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Abstract
Functional neuroimaging provides an avenue for earlier diagnosis and tailored treatment of psychological diserders characterized by
emotional impairment. Near-infrared spectroscopy offers ecological advantages compared to other‘aeutoimaging techniques and
suitability of measuring regions involved in emotion functions. A systematic review was condugted t& evaluate the capacity of NIRS
to detect activation during emotion processing and to provide recommendations for futuretresearch. Following a comprehensive
literature search, we reviewed 85 journal articles which compared activation duringyemotional experience, regulation or perception
with either a neutral condition or baseline period among healthy participants. The guantitative synthesis of outcomes was limited to
thematical analysis, owing to the lack of standardisation between studigs™Although most studies found increased prefrontal activity
during emotional experience and regulation, the findings were more\ineonsistent for emotion perception. Some researchers reported
increased activity during the task, some reported decreases; Seme no significant changes, and some reported mixed findings depending
on the valence and region. We propose that variation$ insthev¢ognitive task and stimuli, recruited sample, and measurement and
analysis of data are the primary causes of incofisistency. Recommendations to improve consistency in future research by carefully

considering the choice of population, cognitiye task and analysis approach are provided.

Key words: near-infrared spegtrose¢opy, emotion, prefrontal cortex, neuroimaging, review.
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A systematic review of studies that used NIRS to measure neural activation during emotion processing in healthy individuals
Altered emotional processing is characteristic in the pathophysiology of many psychological disordersyincluding, major

depressive disorder, bipolar disorder and schizophrenia spectrum disorders (Earls, Curran, & Mittaly,2046; Green, Olivier, Crawley,
Penn, & Silverstein, 2005; Li, Chan, McAlonan, & Gong, 2010; Townsend & Altshuler, 2012)NAf ififluential model developed by
Mayer, Salovey, and Caruso (2000) posits that a set of skills combining emotional and.cognitive aspects constitute emotional
processing (Aguirre, Sergi, & Levy, 2008). The model outlines four domains: identifying€motions (commonly referred to as emotion
perception), facilitating emotions (also known as emotional experience), managing=emotions (also referred to as emotion regulation),
and understanding emotions, (Mayer, Salovey, Caruso, & Sitarenios, 20043, Salovey & Sluyter, 1997). Some researchers have
suggested that emotional understanding constitutes a separate secial'cognitive dimension and others have proposed that emotional
expression is another discreet subdomain of emotion proceSSing (Higgins & Bargh, 1987; Phillips & Seidman, 2008). Although the
terms, definitions, and boundaries of emotion procesSing subdomains vary widely in the literature and impede comparison of findings,
most researchers agree on three domains: emotional perception, experience, and regulation (Green et al., 2005; Isaacowitz,
Livingstone, & Castro, 2017). Emotion peréeption refers to one’s ability to recognize and identify a diverse array of social cues (e.g.,
facial expressions, body language afid vocal/differences) during daily interactions. Emotional experience is the immediate subjective,
physiological and behavioural reactienf to an emotion-invoking event or stimulus. Finally, emotion regulation refers to the process
through which individualSaaflu€nce what, when, and how emotions are expressed, by initiating, inhibiting, or modulating their

feelings, thoughts, physiolegical responses and behaviours.
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It has been well-established in previous research that early diagnosis and treatment of psychological disorders lead to improved
functional outcomes (Barlati, Deste, De Peri, Ariu, & Vita, 2013; Grant, Lawrence, Preti, Wykes, & Cella, 2007; Zwaigenbaum et al.,
2015). Nonetheless, the current assessment method of many psychological conditions, including schizophrenia and autism spectrum
disorders, depends upon initial deterioration and symptom progression before a diagnosis can besnade. Therefore, researchers are
always seeking potential biomarkers to aid in numerous aspects of prevention and treatiment, in€¢luding risk factor assessment, early
diagnosis, prognosis, and treatment selection and monitoring (Woo & Wager, 2015), The @dvancement in neuroimaging technology
has shifted researchers’ attention toward developing neural-based biomarkers of cogfiitive impairments that underlie psychological
conditions. Using fMRI, researchers have identified several candidate ‘biomarkers for emotion processing, including the amygdala,
temporo-parietal junction PFC and ACC (Lee, Jimenez, Horang& Gteen,2019; Nord, Gray, Charpentier, Robinson, & Roiser, 2017).
Nonetheless, several previous studies have reported poorg€liability of activation during a range of emotion processing tasks (Nord et
al., 2017; Nord, Gray, Robinson, & Roiser, 2019; M¢MyPlielta ct al., 2012). Although activity in these regions has demonstrated low
statistical reliability between people with mood and anxiety disorders (Nord et al., 2017), a recent study by Lee et al. (2019) found that
a 12-week social cognitive training integventién modulated functional connectivity in individuals with psychotic disorders.

Near-infrared Spectroscopy{INIRS)4S an emerging neuroimaging technique that has been increasingly used in the study of
cognition over the last couplg’of deeades. NIRS is a useful tool for non-invasively measuring haemodynamic changes in the cortical
surface of the brain. It op@rates i relation to the haemodynamic response, whereby activated regions of the brain experience high

metabolic demands and an'increase in oxygen consumption (Ferreri, Bigand, Perrey, & Bugaiska, 2014). This consumption of oxygen
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leads to an initial reduction of oxygenated haemoglobin (O2Hb), followed by an increase in regional cerebral blood flow (rCBF)
which consequently elevates O2Hb concentrations (Fekete, Beacher, Cha, Rubin, & Mujica-Parodi, 2014). NIRS capitalises on the
changing optical properties in cortical tissue by emitting near-infrared light into the cortex, wherebyit i§ either absorbed, scattered, or
reflected, and detecting the amount of light which is redirected back towards the skull (Irani, Plat€k,;"Bunce, Ruocco, & Chute, 2007).
Emitter optodes emanate light into the cortical tissue, while the receiver optode detectssthe,quantity of reflected light. The level of
oxygenation determines the absorption properties of haemoglobin, with activated braingtegions absorbing more light owing to the
higher O2HD levels (Fekete et al., 2014).

NIRS has gained wide support and recognition among cognitive heuroscientists owing to several advantages it has over other
neuroimaging techniques (Nishitani & Shinohara, 2013). Its high,ecological validity is one of the most important advantage, as it can
be used in natural environments without the need for sedatiomor restraints and is less susceptible to data corruption from participant
movement (particularly the head) (Fekete et al., 2014; Irani‘et al., 2007; Suda et al., 2010). This is beneficial in studying clinical
populations owing to the lower physical and psycheglogical burden on patients and reduced need for controlling their actions (Irani et
al., 2007). A second advantage of NIRS s its&€ost effectiveness to purchase, use and maintain relative to the more expensive fMRI and
PET approaches (Fekete et al., 2014) Third{'in addition to being relatively easy to use, most modern NIRS systems are portable in
size, enabling them to be used in a wader variety of environments, include in patients” homes or shared throughout school districts
(Irani et al., 2007). Othetadvantages of NIRS include its suitability for collecting data from larger cohorts, higher temporal resolution

compared to fMRI, higher'spatial resolution compared to EEG, capacity to be used in combination with other neuroimaging
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techniques, and its high validity and reliability (Fekete et al., 2014; Irani et al., 2007). Finally, NIRS has the capacity to research fields
which are difficult to examine using other neuroimaging techniques, such as in the study of linguistic ogauditery topics owing to the
absence of instrumental noise, different bodily states because participants are not require to lay supine,'@r communication because
NIRS is capable of measuring neural activation in multiple participants simultaneously (Irani‘et4l.;"2007; Suda et al., 2010).

Owing to its practical advantages over other techniques, NIRS provides an aveauefor investigating the psychophysiological
mechanisms of disorders characterised by emotion processing impairments (M. Yang, Yang, Yuan, Feng, & Wang, 2019). Although
NIRS has been proposed as a potential tool for risk assessment, treatment monitoring and therapeutic intervention, candidate
biomarkers first need to be identified, and the reliability of NIRS for deteetingthem must be determined (M. Yang et al., 2019).
Numerous researchers have used NIRS to investigate neural activations,during emotion processing, but findings are often
contradictory. While many studies implementing a range of@egnitive tasks have reported O2Hb changes in the PFC during emotion
processing (Bigliassi et al., 2015; Egashira et al., 2045; Grubér et al., 2019), other studies have reported no significant changes in
O2HD concentrations when measured with NIRS (Ates €t al., 2017; Huang et al., 2017; Lucas, Balada, Blanco, & Aluja, 2019).
Furthermore, discrepancies in localisation ahd direction of neural activity also exist in the literature (Abdullayev et al., 2018; Anuardi
& Yamazaki, 2019; Rodrigo, Ayazg& Rupc€o, 2016). The abundance of conflicting findings poses a challenge for healthcare
professionals who often lacksthe timesto source, critically appraise, and extract evidence from all relevant articles to guide their
decision marking (Gopaldksishfian & Ganeshkumar, 2013). Therefore, a systematic review of the literature is warranted to synthesize,

clarify, and provide evidence for use in clinical practice.
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To date, three reviews have examined emotion processing using NIRS. The first, a mini-review by Doi, Nishitani, and
Shinohara (2013), thematically described the findings from eight studies using NIRS to examine emotion-evoked prefrontal activity. A
second study by Bendall, Eachus, and Thompson (2016) reviewed 11 recent studies which adoptedWIRS methodology to study PFC
activities during emotional experiences in both healthy individuals and several patient populatien$, ificluding bipolar disorder, major
depressive disorder and social anxiety disorder. The third review by Maria et al. (2018),examined 50 NIRS studies of passive emotion
processing in infants under the age of 2 years. As far as we are aware, the present reyiew, 4§ the most extensive systematic review of
emotional processing studies using NIRS and the first review to incorporate the,domains of emotion perception and regulation. This
review aimed to establish the capacity of NIRS for detecting changes in“heural activations during various domains of emotion
processing in healthy individuals. Before NIRS can be considered for detecting potential biomarkers, its capacity for measuring
activation during emotion processing must first be assessed"l NIRS is established as an effective tool for measuring functional
changes during emotion processing, future investigations can'then determine whether NIRS can detect differences between patient
populations and healthy control groups. After Summarizing and synthesizing the overall findings reported in studies examining three
domains of emotion processing, the curgenttgview outlines methodological limitations, recommendations for future research, and
clinical implications.

Methods
A systematic database search was conducted of MEDLINE (PubMed), Scopus, EMBASE, and Google Scholar independently

by two authors (MW and CH). Additionally, the citation lists of all relevant articles and previous reviews were screened. A
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combination of the following search terms was employed: near-infrared spectroscopy AND (emotion processing OR emotion
perception OR emotion recognition OR emotion experience OR emotion regulation). All pertinent research papers published in
English between January 2000 and January 2020 were collected and imported to a reference manager (EndNote, X9 Thomson
Reuters). All duplicates were removed, along with any papers not published in English. If multiple piiblications and companion papers
were found using the same participants, only those papers with the largest sample andmost in-depth assessment were included. The
titles and abstracts were firstly screened for relevance, followed by a full-text readiag of the relevant articles. The literature search and
presentation of results were undertaken in accordance with the Preferred Repottingsitems for Systematic Reviews and Meta-analysis
(PRISMA) guidelines.

