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KEYWORDS Abstract Purpose of review: Continuous wave near infrared spectroscopy (CW NIRS) provides
Near-infrared non-invasive technology to measure relative changes in oxy- and deoxy-haemoglobin in a dy-
spectroscopy; namic environment. This allows determination of local skeletal muscle O, saturation, muscle
Skeletal muscle; oxygen consumption (VO;) and blood flow. This article provides a brief overview of the use of
Exercise CW NIRS to measure exercise-limiting factors in skeletal muscle.

Recent findings: NIRS parameters that measure O, delivery and capacity to utilise O, in the
muscle have been developed based on response to physiological interventions and exercise.
NIRS has good reproducibility and agreement with gold standard techniques and can be used
in clinical populations where muscle oxidative capacity or oxygen delivery (or both) are
impaired. CW NIRS has limitations including: the unknown contribution of myoglobin to the
overall signals, the impact of adipose tissue thickness, skin perfusion during exercise, and var-
iations in skin pigmentation. These, in the main, can be circumvented through appropriate
study design or measurement of absolute tissue saturation.

Summary: CW NIRS can assess skeletal muscle O, delivery and utilisation without the use of
expensive or invasive procedures and is useable in large population-based samples, including
older adults.
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Introduction NIRS technology

Near Infrared Spectroscopy (NIRS) has been used to assess
tissue oxygenation (saturation/perfusion), local O, con-
sumption (VO;), a measure of oxidative metabolism, and
blood flow in various human tissues including the brain and
skeletal muscle.”? Combining NIRS with simple physiolog-
ical interventions, such as venous or arterial occlusions,
allows quantitative measurements to be made from skel-
etal muscle. This provides a tool for assessing two major
determinants of the capacity of muscles to exercise: O,
delivery and O, utilisation. The non-invasive nature of NIRS
makes it an appealing technique for use in a dynamic
environment and for activities of daily living.

Previous review articles have presented a historical over-
view of NIRS development.'? Between 2007 and 2011 three
reviews focused on oxidative metabolism and mitochondrial
function in skeletal muscle.>™ A recent article addressed
NIRS instrumentation including its progression to allow near-
infrared cerebral imaging (NIRI) in 2D (topography) and 3D
(tomography).® The extent to which the field has been
reviewed highlights the rapid development of instrumenta-
tion and methodology and also the importance of continuous
re-evaluation of NIRS specific to its application.

The purpose of this article is to provide a brief synopsis
of recent development in continuous wave (CW) NIRS
measurements from skeletal muscle. Discussion centres on
its applicability for use in a clinical environment in the
context of exercise testing as a means to determine the
underlying mechanisms relating to reduced exercise ca-
pacity in unhealthy or older individuals. The major limita-
tions of NIRS, suggested methods of circumventing them
and assumptions regarding signal components are
reviewed. An in depth description of NIRS instrumentation
and manufacturer specific variation is not covered as this
would be beyond the scope of a short review and can be
found elsewhere.”"

Near-infrared light can penetrate biological tissues with less
scattering and absorption than visible light and conse-
quently offers advantages for imaging and quantitative
measurements.” In its simplest form, a NIRS device consists
of a light-source emitting 2 or more wavelengths of light in
the near-infrared range (650—1000 nm) into the tissue of
interest and a detector placed at a known distance from the
source(s). The chromophores haemoglobin (Hb) and
myoglobin (Mb) are oxygen carriers in blood and skeletal
myocytes respectively and their absorbance of near infra-
red light differs depending on whether they are in an
oxygenated or deoxygenated state. Unfortunately the
spectral absorbance of the oxy- and deoxy-Hb and Mb is
almost indistinguishable® so attenuation by skeletal muscle
is attributable to both chromophores. Estimates of relative
contribution from Hb and Mb to the NIRS signal are con-
flicting: Hb has been proposed to contribute as much as
~90%”1° or as little as ~10—20%""""* to the signal. A recent
paper by Davis and Barstow '* critically reviewed the topic
and estimated the likely contributions of Hb and Mb to NIRS
signals based on anatomical and experimental data. They
suggested that Mb is likely to contribute ~50—70% of the
NIRS signals at rest in many, but not all, mammalian skeletal
muscles. They also estimated that the relative contribution
from Mb was likely to increase during exercise.' Lai et al.
used a mathematical model of O, transport, metabolism and
distribution of blood volume in muscle and suggested that
the Mb contribution is dynamic and varies in relation to
blood flow."® On the basis of simulations of muscle response
under hypoxic and normoxic conditions Spires et al.'® sug-
gested Mb would be more affected by reductions in blood
flow than Hb and proposed that the Mb contribution to NIRS
signals may therefore differ in disease.'®

Relative oxy- and deoxy-Hb/Mb concentrations can be
estimated from NIRS signals using the modified Beer-
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Lamberts Law.® Algorithms for determining concentrations
are discussed in detail elsewhere.® The modified Beer-
Lamberts Law allows only relative, not absolute, concen-
trations to be derived. This is because biological tissue is
not homogenous, therefore the tissue’s optical properties
(the scattering and absorption coefficients) and the abso-
lute path-length which the light travels cannot be deter-
mined using CW NIRS. Time and frequency resolved NIRS
techniques include a measurement of the absolute optical
path-length and the intensity of light at the detector. This
allows absolute concentration to be measured'; however
scattering (and hence optical path-length) may change as a
result of some typical interventions (e.g. exercise) in
skeletal muscle complicating the interpretation of NIRS
data.>"’

