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Magnetization transfer attenuation of creatine resonances
in localized proton MRS of human brain in vivo
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ABSTRACT: To assess putative magnetization transfer effects on the proton resonances of cerebral metabolites in
human brain, we performed quantitative proton magnetic resonance spectroscopy (2.0 T, STRAM,

TM = 6000/40/10 ms, LCModel data evaluation) of white matter (7.68 mL, 10 healthy young subjects) in the absence
and presence of fast repetitive off-resonance irradiation (2.1 kHz from the water resonance) using a train of 100
Gaussian-shaped RF pulses (12.8 ms duration, 120 Hz nominal bandwidth, 40 ms repetition perfodpa08al

flip angle). A comparison of pertinent metabolite concentrations revealed a magnetization transfer attenuation factor
of the methyl and methylene resonances of creatine and phosphocreatine #f@@ p < 0.01). No attenuation

was observed for the resonancesMhcetylaspartate anb-acetylaspartylglutamate, glutamate and glutamine,
choline-containing compounds, andycinositol. The finding for total creatine is in excellent agreement with data
reported for rat brain. The results are consistent with the hypothesis of a chemical exchange of mobile creatine or
phosphocreatine molecules with a small immobilized or ‘bound’ pool. Copyfigh®99 John Wiley & Sons, Ltd.
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INTRODUCTION or chemical exchange of atoms or molecular groups.
Such interactions form the basis for MT contrast of water
Because macromolecular components as well as proteinprotons, i.e. hydroxyl protons, which gives novel
and membrane-bound constituents of biological tissuesinformation on the macromolecular content of the tissue
are motionally restricted witfi, relaxation times of less  investigated.
than 10Qus, they cannot be observed by magnetic In contrast to water MT effects, little is known about
resonance imaging (MRI) or spectroscopy (MRS) the macromolecular interactions of mobile intracellular
sequences that caude losses between radiofrequency metabolites that are detectable by localized proton MRS
(RF) excitation and data acquisition. It is, however, and the question of to what degree non-exchanging
possible to detect pertinent signal contributions indirectly metabolite resonances are susceptible to MT attenuation.
by selectively saturating the invisible ‘immobile’ pool of For example, the apparent underestimation of the creatine
magnetization, e.g. by off-resonance irradiation, and and phosphocreatine (tCr) concentration in early MRS
measuring the attenuation imposed onto the observablestudies of human brain relative to biochemical determi-
NMR signal representing ‘mobile’ magnetization in nations in rats led to the hypothesis of a bound fraction of
comparison to a control experiment without irradiatfon. ‘NMR-invisible’ tCr.? Although MT attenuation of tCr
The underlying mechanisms for this ‘magnetization proton resonances could be observed in rat Braat 4.7
transfer’ (MT) process are dipolar cross-relaxation T, human studies at a lower field strength have been
between nuclear spin moments in either compartmenthampered by safety regulations concerning the maximum
RF power deposition and technical restrictions of clinical
*Correspondence t0G. Helms, Karolinska MR Research Center, MRI systems that limit the maximum duty cycle of the
Karolinska Hospital, N8, S-17176 Stockholm, Sweden. RF transmitter.
E-mail: gunther@mrc.ks.se The purpose of this work was to (i) overcome the
Abbreviations used: Cho, choline-containing compounds; Cr, crea- aforementioned prOblng by th(? development of a p_ulsed
tine; Glu, glutamate: Gln, glutamine; Insnyoinositol: MRS, off—rt_esonance satgrathn.technlque as an alternative to
magnetic resonance spectroscopy; MT, magnetization transfer; tNAA, continuous-wave irradiatict or the use of resonant

N-acet)t/_laspartate and\lF-)%cetylﬁspaLtylgIuta:_mate;RFNMR(,j_ ]rjuclear binomial pulseSL;, and (ii) to unequivocally identify and
magnetic resonance; r, phosphocreatine; , radiofrequency; : :
SNR, signal-to-noise ratio; STEAM, stimulated echo acquisition quantlfy MT attenuation effects on tCr and other

mode; tCr, total creatine; VOI; volume-of-interest. metabolites in human brain vivo.
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MATERIALS AND METHODS
Localized proton MRS

