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ABSTRACT: The aim of this work was to study and correct the influence of varying coil load and localB1 field in
single volume MR spectroscopy. A simple, precise, and user-independent way to adjust the transmitter gain has been
developed and validated. It is based on a fit of the localized signal to flip angle variation around 90°. This method
proved to be robust againstB1 gradients and suitable forin vivoapplications. LocalB1 correction was combined with
an external reference and decomposition of the volume into CSF and tissue to obtain a comprehensive absolute
quantification of tissue water content and metabolite concentrations in human brain. STEAM localized spectra of
parietal and insular gray matter and subparietal white matter (n = 11, TE= 30 ms) were analyzed using a linear
combination of model spectra (LCModel). Coefficients of variation (CV) between 1.5% and 4% were obtained for the
tissue water content (1–2% in a single subject). The CVs of major metabolite concentrations (4–21%) were dominated
by the errors of the spectral analysis.

The largestB1 variation in thein vivo experiments (range 30%) was due to changes in coil load. Differences in
regional sensitivity due toB1 inhomogeneity (parietal: 8% and 9%; insular: 16%) were found to be the second largest
source of variation. Correction for localB1 improved standard deviations and intra-subject reproducibility. On
average, sensitivity was 9% less in insular than in parietal gray matter. If ignored, significant differences were
introduced for water and N-acetyl-aspartate or were obscured for creatine and cholines. Hence, local sensitivity
correction proved to be necessary for regional comparison of absolute metabolite concentrations.
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INTRODUCTION

Although the theory of the NMR signal is well under-
stood1,2 there is no general agreement on a quantification
procedure forin vivo proton MR spectroscopy (MRS).
Changes of the sensitivity, i.e. the relation between NMR
signal strength and transverse magnetizationMtr, are
caused by the interaction of the RF hardware and the

sample. They have to be corrected in order to yield
comparability between different experiments. Absolute
quantification generally consists of two steps: correction
of the measured signalS for changes of the sensitivity;
and calibration of the corrected signalScorr with a
standard of known concentration.6 Sensitivity correction
yields a quantification in arbitrary ‘institutional’ units,
which are then converted into absolute molar units
obtained from the standard.

The quantification techniques published so far differ
mainly in the way the sensitivity is corrected: using an
external3–5 phantom, which by necessity is placed on the
fringes of the RF coil, involves the assumption of
negligible RF inhomogeneity.8 If the principle of
reciprocity between the normalizedB1 field and the
sensitivity is used,6,7 it is assumed that there are no long-
term changes and that the coil has constant impedance,
i.e. is reliably matched and tuned.8 Although the
reciprocity principle can be used to correct for RF
inhomogeneity,7 this may not be fully accounted for if the
amplitude of a non-selective reference pulse is used.6,8

The aim of this work was to strengthen the reliability
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of quantificationby avoiding assumptionson the MR
system’sRFhardwareandontheperformanceof thepre-
scan routines which calibrate the flip angle. For this
purpose,we developeda preciseand user-independent
method to determine the local sensitivity from the
localized water signal. The theoretical flip angle
dependenceof the localized signal was fitted to a few
unsuppressedscansobtainedat variousvaluesof theRF
amplifier’s transmittergain (TG). The correctTG at the
locationof theVOI is determinedfrom themaximumof
the localizedsignal,and thus independentof systemor
useradjustments.From this value,a measureis derived
for the sensitivity of the MR signal for each VOI
accordingto the local natureof thereciprocityprinciple.
This made it possible to study the effects of RF
inhomogeneityon the quantificationof single volume
MRS data.

A quantificationtechniqueis suggestedto eliminate
the influenceof RF inhomogeneity,long-term changes
andcoil impedanceontheMR signal.Sensitivitychanges
arecorrectedby a combinationof externalreferenceand
theprincipleof reciprocity.Themethodwasvalidatedin
phantomexperimentsand was usedto quantify tissue
water and metabolitesfrom STEAM9 localized proton
spectraof parietaland insular gray matterand parietal
white matter.

