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Key points

� In vivo skeletal muscle mitochondrial respiratory capacity was determined from the
post-exercise recovery kinetics of muscle oxygen consumption (mVO2 ) measured using
near-infrared spectroscopy (NIRS) in humans.

� NIRS recovery rates were compared with the in situ gold standard of high-resolution
respirometry measured in permeabilized muscle fibre bundles prepared from muscle biopsies
taken from the same participants.

� NIRS-measured recovery kinetics of mVO2 were well correlated with maximal ADP-stimulated
mitochondrial respiration in permeabilized fibre bundles.

� NIRS provides a cost-effective, non-invasive means of assessing in vivo mitochondrial
respiratory capacity.

Abstract The present study aimed to compare in vivo measurements of skeletal muscle
mitochondrial respiratory capacity made using near-infrared spectroscopy (NIRS) with the
current gold standard, namely in situ measurements of high-resolution respirometry performed in
permeabilized muscle fibres prepared from muscle biopsies. Mitochondrial respiratory capacity
was determined in 21 healthy adults in vivo using NIRS to measure the recovery kinetics of
muscle oxygen consumption following a �15 s isometric contraction of the vastus lateralis
muscle. Maximal ADP-stimulated (State 3) respiration was measured in permeabilized muscle
fibres using high-resolution respirometry with sequential titrations of saturating concentrations
of metabolic substrates. Overall, the in vivo and in situ measurements were strongly correlated
(Pearson’s r = 0.61–0.74, all P < 0.01). Bland–Altman plots also showed good agreement with no
indication of bias. The results indicate that in vivo NIRS corresponds well with the current gold
standard, in situ high-resolution respirometry, for assessing mitochondrial respiratory capacity.
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Introduction

Mitochondria, because of their bioenergetic role in
energy provision through oxidative phosphorylation,
play a crucial role in cellular function. Alterations
in mitochondrial structure and/or function can lead
to impairments in oxidative phosphorylation (i.e.
mitochondrial respiratory capacity), which in turn can
reduce energy production, increase reactive oxygen
species production, alter cellular redox state, deregulate
calcium homeostasis and trigger mitoptosis/apoptosis.
Mitochondrial respiratory capacity can be perturbed by
genetic alterations (i.e. nuclear and/or mitochondrial
DNA mutations/deletions) and environmental factors
(Wallace, 2013). The mitochondria’s capacity for oxidative
phosphorylation has been linked to whole body aerobic
capacity and exercise performance (Holloszy, 1967;
Larson-Meyer 2001; Seifert et al. 2012). Moreover,
reduced mitochondrial respiratory capacity has also been
implicated as an important factor in pathologies associated
with ageing (Conley et al. 2000b; Coen et al. 2013; Layec
et al. 2013) and neuromuscular diseases (Vorgerd et al.
2000; Johri & Beal, 2012; Breuer et al. 2013), especially in
tissues where the demand for ATP synthesis is large or can
change rapidly.

The mitochondria’s capacity for oxidative
phosphorylation is typically measured indirectly as
mitochondrial oxygen consumption. Several in vitro,
in situ and in vivo techniques are now available
for researchers and clinicians to examine aspects of
mitochondrial function. In vitro and in situ techniques
are generally used in either cultured cells, isolated
mitochondria or permeabilized cells and can measure
mitochondrial functional respiratory capacity indirectly
(ATP production by bioluminescence; Lanza & Nair,
2009) or more commonly via direct phosphorescence
or amperopmetric-based measurements of oxygen
consumption rate (Gnaiger, 2009; Brand & Nicholls,
2011; Perry et al. 2013). These in vitro and in situ
techniques offer the ability to probe specific complexes of
the electron transport system (ETS), providing important
information for understanding the mechanisms of altered
mitochondrial function. However, a potential limitation
of these approaches lies in their translational significance,
as many experimental protocols subject these tissues to
non-physiological conditions.

