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Abstract: Continuous-wave near-infrared spectroscopy (CW-NIRS) is a method used to non-invasively
estimate skeletal muscle oxygen consumption (mVO,). Three different signals are provided by
CW-NIRS devices: (1) oxygenated hemoglobin (O,Hb); (2) deoxygenated hemoglobin (HHb); and
(3) tissue saturation index (TSI). Typically, the signal’s slope is interpreted with respect to high or
low mVO,; during a muscle action. What signal (or combination of signals) is used for slope inter-
pretation differs according to what approach is used, and there are several published in literature.
It is unclear if resulting mVO; estimates can be used interchangeably. Hence, this work aimed to
compare five commonly used approaches on the same set of CW-NIRS data regarding their agreement
in estimated mVO,. A controlled, lab-based study setting was used for this experiment. Data are
based on isometric dorsiflexion contractions of 15 subjects at 30% of voluntary maximum torque,
at two different ankle angles. CW-NIRS was placed on the m. tibialis anterior and blood flow
was occluded. The approaches for mVO, estimation included calculations based on (1) TSI, (2) the
difference between O,Hb and HHb (Hbdiff), (3) the mean of slopes from O,Hb and HHb (Hbmean),
(4) the HHb signal, and (5) the O,Hb signal. Linear regression modelling was used to calculate
respective slopes (r*> > 0.99). Repeated measures ANOVA identified significant differences between
the approaches (p < 0.001, w? = 0.258). Post-hoc tests revealed that only TSI vs. Hbmean and Hbdiff
vs. HHb gave comparable results (p > 0.271). In addition, Bland-Altman plots showed good accuracy
(mean bias ~2%) but low precision (£20%) between the comparisons. Thus, the different approaches
to estimate mVO, cannot be used interchangeably. The results from different studies using different
approaches should be compared with caution.

Keywords: skeletal muscle; oxidative metabolism; oxygenated hemoglobin; muscle action; tissue
saturation index

1. Introduction

The primary method of energy production in skeletal muscle is the oxidative metabolism.
Nowadays, near-infrared spectroscopy (NIRS) is one of the most used methods to non-
invasively measure muscle oxygen consumption. Three different NIRS techniques are
common on the market: the continuous-wave (CW) technique, the frequency domain
technique, and the time domain technique [1,2]. Regarding muscle metabolism during
active motion, many scientists use the small, lightweight, and cost-efficient CW-NIRS [3-6].
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A typical field of application is the estimation and comparison of muscle oxygen consump-
tion (mVO;) during different motion tasks, thereby covering a broad spectrum from basic
research to applied studies in medicine and sport science [7-14]. The primary parame-
ters of CW-NIRS are the oxygenated (O,Hb) and deoxygenated hemoglobin (HHB) from
small blood vessels and the total hemoglobin (tHb = O,Hb + HHB). In addition, using
the spatially resolved spectroscopy method [15], it is possible to calculate the so-called
tissue saturation index (TSI), reflecting the dynamic balance between O, supply and O,
consumption [16]. Because CW-NIRS uses the assumption of a constant differential path
length factor, it is not possible to measure the absolute concentration changes in HHB and
O,Hb. Instead, concentration changes are detected relative to a baseline assessed within a
defined time period prior to muscle action [2,17].

CW-NIRS was found to be a reliable tool for measuring muscle oxygen consump-
tion [18-21]. However, based on the same hardware and signal(s), three different post-processing
options were crystalized to estimate mVO, in active muscles: the slope method [22], the ampli-
tude method [23], and the area under the curve method [24]. Agbangla et al. [25] concluded
that the most sensitive, and hence the recommended, method is the calculation of the signal
slope using linear regression.

Although there is agreement that the slope method can be considered the most sensi-
tive approach, the CW-NIRS still comprises O,Hb, HHb, and TSI signals; thus, questions
arise around which signal (or combination) should be used to analyze and interpret the
linear slope. Different approaches are presented in literature., Some authors only used the
HHb signal, as this signal is assumed to be less affected by a changing blood volume [26,27].
Others prefer the interpretation of the O,Hb signal [18], or the mean out of the slopes of
HHb and O,Hb (HBmean) [10,28,29]. Additionally, some authors considered the difference
between O,Hb and HHb (Hbdiff) [30,31]. Finally, Ferrari et al. [16] suggest using the TSI
signal for the estimation of mVO;.

This shows that at least five different ways (O,Hb, HHb, Hbdiff, Hbmean, and TSI) to
estimate the muscle oxygen consumption using CW-NIRS devices are commonly used in
the literature. To the best of our knowledge, there is no information about the comparability
of the outcomes of these methods regarding the estimated muscle oxygen consumption.
This information is essential, for example, to ponder results and conclusions of different
papers that used different approaches of CW-NIRS signal analysis. Hence, the aim of this
paper was the comparison of the five presented methods to estimate the muscle oxygen
consumption out of CW-NIRS.