THEORY

TheproportionalitybetweentheRFcurrentItra thatis fed
into the coil and the resulting magneticfield B1(x) is
fundamentalfor bothexcitationandreceptionsensitivity.
It is convenientlydescribedby the normalizedRF field
B1(x)/Itra, but neither B1 nor Itra can be determinedin
normal consoleoperation.B1(x)/Itra changeswith coil
load, and the transmittedvoltageUtra has to be scaled
accordingly to match flip anglesa with their nominal
valuesanom. In this work we derivea measurefor B1(x)/
Itra from the adjustmentof the transmitteramplification,
which for the sakeof generalityis expressedasa linear
transmitterreferenceRtra. Dependenton theMR system,
eitherthepeakvoltagesof theRF pulsesor a transmitter
gain is accessibleto the operator.Peakvoltagesdepend
ontheRFpulseandflip angle,butmaybeuseddirectly if
they refer to a ‘referencepulse’ of consistentduration,
shape and flip angle. Transmitter gains are often
independentof pulseshapeandflip angle,but given in
logarithmicdecibelunits,which haveto be linearizedto
yield proportionalityto B1(x)/Itra.

Inhomogeneityof the RF field is, of course, not
adequatelydescribedby a single Rtra value. Spatial
variation of B1(x)/Itra will result in a corresponding
distributionof flip angles.Let Rtra(x) be the transmitter
reference that gives correct flip angles at point x.
Deviations from the nominal flip angle correspondto
the mismatch of the chosen transmitter reference

Rnom
tra from Rtra(x):

��x� � �nom
Rnom

tra

Rtra�x� : �1�

In this studywe vary a(x) by Rnom
tra in orderto determine

the local Rtra(x) from the flip angledependenceof the
localized signal. BecauseRtra refers to the transmitted
voltage Utra = Z�Itra (and not to the current), the coil
impedanceZ mayhaveto be takeninto account:

Rtra�x� / Itra � Z
B1�x� : �2�

According to the reciprocity betweentransmissionand
reception,1,2 the normalizedRF field B1(x)/Itra at point x
alsogovernsthelocalsensitivity,i.e. thesignalSinduced
by transversemagnetizationMtr(x). In single volume
MRS,theVOI is smallcomparedto coil dimensions,and
RF homogeneitycanbeassumedacrossthevolumeV:

S
V
/ B1

Itra
�Mtr: �3�

In thefollowing V, Mtr, B1/Itra areconsideredfor a given
VOI. The spatialdependenceis omitted to simplify the
equations.Of note,theseparametersmaydiffer between
differentVOIs.Theproblemof sensitivitycorrectionis to
find a suitable experimentalestimationof B1/Itra that
establishesproportionalitybetweenthe correctedsignal
andMtr. Useof eq.(2) yields

S � Rtra

V
/ Z �Mtr; �4�

which is usedto correctthe signal for the VOI specific
parametersV and Rtra, i.e. the local B1 field. This
correctionallows the signal from different VOIs to be
comparedwithin one examination.However, Z may
changewith the coil load of eachindividual experiment
or due to errorsof the tuning and matchingprocedure.
Theseinter-experimentalchangescanbemonitoredby a
referencemeasurementin a stableexternalphantom.3–5

After correctionwith Rext
tra andVext, theexternalreference

signalSext maybeusedasa measurefor Z:

Sext � R
ext
tra

Vext
/ Z: �5�

Moreover, the proportionality in eqs. (2)–(5) may be
subject to long-term RF changes,e.g. aging of the
amplifiertubeor changeof hardwarecomponents.These
will require a repetition of the calibration, if the
correctionis basedon the principle of reciprocity only.
Thefinal correction

Scorr � S � Rtra � Vext

Sext � Rext
tra � V

/ Mtr / concentration �6�

eliminatesRF inhomogeneitiesaswell asimpedanceand
long-term changesto render Scorr proportional to the
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concentration.Arbitrary factorsandsystematicerrorsof
Rtra will cancelby division, as well as deviationsof V
from the nominal value, if the same localization is
applied.