In contrast, in vivo methodologies allow for
measurements within living organisms with intact
circulatory and regulatory systems. Phosphorus magnetic
resonance spectroscopy (31P-MRS) has been extensively
used to assess kinetic changes in phosphocreatine
during exercise and the recovery after cessation of
exercise (Chance et al. 2006; Layec et al. 2011).
Despite the fact that 31P-MRS has been validated
under a number of experimental conditions (McCully

et al. 1993; Larson-Meyer et al. 2001; Lanza et al.
2011), its widespread use is limited due to the low
availability of multinuclear MR scanners and the
high cost. Near-infrared spectroscopy (NIRS) utilizes
the oxygen-dependent absorption of NIR light by
haemoglobin/myoglobin to monitor tissue oxygenation
(Jobsis, 1977). NIRS has been used to monitor changes
in skeletal muscle oxygenation (Hampson & Piantadosi,
1988; Seiyama et al. 1988), blood flow (Deblasi et al.
1994; Boushel et al. 2000; Van Beekvelt et al. 2001a) and
oxygen consumption (Hamaoka et al. 1996; Malagoni
et al. 2010). NIRS has also been used to investigate
muscle oxidative metabolism by examining the kinetics of
muscle deoxygenation during constant load (Belardinelli
et al. 1997; Grassi et al. 2003) and incremental (Boone
et al. 2009; Salvadego et al. 2013) exercise, although
these approaches provide information about the balance
between oxygen delivery and extraction rather than solely
oxygen consumption per se. Recent advances in NIRS
have resulted in the development of a novel in vivo
technique for assessing the recovery kinetics of muscle
oxygen consumption (mVO2 ), an index of mitochondrial
respiratory capacity (Nagasawa et al. 2003; Motobe et al.
2004; Ryan et al. 2012, 2013c). In the present study,
we compared in vivo skeletal muscle mitochondrial
respiratory capacity in humans measured with NIRS
with in situ measurements of mitochondrial respiratory
capacity measured by high-resolution respirometry in
permeabilized skeletal muscle fibre bundles prepared
from muscle biopsies of the same individuals. We hypo-
thesized that maximal skeletal muscle oxygen utilization
determined from the recovery kinetics of mVO2 measured
in vivo by NIRS would be correlated with mitochondrial
respiratory capacity measured in situ by high-resolution
respirometry.

Methods

Participants

Healthy male (n = 12) and female (n = 9) adult
participants (age = 25.6 ± 1.8 years (range 18–44 years),
height = 1.73 ± 0.01 m, weight = 72.1 ± 3.3 kg,
body mass index = 23.9 ± 0.8(kg/m2), adipose tissue
thickness = 9.2 ± 0.9 mm) were recruited from the local
community. All participants completed a health history
questionnaire to ensure there was no presence of chronic
disease. All participants were non-smokers and none was
taking any medications known to alter metabolism. All
procedures were approved by the Institutional Review
Board for human subjects at East Carolina University and
were carried out in accordance with the Declaration of
Helsinki. All participants gave written informed consent
prior to enrollment.
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Study design

All participants underwent two testing sessions. NIRS
testing was performed during the first testing session after
obtaining consent and a health history via a questionnaire.
Participants returned to the laboratory within 3–7 days in
the morning after an overnight fast and rested for 20 min.
Participants were instructed to abstain from strenuous
physical activity for at least 24 h prior to each testing
session. On the day of the muscle biopsy experiment,
participants reported to the laboratory following an over-
night fast (�10 h). Muscle biopsies were obtained from
the lateral aspect of the vastus lateralis by percutaneous
needle biopsy under local anaesthesia (1% lidocaine).

NIRS measurements

The NIRS testing protocol was similar to that described in
previous studies (Brizendine et al. 2013; Ryan et al. 2013c).
NIRS data were acquired using a frequency-domain device
(OxiplexTS, ISS, Champaign, IL, USA), equipped with
two independent data acquisition channels, each equipped
with eight IR diode lasers (four emitting at 691 nm and
four at 830 nm) and a detector. In the current study,
we employed a single channel (i.e. probe) setup with
emitter–detector distances of 2.0, 2.5, 3.0 and 3.5 cm. The
absorption (μa) and reduced scattering (μs

′) coefficients
were calculated from the amplitude and phase of the
intensity-modulated light via the manufacturer’s software.
The absolute values of oxygenated haemoglobin [O2Hb]
and deoxygenated haemoglobin [HHb] were calculated in
micromoles using the Beer–Lambert Law and assuming a
water content of 70%. Data were collected at 4 Hz.