The Population, Intervention, Comparison and OutcomenPI€O), framework was employed to establish eligibility criteria
(O'Connor, Green, & Higgins, 2008). Peer-reviewed articl€Swere only included if they met four criteria: 1) the study examined a
healthy human population or included a healthy controlLgroup, 2) a cognitive task involving some form of emotion processing
(perception, experience or regulation) was admfinistered during the NIRS measurement, 3) the task period was compared to a baseline
period or a neutral task condition, and 4)meafi oxygenated haemoglobin changes were measured as the primary outcome variable.
Any studies which measured O2Hb"during & neurocognitive task and later correlated that activity with performance data on an
emotion processing task werg excluded from this review. Only peer-reviewed articles written in English were considered. Narratives,
reviews, commentaries, T€perts ‘and essays were excluded from this review; nonetheless, the reference lists were screened for relevant

studies.
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Extraction and analysis. Two authors (MW and CH) independently extracted data from all relevant studies using a standard
pre-piloted form and later compared results, resolving inconsistencies through mediation. If the first two,authers could not reach
consensus, the remaining authors (DS and DN) were contacted to settle the disagreement. Thirteen'aridbles were extracted: the size
of the sample, type of participants, mean age, gender distribution, the emotion processing domai, type of control condition, NIRS
system used, analysis software, cognitive task, chosen stimuli, the size and direction of£O2Hb change, probe arrangement, and the
geographic location of the study. When data was not adequately reported, the corresponding author of the study was contacted, and the
necessary data requested. If there were multiple groups reported separately in astudy, only the data for the healthy control group were
included in the analysis. Data were reported for each of the included studies separately and synthesized thematically. Meta-analyses of
the studies could not be conducted owing to inconsistencies with,the\type of measurement, choice of tasks, and method of analyses.
Owing to the lack of standardization between the eligiblesttidies, analyses of outcomes were limited to descriptive synthesis. Refer to
Figure 1 for a summary of the selection and screening process presented using the PRISMA flow chart.

Quality assessment. The quality evaluation of eligible studies was also independently conducted by two researchers (MW and
CH) according to the outlined criteria. The Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies
(QATOCCS), an instrument develeped by miethodologists at the National Institute of Health for assessing non-randomised studies,
was implemented in evaluatifdg the ‘quadlity of included articles (National Institute of Health, 2004). The instrument consists of 14-
items for evaluating potential flaws in study methods or implementation, including sources of bias, confounding factors, statistical

power, and strength of association between variables. Owing to the nature of NIRS studies, the QATOCCS scale was adapted in



SYSTEMATIC REVIEW OF NIRS AND EMOTION 11

several ways for this review. First, item-12 was removed as blinding of participants and assessors was not applicable to this type of
research. Second, item-6 was adapted to highlight the studies which incorporated both a baseline and n &ntrol condition.
Finally, regarding item-7, the sufficient timeframe was interpreted as block length and set to 20 s tovensuire adequate time for the
haemodynamic response. The 13-item checklist was used to divide the articles into three leveQWKair or good quality. Good-
quality studies were defined as having a score equal to or greater than 9, fair-quality%cor ranging from 5-8, while poor-quality

studies were defined as 5 or less. Studies rated as poor were excluded from the @ Supplementary materials for the quality

?\

assessment instrument and scoresheet.
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Figure 1. PRISMA 2009 Flow Diagram

Adapted from: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting ltems for Systematic RéviewsyandMeta-Analyses: The PRISMA Statement.

PLoS Med 6(6): e1000097. doi:10.1371/journal.pmed1000097

Table 1.

Characteristic table for healthy control studies

Studies  Participants Location Age, Sex, Domain of NIRS Task (stimulus) Finding (region)
(n) mean M/F EP (NIRS system
(SD) design) (analysis
software)
Abdullay Healthy Turkey 32.8 14/10  Perception 'y, SETG-4000, Facial Affect Increased activity during task
evetal.  control (24) (7.7) (RBP& Hitachi Identification (vPFC and mPFC). Reduced
(2018) NEC, block) Task (POFA) activity during task (DLPFC)
Anuardi  Healthy Japan Range 23/4 €, Perception  ETG-4000, Listening to Increased O2Hb during
et al. adults (27) 19-26 (N€, block) Hitachi emotionally neutral sounds compared to
(2019) toned sentences  emotion (BA10 and Broca’s).
Increased O2Hb during
emotional condition (BA9)
Ates et Healthy Turkey T35 9/11 Perception ~ ETG-4000, Emotional n- No significant changes in
al. control (20) (6:76) (RBP & Hitachi back task O2Hb
(2017) NG, block)  (SPSS)
Balconi  Healthy Italy 30.9 8/12 Experience =~ NIRScout Emotional rating Increased OHb for positive
et al. adults (20) (7.99) (RBP, System, of picture stimuli (left PFC) and negative
(2015) block) NIRx (IAPS) stimuli (right PFC)
(NIRStar)
Balconi  Healthy Italy 2588  6/8 Experience =~ NIRScout Viewing affective  Increase O2HDb for negative
et al. adults (14) (2.03) (RBP & System, pictures of human  hyman interaction (right

(2016) NC, block) ~ NIRx and animal PFC). Increase O2Hb for
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Balconi
et al.
(2017)

Balconi
et al.
(2017)

Bigliassi
et al.
(2015)

Brugnera
et al.
(2016)

Deiler et
al. (2010)

Depperm
ann et al.
(2017)
Di
Lorenzo

et al.
(2019)
Egashira

et al.
(2015)

Healthy
adults (21)

Healthy
adults (22)

Healthy
adults (30)

Healthy
adults (24)

Healthy
adults (16)

Healthy
controls
(23)
Healthy
Infants (17)

Healthy
adults (28)

Italy

Italy

Brazil

Italy

Germany

Germany

Netherlands

Japan

27.65
(4.99)

245
(3.53)

25
2.7)

26.1
(4.6)

28.33
(6.25)

33.4

163.4
days

40.1
(8.1)

10/11

10/12

15/15

12/12

4/12

9/14

8/9

12/16

Experience
(RBP,
block)

Experience
(RBP,
block)

Experience
(RBP,
block)

Experience
(RBP,
block)

Regulation
(NG, block)

Experience
(RBP &
NC, block)
Perception
(RBP &
NC, block)

Perception
(RBP,
block)

(NIRStar)

NIRScout
System,
NIRx
(NIRStar)
NIRScout
System,
NIRx
(NIRStar)

MP150
System,
BioRac
(SRSS)

PocketNIRS
Dus,

DynaSense
(MATLAB)

ETG-4000,
Hitachi
(SPM5)

ETG-4000,
Hitachi
(MATLAB)

UCL topo-
graphy half-
system, NTS2
(Homer 2 &
SPSS)
ETG-4000,
Hitachi
(Integral)

interactions

Emotional rating
of picture stigiuli
(IAPS)

Ratirig,affective
images of.real
interpersonal
sitvations

Listening to music
(motivational and
calm)

Recall tasks
designed to elicit
happiness and
anger

Think/No-think

paradigm of
emotion words

Emotional Stroop
task

Facial expression
recognition (fear
and happiness)

Emotional go/no
go (JCFEENF)

positive animal interaction
(left PFC)

Ingrease O2Hb for positive
(left PFC) and negative (right
PFC) stimuli

Increase O2Hb for positive
(left PFC) and negative (right
PFC) compared to neutral.
Greater activity for negative
Increase O2Hb during
motivational and calm music
(PFC especially dIPFC). Men
experienced higher (mPFC)
Increase O2Hb during positive
and negative recall,
particularly verbal recall
(PFO)

Increase O2Hb during
suppression of positive and
negative compared to neutral
(right dIPFC and vIPFC)

No significant changes between
panic and neutral conditions

Increase O2Hb during task
(occipital) and especially for
the fear condition (temporal)

Increase O2Hb during
emotional task (left vIPFC and
OFC)




SYSTEMATIC REVIEW OF NIRS AND EMOTION

15

Ernst et
al. (2013)

Fanti et
al. (2016)

Fox et al.
(2013)

Gao et al.
(2019)

Giles et
al. (2018)

Glotzbach
et al.
(201D

Grabell
et al.
(2018)

Healthy
adults (15)

Young adults
with low
callous-
unemotional
traits (30)
Infants at
low risk for
ASD (10)

Healthy
adults (24)

Healthy
adults (36)

Healthy
adults (20)

Healthy
children
(65)

Germany

Cyprus

USA

China

USA

Germany

USA

23.4
2.5

20.52
(1.40)

6.91
months

43.13
(11.28)

24.4
(3.6)

224
@.17)

5.04
(1.3)

7/8

14/16

9/6

11/13

15/24

0/20

33/32

Regulation
(RBP,
block)

Experience
(NC, block)

Perception
(NC, block)

Perception
(RBP;
block)

Regulation/
experience
(RBP &
NC, block)

Regulation/
experience
(RBP &
NC, block)

Regulation
(RBP,
block)

ETG-4000,
Hitachi
(SPSS)

MP150
System,
BioPac
(MATLAB)

ETG-4000,
Hitachi

CW-NIRS

NIRSport,
NIRx
(NIRStar)

ETG-4000,
Hitachi

CW6 system,
NIRSOptic
(MATLAB)

Virtual approach
or avoid positive
and negative
pictures (IAPS)

Ratingsvalgncevef
video elips
(¥iolent, comedy,
neutral)

Viewing movie
clips of mother
and strangers
changing from
neutral to smiling
expression

Facial expression
recognition
(Cohn-Kanade
database)

Cognitive
reappraisal task
(IAPS - negative
only)

Cognitive
reappraisal task
(IAPS - neutral
and fearful)

FETCH task and
rate mood after

Regulation of emotion images
elicited increased O2Hb.
Pasitive caused stronger
activation than negative
(dmPFC)

Higher O2HD for positive
compared to neutral condition,
while the negative resulted in
reduced O2Hb

Increase O2Hb for smiling
compare to neutral (right
lateral and frontal regions)

Increased O2Hb during
emotion recognition (left and
right PFC) and decrease for
sadness (right PFC)
Decreased activity during
negative experience, increase
O2HD during negative
regulation (dorsal and anterior
PFC)

Increased O2Hb during fearful
experience. Regulation was

characterised by lower Hhb, but
no changes for O2Hb (PFC)

Increased O2Hb during
emotion regulation (lateral
PFC)
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Grabell
et al.
(2019)

Gruber et
al. (2019)

Heger et
al. (2014)

Herrman
n et al.
(2003)

Herrman

n et al.
(2008)

Herrman
n et al.
(2016)

Healthy
children
(60)

Healthy
adults (28)

Healthy
male adults

®)

Healthy
adults (14)

Healthy
adults (16)

Healthy
adults (28)

USA

Switzerlan
d

Germany

Germany

Germany

Germany

4.9 30/30
(0.9)
26.44  14/14
4.7)
276 8/0
(5.2)
3.7 777
(6.2)
242 ¢ %11
Q4
2271 1/27
(4.18)

Regulation
(RBP,
block)

Perception
(NC, block)

Experience
(NC, block)

Experience
(RBP &
NC, block)

Experience
(NC, block)

Perception
(RBP,
block)

CW6 system,
NIRSOptic
(AnalyzIR
and SPSS)

Oxymon
MKIII,
Artinis
(MATLAB)

Oxymon
MKITL,
Actitis

NIRO-300,
Hamamatsu
(SPSS)

ETG-4000,
Hitachi

ETG-4000,
Hitachi

Frustration
regulation task
(Incredible Cake
Kids) and
interpersonal
scaffolding
Categofisation
/discrimination of
emotionalyprosody
for pseudowords

Valence and
arousal rating
(TAPS/TADS)

Viewing and
rating of
emotional stimuli
(IAPS & POFA)

IAPS (positive-
high arousal,
negative high
arousal, neutral
low arousal).

