006
P value >0.1 >0.1 >0.1 >0.1 0.05 0.06 0.01

the baseline [BL]) is significantly larger for women than fofects or between examinations on the same subject performed
men (+13%,P = 0.01). All other measured tissue contents andifferent points in time. For this purpose, itis not even necessar
ratios with respect to totdHP metabolites were not significantlyto convert the initially obtained raw values in absolute institu-

different for men and women. tional units to standard units which always introduces systemati
errors and—if renewed calibrations are needed—also addition:
DISCUSSION variation. Regular control measurements on phantoms suffice

establish constant hardware conditions over time. In the prese

The method presented allows for the determination of absolsetup it was found that over the course of half a year the harc
concentrations of phosphorous-containing metaboiitesvo. ware remained essentially constant with a coefficient of variatiol
It has the advantage that it does not necessitate the acquisifimrthe calibration measurements of 9% and without significan
of spectra from an external standard and it also does not requiends. The hardware correction facfgicould therefore remain
calibration measurements with sophisticated phantoms or undachanged for the whole study.
accurately matched coil-loading conditions. Furthermore, theThe absolute concentrations are subject to change, if somi
use of an external standard entails problems Bittiield inho- what differentT; relaxation times would have been chosen from
mogeneity between ROI and the position of this standard. Ttiee literature or if the effect of chemical exchange upon lon-
phantom replace technique suffers from inaccurate phantom pgaudinal relaxation 15) would have been included. However,
sitioning in the receive coil, while the external signal methg)d (it is expected that the millimolar values would not be affectec
does not correct for inhomogened&sand may have problems by more than a 10% change for most metabolites under th
with irreproducible signal pickup of the externally applied refexperimental conditions currently used. Based on the work o
erence signal. The main price to pay in the currently suggestdasonet al. (16), one might rather expect that a large part of
technique is that it requires additiorialvivo measurements to the spread in published tissue contents is due to differing voxe
accurately determine the locBl field under standardized con-content.
ditions. In the current setup a series of STEAM measurementdn most previous publications the phospholipid (PL) baseline
was used for this purpose. Other algorithris vhich can be (PL-BL)was not quantitated, either because it was not measure
less time-consuming, may be used equally well. It should I¢4) or because it was intentionally left out of the (time-domain)
noted that also in the current scheme it may be possible to Gi$€8). Indeed, one should not put much weight on the exact num
less acquisitions, pulse more rapidly, or use smaller volumes fmer also in the present study, because this certainly depends
the B; calibration, as it is not the amplitud&a,) but rather the the accuracy of the determined first-order correction, the dea
voltage Vmax at B1may) at the maximum signal that enters thé¢ime used, the obtained lineshape, and the appliednd T,
calculations. Another slight drawback of this method is that @orrections (equal; correction as for PDE in this study, while
only works with transmit/receive coils, and only those that have decay was corrected using the fitted Gauss and Lorentz d
a reasonably constaB; over the localized ROI. If the applied cay constants). However, a coefficient of variance of 7% fol
voltage, and thereford, .y, is measured before the final amplifi-this spectral component suggests that pathologic changes (
cation stage, the nonlinearity of the high-power amplifier coulgbtentially involved in dys- or demyelination) might be picked
influence the reciprocity correction (in the current setup an enugp and result in clinically relevant findings. A word of caution
lope feedback mechanism minimizes this effect). Furthermogsould also be added about the concentration of PDE obtaine
singular variations in receive sensitivity (hardware failure in thia this and other studies using undecoupl&® MRS. Because
receive circuit) might be interpreted as abnormal concentratiotisere is a smooth transition in linewidth from the mobile PDE
but this may equally well happen in other quantitation schemds.the moderately mobile PL, the relative attribution of the arec

The resulting absolute concentrations for a predominantiyder these peaks to either PDE or PL is somewhat arbitraril
white matter ROl in normal subjects compare well witllependent on the assumed model.
the values in the literature (Table 1) and the intersubject/If patients with potentially variable cerebral ¥tgcontents
interexamination standard deviations (SD in Table 1) are consate examined, or if proton decoupling is used, the applied prio
erably lower than those in most other studies. The latter maka®wledge and some of the constraints would have to be mod
the technigue attractive for absolute comparisons between sfid, but this could be accommodated in the fitting program usec
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In the case otH decoupling an additional correction factor fo10-ms echo time, 14-ms middle interval, 5-s repetition time)
the resulting nuclear Overhauser effect would have to be éx-ROI of 560 cm was chosen at the same ROI coordinates
perimentally determined and included in Eq. [4).(The fitting (4 cm in superior/inferior direction, 10 cm in right/left direction,
approach used currently is particularly valuable for the evalu&4 cm in anterior/posterior direction) as for the subsequent IS
tion of pH and Mg content, which relies on the determination gcquisitions. The repetition timef 6 s guarantees that patho-
frequency differences. This is reflected by the very low standdagic changes oT; would not translate into a misinterpretation
deviations for these parameters. of By signal strength, as even a 50% increas@&;invould not

