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Abstract Preliminary studies examining brain function asso-
ciated with social anxiety suggest the possibility of right-sided
prefrontal activation associated with phobic stimulation. Al-
though most existing neuroimaging techniques preclude par-
ticipants from engaging in ecologically valid social tasks
during assessment, functional near-infrared spectroscopy
(fNIRS) is a promising new technique that permits such
assessment. The present study investigated the utility of the
fNIRS procedure and explored frontal asymmetry during in
vivo social challenge tasks among female undergraduate stu-
dents who scored in top and bottom percentiles on a social
anxiety screening measure. Results revealed that participants
in both groups experienced a significant increase in concen-
tration of blood volume and oxygenated hemoglobin in the
right hemisphere compared to the left hemisphere while giv-
ing a speech. Non-hemispheric effects were also observed. In
addition, the high anxiety group showed a non-significant
trend toward greater right frontal activity than the low anxiety
group. This study highlights the utility of the fNIRS device in
successfully assessing real-time changes in cerebrovascular
response as a function of naturalistic social behavior, and
supports the potential utility of this technology in the study
of the neurophysiology of social anxiety.
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Social anxiety disorder (SAD) is one of the most common
psychiatric disorders in the US (Kessler et al. 1994).

Associated with anxiety and avoidance behaviors, SAD is a
chronic, debilitating disorder that can cause significant anxiety
symptoms and decreased quality of life (American Psychiatric
Association [APA], 2000; Stein and Kean 2000). Despite the
ubiquity of social anxiety and the high prevalence of clinical
SAD, little is currently known about brain functioning asso-
ciated with these phenomena (Mathew et al. 2001). Many of
the findings to date implicate general regions of the brain
involved in emotions, and few have been verified through
repeated studies (Moutier and Stein 2001).

Although the existing research is limited, the prefrontal
cortex (PFC) has emerged as a key player in many affective
and anxiety disorders, including SAD (Davidson 1992), and
hemispheric differences have become implicated. Although
early theories of prefrontal laterality purport that left- and
right-sided regions are responsible for positive and negative
emotions, respectively (Davidson 1984), subsequent theo-
ries suggest that prefrontal asymmetry may be more closely
involved in motivational processes such as approach and
withdrawal states (Davidson and Irwin 1999) and behavioral
inhibition and approach (BI/BA) systems (Coan and Allen
2003; Sutton and Davidson 1997), both of which may be
closely related to the pathology of social anxiety. For exam-
ple, infants with increased right-sided prefrontal EEG acti-
vation are more likely to display BI or withdrawal
characteristics (Buss et al. 2003), and BI has been shown
to be heritable and related specifically to the pathology of
social anxiety (Neal et al. 2002).

Brain activity and social anxiety

Although some studies examining brain activity in social
anxiety have found a relationship between decreased pre-
frontal and increased subcortical activity during symptom
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provocation (Lorberbaum et al. 2004; Tillfors et al. 2001),
increased activity in both limbic structures and the PFC, as
opposed to hypoactivation, has been demonstrated more
consistently (Guyer et al. 2008; Blair et al. 2008). Increased
cerebral blood flow in various regions of the right hemi-
sphere has been demonstrated during symptom provocation
in a variety of anxiety disorders (Rauch et al. 1997; Wu et al.
1991), yet anxious apprehension specifically has been asso-
ciated with increased activity in the left frontal regions
(Heller et al. 1997). In a comprehensive review of neuro-
imaging studies examining SAD, Freitas-Ferrari and col-
leagues (2010) note that limbic structures and the medial
prefrontal cortex are regions that are most consistently in-
volved with the pathology and demand further examination.
Although the authors did not examine patterns of hemi-
spheric activity in particular, they conclude that further
research is needed to understand regions of the PFC in
relation to social anxiety. In further support of this assertion,
Schwarz and colleagues (2012) found several interesting
results when examining healthy female participants with
fMRI while being presented neutral facial expressions along
with simultaneous emotional statements (both other- and
self-related). Participants demonstrated increased activity
in the medial PFC when viewing faces in a self-referential
context, and they also found that increased levels of social
anxiety were related to increased activity in the medial PFC
(midline and left frontal gyrus) specifically when viewing
faces in a negative self-related context. The authors assert
that the medial PFC appears to be involved with processes
related to self-evaluation and determining relevance to self,
and that those experiencing social anxiety may be inclined
to detect negative stimuli as more relevant than those not
experiencing social anxiety.

Research has begun to document prefrontal asymmetry
associated with social anxiety. Right frontal asymmetry
during early childhood has been associated with greater
physiological arousal during speech tasks and decreased
ability to regulate emotions several years later (Hannesdeót-
tir et al. 2010). Additionally, stable right-sided asymmetry
has been associated with higher baseline cortisol levels and
intense defensive responses in rhesus monkeys (Kalin et al.
1998), which have been shown to be useful models of fear,
anxiety, and social behaviors. In a study using quantitative
EEG to compare SAD participants to healthy controls dur-
ing resting and vigilance-controlled states (participants
alerted if drowsiness appeared), Sachs and colleagues
(2004) found group differences in beta frequencies in frontal
and right central regions; although statistical analysis was
not performed on hemispheric data, it appeared that the beta
acceleration was primarily in the right hemisphere.

Two studies examining anticipation of public speaking in
participants with SAD found increased activity in right
prefrontal regions. Tillfors et al. (2002), using positron

emission tomography (PET), found increased cerebral blood
flow in the right dorsolateral PFC, as well as temporal and
amygdalar regions, in SAD participants giving a speech
alone before giving a speech in front of an audience com-
pared to those who did the opposite. Similarly, socially
anxious participants anticipating public speaking demon-
strated increased right-sided neural activity, as measured
by EEG, in anterior temporal and lateral prefrontal areas
(Davidson et al. 2000). Although hemispheric asymmetry
has not been seen definitively across studies examining
brain activation in social anxiety (see Beaton et al. 2008
for an example), the observed involvement of prefrontal
regions points to the importance of further examining the
role of this region in social anxiety, and new neuroimaging
technologies may pave the way for more reliable findings.