Multi-distance algorithms

Multi-distance algorithms measure from two or more tissue
depths and incorporate the diffusion equation to allow a %
absolute tissue saturation index (TSI; also termed tissue
oxygenation index) to be calculated. Spatially resolved
spectroscopy (SRS) and the self-calibrating (SC) method are
the 2 main multi-distance approaches. The slope of light
attenuation versus source-detector separation distance is
determined, from which the absorption coefficient can be
calculated by applying diffusion theory. The tissue is
assumed to be homogeneous in these methods and the
scattering coefficient is modelled according to the light
wave-length. Thus, these methods are thought to account
for the influence of superficial tissue layers; hence TSI
values can be compared directly between subjects. A
correction factor for TSI can be calculated by placing a
third light source directly between the first and second
source; attenuation at the middle distance should be in-
termediate between the shortest optode-detector distance
and the longest (Personal communication: Portamon, Arti-
nis Medical Systems, The Netherlands).

Signal components

Light passing into blood vessels >1 mm diameter should
contribute little to NIRS signals as it will be almost
completely absorbed. Oxy- and deoxy-Hb signals therefore
represent Hb concentrations in blood vessels smaller than
this (i.e. small arteries, arterioles, capillaries and ve-
nules).'' It is generally assumed that the major part of
the Hb-related NIRS signal arises from capillaries since
these micro-vessels compose the largest portion of vascular
volume in skeletal muscle. However, the synchronous car-
diac pulsatile nature of the signal observed at rest in both
oxy- and deoxy Hb signal from skeletal muscle (Fig. 1)
suggests that at least some of signal arises from small ar-
teries and larger arterioles where cardiac pulsatility has not
dissipated.?° Since arteriolar and venular haemodynamics
are not usually synchronous?®?" the presence of simulta-
neous pulsatility in the oxy- and deoxy Hb signal in this
example suggests some cross-talk between the signals,
presumably due to the homogeneous medium assumption
with the use of mean optical path length.??

Due to the stability of arterial O, saturation, saturation
changes that are unrelated to cardiac pulsatility or muscle
contraction, are thought to predominantly represent
changes in the venous compartment.”'® A hydrostatic
change imposed by tilting from supine to upright results in
venous filling and has been used to provide information
about the compliance of the venous compartment.?*2*

Limitations of NIRS in skeletal muscle
Adipose tissue

Adipose tissue thickness at the site of measurement in-
fluences NIRS measurements through its effect on the
scattering properties of the tissue.?” This has implications
for the choice of measurement site. For example, thigh
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Example trace showing oxy (HbO,) and deoxy (HHb) haemoglobin signals measured in human lateral head of the

gastrocnemius muscle under resting supine conditions. The cyclical oscillation of signal seen in the HbO, and to a lesser extent in
HHB signal corresponds with the cardiac cycle. Arrows indicate the magnitude of change in oxy (0.4 uM) and deoxy (0.1 uM)

associated with an individual cardiac cycle.
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muscle (e.g. Vastus Lateralis) is a major working muscle for
locomotion but the thickness of adipose tissue in the thigh
may exceed 3 cm in people with diabetes.?® Although not
directly related to locomotion, muscle in the forearm is
often examined because adipose tissue is less thick here
and occlusive cuffs can be easily applied above the elbow.
For NIRS measurements in the lower limb of older in-
dividuals, the gastrocnemius may be a useful compromise
since subcutaneous adipose thickness rarely exceeds 1 cm
at this location.?’

To allow comparison to be made between subjects with
different adipose tissue thickness, a physiological calibra-
tion can be applied; this involves calibration of the relative
concentration values to a normalized scale: a baseline is
achieved by application of a total ischaemic occlusion until
the oxy-Hb signal plateaus. The hyperaemic response,
following cuff release, provides a functional maximum that
can be used to scale responses.?® The hyperaemic response
to 5 min occlusion of the brachial artery has recently been
reported to show good intra-subject reproducibility.?’ The
technique may however be limited by poor subject accep-
tance of total occlusion, especially in older adults.
Impairment of maximum hyperaemia due to vascular dis-
ease or incompressible calcified vessels may also limit this
technique.

Skin perfusion

During exercise skin perfusion may change significantly in
response to the rise in body temperature®® and both oxy-
and deoxy-Hb signals from skin may therefore confound the
muscle signal. The contribution of skin to the NIRS signal
has been considered minimal’; however, more recent
studies indicate a more substantial contribution from skin
blood flow.?" Use of spatially resolved techniques may
reduce the impact of the cutaneous layer.*?

Melanin contribution

Melanin in the skin and Cytochrome also absorb light in the
near infrared range. Wassenaar et al., 2005 described
attenuation of light reflectance in direct relation to
increased melanin in a small study.** Technological de-
velopments addressing signal loss, such as increased signal
intensity or improved detection, could be useful for
reducing attenuation. Applying a physiological calibration
(described above) to the signal allows inter-subject com-
parisons to be made with different levels of skin
pigmentation.

Heterogeneity of blood flow in the muscle

The heterogeneity of blood flow and O, utilisation within
the muscle can only be examined if multiple source-
detector pairs are used.>** There has been a recent in-
crease in the number of skeletal muscle studies exploiting
multi-channel instruments.>¢ 3% Studies assessing the
perfusion/utilisation relationship (matching of O, delivery
to requirement) provide a comprehensive assessment of
skeletal muscle function but as the number of source-
detector pairs increases data collection becomes more

complex, and less portable. With development of
improved analysis techniques and more portable complex
devices, parameters for assessing ‘matching’ of O, de-
livery and utilisation can be studied more readily. These
studies also highlight the importance of consistent probe
position within a study where inter-subject comparisons
are made using a simple device with fewer source-
detector pairs.