Studiesof 10 healthyadults(five female/fivemale, age
range 20-40 years) were carried out at 2.0T using
a clinical MRI system (Siemens Vision, Erlangen,
Germany) and the standardcircularly polarized head
coil. Spectralacquisitions(STEAM localization, TR=
6000ms) focusedon a 7.68mL (16 x 16 x 30mnT)
volume-of-interst (VOI) in the subparietal centrum
semiovaleexcluding the cortex and lateral ventricles®
The choiceof this white matter VOI was motivatedby
experimentalcareto minimize motion-relatedinconsis-
tenciesForexamplejocationsin corticalgraymatterare
more susceptibldo variablepartial volume effectswith
cerebrospinafluid dueto involuntary headmovements.
To avoid putative baseline contributions from broad
macromolecularesonancesvhile retaininga relatively
shortechotime for good SNR and the detectability of
strongly coupledresonancesthe echotime was setto
TE=40ms(TM=10ms).

MT effectson metaboliteresonancewereassessely
comparingtwo experimenty64 scanseach)performed
with andwithout off-resonancesaturation A singlescan
without water suppressionwas used to correct for
residual phase distortions’ In general, the acquired
spectrashowedgood resolutionwith a meanlinewidth
of 0.044ppm (3.4Hz at 2.0 T, range0.040—-0.05pm).
Spectrawith poor linewidths or severebaselinedistor-
tionsdueto inadequatevatersuppressionvereexcluded
from theanalysisAll datawereevaluatecby LCModef
yielding absolutemetaboliteconcentrationaspreviously
described.

Quantitationof MT effects was basedon statistical
comparisonone-sidedpairedt-test) of absoluteconcen-
trations thus combining possible MT effects of all
resonance®f a particular metabolite. MT attenuation
factors are given as the ratios of concentrationvalues
obtainedwith andwithout off-resonancerradiation. An
additional check for consistency involved coherent
averagingof all spectrawith and without off-resonance
irradiation, respectively,and subsequenLCModel ana-
lysis of the meanspectrawith markedlyimprovedSNR.

Magnetization transfer by pulsed off-resonance
saturation

Becausecontinuouswave saturationis generally not
availableon clinical MRI systemsselectivesaturatiorof
theimmobile magnetizatiorpool canbe achievedn two
ways: either by very short resonantpulse$ which are
‘transparent’ for the observable magnetization, i.e.
yielding an effective flip angle of zero degrees;or by
off-resonanceirradiation of narrowband RF pulses.
Despitea certainloss of saturationefficiency, we have
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opted for the latter schemebecauseit combinesthe
advantagesf continuousvavemethodsj.e. narrowband
irradiation and control of frequency-dependergffects,
and pulsed saturation,i.e. limited duration of the RF
irradiation.

Lacking a detailedknowledgeof the physicalproper-
ties of the immobile pool and the polarizationtransfer
mechanismsthe off-resonancepulsed saturationtech-
nique is qualitatively discussedThe parametersvhich
governthe partial saturationof the mobile pool are the
saturatiorfactor o describingthe resultof a singlepulse
ontheimmobile pool andthe pulserepetitionperiod PR
during which the transfertakesplace.Assumingkinetic
rates of about 1/s and a pulse duration of a few
milliseconds,polarizationtransferduring the pulsemay
be neglected.

For shortpulserepetitiontimes, PR, the MT-induced
decreaseof the steady-statesignal approachesthe
maximumattenuatedignalreachedor continuous-wave
irradiation, evenif the immobile pool is not completely
saturatedl > ¢ > 0).2° On the otherhand,this strategy
requiresmorepulsedo reacha steadystateaslesstimeis
provided for polarization transfer betweensuccessive
pulses.In practical terms, a large number of rapidly
repeategulsesmay eventuallyviolate the restrictionsof
the RF amplifier's duty cycle, which often provesto be
thelimiting factorin designinga suitableMT saturation
protocol. AverageRF power deposition,however,may
be kept below safety limits by increasingthe experi-
mentalrepetitiontime TR.

Temporal saturation protocol and frequency
excitation profile

The repetitive applicationof saturationpulsesbroadens
theresultingexcitationprofile relative to that of a single
RF pulseand periodically modulatest at the reciprocal
repetitionperiod 1/PR. Here we usedshapedRF pulses
with a Gaussianprofile becausetheir direct saturation
profile decaysfaster than that of a rectangularpulse.
Assumingan RF peaklimit of 1 kHz anda rectangular
pulse shape,a minimal duration of 1-2ms has been
estimatedto achievea saturationfactor of ¢=0.1° To
ensuresimilar resultswith Gaussianpulses,the pulse
duration was set to 12.8ms yielding an irradiation
strengthof greaterthan 90% of the peakamplitudefor
about2 ms.