Limitations of current neuroimaging technologies

Inconsistent findings from neuroimaging studies of social
anxiety may reflect, at least in part, limitations of common
imaging procedures. Temporal and ambulatory restrictions
of many imaging techniques do not allow for participants to
engage in most socially relevant tasks while being imaged,
which is a major disadvantage when researching social
anxiety (Sedvall and Pauli 2002). For example, fMRI and
traditional EEG require that individuals remain still and not
talk, and fMRI imaging is loud and can induce claustropho-
bia, which can further distract participants from the task.
These restrictions limit the types of procedures that can be
performed; therefore, studies typically involve passive pre-
sentation of stimuli such as processing facial expressions,
anticipating public speaking, anticipating being judged by
peers, or mental imagery, during which little social interac-
tion can actually occur. Although some studies have used
PET to examine individuals while actually giving a speech,
this task requires individuals to lie in the PET scanner while
talking, which minimizes the authenticity of giving a speech
(e.g. standing in front of an audience, making eye contact).
Although these various paradigms provoke symptoms, they
do not allow for real-life exposure, which is crucial to
understanding the pathology of social anxiety (Davidson
1992; Dewar and Stravynski 2001).

Functional Near-Infrared Spectroscopy (fNIRS)

fNIRS is a promising technique that is emerging as a useful
neuroimaging technology. fNIRS measures the rate at which
near-infrared light is absorbed at two different wavelengths,
allowing for comparisons of relative concentration changes
of oxygenated and deoxygenated hemoglobin (Villringer
and Chance 1997). Typically, fNIRS images show how
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much oxygen certain areas of the brain are receiving and
consuming relative to surrounding areas (Edwards et al.
1993). Preliminary research has indicated that fNIRS pro-
vides information regarding the hemodynamic response
(Villringer et al. 1993) that correlates with measurements
from functional magnetic resonance imaging (fMRI)
(Steinbrink et al. 2006). fNIRS has similar limitations as
other current imaging techniques, such as moderate temporal
resolution due to the relatively slow hemodynamic response to
brain activation. In addition, it only images a relatively shal-
low layer of the outer cortex (approximately 3 cm), and the
present instrument is limited to assessment of the prefrontal
cortex. Nevertheless, its advantages include its greater flexi-
bility, portability, and economy relative to other current pro-
cedures. fNIRS allows for moremovement, whichmay permit
more valid assessment of brain functioning in various popu-
lations (Irani et al. 2007). One of the most notable advantages
of fNIRS is that it is less sensitive to movement artifacts,
including muscle and head movements, relative to other im-
aging technologies (Arenth et al. 2007), thereby permitting
participants to talk and otherwise engage in interpersonal
interactions. Thus, fNIRS allows participants to sit, stand,
and otherwise experience every day activities in a more natu-
ral setting during experimentation.

fNIRS technology has demonstrated utility in the study
of both normal human cognition and in clinical populations
such as Alzheimer’s disease, schizophrenia, attention deficit
hyperactivity disorder, and stroke (Ehlis et al. 2008; Fall-
gatter et al. 1997). To date, much of the clinical application
of fNIRS has focused on the validity and reliability of
fNIRS measurement of visual, motor and cognitive perfor-
mance (Arenth et al. 2007). Investigators have also used
fNIRS to examine the pathology of other anxiety disorders
such as panic disorder and post-traumatic stress disorder;
these studies have found significant differences in prefrontal
function in clinical participants relative to healthy controls
(Akiyoshi et al. 2003; Matsuo et al. 2003). In a more
ecologically valid setting, Köchel and colleagues (2011)
used fNIRS to examine participants with dental phobia and
healthy controls while being exposed to dental drilling
sounds and pleasant and neutral sounds. Group differences
were found in activation in the supplementary motor area
(SMA) during the drilling condition. Although there was no
emotional modulation demonstrated in the parietal or pre-
frontal regions, the results indicate that fNIRS serves as a
useful tool for examining cortical activation in more eco-
logically valid anxiety research.

Most relevant to the current study, Ruocco and col-
leagues (2010) recorded prefrontal activity in controls and
participants with borderline personality disorder (BPD)
while engaging in a social exclusion task with trained con-
federates. They found hyperactivation in the left medial PFC
in BPD participants compared to healthy controls. The

ability of fNIRS to distinguish differences in frontal activity
in clinical populations as well as during tasks involving
interpersonal interactions suggests the usefulness of fNIRS
in examining frontal activity in various psychiatric disor-
ders, including SAD. With further development, it is possi-
ble that fNIRS may prove especially useful as an assessment
tool in both research and clinical contexts (Suto et al. 2004).

The present study investigated the utility of the fNIRS
device and explored frontal asymmetry during in vivo
social tasks, including a 5-min informal triadic conversa-
tion, a 5-min pre-speech anticipatory stage, and a 5-min in
vivo speech task. Participants were healthy undergraduates
who scored in top and bottom percentiles on a self-report
measure of social anxiety. This is the first study to date that
used fNIRS to examine frontal activity in relation to social
anxiety in vivo. We hypothesized that participants report-
ing higher levels of baseline social anxiety would demon-
strate higher levels of cerebrovascular response across all
stages of the experiment (triadic conversation, anticipation,
speech) relative to participants who reported lower levels
of baseline social anxiety, and that all participants would
demonstrate increased levels of right-sided cerebrovascular
response between the triadic conversation and anticipation
stages, and again between the anticipation and speech
stages. Given the preliminary nature of the study and the
absence of clear patterns from prior research, we did not
make hypotheses regarding specific fNIRS parameters. We
also hypothesized an interaction between level of social
anxiety, hemisphere, and stage of the experiment, such that
participants who reported higher levels of baseline social
anxiety would demonstrate a greater right prefrontal cere-
brovascular response between the baseline and anticipation
phase, and again between the anticipation and speech task,
relative to participants who reported lower levels of base-
line social anxiety.

