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Maximal oxygen uptake (VOamey) is likely one of the most investigated parameters in the
field of exercise physiology. The first description of a maximal rate of the cardiovascular and
respiratory systems to transport and utilize oxygen (O,) to produce physical work is dated back
in early “1900s with Hill and Lupton (1). Since then, the VOmax concept has been validated and

extended (2, 3).

The O, cascade from ambient air to muscle mitochondria, aiming to support oxidative
ATP production, consists of several consecutive steps, including 1) convective O, flow to the
alveoli by pulmonary ventilation; 2) diffusive gas transfer across the alveolar-capillary
membrane into the capillary blood; 3) convective transport in the blood to the peripheral tissues
(i.e., skeletal muscle); and 4) diffusive movement out of the muscle capillaries to the
mitochondria where O, is utilized (4, 5). Perturbations at any level of the O, cascade may

significantly affect O, transport and utilization, thus VOzmax (4).

Near-infrared spectroscopy (NIRS) is a non-invasive optical tool to measure the
oxygenation status of the primary heme compounds (hemoglobin and myoglobin) suppling O, to
and within skeletal muscle, and its application in exercise physiology research has increased
exponentially in recent years (6). Below, we explain why we believe that NIRS can be used as a
non-invasive approach to investigate the relative convective and diffusive components of O,

transport at VOomax.

A proposed model to independently evaluate convective and diffusive O, transport

The four steps involved in the O, cascade can be summarized by two main mechanisms
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termed convective (QO,) and diffusive (DO,) O, transport (7). While QO is determined by the
bulk movement of O, in air or blood, DO, is the passive movement of O, down a pressure
gradient across both the alveolar-capillary membrane and the muscle capillary-mitochondrion

diffusion pathway (8).

Wagner has proposed a mechanistic model to graphically illustrate the integration of both
QO, and DO, mechanisms into a single scheme that depicts how each component contributes to
VOamax (2, 5, 7). Although the validity of this model is generally accepted and used to understand
the site of limitation to VO,ma in different populations and/or environmental conditions (9-11),
this approach requires invasive collection of both arterial and muscle venous blood (by
catheterization) to algebraically calculate QO (by the Fick Principle of Mass Conservation,

Equation 1) and DO; (by Fick’s Law of Diffusion, Equation 2).

VO, = Q x (Ca0, — Cv0,) (1)

VO, = DO, x (PcapO, — Pmito0,) 2)

Briefly, in Equation 1, Q represents cardiac output, CaO, and CvO, the arterial and
venous O, content, respectively, while, in Equation 2, DO, is the diffusivity of O,, PcapO, and
PmitoO, represent mean capillary and mitochondria partial pressure of oxygen (PO),
respectively. Equation 2 can be simplified considering that, at maximal exercise intensity (i.c.,
VOamax), PcapO, was shown to be proportional to mean venous PO, (P¥0O,) (12) and PmitoO, is
usually ~1-3 Torr (13, 14) and therefore assumed to be negligible. However, the compulsory

requirement for arterial and venous blood sampling is an important limitation for widespread
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application of the technique, requiring medical supervision and logistics, additional technical
personnel support, significant time for subject and laboratory preparation, and the willingness of
subjects to endure catheterization. In addition, invasive studies limit the number of repeated
studies across days or weeks possible on a given subject/patient. While the direct measurement
of arterial and venous PO, to determine PcapO, by Bohr integration has been historically the
gold standard, a non-invasive approach with sufficient accuracy and response time to evaluate
the integrative responses of the cardiopulmonary system and skeletal muscles to physical
exercise would advance our understanding of the potential underlying mechanisms limiting

aerobic power in a variety of subjects.

Near-Infrared Spectroscopy: a non-invasive monitoring of muscle oxygenation

NIRS has emerged as a useful and popular non-invasive optical method to monitor
changes in local skeletal muscle oxygenation in response to different stimuli, including exercise.
Briefly, this technique measures the absorption of near-infrared light at different wavelengths to
measure concentration changes in oxygenated and deoxygenated myoglobin and hemoglobin
(HbO, and HHb, respectively) in the investigated tissue. A primary advantage of NIRS is that the
signals specifically reflect the balance between O, delivery and O, utilization at the
microvascular level within working skeletal muscles (15), and thus directly relate to the
conditions reflected in the Wagner diagram, in contrast to more global measures of O, content
and pressure in arterial and venous blood. Its non-invasive nature makes it ideal for use in human
participants ranging from fragile clinical populations (16, 17) to top-class athletes (6). Extensive
reviews on NIRS applications in exercise science have provided mechanistic, physiological