The NIRS probe was positioned longitudinally on
the belly of the vastus lateralis muscle of the right leg
�10 cm above the patella. The probe was secured with
double-sided adhesive tape and Velcro straps around the
thigh. The NIRS device was calibrated prior to each test
using a phantom with known optical properties after a
warm-up period of at least 30 min. A blood pressure
cuff (Hokanson SC-10D or SC-10L, D.E. Hokanson, Inc.,
Bellevue, WA, USA) was placed proximal to the NIRS
probe as high as anatomically possible on the thigh. The
blood pressure cuff was controlled with a rapid-inflation
system (Hokanson E20, D.E. Hokanson) set to a pressure of
>250 mmHg and powered with a 15-gallon air compressor
(Model D55168, Dewalt, Baltimore, MD, USA). Skin
and adipose tissue thickness was measured at the site
of the NIRS probe using skinfold calipers (Lange, Beta
Technology, Santa Cruz, CA, USA).

The NIRS experimental protocol consisted of two
measurements of resting muscle oxygen consumption
(mVO2 ) after inflation of the blood pressure cuff for 30 s.
mVO2 was calculated as the rate of change (i.e. slope) of
the HHb signal during the arterial occlusion via simple

linear regression. Following the resting measurements,
participants performed a short duration (�10–20 s) iso-
metric contraction of the quadriceps muscle group to
increase mVO2 . Upon relaxation, the recovery kinetics of
mVO2 were measured using a series of transient arterial
occlusions with the following timing: 5 s on/5 s off for
occlusions 1–5, 7 s on/7 s off for occlusions 6–10, and 10 s
on/10 s off for occlusions 11–20. Post-exercise mVO2 was
calculated for each occlusion using simple linear regression
with the start and end of each occlusion marked to allow
for standardized (i.e. no user bias) calculations of mVO2 .
Post-exercise mVO2 measurements were fit to a mono-
exponential function as follows:

y = (end − delta) × e−kt (1)

where y is the relative mVO2 during the arterial occlusion,
end is the mVO2 immediately following exercise, delta
is the change in mVO2 from rest to end-exercise, k is
the fitting rate constant and t is time. According to this
first-order metabolic model, the recovery kinetics follow
a monoexponential function which is independent of
exercise intensity (Crow & Kushmerick, 1982; Mahler,
1985; Meyer, 1988; Paganini et al. 1997; Walter et al.
1997; Ryan et al. 2013a). The rate constant was used as
an index of mitochondrial respiratory capacity, as pre-
viously described (Ryan et al. 2013c). The exercise and
occlusion procedure was performed twice and the results
were averaged. An ischaemic calibration was performed at
the end of each test, as previously described (Ryan et al.
2013a). NIRS data were analysed using custom-written
routines in Matlab (Mathworks, Natick, MA, USA).

Preparation of permeabilized muscle fibres

Approximately 100–150 mg of skeletal muscle was
obtained from the vastus lateralis muscle by percutaneous
muscle biopsy under local anaesthetic (1% lidocane). A
portion of each muscle sample was immediately placed
in ice-cold buffer X (50 mM K-MES, 7.23 mM K2EGTA,
2.77 mM CaK2EGTA, 20 mM imidazole, 20 mM taurine,
5.7 mM ATP, 14.3 mM phosphocreatine and 6.56 mM

MgCl2.6H2O, pH 7.1) for preparation of permeabilized
fibre bundles (PmFBs), as previously described (Perry
et al. 2011). Fibre bundles were separated along their
longitudinal axis using needle-tipped forceps under
magnification (MX6 Stereoscope, Leica Microsystems,
Buffalo Grove, IL, USA), permeabilized with saponin
(30 μg ml−1) for 30 min at 4°C, and subsequently washed
in cold buffer Z (105 mM K-MES, 30 mM KCl, 1 mM EGTA,
10 mM K2HPO4, 5 mM MgCl2.6H2O, 0.5 mg ml−1 BSA,
pH 7.4) for �20 min until analysis. At the conclusion of
each experiment, PmFBs were washed in double-distilled
H2O to remove salts, and freeze-dried (Labconco, Kansas,
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MO, USA), and weighed. Typical fibre bundle sizes were
0.2–0.6 mg dry weight.