Despite these technical limitations, the non-invasive and
cost effectiveness of CW NIRS makes it attractive. The
technology has been developed in small, wireless in-
struments showing good intra- and inter-subject reproduc-
ibility*>*° and recently, the TSI signal was found to be
stable despite waterproofing and water submersion when a
portable CW NIRS device was used during swimming.*'

NIRS applications in the clinical setting

Microvascular dysfunction is associated with a range of
cardiometabolic diseases such as diabetes, hypertension
and obesity. The cause-effect relationship in these disease
processes remains unclear.’” It is therefore of interest to
develop novel ways to assess microvascular function and
better understand its relationship with macro-vascular
function and metabolic disturbances. Due to the assump-
tion that NIRS is capable of detecting signal only from small
blood vessels, it provides researchers and clinicians with
the opportunity to assess microvascular function*? in addi-
tion to a macro-vascular functional assessment obtained via
more established methods.

NIRS has been used in various clinical populations where
0O, delivery and/or utilisation of O, are implicated in the
disease process. Examples include muscle myopathies,
diseases causing muscle atrophy,* heart failure*>“*¢ and
peripheral arterial (or vascular) disease®? (PAD).

Assessment of skeletal muscle VO,

Diseases symptomatically characterised by breathlessness
on exertion and muscle fatigue are severely debilitating for
patients. An exercise test incorporating a measure of total
body oxygen consumption (VO;max), Measured through
breath-by-breath gas analysis, is commonly used to assess
total body cardio-respiratory capacity; however this test
does not necessarily identify the mechanism underlying
functional limitations. Local assessments of O, saturation
and muscle oxidative capacity provide further mechanistic
insights.

Oxidative capacity within skeletal muscle has previously
been measured using techniques involving muscle biopsies
or magnetic resonance spectroscopy (MRS).”” However,
repeated biopsies are uncomfortable for participants and
MRS is an expensive tool.

Resting VO,

In the absence of changes in blood volume, NIRS signals
represent the balance between O, delivery and consump-
tion. Applying an arterial or venous occlusion above the site
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of measurement is commonly used to provide a measure of
local muscle VO,.*

An arterial occlusion creates a closed circuit system, no
blood flow in or out, so, in the absence of volume change
between vascular compartments within the occluded tis-
sue, the rate of decrease in oxy-Hb (or deoxy-Hb increase)
represents the muscle \'/02, in uM/second (Fig. 2, top
panel). During venous occlusion, arterial blood flow is
maintained but venous outflow is obstructed until venous
pressure exceeds the pressure in the occluding cuff (Fig. 2,
bottom panel). In the early quasi-linear phase following
inflation of the venous occlusion cuff the rate of increase in
deoxy-Hb represents VO,*° and rate of increase in total Hb
signal provides a measurement of resting blood flow.>°

Studies comparing VO, measured by venous and arterial
occlusion have reported moderate correlations (Pearson’s

r = 0.647*% and Spearman’s rho = 0.41%°) but in both
studies venous occlusion yielded estimates of resting VO,
that were ~14—-25% higher than values calculated
following arterial occlusion. Venous occlusion derived VO,
values show higher variability*® and poorer reproduc-
ibility.?° The lower values measured by arterial occlusion
may be explained by continued inflow of arterial blood
during venous occlusion. Although arterial occlusions pro-
vide more accurate values the higher pressures necessary
to completely restrict blood flow are less comfortable for
the subject and in some subjects with incompressible ar-
teries the assumption of complete occlusion may not
obtain. Also, the assumption of no shifts in blood volume
between vascular compartments during arterial occlusion
may not hold and a method to correct for such volume shifts
has been described recently.”"
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Figure 2
onset of occlusion and release of cuff.

Example of an arterial (top panel) and a venous (bottom panel) occlusion for ~30 s, vertical dashed lines show the
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VO, during exercise

Exercise induces a large increase in muscle blood flow.>?
During rhythmic exercise the muscle pump action acts on
blood vessels to elicit volumetric shifts,>> these can be seen
as cyclic changes in the oxy- and deoxy Hb signals, corre-
sponding to stepping action (Fig. 3). It is not feasible to
perform repeated arterial occlusions to estimate VO,
throughout exercise, so a simple alternative is to surmise
that immediately post-exercise the VO, determined via
arterial occlusion is equivalent to the VO, during the final
stages of the exercising protocol.”

Recently, a model has been proposed that utilises the
signal changes generated by the muscle pump during
rhythmic cycling to generate values for instantaneous tis-
sue saturation®® and instantaneous O, utilisation.>®
Oxygenation within the vessels affected by muscle pump
action is lower during the contraction phase than during the
relaxation phase. By determining ‘cyclic O, saturation’>®
and a net total Hb concentration change across an aver-
aged pedal cycle (30 s sample), the number of O, molecules
within that net flow, can be determined. This instantaneous
0, consumption measurement is also appealing because
muscle contraction should have minimal impact on blood
flow within adipose tissue and the myoglobin contribution
to the signal can be assumed constant.>® This approach has
been used to demonstrate a significantly lower cyclic
muscle O, consumption measured during cycling at a low
(40%) versus a high (110%) percentage peak aerobic power
in athletic subjects.’® The instantaneous O, consumption
measurement assesses only the tissue interrogated by NIRS
and subject to muscle pump action; it could have limita-
tions in a scenario of more complex measurements using a
greater number of source-detector pairs aiming to assess
the saturation and consumption across the muscle. The
technique also lacks rigorous testing in non-athletic
subjects.

