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Abstract

A linear relationship between skeletal muscle venous (C7,,,) and oxygenated (AHbMbO, )
or deoxygenated (AHHbMby) near-infrared spectroscopy (NIRS) signals suggest a main
Hb contribution to the NIRS signal. However, experimental, and computational evidence
supports a significant contribution of Mb to the NIRS. Venous and NIRS measurements
from a canine model of muscle oxidative metabolism (Med. Sci. Sports Exerc.
48(10):2013-2020, 2016) were integrated into a computational model of muscle O>
transport and utilization to evaluate whether the relationship between venous and NIRS
oxygenation can be affected by a significant Mb contribution to the NIRS signals. The
mathematical model predicted well the measure of the changes of CZ.,, and NIRS signals
for different O, delivery conditions (blood flow, arterial O, content) in muscle at rest (T1,
T2) and during contraction (T3). Furthermore, computational analysis indicates that for
adequate O delivery, Mb contribution to NIRS signals was significant (20-30%) even in
the presence of a linear CZ,,-NIRS relationship; for a reduced O, delivery the non-linearity
of the CZ,,,-NIRS relationship was related to the Mb contribution (50%). In this case (T3),
the deviation from linearity is observed when O delivery is reduced from 1.3 to 0.7 L kg
mint (€I, < 10 mLO, 100mL?) and Mb saturation decreased from 85 to 40%
corresponding to an increase of the Mb contribution to AHHbMb,, from 15 to 50% and the
contribution to AHbMbO,  from 0% to 30%. In contrast to a common assumption, our
model indicates that both NIRS signals (AHHbMby and AHbMbO, y) are significantly

affected by Hb and Mb oxygenation changes.
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New & Noteworthy

Measurements of skeletal muscle oxygenation by near-infrared spectroscopy (NIRS) are
used to detect imbalances between O> consumption and delivery. Within the NIRS signal,
the contribution from hemoglobin (Hb) is indistinguishable from that derived from
myoglobin (Mb). In this study, we present a quantitative analysis indicating that Mb
contribution to NIRS is significant under both normal and reduced muscle O transport
conditions. Also, a linear relationship between muscle venous O, content and NIRS signals
does not necessarily indicate a negligible Mb contribution to the NIRS signal. A reduced O>
delivery to the muscle has distinct effects on the microvascular (Hb) and extravascular
(Mb) oxygenations that significantly affect the NIRS signals. The integrative approach
proposed is a powerful way to assist in interpreting NIRS signals and understanding the

basic elements from which the signals are derived.
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Introduction

The assessment of skeletal muscle function in healthy and disease states by near-
infrared spectroscopy (NIRS) technology has received increased attention during the last
decades (Wilson et al., 1989; Hamaoka et al., 1996; McCully et al., 2011; Grassi et al., 2019).
Nevertheless, its clinical application has been limited because of the semi-quantitative
nature of the NIRS signal in quantifying the oxygen (O2) level in skeletal muscle.
Specifically, NIRS signals reflect the O saturation of hemoglobin (Hb) and myoglobin
(Mb) within the microvascular and extravascular compartments, respectively, (Lai et al.,
2009b; Masuda et al., 2010; Davis & Barstow, 2013) but their contributions to the NIRS signals
which vary during muscle contraction (Lai et al., 2009b; Spires et al., 2011; Koirala et al.,
2021b), cannot be easily quantified. Although the quantitative analysis of the temporal
profile of muscle NIRS signals provides a valuable parameter characterizing the NIRS
Kinetics (i.e., time constant), inferences are limited by the unknown contribution of Hb and
Mb to the Kinetics.

NIRS measurement in animals have reported that the contribution of Mb could be in the
range of 20-50% (Nioka et al., 2006; Marcinek et al., 2007a; Masuda et al., 2010) whereas
human studies reported a contribution close to 50-80% (Marcinek et al., 2007a; Davis &
Barstow, 2013). Integrative approaches that combine experimental and computational
methods were used to analyze the NIRS measurement in contracting muscle during human
exercise (Binzoni et al., 1999; Zhou et al., 2008; Lai et al., 2009b, 2009a; Spires et al., 2011). It
was reported that Mb contribution to the signal varies from 20 to 80% during contraction
due to the O2 delivery conditions (Lai et al., 2009b). The significance of the Mb contribution
inferred by the analysis of the computational model was also confirmed by a quantitative
analysis reported by another group (Davis & Barstow, 2013).

Another quantitative and experimental approach used to evaluate the Hb/Mb
contribution to the NIRS is to examine the correlation between venous and muscle
oxygenation by NIRS. The correlation or linear relationship between these two variables
which is considered evidence for a major Hb contribution to the NIRS signal is not always
present for measurement in skeletal muscle. The presence of this relationship was reported

in canine gracilis muscle (Wilson et al., 1989) and human forearm muscle (Mancini et al.,
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1994). In other studies, the relationship was not always present and the effects of oxygen
delivery (Boushel et al., 1998; Wiist et al., 2014) in contracting muscle on the relationship
were not always consistent among the studies. In particular, the correlation between venous
and NIRS oxygenation in vastus lateralis was not present at normoxia but was significant at
low oxygen delivery (i.e., hypoxia) (Costes et al., 1996; Macdonald et al., 1999). In contrast,
the same correlation was weakened by lower oxygen delivery (i.e., blood flow) in forearm
flexor (Boushel et al., 1998) and pump perfused canine muscle (Wiist et al., 2014).

Some of the differences observed could be in part related to confounding factors such as
adipose tissue, skin blood flow and blood volume changes that complicate the interpretation
of this relationship in human studies.