MATERIALS AND METHOD

Thestudywasperformedon a 1.5T clinical MR system
(Signa Advantage,GeneralElectric Medical Systems,
Milwaukee,WI) usingthe standardquadraturetransmit/
receive birdcagehead coil. No individual tuning and
matchingwasperformed.T1-weightedthree-dimensional
spoiledgradientecho(SPGR)images(TR/TE/a = 18ms/
4.8ms/20°) in coronal view were usedto position the
VOIs for STEAM localization(‘steamcsi’,release5.4.3).
Eleven VOIs of gray matter (GM) in the paramedian-
parietal (pmp) and the insular (ins) region, as well as
parietalwhite matter(pa WM) wereexamined.Typical
VOI positions are shown in Fig. 1. The VOIs were
individually adjusted to minimize gray/white matter
partial volume effects.VOI size wasbetween6 ml and
17ml with averagevolumesof 13.1ml (paGM) 10.7ml
(ins GM) and 9.1ml (pa WM). Time parameterswere
TR/TE/TM = 6000/30/13.7ms for conventional aver-
agingof 64watersuppressedscans.OptimizedRFpulses
were usedfor slice selectionand water suppression.10

Thebandwidthof thewatersuppressionpulseshadbeen
reducedto 40Hz in order to preservethe methylene
singlet of creatine.All acquisitionswere recordedat
maximum receiver gain, which made corrections for
different receiversettingsunnecessary.Seventeenyoung
healthyadults(12 male/5female)agedbetween22 and
32 years(mean26 years)wereexaminedin two regions
according to the ethical guidelinesof the Karolinska
Hospital. Another male volunteer (27 years) was
examinedfive times in all threeregionsto study intra-
subjectreproducibility.

The spectroscopyprotocol comprisedmanual shim-
mingonthelocalizedwatersignal,manualadjustmentof
thewatersuppression,acquisitionof a referencescanfor
eddy current correction and two series of single
acquisitionsof unsuppressedwater signal. In the first

series (‘TG series’) the transmitter gain was varied
through40, 55, 70, 85, 100and115(systemunits, tenth
of decibel).The secondseries(‘TE series’)consistedof
eight acquisitionsat echotimesof 30, 45, 67, 100,200,
500,900 and1500ms to allow estimationof the sizeof
watercompartmentsin the VOI asdescribedin Ernstet
al.4. The time betweentwo acquisitionswas15 s. Thus,
the additional time required for quantification was
1.5min for eachTG seriesand2 min for eachTE series.
The watersignalwasmeasuredas the maximumof the
acquiredhalf echo,whichis displayedafteracquisitionas
the fraction of the dynamicrangeof the analog–digital
converter.In theseseries,theSTEAM sequencewasrun
without suppressionto avoid arbitrarysaturationdue to
RF leakage from the unblanked transmitter. If the
amplitudeof thelong suppressionpulseswassetto zero,
thewaterwasfound to beup to 20%saturated.

A water-filled glass sphereof 6 cm diameter was
mountedatareproduciblepositiononthecoil axisbehind
the subject’shead.In order to achievereproducibleB0

conditions,the patient’sbedwasmovedto position the
sphereat magnetisocenteranda pre-definedsetof shim
currentswasloaded.A TG serieswasthenacquiredfrom
a cubicVOI of 1.7cm sidein theexternalphantom.

Postprocessing

SystemTG valuesin tenthsof decibelwere linearized
using

Rtra � 10�TG=200� �7�
In this studytheflip angleis variedby changingTG for
anom= 90° andobservedindirectly throughtheflip angle
dependenceof theSTEAM signal:

S/ sin3� � sin3 90�
Rnom

tra

Rtra

� �
�8�

wherethe chosenvaluesaredenotedby Rnom
tra . Equation

(8) was fitted to the TG series both in the external
phantomandthe VOIs. Fromthe fitted curvesthe water
signalat 90° flip angleandthe transmitterreferenceRtra

were determined, i.e. the signal maximum and its
position. The water signal of the TE serieswas then
scaledaccordingto eq. (6) by the volumesize,Rtra and
thereferencesignal.Thedeviationfrom theideal90° flip
angleas expressedin eq. (8) was also correctedfor. A
biexponentialdecaywasthenfitted to the datapointsof
the TE series.The Levenberg–Marquardtalgorithmwas
usedfor nonlinear least-squarefitting. The component
with shortT2 of thebiexponentialfit of theTEserieswas
assignedto tissue water, the long T2 componentto
CSF.3,4 Some of the WM VOIs containedlittle CSF,
which prevented a reproducible fit of the long T2

component.Using the estimateof CSFT2 from the GM
voxels(950ms) revealedCSFcontributionsof lessthan