Method

Participants

Participants were recruited from the student population in
introductory and mid-level undergraduate psychology classes
at a large northeastern university. Female students were of-
fered extra course credit for participation in the study. Either
written or online screening surveys were offered depending on
the timing and format of the class, and informed consent was
obtained prior to completion of the screening survey. Partic-
ipants were asked to complete the questionnaire only if they
were right-handed and a native English speaker. Only
females were used due to the higher prevalence of women
in college settings (Bae et al. 2000) and to avoid potential
gender differences in both emotional paradigms and fNIRS
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imaging (Leon-Carrion et al. 2006). A total of 171 partic-
ipants consented to participate in the screening survey.
Eight participants did not complete the survey (more than
10 % missing responses), and one participant was excluded
because he was male.

Grouping A total of 162 female undergraduate students
completed the screening survey. The mean social phobia
subscale score of the screening Social Phobia and Anxiety
Inventory (described below) was 64.3 (SD031.9). Those
who scored at or above the 75th percentile in this sample
(80.3 or above on the social phobia subscale), or at or below
the 35th percentile in this sample (49.5 or lower on the
social phobia subscale) (a total of 98 participants) were
contacted by telephone or email to determine interest in
participating in the fNIRS testing phase of the study. A total
of 18 students agreed to and completed the testing visit. One
subject who participated in the testing visit was subsequent-
ly excluded from analysis due to technical problems.

The average social phobia subscale score of the screening
SPAI for participants in the low anxiety group (n08) was
27.5 (SD014.1). The average social phobia subscale for
participants in the high anxiety group (n09) was 108.1
(SD023.9). Participants ranged in age from 18 to 23 years.
According to self-report, participants were classified as
White (n013), Black/African American (n02), and Asian/
Pacific Islander (n02). Participants reported no history of
significant medical or neurological disorders, substance
abuse disorders, or severe psychiatric illness. A small num-
ber of participants did report a history of loss of conscious-
ness (n02) and depressive episode (n01). No participants
reported current use of psychoactive medication.

Measures

Subjective Units of Distress (SUDS) Throughout the study,
participants were prompted to report levels of anxiety
according to the Subjective Units of Distress (SUDS) scale
(Wolpe and Lazarus 1966), which ranges from 0 to 100.
Participants were asked to report SUDS ratings at the end of
each task, as well as the highest SUDS rating experienced
during each task. Self-reporting anxiety using SUDS is
widely used in studies using behavioral role-play tasks,
and has been shown to be a reliable indicator of subject
anxiety (Turner et al. 1989).

Social Phobia and Anxiety Inventory (SPAI) The SPAI
(Turner et al. 1989) is a widely used 45-item self-report
measure that assesses various symptoms of potentially
anxiety-provoking situations. It has been shown to have
good reliability and validity (Peters 2000). Cronbach’s alpha
for the current sample was 0.97.

Functional Near-Infrared Spectroscopy The fNIRS system
employed in this study, previously described in Izzetoglu and
colleagues (2005), was developed by the Drexel University
School of Biomedical Engineering. It is composed of a sensor
that covers the forehead, a control box for data acquisition, and
a laptop computer for the data analysis and storage (see Fig. 1).
The instrument’s 18 cm×6 cm×0.8 cm probe consists of four
light sources surrounded by 10 photo-detectors and divides the
forehead into 16 voxels. The light sources and detectors are
embedded in a foam pad that is attached to the participant’s
forehead with medical grade adhesive tape. Each light source
consists of two light emitting diodes (LEDs) at wavelengths of
730 and 850 nm (±15 nm) that consecutively illuminate light
which is collected by the nearest four detectors after the light
has interacted with the tissue. The temporal resolution of the
system is approximately 330 ms for one complete data acqui-
sition cycle (about 3 Hz). The outputs of the optical probe are
connected to a 12-bit AD converter, set to have aminimum step
of 0.304mV, which is considered to be within the noise level of
the optical detector/amplifier. In this study, manual markers
were used to identify the beginning and ending of each stage
in order to assist in data reduction. The current fNIRS system
has been used in previous studies examining fNIRS measure-
ment in clinical populations (Merzagora et al. 2008; 2009).

Procedure

Pre-testing At the time of the scheduled testing session,
written consent was obtained prior to initiating study proce-
dures. The participant was told that she would be asked to
engage in different social activities, such as talking to other
people, while having her brain activity recorded with the
fNIRS device (see Fig. 2 for a graphical depiction of the
study procedures). However, the participant was not told
that a speech task was part of the study. The participant
was then asked to complete demographics and medical
history forms, as well as the SPAI.

fNIRS preparation After questionnaires were completed,
the participant was seated in a quiet, dimly lit room and

Fig. 1 fNIRS Device
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prepped for imaging. The fNIRS sensor was placed on the
participant’s forehead, with the center of the probe aligned
with her nose. The bottom of the probe was placed above
the eyebrows of the participant, and hair was pulled back if
necessary to avoid interference. The fNIRS system was
activated and calibrated by adjusting the position of the
probe slightly as necessary based on the strength of the
output signal for each voxel. Participants were ambulatory
throughout the testing session, in that they could stand and
move as they normally would during a natural conversation.
They were nevertheless asked to minimize sudden “jerky”
movements in order to decrease potential motion-related
artifacts. An orientation session was completed to make
the participant comfortable and to address any questions.

fNIRS testing A 30-s baseline resting period was assessed
first, during which the participant looked at a blank computer
screen. The participant was then asked to report her SUDS
rating. Then, the first 5-min experimental stage was initiated
by asking the participant to converse with two confederates
who were brought into the room. The group was asked to
discuss their college experience, and the participant was
instructed to begin the conversation. Throughout the 5-min
triadic conversation, the confederates engaged with the par-
ticipant but were instructed to ask her questions only after
several seconds of silence. SUDS ratings (current and highest
experienced during the task) were obtained from the partici-
pant, and a 30-s inter-trial resting period was recorded during
which the participant again looked at a blank screen.

