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1H MR spectra of human muscles were recorded before, during,
nd after fatiguing exercise. In contrast to expectations, it was
ound that the spectral contributions of creatine/phosphocreatine
Cr/PCr) were subject to change as a function of exercise. In
articular, the dipolar-coupled methylene protons of Cr/PCr were
ound to be reduced in intensity in proportion to the co-registered
Cr levels. Recovery after exercise and behavior under ischemic
onditions provide further evidence to suggest that the contribu-
ions of the CH2 protons of Cr/PCr to 1H MR spectra of human

uscle in vivo reflect PCr rather than Cr levels. Variation of
xperimental parameters showed that this effect is not due to a
rivial change in relaxation times. At present it can only be spec-
lated about why the Cr resonances have reduced NMR visibility.
f temporary binding to macromolecules should be involved, the
ree Cr concentration—important for equilibrium calculations of
he creatine kinase reaction—might be different from what was
reviously assumed. © 1999 Academic Press

Key Words: phosphocreatine; visibility; dipolar coupling; quan-
itation; compartmentation; creatine shuttle; 1H MR spectroscopy;
keletal muscle; exercise; creatine.

INTRODUCTION

The in vivo 1H MR spectrum of human skeletal muscle
ecently been shown to feature orientation-dependent di
plittings for several compounds (1, 2). In a creatine (Cr

oading study (3), one of these metabolites was identified a
nd/or phosphocreatine (PCr). In muscle fibers oriented p

el to the static magnetic fieldB0, the methylene group o
r/PCr (Cr2) appears as a prominent dipolar doublet an
ethyl group (Cr3) as a less well-defined triplet. The dou
as shown to disappear from the spectrum of rat musclepost
ortemon a time scale similar to the disappearance of PC4).

t has been speculated that Cr2 may therefore represen
ather than total Cr (4). The aim of the current study was to t
his hypothesis by investigating whether variation of musc
Cr content by exercise influences the spectral appearan
r/PCr (5). From numerous studies of31P MRS it is well
nown that the PCr level of muscle decreases with exercis
hat it recovers monoexponentially under aerobic condition
he workload has not led to strong acidosis.1H MR spectra o
uman muscle were thus recorded after workloads of diffe
350090-7807/99 $30.00
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ntensity, during recovery, when work was performed un
schemic conditions, and also together with31P MR spectra
arlier studies on muscle metabolism using localized1H MRS
ad been performed either in resting muscle while concen

ng on peak assignment (6, 7) or lipid metabolism (8) or during
xercise and aiming at the determination of lactate levels
H shifts (9–11). The constancy of the Cr peaks had not b
uestioned.

RESULTS

Strenuous exercise leading to near exhaustion in a sp
uscle leads to the disappearance of the CH2 resonances o
r/PCr in 1H MR spectra. This is illustrated in Fig. 1 whi
ontains two spectra of the same ROI located in m. tib
nterior (TA). Trace B was recorded directly after a str

sometric workload leading to pain and fatigue, while trac
as obtained after 5 min of recovery. With exercise the
oublet has virtually disappeared and the Cr3 triplet (3) and
ossibly the TMA peak have been broadened and/or red
hile there has hardly been any effect on X3 and the

esonances at 2.4 ppm. The orientation-dependent pea
hich is currently unassigned but may be due to taurine
een broadened only marginally. A global frequency shi
5 Hz due to exercise can be noted in Fig. 1. Such
nspecific shift in resonance frequency is always observed
onsequence of exercise or application of a pressure cu
xtent depends on the particulars of the exercise.
If at the end of exercise the fatigued muscle remains

mic, the1H MR spectra do not recover to their pre-exerc
ppearance; i.e., the Cr2 doublet remains depleted until r

usion (not shown). This fact was used to test whether
pectral alterations are related to changes in longitudin
ransverse relaxation times by recording spectra with diffe
cquisition parameters (TR, TE) after exercise and under
mic conditions. Figures 2 and 3 contain results obtaine
ariations of TR and TE, respectively. At rest, reduction of
rom 4.0 to 1.5 s led to an almost identical decrease in s
mplitude for Cr3 and TMA, while Cr2 is less affected wh