2. Materials and Methods
2.1. Subjects

Fifteen male subjects (27 = 4y, 83 &+ 8 kg, 182 £ 6 cm) with no history of ankle joint
injuries or neurological disorders took part in the study. The adipose tissue thickness of
the m. tibialis anterior was 5 4= 2 mm and measured using a skinfold caliper.

2.2. Experimental Setup

Dorsiflexion torque was measured (1000 Hz) on a motor-driven dynamometer (IsoMed
2000, D&R Ferstl GmbH, GER). Subjects lay backwards on the bench of the dynamometer,
and the foot was fixed with belts and a tension belt to ensure constant positioning during the
test session (Figure 1). The joint center of the ankle was carefully aligned with the rotational
axis of the dynamometer. For the NIRS measurements, skin was shaved, cleaned, and
disinfected. The device was placed on the muscle belly of the tibialis anterior (Figure 1). To
avoid a displacement of the CW-NIRS device and to exclude the influence of ambient light,
the measurement device was secured with adhesive tape in combination with an elastic
bandage and covered with a light-tight piece of cloth. To guarantee standardized conditions
regarding blood volume throughout the CW-NIRS measurements, venous and arterial
occlusion was established using a pressure cuff (400 mmHg, Hokanson 10D, Bellevue, WA,
USA). The cuff was placed just above the knee and rapidly inflated (~3 s) just prior to
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the onset of the submaximal contraction, and immediately deflated after the end of the
submaximal trial. The position of the cuff was tagged with a permanent marker.

Figure 1. Experimental Setup. (1) Pressure cuff. (2) CW near-infrared spectroscopy device + adhesive
tape. (3) Footrest including safety belts.

2.3. Experimental Protocol

To avoid familiarization effects and to train the reproducibility of steady submaximal
torque production, subjects had to do a training session before the test session. The test
session started with four maximum voluntary contractions (MVC) (~3 s) at two different
angular positions in a randomized order:

(1) Position_1: 3° dorsiflexion;
(2) Position_2: 13° plantarflexion, with 0° defined as tibia axis perpendicular to the
plantar aspect of the foot.

To ensure standardized conditions, the examiner always gave the same verbal starting
command and provided maximal verbal encouragement during the MVCs. Participants
had to contract as hard and fast as possible.

Subsequently to the MVCs, each subject had to perform six submaximal isometric
contractions for 40 s at 30% of individually assessed maximum torque level (three at
Position_1 and Position_2, respectively; randomized order). During contractions, torque
feedback was provided on a screen in front of the subjects. Between every contraction,
subjects rested as long as required; the minimum rest was set to 3 min [32].

Near-Infrared Spectroscopy

The local oxygen consumption of the tibialis muscle was estimated based on measure-
ments with a CW-NIRS device (PortaMon, Artinis Medical Systems, Elst, The Netherlands)
using a sample rate of 10 Hz. The device consisted of three light sources and one light
detector, and used wavelengths of 780 and 855 nm. The maximal penetration depth was
about 2 cm (distance light source — light detector = 4 cm). The signals used in this study
were HHB, O,Hb, TSI, and the total blood volume (tHb = HHB + O,HDb).

2.4. Data Analysis

CW-NIRS signals and torque/angle data were synchronized with an external device
(PortaSync, Artinis Medical Systems, Elst, The Netherlands) and transferred to MATLAB
(The Mathworks, Inc., Natick, MA, USA, version R2021a) for further analysis. Out of the
three submaximal trials performed at each contraction condition, only the trial with the
lowest standard deviation from the biofeedback torque target curve (30% MVC) was chosen
for further analysis. The torque and ankle joint signals were filtered using a fourth-order 5
Hz low-pass filter.
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For statistical analysis, the mean torque value for each trial was calculated over 25 s.
For normalization of the submaximal torque values, we used the highest peak torque value
from the MVCs.

The estimation of the oxygen consumption was analyzed using five different ap-
proaches. The slope was calculated from:
(1) TSIsignal;
(2) Difference between O,Hb and HHb (Hbdiff);
(3) Mean of the slopes from O,Hb and HHb (Hbmean);
(4) HHb signal;
(5) OyHb signal.

