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Magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) are being
increasingly used for investigations of human muscle physiology. While MRI reveals the
morphology of muscles in great detail (e.g. for the determination of muscle volumes), MRS
provides information on the chemical composition of the tissue. Depending on the observed
nucleus, MRS allows the monitoring of high-energy phosphé&esvMRS), glycogenfC MRS),

or intramyocellular lipids ¥H MRS), to give only a few examples. The observation of
intramyocellular lipids (IMCL) by means éH MRS is non-invasive and, therefore, can be
repeated many times and with a high temporal resolution. MRS has the potential to replace the
biopsy for the monitoring of IMCL levels; however, the biopsy still has the advantage that other
methods such as those used in molecular biology can be applied to the sample. The present study
describes variations in the IMCL levels (expressed in mmol/kg wet weight and ml/200 ml) in three
different muscles before and after (0, 1, 2, and 5 d) marathon runs for a well-trained individual
who followed two different recovery protocols varying mainly in the diet. It was shown that the
repletion of IMCL levels is strongly dependent on the diet post exercise. The monitoring of IMCL
levels by means dH MRS is extremely promising, but several methodological limitations and
pitfalls need to be considered, and these are addressed in the present review.

Magnetic resonance imaging: Magnetic resonance spectroscopy: Intramyocellular lipids:
Exercise: Post-exercise diet

NMR has a long and successful history (Beakeal. 1996) and versatility of different acquisition sequences. MR
in physics, chemistry and biology, where solutions and spectroscopy (MRS), on the other hand, benefits from the
solids have been studied with increasing sensitivity andsuccess of high-resolution NMR in solution, but its use
resolution since the 1950s. When large-bore magnetsin vivo requires critical technical specifications of the
were developed in the 1970s whole-body examinations MR systems, which has to some extent delayed the
became feasible, first in smaller animals and subsequentlywidespread application of MRS. Recent technical develop-
in human subjects. Magnetic resonance (MR) imaging ments in MR systems, which have been hastened by
(MRI) became a major diagnostic modality in radiology, other MR applications (e.g. functional imaging and flow
unsurpassed in many aspects such as soft tissue contrasteasurements), have also promoted the application of

Abbreviations: EMCL, extramyocellular lipids; IMCL, intramyocellular lipids; MR, magnetic resonance; MRI, magnetic resonance imaging; bfit8cma
resonance spectroscopy.
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MRS in whole-body systems. Since MRS is located atin addition to human limbs, and the interest of a large
the intersection of two extremely successful methods (high-proportion of the MR community shifted towards studies of
resolution NMR in solution and MRI), continuous growth the brain, liver and heartH MRS became the most
and development of MRS can be expected in thecommon method used in studies of human subjects, while
next decade, despite serious technical challenges. Thé3C,31P,19,23Na and other nuclei were mostly of interest to
present article aims to describe one MRS technique thatdedicated spectroscopy groups. Recent developments show
may serve as an example for many other emergingan increased interestin these nuclei within integrated studies
applications. that also include MRI examinations.

The separation o vivo MR into MRI and MRS is IH nuclei in water or adipose tissue are far more concen-
justified for practical reasons, but it should not be forgotten trated than in any other metabolite of human tissue. Thus,
that they are based on the same physical effect. Technicalhe strong signal from water has to be suppressed by special
limitations, such as the strength and homogeneity of thetechniques whiléH MR spectra are acquired. However, if
magnetic field, the frequency bandwidth of electronic no precautions are taken these water-suppredsemiR
components, or even software, can restrict the use of MRspectra of human muscle would still be dominated by a large
systems to MRI only. However, if the equipment is tech- contribution from lipid resonances. It was presumed that
nically appropriate, MRl and MRS data acquisition is only a few metabolites would be visible beneath the
interchangeable, and MR images and spectra can beesonances of subcutaneous fat (Williaets al 1985;
obtained in the same examination. The acquisition of MR Narayanaet al 1988; Barany & Venkatasubramanian, 1989;
‘localizer’ images before MRS examination, in order to Bruhnet al 1991; Paret al 1991). Schicket al (1993)
evaluate the anatomy, is straightforward and mandatory forobserved two compartments of triacylglycerols with a
an appropriate determination of intramyocellular lipids resonance frequency shift of 0-2 parts pér (ppm) when
(IMCL) levels. Activation of specific muscle groups can be they compared the lipid resonances in calf muscle with those
visualized by MR images using specific acquisition indices in fat tissue. The authors assigned the resonance at 1-5ppm
(Fleckensteiret al 1988, 1989). This procedure can be used to the CH-protons of lipids in fat cells, and speculated that
to evaluate the involvement of muscles during exercise inthe shifted resonance at 1-28 ppm could be attributed to
ergometers in the MR magnet. MRI can also be used for thdipids located inside muscle cells (on this scale, water
determination of body composition and muscle volumes resonates at 4-7 ppm).

