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ABSTRACT

Background: Near-infrared spectroscopy (NIRS) technology can evaluate muscle metabolism and
oxygenation. NIRS-based oximeters can measure skeletal muscle oxygen delivery and utilization during
static and dynamic work non-invasively. Our goal was to assess the value and usability of NIRS technology
in chronic obstructive pulmonary disease (COPD) rehabilitation program. Methods: Forty patients with
COPD nparticipated in a 4-week inpatient rehabilitation program that included breathing exercises and
personalized cycle/treadmill training adjusted to the functional capacity, physical activity and comorbidities
of the patients. A NIRS muscle oxygen monitor was used to measure tissue oxygenation and hemoglobin
levels. Total hemoglobin index, average muscle oxygenation, minimal and maximal muscle oxygenation
were recorded before and after the rehabilitation program. Results: Rehabilitation resulted improvement
in 6 min walking distance (6MWD:335.3 + 110. vs. 398.3 + 126.2m; P < 0.01), maximal inspiratory
pressure (MIP: 57.7 + 22.7 vs. 63.6 + 18.0 cmH,O; P < 0.01), chest wall expansion (CWE: 2.84 + 1.26 vs,
4.00 + 1.76 cm; P < 0.01), breath hold time (BHT: 25.8 + 10.6 vs. 29.2 + 11.6 s; P < 0.01) and grip strength
(GS: 249 + 119 vs. 27.0 + 11.4kg; P < 0.01). Quality of life improvement was monitored by COPD
Assessment Test (CAT: 17.00 + 8.49 vs. 11.89 + 7.3, P < 0.05). Total hemoglobin index (tHb: 12.8 + 1.3%
vs. 12.8 + 1.4), average muscle oxygenation (SmO,: 67.5 + 14.4% vs. 65.2 + 20.4%) showed a tendency for
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improvement. Maximal muscle oxygenation decreased (SmO, max: 98.0 + 20.5% vs. 90.1 + 14.3%;
P < 0.01). Minimal muscle oxygenation increased (SmO, min: 42.6 + 12.6% vs. 54.8 + 14.3%; P < 0.01).
Conclusions: NIRS results showed that muscle oxygenation and microcirculation can be described as a
high-risk factor in COPD patients. The 4-week rehabilitation improves functional parameters, quality of
life and tissue oxygenation levels in COPD patients.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a complex and heterogeneous clinical syn-
drome found in 6-8% of the population [1]. COPD patients experience functional and structural
changes of the respiratory system that deeply influence cardiovascular function [2].

The main part of COPD patient’s rehabilitation is physical therapy, the goal is to get the
patients’ functional capacity back. Long term effect of physical rehabilitation is lower usage rate of
medication, fewer exacerbations and if exacerbations occur, their impact is milder [3]. Exercise
training also causes changes in muscle perfusion, peripheral muscle activity and function [4].

Muscle oximetry, based on near-infrared spectroscopy (NIRS), is able to non-invasively
provide information about these changes in oxygenation and hemodynamics in muscle tissue
based on the oxygen-dependent characteristics of near-infrared light. NIRS has been utilized to
investigate local muscle oxidative metabolism at rest and during different exercise modalities
since the end of the 1980s. Reviews of NIRS methodology, medical applications and potential
limitations have been previously published in detail [5]. NIRS technology has been used to
evaluate blood flow and muscle oxygen availability in COPD patients during exercise [6]. During
our study our goal was to measure the resting oxygenation levels, as this might contribute to a
better understanding of individual differences in physical rehabilitation and exercise tolerance.

NIRS cannot differentiate between oxyhemoglobin (O,Hb) and oxymyoglobin (O,Mb) or
deoxyhemoglobin (HHb) and deoxymyoglobin (HMD) [7]. This means that NIRS signals are the
result of the weighted average of oxygen saturations of the heme group of hemoglobin (Hb) in
the vascular bed (small arteries, arterioles, capillaries, venules and small veins) and the heme
group of myoglobin (Mb) in the muscle fibers [8]. Considering that capillaries contribute to 90%
of the total blood volume in the muscle [9], and, under normal conditions, all regions of the
muscle receive nearly fully oxygenated arterial blood, oxygenation changes would mostly reflect
changes in capillary (Hb related) and intracellular (Mb-related) oxygen levels. Direct compar-
isons are difficult and usually limited to trends in the derived signal because these units are
relative in nature. To increase the robustness of the relative values, it is often recommended to
use a saturation in a percentage using the following equation [10]:

O,Hb
In SmO,, the m indicates that the saturation is intended to be isolated to the muscle layer.
This is important because the spot of the measurement, the subcutaneous fat layers might have
serious impact on data quality and actual values [11].