The signals were smoothed using local regression smoothing (Loess smoothing,
span 10%). Using simple linear regression modelling, the linear part of the initial slope

from the different approaches was defined (r> > 0.99), representing the estimated oxygen
consumption per second (Figure 2).
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Figure 2. Exemplar data showing the five different approaches to estimate muscle oxygen consump-
tion out of the initial slope using simple linear regression modelling (dashed lines, r> > 0.99). (1) Slope
of oxygenated hemoglobin (A: negative line). (2) Slope of deoxygenated hemoglobin (A: positive
line). (3) Mean out of slope from oxygenated and deoxygenated hemoglobin (A). (4) Estimation of

the slope out of the subtraction of oxygenated and deoxygenated hemoglobin (B). (5) Slope of the
tissue saturation index (C).

mVO, was normalized using the respective delta value. The delta value was defined
as the difference between the value at the onset of the contraction and the minimum (TSI,
Hbdiff, HHb) or maximum (O,Hb) value that occurred during the contraction. In addition,
we analyzed the tHb level to detect possible shifts in the blood volume during the analysis
window. The analysis window represents the time between the start and end of the linear
slope. This time window was split in two sections of equal length (t1, t2). For both sections,
a mean value was calculated.
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2.5. Statistics

For the different comparisons, normal distribution of the data was checked using
the Shapiro-Wilk test. Torque and tHb levels were tested using a paired sample T-test
including the Cohen’s d effect size referencing 0.2 as small, 0.5 as medium, and >0.8 as
large effect [33].

The comparability of mVO; using the five different approaches was analyzed by a
two-way repeated measures ANOVA (Position [2 levels]; Approaches [5 levels]) using w?
as the effect size. If the sphericity was violated, Greenhouse—Geisser correction was used.
Significant results were further analyzed using Bonferroni corrected post-hoc tests.

A p-value of <0.05 indicates a significant difference. For the post-hoc tests, Bonferroni-
corrected p-values are presented. The software JASP (version: 0.9) was used for the
statistical analysis [34]. Data are presented as mean =+ standard deviation.

3. Results

The mean absolute torque value of Position_1 was significantly lower compared to
Position_2 (13.7 = 2.4 vs. 15.6 = 3.0 Nm; t (14) = —3.8, p = 0.002, d: —0.988), resulting in
a difference of 14.1 £ 14.7%. The submaximal individually normalized torque level was
30.5 &= 2.9% MVC for Position_1 and 31.4 + 4.3% MVC for Position_2.

Results for tHb showed significant differences between time windows of analysis t1
and t2 for all tested conditions (p < 0.001, d: >1.754), reaching a maximum difference of 1.8
£ 0.9 uM for the O,Hb condition at Position_1 (Figure 3).
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Figure 3. Difference of total hemoglobin (tHb). The difference was calculated by dividing the slope
analysis time into to equal halves (t1, t2) and subtracting the mean value of t1 from t2. Results
for tHb showed significant differences between time windows of analysis t1 and t2 for all tested
conditions (p < 0.05, d: >1.754). Pos_1 = ~3° dorsiflexion [red edging]. Pos_2 = ~13° plantarflexion
[blue edging].

Slope analysis of the NIRS data showed a main effect for the different approaches
(F (1.8, 25.7) = 51.62, p < 0.001, w? = 0.258), whereas the ankle joint position (F (1, 14) = 0.04.
p = 0.847) did not influence mVO; data (Figure 4).

The post-hoc analysis for the different approaches showed significant differences for
all comparisons (ppont < 0.02), except for TSI vs. HBmean (t = 2.469. ppons = 0.271) and
Hbdiff vs. HHb (t = 0.013. ppont = 1.000) (Table 1).
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Figure 4. Estimated oxygen consumption (mVO;) at the different angular positions (Position_1,
Position_2) using five different approaches. Data represents mean =+ standard deviation. TSI = tissue
saturation index. HBdiff = difference between O,Hb and HHb. HBmean = mean slope out of the

slopes from oxygenated and deoxygenated signal. HHb = deoxygenated signal. O,Hb = oxygenated
signal. Note: black dots represent individual data.

Table 1. Overview of Bonferroni corrected post-hoc results (ppon¢) for the main effect approaches and
the percentage difference (4 standard deviation) of the comparisons.

Pbonf Difference [%]

TSI HBdiff 0.020 125+ 11.2
HBmean 0.271 244+19

HHb <0.001 123+ 6.0

O,Hb <0.001 155+ 4.7

HBdiff HBmean 0.002 116+74
HHb 1.000 72+52

O,Hb <0.001 241477

HBmean HHb <0.001 14.14+47
O,Hb <0.001 141 +47

HHb O,Hb <0.001 245473

Using these results, Bland—-Altman plots were created, calculating the mean out of
those approaches with no significant differences (TSI vs. HBmean, HBdiff vs. HHb) to
reduce the amount of data (Figure 5).

