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A B S T R A C T

Exposure therapy is a well-studied and highly efficacious treatment for phobic disorders. Although the neuro-
biological model of fear is well underpinned by various studies, the mechanisms of exposure therapy are still
under discussion. Partly, this is due to the fact that most neurophysiological methods like fMRI are not able to be
used in the natural therapeutic settings.

The current study used in situ measurements of cortical blood oxygenation (O2Hb) during exposure therapy
by means of functional near-infrared spectroscopy. 37 subjects (N = 30 completers) underwent exposure
therapy during 5 adapted sessions in which subjects were exposed to Tegenaria Domestica (domestic house spider
– experimental condition) and Dendrobaena Veneta/ Eisenaia hortensis (red earthworm – control condition).

Compared to the control condition, patients showed higher O2Hb levels in the anticipation and exposure
phase of spider exposure in areas of the cognitive control network (CCN). Further, significant decreases in O2Hb
were observed during the session accompanied by reductions in fear related symptoms. However, while
symptoms decreased in a linear quadratic manner, with higher reductions in the beginning of the session, CCN
activity decreased linearly. Further, higher anxiety at the beginning of session one was associated with increased
O2Hb in the CCN. This association decreased within the following sessions.

The current study sheds light on the neuronal mechanisms of exposure therapy. The results are discussed in
light of a phase model of exposure therapy that posits a role of cognitive control in the beginning and routine
learning at the end of the therapy session.

1. Introduction

Exposure therapy is one of the most efficacious treatments for
phobic disorders, showing large effect sizes in meta-analysis either as a
stand-alone treatment or in combination with other interventions
(Etten and Taylor, 1998; Gould et al., 1997; Wolitzky-Taylor et al.,
2008). With respect to the etiology of phobias, genetic (preparedness)
as well as environmental factors (learning processes) play a role. Ha-
bituation – the reduction of a responsiveness after repeated stimulus
presentation (McSweeney and Swindell, 2002) – has perennially been
proposed to be the key mechanism of therapeutic change in exposure
therapy. However, this assumption has been challenged by some find-
ings (Barlow, 2004; Blakey and Abramowitz, 2016; Craske et al., 2008;

Deacon et al., 2010; Hood et al., 2010; Meulders et al., 2016;
Milosevic and Radomsky, 2008; Oliver and Page, 2008; Parrish et al.,
2008; Rentz et al., 2003; Sy et al., 2011). As an alternative model that
may explain the evidence in rodent models better, the inhibitory
learning model of extinction proposes that the learned association of
conditioned stimulus and unconditioned stimulus stays intact and that
instead, the subject learns to inhibit the association (Craske, 2015;
Craske et al., 2014). Other influences into the treatment of anxiety
disorders come from cognitive accounts. For example, the role of ex-
perienced control over fearful stimuli has been highlighted by studies
that found fear reduction when patients used the possibility to escape
from exposure (De Silva and Rachman, 1984, 1984; Rachman et al.,
1987). Cognitive approaches such as the Emotion Processing Theory of
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Foa and Kozak (1986) propose that pathological fear stems from ex-
cessive response elements in the fear structures (e.g. schema) and im-
pairments in the processing of fear relevant information (Foa and
Kozak, 1986). Successful modification of these structures - e.g. by
means of exposure therapy - includes the activation of the fear memory
by fear-relevant information and the incompatibility of the available
information with the fear structure (e.g. “I can control the spider”), so
that the fear-structure can be changed (Foa and Kozak, 1986).

The neurobiological model of anxiety disorders highlights hyper-
activity of para-/limbic areas – such as the amygdala and insula – and
prefrontal areas such as the dorsolateral prefrontal cortex (dlPFC)
during exposure to fearful stimuli (Hermann et al., 2007; Maren and
Quirk, 2004; Michałowski et al., 2017; Münsterkötter et al., 2015;
Schweckendiek et al., 2011; Wendt et al., 2008; Zilverstand et al.,
2017). In addition, higher activity in the dorsal anterior cingulate
cortex (ACC), insula, thalamus, visual areas and bed nucleus of the stria
terminalis were observed in phobic patients compared to healthy con-
trols during the anticipation of fearful stimuli (Straube et al., 2007), but
prefrontal hyperactivity within phobic subjects during exposure to
fearful stimuli has not been consistently reported (Etkin and
Wager, 2007; Hermann et al., 2009; Johanson et al., 2006). In con-
clusion, exposure therapy affects areas of the fear network that are
active which includes the amygdala as the core-structure of the fear
network, the thalamus, hippocampus and somatosensory areas (Amano
et al., 2010; Messina et al., 2013; Myers and Davis, 2007; Quinn and
Fanselow, 2006; Sotres-Bayon et al., 2004, 2006). Changes from pre- to
post-treatment include decreases in fear-network activation
(Messina et al., 2013). Interestingly, the areas of the fear-network
comprise brain structures relevant for the formation of emotion – such
as limbic structures – as well as areas involved in the regulation of
attention and deployment of cognitive control, such as the dlPFC. While
the role of limbic structures in the fear response is underpinned by
consistent evidence, the role of areas that are related to the regulation
of fear is not that clear. Generally, the brain areas related to emotion
regulation and cognitive control are labeled as the cognitive control
network (CCN). However, the role of areas that are part of the CCN such
as the dlPFC, inferior prefrontal gyrus (IFG) and angular gyrus, in the
regulation of fear seems to be more complex and may differ between
anxiety disorders (Duval et al., 2015; Etkin et al., 2015; Hariri et al.,
2000; Hermann et al., 2009; Patel et al., 2012). In general, the CCN
plays a central role in tasks that require effortful cognitive control
(Maier et al., 2018, 2019, Rosenbaum et al., 2018a, 2018b), and is
involved in successful emotion regulation (Etkin et al., 2015;
Goldin et al., 2008; Rosenbaum et al., 2018b, 2018d). However, CCN
activity might also be present in maladaptive emotion regulation stra-
tegies such as expressive suppression of emotions, although the related
activity pattern is distinguishable from adaptive emotion regulation
strategies (Cutuli, 2014; Goldin et al., 2008). On a meta-analytical
level, no evidence exists for the involvement of the CCN in pre-post-
treatment comparisons for exposure therapy (Messina et al., 2013).
Further, with respect to extinction learning and exposure therapy, the
ventromedial prefrontal cortex (vmPFC), which is not part of the CCN,
has been highlighted (Herrmann et al., 2017). However, the vmPFC is
connected to areas of the lateral prefrontal cortex and stimulation of
posterior left prefrontal cortex areas has been shown to increase ex-
tinction learning (Raij et al., 2018). Additionally, the evidence that
highlights the importance of the CCN in the regulation of emotion
(Etkin et al., 2015; Kohn et al., 2014) somewhat questions that the CCN
is not related to psychotherapeutic processes in exposure therapy at all
and implies a more complex relationship of the role of the CCN in
psychotherapeutic processes.

