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Abstract

Functional near-infrared spectroscopy (NIRS) is an increasingly popular method in hearing research.
However, few studies have considered efficient stimulation parameters for fNIRS auditory
experimental design. The objectives of our study are (1) to characterize the auditory hemodynamic
responses to trains of white noise with increasing stimulation durations (8s, 10s, 15s, 20s) in terms of
amplitude and response linearity; (2) to identify the most-efficient stimulation duration using fNIRS;
and (3) to generalize results to more ecological environmental stimuli. We found that cortical activity
is augmented following the increments in stimulation durations and reaches a plateau after about 15s
of stimulation. The linearity analysis showed that this augmentation due to stimulation duration is not
linear in the auditory cortex, the non-linearity being more pronounced for longer durations (15s and
20s). The 15s block duration that we propose as optimal precludes signal saturation, is associated with
a high response amplitude and a relatively short total experimental duration. Moreover, the 15s
duration remains optimal independently of the nature of presented sounds. The sum of these findings
suggests that 15s stimulation duration used in the appropriate experimental setup allows researchers to
acquire optimal fNIRS signal quality.
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Introduction
Functional near-infrared spectroscopy (fNIRS) is an essential emerging tool for functional monitoring
and imaging of brain hemodynamics used to study human brain function (Boas et al., 2004). As brain
activity induces a local increase in oxygen consumption, fNIRS is able to spectroscopically
characterize the concentration of oxygenated (HbO), deoxygenated (HbR), and total hemoglobin
(HbT) within the brain exposed to near-infrared light in a range of wavelengths between 650 and 860
nm, in which photons can penetrate the intact scalp to illuminate the cerebral cortex. Using the
modified Beer-Lambert law, we can calculate changes in the amount of diffuse light reaching the
detector, which corresponds to changes in HbO and HbR concentrations in the tissue (Boas et al.,
2004). As in functional magnetic resonance imaging (fMRI), the changes in the concentration of HbO
and HbR are considered an indirect measure of brain activation, reflecting the relation between
neuronal activation and metabolic demand based on neurovascular coupling (Steinbrink et al., 2006).
Because of its safety (noninvasive and nonionizing nature), portability, ease of application, and
moderate level of resistance to movement artifacts, the technique is particularly suitable for vulnerable
populations including infants, children, and patients for whom other imaging methods are limited
(Ferrari and Quaresima, 2012). Unlike fMRI, the operation of fNIRS is completely silent and
unaffected by magnetic interference from cochlear implants. Most importantly, fNIRS can circumvent
the limitations of acoustic scanner noise (Peelle, 2014), thereby enabling its extensive research
applications in the field of auditory neuroscience (Fava et al., 2014; Pollonini et al., 2014; Remijn et
al., 2017; Basura et al., 2018; Hiwa et al., 2018; Anderson et al., 2019). Furthermore, it offers
unprecedented opportunities to acquire high-quality data for hemodynamic responses to auditory
stimuli.

However, for fNIRS to become an effective tool for studying auditory functions, it is critical to take
into consideration the significant variability in experimental designs and analysis techniques across
fNIRS studies, as these can make the interpretation and replication of studies difficult (Herold et al.,
2018; Issard and Gervain, 2018; Pinti et al., 2019). To develop more easily replicable and more
efficient experimental designs, researchers should consider a range of factors in their stimulus
presentation protocol, which affects the resulting hemodynamic response (HDR). That the
characteristics of the evolving HDR vary as a function of stimulus properties and experimental
parameters has been well-established. A good knowledge of the interrelationship between stimulus
parameters and the functional imaging signal response is critical for designing the experimental
protocol and interpreting cortical activation. Initially, one should carefully consider auditory stimulus
properties, which include intensity, frequency modulation, single stimulus duration, and spatial cues
(Bauernfeind et al., 2018; Weder et al., 2018, 2020; Zhang et al., 2018). Then, stimulation parameters
should be optimally chosen, including stimulus presentation rate (Binder et al., 1994), interstimulus
intervals, and block stimulation durations (Robson et al., 1998; Hu et al., 2010). Stimulation properties
should be considered in the context of the sampling procedure of HDR (Miezin et al., 2000). However,
to date, there is no consensus regarding the most-efficient stimulation parameters for fNIRS
experimental design.

In some studies, both fMRI and fNIRS demonstrated a linear relationship between the stimulus
parameters and the HDR (Boynton et al., 1996; Wobst et al., 2001). With the assumption of linearity,
the response to multiple stimuli might be predictable by the superposition of the responses to each
individual stimulus (Robson et al., 1998). However, the results across other studies are contradictory.
Among the stimulus parameters, the effects of the stimulus duration on HDR vary widely in different
sensory modalities (Soltysik et al., 2004). For example, Robson et al. reported that the HDR in the
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auditory cortex to trains of tones is approximately linear for trains of 6s and longer but nonlinear for
less than 6s (Robson et al., 1998). Similarly, Soltysik et al. observed nonlinearity in the primary
auditory cortex for stimuli of less than 10s and a more linear increase for longer stimuli. Conversely,
Glover demonstrated that the auditory response is linear for short-duration auditory stimuli but highly
nonlinear for longer stimuli (Glover, 1999). The authors showed a higher degree of nonlinearity in the
blood-oxygen-level-dependent (BOLD) response changes in the visual cortex for shorter-duration
stimuli (Vazquez and Noll, 1998; Liu and Gao, 2000; Pfeuffer et al., 2003). A nonlinearity response is
also shown in the human somatosensory cortex (Nangini et al., 2002).

