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The neurovisceral integration model (NVM) proposes that an organism’s ability to flexibly
adapt to its environment is related to biological flexibility within the central autonomic
network (CAN). One important aspect of this flexibility is behavioral inhibition (Thayer
and Friedman, 2002). During a behavioral inhibition task, the CAN, which comprises
a series of feedback loops, must be able to integrate information and react to these
inputs flexibly to facilitate optimal performance. The functioning of the CAN is shown
to be associated with respiratory sinus arrhythmia (RSA), as the vagus nerve is part of
this feedback system. Although the NVM has been examined through neural imaging
and RSA, only a few studies have examined these measures simultaneously during
the neuroimaging procedure. Furthermore, these studies were done at rest or used
tasks that were not targeted at processes associated with the NVM, such as behavioral
inhibition and cognitive flexibility. For this reason, the present study assessed RSA and
neural activation in the pre-frontal cortex simultaneously while participants completed a
behavior inhibition task. RSA and functional near-infrared spectroscopy were collected
in 38 adults, and resting levels of pre-frontal activation were negatively related to RSA,
but pre-frontal activation during the behavior inhibition task was not. The negative
relationship between RSA and oxygenated hemoglobin is consistent with previous
functional magnetic resonance imaging work examining the NVM at baseline and should
be further studied. Additional research investigating how this relationship may change
based on task demands or environmental contexts would help clarify the applicability of
the model.

Keywords: respiratory sinus arrhythmia, behavioral inhibition, neurovisceral integration, functional near-infrared
spectroscopy, central autonomic network

INTRODUCTION

The principal role of the autonomic nervous system (ANS) is to maintain the body’s
internal environment by distributing and integrating specific signals to target organs
(Janig and Habler, 2000). The ANS is traditionally divided into two branches: the
parasympathetic and sympathetic, which have anatomical, functional, and neurochemical
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distinctions'. The neurovisceral integration model (NVM)
proposes that these systems are part of the central autonomic
network (CAN) (Thayer and Lane, 2000), which operates
through a series of feedback loops within the central nervous
system. These circuits include both central and peripheral
inputs and outputs and subsequently influence several behavioral
and physiological processes. Importantly, measurements of the
peripheral outputs of this system can be used to index the
functionality of feedback loops in the CAN. Cortical structures in
the CAN that are highlighted in the NVM include the medial pre-
frontal cortex (mPFC), anterior cingulate cortex, and the insula
(Benarroch, 1993).

The NVM proposes that cortical structures such as the mPFC
institute tonic inhibition on activation of the amygdala, resulting
in heightened CAN output (Thayer and Lane, 2009). This view
is based on evidence from animal and human neuroimaging
studies, which have established structural interconnections, and
pharmacological studies in which both branches of the ANS are
blocked and show increased activation compared with the normal
state, indicating that the system is under the tonic inhibitory
influence (Thayer and Lane, 2009; Thayer et al., 2012). One of
the outputs of the CAN is the 10" cranial, or vagus nerve,
which provides parasympathetic input to the heart. This vagal
activation can be indexed through heart rate variability (HRV),
which is commonly used to provide information about the
functionality of the CAN.

The variation from beat-to-beat in heart rate, known as
HRY, is controlled by sympathetic and parasympathetic nervous
system inputs to the sinoatrial node of the heart (Task Force,
1996). Differences in the temporal dynamics of the primary
neurotransmitters involved in sympathetic and parasympathetic
activation (norepinephrine and acetylcholine, respectively) allow
fast changes in interbeat interval (IBI) length to be attributed to
vagal control (Saul, 1990). Respiratory sinus arrhythmia (RSA)
refers specifically to changes in the lengths of IBIs as a result
of respiration (Berntson et al., 1993), which can be quantified
through changes within the high-frequency band (0.12-0.40 Hz),
known as high-frequency heart rate variability (HF-HRV) (Allen
etal., 2007), or through a time-based metric using the root mean
square successive difference (RMSSD) (Berntson et al., 1997;
Laborde et al., 2017).

In the NVM, high baseline RSA and increased RSA
reactivity are viewed as indicative of increased flexibility within
the CAN (Friedman, 2007). Flexibility within this biological
system is manifested through greater cognitive and behavioral
flexibility, as demonstrated by skills such as better emotion
regulation and inhibitory capacities (Thayer et al., 2009). The
present study aimed to further investigate the tenets of the
NVM through simultaneous measurement of RSA and cortical
activation. Although previous studies have looked at RSA in
relation to brain activity, there are many limitations in this
literature, such as small sample sizes and flawed methodology.
In the present study, pre-frontal cortex activity was assessed
via functional near-infrared spectroscopy (fNIRS) in concert

! A third enteric branch, which innervates the gastrointestinal organs, is sometimes
also distinguished (see Janig and Habler, 2000).

with RSA during a baseline condition and a cognitive task.
Although functional imaging has been used to examine this
model during resting state in previous studies, the present
study investigated whether the tenets of the NVM are upheld
across multiple contexts using a more ecologically valid
neural metric to do so. As such, the present study can be
viewed as a “proof of concept” investigation; i.e., it is the
implementation of a method to demonstrate its feasibility
(Schmidt, 2006).