In the present study, a gender difference for PDE and the raéidange the STEAM signal response by more than 5% within ¢
of PCr with respect to the summé&tP metabolite content hasrange of flip angles between 4&nd 135 and would leave the
been found. One should at this stage not draw physiologic cgiignal maximum at a flip angle of 9Qeffect on PCr, assuming
clusions from this finding, because the differences may either@e otherwise ideal sfrsignal response). For each subject four
incidental (multiple testing) or related to systematically unequi@ six spectra of 32 scans were acquired with the STEAM se
ROI content, because the ROI size was not adapted to differiigence, usually increasing the excitation power by a factor of 1.
head sizes. The reduced PCr and increased PDE contentsafetind the expected signal maximum. For the ISIS scans the e
male subjects may then be related to differences in white a@ithtion B, field was chosen relative to the approximaRacha,
gray matter contributions, rather than intrinsic gender-relatétich that the adiabatic excitation produced a signal maximur
effects that—for the frontal lobe—have been claimed to be if@r all resonances. Four spectra of 128 excitations each (total c
verse (7) to what was found in the present context. A stud§12 scans) were recorded. Conversion to standardized units w.
including more subjects of either sex will be needed to clarifalibrated using a 50 mM phosphate solution (pH 7.05) a€36
this issue. Data processing of the ISIS spectra included 4 Hz Gaussia

In conclusion, the technique presented provides a medhgadening, Fourier transformation after data reduction to 102.
for obtaining quantitativé’P MR spectra routinely, particu- points, and constant first-order phase correction {14 well
larly in a clinical setting, where lengthy calibration measurés automatic zero-order phasing. Spectral fitting was done wit
ments cannot be recorded for each patient. The relatively &g program TDFDFITY8) which performs aleast-squares min-
interexamination variations should lead to a better definition #iization in the frequency domain using prior knowledge con-
deviations with respect to the norm in individual patients argfraints and a time-domain model that takes all truncation ef

improved monitoring of changes in single subjects. fects into account. These constraints were initially formed using
an (unapodized) sum of all acquired spectra from all subjects
EXPERIMENTAL information from the literaturél4), and assumed physical con-

straints on linewidths, phases, and amplitudes. The model in

All 3P MR spectra were recorded on a clinical MR scannetuded the following resonances and constraints: PCr, the thre
(1.5-T Signa, General Electric) using a double-tuned bird ca@ P resonances (mostly from adenosine triphosphate), nicot
'H/3P head coil (quadrature fotP, linear for'H, GE Med- namide adenine dinucleotide and other dinucleotides (NAD), in.
ical Systems). The ISIS sequence consisted of adiabatic fotganic phosphate (R phosphomonoester (PME), and PDE, as
passage inversion pulses (5 ms in length) and an adiabatic haiéll as a model of the underlying PL baseline. All peaks were se
passage excitation pulse (hyperbolic secant modulation, 2.51upsas one or several Voigt lines, i.e., resonances with Lorentzia
in length) that was also reapplied after detectid®) ( Further (T,) and Gaussian (lineshape) damping. A common zero-orde
sequence parameters included the following: a 5000-Hz specphhse was fitted for all lines. The number of lines and specia
width; 2048 data points; dead timg = 80 uS; repetition time constraints were as follows: PCr, Pi, single peaks with equa
TR = 4 sin vivoand 2 to 30 3n vitro; relaxation delaytg = Gauss widthp-, 8-, andy-NTP, two doublets and one triplet
3.58 s; and delays between the localization pulses: first to secamith idealized symmetric intensities with equal Gauss width for
inversion pulse 13.2 ms, second to third inversion pulse 15.2 rits,constituent lines and equal Lorentz widths for the individual
and center of third inversion pulse to end of excitation pulse 21phosphates; NAD, a single peak with both widths equal to the
ms. PCrwas placed on resonance. The excitation null of the agiNTP peaks; PME, two lines with all parameters equal but sep
abatic pulse was placed downfield of PCr outside the spectaahated by 14 HzX4); PDE as two lines with equal position and
range of interest leading to a homogeneous excitation profile f8auss width, but vastly different Lorentz width (sum of Iohg
most of the spectral region of interest. However, the phospremd shortT, PDE that could also be interpreted as part of the
monoester peak might be somewhat underestimated. CerePiabaseline); PL, one broad @00 Hz Lorentz width) line cen-
spectra were recorded in 10 healthy subjects (5 male, 5 femadzed at PCr and a sum of equally spaced lines with equal widt
26+ 5 years) from a supraventricular ROI, placed to maximizgarameters (Lorentz width 150 Hz, Gauss width-100 Hz)
the white matter content for a given constant nominal ROI sitleat were set up to model the asymmetric baseline. The leas
for the ISIS localization of 70 cim(2 cm in superior/inferior squares sum was formed on the complex spectrum using a ran
direction, 5 cm in right/left direction, 7 cm in anterior/posterioof 57 ppm. Once prior knowledge was formed using the summe
direction). For theB; calibration with the STEAM sequencespectrum, the individual spectra were fitted, with the following
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additional constraints: All Lorentz widths were kept constanté. E. B. Cady, M. Wylezinska, J. Penrice, A. Lorek, and P. Amess, Quan-
The coupling constants i@-, -, andy-NTP were fixed at the titation of phosphorus metabolites in newborn humgn brain using in-
values found for the sum spectrum. The frequencies of Cr, Eigngaé)water as reference standaktagn. Reson. Imaging4, 293-304
NTP, NAD, PME, and PDE were linked. Similarly the Gauss . K. R. ‘i’hulborn F. E. Boada, G. X. Shen, J. D. Christensen, and T. G.
widths of PCr, all NTP lines, NAD, and PME were only allowed  geese, Correction o, inhorﬁogeneities u,sing echo-planar ir;1aging of
to vary in sync. The PL baseline components were treated as awater,Magn. Reson. Me®9, 369-375 (1998).
single entity, with only one common amplitude, frequency, an@. r. Buchli, C. O. Duc, E. Martin, and P. Boesiger, Assessment of absolut
Gauss width free to change_ metabolite concentrations in human tissuét MRSin vivo. Part |. Cere-

