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Abstract

Functional near-infrared spectroscopy (fNIRS) is increasingly used in the field of posture and

gait to investigate patterns of cortical brain activation while people move freely. fNIRS
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methods, analysis and reporting of data vary greatly across studies which in turn can limit
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the replication of research, interpretation of findings and comparison across works.
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Considering these issues, we propose a set of practical recommendations for the conduct
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and reporting of fNIRS studies in posture and gait, acknowledging specific challenges related
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to clinical groups with posture and gait disorders. Our paper is organized around three main
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sections: 1) hardware set up and study protocols, 2) artefact removal and data processing
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and, 3) outcome measures, validity and reliability. It is supplemented with a detailed
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checklist to further assist researchers to continue leading innovative and impactful fNIRS
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studies in the field of posture and gait.
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Introduction

Functional near-infrared spectroscopy (fNIRS) is an optical neuroimaging technique that
monitors hemodynamic responses in superficial cortical regions. The fNIRS raw data extracted
from most devices is light intensity. Through computation of the differential light intensity
between the input and output, these data can then be converted to represent changes in the
concentration of oxygenated and deoxygenated hemoglobin (HbO2 and HHb, respectively)
across all vascular compartments (arteries, veins and capillaries) [1]. The neurovascular
coupling process enables these HbO2 and Hhb concentration changes to be considered as
surrogates for neural activation [2-4]. The fNIRS technique has revolutionised the field of
posture and gait largely due to its portability; the ability to assess brain activation during
actual task performance (i.e., walking, balancing). As such, it addresses a key limitation of
other commonly used neuroimaging techniques such as functional magnetic resonance

imaging, which involves static tasks and/or supine posture in order to minimize movement.

The increasing availability of commercial fNIRS devices has facilitated the extensive use of this
technique to investigate cortical contributions to gait and postural control. fNIRS has been
used to explore questions relating to cortical activation during balance tasks (e.g. [5-10]),
stepping tasks (e.g. [6, 11]), walking over unobstructed paths (e.g. [12, 13]) or paths with
obstacles (e.g. [14-17]), treadmill walking (e.g. [18-24]) and walking with and without
concurrently performing secondary cognitive (e.g. [12, 25-30]) or motor tasks (e.g. [31]). The
majority of studies focused on young and older adults (e.g. [12, 23, 24, 28, 30, 32, 33]), but
some research has involved clinical populations (e.g., Parkinson’s disease (e.g. [34-41]), stroke
(e.g.[17,42-48]), multiple sclerosis (e.g. [49-52]). Areas of interest have primarily covered the

prefrontal cortex (e.g. [12, 20, 31, 53]), the pre-supplementary motor area (e.g. [20]), the
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supplementary motor area (e.g. [20, 31]), the premotor cortex (e.g. [6, 7, 32, 33]), the primary
motor cortex (e.g. [6, 7, 20]), the sensorimotor cortex (e.g. [20, 33]), the superior temporal
gyrus (e.g. [5]) and all superficial cortical areas that the near-infrared light can penetrate. The
results of the published studies have increased our understanding of the cortical involvement
in gait and postural control and can be interpreted in the context of theories relating to neural
compensation, inefficiency and capacity [54]. These theories relate to either the increase in
neural activation efforts to maintain performance despite declining brain capacity (also
known as “less wiring, more firing”) [55-57] or the capacity limitation model which suggests
that a reduction in activation is synonymous to limited brain resources resulting in poor

performance on one or both tasks.

The increasing number of studies using fNIRS in balance and gait research is demonstrated by
the rising number of published systematic reviews, > 15 published in the past 10 years (e.g.,
[58-72]). Yet from these reviews, it is apparent that the obvious benefits related to knowledge
growth are hampered by the inconsistency and lack of details in the reporting of experimental
and data analysis protocols. This significantly limits the replication of research, its
interpretation in a wider context and comparison across works. Aside from practical points
and take-home messages provided in the conclusions of reviews, guidelines regarding the
reporting of fNIRS data in posture and gait research do not exist. In view of these concerns,
the goal of this consensus paper is to summarize the current state of knowledge on the use
of fNIRS for the study of posture and gait and identify knowledge gaps that offer high
probability of leading to innovations in the field. The paper is divided into three main sections:
1) hardware set up and study protocols, 2) artefact removal and data processing and 3)

outcome measures, validity and reliability.