To the best of our knowledge, fMRI was used as a tool in almost all the studies that investigated the
relationship between stimulation duration and HDR, and no result using fNIRS has been reported in
relation to this topic in auditory research. Given the critical advantages provided by fNIRS in the field
of auditory neuroscience compared with fMRI, our research aims to study the effects of auditory block
stimulation duration on HDR as measured by fNIRS. In addition, we assess the linearity or
nonlinearity of the HDRs induced by different stimulation durations in the primary auditory cortex.
This analysis aims to improve the design of fNIRS auditory experiments when task duration varies
(Soltysik et al., 2004) and to increase the understanding of brain adaptation peculiarities (Krekelberg
et al., 2006).

Furthermore, although the effects of stimulus duration have been extensively reported in previous
studies using fMRI, no standardized stimulation duration has yet been proposed. As the signal-to-noise
ratio (SNR) is lower than in fMRI (Cui et al., 2011), block designs are more widespread in fNIRS
studies for maximizing the signal-to-noise ratio and increasing the detection power of activation
(Amaro and Barker, 2006; Shan et al., 2014). According to dominant application areas of fNIRS in
infants and children, as well as in neuropsychiatric patients (Boas et al., 2014), the longer
experimental duration can lead to uncooperative and fidgety test subjects. In practice, experimental
duration is a crucial factor to be considered. Thus, the second objective of our study is to identify the
best auditory stimulation duration in the block design that produces the most-efficient activation with
maximal amplitude in a minimal duration as the most optimal choice for future applications.

In our study, we first localized the HDR to auditory stimuli. For this purpose, we chose a given
number of auditory stimuli and distributed them among four conditions of stimulation duration that are
most commonly employed in task-presentation protocols for auditory studies. Next, we compared the
amplitude of the induced HDR and the total experimental duration for each condition and then
suggested the most-efficient stimulus duration that could be generalized to other types of auditory
stimuli. Moreover, we investigated in further depth the relationship between HDRs and different
stimulation durations through the assessment of linear additive effects. We used a variety of natural
sounds and white noise in order to eliminate the assumption that results depend on stimulus type.
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Materials and methods

 Subjects

A total of 17 adult hearing subjects (9 males and 8 females) ages 27 ± 5 years (mean ± SD)
participated in the experiment. All participants completed a self-assessment questionnaire; none had
hearing disabilities; none had neurological disorders; all were right-handed; and all had normal vision
or vision corrected-to-normal. Participants were divided into two experimental groups: 9 subjects for
the first experiment where the stimulation duration varied (8s, 10s, 15s, 20s) and 8 for the second
experiment where we contrasted two types of auditory stimulation (white noise/natural sounds).

All participants gave their informed written consent to taking part in the study and for the publication
of the results in an online open-access database. The study was approved by the local ethics committee
at Paul Sabatier University. The subjects were not paid for their participation.

 Experimental set and stimuli

The experiment was conducted in a sound-proof booth with a 27-inch screen and luminosity
maintained at an attenuated stable level. The display was placed in front of the participant at a distance
of 80 cm. The audio stimuli were presented at a sound pressure level of approximately 75 dB through
anti-noise headphones (SONY) connected to an external sound card (MOTU). The experimental
installation was surrounded by gray curtains.

Each participant performed a passive listening task. The presented stimuli were either white noise or
vocal and nonvocal sounds according to different experimental conditions. All stimuli were presented
binaurally and lasted 500 ms. In addition, the intensity was equalized according to the root mean
square level. The vocal and nonvocal stimuli used in this study originated from the database exploited
in previously published studies (Belin et al., 2000; Massida et al., 2011; Vannson et al., 2020). They
comprised speech stimuli and nonspeech vocal stimuli (e.g., laughs, coughs) and environmental
sounds, including sound alarms, car horns, streaming water, animal vocalizations, etc.

 Experimental design

The experiment was divided into two parts. In the first part, we varied the block stimulation duration,
but the total number of presented stimuli remained nearly unchanged (the number of blocks * the
number of stimuli per block = total number of presented stimuli) and the presentation rate per second
was the same across conditions. There were four stimulation conditions according to the duration of
stimulation, including 8s, 10s, 15s, and 20s. Thus, a block design was implemented for each condition.
Details of stimulation proprieties are indicated in Table 1. The presented stimuli were white noise
through all four conditions. Each subject experienced, in randomized order, the above-described
conditions so that each condition was presented one time with a 1-minute pause between the
conditions.