To avoid the effects of these confounding factors, an animal model (Hernéndez et al.,
2010b) was used to quantify the effects of O> delivery (i.e., varying arterial O> content or
blood flow) on the relationship between venous O content (CZ,,,) and NIRS signals (Sun et
al., 2016) in the presence or absence of contraction. In this experimental setting, a decreased
O> delivery determined a linear decrease of venous oxygen content and an increase of the
amplitude of both NIRS signals; a decrease of the oxygenated and an increase of the
deoxygenated forms, respectively. Thus, these results appear to be consistent with a
predominant contribution of Hb to the NIRS signal. However, because O transport and
utilization are intimately coupled and followed by O> content changes in both blood and
tissue compartments, it is possible that the oxygenation changes detected by the NIRS
signals are related to concurrent Hb and Mb oxygenation changes. These concomitant
changes can occur in both the animal studies as well as the human studies mentioned in the
previous paragraph. There has been not investigation of those experimental conditions
causing a deviation of the correlation between venous and NIRS oxygenation even in
presence of concomitant Hb and Mb oxygenation changes. We used a physiologically
based mathematical model of energy metabolism to quantify Hb and Mb contributions to
the NIRS signals (Lai et al., 2009b). The metabolic response to contraction in human and
animal models has been predicted by a computational model of O transport and utilization
in skeletal muscle (Lai et al., 2007; Spires et al., 2012, 2013) under different experimental

conditions (Grassi et al., 1998b, 1998a, 2000). The capability of this model was validated and
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enhanced to quantify oxygenation in the microvascular and extravascular compartments to
study the effects of blood flow and volume on the NIRS signals (Koirala et al., 2021a, 2021b).
Thus, this tool can be used to quantify the Hb and Mb contribution to NIRS signals under
differing O delivery conditions.

In the present study, we propose to use this computational model, validated with canine
data, to analyze the effects of O, delivery on the relationship between venous and NIRS
oxygenation and determine the extent of the Mb contribution to the NIRS signal.

Methods

Animal Model

The experimental data for the computational analysis of our study were obtained from a
previous investigation that used an animal model of muscle oxidative metabolism
(Hernandez et al., 2010b, 2010a; Goodwin et al., 2012). In this work the experimental setting
and trial notation reported in Figure 1 were the same as those used in the experimental work
(Sun et al., 2016) from which the NIRS data were used for the analysis proposed here. The
experimental protocol provided venous (Cl.,) and muscle oxygenation measurements at
rest (T1 and T2) under different experimental conditions (i.e., blood flow, arterial O
content) and during contraction (T3) for different blood flows. Also, the T5 trial was
considered because the NIRS signals obtained for this condition were used to normalize the
NIRS signals of T1, T2 and T3 trials.

A continuous-wave NIRS system (Oxymon MKk I11, Artinis Medical Systems BV) was
used to measure the muscle oxygenated (AHbMbO, ) and deoxygenated (AHHbMby)
heme group concentration changes relative to rest. N indicates that AHbMbO, and
AHHbMb measurements were normalized to the maximal variation of the oxygenated and
deoxygenated NIRS signals observed for trial T5 during blood flow occlusion (Sun et al.,
2016). The light at two different wavelengths (760 and 860 nm) were emitted and received
by two fiber-optic bundles. The optodes were placed over the medial head of the left
gastrocnemius and held in place with an elastic band. Experimental control of muscle blood
flow was made possible by a peristaltic pump connected to the arterial inflow to the

gastrocnemius. The right carotid artery or the right femoral artery was cannulated to route
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blood to the peristaltic pump (Hernandez et al., 2010a). All experimental data were averaged
from five measurements for each trial condition.

Mathematical model

A mathematical model of skeletal muscle O transport and metabolism (Koirala et al.,
2021a) was used to quantify the Hb and Mb contribution to the NIRS measurement obtained
with the animal model introduced in the previous section (Sun et al., 2016). The muscle
volume (V,,,.s) consists of extravascular tissue (cells and interstitial space, V;) and blood
(V) which is assumed to have vascular (V, ,,) and microvascular (V}, ,,,) compartments. The
microvascular volume consists of arterioles, capillaries, and venules (Vy, , = Vi + Vogp +
V,en). The mathematical model simulates the spatial distribution of the free O
concentration C/, (v) in the capillary and extravascular C/ (v) tissue compartments (Koirala
et al., 2021a). The concentrations depend on the tissue location as indicated by the muscle
volume variable (v) from the arterial input v = 0 to the venous output v = V,,,,,s. Also, the
model quantifies the relationship between O concentration dissolved (CF =
Clrer Capr Chen) and bound (CP) either to Hb (arterioles, capillaries, venules) or Mb
(myocytes). These are used to quantify the oxygenated Hb (HbO,) and Mb (MbO,)
concentration in muscle as:
HbO, = fom|Clrt Ware + Chip Weap + Chon Wyen) /4 = fom(ACiomen) Com/ 4 1
MbO, = f, CE /4 2
where f, ., and f; are the microvascular and extravascular tissue volume fraction in muscle,
Cpm is the bound Oz concentration in the microvascular, C%,,, and C£ are the spatial
average of the bound O2 concentration in capillary and extravascular tissue, respectively.
fo,m is @ function of the relative heme concentration changes (AC;;" . ) detected by the
NIRS signal and used to quantify the microvascular volume changes. The general

expression for any volume averaged variable (Y) with a spatial profile y(v) is calculated as:

|4
_ T y@)av
=2

Y Ve = Veap, Vi 3

where the variable y is Cfap, CZ, the oxygen saturation (SO,) or the partial pressure (Po,) in

the capillary and myocytes compartments.
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For blood (b) and extravascular tissue (t) compartments, the total (T) O2 concentration
is calculated by the sum of the free (F) and bound (B) O2 concentrations (Cf = C2 + CI,
x = b, t), which are related by local equilibrium (Lai et al., 2007). In blood compartments

(arteriole, capillary, venule) the relationship is

(Po,,p)™

B __ — H — F
Cb =4 Cb,HbSOZ,b =4 Cb,Hb (Poorip)™+ (Po,p)" with POZ,b = Cb /(ZOZ 4
and in the extravascular muscle (myocyte) is
P .
Cf = Cemp SOz = Cemp —e with Py, ; = CtF/ao2 S

PsoMb+P0,,t
where SO, , and SO,, are the oxygen saturation (SO;) in the microvascular (arterioles,
capillaries, venules) and extravascular tissue (myocytes) compartments, a,, is the
coefficient of oxygen solubility, Psopp,, n and Psgpp are the parameters of the Hill’s
equation for Hb and Mb. The concentration of Hb in blood ( Cp yp) and red blood cells
( Crpe,np) are related by Hct whereas the concentration of Mb (C; ;) in muscle tissue (cells
and interstitial space) and myocytes (Cy,cnmp) are related by W, (Cpup = Crpenp Het;
Cemp = Crmemp Wine)-

The deoxygenated Hb (HHb) and Mb (HMb) contributions to the deoxygenated
(AHHbMb) NIRS signal are computed as:

HHb = fb.m(ACI?ecfne,N) Cp,up — HDO, 6
HMb = f; Ct,Mb/4—Mb02 7

Details of the models are reported in another computational study (Koirala et al., 2021a).