explanations which underpin this technique, as well as its advantages, limitations, and practical
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applications to investigate skeletal muscle physiology (15, 17). NIRS-derived signals (including
HbO,, HHb and tissue saturation (StO, or Tissue Saturation Index, TSI)) accurately reflect both
venous O, saturation (SvO;) and content CvO, of the evaluated skeletal muscle tissue (18-20), in
the isolated dog gastrocnemius preparation (R?=0.69 to 0.93). These relationships between
muscle NIRS variables and O, levels in the venous effluent were evident under different muscle
blood flows, inspired O, fractions, and exercise intensities (18, 20). Further, a recent study on
trained cyclists exercising in both normoxia and hypoxia reported a good linear correlation
between regional StO, and femoral SvO, (21), thus supporting the use of NIRS-derived StO, to

empirically estimate SvO..

These results suggest that NIRS StO, can be used as a non-invasive surrogate of venous
oxygenation and thus is suitable to compute and investigate the relative contributions of QO and

DO, to O, transport at VOamax Using the Wagner approach.

A non-invasive approach to compute convective and diffusive O, transport mechanisms
HHb and total (HHb+HbO;) hemoglobin and myoglobin have often been viewed as
proxies of perfusive and diffusive O, transport (15), respectively, while StO, represents a relative
measure of O,-binding-site availability in hemoglobin and myoglobin, and, similarly to HHb and
CvO, (18), reflects the balance between muscle O, supply and O, demand (17, 18). One
advantage of StO, - at least in continuous wave NIRS devices - is that it does not require a
‘physiological calibration’ to normalize the signal for skeletal muscle maximum deoxygenation
capacity since StO,, contrarily to HHb, is based on absolute changes in tissue [heme] saturation

(15). Further, while the original view computes QO, and DO, from different, but related, venous
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O, variables (CvO; in Equation 1 and PvO; in Equation 2), NIRS allows the integration of StO,
in both computations (22) to permit semi-quantitative comparison of the relative contribution of
changes in QO, and/or DO; to VO,max. It should be noted that to generate the Wagner diagram,

peak QO; (as Qmax and [Hb]) needs to be measured as well.

Given the previous discussion, we propose NIRS StO, as a promising surrogate of PvO,.
This variable can be easily employed to noninvasively estimate QO and DO, to understand the
site of functional limitation to exercise capacity (22). Equation 1 (23) and Equation 2 (24) could

therefore be rewritten as:

VO, = Q x (Ca0, — (1.34 x St0, x [Hb] 4+ 0.003 x St0,)) (3)

V0, = DO, X StO, (4)

In addition to cardiopulmonary and NIRS monitoring, this approach will require one
relatively small capillary blood sample from the earlobe or the fingertip to measure [Hb] to
compute CaO, and CvO, in Equation 3 (9). Influence of Psy on the SO,/PO; relationship and
convective O, delivery needs to also be considered, and specific equations to calculate this

parameter were previously proposed (23).

The NIRS StO, signal has already been used to semi-quantitatively illustrate the
difference in contributions of convection and diffusion of O, during supine and upright
incremental exercise to exhaustion (22). In addition, StO, (as TSI) has been used as a proxy of

PmvO, to determine O, diffusion capacity (24).
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Recognized general limitations to the use of NIRS need to be briefly mentioned here —
the influence of adipose tissue thickness (ATT) to potentially attenuate the NIRS signal
strengths, the presence of myoglobin in the NIRS signals, and the limited sample size for the
examined tissue. Approaches have been developed to correct the original NIRS data for
attenuation by ATT (25). The relative contributions of Mb and Hb to the NIRS signals from
skeletal muscle have been previously estimated and discussed (26). The general conclusion is
that during exercise, the whole diffusion pathway, including vascular Hb and intracellular Mb,
would desaturate with a similar time course, and thus would not invalidate the interpretation that
NIRS signals like StO, reflect the dynamic balance between muscle QO, and VO in the volume
of tissue under consideration (15, 17). Finally, NIRS typically samples a relatively small, local
region of tissue, which given the relative heterogeneity of NIRS responses (27) may not reflect
an average value for the contracting muscle. We believe this potential concerned is adequately

balanced by obtaining a direct estimate of PmvO, within the contracting muscle.