Some explanation for the inconsistent evidence of functional
changes within the CCN from pre- to post-treatment in exposure
therapy comes from a neurobiological emotion regulation model pro-
posed by Etkin et al. (2015). In their model, the authors differentiate

between model-free emotion regulation, which is realized by the
vmPFC and ventral ACC, and model-based emotion regulation, which
additionally requires areas of the CCN. During model-free emotion
regulation, emotion is regulated merely by experience dependent al-
terations in the value of behavior, while in model-based regulation
internal models are used for guidance of behavior (Etkin et al., 2015).
Therefore, the involvement of the CCN in psychotherapeutic processes
might depend on how far such internal models are used during a spe-
cific point of time. Such models might be absent at the beginning of a
therapy (as no internal models have been developed through therapy),
may be present after the first session, or at the beginning of the session
(when the therapist has developed a model with the patient), and may
be absent again at the end of the therapy, as routines have been built
and no model-based guidance is needed anymore (Kelly and
Garavan, 2004). Further, the implementation of model-based proces-
sing within exposure therapy might differ between therapeutic ac-
counts, which might further explain the mixed evidence. Within the
cognitive account (e.g. CBT), schema-based processing theories em-
phasized the role of cognitive processes in anxiety (Clark and
Beck, 2010) and use many techniques that emphasize model-based
emotion regulation. Indeed, the use of cognitive techniques such as
reappraisal has been shown to increase the effects of standard exposure
(Sloan and Telch, 2002). Further, model-based regulation of fear in
arachnophobia has been shown to be related to activity within the CCN
(Hermann et al., 2009; Johanson et al., 2006). As model-based pro-
cessing might differ through different stages of therapy, it might be
necessary to develop research strategies that allow the measurement of
neuronal activity over the course of treatment.

On a neuronal level CBT has been shown to influence fear-related
brain areas in phobic subjects. For example, the studies of Paquette
et al. (2003) and Soravia et al. (2016) both showed that CBT reduced
activation of prefrontal areas, such as the dlPFC and Brodmann area 8,
and fear-related para-/limbic areas, such as the thalamus, para-
hippocampus and cingulate cortex during fear-provocation paradigms
(Paquette et al., 2003; Soravia et al., 2016). However, while in ac-
cordance with the observation of reduced activation of the limbic
system, Schienle et al. (2007) found reduced activity of the amygdala
and insula following CBT, but also increased activity in the medial or-
bitofrontal cortex (OFC) directly after CBT (Schienle et al., 2007) and 6
months following treatment (Schienle et al., 2009).

Although it is hypothesized that CBT increases prefrontal control
over limbic areas (Brooks and Stein, 2015), the data so far doesn't show
a clear picture for exposure therapy. New insights might be gained by
assessing neurophysiological data directly during the therapeutic pro-
cess in situ. Yet, the paradigms and adaptations used so far are not
comparable to the therapeutic environment of psychotherapy. The first
studies employing in situ measurements during exposure were con-
ducted using virtual reality and functional near-infrared spectroscopy
(fNIRS) (Deppermann et al., 2017, 2016; Landowska et al., 2018). In
the study of Landowska et al. (2018), 15 acrophobic subjects were as-
sessed during exposure in virtual reality with a portable fNIRS device
(Landowska et al., 2018). In their preliminary study, the authors ob-
served no difference between the experimental condition and a control
condition in the first two sessions of virtual reality exposure, but during
the third session, increases in medial prefrontal cortex activity were
observed. Nonetheless, their results may be limited with respect to the
relative small sample size and the duration of the block design (120 s).

In the current study, we investigated the effects of CBT-based
graduated exposure therapy on cortical oxygenated blood concentra-
tions (O2Hb) in areas of the Cognitive Control Network (CCN) by means
of fNIRS. To this end, 37 patients with arachnophobia were treated by a
CBT therapist in a cross-over waiting list design while being measured
with fNIRS during 5 adapted exposure sessions with domestic house
spiders (Tegenaria Domestica). Additionally, exposure trials with red
earthworms (Dendrobaena Veneta/ Eisenaia hortensis) were assessed as
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control conditions. In the current investigation, we analyzed differences
between the two experimental conditions (spiders vs. earthworms),
changes over the different sessions (first vs. second vs. third vs. fourth
vs. fifth) and changes within sessions (beginning vs. middle vs. end of
session) during the anticipation of the exposure and the actual ex-
posure.

In accordance with the above outlined studies (Etkin et al., 2015;
Hermann et al., 2009; Johanson et al., 2006; Kohn et al., 2014;
Paquette et al., 2003), we hypothesized that we would find increased
levels of O2Hb in the CCN – and especially in the dlPFC – during an-
ticipation of and during (spider) exposure trials, in comparison to
control trials at the beginning of the therapy. Further, we assumed that
CCN activity would be more pronounced during the beginning, in
comparison to the middle and end of the session, as prefrontal activity
has been shown to decline through CBT (Paquette et al., 2003;
Soravia et al., 2016) and more model-based emotion regulation should
be present at the beginning of the therapy (Etkin et al., 2015). With
respect to differences between sessions, we explored differences with an
open hypothesis: Usually, in graduated exposure, anxiety drops over a
session and rebounds in the next session, as a more difficult step in
handling the feared object becomes the goal (e.g., watching the spider
in the first session from a distance vs. holding the jar with the spider in
the hand in the second session). Due to this design, comparable he-
modynamic changes should be observed between sessions, as the fear
response and decline is similar. However, it is possible that some kind
of generalization takes place, and changes over sessions (e.g. reduced
dlPFC activity) might be observed. Therefore, we explored the changes
over sessions with an undirected hypothesis.

2. Material and methods

2.1. Participants

N = 37 spider phobic patients participated in this study. Subjects
were recruited via email and flyers. Seven subjects dropped out of the
study; one due to personal reason, four due to lack of time and two due
to problems with the treatment such as fast progress and problems in
reducing avoidance. Both of the latter subjects dropped out after session
3 (see supplementary Figure 1). The ethics committee at the University
Hospital and University of Tuebingen approved this project and all
subjects gave written informed consent. The study protocol is registered
at ClinicalTrials.gov (NCT03653923). Exclusion criteria were acute
physical illness, neurological disorders, substance abuse, chronic or
acute diseases that affect brain functioning such as diabetes or kidney
failure, cardiac arrhythmia or other cardiac diseases. Out of the 37
subjects, 89% were female; the average age was 28.74 years
(SD = 8.03), with 17.79 (SD = 4.023) years of education. All patients
fulfilled criteria for specific phobia / arachnophobia according to the
Structural Clinical Interview for DSM IV (SCID) (American Psychiatric
Association, 2013; Wittchen et al., 1997). Comorbid diagnoses in the
sample were: previous episode of major depressive disorder (10.81%)
and other phobic disorders (29.7%) (e.g. acrophobia, panic disorder).
Three subjects had a psychotherapeutic treatment in their past, before
they participated in the study. Two of these subjects were familiar with
the concept of exposure therapy.

