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Abstract

Significance: Functional near-infrared spectroscopy (fNIRS) is unique among neuroimaging
techniques in its ability to estimate changes in both oxyhemoglobin (HbO) and deoxyhemoglo-
bin (HbR). However, fNIRS research has applied various data reporting practices based on these
chromophores as measures of neural activation.

Aim: To quantify the variability of fNIRS chromophore data reporting practices and to explore
recent data reporting trends in the literature.

Approach: We reviewed 660 fNIRS papers from 2015, 2018, and 2021 to extract information
on fNIRS chromophore data reporting practices.

Results: Our review revealed five general practices for reporting fNIRS chromophores: (1) HbO
only, (2) HbR only, (3) HbO and HbR, (4) correlation-based signal improvement, and (5) either
the total (HbT) or difference (HbDiff) in concentration between chromophores. The field was
primarily divided between reporting HbO only and reporting HbO and HbR. However, reporting
one chromophore (HbO) was consistently observed as the most popular data reporting practice
for each year reviewed.

Conclusions: Our results highlight the high heterogeneity of chromophore data reporting in
fNIRS research. We discuss its potential implications for study comparison efforts and interpre-
tation of results. Most importantly, our review demonstrates the need for a standard chromophore
reporting practice to improve scientific transparency and, ultimately, to better understand how
neural events relate to cognitive phenomena.
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1 Introduction

Functional near-infrared spectroscopy (fNIRS) is a neuroimaging technique that has rapidly
risen in popularity over recent decades1–3 due to several advantages it presents to researchers
for examining brain function (see Ref. 4 for an overview). For instance, fNIRS is safe and port-
able, suiting laboratory and ecologically valid contexts while offering resistance to motion arti-
facts. Consequently, fNIRS has provided opportunities to work with diverse populations and
settings5,6 in ways alternative neuroimaging modalities are limited or incompatible.
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Although fNIRS stands as a promising neuroimaging tool, there is a need for more stand-
ardized steps related to its protocols, particularly considering its utilization is rapidly growing
(Fig. 1). A recent collaborative paper proposed a consensus of guidelines for conducting and
presenting an fNIRS project to enhance the interpretation and replicability of its methods and
findings.7 Similar lines of work have demonstrated how differences in data preprocessing and
data analysis procedures can lead to inconsistent results.8–10 An additional growing concern is
that there may be data reporting inconsistencies among researchers regarding the signals that
fNIRS monitors as a proxy of neural activation.11,12 Differences in how fNIRS researchers opera-
tionalize “neural activation” could pose significant challenges for study comparisons and meta-
analysis approaches. However, the extent to which chromophore data reporting practices vary
across the fNIRS research field has yet to be systematically examined. In this paper, we focus on
the issue of chromophore reporting in the fNIRS literature.

A distinct advantage of fNIRS compared to other neuroimaging modalities is its ability to
estimate changes in the hemodynamic response by measuring both chromophores of oxyhemo-
globin (HbO) and deoxyhemoglobin (HbR). fNIRS accomplishes this by emitting different
wavelengths (e.g., 690 and 830 nm) of near-infrared light into the cortex of the brain (penetration
depth of ∼2 cm) that are differentially absorbed by HbO and HbR.13 fNIRS indirectly measures
neural activation by targeting these chromophores following a cognitive event as part of the
brain’s metabolic process.14 This process, termed neurovascular coupling, unfolds over several
seconds, peaking at ∼5 s postneuronal activity.15 Excess HbO is sent to the tissue surrounding
the activated cells during this period, resulting in an increase in HbO concentration and a con-
current but weaker decrease in HbR concentration.16 Therefore, a significant change in neural
activation can be interpreted by a negative correlation between HbO (increasing) and HbR
(decreasing). However, various ways of using HbO and HbR as dependent measurements of
brain activation have been used in the fNIRS literature.

There has been a recent push for the fNIRS research community to move toward more stand-
ardized practices to improve the interpretation and transparency of results (e.g., see Refs. 7 and
10). Given the nature of neurovascular coupling, it is informative to report data about both chro-
mophores in studies of neurocognitive function. There are two aims of this paper: (1) to quantify
the variability of chromophore data reporting practices in the fNIRS literature and (2) to explore
recent trends in fNIRS chromophore reporting. Our strategy was to systematically review fNIRS
articles published in 3-year increments between 2015 and 2021 to extract information on
chromophore reporting. Based on the heterogeneity of practices in the field, we then provide
a recommendation for fNIRS chromophore reporting that is grounded in the neurovascular cou-
pling process.

