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UNDERSTANDING THE NEURAL MECHANSISMS OF AVERSIVE
PROCESSING USING FNIRS
AAYMA JAMIL
ABSTRACT

Functional near-infrared spectroscopy (fNIRS) provides a non-invasive approach to
investigate autonomic responses to various types of stimuli. The aim of this thesis is to
use fNIRS to evaluate the hemodynamic and physiological changes in response to
aversive and positive visual stimuli. The study suggests that aversive vs. positive stimuli
share a neural network composed of frontopolar cortex, prefrontal cortex (PFC), primary
and secondary somatosensory areas, and visual cortex. Physiological measure markers
such as heart rate variability (HRV), respiration, partial pressure of oxygen are expected
to yield differential outcomes in provide differential results in response to negative and

positive visual stimuli.
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INTRODUCTION
An aversive stimulus is a noxious or an unpleasant event that elicits withdrawal, avoidance
or escape behavior. These stimuli may be auditory, visual, tactile such as pain, or olfactory.
An individual’s ability to detect and respond to potentially aversive events in the
environment is thought to be an evolutionary mechanism of self-preservation during
potential danger. Much of our understanding of human aversive processing comes from
neuroimaging techniques (Hayes & Northoff, 2011). There are multiple methods to
measure brain structure and function, namely, magnetic resonance imaging (MRI),
electroencephalography (EEG), positron emission tomography (PET), etc. These have
provided for advancements in neurosciences, driven by measurements of brain structure
and morphology, brain activity in response to various stimuli (Xu et al., 2021; Yucel et
al., 2019), at rest (known as the resting-state brain) (Biswal et al., 1995), and following

pharmacological agents.

Commonly, aversive emotional processing is known to recruit subcortical areas such as the
amygdala, thalamus, striatum and periaqueductal grey areas (Carlezon & Thomas, 2009;
Michely et al., 2020). However, more recent studies on humans suggests a core network
involving prefrontal cortex, anterior cingulate cortex, and insula, is likely common to
various aversive modalities viz. tactile pain, visual, and so on (Hayes & Northoff, 2011).
Although, some studies also suggest the involvement of secondary motor area,

orbitofrontal cortex, and temporal gyrus regions (Hayes & Northoff, 2012).



The complexity of measuring state aversion — characterized by an acute emotional
response to a stimulus — may explain the discrepancies between studies. Aversive
processing is a subjective response that is based on an individual’s emotional reactivity,
perception, experiences, and emotional expression. Electrophysiological, and
neuroimaging tools are one-way to obtain objective surrogates of state aversion, since these
techniques can recognize the brain state with greater specificity and sensitivity (Xu et al.,

2021).

The advantages of techniques such as functional MRI or EEG is also that these techniques
have enabled investigation of aversive reactions, particularly to noxious stimuli, in
developmental neonates, children, adolescents and adults (Crawford et al., 2023; Li et al.,
2016). Though interpretation of pediatric data is more challenging than adults, the ability
to measure alterations in aversive and reward processing can help recognize developmental
abnormalities, and/or dysregulation in mood processing (Sava et al., 2009; van der Vaart
et al., 2022). Studies investigating attention deficit hyperactivity disorder (Van Dessel et
al., 2018), autism spectrum disorders (Corona et al., 1998; S. A. Green et al., 2015), and
anxiety (Grillon et al., 2009; Robinson et al., 2014), have reported dysregulation in various

aspects of aversive processing.

Not to mention, aversive stimuli also result in autonomic arousal, seen in the form of
physiological changes in skin conductance, heart rate, and breathing (Kyle & McNeil,

2014; Mériau et al., 2009), that may further influence neurovascular activity. For instance,



noxious tactile stimuli induction is associated with a sympathetic mediated cardiac
response, increased heart rate, muscle tension, pupil dilation amongst others (Kyle &
McNeil, 2014). The challenge, however, is that conventional imaging techniques such as
MRI and PET are often impractical, expensive, and only accessible in urban areas. They
are also not conducive for routine concurrent physiological monitoring. EEG, despite
having high temporal resolution and being portable, and cost-effective suffers from poor
spatial resolution and are easily altered due to physical movement leading to global artifacts
that are difficult to decipher (van der Vaart et al., 2022, Xu et al., 2021). Thus, there is a
need for a reliable alternative to fMRI that can (i) provide spatial specificity, and (ii) be
easily deployed in naturalistic settings to study the brain (iii) in parallel with autonomic
arousal during aversive states. The ability to objectively quantify brain state related to state
aversion could be useful both as a neuroinvestigative tool as well as potentially guide in
the diagnosis, prognosis and treatment of disorders involving affective-sensory

dysregulation.

Functional near-infrared spectroscopy (fNIRS) is a non-invasive brain imaging technique
based on the optical properties of hemoglobin molecules in the blood. Unlike other
neuroimaging methods in place, such a fMRI, or even PET, there are distinct advantages
of fNIRS. The method of fNIRS maps the neuronal activity changes depicting cerebral
blood flow and oxygenation levels. These responses are specifically known as
hemodynamic responses, which indirectly measure brain activity. The technique of using

near-infrared light through the scalp and skull, can measure the intensity of the light



absorbed by brain tissue. This absorption will infer with changes in blood oxygenation
levels, distinguishing neuronal activity in specific underlying brain regions (Gervain et al.,

2023).

FNIRS allows for high temporal resolution, allowing for real-time monitoring of brain
activity. The precision of this technique and feedback can be beneficial is measuring
cognitive process, such as comprehension, motor control, along with emotional processes
as well. Even though spatial resolution may not be as high as fMRI, it is sufficient for many
experimental and clinical paradigms (Karunakaran et al., 2021). Unlike fMRI, fNIRS
technology is portable, and can be used in a wide range of environments. The technology
aids to its versatility, along with the inexpensive financial cost (Yen et al., 2023). The non-
invasive approach is suitable for difficult populations to obtain data from, such as children
and patients with mobility issue. Unlike fNIRS however, fNIRS is limited to superficial
brain tissue for monitoring hemodynamic changes. For this reason, artifact secondary to
participant movement must be accounted for. Even with these limitations, fNIRS remains

a valuable tool for studying brain function (Ycel et al., 2015).

FNIRS is a rapidly expanding utility in all domains of neuroscience and clinical research.
There is an extensive record of its use in all age groups particularly infants, and pediatric
population not limiting to neurological conditions such as ADHD, Autism, Depression,
and mood disorders. Its widespread acceptability among researchers is likely due to its (a)

practical nature, (b) low susceptibility to head motion, (c) moderate spatial-resolution, and



(d) easy use and interpretation. Owing to these reasons, fNIRS could be a suitable modality
for understanding state aversion in both healthy and clinical cohorts (Gallagher et al., 2023;
Gervain et al., 2023; Gu et al., 2017; Ho et al., 2020; Husain et al., 2021; Lloyd-Fox et al.,

2014; Zhang & Roeyers, 2019).

Current literature on aversive stimuli using fNIRS is relatively limited. An olfaction study
reports deactivation of medial prefrontal cortex during exposure to unpleasant odor in
infants (Bartocci et al., 2001),whereas another fNIRS study evaluating bitter taste reports
(Gallagher et al., 2023; Gervain et al., 2023; Gu et al., 2017; Ho et al., 2020; Husain et al.,
2021; Lloyd-Fox et al., 2014; Zhang & Roeyers, 2019)activation of the ventral portion of
the anterior PFC (Minematsu et al., 2018).This is inconsistent with another study reporting
deactivation of PFC during unpleasant food taste when compared to pleasant food taste
(Hu et al., 2014). In contrast, fNIRS studies during aversive tactile stimuli such as
experimental pain are well reported. These studies have mapped areas of pain related
processing during experimental, clinical as well as chronic pain (Aasted et al., 2016; De
Oliveira Franco et al., 2022; Gracz, 1976; Komatsu et al., 2007; Kussman et al., 2016;
Peng, Deepti Karunakaran, et al., 2021; Peng, Karunakaran, et al., 2021; Zeng et al., 2023),
reporting consistent activation in both the PFC and the regions of the somatosensory cortex
during various types of pain stimulation (Yucel et al., 2019, Crawford et al., 2023;
Karunakaran et al., 2022). The primary somatosensory cortex (S1) region of the brain can
sense pain, locate pain, and encode the quality of pain, whereas the regions of the PFC

together with anterior cingulate cortex (ACC) is involved in the cognitive and emotional



appraisal of the pain stimuli, its conscious perception and modulation via descending pain

inhibitory pathways (Li et al., 2016).

