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Phosphorusmagnetic resonance spectroscopy (31P-MRS) enables the non-invasive evaluation ofmusclemetabolism. Rest-
ing Pi-to-ATP flux can be assessed throughmagnetization transfer (MT) techniques, andmaximal oxidative flux (Qmax) can
be calculated bymonitoring of phosphocreatine (PCr) recovery after exercise. In this study, themusclemetabolism param-
eters of 13 overweight-to-obese sedentary individuals were measured with both MT and dynamic PCr recovery measure-
ments, and the interrelation between thesemeasurementswas investigated. In the dynamic experiments, knee extensions
were performed at a workload of 30%ofmaximal voluntary capacity, and the consecutive PCr recovery wasmeasured in a
quadricepsmuscle with a time resolution of 2 s with non-localized 31P-MRS at 3 T. Resting skeletal muscle metabolismwas
assessed throughMTmeasurements of the samemuscle group at 7 T. Significant linear correlations between theQmax and
the MT parameters kATP (r=0.77, P=0.002) and FATP (r=0.62, P=0.023) were found in the study population. This would
imply that the MT technique can possibly be used as an alternative method to assess muscle metabolism when necessary
(e.g. in individuals after stroke or in uncooperative patients). Copyright © 2013 John Wiley & Sons, Ltd.
Supporting information may be found in the online version of this paper
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INTRODUCTION

Muscle energy metabolism that fuels muscle contractile activity
is primarily regulated by the maximal ATP synthesis rate, which
is controlled by the ATP/ADP ratio in the cytosol (1), and which

is under aerobic conditions in sub-maximally exercised muscle,
mainly determined by the oxidative phosphorylation capacity
of mitochondria. As the majority of glucose uptake and glycogen
storage in response to insulin occurs in skeletal muscle (2), the
skeletal muscle is considered an important target of insulin
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action. It has been recently shown that insulin resistance reflects
not only defects in glucose uptake, but also abnormalities of the
mitochondrial content, distribution, and function in the skeletal
muscle (3–6). Changes related to these mitochondrial patho-
logies could indicate profound defects in lipid metabolism,
resulting in the progression of obesity and metabolic disease
even in a young, sedentary population (7,8).

Phosphorus magnetic resonance spectroscopy (31P-MRS)
enables the non-invasive measurement of intracellular phosp-
horus containing metabolites (i.e., phosphocreatine – PCr, ATP,
and inorganic phosphate – Pi), and thus is the ideal tool for
in vivo monitoring of the cell energy status and metabolism
(1,9). Metabolite concentrations can be measured in the equilib-
rium state.

Dynamic 31P-MRS during exercise and consecutive recovery
provides a technique for the determination of the rate of oxida-
tive ATP synthesis in challenged muscle (10–12). The parame-
ters of the PCr recovery experiment most likely reflect the
maximal in vivo muscle mitochondrial output or capacity (1),
because, in aerobic conditions, PCr is resynthesized almost
exclusively through oxidative ATP synthesis (10). Several
31P-MRS studies have reported that a prolonged time for PCr
recovery is associated with elevated fasting plasma glucose or
insulin resistance (13,14).

The resting Pi-to-ATP flux (FATP) can be determined by a 31P-MRS
magnetization transfer (MT) technique (15,16). Compared with
young healthy volunteers, a decreased Pi-to-ATP exchange was
reported, along with insulin resistance (IR), in the offspring of type
2 diabetes (T2D) patients (17) and in patients with overt T2D (15). In
general, FATP is considered to reflect the resting ATP demand
(6,17,18), but, as the FATP obtained by MT measurements consists
of both mitochondrial (oxidative) ATP synthase flux and glycolytic
ATP exchange flux (and, therefore, overestimates the skeletal
muscle ATP synthesis rate at rest), lower FATP values do not neces-
sarily reflect a mitochondrial defect (19). However, even though
the absolute values of metabolic fluxes differ between the results
from MT experiments and other methods of oxidative metabolism
observation (e.g. the tricarboxylic acid – TCA – cycle flux measure-
ments via 13C-MRS), the relative differences found in the elderly
and IR subjects compared with controls point in the same direction
(17,20,21). Earlier, a linear correlation between the Pi-to-ATP flux,
measured by MT, and the net ATP synthesis, measured by PCr
depletion during cuff ischemia, was reported, suggesting that
FATP could be used as a surrogate marker for net ATP synthesis
at rest (22).

