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'H MR spectra of human muscles were recorded before, during,
and after fatiguing exercise. In contrast to expectations, it was
found that the spectral contributions of creatine/phosphocreatine
(Cr/PCr) were subject to change as a function of exercise. In
particular, the dipolar-coupled methylene protons of Cr/PCr were
found to be reduced in intensity in proportion to the co-registered
PCr levels. Recovery after exercise and behavior under ischemic
conditions provide further evidence to suggest that the contribu-
tions of the CH, protons of Cr/PCr to '"H MR spectra of human
muscle in vivo reflect PCr rather than Cr levels. Variation of
experimental parameters showed that this effect is not due to a
trivial change in relaxation times. At present it can only be spec-
ulated about why the Cr resonances have reduced NMR visibility.
If temporary binding to macromolecules should be involved, the
free Cr concentration—important for equilibrium calculations of
the creatine kinase reaction—might be different from what was
previously assumed. © 1999 Academic Press

Key Words: phosphocreatine; visibility; dipolar coupling; quan-
titation; compartmentation; creatine shuttle; "H MR spectroscopy;
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intensity, during recovery, when work was performed unde
ischemic conditions, and also together witR MR spectra.
Earlier studies on muscle metabolism using localiz¢dMRS
had been performed either in resting muscle while concentra
ing on peak assignmen,(7) or lipid metabolism 8) or during
exercise and aiming at the determination of lactate levels an
pH shifts ©—11). The constancy of the Cr peaks had not beer
guestioned.

RESULTS

Strenuous exercise leading to near exhaustion in a specif
muscle leads to the disappearance of the, @$onances of
Cr/PCr in*"H MR spectra. This is illustrated in Fig. 1 which
contains two spectra of the same ROI located in m. tibiali
anterior (TA). Trace B was recorded directly after a strong
isometric workload leading to pain and fatigue, while trace A
was obtained after 5 min of recovery. With exercise the Cr:

doublet has virtually disappeared and the Cr3 trip®tgnd
possibly the TMA peak have been broadened and/or reduce
while there has hardly been any effect on X3 and the lipic
resonances at 2.4 ppm. The orientation-dependent peak X
Thein vivo *H MR spectrum of human skeletal muscle hawhich is currently unassigned but may be due to taurine, he
recently been shown to feature orientation-dependent dipolsen broadened only marginally. A global frequency shift of
splittings for several compoundd,(?. In a creatine (Cr) ~5 Hz due to exercise can be noted in Fig. 1. Such al
loading study 8), one of these metabolites was identified as @mspecific shift in resonance frequency is always observed as
and/or phosphocreatine (PCr). In muscle fibers oriented parabnsequence of exercise or application of a pressure cuff. |
lel to the static magnetic field,, the methylene group of extent depends on the particulars of the exercise.
Cr/PCr (Cr2) appears as a prominent dipolar doublet and thdf at the end of exercise the fatigued muscle remains isct
methyl group (Cr3) as a less well-defined triplet. The doubletnic, the'H MR spectra do not recover to their pre-exercise
was shown to disappear from the spectrum of rat musclt appearance; i.e., the Cr2 doublet remains depleted until repe
mortemon a time scale similar to the disappearance of BLr (fusion (not shown). This fact was used to test whether th
It has been speculated that Cr2 may therefore represent PXpectral alterations are related to changes in longitudinal c
rather than total Cr4). The aim of the current study was to testransverse relaxation times by recording spectra with differer
this hypothesis by investigating whether variation of musculacquisition parameters (TR, TE) after exercise and under iscl
PCr content by exercise influences the spectral appearancerfc conditions. Figures 2 and 3 contain results obtained fc
Cr/PCr 6). From numerous studies ofP MRS it is well variations of TR and TE, respectively. At rest, reduction of TR
known that the PCr level of muscle decreases with exercise dmoim 4.0 to 1.5 s led to an almost identical decrease in sign:
that it recovers monoexponentially under aerobic conditions,a@mplitude for Cr3 and TMA, while Cr2 is less affected which
the workload has not led to strong acidosid.MR spectra of is in accordance with reported differences T (2). After
human muscle were thus recorded after workloads of differeamercise in ischemia, a very similar pattern was observec
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Cr3 middle panel of Fig. 4 contains a set'sf MR spectra obtained
TMAIﬁ at rest and after 11 to 40 s of work. The intensity of the CrZ
doublet diminishes with increasing workload. Similarly, the
peak height of the central Cr3 peak decreases in parallel. Tt
outer line of the Cr3 triplet appears to broaden and to movi
inward. X3 is largely unchanged. To correlate these spectr:
alterations with the energy state of the muséle,MR spectra
of a larger ROI in the same muscle were recorded immediatel
following *H MRS under conservation of the PCr/Cr ratio by
ischemia. The correspondifi® MR spectra are displayed in
part | of Fig. 4. As expected, the PCr level decreases witl
increasing workload, while the; peak increases and shifts to
smaller ppm values (pH of 6.9 ppm with the strongest work:
load). For the case presented, numerical evaluation yielded
almost perfect correlation between the Cr2 peak areds$iin
MRS and the PCr levels as determined fromiReMR spectra
(r> = 0.98;p = 0.001).