Sensitivity arises in perception of pain intensity as well, as there are variations depending
on acute or repeated stimuli (Crawford et al., 2023). Sub portions of PFC are associated
with memory and attentiveness, along with physiological changes noted in these regions
due to various stimuli (Li et al., 2016). In response to painful stimuli specifically, increased
activity was shown in certain regions of PFC (dorsolateral PFC) (Crawford et al., 2023)
while deactivation is reported in others, such as frontopolar cortex (Blin et al., 1983). These
findings underscore the potential of fNIRS in providing objective surrogates of pain for
diagnosis and treatment as (i) it is consistent with fMRI studies describing the pain network
(Wager et al., 2013), (ii) it is attenuated following opioids (Blin et al., 1983), and (iii) have
been reproduced across multiple studies, age groups, experimental conditions (Gracz,

1976; Karunakaran et al., 2023; Mannerfelt, 1968; Peng, Deepti Karunakaran, et al., 2021).

Even with rising studies and research on this topic, pain continues to be a subjective
phenomenon with no gold standard for objective assessments. Therefore, targeted pain
treatment is still in its infancy. Addressing the gaps in neuroimaging literature of portable

brain-based assessment of pain would first require a thorough investigation of the

specificity of these brain measures during pain vs. non-painful stimuli, which includes

understanding the common and distinct neural substrates of aversive noxious (pain) vs.




aversive non-sensory stimuli (visual, olfactory or another modality that may induce

unpleasant emotions and avoidance behavior).

Existing studies on aversive processing are primarily performed using fMRI during
viewing of unpleasant images with various levels of hedonic valence, emotional arousal,
and dominance scores. fMRI studies indicate that exposure to aversive stimuli, unpleasant
vs. pleasant, results with different activation patterns across various brain regions. Firstly,
it has shown an elevated deactivation of PFC during aversive stimuli. This could imply
diminished cognitive processing, or regulation of emotions (Aldhafeeri et al., 2012). On
contrary, there is an increased activation in response to positive visual stimuli, signifying
increased cognitive processing, or positive emotional appraisal (Hayes & Northoff, 2012;
Wilson et al., 2020). In addition to the PFC, the somatosensory cortex resulted in elevated
activation during aversive stimuli, indicating increased somatosensory processing
associated with perception of pain (Becerra et al., 2009; Wilson et al., 2020). In conjunction
to this findings, neuronal processing is prioritized, or enhanced, during aversive stimuli
rather than positive stimuli. Other regions, such as supplementary motor area and visual
cortex, demonstrated elevated and reduced activation in response to emotionally
unpleasant vs. pleasant stimuli, respectfully. Visual cortex perhaps indicated increased or
decreased attentive engagement (Ceko et al., 2022; Wilson et al., 2020). In conclusion,
fMRI results help explain neural mechanisms distinguishing differential responses of the

PFC, somatosensory cortex, supplementary motor visual area, and visual cortex to both



aversive versus pleasant visual stimuli (Aldhafeeri et al., 2012; Ceko et al., 2022; Wilson

et al., 2020).

Collectively, these studies suggest both common and unique brain networks in the
subjective experience of aversive unpleasant visual stimuli in relation to other modalities
such as tactile or olfaction. However, there has not been any formal investigation of these
models using fNIRS, that are required to produce fNIRS-based predictive markers of pain,
emotion, or sensory dysfunction. Thus, in this study we propose to use multimodal fNIRS
to investigate the neurovascular and physiological substrates of aversive stimuli,
particularly visual stimuli, in comparison with non-aversive visual stimuli. Though fMRI
studies also report the involvement of subcortical areas, the fNIRS technique is limited to
the superficial layers of the cortex (<1cm). Therefore, the objectives of this thesis is to (i)
establish the feasibility of fNIRS augmented with systemic physiology measures for the
study of pleasant and unpleasant visual processing, (ii) determine whether fNIRS-based
cortical measures of visual aversion are consistent with fMRI-based cortical measures of
visual aversion, and (iii) describe the differences in cortical activity during aversive stimuli

vs. cortical activity during aversive pain stimuli reported in the literature.



SPECIFIC AIMS

The objectives of this thesis are to,

Aim 1: Quantify the neurovascular response to aversive visual vs. non-aversive visual
stimulation in a pilot sample of healthy adults using multimodal fNIRS.

Aim 2: Investigate the autonomic changes during the viewing of aversive visual vs. non-

aversive visual stimulation using multimodal fNIRS.

Our working hypotheses have many elements. (a) We hypothesize that there exists
a common neural network involving the regions of the frontopolar cortex, dorsal and
ventral prefrontal cortex, the somatosensory cortex and secondary somatosensory areas,
among other regions, that form the basis for processing aversive stimuli of tactile, visual,
auditory or other origin when compared to non-aversive/neutral stimuli. (b) Specific spatial
and temporal characteristics of these brain regions may encode the stimulus-specific
aversive response. (c) Dissociation between medial frontopolar cortex and S1 regions is
anticipated to correspond with negative affect. (d) Physiological indicators such as heart
rate variability, respiration, and partial pressure of oxygen increase in response to negative

stimuli.

Primary Outcome Measures: (a) Relative changes in oxy-hemoglobin concentration

following task (hemodynamic response) between painful aversive vs. non-painful aversive
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stimuli. (b) Heart rate variability measured using R-R tachogram, respiration rate and heart
rate between painful aversive vs. non-painful aversive stimuli.

Secondary Qutcome Measures: Patterns of fNIRS co-activation between PFC and S1.
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METHODS
PARTICIPANTS
Healthy volunteers were recruited by postings via bulletin boards in the hospital testing
campus, email, and word of mouth. Inclusion criteria included individuals between 18-70
years of age, males and females, and right-handed. Individuals were excluded if they had
significant medical disorders, such as diabetes, cardiac disease, autism, developmental
delay, or cancer (Karunakaran et al., 2023). Individuals with structural brain disorders or
neurological conditions, such as seizure disorders, prior brain or spinal cord surgery, brain
tumors, or genetic disorders affecting brain structure were also excluded. Subjects who
could not provide reliable NIRS measures in the initial signal test and were unable to keep
their head still for a period of 200 consecutive seconds were also excluded. Each participant
was debriefed on the nature of the study, its experimental paradigms, and associated risks
prior to obtaining written informed consent from participants. All study procedures were
approved by the Institutional Review Board (IRB) of the Massachusetts General Hospital,

Boston, Massachusetts.

FNIRS SETUP AND ACQUISITION
After providing written informed consent, subjects were asked to fill out a Pain
Catastrophizing and Fear of Pain (FPQ-III) survey (Di Tella et al., 2019; Leung, 2012;
Sullivan et al., 1995). Following which, the fNIRS device was setup starting with
positioning of the probe on the subject’s head (using an elastic cap similar to an

electroencephalography/EEG cap) holding the optical sensors (“optodes™). A state of the
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art, portable fNIRS system, NIRSport2 (NIRx Inc), was used to collect concurrent changes
in cortical hemodynamics and physiology. The NIRSport2 by NIRX is a wearable, wireless,
light-emitting diode (LED) based continuous wave fNIRS device with the ability to obtain
concurrent changes in physiological measures such as heart rate, respiration etc. It has 16
sources and 16 detectors, combined weighing less than one kg. The system emits non-
ionizing light at wavelengths of 760 and 850 nm. Optodes were affixed to the subject’s
scalp using an elastic cap such that the sensors were positioned at the front (just above the
eyebrows) covering the medial frontopolar cortex (Brodmann area 10), while those at the
rear were positioned atop the head (over the somatosensory cortex) and the back of the
head (covering the visual cortex). Figure 1 shows the locations of the optodes (sources in
red and detectors in blue) on a 10-20 EEG system. The black lines denote the 47 channels
measured (pair of source-detector). Additionally, the system incorporates 8 short-distance
detectors for measuring extra-cerebral signals and 9-axis accelerometers to monitor head
movement. Short-separation detectors are placed at close proximity to the source (~ 0.8cm)
and are indicated by the blue circles surrounding the sources (Figure 1). Variable tension
spring holders were utilized to ensure optimal scalp coupling, effectively minimizing noise
artifacts arising from differences in scalp hair density. Furthermore, it includes an auxiliary
module called NIRXWINGS, which enables the measurement of physiological changes via
pulse oximetry, and respiration via two electrodes placed below the clavicle and a ground
sensor to the elbow. Each subject’s physiological data included photoplethysmography
(PPG), electrocardiography (ECG), heart rate, partial pressure of oxygen, and respiration

rate. The pulse oximeter was placed on the subject’s distal finger, measuring oxygen
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saturation, heart rate, and photoplethysmography. Bioimpedance-based respiration sensors

(like ECG) were placed bilaterally on the chest, measuring respirations and ECG as well.
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Figure 1. Optode Configuration showing the locations of the sources (Red), detectors
(blue), channels i.e., pairs of source and detectors (black) and short-separation detectors
(blue circle) on a 10-20 EEG system. The cortical regions are shown by the 10-20 EEG

labels, where the anterior most source is placed on Fpz (frontopolar cortex), superior
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most source on Cpz (posterior to central sulcus corresponding to somatosensory cortex)

and posterior most source is placed on Oz (primary visual cortex).