Fig. 1 PubMed search results for the search query “fNIRS” from 2011 to 2021.
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2 Literature Review Methods

2.1 Search Strategy

We performed a literature review of fNIRS articles published in the field of cognitive neurosci-
ence to quantify the prevalence of different chromophore data reporting practices. We used the
PubMed and APA PsycInfo databases to manually search for 2015, 2018, and 2021 articles
(excluding duplicates) using the specific keyword “fNIRS.” An overview of the article search
and selection process is illustrated in Fig. 2.

2.2 Inclusion Criteria

Our initial search identified 977 articles in 2015 (n ¼ 158), 2018 (n ¼ 310), and 2021
(n ¼ 509). The title, abstract, and full text of each identified article was accessed and screened
to determine its eligibility for review. A total of 660 fNIRS articles from 2015 (n ¼ 101), 2018
(n ¼ 209), and 2021 (n ¼ 350; see the Supplementary Material for a list of 2015, 2018, and
2021 references) met our inclusion criteria for further review. Articles were selected for review
based on the following criteria.

1. Articles published in 2015, 2018, and 2021.
2. Original research articles.
3. Articles that included task-evoked changes in activation (resting-state studies were

excluded).
4. Articles that used continuous-wave fNIRS.
5. Articles in human cognitive neuroscience research.
6. Articles that performed a clear chromophore data reporting practice.

2.3 Extracted Information

To examine recent chromophore data reporting practices, we extracted the following information
from each fNIRS article that met our inclusion criteria.

1. The chromophore or combination of chromophores reported to interpret changes in neural
activation.

Fig. 2 Flowchart detailing the search strategy and selection criteria.
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2. The justification (if any) provided for the data reporting practice if only one chromophore
was reported.

If there was ambiguity regarding an article’s eligibility criteria or chromophore reporting
practice, the researchers (K.T. K., H. L. R. H., J. P., K. L., J. S., and A. M.) discussed its contents
until a group consensus was reached. We considered a chromophore or combination of chro-
mophores (e.g., HbT) as “reported” if its concentration value was directly stated in the results or
if a visualization was provided in the main text or Supplementary Material. Extraction of
chromophore preprocessing steps and statistical analysis approaches was not performed. The
articles for the 2015, 2018, and 2021 literature searches were retrieved on September 13,
2022, November 25, 2019, and March 3, 2022, respectively.

3 Literature Review Results

Our review revealed various practices for reporting fNIRS chromophores that we categorized
into five groups: (1) HbO only, (2) HbR only, (3) HbO and HbR, (4) correlation-based signal
improvement (CBSI),17 and (5) either the total (HbT) or difference (HbDiff) in concentration
between chromophores. We categorized articles into each data reporting approach based on
whether individual information was provided for each chromophore. For example, if an article
reported HbO, HbR, and HbT, we categorized it as reporting HbO and HbR, as information for
each chromophore was made available. As another example, if an article reported HbO and
HbDiff, it was categorized as reporting HbO only, because individual information was only
explicitly provided for HbO. Although HbDiff includes contributions of each chromophore
(HbO–HbR), reporting HbDiff does not directly detail each chromophore’s concentration value
unless that information is otherwise provided.

3.1 2015 fNIRS Chromophore Data Reporting Practices

The majority of studies in 2015 reported only one chromophore, HbO (51.49%). 43.56% of
articles reported both HbO and HbR chromophores. Data reporting practices that used trans-
formed chromophore data, HbDiff or HbT only (1.98%), CBSI (1.98%), and HbR only (0.99%),
were far less popular. These results are presented in Fig. 3(a).

3.2 2018 fNIRS Chromophore Data Reporting Practices

The two most common fNIRS chromophore reporting practices for 2018 were reporting HbO
only (47.37%) and reporting HbO and HbR (44.50%). This result was consistent with our 2015
review findings. Only 3.83% of articles reported HbDiff or HbT alone, 2.39% reported CBSI,
and 1.91% only reported HbR. A breakdown of chromophore reporting practices from 2018 can
be seen in Fig. 3(b).

3.3 2021 fNIRS Chromophore Data Reporting Practices

The majority of the fNIRS field in 2021 again reported HbO only (51.14%), followed by report-
ing HbO and HbR (44.29%). A low number of papers reported HbDiff or HbT only (2.00%),
CBSI (2.00%), or HbR only (0.57%). A breakdown of chromophore reporting practices from
2021 can be seen in Fig. 3(c).