Figure 1. Typical VOI positions on coronal three-dimensional
SPGR images: paramedian±parietal gray matter (pmp GM),
parietal white matter (pa WM) and insular gray matter (ins
GM) (left to right)
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2% in accordancewith Ernst et al.4. The T2 corrected
amplitudeswere expressedas fractional water signal
stissue and sCSF comparedto 100% water in the VOI
(Fig. 2). Assumingfull MR ‘visibility’ of theCSFsignal,
sCSF equalsthe fraction of the VOI containingCSF.V
wasreplacedby thepartial tissuevolume

Vtissue� �1ÿ sCSF=100%� � V �9�
in order to estimateaveragetissue concentrationsof
metabolites.Relating stissue to Vtissue yielded the tissue
watercontent

TWC� stissue=�1ÿ sCSF=100%� �10�
Thewatersuppressedtime domaindatawascorrected

for phasedistortions11 and analyzedin theppm region
between1.0 and4.0ppm usingthe LCModel program12

without further correctionfor relaxationeffects.Details
of thespectralanalysishavebeenpublishedelsewhere.13

Typical spectrafrom the threeregionsareshownin Fig.
3. Forcalibrationthesameprotocolasin vivowasrunon
aphantomcontainingasolutionof brainmetabolites.13 A
spectrumwith high signal-to-noiseanda TE serieswas
scaledaccordingly and used as a standardfor molar
metaboliteconcentrationsand100%water.

RESULTS

Phantom experiments

Linearity of the localized signal to slice thicknesswas
excellently obeyedin the rangebetween6 and 40mm
(deviations< 1%, Pearson’scoefficient of correlation
r > 0.999).B0 inhomogeneitiesmay distort the shapeof
the selectedVOI or changethe refocusing and thus
influencethe localizedsignal.Shimmingthe linear coils

changedthe localized signal less than 1%. Figure 4A
showsthesignaloverawiderangeof TG valuestogether
with the fitted sin3a curve.The somewhatlarger signal
measuredfor verysmallandvery largeTG arecausedby
changesin thesliceprofile dueto thenonlinearityof the
excitation.

To verify theapplicabilityof thefitting methodin off-
center positions (i.e. in the external phantom), the
phantomwascenteredat the lower openingof the head
coil and different positions on the coil axis were
examinedin thegradientof theRFfield. Whennecessary
the numberof TG pointswasextendeduntil flip angles
greaterthan 90° were reachedto warrant an accurate
determinationof the maximum.The signal from a VOI
position8 cmoutsidetheheadcoil illustratestheeffectof
an B1 gradientacrossthe VOI (Fig. 4B). For small flip
angles the sin3a dependenceis well obeyed by the
averagesignal,becausethe B1 gradientcreatesa signal
gradientacrosstheVOI. With theflip angleapproaching

Figure 2. Biexponential ®t to the unsuppressed water signal
measured at various TE in pmp GM. The signal is given
relative to 100% water in the VOI. Up to 16% CSF was
observed in the gray matter VOIs

Figure 3. LCModel analysis of typical spectra obtained at
TE = 30 ms from paramedian±parietal gray matter (pmp
GM), parietal white matter (pa WM), and insular gray matter
(ins GM) of one subject. Not to scale. The top traces show the
residues of the ®t. The main metabolites have been assigned
in the spectrum of pmp GM
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90° the signal distribution is flattenedon one side and
finally becomes convex. Consequently,the average
signal from the VOI is decreasedat the maximumand
appearsbelowthefittedcurve.Rtra was2.8higherthanat

Figure 4. (A) The localized STEAM signal at coil center
measured in a phantom over a wide range of TG values. The
x-axis shows Rnom

tra in linear scale [eq. (7)]. The RF pulses were
optimized for 90° excitation. The ®tted sin3a dependence is
excellently followed between 70° and 110° and well
followed between 45° and 145°. Deviations at higher and
lower ¯ip angles are caused by the nonlinearity of the slice
excitation. Reducing the range of points changed the ®tted
parameters by less than 1%. (B) The localized STEAM signal
in the presence of a strong B1 ®eld gradient. Around the
maximum the signal is markedly reduced due to incomplete
excitation on both sides of the VOI. At lower ¯ip angles the
¯ip angle gradient is averaged out across the VOI. (C) The
sin3a curve ®tted to six points measured in vivo as de®ned by
the TG series of the protocol. Rtra can be determined within
1.5%