FIG. 1. Effect of fatiguing exercise on the localizéd MR spectrum of This experiment was performed in six Subjects and evalue
skeletal muscle. Trace A containstd MR spectrum of m. tibialis anterior at ti

; ; ion of peak areas obtained with exercise relative to signals «
rest (after recovery) and B the corresponding spectrum after exhausting exer-

cise in ischemia. Methylene (Cr2) and methyl (Cr3) protons of Cr/PCr appJﬁSt showed a hlghly S|gn|f|cant correlation between PCr level
as a dipolar-coupled doublet and triplet, respectivély Cr2 disappears as a and Cr2 ¢ = 0.82,slope= 0.85,p < 0.001;offset 15%,p =
result of exercise, while Cr3 changes its spectral pattern in a more complica@®d8). This is illustrated in Fig. 5A.

way. X3 remains unchanged, except for a global frequency shift of 4.7 Hz For the methyl protons of Cr/PCr the correlation depends o
toward lower field. The trimethylammonium (TMA) peak consists to a large

part of carnitine, X3 is unassigned, and AC has been attributed to acetylcar-

nitine (30). (PRESS, TE 20 ms, TR 1.5 s, 16 acquisitions, 5.4-&0I, . .

45-year-old male subject, isometric work against a constant force.) at rest with exercise

Cr3

4.0 3.0 I 2.0 ppm

Thus, variation of TR does not have any strong effect on the

| _ : TR 4s Cr3

extent of exercise-related signal changes in Cr/PCr.

To demonstrate the effects of a TE variation, the workload
was adjusted such that it led to partial Cr2 depletion for the Cr2 Cr2
shortest TE. (In case of a complete signal reduction at short TE,
further signal reduction with increasing TE would not be
observable.) At rest, signal behavior for TA paralleBgpwas
as expected?). The Cr2 doublet shows increasing dispersion /V\\

are not shown). After exercise, Cr2 is reduced to about the
same extent at short TEs and again refocuses for a FEL@D

ms. The apparent, may be somewhat smaller after exercise
(on the order of 70 vs 110 ms in the case presented, but
unchanged within the error of the measurement in other cases)
The Cr3 triplet is even more difficult to analyze. Its shoulder at
2.8 ppm appears to behave somewhat differently under the two
physiologic conditions, possibly indicating a change in the ' R .
effective coupling constant. The other dipolar-coupled reso- 4.0 ppm 3.0 2.0 4.0 ppm 3.0 2.0

nances also feature nonmonoexponential signal decay with TExg. 2. Influence of TR variation upon the exercise-related signal
This is striking for X3 when comparing its appearance at TE 4Banges. LocalizedH MR spectra at rest and after exercise (left vs right)

with that at TE 10 and 120 ms. This behavior is not affected [ggporded with different repetition times (top vs bottom) in the same sessio
exercise while PCr recovery was inhibited by ischemia. The Cr/PCr resonances ai

. . Itered to the same extent irrespective of acquisition parameters. (PRESS,
To test whether the signal reduction of Cr2 depends on t%@ms, TR 4.0 vs 1.5 s, 16 acquisitions, 7.43@R0I in TA, 33-year-old male

extent of work performed, spectra were recorded from th@nject, corrected for a global frequency shift, isometric work against :
same ROI after different periods of isometric exercise. Th®nstant force.)