TASK PARADIGM
All healthy participants completed the same experimental procedure as follows: 600
seconds of Resting-state sessions (first five minutes with eyes open and next five minutes
with eyes close randomized between the participants) and 660 seconds of aversive visual
paradigm. The study was conducted in a dark room, to reduce any interference in the NIRS
signal emerging from ambient lighting of the room. A key aspect of studying aversive
processing using fNIRS is the selection of experimental stimuli. Emotional stimuli
present with emotional valence, positive or negative, type of stimuli, which an arousal
score can reveal the level of activation in specific regions being processed (Xu et al,,
2021; Yiicel et al., 2015). Thus, during the aversive task, the subjects were presented with
visual images from the International Affective Picture System (IAPS) that were classified
as either aversive or positive based on their emotional valence and arousal scores. The
paradigm is shown in Figure 2, where the scan started with 5 seconds of checkerboard
image, then 5 blocks of 21 seconds of visual images (comprised of 7 images each presented
for 3 second duration). This was followed by a second checkerboard image, and another 5
blocks of 21 seconds of visual images (comprised of 7 images each presented for 3 second
duration). All visual stimuli (either checkboard or images) were alternated with 15 seconds
of rest. The order of the visual blocks (5 blocks of aversive followed by 5 blocks of positive

or vice versa) were randomized across participants to account for order effects. Images
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were presented using Psychopy toolbox, and a stimuli marker timestamping each trial was
sent to the NIRS acquisition software (Aurora) using a lab stream layer. Aversive images
were characterized as images having an emotional valence > 5 & emotional arousal > 5.

Whereas positive images were characterized as having emotional valence <3 and emotional

arousal > 5.
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Figure 2. Experimental task paradigm. Green/Red blocks indicate periods of visual
stimuli each lasting for 21 seconds comprising of seven 3 second images. If aversive
images were presented first (green blocks), then the positive images were presented in
the second half (red blocks), vice versa. The blocks were alternated with 15 seconds of

rest durations.

FNIRS PREPROCESSING
The fNIRS data from the brain was collected at a sampling frequency of 5.08 Hz (sampling

period of 0.1966 seconds), whereas the physiological data were collected at a sampling
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frequency of 500 Hz. Quality control evaluation and preprocessing were conducted using
the publicly available MATLAB platform (Mathworks, Natick, MA), along with the
HOMER?2 toolbox. Initially, the raw NIRS signals were converted into changes in optical
density. High frequency motion artifacts and physiological noise were limited by
performing band-pass filtering at 0.01-0.2 Hz using a third order Butterworth filter. The
filtered optical density data was further transformed into alterations in oxygenated
hemoglobin (AHbO) and deoxygenated hemoglobin (A HbR) using the Modified Beer-
Lambert Law (MBLL) (Ycel et al., 2014) . Following which, the average signal from all
short-separation channels were regression from each of the 47 channels measuring
hemodynamic activity from the cortex. A third order polynomial regression was finally

performed to reduce linear and non-linear trends in the data.

FNIRS ANALYSIS
The acute response to stimuli was accessed by analyzing block-averaged hemodynamic
responses by analyzing block-averaged HDRs. A block was defined as the 4.5 seconds
prior to a stimulus, 21 seconds of the stimulus and the 20 seconds following the stimulus
(total duration of 46.5 seconds). Average changes in A HbO were calculated for aversive
vs. positive visual stimuli in each participant. Characteristics of HDR, including peak
amplitude for S1, precuneus and V1, and nadir (i.e. decrease in magnitude) for PFC
regions, were quantified from these responses. Physiological data such as HRV and
respiration, collected concurrently with fNIRS data, will undergo analysis using MATLAB

for all participants. The alterations in the heart rate variability derived from the PPG signal
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were analyzed using the HRVTool (Vollmer, 2019). The resulting R-R tachogram was
compared between the 160 seconds of aversive vs. positive visual blocks. Additional
measures of HRV in the time domain included RMSSD, pNN50, and SDNN (see Table
3). Respiration rate during aversive vs. positive visual tasks was determined by plotting the

power spectral density of the respiration signal in the frequency domain.

STATISTICAL ANALYSIS
Maximum increase in AHbO concentration of S1, precuneus and visual cortex in the 5 to
20 seconds of task stimuli were compared between positive vs. aversive stimuli. Similarly,
the maximum decrease in AHbO concentration of medial PFC, DMPFC and other PFC
regions were compared between positive vs. aversive stimuli. Additionally, the difference
in magnitude of S1 response with dorsomedial PFC within each hemisphere was compared
between the two task conditions. All within-subject comparisons were performed using a

Paired sample t-test with a significance level of p<0.05.
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RESULTS
PARTICIPANTS
A total of three healthy right-handed adults (42.6+4.7 years, 1 female) completed the study.
The participants completed a fear of pain and pain catastrophizing questionnaire, 6 minutes
of resting-state scan and 10 minutes of affective visual paradigm. Only the brain
hemodynamic activity was recorded for all three participants. The brain hemodynamic
changes and the concurrent changes in cardiac and respiratory activity was collected for

one participant. Table 1 shows a summary of the demographics of the subjects.

SUBJECT AGE SEX ETHNICITY FEAR OF PAIN
(YEARYS) PAIN CATASTROPHIZING
(OUT OF (0-52)
100)
001 39 F Asian 49 3
002 41 M Caucasian 45 23
003 48 M Caucasian

Table 1. Subject characteristics

AVERSIVE/NEGATIVE VISUAL STIMULI
The average hemodynamic response defined as the oxy-hemoglobin concentration change
following a stimulus was calculated by averaging the DHbO timeseries across all

trials/blocks of a task condition (aversive/positive) in each subject. A block was defined as
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the 4.5 seconds prior to a stimulus, 21 seconds of the stimulus and the 20 seconds following
the stimulus (total duration of 46.5 seconds). There was a total of 5 blocks for each aversive
and positive visual conditions. The average HDR to aversive visual stimulation was
quantified from four cortical areas, bilateral medial PFC (S5-D3, S5-D6), bilateral S1 (S10-
D08 and S11-D09), medial precuneus (S09-D13) and bilateral V1 (S16-D14 and S16-D15).
The average HDR (Figure 3) to aversive stimuli was both anatomically and temporally
distinct across the brain regions. Bilateral medial PFC channels corresponding to the
frontopolar cortex/Brodmann Area 10 exhibited a decrease in DHbO concentration during
the viewing of emotionally arousing unpleasant images. The HDR begins to approach
baseline levels DHbO after the completion of the task (at ~21 secs). In contrast, bilateral
S1 channels corresponding to the medial primary and secondary somatosensory cortices
activated i.e., increased during the viewing of painful unpleasant images. Medial
precuneus, corresponding to the medial parietal cortex (Pz on the EEG 10-10) also showed
a sustained activation to images portraying painful, unpleasant events. Lastly, as expected,

bilateral primary visual cortices activated during the visual task.
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Average Hemodynamic Response To Aversive Images
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Figure 3: Average cortical hemodynamic response to aversive visual stimulation in 3
healthy adults. The regions shown include bilateral medial prefrontal cortex (medial
PFC in orange), bilateral mediolateral primary somatosensory cortex (Mediolateral S1
in green), Medial Precuneus (violet), and bilateral primary visual cortex (V1 in blue).
The corresponding cortical regions are highlight on the adjacent optode brain map.
The start and end of the visual stimuli, presented as a series of seven images for 3

second durations, is indicated by the dashed lines (total of 21 secs).
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POSITIVE VISUAL STIMULI
Similar to the aversive visual stimuli, a block-averaging technique was repeated to quantify
the HDR to emotionally positive images from four cortical areas, bilateral medial PFC (S5-
D3, S5-D6), bilateral S1 (S10-D08 and S11-D09), medial precuneus (S09-D13) and
bilateral V1 (S16-D14 and S16-D15). The average HDR to positive stimuli (Figure 4) was
comparable to aversive stimuli but at a lower amplitude. Bilateral medial PFC channels
corresponding to the frontopolar cortex/Brodmann Area 10 exhibited a decrease in DHbO
concentration, whereas the bilateral S1 channels exhibited an increase during the viewing
of positive images. Medial precuneus, corresponding to the medial parietal cortex (Pz on
the EEG 10-10) as well as the bilateral V1 regions showed a sustained activation to the

visual task.
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Average Hemodynamic Response To Positive Images
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Figure 4: Average cortical hemodynamic response to positive visual stimulation in 3
healthy adults. The regions shown include bilateral medial prefrontal cortex (medial
PFC in orange), bilateral mediolateral primary somatosensory cortex (Mediolateral S1
in green), Medial Precuneus (violet), and bilateral primary visual cortex (V1 in blue).
The corresponding cortical regions are highlight on the adjacent optode brain map.
The start and end of the visual stimuli, presented as a series of seven images for 3

second durations, is indicated by the dashed lines (total of 21 secs).