The sample had typical initial values (see Table 1) on questionnaire
measures of spider phobia such as the Spider Phobic Questionnaire
(SPQ), Spider Beliefs Questionnaire (SBQ) and the Fear of Spiders
Questionnaire (FSQ) and in measures of behavioral avoidance (BAT)
(Arntz et al., 1993; Klorman et al., 1974; Muris and
Merckelbach, 1996). BAT assessment before treatment indicated re-
levant fear and avoidance: 33.3% of the sample were maximally able to
watch a spider in a jar from a distance of 5 m, 50% from a distance of
2 m, 6.7% from a distance of 0.5 m, 10% were able look at the spider
from the near distance until fear and avoidance was no longer tolerable.
No subject was able to touch the spider with a hand or pen.

2.2. Study protocol

In total 37 arachnophobic patients and 30 healthy controls (primary
assessment only) were recruited for this project via email lists of the
University Hospital of Tuebingen and University of Tuebingen. Phobic
subjects were randomly allocated to a waiting list (n = 19) or treatment
group (n = 18). Groups switched after the first phase (after approxi-
mately 4 to 5 weeks) of the study, when the treatment of the treatment
group was completed: The treatment group had a waiting period and
the waiting group was treated. The second study phase again took ap-
proximately 4 to 5 weeks. This cross-over design was used to allow the
combined analysis of the in-session fNIRS data of both study groups that
is presented in the paper at hand (see Fig. 1). At the beginning of the
study, subjects had a baseline measurement consisting of the assess-
ment of demographic variables and behavioral and psychometric as-
sessments of spider phobia. Spider phobia was measured with ques-
tionnaires (SPQ, SBQ and FSQ) and a behavioral avoidance test. During
the behavioral avoidance test (BAT), subjects were confronted with a
living spider in increasing difficulty and were told to give a stop signal
when the fear was no longer endurable: (1) Spider is 5 m away (in a
jar), (2) Patient watches pictures of spiders while the spider is 5 m
away, (3) spider is 2 m away (in a jar), (4) spider is 0.5 m away (in a
jar), (5) spider is directly in front of the subject (in a jar), (6) spider is
taken out of the jar into a larger tub, (7) patient touches the spider with
a pen, (8) the spider is on the (covered) hand of the patient, (9) patient
touches the spider with his finger, (10) spider moves on the hand of the
patient, (11) spider moves up the arm of the patient. Behavioral
avoidance was measured by computing the sum of achieved steps.

Further, subjects participated in a combined EEG-fNIRS measure-
ment in which 40 film clips (10 s length) of spiders or house animals
were presented (results of this part will be reported elsewhere). The
measurement took 1 to 1.5 h. After the baseline measurement, the
treatment group had the first contact with the therapist during which
the rationale for the treatment was presented. After the baseline mea-
surement the treatment group had 5 sessions of exposure therapy while
being measured with fNIRS (see also treatment and procedures section).
During an intermediate survey following the treatment, subjects again
participated in the combined EEG-fNIRS measurement and completed

Table 1
Study characteristics at the beginning of the study.

mean SD Min max

Age (years) 28.74 8.03 19 48
Sex (percent female) 89%
Spider Phobic Questionnaire (total score) 20.7 3.9 12 29
Spider Beliefs Questionnaire (total score) 54.56 12.54 32.5 79.38
Fear of Spiders Questionnaire (average) 4.10 0.86 2 5.33
Behavioral Avoidance Test 3 1.20 1 6

Fig. 1. Study design of the project. In the current article, the fNIRS measure-
ments during the 5 sessions of exposure therapy are reported combined for both
study groups (blue boxes).
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behavioral and psychometric assessments. Further, the waiting group
had their first contact with their therapist. Afterwards, the waiting
group was treated and the treatment group had a waiting interval be-
fore the final assessment took place. Here again, subjects completed
behavioral and psychometric assessments and participated in the
combined EEG-fNIRS measurement. A healthy control group was fur-
ther recruited that only participated once in the EEG-fNIRS measure-
ment to allow a comparison between the patients and healthy controls.
As the current study deals with the in-session changes during exposure
therapy, this data is not presented.

2.3. Treatment

All subjects of this study were treated by the same (male) licensed
CBT therapist according to German law with further 2 years practical
experience after the exam. After the corresponding baseline measure-
ment, treated patients had their first therapeutic contact with the
therapist: approximately 30 min during which psychoeducation on
models of phobic fears, exposure therapy, problems about fear avoid-
ance and anxiety coping strategies (relaxation, controlled breathing,
attention refocusing, reframing, metacognitive detachment, mind-
fulness, positive self-instructions) were discussed. Further, worksheets
on the coping strategies were provided to the patients. During the
treatment, subjects sat on a comfortable chair in front of a table with
the NIRS machine behind them. The therapist was sitting beside the
subjects at an approximate angle of 45°. During each session 20 ex-
posure trials and 20 control trials, each with a length of 40 s were as-
sessed with random order of sequence. Each trial consisted of (1) an
optional therapeutic talk/intervention, (2) a rating of fear and disgust
in anticipation of the trial, (3) an (randomized) instruction on what
kind of trial – exposure or control – would follow, (4) an anticipation
phase of at least 8 s during which the therapist prepared the animals
(spiders or earth worms), (5) the exposure trial of 40 s length and (6) a
final rating on fear, disgust and avoidance during the trial. At the be-
ginning of the trial, the animals were located beside the table out of the
patient's view. After the instruction on which trial would follow, the
therapist took the corresponding animal, prepared it for the exposure,
and finally placed it in front of the subject after the 8 s of the antici-
pation phase. Afterwards, the therapist manually started the exposure
trial of 40 s. During the therapeutic interventions, the therapist in-
structed the patient on performing the exposure and how to deal with
problems. Techniques such as attention focusing, behavioral chaining,
positive verbal feedback, cheerleading, cognitive reframing, model
learning, reducing direct and indirect avoidance, education on spider
behavior and metaphors were used. To control for these variables, the
therapist noted the technique used and the corresponding trial. In total,
each subject had 5 sessions with increasing difficulty of exposure task.
In the first three trials of session one, the subject watched the spider,
which was located in a jar held by the therapist from approximate 0.5 m
away. For the remaining trials, the subject was 0.3 m away. In Session
2, subjects had to hold the jar by themselves. During session 3, subjects
were instructed to touch the spider with a wooden pick of 20 cm length.
The pick was shortened to 10 cm after trial 3 and to 3 cm after trial 6.
The animals were located in a bowl, which stood directly in front of the
subjects (approximately 30 cm). Session 4 was similar to session 3 but
subjects touched the spider with their hand. During session 5, the
therapist took the spider out of the bowl, started the exposure trial, and
encouraged the spider to move over to the subject's hand. In the first 6
trials, the spider moved from the therapist's to the patient's hand and
back during the trial. Afterwards, subjects handled the spider them-
selves using both hands. Note that in some cases, the spider moved from
hand to hand while in other cases, the spider sat still on the subject's
hand. All exposure tasks were done in the same manner with the
earthworms during the control conditions. The treatment sessions were
delivered with one session per week on average, resulting in a 4 to 5
week treatment phase. We did not deliver more than one session per