Recovery of VO, after exercise

A process of transient arterial occlusions in the immediate
post-exercise period, originally described by Motobe et al in
2004, can be used to generate a time constant for re-
covery of muscle VO, — a marker of skeletal muscle
oxidative capacity. In healthy subjects the technique has
shown good reproducibility that is uninfluenced by the type
of exercise.’**® Good agreement has been demonstrated
between NIRS derived recovery time constants and phos-
phocreatine (PCr) recovery time constants found with
magnetic resonance spectroscopy (MRS)®’ as well as good
correlation with in vitro assessed oxidative capacity via
muscle biopsy analysis.®°

The effect of training and disease on recovery of
VO, after exercise

Sensitivity of muscle VO, recovery kinetics to athletic ca-
pacity has been demonstrated by several groups.®'®? Bri-
zendine et al. reported muscle VO, recovery time constants
of the Vastus Lateralis were nearly twice as fast in endur-
ance athletes as non-athletic, age-matched controls.®’ The
effects of training and de-training on the recovery time
constant of muscle VO, measured by NIRS have also been
shown in wrist flexor muscles.®® Re-oxygenation rate
following exercise is faster in trained individuals than in
non-trained controls®® and re-oxygenation rate can be
improved by undertaking a training intervention.® Re-
oxygenation is slower in patients with diseases affecting
O, delivery, such as heart failure®® but recently, exercise
training has been shown to improve this reduction.*

The studies discussed above support positive adaptions
related to physical activity. The benefits gained from
exercise-training can be attributed to improved O, delivery
(neovascularization) and/or increased mitochondrial
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Example of cyclic changes in oxy haemoglobin (HbO,, red), deoxy haemoglobin (HHb, blue) and total haemoglobin (tHb,

green) signals seen during rhythmic exercise (cross-training). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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capacity. However, benefits gained from exercise may
differ depending on age or degree of disease and may not
be comparable to the mechanisms of improved fitness in
healthy individuals. It is therefore unclear if it is reasonable
to compare studies including young athletic subjects with
studies conducted in older adults.

Post-occlusive reactive hyperaemia (PORH)

NIRS measurements during PORH can distinguish the muscle
microvascular response of patients with PAD from healthy
volunteers. PORH in PAD is characterized by smaller
maximum hyperaemic responses, slower rates of reperfu-
sion and recovery and consequently longer times to recov-
ery and peak PORH.®® Reproducibility of NIRS measured
PORH in the forearm, in healthy subjects, was recently
shown to be good for all parameters measured.?’

Bopp et al., 2014 found good correlation between micro
and macro vascular PORH measured simultaneously by NIRS
and brachial artery blood flow velocity by pulsed Doppler
ultrasound (r = 0.91, p < 0.0001). They suggest using NIRS
to quantify microvascular reactivity in the muscle is more
suitable than comparisons made using previous methods,
examining cutaneous vascular beds, which may be under
different mechanisms of control.®” Gayda et al., 2014 re-
ported that the microvascular assessment of PORH was
more closely related to cardiovascular risk factors than the
macro-vascular assessment using flow mediated dilatation
(FMD) in a group comprised of healthy controls and patients
with metabolic syndrome or coronary heart disease
(CHD).”?

Exercise-induced blood volume changes in PAD

NIRS has been utilised during exercise in patients with PAD
to examine tissue deoxygenation; the authors describe
parameters generated from the area under the curve (AUC)
of the Hb signals during the early stages of an incremental
walking test (1.7—3.0 km/h walking speed).'? The AUC
generated from all Hb signals, except for total Hb, were
able to detect accentuated deoxygenation in PAD
compared to healthy individuals. The same parameters
were also used to investigate deoxygenation in PAD with
and without diabetes in relation to delated reporting of
claudication in participants with diabetes.'

Microvascular venous compliance

Binzoni et al., 2000 first described the use of NIRS to assess
microvascular compliance by imposing a passive orthostatic
pressure challenge to the lower body and measuring the
changes in Hb signals from the calf. They describe a method
for generating a time constant that represents compliance
of the venous (venular) compartment during the head-up
tilt manoeuvre.”

More recently, Truijen et al., 2012 employed NIRS in
complement to strain-gauge plethysmography to address
the time-course of orthostatic changes in micro-vascular
volume as well as total change in volume.?* The authors
described a biphasic exponential model for microvascular

filling during head-up tilt providing insight into the mech-
anism of increasing total leg volume prolonged standing
described using classic strain gauge plethysmography.

Conclusions

CW NIRS is a non-invasive, portable and relatively cheap
way to measure local skeletal muscle O, utilisation and
delivery, which are both important determinants of func-
tional capacity in exercising muscle. This provides the
means to investigate pathophysiological mechanisms that
limit exercise capacity as well as mechanisms of benefit
resulting from exercise intervention. This is of value in a
multitude of disease states, but also in the context of age
related decline in exercise capacity. Understanding un-
derlying mechanisms of deterioration in capacity would
help identify optimal targets for intervention tailored to
specific populations.