T, saturation was corrected using the median of the published Prum. cerebellum, cerebral gray and white matitagn. Reson. Med2,
T1 values listed in Ref.19) (0.875, 3.14, 1.64, 1.47, and 2.5 S9 LI;47I_4?420(ullt99:r)1;1 R. E. Richards, The signal-to-noise ratio of the
forDl\;l'{al:’,p l:o('ére,spsaz,;’nznfitﬁ:\gi,f :E:pse'l?té\fl\l%)s.pectra were sim- ?;;%?r magnetic resonance experimeht,Magn. Reson24, 71-85
ilar to those of the ISIS spectra. There was no first-order phWD. I. Hoult, The principle of reciprocity in signal strength calculations—A
correction and the baseline was described as a single wide line mathematical guideConcepts Magn. Resohi2, 173-187 (2000).
For the determination of the signal maximum as a function of in1. R. J. Ordidge, A. Connelly, and J. A. B. Lohmann, Image-seleictaiivo
put voltage, the sum of the PCg, Bnd NTP peak areas was used. spectroscopy (ISIS). A new technique for spatially selective NMR spec-
In order to get the best possible reproducibility even for low SNR  roscopy.J. Magn. Resor56, 283-294 (1986).
the fitting model for the individual spectraincluded as many prig¢- T- J- Lawry, G. S. Karczmar, M. W. Weiner, and G. B. Matson, Computer
knowledge constraints as possible. For those peaks which Werezrenslg?t'f\’ﬂneg '\zﬂgRgs_Sliza("lzgaégn techniques: An analysis of ISMEgn.
included in the sif signal fit, prior knowledge linked all fre- ' ' '

. &3. T. Ernst, R. Kreis, and B. D. Ross, Absolute quantitation of water and
quency, phase, and width parameters (except the pH-dependent,etanolites in the human brain. I. Compartments and witstagn. Reson.

frequency of P. B 102,1-8 (1993).
pH was determined from the frequency difference between. J. J. Potwarka, D. J. Drost, and P. C. Williamson, Quantifyidglecoupled
PCr and Pusing the equation and parameters of Peteoffl. in vivo 3'P brain spectra\MR Biomed12,8-14 (1999).

(20). MgZJr content was estimated from the frequency diffeft5. R. G. Spencer and K. W. Fishbein, Measurement of spin-lattice relaxatiol

ence of8-NTP and PCr using the equation and parameters as times and concentrations in systems with chemical exchange usingtl'_le on
ublished by lottiet al (21) pulse sequence: Breakdown of the Ernst model for partial saturation ir

P Statisti |y N ) d . ired t tailed nuclear magnetic resonance spectroscdpiagn. Resonl42,120-135
atistical comparisons were done using unpaired two-taile (2000).

t tests assuming equal variance and for gender comparisoRSg. r. mason, W. J. Chu, J. T. Vaughan, S. L. Ponder, D. B. Twieg, D.

single-factor analysis of variance with repetition. Adams, and H. P. Hetherington, Evaluation®P metabolite differences
in human cerebral gray and white mattélagn. Reson. Me®9, 346—-353
1998).
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