Which of these two methods is more suitable for the measu-
rement of in vivo mitochondrial function, and whether the
parameters of oxidative metabolism calculated by these two
techniques correlate, has been the topic of much discussion
recently (22,23). These comparisons have been performed either
in rats with mitochondrial dysfunction (23) or in lean, healthy
volunteers (22), with different results.

The possibility of using MT experiments rather than the
exercise–recovery experiments would be very attractive for
the diagnosis of injured or diseased skeletal muscles, for
treatment monitoring and/or for uncooperative patients. The
aim of this study was, therefore, to compare the metabolic
parameters obtained by these two techniques – the resting
state ATP synthesis flux and the post-exercise PCr recovery –
and assess their interrelation in young, sedentary, over-
weight-to-obese individuals, a segment of the population
typically prone to diabetes.

MATERIALS AND METHODS

Study population

Thirteen overweight-to-obese, sedentary volunteers (eight males,
five females; 35.3±6.7 yrs; range 22–46 yrs) participated in the
study. Written, informed consent was obtained from all volunteers
and the local ethics committee approved the protocol. The study
inclusion criteria were BMI equal to or above 27.0 kg m�2,
sedentary lifestyle without regular physical activity, and no
pharmacotherapy.

Experimental design

Within a week before the MR examinations, all participants
underwent a physical examination and physiological testing.
BMI was measured by an analog weight scale and standard
measuring tape. The body/fat composition (%Fat) and lean body
mass (LBM) were estimated by the bioelectric impedance, as
measured with an Omron BF511 (Omron Healthcare, Matsusaka,
Japan). An estimate of insulin sensitivity and level of glucose
intolerance were calculated from fasting levels of serum glucose
and insulin (homeostatic model assessment of IR – HOMA-IR),
and from the two-hour glucose level and from the area under
the glycemic curve during an oral glucose tolerance test, res-
pectively. Maximal aerobic capacity – whole-body oxygen uptake
(VO2max) –wasmeasured on a Lode Corival cycle ergometer during
an incremental exercise test until the point of submaximal
workload (Lode, Groningen, The Netherlands). The gas exchange
rate was measured continuously with the Ergostik (Geratherm
Respiratory, Bad Kissingen, Germany). Maximal oxygen consump-
tion rate was expressed relative to LBM. The time interval between
ergometry and MR measurement was at least three days.
The maximal voluntary contraction of the whole leg was

measured with the aid of a computer-controlled dynamometer,
developed by the adaptation of a horizontal leg-press (FPES CU,
Bratislava, Slovakia). The sedentary lifestyle was evaluated based
on 14 days of accelerometer recordings and expressed as the num-
ber of steps per 24 hours. These values might differ between work-
ing days and weekends, thus both parameters were evaluated.