Mitochondrial respiration

High-resolution O2 consumption measurements were
conducted in 2 ml of buffer Z containing 20 mM creatine
and 25 μM blebbistatin to inhibit contraction (Perry et al.
2011) using the OROBOROS Oxygraph-2k (Oroboros
Instruments, Innsbruck, Austria). Polarographic O2

measurements were acquired at 2 s intervals with the steady
state rate of respiration calculated from a minimum of 40
data points and expressed as pmol s−1 per mg dry weight.
All respiration measurements were conducted at 37°C and
a working range [O2] of �350–180 μM. Two respiration
protocols were used, each run in duplicate, as follows:
Protocol 1 comprised 10 mM glutamate + 2 mM malate
(complex I substrates), followed by sequential additions of
5 mM ADP, 10 mM succinate (complex II substrate), 1 μM

rotenone (complex I inhibitor) and 1 μM cytochrome c
to test for mitochondrial membrane integrity; Protocol 2
comprised 2–25 μM palmitoyl-L-carnitine (β-oxidation)
+ 2 mM malate, followed by sequential additions of 5 mM

ADP, 5 mM glutamate, 10 mM succinate, 1 μM rotenone
and 1 μM cytochrome c.

Statistical analyses

Data are presented as mean ± SEM. Statistical analyses
were performed with GraphPad Prism (GraphPad
Software, La Jolla, CA, USA). Comparisons between
methods were performed using a Pearson correlation
coefficient and one-tailed t test for significance. The level of
agreement between NIRS and respirometry was assessed
using Bland–Altman 95% limits of agreement analyses,
which provide an indication of the level of agreement (i.e.
how close are the values to zero), as well as whether there
is any relationship between measurement error and the
true value (i.e. more error with larger values). Because
the two techniques have different units of measurement,
Bland–Altman analyses were performed with computed
standardized Z scores for each measurement. Statistical
significance was accepted at P < 0.05.

Results

NIRS measured mitochondrial capacity

Resting mVO2 for all participants averaged
0.058 ± 0.011 μM HHb s−1. Previous studies using
continuous wave NIRS devices have reported that adipose
tissue thickness can influence NIRS measurements
(Van Beekvelt et al. 2001b; Ryan et al. 2012). Using
frequency-domain NIRS measurements, we found no
relationship between resting mVO2 and adipose tissue

thickness (R2 = 0.06), suggesting that a ‘physiological’
calibration may not be necessary with frequency-domain
NIRS devices. A representative NIRS test is shown in Fig. 1.
The rate constant for the recovery of mVO2 averaged
0.031 ± 0.002 s−1 (Time Constant = 35.3 ± 2.3 s)
for all participants, with a range of 0.016 s−1 (Time
Constant = 62.5 s) to 0.051 s−1 (Time Constant = 19.6 s).
These values are in close agreement with previous studies
(Ryan et al. 2012; Brizendine et al. 2013; Erickson et al.
2013). The initial end-exercise mVO2 was 0.47 ± 0.12 μM

HHb s−1, which is equivalent to a 14.8 ± 4.8-fold increase
from resting mVO2 .