Human Neuroimaging and the

Neurovisceral Integration Model

Much of the literature supporting the NVM and the relationship
between RSA and the CAN is based on animal models and
blockade studies. However, there have been several human
neuroimaging studies examining the theory. These studies
were reviewed in two functional magnetic resonance imaging
(fMRI) meta-analyses, which concluded that a number of areas
associated with the NVM were activated in conjunction with
heightened HF-HRV (Thayer et al., 2012; Beissner et al., 2013).
Specifically, HF-HRV was associated with the activation of
regions of the mPFC (Thayer et al.,, 2012).

Furthermore, Beissner et al. (2013) note that many of
the structures associated with HF-HRV in their meta-analysis
are part of the default mode network, a network of brain
regions that are active when an individual is not engaged
in a task and is instead focused on internal events (see
Raichle, 2015 for a review). Some of these regions overlap
with the CAN, such as the ventromedial pre-frontal cortex
and dorsomedial pre-frontal cortex, posterior cingulate cortex,
and hippocampal formation (Buckner et al., 2008). Indeed, a
recent review paper on the NVM has implicated networks
such as the executive control and default mode networks in
the hierarchical structure of neurovisceral integration (Smith
et al, 2017). However, the majority of studies included in
these meta-analyses had limited sample sizes (Beissner et al.,
2013, sample size median = 12, range = 4-41; Thayer et al,
2012, sample size median = 15, range = 6-93), used dissimilar
methods (e.g., some baseline and others task-based measures),
and incorporated HF-HRV measurements that were taken
at a different time than the neuroimaging data. These are
all significant limitations, but the last point is particularly
concerning. It was assumed in these studies that the participants’
state during an independent baseline HF-HRV measurement
would be comparable with their state during the neuroimaging
data collection. Simultaneous collection of HF-HRV and
neuroimaging data is necessary to avoid such assumptions, which
cannot be unequivocally made. Regardless, both meta-analyses
indicated that baseline HF-HRV values correlate with neural
activity in areas implicated in the CAN.

These limitations were noted and addressed in subsequent
research aimed at improving the examination of the NVM. In two
studies that had significantly larger samples, associations were
found in similar brain regions (left insula, right hippocampus,
and right superior temporal gyrus) to these meta-analyses (Allen
et al., 2015; Jennings et al., 2015). However, HF-HRV data were
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still collected outside of the scanner, approximately 2 weeks
before neuroimaging. Furthermore, these studies used resting-
state data, whereas many of the studies in the meta-analyses
used task reactivity. These authors argued that the relationship
between RSA and neural activation would be inverse during
the resting state because many previous studies examined RSA
reactivity in relation to neural activation. The logic behind this
argument is that because higher resting HF-HRV is associated
with larger reductions in task HF-HRV (a negative correlation)
and larger reductions in task HF-HRV are associated with less
neural activation (a positive correlation), then the transitive
property suggests that higher resting HF-HRV is associated with
less neural activation (Allen et al., 2015). Their results supported
this hypothesis; activation of multiple structures implicated in the
NVM (e.g., insula, amygdala, pre-frontal cortex) was negatively
related to HF-HRV.

Other studies have improved the co-examination of RSA
and fMRI by using time series analyses that look at the
two signals simultaneously. Through comparison of sliding-
window calculations of both resting fMRI and HRYV, greater
functional connectivity between the dorsal anterior cingulate
cortex/amygdala and the mPFC, as well as the insula, was
associated with heightened HF-HRV (Chang et al., 2013).
Although these results are compelling, the use of connectivity
analyses (vs. regional activation) as the dependent variable may
have missed other regions implicated by the NVM. Using a
similar method, positive correlations between HF-HRV and
several areas associated with the NVM including the amygdala,
right dorsal mPFC, and right dorsal lateral PFC, as well as
negative correlations with the left posterior insula and right
medial temporal gyrus during a motor task, have been found
(Gianaros et al., 2004). In the same study, during a series
of memory tasks, HF-HRV was positively correlated with
the left insula and amygdala-hippocampal complex and right
ventromedial PFC and cerebellum. These findings support the
NVM by examining CAN activation and RSA simultaneously,
but they do not probe the model in terms of simple regional
activation at rest; they either used functional connectivity metrics
or did not include resting state. Extending this method to
include resting-state measurement and a task that taps into
the psychological constructs implicated in the NVM, such
as behavioral inhibition, will better elucidate how the CAN
functions, particularly when being actively recruited.