MR measurements

All volunteers were tested in the morning two hours after a stan-
dardized breakfast. Both methods were tested on the same day.
31P-MRS exercise recovery examinations were performed on a 3
T scanner (TIM TRIO, Siemens Healthcare, Erlangen, Germany).
31P-MRS MT examinations were performed at a 7 T scanner
(Magnetom, Siemens Healthcare, Erlangen, Germany) to gain
SNR and achieve a significant reduction in measurement time
while providing results similar to those obtained at 3 T, as has
been demonstrated recently (24). Very similar dual-tuned
(31P/1H) loop coils (10 cm diameter, Rapid Biomedical, Rimpar,
Germany) were used on both systems and coil positions were
marked for exact re-positioning in the other MR system. The sen-
sitivity of the 31P channels of both coils was measured and it was
confirmed that the same volume of interest would be measured
at both field strengths (Fig 1). The volume of interest covered
four of the quadriceps muscles that are actively involved in a
knee extension exercise (25). As has been recently shown, the
order of exercise–recovery and MT measurements does not
influence the results (22), and experiments were performed in
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a pseudo-random order of the MR methods to measure two
volunteers simultaneously and save experiment time.

Rest–exercise–recovery experiment

The subjects were lying in a prone position fixed to the ergome-
ter for knee extensions (Ergospect, Innsbruck, Austria) with the
left quadriceps femoris muscle positioned over the surface coil.
Magnetic field homogeneity was optimized by monitoring the
water resonance with the lower leg positioned in the exercise
position. For the assessment of metabolite concentrations, a
partially relaxed spectrum (TR 15 s, 16 scans) was recorded at rest
and corrections were performed for the longitudinal relaxation
times, as measured by Bogner et al. (26). The γ-ATP resonance
was used rather than the β-ATP as an internal reference, because
the shape of the excitation pulse did not guarantee a reliable
excitation of β-ATP. A standardized exercise protocol was
performed according to Layec et al. (27). After a 2 min resting
period, the subjects performed a dynamic exercise for 6 min
followed by a 6 min recovery period. Exercise consisted of knee
extensions against a calculated air pressure at 0.5 Hz. Contrac-
tion–relaxation periods were gated to the data acquisition on
the basis of an audio signal, so that spectra were always
recorded in a relaxed state of the muscle. The workload was
set to 30% of the maximal voluntary contraction (MVC) of the left
leg, based on previous leg-press and calibration examinations.
A pulse–acquire sequence was used (TR 2 s; 400 μs block pulse

excitation; 42° flip angle adjusted to give maximal SNR/unit of
time; bandwidth 3 kHz; vector size 1024) for data acquisition
and every scan was saved separately, thus enabling a temporal
resolution of 2 s.

Magnetization transfer experiment

Resting-state ATP turnover was measured using an MT experi-
ment, as described in (16) and as subsequently optimized (24).
The subjects were lying in a supine position with the surface coil
fixed over the left quadriceps femoris muscle. Baseline
intramyocellular concentrations of phosphorus metabolites were
assessed based on T1-corrected, partially relaxed baseline
spectra (TR 15 s, 16 averages), as described above. The exchange
between γ-ATP and PCr (i.e., CK reaction) and between γ-ATP and
Pi (i.e., ATP-synthesis) was investigated (16,20). The MT protocol
consisted of 24 non-localized spectrum acquisitions: during
continuous frequency-selective, γ-ATP saturation at �2.48 ppm
(steady state; eight averages); during continuous saturation at a
downfield frequency mirrored around PCr at 2.48 ppm
(equilibrium PCr state; eight averages); and during continuous

saturation at a downfield frequency equidistant to Pi at
12.52 ppm (equilibrium Pi state, eight averages). The apparent
longitudinal relaxation times of PCr (T1

app
PCr) and Pi (T1

app
Pi) were

determined by performing an inversion recovery experiment
(τ–180°–inversion delay (TI)–90°–acquire) during selective satura-
tion of the γ-ATP resonance (eight TI values= 100, 300, 500, 700,
1500, 3000, 5000, 8000 ms; two averages). A pulse–acquire
sequence (TR 15 s, block pulse 400 μs excitation) was used for MT
experiments, with a total measurement time of 14 min 36 s.