The experimental design is shown in Fig. 1. At the start of each condition, 60 seconds of silence was
presented as a baseline. After that, participants were presented with the number of blocks of white
noise corresponding to each condition. We introduced a jittered interblock interval in the range of 15 ±
5s or 25 ± 5s. Both of the above time windows were chosen to be of sufficient duration for the descent
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of the BOLD signal to baseline (Malonek and Grinvald, 1996). The overall experiment lasted
approximately 25 minutes. During that time, participants were instructed to look at the fixation cross.
In the second part of the experiment, we contrasted two types of stimuli: white noise and vocal and
nonvocal sounds, applying the same stimulation parameters. There were two conditions: the
white-noise condition and the vocal/nonvocal sounds condition. Thus, eight other subjects performed
the two conditions in random order.

Before the above-described experiment, all participants were instructed to follow three simple
directions: (1) listen carefully to the auditory stimuli; (2) remain still, keeping your arms on the
armrests of the chair during all experiments; and (3) avoid the slightest head movements during the
auditory stimulus presentation.

Data acquisition

The hemodynamic change in subjects’ brains in response to the auditory stimuli was recorded using an
NIRS device (NIRx NIRScout 816, NIRx Medizintechnik GmbH, Berlin, Germany) with a sampling
frequency of 8 Hz. The instrument generated two different wavelengths (760 and 850 nm) and
measured the time course of changes in oxyhemoglobin (oxy-Hb), deoxyhemoglobin (deoxy-Hb), and
total hemoglobin, using the modified Beer-Lambert law. The probe set contained two 3 x 2 arrays
(four sources and four detectors per hemisphere), resulting in a total of 20 measurement channels (Fig.
2a and 2b).

The pairs of source-detectors were mounted in a standard NIRX NIRS cap with a fixed distance of 3
cm. The standard NIRX NIRS cap had predefined EEG layout positions (Fig. 2c) in accordance with
surface anatomical landmarks and following the international EEG 10–20 system (Homan et al.,
1987). Placing the cap on the subject’s head was guided by the experimenter from a set of fiducial
points (nasion, inion and left and right preauricular anatomical landmarks). Afterward, the
experimenter ensured that the optodes were in contact with the participant’s scalp. To ensure test-retest
reliability of fNIRS assessment between experiments, the experimenter confirmed that the cap was set
up as consistently as possible across experiments and participants. The size of the standard NIRS cap
was adjusted according to the head circumference of each subject for a valid intersubject comparison
of cortical areas underlying the measurement channels.

The optode set (Fig. 2a–2c) was positioned on the head over the temporal and frontal cortex regions of
both hemispheres to provide sufficient coverage of superior temporal regions, where different types of
the auditory cortices are primarily located. To confirm that the probes were sensitive to the relevant
brain areas, we used the Monte Carlo photon transport software tMCimg via AtlasViewer to estimate
the probabilistic path of photon migration through the cortex for the sensitivity profile of the optodes
(Boas et al., 2002; Aasted et al., 2015). Fig. 3 depicts the regions to which probes were sensitive,
covering the middle and superior temporal regions, thereby confirming the validity of our probe set.

For the subsequent processing and statistical data analysis, only the HbO values were utilized and
illustrated in all tables and figures. The choice of HbO is based on results from previous studies, which
demonstrated more-significant or more-robust effects with HbO than with HbR (Huppert et al., 2006;
Ye et al., 2009; Gagnon et al., 2012; Issa et al., 2016) and higher correlation with the fMRI-BOLD
response than HbR (Strangman et al., 2002). Therefore, the choice of HbO as an investigation
parameter of the hemodynamic response allows us to better compare the results with previous
functional neuroimaging studies, especially fMRI.
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 Processing data analyses

The fNIRS data were processed in MATLAB (MathWorks, Natick, MA) using functions provided in
the HOMER2 package (Huppert et al., 2009). In the first step, signals were converted from
light-intensity values to optical-density levels using the hmrIntensity2OD function in HOMER2.
Afterward, principal component analysis (nSV=0.8) (Zhang et al., 2005; Wilcox et al., 2008; Virtanen
et al., 2009; Wilcox et al., 2010) was applied to the fNIRS data using the enPCAFilter function in
order to separate the component of the HDR from undesirable sources and to improve the
contrast-to-noise ratio (Zhang et al., 2005). Motion artifacts were suppressed using the
hmrMotionArtifactbyChannel function (tMotion = 0.5, tMask = 2.0, STDEVthresh = 20, and
AMPthresh = 0.5) (Huppert et al., 2009). The optical-density signals were consequently band-pass
filtered to include frequencies between 0.01 and 0.09 Hz in order to reduce systemic physiological
artifacts (for example: cardiac, eye movement, respiratory and pulse artifacts). Signals were then
converted from optical-density units to relative changes in hemoglobin concentration (HbO and HbR)
using the modified Beer–Lambert law. Finally, we applied the block average approach (hmrBlockAvg
function) to calculate the block average for HbO in each block and for each subject over the time
window, which comprised—starting from a 2-s prestimulus—the stimulation duration and, in addition,
15 s to return to baseline. Then, the mean task-related changes of HbO referring to a 5-s baseline
interval prior to the task (seconds -5 to 0) were calculated for each channel. The magnitude was
extracted from the mean task-related change of the HbO curve during the stimulation duration and 5 s
after its end.