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

1. Hardware set up and study protocols
Many different fNIRS devices and configurations have been used in the field of posture and
gait, including custom-made and commercially available units. Some systems offer single
channels to measure from specific regions of interest (ROls) while others offer many channels
covering broader areas of the scalp, both have advantages and limitations [73, 74]. Multi-
channel units present the obvious benefit of recording from more cortical regions in a single
recording session, but also suffer from lower sampling rates as a result of signal multiplexing
needed to distinguish between channels [73]. This can have an adverse impact on data quality
because low sampling rates preclude the ability to apply some of the recommended signal
processing steps. Single channels on the other hand focus on a single ROI, which in complex
functions such as gait and balance may limit our understanding of the network of regions
involved and important changes across regions that may occur with different task demands
or in response to interventions. Ultimately, the choice of fNIRS device should be motivated

by the specific research questions.

Because of the comparative nature of the fNIRS technique, hemodynamic changes can be
explored in an event-related or block design (Figure 1). In both cases, recording needs to be
of sufficient duration to observe the onset (about 1-2 seconds after neural firing) and peak
(about 4-7 seconds) of the hemodynamic response [75]. Block designs are generally
appropriate to measure both transient and sustained cortical activity related to experimental
tasks involving prolonged continuous, reciprocal movements. Walking and steady state
standing are good examples. In block design trials, baseline periods following experimental

task periods should be sufficient for the hemodynamic response to return towards its original
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baseline levels. It is important to consider that for block design paradigms with as little as four
repetitions, anticipatory responses may occur [32]. This can be controlled for by varying
baseline intervals so that the onset of the experimental task is difficult to predict or use a
specific section within the middle of each block. There is currently no gold standard for the
number of trials required to reduce variability of fNIRS signal [61, 68, 70, 72]. Nevertheless,
using at least three trials will allow averaging over several fNIRS signals and should minimize

anticipatory contributions.

Event-related designs tend to be more suited to measuring cortical activity in response to
acute events, such as gait initiation, postural reactions to balance perturbations, and specific
gait phenomena such as freezing of gait, turns or obstacle negotiation (e.g. [6, 11, 16, 35]). In
such a design, it is crucial to synchronize the event with the fNIRS signals. To capture the
hemodynamic response, the protocol should be designed to record at least 3 seconds of the
time: before the event, during the event and after the event; this will enable to capture the
peak of the response for a single stimulus. For event-related designs, shorter baselines will
allow significantly more trials to do more powerful statistics [76]. Conversely, it is also
important to consider appropriate inter-stimulus interval which, if too brief, will cause the
event-related responses to overlap, in turn compromising the nature of the event-related
design. This event-related method allows investigating individual response to a stimulus but
poses a challenge when compared within or between groups due to the potential between-
subjects variance in hemodynamic response. It is thus essential for researchers to detail the
experimental procedure and account for differences between subjects where applicable.
These inherent limitations of fNIRS methodology should be considered carefully in protocol

design. An emphasis should be placed on selecting an appropriate baseline for the task
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studied. Since posture and gait studies are conducted upright, baseline fNIRS recordings have
to be in upright position to eliminate changes due to gravitational blood pressure fluctuations

[77].

Optode placement

To ensure scientific rigor and reproducibility, optode placement on the scalp should be
reported relative to anatomical landmarks. The common approach is to use the international
10-20 system, which defines scalp locations as a percentage of the individual’s head size [78].
Initial measurements include mid-sagittal plane distance (nasion to inion), a frontal plane
distance (left to right pre-auricular point), and head circumference. Ideally, in the case of
customizable optode arrays, specific standardized scalp locations should be determined
based on percentages of those initial measurements. Given the obvious ambiguity in
localizing surface anatomy landmarks (e.g. peri-auricular points and inion)[79], explicitly
defining landmark locations is important for maintaining consistent landmarking optode

locations across sessions.

A key concern to any fNIRS research study is to ensure that the optode location effectively
targets the selected underlying cortical ROI. The Gold standard method is to obtain a recent
structural Magnetic Resonance Imaging (MRI) scan of the individual’s brain and co-register
the digitized optode locations on the scalp with the underlying cortical site(s). Yet the costs
and logistics associated with brain MRI data collection can be a major obstacle. In the absence
of brain MRI scans, the fNIRS Optodes Location Decider (fOLD) approach and the use of 3D
digitization are available to guide the selection of optode positions for fNIRS experiments [80].