When the inter-trial resting period concluded, the investigator
informed the participant that the next social task would be
determined by picking a situation out of an envelope. Although
all slips of paper in the envelope stated the same task (i.e., “give
a short speech about a trip you have taken”), the participant was
not told this. The participant was told that she had five minutes
to prepare ideas and wait before giving the speech. The partic-
ipant was not allowed to talk, write down ideas, or use any props
or aids during the anticipatory or speech phase. The investigator
left the room so that the participant was alone for the 5-min
period. Once 5 min had passed, SUDS ratings were obtained,
and a 30-s inter-trial resting period was recorded during which
the participant again looked at a blank computer screen.

The investigator asked the participant to stand for the
speech, and the confederates were brought into the room to

serve as an audience. The participant was instructed to keep
talking until the investigator asked her to stop, and the impor-
tance of finishing was stressed. If the participant tried to break
from the speech or stated that she was finished, the investiga-
tor provided prompts (e.g., “just do the best you can,” “please
continue talking,” “tell us more about your trip”) to encourage
completion. Upon completion, the confederates were asked to
leave the room. SUDS ratings were obtained, and the fNIR
sensor was removed from the forehead.

Results

Data reduction and parameter averages

Using modified Beer-Lambert Law (Cope and Delpy 1988),
changes in oxygenated hemoglobin (HbO2) and deoxygen-
ated hemoglobin (Hb), blood volume (BV), and oxygena-
tion (Oxy) concentrations relative to initial resting period
were extracted from the intensity measurements collected at
730 and 850 nm wavelengths. Blood volume was calculated
by adding HbO2 and Hb, and oxygenation was calculated
by subtracting Hb from HbO2. The unit of measurement
used for calculating and reporting concentration changes
was micro molar units (μM).

The raw intensity measurements were first low-pass filtered
using a finite impulse response filter with cut-off at 0.14 Hz
(previously described in Izzetoglu et al. 2005) in order to
suppress heart pulsation, respiration, and high frequency noise
in the signal. The raw intensity measurements were visually
inspected for spikes, saturated and dark current values using
techniques (described in Izzetoglu 2008) that would suggest
movement artifacts due to sensor/optode movement and or
decoupling of the sources or detectors from the skin. The data
did not show any signs of movement artifacts and hence no
further movement artifact removal techniques were applied.

Hemodynamic parameters were calculated for every 0.3 s
throughout the entire testing period. Manual markers were
used to indicate the beginning and ending of each inter-trial
resting period as well as the beginning and ending of each
active stage. Because several seconds of instructions and
preparation were needed to transition between these phases,
which varied from participant to participant, each participant’s
data were reduced to remove several seconds surrounding

High Social       
Anxiety

Low Social 
Anxiety

Participant informed about speech

Baseline 
Resting
30 sec

Triadic 
Conversation

5-min talking
Inter-
trial 

Resting
30 sec

Anticipation

5-min waiting
Inter-
trial 

Resting
30 sec

Speech Task

5-min speech

Fig. 2 Study design for fNIRS
testing
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each time marker. This reduced the inter-trial resting periods
to 20–30 s, and each 5-min active phase to approximately
4 min. The 4-min data blocks of each of the three in vivo tasks
(triadic conversation, anticipation and speech task) are
extracted and baseline corrected by subtracting the mean of
the preceding resting period from the data block itself for each
parameter (HbO2, Hb, BV and Oxy) separately. These re-
duced and baseline corrected data blocks were then averaged
across each of the three in vivo tasks for each parameter per
channel (1 through 16) for each participant (n017). For each
participant, data were then grouped into left (channels 3, 4, 5,
and 6) and right (channels 11, 12, 13, and 14) hemispheres
resulting in averages for left and right hemispheres for each of
the three tasks (see Figs. 3 and 4). The eight middle sensors
located in the medial prefrontal regions (approximately near
the middle frontal gyrus) were chosen for analysis, which is in
line with research previously discussed (e.g., Freitas-Ferrari et
al. 2010), and which is a common method for hemispheric
comparisons. The regions chosen for analysis correspond
approximately with Brodmann areas 9, 10, and 45 (or the
anterior and dorsolateral PFC), which were the regions that
were involved with increased activity in the previously
referenced Tillfors and Davidson studies. Figure 4 highlights
the specific regions overlaid on a standard human brain. The
eight sensors located on the extreme left and right sides were
excluded in order to avoid implicating regions of the brain
outside the realm of interest of the current study.

Primary data analyses

A series of 2 (group)×2 (hemisphere)×3 (assessment stage)
mixed factorial ANOVAs were conducted to examine mean
levels of blood volume, oxygenated hemoglobin, deoxygenat-
ed hemoglobin, and oxygenation (μM). Main effects of group,
stage by hemisphere interaction, and group by hemisphere by
stage interaction were assessed. Given the pilot nature of this

first study, the sample size yielded insufficient power to com-
prehensively test study hypotheses using probabilistic statis-
tics. We therefore supplemented formal statistical tests with
examinations of trends and effect sizes. However, it is impor-
tant to interpret any such trends with appropriate caution.

fNIRS analyses No group main effects were seen for any
parameter, indicating no significant overall group differen-
ces in cerebrovascular response between high and low base-
line anxiety participants (all p values>0.05). No significant
effects of group or assessment stage were found for deoxy-
genated hemoglobin (all p values>0.05). For the other three
parameters, the ANOVAs revealed significant main effects
for assessment stage (blood volume F(2,14)04.374, p<
0.05, partial η

200.36; oxygenated hemoglobin F(2,14)0
5.360, p<0.05, partial η200.43; oxygenation F(2,14)0
6.476, p<0.01, partial η

200.48), indicating that significant
concentration changes (μM) in these parameters were seen
across the active stages (see Table 1). Concentration
changes for fNIRS parameters broken down by group
are also reported in Table 2. Student Newman-Keuls post
hoc analyses revealed that level of blood volume, oxy-
genated hemoglobin, and oxygenation significantly in-
creased between the anticipatory phase and the speech
phase (all p values<0.05). However, no significant
changes were seen between the triadic conversation and
either the anticipatory phase or speech phase.Fig. 3 Location of fNIRS Detectors