(Fukunageet al. 1992; LeBlancet al 1992; McCollet al By carefully respecting anatomical borders and avoiding
1992; Nariciet al 1992; Robertgt al 1993; Elliottet al the inclusion of macroscopic fat layers in the region of
1997; Fuschet al 1998; Kamberet al 1999). The interest, we were able to obtaiH MR spectra of human
application of MRI to the study of the physiology of skeletal muscle that were not obscured by the lipid signals (Fig. 1).
muscle has been the subject of many review articles (BassetiVe observed several features in thé MR spectra of

& Gold, 1989; Fleckensteiat al 1991; Brown & Bradley, skeletal muscle that changed with the angle between the
1994; Herzog, 1994; Sonin, 1994; Terk & Kwong, 1994; fibre orientation and the magnetic field (Kreis & Boesch,
Basser, 1995; Conlegt al. 1995; Heymsfielcet al 1995; 1994, 1996; Boesch & Kreis, 1997; Kreét al 1997;
McCully & Posner, 1995; Cooper & Barstow, 1996; Ntziachristoset al 1997). These changes included the,CH
Kneeland, 1997; Tung & Brody, 1997; Walker & Moore, resonances of the lipids, which showed a distinct response to
1997; Boesch & Kreis, 1999). variations in the acquisition variables (Boesttal 1997):

MRS has been used since its initial development to (1) the resonance at 1-28 ppm, which was later attributed to
investigate the physiology of skeletal muscle (Boesch & IMCL in spherical droplets, is independent of the angle
Kreis, 1999). The monitoring of high-energy phosphates between the leg and the static magnetic field; (2) the other
(phosphocreatine and ATP) in muscles of the limbs was oneCH, resonance shifted with the angle between the leg and
of the first successftih vivo applications ofP MRS using the field, and could therefore be attributed to extra-
small-bore magnets. Muscle glycogen can be monitoredmyocellular lipids (EMCL) in wusing fasciae and
using natural abundanééC MRSin vivo, and has become subcutaneous fat layers; (3) IMCL resonances were
another metabolite that has attracted the interest of muscl@roportional to the muscle tissue volume; (4) EMCL
physiologists towards MRS. Metabolic pathways can be increased non-linearly as soon as voxel borders touched
followed using13C-labelled metabolites!YC is a nucleus  macroscopic fat layers. This difference in the behaviour of
which has a natural abundance of only 1-1%, while the EMCL and IMCL is very important in the interpretation of
abundant2C nucleus is MR invisible). The large chemical the observed signals. The signal attributed to IMCL
shift dispersion of 13C MRS successfully separates originates from nuclei which are homogeneously
individual nuclei in fatty acid side chains, e.g. signals from distributed, not on a microscopic scale but on a millimetre
mono- and polyunsaturated fatty acids are distinguishable inscale comparable with the dimensions of a voxel. As a result
a13C MR spectrum. However, the spatial resolutiod3gf of the homogeneous spatial distribution of the metabolite,
MR spectra is relatively poor, and spectra acquired bythe intensity of the IMCL signal, like the signal from
common techniques are dominated by the large signals frontreatine, does not change with small displacements of the
subcutaneous fat. Specific techniques have been suggestetxel. EMCL, however, is concentrated in local structures
to measure, for example, the degree of fatty acid saturatiorsuch as fasciae, and the signal intensity in the spectrum is
in calf muscle (Waret al 1996). strongly dependent on the exact location of the voxel. A