Takingakinetic exchangeateof creatindn ratbrain™*
of kk=0.36"* and T, ¢~ 1.5s, arough estimateof the
approachto steadystate*?p; ~ 1 — PR x (1/Ty s+ ki),
requiresthe applicationof about100 RF pulses,i.e. a
saturatiorpulsetrain of 4 sdurationfor a pulserepetition
time of PR=40ms. For these parametersthe RF
hardware monitor on our system limited the pulse
amplitudeto a nominalflip angleof 1080C.

Specialcarewastakento avoidanydirectsaturatiorof
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Figure 1. Excitation profile of the pulse train used for off-
resonance irradiation of proton metabolite spectra (100
Gaussian-shaped RF pulses, 12.8 ms duration, 120 Hz
nominal bandwidth, repetition period 40 ms, nominal flip
angle 1080°). The profile has been obtained by taking the
difference spectrum between two on-resonance scans with
and without off-resonance irradiation (phantom containing
tap water). The 150Hz width of the broad excitation
corresponds to the effective 6 ms temporal width of the RF
pulses, whereas spikes occur periodically at the reciprocal
repetition period 1/40 ms =25 Hz

metaboliteresonances orderto unequivocallydiscern
MT effects. The frequency range affected by direct

saturation was determined with use of a phantom
containing tap water and application of a constant
gradientduring pulseoff-resonancerradiation and data
acquisitionto broaderthewaterprotonresonancerigure
1 showsa correspondinglifference spectrumobtained
for experimentswith and without irradiation. Qualita-
tively, the profile resembleghe characteristic®f botha

single pulse excitation resulting in a width of about
150Hz that correspondgo the inverseof the effective
temporal width (= 6ms) of the individual 12.8ms

Gaussian-shapgulisesandthe applicationof serial RF

pulses yielding periodic excitations at the inverse
repetitionperiod1/PR=1/40ms= 25Hz. Thefrequency
rangebetweerthetwo outerspikescoversabout330Hz,

which is narrow comparedo the expectedwidth of the
MT attenuatiorof creatine®*

The lowest frequencyoffset at which off-resonance
irradiation may be accomplishedwithout direct satura-
tion wasdeterminedo be approximately0.5kHz for the
used train of 12.8ms Gaussian-shapedF pulses.
Furthermoreany direct saturationat arbitraryfrequency
offsetsby periodic spikesin the excitation profile was
experimentally excluded by varying the RF carrier
frequencyin 2 Hz stepsacrossa 50Hz interval. For a
frequencyoffset of 0.76 kHz no considerableehangeof
thewatersignalwasobservedwhichlimits ‘spiking’ to a
smaller frequencybandin agreementwith the profile
shownin Fig. 1. A theoreticalestimateof apossiblespill-
over of a single 1080 RF pulseon the tCr resonances
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Table 1. Magnetization transfer attenuation factors
(mean =+ SD) of cerebral metabolites in white matter of
young healthy subjects (n=10) as obtained by loca-
lized proton MRS (STEAM, TR/TE/TM = 6000/40/10 ms,
64 accumulations) with and without pulsed off-
resonance irradiation

Magnetization
transferattenuation

Metabolite Singlesubjects Meanspectra
tCr 0.87+ 0.05** 0.85
tNAA 1.02+0.05 1.01
Cho 0.97+0.07 0.98
Ins 1.03+0.10 1.04
Glu+ GIn 1.05+0.15 0.96

** p < 0.01(one-sidedpairedt-test).

yieldedabout0.1% by stepwiseintegrationof the Bloch
equationsusing T, = 1500ms and T, =200 ms> This
wouldleadto adirectsaturatiorof lessthan4% after100
repetitionsForthepracticalobservatiorof MT effectson
metabolitesthe offsetfrequencywassetto 2.1 kHz and
appliedto thehigh-frequencysideof thewaterresonance.
To accountfor a possible saturation of the mobile
magnetizationpool through RF noise or leakage,the
transmitterwaskeptunblankedduring the acquisitionof
spectrawithout off-resonancerradiation.