One way to test behavioral inhibition is the go/no-go (GNG)
task, which was developed for this purpose (Donders, 1969).
The GNG has been used across a variety of studies to assess
how behavioral inhibition relates to other functions. GNG
performance is attenuated in many disorders characterized
by inhibition deficits, such as attention deficit-hyperactivity
disorder (Dillo et al., 2010), obsessive-compulsive disorder (Lee
et al., 2009), and autism spectrum disorder (Uzefovsky et al.,
2016). The task consists of two types of stimuli: the “go” stimulus,
which indicates that the subject should complete the behavioral
response (e.g., a button press), and the “no-go” stimulus, which
indicates that the subject should not complete the behavioral
response (e.g., no response). By prompting a prepotent response
through a series of “go” trials, the subject is then challenged

to inhibit the response behavior during the “no-go” stimulus.
Its wide use in the neuroimaging literature provides extensive
information about the neural correlates of behavioral inhibition,
which is implicated in the NVM. Meta-analyses on fMRI studies
of the GNG show increased activity in frontal cortical areas
during “no-go” trials, such as the bilateral mPFC (Watanabe et al.,
2002), the pre-supplementary motor area (Mostofsky et al., 2003),
and the right inferior parietal lobule (Swick et al., 2011). The
mPFC is one of the structures in the CAN, making the GNG
task an appropriate paradigm for the present study. However, due
to temporal and ecological limitations of fMRI technology, we
incorporated a different imaging modality (i.e., fNIRS) to assess
inhibition in the GNG task.

Functional Near-Infrared Spectroscopy
fNIRS is an optical imaging technique that projects infrared light
(650-1,000 nm) from a source diode into tissue and measures the
backscatter of this light using detectors. Based on the amount of
backscatter, the concentration of oxygenated hemoglobin (O, Hb)
and deoxygenated hemoglobin (HHb) can be determined because
of their different optical properties (Fox and Raichle, 1986;
Ferrari and Quaresima, 2012). Not only does fNIRS have better
temporal resolution than fMRI, but there is also less concern
about motion artifact interfering with the signal, affording greater
ecological validity and task flexibility (Irani et al., 2007; Lloyd-Fox
et al., 2010). These are important considerations in the context
of the NVM, in which anxiety and stress can be triggered by
neuroimaging approaches such as fMRI (Eatough et al., 2009;
Lueken et al., 2012). These states are associated with the activation
of CAN structures, which confounds the external validity of
conclusions from such studies. Additionally, the NVM has yet
to be evaluated in populations with compliance issues in other
neuroimaging environments, such as children and those with
neurodevelopmental disorders (Yerys et al., 2009), making the
use of NIRS advantageous. For these reasons, {NIRS is a valuable
technique for collecting neuroimaging data from the cortex
during task-based studies of cognition and behavior that can be
applied to the NVM.

Similar to fMRI findings, NIRS studies have shown increased
pre-frontal O;Hb during the GNG task compared with rest
(Anderson et al., 2014) and increased O,Hb during “no-go”
trials compared with “go” trials in lateral pre-frontal locations
(Herrmann et al., 2005). However, these studies simply looked
at neural activation between trial types. When actual responses
to the GNG task are considered, successful behavioral inhibition
during “no-go” trials predicts lower O,Hb in the mPFC but
not in lateral locations (Rodrigo et al., 2014). Together, these
findings indicate that increased activation in frontal lateral areas
(such as the inferior frontal gyrus) may be associated with the
presentation of the “no-go” condition or behavioral inhibition
opportunity itself, but that successful behavioral inhibition
appears to specifically be associated with decreased activity in the
mPFC. This distinction may account for discrepancies across the
fMRI GNG studies. Furthermore, the NVM posits that the mPFC
is integral in the top—down, tonic inhibition of the CAN. Previous
work suggests this may be reflected by a negative relationship
between activation of the PFC and RSA at rest (Allen et al., 2015).
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However, when the mPFC is recruited during an active behavior
inhibition task, the relationship between its activation and RSA
may differ. The present study aimed to incorporate simultaneous
fNIRS and RSA measurements throughout a baseline period,
as well as during the GNG task, to assess their relationship as
described in the NVM across various contexts. We hypothesized
that RSA and neural activation in areas contained in the CAN,
namely the mPFC, will be related at rest and during the GNG task.

MATERIALS AND METHODS

Participants

Participants were recruited through the healthy volunteer
database at the National Institutes of Health in Bethesda, MD, and
were compensated for participation in the study. Exclusionary
criteria included: past or present vascular disease, skin disease, or
any history of head injury, cardiovascular disease, or congenital
heart condition, seizure, or stroke. A total of 45 participants
were brought to the lab to participate in the study. Participants
completed a health history questionnaire that screened for
psychiatric diagnoses; one indicated a current psychiatric
diagnosis and was removed from the sample. Furthermore, due to
data loss in either the fNIRS or electrocardiogram (ECG) signals,
38 participants were retained for analyses in the present paper.
The final sample consisted of 38 healthy adults (age M = 37.18,
SD = 14.67). The majority of participants were right-handed (32;
84.2%), three were left-handed, and three were ambidextrous
as measured on the Edinburgh Handedness Inventory (Oldfield,
1971). These participants were retained in the analyses because
we did not expect a lateralization effect for pre-frontal activation
at rest or during the task. The present study was part of an
ongoing research protocol that was approved by the National
Institute of Child Health and Human Development’s Institutional
Review Board (NCT01212029). All participants underwent the
informed consent procedure as approved by the Institutional
Review Board before participating in the study.