day, as the treatment is exhausting and the wearing of the fNIRS cap
becomes uncomfortable after one hour.

2.4. Animals

For fear exposure, the largest local spider species, Tegenaria
Domestica, was used. Male and female spiders were captured by vo-
lunteers in the wild. Only adult spiders were used. The range of the
soma length (prosoma and opisthosoma) was 1 to 1.5 cm, leg to leg
span was 5 to 8 cm. Spiders were housed in boxes (15×14×25 cm)
with appropriate furnishings (paper roll for housing, dried leafs as
hiding places, wooded ground). The spiders were fed approximately
one time per week with Acheta domesticus. The spiders were used in
order, which provided different spider-subject-allocation and ensured
maximal recovery time for the animals. We used Tegenaria Domestica as
it is the largest local spider and, for most subjects, the most feared, due
to its relatively massive black body and relatively strong “hairy” legs.

Additionally, as control animal, Dendrobena Veneta/ Eisenaia hor-
tensis was used. Approximately 150 animals were bought online and
kept in a (50×40×30 cm) box filled with compost soil. The earth-
worms were fed with used and washed coffee grounds and the compost
soil was replaced partly every 2 weeks. We used red earthworms as
control animals, as most subjects do not fear them, despite some having
disgust when confronted with worms. The animals are easy to keep, as
familiar to most subjects as spiders are and most importantly, they are
invertebrates like spiders, but are different enough to not be associated
with spiders, as insects might be.

After the end of the study, the spiders were released in their natural
habitats. The earthworms were released into the compost of the clinic
garden, the spiders were released into different locations of the cellars
where they were found.

2.5. fNIRS

Cortical oxygenated (O2Hb) and deoxygenated (HHb) blood was
assessed with a continuous wave, multichannel NIRS system (ETG-4000
Optical Topography System; Hitachi Medical Co., Japan) with a tem-
poral resolution of 10 Hz. Data was recorded with a semiconductor
laser and avalanche diodes at two wavelengths (695 20 and 830 20 nm)
with 4.0 0.2 mW for each wavelength at each optode. We used two
frontal and one parietal probeset as described in Rosenbaum et al.
(2018) (see supplementary Figure 2) with reference points at F3 and F4
for the frontal probesets and Pz for the parietal probeset
(Rosenbaum et al., 2018d) according to the international 10–20 system
(Jasper, 1958). The probesets were integrated in electrode caps, which
were positioned at the reference points Fpz and Cz for each subject. The
probeset placement covered areas of the bilateral inferior frontal gyrus
(IFG), bilateral dorsolateral prefrontal cortex (dlPFC) and the superior
parietal lobule (SPL). Corresponding brain areas of each channel were
extrapolated from reference points based on the Colin 27 template
(Singh et al., 2005; Tsuzuki et al., 2007; Tsuzuki and Dan, 2014).

After export of the NIRS data, changes in O2Hb and HHb were
computed by means of a modified Beer-Lambert law. Data preproces-
sing was performed with MATLAB 2017a (MathWorks Inc, Natick,
USA). First we used a bandpass filtering (0.001 to 0.1 Hz) based on
DCT-II and inverse DCT-II filters, then the correlation based signal
improvement (cbsi) algorithm by Cui et al. (2010) was used to reduce
movement artefacts (Cui et al., 2010). Through the cbsi-algorithm, the
signals of O2Hb and HHb were included in one signal of corrected
O2Hb, which is why only this data was used for further analysis.
Afterwards, we interpolated single artefact-loaded channels after visual
inspection and used an ICA-based reduction of teeth clenching artefacts.
In 10% of the measurements, the exposure induced many high ampli-
tude artefacts that could not be corrected by the ICA procedure. In these
cases, we corrected the data by a PCA reduction of the first component
(Brigadoi et al., 2014). Finally, a second bandpass filtering (0.01 Hz to
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0.1 Hz) was performed before the data was z-transformed and a cor-
rection of the global signal by means of a Gaussian PCA kernel filter was
done (Zhang et al., 2016). The global signal correction was needed
because exposure therapy is associated with high arousal levels in the
beginning of the therapy session that would confound the O2Hb level
changes due to neuronal activity. Event-related averages were com-
puted over the first, second and third 33% of the exposure blocks, se-
parately for the anticipation phase and actual exposure phase. The
anticipation phase was averaged with a 15 s baseline correction in a
65 s window, with an extracted mean activity between 0 and 10 s of the
time window. The exposure phase was averaged within the same
window, with an extracted mean activity between 10 and 50 s. Data
was averaged in 5 regions of interest (ROI) comprising the SPL, bilateral
dlPFC and IFG. ROIs were selected according to previous studies on the
CCN (Rosenbaum et al., 2018c, 2018d, 2018e).

2.6. Data analysis

Changes in fear of spider-related questionnaires from pre to post-
treatment were assessed with a repeated measurement analysis of
variance (ANOVAs). Next, ANOVAs were used to track changes in rated
fear, disgust and avoidance and fNIRS data during the exposure therapy
sessions. Behavioral ratings were analyzed for the experimental factors:
session (first to fifth), session phase (first vs. middle vs. end of session)
and condition (worm vs. spider).