Facial emotion
recognition

Control children showed no
change in LPFC activation for
negative or positive feedback

Decrease in O2HB for
categorisation, discrimination
and passive listening tasks.
Greater decrease for fear
compared to neutral condition
(frontal LH)

Decreased O2Hb with neutral
stimulus but increases with
emotional stimuli. No
topographical patterns (e.g.
lateralisation effects), could
consistently be observed

No significant differences for
IAPS. O2Hb increased for
negative, neutral and positive
POFA faces compared to pre-
task baseline (LH)

Negative, positive and neutral
stimuli lead to increase O2Hb
(occipital cortex). Significant
differences in O2Hb were
found between the positive
and neutral condition but not
between negative and neutral
No significant effects were
found for O2Hb
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Himichi  Healthy Japan 20.59  13/21 Experience  FOIRE-3000, Infer feelingofa  O2Hb was higher for draw
et al. adults (34) (1.72) (RBP, Shimadzu character playing than lose conditions (vmPFC
(2015) block) (SPSS) a card game (ATR  and left vIPFC). Left vIPFC
facial expression) ) ,ctivation was also positively
correlated with evaluations of
sadness and pleasure.
Hirataet Healthy Japan 345 13/5 Perception ~ ETG-4000, Facial Decrease O2Hb during task
al. (2018) controls (28- (RBP, Hitachi identification and  condition (left frontotemporal
(18) 38.5) block) emotion area)
recognition task
(JCFEENF)
Holper et Healthy Switzerland ~ 29.7 16/11 Regulation = ETG-4000, Emotional Stoop  Increase activity for negative
al. (2016) controls (6.41) (NG, block)  Hitaghi condition (dIPFC and middle
27) (MATRAB) temporal gyrus)
Honda et Healthy USA 24.6 11/0  Regulation ¢w, LABNIRS, Facial expression  Increased activity for the
al. (2018) adults (11) (2.2) (NC, blogk) |\ /Shimadzu suppression while  pegative condition (left PFC)
(Integral) viewing disgust
video stimuli
Hoshiet  Healthy Japan Range &/11 Expericace  OMM-2000, Rating emotional ~ Decrease O2Hb for positive
al. (2011) adults (19) 21-25 (NG, block) ~ ¢pes; ™ stimuli (IAPS)  (left dIPFC) and increase for
negative condition (VIPFC)
Hosokaw Healthy Japan 24.4 20/18" Perception  ETG-4000, Facial emotion Increase O2Hb during
a et al. adults (38) (3-5) (RBP, Hitachi recognition (ATR  negative condition only (PFC)
(2015) - block) database)
Huetal. Healthy China 25 8/7 Experience  DLP, Viewing and Increases in O2Hb for
(2019) adults (15) (RBP, NirScan rating emotion encouragement (mPFC) and
block) (Integral) inducing videos harmony (left lateral PFC)
Huang et Healthy China 22.4 15/11  Experience = LABNIRS, Rating valence No significant changes in O2Hb
al. (2017) adults (26) 2.1) (RBP & Shimadzu and arousal of were found between unpleasant
NG, block) (NIRS_SPM) emotion-evoking  and neutral conditions
images (IAPS)
Ichikawa Healthy Japan 9.7 13/0 Perception  ETG-4000, Facial expressions  Increase O2Hb for happy and
et al. boys (13) (1.2) (RBP, Hitachi recognition sad faces (left and right
(2014) block) (FIND) temporal areas)
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Ieong et
al. (2018)

Kable et
al. (2017)

Kida et
al. (2014)

Kochel et
al. (2011)

Kochel et
al. (2013)

Kochel et
al. (2015)

Kondo et
al. (2018)

Kreplin
et al.
(2013)

Healthy
controls (7)

Healthy
children

(12)

Healthy
elderly
women (17)

Healthy
adults (35)

Healthy
adults (43)

Healthy
children
(14)
Healthy
controls
(25)
Healthy
adults (30)

China

USA

Japan

Austria

Austria

Austria

Japan

UK

36.6
(10.7)

11.4
3.1)

63.7
(SE:
1.6)

23.94
(3.40)

26.1
(3.59)

121493
(14.29)
months

344
(10.1)

22
(3.26)

3/4

6/6

0/17

18/17

2419

1440

18/7

15/15

Perception
(RBP,
block)

Experience
(RBP,
block)

Experience
(RBP,
block)

Experienee
(RBP,
bleck)

Experience
(RBP &
NC, block)
Experience
(RBP,
block)

Experience
(NC, block)

Experience
(RBP,
block)

CW NIRS
system
(SPSS)

FNIRS 100B,
BioPac
(FNIRSoft
and SPSS)

NIRO-200,
Hamamatsu
(NIRS_ SPMy)

ETG-4000,
Hitachi

(MATLAB
and SPSS)

ETG-4000,
Hitachi
(SPM5)

ETG-4000,
Hitachi
(NIRS_SPM)

ETG-4000,
Hitachi
(JMP Prol2)

fNIR
Imager1000,
NIRx
(fNIRSoft)

Emotion

recognition (Mind

in the Eyes)

Frustration tating
task (EETCH)

Ratifg love for

grandchildren

(own vs unknown)

in video clips

Rating emotional
pictures (IAPS)

Rating emotional
sounds (IADS)

Reading emotional

and neutral

sentences (Tubinger

Affect Battery)

Emotion-related
image recall task

Spot the

difference and

emotional

introspection task

Decrease O2Hb during
recognition compared to
baseline (mPFC)

Increase O2HD in the left LPFC
and mPFC (positive) and left
LPFC (negative) during task
condition

Increased O2Hb while
viewing own grandchild
irrespective of facial
expression compared to
unknown child with same
expression (medial and
inferior APFC)

Increased O2Hb during
disgusts and happy conditions
compared to neutral (occipital
region)

Increase O2Hb during
emotion task (right STG and
supramarginal gyrus)
Increase O2Hb during anger
sadness and happiness (right
STG)

Increase O2Hb during positive
and negative recall (bilateral
frontal temporal region)
Increase O2Hb during positive
condition (rostral PFC and
medial BA10)
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Kreplin
et al.
(2015)

Krol et
al. (2019)

Leon-
Carrion
et al.
(2007)
Lu et al.
(2019)

Lucas et
al. (2019)

Manelis

et al.
(2019)

Marumo

et al.
(2009)

Healthy
adults (20)

Healthy
infants (84)

Healthy
adults (30)

Healthy
adults (40)

Adults with
low neuro-
ticism (39)

Health
controls

(16)

Healthy
adults (20)

UK

Germany

Spain

China

Spain

USA

Japan

25.05
(7.1)

214.07
(7.25)
days

25.84
(7.62)

21.5
1.4)

20.65
(2.67)
overall
sdmple

23469
(3.45)

32.6
©)

10/10

42/42

15/15

20/20

0/39

2/14

10/10

Experience
(RBP,
block)

Perception
(NC, block)

Experience
(RBP,
block)

Perception
(RBP&
NC, Black)

Experience
(RBP,
block)

Perception
(RBP,
block)

Experience
(RBP &
NC, block)

fNIR
Imager1000,
NIRx
(fNIRSoft)

NIRScout
System,
NIRx
(Nilab 2)

NIMprebe,
NIMInc

LABNIRS,
Shimadzu
(NIRS-SPM,
SPMS8 and
SPSS)

fNIRS 1100,
Biopac
(fNIRSoft)

CW6 system,
NIRSOptic
(NIRS
toolbox)
ETG-4000,
Hitachi
(SPSS)

Emotion rating ef
art images frogm
self or othén
perspegtive

Passive,viewing
expressions
(RACES
collection)

Viewing and
rating emotional
videos

Producing
opposite facial
expressions to
presented faces
(CFAPS)

Passive viewing
of facial
expressions
(NimStim and
Radboud)

Rating emotional
intensity of facial
expressions
(KDEF faces)
Passive viewing
fearful faces
(FACS)

Ingrease O2Hb during
negative images from other
perspective. Increase activity
from self-perspective for
positive images (rostral PFC)
Increase O2Hb during fear
and happiness conditions and
decrease in anger condition
(right PFC)

Increase O2Hb during task
especially negative condition
(dIPFC)

Increased O2Hb for positive
and negative compared to
neutral condition (left front
and middle PFC). Decrease
for positive (left pre-motor
area)

No significant O2Hb changes
between valences (PFC).
Significant interaction
between valence and time
(lateral left PFC)

Decrease activity during
emotional task (dIPFC)

Increase O2Hb (left dIPFC).
Female showed greater
activation than males
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Matsubara
et al.
(2014)

Matsuka
wa et al.
(2017)

Matsuo
et al.
(2003)
Minagaw
a-Kawai
et al.
(2008)

Moghimi
et al.
(2012)

Morinaga
et al.
(2007)
Nakadoi
et al.
(2012)

Nakata et
al. (2018)

Health
controls
(20)
Healthy
adults (14)

Healthy
volunteers
(12)
Healthy
mothers
(18) and
infants (15)

Healthy
adults (10)

Healthy
adults (56)

Healthy
controls

(14)

Young (22)
and elderly
(20) adults

Japan

Japan

Japan

Japan

Canada

Japan

Japan

Japan

41.4
(8.5)

23 (1)

37.1(1
1.0)

Mother
33.1,
Infants:
11.7
months

25
Q.7)

25.2
(6.8)

3154,

21.7
and
70.2

10/10

7/7

9/3

0/18,
8/7

5/5

32/24

6/8

Regulation
(RBP &
NC, block)
Experience
(RBP,
block)

Experience
(RBP,
block)
Experience
(RBP,
block)

Experience
(NC, block)

Experience
(RBP,
block)
Experience
(NC, block)

Experience
(RBP,
block)

ETG-4000,
Hitachi
(SPSS)

NIRO-200,
Hamamatsu
(PowerLab)

ETG-100,
Hitachi

ETG-7000y
Hitachi

Imagent
Functional
Brain
Imaging
System from
ISS.
NIRO-300,
Hamamatsu
(BIMTAS-II)

ETG-4000,
Hitachi
(SPSS)

OEG-16,
Spectratech

Emotional Stroop
task

Watching and
rating emofignally
charged’movies

Rating emetional
mevies

Passive viewing
videos (no sound)
of mothers and
babies with
neutral and
smiling faces
Rating intensity
and valence of
emotional
experience after
listening to music
excerpts
Anticipation of
electrical shock

Passive viewing of
fearful and neutral
faces (ATR

international faces)

VR driving
simulation. Red-

light condition to
elicit anger

Increase O2Hb in regulation
task (Left inferior frontal and
middle frontal region)
Decreased O2Hb during
comedy movie and no change
during horror or landscape
movies (bilateral PFC)

No significant changes in
O2Hb

Increase activity during the
presentation of smiling faces
compared to neutral faces
(frontal area)