Bland—-Altman analysis showed the biggest bias for the comparison of TSI and Hbmean
vs. Hbdiff and HHB (—1.9%), whereas the biggest range was found for Hbdiff and HHb vs.
O,Hb (20.4%) (Table 2).
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Figure 5. Bland—Altman plots. Left plot: comparison of TSI + HBmean and HBdiff + HHb. Middle
plot: comparison of TSI + HBmean and O,Hb. Right plot: comparison of HBdiff + HB and O,Hb.
Note: dashed horizontal line represents the bias [%] and dotted horizontal line represents the limits
of agreement (+1.96 SD) of the respective comparison. For parameters with a plus sign (e.g., TSI +
HBmean), the mean value was calculated because statistics showed no significant differences between
those parameters.

Table 2. Results of the Bland—Altman plots comparing the different methods.

Bias [%] LoA [%] Range [%]
TSI and Hbmean—Hbdiff and HHb -1.9 11/-14.8 12.9
TSI and Hbmean—O,Hb —-14 52/-79 6.6
Hbdiff and HHb—O,Hb 0.3 11.0/-104 20.4

LoA = limits of agreement.

4. Discussion

The goal of this study was to identify possible differences between common ap-
proaches based on the CW-NIRS signal slope to estimate the muscle oxygen consumption,
which is of special interest when, e.g., discussing the outcome of a study in the context
of existing literature. Five slope-based approaches were analyzed that either use a single
signal (HHb, O,Hb) or a combination of different signals provided by the CW-NIRS device
(TSI, HBdiff, HBmean).

This study showed significant differences between three out of the five analyzed
approaches to estimate muscle oxygen consumption of the same contraction data. More
precisely, differences were found between all approaches except for TSI vs. HBmean as well
as HBdiff vs. HHb. However, O,Hb always differed from the other approaches resulting
in an underestimation of mVO, values and additionally showed the biggest percentage
difference (Table 1) compared to the rest. The difference between O,Hb and HHb is
particularly unexpected. This study used a pressure cuff to exclude blood volume changes
in the region of interest. In such a closed system, the O,Hb and HHb signals are assumed
to be mirrored and, hence, should have the same absolute slope [11]. Having alterations of
blood volume can influence the estimated mVO,. In literature, this has been described as
an increase in tHb [21,28,35]. However, the analysis showed that this was not the case and,
instead of an increase in blood volume, there was a decrease in blood volume (Figure 3).
Similar trends are shown in De Ruiter et al. (Figure 4 in [28]). With a maximum difference
of 1.8 uM in the current analysis, the observed differences are quite small and, therefore,
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can be assumed to be negligible, though they are statistically conspicuous. Consequently,
these differences in tHb cannot explain the differences observed in mVO;.

Despite significant absolute differences, the question concerning the relative agreement
of the different approaches remains. The bias between the comparisons reached a maximum
of ~2%, revealing a good accuracy between the different approaches. Besides this, the
limits of agreement showed a broader range across the comparisons, identifying the least
precision for HBdiff and HHb vs. O,Hb. For this comparison, 95% of the observations
were within a range of £20.4%. On the other hand, TSI and HBmean vs. Oo,Hb showed a
small bias accompanying the highest precision. Hence, O,Hb underestimated the values;
however, 95% of the observations were within a range of £6.6%.

A limitation of this study is that we only used one submaximal intensity to estimate
oxygen consumption. Therefore, it remains unclear if these observed differences regarding
the estimated oxygen consumption are the same across different intensity levels. In the
literature there are several papers published investigating the amount of oxygen consump-
tion across different intensity levels using different muscle groups and incremental steps of
10% [11,21,36,37]. The authors showed that mVO, increased with increasing contraction
intensity, which is logical as a higher contraction intensity implies additional motor unit
recruitment and increased firing rates. Van Beekvelt et al. [21] and Hamaoka et al. [36]
used a handgrip exercise and found a linear increase in mVO, up to ~20-40% MVC. In
contrast, Praagman et al. [37], using a bigger muscle group (elbow flexors), concluded a
linear increase in muscle oxygen consumption across a broader range of loads (0-70% force
level). In addition, De Ruiter et al. ([11], see Figure 5), also show a constant increase in
mVO; across the different contraction levels up to ~75% MVC. De Ruiter et al. [11] analyzed
the different superficial parts of the quadriceps femoris at different angular positions and,
therefore, investigated a muscle group of the lower limb that is used in daily activities, such
as walking similar to tibialis anterior. Based on these findings in the literature, it can be
presumed that the differences in the various approaches for estimating mVO,, as presented
for one intensity in this study, persist over a broader range of contraction levels, at least
where mVO, was found to increase linearly with increasing muscle activation.

In conclusion, we compared five commonly used approaches to estimate the muscle
oxygen consumption based on the same set of CW-NIRS data. Although Bland-Altman
plots showed good accuracy between the different approaches, the precision revealed
high deviations and statistics identified significant differences for three out of the five
approaches. Thus, comparisons across different CW-NIRS studies need to be conducted
with caution if different approaches were used for the estimation mVO, consumption.
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