The fOLD method is based on photon transport simulations on two head atlases and the
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toolbox is freely available for download (Table S1). The 3D digitizing method allows to project
optode locations onto brain atlases [81]. The translation of optodes positioning to precise
cortical ROIs remains a challenge because there can be considerable variability in brain
morphology among individuals. In particular, existing neuroimaging research on brain
morphology has identified large variation in older adults and people with brain pathologies
such as stroke, traumatic brain injury, or neurodegeneration [82, 83]. This should be taken

into consideration when evaluating between-subject designs.

In within-subjects designs, a convenient way to improve consistency is to supplement 10-20
land marking with digitization of the optode using a 3D digitizing pen. Differences between
optode locations across multiple testing sessions can then be calculated to determine the
variance in optode placement [84]. If the estimated optode location has a large difference
between sessions (i.e. greater than the inter-optode distance), the following options should
be taken: 1) discard the optode from multi-session comparisons, 2) determine if another

optode was set up closer to the optode of interest.

Caps, hair, scalp and chinstraps considerations

Optodes are typically held in place by a cap or headband. Most caps are flexible and often
come with pre-cut holes (some corresponding to 10-20 landmarks) hence allowing for
customizable optode arrays. However, variation in the relative stretch of the cap over
different scalp areas or between participants can alter the inter-optode distance, affect signal

intensity, and introduce variability in inter-subject optode locations.
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Optodes with a pointed tip might be required when the desired optode location is covered by
hair. However, this might increase noise level relative to the signal. Further, the pointed-tip
optode design is likely to increase pressure at optode locations, in order to maximize contact
with the scalp. The increased pressure may further impact skin blood flow which can increase
superficial layer contamination in fNIRS measurements. The pressure from the optodes may
also cause discomfort for the participant. In this situation, the recorded cortical activity could
be biased by attention to the discomfort and further limit the tolerable duration of the testing
time. Strategies to manage this issue include keeping data collection sessions short and/or
taking extra time to separate the hair beneath each optode such that tightening of the cap

can be minimized to avoid discomfort for the participant.

If a chinstrap is used to secure the cap in place, it can increase the risk of talking-induced
movement artefacts [85, 86]. This is particularly important for studies that include tasks
requiring vocal response, such as in dual-task paradigms that pair walking or balance with a
verbal cognitive task. Headband configuration units are less influenced by verbal responses,
however, measurements are limited to the prefrontal cortex. In some systems the optode
configurations are adjustable while in other they are fixed in place, which limits flexibility of
the array but ensures consistent inter-optode distance and improves optode placement
uniformity across participants. Differences in brain morphology may influence the signal and
interpretation, therefore, they should be reported and taken into consideration during
analysis. Future consensus efforts should be made by posture and gait researchers to achieve
standardisation of optode positioning through the establishment of brain fNIRS-MRI

repositories.
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2. Artefact removal and data processing
fNIRS signals are influenced by a variety of confounding factors that should be controlled for
to optimize data quality. fNIRS data should be recorded with an adequate signal-to-noise ratio
reflected in a close coupling of the optodes with the scalp. A few checks can be used to ensure
good data quality prior to data acquisition: (i) heart rate oscillations clearly visible in each
channel [87]; (ii) channel-wise metrics set-up by the manufacturers and which rely, for
instance, on the calculation of the coefficient of variation to rate signal quality (Table S1); (iii)
use of freely available software ‘PHOEBE’ which detects cardiac pulsation automatically and
can be used to adjust and ensure a relative optimal optode-scalp coupling [88]. This section
reviews common confounding factors and methodologies used in the posture and gait field

to account for them. Figure 3 provides a summary of the fNIRS data processing steps.

Environmental conditions

The environmental conditions of laboratory settings (e.g. room temperature, humidity,
sound, light) should be kept stable to ensure that the electronic devices perform optimally
and that the participants do not experience discomfort. For example heat stress would
influence the cardiorespiratory system, inducing systemic physiological changes (e.g.
increased heart rate and blood flow) which may confound the fNIRS signal and lead to ‘false
positive’ findings [89, 90]. Sweating is also likely to affect light sources and detector coupling
with the skin. Loud sounds could also affect chromophore concentration through attentional
interference, as seen in functional MRI experiments [91]. It is also recommended to conduct
the experiments in a room with dimmed lights and/or to use a dark head cap to cover and
shield the optodes from ambient light [89] as light, including variations in colored light, has

been found to contaminate signals [92-94].
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Instrument-related artefacts