Physiological interventions such as arterial and venous
occlusions generate quantitative values and have demon-
strated good reproducibility, sensitivity to capacity and
agreement with gold standard techniques. Future studies
employing NIRS to measure oxygenation and/or muscle VO,
should be designed in light of the advantages and limita-
tions of the technique.

Funding sources

Institute of Cardiovascular Science UCL PhD stipend, and
British Hearth Foundation CS/13/1/30327.

Conflict of interest

None declared.

References

1. Ferrari M, Quaresima V. A brief review on the history of human
functional near-infrared spectroscopy (fNIRS) development
and fields of application. Neuroimage 2012;63:921—35.

2. Piantadosi CA. Early development of near-infrared spectros-
copy at Duke University. J Biomed Opt 2007;12:062102.

3. Hamaoka T, McCully KK, Quaresima V, Yamamoto K, Chance B.
Near-infrared spectroscopy/imaging for monitoring muscle
oxygenation and oxidative metabolism in healthy and diseased
humans. J Biomed Opt 2007;12:062105.

4. Hamaoka T, McCully KK, Niwayama M, Chance B. The use of
muscle near-infrared spectroscopy in sport, health and medi-
cal sciences: recent developments. Philos Trans A Math Phys
Eng Sci 2011;369:4591—604.

5. Ferrari M, Muthalib M, Quaresima V. The use of near-infrared
spectroscopy in understanding skeletal muscle physiology:
recent developments. Philos Trans A Math Phys Eng Sci 2011;
369:4577—90.

6. Scholkmann F, Kleiser S, Metz AJ, Zimmermann R, Mata Pavia J,
Wolf U, et al. A review on continuous wave functional near-
infrared spectroscopy and imaging instrumentation and meth-
odology. Neuroimage 2014;85(Pt 1):6—27.

7. De Boer MP, Meijer RI, Wijnstok NJ, Jonk AM, Houben AJ,
Stehouwer CD, et al. Microvascular dysfunction: a potential
mechanism in the pathogenesis of obesity-associated insulin
resistance and hypertension. Microcirculation 2012;19:5—18.


http://refhub.elsevier.com/S1872-9312(16)30083-7/sref1
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref1
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref1
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref1
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref2
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref2
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref3
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref3
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref3
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref3
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref4
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref4
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref4
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref4
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref4
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref5
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref5
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref5
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref5
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref5
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref6
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref6
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref6
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref6
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref6
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref7
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref7
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref7
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref7
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref7

32

S. Jones et al.

o]

9.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Cuisset T, Quilici J, Pankert M, Fourcade L, Poyet R,
Lambert M, et al. Usefulness of index of microcirculatory
resistance to detect microvascular dysfunction as a potential
mechanism of stress-induced cardiomyopathy (Tako-tsubo
syndrome). Int J Cardiol 2011;153:e51-3.

Mancini DM, Bolinger L, Li H, Kendrick K, Chance B, Wilson JR.
Validation of near-infrared spectroscopy in humans. J Appl
Physiol 1994;77(6):2740—7.

Ferrari M, Mottola L, Quaresima V. Principles, techniques, and
limitations of near infrared spectroscopy. Can J Appl Physiol
2004;29:463—87.

Seiyama A, Hazeki O, Tamura M. Noninvasive quantitative
analysis of blood oxygenation in rat skeletal muscle. J Biochem
1988;103:419—-24.

Manfredini F, Malagoni AM, Felisatti M, Mandini S, Mascoli F,
Manfredini R, et al. A dynamic objective evaluation of pe-
ripheral arterial disease by near-infrared spectroscopy. Eur J
Vasc Endovasc Surg 2009;38:441—8.

Marcinek DJ, Amara CE, Matz K, Conley KE, Schenkman KA.
Wavelength shift analysis: a simple method to determine the
contribution of hemoglobin and myoglobin to in vivo optical
spectra. Appl Spectrosc 2007;61:665—9.

Manfredini F, Lamberti N, Malagoni AM, Zambon C, Basaglia N,
Mascoli F, et al. Reliability of the vascular claudication
reporting in diabetic patients with peripheral arterial disease:
a study with near-infrared spectroscopy. Angiology 2015;66:
365—74.

Lai N, Zhou H, Saidel GM, Wolf M, McCully K, Gladden LB, et al.
Modeling oxygenation in venous blood and skeletal muscle in
response to exercise using near-infrared spectroscopy. J Appl
Physiol 2009;106(6):1858—74.

Spires J, Lai N, Zhou H, Saidel GM. Hemoglobin and myoglobin
contributions to skeletal muscle oxygenation in response to
exercise. Adv Exp Med Biol 2011;701:347—52.

Kragelj R, Jarm T, Miklavcic D. Reproducibility of parameters
of postocclusive reactive hyperemia measured by near infrared
spectroscopy and transcutaneous oximetry. Ann Biomed Eng
2000;28:168—73.

Boushel R, Langberg H, Olesen J, Gonzales-Alonzo J, Bulow J,
Kjaer M. Monitoring tissue oxygen availability with near
infrared spectroscopy (NIRS) in health and disease. Scand J
Med Sci Sports 2001;11:213—-22.

Chance B, Dait MT, Zhang C, Hamaoka T, Hagerman F. Re-
covery from exercise-induced desaturation in the quadriceps
muscles of elite competitive rowers. Am J Physiol 1992;262:
C766—75.