Music with positive or
negative emotional content
lead to increases in O2Hb
(PFC)

Increase O2Hb during negative
task condition (right PFC)

Increase activity during the
fearful compared to the neutral
condition (PFC)

No significant difference in
O2Hb between any condition
for young adults. Increase
O2Hb for elderly adults in red
compared to other conditions
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Nakato et
al. (2011)

Nishikaw
aetal
(2015)

Nishitani
et al.
(2011)

Ohtani et
al. (2005)

Ozawa et
al. (2014)

Ozawa et
al. (2019)

Perlman

et al.
(2014)

Piper et
al. (2015)

Healthy
infants (12)

Healthy
adults (53)

Healthy
women (28)

Healthy
adults (10)

Healthy
adults (20)

Healthy
adults (15)

Healthy
children

(17)

Healthy
adults (104)

Japan

Japan

Japan

Japan

Japan

Japan

USA

USA

16.7
months
(range:
6-7)

24.05
(range:
22-37)

28.4
(7.4)
and

31.2
(5.2)

40.3
(14.5)

19.38
(0.79)

1997
(9

45
(36-
77m)
20.61

(18-
38)

5/7

35/18

0/28

6/4

20/0

25/0

9/8

36/68

Perception
(RBP &
NC, block)

Perception
(RBP,
block)

Perception
(RBP,
block)

Expétience
(RBP,
bloek)
Experience
(RBP &
NC, block)

Experience
(RBP,
block)

Experience
(RBP,
block)

Experience
(RBP,
block)

ETG-4000, Passively viewing

Hitachi facial expression
(FIND)

NIRO-200, Facial‘emotion

Hamamatsu  n€cognition

(SPSS) (BB9Y9)

OM-220, Facial

Shimadzu discrimination and
emotion
recognition task
(infant facial
expressions)

ETG-100, Emotional

Hitachi memory recall
task

OEG-16, Valance rating of

Spectratech pictures and n-
back task (IAPS)

OEG-Sp0O2, Valance rating of

Spectratech pictures and n-

(MATLAB back task (IAPS)

& SPSS)

CW6 system, Frustration rating

NIRSOptic task (FETCH)

(MATLAB)

fNIR Devices Rating

LLC elevating/amusing
videos

(particularly in LH).

Ingreased O2Hb during
presentation of happy (left
temporal cortex) and angry
faces (right temporal area)
Increased O2Hb in LH and RH
for clear, less clear and
ambiguous facial emotions. RH
O2Hb was higher for ambiguous
and less clear vs clear

Increased activity during task

period compared to baseline
(PFC)

Increased O2Hb during the task
period compared to baseline
(PFC)

Increased O2Hb during the
negative condition compared to
baseline (PFC)

Reduced O2Hb changes during
task compared to baseline
(vimPFC)

Increased O2Hb during Winning
blocks (right middle PFC) and
decrease O2Hb in Frustration
blocks (left dorsal PFC)

No significant different from
baseline or amusement
condition (mPFC)
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Plichta et
al. (2011)

Ravicz et
al. (2015)

Rodrigo
et al.
(2016)

Roos et
al. (2011)

Ruocco
et al.
(2010)

Schneide
r et al.
(2014)

Tupak et
al. (2013)

Vanutelli

et al.
(2015)

Healthy
adults (17)

Healthy
infants (24)

Healthy
adults (39)

Healthy
controls (9)

Healthy
controls (8)

Healthy
adults (33)

Healthy
adults (35)

Healthy
adults (22)

Germany

USA

Canada

South
Africa

USA

Germany

Germany

Italy

25.95
(4.59)

212

)
days

28.46
(12.09)

25.3
(5.7)

18.88
(0.84)

28.9
(Rang
e: 19-
51)

26.46
©96)

24.4
(3.57)

7/10

13/11

4/35

0/9

0/8

10/23

11/24

10/12

Experience
(NC, block)

Perception
(NC, block)

Experience
(NC, block)

Perception
(RBP,
block)

Regulation.
(RBP&
NC, blogk)

Perception
(RBP &
NC, block)

Regulation
(RBP,
block)

Experience
(RBP &
NC, block)

ETG-4000,
Hitachi
(MATLAB)

ETG-4000,
Hitachi
(Homer 2

& SPSS)
fNIR
Imager1000;
NIRx
(SPSS)

DYNOT
System;
NIRx
(SRM5)
Custom
developed
system at
Drexel
University
ETG-4000,
Hitachi
(SPSS &
MATLAB)

ETG-4000,
Hitachi

NIRScout
System,
NIRx
(NirsLab)

Rating emotional
sounds (IADS)

Passive viewing
faces (NamStim
faces)

Incidental émotion
(fear) recognition
during facial
encoding task
(gender)

Facial emotion
recognition (fear)

Sadness cognitive
reappraisal task
(IAPS)

Emotion
identification task
(videos of neutral
and emotionally
expressive
walking)
Threatening
matching and
labelling task
(IAPS)

Passive viewing
affective pictures
depicting human
and animal
interactions

Increased O2Hb in positive and
negative compare to neutral
condition (bilateral temporal
lobes)

Decrease O2Hb during task
condition (PFC)

Increase O2Hb (right mPFC) and
decreased (left mPFC) during the
emotional task condition

Increased activity for fearful
stimuli compared to resting
baseline (PFC)

Higher O2HDb during the task
condition compared to the
baseline (anterior frontal lobe)

Increase O2Hb for negative gait
(right and left occipito-temporo-
parietal areas)

Increased activity for negative
condition compared to baseline
(VIPFC)

Increase O2HD for aggressive
human and friendly animal
interactions compared to neutral.
Decreased O2Hb for aggressive
animal interactions (PFC)
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Wang, F.
et al.
(2018)

Wang,
M. et al.
(2018)

Watanabe
et al.
(2011)

Watanuki
et al.
(2016)

Wei et al.
(2017)

Yang et
al. (2007)

Yu et al.
(2017)

Zhang et
al. (2017)

Healthy
adults (24)

Healthy
adults (12)

Healthy
adults (28)

Healthy
controls

(19)

Healthy
controls
(30)

Healthy
controls
(30)

Healthy
adults (7)

Healthy
infants (18)

China

China

Japan

Japan

China

China

Singapore

China

22.4
2.1)

22.8
(1.91)

21.9
(1.2)

40.53
(8.29)

28.6
(6.52)

24.32
(186)

36.3
(11.3)

39.8
(M

weeks

15/11

5/7

0/28

9/10

18/12

N/19

9/9

Experience
(RBP &
NC, block)

Experience
(RBP,
block)

Experience
(RBP &
NC, block)

Perception
(RBP,
block)

Experience
(RBP &
NCsblock)

Experience
(RBP &
NC, block)

Experience
(RBP,
block)
Experience
(RBP &
NC, block)

LABNIRS,
Shimadzu
(Homer 2 and
SPSS)

CW6 system,
NIRSOptic
(Homer 2 and
SPSS)
ETG-4000,
Hitachi
(SPSS)

ELG-4000,
Hitachi

LABNIRS,
Shimadzu
(NIRS_SPM)

(SPSS)

NIRSport,
NIRx
(NIRS_SPM)

NIRScout
System,
NIRx

(SPSS, NFRI
& NirsLab)

Rating emotional
pictures (IAPS)

Anticipating
emotional pictures
(FAPS)

Rassive viewing
emotional pictures
(TAPS)

Emotion face
recognition task
(JCFEENF)

Passive viewing
emotional pictures
(IAPS)

Passive viewing
neutral and
negative pictures
(IAPS)

Emotion induction
video stimulus

Passive emotional
prosody (DCVE)

Increased activity during
presentation of positive
compared to neutral images.
No changes for negative
images (left dIPFC)

Positive condition induced
higher O2Hb compared to
neutral and negative conditions
(left dIPFC)

Increased O2Hb during
emotional task especially for
negative stimuli (PFC)

Significant difference in
O2Hb between emotion
recognition and neutral
identification tasks (left mPC
and left vIPFC)

Decreased O2Hb during
presentation of negative and

positive compared to neutral and
baseline (left and right dIPFC)

Increased O2Hb during stressful
picture period for female group
only (PFC)

Increase O2Hb during emotional
task period (right PFC)

Increased O2HD for fearful,
angry, and happy prosodies
compared to neutral (right MTG,
STG and supramarginal gyrus)
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Zhang et  Healthy China 20.8 10/12
al. (2018) adults (22) 0.4)
Zhang et  Healthy China 39.2 30/30
al. (2019) infants (60) 1)

weeks
Zhao et  Healthy China 189 14/15
al. (2019) infants (29) (9.66)

days

Experience
(RBP &
NC, block)

Experience
(RBP &
NC, block)

Experience
(RBP &
NC, block)

NIRScout
System,
NIRx
(MATLAB)

NIRScout
System,
NIRx
(MATLAB)

Custom builg
by
Biomedical
Optics
Rescarch
Laboratory
(Homer 2)

Passive emotional
prosody (DCVE)

Passive’listening
to speeeh’samples
i Chinese,and
Poertuguese

Passive listening
to emotional
prosody

Increase in O2Hb for happy
compared to neutral condition
(Yeft pars triangularis). No
significant changes in O2Hb
for anger or fear.

Compare to neutral condition,
higher O2Hb for positive (right
temporal and bilateral frontal
regions), fearful (right temporal
and parietal regions) and angry
stimuli (STG)

Increased O2Hb for angry
compared to neutral (left
anterior superior temporal
cortex). Increased O2Hb for
happy vs angry (right
posterior STC)

NOTE: RBP = Resting Baseline Period, NC = Neutral condition, @FC = orbitofrontal cortex, PFC = Prefrontal cortex, IAPS =
International Affective Picture System, POFA = Pictures of Facial Affect, LH = Left hemisphere, RH = right hemisphere, dl =
dorsolateral, vim = ventromedial, ASD = Autism spectsumydisorder, DCVE = Database of Chinese Facial Emotions
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Results

During the initial search phase, 1,736 articles from databases and 11 articles from reference listswercudentified and exported
to EndNote (Clarivate Analytics, USA). After removing duplicates, 1,384 studies were screened fofwelévance by examining their titles
and abstracts, narrowing the pool to 125 articles for full-text evaluation. Following the aforementioned eligibility criteria, 41 studies
were excluded for several reasons, including 17 for inadequate cognitive task designs,.Z for lack of full-text availability, 6 for not
reporting O2Hb concentrations, 4 for not including a healthy control group, 4 for réusing.a previously reported sample, and 3 for not
measuring with NIRS during the emotion processing task. A total of 85 NIRS studie§ were found to meet inclusion criteria and
included in the final review. A full list of included studies and their summary €haracteristics can be found in Table 1.

Quality assessment. Based on the checklist criteria outlined\in¥Iable 3, 31 of the studies were identified as good-quality, and
54 studies as fair-quality. None of the articles maintainedsafter screéning were identified as poor-quality during the quality assessment
phase. Conflicts of interest were reported in one of ghe studies, while 39 failed to report on conflicts of interest and the remaining 45
reported that there were no notable conflicts. Aftrition of participants was less than 80% in 27 of the studies. Furthermore, 25 of the
studies included both a resting baseline and€utral comparison condition, which enabled better control for unrelated neurocognitive
interference. A summary of the quality assessment findings can be found in Table 2 (see Supplementary Material A).