Instrumental configurations such as wavelength selection, measurement frequency and type
of light detectors can influence the signal quality, however, they cannot be easily changed by
the user. Hence, the importance of carefully reporting them in sufficient detail and following
the manufacturers’ instructions. With regard to the illumination source, lasers require some
heating time to perform optimally; thus it is recommended that the instrumentation be
switched on with some time before starting fNIRS data acquisition [89]. To reduce cross-talk
(e.g. incorrect separation of changes in HbO2 and HHb) which heavily depends on the
wavelength selection, an optimal combination of wavelengths should be used [73, 89]. Even
though there is currently no consensus as to which combination of wavelengths is optimal
[61, 73], the degree of cross-talk has been deemed to be relatively minimal when using one
wavelength >730 nm and another <720 nm [95]. Of note, commonly used commercial
systems do not allow changing these parameters and typically report one wavelength

between 705 nm and 760 nm and another around 850 nm [66].

Motion-related artefacts

In any balance and gait research, motion-related artefacts are unavoidable because of the
movement involved in the execution of balance or walking tasks. Head motion might lead to
changes in optode—scalp coupling which in turn, influences light detection [89]. It can further
cause changes in the measured cortical location or shifts in cortical hemodynamic levels
irrelevant of task related activations. These distinct effects can be reflected as different types
of artifacts in the measurements. Strategies to minimize and/or quantify the presence,

number and amount of motion-related artefacts should be used. Portable, untethered fNIRS
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systems have an advantage as they tend to generate smaller motion-related artefacts due to
the lower inertia of the instrumentation [70, 96]. Furthermore, these systems allow relative
unrestricted movement in space in contrast to tethered fNIRS systems (e.g. for which gait
research would be restricted to treadmill walking). Tethered systems also face potential
optode movement and motion artefact associated with the tethered wires moving/pulling
during treadmill walking. During the experimental design, it is favorable to instruct the
participants to minimize movements unrelated to the execution of the task (e.g. avoiding
excessive head flexion /extension, moving the eyebrows, clenching the jaws or talking) [85,
86, 97]. Multi-distance configurations of the fNIRS channels enhance the stability of
acquisition of the fNIRS signals and can be used to reduce the influence of motion-related
artefacts [98]. Lastly, in order to detect and quantify head movements, inertial sensors can

be used to account for motion artefacts in later steps of the processing of fNIRS data [99-101].

Physiology-related artefacts

fNIRS signals not only record changes in cerebral hemodynamics but are also affected by
variations in systemic physiology (e.g. fluctuations in heart rate, respiration, and/or blood
pressure) [90]. These can increase the risk of finding ‘false positives’ because detected
hemodynamic responses are wrongly attributed to functional brain activity. Thus, in order to
elucidate the physiological origin of observed hemodynamic brain changes, it is possible to
use multimodal physiological monitoring; an approach which has recently been termed
‘systemic-physiology-augmented fNIRS’ (SPA-fNIRS) neuroimaging [90, 93, 94]. This method
applies short-separation channels to quantify systemic changes in the extracerebral layer [61,
70, 90] and to remove skin response (the overall effect of extracerebral or superficial layers)

from the long separation channels to obtain the cortical responses [90, 102, 103]. In addition,



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

it is possible to capture changes in heart rate (e.g. via portable heart rate monitor or a pulse
oximeter), blood pressure (e.g. based on pulse transit time), electrodermal activity (e.g. via
skin conductance response) and respiration (e.g. via breathing rate and arterial partial
pressure of carbon dioxide) [93, 94, 104]; the downside being over-instrumenting participants

which may interfere with natural walking patterns.

Post data acquisition processing

To process and analyze fNIRS data, custom-written scripts, open-source toolboxes [96] or
fNIRS manufacturers’ software can be used (Table S1). However, regardless of which are
utilized, processing information should be reported transparently and with sufficient detail to

be replicated.

Visual inspection and motion artefact removal

As a first step, visual inspection of raw and/or relative optical density data is necessary to get
an overview of data quality. Channels with insufficient data quality (see Table S1 for
definitions) should then be removed. It is then advised to repeat the visual inspection to
ensure that the exclusion algorithm has worked effectively. When using fNIRS in posture and
gait, particular care needs to be taken to correct for motion-related artefacts. A large variety
of methods are available [105] and can be classified as data-based approaches (e.g. using only
fNIRS signals themselves) and approaches correcting for external biomechanical recordings.
Among the variety of data-based approaches for removing motion artefacts (Table S1), spline
interpolation [106], wavelet-based filters [107-110], or hybrid filter methods [111] are shown
to be the most promising and powerful methods. To date, there is no consensus on the most

effective filter methods to reduce motion artefacts in posture and gait tasks (e.g. low
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frequency components associated with postural sway, high vertical accelerations associated

with foot strikes when walking). This is an important area for future fNIRS research.