Additionally, we analyzed the therapeutic techniques that were
used and noted by the therapist qualitatively. In the notes of the
therapist, only deviations from the general procedure described above
(e.g. instructing the patient, psychoeducation) were noted and ana-
lyzed, as the specific techniques (e.g. reframing, acceptance) differed
between subjects. Therefore, it is important to note that some techni-
ques (e.g. model learning, direct instructions, cheerleading/positive
reinforcement) might be underrepresented as they were part of the
standard procedure. Qualitative data was categorized into 9 interven-
tions: Socratic questioning (e.g. “What do you think could happen in the
worst scenario?… How likely is this from a realistic point of perspec-
tive?…”), cognitive reframing (e.g. of catastrophic cognitions), accep-
tance (e.g. of negative emotions), attention regulation (e.g. in detail
description of the spider), self-verbalization/instruction (e.g. formula-
tion of self instructions “I will take my finger and touch the spider”),
model learning (e.g. the therapist shows how to handle the spider
during the therapeutic talk), chaining (e.g. the subject is asked to per-
form a subtask of a complex behavior), motivational interviewing (e.g.
the therapist and patient talk about the positive aspects of overcoming
the fear) and control of body function (e.g. controlled breathing or
relaxation). Interventions were instructed during the therapeutic talk
phase before the next trial began. We analyzed the frequency of the
intervention implementation by chi²-tests for different comparisons: We
checked if the implementation of any intervention differed between
sessions and session phases and if specific intervention techniques (e.g.
attention regulation vs. model learning) differed in their implementa-
tion between sessions and session phases.

Hypotheses with respect to fNIRS data were assessed for the an-
ticipation and exposure phase separately with the factors: session (first
to fifth), session phase (first vs. middle vs. end of session) and ROI
(bilateral dlPFC, bilateral IFG, SPL). For reasons of simplicity, we di-
rectly computed the contrast between the experimental condition and
control condition (difference between spider and worm blocks). We
used polynomial contrasts as post-hoc tests as we hypothesized a linear
decrease in hemodynamic responses during the session. Correction for
multiple comparisons for post-hoc comparisons was performed with the
procedure of Armitage-Parmar (Sankoh et al., 1997).

To investigate the relationship between behavioral ratings and
O2Hb levels within the CCN, we further conducted an exploratory
analysis in which we modeled the ratings as a dependent variable from
the session, session phase and O2Hb level within the CCN. To this end,

we used hierarchical linear models with three levels of nesting (session
phase within sessions and session within subjects). Random intercepts
were modeled and the O2Hb levels were used as continuous covariates.
For reasons of simplicity, we only modeled the ratings of responsive
anxiety during spider trials. All analysis was carried out with the lme4
package in R. Note that we did not investigate the relationship between
the use of therapeutic techniques, anxiety and cortical blood oxygena-
tion, as intervention use and anxiety ratings might be confounded (the
more anxious a patient is the more guidance the therapist will offer)
and the research questions would extend the scope of this article. The
analysis of this research question would further require higher sample
sizes for the statistical analysis.

3. Results

Seven subjects dropped out of the study. Reasons given were: per-
sonal changes in workload due to external events and in two cases
emotional overload due to treatment and the included fast progress in
the graduated fear levels (see supplementary material Fig. 1). The re-
sults include the completers only. Data of 150 sessions – 30 subject each
completing a 5 session exposure therapy – were analyzed.

3.1. Efficacy compared to waiting list: questionnaires and behavioral
avoidance test

As expected, the treatment was effective as indicated by time by
group interactions of the questionnaire data: SBQ (F(2,56)=62.209,
p<.001, ηp²=0.69), FSQ (F(2,56)=86.760, p<.001, ηp²=0.93), SPQ
(F(2,56)=45.492, p<.001, ηp²=0.62) and BAT (F(2,56)=158.544,
p<.001, ηp²=0.92). All interactions indicated a relatively stable
symptom severity during the waiting time in the waiting control group
and a significant reduction in symptom severity through the treatment
(see Fig. 2). Correspondingly, pre-post effect sizes from the beginning of
the study to the end were high in all measures (SBQ (t(29)=9.71,
p<.001, d = 4.33), FSQ (t(29)=15.847, p<.001, d = 4.17), SPQ (t
(29)=13.942, p>.001, d = 3.25), BAT (t(29)=36.163, p<.001,
d = 6.60) and the waiting list control group showed stable symptom
severity during the waiting phase with exception of a moderate re-
duction in the SBQ (SBQ (t(14)=2.447, p<.05, d = 0.44), FSQ (t
(14) = 0.330, p > .1, d = 0.05), SPQ (t(14) = 0.816, p > .1, d = 0.13,
BAT (t(14) = −0.323, p > .1, d = 0.08).

Fig. 2. Changes in symptom severity as assessed by questionnaires and beha-
vioral avoidance test in the treatment and waiting phase in both study groups. *
p < .05, ** p < .01, ***p < .001.
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3.2. Therapeutic techniques

The analysis of the qualitative data itself revealed some interesting
characteristics of the treatment. First, additional intervention use de-
creased from session to session (session 1 = 36%, session 2 = 25.2%,
session 3 = 17.4%, session 4 = 14.8%, session 5 = 6.6%, χ²(4)
=115.235, p<.000) and most of the interventions were performed
during the first phase of the sessions (beginning of session=59.8%,
middle of session=31.4%, end of session=8.7%; χ²(2)=216.98,
p<.000). Second, interventions differed significantly in their realiza-
tion in total (χ²(8)=267.03, p<.000), within different sessions (χ²(32)
=142.01, p<.000, see supplementary Table 1, see Fig. 3A) and within
the different session phases (χ²(16)=50.304, p<.000, see supplemen-
tary Table 2, see Fig. 3A). Further, in 26 of 150 sessions no additional
intervention was used at all.

Most frequently cognitive reframing, acceptance and model learning
was used (see Fig. 3B), followed by body control, attention regulation
and socratic questioning. Techniques such as self-instruction, chaining
and motivational interviewing were rarely used and only at the be-
ginning of the session as they were only used when heavy problems
with performing the task were present. In the same way, body control
and attention regulation were used predominantly in the beginning of
the session, as they need less cognitive resources than cognitive tech-
niques and can be implemented in high-stress states. The use of cog-
nitive reframing, acceptance, attention regulation and body control
decreased from session to session, while chaining, motivational inter-
viewing, self-instructing, socratic questioning and model learning were
used consistently (see Fig. 3A).

3.3. Behavioral data

In line with prior work, we observed a decline in avoidance, an-
ticipatory and responsive anxiety/disgust during the sessions, as

indicated by significant interactions of conditions by session phase for
responsive anxiety (F(2,58)=280.843, p<.001, ηp²=0.91), responsive
disgust (F(2,58)=92.04, p<.001, ηp²=0.76) and avoidance (F(2,58)
=15.725, p<.001, ηp²=0.35) and a main effect of session phase for
anticipatory anxiety (F(2,58)=59.694, p<.001, ηp²=0.67) and antici-
patory disgust (F(2,58)=38.138, p<.001, ηp²=0.56).