In conclusion, we propose that NIRS StO, is an appropriate variable to non-invasively
investigate the relative contribution of QO, and DO, to VOzmax and extend our current
knowledge of the factors underlying exercise intolerance, using the graphical model proposed by
Wagner. This approach will be especially valuable in studies on clinical patients and/or top-class
athletes, in which the application of more invasive approaches involving arterial and/or venous
catheterization may not be feasible or desirable, and which limit repeated measures of the

responses in those participants.
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Measurement of Convective and Diffusive Limitations to VO,max

During exercise, oxygen transport from the environment to muscle mitochondria occurs
through a sequence of highly-interdependent diffusive and convective steps terminating at
muscle mitochondrial oxygen consumption (VO,) (1-4). Maximum muscle oxygen uptake
depends on the maximum flux of convective O, transport by cardiovascular system, diffusing
capacity of O, from hemoglobin to muscle mitochondria, and muscle enzyme activities. The
intersection of these processes at maximum O, flux (VO,max) are mathematically described in

the “Wagner diagram” (3) (Figure 1), where Fick’s principle, which states that:

VO, = Qm x (CaO, — CvOy) (Equation1)

where Qm is muscle blood flow and CaO, and CvO, are arterial and muscle venous O,

concentrations, respectively, conflates with Fick’s law:

VO, = Dm0, x (PmvO, — Pim0,)  (Equation 2)

where DmO; is muscle O, diffusive conductance and PmvO, and PimO, are O, partial pressures

of the microvasculature and intramyocyte, respectively.

Application of these principals in vivo is simplified by the assumption that intramyocyte
(or mitochondrial) PO, is very low at VO,max i.e., functionally negligible, such that PmvO,

approximates the PO, driving pressure for transmembrane diffusive O, flow (4-6). This reduces
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the unknowns in equation 2, allowing convective (Qm) and diffusive (DmO,) contributions to O,

transport at VO,max to be calculated by knowledge of VO,, (CaO, — CvO,) and PmvO, (1, 7-9).

The validity of this approach has been experimentally demonstrated in humans using
invasive arterial and muscle venous blood sampling and blood flow measurement across an
exercising muscle group (typically the lower limb during cycling or knee-extension) and under
manipulations of fractional inspired O, concentration (4, 5, 10). In these studies, PmvO; is
estimated from mean capillary PO, (PcapO,), which is algebraically calculated from knowledge
of the arterial and muscle venous PO,, providing a solution to simultaneous equations 1 and 2. It
should be noted that convective (Qm) and diffusive (DmO5) contributions to O, transport can be
plotted on the same graph by substituting PmvO, with PvO, x k, where k represents a constant
related to the difference in O, partial pressure in the microvasculature compared to the venous
compartment. Thus, the Wagner diagram represents the current gold standard to solve for
convective and diffusive O, flows at VO,max. Although this approach requires invasive
measurements, it has provided seminal insight into the locus of limitations to VO,max under

varying environmental conditions, state of training or in chronic disease (11, 12).

The ability to quantify convective and diffusive O, flow by a non-invasive method could
provide a major advance in our ability to diagnose and treat exercise intolerance, and thus has a
strong rationale for investigation. The Wagner diagram has been reconstructed using non-
invasive *'P-magnetic resonance spectroscopy under conditions of altered O, availability (e.g.
13), to investigate the role of O, availability in limiting isolated-muscle VO,max and to
determine O, diffusive conductance. This approach, however, cannot estimate the convective O,

flow and, currently, is limited to exercise in an isolated muscle group. Thus, other non-invasive
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approaches are needed to quantify both convective and diffusive O, processes during whole-

body exercise.

Using Near-Infrared Spectroscopy (NIRS) to Solve the Wagner Diagram

Near-infrared spectroscopy (NIRS) of human muscle (18, 19) provides a non-invasive
window into tissue oxygenation at the interface between muscle microvasculature and the
myocyte. Because absorption of NIR light is high in large blood vessels, exercise-induced
reductions in the concentrations of deoxygenated hemoglobin (Hb) and myoglobin (Mb)
(A[deoxy(Hb+MDb)]) by NIRS are assumed to reflect changes in oxygenation of the capillary,
venular and muscle compartments (20, 21). As such, NIRS may provide a non-invasive surrogate
for O, extraction; conceptually substituting for (CaO, — CvO,) in equation 1 (22). If so, it may be
possible to solve for Qm in equation 1, using A[deoxy(Hb+Mb)] and by simultaneously

estimating muscle VO, from NIRS using a brief arterial occlusion (24).