Model simulations

The details of the strategy to simulate the conditions of the three trials is similar to that
reported in (Koirala et al., 2021a). The model inputs (i.e., arterial O2 content, blood flow) that
reflect the experimental condition of each trial reported in Figure 1 are: 1) metabolic rate
(V0,) to estimate krpqse With the expression reported in Appendix (Al); 2) extravascular
and microvascular volume distribution at rest and for blood volume changes (See
Appendix).

The parameter values in Table 1 applies to all experiments and are independent of the

input conditions. The muscle volume was estimated from muscle mass measurement and
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assuming the muscle density of 1.05 g mL™. And the microvascular volume distribution
was based on measurements obtained in previous studies (Bebout, 1991; Bebout et al., 1993;
Poole et al., 1995). The Hill’s equation parameters for Hb and Mb equilibrium are reported
in Table 2 and the rest of the parameter values of this model are available from previous
studies (Lai et al., 2007, 2008; Spires et al., 2012, 2013; Koirala et al., 2021a).

The experimental data compared with model simulations, are the venous O:
concentration (CL,,,), the rate of muscle O, uptake (V0,) and the normalized oxygenated
(AHbMbO, y) and deoxygenated (AHHbMby) NIRS measurements:

AHbMbO, |
AHbMbOIS’

AHHbMDb
AHHbeN = W’ 8

AHbMbO,y =
T5 indicates trial n.5 in (Sun et al., 2016) and represents the condition during blood flow

occlusion. The contribution of Hb and Mb to the oxygenated (AHbMbO,) and

deoxygenated (AHHbMb) NIRS signals under different experimental conditions are

quantified as:

Yauvo, = AHbO,/AHbMDbO, ; Yampbo, = 1 — Yanbo, 9

Yauup = AHHb/AHHbMb; Yaump = 1 = Yaump 10

10
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Results

The overall strategy to analyze the Hb/Mb contribution to the relationship between
venous and NIRS signal oxygenations was to a) validate the mathematical model with
blood and NIRS experimental data (Sun et al., 2016) (Fig. 2); b) relate muscle venous
oxygenation to Hb and Mb contribution to the NIRS signals (Fig. 3) and c) analyze the
nature of this relationship for differing oxygen delivery (Fig. 4, 5 and 6).

Mathematical model validation

The capability of the mathematical model to reproduce the experimental data was tested
with measurements of venous O content (CZ.,,) and tissue oxygenated (AHbMbO, y) and
deoxygenated (AHHbMb,) heme group concentrations obtained for different conditions
(Fig. 2A): at rest (T1, panel a, b) with a blood flow (Q) range of 0.01-0.4 L kg min; at
rest (T2, panel ¢, d) with an arterial O content (Pp,) range of 40-500mmHg; during
contraction (T3, panel e, f) with a blood flow range of 0.6-1.4 L kg™ min™ (Sun et al., 2016).
For each trial simulation, the parameter (ksrpqse) @ssociated with the energy demand, was
used to simulate the changes in VO, (Fig. 2B, panel a, c, e). Simulations accounted for
microvascular blood volume fraction (f} ,,,) changes detected by the sum of the oxygenated
and deoxygenated NIRS signals (ACy,b.. v) (Fig. 2B, panel b, d, ). ksrpgse and f;, ,, were
computed as reported in the Appendix.

The model predicted well the changes of Cl,, (Fig. 2A: a, ¢, €), AHbMbO, y and
AHHbMby (Fig. 2A: b, d, f) with different O2 delivery resulting from changes in Q and
arterial Py,. The higher the O2 delivery, the higher CJ,,, and the lower the amplitude of the
NIRS signal changes. In T1 (Fig. 2A), for reduced O, delivery (Q<0.1 L kg min™),
simulations predicted an abrupt nonlinear decline in CZ,,, (panel a) and AHbMbO, 5 and an
increase in AHHbMb,, (panel b). Similarly, in T2, for a reduced O delivery obtained under
hypoxia, simulations predicted an abrupt nonlinear decline in CZI,, (panel c) and
AHbMbO, 5 (panel d) and a rise in AHHbMby. In T3, Cl,, (panel €), AHbMbO, 5 and
AHHbMby, (panel f) showed a quasi-linear relationship with blood flow.

11
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NIRS signal, venous O content and Hb/Mb contributions

The model predicted well AHbMbO,y and AHHbMby changes with Cf,, that
correspond with the experimental observations of AHHbMby and AHbMbO,  (Fig. 3a
and 3b). The sets of experimental data for T1, T2 and T3 trials were obtained with ranges
of oxygen delivery (T1: 0.1-0.3 and T3:0.8-1.25 L kg* min) that covered different regions
of the CI,,,-NIRS signal relationship. The model simulations of trial T1 and T3 were
performed for a larger range of blood flow than that investigated by Sun et al. (Sun et al.,
2016) to analyze the CZ,,,-NIRS signal relationship in the entire experimental range of CZ,,,
(5-25 mLO, 100mL™). Specifically, to cover this CT,,, range, the blood flow range used for
T1 and T3 simulations was 0.01-0.4 and 0.6-1.4 L kg min™, respectively. An overall
linear relationship is notable between C7,,, and AHHbMby or AHbMbO, 5 when all sets
(T1, T2, T3) of data are considered. Nevertheless, when the sets of data are independently
considered at low oxygen delivery (CL, < 7-9 mLO, 100mL™?), the model predictions
showed that the relationship between the venous and muscle oxygenation (AHHbMb,) was
still linear for T1 (red line) but was not linear for T3 (green line) (Fig. 3a, 3b). A similar
difference between T1 and T3 was also observed for the relationship between CZ,,, and
AHbMbO, y.