character with increasing TE and refocuses-420 ms (more
TR 1.5;/\/\/\/\,A

striking when comparing with intermediate TE spectra which
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Cr3 documents the disappearance of Cr2 and the outer line of tf
Cr3 triplet due to exercise, while X3 remained constant. The
top spectrum recorded after 4 min of recovery is very similal
to the pre-exercise spectrum. Difference spectra with respect
the recovered state reveal the spectral alterations (Fig. 6B). C
TE Cr3 and Cr3 show doublet and triplet character in the differenc
[ms] spectra.
Cr2 The dynamics of recovery are displayed in Fig. 7, where th
Cr2 spectral changes in the difference spectrum are plotted agair
time. The patterns of Cr2 and Cr3 in the difference spectrur
were modeled as dispersive doublet and triplet, respectivel
The resulting data were fitted to monoexponential decay:s
yielding recovery constants of 0.016 and 0.027, sespec-
tively. For Cr3, this time constant represents changes in line
shape rather than area, because the total area for Cr3 obtair
by modeling of the Cr3 triplet without taking a difference does
not change much (Fig. 5B) and does not yield such a monc
exponential decay. Determination of the PCr recovery constatl

at rest with exercise

10

20

e
isn

40 with *P MRS in the same muscle of the same subject, but at
later stage, yielded 0.025s
120 DISCUSSION
4.0 ppm 3.0 20 4.0 ppm 3.0 2.0

In contrast to expectation, the localizéd MR spectrum of
FIG. 3. Influence of echo time upon the exercise-related signal Chang‘?ﬁjman muscle is strongly affected by exercise. The spectr

Localized'H MR spectra at rest and after exercise recorded with different TE f both th thvl d th thvl ¢
(top to bottom) in the same session while PCr recovery was inhibited pearances or bo € methylene an € methyl protons

ischemia. The Cr2 peaks are reduced to a similar extent irrespective a, TE:CI/PCr change with exercise. Exercise or application of
may change a little with exercise, but certainly not enough to explain tgressure cuff also leads to a global shift in resonance frequen

depletion at short TE. The Cr3 triplet appears to show a slightly differegjf up to 0.1 ppm (Fig. 1) and may be due to deoxymyoglobir
evolution due to an altergq dipolar couplin_g constant. (STEAM, TE 10' to l%d/or deoxyhemoglobin acting as a shift reag&ﬁ).(
ms, TR‘1.26 s, 32 a_lcqwsmons, 8.8-tROI in TA, 33-year-old male subject, The doublet due to Cr23][ almost vanishes with strong
isometric work against a constant force.) . ) - ;
exercise (Figs. 1, 2, and 6), while the changes of the Cr3 triple
are less straightforward. The central line appears to broade
the model lineshape used for fitting. If only the central peak &nd possibly shrink, and the outer lines (X4 in earlier notation:
evaluated one arrives at a significant correlation with PCt)) seem to move inward. The resulting difference spectr:
levels ¢ = 0.55; slope: 0.20*= 0.05,p = 0.001; offset: between spectra in recovered and exercised states consist ¢
0.80 = 0.04,p < 0.001); however, if Cr3 is modeled by a doublet for Cr2 and a triplet with strong negative antiphase
triplet with equal outer lines the total peak area appears ¢baracter for Cr3 (Fig. 6). The doublet corresponds toitthe
remain constantr(= 0.15; slope: —0.05 = 0.07,p > 0.1; vivo spectral pattern attributed to the methylene protons il
offset: 1.03*+ 0.05,p < 0.001),independent of exercise, asCr/PCr as obtained from oral Cr supplementati@). (The
shown in Fig. 5B. difference spectra for Cr3 between rest and exercise featu
Panel Ill of Fig. 4 yields evidence for the claim th&} does stronger negative lobes than observed for Cr loading. This mz
not change much with increasing exercise intensity. An excegrise because a broadened line is subtracted from a narrow
of the '*H MR spectra including the Cr2 doublet was scaletine.
individually for each exercise level to its size in the resting The severity of these changes scales with the workloa
spectrum in order to demonstrate that the linewidth of thmerformed as seen from Fig. 4 Il. In particular, the Cr2 double
residual Cr2 peaks stays essentially constant. This was verifi@hishes gradually with an increase in workload. Relating th
for eight subjects (two to five workloads each). Some lingrea under the Cr2 doublet to the level of PCr as determine
broadening (Gaussian, rather than Lorentzian) was observeavith *P MRS in the same muscle yields a highly significant
about half of the cases. linear correlation (Fig. 5A). However, it should be cautioned
The recovery of'H MR spectra after exercise is demonthat such quantitative comparisons of the Cr2 and PCr areas &
strated in Fig. 6. Part A contains four spectra obtained difficult, because the small Cr2 peaks are superposed on :
different times during recovery after 3 min of isometric exerill-defined baseline and can only be quantitated using prio
cise. The first spectrum after exercise (bottom trace) ag&inowledge constraints. In the current evaluation, where th
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FIG. 4. 'H and®P MR spectra of human skeletal muscle as a function of increasing workloads (A to E: 0, 11, 21, 30, and 40 s of isometric exerc
ischemia, 30-year-old male subject). {{P spectra of TA acquired with a PRESS sequence (TE 20 ms, TR 6 s, Ydimplay the expected behavior of
decreasing PCr and increasingl®els. (1) The'H MR spectra from the same muscle (10.8°aentered at the same position, PRESS, TE 20 ms, TR 1.5 s
show a decrease in Cr2 proportional to the decrease in PCr. While X3 remains unchanged, the outer line of the Cr3 triplet moves inward with iadreasi
(1) An excerpt of the'H MR spectra (dotted rectangle in 1) is scaled line by line to enable a comparison of lineshape for the Cr2 doublet. The residue
peaks appear not to be subject to large changd$in