Muscle oximetry has been successfully and reliably used in both laboratory and applied sport

settings, with specific measures such as muscle oxygenation level, deoxygenation rate, and
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reoxygenation rate being utilized for assessing muscle oxidative function, following specific
training interventions [12]. The objective of our measurement was to investigate the possibility
of using NIRS technology during resting measurements to assess actual muscle oxygenation and
local oxidative condition of COPD patients participating in pulmonary rehabilitation. Our
hypothesis was that the data provided by NIRS technology and collected during a resting
measurement and not in an active state such as exercise will correlate with the results and
changes in classic clinical parameters on an individual level. If our hypothesis is correct, the low
cost and easy to use NIRS sensors can be used as a valuable tool to monitor COPD patients’
rehabilitation progress even during a resting measurement.

MATERIALS AND METHODS

Study subjects

Forty patients with COPD (FEV/: 45 + 20% pred, age: 65.4 + 7.4 years (51-78), BMI: 26 + 5kgm ™,
male/female: 21:19) participated in this study. The pharmacotherapy of patients was based on
the international GOLD guideline, mostly patients were on dual bronchodilator therapy, 5 of
them were on ICS+LABA+LAMA combination.

The treatment of co-morbidities, such as atherosclerosis, hypertension and diabetes was
based on international guideline, too. The study protocol was approved by the Ethical Com-
mittee of the National Koranyi Institute for Pulmonology with 25/2017 registration number, and
the study was registered at ISRCTN registry with ISRCTN13019180 ID.

It was an observational study using general management in the Department of Pulmonary
rehabilitation as a non-interventional study. All patients gave consent for participation in the
study.

Patients’ characteristics including blood gas analysis are presented in Table 1. Inclusion criteria
were the following: age 40 or above, forced expiratory volume in one second (FEV;) < 70%pred

Table 1. Patients' characteristics

Characteristics (n = 40)

Age (years) 65.47 + 7.39
Male: female 21:19
BMI (kg m ™ ?) 27.99 + 6.98
FEV, (%pred) 45.43 + 20.2
Hypertension 35 (87.5%)
Diabetes 12 (30%)
Atherosclerosis 30 (75%)
Pulmonary hypertension 10 (25%)
pH 7.43 + 0.06
pO, (mmHg) 63 +8
pCO, (mmHg) 39+3

BMI: body mass index; FEV: forced expiratory volume in one second, pO,: partial pressure of the oxygen,
pCO,: partial pressure of carbon-dioxide.
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and FEV,/forced vital capacity (FVC) < 0.7, more than 10 years of smoking in their anamnesis
with COPD diagnosis, symptomatic patients in terms of dyspnea and reduction in exercise
tolerance, absence of type II respiratory failure and good compliance of the patient. Exclusion
criteria were the following: any condition which did not allow the participation in a training
program because of joint disease, coronary disease, heart failure or not a good compliance
in the previous treatment of COPD or absence of motivation to be on the rehabilitation
program.

Training program

Patients took part in an inpatient, complex pulmonary rehabilitation program with chest wall-
stretching, controlled breathing techniques and training, as well as personalized exercise training
by cycling and treadmill 2-3 times for 20-30 min a day for 4 weeks. Six-minute walking distance
(6MWD) [13], lung function [14], chest wall expansion (CWE) [15], grip strength [16], maximal
inspiratory pressure (MIP) [17] and breath holding time (BHT) [18] were measured at the start
and at the end of the rehabilitation program. The quality of life and dyspnea were evaluated by
CAT [19] and mMRC [20].