s in accordance with reported differences inT1 (2). After
xercise in ischemia, a very similar pattern was obse
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351EFFECT OF EXERCISE ON1H MR SPECTRA OF HUMAN MUSCLE
hus, variation of TR does not have any strong effect on
xtent of exercise-related signal changes in Cr/PCr.
To demonstrate the effects of a TE variation, the work
as adjusted such that it led to partial Cr2 depletion for
hortest TE. (In case of a complete signal reduction at shor
urther signal reduction with increasing TE would not
bservable.) At rest, signal behavior for TA parallel toB0 was
s expected (2). The Cr2 doublet shows increasing dispers
haracter with increasing TE and refocuses at;120 ms (more
triking when comparing with intermediate TE spectra wh
re not shown). After exercise, Cr2 is reduced to abou
ame extent at short TEs and again refocuses for a TE of;120
s. The apparentT2 may be somewhat smaller after exerc

on the order of 70 vs 110 ms in the case presented
nchanged within the error of the measurement in other ca
he Cr3 triplet is even more difficult to analyze. Its shoulde
.8 ppm appears to behave somewhat differently under th
hysiologic conditions, possibly indicating a change in
ffective coupling constant. The other dipolar-coupled r
ances also feature nonmonoexponential signal decay wit
his is striking for X3 when comparing its appearance at TE
ith that at TE 10 and 120 ms. This behavior is not affecte
xercise.
To test whether the signal reduction of Cr2 depends on

xtent of work performed, spectra were recorded from
ame ROI after different periods of isometric exercise.

FIG. 1. Effect of fatiguing exercise on the localized1H MR spectrum o
keletal muscle. Trace A contains a1H MR spectrum of m. tibialis anterior
est (after recovery) and B the corresponding spectrum after exhausting
ise in ischemia. Methylene (Cr2) and methyl (Cr3) protons of Cr/PCr ap
s a dipolar-coupled doublet and triplet, respectively (3). Cr2 disappears as
esult of exercise, while Cr3 changes its spectral pattern in a more comp
ay. X3 remains unchanged, except for a global frequency shift of 4.

oward lower field. The trimethylammonium (TMA) peak consists to a l
art of carnitine, X3 is unassigned, and AC has been attributed to ace
itine (30). (PRESS, TE 20 ms, TR 1.5 s, 16 acquisitions, 5.4-cm3 ROI,
5-year-old male subject, isometric work against a constant force.)
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iddle panel of Fig. 4 contains a set of1H MR spectra obtaine
t rest and after 11 to 40 s of work. The intensity of the
oublet diminishes with increasing workload. Similarly,
eak height of the central Cr3 peak decreases in parallel
uter line of the Cr3 triplet appears to broaden and to m

nward. X3 is largely unchanged. To correlate these spe
lterations with the energy state of the muscle,31P MR spectra
f a larger ROI in the same muscle were recorded immedi

ollowing 1H MRS under conservation of the PCr/Cr ratio
schemia. The corresponding31P MR spectra are displayed
art I of Fig. 4. As expected, the PCr level decreases

ncreasing workload, while the Pi peak increases and shifts
maller ppm values (pH of 6.9 ppm with the strongest w
oad). For the case presented, numerical evaluation yield
lmost perfect correlation between the Cr2 peak areas1H
RS and the PCr levels as determined from the31P MR spectra

r 2 5 0.98; p 5 0.001).
This experiment was performed in six subjects and eva

ion of peak areas obtained with exercise relative to signa
est showed a highly significant correlation between PCr le
nd Cr2 (r 5 0.82,slope5 0.85,p ! 0.001;offset 15%,p 5
.08). This is illustrated in Fig. 5A.
For the methyl protons of Cr/PCr the correlation depend

FIG. 2. Influence of TR variation upon the exercise-related si
hanges. Localized1H MR spectra at rest and after exercise (left vs ri
ecorded with different repetition times (top vs bottom) in the same se
hile PCr recovery was inhibited by ischemia. The Cr/PCr resonance
ltered to the same extent irrespective of acquisition parameters. (PRES
0 ms, TR 4.0 vs 1.5 s, 16 acquisitions, 7.4-cm3 ROI in TA, 33-year-old mal
ubject, corrected for a global frequency shift, isometric work again
onstant force.)
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352 KREIS ET AL.
he model lineshape used for fitting. If only the central pea
valuated one arrives at a significant correlation with