peaks were modeled as Voigt lines3), Cr2 areas were fitted outer lines of the Cr3 triplet) stay constant with exercise an
assuming that the Lorentzian linewidths of most fitted metathat the Gaussian widths vary in parallel. Judging fromThe
olite peaks (Cr2, X3, TMA, center peak of Cr3, but not thand lineshape analyses (Figs. 3 and 4) these assumptions

a |A | | ) B | |
o | % | = o t I
= 100% 4 — — — — — +—-———== - — - O e Oty — -
T | e | S A 1B o T
o o /'b I (’5 | A x x|
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g | | |
o+ 4 | | |
50%-—————/:—f———A—A— ———- 50%t— — — — — — +—————— [—— -
P | | |
A | | |
el | | | |
r | | | |
| | | |
0% } } 0% + +
0% 50% 100% 0% 50% 100%
PCr (3'P-MRS) PCr (3'P-MRS)

FIG.5. Correlation between Cr/PCr signals frdat and®'P MRS fitted from spectra obtained after different workloads in ischemia. (A) Cr2 (area of double
vs PCr; (B) Cr3 (total area of Cr3 modeled as symmetric triplet) vs PCr. Data from rest spectra were set to 100% for each subject. Different symbols ic
different subjects; dashed lines represent linear regression lmes @.05 forCr2,p > 0.5 for Cr3). (Three data points of one subject were omitted from B
because of obvious misfit of the Cr3 triplet.)
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A B tal setup (fixation of leg; improvements of ergometer anc
Cr3 exercise regime; choice of muscle, localization sequence, ar

At echo time) and evaluation of reproducibility in numerous stud

ies. In this context, it is best to compare exercise spectra wit

Cr2 228 s spectra recorded after recovery and not to an initial pre-exe

cise spectrum at rest, because degradation of field homogene
(recovered) usually occurs during exercise, but not during recovery.
V\/ It was also excluded that the observed phenomena are a me
consequence of changes in relaxation times (Figs. 2, 3, 4 Il
It was found that effects of exercise did not alter when repe
tition times were varied between 1.5 and 8.0 s, while already
58 s Cr2 C:r3 T,-related 25% signal reduction aRT s would imply a highly
\/\/ unlikely increase inT, from 1 to 3 s. It could also be shown

\JJ L\/ »/\_/\«,\,J A that changes in overall, cannot be responsible for the disap-
pearance of the Cr2 signal in short TE spectra, although the
may contribute to signal reductions at longer TE. As an exarr

U\/U ple, a drop in signal amplitude by 50% at TE 10 ms would

Cr2). This would imply thafl, drops from~100 ms at rest to
30 ms with exercise. Such a drasfig change would in turn
cause a 95% drop in signal at TE 140 ms, which was clearl
not observed.