The interaction of session phase and condition in responsive an-
xiety, disgust and avoidance was characterized by a linear (anxiety: F
(1,29)=357.183, p<.001, ηp²=0.93, disgust: F(1,29)=100.191,
p<.001, ηp²=0.78, avoidance: F(1,29)=16.227, p<.001, ηp²=0.36)
and quadratic relationship (anxiety: F(1,29)=15.289, p<.001,
ηp²=0.35, disgust: F(1,29)=16.170, p<.001, ηp²=0.36, avoidance: F
(1,29)=14.107, p<.001, ηp²=0.33), respectively, indicating higher
decreases from the first to the second third, than from the second to the
last third (see supplementary Figure 4). In the same way, the main ef-
fect of session phase for anticipatory anxiety and disgust was char-
acterized by a linear (anxiety: F(1,29)=15.289, p<.001, ηp²=0.35,
disgust: F(1,29)=38.554, p<.001, ηp²=0.57) and quadratic decrease
(anxiety: F(1,29)=29.397, p<.001, ηp²=0.50, disgust: F(1,29)
=27.968, p<.001, ηp²=0.49,), respectively.

Further, we observed a significant interaction of session, session
phase and condition for responsive anxiety (F(8,232)=3.194, p<.01,
ηp²=0.10). Post-hoc analysis revealed that this three-way interaction
was mainly driven by a quadratic decrease between the sessions and a
linear decrease over the session phases in anxiety ratings (F(1,29)
=11.186, p<.01, ηp²=0.28). However, the interaction with the
quadratic term of session phase also reached significance (F(1,29)
=6.645,p<.05, ηp²=0.19). These effects were driven by high symptom
reduction in the first therapy phase during the first therapy session and,
subsequently, reductions in initial symptom severity at the beginning of
the following sessions and consequently reduced decline (see Fig. 4,
supplementary Tables 3 and 4).

3.4. fNIRS data

All following reported fNIRS results are based on this experimental
contrast: the difference of the experimental and control condition. With
respect to the anticipatory phase, our results showed a clear main effect
of the condition contrast as represented by a highly significant constant
term (F(1,29)=21.361, p<.001, ηp²=0.42) indicating higher O2Hb
levels during anticipation of spider trials in the CCN. Main effects for
the contrast were found for session phase (F(2,58)=5.030, p<.05,
ηp²=0.15) and ROI (F(4,116)=4.298, p<.01, ηp²=0.13). The effect of
session phase was characterized by a linear decrease (F(1,29)=7.397,
p<.05, ηp²=0.20) (see Figs. 5 and 6) and the effect of ROI by a fourth
order polynomial relationship (F(1,29)=9.944, p<.01, ηp²=0.25). The
latter effect was driven by higher O2Hb levels in the left IFG, left DLPFC
and SPL than in the right IFG and right DLPFC. Post-hoc comparisons
further indicated that the experimental contrast was not significantly
different from zero in the right IFG at all (see Fig. 7). Further, we ob-
served an interaction of session by session phase (F(8,232)=2179,
p<.05, ηp²=0.07) which was driven by a quadratic relationship from
the first to the fifth session of the linear decrease in O2Hb levels over the
session phases (F(1,29)=9.819, p<.01, ηp²=0.25). While there was a
considerable decrease in the contrast of spider vs. worm trials in the
CCN in sessions two to four, O2Hb levels stayed stable during antici-
pation across the session during sessions one and five (see Figs. 5& 6).

With respect to the actual exposure, again we observed a significant
constant term (F(1,29)=8.191, p<.01, ηp²=0.22), a significant effect
of session phase (F(2,58)=3.497, p<.05, ηp²=0.11) and a significant
effect of ROI (F(4,116)=10.604, p<.001, ηp²=0.26). As for the an-
ticipation phase, during the exposure, differences between spider trials
and worm trials decreased during the session (F(1,29)=6.013, p<.05,
ηp²=0.17) and the ROI effect was driven by a fourth order polynomial
relationship (F(1,29)=8.244, p<.01, ηp²=0.17) indicating higher ef-
fects in the left IFG, left DLPFC and SPL than in the ROIs of the right

Fig. 3. Frequency of implemented additional interventions between the ex-
perimental trials: A) Split by session and session phase for each intervention. B)
Number of used interventions in total during the treatment.
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hemisphere. However, an also significant linear contrast for the main
effect of ROI (F(1,29)=17.370, p<.001, ηp²=0.375) indicated higher
effects in the SPL than in the frontal ROIs. Post-hoc analysis further
indicated that the contrast was only different from zero in the left
DLPFC and SPL after correction for multiple comparisons (see Fig. 7).

3.5. Exploratory analysis

First, we analyzed the relationship between O2Hb levels during the
10 s anticipation phase and responsive anxiety ratings. In addition to
the already examined effects of session and session phase on anxiety
ratings, results indicated that higher anxiety ratings were associated
with higher O2Hb levels in the first session phase of session one (as
indicated by the main effect of O2Hb). Further, we found a negative

Fig. 4. Anxiety ratings during spider trials (higher lines) and worm trials (lines near zero) from session one (left) to five (right). Of course, control conditions did not
provoke anxiety, which is why a legend skipped.

Fig. 5. Activation maps for the exposure con-
trast (spider vs. control) during the anticipa-
tion (left columns) and exposure (right col-
umns) for the different session phases (top to
bottom). Differences are plotted as effect sizes
in Cohen's d. Warm colors indicate higher ac-
tivation during the spider trials, while cold
colors indicate higher activation in control
trials.
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association between O2Hb levels and anxiety ratings with increasing
session numbers, as indicated by the negative interaction of session
with O2Hb levels (see Table 2).

With respect to O2Hb levels during the exposure phase, no asso-
ciation between O2Hb levels and anxiety ratings were found (all p>.2).

4. Discussion

The aim of the study at hand was to investigate in situ changes in
hemodynamic responses of the cognitive control network (CCN) during
exposure therapy in arachnophobia. To this end, 30 subjects completed
treatment in an adapted exposure therapy while cortical concentration
of oxygenated blood was assessed with functional near-infrared spec-
troscopy (fNIRS). As expected, significant and treatment specific re-
ductions in symptom severity and behavioral avoidance were found.
Importantly, the treatment did affect behavioral (avoidance and other
fear behavior), affective (emotional fear reactions) and cognitive (be-
liefs and spider related cognitions) anxiety domains as assessed by the

questionnaires and behavioral avoidance test. With respect to addi-
tional interventions implemented between the exposure trials, those
comprised predominantly cognitive-behavioral techniques such as

Fig. 6. Hemodynamic responses (mean over all
ROIs) in the different session phases. From top
to bottom (first to last third), left side = for
spider (red) and control (blue) trials, right
side = contrast between spider and control
trials, blue shaded = anticipation phase, red
shaded = exposure phase, shaded area around
the hemodynamic trajectories indicated one
standard error of the mean.