In the late 1980s, the availability of whole-body MR displacement of the voxel by a few millimetres can change
systems offered the opportunity to investigate other organsthe amplitude of the EMCL signals by an order of
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magnitude. The amplitude of the EMCL signal is, therefore, was a competitive 42-2 km marathon with a duration of 3 h,
not a representative indicator of the EMCL content in a 3min and 11s at an average heart rate of 150 beats/min.
muscle, but rather a verification of a reproducible voxel The second marathon, 11d later, was non-competitive, on
placement in subsequent experiments. In other words, aa different course but with monitoring of the heart rate, and
carefully placed voxel in an obese person could, in a run duration of 3h, 8min and 42s at an average heart
principle, still contain less EMCL signal than a voxel rate of 145 beats/min. Carbohydrate-containing drinks were
touching subcutaneous fat in a very lean athlete. consumed during exercise for optimal performance. The diet
From a theoretical point of view, it is important to (176 kJ/kg per d) for the first 2d following run 1 provided
distinguish between orientational effects due to dipolar 6% energy as fat (low-fat diet). The isoenergetic diet
coupling (as for creatine and/or phosphocreatine; Kreis & following run 2 provided 63 % energy as fat (high-fat diet).
Boesch, 1994; Kreist al. 1997) and those effects based on Of this fat 90 g/100g total fat was in the form of a single
anisotropic susceptibility (as observed for IMCL and edible oil, in which the main constituent fatty acids were
EMCL). For practical purposes, susceptibility effects should (g/100 g) oleic acid 59, linoleic 26 and stearic acid 3. The
be known at least phenomenologically, since they explainsubject exercised at his regular daily intensity by running for
the increased separation of IMCL and EMCL in some 45min/d at a sustained pace (140 beats/min) during the 2d
muscle groups (e.gn. tibialisanterior) compared with other  recovery period on the low-fat diet, but rested during the 2 d
groups (e.gm. vastus intermediusndm. vastus medialjs period on the high-fat diet. This difference in the protocol
A comparison of three different methods for the deter- was deliberate, as the objective of this pilot study was to test
mination of IMCL levels ¥H MRS, morphometry and conditions that should maximize the range of IMCL levels.
chemical analysis; Boesadt al 1998) showed that MRS IMCL measurements took place 1 or 2d before the
seems to provide the best estimate of IMCL concentrationmarathons (pre-exercise value), 2h after the finish (post-
(determined as the average of all three methods). exercise value) and on days 1, 2 and 5 after the marathons.
IMCL are stored in the form of liquid droplets in the cyto- The data presented in the present paper were obtained
plasm in close contact with mitochondria (Vaetkal 1996) during the pilot phase of a larger study approved by the
of muscle cells, while free or protein-bound lipids are of Ethics Committee of the Nestlé Research Centre.
lower concentration in cytoplasm. IMCL droplets have been
suggested to provide an important share of the energy
supply during long-term endurance activities (Hagehl
1964; Oberholzeet al 1976), and it is generally accepted MRI and MRS examinations were performed using a
that lipids from all sources can provide up to 70—90 % of the SIGNA 1-5T MR system (General Electric, Milwaukee,
substrate requirements in long-term exercise (OberholzerWl, USA). A standard coil for extremities (linear polarized
et al 1976; Romijnet al 1993). There is evidence that volume coil, diameter 170mm, length 290 mm) was
glycogen + glucose and lipids complement each other in aused for the examination a. tibialis anterior, while
reciprocal way (Brooks & Mercier, 1994), and it is now very m. vastus intermediuand medialis were examined using
promising thatin vivo MRS offers the opportunity to a flexible double-tuned coil 33C square surface coil
monitor IMCL by 'H MRS and glycogen by3C MRS of 113mmx113mm, H Helmholtz-type coil; Medical
(Avison et al 1988; Gruetteet al. 1991; Priceet al 1994). Advance, Milwaukee, WI, USA). The double-tuned coil
This technique allows the non-invasive monitoring of the was used so that glycogen and IMCL levels could be
complete pattern of intracellular substrate storage and can beletermined sequentially at a later stage of the study.
used for human muscle in pathology or during sports Sequence indices for the localizer images were chosen for
activities. optimal separation of the muscles and fasciae (gradient-
In the present review an example of IMCL repletion echo-sequence, 3@ip angle, repetition time 100 ms, echo
following two marathon runs with two different recovery time 6-8ms). An optimized ‘point resolved spectroscopy’
protocols varying mainly in the applied diet will be sequence (PRESS; Bottomley, 1984) with echo time 20 ms,
described. This example shows clearly that (1) musclerepetition time 3000 ms, 128 acquisitions, sixteen phase
IMCL levels show a very high adaptability in response to rotation steps (Hennig, 1992), water presaturation and outer
exercise and diet; (2) levels of IMCL at rest and during volume suppression was used for single-voxel spectroscopy.
repletion depend to a great extent on the type of muscleTypical voxel dimensions were 1211 x 18 mn? for all
investigated; (3) the technical and physiological challengesthree muscle groups. The axes of the voxels imth#bialis
are different fom. vastuandm. tibialis. anterior andm. vastus medialisvere placed along the
magnet axes, while the voxels in tie vastus intermedius
were tilted. Position and size of the voxels were chosen
Material and methods carefully in a scout image to avoid contamination from
EMCL. Voxel positions inm. tibialis anterior were
calculated for the resonance frequency of creatine and/or
The volunteer in this study was a well-trained 53-year-old phosphocreatine-CH groups (i.e. centre frequency at
male runner weighing 59-5 kg, with a maximum @take 3:02ppm), and those in thm. vastusfor lipid signals
between 51-5 (bicycle ergometer and calorimetry) and(1-7 ppm). Variations in the voxel size were achieved by
58 ml/min per kg (indirectly, 12 min test run). The first run modification of the gradient strength.