The AHbMbO, y and AHHbMby were further analyzed to relate the changes of the Hb
contribution to the AHbMbO, y (Yaupo,) OFf AHHbMby (yaupp) signal with C.,, (Fig. 3c,
3d). At high oxygen delivery (i.e., high CZI.,), the Hb contribution to both signals were
above 80% for all trials (red, blue and green lines), reaching a plateau close to 85% for
Yauup and to 100% for yappe,. Under normal oxygen delivery during contraction (green
line), yawup and yampo, decreased to approximatively 60% and 73%, respectively. When
the oxygen delivery decreased, CI,,, decreased (CL,, < 9 mLO, 100mL™), and the Hb
contribution to both signals decreased linearly for T1 (red line) and non-linearly for T3
(green line).

Hb and Mb contribution to the signals

To investigate nature of the nonlinearity between CY,,, and Hb contribution to the NIRS

signals, the components of the deoxygenated (AHHbMb) or oxygenated (AHbMbO,) forms

12
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within the microvascular (AHHb or AHbO,: capillary, venule) and extravascular (AHMb or
AMb0,) compartments were analyzed in relationship to CZ,,, changes in T1 (Fig. 4a, 4b)
and T3 (Fig. 4c, 4d). For both T1 and T3 trials, with a decrease of CZ,,, the amplitude of
both deoxygenated (Fig. 4a, c) and oxygenated (Fig. 4b, d) forms in the capillaries (green
line) and venules (blue line) changed linearly whereas those in myocytes changed
nonlinearly (black line) with a biphasic pattern. Also, the change of slope of AMbO, and
AHMb occurred when CZ,,, reached 7 mLO, 100mL™? in T1 (Fig. 4a, b) and 9 mLO;
100mL? in T3 (Fig. 4c, d), respectively. For both trials, the slope change occurred for
blood flow - O, consumption ratio (Q/V0,) approximatively of 7 and PO, values of
approximately 45, 25 and 20 mmHg in capillary, venule, and myocyte, respectively. This
change of slope indicates a higher sensitivity of Mb than Hb to oxygen delivery changes.
Thus, the Hb contribution to the NIRS signals (Fig. 3c, d) decreased because capillary
AHbO, and AHHb amplitude increases were lower than extravascular tissue AMbO, and
AMHDb amplitude increases for lower CZ,,,. In T3, the effect of blood flow (i.e., decrease of
cr.,.) on the amplitude of both deoxygenated and oxygenated forms in myocytes was even
larger than that observed in T1 and led to a non-linear increase of the Mb contribution to
the NIRS signal.

The slope change observed for the NIRS signals in Fig. 3 and for their components in
Fig. 4 are related to the microvascular and extravascular oxygen saturation (SO,) changes
with PO, in blood and tissue compartments, respectively. In both compartments, the
simulated PO, decreased with a decrease in oxygen delivery as observed for CL.,.
However, because the oxygen delivery effect on oxygenation of the microvascular
compartments differed from that on the extravascular compartment the SO, changes in the
capillaries, venules (microvascular) and myocytes (extravascular) compartments were
analyzed relative to CI,,, changes. The volume averaged Hb and Mb saturation changes
were plotted against CL,,, (Fig. 5a and b). For both T1 and T3, a decrease of C[,, with a
reduction of O, delivery determined a linear decrease of the SO, of Hb in venules and
capillary compartments and a non-linear decrease of the SO, in the myocytes. SO, in

capillary and venules is more sensitive than SO, in myocytes to CZ,, changes for CZ,,> 7-9

13
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mLO, 100 mL*. For both T1 and T3, the slope of the C[,,,-SO, relationship changes for the
same Q/VO0, (i.e., 7) value observed for Fig. 4c and 4d. Thus, for further CZ,,, decrease
followed by SO, decrease of Mb below 80-85%, SO, of Mb changes become more
sensitive than those observed for capillary and venule. This sensitivity in T3 is even larger
than T1: a CL,,, decrease of 1 mLO, 100mL™ from 7 (T1) or 9 (T3) mLO, 100mL™ was
followed by a decrement of 4% (81 to 77%) and 13% (80 to 67%) of the Mb saturation
(myocytes compartment) in T1 and T3, respectively. The SO, changes in venules and
capillaries in T1 were comparable to those observed for T3.

Another analysis was performed on the role of Mb versus Hb. Specifically, the
following question was considered: how could there be a higher sensitivity of the NIRS
signals to the volume averaged Mb saturation (SO, »;,, myocytes) than to the Hb saturation
(50, p) In venules and capillaries during Oz delivery changes when Mb saturation has a
Pso of 2.4 mmHg versus a Psgp of 31.2 mmHg for Hb? The analysis focused only on
contracting muscle (T3) because this phenomenon was more evident in this condition than
that observed for T1. For the values of volume averaged SO, y, in capillaries, indicated
with short dash lines in Fig. 5b (57, 64, and 67%, the corresponding SO, spatial profile
obtained with a blood flow of 0.7 (red line), 1.1 (green line) and 1.3 (blue line) L kg™* min?
was reported in Fig. 6a. Also, for the same blood flow values used for capillary simulations
in Fig. 5b, the SO, ), spatial profile corresponding to the volume averaged SO, in
myocytes is reported in Fig. 6¢. In addition, the spatial profile of the partial pressure of
oxygen (P0,) in capillaries and myocytes was reported in Fig. 6b and 6d, respectively. The
legend also reports for each spatial profile of SO, and PO, the corresponding volume
averaged of SO, and PO,. It should be noted that Eq. (3) was used to calculate the volume
average of each variable.