Fig. 7. The effects of session phase (left) and ROI (right) on cortical oxygenated blood concentrations during the anticipation and exposure phase on the experimental
contrast (spider vs. control). Displayed are difference scores in the experimental contrast.

Table 2
Fixed effects of the model predicting anxiety ratings, including 450 observa-
tions, 30 subjects and 5 sessions per subject. *** = p < .001, ** = p < .01,
* = p < .05.

Fixed effects:
Estimate Std. Error Df t value Pr(> |t|)

(Intercept) 1.79 0.25 32.02 7.076 5.00E-08 ***
Phase −1.48 0.06 416.13 −22.179 <2e-16 ***
Session −0.15 0.04 4.04 −3.251 0.0308 *
O2Hb 0.77 0.38 423.87 2.023 0.0437 *
Phase: O2Hb −0.34 0.33 415.66 −1.027 0.3051
Session: O2Hb −0.40 0.16 422.60 −2.412 0.0163 **
Phase:Session:O2Hb 0.15 0.13 422.56 1.167 0.2438
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cognitive reframing and acceptance. Interventions were mainly im-
plemented in the first session and at the beginning of the session and
decreased during each session and over the course of the treatment in
general, excect for interventions that were used rarely and only in
difficult situations (e.g. motivational interviewing). Furthermore,
within each session, anxiety ratings as well as activity in the CCN de-
clined from the beginning of the session to the end of the session.
However, while anxiety ratings showed a linear-quadratic decrease,
reflecting higher symptom reductions from the beginning of the session
to mid-session than from mid-session to the end of the session, CCN
activity decreased linearly. In addition, we measured fNIRS during the
anticipation of the following exposure trial and the actual handling
during the exposure task itself. Interestingly, the effects of the antici-
pation and exposure phase on cortical blood oxygenation were rather
similar. In both analyses, we found significant effects of the experi-
mental contrast, with higher blood oxygenation during spider trials
than control trials, reductions of the experimental contrast during the
session and ROI dependent effects. Consistently, we observed higher
effects of the experimental contrast in the left IFG, left DLPFC and SPL
than in the right IFG and right DLPFC. We observed an interaction of
session phase with session, for the experimental contrast, exclusively in
the anticipation phase. Post hoc contrast revealed that the linear de-
crease in O2Hb levels over the session phases was dependent on the
session. Decreases in the experimental contrast during the anticipation
of spider trials over the session phases were absent in the first and last
session, but were present in sessions two to four. Finally, in an ex-
ploratory analysis we showed that anxiety ratings and O2Hb levels
during the anticipation phase were positively associated in the begin-
ning of the first session, and that this association weakened from session
one to session five.

Our behavioral results are in line with previous investigations,
showing that exposure therapy is an effective treatment for phobic
disorders (Carpenter et al., 2018; Feske and Chambless, 1995;
Hofmann et al., 2012; Meulders et al., 2016; Podină et al., 2013;
Wolitzky-Taylor et al., 2008). Interestingly, our adapted design showed
highly effective symptom reduction, although it was adapted to the
NIRS environment. We used relatively short blocks (40 s) of exposure,
against the indication that exposure trials should be sufficiently long to
allow at least a 50% reduction in symptoms during the treatment.
During such short trials, anxiety levels, in most cases, did not fall from
high to moderate levels. Instead, steady decreases in anxiety occurred
from trial to trial, implicating that patients may improve similarly from
relatively short exposure trials with longer rest times as from one long
session of exposure. Importantly, this result is well in line with the
results of Rachman et al. (1987), who showed that patients profited
from exposure therapy even when they escaped from the therapy ses-
sion at the time their fear was highest (De Silva and Rachman, 1984;
Rachman et al., 1987). It may be the case that the relatively short ex-
posure trials increase the sense of controllability for the patients, which
in turn may foster symptom reduction. Furthermore, from our fNIRS
data we conclude that the actual exposure begins with the anticipation
of the trial itself, as steep increases in cortical blood oxygenation began
in the anticipation phase and stayed stable during the exposure phase,
rather than increase further. In future studies it might be interesting to
see how far interventions directly designed for the anticipation phase
might increase anticipatory emotion regulation and improve exposure
treatment itself.

Our in situ fNIRS measurements showed the expected pattern of
decreases in O2Hb levels in the CCN, which complements the data on
pre-post imaging studies showing decreased activity in prefrontal areas
following psychotherapy (Ipser et al., 2013; Paquette et al., 2003;
Soravia et al., 2016). Interestingly, our results did not show an increase
in any area of the CCN. We interpret these patterns as a phase model of
exposure therapy. During the beginning of the therapy session, subjects
are motivated to confront themselves with their feared object. How-
ever, to do so, they need to control their urge to avoid the situation and

they need to cope with their subjectively overwhelming anxiety
symptoms by using model-based (Etkin et al., 2015) inhibitory top-
down control that is guided by plans and strategies provided by the
psychotherapist. Interestingly, this interpretation is further supported
by the analysis of additional techniques implemented between trials: at
the beginning of the therapy and the beginning of the session, more
interventions were implemented than at the end of each session and the
end of treatment, suggesting that the therapist provided more model-
based guidance at the beginning of the session. During the sessions,
subjects used high stress coping strategies such as controlled breathing
(body control) and attention focusing to stay in the situation and deal
with the animals. Consequently, high effortful inhibitory control was
necessary for the subjects to implement model-based emotion regula-
tion, which would be reflected by activity in the CCN
(Rosenbaum et al., 2018a, 2018b). In line with this, Hermann and
colleagues found increased activity in the dlPFC when arachnophobic
subjects were asked to downregulate their emotion (Hermann et al.,
2009). Further, Johanson found increased activity in areas of the CCN
in phobic subjects that did not panic during exposure to phobic material
and increases in CCN areas after CBT in initially panicking patients
(Johanson et al., 2006). By staying in the situation and experiencing
schema-incongruent situations (e.g. “the spider won't jump out of the
jar”, “I am in control of the situation/my emotions”, “the spider is small
and breakable”, “the spider runs away from me”) and reductions of
anxiety by habituation, expectations are further adapted and less top-
down control is needed. This may be accompanied by a reduction of
effortful control and CCN activity. At the end of the therapy session,
mechanisms of routine learning might take place, as subjects become
familiar with the handling of the spiders. Importantly, from studies of
routine learning, we know that areas of cognitive control such as the
prefrontal cortex and parietal cortex are especially active in the be-
ginning of the learning process (Kelly and Garavan, 2004). It is thought
that areas of the CCN build up a scaffolding framework that guides
supervised learning during unskilled effortful tasks (Petersen et al.,
1998). With practice, cortical performance becomes more efficient and
task-related areas that are not related to cognitive control are activated
without the scaffolding framework (Kelly and Garavan, 2004). In light
of Etkin's emotion regulation theory, emotion regulation might switch
from a model-based to a model-free emotion regulation, which would
be accompanied by a switch from CCN activity to ventral ACC and
dorsomedial PFC activity (Etkin et al., 2015). This interpretation is
further supported by our exploratory analysis. In addition to the general
positive association between O2Hb levels during the anticipation phase
and anxiety ratings, a negative interaction between O2Hb and session
was observed, indicating a decline in the positive association from
session one to five. With respect to the scaffolding framework, we
would argue that in the beginning of session one, higher cognitive
control (model-based emotion regulation) was necessary to face the
spiders, reflecting the positive association of CCN activity and anxiety
ratings. Over the course of treatment, less effortful control is needed,
which would decrease the relationship between the CCN and anxiety
ratings. Yet, no such relation was found for the O2Hb levels during the
actual exposure phase, which limits the validity of this argument. One
explanation for this might be that inter-subject variability during the
exposure phase (10–50 s after baseline correction) was higher (see
Fig. 6) and therefore less reliable. Alternatively, it may reflect a special
role of the CCN during the anticipation phase in terms of an antici-
patory emotion regulation.