DISTINCT AVERSIVE VS. POSITIVE VISUAL PROCESSING
Comparing the HDR between the two visual tasks (aversive vs. positive) showed amplitude

differences in the bilateral medial dorsal PFC (DMPFC) and bilateral mediolateral S1.
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Specifically, the aversive stimuli depicting painful events were associated with a greater
activation in S1 (for e.g., max DHbO concentration of 0.1 mM during aversive stimuli as
opposed to 0.04 mM during positive stimuli in the left S1 region, see Figure 5A). A paired
sample t-test comparing the maximum DHbO concentration in the 10 to 20 seconds of
aversive stimulation in the left S1 when compared to left S1 response during positive
stimulation showed a statistically greater response to aversive images (p=0.023, Cohen’s
d=3.7, large effect). Statistical results of other regions are summarized in Table 2. Though
not significant at p<0.05, the activity in the DMPFC (more dorsal to the medial PFC
described in Figure 2 and 3) showed greater deactivation during aversive images as

opposed to positive images (Figure 4A).
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A) Average Hemodynamic Response To Aversive vs. Positive Images
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Figure 5. (A) Average cortical hemodynamic response to aversive vs. positive visual

stimulation in 3 healthy adults. The regions shown include bilateral dorsomedial PFC
(DMPFC in orange), and bilateral mediolateral primary somatosensory cortex
(Mediolateral S1 in green). The corresponding cortical regions are highlighted on the
adjacent optode brain map. The start and end of the visual stimuli, presented as a
series of seven images for 3 second durations, is indicated by the dashed lines (total of
21 secs). B) Comparing the relationship between left DMPFC and left S1 response
during aversive (black) vs. positive visual stimulation (blue). The solid line represents

DMPFC, and dashed lines represent S1 regions, respectively.

Further comparing the relationship between the two regions (DMPFC and S1) showed a

greater dissociation or difference between them during aversive condition that was absent
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or negligible in the positive condition (Figure 5B). Therefore, emotionally unpleasant
images may not only result in greater activity in the cortical areas associated with affective-
pain processing but may also affect their interaction. Although, paired sample t-tests
comparing the D (S1-DMPFC) didn’t show any significant effects at p<0.05, the Cohen’s

d measure indicated a large effect (Table 2), suggesting a large sample may capture these

effects.
Metric T-Stat P-Value Cohen’s d Effect

Size

Min DHbO: L.DMPFC -1.144 0.371 0.660
Min DHbO: R.DMPFC -0.904 0.461 0.522
Max DHbO: L.S1 6.414 0.023 3.703
Max DHbO: R.S1 1.416 0.279 0.847

D (L.S1-L.DMPFC) 2.39 0.1393 0.847

D (R.SI-R.DMPFC) 1.106 0.383 0.847

Table 2. Statistical summary comparing hemodynamic features during aversive vs.

positive visual tasks using a paired sample t-test (n=3)
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PHYSIOLOGICAL CHANGES DURING AVERSIVE PROCESSING: A CASE
STUDY
Due to technical errors in the device, concurrent changes in physiological and cortical
states were record in only one out of the three subjects (S003). These measures included
photoplethysmography (PPG), electrocardiography, heart rate, partial pressure of oxygen,
and respiration. The average heart rate during the aversive task period (~160 seconds) was
compared with the average heart rate during the positive task period (~160 seconds). As
seen in Figure 6, both tasks were associated with a similar mean heart rate of 61 to 62.5
beats per minute. However, using the PPG signal, the R-R tachogram, which is the time
interval between the R-to-R peaks in the QRS response, was quantified. R-R tachogram
represents the heart rate variability (HRV) in seconds (Figure 6B). Interestingly, the HRV
measures were much greater during the aversive task period as opposed to the positive task
condition, suggesting the heart rhythm was more variable and perhaps erratic during the

viewing of emotional triggering images.
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B) R-R Tachogram during Aversive vs. Positive Visual Stimulation
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Figure 6. (A) Average heart rate during ~160 seconds of aversive vs. positive visual

stimulation in a healthy 48-year-old male. The error bar represents the standard

deviation of heart rate during the 160 seconds of task. (B) R-R Tachogram

representing the R-R interval during the 160 seconds is shown for aversive (blue) and

positive (red) visual tasks.

Additionally, time-domain measures of HRV were quantified for each of the task

phases. These included the standard deviation of the normal sinus R-R timeseries (SDNN),

root mean square of successive differences between heart beats (RMSSD), and percentage

of adjacent NN (i.e., RR intervals) that differ from each other by more than 50 secs (See

Table 3). Lastly comparing the respiration rate between the two task conditions using a

power spectrum analysis showed that the respiration rate was consistent between the two

tasks (at approx. 0.2 Hz, which is 12 breaths per minute shown in Figure 7).
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METRIC AVERSIVE POSITIVE DESCRIPTION

SDNN (msec) 36.890 39.309 Standard deviation of the normal
sinus-initiated R-R inter beat interval.
RMSSD (msec) 36.472 33.835 The beat-to-beat variance in HR
reflecting vagally mediated changes.
pNNS50 (%) 16.107 16.774 Percentage of adjacent NN intervals
that differ from each other by more

than 50 msec.

Table 3. Time-domain HRV metrics during aversive and positive visual stimulation
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Figure 7. Power spectral density of the respiration signal. The error bar represents the

standard deviation of heart rate during the 160 seconds of task. (B) R-R Tachogram
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representing the R-R interval during the 160 seconds is shown for aversive (blue) and

positive (red) visual tasks.
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DISCUSSION
In this pilot sample, aversive stimuli depicting unpleasant, gory and painful images,
triggered heightened activation in bilateral medial primary and secondary somatosensory
(S1), medial precuneus and visual cortex (Gordon et al., 1985; Pessoa & Ungerleider,
2004). The outcomes of this investigation corroborate prior research, indicating the
involvement of cortical regions during viewing of unpleasant images (Gerdes et al., 2010;
Hayes & Northoff, 2011). Both positive and aversive visual stimulation recruit common
cortical areas that are related to emotional-pain processing as well as visual processing
(Aasted et al., 2016; Yiicel et al., 2015). The PFC areas likely process visual images based
on its emotional valence, negative or positive, and levels of arousal low to high (Li et al.,
2016). Subregions within the PFC, for example dorsomedial PFC and frontopolar cortex,
including Brodmann Area 10, are thought to play a role in subjective appraisal, cognitive
control, empathy and anticipation (Macpherson, 1965). The primary visual cortex
processes visual information particularly sensitive to arousing information independent of
the emotional valence (pleasant or unpleasant), as seen through our results (Becerra et al.,
2009; Gerdes et al., 2010). The precuneus is thought to deploy attention to and away from
images depending on its interaction with amygdala and prefrontal cortex. This explains the
greater mean oxy-hemoglobin concentration change we observe during unpleasant images
relative to pleasant images due to greater number of arousing regions in unpleasant images-
Interestingly, aversive when compared to positive stimuli resulted in increased activation
in S1, depicting differential neural responses to varying emotional valences. The channels

in the primary somatosensory cortex intersecting with the secondary somatosensory cortex
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and parietal cortex, has also demonstrated involvement in emotional (Kropf et al., 2019).
Certain regions are recognized for their significant role in each stage of emotional
processing and regulation (Kropf et al., 2019) including the identification, generation and

regulation of emtoional states.

DISSOCIATION BETWEEN PFC AND S1 DURING AVERSIVE STIMULI
Further processing of results revealed differences in the DMPFC and mediolateral S1
regions between aversive and positive visual stimuli. Both S1 and mPFC regions presented
with greater activation to aversive vs. positive stimuli. Specifically, a greater dissociation
or contrast was observed between the two regions during the viewing of unpleasant visual
images portraying painful events emphasizing distinct cortical interactions to different
emotional stimuli. The findings revealed heightened deactivation in the dorsomedial PFC
during the appraisal of negative images, coupled with activation of the S1 and precuneus,
which are linked to sensory-emotional regulation and attention (Peng, Deepti Karunakaran,
et al., 2021). This pattern may suggest increased attention directed towards negatively
charged images compared to positive or neutral ones. This effect correlates with previous
research displaying the processing of other modalities of aversive stimuli viz. pain in PFC,
dorsolateral prefrontal cortex (DLPFC) and S1 (Becerra et al., 2009; S. Green et al., 2022;
Kenney & Ganta, 2014). This observation aligns with our hypothesis that aversive stimuli,

irrespective of the modality, recruit a core network of brain regions.
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These activation patterns within the DMPFC and precuneus offer valuable insights into the
neural fundamental mechanisms within the evaluation and processing of emotional stimuli.
Furthermore, they highlight the significance of these cortical areas in modulating
attentional mechanisms and executive functions within the context of emotional
perception. The collaboration of findings from different studies enhances our
understanding of the complete neural network involved in emotional processing and
cognitive regulation, depicting key regions in experimental and regulatory aspects of visual

emotional responses.