3.4 fNIRS Chromophore Data Reporting Trends (2015 to 2021)

From 2015 to 2021, fNIRS data reporting practices were heavily divided between reporting one
chromophore (HbO) or both HbO and HbR chromophores. However, reporting HbO only was
consistently the most popular practice for each year reviewed. This result indicates that most
articles omitted HbR information from publication. Clearly, there is a divide in the fNIRS com-
munity regarding which practice is better suited for characterizing neural activation. The trends
in fNIRS chromophore reporting practices from 2015 to 2021 can be seen in Fig. 3(d).
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3.5 Justifications Provided for only Reporting HbO (2015, 2018, and 2021)

Given the most popular practice was to report only one chromophore (HbO), we next examined
the justifications for applying this approach. We coded the justifications provided for 2015,
2018, and 2021 articles that reported only one chromophore. Due to the low number of articles
that reported HbR only (N ¼ 7), we decided to focus on the justifications provided for only
reporting HbO (N ¼ 330). If multiple justifications were provided for only reporting HbO,
we simply coded the justification listed first.

We categorized each 2015 article that reported HbO only [n ¼ 52; Fig. 4(a)] into six groups
of justifications: (1) greater sensitivity to cerebral blood flow (CBF) changes compared to HbR
(17.31%), (2) higher signal-to-noise ratio (SNR) than HbR (11.54%), (3) greater sensitivity to
task-evoked changes than HbR (9.62%), (4) stronger correlation with the fMRI BOLD response
than HbR (7.69%), (5) followed the practice of previous studies (3.85%), and (6) no significant
findings found for HbR (1.92%). The remaining 48.08% of articles did not provide a justification
for choosing to only report HbO.

Our 2018 review revealed several justifications for only reporting HbO [n ¼ 99; Fig. 4(b)]
that we categorized into five groups: (1) greater sensitivity to CBF changes than HbR (20.20%),
(2) greater sensitivity to task-evoked changes than HbR (14.14%), (3) higher SNR than HbR
(11.11%), (4) stronger correlation with the fMRI BOLD response than HbR (6.06%), and (5) no
significant findings found for HbR (5.05%). However, for 43.43% of articles, no justification
was provided for only reporting HbO.

Our 2021 review also revealed various justifications for only reporting HbO [n ¼ 179;
Fig. 4(c)]. We categorized these justifications into five groups: (1) Greater sensitivity to CBF
changes than HbR (20.11%), (2) greater sensitivity to task-evoked changes than HbR (15.08%),
(3) higher SNR than HbR (11.17%), (4) stronger correlation with the fMRI BOLD response than
HbR (6.15%), and (5) followed the practice of previous studies (1.68%). Again, in 2021, a large
portion of articles did not justify only reporting HbO (45.81%).

Within the most popular fNIRS chromophore reporting practice of HbO only, there was
considerable variability in the reasons why this approach was chosen. Overall, the justifications

Fig. 3 fNIRS chromophore data reporting practices in 2015, 2018, and 2021: (a) 2015, (b) 2018,
and (c) 2021 fNIRS chromophore reporting and (d) fNIRS chromophore reporting trends from 2015
to 2021.
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provided in 2015, 2018, and 2021 for reporting HbO only were generally consistent [Figs. 4(a)–
4(c)]. However, nearly half of these articles (45.8%) did not justify why HbR data were excluded
from publication and for choosing to only present HbO data.

4 Discussion

The use of fNIRS to investigate cognitive phenomena is rapidly expanding, but a consensus
regarding its best practices is still emerging. In this systematic review, we quantified the vari-
ability of fNIRS chromophore data reporting practices and explored recent data reporting trends
in the field. We reviewed 660 articles published in 2015, 2018, and 2021, which applied different
chromophore measurements as indirect markers of neural activation. Overall, we found high
heterogeneity in the fNIRS chromophore data reporting practices used to interpret neural acti-
vation and draw conclusions. The most common practice was to report only one chromophore,
HbO. However, there was strong disagreement in the fNIRS field over which practice should be
implemented, split between two groups: only reporting HbO and reporting both HbO and HbR.
Other chromophore data reporting practices (HbR only, CBSI, and HbT/HbDiff only) were
rarely performed in comparison.