Spatially resolved, frequency domain or time-resolved NIRS provides an index of
microvascular (Hb) and muscle (Mb) oxygen saturation e.g., tissue saturation index (TSI), the
fraction of [Hb+Mb] bound to oxygen. Thus, it may also be possible to solve for DmO, in
equation 2 using NIRS, by estimating muscle VO, (as above) and using TSI to calculate PmvO,
(N.B. PimO, is assumed negligible). Calculating PmvO, from TSI requires knowledge of the

instantaneous relationship between [Hb+Mb] O, saturation and partial pressure.

The question at hand is whether such a non-invasive approach is valid. First, we consider

available evidence and then we address the rigor of the key assumptions.
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Does the Literature Support a Non-Invasive Solution to the Wagner Diagram?

Here we compare invasively-measured data during maximal exercise in 10 mitochondrial
myopathy (MM) patients from Jeppesen et al. (26) with unpublished non-invasive NIRS data
from our lab obtained from 4 MM patients. Both groups of patients performed the same maximal

knee-extension exercise, and had similar VO,max during cycling of 1.00 L'min™.

At maximal knee-extension exercise, participants in Jeppesen et al. (26) had a single-leg
Om = 4.13 L'min™ and (CaO, — CvO,) = 87 mlO, L™, resulting in a muscle VO, = 0.36 L'min™
(equation 1; Figure 1). The diffusive component was estimated from PaO, (120 mmHg) and
PvO, (34 mmHg), which, at a VO, of 0.36 L'min™, results in a DmO, of 10.6 mI'min*mmHg™
(equation 2; Figure 1). Diffusive conductance in these MM patients is 2-3 times less than that
expected from healthy participants (27), most likely as a result of the impaired mitochondrial O,
utilization that limits the demand for capillary to myocyte O, flow, rather than due to a direct
diffusion limitation, as previously reported by our group (28). This analysis highlights the utility
of the Wagner diagram, to diagnose the locus of impairment in O, transport and could be used

guide to clinical decision making.

A similar approach was applied using NIRS. In our 4 MM patients, we substituted
A[deoxy(Hb+Mb)]) for (CaO, — CvOy) in equation 1 and TSI (converted to a partial pressure) for
(PmvO, — PImOy,) in equation 2, using a standard Hb-O, dissociation curve (REF). We assumed
that VO, was 0.36 L'min™* (as in 26), but note that NIRS may also be used to calculate absolute
VO, from the rate of deoxygenation during arterial occlusion (24,25). NIRS-based extraction was
35% at maximal exercise, which corresponds to (CaO, — CvO,) = 71 mlO,L™. Substituting in

equation 1 gives Qm = 5.07 L'min™"; ~25% greater than the invasively-determined value of 4.13
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L'min™ (26). TSI was 66% at maximum exercise in our 4 MM patients, which corresponds to
PmvO, = 34 mmHg, using a standard Hb-O; dissociation curve (REF). Substituting in equation

2, results in DmO, = 10.6 mI'min“mmHg™; the same value as the invasive estimate.

Although these estimates show how NIRS may be applied to solve the Wagner diagram,
they also highlight the inherent assumptions and many potential sources of inaccuracy of a
quantitative NIRS-based solution. Those assumptions that we feel are most significant, are

discussed below.

Assumptions Required for a Non-Invasive Solution to the Wagner Diagram
1. A[deoxy(Hb+Mb)] cannot substitute muscle CvO; or (CaO;— CvO,).

Using NIRS to solve equation 1 requires a NIRS-based surrogate for muscle CvO; or
(CaO, — Cv0O;). However, NIRS signals carry no information about the spatial location of
oxygenation changes within the arterial and venous compartments. Using A[deoxy(Hb+Mb)] for
(CaO, — CvO,) assumes that arterial oxygen concentration is constant. A reduction in CaO; is
common at maximal exercise in healthy humans and some patients. Alternatively, substituting
A[deoxy(Hb+Mb)] for CvO, alone, requires knowledge of CaO,. This could be measured
directly from an arterial blood sample, or perhaps estimated from pulse oximetry (SpO,) coupled
with prediction equations for hemoglobin concentration. However, estimating hemoglobin
concentration carries a wide range of error, even in healthy humans, and does not account for

effects of chronic disease.