 Statistical analyses

A 2×4 repeated measure analysis of variance (ANOVA) for repeated measurements (2 hemispheres
[left vs right] × 4 stimulation conditions [8s, 10s, 15s and 20s]) was computed for the HbO parameter.
If violation of the sphericity assumption occurred, Greenhouse–Geisser correction values were used
for further analysis. To test the within-subject effect, we performed the paired sample t-tests. To
account for multiple comparisons, the Bonferroni correction was employed.

In the second experiment, a t-test was used to determine the significant differences in cortical response
to white noise and vocal/nonvocal sounds.
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Results

 Localization of cortical response to auditory stimulation: channel selections

In a preliminary step, given the binaural auditory stimulation conditions in our study, we estimated the
MNI coordinates of the channels in our montage with the help of the “Project probe to cortex” tool
available in AtlasViewer to ensure that the channels chosen for the study pass through the auditory
cortex in the superior temporal gyrus. The resulting coordinates and their anatomical labels are
provided in Table 1. Based on the table, one can conclude that the estimated anatomical regions, in
which we measured the relative change in HbO concentration, correspond mostly to the superior
temporal regions and the lateral sulcus, where the auditory areas are located (Penhune et al., 1996).

In the first step of analysis, which was based on data from all conditions of block stimulation durations
(8s, 10s, 15s, and 20s) pooled together, we normalized all channels in the left and right hemispheres,
respectively, to the most-activate channel. This normalization was performed separately on each side
and the most-activate channel in each hemisphere taken as the maximum 100% value. There was a
large range of activity across channels, as illustrated in Fig. 4. Given this significant variability across
channels, we arbitrarily decided on a threshold of 65% to define the channels of interest to focus on as
those with important activity and to filter out possible insignificant fluctuations. The reason for this
particular threshold value was the retrieval of the same number of channels in each hemisphere.
Therefore, all channels above 65% of the maximum response were selected and subjected to further
analysis.

From the set of 10 channels in each hemisphere (Fig. 4), the most-activate channels chosen in this way
were ch 2, 3, 4, 5, 6 in the left hemisphere (LH) and ch 13, 14, 15, 16, 17 in the right hemisphere
(RH).

As expected due to the auditory nature of stimulation, the channels presenting the highest responses
were localized in the auditory regions within the superior and middle temporal cortices, comprising
the primary, secondary, and tertiary auditory areas (BA41, 21, and 22). It is worth noting that channel
4 had a 100% activation level and channel 5 had 98.36%, covering the superior temporal cortex,
respectively (BA41, 21). Similarly, channels 14 and 17 had a 100% and 97.83% activation level,
respectively, targeting the superior temporal cortex (BA41, 22) in the RH (Table 2). In addition,
supramarginal (BA40) and precentral (BA6) regions were covered by the most-active channels.
Thus, the validity of the experimental technique, as well as the validity of the selection procedure for
channels of interest, were confirmed by our results, the strongest responses to auditory stimulus being
elicited in the auditory areas.

 Effects of auditory stimulation durations on the channels of interest

We estimated the influence of stimulation duration on the magnitude of the relative change in HbO
concentration in each hemisphere with the 2*4 ANOVA for repeated measurements (hemispheres [left
vs right] × 4 stimulation conditions [8s, 10s, 15s, and 20s]). This analysis demonstrated the highly
significant main effect of the block stimulation duration (F[3; 132] = 10.881, p = 0.000146) on relative
changes in HbO concentration with no differences between the hemispheres as determined by the
insignificant hemispherical effect (F[1; 44] = 2.843, p>0.05) together with the insignificant interaction
between stimulation conditions and hemispheres (F[3; 132] = 2.385, p>0.05).
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Fig. 5 depicts how the amplitude of the averaged HDRs changes within the superior temporal regions
and the lateral sulcus, detected by channels of interest with regard to stimulation durations. According
to the post-hoc paired comparisons, the measured signal increased significantly from 8s to 10s and
from 15s to 20s. The smaller increases in the signal (between 8s and 10s as well as between 15s and
20s) were not significantly different. For example and by way of illustration of the results in the bar
plot, Fig. 6 shows the averaged signal time courses for 8s, 10s, 15s, and 20s conditions for the
most-active channel, channel 15.

These results suggest that the hemodynamic response to auditory stimuli increases significantly with
the increment of at least 5s of stimulation duration; however, the response appears to reach a plateau
after 15s of stimulation. In general, as one can estimate visually in Fig. 5, the longer the stimulation
duration, the greater the auditory cortical activation measured by fNIRS.

Linearity analysis

A linear system model is defined by the principle of superposition. If the cortical activation level in
response to a given simulation task f(x1+x2) can be predicted by the summation of the cortical
activation level to individual tasks f(x1) and f(x2), this system follows a linear system model.