evels (r 5 0.55; slope: 0.206 0.05, p 5 0.001; offset:
.80 6 0.04, p ! 0.001); however, if Cr3 is modeled by

riplet with equal outer lines the total peak area appea
emain constant (r 5 0.15; slope:20.05 6 0.07, p . 0.1;
ffset: 1.036 0.05,p ! 0.001), independent of exercise,
hown in Fig. 5B.
Panel III of Fig. 4 yields evidence for the claim thatT*2 does

ot change much with increasing exercise intensity. An exc
f the 1H MR spectra including the Cr2 doublet was sca

ndividually for each exercise level to its size in the res
pectrum in order to demonstrate that the linewidth of
esidual Cr2 peaks stays essentially constant. This was ve
or eight subjects (two to five workloads each). Some
roadening (Gaussian, rather than Lorentzian) was observ
bout half of the cases.
The recovery of1H MR spectra after exercise is demo

trated in Fig. 6. Part A contains four spectra obtaine
ifferent times during recovery after 3 min of isometric ex
ise. The first spectrum after exercise (bottom trace) a

FIG. 3. Influence of echo time upon the exercise-related signal cha
ocalized1H MR spectra at rest and after exercise recorded with differen
top to bottom) in the same session while PCr recovery was inhibite
schemia. The Cr2 peaks are reduced to a similar extent irrespective of TT2

ay change a little with exercise, but certainly not enough to explain
epletion at short TE. The Cr3 triplet appears to show a slightly diffe
volution due to an altered dipolar coupling constant. (STEAM, TE 10 to
s, TR 1.26 s, 32 acquisitions, 8.8-cm3 ROI in TA, 33-year-old male subjec

sometric work against a constant force.)
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ocuments the disappearance of Cr2 and the outer line o
r3 triplet due to exercise, while X3 remained constant.

op spectrum recorded after 4 min of recovery is very sim
o the pre-exercise spectrum. Difference spectra with resp
he recovered state reveal the spectral alterations (Fig. 6B
nd Cr3 show doublet and triplet character in the differe
pectra.
The dynamics of recovery are displayed in Fig. 7, where

pectral changes in the difference spectrum are plotted a
ime. The patterns of Cr2 and Cr3 in the difference spec
ere modeled as dispersive doublet and triplet, respect
he resulting data were fitted to monoexponential dec
ielding recovery constants of 0.016 and 0.027 s21, respec
ively. For Cr3, this time constant represents changes in
hape rather than area, because the total area for Cr3 ob
y modeling of the Cr3 triplet without taking a difference d
ot change much (Fig. 5B) and does not yield such a m
xponential decay. Determination of the PCr recovery con
ith 31P MRS in the same muscle of the same subject, bu

ater stage, yielded 0.025 s21.

DISCUSSION

In contrast to expectation, the localized1H MR spectrum o
uman muscle is strongly affected by exercise. The spe
ppearances of both the methylene and the methyl proto
r/PCr change with exercise. Exercise or application
ressure cuff also leads to a global shift in resonance frequ
f up to 0.1 ppm (Fig. 1) and may be due to deoxymyoglo
nd/or deoxyhemoglobin acting as a shift reagent (12).
The doublet due to Cr2 (3) almost vanishes with stron

xercise (Figs. 1, 2, and 6), while the changes of the Cr3 t
re less straightforward. The central line appears to bro
nd possibly shrink, and the outer lines (X4 in earlier notat
1)) seem to move inward. The resulting difference spe
etween spectra in recovered and exercised states consi
oublet for Cr2 and a triplet with strong negative antiph
haracter for Cr3 (Fig. 6). The doublet corresponds to thin
ivo spectral pattern attributed to the methylene proton
r/PCr as obtained from oral Cr supplementation (3). The
ifference spectra for Cr3 between rest and exercise fe
tronger negative lobes than observed for Cr loading. This
rise because a broadened line is subtracted from a nar

ine.
The severity of these changes scales with the work

erformed as seen from Fig. 4 II. In particular, the Cr2 dou
anishes gradually with an increase in workload. Relating
rea under the Cr2 doublet to the level of PCr as determ
ith 31P MRS in the same muscle yields a highly signific

inear correlation (Fig. 5A). However, it should be cautio
hat such quantitative comparisons of the Cr2 and PCr are
ifficult, because the small Cr2 peaks are superposed o

ll-defined baseline and can only be quantitated using
nowledge constraints. In the current evaluation, where
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eaks were modeled as Voigt lines (13), Cr2 areas were fitte
ssuming that the Lorentzian linewidths of most fitted me
lite peaks (Cr2, X3, TMA, center peak of Cr3, but not