Measures

Electrocardiogram

ECG was collected through the BioPac MP160 system, outfitted
with an ECG amplifier (ECG100C). The ECG was sampled at
1,000 Hz with an amplifier gain of 1,000, a low pass filter set
at 35 Hz, and high pass filters set at 0.5 Hz. The signal was
recorded through AcqKnowledge 4.4 software (BioPac Systems
Inc.). A Lead IT ECG configuration was used, which requires Ag-
AgCl spot electrodes to be placed underneath the left collar bone
on the chest and underneath the rib cage on the right side. RSA
was then derived from this signal through Kubios HRV software
(Tarvainen et al., 2014) using the time-domain RMSSD metric.
RMSSD is shown to reflect cardiac vagal tone (Laborde et al.,
2017) and can be derived from short recording periods such as
the 30-s windows used in the present study (Munoz et al., 2015).

Functional Near-Infrared Spectroscopy
Neural activity was measured through a continuous wave fNIRS
device (fNIR Devices LLC), which emits light at two wavelengths

(730 and 850 nm) and samples at a rate of 2 Hz. The use
of two infrared light wavelengths allows both oxy- and deoxy-
hemoglobin levels to be measured, in which they produce
differential amounts of backscatter to be picked up by the
detectors. The system uses 4 sources and 10 detectors spaced
2.5 cm from another, creating a 16-channel silicone headband
placed across the forehead of participants to measure pre-frontal
activity. The headband was centered at Fpz. Data from the device
were collected through COBI Studio software (Ayaz et al., 2011).

Procedure

The protocol for this study was approved by the Eunice
Kennedy Shriver National Institute of Child Health and Human
Developments Institutional Review Board. Participants were
instructed to abstain from alcohol for 24 h, caffeine for 6 h, and
vigorous exercise for 2 h before their data collection session. All
participants were scheduled for their session to begin between
the hours of 8:15-11:30 am. Upon entering the lab, the subject
was provided a copy of the informed consent and reviewed
it with the researcher. Once subjects provided consent, they
were outfitted with ECG electrodes and a respiration monitor.
The ECG and respiration signal were then examined to ensure
that the physiological equipment was properly and securely
applied. Once this was completed, the subject filled out the series
of behavioral scales. These questionnaires took approximately
15 min to complete, after which the fNIRS headband was applied,
and signals were checked to ensure that the headband had been
properly applied. The physiological and neural imaging portion
of the session then began. Participants were positioned in front
of a computer equipped with E-Prime 2 Stimulus Presentation
software (Schneider et al., 2002), which presented all instructions
and tasks for the remainder of the data collection session.

Baseline

After completing the health history questionnaire and behavioral
scales and application of the fNIRS headband, a 6:30 min
recording period began. During this time, participants were
instructed to sit quietly while watching a mildly stimulating
video (Coral Sea Dreaming: Plankton Productions & MJL
Network, 2014) presented on a computer monitor, consistent
with “vanilla” baseline guidelines (Jennings et al, 1992).
Such baselines are common in psychophysiology because
they maintain minimal engagement and create more
uniform conditions across participants than a traditional
baseline. During this time, physiological and neural imaging
data were collected.

Cognitive Task

Participants then completed two versions of a GNG task: the
simple GNG and the emotional GNG, the order of which was
counterbalanced across participants. Only data from the Simple
GNG task are analyzed for the purposes of this study. The
emotional GNG was not included due to issues with performance
on the task for a number of participants (e.g., participants
had difficulty understanding or remembering the emotional
GNG directions). The simple GNG paradigm uses basic stimuli
(e.g., numbers, letters, shapes) to examine behavioral inhibition
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abilities. In the present study, a GNG paradigm using letter
stimuli was presented to participants through E-Prime 2. The
timing and proportion standards for both the simple GNG
and emotional GNG in this study were modeled after (Schulz
et al., 2007), in which both the simple and emotional GNG
task were used. Each block consisted of 192 total trials, which
were comprised of 75% “go” stimuli (the letter “Y”) and 25%
“no-go” stimuli (the letter “X”), resulting in 144 “go” and 48 “no-
go” stimuli. Each stimulus was presented for 500 ms, followed
by a pseudorandom interstimulus interval of 1,500 & 250 ms.
The interstimulus interval jitter is used to reduce the effect
of stimulus anticipation of the subjects reaction time. With
these timing parameters, the task was approximately 6 min
and 24 s long. The use of a block design best served the
study’s aim, in which it allowed for a sliding window analysis
to be conducted throughout the task procedure to examine
the relationship between the fNIRS and RSA metrics. Although
this design does not provide a pure period of active behavioral
inhibition, it draws upon behavior inhibition resources during
the task period compared with baseline. On-screen instructions
informed the participants that they would be presented with
a series of letters. They were instructed to press the space
bar when they saw the letter “Y” and not to press any
buttons when they saw the letter “X.” If they understood these
instructions, they were instructed to press the space bar, which
initiated six task practice trials. The task began upon completion
of these trials.