Fig. 4 Location of fNIRS detectors overlaid on a standard human
brain. Note. Brain surface image is from University of Washington,
Digital Anatomist Project
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A main effect for hemisphere was seen for both BV and
HbO2 (blood volume F (1,15)04.458, p00.05, partial η

20

0.23; oxygenated hemoglobin- F (1,15)04.686, p<0.05,

partial η
200.24), in which levels were higher in the right

hemisphere than in the left hemisphere. Concentration levels
(BV, HbO2, and Oxy) were higher in the right hemisphere

than the left for both high and low anxiety participants
during each of the three role play tasks, with one exception.
For low anxiety participants, the mean level of oxygenation
(μM) was higher in the left hemisphere (M01.93, SD02.2)
than the right (M01.88, SD01.61) during the conversation
task. The difference in concentration change between left

Table 1 Group by Hemisphere
by Assessment Stage mixed
factorial ANOVAs were
conducted to examine mean
levels of blood volume,
oxygenated hemoglobin,
and oxygenation

F Value DF Significance (p value) partial η
2

Blood Volume:

Hemisphere 4.45 15 p00.05 0.22

Stage 4.37 14 p00.03 0.38

Hemi x group 0.01 15 p00.90 0.00

Stage x group 0.04 14 p00.95 0.00

Hemi x stage 3.99 14 p00.04 0.36

Hemi x stage x group 0.01 14 p00.99 0.00

Oxygenated Hemoglobin:

Hemisphere 4.68 13 p00.05 0.24

Stage 5.36 14 p00.02 0.43

Hemi x group 0.56 15 p00.46 0.04

Stage x group 0.10 14 p00.90 0.01

Hemi x stage 3.40 14 p00.06 0.33

Hemi x stage x group 0.07 14 p00.93 0.01

Oxygenation:

Hemisphere 4.68 15 p00.18 0.12

Stage 5.36 14 p00.01 0.48

Hemi×group 0.56 15 p00.37 0.05

Stage×group 0.10 14 p00.85 0.02

Hemi×stage 3.40 14 p00.41 0.12

Hemi×stage x group 0.07 14 p00.82 0.03

Table 2 Concentration changes (μM) for fNIRS parameters by group

All participants (N017) Low Anxiety (N08) High Anxiety (N09)

LH RH LH RH Diff LH RH Diff

Blood Volume:

Conversation 1.51 (1.3) 1.69 (1.29) 1.37 (1.6) 1.52 (1.42) 0.15 1.64 (1.0) 1.83 (1.24) 0.19

Anticipation 0.89 (0.74) 1.28 (0.97) 0.69 (0.85) 1.06 (1.0) 0.37 1.06 (0.62) 1.47 (0.96) 0.41

Speech 1.7 (1.49) 2.1 (1.5)* 1.5 (1.65) 1.88 (1.22) 0.38 1.88 (1.4) 2.29 (1.75) 0.41

Oxygenated Hemoglobin:

Conversation 1.64 (1.36) 1.84 (1.37) 1.65 (1.87) 1.7 (1.47) 0.05 1.64 (0.78) 1.96 (1.36) 0.32

Anticipation 0.85 (0.84) 1.24 (0.98) 0.73 (1.0) 1.03 (1.08) 0.30 0.96 (0.70) 1.43 (0.91) 0.47

Speech 1.8 (1.5) 2.18 (1.67)** 1.72 (1.84) 1.98 (1.48) 0.26 1.86 (1.24) 2.35 (1.89) 0.49

Oxygenation:

Conversation 1.78 (1.52) 1.99 (1.6) 1.93 (2.2) 1.88 (1.61) −0.05 1.65 (0.65) 2.08 (1.68) 0.43

Anticipation 0.82 (1.01) 1.2 (1.13) 0.76 (1.21) 0.99 (1.30) 0.23 0.87 (0.87) 1.38 (0.99) 0.51

Speech 1.89 (1.63) 2.25 (1.98) 1.94 (2.07) 2.08 (1.84) 0.14 1.84 (1.24) 2.41 (2.20) 0.57

Means and standard deviations are provided for all time points. Concentration changes are given in micro molar units (μM). LH left hemisphere;
RH right hemisphere; Diff. Difference in mean concentration change between left and right hemisphere. *Significant at p<0.05; **Marginally
significant at p00.06
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and right hemispheres for BV, HbO2, and Oxy were
examined for each group (see Table 2). Difference val-
ues were obtained by subtracting the mean concentration
change of the left hemisphere from the right hemi-
sphere. The high anxiety group demonstrated consistent-
ly greater difference values than the low anxiety group,
with the greatest differences between groups found in
the oxygenation parameter. The differences in mean
oxygenation concentration changes (μM) between right
and left hemispheres were greater for high anxiety par-
ticipants (0.43, Conversation; 0.51, Anticipation; 0.51,
Speech) than the low anxiety participants (−0.05, Con-
versation; 0.23 Anticipation; 0.14, Speech). Independent
sample t-tests comparing the size of the difference be-
tween the groups were not significant (Conversation: t
(15)0−0.97, p00.34, d00.47; Anticipation: t(15)0−0.94,
p00.36, d00.46; Speech: t(15)0−0.76, p00.45, d0
0.38), but effect sizes were moderate in magnitude.
Thus, it appears that those in the high anxiety group
demonstrated a trend toward sharper increase of concen-
tration levels for BV, HbO2 and Oxy in the right
hemisphere than the left hemisphere compared to those
in the low anxiety group. Again, it is important to note
that these differences were not statistically significant;
the patterns of concentration changes indicate data trends
and not conclusive results. Figure 5 shows oxygenation
concentration changes by group and hemisphere.