Magnetic resonance

Volunteer and protocol

Downloaded from https:/www.cambridge.org/core. University of Basel Library, on 30 May 2017 at 15:35:21, subject to the Cambridge Core terms of use, available at
https:/www.cambridge.org/core/terms. https://doi.org/10.1017/50029665199001147


https:/www.cambridge.org/core/terms
https://doi.org/10.1017/S0029665199001147
https:/www.cambridge.org/core

844 C. Boesclet al.

Fitting of spectra and calibration Results

The spectra were processed using the SAGE programH MR spectra of human muscle show a series of resonances
(General Electric) and quantified in the frequency domain if contamination by the lipids in fat layers is avoided
using a recently developed fitting algorithm that allows (Fig. 1). The peaks from the Gldnd CH groups in creatine

for frequency selective fitting and implementation of and/or phosphocreatine feature a splitting due to dipolar
previous knowledge (Slotboorat al. 1998). This fitting coupling (Kreis & Boesch, 1994). This splitting is
algorithm uses time domain model signals for the quanti- dependent on the angle between muscle fibre and static
fication of the water-suppressed proton spectra, allowing for

a mixed line-shape fit and the incorporation of previous

knowledge. Differences between spectra with different

amounts of IMCL (Fig. 1) and EMCL signals, respectively,

were used to obtain appropriate starting values and

constraints (for details, see Boesgthal 1997; Slotboom EMCL
et al 1998). CH,

MR signals have to be corrected for arbitrary variations in
sensitivity, electronic amplification and other signal
processing that may change from experiment-to-
experiment. Typically, this correction can be done by
comparison of the signals with a spectrum obtained from the
same volume without suppression of the water resonance
(Barkeret al 1993). This unsuppressed signal was corrected
by a double-exponential fit for signal decay due to trans-
versal relaxation, a procedure which is established and
described in detail for brain tissue elsewhere (Ketisl
1993). The transversal relaxation time for the decay of the
water component is typically 28 ms. A water content of
76 % voxel volume (Sjogaard & Saltin, 1982) and typically
2% of other MR-visible signals with longer transversal
relaxation times (lipids, soluble metabolites) are estimated
to contribute to the total MR signal. The sum, i.e. 78%
volume of the voxel generating the total MR signal, is then
used to calculate the (hypothetical) signal of the voxel filled
with 100 % water.