SOMATOSENSORY CORTEX AND EMOTIONAL PROCESSINGAdditionally,
considering the aversive images were painful events, the increased somatosensory
activation (associated with sensory discriminative processing) in combination with greater
deactivation of medial PFC (Figure 2, associated with cognitive modulation) may be a
result of increased pain perceived during the viewing of images (Crawford et al., 2023).
Aversive images, especially depicting painful, bloody, and gruesome events, are expected
to induce feelings of perceived pain or threat, as well as increased attention (Branco et al.,
2023). The observed simultaneous increase in somatosensory activation and decrease in
medial PFC activity could indicate an intensified perception of pain or threat while viewing
emotionally challenging images, especially those portraying gruesome or distressing
events. (Kropf et al., 2019; Branco et al., 2023). This suggests a complex interaction
between sensory processing and emotional evaluation, demonstrating the brain's tendency

to prioritize the processing of significant and potentially threatening stimuli.
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The findings suggest a profound integration between emotional and sensory processing
mechanisms in response to aversive stimuli, particularly those depicting painful events.
The heightened activation observed in the somatosensory cortex implies an intensified
sensory discriminative processing, indicating a heightened sensitivity to the emotional
content of the images (Kropf et al., 2019; Crawford et al., 2023). This heightened activation
is coupled with a simultaneous deactivation of the medial PFC, a region associated with
cognitive modulation, suggesting a shift towards more primitive, instinctual responses to

the perceived threat or pain (Kropf et al., 2019; Crawford et al., 2023).

The heightened engagement induced by aversive stimuli offers significant emotional
context in sensory experiences, providing valuable insights into the neural mechanisms
underlying pain perception and emotional processing (Kropf et al., 2019; Branco et al.,
2023). These findings contribute to a deeper understanding of how the brain integrates
sensory and emotional information to generate subjective experiences of pain and threat,
highlighting the intricate interplay between cortical regions involved in sensory

discrimination and emotional regulation.

HEART RATE VARIABILITY

Heart rate variability is higher in aversive condition compared to positive visual condition.
It is likely that emotionally aversive images trigger a parasympathetic response in the

autonomic system: emotional arousal and physiological activity as a sequel to the stimuli.
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It also describes the subject’s affective perception: cognitive and physiological states’
correspondence (Loggia et al., 2011; Van Der Vaart et al., 2022). Further work is required
to understand how the cortical state relates to the autonomic state. Perhaps emphasis on a
coupling analysis between the two is necessary, in order to distinguish the underlying

dynamics of emotional processing with aversive stimuli.

The presence of visible differences in heart rate variability during aversive and positive
conditions suggests a more complex autonomic response to emotionally striking images.
Specifically, the presentation of aversive stimuli involves a parasympathetic response of
the autonomic nervous system, which can reflect an increase in emotional arousal and
physiological reactivity to the stimuli (Loggia et al., 2011; Van Der Vaart et al., 2022).
Heart rate exhibits strong correlation to affective valence among autonomic responses.
Previously, studies has shown a reduced HRV in response to aversive stimuli, while
positive stimuli resulted in reduced heart rate initially, with a slight increase followed by
decrease (Wilson et al., 2020). Our results exhibited greater HRV for positive stimuli,

therefore indicating a greater correlation to emotional valence during positive stimuli.

While the clarification of the autonomic basis for emotional perception contributes to the
understanding of the complicated relationships between cognitive and physiological
processes involved in the experience, the implications of these findings are not limited to
this observation. Thus, based on the results of the pilot study, one can claim that the cortical

states need to be studied further in their relationship to the autonomic responses. Further
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developments should create multiple levels of assessment in the emotional process (Loggia

etal., 2011; Van Der Vaart et al., 2022).

IMPLICATIONS OF FINDINGS
The findings of this study carry significant implications for our understanding of emotional
processing mechanisms, particularly in the area of pain perception and emotional
regulation (Loggia et al., 2011; Kropf et al., 2019; Branco et al., 2023). By clarifying the
neural responses involved in emotional visual processing, these results could provide
valuable insights for developing targeted interventions aimed at addressing conditions
characterized by abnormal emotional responses or heightened sensitivity to pain. (Loggia
etal., 2011; Kropf et al., 2019; Branco et al., 2023). Understanding the complex interaction
between the somatosensory cortex and emotional processing regions such as the medial
prefrontal cortex, provide a deepened understanding into potential therapeutic targets for

modulating pain perception and emotional distress (Kropf et al., 2019; Branco et al., 2023).

Furthermore, the varying responses seen in the brain and autonomic nervous system when
exposed to negative versus positive stimuli highlight the importance of taking emotional
context into account when evaluating and treating emotional disorders and conditions
related to pain. Furthermore, these findings highlight the importance of adopting a
comprehensive approach that integrates neural and physiological markers to advance our
understanding and management of emotional experiences and pain perception (Loggia et

al., 2011; Branco et al., 2023; Di Tella et al., 2019).
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LIMITATIONS
Several limitations should be acknowledged in our study. Firstly, the small sample size
restricts the generalizability of our findings and necessitates caution in interpreting the
results (Sen et al., 2020). Secondly, technical limitations, such as the limited penetration
depth of fNIRS, restrict our ability to capture deeper brain structures involved in emotional
processing, such as the amygdala (Aasted et al., 2015). Thirdly, our study was limited to
superficial layers of the cortex, particularly the anterior regions, potentially overlooking
deeper cortical structures crucial for emotional processing including insula and anterior

cingulate cortex.

Furthermore, the use of randomly selected images depicting situations of emotional
valence and arousal >5 introduces variability in the perception of aversiveness across
participants, which may confound the results (Branco et al., 2023). Additionally, reflective
differences in individual perceptions of aversiveness were not systematically accounted
for, potentially influencing the observed cortical and physiological responses (Sullivan et
al., 1995). Nevertheless, it is crucial to acknowledge the limitations of our study, including
the small sample size and the lack of diversity in participant characteristics. Future research
with larger and more diverse samples is necessary to validate and expand upon our findings
(Van Der Vaart et al., 2022). Moreover, incorporating advanced analytical and statistical
techniques may further elucidate the complex relationships between cortical and

physiological responses to emotional stimuli (Butler et al., 2018; Stuart et al., 2019).
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CONCLUSION
The outcomes of this study unveil the intricate neural and physiological mechanisms
involved in processing aversive and positive visual stimuli. Through the integration of
fNIRS with measures of cardiac and respiratory activity, we sought to elucidate the

complex interplay between cortical and autonomic responses to emotional stimuli.

Our investigation uncovered distinct cortical activation patterns in response to aversive and
positive stimuli across various brain regions, consistent with prior research (Aasted et al.,
2016; Branco et al., 2023). Aversive stimuli evoked heightened activation in regions
associated with emotional processing and pain perception, such as the bilateral medial
primary and secondary somatosensory cortices (S1) and the medial precuneus (Crawford
et al., 2023; Dowling, 1983). On the contrary, positive stimuli were linked to lower
negative activation in the medial prefrontal cortex (PFC) and lower positive activation in
S1, indicating differential neural responses to varying emotional valences and degrees of

arousal (Kropf et al., 2019).

Moreover, our analysis revealed significant amplitude differences in the dorsomedial PFC
(DMPFC) and mediolateral S1 between aversive and positive stimuli, underscoring the
distinct role of cortical regions with overlapping functional states (Peng et al., 2018). The

heightened activation in S1 during aversive stimuli suggests its pivotal role in processing
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aversive emotional experiences, while the differential activity in DMPFC suggests its

involvement in emotion regulation processes (Li et al., 2016).

Additionally, our investigation explored physiological changes during aversive processing
in a case study. We observed increased heart rate variability (HRV) during aversive tasks,
indicating heightened physiological arousal during exposure to emotionally triggering
stimuli (Loggia et al., 2011). This highlights the intricate interplay between cortical and
autonomic responses to emotional stimuli, emphasizing the holistic nature of emotional

processing. (Loggia et al., 2011).