In the capillaries, the spatial profile of SO, (Fig. 6a) and PO, (Fig. 6b) along the muscle
volume was linear and nonlinear, respectively. The linear trend of the SO, spatial profile
was related to the non-linear relationship of SO, to PO,. The SO, spatial profile decreased
with a decrease of the oxygen delivery (from 1.3 to 0.7 L kg™t min™) although this variation

was modest (Fig. 6a) due to the minor effect of the oxygen delivery on PO, spatial profile

14
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(Fig. 6b). In the myocytes, a significant drop of the SO, ,;;, spatial profile with a decrease of
the oxygen delivery (Fig. 6¢) was noticeable. Specifically, when blood flow was decreased
from 1.3 to 1.1 L kg™ min'™, the volume averaged SO, ,;;, decreased from 85% (blue line) to
74% (green line) even though the volume averaged PO, declined only from 22 to 17
mmHg (Fig. 6d) which were values above Psomb. This was caused by a significant volume
fraction of the muscle (approximately 30%) with myocytes at PO, < 10 mmHg. The effect
of the PO, spatial distribution on the SO, 5, was even more evident for a lower blood flow
0.7 L kg* min! (red line) that caused a further decrease of the volume averaged PO, to 6
mmHg. In this condition, the volume averaged SO, decreased to 38% because more than

60% of the muscle myocytes had a PO, less than 1 mmHg (Fig. 6d).
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Discussion

A computational model of muscle O transport and metabolism was validated with
experimental data to analyze how Hb and Mb contributions to the NIRS signal are affected
by O delivery. The primary finding of this study was that for adequate O» delivery (1.1 L
kg min'), Mb contribution to the NIRS signals was approximatively 40% for AHHbMb
and 27% for AHbMbO, even in the presence of a linear CL,,-NIRS relationship. For
reduced O delivery, the non-linearity of the C[.,-NIRS (oxygenated or deoxygenated)
relationship was mainly related to a Mb desaturation of a large portion of the extravascular
tissue. With a reduced O delivery, Mb saturation varied from 85 to 40%, corresponding to
a variation of the Mb contribution to the NIRS from 15 to 50%.

Venous Oz concentration vs. NIRS signals relationship

The linearity between the venous Oz concentration and tissue oxygenation measured by
NIRS has been reported in animal (Wiist et al., 2014; Sun et al., 2016) and human (Mancini et
al., 1994; Vogiatzis et al., 2015) studies. This evidence supports the idea that the NIRS signal
is affected by oxygenation of Hb within the venous compartment but does not exclude Mb
contribution. Our model simulations indicate that the Mb contribution to the NIRS signal
depends on the balance between O delivery and utilization (Fig. 4) and quantifies the Mb
contribution responsible for a deviation from a linear relationship between venous O:
concentration and tissue oxygenation. These aspects are discussed in this section. Other
studies suggested a tight interplay between O convection, diffusion and utilization
kinetics; thus, both capillary/venous and tissue Oz content change simultaneously (Lai et al.,
2007; Takakura et al., 2015) with blood flow during muscle contraction. Thus, it appears that
NIRS changes reflect not only Hb, but also Mb oxygenation adjustments.

The concurrent change in Hb and Mb oxygenation predicted by the simulations is
supported by a human study with simultaneous measurement of the Mb signal by *H NMR
and the Hb/Mb signal by NIRS (Bendahan et al., 2017). Another human study (Boushel et al.,
1998) reported that muscle oxygenation changes by NIRS did not follow those of the
venous O saturation, thus suggesting that Mb contribution to the NIRS could have been in

part responsible for the differences.
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The results of the mathematical model indicate that the relationship between NIRS
signals and CZ,,, is linear for high blood flow — oxygen consumption ratio (Q/V0,) and
becomes non-linear for Q /V0, < 7. To analyze this aspect the model was used to simulate
experimental conditions characterized by different oxygen delivery rates for a similar
metabolic rate under a pseudo-steady state resting or contracting muscle. Thus, the
microvascular and extravascular O content resulting from the interplay between O>
delivery and utilization simulated, is not related to the onset of muscle contraction.

Model simulations suggest that a linear relationship between NIRS signals and CZ,, can
coexist with a Mb contribution to the NIRS signal smaller than 35% observed in resting
muscle (Fig. 3, T1 - red line and T2 - blue line). This is possible because both NIRS signals
are mainly affected by the microvascular oxygenation (Fig. 4) which is linearly related to
O: delivery. The nonlinear decrease of Mb saturation (Fig. 5a) observed with a reduced O
delivery in T1 has only a minor effect on the amplitude of the NIRS signals (Fig. 4a and
4b). During contractions (T3), with a more pronounced effect of the imbalance between O»
delivery and utilization on CZ,,, than that observed at rest (T1), the simulated relationship
between NIRS signals and CZ,,, becomes non-linear with Mb contribution to the NIRS
signal greater than 35% (Fig. 3c, green line). In contrast, the experimental data obtained for
T3 condition showed a linear relationship between venous and NIRS signal oxygenations.
Two aspects can be considered to interpret these apparent conflicting results: a) model
simulations deviated from the linearity, but they are still within the range of the
experimental data standard deviation; and b) the oxygen delivery range used by the
computational model was larger (0.6-1.4 L kg min?) than that investigated in the
experimental study (0.8-1.2 L kg™ min), thus the model offered the opportunity to explore
the CI,,,-NIRS signal relationship for oxygen delivery lower than that investigated (<0.8 L
kgt mint) in the experimental study (Sun et al., 2016). The nonlinear relationship between
NIRS signals and CZ.,, simulated by the computational model and characterized by Mb
contribution within the range of 35-50% is consistent with a similar Mb contribution to the
NIRS signal observed in a rat muscle perfused with a hemoglobin free buffer (Masuda et al.,

2010) and in other animal and human studies (Nioka et al., 2006; Marcinek et al., 2007b).
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Q effects on SO,: Hb and Mb contributions to the NIRS signal

The SO, in the microvascular (i.e., Hb) and extravascular (i.e., Mb) compartments
appear to be key factors in determining the O content redistribution within the
microvascular and tissue compartments and thus the Hb/Mb contribution to the NIRS
signals (Yaubo,» Yambo,) With differing Oz delivery. It has been suggested that the
difference of O, desaturation between Hb and Mb during muscle contraction could in part
explain a slower muscle deoxygenated NIRS kinetics than that of the microvascular O
content by phosphorescence-quenching (Koga et al., 2012). This finding was related to a
faster O desaturation of Hb than that of Mb during contraction. In comparison to this study
(Koga et al., 2012), our results offer a different perspective in studying the effect of SO, on
Hb/Mb contribution because our simulations were obtained for steady-state conditions with
O2 in equilibrium with either Hb or Mb. Thus, any Mb contribution to the NIRS signal
related to a slower O, desaturation kinetics of Mb in comparison to that of Hb were not
present. Nevertheless, an important effect of blood flow on SO, of Hb and Mb affecting the
NIRS signals was still present; this finding is discussed in the following section.