Data analysis

All measured spectra were analyzed using jMRUI (version 4.0)
with the AMARES algorithm (28). PCr and Pi peaks were fit as
single Lorentzians, whereas γ- and α-ATP signals were fitted as
Lorentzian doublets and β-ATP as a triplet. Line widths of Pi
and γ-ATP were constrained with respect to the line width of
the PCr peak. For the absolute quantification of metabolite
concentrations, an ATP concentration of 8.2 mM cellular water
was assumed (29). The chemical shift of Pi relative to PCr in parts
per million (δ) was used to calculate the intracellular pH (pHi)
(30), according to the Henderson–Hasselbalch equation.

To fit the spectra obtained during the saturation inversion
recovery experiment, the line widths of PCr and Pi were deter-
mined from the last inversion recovery scan (i.e. with TI = 8000
ms). This provides sufficient stability to fit inversion recovery
spectra with peaks of different TI values using the AMARES
algorithm. The amplitudes obtained from the steady-state
measurement with selective suppression of γ-ATP (�2.48 ppm)
were also incorporated into the T1

app calculation.

PCr recovery kinetics

During the recovery period, PCr signal time changes were fitted
to a mono-exponential function, providing the time constant of
the PCr recovery rate (τPCr). This was used to calculate the initial
PCr recovery rate (VPCr), which roughly represents ATP turnover
at the end of exercise. The maximal rate of oxidative phosphor-
ylation (Qmax) was calculated according to the ADP-based model
of Michaelis and Menten.

Resting state turnover fluxes

The T1
app values of PCr and Pi were determined by fitting the

inversion recovery data with a monoexponential function with
three degrees of freedom to account for the possibility of partial
saturation (26), using Matlab (MathWorks, Natick, MA, USA). The
forward rate constants for the CK reaction and Pi-to-ATP reaction
(kCK and kATP, respectively) were calculated from the fractional

Figure 1. Sensitivity maps of the 31P channels of both surface coils overlaid on the quadriceps images of the same volunteer show that the same
muscle groups (all involved in the performed exercise) are measured on both MR systems.
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reduction of PCr and Pi magnetization upon selective saturation
of γ-ATP. The resting forward exchange fluxes (FCK, FATP) were
also calculated.

For a more detailed description of the metabolic parameter
calculation from 31P MRS data, see the supplementary material.

Statistical analysis

The statistical analyses were performed using SPSS for Windows
software (SPSS, Chicago, IL, USA).

The relationships between physiological characteristics and the
31P-MRS parameters, and between the variables of the MT experi-
ment and the exercise–recovery experiment, were analyzed using
linear regressions. Linear regression was used because the back-
ground relation is still unclear and previous study showed linear
correlation (22). The corresponding strengths were assessed using
Pearson’s correlation coefficient. Results are presented as aver-
age± SEM and were considered statistically significant at p< 0.05.

As it is known that τPCr largely depends on the end-exercise
pHi (31), and this is linked to the relative amount of the PCr drop
at the end of exercise (32), the correlations between τPCr and the
parameters derived from the MT experiment were assessed for
the whole study population and also for two subgroups, based
on the exercise-induced PCr drop, with the cut-off set at 40%,
as determined by a post hoc analysis. The comparison between
the subgroups was performed with an unpaired t-test, and
results were considered significant at p< 0.05.

RESULTS

Study participants

Average BMI was 30.8± 2.3 kg m�2 (range 27.2–35.0 kg m�2) and
maximal aerobic capacity (VO2max) averaged to 34.1 ± 2.1 ml min�1

per kg of LBM (range 18.6–40.6 ml min�1 per kg of LBM). Detailed
characteristics of the subjects are presented in Table 1.

PCr recovery after exercise

Dynamic 31P-MRS measurements of the quadriceps muscle
during knee-extension exercise and subsequent recovery were
performed. PCr concentration decreased rapidly by a mean of
12.6 ± 7.3 mM during exercise, and increased rapidly to the
starting value, following a roughly monoexponential curve, after
the end of exercise. The values of metabolite concentrations
(PCr, Pi, ADP) and the pH calculated at rest and at the end of
exercise are given in Table 2. The time evolution of PCr con-
centration during the exercise–recovery experiment and a
monoexponential fit of the recovery phase are depicted in
Figure 2. The values of the initial PCr recovery rate (VPCr), the
PCr recovery time constant (τPCr), and the maximal oxidative flux
(Qmax) are also given in Table 2.