Gaehtgens P. Hemodynamics of the microcirculation physical
characteristics of blood flow in the microvasculature. In:
Meessen H, editor. Mikrozirkulation/microcirculation. Berlin
Heidelberg: Springer; 1977. p. 231-87.

Lee S, Sutton D, Fenster M, Schmid-Schonbein GW. Biome-
chanics model for skeletal muscle microcirculation with
reference to red and white blood cell perfusion and autor-
egulation. In: Mow V, Tran-Son-Tay R, Guilak F, Hochmuth R,
editors. Cell mechanics and cellular engineering. New York:
Springer; 1994. p. 534—64.

Garzon M, Gayda M, Garzon L, Juneau M, Nigam A, Leone M,
et al. Biomechanical analysis to determine the external power
output on an immersible ergocycle. Eur J Sport Sci 2015;15:
271-8.

Binzoni T, Quaresima V, Ferrari M, Hiltbrand E, Cerretelli P.
Human calf microvascular compliance measured by near-
infrared spectroscopy. J Appl Physiol 2000;88(2):369—72.
Truijen J, Kim YS, Krediet CT, Stok WJ, Kolgen RS, Colier WN,
et al. Orthostatic leg blood volume changes assessed by near-
infrared spectroscopy. Exp Physiol 2012;97:353—61.

van Beekvelt MC, Borghuis MS, van Engelen BG, Wevers RA,
Colier WN. Adipose tissue thickness affects in vivo quantitative

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

37.

38.

39.

40.

41.

42.

43.

near-IR spectroscopy in human skeletal muscle. Clin Sci (Lond)
2001;101:21-8.

Gremeaux V, Drigny J, Nigam A, Juneau M, Guilbeault V,
Latour E, et al. Long-term lifestyle intervention with optimized
high-intensity interval training improves body composition,
cardiometabolic risk, and exercise parameters in patients with
abdominal obesity. Am J Phys Med Rehabil 2012;91:941-50.
Leahy S, Toomey C, McCreesh K, O’Neill C, Jakeman P. Ultra-
sound measurement of subcutaneous adipose tissue thickness
accurately predicts total and segmental body fat of young
adults. Ultrasound Med Biol 2012;38:28—34.

Kounalakis SN, Koskolou MD, Geladas ND. Oxygen saturation in
the triceps brachii muscle during an arm Wingate test: the role
of training and power output. Res Sports Med 2009;17:171—81.
Lacroix S, Gayda M, Gremeaux V, Juneau M, Tardif JC, Nigam A.
Reproducibility of near-infrared spectroscopy parameters
measured during brachial artery occlusion and reactive hy-
peremia in healthy men. J Biomed Opt 2012;17:077010.
Laughlin MH, Davis MJ, Secher NH, van Lieshout JJ, Arce-
Esquivel AA, Simmons GH, et al. Peripheral circulation. Compr
Physiol 2012;2:321—447.

Buono MJ, Miller PW, Hom C, Pozos RS, Kolkhorst FW. Skin
blood flow affects in vivo near-infrared spectroscopy mea-
surements in human skeletal muscle. Jpn J Physiol 2005;55:
241—4.

Messere A, Roatta S. Influence of cutaneous and muscular
circulation on spatially resolved versus standard Beer-Lambert
near-infrared spectroscopy. Physiol Rep 2013;1:€00179.
Wassenaar EB, Van den Brand JG. Reliability of near-infrared
spectroscopy in people with dark skin pigmentation. J Clin
Monit Comput 2005;19:195—9.

Miura H, McCully K, Nioka S, Chance B. Relationship between
muscle architectural features and oxygenation status deter-
mined by near infrared device. Eur J Appl Physiol 2004;91:
273-8.

Wolf U, Wolf M, Choi JH, Levi M, Choudhury D, Hull S, et al.
Localized irregularities in hemoglobin flow and oxygenation in
calf muscle in patients with peripheral vascular disease
detected with near-infrared spectrophotometry. J Vasc Surg
2003;37:1017-26.

. Koga S, Rossiter HB, Heinonen I, Musch TI, Poole DC. Dynamic

heterogeneity of exercising muscle blood flow and 02 utiliza-
tion. Med Sci Sports Exerc 2014;46:860—76.

Miyamoto N, Wakahara T, Ema R, Kawakami Y. Non-uniform
muscle oxygenation despite uniform neuromuscular activity
within the vastus lateralis during fatiguing heavy resistance
exercise. Clin Physiol Funct Imaging 2013;33:463—9.
duManoir GR, DeLorey DS, Kowalchuk JM, Paterson DH. Kinetics
of VO2 limb blood flow and regional muscle deoxygenation in
young adults during moderate intensity, knee-extension exer-
cise. Eur J Appl Physiol 2010;108:607—17.

Everdell NL, Airantzis D, Kolvya C, Suzuki T, Elwell CE. A
portable wireless near-infrared spatially resolved spectroscopy
system for use on brain and muscle. Med Eng Phys 2013;35:
1692—7.

Shadgan B, Reid WD, Gharakhanlou R, Stothers L, Macnab AJ.
Wireless near-infrared spectroscopy of skeletal muscle
oxygenation and hemodynamics during exercise and ischemia.
Spectros Int J 2009;23:233—41.

Jones B, Dat M, Cooper CE. Underwater near-infrared spec-
troscopy measurements of muscle oxygenation: laboratory
validation and preliminary observations in swimmers and tri-
athletes. J Biomed Opt 2014;19:127002.