The breathing exercises were performed on an open-air corridor to take advantage of the
special microclimate of the Hospital [21]. The patients learned controlled breathing and
stretching technics, chest and spine mobilization exercises and muscle strengthening techniques.
The personalized training was performed on exercise bicycles and treadmills with continuous or
interval training [22]. The training set was according to the patients’ requirements. The protocol
was defined considering the stage of COPD, the actual status of the heart, comorbidities
and blood gas value. At the beginning and at the end of the program, the different functional
parameters were measured.

Our patients performed respiratory training in the morning, chest wall mobilization,
learning controlled breathing techniques (it lasted 30 min), inhalation, expectoration, smoking
cessation and a personalized training were part of the whole rehabilitation program. The
personalized training was based on continuous or interval type of cycle- and/or treadmill
training for 10-30 min, 2-3 times a day at a level of 60-80% of peak work rate [23, 24]. The
duration was 4 weeks. The intensity was between 60 and 80% of peak work rate and it was
progressive keeping Borg dyspnea scale breathlessness and leg fatigue on grade No. 7.

Clinical measurements

6-minute walking distance (6MWD). The 6MWD was measured in the corridor of the National
Kordanyi Institute for Pulmonology, according to the international guidelines [13]. Oxygen
saturation and heart rate were measured as supportive data before, during and after executing
the task, and the exertion of the patients was evaluated with a modified Borg-scale. Patients had
to walk as fast as possible [13].

Pulmonary function. All patients underwent post-bronchodilator pulmonary function tests
including spirometry measurements, which were carried out according to ATS/ERS guidelines
(Vinax 229 and Autobox 6,200, Sensormedics) [14]. COPD patients inhaled 400 g salbutamol
20 min before testing.
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Chest wall expansion (CWE). Chest wall expansion measures the difference of chest circum-
ferences between deep inspiration and expiration. It is measured at the level of processus
xyphoideus [15].

Grip strength measurement (GS). Kern hand grip dynamometer (2016 Kern & Sohn GmbH -
Germany) was used to determine the power of peripheral muscles [16].

Maximal inspiratory pressure (MIP). Power Breathe K1 (POWERbreathe International
Limited) was used to measure MIP. The calculation of diaphragmatic force was based on the
patient’s height, weight, age and sex. Patients were asked to inhale suddenly with maximal force
after a maximal exhalation [17].

Breath holding time (BHT). The severity of COPD was assessed with BHT. In this task the
subjects were asked to hold their breath as long as possible with closed nostrils and mouth after a
maximal inhalation [18].

Resting measurements. We used a standardized protocol for every patient. This way we tried to
eliminate different causes of individual lifestyle and activity patterns. The NIRS measurements
were performed at the same time between 9 and 11 in the morning. Patients were asked not to
do any physical activity on days of measurements, the assessing room was separated, quiet and
temperature controlled (maintained around 24 °C). The patients had rested quietly in supine
position for 15 min before the NIRS measurements. The NIRS monitor was placed on the vastus
lateralis of the patients as this is a usual measurement area of NIRS measurements [25]. The
location is recommended by the SENIAM project 35 for electromyography measurements. The
emitter and detectors were aligned in the direction of muscle fibers, and body hair was removed
from the sensor sites. The sensors were fixed in place using medical adhesive tape (Hypafix; BSN
Medical, DE) and were then covered with the compatible commercially available light shield to
eliminate possible ambient light intrusion.
The timing and makeup of our measurements can be seen in Fig. 1.

NIRS monitor, Moxy Monitor. The Moxy Monitor (Fortiori Design LLC) is an NIRS device
that propagates to provide an a priori 0%-100% scale with a reasonable accuracy for everyday

4 weeks of inpatient pulmonary rehabilitation

- controlled breathing techniques
- personalized exercise training
(cycling or treadmill)
- spine and chest mobilization
- muscle strenghtening
- stretching

resting NIRS measurement resting NIRS measurement
clinical measurements clinical measurements
(6MWD, pulmonary function, (6MWD, pulmonary function,
CWE, GS, MIP, BHT, CAT, mMRC) CWE, GS, MIP, BHT, CAT, mMRC)

Fig. 1. Timing and makeup of our measurements
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Fig. 2. The measurement site and layers of human tissue the Moxy monitor measures

applications. The device measures the amount of light reaching two detectors from one emitter
at four wavelengths in a diffuse reflectance configuration for a total of eight measurements. The
device detectors are spaced at 12.5 and 25 mm from the emitter. The default sampling rate cycles
through the four wavelengths 80 times every 2 s and averages out the readings for an output rate
of 0.5Hz.