Of courseT, (Fig. 3) and lineshape (i.€T}%, Fig. 4 lll) can

6s be determined only on the remaining signal and not on th
/ apparently missing signal, such that it cannot be excluded th:
\/ the missing signal is in fact lost due to severe signal broader
ing, if there is a compartmentation of metabolites without fas
20 35 3.0 ppm 40 35 3.0 ppm chemical exchange. For Cr3 the current data suggest that tl
changes seen at TE 20 ms are at least partly caused by chan
time after end of exercise: (A) original (frequency-adjusted) spectrum; (é T or the effective diploar coupling constant. Unlike the Cr2
difference spectra with respect to the recovered spectrum in the top row. ublet, the total area of the Cr3 resonance pattern does n
difference spectra consist of a doublet for Cr2 and a triplet-like signal for cryanish for strongly exercised muscle, but rather remains mor
(PRESS, TE 20 ms, TR 1.6 s, eight acquisitions/spectrum, 8°0R®I, or less constant.
34—year—o|d male subj_ect, isometric‘ work aggi_n_st a constant force, indicatedThe interpretation of these puzzling effects is by no mean
times represent the middle of the eight acquisitions.) evident. The Cr signals ifH MRS have hitherto always been
associated with total creatine which does not alter with exer
well justified in practice for short TE spectra and the giveaise. The fact that Cr2 scales with exercise level and recove
signal-to-noise, even if they are not truly fulfilled.

The '*H MR spectrum recovers after exercise to the pre-
exercise appearance gradually within minutes under aerobic
conditions. During ischemia théH MR spectrum remains
unchanged. Initial results of quantitative evaluations for the
recovery of the Cr2 areas and the Cr3 lineshapes suggest that
the time course is similar to that of aerobic PCr resynthdsis (
around 0.03 §') as measured by'P MRS. Further careful
experiments with parallel or subsequent recordingd®fand
'H spectra are necessary to prove this relationship unequivo-
cally. 0
These effects of exercise on the Cr/PCr resonances cannot be 0 60 At[s] 120 180
the consequence of simple artifacts, although the comparison
of spectra recorded during and after exercise to those acquiréaG. 7. Decay of the difference patterns in Fig. 6B fitted as doublet and

t ti tible t . tal infl Moti digpersive triplet. (Cr2, sum of both peaks; Cr3, sum of all three areas.) Th
at rest Is susceptible 1o expenimental intfiuences. Motion ag ays were fitted to monoexponential curves yielding time constants of 0.01

diSP!acemem effects upon local S_hir_n a.nd water SUppr_essiQﬂ 0.027 ', whereas the recovery constant for PCr resynthesis determined i
quality have been excluded by optimization of the experimetme same subject and muscle at a later date was 0.025 s