The major divide between reporting one or both chromophores in fNIRS research raises the
important question of how neural activation should be operationalized in the field and whether
the variability in current practices may produce different interpretations of results. In our review,
the justifications (if any) provided for only reporting HbO as an indirect neural activation marker
were diverse. Indeed, reporting HbO alone may be compelling for several reasons, including its
sensitivity to CBF changes,18–20 sensitivity to detecting task-evoked changes,21,22 and its stronger
correlation with the fMRI BOLD response than HbR (but see Ref. 23).24 However, these jus-
tifications do not warrant the omission of HbR data. Rather, we consider the exclusion of HbR

Fig. 4 Justifications provided for reporting HbO only in 2015, 2018, and 2021: (a) 2015, (b) 2018,
and (c) 2021 reporting HbO only justifications.
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data as a critical missed opportunity to enrich our interpretation of the hemodynamic response
and to establish evidence for neural activation. In the following section, we discuss potential
issues related to reporting only one chromophore and provide general recommendations for
reporting fNIRS chromophore data in publications.

4.1 Considerations and General Recommendations for fNIRS Chromophore
Data Reporting

Operationalizing neural activation in the fNIRS literature is based on neurovascular coupling
between local neural activity and subsequent changes in the hemodynamic response.
Following the expected hemodynamic response, neural activation is indicated by an increase
in HbO, accompanied by a weaker decrease in HbR. In other words, establishing a negative
correlation between HbO and HbR should provide strong evidence that observed blood flow
changes result from neural activation. We argue that the primary issue with reporting one
chromophore is the assumption that there is a negative correlation between chromophores
(i.e., activation) when significant differences are found between conditions. Crucially, it has been
demonstrated that this assumption can be violated.11 For example, let us say that condition 1 (C1)
and condition 2 (C2) are used to assess some effect on brain function and that there is a sig-
nificant difference in HbO concentration between C1 and C2. Based on the practice of only
reporting HbO, the conclusion might be that there is greater activation in C1 compared to
C2. Now let us consider a scenario in which reporting both chromophores provide an alternative
interpretation. Although HbO is significantly higher in C1 than in C2, there is no significant
difference between HbO and HbR within C1 or C2. Therefore, there is no evidence to suggest
a meaningful change in neural activity within or between conditions when both chromophores
are considered. Recent research reveals several instances in which significant effects are found
when reporting one chromophore but not when reporting both chromophores.11,12 These studies
demonstrate how different interpretations of results can occur depending on which chromophore
reporting practice is performed.

In addition to establishing a negative correlation to better identify activation, reporting both
chromophores may facilitate the detection of non-neuronal influences on the hemodynamic
response. For example, motion artifacts,17 cross-talk between chromophores,25 and spatially
localized extracerebral changes (e.g., recordings over the anterior temporal region12,26) have
instead been associated with positive correlations between HbO and HbR. These findings further
highlight how reporting one chromophore can lead to misinterpretation of results, such as a
positive correlation between chromophores going undetected. Concerns regarding this practice
are heightened, considering our finding that reporting HbO only has consistently been the most
popular chromophore reporting practice in the fNIRS community from 2015 to 2021.

Our general recommendation for reporting fNIRS data is based on the principles of neuro-
vascular coupling and its expected hemodynamic response. We recommend that both HbO and
HbR data should be reported to establish that they are, in fact, negatively correlated in conditions
where activation is being inferred. As a minimum requirement, we propose reporting data for
both chromophores, whether it be their statistical outcomes or relevant visual information (e.g.,
time-series plotted for each chromophore; see Ref. 7 for a guideline). Although the issue of
preprocessing and statistical approaches for analyzing chromophores was beyond the scope
of this paper (see Ref. 10 for a review), we recommend reporting information for each chromo-
phore regardless of these decisions for transparency,27 allowing the reader to better understand
how the results map onto the expected hemodynamic response. At a larger scale, reaching a
chromophore data reporting consensus should improve results interpretations and study com-
parison efforts in the fNIRS research field.

5 Conclusion

fNIRS research has advanced our understanding of brain function in a relatively short period of
time. Yet, there are growing concerns regarding inconsistent chromophore data reporting prac-
tices to identify neural activation. Our systematic review of recent fNIRS studies confirmed that
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various approaches are being performed that differentially operationalize neural activation.
Strikingly, approximately half of the fNIRS field only reported one chromophore (HbO), many
without providing a justification. This practice raises several concerns, because presenting infor-
mation on only one chromophore limits the ability to interpret how neural activation can be
identified with fNIRS. In light of these findings, there is a clear need for a more standardized
chromophore data reporting practice in the fNIRS community. To this goal, we provide a general
recommendation to report both chromophores, as this practice is grounded in the neurovascular
coupling process.
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