For an absolute quantification expressed as mmol/kg
wet weight or ml/100 ml, an assumption for the composition
of the fatty acid chains in IMCL is necessary. Using
triacylglycerol compositions of muscle and/or adipose
tissue published by several authors (Haeelal 1964;
Vesshyet al. 1994; Anderssomrt al 1998; Thomast al
1998) and chemical shift of the differetit in fatty acid (c)
chains according to published values (Evanochko &

Pohost, 1994), the values relevant for the conversion of

institutional units into mmol/kg wet weight or ml/100 mi

remain to some extent independent of the specific

composition: the average molecular mass of one triacyl- 1 3 2 1
glycerol molecule 858g/mol; the average no. ‘i
resonating at 1-28ppm per triacylglycerol molecule
62 H/molecule; and the average total nolldfper triacyl-
glycerol molecule 101H/molecule. The average proton m. tibialis anterior) before (a) and approximately 2h after (b) a
d_en_S|ty for such an IMCL mixture (0-108 rﬁb{/ml) IS very Enarathon run. (c) T)his showé t)he diffefepnce betweyen a and b.('l2he
similar to that of water (0-111 méH/ml). The decay of  assignment of the resonances (Kreis & Boesch, 1996; Boesch et al.
the IMCL CH, signals due to an echo time of 20ms iS 1997; Kreis et al. 1997) is as follows: Cr2, creatine and/or phospho-
approximately 0-779 (transversal relaxation time typically creatine-CH,; TMA, trimethylammonium-containing compounds; X3,
80 ms). In order to convert concentrations based on volumetentatively assigned to taurine; Cr3, creatine and/or phosphocreat-
to concentrations based on Weight (per kg wet Weight), aine-CHs; EMCL, extramyocellular lipids; IMCL, intramyocellular
specific density of muscle tissue of 1-06g/ml on a wet lipids. This example hasf been chosen to dgmonstrate the difference
weight basis (Mendez & Keys, 1960) is assumed. Using aspect_rurr! (c) that conS|s_ts almost exclusively of IMCL. Since t_he
specific density of 0-918 g/mi for lipids, it can be shown that contribution from EMCL is strongly dependent on the exact location

e . of the voxel, subsequent examinations rarely show an identical
_multlpllcatlon by 10']_' is needed to convert ml IMCL/100 ml contribution from EMCL, as is the case in this example. ppm, Parts
into mmol/kg wet weight.

per 108. For details of volunteer and procedures, see p. 842.

IMCL
CH,

IMCL
CH,

(b)

Relative resonance frequency (ppm)

Fig. 1. H-magnetic resonance spectra of human skeletal muscle
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magnetic field. The trimethylammonium resonance results

from a mixture of different metabolites, including carnitine. EMCL | IMCL
The IMCL levels in this example varied dramatically CH, CH,

before and approximately 2 h after a marathon run (Fig. 1).

The ‘difference’ spectrum clearly shows the LChlnd

CHs groups of IMCL. The EMCL peaks were strongly

dependent on the inclusion of fat layers in the voxel (i.e. of

fasciae and subcutaneous fat). Repositioning of the

volunteer in two subsequent examinations resulted, in

general, in a reproducibility of the EMCL peaks of the order

of only 10-50% due to a shift in the voxel of a few

millimetres. The spectra in Fig. 1 show by chance almost no

difference in the EMCL peak before and after a marathon fa)

run. This example was chosen to illustrate clearly the effect

on the IMCL peaks and the calculation of a ‘difference’

spectrum. Other resonanceslii MR spectra of human

muscle have not been assigned in this example because:

(1) they are located outside the displayed chemical shift

range (e.g. carnosine); (2) they need special editing
techniques (e.g. lactate); (3) they are not visible at rest (e.g.
acetylcarnitine; Kreiet al 1999); (4) they have not been

finally identified (e.g. the peak at 3-4 ppm which can be
tentatively attributed to taurine). The spectra were scaled
using the unsuppressed water and lipid signal that was
obtained from the same voxel immediately after the
metabolite spectrum was obtained.