The device itself propagates to provide an a priori 0%-100% scale with reasonable accuracy,
a clearer picture of the technical process involved to isolate and investigate the muscle layer and
generate an SmO, output is provided. Moxy uses a four-layered tissue model consisting of
epidermis, dermis, fat and muscle (Moxy monitor e-book) (Fig. 2).

SmO, min and max levels were identified as continuous 3-second sections in SmQO, values.
As Moxy Monitor has a data collection frequency of 2Hz, this means 6 identical SmO,
levels. The lowest value provided the SmO, min and the highest value provided the SmO, max
level.

Statistical analysis

Patient characteristics, SmO, levels were compared by a paired t-test, a non-parametric sign
test and a Wilcoxon test. Significance was accepted at P < 0.05 level. The distribution around
the mean was expressed as + SD in tables. Scatterplot distribution was observed in figures.
Distributions were tested for normality by the Kolmogorov-Smirnov test.

To calculate sample size, we used a sample size calculator with the probability of type-I error
set at 0.05 and the probability of type-II error set at 0.2, the primary endpoint was set as
continuous. We selected SmO, average as the parameter used with a level of 75 &+ 20% and an
expected change of 12%. The calculated study subject size was 39, and we enrolled 40 subjects in

our study.

RESULTS

Functional and quality of life parameters before and after of the rehabilitation program are
presented in Table 2. Pulmonary function did not show improvement after the rehabilitation
period (Table 2).
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Table 2. Functional and quality of life marker parameters

Parameter before treatment after treatment P value
FEV, (1) 4543 + 202 45.06 + 182 n.s.

FVC (1) 75.81 + 22.71 74.78 + 17.37 n.s.

mMRC 1.86 + 0.71 1.63 + 0.6 <0.01

MIP (cmH,0) 57.72 + 22.69 63.63 + 18.01 <0.001
CWE (cm) 2.84 + 1.26 4+ 1.76 <0.001
BHT (sec) 25.77 + 10.63 29.21 + 11.60 <0.001
GS (kg) 24.87 + 11.88 27.03 + 11.43 <0.001
6MWD (m) 335.32 + 110.43 398.32 + 126.21 <0.001
CAT 17 + 8.49 11.89 + 7.31 <0.001

FEV;: forced expiratory volume in the first second; FVC: forced vital capacity; mMRC: modified Medical
Research Council Dyspnea Scale; MIP: maximal inspiratory pressure; CWE: chest wall expansion; BHT:
breath holding time; GS: grip strength; 6MWD: 6-min walking distance; CAT: COPD assessment test.

Table 3. NIRS parameters

Parameter before treatment after treatment P value
tHB (%) 12.76 + 1.3 12.82 + 14 n.s.
SmO, avg (%) 67.47 + 14.39 65.21 + 20.39 n.s.
SmO, min (%) 42.6 + 12.60 54.8 + 14.32 <0.01
SmO, max (%) 98 + 20.51 90.1 + 14.33 <0.01

tHB: total hemoglobin index; SmO, avg: average muscle oxygenation; SmO, min: minimal muscle
oxygenation; SmO, max: maximal muscle oxygenation.

Significant changes were detected in CWE, BHT, GS, 6MWD, CAT, mMRC (Table 2).
MIP results showed significant increment, but the values are still under the physiologic values
(Table 2).

The parameters measured by MOXY are presented in Table 3. tHb and SmO, average do not
show clear, significant improvement. Considering changes on an individual level all SmO, levels
show an improving tendency (Table 3).

Minimal muscle oxygenation levels increased and maximal muscle oxygenation levels
decreased, both changes achieved clinical significance. These changes show a clear tendency of
normalization in the peripheral oxygen usage ability and capacity of patients as a result of the
rehabilitation program (Table 3).

No correlation was found between the calculated change of the NIRS parameters and health
status markers.