Figure 5. Scatter plots of the localized water signal versus
the inverse local transmitter reference. (A) Reference signal
from the external phantom Sext for various coil loads
(squares) and Sext

corr after multiplication with Rext
tra (dots). Sext

corr
monitors the impedance of the loaded coil [eq. (5)]. A
change of 5% in Sext

corr remained over the in vivo TG range. (B)
Reference signal from the external phantom Sext for the 17
subjects. The calibration experiment is indicated by the open
diamond. The ®tted proportionality constant is indicated by
the dotted line. Signals in A and B are not to scale due to
hardware changes. (C) Tissue water content [TWC, eq. (10)]
estimated external referencing without local sensitivity
correction. The lines indicate the ®tted proportionality
constants (ins GM: ®lled squares and bold line; pmp GM:
open squares, dashed line; pa WM: open diamonds and
dotted line)
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thecoil center.Multiplication resultedin a differenceof
2.5% betweenthe correctedsignals.Closer to the coil
center the positive deviation decreasedwith the RF
gradient.

A wide rangeof coil loadswasrealizedby increasing
thedistanceof a high loadphantomfrom thecoil center.
The resonancefrequencyof the water signal varied by
lessthan 50Hz. The externalreferencesignal Sext was
linearto 1=Rext

tra overawiderangeof coil loads(r = 0.998
as indicated in Fig. 5A), but showed a considerable
increasefor smallloads.Sext

corr changedby 5%overtheTG
rangeobservedfor humansubjects.

Variations of the local RF ®eld in vivo

The externalreferencemeasurementshowedthe varia-
tion of B1 with headsizeat a reproduciblepositionin the
coil. TG was found to be between76 and 102 in adult
subjects,which correspondedto Rext

tra between2.40 and
3.23, i.e. a rangeof 30% (Fig. 5B). The corresponding
variation in Sext was well correlated (r = 0.97) and
reducedthe coefficient of variation (CV) of Sext

corr from
8.8%to 2.3%.Therangeof theTG serieswaschosento
satisfysufficientoverlapwith thesignalmaximumfor RF
loads observedon humansubjects.Higher TG values
wereavoided,becausefor a approaching180° thesignal
showednonlineardeviationsfrom the sin3a dependence
due to strongerexcitation at the marginsof the VOI.
Systematicdeviationsfrom thesin3a curveovertherange
of the TG series were found to be smaller than the
experimentalerror in vivo (Fig. 4C). Rtra could be
reproducedwithin 1.5%on thesameVOI in vivo, evenif
singleoutlierswerepresent.

Rext
tra=Rtra is a measurefor the sensitivity difference

betweenthe VOI and a referenceposition in the coil
(definedby the externalphantom).Figure5C showsthe

concomitantchangeof the TWC (Table1, method3 as
definedbelow) in thethreeregions.Thesewerelargerin
the insular region (16% interval) than in the parietal
regions(8%intervalin GM, 9%in WM). Exceptfor pmp
GM, Rext

tra=Rtra variedoverawider rangethanCSFpartial
volumeandthusproved,to bethesecondbiggestsource
of signalvariation (Table1). On average,Rext

tra=Rtra was
9% lower in insularGM thanin parietalGM (p< 0.001,
unpairedtwo-sidedt-test).

Tissue water content and metabolite concentra-
tions

For comparisonwith previously published work and
demonstrationof systematiceffects(as in Danielsenet
al.8) we applieddifferentcorrectionmethodsto thedata.
Method1 is our combinedcorrectionasgiven in eq.(6).
Method2 correctsby the principle of reciprocity,but is
based on the local B1 alone [omitting the external
referencein eq. (6)]. Method3 is the commonexternal
reference method, without accounting for local B1