FIG. 4. 1H and 31P MR spectra of human skeletal muscle as a funct
schemia, 30-year-old male subject). (I)31P spectra of TA acquired with a
ecreasing PCr and increasing Pi levels. (II) The1H MR spectra from the sa
how a decrease in Cr2 proportional to the decrease in PCr. While X3 r
III) An excerpt of the1H MR spectra (dotted rectangle in II) is scaled lin
eaks appear not to be subject to large changes inT*2.

FIG. 5. Correlation between Cr/PCr signals from1H and31P MRS fitted fro
s PCr; (B) Cr3t (total area of Cr3 modeled as symmetric triplet) vs PCr.
ifferent subjects; dashed lines represent linear regression lines (p ! 0.05 fo
ecause of obvious misfit of the Cr3 triplet.)
-
uter lines of the Cr3 triplet) stay constant with exercise

hat the Gaussian widths vary in parallel. Judging from thT2

nd lineshape analyses (Figs. 3 and 4) these assumptio

of increasing workloads (A to E: 0, 11, 21, 30, and 40 s of isometric e
ESS sequence (TE 20 ms, TR 6 s, 20 cm3) display the expected behavior
muscle (10.8 cm3 centered at the same position, PRESS, TE 20 ms, TR 1

ains unchanged, the outer line of the Cr3 triplet moves inward with incrad.
y line to enable a comparison of lineshape for the Cr2 doublet. The res

spectra obtained after different workloads in ischemia. (A) Cr2 (area of do
ta from rest spectra were set to 100% for each subject. Different symbo
2, p . 0.5 for Cr3t). (Three data points of one subject were omitted fro
ion
PR
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em
e b
m
Da
rCr
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354 KREIS ET AL.
ell justified in practice for short TE spectra and the gi
ignal-to-noise, even if they are not truly fulfilled.
The 1H MR spectrum recovers after exercise to the

xercise appearance gradually within minutes under ae
onditions. During ischemia the1H MR spectrum remain
nchanged. Initial results of quantitative evaluations for
ecovery of the Cr2 areas and the Cr3 lineshapes sugge
he time course is similar to that of aerobic PCr resynthesk
round 0.03 s21) as measured by31P MRS. Further carefu
xperiments with parallel or subsequent recordings of31P and

1H spectra are necessary to prove this relationship uneq
ally.
These effects of exercise on the Cr/PCr resonances can

he consequence of simple artifacts, although the compa
f spectra recorded during and after exercise to those acq
t rest is susceptible to experimental influences. Motion
isplacement effects upon local shim and water suppre
uality have been excluded by optimization of the experim

FIG. 6. Recovery of a localized1H MR spectrum of TA as a function
ime after end of exercise: (A) original (frequency-adjusted) spectrum
ifference spectra with respect to the recovered spectrum in the top row
ifference spectra consist of a doublet for Cr2 and a triplet-like signal for
PRESS, TE 20 ms, TR 1.6 s, eight acquisitions/spectrum, 8.0-cm3 ROI,
4-year-old male subject, isometric work against a constant force, ind

imes represent the middle of the eight acquisitions.)
-
ic

e
hat
(

o-

t be
on
red
d

on
-

al setup (fixation of leg; improvements of ergometer
xercise regime; choice of muscle, localization sequence
cho time) and evaluation of reproducibility in numerous s

es. In this context, it is best to compare exercise spectra
pectra recorded after recovery and not to an initial pre-e
ise spectrum at rest, because degradation of field homog
sually occurs during exercise, but not during recovery.
It was also excluded that the observed phenomena are a

onsequence of changes in relaxation times (Figs. 2, 3, 4
t was found that effects of exercise did not alter when r
ition times were varied between 1.5 and 8.0 s, while alrea