Our results suggest that an SO, characteristic difference between blood and tissue
contribute to determine the distinct effects of Hb and Mb contributions to the NIRS signals
with Oz delivery changes. Under resting or contracting conditions when the O> delivery was
sufficient or in excess (CI,,,> 7-9 mLO2 100 mL™), the SO, changes in the microvascular
compartment (i.e. Hb) were more sensitive to O delivery changes than those in the
extravascular compartment (i.e. Mb) whereas for reduced O2 delivery the SO, changes in
the extravascular compartment became more sensitive to O, delivery changes than those in
the microvascular compartments (Fig. 5). The S0, difference between microvascular and
extravascular compartments can be attributed to two factors: a higher affinity of Mb than
Hb for O and a lower PO, spatial distribution of the extravascular compartment
(myocytes) than that of the microvascular compartment (capillaries). Although the partial
pressure of Oz required to achieve 50% Hb and Mb saturation (Pso) is 31.2 and 2.4 mmHg,
respectively (Lai et al., 2007; Feher, 2017), the effects of blood flow on the microvascular and
extravascular SO, are also significant at higher PO, than Pso. Specifically, for the oxygen

saturation curve, the SO,-P0, slope changes approximately at 55 and 20 mmHg for Hb and
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Mb, respectively (Dash & Bassingthwaighte, 2004; Feher, 2017). Consistent with the Hb-S0,
and Mb-S0, characteristics, the variation of the Mb contribution to the NIRS signal
became more sensitive than that of Hb (Fig. 5) when capillary PO, was 45 mmHg (Fig. 6b)
and that in myocyte was 22 mmHg (Fig. 6d). Our interpretation is consistent with the
finding of the NIRS Kkinetics study (Koga et al., 2012) that suggested an earlier O>
desaturation of Hb than Mb during contraction. Further, our analysis supports the idea that
the higher affinity of Mb than Hb for O, contributes to the initial and preferential O>
desaturation of Hb during contraction. Also, it should be noted that in a human study, Mb
desaturation was observed at submaximal work rates (Richardson et al., 1995). Our results do
not exclude this phenomenon and indicate its occurrence in the presence of an imbalance
between oxygen delivery and utilization. In our simulations, an important contribution of
the Mb desaturation (Fig. 5a and 5b) occurs for Q /V 0, ratio lower than 7 which is similar
to the Q /V 0, range observed in the human study (7-9.5).

The second factor responsible for SO, differences between microvascular and
extravascular compartments of contracting muscle (T3) is the differential effect of oxygen
delivery on the PO, spatial profile in capillaries and myocytes (Fig.6b and 6d). Thus, Hb
saturation varied from 70 to 60% and Mb saturation from 85 to 40% (Fig. 5b). With a
reduced oxygen delivery (0.7 L kg min™), the entire capillary compartment had a PO,
above 20 mmHg (Fig. 6b) while 60% of the myocytes compartment had a PO, less than 1
mmHg (Fig. 6d). Thus, even though the volume averaged PO, (6 mmHg) was above Psg,
the SO, decline in myocytes was much larger than that observed for capillaries.
Nevertheless, it is possible that the 60% of the myocytes below 1 mmHg was an
overestimate. The cause for an overestimation of the myocyte fraction under the hypoxic
condition could be related to an underestimation of the simulated O diffusion rate that
depends on the permeability surface area of the capillary membrane to oxygen.
Uncertainties exist about the value of this physiological parameter that quantifies O2
diffusion through the capillary-tissue membrane. The estimated fraction below 1 mmHg is
high for the following reasons: 1) the blood flow was decreased by 37% of the control
value in the model analysis, and 2) there was no rapid fatigue during the low flow period.

On the other hand, the muscle fraction with low oxygen that corresponds to fatigue is
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unknown. Even in the presence of uncertainties about the permeability surface area, the
model offers a plausible physiological mechanism for a deviation from the linear
relationship between NIRS signals and CZ,,. With lowered oxygen delivery, even if
myocyte PO, is not as low as 1 mmHg, there would be a lower myocyte PO, that
contribute to increase the Mb contribution to the NIRS as suggested by our model findings.

Our findings are consistent with the notion that the determination of the mean muscle
PO, can be underestimated when it is derived from volume averaged Mb saturation by
MRS (Jirgens et al., 2000). Our computational work indicates that the estimate of a volume
averaged PO, determined from an averaged SO, using PO,—Mb relationship was smaller
than the volume averaged PO, calculated from a PO, spatial profile because of the
nonlinear relationship between PO, and SO,. Specifically, the intracellular mean PO,
corresponding to a 50% Mb saturation (volume averaged) measured in skeletal muscle by
MRS, was 3 mmHg (Richardson et al., 2001). In contrast, our model for the same 50%
volume averaged Mb saturation, predicted a 10 mmHg volume averaged PO, in tissue and
a 40 mmHg volume averaged PO, in capillaries. Thus, our findings indicate a less
pronounced myocyte PO, decline with a decrease of Mb saturation than that observed in
the MRS study for work rate close to 50-60% of the maximal value. Our results are
consistent with our computational work on the relationship between myocyte PO, and work
rate (Spires et al., 2012) and with the experimental work on simultaneous measurements of
microvascular (28.4£5.3 mmHg) and intracellular (10.6+5.2 mmHg) PO, in rat skeletal
muscle (Hirai et al., 2018).