Fig. 2 illustrates'H MR spectra of IMCL in different
muscle groups of the human leg. Orientation-dependent
features of the spectra were different in the three examples
because fibre orientations were not identical. Muscle fibres
in m. tibialis anterior were almost parallel to the static (©)
magnetic field, and subsequently the dipolar splitting and
the separation of IMCL and EMCL resonances were
greatest. Fibres im. vastus medialisand intermedius
seemed to be at a larger angle to the static field, which , . .
resulted in a slightly reduced dipolar splitting and separation 4 3 2 !
of IMCL and EMCL resonances. The reduced effect on the Relative resonance frequency (ppm)
dipolar splitting can be seen best at 3-93 ppm (doublet ofFig. 2. 'H-magnetic resonance spectra of three different types of
CH, protons in creatine and/or phosphocreatine) and atskeletal muscle in the same volunteer qt 2d after a ma_lrathon run.
approximately 2-8ppm (right-hand peak of the triplet Voxels of 11x12 x.1&_3mm3 were Iopgte_dln(a)_m. vastus intermedius,
formed by the CHl groups of creatine and/or phosphocre- (b) m. vastus medialis and (c) m. tibialis anterior. The spectrum of m.

. T tibialis anterior shows the best separation of the intramyocellular and
atme)' The IMCL content was markedly lowemm tibialis extramyocellular lipids (IMCL and EMCL respectively) signals, due to

ante_r'or than in then. VaStu_S’ . the parallel orientation of the fat layers to the magnetic field (Boesch
Fig. 3 illustrates depletion and repletion of IMCL as a et al. 1997). The IMCL levels in the m. vastus are significantly higher
function of two different recovery protocols in three than the one in the m. tibialis. ppm, Parts per 108.
different muscles. The post-marathon levels of IMCL were
almost identical after the first and second marathon in all
three muscles. It seems that this result happened by chancey. tibialis anterior, as can also be seen in the examples
since no special precautions were taken to achieve thisshown in Fig. 2. The general pattern of the IMCL levels
result, except that the exercise load (duratiorensity) before and after depletion, during the diets, and in the
was as similar as possible during both runs. The effects ofinterval with uncontrolled diet was the same in all three
the two different recovery protocols, i.e. mainly two muscles.
different diets, were marked in all three muscle groups.
During the low-fat diet there was almost no repletion in
the m. vastus intermediugnd medialis and a minimal
repletion only in them. tibialis anterior. In contrast, the The present discussion will focus on (1) the application, in
repletion was remarkably fast during the high-fat diet in all general, of'H MRS for the determination of IMCL in
three muscles. human muscle, with a specific focus on pitfalls and limit-
Fig. 4 shows the same data, but used to compare thations of the method, and (2) the experimental example
levels in the three different muscles. The. vastus demonstrating the effect of two diets after two consecutive
contained about twice the concentration of IMCL found in marathons on the IMCL levels in one volunteer.

Discussion
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g 106 S recovery effect. The changes of the IMCL concentrations show a
© = similar pattern in all three muscles, but at different levels. The IMCL
€ 04 E o R . o
£ = concentration in m. tibialis is typically only half the concentration in
- 02 © the m. vastus. IMCL levels are expressed as ml/100 ml and mmol/kg
) T T — = wet weight. The two points for each measurement represent two
= 00 0-0 subsequent spectra and fits respectively of the same voxel without

-1 0 1 2 3 4 5
Period after marathon (d)

Fig. 3. Intramyocellular lipid (IMCL) levels in three different muscle
groups before and after a marathon run followed by a high-fat
(2—8) or a low-fat diet (0J---0). The volunteer abstained from his
regular daily exercise during the high-fat diet to enhance the recovery
effect. (a) m. tibialis anterior; (b), m. vastus intermedius; (c), m.
vastus medialis. The comparison demonstrates the strong effect of
the diet on the recovery of IMCL after depletion by the marathon run.
IMCL levels are expressed as ml/100 ml and mmol/kg wet weight.
The two points for each measurement represent two subsequent
spectra and fits respectively of the same voxel without repositioning.

repositioning.

limited spatial resolution of MRS is not necessarily a
disadvantage (under these circumstances, it is an
advantage). A comparison of morphometry, chemical
analysis andtH MRS (Boeschet al 1998) revealed that
MRS yields highly accurate levels for IMCL. It appears that
the size of the voxel guarantees an averaging of microscopic
variations within the muscle, which is not the case for
morphometry and chemical analysis of a biopsy specimen,
both of which sample only a minute portion (100 mg) of
muscle tissue. An advantage of biopsy-based methods, on
the other hand, is obviously that they allow the application

MR has the advantage that the human body can be invesef other techniques to the sample, such as those used in
tigated non-invasively and without using ionizing radiation. molecular biology, histochemistry etc.

