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It is a pleasure to contribute a commentary on the very

interesting review by Dr. Orcioli-Silva and colleagues1 on the

simultaneous measurements of cerebral cortex and muscle

tissue oxygenation during exercise in healthy adults using

near-infrared spectroscopy (NIRS). The first NIRS measure-

ments of the cerebral cortex and muscle were performed on

humans in 19772 and 1982,3 respectively. Although the first

application of NIRS to measure exercising human muscle

dates back to 1987,4 the first simultaneous cerebral and muscle

measurements during exercise were published 21 years later in

2008.5 The simultaneous measurement of an increase in

oxygenation of the prefrontal cortex and a decrease in oxygen-

ation of the vastus lateralis muscle was conducted by NIRS

oximetry in trained adults during progressive maximal exer-

cise to exhaustion on a cycling ergometer. A total of 19 other

studies published over the last 16 years were carefully

reviewed by Orcioli-Silva et al.1 This relatively limited

number of studies (performed on 290 adults in total) can be

attributed to a number of factors, including (a) the technical

difficulties of performing such simultaneous measurements in

realistic exercise settings by using the available NIRS devices

of varying performance, and (b) the increased complexity of

data interpretation, as briefly suggested by Perrey6 in his

commentary on the review article by Orcioli-Silva et al.1

Muscle NIRS measurements, even during dynamic exercise,

present fewer difficulties than cerebral ones; in fact, we very

recently summarized 191 muscle NIRS oxygenation studies

published in the last 5 years, including 3435 adult participants

in 37 domains of sports activities.7 A total of 130 studies (68%)

employed wearable (i.e., portable) continuous-wave devices
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with wireless data transmission. These easy-to-use single-point

NIRS oximeters were introduced in 2018.8 Only 6 out of 20

simultaneous brain and muscle studies9�14 included in the

review by Orcioli-Silva et al.1 used these more suitable wireless

continuous-wave NIRS oximeters. One study used a time-

domain NIRS oximeter,15 and another study employed a

frequency-domain NIRS oximeter.16 Notwithstanding the

higher cost of these latter 2 oximeters, which is attributable to

their technology, they offer the advantage of being less sensitive

to the subcutaneous adipose tissue layer and to skin pigmenta-

tion. Consequently, their use improves the accuracy of the

muscle oxygenation measurements.17,18 It is of interest to note

that the first commercial dual-channel frequency-domain NIRS

brain/muscle oximeter has recently received approval from the

U.S. Food and Drug Administration.

It is also important to note that in the field of exercise physi-

ology, it is necessary to measure not only muscle and cerebral

microvascular oxygenation but also electrophysiological

activity and primarily systemic physiological signals related to

the state of the cardiorespiratory and autonomic nervous

system, such as heart rate, respiratory rate, mean arterial pres-

sure, peripheral arterial oxygenation, and electrodermal

activity.19,20 This approach allows for a comprehensive under-

standing of the perfusion and consumption of oxygen in active

tissue during exercise.21 In order to achieve this, it is necessary

to synchronize different physiological and behavioral data,

which can present a challenge. Consequently, dedicated systems

such as Lab Stream Layer (LSL) or equivalent are required.

LSL offers a convenient means of synchronizing disparate

multimodal data streams with heterogeneous sampling rates.

It is important to note that changes in vascular hemody-

namics and oxygenation that are not induced by neuro-

vascular coupling (and thus brain activity) can interfere with
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NIRS measurements. These influences can affect both the

cerebral and the extracerebral tissue compartments. With

regard to the influence of changes in the extracerebral tissue

on continuous-wave NIRS devices and the relevance of this

for clinical NIRS applications, a recent review concluded that

“extracerebral tissue indeed influences NIRS measurement,

although the evidence (i.e., correlation) for this influence

varies considerably across the assessed studies” and that the

“current uncertainty regarding the influence of extracerebral

tissue remains a hurdle in the clinical implementation of NIRS

for intraoperative monitoring”.22

Several methods have been developed for the removal of

these artifacts and physiological components.20,21,23,24 For

example, short-channel regression algorithms can remove

physiological “noise” from the extracerebral tissue layers by

subtracting the signal measured at a short source-detector

separation (mainly scalp hemodynamics) from that of a long

separation (brain and scalp hemodynamics).25,26 The utiliza-

tion of a general linear model (GLM) in conjunction with

temporally embedded canonical correlation analysis has also

been demonstrated to be a valuable method for the regression

of physiological noise in NIRS signals.27

Unfortunately, only 3 out of the 20 studies reviewed details

(alas, insufficient) on NIRS data processing.11,28,29 The inter-

pretation of NIRS data regarding cerebral oxygenation is

complicated by the influence of systemic physiological

changes in the cerebral and extracerebral tissue layers, such as

those observed during strenuous exercise. In such instances,

the observed changes in cerebral oxygenation appear to reflect

primarily extracerebral blood flow (mainly extracranial) rather

than cerebral cortical oxygenation.30,31 It is also important to

note that NIRS measurement of the head can be influenced by

the activity of the temporal muscle, which can lead to misinter-

pretation of the data.32�34

We agree with Perrey’s commentary6 on the review by

Orcioli-Silva et al.1 that NIRS is an exceptional tool in our

understanding of the cerebral and muscle microvascular

oxygen demand during exercise. However, we strongly recom-

mend that specific signal processing techniques are required

for the validity of the NIRS data and for the interpretation of

future measurements, which are necessary to confirm the

results identified by the review’s authors.1 Furthermore, it is

advisable to conduct additional measurements of systemic

physiological activity concurrently with NIRS measurements

to facilitate accurate interpretation of NIRS measurements,

particularly in situations where a change in systemic activity is

anticipated.21 It is recommended that future studies utilize the

latest portable/mobile whole-brain continuous-wave NIRS

systems with an ultra-low profile, a lightweight design, a high

channel count, a large dynamic range, good subject comfort,

robust contact with the (haired) scalp, precise timing synchro-

nization, minimal crosstalk, stable data transmission, and long

battery life.35 In order to obtain accurate muscle measure-

ments, it is recommended that lightweight (approximately

20 g), compact, smartphone-controllable, and wearable multi-

distance continuous-wave muscle NIRS oximeters with Blue-

tooth connection up to 150 m and on-board data collection
2

(up to 50 h) are utilized.7 Furthermore, it is essential to adhere

to the recently proposed best practices for muscle and brain

NIRS studies. In this context, we also refer to the guidelines

for muscle measurements published as a table on “pressing

issues to improve the quality in muscle oximetry for sports

science” in 2018.8 As part of the Cores of Reproducibility in

Physiology (CORP) initiative of the American Physiological

Society, Barstow17 published a CORP article about the use of

NIRS for skeletal muscle research. In that article recommenda-

tions were included to reduce variability and errors in data

collection, analysis, and interpretation, and best practices were

included to improve the reproducibility of muscle oximetry

measurements; further guidelines were included in the

2024 review by Perrey et al.7 In 2018, Herold et al.36 published

recommendations for the application as well as data

processing and analysis of NIRS-based cerebral oximetry in

exercise�cognition science. More recently, in 2021, a repre-

sentative group of leaders in the field, members of the Society

for Functional Near-Infrared Spectroscopy, published more

detailed guidelines.24 This consensus article delineates the

optimal methodologies for describing the techniques employed

in brain NIRS studies. It also furnishes guidelines to enhance

the reliability, repeatability, and traceability of reported brain

NIRS studies and to encourage best practices. A recent review

by Klein37 enumerates several options that could enhance

spatial specificity and all preprocessing steps that might

improve signal quality in real-time applications.
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