Participant characteristicS@Fhe total sample size for the 85 included studies was 2,169, consisting of 1,682 healthy adults,
269 infants, 181 childreh,"and 37 elderly. Fifteen of the studies also included a clinical comparison group, including 4 of schizophrenia

spectrum disorders, 4 of depressive disorders, 2 for autism spectrum disorders, 2 of ADHD and 1 study each for Alzheimer’s,

© The Author(s) 2021. Published by Oxford University Press.
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borderline personality disorder, and prenatal alcohol-exposed children. Across all articles mentioning gender (rn = 1 did not report
gender), the ratio of males to females was 1,006 (45.7%) to 1,195 (54.3%) respectively. Four of the studies ingluded only male
participants, while 8 included females only. The mean age ranged from 163 days to 63.7 years, withjan@average of 28.8 years (SD =
4.2) across all studies. The studies were conducted in a variety of countries, including 25 fromiJapany 13 from China, 12 from
Germany, 11 from the USA, 6 from Italy, 3 each from Austria and the UK, 2 from Spain, Switzerland and Turkey, and a single study
from Brazil, Cyprus, Netherlands, Singapore and South Africa. Although 15 of the'85 studies also included a clinical sample for
comparison, it was not a necessary criterion as group comparisons fell outsidethe'sedpe of this review.

NIRS measurement and analysis. A total of 30 different NIRS Syistems were used to measure O2Hb changes across the
reviewed studies, including CW6 (NIRSOptic), DLP (NirScan)aDYNOT"(NIRx), ETG-100/4000/7000 (Hitachi), Imager1000 (NIRx),
FNIR100B/1100 (BioPac), FOIRE-3000 (Shimadzu), LABNIRS (Shimadzu), MP150 (BioPac), NIMprobe (NIM Inc), NIRO-200/300
(Hamamatsu), NIRScout (NIRx), NIRSport (NIRx)#OEG-16/(Spectratech), OEG-SpO2 (Spectratech), OM-220 (Shimadzu), OMM-
2000 (Shimadzu), Oxymon MKIII (Artnis), POCkeétNIRS duo (DynaSense) and eight custom-developed systems. The ETG-4000
(Hitachi, Japan) was the most common system, being used by 29 (33.7%) of the studies, followed by the NIRScout with 9 (10.5%)
studies. There were 43 (50.6%) arti€les whi¢h compared the task-related activity to a resting baseline condition, 17 (20%) which
compared to a neutral or contfol taskeeOndition, and 25 (29.4%) examined both baseline and neutral conditions. The probes were
positioned 3 cm apart for'all sttidies and placed over the frontal lobe in 75 of the studies, temporal lobe in 7 studies, occipital lobe in 3

studies and parietal lobe in"a single study. In addition to the range of NIRS systems and probe layouts, the studies also used a variety
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of different software to analyse the NIRS data, including MATLAB, SPSS, SPM 5, SPM &, Homer 2, NIRS SPM, fNIRSoft, NIRStar,
AnalyzIR, JMP Pro 12, NIRS toolbox, BIMTAS-II, NIRSLab, PowerLab and the integral-mode of varigus systems.
Emotion processing outcomes

Emotional experience. Emotional experience was the most commonly examined domain‘of€motion processing, with 51
studies containing a total of 1,286 participants. Forty-three studies focused on the PFCywhile 8/examined other brain regions,
including the occipital cortex and temporal lobe. Of the 43 studies examining the PEC, 224(51.2%) reported increased O2Hb in the
PFC during the experience of emotion stimuli, 3 (7%) reported greater activation only for negative stimuli (Herrmann, Ehlis, &
Fallgatter, 2003; Ozawa, Matsuda, & Hiraki, 2014; H. Yang et al., 2007)®and"6 (14%) reported no significant changes in the O2Hb
(Deppermann et al., 2017; Huang et al., 2017; Lucas et al., 2019; Matsuo'et al., 2003; Nakata, Kubo-Kawai, Okanoya, & Kawai, 2018;
Piper, Saslow, & Saturn, 2015). In contrast, 3 (7%) studies”Claimed there was a decrease in O2Hb in the PFC during emotional
experience (Himichi, Fujita, & Nomura, 2015; Ozawa, Kanayama, & Hiraki, 2019; Wei et al., 2017). The remaining nine studies
(20.9%) reported mixed findings depending onf'théyalence or type of presented stimuli (Fanti, Panayiotou, Lombardo, & Kyranides,
2016; Hoshi et al., 2011b; Matsukawa etpal. z52017; Perlman, Luna, Hein, & Huppert, 2014; Rodrigo et al., 2016; Vanutelli & Balconi,
2015; F. Wang et al., 2018; Wang,J4#&, Hu, Zhang, & Yuan, 2018; D. Zhang, Zhou, & Yuan, 2018).

Emotion RegulationfElevénsstudies with a total of 313 participants examined the domain of emotional regulation. Of the 11
studies, 6 (54.5%) reportéeuinct€ased activity in the PFC during regulation tasks (Dieler, Plichta, Dresler, & Fallgatter, 2010; Ernst et

al., 2013; Giles et al., 2018; Grabell et al., 2018; Matsubara et al., 2014; Ruocco, Medaglia, Ayaz, & Chute, 2010), 3 (27.3%) reported
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increased prefrontal activation only during the regulation of negative stimuli (Holper et al., 2016; Honda, Tanaka, Sakti, & Nakamura,
2018; Tupak et al., 2014), and 2 (18.2%) studies reported no significant changes in O2Hb (Glotzbach et,al., 2011; Grabell et al., 2019).

Emotion perception. With a total of 600 participants, 23 studies examined the domain of €émotion perception. Nineteen of the
studies examined the PFC, while four focused on other regions of the temporal or occipital cortie€s. Of the 19 prefrontal studies, 5
(26.3%) reported a significant increase in PFC activity during emotion recognition tasks, (Egashira et al., 2015; Fox, Wagner, Shrock,
Flusberg, & Nelson, 2013; Lu et al., 2019; Nishikawa, Toshima, & Kobayashi, 201%; Nishttani, Doi, Koyama, & Shinohara, 2011) and
2 (10.5%) reported increased O2Hb for negative stimuli only (Hosokawa et al320%5 Roos, Robertson, Lochner, Vythilingum, &
Stein, 2011). In contrast, 5 (26.3%) studies reported a significant decréaSesin ®2Hb (Gruber et al., 2019; Hirata et al., 2018; Ieong &
Yuan, 2018; Manelis, Huppert, Rodgers, Swartz, & Phillips, 2049; Ravicz, Perdue, Westerlund, Vanderwert, & Nelson, 2015), and 2
(10.5%) reported no significant changes in O2Hb (Ates et#@l'2017; Herrmann, Neueder, Troeller, & Schulz, 2016). One study by
Watanuki et al. (2016) declared a significant changefin @2Hb'but failed to indicate the direction of change. The remain 4 (21%) of
studies presented mixed findings depending onf'theyprefrontal region or type of emotion stimuli (Abdullayev et al., 2018; Anuardi &
Yamazaki, 2019; Gao et al., 2019; Roosget ak§2011).

Discussion

This review aimed tog€stablishithe capacity of NIRS for detecting haemodynamic changes during emotion processing and

provide recommendatiohSHer fiffure research to improve reliability. Following a comprehensive literature search, we identified 85

peer-reviewed journal articles assessing O2Hb concentrations during tasks of emotion processing among healthy participants. Of the
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included articles, 51 studies examined emotional experience, 23 emotion perception, and 11 emotional regulation. There was a wide
variety of experimental paradigms across the various studies; thus, quantitative analyses of data were limited\Nonetheless, we
thematically summarized and synthesised the findings, highlighted methodological limitations, andmade recommendations for future
research. A frequency distribution of overall study outcomes is presented in figure 2.

Emotional Regulation. The findings were most consistent among studies of emotignalregulation with almost all the reviewed
studies showing increased O2Hb in the PFC during the task period, especially for the regulation of negative stimuli. For example,
Giles et al. (2018) delivered a cognitive reappraisal task using negatively valengesSMAPS images and found increased activities in the
dorsal and anterior PFC during the reappraisal condition. Likewise, Honda,et'al. (2018) reported increased activity in the left PFC
when participants were required to suppress their own facial expressions ‘during the presentation of negatively valanced video stimuli.
These findings are congruent with fMRI studies which haw€feund mcreased activation in the VIPFC, dmPFC and left superior
temporal gyrus, as well as hypoactivation in the amygdala and OFC (Grecucci, Giorgetta, van't Wout, Bonini, & Sanfey, 2012; Kohn
et al., 2014; Mak, Hu, Zhang, Xiao, & Lee, 2009;Rico-Pérez, Radua, Steward, Menchon, & Soriano-Mas, 2017). Nonetheless, one
meta-analysis of cognitive reappraisal stndiegffound activation in the lateral temporal cortex and bilateral amygdala, but not in the
vmPFC or any other regions (Buhle'et ak, 2014). Dorfel et al. (2014) examined various emotion regulation strategies separately and
found that cognitive reapprai§al rectuited a qualitatively different network comprising the left vIPFC and orbitofrontal gyrus,
compared to the right prefrental®parietal region activated by other strategies, including detachment, expressive suppression and

distraction. A recent meta-analysis of fMRI studies further concluded that the dmPFC, angular gyri and left vIPFC are typically
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activated during cognitive reappraisal of emotion (Pic6-Pérez et al., 2017). Taken together, these findings suggest that the left lateral
PFC plays a role in constructing reappraisal strategies that can modulate activity in emotion centres of the brain (Anderson & Green,
2001; Dieler et al., 2010; Ochsner, Bunge, Gross, & Gabrieli, 2002).

Although the findings among studies of emotional regulation are relatively consistent, lintit€@ research has examined this
domain of emotion processing (n = 11 studies), task dimensions varied widely, and studiesywere often limited by statistical power,
sensitivity and generalisability. Specifically, three articles only focused on a single'type of emotion (Glotzbach et al., 2011; Honda et
al., 2018; Ruocco et al., 2010), three only examined negatively valanced stimuli (Berist et al., 2013; Giles et al., 2018; Tupak et al.,
2014), three used word-based interference tasks involving neurocognitfivesintérference (Dieler et al., 2010; Holper et al., 2016;
Matsubara et al., 2014), and the remaining two studies used developmentally appropriate paradigms suitable only for young children
(Grabell et al., 2019; Grabell et al., 2018). To date, there ha@Veybeen ho NIRS studies of emotional regulation using a range of
emotional stimuli to evoke affective states in healthy functiosiing adults. Future research should focus more attention on the domain of
emotion regulation by using representative samples and ‘comprehensive tasks to verify the findings presented in the reviewed studies.