Vardi M, Nini A. Near-infrared spectroscopy for evaluation of
peripheral vascular disease. A systematic review of literature.
Eur J Vasc Endovasc Surg 2008;35:68—74.

Boone J, Celie B, Dumortier J, Barstow TJ, De Bleecker J,
Smet J, et al. Forearm muscle oxygenation responses during


http://refhub.elsevier.com/S1872-9312(16)30083-7/sref8
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref8
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref8
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref8
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref8
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref8
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref9
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref9
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref9
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref9
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref10
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref10
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref10
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref10
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref11
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref11
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref11
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref11
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref12
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref12
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref12
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref12
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref12
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref13
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref13
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref13
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref13
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref13
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref14
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref14
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref14
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref14
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref14
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref14
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref15
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref15
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref15
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref15
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref15
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref16
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref16
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref16
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref16
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref17
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref17
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref17
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref17
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref17
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref18
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref18
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref18
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref18
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref18
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref19
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref19
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref19
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref19
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref19
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref20
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref20
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref20
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref20
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref20
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref21
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref21
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref21
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref21
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref21
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref21
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref21
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref22
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref22
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref22
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref22
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref22
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref23
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref23
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref23
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref23
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref24
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref24
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref24
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref24
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref25
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref25
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref25
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref25
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref25
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref26
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref26
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref26
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref26
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref26
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref26
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref27
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref27
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref27
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref27
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref27
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref28
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref28
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref28
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref28
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref29
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref29
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref29
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref29
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref30
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref30
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref30
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref30
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref31
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref31
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref31
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref31
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref31
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref32
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref32
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref32
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref33
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref33
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref33
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref33
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref34
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref34
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref34
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref34
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref34
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref35
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref35
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref35
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref35
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref35
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref35
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref36
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref36
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref36
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref36
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref37
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref37
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref37
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref37
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref37
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref38
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref38
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref38
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref38
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref38
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref39
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref39
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref39
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref39
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref39
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref40
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref40
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref40
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref40
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref40
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref41
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref41
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref41
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref41
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref42
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref42
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref42
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref42
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref43
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref43

Application of NIRS to skeletal muscle

33

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

and following arterial occlusion in patients with mitochondrial
myopathy. Respir Physiol Neurobiol 2014;190:70-5.

. Malagoni AM, Felisatti M, Lamberti N, Basaglia N, Manfredini R,

Salvi F, et al. Muscle oxygen consumption by NIRS and mobility
in multiple sclerosis patients. BMC Neurol 2013;13:52.

Fu TC, Wang CH, Lin PS, Hsu CC, Cherng WJ, Huang SC, et al.
Aerobic interval training improves oxygen uptake efficiency by
enhancing cerebral and muscular hemodynamics in patients
with heart failure. Int J Cardiol 2013;167:41-50.

Southern WM, Ryan TE, Kepple K, Murrow JR, Nilsson KR,
McCully KK. Reduced skeletal muscle oxidative capacity and
impaired training adaptations in heart failure. Physiol Rep
2015;3.

Lanza IR, Nair KS. Mitochondrial metabolic function assessed
in vivo and in vitro. Curr Opin Clin Nutr Metab Care 2010;13:
511-7.

De Blasi RA, Almenrader N, Aurisicchio P, Ferrari M. Comparison
of two methods of measuring forearm oxygen consumption (VO2)
by near infrared spectroscopy. J Biomed Opt 1997;2:171-5.
Malagoni AM, Felisatti M, Mandini S, Mascoli F, Manfredini R,
Basaglia N, et al. Resting muscle oxygen consumption by near-
infrared spectroscopy in peripheral arterial disease: a param-
eter to be considered in a clinical setting? Angiology 2010;61:
530-6.

van Beekvelt MCP, Colier WNJM, Wevers RA, van Engelen BGM.
Performance of near-infrared spectroscopy in measuring local
0-2 consumption and blood flow in skeletal muscle. J Appl
Physiology 2001;90:511—9.

Ryan TE, Erickson ML, Brizendine JT, Young HJ, McCully KK.
Noninvasive evaluation of skeletal muscle mitochondrial ca-
pacity with near-infrared spectroscopy: correcting for blood
volume changes. J Appl Physiol 2012;113(2):175—83.

Gayda M, Juneau M, Tardif JC, Harel F, Levesque S, Nigam A.
Cardiometabolic and traditional cardiovascular risk factors and
their potential impact on macrovascular and microvascular
function: preliminary data. Clin Hemorheol Microcirc 2015;59:
53—65.

Sheriff D. Point: the muscle pump raises muscle blood flow
during locomotion. J Appl Physiol 2005;99(1). 371-2; discussion
374-5.

Southern WM, Ryan TE, Reynolds MA, McCully K. Reproducibility
of near-infrared spectroscopy measurements of oxidative func-
tion and postexercise recovery kinetics in the medial gastrocne-
mius muscle. Appl Physiol Nutr Metab 2014;39:521—-9.