DISCUSSION

Evaluating oxidative skeletal muscle performance in sports and physical rehabilitation is an
emerging area. We conducted clinical research for determining the peripheral oxygen con-
sumption, capillarization of muscles in COPD patients and the effects of a 4-week rehabilitation
program on the physiological phenomena measured by NIRS technology during resting. In our
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clinical tests significant changes were detected in CWE, BHT, GS, 6MWD, CAT and mMRC.
MIP results showed significant increment, but the values were still under the physiologic values.
FEV; and FVC results did not change as a result of the rehabilitation program. The 4-week
rehabilitation program resulted improvement in SmO, min, SmO, max levels. On an individual
level more than 50% of the patients had better NIRS results after the rehabilitation period.

The NIRS is a lightweight technology that represents a quick, non-invasive and continuous
measurement. The use of wireless and miniaturized NIRS sensors in pulmonary rehabilitation
has the potential to further increase the understanding how peripheral muscles respond to
cumulative exercise bouts and could help in the creation of evidence-based, individualized
training regimens.

The relative novelty of the NIRS technology produces a lot of questions regarding the us-
ability and reliability of these devices. Some of these have already been answered: there is a good
correlation with in vitro assessed oxidative capacity via muscle biopsy analysis [26]. Some NIRS
studies have shown that muscle reoxygenation rate after either static or dynamic [27] exercises
can be important determinants of both individual muscle performance and training status. Still a
lot of questions remain: it is unclear whether the responses in NIRS for one muscle site (a few
cm,) could be representative enough to quantify internal (i.e., physiological responses to training
activities) loading and guide training. Clarification of the interrelationship between muscle
oxygenation, pulmonary exchange ratio, HR, and muscle activation (as measured by electro-
myography) responses during longitudinal studies is required. Recent studies show that lower
effort during exercise helps in preserving muscle oxygenation and reducing metabolic acidosis
but the results show that these factors do not determine exhaustion [28] in COPD patients.
During high intensity exercise insufficient adjustment in respiratory muscle perfusion associates
with greater dyspnea sensation in patients with COPD [29]. It has also been shown that central
hemodynamic and leg muscle oxygen availability in COPD can be associated with the intensity
of daily physical activity [30]. All the aforementioned studies used NIRS devices during physical
activities, in our study we focused on using these devices and the data during a 6-minute
resting period. We tried to find correlation between the classic clinical parameters and SmO,
levels on an individual level monitoring the effectiveness of a 4-week pulmonary rehabilitation
program.

Only few NIRS instruments have been clinically validated to date [31, 32]. Moxy Oxygen
Monitor and the NIRS device we used in our study is one of these [31]. In addition, Niemeijer
et al. [33] confirmed that adipose tissue thickness has a strong effect on NIRS results by either
overestimating actual skeletal muscle oxygenation or decreasing its sensitivity for deoxygenation.

As an interpretation of NIRS results, in clinical practice central venous oxygen saturation
(ScvO,), and mixed venous oxygen saturation (ScvO,) are usually used to assess oxygen satu-
ration [34]. ScvO, reflects the transport and metabolism of oxygen [35] and is a surrogate
marker of SvO2 but it is simpler to measure [34]. ScvO, is only an approximation of ScvO,, and
this should be remembered when interpreting measurements [36] but it gives an indication of
how much oxygen is extracted by the organs before the blood returns to the right side of the
heart, showing the balance between oxygen delivery and consumption.

SvO, can be used to measure cardiac output, guide clinical practice when using early goal-
directed therapy treatment protocols, understand and treat arterial hypoxaemia, rapidly estimate
shunt fraction and help identify patients at risk of weaning failure [36]. Tissue hypoxia suggested
by SvO, can be an early marker of sepsis [37-39] as when oxygen delivery has been
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compromised or oxygen consumption has exceeded its supply, subsequent oxygen venous return
is diminished [38]. Parameters for SvO, levels were set as, 0-70% = hypoxia, 70-89% =
normoxia and 90-100% = hyperoxia [38]. McManus highlighted in his work that comparing
NIRS-derived values for SmO2 against invasive measures of SvO,, the SmO, values cannot be
higher than the measured value for SvO2. SmO, should be lower, as SvO2 is a combination of
venous blood returning from all tissue layers, including adipose and skin tissue; this is the
premise of venous blood contamination [40]. While this does not establish validity of an NIRS-
derived SmO, value, it does establish thresholds against which measured values can be tested
and lends a useful SmO, range.