Correction of physiological artefacts and superficial layer contamination

To correct for physiological artefacts, such as heart rate (0.5 to 2.0 Hz), low-frequency
components from blood pressure changes (Mayer waves) (0.07 to 0.13 Hz) and respiration
(0.2t0 0.4 Hz) [73, 90, 105, 112-115], a variety of filtering methods have been proposed (Table
S1). High-pass and low-pass filters are commonly used to eliminate other sources of noise,
but the applied cut-off frequencies should be chosen carefully in order to avoid the removal
of stimulus-dependent hemodynamic responses [61, 104, 116]. The cut-off frequency of high-
pass filters is commonly set at ~ 0.01 Hz to remove instrumental-related artefacts and vascular
endothelial regulations [117, 118] and should be adopted for trials of extended durations (e.g.
longer than 100s) [117]. Low-pass filters are commonly used to remove physiological
oscillations (e.g., heart rate and/or Mayer waves). A cut-off frequency higher than the
stimulus frequency and lower than the frequency of Mayer waves (< 0.1 Hz) is recommended
[117]. As alternative to bandpass filters, Savitzky-Golay filters [119] can be used for the
purpose of smoothing the data, to increase the precision of the data without distorting the
signal tendency. This is achieved, through convolution which can also be used in fNIRS studies

[120-122]. Figure 2 provides examples of raw and filtered hemodynamic data.

In addition, the detected fNIRS signals contain both the cerebral hemodynamic activity (of
interest) and also extracerebral hemodynamic activity originating from vascularized scalp and
skull tissue [90, 123, 124]. Sympathetic activity and blood pressure changes associated with

posture and gait tasks can result in changes that are not directly task-related. This may require
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the elimination of the extracerebral hemodynamic activity. Such activity can be filtered to an
extent via techniques such as wavelet-based filtering or filters based on principal component
analysis [125]. However, a more direct and recently commercially available method involves
the application of short-separation channels (0.5 - 1cm) which measure the extracerebral
activity alone, so that it may be removed from the total fNIRS signal [61, 126]. In this regard,
it should be noted that the data quality of short-separation channels need to be acceptable,
otherwise additional error is introduced [127]. While short-separation channels are a
powerful tool to account for systemic physiological artefacts in fNIRS studies, many
commercially available systems have fixed optode distances and do not allow for capturing
short-separation channels. Approaches to deal with other systemic confounders (e.g.,
changes in blood pressure or arterial partial pressure of carbon dioxide) have been suggested

[128], but have yet to be examined in studies investigating posture or gait [61].

Consideration of the differential path length factor

The differential path length factor (DPF) is a dimensionless correction factor used in the
modified Beer-Lambert law to calculate the concentration of the chromophores (e.g. HbO2
and HHb) [129, 130]. An inaccurately determined DPF can cause serious cross-talk error [131].
In the modified Beer-Lambert law, the DPF is needed to account for the scatter-dependent
increase of optical path length occurring in biological tissue [132-135]. The DPF exhibits large
inter-individual heterogeneity [134, 136-138] and is influenced by a variety of factors (see
Table S1 for a list). It should be noted that ageing and pathology-related changes in DPF values
(e.g. in Parkinson's disease or stroke) are not well-investigated and there is currently, to the
best of our knowledge, no equation available to account for this. Hence, caution should be

paid when comparing findings between groups entailing different pathologies [70]. Recent
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findings show block design protocols involving highly validated and reliable tasks (e.g. dual-
task walking) might be robust to variations in conversion parameters (used in the Beer-
Lambert law, including the DPF) and different low-pass filter applications [139]. Yet, to ensure
data repeatability and comparison, it is important to report the parameter values used in

conversion to HbO2 and HHb such as DPF and molar extinction coefficients.