A significant interaction effect between stage and hemi-
sphere was found for levels of blood volume, F (2,14)03.991,
p<0.05, partial η

200.36. Newman-Keuls post hoc analyses
revealed significantly higher levels of blood volume in the
right hemisphere than the left hemisphere during both the
anticipatory and speech stages (see Fig. 6). Similarly, there
emerged a marginally significant interaction effect between

stage and hemisphere for mean level of HbO2, F (2,14)0
3.402, p00.06, partial η

200.33. Post hoc tests again revealed
significantly higher levels of HbO2 in the right hemisphere
than the left hemisphere during both the anticipatory and
speech stages (all p values<0.05). No significant three-way
interactions were found for any of the fNIRS parameters.

Behavioral Analyses

SUDS A series of three 2 (group) by 3 (stage) mixed model
ANOVAs were performed with SUDS ratings as the depen-
dent variable (i.e., the “current” rating, taken immediately at
the conclusion of each phase, the “highest” rating, reflecting
the participant’s report of her peak SUDS rating during the
task, and mean of current and highest ratings). Results from
these three ANOVAs were similar, so only the results from
the ANOVA using the mean SUDS ratings as the dependent
variable are reported. Main effects for stage (F (1, 15)0
24.13, p<0.01) and group (F (1, 15)04.54, p<0.05) were
observed. Student Newman-Keuls post hoc analyses
revealed that SUDS levels were significantly higher in the
speech condition than in the anticipation condition, but
SUDS levels were not significant between any other stages.
Participants in the high anxiety group reported higher SUDS
ratings (M042.66, SD05.93) than those in the low anxiety
group (M024.20, SD06.29). No interaction effect between
group and stage was found.

Pearson correlations were performed examining the rela-
tionship between participants’ SUDS ratings and the various
fNIRS parameters at each testing phase (triadic conversa-
tion, anticipation, speech). Analysis revealed that SUDS
ratings were not significantly related to concentration
changes in blood volume, oxygenated hemoglobin, oxygen-
ation, nor deoxygenated hemoglobin in either the left or
right hemisphere (Table 3). SUDS-fNIRS correlations
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performed with all participants combined reveal weak rela-
tionships, primarily positive in direction, ranging from r0
−0.07 to r00.14.

Pearson correlations were performed by group to exam-
ine relationships between fNIRS parameters and SUDS
ratings for high and low anxiety groups separately
(Table 4). Although these results did not reach statistical
significance, interesting patterns emerged. It appears that
for participants in the low anxiety group, there is a general
small and positive relationship between SUDS and fNIRS
concentration changes across stages (ranging from r00.06
to r00.32), with the exception of the anticipation phase
during which there was a small and negative relationship.
For those in the high anxiety group, more variability was
evident, such that both positive and negative relationships
between SUDS and fNIRS concentration changes exist
(Table 4).

Discussion

A unique challenge of neuroimaging research with respect
to social anxiety is the limited ability of most current imag-
ing techniques in studying patients while they engage in
interpersonal or performance situations. Movement and
temporal restrictions of extant imaging modalities such as
EEG or fMRI have prevented investigators from collecting
data from participants who are talking, moving, or directly
interacting with others. However, such activities are crucial
in the examination of social anxiety (Davidson 1992). In an
effort to address these limitations, the present study investi-
gated the ability of fNIRS technology to provide useful
information regarding cerebrovascular response in actual
interpersonal and performance social situations.

Prefrontal asymmetry

Based on findings from previous research, we hypothesized
that a three-way (group by hemisphere by stage) interaction
would be evident, such that participants who reported higher
levels of baseline social anxiety would demonstrate a greater
cerebrovascular response in the right PFC between the tri-
adic conversation and anticipation phase, and again between
the anticipation and speech task, relative to participants who
report lower levels of baseline social anxiety. In partial
support of this hypothesis, we found a two-way interaction
between the left and right hemispheres across stages for
changes in BV, revealing that participants experienced a
significant increase in BV in the right hemisphere compared
to the left hemisphere during the anticipatory and speech
stages. The same pattern was also seen in the trend for
concentration changes of HbO2. The results suggest that
overall participants did experience task-related anxiety and
changes in brain activation. Across groups, participants’

Table 3 SUDS-fNIRS correlations for all participants (N017)

Left Hemisphere Right Hemisphere

Blood Volume:

Conversation 0.10 (p00.70) 0.13 (p00.62)

Anticipation 0.03 (p090) 0.09 (p00.72)

Speech 0.09 (p00.72) 0.06 (p00.81)

Oxygenated Hemoglobin:

Conversation 0.05 (p00.85) 0.06 (p00.83)

Anticipation −0.02 (p00.93) 0.14 (p00.60)

Speech 0.11 (p00.68) 0.11 (p00.70)

Oxygenation:

Conversation 0.00 (p00.99) −0.01 (p00.97)

Anticipation 0.16 (p00.54) −0.07 (p00.80)

Speech 0.11 (p00.67) 0.13 (p00.62)

Magnitude and corresponding statistical significance (in parentheses)

Table 4 SUDS-fNIRS
correlations by group

Magnitude and corresponding
statistical significance
(in parentheses)

Low Anxiety (N08) High Anxiety (N09)

Left Hemisphere Right Hemisphere Left Hemisphere Right Hemisphere

Blood Volume:

Conversation 0.24 (p00.56) 0.31 (p00.45) −0.20 (p00.60) −0.19 (p00.62)

Anticipation 0.05 (p00.90) −0.10 (p00.82) −0.23 (p00.55) −0.03 (p00.93)

Speech 0.22 (p00.60) 0.06 (p00.81) −0.13 (p00.73) −0.14 (p00.70)

Oxygenated Hemoglobin:

Conversation 0.26 (p00.53) 0.25 (p00.55) 0.26 (p00.53) −0.19 (p00.61)

Anticipation −0.05 (p00.90) −0.09 (p00.82) −0.05 (p00.90) 0.07 (p00.85)

Speech 0.22 (p00.59) 0.17 (p00.69) 0.22 (p00.59) 0.04 (p00.92)

Oxygenation:

Conversation 0.27 (p00.51) 0.17 (p00.67) −0.28 (p00.46) −0.18 (p00.64)

Anticipation −0.12 (p00.76) −0.23 (p00.57) −0.18 (p00.63) 0.16 (p00.66)

Speech 0.22 (p00.60) 0.09 (p00.83) 0.00 (p00.98) 0.18 (p00.63)
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SUDS levels and self-reported levels of fear were both
significantly higher in the speech condition than in the
anticipation condition, but not between any other stages.
Consistent with prior research showing that speeches are
among the most anxiety provoking situations (Beidel et al.
1989), our findings from both self-rated anxiety and the
fNIRS data indicate that participants experienced the greatest
anxious arousal and most robust cerebrovascular response
during the speech phase. Given that the fNIRS sensor
recorded activity in regions of the PFC that approximately
correspond to Brodmann areas 9, 10, and 45 (or the anterior
and dorsolateral PFC), these results are in line with prior
research examining brain activity while provoking symptoms
of social anxiety (Davidson et al. 2000; Tillfors et al. 2002).