Mitochondrial respiration in PmFBs

Mitochondrial respiration from PmFBs from muscle
tissue acquired via a percutaneous biopsy exhibit the
expected patterns in response to the substrate–inhibitor
titration protocols. Specifically, State 2 respiration in
the presence of carbohydrate-based complex I substrates
(glutamate/malate) was 28.6 ± 1.3 pmol s−1 per mg
dry weight and fatty acid-based substrates (palmitoyl-L-
carnitine/malate) was 25.8 ± 1.3 pmol s−1 per mg
dry weight. ADP-stimulated respiration (State 3) was
assessed after the addition of saturating concentrations
of ADP. Complex I supported State 3 respiration
increased to 148.8 ± 4.6 pmol s−1 per mg dry weight
(glutamate+malate+ADP) and 167 ± 6.9 pmol s−1 per
mg dry weight (palmitoyl-L-carnitine+malate+ADP+
glutamate). Convergent electron flow through both
complex I and II was then assessed by the subsequent
addition of succinate, generating a further increase
in respiration to 219.62 ± 8.7 pmol s−1 per mg dry
weight (glutamate+malate+ADP+succinate) and
244.0 ± 9.0 pmol s−1 per mg dry weight (palmitoyl-L-
carnitine+malate+ADP+glutamate+succinate). Comp-
lex II supported State 3 respiration (assessed by the
addition of the complex I inhibitor rotenone) was
121.5 ± 5.7 pmol s−1 per mg dry weight (glutamate+
malate+ADP+succinate+rotenone) and 129.7 ±
7.8 pmol s−1 per mg dry weight (palmitoyl-L-carnitine+
malate+ADP+glutamate+succinate+rotenone). The
respiratory control ratio (State 3/State 2) was 8.7 ± 0.5
(Protocol 1) and 6.9 ± 0.6 (Protocol 2), indicating
well-coupled mitochondria in the fibre preparations.
Addition of cytochrome c at the end of each protocol
did not elicit a significant increase in respiration (all
tests less than 5%), indicating good integrity of the inner
mitochondrial membrane.

Relationship between mitochondrial respiratory
capacity measured in vivo and in situ

NIRS rate constants were well correlated with State 3
respiration with complex I substrates (r = 0.61 and 0.64

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society
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for Protocol 1 and 2, respectively, P < 0.01), complex
I+II (r = 0.68 and 0.69 for Protocol 1 and 2, respectively,
P < 0.01) and complex II with the inhibition of complex
I by rotenone (r = 0.69 and 0.74 for Protocol 1 and
2, respectively, P < 0.01) (Fig. 2). Bland–Altman plots
(Fig. 3) for standardized Z scores demonstrate the level
of agreement with no bias. Statistical values regarding the
Bland–Altman limits of agreement analysis can be found
in Table 1.

Discussion

This study provides clear evidence, for the first time,
that skeletal muscle mitochondrial respiratory capacity
measured in vivo by frequency-domain NIRS correlates
well with mitochondrial respiratory capacity measured
by high-resolution respirometry in permeabilized fibre
bundles from human muscle samples. With the continued
growth in understanding of the role of mitochondria
in health and disease, it is becoming increasingly
important to develop and validate cost-effective, accurate
and clinically useful techniques to study mitochondrial

function. The NIRS technique described here fills a unique
void in this area. NIRS is a completely non-invasive
approach well suited for use in both healthy and clinical
human populations, and is far more affordable than
MRS (Ferrari et al. 2011). Moreover, NIRS has now
been validated under a number of different experimental
conditions, providing both indirect (Brizendine et al.
2013; Erickson et al. 2013; Ryan et al. 2013b) and
direct (Nagasawa et al. 2003; Ryan et al. 2013c) evidence
supporting both its validity and its accuracy.