Magnetization transfer

Figure 3 shows an example of a typical 31P MT spectrum
measured in the resting quadriceps muscle, with frequency-
selective saturation of the γ-ATP peak and corresponding refer-
ence spectra with saturation at a downfield frequency mirrored
around PCr and around Pi. The values of measured T1

app, kCK, kATP,
FCK, and FATP are given in Table 2.

Subgroup analysis

The study population was divided according to the exercise-
induced PCr drop, with the cut-off set at 40%, yielding seven
participants with the smaller PCr drop (group S; n= 7) and six
participants with the larger PCr drop (group L; n= 6). The
subgroups showed significant differences in the PCr drop
(S 24.9%±8.0% versus L 59.2%±13.2%, p=0.0001), end-exercise
pHi (S 7.05±0.01 versus L 6.99±0.06, p=0.008), τPCr (S 30.0 s ±6.5
versus L 48.4 s ± 6.3, p=0.0003), and VPCr (S 0.23 mM s�1 ± 0.05
versus L 0.39 mM s�1 ± 0.08, p=0.001). There was no overlap in
the end-exercise pHi values between the two subgroups. There
were no significant differences inmeasured physical characteristics

Table 1. Characteristics of the studied population.

Gender 8m/5f

Age [yrs] 35.3 ± 6.7
BMI [kg m�2] 30.79 ± 2.25
Body fat [%] 34.4 ± 1.9
LBM [kg] 62.80 ± 11.68
HOMA IR 1.67 ± 0.27
VO2max/LBM [ml min�1 kg�1] 34.1 ± 2.1
Maximal voluntary contraction [N]# 2401 ± 198
Steps per 24 hours working day* 7223± 624
Steps per 24 hours weekend* 5886± 370
#as determined by the leg-press dynamometer.
*14 days of accelerometer recordings were used for analysis.

Table 2. Results of the magnetization transfer and rest–exercise–recovery experiments.

Exercise–recovery experiment MT experiment

Baseline End of exercise PCr recovery

PCr [mM] 32.2 ± 6.1 19.6 ± 7.6 PCr drop [%] 40.7 ± 20.5 T1
app
PCr [s] 1.8 ± 0.2

Pi [mM] 4.1 ± 0.7 10.7 ± 3.0 τPCr [s] 38.5 ± 11.3 T1
app
Pi [s] 4.0 ± 0.6

Pi/PCr 0.13 ± 0.02 0.63 ± 0.28 VPCr [mM s�1] 0.31 ± 0.11 kCK [s
�1] 0.26 ± 0.05

ADP [μM] 10.4 ± 0.5 69.4 ± 63.5 Qmax [mM s�1] 0.49 ± 0.08 kATP [s
�1] 0.07 ± 0.02

pHi 7.08 ± 0.02 7.03 ± 0.05 FCK [mM s�1] 9.36 ± 2.60
FATP [mM s�1] 0.25 ± 0.07
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or in the resting metabolism parameters, as defined by the MT
experiments between the defined subgroups.

Correlation analysis

There was no significant correlation found between the physio-
logical parameters (age, BMI, %Fat, LBM) and the parameters of
both 31P-MRS methods (τPCr, VPCr, Qmax, kCK, FCK, kATP, FATP).
The maximal oxidative flux measured by exercise recovery was

significantly correlated with MT parameters (representative
correlations are depicted in Fig. 4). Qmax linearly correlated with

kCK (r=0.66, P=0.014), and FCK (r=0.61, P=0.027), and also with
kATP (r=0.80, P=0.001) and FATP (r=0.66, P=0.014).