Our work indicates that a decrease of O, delivery increases the Mb contribution to the
NIRS signal. Also, a human NIRS study suggested a possible Mb contribution to the NIRS
signal caused by reduced O> delivery obtained with supine exercise (Goulding et al., 2020).
Nevertheless, the human study analyzed NIRS kinetics whereas our simulations referred to
steady state conditions. In this study, both blood flow and volume kinetics could have
affected the NIRS kinetics. Nevertheless, quantifying the extent of their contributions to the
NIRS signal is challenging with the current experimental settings. The mathematical model
proposed could be used to overcome this limitation in quantifying the effect of blood flow

and volume changes on the NIRS kinetics observed for supine exercise.
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Microvascular volume

The capillary-fiber geometry data reported in the literature is consistent with the
microvascular volume fraction of 6% used in our study. It was determined assuming a
capillary volume density in canine gastrocnemius muscle of 5% (Bebout, 1991; Bebout et al.,
1993) and that the capillary volume fraction was 80% of the microvascular volume (Poole et
al., 1995). Other canine skeletal muscle studies reported lower values than those reported for
gastrocnemius: capillary volume density was 1.5-2.5 % (Conley et al., 1987) and active
vascular volume was 4-5% in gracilis (Baker et al., 1976). If a microvascular volume fraction
lower than 6% were considered in our simulation, the contribution of Mb could have been
greater than that estimated for the conditions investigated (Fig. 3-5).

With regard to the microvascular volume distribution, the 10% arterial volume fraction
used in our work is similar to that reported for human (Ruotsalainen et al., 1997) and animal
skeletal muscle (Poole et al., 1995) whereas the capillary volume fraction of 80% was similar
to that reported for rat skeletal muscle (Poole et al., 1995). A different microvascular volume
distribution with 80% venous fraction was used in the past (Kocsis et al., 2006; Lai et al.,
2009q) and based on anatomical studies of the brain (van Lieshout et al., 2003).

Another factor affecting the Hb contribution to the NIRS signal is the hematocrit in
blood vessels. In our work, we assumed that the microvascular compartment hematocrit
was like that in the systemic circulation. Nevertheless, the microvascular hematocrit is
smaller than that observed in the large vessel due to the Fahraeus’s effect (Fahraeus, 1929).
Hematocrit in the microvascular volume was suggested to be 22% (Davis & Barstow, 2013) or
60-90% (Pries et al., 1996; Fantini, 2002) of that in large vessels. In our study, because NIRS
signals reflect the small blood vessel, Hb contribution to the NIRS signal was corrected
using microvascular volume fraction rather than the systemic fraction although hematocrit
was assumed to be the same (45-50%). Thus, the model prediction of Hb contribution to the
NIRS signal would decrease by 50% if a microvascular hematocrit of 25% was considered.
Nevertheless, our simulations are referred to a steady state during muscle contraction in
which the Fahraeus effect should be minimal because the microvascular hematocrit reaches
a value comparable to that of the systemic hematocrit (Davis & Barstow, 2013; Poole et al.,
2013).
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Limitations

The inferences of our work were obtained from a mathematical model validated with
data of an animal model of oxidative metabolism in muscle electrically stimulated. The
canine muscle preparation is almost exclusively made up of oxidative and
oxidative/glycolytic fibers (Sun et al., 2016). Thus, the findings of the present study might be
different in muscle with a greater percentage of glycolytic, lowly oxidative fibers.

The electrically stimulated muscle contraction of the animal model presents some
differences (Sun et al., 2016) in comparison to voluntary muscle contraction in humans.
Nevertheless, it is expected that the inferences on the Hb and Mb contribution to the NIRS
signals are also applicable to humans. Any change in muscle perfusion and metabolic
intensity are simulated with a variation of blood flow and oxygen consumption, thus, the
mathematical model does not include any specific features related to the muscle electrical
stimulation of the animal model. It is possible that the Mb contribution to the NIRS signal
in human contracting muscle could be less than that quantified in the muscle of the animal
model because the human muscle blood flow perfusion is higher than that observed in
canine muscle preparation. In particular, the Q /V 0, ratio in the exercising leg was 7 (Grassi
et al., 1996) whereas that of the gastrocnemius was in the range of 5.6-7.

The reliability of the computational analysis to deconvolute the NIRS signal and
quantify the non-measurable O content in the microvascular and extravascular
compartments, relies on the knowledge of blood flow, hematocrit, permeability surface area
and microvascular volume distribution that differs among species and individuals. Whereas
the model predictions proposed in our work were validated with several sets of
experimental data in our canine muscle preparation, validation in human studies requires
knowledge of muscle blood flow kinetics which cannot be easily measured and other
physiological and biochemical parameters less accessible in comparison to the animal
muscle preparation (Koirala et al., 2022). Although the results of our study were obtained for
a pseudo steady state condition it could be inferred that Mb contribution to NIRS
measurements is also important at the onset of muscle contraction. Therefore, future studies
may focus on how the interplay of convection and diffusion of oxygen affects the kinetics

of Mb and Hb saturations at the onset of muscle contraction.
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In conclusion, investigators are challenged by the difficulties in interpreting the nature
of the NIRS signals under physiological and pathophysiological conditions. The integrative
approach proposed in our work allows quantification of the oxygenation from the blood and
tissue domains that cannot be measured but are essential to evaluate O, delivery effects on
Hb and Mb contributions to the NIRS signals. The robustness of our approach was
validated with direct comparison between simulated and experimental data of venous and
tissue oxygenation at steady state. The computational analysis indicates that the NIRS and
venous oxygenation relationship deviates from linearity when O saturation in myocytes
declines below 80% with a Mb contribution to the NIRS signal greater than 35%. This
decline was associated with a large portion of the extravascular tissue with low partial
pressure of oxygen due to a reduced oxygen delivery that can occur under physiological
and pathophysiological conditions.

Our findings support the notion that the NIRS signal results from a combination of
microvascular and extravascular oxygenation in skeletal muscle especially under
pathophysiological conditions with reduced Oz delivery either by convection and or
diffusion. Thus, the determination of the oxygen consumption in contracting muscle by
NIRS kinetics is challenging because of the complex nature of the NIRS signal that
provides only an index of the local O> extraction from microvascular and extravascular
compartments. Another challenge is the assessment of the factors affecting the oxygen
consumption determined by NIRS kinetics. With both Hb and Mb saturations affecting the
NIRS signal, it is crucial to quantify the relative importance of convective vs. diffusive
transport effects on the NIRS signal. The mathematical model can quantify the extent of the
convection and diffusion processes as well as the blood volume changes in the region of the
NIRS measurement. Our proposed method combines the mathematical model and
experimental data of blood flow and has the potential to quantify muscle oxygen

consumption from NIRS measurements.
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Figure captions