RESULTS

MeanMT attenuatiorfactorsaresummarizedn Tablel.
A statistically significant attenuation factor of
0.874 0.05 (p=0.004) was found for tCr but not for
tNAA, Cho, Ins and Glu + GIn. Figure 2 showsmean
spectraaveragedacrosssubjectswith (MT) andwithout
(control) off-resonanceirradiation as well as a corre-
spondingdifferencespectrum(top trace).An LCModel
evaluation of these high-SNR spectra confirmed the
findings for individual subjects in vyielding a tCr
attenuationfactor of 0.85and no MT effectsfor other
metabolites.

DISCUSSION

Although the pulsedoff-resonancesaturationtechnique
usedhereis lesseffective than continuous-wavérradia-
tion of the sameduration or high power on resonance
saturatiorwhich hasbeenemployedon 4.7 T smallbore
animal systems > an efficient attenuation of the
observablemobile pool could be achievedby using a
short-pulserepetition period. This allowed for a con-
servativechoiceof thefrequencyoffsetfor off-resonance
irradiation to minimize RF bleedingor side excitations
within the frequencyrangeof mobile protonresonances
in the visible metabolitespectrum.
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Figure 2. Mean localized proton MR spectra (10 subjects) of
human white matter (2.0 T, STEAM, TR/TE/TM = 6000/40/
10ms, 7.68mL VOI, 64 accumulations) with (MT) and
without magnetization transfer irradiation (control). The top
trace corresponds to the difference of the summed spectra
scaled by a factor of 2. Metabolite resonances include N-
acetylaspartate and N-acetylaspartylglutamate (tNAA), crea-
tine and phosphocreatine (tCr), choline-containing com-
pounds (Cho), and myo-inositol (Ins)

TheobservedT attenuatiorof thetCr poolin human
white matter, i.e. of both the methyl and methylene
resonancesgonfirms previous results obtainedfor rat
brain at 4.7 T.>~® Notwithstandingthe fact that any
quantitative comparison may be hampered by the
complexdependencef the MT effect on detailsof the
saturatiorparadigmthe presenfindingsarein excellent
agreementvith themostrecentanimalstudyreportingan

attenuatiorfactorof 0.85+ 0.03for normaltissue® Also,

theabsencef significantMT attenuatiorfor tNAA, Cho
and Ins is in line with the observationsfor rat brain.

Inconsistenattenuation®f the CH, or CH resonancesf
Glu + GIn® arenot seenhere.
Theprotonresonancesf tCr, tNAA, ChoandGlu/GIn

stemfrom non-exchangingH, groups(n=1, 2, 3). The
correspondingssumptiorthatthe methylandmethylene

resonancesf tCr experienceéhe sameMT attenuations
clearly supportedby the fact that spectralevaluationby

LCModel, i.e. by using a Cr model spectrum,yielded

excellentfits of the datain the presenceand absenceof
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off-resonancarradiation, respectively.This observation
is further confirmed by the ratio of the creatine
resonanced the differencespectrumPossibleexplana-
tions for the observedVIT attenuationof tCr havebeen
discussedn detailin previouspublications>® Although

the primary aim of this study was an experimental
verification of putativeMT effectson proton metabolite
resonance$n humanbrain, rather than an analysisof

underlyingmechanismsthe attenuationof tCr supports
the hypothesif chemicalexchangeof entirecreatineor

phosphocreatinanoleculeswith a small immobilized
(‘bound’ and'invisible’) pool.

Insteadbf unspecifianteractionsvith macromolecular
componentghat shouldalso affect other metabolitesin
respectivecellular microenvironmentsit is more likely
that the specific binding of creatine to the enzyme
creatinekinaseis responsiblefor most of the observed
MT attenuation.However, using transgenicmice defi-
cientin bothcytosolicandmitochondrialcreatinekinase,
it has recently beenshownthat the tCr MT effect in
mouseskeletalmuscleis not solely dependentbn the
existenceof the enzyme*® The exactnatureof the tCr
MT effect may not be concludedfrom this work. While
the useof phosphorusMRS might be helpful to separate
thecontributionsof creatineandphosphocreatinetudies
of alteredMT effectsin diseasestatesof the brain may
leadto furtherinsights.
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