l\ 325 require doubling of the observed width (say from 7 to 14 Hz for

FIG. 6. Recovery of a localizedH MR spectrum of TA as a function of

[au]
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in a fashion similar to PCr can be explained in two principallgxidative phosphorylatiorl@). In principle, shift reagents also
different ways that will be elaborated on below. (1) Exercisact as relaxation agents, such tfiaiandT% could be affected.
alters the physicochemical conditions of the cell, inducing théowever, it is difficult to see how a distinct and specific effect
observed NMR changes in both Cr and PCr; or (2) exerciseds the Cr/PCr resonances could ensue. A global resonance st
only relevant as much as it alters the relative concentrations(ofcluding the lipid signals) was observed and could be due t
Cr and PCr such that intrinsic differences in the NMR propzhanges in oxygen saturation.
erties of Cr and PCr become evident. The second and—in the eyes of the authors—more plausib
The first hypothesis would mean that parameters like temypothesis is that the Cr2 signals il MR muscle spectra
perature, pH, water content, deoxy- vs oxymyoglobin anmépresent PCr content rather than total creatine. This woul
hemoglobin contents, muscle fiber orientations, or cellulaiso explain the disappearance of Cr2 as observed in rat mus
compartmentation would influence the NMR visibility of Cr2post mortem(4). This implies that methylene protons in un-
and Cr3 in such a way as to yield an incidental and approxihosphorylated Cr are NMR invisible under the given experi
mate correlation with PCr concentration. Such an explanatiorental parameters, while the methyl protons remain at least
would also have to account for the fact that there is no smogihrt visible, which could be fulfilled if Cr binds to larger
transition in peak shape from visible to invisibly broad or othenolecular structures. The effectiie of Cr2 could then be-
peak shapes. This necessitates a model of physical or chemicathe extremely short (due to efficient motional modes or spi
compartmentation without chemical exchange on the NM#ffusion), while Cr3 could still be visible because of internal
time scale. rotational uncoupling. Alternatively, temporary immobiliza-
Most of the effects that could lead to an incidental correldion in a partially ordered state could increase the effective
tion are fairly unlikely.A. TemperatureTemperature changesdipolar coupling constant by orders of magnitude which woulc
do not respond so quickly to the start and end of exercise, radso render the doublet invisible. The reverse reasoning, i.e
would one expect the observed correlation with ischetBia. that free Cr does not experience any dipolar coupling and th:
pH: Although pH may change the resonance position of Cdhly the larger and doubly charged PCr ion is subject tc
strongly (L4), it is unlikely that overall pH is responsible formotional constrictions inducing the residual dipolar coupling,
the observed effects. pH does not recover immediately after ggems more convincing at first, but is ruled out by the fact the
end of exercise, but usually continues to drop for some timaith this explanation there should be a central singlet to replac
Additionally, severe effects on Cr2 are already seen with mintite doublet during exercise. This, however, is observed neithe
pH changes. One would therefore need to invoke compartmeaifiter exercise nopost mortemA small peak visible at-3.9
tation effects due to strongly deviating local pH values (e.goppm in Figs. 2 and 6 is probably present already in spectra :
for mitochondria) C. CompartmentatioritThe Cr/PCr pool acts rest, but is inconspicuous because of the much larger Ci
as an energy buffering system to stabilize short-term enemggaks. The hypothesis of temporary binding of the Cr molecul
demands. It is also involved in energy shuttling between emight also explain why magnetization transfer (MT) effects are
ergy producing and consuming siteldb). It is not very likely strongest for Cr 19, 20, and mostly unobservable for other
that the transport aspects associated with increased flux dunngtabolites 21). With this background, it would even be
exercise would render Cr partially invisible, because genegssible that MT effects due to water presaturation could il
diffusion would still dominate overall flux. However, increasegrinciple produce the apparent disappearance of Cr2 with e
flux through mitochondria—though disputed B MRS mea- ercise.
surements—could provide an explanation, but it would not Considering the fact that Cr and PCr are in fast equilibriun
cover the observationmst mortenand in ischemia. Restrictedvia creatine kinase, it is not strictly correct to speak of com:
mobility in some compartments is a possibility for accountingletely separate NMR entities. However, although the inter
for the residual dipolar couplingd). One could speculate thatconversion is termed fast, witki,.q (PCr — Cr) and Kk,
this might also be involved in producing the reduced visibilithetween 0.07 and 0.5'5(22—29, it is just slow enough to lead
of free Cr irrespective of exercisB. Edema:Muscular exer- to separate spin entities on the time scale of a single acquisitic
cise is followed by local edema as shown by MR6(17. The (T, < k™'). On the time scale of , of the methyl protons, the
time scale of this excludes it from being involved in causingyvo entities start to melt into a single one.
the spectral changek. Muscle fiber orientationThe penna-  If Cr2 scales with the concentration of PCr and not total Ci
tion angle of some muscles changes with contraction and coaldo at rest, absolute quantitation of both Cr2 and Cr3 patterr
therefore induce changes in dipolar coupling constants asittbuld be able to answer whether the total or only the phos
possibly lineshape. For TA such effects are expected to pkorylated pool of Cr as determined chemically from biopsie:
minimal and would not occur during recovery in the relaxedontributes to thén vivo Cr resonances. Absolute quantitation
muscle.F. Oxygen saturation of hemo- and myoglobinis by localized MRS is feasible for spectra of the bra2s)( MR
believed that the ratio of deoxy- to oxymyo- and hemoglobimethod-related variation has been determined to be about 5
can induce a bulk shift in resonance frequentf),(and that with the sequence used in the present sty \hich would
oxygen tension may play a major role in the regulation dfe sufficient to answer this question. However, quantitatio
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studies from different laboratories vary with a CV of as much024 data points. To test fdr, effects, TR was varied from 1.5
as 40% p5), indicating that the systematic error in singléo 8 s. ForT, evaluation, STEAM localization3@) was used
studies is fairly large. In addition, absolute quantitation afith TE 10-280 ms, TR 1.5 s, and 16-128 acquisitions. Ir
muscle spectra is even more prone to systematic error than t@ine experiments the water signal was used as internal ste
of cerebral spectra, because the model lineshapes useddtmd and for water referencing.
muscle spectra are complicated by orientation-dependent dipoPCr levels were determined with localizé® MRS using
lar couplings, such that resolution of the current puzzle lifie same PRESS sequence without outer volume suppressi
absolute quantitation of Cr2 is challenging, since it woulfTE 20 ms, TR 6.0 s, 1953 Hz spectral width, 1024 points
require an accuracy of around 10%. Accordingly, quantitati®?—64 averages, double-tuned flex coil (Medical Advances
of the Cr3 peak has led to a wide range of resulting concektodel 710GE-64)). PCr recovery in TA was observed with &
trations @7-29. pulse and acquire sequence (adiabatic half-passage RF pul
2500 Hz spectral width, 12@s dead time, 1024 data points, 2 s
CONCLUSIONS TR, 240 scans, add/subtract cycle of 2) using coplanar tran:
mit/receive coils, with a diameter of 7 cm for the receive anc
'H MRS of exercising muscle yields a number of unex22 cm for the transmit coil.