In our study, the additivity test was used to assess the linearity of the HDR with regard to the
stimulation durations. To do so, we summed the responses to the shorter stimuli so as to predict the
responses to the longer stimuli. Thus, the cortical response to 8s and 10s was doubled to estimate the
response to 15s and 20s respectively. For example, the change in HbO with the duration of 10s was
shifted by 10s and added to the 10s response to predict the change in HbO to the 20s stimulation. To
assess the degree of goodness-of-fit between the predicted responses and the observed responses, the
coefficient of determination was calculated using the complete time courses. The closer the value of
this coefficient to one, the better the goodness-of-fit is and, therefore, the consistency with the
assumption of linearity. Only the most-active channels in the primary auditory cortex were used for
linearity analysis.

Fig. 7 depicts the predicted linear system responses overlaid with the observed responses for the left
and right primary auditory cortices. The prediction for the 15s HDR time course based on the 8s HDR
time course in the left and right auditory cortex exhibited differences with the measured response, as
illustrated in Fig. 7a and 7b, confirmed by the low value of the coefficient of determination: R2 = 0.67
(left) and R2 = 0.17 (right). Afterward, the HDR time courses with a duration of 20s were predicted
using a superposition of the HDR response to 10s in the left and right auditory cortices. As shown in
Fig. 7c and 7d, the predicted responses are not well-fitted with the measured responses; thus, the
conclusion is strengthened by the weak values of coefficients of determination: R2 = 0.38 (left) and R2

= 0.28 (right). The low value of this coefficient means that the superposition principle is not suitable
for predicting the longer stimulation responses using the shorter stimulation signals (8s and 10s) for
prediction; the system is nonlinear, at least for stimulation responses from 8s to 15s and from 10s to
20s.

 Effect of stimulus type: white noise vs natural sounds

Using the t-test analysis, we found no significant differences in the levels of cortical activation
induced by white noise and those induced by natural sounds (non voices and voices) in our study
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(p>0.05). This suggests that auditory regions covered by the selected channels of interest respond to
both types of stimuli in the same way (Fig. 8).
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Discussion

 Overview of results

The principal aim of this study was to evaluate the effects of different train stimulation durations on
the auditory cortex hemodynamic response amplitude, thereby allowing the identification of the
most-efficient stimulation periods for the auditory task using fNIRS. We observed that the auditory
stimuli produce a well-localized cortical response in the superior temporal cortex, confirming the
validity of our experimental design. The results further revealed that hemodynamic responses increase
significantly with the increment of 5s of stimulation durations; however, the response reaches a
plateau after 15s of stimulation. Afterward, we assessed the linearity of hemodynamic responses to
different stimulation durations in the auditory cortices detected by the most-active channels. The linear
superposition of responses of shorter duration failed to predict the response of longer duration,
suggesting a nonlinear relationship for the range of our stimulation durations. The highest responses
were observed in the conditions of 15s and 20s stimulation, and both were associated with a relatively
short experiment duration. To avoid a saturated response at 20s, we chose a condition of 15s as the
best stimulation duration to determine whether the peak amplitude is maintained with other types of
more ecological stimuli, and the results showed that the stimulus type had no impact.

 Experimental validity: anatomic-functional correspondence

In our study, we demonstrated an anatomic-functional correspondence in the superior temporal cortex,
validating fNIRs for auditory perception, in general, and more specifically, our experimental
paradigm. In line with the literature findings using fMRI (e.g., (Hwang et al., 2007; Samson et al.,
2011; Alho et al., 2014)), bilateral stimulation with trains of white noise induced the highest
activations in the auditory cortices, and no significant differences were observed in the left and right
hemispheres. In addition, a good sensibility of our optode setup to auditory cortical regions, confirmed
by the results of Monte Carlo simulation for photon migration, as shown in Fig. 3, strengthens this
anatomic-functional correspondence. These results validated the experimental setup for the following
experiment.

 Stimulation durations and cortical response amplitude

Our findings also showed that the fNIRS response peak amplitudes to trains of white noise increased
significantly with the increment of 5s in their duration and reached a plateau at 20s of stimulation
duration. This observation suggests that hemodynamic responses in the auditory cortices become
saturated for longer durations starting from about 15s.

Previous studies of the auditory response for different stimulation durations used a very large range of
auditory stimulation durations, e.g., from 100ms to 25.5s (Robson et al., 1998), 1s to 16s (Soltysik et
al., 2004), and 16s to 167s (Glover, 1999). The peak amplitudes for the auditory response increased
with stimulation durations in all of those studies and reached a plateau at 8s in one study (Glover,
1999) and at 4s in another (Soltysik et al., 2004). Two more-recent studies (Hu et al., 2010; Ranaweera
et al., 2016) on the effects of variable duration, both of which assessed the impact of acoustic noise on
auditory hemodynamic responses, reported that, when the imaging acoustic noise duration increased,
the induced hemodynamic responses also increased in amplitude in the auditory cortices. Hence,
except for small variations in the timing where the responses reached a plateau, the cortical responses
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measured in our study are consistent with the findings of previous research using fMRI. The different
experimental setups (such as the type of stimulus, the stimulus presentation rate, and sampling
procedure of hemodynamic response) may explain the variations in response amplitude and duration
across those studies.