Data Processing

Pre-processing Electrocardiogram

All ECG data were preprocessed using AcqKnowledge 4.4
software. First, event markers sent from the EPrime script were
identified in the ECG file, and their times were recorded for use in
calculating the sliding window parameters. Next, the “Find Cycle”
function was used to automatically detect and mark R-spikes
in the ECG signal. These marks were then visually inspected to
ensure that aberrations in the signal were not mistakenly marked
as R-spikes and that R-spikes were not missed by the algorithm.
The “Find Cycle” function was used again to locate these visually
inspected marks and then calculate the time between each R-spike
pair (i.e., the IBI) in milliseconds. These values were then
saved as a text file that contained two columns: time and IBI
length (millisecond).

Pre-processing Functional Near-Infrared
Spectroscopy

Imaging data were preprocessed by the subject through
HOMER?2 software to remove motion artifact and physiological
noise. The parameters used within each function are defined
in Table 1. First, event markers sent from the EPrime script in
each file were located and their times recorded for use in the
sliding window parameter calculations. The raw light intensity
files were converted to the HOMER?2 file format (.nirs). The
raw light intensity was converted to optical density (function:
hmrIntensity20D), and bad channels were removed (function:
enPruneChannels, dRange = 500-4,000, SNRthresh = 2,
SDrange = 0-45). A wavelet transform was used to correct for
motion artifact (function: hmrMotionCorrect Wavelet) using the
default interquartile range (0.1), as this is optimal for motion
correction (Brigadoi et al., 2014). Any remaining motion artifact
was then removed through the motion artifact detection tool
(function: hmrMotionArtifact, tMotion = 0.5, tMask = 2.0,
STDEVthresh = 20, AMPthresh = 0.5). The signal was then
bandpass filtered (function: hmrBandpassFilt, hpf = 0.010,
Ipf = 0.50) to remove baseline drift and physiological noise.
Finally, the optical density signal was converted to hemoglobin
concentration (function: hmrOD2Conc) by applying the
Modified Beer-Lambert Law. Depending on the wavelengths of
light that are used, the Modified Beer-Lambert Law allows for
the calculation of oxygenated and deoxygenated hemoglobin
concentration (micrometer) in a highly scattering medium, such
as biological tissues, by accounting for scattering losses and
a longer optical path length because of scattering. The O,Hb
values were then saved as text files for each subject. Finally, the
O,Hb time series for each subject was z-scored by channel.

Post-processing Electrocardiogram and Functional
Near-Infrared Spectroscopy

Event markers from each subject’s ECG and fNIRS data files were
used to calculate the parameters for sliding window epochs to
be used for subsequent analyses. The window length was set to
30 s with 7 s of overlap with adjacent windows, resulting in a
46.67% overlap between adjacent windows. For each condition,
this resulted in 16 windows, for a total of a 6:15 min condition
period. This was done to generate start and stop times for each
window within each condition for both the ECG and fNIRS
signals. The window values from the ECG signal were then used

TABLE 1 | Homer2 fNIRS pre-processing parameter definitions.

Function name Parameter name Definition

Time range to check for a motion artifact (seconds)

Amount of time (seconds) surrounding a detected motion artifact where data are to be removed

Threshold for a change in signal standard deviation within the tMotion period to be marked as motion artifact
Threshold for a change in signal amplitude within the tMotion period to be marked as motion artifact

enPruneChannels dRange Allowable optical density (OD) range
SNRthresh Minimum signal-to-noise ratio allowable
SDrange Maximum standard deviation allowable
hmrMotionArtifact tMotion
tMask
STDEVthresh
AMPthresh
hmrBandpassFilt hpf High pass filter cutoff (Hz)
Ipf Low pass filter cutoff (Hz)
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to compute RMSSD for each 30 s window (Takahashi et al., 2017)
in Kubios HRV software from the IBI files previously mentioned.
The corresponding window values from the fNIRS signal markers
were then used to compute the mean of the standardized O,Hb
signals within each window for each channel. The corresponding
RMSSD and O, Hb values were then used to complete subsequent
analyses for each subject.

Analyses

RMSSD and O;Hb concentrations were quantified over the
baseline period through sliding window analysis. Doing this
allowed a series of RMSSD and OHb values to be generated
at multiple time points over the baseline period so that the
correspondence between the RMSSD and neural values could
be tracked over the baseline time course for each subject. These
analyses were modeled after those conducted by Chang et al.
(2013), who performed similar analyses to compare RMSSD and
fMRI signals. These values were standardized and entered in a
subject-level general linear model to determine whether RMSSD
predicted O,Hb concentration. This was done for each subject
at each channel, providing 16-channel parameter estimates per
subject per condition to be used for statistical analyses in
subsequent steps. Running these models for each channel for each
subject yielded a 38 (subject) by 16 (fNIRS Ochannels) matrix of
standardized parameter estimates (f) for each condition. A series
of one-sample t-tests were then conducted to determine whether
the relationship between RMSSD and O,Hb was different than

0 across the 16 channels. If a test was significant, this would
indicate that the relationship between RMSSD and activation at
that channel was not equal to 0 and would support the hypothesis
that activation at that specific region of the pre-frontal cortex
was related to RMSSD. These processes and statistical tests were
conducted through R software (R Core Team, 2017).