In situ (PmFBs) and in vitro (isolated mitochondria)
measurements in tissue samples have been used
extensively to investigate mitochondrial physiology
and pathophysiology (Brand & Nicholls, 2011; Perry
et al. 2013), due in part to the ability to perform
experiments under tightly controlled conditions. While
such approaches can provide important mechanistic
insight, they are limited by the inability to completely
recapitulate the constant state of fluxes that constitute
the balance of bioenergetic demand and supply of
the ETS in vivo. Thus, in situ and in vitro approaches
can only provide insight as to what the potential
physiology or pathophysiology may be in vivo. The
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Figure 1. Representative NIRS data
NIRS deoxygenated haemoglobin/myoglobin (HHb) signal collected from the vastus lateralis muscle. A, the test
protocol consisted of two measurements of resting mVO2 , by way of arterial occlusion, post-exercise recovery
kinetics of mVO2 and an ischaemic calibration. B, post-exercise recovery kinetics of mVO2 was measured using
transient repeated arterial occlusions. C, post-exercise measurements of mVO2 were fit to a monoexponential
curve to characterize the rate constant (index of mitochondrial respiratory capacity). Representative NIRS data
are also shown for oxygenated haemoglobin/myoglobin (O2Hb), total haemoglobin (tHb) and tissue saturation
(StO2 ) signals for the entire test protocol (D, G and J, respectively), the post-exercise recovery kinetics (E, H and K,
respectively) and post-exercise mVO2 measurements (F, I and L, respectively).
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NIRS approach provides a cost-effective non-invasive
reliable means of assessing at least one characteristic
of mitochondrial function in skeletal muscle in vivo,
maximal respiratory capacity. Importantly, NIRS further
provides the opportunity to investigate non-invasively
the role of maximal mitochondrial respiratory capacity
in progressively deteriorating conditions such as ageing

and neuromuscular diseases, particularly in human
patients.

In the present investigation, we found an �2-fold
range in the mitochondrial respiratory capacity of the
participants. Several biological and environmental factors
probably contribute to the considerable range. We did not
quantitatively assess physical activity levels or whole-body
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Figure 2. Comparison of in vivo (NIRS) and in situ (high-resolution respirometry) indices of skeletal
muscle mitochondrial respiratory capacity
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presence of substrates providing electron flow through Complex I+II (A, glutamate+malate+succinate;
D, palmitoyl-L-carnitine+malate+glutamate+succinate), Complex I only (B, glutamate+malate; E,
palmitoyl-L-carnitine+malate+glutamate) and Complex II only (C, glutamate+malate+succinate+rotenone; F,
palmitoyl-L-carnitine+malate+glutamate+succinate+rotenone); n = 21 for A–C; n = 17 for D–F. Dashed lines
represent 95% confidence intervals.
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maximal oxygen uptake in these participants, but it is likely
that fitness levels varied considerably. Previous reports in
both animal models and humans have demonstrated both
a greater mitochondrial density and respiratory capacity
in trained versus sedentary organisms (Holloszy, 1967;
Gollnick et al. 1972, 1973; McCully et al. 1989; Jackman
& Willis, 1996; Brizendine et al. 2013). Some reports
support an ageing effect on mitochondria (Conley et al.
2000a,b; Figueiredo et al. 2008; Layec et al. 2013), while
others suggest declines in respiratory capacity with age

may be more closely associated with reduced physical
activity levels (Larsen et al. 2012a,b). Note that while the
participants in the present study had an �2-fold range
in age (18–44 years), most would consider this group
relatively young to middle-aged, thereby suggesting that
the influence of ageing is likely to be small.

It has been known for many years that oxygen
consumption rates in skeletal muscle increase
exponentially in response to step increases in work
at submaximal intensities (Hill, 1940; Mahler, 1985).
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Figure 3. Level of agreement between in vivo (NIRS) and in situ (high-resolution respirometry) indices
of skeletal muscle mitochondrial respiratory capacity
Bland–Altman plots (difference vs. average) of in vivo and in situ measurements of skeletal muscle
mitochondrial respiratory capacity from the vastus lateralis muscle in healthy adults. Because the two
measurement methods have differing units of value, we calculated standardized Z-scores for the study
sample. Complex I+II (A, glutamate+malate+succinate; D, palmitoyl-L-carnitine+malate+glutamate+succinate),
Complex I only (B, glutamate+malate; E, palmitoyl-L-carnitine+malate+glutamate) and Complex II only
(C, glutamate+malate+succinate+rotenone; F, palmitoyl-L-carnitine+malate+glutamate+succinate+rotenone);
n = 21 for A–C; n = 17 for D–F. Dashed lines represent the 95% limits of agreement (mean ± 1.96SD), for which
95% of measurements are expected to lie between.
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Table 1. Results from Bland–Altman limits of agreement analysis

95% Limits of agreement

Protocol Mean difference (SE) Lower limit (95% CI) Upper limit (95% CI)