Nevertheless, it is crucial to acknowledge the limitations of our study, including the small
sample size and the lack of diversity in participant characteristics. Future research with
larger and more diverse samples is necessary to validate and expand upon our findings
(Van Der Vaart et al., 2022). Moreover, incorporating advanced statistical techniques and
machine learning algorithms may further elucidate the complex relationships between
cortical and physiological responses to emotional stimuli (Butler et al., 2018; Stuart et al.,

2019).

In conclusion, our study offers valuable insights into the neural and physiological
substrates of emotional processing, laying the foundation for further investigations into the
neural basis of emotion regulation and the development of targeted interventions for

emotional well-being and pain management (Sen et al., 2020; Zhou et al., 2021). By



39

advancing our understanding of these mechanisms, we may ultimately contribute to
improving the assessment and treatment of emotional disorders and chronic pain

conditions.



40

BIBLIOGRAPHY

Aasted, C. M., Yicel, M. A., Cooper, R. J., Dubb, J., Tsuzuki, D., Becerra, L., Petkov,
M. P., Borsook, D., Dan, I., & Boas, D. A. (2015). Anatomical guidance for
functional near-infrared spectroscopy: AtlasViewer tutorial. Neurophotonics,
2(2), 020801. https://doi.org/10.1117/1.NPh.2.2.020801

Aasted, C. M., Yucel, M. A,, Steele, S. C., Peng, K., Boas, D. A., Becerra, L., &
Borsook, D. (2016). Frontal Lobe Hemodynamic Responses to Painful
Stimulation: A Potential Brain Marker of Nociception. PloS One, 11(11),
e0165226. https://doi.org/10.1371/journal.pone.0165226

Aldhafeeri, F. M., Mackenzie, 1., Kay, T., Alghamdi, J., & Sluming, V. (2012). Regional
brain responses to pleasant and unpleasant IAPS pictures: Different networks.
Neuroscience Letters, 512(2), 94-98. https://doi.org/10.1016/j.neulet.2012.01.064

Bartocci, M., Winberg, J., Papendieck, G., Mustica, T., Serra, G., & Lagercrantz, H.
(2001). Cerebral hemodynamic response to unpleasant odors in the preterm
newborn measured by near-infrared spectroscopy. Pediatric Research, 50(3),
324-330. https://doi.org/10.1203/00006450-200109000-00006

Becerra, L., Aasted, C. M., Boas, D. A., George, E., Yiicel, M. A., Kussman, B. D.,
Kelsey, P., & Borsook, D. (2016). Brain measures of nociception using near-
infrared spectroscopy in patients undergoing routine screening colonoscopy. Pain,
157(4), 840-848. https://doi.org/10.1097/j.pain.0000000000000446

Becerra, L., Harris, W., Grant, M., George, E., Boas, D., & Borsook, D. (2009). Diffuse

Optical Tomography Activation in the Somatosensory Cortex: Specific Activation



41

by Painful vs. Non-Painful Thermal Stimuli. PLoS ONE, 4(11), e8016.
https://doi.org/10.1371/journal.pone.0008016

Biswal, B., Yetkin, F. Z., Haughton, V. M., & Hyde, J. S. (1995). Functional connectivity
in the motor cortex of resting human brain using echo-planar MRI. Magnetic
Resonance in Medicine, 34(4), 537-541.
https://doi.org/10.1002/mrm.1910340409

Blin, N., Weber, T., & Alonso, A. (1983). Cross-reaction of SnRNA and an Alu I-like
sequence from rat with DNAs from different eucaryotic species. Nucleic Acids
Research, 11(5), 1375-1388. https://doi.org/10.1093/nar/11.5.1375

Branco, D., Goncalves, O. F., & Badia, S. B. I. (2023). A Systematic Review of
International Affective Picture System (IAPS) around the World. Sensors (Basel,
Switzerland), 23(8), 3866. https://doi.org/10.3390/s23083866

Butler, A., Hoffman, P., Smibert, P., Papalexi, E., & Satija, R. (2018). Integrating single-
cell transcriptomic data across different conditions, technologies, and species.
Nature Biotechnology, 36(5), 411-420. https://doi.org/10.1038/nbt.4096

Carlezon, W. A., & Thomas, M. J. (2009). Biological substrates of reward and aversion:
A nucleus accumbens activity hypothesis. Neuropharmacology, 56 Suppl 1(Suppl
1), 122-132. https://doi.org/10.1016/j.neuropharm.2008.06.075

Ceko, M., Kragel, P. A., Woo, C.-W., L6pez-Sola, M., & Wager, T. D. (2022). Common
and stimulus-type-specific brain representations of negative affect. Nature

Neuroscience, 25(6), 760-770. https://doi.org/10.1038/s41593-022-01082-w



42

Corona, R., Dissanayake, C., Arbelle, S., Wellington, P., & Sigman, M. (1998). Is affect
aversive to young children with autism? Behavioral and cardiac responses to
experimenter distress. Child Development, 69(6), 1494-1502.

Crawford, L., Mills, E., Meylakh, N., Macey, P. M., Macefield, V. G., & Henderson, L.
A. (2023). Brain activity changes associated with pain perception variability.
Cerebral Cortex, 33(7), 4145-4155. https://doi.org/10.1093/cercor/bhac332

De Oliveira Franco, A., De Oliveira Venturini, G., Da Silveira Alves, C. F., Alves, R. L.,
Vicufa, P., Ramalho, L., Tomedi, R., Bruck, S. M., Torres, I. L. S., Fregni, F., &
Caumo, W. (2022). Functional connectivity response to acute pain assessed by
fNIRS is associated with BDNF genotype in fibromyalgia: An exploratory study.
Scientific Reports, 12(1), 18831. https://doi.org/10.1038/s41598-022-23476-3

Di Tella, M., Ghiggia, A., Testa, S., Castelli, L., & Adenzato, M. (2019). The Fear of
Pain Questionnaire: Factor structure, validity and reliability of the Italian
translation. PloS One, 14(1), e0210757.
https://doi.org/10.1371/journal.pone.0210757

Dowling, J. (1983). Autonomic measures and behavioral indices of pain sensitivity: Pain,
16(2), 193-200. https://doi.org/10.1016/0304-3959(83)90208-7

Gallagher, A., Wallois, F., & Obrig, H. (2023). Functional near-infrared spectroscopy in
pediatric clinical research: Different pathophysiologies and promising clinical
applications. Neurophotonics, 10(2), 023517.

https://doi.org/10.1117/1.NPh.10.2.023517



43

Gerdes, A. B. M., Wieser, M. J., Muhlberger, A., Weyers, P., Alpers, G. W., Plichta, M.
M., Breuer, F., & Pauli, P. (2010). Brain Activations to Emotional Pictures are
Differentially Associated with VValence and Arousal Ratings. Frontiers in Human
Neuroscience, 4, 175. https://doi.org/10.3389/fnhum.2010.00175

Gervain, J., Minagawa, Y., Emberson, L., & Lloyd-Fox, S. (2023). Using functional near-
infrared spectroscopy to study the early developing brain: Future directions and
new challenges. Neurophotonics, 10(2), 023519.
https://doi.org/10.1117/1.NPh.10.2.023519

Gordon, J., Aman, P., Rosén, A., Ernberg, I., Ehlin-Henriksson, B., & Klein, G. (1985).
Capacity of B-lymphocytic lines of diverse tumor origin to produce and respond
to B-cell growth factors: A progression model for B-cell lymphomagenesis.
International Journal of Cancer, 35(2), 251-256.
https://doi.org/10.1002/ijc.2910350218

Gracz, K. C. (1976). The effect of calcium and calcitonin on pentagastrin-induced gastric
secretion in intact and thyroidectomized dogs. The Journal of Surgical Research,
21(5), 345-353. https://doi.org/10.1016/0022-4804(76)90049-4

Green, S. A., Hernandez, L., Tottenham, N., Krasileva, K., Bookheimer, S. Y., &
Dapretto, M. (2015). Neurobiology of Sensory Overresponsivity in Youth With
Autism Spectrum Disorders. JAMA Psychiatry, 72(8), 778-786.

https://doi.org/10.1001/jamapsychiatry.2015.0737



44

Green, S., Karunakaran, K. D., Berry, D., Kussman, B. D., Micheli, L., & Borsook, D.
(2022). Measuring “pain load” during general anesthesia. Cerebral Cortex
Communications, 3(2), tgac019. https://doi.org/10.1093/texcom/tgac019

Green, S., Karunakaran, K. D., Labadie, R., Kussman, B., Mizrahi-Arnaud, A., Morad, A.
G., Berry, D., Zurakowski, D., Micheli, L., Peng, K., & Borsook, D. (2022).
fNIRS brain measures of ongoing nociception during surgical incisions under
anesthesia. Neurophotonics, 9(1), 015002.
https://doi.org/10.1117/1.NPh.9.1.015002