 Hemodynamic response nonlinearity

The assessment of linearity in the left and right primary auditory cortices at the sites of the most-active
channels showed the responses to trains of white noise to be mostly nonlinear, as evidenced by the
weak value of the coefficient of determination between the linear system responses and measured
responses. However, the degree of nonlinearity is higher for the longer stimulation duration of 20s
than for 15s (modeled by the superposition of two responses to 10s and 8s respectively). It is worth
noting that we applied the same quantitative measure of the linearity between the predicted response
and the observed response and a similar model for the linearity assessment as that used in the previous
studies using fMRI and fNIRS (Robson et al., 1998; Vazquez and Noll, 1998; Soltysik et al., 2004;
Tian et al., 2009).
In general, our results confirm that the hemodynamic responses in the auditory cortex behave
nonlinearly to trains of stimuli, especially for the longer duration. Previous studies indicated that the
hemodynamic response exhibits strong nonlinearity for short stimulation durations, e.g., less than 7s
(Soltysik et al., 2004) and less than 6s (Robson et al., 1998). Thus, hemodynamic responses to
short-duration stimuli below this threshold cannot be used to predict the response to long stimulation.
However, the stimuli of 8s and of 6s were approximate estimators to predict the behavior of longer
stimuli for 16s (Soltysik et al., 2004), and 12.7s predicted 25.5s durations (Robson et al., 1998).
Conversely, Glover indicated that the auditory response showed a somewhat more linear response for
the short-duration stimuli but is highly nonlinear for longer stimuli (Glover, 1999). Taking these
results into consideration, we suggest that auditory cortical responses to different stimuli durations are
nonlinear in a global vision, but they can exhibit more or less linearity according to a certain range of
stimulation durations.

Several investigators using fMRI attempted to model these nonlinearities using a Laplacian linear
system to assess the BOLD response (Vazquez and Noll, 1998) and the neural adaptation functions, in
which the influence of subsequent stimuli progressively decreased until it reached a steady level
(Robson et al., 1998; Soltysik et al., 2004). Although these models have successfully predicted the
nonlinear responses, they are not based on physiological parameters. However, the physiologically
based balloon model and adaptive balloon model (Buxton et al., 1998, 2004; Havlicek et al., 2015)
require estimating the contribution of various parameters, such as cerebral blood flow, cerebral blood
volume, and cerebral metabolic oxygen rate, to the BOLD signal change. These contributing
parameters are difficult to assess with current human neuroimaging methods.

Quantitative modeling of the hemodynamic response combined with experimental data facilitates the
development of a quantitative assessment of brain physiology. Such modeling approaches have been
applied extensively by fMRI studies and adapted in the present study. As fNIRS offers the possibility
of the accurate and noninvasive measurement of the time course of HbO and HbR during human
neuronal activation (Villringer et al., 1993), several studies (Huppert et al., 2006; Toyoda et al., 2008)
combined the simultaneous measurement of fMRI and fNIRS. In this way, the authors tackled the
quantitative evaluation of the contribution of oxygen extraction flow and cerebral blood volume to the
BOLD signal using the model developed by Obata et al. (Obata et al., 2004) to elucidate brain
physiology of these nonlinearities in the visual and motor cortex. Consequently, we believe that a good
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knowledge of nonlinearity in auditory fNIRS signals will provide the possibility of exploring neuronal
activations based on hemodynamic response.

Optimization aspects of stimulation parameters

Attempts to assess linearity or nonlinearity between the stimulation durations and the cortical response
aim to optimize experimental design and improve the interpretation of brain activation. Given the
described nonlinearity, our study demonstrated that the most-efficient stimulation duration is 15s with
seven repeat trials for the presentation of about 100 stimuli. The conditions of 15s and 20s produced
the highest amplitude of auditory cortical activation compared to other conditions. Although the
amplitude at 20s is similar to the 15s condition and the former is associated with the shortest
experimental duration, as shown in Table 1, the 15s condition may be a better choice. The nonlinearity
analysis confirmed that the fNIRS signal exhibited higher nonlinearity and reached a plateau between
15s and 20s stimulation, suggesting increasing neuronal adaptation in this range of stimulation. To
avoid a saturated response at 20s, we propose the 15s stimulation duration with seven repetitions as
the most-suitable parameter of stimulation for block design in auditory studies using fNIRS.

Effects of stimulus type

Having chosen the 15s stimulation duration as optimal, we compared white noise and natural sounds
in a separate cohort. No significant differences were identified in terms of activation amplitude
between white noise and natural sounds. White noise is considered relatively simple sound because of
its variation only in the spectral dimension. Conversely, natural sounds are complex with regard to
both their spectral and temporal variations (Samson et al., 2011). Both kinds of stimuli largely activate
the superior temporal cortex and surrounding regions without interhemispheric lateralization,
according to evidence from the meta-analysis of fMRI studies (Samson et al., 2011). Compared to
white noise, natural sounds, including vocal and nonvocal sounds, exhibit more-ecological
characteristics. These results confirmed the validity of the choice of the 15s duration for
more-complex stimuli. Most importantly, our study demonstrated that the strongest activation in the
15s condition is not dependent on stimulus type, thereby reinforcing the reliability of our conclusions.