pected results. Besides a frequency shift and the appearance @fata processing. Spectra were analyzed either visually
an additional metabolite peaR(), it is of particular interest ysing difference spectroscopy or numerically with a fitting

that the Cr/PCr signals inH MR spectra of muscle changeroutine allowing for incorporation of prior knowledge and
with exercise. The Cr2 peaks fil MR spectra correlate with Voigt or Lorentz lineshape model43).

the PCr levels as determined frofP MRS. It is unclear
whether the'H MR changes are caused by the changes in Pglr moderately trained, aged 24—46) were examined in 2
levels or only incidentally and approximately coincide wit

) essions (specificallyt, effects, 1 sessiornf, effects, 8 ses-
them. At present, it can only be speculated how the observgds.1y21p correlation, 6 sessions). With the lower extremity

changes are brought about. Care was taken to exclude artif@%ﬁ fastened to the bed, TA was exercised within the magne
and trivial changes in relaxation times as causes for the specffal,, o different schemes: First. the work load was appliec

changes. In any case the total Cr/.PCr poc')l'must' be divided Iriggmetrically using rubber strings attached to a honmagneti
physical compar'tments or chemical entltlgs without fast e yothold or later using a pneumatic ergometer for the lowe
change to eXP'a'” the qbserved grad'ual disappearance O,f fremity. The force was adjusted individually such that 1-5
Cr2 signals without major effect on lineshape. One possi n of exercise would lead to fatigue, i.e., to a substantia

explanation for the observed changes in the Cr/PCr resonanges asse in PCr. In the second setup, the subject was askec

is that free creatine is NMR-invisible. If it should turn out thaﬁft his foot evel 2 s against strong resistance (rubber strings)

ine.'H MR i |t M I% spectra were acquired before exercise, during isometri
creatine, S may provide a tool for examining musc Svork or in between the movements (TR 2 s), and during

Zeovery
; a1 .
studies than™P MRS. If the observed spectral changes are ForT, andT,

caused by invisibility of free Cr due to binding of free Cr, ther%]c both *H and®*P MR spectra at the same PCr level, the time
might be repercussions for the interpretation of some of e ,; specific lowered PCr level was prolonged by inducing

MRS literature on muscle energetics, which to a large ext§@tnemia with a pressure cuff above the knee to inhibit PC
relied on an assumed free Cr concentration to calculate A'?gcovery (83) and references therein)

levels (8, 31).

Subjects and exerciseTwelve subjects (males, unsportive

determination in"H MRS and for recording
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