In addition, the degree to which different NIRS-visible compartments (arteriolar,

capillary, venular, muscular) may contribute to the NIRS signals at maximal exercise is
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unknown. Experiments using progressive head-up tilt or perfused muscle models demonstrate
that these compartments can change their heme concentration independently (30-32). A[Hb+Mb]
can markedly influence the A[deoxy(Hb+Mb)], causing a dissociation of unknown magnitude
between changes in whole tissue heme concentration and muscle deoxygenation measured by
NIRS from microvascular muscle O, extraction (30). This limitation is present even when

absolute [Hb+Mb] is measured by time-resolved or spatially-resolved NIRS equipment.

Finally, skin and adipose tissue thickness (ATT) strongly affects NIRS signals and may
cause an overestimation of muscle oxygenation (35, 36). A[deoxy(Hb+Mb)] is not proportional
to the change in CvO, among individuals varying ATT (34). Attempting to address this by
normalizing to maximal A[deoxy(Hb+Mb)] (e.g. via cuff occlusion or sustained isometric
contraction), assumes that all individuals have a similar muscle CvO, at VO,max, which is not

the case (34).

2. NIRS-based protocols cannot measure absolute values of muscle VO,.

NIRS can provide a relative estimate of muscle oxidative capacity (22, 37) from the
recovery rate constant of mVO, (k) established using serial, intermittent, arterial occlusions after
exercise (38-40). However, this approach does not provide absolute values for muscle VO,. A
single-limb occlusion delivered at VO,max could be used to estimate the relative rate of
deoxygenation of the muscle under the NIRS probe at VO,max, in the absence of convective O,
delivery. However, to convert a relative deoxygenation rate to an absolute VO, requires

knowledge of the regional [Hb+Mb], which is typically unknown.
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3. TSI cannot be used to estimate PmvO,

With knowledge of VO,max, DmO, can be solved if (PmvO, — PimO,) is known. As
discussed, PimO; is typically considered negligible, such that a NIRS-based estimate of PmvO,
is needed. TSI represents a relative measure of O,-binding-site availability in hemoglobin and
myoglobin within the NIRS field of view (22). Thus, using TSI as a surrogate for muscle
microvascular O, saturation (SmvO,) seems a reasonable approach. However, calculating PmvO,
from SmvO, using the Hb-O, dissociation curve requires knowledge of the local (muscle
microvascular) temperature, PCO,, and pH. The significance of the effect of these variables on
the shape of Hb-O, dissociation at maximal exercise curve should not be understated. For
example, muscle venous saturation (SvO;) may reduce from approximately 30% at the gas
exchange threshold to approximately 15% at maximal exercise in healthy individuals, despite
PmvO, remaining relatively constant over this range (41). Continued muscle O, extraction above
approximately 50% VO,max is essentially possible only due to the actions of temperature, PCO,
and, primarily, pH shifting the Hb-O, dissociation curve to the right (the Bohr shift). Therefore,
without knowledge of local pH, at least, it is unlikely that a reasonable estimate of PmvO; can be

derived from SmvO, or TSI.

4. NIRS signals do not account for spatial heterogeneity of muscle properties

NIRS investigates only a small superficial portion of muscle. Invasive methods, on the
other hand, samples blood from a large vein draining the entire limb. Although venous blood
sampling does not provide knowledge of the extent of the distribution of PmvO, throughout the
exercising muscle, and are subject to flow weighted averaging, unlike NIRS O, extraction from
the entire active and inactive musculature is represented in the PmvO, sample. Muscle

deoxygenation and microvascular hemodynamics have different profiles between e.g. the
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superficial and deep rectus femoris, and the superficial vastus lateralis (42). Thus, a clear
contribution of convective and diffusive O, transport at VO,max may not be obtained from NIRS

signals of superficial muscle, due to heterogeneity of muscle properties.