RESULTS

Baseline

A series of non-parametric one-sample t-tests were conducted
using standardized P weights from the subject-level general
linear models where RMSSD predicted O, Hb during the baseline
condition as the dependent variable. At p < 0.05, increased
RMSSD predicted lower O,Hb levels at channel 1 (V = 60,
p = 0.030), channel 10 (V = 179, p = 0.008), and channel 15
(V =107, p = 0.049) during baseline. The channel configuration
across the PFC can be seen in Figure 1. The resulting statistics
from the series of tests for the baseline condition are summarized
in Table 2. None of these tests were significant after using the
Holm-Bonferroni method of sequentially rejective ¢-tests.

Go/No-Go Task

First, to verify that the GNG task had the intended effect
of increasing pre-frontal activation, the average O,Hb
concentrations over the baseline and GNG task period were
compared. Although channel-level activation may show an

FIGURE 1 | fNIRS probe placement and channel locations rendered in AtlasViewer software (Aasted et al., 2015).
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TABLE 2 | One sample t-tests of standardized regression coefficients of RMSSD predicting OoHb during baseline and the GNG task.

Baseline Go/No-Go

Channel M SD v n P d 95% Cly M SD "4 n P d 95% Cly

1 -0.14 0.24 60 22 0.030* -0.58 [-1.08, —0.13] 0.01 0.29 104 20 0.985 0.03 [-0.41, 0.47]
2 -0.05 0.22 204 33 0177 -0.23 [-0.58, 0.12] 0.02 0.23 231 30 0.984 0.09 [-0.27, 0.45]
3 -0.04 0.22 219 32 0.410 -0.18 [-0.58, 0.17] —0.01 0.28 235 30 0.968 —0.04 [-0.40, 0.32]
4 -0.06 0.21 184 32 0.139 -0.29 [-0.64, 0.06] 0.03 0.26 254 30 0.670 0.12 [-0.24, 0.48]
5 -0.01 0.20 217 28 0.762 -0.05 [-0.42, 0.32] -0.02 0.21 120 25 0.263 -0.1 [-0.49, 0.29]
6 -0.04 0.25 302 37 0.464 -0.16 [-0.48, 0.16] 0.00 0.24 296 34 0.987 0 [-0.34, 0.34]
7 -0.08 0.22 319 37 0.633 -0.14 [-0.46, 0.18] —0.03 0.23 257 34 0.499 -0.13 [-0.47, 0.21]
8 -0.06 0.23 238 36 0.139 -0.26 [-0.59, 0.07] -0.02 0.24 263 33 0.764 —0.08 [-0.42, 0.26]
9 -0.07 0.26 219 36 0.074 -0.27 [-0.60, 0.06] 0.00 0.25 303 34 0.933 0 [-0.34, 0.34]
10 -0.12 0.27 179 37 0.008* -0.44 [-0.78, —0.10] 0.01 0.21 322 34 0.685 0.05 [-0.29, 0.39]
11 -0.05 0.23 223 32 0.454 -0.22 [-0.57,0.13] —0.03 0.20 163 30 0.158 -0.15 [-0.51, 0.21]
12 -0.06 0.21 221 35 0.127 -0.29 [-0.683, 0.05] 0.00 0.21 277 33 0.958 0 [-0.34, 0.34]
13 -0.06 0.22 237 35 0.207 -0.27 [-0.61, 0.07] 0.02 0.26 293 33 0.832 0.08 [-0.26, 0.42]
14 -0.08 0.25 306 36 0.681 -0.12 [-0.45, 0.21] 0.01 0.25 304 34 0.919 0.04 [-0.30, 0.38]
15 -0.12 0.24 107 27 0.049* -0.50 [-0.90, —0.10] 0.01 0.20 163 24 0.726 0.05 [-0.35, 0.45]
16 -0.09 0.23 192 34 0.072 -0.39 [-0.74, —0.04] 0.06 0.25 345 32 0.134 0.24 [-0.11, 0.59]

The summarized statistical tests include uncorrected p-values Where, Cohen’s d =

*n < 0.05.

interaction effect across tasks, such analyses were outside the
purview of the present study because the hypothesis was only
directed at the relationship between pre-frontal activation and
RSA. Thus, the mean O,Hb level during baseline across all
channels was averaged by the subject. The same was done for
O,Hb levels during the GNG task. This provided each subject
with one O;Hb measure that indicated global pre-frontal
activation at baseline and during the GNG task. Three subjects
were missing data during the GNG task and thus were not
included in this analysis (n = 35). These values were compared
using a paired samples t-test and indicated that the mean (M)
O,Hb across the pre-frontal cortex was different between the
baseline and GNG task [t(34) = —6.45, p < 0.001], such that
O,Hb was higher during the GNG task (M = 0.011, SD = 0.023)
than baseline (M = —0.024, SD = 0.025). These results indicate
that the GNG task did elicit greater pre-frontal activation than
during a resting baseline.