There was no significant relationship between τPCr and any of
the MT parameters in the entire population. However, when
divided into subgroups based on the exercise-induced PCr drop,
a significant correlation was found between τPCr and kATP
(r=�0.81, P=0.027) and between τPCr and FATP (r=�0.87,
P= 0.010) in the subgroup with the smaller PCr drop (S).
However, there was no correlation in the subgroup with the
larger PCr decline (L) (Fig. 5). Correlation analysis yielded similar
results when the relation between the inverse value of τPCr, the
rate constant of PCr recovery, and the MT parameters was
investigated.

Figure 2. (a) Time course of the 31P spectra during rest, exercise, and subsequent recovery. For better reading, only a few representative spectra were
chosen for graphic presentation. (b) Time course of the PCr concentration during the recovery phase. The solid line indicates the exponential fit for the
estimation of τPCr.

Figure 3. 31P spectra showing the magnetization transfer effect on PCr
and Pi. Arrows indicate the saturation frequency at γ-ATP in the satura-
tion experiment (solid line) and the saturation effects on the chemical
exchange partners (PCr and Pi) compared with the control experiment
(dotted line). Note that the control experiment consists of two separate
measurements, which were, for display purposes only, combined (the
connection point is 2.5 ppm).

Figure 4. Plots showing the correlations of maximal oxidative flux (Qmax) with kATP (a) and FATP (b).

Figure 5. Plot showing the correlation between the PCr recovery
constant (τPCr) and FATP. The filled symbols and the solid line depict the
subgroup with the smaller PCr (S) decline and its linear correlation, and
the open symbols and the dashed line depict the subgroup with the
larger PCr (L) decline and corresponding correlation.
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DISCUSSION

In this study, we compared two 31P-MRS methods for energy
metabolism examination in vivo – the post-exercise PCr recovery
and magnetization transfer (MT) – in the quadriceps muscles of
young, overweight-to-obese, sedentary, non-diabetic subjects.
We were able to show a significant correlation between the
resting ATP synthesis flux, measured by MT, and the maximal
oxidative flux, measured by PCr post-exercise recovery. To the
best of our knowledge, no direct comparison of MT and
exercise–recovery experiments has been reported in this type
of population and muscle group.

Mitochondrial capacity has been previously shown to be
impaired based on training status, resulting in decreased Qmax

and longer τPCr in sedentary populations (33,34); similar trends
were found in the current study. The comparison of our results
with previously published data on quadriceps exercise of obese
and/or sedentary subjects (33–36) is summarized in Table 3. In
detail, the values of VPCr and Qmax obtained in our study are in
good agreement with previously published results from the
quadriceps muscle (35). The time constant of the PCr recovery,
τPCr, of 38 ± 11 s measured in the overweight-to-obese, prone-
to-diabetes subjects reported here tended to be shorter than
those reported in previously published PCr recovery studies of
healthy, lean sedentary subjects (35), and also of healthy, obese
sedentary subjects (36). In healthy, lean subjects (35) τPCr was
reported to be 53 ± 25 s, and in healthy obese subjects (36)
44 ± 10 s; thus, this measure seems to be independent of the
obesity phenotype, and instead reflects muscle fitness.
However, as several previous reports have clearly shown, PCr
recovery is significantly slower in the presence of intracellular
acidosis (31,37,38); thus, our shorter recovery constant could also
be explained by the absence of acidosis at the end of exercise in
our study (pHi = 7.03 ± 0.05), compared with the end of exercise
conditions in the other aforementioned studies (pHi = 6.80 ± 0.23
in (35), pHi = 6.91 ± 0.08 in (36)). Individual differences caused by
different subject pools, particularly the age of subjects and also
the gender-related heterogeneity of our study population (five
females/eight males), should also be considered. Importantly,
Qmax has been shown to be independent of pHi unless a severe
acidosis is observed (pH< 6.5) (37,39–41), so it seems to be a
more appropriate parameter for the assessment of mitochon-
drial function.