[omitting Rtra and Rext
tra in eq. (6)]. The flip angle

correction and the correction for CSF partial volume
wereretained.For a synopsisof the resultsfor the three
regions with sourcesof signal variation see Table 1.
Without the externalreference(Method 2) the average
TWC is shiftedto significantlylower valuesfor all three
regionsalike (p< 0.001,unpairedtwo-sidedt-test).The
standarddeviations(SD) did not increase.Ignoringlocal
B1 (Method3) resultedin regionallydependentchanges.
SDsincreasedfor all threeregions,mostprominentlyin
parietalWM. The reproducibility study was performed
afterreplacementof theRF preamplifier,which causeda
nominaldecreaseof ‘institutional’ signalunits by 35%.
Externalreferencingyieldedresultsthat wereconsistent
with the studygroup(Tables1 and2). Local sensitivity

Table 1. Tissue water in three different brain regions as estimated from the T2 measurement of the localized water
signala and sources of signal variationsb obtained from the water signal

InsularGM ParietalGM ParietalWM

Tissuewatercontentc (%)
(1) Externalreferenceandlocal Rtra (n = 11):d 73.8� 2.6 73.3� 1.9 62.9� 0.9
(2) Without externalreference:e 70.7� 2.7*** g 69.4� 1.4*** 60.3� 0.9***
(3) Without local Rtra:

f 69.7� 3.8* 76.1� 2.3*** 65.5� 2.1**
Repetitivestudy(n = 5) 71.9� 1.8 75.0� 1.3 63.3� 0.7

T2 of tissuewater (ms) 78.3� 3.1 77.3� 2.6 79.1� 1.6
CSFsignal/partialvolumesCSF 5.0–13.2%(8%) 7.2–16.5%(9%) 1.3–5.6%(4%)
Rext

tra=Rtra 0.868–1.031(20%) 0.982–1.062(8%) 0.986–1.076(9%)
Rext

tra
g 2.57–3.22(23%) 2.40–3.07(23%) 2.40–3.22(30%)

a Valuesaregiven asmean� SD.
b Rangeof values(andcorrespondingrangeof signalvariation).
c Values[eq. (10)] arecorrectedfor T2 relaxation,CSFcontributionandflip angledeviation.
d Quantification basedon eq.(6) combining externalreferenceandthe local reference.
e Obtainedby omitting theexternalreferencesignalSext � Rext

tra=V
ext in eq. (6).

f Obtainedby omitting theRext
tra andRtra in eq. (6).

g Significancelevelsof a pairedtwo-sidedt-testagainstthecombinedMethod1 areindicatedby asterisks:* p< 0.05;** p< 0.01;*** p< 0.001.
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correctionreducedtheSDsof TWC by half, eventhough
the sensitivity differencesbetweenthe four VOIs were
rather small (<3.5%) and did not influence the TWC
significantly(p> 0.05,pairedtwo-sidedt-test).

Table 2 showsthe estimatedtissueconcentrationsin
millimol/liter (mM) of the main metabolitestotal N-
acetyl-aspartate(tNAA) (including NAA-glutamate),
total creatine(tCr) and choline containingcompounds
(Cho). Significant differences(p< 0.05, unpairedtwo-
sidedt -test)betweentheGM regionswerefoundfor tCr
andCho,which arehigherin the insularregion,but not
for tNAA. In white matter, creatinewas significantly
lowerthanin bothGM regions(p< 0.01).Thesomewhat
higherChoconcentrationsin parietalWM did not reach
significance. When applying different correction
methods,similar changesof the calculatedmetabolite
concentrationswerefoundasfor thetissuewatercontent,
but thesewere still in the rangeof reportedvalues.2–7

Although the SD of tNAA concentrationsincreased
markedlyin ins GM without local sensitivitycorrection,
tNAA appearedto beof significantlylowerconcentration
thanin pmpGM (p< 0.001).Thedifferencesin tCr and
Cho wereobscuredif the differencein local sensitivity
wasnot accountedfor.