3. Outcome measures, validity and reliability
When using fNIRS, HbO2 and HHb outcomes are generally expressed in units of micro-molar
concentration. These measures reflect the change in hemoglobin chromophore
concentrations (i.e., neural activity) in the measured cortical regions between the task and
baseline condition. Some studies have reported only HbO2 concentration changes as a
measure of direct metabolism of the neural tissues. HbO2 measures are also more expressive
of change due to a higher signal-to-noise ratio than HHb [140, 141]. HbO2, however, has been
shown to be more susceptible to systemic contributions (i.e., increased heart rate) that may
not be associated with the task performed [123, 142]. Thus it is recommended to also report
changes in HHb which have been shown to correlate closely with the BOLD signal [143].
Furthermore, there is evidence that the strength of the correlation between HbO2 and HHb

is @ marker of the amount of artefact affecting the signal [144].

By definition, HbO2 and HHb exist in equilibrium, such that an increase in one results in a
stoichiometric decrease in the other. But this explanation is only valid if regional blood volume
is constant. Much of the available research using fNIRS during gait and posture is on older
adults [62, 63, 66, 68, 69, 71] and neurological patients [59, 63, 66, 68, 145]. These

populations often have asymmetrical neural pathologies and vascular disease, which may
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affect hemodynamics. As such, additional measures have been calculated from HbO2 and
HHb. These include for example, the total hemoglobin (HbTotal= HbO2 + HHb), the tissue
oxygenation index which may be expressed as the change in HbO2 relative to the change in
HHb [146], the ratio of HbO2 to HbTotal [53, 147], the difference between hemoglobin species
(HbDiff=HbO2 —HHb)[31] and the regional cortical activation ratio (HbO2 measured at a single
channel over the ROI divided by average HbO2 of all channels multiplied by 100) [33]. These
measures reflect the systems’ ability to utilize (consumption) and replenish (supply) HbO2
and provide additional insight into task activity and performance. Studies have used different
outcome measures to quantify fNIRS data: mean values, median values, peak values, area
under the curve, slope, time to peak (see in reviews [70, 104]); their choice generally relate
to the distribution of the data and the research question. Regardless of the choice of outcome
measure, measures of variability such as standard deviation, standard error, confidence

interval, range or interquartile range should always be provided.

Validity and Reliability

Numerous studies have been conducted to cross-validate fNIRS through comparison with
other modalities. Several studies have shown comparable fNIRS signals to functional MRI
[148, 149] when measured simultaneously (see [150] for a review). Brain activations have also
been compared between similar tasks, such as imagined balance/gait tasks in an MRl scanner
versus actual balance/gait tasks with fNIRS (see [72] for a review), and stepping movements
while supine in an MRI scanner versus upright stepping using fNIRS [151]. While similarities
were found within these studies, the inherent posture-related difference between the tasks
(i.e. supine versus upright) resulted in many differences in regional activation, not necessarily

reflective of the task assessed but rather of the method of assessment. In order to further
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validate fNIRS for balance and gait tasks, studies have used other portable devices such as
electroencephalography [152, 153] for comparison. However, the properties of
hemodynamic response versus electrical physiological response again, are quite different.
Thus, cross-validation of fNIRS against other instruments during balance and gait remains a

challenge which should be further explored.

Sensitivity and specificity are further important validity components of fNIRS measures.
Determination of sensitivity and specificity of fNIRS devices leads to information about the
credibility of outcomes [154]. This knowledge may allow assessment of hemispheric
asymmetry during locomotion tasks that have, as of yet, not been investigated with fNIRS in
relation to physical training interventions [22]. Theories about hemisphere behaviour during
locomotion; e.g. the complementary hypothesis [155] and the compensation hypothesis [156,
157], could be tested in ecologically valid scenarios provided fNIRS shows acceptable levels of

specificity and sensitivity.

Despite the increasing number of published fNIRS studies assessing posture and gait (e.g. [58,
60-72]), only a few papers reported test-retest reliability. Studies exploring this important
attribute with motor tasks (i.e., handgrip tasks in people with and without traumatic brain
injury [158]; digit manipulation in healthy people [84]) have reported good to moderate test-
retest reliability of fNIRS data in the prefrontal and motor cortices. These studies have also
shown that both task and signal type influence reliability. HbO2 signals were more reliable
overall, than HHb signals, while tasks involving larger movements were less reliable. These
findings are concerning as the tasks used were stable, performed in a seated position,