It is unknown how the neurobiological correlates of
anticipatory anxiety compare to those of induced anxiety
or trait anxiety (Heller and Nitschke 1998). As previously
discussed, some investigators theorize that these different
aspects of anxiety may employ different brain regions or
pathways (Heller et al. 1997; Heller and Nitschke 1998). In
this study, participants demonstrated increased right-sided
activity during the speech task (inducing anxious arousal),
yet there was no increase in left-sided activity during the
anticipatory phase (inducing anxious apprehension). Partic-
ipants’ SUDS ratings in the anticipatory phase were very
similar to their baseline SUDS ratings for both the low and
high anxiety groups, which suggests that the participants
experienced little anxiety in general during the anticipatory
phase. Based on details of the study designs, it is likely that
participants in the Tillfors and Davidson studies discussed
above experienced a more intense anticipatory anxiety than
did the participants in the current study. For example, in the
Tillfors study, participants were scanned while giving a
speech in front of six to eight individuals (rather than three
as in this study), which may have invoked more intense
public speaking anxiety. Participants in the Davidson study
were informed that raters with an interest in interpersonal
behavior would rate their skills and personality; additionally,
participants were only given one minute to prepare a speech
and were given time countdowns (e.g. 30 s until speech)
during the anticipation period. This may explain why the
current study found less overall PFC activity (both left and
right hemispheres) during the anticipation phase compared to
the speech phase; levels of BV, Oxy, and HbO2 increased in
both the left and right hemispheres during the speech stage
compared to the anticipatory phase.

As described above, Schwarz and colleagues (2012) ex-
amined the influence of context (self versus other) and
social anxiety in the processing of facial expressions, and
found increased activity in the midline and left frontal gyrus
in those with increased social anxiety during conditions of
negative self-context. It is unknown to what extent subjects
in the current study interpreted the behavioral assessment

tasks as being relevant to themselves. During the speech phase
subjects were asked to discuss a trip they have taken, but they
were not explicitly told that they were being evaluated or
judged by the confederates, who were instructed to maintain
neutral facial expressions and body language at all times.
Further research is needed with clinical populations that ex-
amine reactions in more explicitly threatening social contexts.

Group differences

We hypothesized that participants reporting higher levels of
baseline social anxiety would demonstrate higher levels of
right-sided cerebrovascular response across all stages (triad-
ic conversation, anticipation, speech) relative to participants
who reported lower levels of baseline social anxiety. Al-
though group differences on fNIRS parameters did not reach
statistical significance, examination of the pattern and direc-
tion of concentration changes provides insight into the rela-
tionship between the two groups. There are multiple patterns
and trends that support our original hypothesis that those in
the high anxiety group would show a greater increased
cerebrovascular response in the right hemisphere than the
left hemisphere compared to those in the low anxiety group.
Although caution should be used in any interpretation of
findings that do not reach conventional levels of statistical
significance, we believe it is nevertheless important to ex-
amine data trends given the preliminary nature of the study
and the limited statistical power.

Most notably, those in the high anxiety group demon-
strated a sharper increase of concentration levels for BV,
HbO2 and Oxy in the right hemisphere than the left hemi-
sphere compared to those in the low anxiety group. Also, the
hemisphere by group effect for oxygenation (although not
statistically significant) provided a moderate effect size, and
patterns reveal that the difference in oxygenation concentration
levels between the right and left hemispheres was consistently
greater for the high anxiety group compared to the low anxiety
group except during the conversation task (where levels of
oxygenation during the conversation task were higher in the
left hemisphere than the right for the low anxiety group).
Although not statistically significant, these patterns appear to
support prior research indicating that social anxiety may be
associated with increased right hemisphere activation when
compared to non-anxious controls (Davidson et al. 2000;
Tillfors et al. 2002). However, future research is needed to
provide more conclusive evidence that these patterns are
replicable.

Overall, the pattern of the above results suggests that 1)
the relationship between the high and low anxiety group is
similar to what was predicted and that 2) the low anxiety
group may have experienced the speech task differently than
the high anxiety group. Although not statistically signifi-
cant, correlations between SUDS ratings and fNIRS
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activation by group reveal that those higher in anxiety
appeared to show a more mixed, inconsistent pattern than
those low in anxiety. This suggests the possibility that the
higher anxiety participants may have been employing addi-
tional or different coping strategies than those in the low
anxiety group. It is possible that the type of anxiety experi-
enced by the low anxiety group was closer to a normative
anxiety response, whereas the anxiety experienced by the
high anxiety group was more variable.

Utility of fNIRS

The primary aim of this study was met: The fNIRS device
successfully captured real-time changes in cerebrovascular
response as a function of naturalistic social behavior. Al-
though researchers increasingly emphasize the importance
of ecological validity, standard social anxiety neuroimaging
work is faced with employing anxiety induction techniques
that do not interfere with the imaging methods, which means
that participants cannot engage in real-life interactions while
being imaged. The present study demonstrates that fNIRS
technology has the potential to address some of the limita-
tions facing anxiety research, and social anxiety research in
particular. The most notable advantage of fNIRS for its use
in anxiety research is the safety and portability of the device.
Also, repetitive and long-term monitoring is possible with
fNIRS due not only to the safety and portability, but also to
low cost and feasibility of the technology (Luo et al. 2002).
Because of these advantages, future researchers using
fNIRS should be able to examine larger samples sizes,
which would allow for greater power of statistical tests.