DISCUSSION

Tissue water content and metabolites

Previousestimatesof TWC in parietalWM andGM, that
weremeasuredusingthesameMR systemandlocaliza-
tion sequence,14 could be reproducedwithin experimen-
tal error when the same correction scheme(external
reference,method2) wasapplied.As thelocal sensitivity

correctiondecreasedthesignalfrom theparietalregions,
somewhatlower estimateswere obtainedby the com-
binedapproachof thisstudy.ThewhitematterVOIswere
quite homogeneous,indicatedby CVs of 1.5% in the
groupor 1% in onesubject.Thus,it may be possibleto
detectsubtlestructuralchangesin WM onthebasisof the
TWC. Reversing the argument, the TWC estimate
provides an additional control of the quantitation, if
thereis no majorstructuralvariation.TheaverageTWC
was the same in both gray matter regions (p = 0.67,
unpairedtwo-sidedt-test).However,thismaynot readily
be interpretedin termsof structuralsimilarity, because
eachgray matterVOI containsan individual amountof
white matter. The somewhat larger CVs of 3–4%
observedin GM (in one subject 1.7% and 2.5% for
pmp and ins GM) comprisebiological variation, GM/
WM proportion and quantification error. The main
metabolite concentrationswere estimatedfrom single
spectrawith Cramer–Raolower boundsbetween4% and
16%(asgivenby theLCModel outputparameter% SD).
Hence,errorsof metaboliteconcentrationswere domi-
natedby theerrorof spectralanalysis,asindicatedby the
absenceof a correlationbetweentNAA andTWC.

GoodagreementbetweenLCModel analysisof 2.0T
and1.5T spectrahasbeenshownfor parietalWM and
GM.13 With the slightly T2-weightedquantificationof
metabolitesaboutsametNAA concentrationswerefound
all threeregions.Reportsof tNAA differencesbetween
grayandwhite matterat shortTE5,8,14–16maybe dueto
signal-to-noiseratio SNR-dependentdifferencesin the
baselineestimationor whether partial CSF volume is
accountedfor. A recent single-volumeMRS study of
different brain regions14 revealed higher levels of
creatineandcholinesin the insular regioncomparedto
pmp GM. Calculating averageVOI concentrationsby

Table 2. Concentrations of main metabolites (tNAA, tCr, Cho) in three different brain regions as determined by
LCModel analysis and three different quanti®cation methods

InsularGM ParietalGM ParietalWM

NAA� NAA-glutamate= tNAA
(1) Externalreferenceandlocal Rtra (n = 11) 10.32� 0.37 10.40� 0.61 10.15� 0.46
(2) Without externalreference 9.86� 0.39*** 9.87� 0.72*** 9.74� 0.44***
(3) Without local Rtra 9.97� 0.66 10.82� 0.71*** 10.50� 0.46*
Repetitivestudy(n = 5) 9.68� 0.53 10.52� 0.30 10.87� 0.55

Creatine� P-creatine= tCr
(1) Externalreferenceandlocal Rtra 7.02� 0.55 6.50� 0.74 5.40� 0.47
(2) Without externalreference 6.96� 0.54*** 6.16� 0.61*** 5.08� 0.39***
(3) Without local Rtra 7.03� 0.62 6.75� 0.66*** 5.48� 0.54*
Repetitivestudy 6.97� 0.24 6.85� 0.61 5.20� 0.47

Cholinecompounds= Cho
(1) Externalreferenceandlocal Rtra 1.38� 0.12 1.15� 0.25 1.46� 0.15
(2) Without externalreference 1.32� 0.11*** 1.09� 0.23*** 1.40� 0.13***
(3) Without local Rtra 1.33� 0.14 1.20� 0.26*** 1.51� 0.15**
Repetitivestudy 1.21� 0.07 0.97� 0.10 1.30� 0.09

a All valuesaregiven in mean� SD correctedfor CSFpartial volumeandto 90° flip angle.
Seealsolegendto Table1.
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omitting the correctionfor CSFpartial volume[eq. (9)]
renderedourdatain quantitativeagreementwith Pouwels
andFrahm.14