 Limitations of the method

Compared to fMRI, the spatial resolution of fNIRS is low. The trajectory of the light beam from
emitter to detector is thought to cover the underlying cortical region (Okada et al., 1997), but how
deeply into the brain tissue the fNIRS measure spreads is unclear (Cui et al., 2011). Consequently, the
primary auditory cortex may not be completely detectable due to the limited penetration depth. In
addition, the sampling volume in fNIRS corresponds to multiple voxels in fMRI, leading to cruder
measurements in terms of spatial resolution.

Another point worth mentioning involves the differences in hemodynamic time courses in Fig. 7. The
temporal variability of the hemodynamic response (i.e., in peaks, shape, and amplitude) is a frequent
BOLD phenomenon in fMRI studies (Buckner, 1998; Buckner et al., 1998). Several reasons for this
variability are identified in the literature, such as a delay in the underlying neural implication,
vasculature differences, physiological differences, level of consciousness, etc.(Jasdzewski et al., 2003;
Handwerker et al., 2004; Erdoğan et al., 2016; Kamran et al., 2016).
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 Practical applications in fNIRs studies

In practice, increasing the number of trials and the intertrial intervals leads to significant increases in
the experimental time, while decreasing the intertrial intervals decreases the amplitude induced by the
subsequent stimulation trial (hemodynamic refractory effect) (Inan et al., 2004). Additionally,
decreasing the number of trials decreases the signal-to-noise ratio, suggesting that a conflict exists
between the experimental time and the quality of the signal. How can stimulation be conducted most
efficiently with a relatively short experimental duration and the maximal cortical activation? Is there a
most-optimal organization of distribution of a given number of stimuli? Our results demonstrate that a
combination of relatively longer stimulation duration with a relatively smaller number of trials is more
efficient for stimulating the auditory cortex than the combination of a relatively shorter stimulation
duration with a larger number of trials, suggesting that the effects of stimulation duration on fNIRS
signal quality are more pronounced than the number of trials. This is a critical point to consider for
experimental block design in fNIRS studies. It is worth mentioning that, as the dominant application
of fNIRS research involves infants and children, as well as neuropsychiatric populations (Boas et al.,
2014), investigators should consider longer stimulation durations and fewer trials in their studies.

 Perspectives for future research

Given the practical advantages of fNIRS, such as ease of use and low cost, more fine-tuned
assessments of stimulation durations with short incremental intervals should be tested in the future to
refine the range of linear and nonlinear responses to stimuli durations. The presence of nonlinearity in
the hemodynamic response suggests that multimodal experiments should be conducted in order to
better understand the nature of the relationship between neural activity and the measured signal. The
simultaneous measurement of fMRI, EEG, and fNIRS will make it possible to investigate in greater
detail the neural origins of nonlinearity in the auditory cortical responses to different stimulation
durations. In addition to temporal aspects of brain activity, spatial patterns of auditory cortical
responses to different stimulation durations can be investigated (Sadoun et al., 2020).
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Conclusions
The results of the current study indicate that the fNIRS signal is sensitive to differences in stimulation
duration, emphasizing the importance of considering block duration effects in auditory fNIRS
experimental designs. We demonstrated that hemodynamic responses increase significantly due to
stimulation duration increments and reach a plateau at the block duration of 15s, with the highest
values for the durations of 15s and 20s. The linearity analysis showed that the increase in activity for
the longer stimulation duration is not linear in the auditory cortex. To avoid a saturated response at
20s, we chose the 15s condition as the most-efficient stimulation duration, independent of stimulation
type. Since NIRS has become an increasingly popular method in the field of hearing research, the
optimization of experimental design that we aimed at in our study should help establish more-efficient
experimental designs for the high quality of the fNIRS signals.
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FIGURE LEGENDS

Fig. 1. Experimental design

Three levels of experimental design, from top to bottom, the experimental level, condition level, and
block level. Squares represent four experimental conditions and oval forms represent blocks of
presented auditory stimuli (white noise) within the condition. The scheme below oval forms represents
the time course of a block for a series of stimuli presentations with a variable inter-stimulus interval of
300±200ms, indicated by the black double arrow.
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Fig. 2. Schematic description of NIRx NIRScout 816 NIRS machine

(a) Probe montage overlaid on the scheme of the 10–20 system. Blue circles indicate detectors; red
circles indicate sources; and numbered lines correspond to measurement channels. LPA and RPA: left
and right preauricular. Nz: nasion; Iz: inion. (b) Projection of probe positions on the MNI brain
surface. (c) Photograph of optode array placement on the standard NIRSx NIRS cap used for this
study.
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Fig. 3. Results of Monte Carlo-simulation for the optode configuration used in our study

The color bar indicates the spatial sensitivity of fNIRS. It is expressed in mm-1 and values range from
0.001 to 1 in log10 units : -3 to 0. The measurement channels 2, 3, 4, 5, 6, 7 for the left hemisphere
and measurement channels 12, 13, 14, 15, 16, 17 for the right hemisphere presented a good sensitivity
to the underlying cortical areas.
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Fig. 4. Activation level for each channel

The percentage of activation level with respect to the most active channel (100%) of each hemisphere.
The x axis indicates the number of the channel. Channels from 1 to 10 are in the LH and channels
from 11 to 20 are in the RH. The channels in yellow passed the activation threshold for the LH
(ch:2-6) and in green for the RH (ch:13-17).