The values of CK and Pi-to-ATP fluxes reported in our study
accord well with other MT studies performed in human skeletal
muscle (22,42–44). The slightly longer apparent relaxation times
reported in this study, compared with previously reported data

from calf muscle at 7 T (24), might be attributable to the
differences in the analyzed muscle group and the phenotypic
characteristics of the study population.
We report a significant correlation between Qmax, measured

by an exercise–recovery experiment, and forward rate fluxes,
measured by MT at rest (FATP, FCK), in young, sedentary over-
weight-to-obese individuals. This finding is in good agreement
with a recent human calf muscle study of lean volunteers, which
showed a significant correlation between FATP and Qmax (22).
Even though the data obtained by Schmid et al. (22) were
measured in the calf muscle of healthy lean subjects under
partially ischemic conditions, pooled analysis of their and our
results showed significantly positive linear correlation (r= 0.474,
p=0.011; Fig. 6). Slight differences in mean VPCr and Qmax values
could be attributed to the different muscles investigated or the
sedentary nature of volunteers examined in our study. Based
on the results of the aforementioned study, it was reasonable
to investigate whether the Pi-to-ATP flux rate, as measured by
MT, would correlate with Qmax measured by PCr recovery in
the quadriceps muscle of sedentary overweight-to-obese
individuals. The mechanisms underlying this observed relation
still remain unclear. We also report a significant correlation
between the Qmax and the forward rate constants of the chemi-
cal exchange reactions (kATP, kCK). The resting concentration of Pi
did not significantly correlate with Qmax, possibly signaling a

Table 3. Comparison of current results with previous reports on quadriceps exercise in healthy obese and/or sedentary subjects.

Study Age of volunteers BMI [kg m�2] VO2max

[ml min�1 kg�1]
pHi_end exercise τPCr [s] Qmax [mM s�1]

Layec et al. (33,35) 35.0 ± 6 22.3 ± 5.1 42.3 ± 6.2* 6.80 ± 0.23 53 ± 25 0.43 ± 0.06
Johansen et al. (34) 26.7 ± 1 19.6 ± 1.2 — 6.95 ± 0.06# 53 ± 6 0.47 ± 0.10$

De Feyter et al. (36) 56.5 ± 6 32.9 ± 4.6 45.6 ± 6.0 6.91 ± 0.08 45 ± 11 0.69 ± 0.12
Current study 35.3 ± 7 30.8 ± 2.3 34.1 ± 2.1 7.03 ± 0.05 39 ± 11 0.49 ± 0.08

*Not stated if the VO2max value reported is calculated as a ratio to body weight or LBM.
#The pH value was taken only from a provided plot, so might not be perfectly accurate.
$The Qmax value was recalculated for ATP concentration in the muscle of 8.2 mM.

Figure 6. Plot showing the results of a pooled analysis of the current
results (filled symbols) and the results from the published study by
Schmid et al. (22) (open symbols). Note that, even though the data of
Schmid et al. were measured in the calf muscle of healthy lean subjects
under partially ischemic conditions, significantly positive linear correla-
tion of FATP and Qmax was found (p=0.011).
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direct relationship between Qmax and the Pi-to-ATP chemical
exchange rate. PCr concentration, on the other hand, correlates
with Qmax significantly, and thus influences the relation between
Qmax and FCK.
The study by Schmid et al. (22) also showed a correlation

between FATP and τPCr, but, in our study, no correlation was
found between FATP and τPCr when the entire population was
tested. Only when divided into two groups according to the level
of PCr decline, with the cut-off set to 40%, did we observe a
correlation in the subgroup with the smaller decline (S), charac-
terized by a higher end-exercise pHi value as well, with no pHi