requiring minimal postural control. To date, there is only one published study of test-retest
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reliability of fNIRS data for gait tasks, showing moderate test-retest reliability for prefrontal
cortex activity during walking tasks in young adults [39]. Some studies reported split-half
intra-class correlations within each task showing excellent internal consistency of HbO2
measures (e.g.[13, 26]); such approach can be adopted with large datasets. However,
reliability studies for walking and balance tasks are important to conduct due to the additional
movement that is introduced. Changes in forward acceleration have the potential to displace
the optodes, affecting the interpretation of signal location. In addition, the increase in head
motion could alter the signal (e.g. increase in blood flow when looking down) and changes in
whole body movement could alter heart rate and blood pressure to a larger degree between
sessions. All of which could affect the consistency of signals between sessions even within the
same person. It is important to note that test-retest reliability could also be affected by
learning or attenuation. A decrease in brain activity has been documented across trials within
a single session [26, 39] and across multiple sessions [159]. Therefore, in order to compare
activation in multiple sessions, any learning effects should be considered and where possible
accounted for. This can be mitigated by providing a sufficient number of familiarization trials

prior to the initial session and by testing for learning effects across multiple trials of the same

type.

Conclusions and future directions

fNIRS research in gait and posture is in its relative infancy. This consensus statement
represents the current state of knowledge and will require updating as new evidence is
produced. We provide a set of guidelines for research but by all means do not intend to
negate novel fNIRS evidence development. Nonetheless, at the time when research in this

area is expanding, it is important to ensure standardization and replication thus, transparency
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is essential. A number of key components are important for replication of fNIRS research.
These include detailing the method of data collection, device specification and signal

processing techniques (Table S1).

fNIRS relies on an external placement of recording optodes to guide signal interpretation [80,
160]. An accurate description of the relations between external anatomical landmarks on the
scalp and the cortical anatomy beneath is therefore crucial to draw valid conclusions from the
measured brain activity with fNIRS [161]. Robust functional inference from the recorded
signals can also be facilitated by averaging across channels of ROIs and trials [61, 104, 160].
Different methods have been suggested to determine such ROIs [160, 162]. The choice of ROI

and location of the optodes can both impact interpretation of the results.

As a result of certain neurological conditions, the interpretation of brain activation across
certain ROIs may be problematic. Currently, it is unclear if there are abnormal hemodynamic
responses over lesioned areas or peri-lesional areas. Some groups have reported
abnormalities in neurovascular coupling post-stroke [163, 164] and in near infrared light-
tissue interaction in the case of hematomas [165]. This may challenge interpretation as sub-
optimal neurovascular coupling might be a result of the actual brain pathology (e.g. ischemic
regions, arteriosclerosis) or pathological brain function (e.g. neural recruitment or
compensation). As one example, we can consider how an asymmetrical brain pathology can
impact bilateral activities such as balance and gait. It is therefore strongly recommended to
provide explicit and informative definitions for ROIs including justification of the number and
location of channels. In addition, for studies including clinical groups, a description of any

brain lesions present and their proximity to fNIRS channels should be provided.
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All processing steps and any assumptions made (e.g. the DPF value) should be clearly outlined
in reports of fNIRS data. Channel-wise analyses may be impacted by variations in head sizes
and shapes between participants. This should be taken into consideration. Methods used for
channel localization on the scalp, as well as their spatial registration technique should be
detailed. To move the field forward, it is essential to find techniques to account for anatomical
anomalies to ensure valid findings. Exploration beyond the single ROl is extremely interesting
and includes investigating functional connectomes in a similar way to fMRI [166]. This area is
still not developed in the field of fNIRS [167] mainly since this type of approach requires
multiple optode locations to cover the whole brain. Recently introduced devices offer whole
brain fNIRS coverage, as such, we expect this area will grow and complement the existing

neuroimaging literature.

fNIRS data collection methods require repeated trials, which over time, can jeopardize signal
quality by reducing signal-to-noise ratio and eventually leading to missing data [89].
Moreover, trials severely contaminated by motion artefacts and/or strong physiological noise
are commonly rejected, whether automatically or based on visual inspection [168]. An a priori
approach to data removal should be set. The amount of missing data (i.e. number of excluded
channels, trials, and/or participants) and how this was accounted for in the analysis should be
transparent in the reporting of fNIRS studies. Similarly, the software and specific processing
pipelines used should also be described in order to ensure reproducibility of fNIRS findings.
Future studies that systematically compare different filter methods are necessary before an
evidence-based recommendation can be given. Models incorporating multiple physiological

confounders may help to better identify the physiological origin of signal changes and help to
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further elucidate neural function [90]. Table 1 provides a summary of key point
recommendations and considerations while Table S1 provides more specific guidance
regarding methodological details that should be reported in order to enhance interpretation

of research findings.