Emotion experience. The experience/of emotion was by far the most extensively researched domain of emotion processing.
Many studies reported significant gi€reasessin prefrontal O2Hb concentrations during the presentation of emotionally inducing stimuli
(Balconi, Vanutelli, & Grippg, 201 7=Btrugnera, Adorni, Compare, Zarbo, & Sakatani, 2016; Hu et al., 2019; Kreplin & Fairclough,
2013; D. Zhang, Chen, How, &"Wu, 2019). Several studies also reported increased activity in other brain regions, including the

occipital cortex during visttal tasks (Herrmann et al., 2008; Kochel et al., 2011) and the temporal lobe for tasks of auditory modality
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(Kondo et al., 2018; Michael M Plichta et al., 2011; Zhao, Chronaki, Schiessl, Wan, & Abel, 2019). Nonetheless, although most
studies agreed on the increased O2Hb concentrations during emotional experience, no significant changes wete found by others
(Lucas et al., 2019; Nakata et al., 2018) and some even reported decreased prefrontal O2Hb concefitrations during the presentation of
emotional stimuli (Himichi et al., 2015; Ozawa et al., 2019; Wei et al., 2017). These finding are,¢ongruent with fMRI studies which
have linked parts of the PFC to emotional experience, even though there is no consensus on the exact role, localisation and nature of
activation (Gazzaniga & Ivry, 2013; Green, Horan, & Lee, 2015; Kober et al., 2008y Wacker, Dillon, & Pizzagalli, 2009). One meta-
analysis of fMRI and PET studies suggests that there is no single region that uhiguely represents emotional valences, but rather
valence is flexibly implemented across instances by a set of valence-genesal regions, including the anterior insula, rostral vimPFC,
dorsal ACC, amygdala, ventral striatum, thalamus and occipitotemporal cortex (Lindquist, Satpute, Wager, Weber, & Barrett, 2016).
Investigators have proposed that different neural syStems ar€ responsible for the processing of different emotions (Gazzaniga
& Ivry, 2013). Providing support for this theory, neutoimaging studies have revealed that activation in brain networks varies
depending on the emotional situation (Chang, Giaharos, Manuck, Krishnan, & Wager, 2015; Kragel & LaBar, 2016). It is possible that
alteration in neural activities between some'of the reviewed studies may reflect differences in the types or valences of emotional
stimuli presented. A theme was uneovered ifi several reviewed studies whereby positively valanced stimuli were characterised by
O2Hb increases in the left hefhisphére”and negatively valanced stimuli in the right hemisphere (Balconi & Vanutelli, 2016; Balconi et
al., 2017; F. Wang et al. {264.8)."This pattern of activity is consistent with two general theories of hemispheric asymmetry for emotion:

the right hemisphere hypothesis and the valence hypothesis. The right hemisphere hypothesis posits that the activation in the left
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hemisphere may function to regulate the intensity of activation in the right hemisphere, whereby overactivation is associated with
negative experiences and under-activation is associated with positive experiences. In contrast, the valence hypothesis of hemispheric
asymmetry suggests that the anterior portions of both hemispheres are differentially specialised, with the left-side being more
dominant for positive experiences and right-side dominance for the experience of negative emotions:*Although there is considerable
evidence to support both theories, the extent to which either hemisphere is involved rematas un€lear. Nonetheless, these findings
suggest that, even within the PFC, positive and negative emotions are characterisediby different patterns of activation. Although this is
consistent with our findings, some of the studies with conflicting results implemented tasks with a limited emotional range (Himichi et
al., 2015; Nakata et al., 2018). Thus, further research is needed into the experience of different types of emotion using NIRS.

Researchers have suggested that the resolution of NIRSgmight betoo coarse to discriminate between different emotional
processes (Glotzbach et al., 2011). Although previous fIMRT'Studies have shown reliable differences in prefrontal activation between
emotional experience and regulation (Banks, Eddy, AngstadtyNathan, & Phan, 2007; Eippert et al., 2007; Kalisch et al., 2005;
Lévesque et al., 2003; Ochsner et al., 2002; K.“L."Bhan ¢t al., 2005), it remains unclear how well NIRS can distinguish between the
difference cognitive states. One fMRI studydéund that cognitive reappraisal activates prefrontal regions similar to those reported in
studies of emotion regulation, while"emotional experience activates the bilateral amygdala (Winecoff, Labar, Madden, Cabeza, &
Huettel, 2011). It has been th€orizedhat the PFC plays a role in suppressing activity in the amygdala during emotional regulation,
which can result in dete€tably gf€ater hemodynamic activity in the PFC and lower activation in the amygdala during emotional

regulation compare to experience (Glotzbach et al., 2011). Despite the coarseness and low spatial resolution of NIRS, initial studies
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have shown different patterns of activation for emotional regulation and experience. For example, Giles et al. (2018) found decreased
activity in the dorsal and anterior PFC during negative experience and increased activity during negative regtilation. Similarly,
Glotzbach et al. (2011) found increased O2HD in the PFC during fearful experience and no significant €hange during emotional
regulation.

Emotion Perception. Inconsistent findings were also reported among the reviewed,studies of emotional perception. Many of
the publications reported increased activity in PFC (Egashira et al., 2015; Nishikawa et,al4 2015; Roos et al., 2011; Schneider et al.,
2014), several suggested decreased activity (Gruber et al., 2019; Hirata et al., 2Q18fcong & Yuan, 2018; Manelis et al., 2019; Ravicz
et al., 2015), and some reported no change in O2Hb (Ates et al., 2017;\Hestmann et al., 2016). Furthermore, several of the reviewed
studies reported mixed findings depending on the brain region @k type ‘of emotion being measured. Although heterogeneous emotional
mechanisms likely accounted for some of these inconsisteficies, discrepant findings also persisted among studies implementing similar
paradigms. For example, most perception-based studiesemployed a photo-visual facial expression recognition task, yet patterns of
prefrontal activity still varied across these studies:\One study by Abdullayev et al. (2018) reported that O2Hb increased in the vPFC
and mPFC and decreased in the dIPFC during’a facial affect recognition task. Another study by Gao et al. (2019) implemented a
similar recognition task and foundsificreased O2Hb concentration in the right PFC during the presentation of happy and fearful stimuli,
while sad facial expressions gesultedwrt decreased activity in the left PFC. Herrmann et al. (2016) also examined healthy adults using a

facial emotion recognitiofitask @nd found no significant changes in O2Hb.
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These findings are congruous with fMRI research which has identified a plethora of regions responsible for facial expression
recognition, including the mPFC, fusiform gyrus, ACC, inferior frontal gyrus (IFG), superior temporal sulcusi(STS), nucleus
accumbens, amygdala, insula and parts of the occipital lobe (Dolcos, Iordan, & Dolcos, 2011; Filkdwski, Olsen, Duda, Wanger, &
Sabatinelli, 2017; Grill-Spector, Knouf, & Kanwisher, 2004; Habel et al., 2010; O’Doherty et alg2003). Although activity in the
fusiform gyrus, amygdala, IFG, STS, and occipital lobe has been found in the study ofameutral faces, it seems emotion-induced
activation depends upon the type and intensive of expression (Gur et al., 2002; Jehna etald, 2011; Kesler-West et al., 2001). Angry
faces have been found to elicit activation in the superior frontal gyri and anterior cingulate cortex, while disgust has been found to
elicit activation in the fronto-orbital cortex and insula, and sad faces elicitselatively greater activation in the putamen and inferior
frontal gyrus (Abel et al., 2003; Fusar-Poli et al., 2009; Jehna eal., 2001 Kesler-West et al., 2001; Wabnegger et al., 2015). The
mPFC has also been implicated in the processing of emoti61isy, including happiness, fear and angry (Kesler-West et al., 2001).
Nonetheless, findings within the mPFC are inconsistentgwiths/Some fMRI studies reporting hypoactivation, some reporting
hyperactivation, and others reporting no activatiom(Haxby, Hoffman, & Gobbini, 2002; Li et al., 2010; Ruiz et al., 2013; Sabatinelli et
al., 2011; Vuilleumier & Pourtois, 2007)¢ A'm€ta-analysis of emotion activation studies using fMRI and PET found no consistent
pattern of activity in PFC across individual€motions or induction methods (K Luan Phan, Wager, Taylor, & Liberzon, 2002). Several
researchers have suggested that the'mPFC may be implicated in cognitive functions which are implicit to the emotional tasks, such as
directing visual attentiofi tewards facial features, especially the eyes, during emotional expression (Kesler-West et al., 2001; Wolf,

Philippi, Motzkin, Baskaya, & Koenigs, 2014).
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Although further investigation is needed to establish the causes of discrepancy among previous studies and to identify the most
suitable approach to measuring emotion processing with NIRS, by examining differences between priogstudies, we can posit several
potential factors which may influence research outcomes. Three key areas of the experimental design might explain the discrepancies
in research outcomes between the reviewed studies: 1) the cognitive task, 2) the recruited sample! an@ 3) the methods for measurement
and analysis of NIRS data. In examining the cognitive task, we will focus on variationssin‘the intensity of stimuli, emotional valences
of stimuli, and type of control condition. During the discussion on the recruited sample, we€ will examine the effects of age and gender
distribution, as well as the size of the sample. Finally, for the measurement andyanalysis of NIRS data, we will discuss the different

types of NIRS systems, analysis software and probe arrangements.
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Figure 2. Frequency distribution of study outcomes.
Variations in cognitive tasks

The design of the cognitive task was a likely factor influencing research outcomes and confributing to discrepancies between
studies. Many studies implemented a rating or response type paradigm whereby participants had«o a€tively select a fixed or subjective
response option, while other studies simply involved passive viewing of static images..Lhe,various task designs involved diverse
cognitive demands, required a variety of neurocognitive skills, and included a range,of different valances, sensory modalities and
levels of complexity. The findings from this review highlighted three task design characteristics which could potentially influence
outcomes: 1) intensity of the stimuli, 2) emotional valence of stimuli, 3)*ype‘of control condition.

Intensity of the stimuli. Altered O2HDb concentrations haye been‘observed in tasks with varying degrees of complexity. Some
studies presented obvious stimuli over a prolonged period¢While many other studies elected for a rapid presentation of subtle
expressions of emotion. One study by Gruber et al. £2019) psovided participants with a series of semantically meaningless words
spoken with various inflections and required the participants to either categorise or discriminate them based on their emotional or
linguistic context. The findings revealedsthatgCompared to a neutral condition, O2Hb concentrations decreased in the frontal left
hemisphere during categorisation afid discrithination of emotional tones, especially in the fear condition (Gruber et al., 2019). Another
perception-based task in a study by'Ke0l, Namaky, and Grossmann (2019) merely involved the passive viewing of emotional facial
expressions and found ificreased”O2Hb in the PFC during the recognition of fear and happiness. One study investigated the effect of

task difficulty on NIRS measured O2Hb changes using an emotional facial expression recognition task and found that O2Hb
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concentrations were higher in the right hemisphere when the stimuli were more ambiguous compared to those that were more evident
(Nishikawa et al., 2015). As well as highlighting the difficulties in comparing results between studies, these examples show the
importance of task selection when undertaking NIRS research by demonstrating that prefrontal-activityévaries depending on the
cognitive demands of the task.

Valence or type of emotional stimuli. Many studies have found contrasting Q2HBb,congentrations amongst a range of different
emotions and valences. Krol, Puglia, Morris, Connelly, and Grossmann (2019) presentedanfants with emotional facial expressions and
found increased O2Hb in the right PFC during the passive viewing of happy and fearful faces but decrease activation during the
presentation of anger. Another study found increased O2Hb during passive,listening to happy emotional prosody compared to the
neutral condition but reported no significant activation changesgfor thetanger or fear conditions (D. Zhang et al., 2018). Hoshi et al.
(2011b) used a simple image valence rating task and found”decreased activity in the left dIPFC for positive stimuli and increased
O2Hb in the vIPFC during the presentation of negative stimudi. Another similar study requiring participants to rate emotional images
found increased O2Hb concentrations in the left PEC for negative stimuli, but not for positive (Herrmann et al., 2003). Taken together,
these findings add to the growing evidenee that patterns of neural activity differ according to the discrete emotion or valence of
presented stimuli. Therefore, resear€hersyrisk diminishing signal reliability and contaminating data if they fail to isolate discrete
emotions during analysis, owing to*petential oxygenation saturation or weakening of activation by averaging across unrelated blocks.