CONCLUSIONS

In conclusion, the seminal mechanistic model proposed by Wagner to integrate both Qm
and DmO; factors involved in the O, cascade from ambient air to muscle mitochondria is an
essential step to understand the physiologic mechanisms underlying VO,max. However, inherent
limitations in NIRS prevent its application for quantitative measurement of convective and

diffusive components of O, transport at VO,max.
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FIGURE LEGEND

Figure 1. The Wagner diagram produced for data from 10 mitochondrial myopathy (MM)
patients during knee extension reported in Jeppesen et al (26). Single-leg VO, at maximal
exercise is 0.36 L.min™, represented as the intersection of convective O, flux (solid curve) and
diffusive O, conductance (solid line). mVVO,, muscle oxygen consumption; PvO,, partial pressure
of oxygen in the venous blood; k, constant related to changes in O, partial pressure from

microvasculature to venous compartment.
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Response to Porcelli, Pilotto, and Rossiter

Prof. Porcelli and colleagues’ elegant perspective contrasts our initial proposal on the
feasibility of using NIRS to non-invasively compute convective and diffusive components
involved in the O, transport. Their position was primarily based on two points: (i) NIRS
overestimates convective, but not diffusive, O, transport; and (ii) well-known limitations of the
NIRS technique hamper its application for a quantitative non-invasive solution to the Wagner

model.

First, we would like to congratulate our opponents for comparing previous invasive
results in the literature to preliminary unpublished data collected by their group using NIRS in
patients with mitochondrial myopathies. In their calculations, Porcelli and colleagues estimated
convective and diffusive O, transport mechanisms by substituting A[deoxy(Hb+Mb)]) for (CaO,
— CvOy,) in equation 1 and StO, for (PmvO, — PimO;) in equation 2, respectively. While the
diffusion values determined invasively or by NIRS StO, were similar, convection was ~25%
greater when derived by NIRS A[deoxy(Hb+Mb)] than from femoral artery catheterization.
Though we understand the use of A[deoxy(Hb+Mb)] as surrogate of muscle O, extraction (1),
we support StO, as a proxy of venous SO, to estimate CvO,. At this regard, a good linear
correlation was described between StO, and CvO, under different muscle blood flows and
inspired O, fractions (2, 3). Porcelli and colleagues agreed that StO, may represent a reasonable
surrogate of venous SO, but not of PmvO,. Their view is based on the importance of exercise-
induced changes in microvascular temperature, PCO,, and, in particular, pH which elicit a right-
shift of the Hb-O, dissociation curve (Bohr effect) (4). On average, femoral venous PO,; reaches

a value between 15 and 25 mmHg at peak leg exercise (5-7),- with a variability likely due to
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differences in study methodology and training status of the investigated groups. In the study of
Stringer and colleagues (4), the decreases in femoral vein PO, (down to ~20 mmHg) remained
similar across increasing exercise intensities, despite a continuous fall in femoral venous SO..
Several previous investigators considered femoral vein PO, measured during incremental cycling
exercise as a surrogate of mean capillary PO, (7, 8). Roca and colleagues also demonstrated a
strong linear relationship between femoral vein PO, and mean capillary PO, at maximal cycling
exercise (9). Of note, in the paper of Roca and colleagues, mean capillary PO, was not measured
directly but estimated from venous PO, in the femoral compartment (9). Therefore,
microvascular PO, can be estimated from microvascular SO,, thus StO,; since - as agreed by our
opponents - NIRS StO; is a surrogate of microvascular SO,. To conclude, as recently performed
(10, 11), we encourage our opponents to recalculate convective O, delivery by interpolating

StO,, rather than A[deoxy(Hb+Mb)], as a surrogate of CvO,.

A strong point of agreement with our opponents relies on the well-recognized limitations
of the NIRS technique, including the influence of adipose tissue thickness (ATT) on signal
response and the small muscle fraction investigated by the NIRS probe. ATT is known to affect
NIRS signal strength by reducing the relative contribution of the underlying skeletal muscle
tissue to the NIRS signals (12). Despite this, recent satisfying results were collected in obese
(BMI = 33.9 + 1.1 kg-m™) individuals (13). Therefore, although we cannot exclude a possible
impact of ATT on NIRS-derived parameters, we are confident that the light penetration is deep
enough to investigate the underlying capillary bed with no major influences from ATT.

However, further work is recommended to clarify the influence of ATT in obese individuals.