1-related 25% signal reduction at TR 4 s would imply a highly
nlikely increase inT1 from 1 to 3 s. It could also be show

hat changes in overallT2 cannot be responsible for the dis
earance of the Cr2 signal in short TE spectra, although
ay contribute to signal reductions at longer TE. As an ex
le, a drop in signal amplitude by 50% at TE 10 ms wo
equire doubling of the observed width (say from 7 to 14 Hz
r2). This would imply thatT2 drops from;100 ms at rest t
0 ms with exercise. Such a drasticT2 change would in tur
ause a 95% drop in signal at TE 140 ms, which was cle
ot observed.
Of courseT2 (Fig. 3) and lineshape (i.e.,T*2, Fig. 4 III) can

e determined only on the remaining signal and not on
pparently missing signal, such that it cannot be excluded

he missing signal is in fact lost due to severe signal broa
ng, if there is a compartmentation of metabolites without
hemical exchange. For Cr3 the current data suggest th
hanges seen at TE 20 ms are at least partly caused by ch
n T*2 or the effective diploar coupling constant. Unlike the C
oublet, the total area of the Cr3 resonance pattern doe
anish for strongly exercised muscle, but rather remains
r less constant.
The interpretation of these puzzling effects is by no me

vident. The Cr signals in1H MRS have hitherto always be
ssociated with total creatine which does not alter with e
ise. The fact that Cr2 scales with exercise level and reco

FIG. 7. Decay of the difference patterns in Fig. 6B fitted as doublet
ispersive triplet. (Cr2, sum of both peaks; Cr3, sum of all three areas.
ecays were fitted to monoexponential curves yielding time constants of
nd 0.027 s21, whereas the recovery constant for PCr resynthesis determi

he same subject and muscle at a later date was 0.025 s21.

)
he
.

ed



i ally
d cis
a th
o se
o ns
C op
e

tem
p an
h lula
c r2
a rox
m atio
w oo
t the
p m
c M
t

ela
t es
d , n
w .
p Cr
s or
t r t
e im
A ino
p me
t .g
f s
a er
d e
e
t ur
e er
d ed
fl -
s no
c d
m ting
f at
t ility
o -
c
t ing
t -
t cou
t a
p o
m xed
m
b bi
c t
o o

o o
a .
H fect
o e shift
( e to
c

sible
h a
r ould
a uscle
p n-
p eri-
m st in
p er
m -
c spin
d nal
r a-
t tive
d uld
a , i.e.,
t that
o t to
m ing,
s that
w lace
t ither
a
p tra at
r Cr2
p cule
m are
s er
m be
p ld in
p h ex-
e

ium
v om-
p ter-
c
b d
t sition
( e
t

l Cr
a terns
s hos-
p sies
c ion
b
m t 5%
w
b tion

355EFFECT OF EXERCISE ON1H MR SPECTRA OF HUMAN MUSCLE
n a fashion similar to PCr can be explained in two princip
ifferent ways that will be elaborated on below. (1) Exer
lters the physicochemical conditions of the cell, inducing
bserved NMR changes in both Cr and PCr; or (2) exerci
nly relevant as much as it alters the relative concentratio
r and PCr such that intrinsic differences in the NMR pr
rties of Cr and PCr become evident.
The first hypothesis would mean that parameters like

erature, pH, water content, deoxy- vs oxymyoglobin
emoglobin contents, muscle fiber orientations, or cel
ompartmentation would influence the NMR visibility of C
nd Cr3 in such a way as to yield an incidental and app
ate correlation with PCr concentration. Such an explan
ould also have to account for the fact that there is no sm

ransition in peak shape from visible to invisibly broad or o
eak shapes. This necessitates a model of physical or che
ompartmentation without chemical exchange on the N
ime scale.

Most of the effects that could lead to an incidental corr
ion are fairly unlikely.A. Temperature:Temperature chang
o not respond so quickly to the start and end of exercise
ould one expect the observed correlation with ischemiaB.
H: Although pH may change the resonance position of
trongly (14), it is unlikely that overall pH is responsible f
he observed effects. pH does not recover immediately afte
nd of exercise, but usually continues to drop for some t
dditionally, severe effects on Cr2 are already seen with m
H changes. One would therefore need to invoke compart

ation effects due to strongly deviating local pH values (e
or mitochondria).C. Compartmentation:The Cr/PCr pool act
s an energy buffering system to stabilize short-term en
emands. It is also involved in energy shuttling between
rgy producing and consuming sites (15). It is not very likely