Leung TS, Wittekind A, Binzoni T, Beneke R, Cooper CE,
Elwell CE. Muscle oxygen saturation measured using “cyclic NIR
signals” during exercise. Adv Exp Med Biol 2010;662:183—9.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Binzoni T, Cooper CE, Wittekind AL, Beneke R, Elwell CE, Van
De Ville D, et al. A new method to measure local oxygen
consumption in human skeletal muscle during dynamic exer-
cise using near-infrared spectroscopy. Physiol Meas 2010;31:
1257—-69.

Motobe M, Murase N, Osada T, Homma T, Ueda C, Nagasawa T,
et al. Noninvasive monitoring of deterioration in skeletal
muscle function with forearm cast immobilization and the
prevention of deterioration. Dyn Med 2004;3:2.

Buchheit M, Ufland P, Haydar B, Laursen PB, Ahmaidi S.
Reproducibility and sensitivity of muscle reoxygenation and
oxygen uptake recovery kinetics following running exercise in
the field. Clin Physiol Funct Imaging 2011;31:337—46.

Ryan TE, Erickson ML, Verma A, Chavez J, Rivher MH,
McCully KK. Skeletal muscle oxidative capacity in amyotrophic
lateral sclerosis. Muscle Nerve 2014;50:767—74.

Ryan TE, Brophy P, Lin CT, Hickner RC, Neufer PD. Assessment
of in vivo skeletal muscle mitochondrial respiratory capacity in
humans by near-infrared spectroscopy: a comparison with in
situ measurements. J Physiol 2014;592:3231—41.

Brizendine JT, Ryan TE, Larson RD, McCully KK. Skeletal muscle
metabolism in endurance athletes with near-infrared spec-
troscopy. Med Sci Sports Exerc 2013;45:869—75.

Nagasawa T. Slower recovery rate of muscle oxygenation after
sprint exercise in long-distance runners compared with that in
sprinters and healthy controls. J Strength Cond Res 2013;27:
3360—6.

Ryan TE, Southern WM, Brizendine JT, McCully KK. Activity-
induced changes in skeletal muscle metabolism measured
with optical spectroscopy. Med Sci Sports Exerc 2013;45:
2346—52.

Buchheit M, Ufland P. Effect of endurance training on perfor-
mance and muscle reoxygenation rate during repeated-sprint
running. Eur J Appl Physiol 2011;111:293—301.

Hanada A, Okita K, Yonezawa K, Ohtsubo M, Kohya T,
Murakami T, et al. Dissociation between muscle metabolism
and oxygen kinetics during recovery from exercise in patients
with chronic heart failure. Heart 2000;83:161—6.

Kragelj R, Jarm T, Erjavec T, Presern-Strukelj M, Miklavcic D.
Parameters of postocclusive reactive hyperemia measured by
near infrared spectroscopy in patients with peripheral vascular
disease and in healthy volunteers. Ann Biomed Eng 2001;29:
311-20.

Bopp CM, Townsend DK, Warren S, Barstow TJ. Relationship
between brachial artery blood flow and total
[hemoglobin + myoglobin] during post-occlusive reactive hy-
peremia. Microvasc Res 2014;91:37—43.


http://refhub.elsevier.com/S1872-9312(16)30083-7/sref43
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref43
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref43
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref44
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref44
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref44
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref45
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref45
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref45
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref45
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref45
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref46
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref46
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref46
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref46
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref47
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref47
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref47
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref47
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref48
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref48
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref48
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref48
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref49
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref49
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref49
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref49
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref49
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref49
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref50
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref50
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref50
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref50
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref50
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref51
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref51
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref51
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref51
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref51
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref52
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref52
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref52
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref52
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref52
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref52
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref53
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref53
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref53
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref53
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref54
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref54
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref54
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref54
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref54
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref55
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref55
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref55
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref55
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref56
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref56
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref56
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref56
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref56
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref56
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref57
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref57
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref57
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref57
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref58
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref58
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref58
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref58
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref58
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref59
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref59
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref59
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref59
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref60
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref60
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref60
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref60
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref60
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref61
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref61
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref61
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref61
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref62
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref62
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref62
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref62
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref62
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref63
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref63
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref63
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref63
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref63
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref64
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref64
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref64
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref64
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref65
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref65
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref65
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref65
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref65
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref66
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref66
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref66
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref66
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref66
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref66
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref67
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref67
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref67
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref67
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref67
http://refhub.elsevier.com/S1872-9312(16)30083-7/sref67

	Recent developments in near-infrared spectroscopy (NIRS) for the assessment of local skeletal muscle microvascular function ...
	Introduction
	NIRS technology
	Multi-distance algorithms
	Signal components


	Limitations of NIRS in skeletal muscle
	Adipose tissue
	Skin perfusion
	Melanin contribution
	Heterogeneity of blood flow in the muscle

	NIRS applications in the clinical setting
	Assessment of skeletal muscle V˙O2
	Resting V˙O2
	V˙O2 during exercise
	Recovery of V˙O2 after exercise
	The effect of training and disease on recovery of V˙O2 after exercise

	Post-occlusive reactive hyperaemia (PORH)
	Exercise-induced blood volume changes in PAD
	Microvascular venous compliance
	Conclusions
	Funding sources
	Conflict of interest
	References