8/ +AWAOANDMM8eAAAAYO/FIAEIDVIASALLIAIPOOAEIEAHION/ADAUMYTXOD

MADYOINXYOHISABZIY 10+ NIOITWNOIZTARY HASSHIN QUG AQ 8SSW-Wsoe/wod MW sjeulnol//:diy woly papeojumoq

€202/12/90 uo

We also obviously agree that NIRS does not account for spatial heterogeneity of large
muscle microvascular bed response during exercise (14), as the investigated muscle portion by
the NIRS probe is relatively small (~3-10 mg of tissue). On the other hand, it is also true that the
direct Fick method integrates the entire limb response, possible sampling venous effluent from
inactive muscle(s). The resulting estimate of PmvO; using Bohr integration, therefore, may not
reflect any specific muscle or site. For example, a single global estimate of PmvO, would not
have revealed the varied responses of the vastus lateralis, medialis and rectus femoris during
incremental exercise (15), leading to possibly misleading conclusions regarding perfusive and
diffusive O, delivery. In contrast, the ability to place a NIRS probe over specific muscles can
provide unique insight not available with a global measure based on blood gases (15). Further,
many of the criticisms raised by our opponents are resolved, including potential influence of
adipose tissue thickness and multiple muscle heterogeneity, when NIRS is used to examine
primarily single muscle activation during forearm handgrip exercise (16). That being said, we
recommend that potential muscle heterogeneity be considered as a limitation when a single probe

is used when investigating large muscle groups.

Concluding Statement

Are there any benefits to estimate Q02 and DO2 factors at peak exercise without
invasive techniques? This contrasting perspective discussed a non-invasive approach utilizing
NIRS to the integration of QO2 and DO2 mechanisms determining VO2max in order to
understand the site of functional limitation to exercise capacity. We have pointed out that there
are certain advantages to this non-invasive approach, including application to a variety of

different populations such as elite athletes and patients, and the ability to make repeated
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measurements not readily available to invasive studies. We also noted a potential limitation to
the invasive measure of blood sampling of venous blood draining multiple muscles with varying
contribution to the exercise task, where the resulting use of a singular common estimate of
PmvO, may not reflect the microvascular condition in any individual muscle. Given the existing
evidence supporting our view, NIRS StO, may represent a valid substitute to invasively derived
blood gases to semi-quantitatively estimate convective and diffusive factors of O, transport from

ambient air to muscle mitochondria at VO,max as illustrated using the Wagner diagram.
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RESPONSE TO MANFERDELLI, BARSTOW, AND MILLET

Between these contrasting perspectives, there appears to be much on which the two
positions agree. For example, we agree with Dr. Manferdelli et al. (1) that the Wagner model is
generally accepted to quantify perfusive and diffusive O; flow at VOapax, but that the widespread
or longitudinal application of this technique is limited by its invasive nature. We agree that NIRS
is a highly accessible technique that provides data reflecting the balance between O, delivery and
utilization at the interface of the muscle capillary and myocyte. We also agree that new data
using NIRS, under specific protocols administered at rest, may provide insight on relative
limitation to diffusive O, flow in skeletal muscle (2). Therefore, the ability of NIRS to provide
information on the physiology of the capillary-myocyte interface in common units (e.g. tissue
hemoglobin+myoglobin saturation; StO,) that would facilitate mathematical substitution in both
Fick equations (see equations 1 and 2 in [1]) is highly attractive. However, we do not agree with
the proposal that current NIRS applications are able to quantify, i.e. mathematically solve, the

convective and diffusive components of O, transport at VOopmax.

We challenge two key aspects of the position taken by Manferdelli et al., which are: 1)
the proposal to use NIRS-derived StO, as a surrogate for muscle venous O, concentration (CyO5)
in the Fick Principle of Mass Conservation (equation 1 in [1]); and 2) the proposal to use StO, to
estimate mean muscle capillary PO, (PcapO,) in Fick’s Law of Diffusion (equation 2 in [1]).
The substitutions in points 1 and 2 would be used to non-invasively solve for the relative
contributions of convective and diffusive O, transport at VO,max during exercise in humans (3).

However, we believe that assumption weighs so heavy in these three proposals as to render them
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functionally unable to discriminate differences in perfusive and diffusive O, transport among

individuals or environmental conditions.

To the first point, Manferdelli et al. suggest that NIRS-derived muscle StO, or [HHbMDb]
accurately reflects muscle venous O, saturation (SvO;) or concentration (CvO;) during
contractions with r* values ranging from 0.69 to 0.93. It should be clarified that the r* between
[HHbMb] and SvO, of 0.93 comes from exposed dog muscle (without covering skin and
adipose) during pump perfusion to hold blood flow constant and maximal (4). During
spontaneous perfusion in the same experiments, the best scenario leaves 31% of the variance
between [HHbMb] and SvO, unexplained. Human data from a homogenous healthy participant
group (n=6) are highly variable, providing wide individual-subject regressions (r* = 0.29 — 0.82)
between NIRS-based StO, and SvO, (5) and the individual slopes of these regressions ranging
from 1.02 — 2.21; thus, the ability for NIRS to be used to provide an absolute value for SvO; has

at least a 54% difference among individuals.