hat the transport aspects associated with increased flux d
xercise would render Cr partially invisible, because gen
iffusion would still dominate overall flux. However, increas
ux through mitochondria—though disputed by31P MRS mea
urements—could provide an explanation, but it would
over the observationspost mortemand in ischemia. Restricte
obility in some compartments is a possibility for accoun

or the residual dipolar coupling (4). One could speculate th
his might also be involved in producing the reduced visib
f free Cr irrespective of exercise.D. Edema:Muscular exer
ise is followed by local edema as shown by MRI (16, 17). The
ime scale of this excludes it from being involved in caus
he spectral changes.E. Muscle fiber orientation:The penna
ion angle of some muscles changes with contraction and
herefore induce changes in dipolar coupling constants
ossibly lineshape. For TA such effects are expected t
inimal and would not occur during recovery in the rela
uscle.F. Oxygen saturation of hemo- and myoglobin:It is
elieved that the ratio of deoxy- to oxymyo- and hemoglo
an induce a bulk shift in resonance frequency (12), and tha
xygen tension may play a major role in the regulation
e
e
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xidative phosphorylation (18). In principle, shift reagents als
ct as relaxation agents, such thatT2 andT*2 could be affected
owever, it is difficult to see how a distinct and specific ef
n the Cr/PCr resonances could ensue. A global resonanc
including the lipid signals) was observed and could be du
hanges in oxygen saturation.
The second and—in the eyes of the authors—more plau

ypothesis is that the Cr2 signals in1H MR muscle spectr
epresent PCr content rather than total creatine. This w
lso explain the disappearance of Cr2 as observed in rat m
ost mortem(4). This implies that methylene protons in u
hosphorylated Cr are NMR invisible under the given exp
ental parameters, while the methyl protons remain at lea
art visible, which could be fulfilled if Cr binds to larg
olecular structures. The effectiveT2 of Cr2 could then be

ome extremely short (due to efficient motional modes or
iffusion), while Cr3 could still be visible because of inter
otational uncoupling. Alternatively, temporary immobiliz
ion in a partially ordered state could increase the effec
ipolar coupling constant by orders of magnitude which wo
lso render the doublet invisible. The reverse reasoning

hat free Cr does not experience any dipolar coupling and
nly the larger and doubly charged PCr ion is subjec
otional constrictions inducing the residual dipolar coupl

eems more convincing at first, but is ruled out by the fact
ith this explanation there should be a central singlet to rep

he doublet during exercise. This, however, is observed ne
fter exercise norpost mortem.A small peak visible at;3.9
pm in Figs. 2 and 6 is probably present already in spec
est, but is inconspicuous because of the much larger
eaks. The hypothesis of temporary binding of the Cr mole
ight also explain why magnetization transfer (MT) effects

trongest for Cr (19, 20), and mostly unobservable for oth
etabolites (21). With this background, it would even
ossible that MT effects due to water presaturation cou
rinciple produce the apparent disappearance of Cr2 wit
rcise.
Considering the fact that Cr and PCr are in fast equilibr

ia creatine kinase, it is not strictly correct to speak of c
letely separate NMR entities. However, although the in
onversion is termed fast, withkforward (PCr3 Cr) and krev

etween 0.07 and 0.5 s21 (22–24), it is just slow enough to lea
o separate spin entities on the time scale of a single acqui
T2 ! k21). On the time scale ofT1 of the methyl protons, th
wo entities start to melt into a single one.

If Cr2 scales with the concentration of PCr and not tota
lso at rest, absolute quantitation of both Cr2 and Cr3 pat
hould be able to answer whether the total or only the p
horylated pool of Cr as determined chemically from biop
ontributes to thein vivo Cr resonances. Absolute quantitat
y localized MRS is feasible for spectra of the brain (25). MR
ethod-related variation has been determined to be abou
ith the sequence used in the present study (26) which would
e sufficient to answer this question. However, quantita
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tudies from different laboratories vary with a CV of as m
s 40% (25), indicating that the systematic error in sin
tudies is fairly large. In addition, absolute quantitation
uscle spectra is even more prone to systematic error tha
f cerebral spectra, because the model lineshapes use
uscle spectra are complicated by orientation-dependent

ar couplings, such that resolution of the current puzzle
bsolute quantitation of Cr2 is challenging, since it wo
equire an accuracy of around 10%. Accordingly, quantita
f the Cr3 peak has led to a wide range of resulting con

rations (27–29).