G+M+D 1.90 × 10−8 (0.27) −2.45 (−1.46 to −3.45) 2.45 (1.46 to 3.45)
G+M+D+S 5.71 × 10−8 (0.17) −1.56 (−0.93 to −2.19) 1.56 (0.93 to 2.19)
G+M+D+S+ROT 4.76 × 10−8 (0.17) −1.53 (−0.91 to −2.15) 1.53 (0.91 to 2.15)
PC+M+D+G 4.70 × 10−8 (0.22) −1.80 (−0.98 to −2.62) 1.80 (0.98 to 2.62)
PC+M+D+G+S −1.76 × 10−8 (0.18) −1.53 (−0.83 to −2.23) 1.53 (0.83 to 2.23)
PC+M+D+G+S+ROT 3.82 × 10−8 (0.17) −1.41 (−0.77 to −2.05) 1.41 (0.77 to 2.05)

Limits of Agreement analysis was performed for the comparison of NIRS with high-resolution respirometry. The mean difference (and
corresponding standard error) between NIRS and maximal state 3 respiration was calculated from standardized Z-scores. Upper and
lower limits (95%) were calculated based on the mean ± 1.96SD, as well as, the 95% confidence interval for each limit of agreement
(using the appropriate value in the t distribution for α = 0.05). G, glutamate; M, malate; D, ADP; S, succinate; PC, palmitoyl-L-carnitine;
ROT, rotenone; SE, standard error; CI, confidence interval.

During this temporary state of mismatch between
oxidative ATP production and ATP hydrolysis, energy
supply is met through the breakdown of phosphocreatine
(PCr). After cessation of contractile activity, the PCr
is restored and the ATP used for resynthesis is almost
exclusively derived from oxidative phosphorylation
(Quistorff et al. 1993; Forbes et al. 2009). Several
metabolic models have been proposed to make inferences
about maximal oxidative ATP synthesis during the
recovery of exercise (i.e. state 3 to state 4 transition):
(1) the kinetic ADP control model is described by the
hyperbolic relationship between the concentration of
ADP and oxidative ATP synthesis rate (i.e. feedback
control by ADP) (Chance & Williams, 1955; Chance et al.
1985); (2) the non-equilibrium thermodynamic model
of the linear relationship between ATP synthesis and free
energy of ATP hydrolysis (�GATP) (Meyer, 1988); and (3)
the linear model in which ATP synthesis capacity can be
inferred simply from the rate constant for the recovery of
mVO2 or PCr (Kemp et al. 2014; Prompers et al. 2014). The
NIRS method described here utilizes the linear modelling

approach, in which the rate constant for the recovery of
mVO2 is used as an index of mitochondrial ATP synthesis
capacity (i.e. respiratory capacity). If the recovery kinetics
are monoexponential, the data from the origin (in this
case maximal mVO2 , or [PCr] of zero) to the end-exercise
point will lie on a straight line whose slope is equal to
the rate constant (Fig. 4). Importantly, this linear model
predicts that the rate of recovery is independent of exercise
intensity (i.e. starting level), which has been supported
by experimental evidence (Meyer, 1988; Binzoni et al.
1992; Walter et al. 1997; Forbes et al. 2009; Ryan et al.
2013a).

In conclusion, the results of the present study
provide support for the validity of NIRS as a tool
for assessing in vivo skeletal muscle mitochondrial
respiratory capacity, as NIRS was correlated and in close
agreement with the mitochondrial respiratory capacity
measured in permeabilized fibres using high-resolution
respirometry. These findings provide clear evidence that
NIRS can be effectively used to characterize skeletal muscle
mitochondrial respiratory capacity non-invasively.
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Figure 4. Simulated data in which the starting, end-exercise, value (y-intercept) is altered
A, monoexponential recovery kinetics are such that the initial value has no influence on the change over time (i.e.
time and rate constants are the same despite an �2-fold difference between starting values). B, the natural log
of mVO2 in A plotted against time, in which the slope of the line is equal to the rate constant of the exponential
function. Clearly, the two simulated data sets produce equal slopes (parallel lines).
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