In conducting research Using NIRS, it is important for investigators to include and isolate the effects of positive, negative and neutral
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conditions, or preferably examine each type of emotion separately. These more comprehensive approaches would allow for a more
even comparison between studies and more precise findings regarding the haemodynamic changes during emetion processing.

Type of comparison condition. Alternatively, the choice of comparison condition might hélp eXplain the mixed results among
reviewed studies. Many of the studies used a resting baseline period, usually consisting of viewing a“€ross-hair on a blank screen.
Other studies implemented various neutral control tasks which provided matching cogaitive demands without the emotional
component. For example, a study by Fanti et al. (2016) presented participants with*gither#iolent, comedic or neutral video clips and
found increased O2Hb during positive videos and reduced activity during negativéwideos compared to the neutral condition. Another
study by Nakadoi et al. (2012) presented images of faces displaying eithienfeasful or neutral expression and found increased O2Hb
concentrations in the PFC during the fearful condition compared,to theweutral facial expressions. On the other hand, there have been
several similar studies comparing emotional experience te*a'testing baseline period and finding no significant changes in prefrontal
O2HD (Lucas et al., 2019; Matsukawa et al., 2017; Matsuo et‘al., 2003; Nakata et al., 2018; Piper et al., 2015). Without a neutral
control condition, studies run the risk of detectingactivation stemming from neurocognitive processing, including selective attention,
visual perception and working memory. Ahus{ 1t is reasonable to assume that patterns of activation would different between studies
depending upon the type of controf€onditiofi that was implemented. Owing to a lack of standardisation in the analysis and reporting of
data among the reviewed studies, it¥s«difficult to compare between the two control conditions. Although some studies included both a

resting baseline and a néutral cofidition, to the best of our knowledge, no study has yet compared activation between the two control
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conditions. Future studies would benefit by examining neural activity during both resting baseline and neutral control conditions to
help disentangle the influence of emotion processing from unrelated non-emotional neurocognitive processes?
Variations in the recruited sample

Previous research has established that individual differences between participants can mpact'en O2Hb concentrations,
especially concerning the subjective tasks used in emotion processing research (Hoshiet al.,, 2011a). For example, the mood of an
individual at the time of measurement might influence their performance and associated n€ural activity in a manner unrelated to the
task. A review by Bendall et al. (2016) examined 11 studies of emotional expetienee’and argued that there were often discrepancies
between individual- and group-level findings. Bendall et al. (2016) concladedvthat to reduce the likelihood of Type I and II errors
resulting from systemic physiological fluctuations, future reseasch would benefit by examining the data of individual participants
before commencing a secondary-level analysis. The curreftfeview highlighted three characteristics of the recruited samples, which
may have influenced the study outcomes: 1) genderdistribution, 2) age difference, and 3) the size of the recruited sample.

Gender distribution. The assumption thatywomen are more emotional than men has transpired over the last several decades,
resulting in many studies of gender differeneg’in emotion (Deng, Chang, Yang, Huo, & Zhou, 2016; Parkins, 2012). While there is
substantial evidence to suggest gender differences exist across a range of emotional processes, no consensus has been reached for any
specific domain as findings afe oftemseOntradictory (Deng et al., 2016; Whittle, Yiicel, Yap, & Allen, 2011). Advancements in
neuroimaging have provided an"Opportunity for the objective measurement of the neural mechanisms underlying emotion processing

(Gross & Thompson, 2007). Studies employing fMRI or PET have found evidence for gender differences in the neurobiological
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mechanisms underlying emotion processing, suggesting that men and woman use different strategies when processing emotion, which
can lead to diverse subjective and behavioural responses (Whittle et al., 2011).

To date, few studies of emotion processing have adopted NIRS in the investigation of gend@g differences. Bigliassi et al. (2015)
examined gender difference in emotional experience and found that males had significantly higher O2Hb concentration in the mPFC
while listening to motivational and calm music than females. Another study examined,gender differences during passive viewing of
fearful faces and found that female experienced greater activation in the left dIPFCYMarumo, Takizawa, Kawakubo, Onitsuka, &
Kasai, 2009). Although most studies have recruited roughly equivalent distributions®of males and females, several studies restricted
their focus to a single gender. Lucas et al. (2019) examined emotional €Xperience using a passive viewing task in a sample of only
women participants and found no significant differences in prefsontal ®2Hb. Another study focusing only on male participants
employed a similar task and reported increased O2Hb dupifigithe présentation of negative stimuli (Ozawa et al., 2014). Anuardi and
Yamazaki (2019) recruited a predominately male samhple andffound increased O2Hb during an emotion perception task, while another
similar article reported no significant O2Hb changes among a sample of predominately female participants (Herrmann et al., 2016).
Taken together, these findings suggest that pe€frontal brain activities during emotion processing are more prevalent among male
participants than female participant§®Therefore, it is possible results could be diluted from the inclusion of more female participants
owing to a potential gender effect. Nefictheless, further research directly comparing the two genders while controlling for confounding

factors is warranted befaressuchiconclusions can be made.
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Age differences. NIRS has been used to examine emotion processing in participants of varying ages, including infants,
children, adults and the elderly. One study has investigated differences in emotional experience between,younger and older adults
using a VR driving simulation task (Nakata et al., 2018). Nakata et al. (2018) discovered that elderly adults experienced increase
O2Hb in response anger elicited by red traffic lights, while the younger adults had no significant/hafiges in the activation for any of
the traffic light conditions. Research on children populations has also produced some centsasting findings. For example, one study by
Grabell et al. (2019) investigated emotional regulation in a sample of 60 children (tacan.age: 4.9 + 1) and found no significant O2Hb
changes in the lateral PFC during either positive or negative conditions. To date, almost all studies of emotional regulation have
produced consistent findings, namely increase activity in the PFC, meatiing the article by Grabell et al. (2019) is one of two with
discrepant results. These limited findings provide some indicatien that'the neural mechanisms underlying emotion processing, as
revealed by NIRS, vary between child, adult and elderly pépulations.

Size and representativeness of the sample#Additionally, the sample sizes for most of the reviewed articles were quite small,
with only 13 studies recruiting >35 participant§ and 21 studies recruiting <15 participants. Smaller sample sizes may contribute to low
statistical power and reduce the reliability ofifesearch findings (F. Zhang & Roeyers, 2019). For example, studies by Yu, Ang, Ho, Sia,
and Ho (2017) and Heger, Herft, Patze, Mutter, and Schultz (2014) recruited relatively small samples (z = 7 and n = 8 respectively)
and found increased prefrontdl activity’during an emotional experience task. Conversely, studies by Lucas et al. (2019) and Piper et al.
(2015) recruited moderatéte, large numbers (n = 39 and n = 104 respectively) of participants relatively and found no significant

changes in O2Hb during emotion experience tasks. It is possible the studies with smaller sample sizes are finding significant results
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because of Type I error (Button et al., 2013). The discrepancy between studies might be resolved simply by recruiting more
participants to achieve sufficient statistical power.

Furthermore, a secondary issue with small sample sizes is that they are often not representative'@f the target population. Larger
sample sizes are advantageous because they allow for more precise estimates of mean values, agg’ustally more representative, provide
a smaller margin of error and have greater generalisability (Biau, Kernéis, & Porcher, 2008). Samples which lack representativeness
are usually not generalisable and may contribute another source of inconsistency towesgasch outcomes (Gobo, 2004). Several of the
studies included in this review used convenience sampling to recruit solely undergraduate university students. Although student
samples are typically recruited because of their accessibility, low cost 9ffadministration and lower response bias, they are usually
considered to be homogenous and not representative of the genegal population (Arnett, 2016; Hanel & Vione, 2016). As students
typically represent a proportion of the population with high€fsocio€conomic status, educational attainment and intelligence, it raises
concerns regarding the representativeness, generalisdbility and comparability of the results (Greenfield, 2014; Hanel & Vione, 2016).
Therefore, larger more representative samples are'encouraged in future research to ensure reliability.

Variations in the measurement and apalysi§ of NIRS data

Variability in the measuremént and ahalysis of haemoglobin concentrations was another area which potentially contributed to
the reported discrepancies. Many ofth€ reviewed articles used different NIRS systems, probe layouts, analysis software and
approaches to data pre-proeessifig. Although each of these methods provides an accurate indication of haemodynamic changes,

technical variations could lead to slight differences in research findings. Three areas of data collection and analysis were identified as
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potential causes of the inconsistent conclusions: 1) type of NIRS systems, 2) selection of probe placement and 3) choice of analysis
approach and software.

Different types of NIRS systems. The use of 30 different NIRS systems might also help eXplaifi some of the inconsistencies
between studies. NIRS systems use a variety of wavelengths to monitor changes in haemoglobindoneentrations which can contribute
to the unreliable quality of signals (Gervain et al., 2011). For example, a study by Watanabe et al. (2011) found increased O2Hb in the
PFC during the passive viewing of positive and negative IAPS stimuli, while another study by Wei et al. (2017) found decreased
O2Hb. Both studies used the same task, same stimulus materials, and roughly similaf samples recruited from a similar location and
age group; however, the former study used a Hitachi-4000 system (NIR®)wwith two near-infrared wavelegths (695nm, 830nm) to
measure haemoglobin concentrations, while the latter used a LABNIRS, system (Shimadzu) with three wavelengths (780nm, 805nm
and 830nm). Although it would be unreasonable to conclud€the difference in findings is totally due to the use of different NIRS
systems, it does provide a possible explanation for the discrepancy.

Data analysis methods and software.“ASNIRS is an emerging technique, there is currently no standardised approach to data
analysis. Several different software packagesdhave been developed to assist in the pre-processing and analysis of NIRS data, but most
of these are either incomplete or adaptediftem other neuroimaging techniques. A study by Huang et al. (2017) analysed data using
NIRS SPM toolbox (BISP KAIST,erea), a MATLAB-based software package which was initially designed for the statistical
analysis of fMRI data and*adapte€d for NIRS. The study used an emotional image rating task and found no significant changes in O2Hb

between positive and neutral stimuli. Another study analysed data using Homer-2, a second-generation set of MATLAB scripts
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explicitly designed for use with NIRS, and found increased O2Hb in the left dIPFC during emotional experience of positive compared
to neutral stimuli (M.-Y. Wang et al., 2018). As with the different NIRS systems, the varying analysis approaches only serve as a
possible explanation for discrepancies between studies. Future research would need to investigate 4ad €ompare the various methods of
data analysis to establish their consistency and identify the best approach to use in the analysis'efNIRS data.

Region of interest and probe placement. The source-detector separation, numberof channels and placement location are all
parameters which contribute to the type of data collected. The separation between the sourCe and detector probes determines the depth
of penetration, while the quantity and position of the channels determine the amount“and location of brain coverage. NIRS has limited
spatial resolution compared to fMRI, and subsequently, researchers are presented with a challenge when identifying the specific brain
regions which contributed to detected changes in haemoglobin gQften the international 10-20 system, a method for mapping electrodes
in EEG research, is used to localise the probe positions op#a*standard template. However, this method can be inaccurate because the
relationship between the external probe placementsdnd gheinternal brain structures is often unknown owing to the variation in head
shape and size between participants.