Our results show an elevation in SmO, min results, this can be explained by the elevated
cardiac output, the improved extraction of oxygen and slightly elevated hemoglobin concen-
tration caused by physical rehabilitation. These results are even more significant on an indi-
vidual level, NIRS results of 16 of the 40 patients changed from heavy hypoxia SmO, levels (40—
57% SmQO,) to normoxic levels (74-78% SmOQ,). This is even more accentuated since Bracht
found that patients with an ScvO, of 60% or lower on admission to intensive care had a higher
28-day mortality rate than those who had a ScvO, of greater than 60% on admission [41].
According to Textoris et al. mortality rates were 30% when ScvO, . Was less than 80%, and
when ScvO, .« Was over 80%, the mortality rate was 48% in patients treated using early goal-
directed therapy [37].

The slight decrease in SmO, max levels is also very promising. High levels of ScvO, and so
SmO, can mean a very high oxygen delivery in excess of tissue requirements and decreased
cellular consumption of oxygen or a large arterio-venous shunt (58). ScvO, higher than 80% in
the first 72 h of resuscitating septic shock patients can increase mortality [39]. However, to make
these results more robust, a prospective study should be carried out, as the retrospective design
of this study relied upon data already collected.

Clinical perspectives and limitations of our study

Studies with resistive inspiratory loading protocols have shown that respiratory fatigue results in
diaphragm ischemia and reduced mechanical efficiency [42]. Patients with chronic heart failure
demonstrated reduced oxygen saturation in the intercostal muscle and increased blood lactate
during the resistive inspiratory loading protocol. The increase in blood and muscle lactic
acidosis facilitates the dissociation of O, from hemoglobin, thereby increasing O, extraction
[43]. The integration of convective (the bulk delivery of O,) and diffusive (the movement of O,
from hemoglobin to the mitochondria) components of the O, transport pathway mostly
determine the muscle metabolism during exercise [44].

Keeping all these issues in mind NIRS has the potential to be used as an objective measure
and evaluate individual response to pulmonary rehabilitation not just during exercise but during
rest, too. Skeletal muscle status directly contributes to the ability to sustain performance,
loadability and fatigue [45], but the objective measurement of cardiovascular strain using heart
rate should also be used to accurately measure internal workload. Muscle oxygenation and HR
measurements are likely to be differently influenced by external factors (e.g., eccentric muscle
actions or thermoregulatory/dehydration disturbances, changes in pH, respiratory exchange
ratio). In the future, NIRS-based variables may provide an option for measuring total workload,
especially for training and physical rehabilitation.
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One of the main limitations of our study was that the duration of the rehabilitation was
shorter than most of the rehabilitation programs. To compensate for this the individual training
program was intensive, and the patients performed the training 2-3 times per day. This makes it
possible to compare our results with previous studies by other colleagues and our group. In the
future we may focus on longitudinal studies to measure changes in peripheral oxygenation
during a longer period of time and use other physiological parameters during and after training
to have a complex understanding of the effect of pulmonary rehabilitation on microcirculation,
oxygenation as well as individual responses in COPD patients during pulmonary rehabilitation.

In the future we plan to repeat the study with a larger sample size, using NIRS during and
after exercise not just at the start and at the end of the pulmonary rehabilitation program. This
would provide an even better understanding of the acute changes in muscle oxygenation during
and after exercise on patients with different stages of COPD.

Considering the short rehabilitation period our findings and the measured improvements
show a promising trend. Increased oxygen supply and oxygenation responses support the
beneficial effect of training on muscle function in patients with COPD. NIRS technology seems
appropriate for use in determining exercise training intensity, volume and efficiency. Although
the use of NIRS is relatively new even to sports science, it has proven to be a viable noninvasive
tool to determine peripheral muscle oxygenation as an effect of a pulmonary rehabilitation
program.
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