Inter-individual differences in cognitive, psychological and physical functions are highly
significant not only across disease populations but also in normal aging. Among healthy
older adults, variables such as gender and stress [169], gait abnormalities [170], levels of
fatigue [171] as well as structural brain differences in grey matter volume [27] and white
matter integrity [172] have major effects on fNIRS-derived hemodynamic responses.
Moreover, improved efficiency in fNIRS-derived activation patterns due to practice in one
session [26] was greatly affected by the presence of fear of falls [173]. Hence, due to the
inherent heterogeneity in disease populations and healthy older adults the sample size
should be carefully considered and resources should be explicitly allocated to maximize the
number of participants. Furthermore, detailed characterization of the participants in terms
of relevant demographic and clinical variables should be provided. Such information will be
critical for replication and test-retest reliability studies as well as for investigations that are
specifically designed to evaluate the utility of fNIRS as primary or secondary outcome

measures in clinical trials.

Lastly, to advance the field, researchers should consider data sharing through open science
repositories. This will allow researchers to compare their data and processing algorithms with
others directly, instead of indirectly through published reports. Such repositories are

becoming increasingly common in the imaging field such as in MRI research (e.g.,
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International Data-sharing Neuroimaging Initiative: INDI from the Consortium for Reliability
and Reproducibility (CoRR) [174] and the CBS Neuroimaging Repository [175]) as they can
stimulate the development of data processing tools, facilitate reproducibility and
collaboration. The added advantage of open science repositories is that it makes research
products open to everyone. This in turn accelerates the identification and understanding of

the neural underpinnings involved during posture and gait tasks.
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Table 1. Summary of key point recommendations and considerations
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FIGURES

Figure 1. Examples of block design (A) and event-related design (B) used in fNIRS studies of posture

and gait. The interval of reference distinguishes between designs.

A) Block design: the concentration in oxygenated haemoglobin (HbO2) during a balance / gait task
(0Os to 20s, here) is normalised to a static baseline (-10 to Os, here) immediately preceding the onset
of the task of interest. The zero crossing indicates the start of the actual task condition (adapted

from Mirelman et al., 2014) [9].

B) Event-related design: the concentration in oxygenated haemoglobin (HbO2) during an “event”, for
example, a turn (blue trace) or a freezing of gait (FOG) event as displayed here, is normalised to a

dynamic baseline, here normal walking (green trace) (adapted from Maidan et al., 2015) [32].

Figure 2. Examples of different levels of filtering on Hb02 signal acquired from prefrontal cortex
channels during: (A) 20 stepping trials of inhibitory stepping test; (B) walking. Note how the addition

of other filters (wavelet with or without CBSI filters) attenuates the signal.

Figure 3. Summary of fNIRS data processing steps.
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SUPPLEMENTARY MATERIALS

Table S1. Checklist of items to consider at processing and reporting steps of fNIRS data

collected in studies of posture and gait.
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Table 1

Table 1. Summary of key point recommendations and considerations

Hardware set-up and study protocols

e Consider cap stretch effect on inter-optode distance

e Consider chinstraps effect on data in verbal tasks (e. dual tasks)

e Consider optimal optode design for study's goals, data quality versus
participants’ comfort

e Detail methods used for optode positions relative to cortical anatomy

A-priori control of confounding factors and post data acquisition processing of

artefacts

e Qutline processing steps and assumptions made regarding:
o Ensuring adequate signal-to noise ratio
o Control of confounding factors a-priori: environment, instrument,
motion and physiology-related
o Data quality checks post-acquisition and removal of channels with
insufficient quality
o Removal of motion artefacts
o Correction for physiology-related artefacts
o Consideration of differential path length factor assumptions
e Report amount of excluded data and reasons in detail
e Describe the software and specific processing pipelines used

e Ensure accurate synchronization with external devices

Outcome measures, validity and reliability




e Report both HbO2 and HHb outcomes and assess the strength of their
correlation

e Consider potential effect of asymmetrical pathologies on hemodynamics

e Report on test-retest reliability of specific tasks for both HbO2 and HHb

e Consider learning effects of the task(s) on hemodynamics

Transparency in reporting , data sharing

e Provide a clear definition of the regions of interest and justification of
associated channels

e For clinical groups: describe brain lesions and proximity to fNIRS channels

e Devise an a-priori approach to data removal and report missing data

e Consider data sharing through open science repositories
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