Further, even without considering the unknown contributions of myoglobin (Mb) to the
NIRS signal and the higher affinity of Mb for O, compared with that of Hb (6), to estimate C\O,
from SyO, requires knowledge of muscle [Hb]. To achieve this Dr. Manferdelli et al. propose to
use small capillary blood sample to determine [Hb]. However, capillary and venous [Hb] also
have ~30% variation in their association at rest (r* = 0.69 — 0.74), have systematic bias i.e.,
capillary [Hb] is consistently greater than [Hb] from a peripheral vein, and capillary [Hb] is more
variable than venous [Hb] on repeat testing (7). Add to this that the capillary [Hb] and tissue

[Hb] in the region of muscle sampled by NIRS are unknown. Using time resolved NIRS (TRS-
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NIRS), the association between tissue [Hb] (UM) and peripheral blood [Hb] (g/dL) is poor e.g.,
r?=0.16 (8). Also using TRS-NIRS on muscle, it is known that tissue [HbMb] typically increases
with exercise intensity from ~190 uM at rest to ~230 uM at VO,max (~20% increase); the
magnitude of this increase appears to vary among individuals, muscles and with state of training
(9). Continuous wave NIRS (CW-NIRS) devices, which measure a relative change in tissue
[HbMDb] from an unknown baseline, would be unable to determine the absolute magnitude of any
exercise-induced changes. Therefore, the potential errors in the several assumptions that are
needed to convert StO, to CvO, for use in the Fick Principle of Mass Conservation are so wide
that establishing a reliable quantitative solution for convective O, transport using NIRS is not

currently feasible.

To the second point, Manferdelli et al. suggest that StO, may be used to estimate PcapO,
(or at least mean muscle venous PO,, PvO,, which can be related to PcapO; by a constant; [3]),
and solve Fick’s Law of Diffusion for DO,. They propose to use equations of Severinghaus
(10) to estimate PcapO, from NIRS derived StO,. These equations were developed to investigate
“determinants of transcutaneous PO; under heated skin surface electrodes” at rest, and provide
relatively accurate estimates of PO; (i.e., within £1 mmHg) at 37°C and pH=7.4 for SO, values
<96%. However, the shape of the Hb-O, dissociation curve in muscle is modified by exercise
due to changes in temperature, pH and PCO,. Errors in estimating PO, from SO, increase as PO,
falls from 1.3%/°C at high PO, to 7.4%/°C at low PO,. Given that muscle temperature may reach
~41°C at VO,max (11), errors of up to ~30% are possible if muscle temperature is unknown.
Errors in PO, estimation from SO, also increase as pH falls and PCO, rises. Severinghaus (10)

proposed to correct for the PCO, component of this error using the base excess measured from a
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blood sample. Therefore, appropriate correction for these confounders at VO,max would require
knowledge of base excess and pH in the region muscle under the NIRS probe; each of which
could vary widely among subjects and environmental conditions. Thus, the potential errors in the
several assumptions that are needed to estimate PcapO; using StO; also significantly impact the

reliability of the proposed approach.

Finally, it should be also highlighted that Manferdelli et al. state that StO, does not
require ‘physiological calibration’ to normalize the signal for maximum deoxygenation among
individuals because the measurement itself (whether using CW-NIRS or other NIRS methods) is
normalized. However, skin and adipose tissue thickness (ATT) have a significant effect on NIRS
data and the reduction in StO, at peak exercise is less as ATT increases, because exercise
reduces StO, predominantly in the muscle compartment (and not the skin and adipose).
Advanced NIRS devices show that StO; at rest and peak exercise is largely related to ATT (12,
13). Differences in ATT may underlie some of the 2-fold differences among individuals in the

slope of the association between StO, and SvO, (discussed above; [5]).

Concluding Statement
For these reasons, we argue that the methods proposed by Manferdelli et al. do not have
sufficient accuracy or reproducibility to compute the convective and diffusive components of O,

transport at VOomax.
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