Thus, it is possible to study the same subject safely and MR results can be analysed without subjective inter-
repeatedly, with a temporal resolution that is far superior to pretation and data analysis, and can therefore be made
that which can be achieved using invasive methods. Sinceoperator-independent. The development of automatic
MRS examinations can be combined with MRI in the same evaluation programs and the determination of previous
session, estimation of the muscle volume or any otherknowledge for the spectra analysis (Slotboethal 1998)
morphological examination can be obtained at minimal cost.can be carried out on one occasion and requires a consid-
While invasive methods are restricted to some large supererable time period (typically several months). After that
ficial muscles without major vessels and nerves, MR can beinvestment MR results can be calculated almost automati-
applied to very different muscle groups. As far as safety cally and within a couple of minutes. Morphometric
and signal acquisition in general is concerndd, MRS examination of electron micrographs, on the other hand,
could be applied to almost every one of the larger musclesinvolves several chemical steps and waiting periods for the
of the human body. HoweverlH MRS still has preparation of the plates, and subsequently an experienced
some important limitations that are a consequence of (1) thendividual has to assess the volume of the IMCL droplets.
dependence of the signal on the fibre orientation and (2) theDverall, this procedure takes on average several months, and

fact that a voxel of approximately ¥A0x 15 mmn®, with

minimal contributions from fat layers, is needed. The on the experience of the

the results of morphometric analysis are highly dependent
individual. However, this
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comparison does not imply that MR results can be obtainedinvestigation and methodological improvement, e.g. for the
automatically and without specific knowledge of the determination of previous knowledge for the fitting
method. MR in general, amtH MRS in particular, need algorithm (Slotboomet al 1998). Another advantage of
highly specialized staff for the signal acquisition, which is m. tibialis anterior is the fact that it can be depleted without
prone to some disadvantages, pitfalls and limitations. Thecausing large systemic effects, i.e. without a considerable
crucial step in determining the quality ¥1 MR spectra is challenge to the cardiovascular system which may be
the placement of the voxel. In addition, efficient suppression prohibitive for normal subjects and patients. This property
of signals from outside the voxel and an excellent definition was demonstrated in an earlier study (Boecdl. 1997) in
of the voxel shape is mandatory (Kreis & Boesch, 1996; which IMCL levels in tham. tibialisanterior of an untrained
Boeschet al 1997; Kreis, 1997). girl were found to be considerably lower after moderate
To distinguish the effect of diet and exercise on both walking. In the present study, the depletion of the much
IMCL and EMCL levels it would be desirable to interpret largerm. vastusvas achieved by marathon runs, obviously a
both 'H MR signals. However, in order to recognize the situation which cannot be achieved by many individuals.
potential of!lH MRS for the determination of muscle lipids, The present study shows that three different muscle
it is essential to understand the principal difference betweengroups behave similarly, but at different absolute levels.
EMCL and IMCL MR signals. IMCL resonances are Muscles of the quadriceps group seem to have much larger
proportional to other muscle metabolites such as creatinestores of IMCL than other muscles, because of the higher
(Boeschet al 1997) that are homogeneously distributed in concentration and a much larger volume. The example
macroscopic dimensions. Thus, re-sizing or moving the shows clearly that diet can modulate the repletion of IMCL
MRS voxel will not change the normalized IMCL signal, levels markedly. The specific experiment using two
unless adjacent parts of a muscle were to contain markedlyconsecutive marathon runs followed by two different diets
different IMCL levels. The EMCL signal, on the other hand, was performed in the pilot phase of a larger study, with the
is primarily a result of the position of the voxel, and an aim of evaluting the conditions necessary for large changes
enlargement or movement of the voxel can change the signain the IMCL levels. In order to determine the conditions that
by an order of magnitude (Boesehal 1997). Inclusion of  could maximize the range of IMCL levels, the subject
a tiny portion of adipose tissue such as fasciae orexercised at his regular daily intensity on the low-fat diet,
subcutaneous fat can change the amplitude of the EMCLbut rested during the 2d recovery on the high-fat diet.
signal much more than any exercise. Thus, if the currentClearly, this outcome is only a case report producing limited