overlap between the groups. No correlation between the rate
constant of PCr recovery and FATP has also been reported in an
animal study using complex I blockers of the respiratory chain
(23). Therefore, as discussed here and suggested in another
publication (38), using τPCr as a direct measure of the mitochon-
drial capacity might be inappropriate if the end-exercise pHi

varies across or differs between the study groups. In addition
to the significant differences in PCr drop and end-exercise pHi,
our subgroups also differed significantly in the τPCr and VPCr,
but not in the Qmax measurements, which again proves the Qmax

to be a more robust and appropriate parameter for characteriz-
ing the mitochondrial capacity.
Recently, it has been shown that the non-localized acquisition

of mixed 31P spectra from exercising and relaxed muscle groups,
as is the case with calf muscle exercise, significantly influences
the results (45). In the case of the knee extension exercise, all
four quadriceps muscles within the sensitive volume of the coil
used in this study were active during the exercise (25). Therefore,
in our study, the non-exercising muscle group is very unlikely to
have influenced the results.
With regard to the MT measurement, one should keep in mind

that this measurement determines fluxes in one direction;
therefore, if the turnover reactions operate close to equilibrium,
the measured unidirectional flux can be much higher than the
net ATP flux (19,46). Furthermore, MT measures the ATP synthe-
sis from all sources, including glycolysis, which has been shown
to contribute significantly to FATP measured by MT in yeast (47)
and also in perfused rat hearts (48). Although the glycolysis is
assumed to operate at very low rates in human skeletal muscle
at rest (49), the coupled reaction, catalyzed by glycolytic
enzymes, works near equilibrium, and the exchange between
Pi and ATP may greatly exceed the net glycolytic flux (50). Thus,
the absolute values of the ATP synthesis flux, as measured by the
MT technique, are overestimated compared with other modali-
ties used to study oxidative muscle metabolism (e.g. TCA cycle).
Nevertheless, similar inter-group results for MT and TCA cycle
parameters have been previously reported (20,21), suggesting
that the FATP metabolic flux responds to perturbations in mito-
chondrial metabolism (18).
As to the technical limitations of our study, we should note

that the workload calibration method was not optimal. The leg-
press exercise, used to assess the maximum voluntary contrac-
tion power of the lower limbs, activates a different spectrum of
muscle groups than simple knee extension does, resulting in
greater variations in the PCr drop, as expected. This was the
reason we split the study subjects into two subgroups for the
analysis of τPCr correlations. Nevertheless, the end-exercise pHi

remained neutral and no significant acidification could be
reported. The use of two different MR systems required subject
repositioning, and, even though marks were provided and good
care was taken to secure the same measurement position, some

small mislocalization could not be fully excluded. Another issue
is connected with the MR experiment itself. The radio-frequency
bandwidth of the excitation pulse in the MT experiment is
limited, considering the large frequency range of 31P resonances
at 7 T. This might have affected the accurate quantification of
distant off-resonant metabolites (β-ATP). Therefore, γ-ATP was
used for concentration calculations as another accurate repre-
sentative. The use of γ-ATP rather than β-ATP might slightly
overestimate (<1%) the resting concentration of PCr and Pi.
Application of alternative mathematical models for the analysis
of the correlation between Qmax and FATP could possibly repre-
sent the correlation better. For better comparison with the previ-
ous studies and given the exploratory nature of our experiment,
we opted for linear correlation only.

CONCLUSION

Data collected in our study show that mitochondrial capacity, as
determined by the maximal oxidative flux from PCr recovery
kinetics (Qmax), correlates with the resting Pi-to-ATP flux, as well
as with the CK resting state flux in overweight-to-obese seden-
tary subjects. This would suggest that an MT technique could
provide a marker of skeletal muscle metabolism that correlates
well with the exercise–recovery experiments. We also showed
that the time constant of the PCr recovery (τPCr) correlates with
the MT values in a defined population only if the requirement
for very low variability in end-exercise pHi is fulfilled.
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