To examine whether the relationship between pre-frontal
activation and RMSSD seen during baseline held during a
behavioral inhibition task, the same set of analyses as described
previously were conducted for the standardized p weights derived
from the GNG task. None of the tests were significant at the
p < 0.05 level, indicating that RMSSD did not predict pre-frontal
activation during the GNG task. The results of these tests are
summarized in Table 2.

DISCUSSION

Consistent with the NVM, the results of this study support the
hypothesis that RSA is related to pre-frontal activation at rest.
Although these findings were not maintained when corrected for

% Cly = d + (Zgit * SE4), and SEy = /ni/ + % (Turner and Bernard, 2006).

multiple comparisons, the relationship between baseline RSA and
pre-frontal activation in this study was consistent with previous
NVM studies. For example, standardized beta weights were
significantly different than 0 (at p = 0.05) at various sites across
the PFC during baseline, which reflects a predictive relationship
between RSA and PFC activation. Notably, this was observed at
channel 10, which is located over the right mPFC, one of the
CAN structures implicated in the NVM (Gianaros et al., 2004;
Thayer et al., 2012). The non-significant relationship between
RSA and O,Hb during the GNG task conflicted with previous
meta-analyses that included task reactivity (Thayer et al., 2012;
Beissner et al., 2013). However, our results mirror previous
findings that have also found an inverse relationship between
cortical activation and RSA during baseline (Allen et al., 2015;
Jennings et al., 2015) and are counter to that found in prior
meta-analyses of neuroimaging studies focused on the NVM
(Thayer et al., 2012). In the present study, the previous literature
was expanded through simultaneous acquisition of RSA and
cortical activation data, providing a methodological advance and
yielding results consistent with similar to Allen et al. (2015)
and Jennings et al. (2015), in which resting cortical and HRV
data were collected on separate occasions. Together, these studies
suggest that the argument presented in previous meta-analyses
of neuroimaging studies focused on the NVM (ie., that RSA
reactivity is positively related to activation of CAN structures
during tasks; Thayer et al., 2012) are not representative of the
model during rest. It is important to establish the relationship
between these variables during a resting state because (1) the
NVM is largely centered on resting RSA and its relation to
CAN function, and (2) doing so will provide context for
how this relationship is altered during reactivity to tasks with
varying demands.
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Previous studies examining RSA and cortical activation have
been conducted at rest or have taken a task-based approach,
but few have looked at the metrics simultaneously across both
conditions. Of those that have measured RSA and cortical
activation simultaneously during tasks (e.g., the n-back task, a
speech stressor, a handgrip task, a working memory task), none
have used a task involving behavioral inhibition or cognitive
flexibility (Gianaros et al., 2004; Thayer et al., 2012; Jennings et al.,
2015), although a few have done so using RSA measurements
taken outside of the neuroimaging data collection session
(Matthews et al., 2004; Neumann et al., 2006; Jennings et al.,
2015). The present study used a task that is relevant to the
cognitive and behavioral processes implicated in the NVM to
determine whether CAN activity (i.e., pre-frontal activation) was
still indexed by RSA in this context. The predictive relationship of
RSA on mPFC activation during inhibition was not supported in
the present study, although a negative relationship was detected
at baseline. It is possible that although the relationship is negative
at rest, this transitions to a positive relationship during cognitive
tasks, as seen in the previous literature, but the behavioral
inhibition task used here was not challenging enough to elicit
these results. The discrepancy in these findings indicates the need
for further investigation of how the NVM applies across varying
contexts, as suggested by Jennings et al. (2015) and Smith et al.
(2017). It is possible that when CAN structures are recruited
for another task, as is the case with the PFC during the GNG,
the relationship between these structures and RSA becomes
irregular. Understanding this relationship has implications for
how behavioral inhibition and flexibility can be assessed through
these biological measures, with implications for identifying and
tracking inhibition and flexibility deficits.

Limitations
Although the present study adds to the literature on
neuroimaging and the NVM, some limitations should be
acknowledged. First, our final sample size (38 individuals) was
smaller than the target number recruited for the study (45)
due to data loss related to technical problems. Although this
sample size is comparable with similar studies (e.g., Chang
et al., 2013), we initially aimed for a larger sample to optimize
the fNIRS signal-to-noise ratio (Cui et al., 2011). The analyses
did not retain statistical significance after Holm-Bonferroni
correction for multiple comparisons was applied, although
they did at the uncorrected level and were consistent with
findings from previous studies. The sole reliance on p-values,
and consequently, the correcting of p-values, is cautioned by the
American Statistical Association (Wasserstein and Lazar, 2016).
However, the present findings provide preliminary evidence that
is incompatible with the null hypothesis that the relation between
RMSSD and O,Hb is non-existent (e.g., equal to 0), specifically
in the mPFC, a finding consistent with previous neuroimaging
literature evaluating the NVM. For this reason, continuing
to investigate the NVM using fNIRS thorough replications of
the present study with increased sample sizes and additional
cognitive tasks is warranted.