Figure 1. Experimental conditions simulated in this work and previously investigated by
(Sun et al., 2016): Effect of blood flow at rest (T1) or during contraction (T3, 0.5Hz) with
constant arterial partial pressure of oxygen (P,,=100 mmHg); Effect of P,, (T2) due to
breathing gases of differing Oz concentration with constant blood flow 0.2 L kg™ min™.
Figure 2A. Model validation and predictions of blood and tissue oxygenation for different
blood flow (Q) at rest (T1, a, b), arterial oxygen partial pressure (T2, c, d) and different Q
during contraction (T3, e, f): comparison between model prediction (solid line) and
experimental data (open circle) of CI,,, (panel a-T1; panel c-T2; panel e-T3) and (open
circle) AHHbMby and (filled circle) AHbMbO, y (panel b—T1; panel d-T2; panel f—T3;).
Figure 2B. Model inputs: simulated (black line) and experimental data (open circle) of
muscle oxygen uptake (V0,) and relative heme group changes of Hb/Mb concentration
(AChemen) Tor (a, b) T1, (c, d) T2, and (e, f) T3 trials; rate coefficient (ksrpgse, 9rey line)
associated to the metabolic rate to simulate VO, for (a) T1, (c) T2, and (e) T3 trials;
microvascular volume fraction (f} ,,,) changes with (b, T1) Q or (d, T2) Py, at rest, or (f,
T3) Q during contraction.

Figure 3. (a) Relationship between venous O content (CI.,) and AHHbMby, (b)
relationship between Cl., and AHbMbO, y : comparison between model prediction (solid
lines: red - T1; blue - T2; green - T3) and experimental data (symbol: open circle - T1;
filled circle - T2; filled square - T3) of (a) AHHbMby, and (b) AHbMbO,  obtained for
different CZ,,, (i.e. oxygen delivery). Simulation of the (c) relationship between CZ,, and
Hb contribution to the AHHbMby NIRS signal (yaugp); Simulation of the (d) relationship
between Cy,, and Hb contribution to the AHbMbO, y NIRS signal (yaupo,): (solid lines:
red - T1; blue - T2; green - T3). It should be noted that the Mb contribution to the
oxygenated (yampo,) OF deoxygenated (yaump) Signals is related to that of Hb by the

EXPressions Yampo, = 1 — Yaubo,» ad Yaump = 1 — Yauup-
Figure 4. Relationship between venous O2 content (CI,,) and the relative changes of
deoxygenated (AHHb, AHMb — dashed line, a) T1; c¢) T3) and oxygenated (AHbO,, AMbO,
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—solid line b) T1; d) T3) Hb and Mb from rest obtained for different blood flows. Green,
blue and black refer to capillary, venule, and myocyte compartments.

Figure 5. Relationship between venous O, content (CZ.,) and O, saturation (S0,) in the
microvascular and myocyte compartments for different blood flow of (a) T1 and (b) T3;
green, blue, and black refer to capillary, venule, and myocyte compartments.

Figure 6. Spatial profiles of the volume averaged SO, and PO, for capillary (a, b) and
myocyte (c, d) compartments obtained with blood flow of 0.7 (red line), 1.1 (green line),
and 1.3 (blue line) L kg min? for T3. For these blood flow value, the corresponding
Q/VO0, are approximatively 5.6 (blue line), 5.7 (green line) and 7 (red line). The SO,
spatial profile obtained for capillaries and myocytes correspond to the volume averaged

S0, indicated in Fig. 5 with short lines.
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APPENDIX A

The reaction rate coefficient of the ATPase flux, ksrpqse, IS @ model parameter that must be
determined to simulate the NIRS signal for each muscle blood flow. The reaction rate

coefficient can be computed as

k __5.6V0,;
ATPase —

(Al)

ftCatp

where f; is the extravascular tissue volume fraction in muscle and C,rp is the concentration
of ATP in muscle. Because the muscle oxygen uptake (VO,) are available for only four
muscle blood flow data a regression line of the V0,-Q data was used in Al to calculate
k4rpase Tor each muscle blood flow of the simulations.

Microvascular volume fraction (f,,,): it is a function of the relative heme concentration

changes (ACS:P ) detected by the NIRS signals as

Heme,N

exp

R
ACHoh e n AHDMbOE

fb,m = fb,m(AC;ecfne,N) = fblfm + (A2)

ACpor . v 1s calculated from the oxygenated and deoxygenated NIRS measurements as:

Coup—CtMmb/%

ACoren = AHDMbO, y + AHHbMby (A3)
The blood volume changes are attributed to the capillary compartment (V,,,), Whereas
arteriole and venule volumes are the same as those at rest (Table 1). f;, ,, is used to quantify
Veap and the arteriole, capillary, and venule volume fractions (wqre, @Weap, aNd Wyen).

Details to calculate the arteriole, capillary, and venule contributions to the NIRS signals are

reported in our previous studies (Koirala et al., 2021a).
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665 Table 1. Vascular, extravascular and microvascular volume distribution as well as
666  oxygenated and deoxygenated heme group concentrations of Hb and Mb at rest and

667 ischemia.

Notation Unit Rest (R) Ischemia (1)

Volume distribution

Vinus [a] 62.5 62.5
fo [%] 7 3
fi [%0] 93 97
fm [%] 85 63.4

fom [%] 5.95 1.9

Wart [%] 10 32.7

Weap [%] 80 34.6

Wyen [%] 10 32.7

Heme group concentrations (Hb/Mb)
HbO, [mM] 167.1 0
MbO, [mM] 72.3 0
HHb [mM] 4.2 54.7
HMb [mM] 2.7 78.2
HbMb [mM] 246.3 132.9

668
669 Table 2. Parameters of the Hb and Mb saturation relationship for blood and tissue,

670  respectively.

Notation Value Unit Reference
o, 1.34.10°® [mMM mmHg?] (Hogan et al., 1992)
Pso b 31 [mmHg] (Lai et al., 2007)
Pso v 2.4 [mmHg] (Lai et al., 2007)
n 2.8 [-] (Richardson et al., 1998)
Cemb 0.32 [mM] (Lai et al., 2007)
Cp,up 2.6-2.9 [mM] (Koirala et al., 2021a)

671
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