Grillon, C., Pine, D. S., Lissek, S., Rabin, S., Bonne, O., & Vythilingam, M. (2009).
Increased anxiety during anticipation of unpredictable aversive stimuli in
posttraumatic stress disorder but not in generalized anxiety disorder. Biological
Psychiatry, 66(1), 47-53. https://doi.org/10.1016/j.biopsych.2008.12.028

Gu, Y., Miao, S., Han, J., Zeng, K., Ouyang, G., Yang, J., & Li, X. (2017). Complexity
analysis of fNIRS signals in ADHD children during working memory task.
Scientific Reports, 7(1), 829. https://doi.org/10.1038/s41598-017-00965-4

Hafemeister, C., & Satija, R. (2019). Normalization and variance stabilization of single-
cell RNA-seq data using regularized negative binomial regression. Genome
Biology, 20(1), 296. https://doi.org/10.1186/s13059-019-1874-1

Hayes, D. J., & Northoff, G. (2011). Identifying a network of brain regions involved in
aversion-related processing: A cross-species translational investigation. Frontiers

in Integrative Neuroscience, 5, 49. https://doi.org/10.3389/fnint.2011.00049



45

Hayes, D. J., & Northoff, G. (2012). Common brain activations for painful and non-
painful aversive stimuli. BMC Neuroscience, 13, 60.
https://doi.org/10.1186/1471-2202-13-60

Ho, C.S. H., Lim, L. J. H,, Lim, A. Q., Chan, N. H. C., Tan, R. S., Lee, S. H., & Ho, R.
C. M. (2020). Diagnostic and Predictive Applications of Functional Near-Infrared
Spectroscopy for Major Depressive Disorder: A Systematic Review. Frontiers in
Psychiatry, 11, 378. https://doi.org/10.3389/fpsyt.2020.00378

Hu, C., Kato, Y., & Luo, Z. (2014). Activation of Human Prefrontal Cortex to Pleasant
and Aversive Taste Using Functional Near-Infrared Spectroscopy. Food and
Nutrition Sciences, 05(02), 236-244. https://doi.org/10.4236/fns.2014.52029

Huppert, T. J., Diamond, S. G., Franceschini, M. A., & Boas, D. A. (2009). HomER: A
review of time-series analysis methods for near-infrared spectroscopy of the
brain. Applied Optics, 48(10), D280. https://doi.org/10.1364/A0.48.00D280

Husain, S. F., Mclintyre, R. S., Tang, T.-B., Abd Latif, M. H., Tran, B. X,, Linh, V. G,
Thao, T. P. N., Ho, C. S., & Ho, R. C. (2021). Functional near-infrared
spectroscopy during the verbal fluency task of English-Speaking adults with
mood disorders: A preliminary study. Journal of Clinical Neuroscience, 94, 94—
101. https://doi.org/10.1016/j.jocn.2021.10.009

Karunakaran, K. D., Kussman, B. D., Peng, K., Becerra, L., Labadie, R., Bernier, R.,
Berry, D., Green, S., Zurakowski, D., Alexander, M. E., & Borsook, D. (2022).

Brain-based measures of nociception during general anesthesia with remifentanil:



46

A randomized controlled trial. PLoS Medicine, 19(4), e1003965.
https://doi.org/10.1371/journal.pmed.1003965

Karunakaran, K. D., Peng, K., Berry, D., Green, S., Labadie, R., Kussman, B., &
Borsook, D. (2021). NIRS measures in pain and analgesia: Fundamentals,
features, and function. Neuroscience and Biobehavioral Reviews, 120, 335-353.
https://doi.org/10.1016/j.neubiorev.2020.10.023

Karunakaran, K. D., Peng, K., Green, S., Sieberg, C. B., Mizrahi-Arnaud, A., Gomez-
Morad, A., Zurakowski, D., Micheli, L., Kussman, B., & Borsook, D. (2023). Can
pain under anesthesia be measured? Pain-related brain function using functional
near-infrared spectroscopy during knee surgery. Neurophotonics, 10(2), 025014.
https://doi.org/10.1117/1.NPh.10.2.025014

Kenney, M. J., & Ganta, C. K. (2014). Autonomic Nervous System and Immune System
Interactions. In R. Terjung (Ed.), Comprehensive Physiology (1st ed., pp. 1177—
1200). Wiley. https://doi.org/10.1002/cphy.c130051

Komatsu, R., Turan, A. M., Orhan-Sungur, M., McGuire, J., Radke, O. C., & Apfel, C. C.
(2007). Remifentanil for general anaesthesia: A systematic review. Anaesthesia,
62(12), 1266-1280. https:/doi.org/10.1111/j.1365-2044.2007.05221.X

Kropf, E., Syan, S. K., Minuzzi, L., & Frey, B. N. (2019). From anatomy to function: The
role of the somatosensory cortex in emotional regulation. Brazilian Journal of
Psychiatry, 41(3), 261-269. https://doi.org/10.1590/1516-4446-2018-0183

Kussman, B. D., Aasted, C. M., Yiicel, M. A,, Steele, S. C., Alexander, M. E., Boas, D.

A., Borsook, D., & Becerra, L. (2016). Capturing Pain in the Cortex during



47

General Anesthesia: Near Infrared Spectroscopy Measures in Patients Undergoing
Catheter Ablation of Arrhythmias. PloS One, 11(7), e0158975.
https://doi.org/10.1371/journal.pone.0158975

Kyle, B. N., & McNeil, D. W. (2014). Autonomic arousal and experimentally induced
pain: A critical review of the literature. Pain Research & Management, 19(3),
159-167. https://doi.org/10.1155/2014/536859

Lawrence, T., & Gilroy, D. W. (2007). Chronic inflammation: A failure of resolution?
International Journal of Experimental Pathology, 88(2), 85-94.
https://doi.org/10.1111/j.1365-2613.2006.00507.x

Leung, L. (2012). Pain Catastrophizing: An Updated Review. Indian Journal of
Psychological Medicine, 34(3), 204-217. https://doi.org/10.4103/0253-
7176.106012

Li, A.-L., Yang, X., Chiao, J.-C., & Peng, Y. B. (2016). Reduced local field potential
power in the medial prefrontal cortex by noxious stimuli. Brain Research
Bulletin, 127, 92-99. https://doi.org/10.1016/j.brainresbull.2016.09.001

Lloyd-Fox, S., Papademetriou, M., Darboe, M. K., Everdell, N. L., Wegmuller, R.,
Prentice, A. M., Moore, S. E., & Elwell, C. E. (2014). Functional near infrared
spectroscopy (fNIRS) to assess cognitive function in infants in rural Africa.
Scientific Reports, 4(1), 4740. https://doi.org/10.1038/srep04740

Loggia, M. L., Juneau, M., & Bushnell, C. M. (2011). Autonomic responses to heat pain:
Heart rate, skin conductance, and their relation to verbal ratings and stimulus

intensity. Pain, 152(3), 592-598. https://doi.org/10.1016/j.pain.2010.11.032



48

Macpherson, C. R. (1965). A clinicopathological conference from the Ohio State
University Hospital, Columbus, Ohio. The Ohio State Medical Journal, 61(10),
911-914.

Mannerfelt, L. (1968). Median nerve entrapment after dislocation of the elbow. Report of
a case. The Journal of Bone and Joint Surgery. British Volume, 50(1), 152-155.

Meériau, K., Wartenburger, I., Kazzer, P., Prehn, K., Villringer, A., van der Meer, E., &
Heekeren, H. R. (2009). Insular activity during passive viewing of aversive
stimuli reflects individual differences in state negative affect. Brain and
Cognition, 69(1), 73-80. https://doi.org/10.1016/j.bandc.2008.05.006

Michely, J., Rigoli, F., Rutledge, R. B., Hauser, T. U., & Dolan, R. J. (2020). Distinct
Processing of Aversive Experience in Amygdala Subregions. Biological
Psychiatry. Cognitive Neuroscience and Neuroimaging, 5(3), 291-300.
https://doi.org/10.1016/j.bpsc.2019.07.008

Minematsu, Y., Ueji, K., & Yamamoto, T. (2018). Activity of frontal pole cortex
reflecting hedonic tone of food and drink: fNIRS study in humans. Scientific
Reports, 8(1), 16197. https://doi.org/10.1038/s41598-018-34690-3

Peng, K., Deepti Karunakaran, K., Lee, A., Gomez-Morad, A., Labadie, R., Mizrahi-
Arnaud, A., Berry, D., Kussman, B., Zurakowski, D., Micheli, L., Becerra, L., &
Borsook, D. (2021). Rhythmic Change of Cortical Hemodynamic Signals
Associated with Ongoing Nociception in Awake and Anesthetized Individuals:
An Exploratory Functional Near Infrared Spectroscopy Study. Anesthesiology,