Quanti®cation

Least squarefit of the flip angledependencehasbeen
found to be the most robust method to calibrate the
excitation flip angle in MRI sequences.17 Since the fit
links anumberof independentscans,theresultis stableto
single outliers. However, the sin3a dependenceof the
signalis not strictly valid, becausethelocalizedsignalis
givenby integrationovertheflip angledistributionacross
theslices.Thisdistribution,however,is knownto change
nonlinearlywith B1. Exclusionof highflip anglesandthe
useof RF pulseswhich havebeenoptimizedfor 90° flip
angle10 mayexplainwhy thesin3a dependencyis obeyed
with acceptableaccuracy.A possiblesystematicshift of
the maximum as observedby others(Fig. 2 in Pan et
al.15) will cancelby division of Rtra andRext

tra in eq.(6).
In two aspectsthe suggestedquantificationtechnique

is different from methods published so far: first, it
corrects for all changesof the sensitivity through a
combinationof the localizedreferencemethod7 andthe
externalreferencemethod.3–5 Secondly,it reliesonly on
formalized mathematicaloperationsand is, therefore,
independentof flip anglecalibrationor operatoradjust-
ments.The flip angle of a modified water suppression
pulsehasbeensuggestedto correctfor local sensitivity.7

This flip angle,however,is likely to dependon T1 and
compartmentation of the in vivo water signal and gave
lesspreciseresults(4% CV) for WM watercontent.

TWC provides the best basis for a comparisonof
different correctionschemes,becauseof the high SNR
and becausethe biexponentialfit providesa correction
for T2 relaxation and CSF partial volume. Metabolite
concentrations,however, show inferior reproducibility
dueto theerrorintroducedby thelow SNRof thespectra.
The larger CV of metaboliteconcentrationsmay have
disguisedtheeffectsof RFinhomogeneitiesunderin vivo
conditions.

The comparisonbetweenMethods2 and3 (Tables1
and 2) is in accordancewith a previous comparison
betweenthe externalreferenceand the local reference
methodfor parietalWM andparieto-occipitalGM.8 As in
our study, the local referencemethod gave smaller
variationsandtheexternalreferencemethodgavehigher
concentrations.Thehighersignificancebetweenthelocal
andexternalreferenceobtainedin this study(p< 0.002
of a pairedtwo-sidedt-testfor everymetabolite)maybe
explainedby thelack of individual tuningandmatching.
Sext of the calibration experimentshowed a positive
deviationfrom the proportionality(diamondin Fig. 5B)
and renderedSext

corr (and thus Z) at the upperend of the
rangeobtainedin subjectexaminations.Thus,the in vivo
experimentswere systematicallyunderestimatedif Sext

corr

wasignored.TherelativeSDsdid not improve,probably
becauseirreproducible susceptibility effects from the
water/glass/airinterfacegive rise to additionalerrors.

The regionalsensitivity differencebetweenVOI and
externalphantom�Rext

tra=Rtra� dependson the positioning
of the headrelative to the coil’s RF field, andmay thus
vary with subjectandthecoil used.The largestrangeof
B1 differencesfrom the externalphantomwasobserved
in insular GM. This region is locatedsomewhatmore
lateralandinferior thanthe parietalregionsandis more
susceptibleto off-center inhomogeneityof the RF coil.
These may impose larger variation and reduce the
sensitivity.Local sensitivity correctionprovednot only
crucial for comparisonwith the externalreference,but
also the comparisonbetween different regions, here
exemplifiedby insular and parietal cortex. Ignoring B1

inhomogeneityresulted in anti-intuitive findings like
reducedtNAA and TWC in the insular region. On the
otherhand,significantdifferencesin Cho and tCr were
obscured. Local sensitivity correction proved to be
beneficialfor both the precisionandthe accuracyof the
quantificationat 1.5T andfor a commercialheadcoil. It
maybeespeciallyusefulfor higherfield strengthsandrf
coils of inferior homogeneity.

CONCLUSION

Fitting the signaldependencearoundthe 90° maximum
of thelocalizedSTEAM signalwasfoundto bea robust,
time efficient anduser-independentway to determinea
linearreference(Rtra) for thelocal sensitivityof theMRS
signal. Precisionand accuracyof the estimatedmeta-
bolite concentrationscan be improved by applying a
correctionfor local sensitivity,especiallyin lateral and
inferior regions. This should be combined with an
external reference measurementto avoid systematic
shifts of the estimatedconcentrations.If the loadedcoil
network is not individually tuned and matched,this is
particularly important for the calibration on model
solutions, where coil load and impedancemay differ
from humansubjects.AlthoughtheobservedregionalB1

differencesare hardwaredependent,their effect should
be carefully consideredbefore regional concentration
differencesmay be interpretedin terms of underlying
physiologicalor pathologicalconditions.
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