According to Izzetoglu and colleagues (2005), fNIRS can
permit greater clinical utility due to the ability of real-time
assessment in naturalistic settings. Because situation-
specific examination is needed to provide more relevant
information about social anxiety (Dewar and Stravynski
2001), the in vivo use of fNIRS is intrinsically valuable to
this type of research. There is hope that the use of fNIRS can
provide more clinically relevant research, which in turn can
further illuminate the involvement of the prefrontal cortex in
social anxiety. The use of fNIRS in examining social anxiety
presents a novel technique that promises further develop-
ment of an innovative technology in the diagnosis and
assessment of clinical populations and addresses some of
the restrictions of current anxiety neuroimaging research.

Limitations

Although the study was able to indicate the utility of an fNIRS
in a socially anxious population, there are several limitations
to consider when interpreting the results. First, because the
study was developed as a pilot study, it had a small number of
participants, and was clearly under-powered to test some of

the hypotheses of interest. Based on the effect sizes obtained
in the current pilot study, a sample size of between 73 and 110
in each group would have been necessary to achieve 80 %
power to detect a statistically significant difference for the
primary analyses of 2 (group)×2 (hemisphere)×3 (assessment
stage) mixed factorial ANOVAs for mean levels of blood
volume, oxygenated hemoglobin, deoxygenated hemoglobin,
and oxygenation (μM) (Faul et al. 2007). Because of the small
sample size, the results should be interpreted with caution.
Nevertheless, the present findings may be useful for planning
future studies in this area.

The study also utilized a non-clinical population of under-
graduate students, which likely lead to lower anxiety
responses during the trial than would be seen in a clinical
population. Indeed, the high anxiety group’s mean score on
the self-report measure of social anxiety fell below typical
means of clinical samples diagnosed with social anxiety dis-
order (e.g., Herbert et al. 2005). During the anticipation phase,
participants were not ambulatory, but were instead instructed
to sit quietly in a room by themselves and mentally prepare for
the speech. They did not talk, read, or interact with other
individuals. Right-sided prefrontal activity has been linked
to other cognitive functions such as response to task novelty
(Goldberg 2009) and retrieving memories (Fletcher et al.
1997); therefore, it cannot be ruled out that the increased
right-sided BV and HbO2 levels were caused simply by pro-
cesses related to the speech task (e.g. accommodating for task
novelty, recalling places visited), as participants were not
talking or writing during the anticipation phase and may not
have been rehearsing or preparing a speech. However, because
the speech center (Broca’s region) is in the left hemisphere and
the increased activity was right-sided, it is likely that the
increases were not due to speech production specifically.
Despite this likelihood, future research is needed using control
conditions in which participants are speaking in non-
threatening contexts to rule out the possibility that the present
results reflect an artifact of verbal production.

Additionally, participants remained seated during the
conversation and anticipation tasks, but were asked to stand
throughout the speech task. It cannot be ruled out that the
increased cerebrovascular activity during the speech task
was partially an artifact of standing. Although some re-
search has suggested that muscle activity may impact fNIRS
parameters, more recent work indicates that this is unlikely
to be causing the observed patterns of results (Schecklmann,
et al. 2010). However, it is still possible that the muscle
activity involved in standing could have impacted fNIRS
parameters. It is also possible that systemic effects such as
changes in heart rate or blood pressure could have influ-
enced the fNIRS measurements recorded in this study. How-
ever, if such effects occurred due to the nature of the in vivo
tasks, they would have likely occurred across all areas of the
brain and would therefore not result in hemispheric
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differences. Because these types of effects could only have
been measured if additional sensors were used to measure
the systemic changes independently, it is unknown how
systemic effects might have been correlated with the fNIRS
parameters measured here.

An important drawback unique to fNIRS is limited spatial
resolution, with penetration of only 3–4 cm of cortical acti-
vation. Information about deeper brain functions (e.g., limbic
system activation; Freitas-Ferrari et al. 2010) cannot be ascer-
tained with this technology. Although the intent of the current
study was to examine the prefrontal cortex, we acknowledge
that potentially important information about the involvement
of subcortical regions cannot be accessed using fNIRS.

Currently, there are no established calculation or proce-
dural standards across research groups who use fNIRS and
for the various types of fNIRS devices. Researchers have yet
to achieve consensus on how to interpret fNIRS data regard-
ing specific hemodynamic events. Moreover, only moderate
spatial resolution for cortical areas provides limited infor-
mation compared to that provided by fMRI (Luo et al.
2002), which made it difficult for the investigators in the
current study to distinguish between specific regions of the
PFC (e.g. dorsolateral versus ventromedial PFC).

Future directions

Future studies examining the biological basis of social anx-
iety should use groups that are distinct with respect to
baseline anxiety, and/or should compare actual clinical pop-
ulations to healthy controls. Adequate control groups are
crucial in examining social anxiety because it is a construct
that both healthy and clinical populations experience. As
previously discussed, research must also be designed to
examine differences between normal and pathological anx-
iety, as well as between subcomponents such as anticipatory
anxiety. A problem with much neuroimaging research is low
statistical power due to small sample sizes. Future research
must employ greater sample sizes so that trends and patterns
can be further investigated using conventional statistical
analyses. Due to its low cost and safety, fNIRS technology
may allow researchers to use larger sample sizes, which will
allow for more robust findings. It will also be necessary to
examine the reliability of fNIRS measurement with SAD to
better establish the clinical relevance of this paradigm in this
population. The nature of fNIRS testing also allows
researchers to combine near-infrared measurement with oth-
er independent measurements such as skin conductance,
heart rate, and blood pressure, which can be used to further
validate results, especially in the context of anxiety research.
Finally, future research is needed to examine situation-
specific assessment, which is likely to be essential to the
understanding of the biological aspects of social anxiety
(Dewar and Stravynski 2001).
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