technique ofH MRS is used, EMCL signals should not be evidence, since an individual reaction of a well-trained
interpreted on a physiological basis. This interpretation subject cannot be excluded. Specific precautions have to be
would require further methodological developments relating taken when the two marathons are compared, since one
to chemical shift imaging, a technique that obtains signals marathon was completed during a competition and the other
from multiple voxels simultaneously. marathon was completed 2 weeks later at a slightly lower
MR examinations are relatively expensive and cannot beperformance level (duration 5min longer). It is unlikely, but
carried out in the field. The protocols have to be adapted tocannot be excluded, that the results could be influenced
the availability of MR equipment, e.g. the end of a test run by micro-trauma during the higher performance in the
should not be too far from the MR system. Short-term competition, or follow-on effects of the first marathon on
exercise sessions have to be modified so that that they cathe second marathon. However, this example shows
be performed in the magnet bore, using MR compatible dramatically the adaptability of the IMCL levels and the
ergometers and equipment. MR methods in generalltdnd potential of I1H MRS to investigate this energy store
MRS in particular, are very susceptible to movement of the repeatedly. It confirms earlier studies of diet-dependent
observed region. Movement during the acquisition of MR changes after marathon runs (Staebal 1989); however, it
images can lead to smearing effects in phase direction. If theshould be noted that anoth#i MRS study (Rico-Sanz
IH MRS voxel hits a fat layer during one or several etal 1998) did not report changes in IMCL levels as the
acquisition steps due to movement of the extremity, the result of alternating intensity exercise and fatigue.
spectrum can be hidden by a large signal from the fat. Thus, Some controversy exists as to whether or not IMCL are
immobilization of the observed muscle is imperative. oxidized during exercise. Using morphometric, indirect, as
Spurious signals from the wrong location which may passwell as biochemical methods, many workers have reported
the filters built into the MR sequence (so called ‘ghosts’) decreases in muscle triacylglycerol content in human
can introduce erroneous variations in the signal amplitudes subjects after prolonged exercise (Froberg & Mossfeldt,
resulting in inaccurate IMCL levels. The potential effect of 1971; Oberholzeet al 1976; Essen, 1977; Hurlest al
spurious signals is obviously larger in individuals with 1986; Staronet al 1989), while other workers have not
thicker fat layers. Thus, it is especially important in over- (Kienset al 1993; Starlinget al 1997; Kiens & Richter,
weight patients, e.g. elderly patients with non-insulin- 1998; Bergmaret al 1999). It has been suggested that the
dependent diabetes, to avoid methodological imperfection.discrepancy could be resolved, based on the evidence that
Fig. 2 shows that the. tibialisanterior is an ideal muscle in  muscle triacylglycerol is oxidized in the early recovery
which to investigate IMCL levels, since the separation of phase after exercise rather than (Kiens & Richter, 1998), or
EMCL and IMCL resonances is optimal. In addition, this in addition to (Staromt al 1989), during exercise. Another
muscle is fixed to the adjacent tibia bone and can bepossibility is that lipid analysis from biopsy samples is too
immobilized efficiently if knee and foot are kept motionless. variable (Wendlinget al 1996) to measure small decreases,
It is evident that the study of other muscles requires morewith one study (Bergmaet al 1999) using this method
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even indicating a paradoxical rise in muscle triacylglycerol 1999). These variables account for the intramuscular energy
required during exercise. supply in human subjects. Further combination with the
The experiments presented in the present paper are ndVIRS determination of short-term metabolites such as
intended to answer the specific question as to whether IMCLIactate, acetylcarnitine, myoglobin, high-energy phosphates
are used during and/or after exercise, as their purpose wastc. is technically feasible and illustrates the potential of
to: (a) illustrate methodological aspects of the usérbf  MR.
MRS to determine IMCL non-invasively; (b) document the
adaptability of IMCL stores in different muscles. However,
results shown in Fig. 4 for the low-fat diet confirm evidence
for a continued use of IMCL during the first phase of The authors would like to acknowledge invaluable
recovery. With the reasonable assumption that thediscussions with H. Hoppeler and H. Howald, as well as
difference in the IMCL levels pre- and post-marathon support by the Swiss National Fund (no. 31-42162.94).
(within 2h) is mainly explained by oxidation during the
actual run, it is possible to estimate their energy contribution
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