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 4, 2021. ; https://doi.org/10.1101/2021.08.02.454752doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.02.454752
http://creativecommons.org/licenses/by-nc/4.0/


Fig. 5. Effects of stimulation durations on the relative change in HbO concentration
within the superior temporal regions and the lateral sulcus

The X axis represents four stimulation conditions and the Y axis indicates the amplitude of averaged
changes of concentration on HbO taken from the most active channels detecting the auditory cortices.
The significance of the ANOVA is indicated by stars: *p<0.05, **p<0.001, ****p<0.0001. The unit
of measure on the Y axis is 10-7 mMol/L, and error bars represent standard errors.
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Fig. 6. The averaged HDR time courses for four stimulation durations in channel 15

The X axis indicates the time courses in seconds for the 8s, 10s, 15s, and 20s stimulation conditions
and the Y axis stands for the change in HbO concentration. The unit of measure on the Y axis is 10-7
mMol/L. The time courses to different durations are color encoded.
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Fig. 7. Predicted linear system responses in the auditory cortices compared with
measured responses

(a) 15s linear system response established from superposition of two 8s responses, overlaid with
observed response in the left auditory cortex. (b) 20s linear system response formed from
superposition of two 20s responses, overlaid with measured responses in the left auditory cortex. (c)
15s linear system response overlaid with observed response in the right auditory cortex. (d) 20s linear
system response overlaid with measured response in the right auditory cortex. The coefficient of
determination(R2) is indicated in each plot, reflecting the degree of nonlinearity between the predicted
response and observed response. Red lines indicate the measured hemodynamic responses and blue
lines depict those predicted by the linear system responses.
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Fig. 8. Effect of stimulus type on the HbO amplitude change in the superior temporal
regions and the lateral sulcus

The horizontal axis represents two types of auditory stimulus: natural sounds and white noise. The
average of the HbO concentration changes is displayed on the vertical axis. The unit of measure is
10-7 mMol/L, error bars represent standard deviations.
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Table

Table 1. Stimulation properties of experimental conditions

BLOCK

DURATION

(CONDITIONS)

BLOCK

NUMBER

STIMULUS

NUMBER

PER BLOCK

STIMULATION

DURATION PER

CONDITION

INTER-BLOC

K DURATION

TOTAL

STIMULUS

NUMBER

CONDITION

DURATION

8 13 8 52 15±5 104 284

10 11 10 55 25±5 110 360

15 7 15 52,5 25±5 105 255

20 5 20 50 25±5 100 200

Block duration, number of presented blocks, inter-block duration are provided for four conditions
(horizontal lines). Stimulation duration per condition contains only the net duration of all the stimuli
(not including the inter-stimulus interval). Condition duration comprises the durations of all the
blocks within a condition. All the duration values are in seconds.
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Table 2. MNI coordinates and related Brodmann and anatomical areas of the
channel-points

channel src det MINI coord Label name BA

1 1 1 -54   12    8 Rolandic_Oper_L Left-BA44

2 1 2 -60    5    23 Precentral_L Left-BA6

3 2 1 -40   -6    -5 Temporal_Sup_L Left-Insula(13)

4 2 2 -48   -14   9 Temporal_Sup_L Left-PrimAuditory(41)

5 2 3 -49   -26  -6 Temporal_Mid_L Left-BA21

6 3 2 -45   -22  26 SupraMarginal_L Left-Outside BAs

7 3 3 -60   -39  13 Temporal_Mid_L Left-BA22

8 3 4 -51   -50  27 Angular_L Left-Outside BAs

9 4 3 -40   -45  -7 Temporal_Inf_L Left-Outside BAs

10 4 4 -57   -62  14 Temporal_Mid_L Left-BA39

11 5 5 59    12    8 Frontal_Inf_oper_R Right-BA44

12 5 6 56     1    -6 Temporal_Sup_R Right-BA22

13 6 5 56     7    22 Frontal_Inf_oper_R Right-BA44

14 6 6 60    -10   7 Heschl_R Right-PrimAuditory(41)

15 6 7 60    -21  26 SupraMarginal_R Right-BA40

16 7 6 53    -26  -8 Temporal_Mid_R Right-BA21

17 7 7 65    -40  13 Temporal_Sup_R Right-BA22

18 8 7 60    -47  -2 Temporal_Sup_R Right-BA39

19 8 7 50    -48  25 Angular_R Right-AngGyrus(39)

20 8 8 51    -58  16 Temporal_id_R Right-AngGyrus(39)

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 4, 2021. ; https://doi.org/10.1101/2021.08.02.454752doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.02.454752
http://creativecommons.org/licenses/by-nc/4.0/