135(5), 877-892. https://doi.org/10.1097/ALN.0000000000003986



49

Peng, K., Karunakaran, K. D., Green, S., & Borsook, D. (2024). Machines, mathematics,
and modules: The potential to provide real-time metrics for pain under anesthesia.
Neurophotonics, 11(1), 010701. https://doi.org/10.1117/1.NPh.11.1.010701

Peng, K., Karunakaran, K. D., Labadie, R., Veliu, M., Cheung, C., Lee, A., Yu,P.B., &
Upadhyay, J. (2021). Suppressed prefrontal cortex oscillations associate with
clinical pain in fibrodysplasia ossificans progressiva. Orphanet Journal of Rare
Diseases, 16(1), 54. https://doi.org/10.1186/s13023-021-01709-4

Peng, K., Yicel, M. A., Aasted, C. M., Steele, S. C., Boas, D. A., Borsook, D., &
Becerra, L. (2018). Using prerecorded hemodynamic response functions in
detecting prefrontal pain response: A functional near-infrared spectroscopy study.
Neurophotonics, 5(1), 011018. https://doi.org/10.1117/1.NPh.5.1.011018

Peng, K., Yicel, M. A,, Steele, S. C., Bittner, E. A., Aasted, C. M., Hoeft, M. A., Lee, A,
George, E. E., Boas, D. A., Becerra, L., & Borsook, D. (2018). Morphine
Attenuates fNIRS Signal Associated With Painful Stimuli in the Medial
Frontopolar Cortex (medial BA 10). Frontiers in Human Neuroscience, 12, 394.
https://doi.org/10.3389/fnhum.2018.00394

Pessoa, L., & Ungerleider, L. G. (2004). Neuroimaging studies of attention and the
processing of emotion-laden stimuli. Progress in Brain Research, 144, 171-182.
https://doi.org/10.1016/S0079-6123(03)14412-3

Robinson, O. J., Krimsky, M., Lieberman, L., Allen, P., Vytal, K., & Grillon, C. (2014).
Towards a mechanistic understanding of pathological anxiety: The dorsal medial

prefrontal-amygdala “aversive amplification” circuit in unmedicated generalized



50

and social anxiety disorders. The Lancet. Psychiatry, 1(4), 294-302.
https://doi.org/10.1016/S2215-0366(14)70305-0

Sava, S., Lebel, A. A, Leslie, D. S., Drosos, A., Berde, C., Becerra, L., & Borsook, D.
(2009). Challenges of functional imaging research of pain in children. Molecular
Pain, 5, 30. https://doi.org/10.1186/1744-8069-5-30

Sen, P., Wilkie, A. R., Ji, F., Yang, Y., Taylor, 1. J., Velazquez-Palafox, M., Vanni, E. A.
H., Pesola, J. M., Fernandez, R., Chen, H., Morsett, L. M., Abels, E. R., Piper, M.,
Lane, R. J., Hickman, S. E., Means, T. K., Rosenberg, E. S., Sadreyev, R. I., Li,
B., ... El Khoury, J. (2020). Linking indirect effects of cytomegalovirus in
transplantation to modulation of monocyte innate immune function. Science
Advances, 6(17), eaax9856. https://doi.org/10.1126/sciadv.aax9856

Stuart, T., Butler, A., Hoffman, P., Hafemeister, C., Papalexi, E., Mauck, W. M., Hao, Y.,
Stoeckius, M., Smibert, P., & Satija, R. (2019). Comprehensive Integration of
Single-Cell Data. Cell, 177(7), 1888-1902.e21.
https://doi.org/10.1016/j.cell.2019.05.031

Sullivan, M. J. L., Bishop, S. R., & Pivik, J. (1995). The Pain Catastrophizing Scale:
Development and validation. Psychological Assessment, 7(4), 524-532.
https://doi.org/10.1037/1040-3590.7.4.524

Van Der Vaart, M., Hartley, C., Baxter, L., Mellado, G. S., Andritsou, F., Cobo, M. M.,
Fry, R. E., Adams, E., Fitzgibbon, S., & Slater, R. (2022). Premature infants

display discriminable behavioral, physiological, and brain responses to noxious



o1

and nonnoxious stimuli. Cerebral Cortex, 32(17), 3799-3815.
https://doi.org/10.1093/cercor/bhab449

Van Dessel, J., Sonuga-Barke, E., Mies, G., Lemiere, J., Van der Oord, S., Morsink, S.,
& Danckaerts, M. (2018). Delay aversion in attention deficit/hyperactivity
disorder is mediated by amygdala and prefrontal cortex hyper-activation. Journal
of Child Psychology and Psychiatry, and Allied Disciplines, 59(8), 888-899.
https://doi.org/10.1111/jcpp.12868

Vollmer, M. (2019, December 30). HRVTool—An Open-Source Matlab Toolbox for
Analyzing Heart Rate Variability. 2019 Computing in Cardiology Conference.
https://doi.org/10.22489/CinC.2019.032

Wager, T. D., Atlas, L. Y., Lindquist, M. A., Roy, M., Woo, C.-W., & Kross, E. (2013).
An fMRI-Based Neurologic Signature of Physical Pain. New England Journal of
Medicine, 368(15), 1388-1397. https://doi.org/10.1056/NEJMo0al204471

Wilson, K. A., James, G. A., Kilts, C. D., & Bush, K. A. (2020). Combining
Physiological and Neuroimaging Measures to Predict Affect Processing Induced
by Affectively Valent Image Stimuli. Scientific Reports, 10(1), 9298.
https://doi.org/10.1038/s41598-020-66109-3

Xu, A., Larsen, B., Henn, A., Baller, E. B., Scott, J. C., Sharma, V., Adebimpe, A.,
Basbaum, A. I, Corder, G., Dworkin, R. H., Edwards, R. R., Woolf, C. J.,
Eickhoff, S. B., Eickhoff, C. R., & Satterthwaite, T. D. (2021). Brain Responses

to Noxious Stimuli in Patients With Chronic Pain: A Systematic Review and



52

Meta-analysis. JAMA Network Open, 4(1), e2032236.

https://doi.org/10.1001/jamanetworkopen.2020.32236

Yen, C,, Lin, C.-L., & Chiang, M.-C. (2023). Exploring the Frontiers of Neuroimaging: A

Review of Recent Advances in Understanding Brain Functioning and Disorders.

Life, 13(7), 1472. https://doi.org/10.3390/1ife13071472

Yicel, M. A., Aasted, C. M., Petkov, M. P., Borsook, D., Boas, D. A., & Becerra, L.

(2015). Specificity of Hemodynamic Brain Responses to Painful Stimuli: A
functional near-infrared spectroscopy study. Scientific Reports, 5(1), 9469.

https://doi.org/10.1038/srep09469

Yicel, M. A, Selb, J., Aasted, C. M., Lin, P.-Y., Borsook, D., Becerra, L., & Boas, D. A.

(2016). Mayer waves reduce the accuracy of estimated hemodynamic response
functions in functional near-infrared spectroscopy. Biomedical Optics Express,

7(8), 3078-3088. https://doi.org/10.1364/BOE.7.003078

Yicel, M. A., Selb, J., Aasted, C. M., Petkov, M. P., Becerra, L., Borsook, D., & Boas,

D. A. (2015). Short separation regression improves statistical significance and
better localizes the hemodynamic response obtained by near-infrared
spectroscopy for tasks with differing autonomic responses. Neurophotonics, 2(3),

035005. https://doi.org/10.1117/1.NPh.2.3.035005

Yicel, M. A., Selb, J., Cooper, R. J., & Boas, D. A. (2014). Targeted principle

component analysis: A new motion artifact correction approach for near-infrared
spectroscopy. Journal of Innovative Optical Health Sciences, 07(02), 1350066.

https://doi.org/10.1142/S1793545813500661



53

Zeng, X., Tang, W., Yang, J., Lin, X,, Du, M., Chen, X., Yuan, Z., Zhang, Z., & Chen, Z.
(2023). Diagnosis of Chronic Musculoskeletal Pain by Using Functional Near-
Infrared Spectroscopy and Machine Learning. Bioengineering (Basel,
Switzerland), 10(6), 669. https://doi.org/10.3390/bioengineering10060669

Zhang, F., & Roeyers, H. (2019). Exploring brain functions in autism spectrum disorder:
A systematic review on functional near-infrared spectroscopy (fNIRS) studies.
International Journal of Psychophysiology, 137, 41-53.
https://doi.org/10.1016/j.ijpsycho.2019.01.003

Zhou, W. B. S., Meng, J., & Zhang, J. (2021). Does Low Grade Systemic Inflammation
Have a Role in Chronic Pain? Frontiers in Molecular Neuroscience, 14, 785214,

https://doi.org/10.3389/fnmol.2021.78






55