CONCLUSIONS

1H MRS of exercising muscle yields a number of un
ected results. Besides a frequency shift and the appeara
n additional metabolite peak (30), it is of particular interes

hat the Cr/PCr signals in1H MR spectra of muscle chan
ith exercise. The Cr2 peaks in1H MR spectra correlate wit

he PCr levels as determined from31P MRS. It is unclea
hether the1H MR changes are caused by the changes in

evels or only incidentally and approximately coincide w
hem. At present, it can only be speculated how the obse
hanges are brought about. Care was taken to exclude ar
nd trivial changes in relaxation times as causes for the sp
hanges. In any case the total Cr/PCr pool must be divided
hysical compartments or chemical entities without fast
hange to explain the observed gradual disappearance
r2 signals without major effect on lineshape. One pos
xplanation for the observed changes in the Cr/PCr reson

s that free creatine is NMR-invisible. If it should turn out t
1H MRS can indeed measure PCr levels as opposed to
reatine,1H MRS may provide a tool for examining mus
nergetics that is more sensitive and better suited to loca
tudies than31P MRS. If the observed spectral changes
aused by invisibility of free Cr due to binding of free Cr, th
ight be repercussions for the interpretation of some of th31P
RS literature on muscle energetics, which to a large ex

elied on an assumed free Cr concentration to calculate
evels (18, 31).

EXPERIMENTAL

Data acquisition. Localized1H MR spectra were acquire
n a 1.5-T whole-body MR scanner (SIGNA, General Elec
ilwaukee, WI) using a pair of 5-cm phased array rece

oils with the body coil for RF transmit or a1H/31P double
uned flex coil (Medical Advances, Model 710GE-64). M
pectra were recorded from a region of interest (ROI) in
ibialis anterior (TA) in the lower extremity. ROI size vari
rom ;5 to 16 cm3. Further standard acquisition parameters

1H MRS included (26) PRESS sequence with outer volu
uppression, water presaturation and phase rotation, 20-m
.5–3 s TR, 8–512 averages, 1953.1 Hz spectral width
f
hat
for
o-
y

n
n-

-
e of

r

ed
cts
ral
to
-
the
le
ces

tal

ed
e

nt
P

,
e

t
.

r

TE,
nd

024 data points. To test forT1 effects, TR was varied from 1
o 8 s. ForT2 evaluation, STEAM localization (32) was used
ith TE 10–280 ms, TR 1.5 s, and 16–128 acquisitions
ome experiments the water signal was used as internal
ard and for water referencing.
PCr levels were determined with localized31P MRS using

he same PRESS sequence without outer volume suppre
TE 20 ms, TR 6.0 s, 1953 Hz spectral width, 1024 po
2–64 averages, double-tuned flex coil (Medical Advan
odel 710GE-64)). PCr recovery in TA was observed wi
ulse and acquire sequence (adiabatic half-passage RF
500 Hz spectral width, 120ms dead time, 1024 data points,
R, 240 scans, add/subtract cycle of 2) using coplanar t
it/receive coils, with a diameter of 7 cm for the receive
2 cm for the transmit coil.

Data processing. Spectra were analyzed either visua
sing difference spectroscopy or numerically with a fit
outine allowing for incorporation of prior knowledge a
oigt or Lorentz lineshape models (13).

Subjects and exercise.Twelve subjects (males, unsport
r moderately trained, aged 24–46) were examined in
essions (specifically:T1 effects, 1 session;T2 effects, 8 ses
ions;1H/31P correlation, 6 sessions). With the lower extrem
ell fastened to the bed, TA was exercised within the ma

n two different schemes: First, the work load was app
sometrically using rubber strings attached to a nonmag
oothold or later using a pneumatic ergometer for the lo
xtremity. The force was adjusted individually such that
in of exercise would lead to fatigue, i.e., to a substa
ecrease in PCr. In the second setup, the subject was as

ift his foot every 2 s against strong resistance (rubber strin
R spectra were acquired before exercise, during isom
ork or in between the movements (TR 2 s), and du

ecovery.
For T1 andT2 determination in1H MRS and for recordin

f both 1H and 31P MR spectra at the same PCr level, the t
t a specific lowered PCr level was prolonged by indu

schemia with a pressure cuff above the knee to inhibit
ecovery ((33) and references therein).
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