Most of the studies included in this fe¥iew focused on the prefrontal area, which is not surprising owing to the suitability of
NIRS for measuring cortical tissuggthe verified role of the PFC in emotion processing, and the possibility of hair interference.
Nonetheless, studies impleménting embtion prosody tasks identified the temporal cortex as a key area of activation owing to its
involvement in the auditotysnetWork (D. Zhang et al., 2019; D. Zhang, Zhou, Hou, Cui, & Zhou, 2017; Zhao et al., 2019). For

example, a study by Zhao et al. (2019) found increased O2Hb in the left anterior superior cortex during passive listening of anger-
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based prosody. In contrast, other studies using visual perception tasks focused on the occipital cortex (Di Lorenzo et al., 2019;
Herrmann et al., 2008; Kochel et al., 2011).

Not only should researchers carefully consider the positioning of probes, but also how they‘apptoach the grouping of channels
and mapping of brain structures. Several of the studies presented in this review reported varyingg#esults depending on the examined
subregion or hemisphere of measured brain structures. For example, a study by Abdullayew et al. (2018) exploring emotional
perception found increased activity in the VPFC and mPFC, but decreased activity a the dIPFC during a facial affect identification
task. Another study reported decreased O2Hb in the left dIPFC for positive stimultand increased activity in the vIPFC for negative
stimuli during an emotional experience rating task (Hoshi et al., 2011b).“Ehese studies demonstrate how even the slightest change in
probe position can lead to diverse results. Over the last two decades\fMRI has been used extensively in the mapping of brain function
during many areas of cognition. Investigators planning toS&NIRS"in their research should address relevant fMRI research before
carefully selecting their approach to data collectiongnd analySis.

Strengths and limitations of the review

The present review has several advantages. Foremost, a search of 4 high-quality databases resulted in a wide breadth and depth
of studies from 16 countries, investigating a'range of participants and using a variety of tasks. Another major strength was that two
authors independently conduéted thesliterature search, data extraction and quality assessment before consolidating their findings.
Additionally, all included"studi€S were assessed for quality using a well-establish checklist tool and found to be of moderate or high

quality. Finally, both studies with a resting baseline period and neutral task condition were included in this review



SYSTEMATIC REVIEW OF NIRS AND EMOTION 47

Nonetheless, there were also several limitations which need to be addressed. First, very few studies have focused on the
domain of emotion perception and even fewer examined emotion regulation, thus it is difficult to draw _strongyconclusions across these
domains. Second, quantitative analyses of data were limited in this review, owing to the lack of standardisation between studies. The
variations in cognitive tasks, measurement methods and approaches to data analysis not only leadt0"@lack of consistency between
studies but also render meta-analyses difficult (Parker, Saez, Porta, Hernandez-Aguades, &l umbreras, 2013). Furthermore, data
extraction was constrained by the availability of reported outcome variables. Even'though/Care was taken to remove studies using
repeated samples, it is difficult to rule out the possibility of participant data beiag ws€d repeatedly across multiple papers involving the
same authors. There was also a possibility of file drawer effects whichiwese difficult to address in this review owing to the variation
between study designs. Finally, although any articles rated as weak Wege removed after the quality assessment stage, the included
studies cannot be considered equality valued. The cognitiv€task desSigns varied considerably in terms of their complexity and depth.
For example, some studies examined a range of emgtions usifig a variety of engaging tasks, while other studies merely focused on the
passive viewing of a single valence.

Recommendation for future research

Researchers should considerSeveralaspects of the experimental design when investigating emotion processing using NIRS,
including the valence, intensify and*médality of the stimuli, the size and representativeness of the recruited sample, and the methods of
measurement and data analysis.“As outlined in this review, a lack of procedural standardisation not only made it difficult to compare

findings across studies, but' was also a likely cause for much of the inconsistent results. It is recommended for future studies to include
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multiple cognitive tasks designed to measure across various emotion processing domains and sensory modalities to help explore task-
related differences and resolve inconsistent findings. Perhaps more importantly, it is recommended that futurégesearch examines a
diverse array of stimuli with varying levels of arousal, intensity, and valence. Neuroimaging studieshavie provided evidence that there
are distinct brain regions or neural circuits associated with the processing of different emotions\(Gazzaniga & Ivry, 2013).
Furthermore, previous research suggests that the strength of activation is dependent onstheylevel of arousal or intensity of stimuli.
Thus, restricting the focus to general emotion processing may limit and potentiallyweaken findings, as well as making it difficult to
compare across studies. It would be useful for future researchers to employ a rangesef stimuli with both subtle and obvious depictions
of positive and negative emotions or examine discrete types of emotion (esg. anger, happiness).

It is recommended that researchers recruit larger and mese répreséntative samples to increase statistical power and improve
reliability (F. Zhang & Roeyers, 2019). A statistical powerahalysis using Faul and Erdfelder’s (1998) G*power program 3.1 was
performed for sample size estimation. Effect sizes were extracted and averaged across reviewed studies with sample sizes greater than
n = 20 when sufficient data was provided (Baléoniy, Grippa, Vanutelli, & cognition, 2015; Grabell et al., 2019; Himichi et al., 2015; Lu
et al., 2019; Lucas et al., 2019; Piper et al., 2015). The average effect size reported in these studies was 0.34 for regulation, 0.32 for
experience and 0.29 for perception®Wsing aftwo-tailed 7-test between means with 80% power and an alpha of 0.05, the projected
minimum total sample size n€eded Wwath these effect sizes is approximately n = 70 for studies of regulation, n = 79 for experience and
n = 96 for studies of pereéptionThus, it is recommended that future studies should recruit between 70 and 96 participants minimum to

ensure adequate statistical power when investigating emotion processing when using similar study methodology to that used in prior
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research. Furthermore, studies should recruit participants from a diverse range of education levels, socioeconomic positions, and
cultural backgrounds to ensure the findings are generalisable to the wider population. Finally, as neuroimaging research necessitates
smaller sample sizes owing to greater cost and time demands, researchers should carefully considefithetype of sampling method (e.g.
stratified, purposive sampling etc.) they use to ensure the appropriateness and representativencsssof their sample.

One advantage of NIRS is that it can easily be used in conjunction with other neuréimaging techniques (Bendall et al., 2016).
As such, future research is encouraged to use a multimodal approach to obtain more,infomnation about participants from multiple
perspectives. For example, MRI could provide an anatomical-functional co-registration to assist NIRS with overcoming issues of
lower spatial resolution and limited anatomical mapping (F. Zhang & Roeyersy 2019). Additionally, to bring about greater
standardisation, future studies should compare activation duringsan émetional task condition with both a resting baseline period and a
neutral control condition. Analysing and reporting the findifigs in relation to both of these control conditions would enable better
comparison between studies and help disentangle emfotion psdcessing-related changes from the task-related neurocognitive influences.
It is advisable for researchers to report all findingSieven'if they are non-significant as this can help portray the true effectiveness of
NIRS.

Finally, before NIRS can be€onsidefed for real-world applications, further research needs to examine the test-retest reliability
to establish whether the outcomes aresfeliable over time or whether they are influenced by extraneous day-to-day factors, such as a
participant’s mood or the'amoufit of sleep they received during the prior night. Although some preliminary studies have found the test-

retest reliability of NIRS it emotion processing to be acceptable at the group-level for mapwise and clusterwise scales, further
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research is needed to gain better insight into the reliability of the method (Huang et al., 2017). Given that existing literature has
reported inconsistent findings, it remains to be seen whether the stability of O2Hb signals are influenced by extraneous factors, such as
the cognitive task, method of data processing and analysis, or the type of NIRS system and associated Wavelengths (Huang et al.,
2017). Future research should investigate whether these factors influence the reliability of NIRS at multiple time intervals (e.g., hours,
weeks or months) before we can draw more instructive conclusions.
Implications and Conclusion

The diagnosis and treatment of psychological disorders stand to benefit\fromthe development of cheaper and easier
neuroimaging technology. Compared to other neuroimaging techniques, WIRS»is cost-effective, makes data collection of large samples
more achievable, and is favourable in the study of otherwise difficult, pepulations, including infants or patients with schizophrenia,
owing to the reduced psychological discomfort and flexib#lityyof head movement. These notable advantage advocate in favour of
NIRS over other more established techniques for the'puspose/of real-world applications, as it would be a feasible and efficient method
of biomarker screening and guided treatment of psychological disorders. Nonetheless, our findings suggest the larger samples (n = 70-
96) required to reduce sources of noise and imiprove power might preclude NIRS as a sensitive enough instrument for measuring
biomarkers. Further research is negded to,determine the effectiveness and reliability of NIRS for measuring the neural systems
involved in emotion processifig.

NIRS also has a‘potentidl treatment application through neurofeedback training. Neurofeedback training would enable patients

to monitor their own functional activity and use real-time feedback to regulate their neural and behavioural performance (F. Zhang &
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Roeyers, 2019). The use of neurofeedback in the treatment of a wide range of psychological conditions has already been well
established using EEG (Hurt, Arnold, Lofthouse, & Clinics, 2014; Micoulaud-Franchi et al., 2014). Several studies have also applied
NIRS in the therapeutic intervention with some promising results. One study by Liu et al. (2017) uSed ficurofeedback during a facial
recognition task among ASD patients and found that those who received real-time feedback of'th€ir"®@2Hb showed more behavioural
improvement compared to the patients who received sham feedback. Although the initial findings are promising, several limitations
currently prevent NIRS from being able to compete with EEG in this regard, including the'time-consuming haemodynamic response,
individual difference in O2Hb concentrations, and the lack of standardisation ih,meaSuring and analysing NIRS data.

Overall, the evidence presented in this review provides some suppert for the capacity of NIRS in detecting O2Hb changes
during emotion processing. Although further research is neededstheinitial findings from this review highlight the lateral PFC as a
candidate biomarker for emotional experience and regulatiofis Nonctheless, some studies yielded mixed results, some were limited in
their design, and some had outcomes that were contifigent on/other factors, such as the valence or intensity of stimuli. Although
significant activation was found for all three démains, further research is warranted to investigate the discrepant findings reported by
some studies. Several components of therexperimental design were highlighted through our review of the literature which might
explain the unreliable results, including thesvalence, intensity and modality of the stimuli, the size and representativeness of the
recruited sample, and the medsurement and analysis of the data. Overall, the finding from this review show potential for NIRS to be
adopted as a tool for the\@ssesstient of emotion processing impairment; however, further research is needed to address the conflicting

findings between studies and establish a more reliable experimental paradigm.
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Figure Legends:

Figure 1. PRISMA 2009 Flow Diagram visually depicts the flow of studies through each phase of the review process.
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Figure 2. Frequency distribution of study outcomes. The findings were most consistent among

almost all the reviewed studies showing increased O2Hb in the PFC. Many studies report
concentrations during emotional experience, but there are several studies with confli gs. Inconsistent findings were reported

among the reviewed studies of emotional perception, with some reporting increased
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efrontal activity, some decreased, and other no

significant changes in O2Hb.
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