Additionally, neuroimaging using fNIRS is subject to inherent
limitations, which should also be considered in the present
study. Although fNIRS has increased spatial resolution to other

central nervous system measures, such as electroencephalogram,
the spatial resolution is limited compared with fMRI (Irani
et al., 2007). fNIRS channels measure cortical activation on
the order of centimeters over the cortex, imposing a relative
limit on the specificity of activation to certain cortical regions.
Additionally, {NIRS can only penetrate approximately 1 cm into
the cerebral cortex, limiting which neural structures can be
interrogated with this neuroimaging modality. For that reason,
subcortical structures in the CAN could not be targeted in the
present study. It was with this limitation in mind that hypotheses
were specifically written regarding the mPFC, allowing for a
component of the CAN to be assessed while taking advantage of
the flexibilities afforded by an fNIRS study (e.g., measuring brain
activation and RSA while sitting upright, as is more common in
resting-state psychophysiological assessment).

Further, the present analyses were largely based on previous
fMRI studies that examined the NVM through traditional
fMRI analysis procedures (Chang et al., 2013). Although these
methods are standard in the field, recent work suggests that
there are more advanced statistical approaches that can be
applied to imaging data. A majority of the fMRI literature
utilizes a summary statistic approach, wherein subject-level
regressions are conducted at the voxel level, and the summary
statistics (i.e., § estimates) resulting from these analyses are used
to conduct group-level analyses (Monti, 2011). The problem
with this approach is that it does not account for individual
variances from the subject-level equations when conducting
group-level analyses. More recently, fMRI researchers have
been advocating for the use of more comprehensive statistical
approaches, such as the “sufficient-summary-statistic approach”
(Dowding and Haufe, 2018) or the use of hierarchical/multilevel
mixed linear models (Chen et al, 2013). In the present
study, the analyses were intentionally modeled after previous
fMRI research because multiple hypotheses and corresponding
research design elements were already being introduced (e.g., the
use of fNIRS, adding multiple conditions to examine research
questions examining the NVM). However, more robust modeling
approaches should be considered when examining these research
questions moving forward.

Future Directions

In addition to the advanced statistical modeling approaches
mentioned earlier, several other methodologies should be used,
and other research questions pursued in relation to our findings.
First, PFC activation in relation to RSA should be assessed across
additional cognitive tasks related to behavioral inhibition and
cognitive flexibility. For example, in addition to replicating the
present study with more complex versions of the GNG task,
various versions of the Stroop Color-Word task could be used
to examine inhibition of cognitive interference (Scarpina and
Tagini, 2017) and other task-switching or set-shifting paradigms
(Dajani and Uddin, 2015). Although a relationship between
RSA and pre-frontal activation during the GNG task was not
found in the present study, it is possible that this could be
due to task demands. A simple version of the GNG was used,
which may not have required the mobilization of many cognitive
resources. With a task requiring a higher cognitive load, there
may be different results. For example, Gianaros et al. (2004)
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noted the use of increasingly complex working memory tasks in
their design, resulting in differences in the task-related findings.
The present study used a simple GNG design, as GNG tasks
with increased demands have been critiqued for drawing on
cognitive functions beyond behavior inhibition alone, which are
not as relevant to the NVM. However, assessing the relationship
between PFC activation and RSA across various aspects of
cognitive flexibility and at varying levels of a cognitive load
will help validate whether the biological principles behind the
NVM generalize across contexts. Such investigations could reveal
whether these metrics differentially relate to various components
of cognitive flexibility and have important implications for how
these biological metrics could be utilized for individuals with
deficits in cognitive flexibility.

CONCLUSION

The present study examined pre-frontal activation during
rest and a behavioral inhibition task through {NIRS, used
simultaneous assessment of neural and parasympathetic output
to improve upon prior evaluations of the NVM, and attempted
to relate task performance, neuroimaging, and RSA measures
during behavioral inhibition to deficits in other areas related
to behavioral and cognitive flexibility. The present findings not
only inform theoretical aspects of the NVM but also speak
to broader applications of the model to other domains of
functioning. From a methodological perspective, the present
study provides valuable information regarding the use of fNIRS
in conjunction with RSA to evaluate the NVM. The findings
using fNIRS are consistent with previous studies that have
used fMRI to investigate research questions surrounding the
model and behavior inhibition. Furthermore, the present study
indicates that fNIRS is a viable alternative to fMRI, which is
comparatively more cumbersome and expensive, in assessing
these research questions. From a theoretical perspective, the
present study provides information about the NVM beyond the
previous literature through assessment at baseline and during
behavior inhibition.

Specifically, the findings indicate that the relationship between
RSA and pre-frontal activation proposed in the model is likely
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