A further alternative interpretation of our data would be that the
higher activity in the CCN might reflect avoidance instead of cognitive
control. As avoidance is reduced during the session, activity within the
CCN decreases. We do not believe that this is the case due to two ar-
guments. First, the time period during which the symptoms and CCN
activity decrease are different. Avoidance and anxiety showed steep and
high decreases in the beginning of the session and lower decreases at
the end of the session, while CCN activity decreased linearly in a steady
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manner. Second, the linear decrease in symptoms during the session
was more or less comparable across sessions, while the decline during
the anticipation phase varied as a function of session, showing no de-
crease in the first and last session. We interpret the lack of decline in
terms of the scaffolding framework. During the first session, subjects
might not have gained enough practice for the scaffolding network to
fall away. During session two to four, the practice in handling of the
spider was routinized resulting in decreases in activity. The last session
of therapy falls a bit out of the range here. However, it might be the
case that holding the spider freely in the hands was again challenging,
which would result in an increase in effortful control. Alternatively, the
CCN activity during session five could reflect monitoring of hand
movements rather than emotion regulation, as the association between
CCN activity and anxiety ratings was negatively related to the number
of sessions.

Interestingly, our experimental contrast of the fNIRS data showed
highest effects in the left frontal cortex and SPL during the anticipation
and exposure phase. Generally, lateralisation effects and effects be-
tween different ROIs must be interpreted with caution in fNIRS ex-
periments as data might differ due to different optical path lengths and
regional anatomical differences. However, assuming that our results
have not been influenced by such factors, our data could imply a special
role of the left IFG, left DLPFC and SPL in the therapeutic rationale used
in this study. The right IFG has been previously associated with re-
sponse suppression (Cieslik et al., 2015; Hornberger and Bertoux, 2015)
and left hemisphere dominance has been associated with increased
approach motivation (Davidson and Tomarken, 1989; Rutherford and
Lindell, 2011), inhibition in emotional Stroop (Hung et al., 2018) and
response inhibition (Ocklenburg et al., 2011). However, hemispheric
specificity is to date a matter of controversy and usually complex tasks
require activity in both hemispheres, also in respect to inhibition
(Blasi et al., 2006; Hung et al., 2018; Ocklenburg et al., 2011;
Spielberg et al., 2008). It will be an interesting endeavor for future
studies to investigate in how far lateralization effects during exposure
are related to specific facets of inhibition, such as emotional, cognitive
or response inhibition, interference inhibition or cancelation.

Despite these promising findings, some limitations must be con-
sidered. Although fNIRS has some important advantages that make it
possible to assess oxygenated blood levels during movement, the pe-
netration depth and spatial resolution are far lower than those of fMRI
(Haeussinger et al., 2014, 2011). With fNIRS it is not possible to assess
limbic and mesolimbic structures that are related to emotion regulation
and the fear response (Haeussinger et al., 2014; Tsuzuki et al., 2007).
Therefore, our results are restricted to the limited probe set that cov-
ered parts of the CCN. Yet, imaging studies on subcortical limbic areas
already showed that subcortical activation declines through psy-
chotherapy (Åhs et al., 2017; Goossens et al., 2007; Strigo et al., 2010).

Further, although we investigated a healthy control group in the
baseline assessment only, we did not include a healthy control group
that was treated in the exposure paradigm. Such a comparison would be
interesting, however, it might not make sense to treat subjects without
phobia in such an extensive treatment program (6 h) as confounding
variables might be induced (e.g. boredom in the healthy controls). The
comparisons of the healthy control subjects with the patients in this
group during the symptom provocation paradigm will be reported
elsewhere, as the comparison would extend the scope of a single article.
Our design resulted in two treatment-related dropouts, as the design
was not adaptable to patients that did not respond within the restricted
number of trials and the restricted duration of the session. As the NIRS
probeset becomes uncomfortable to wear after a certain duration, ses-
sions were designed to be finished after one hour.

A final limitation concerns the generalizability of our findings. We
decided to use Arachnophobia patients as a type of specific phobia in
the investigation of exposure therapy. This was due to relatively easy
care of the study animals and adaptability of the exposure setting
within the fNIRS laboratory. It might be the case that different exposure

therapy settings (e.g. in vivo vs. in situ; specific phobia vs. generalized
anxiety disorder) might be, to different extents, adaptable to the NIRS
laboratory setting. But, they may be grounded on different neuronal
networks. However, as we believe that our data shows increased CCN
activity in terms of a scaffolding network in model-based emotion
regulation, the results of this study may be generalizable to other types
of exposure therapy and other related psychotherapeutic techniques, if
our data truly reflects emotion regulation related top-down activity.

Importantly, our interpretation of the data in terms of model-based
emotion regulation in a scaffolding network is at this point rather
speculative although it is plausible from the literature on emotion
regulation and routine learning. However, many confounding variables
might have influenced the findings and we did not assess effortful
control during the experiment. It will be up to future investigations to
make effortful model-based emotion regulation measureable on a trial
to trial basis to further support our interpretation. Furthermore, we did
not investigate the relationship between additional intervention im-
plementation, anxiety ratings and cortical blood oxygenation, as the
sample size is suboptimal for such an analysis and the research question
would extend the scope of this article. Nonetheless, this research
question is elementary and holds a high potential for future studies.
Such a study would clearly help to clarify the inconsistent findings on
CCN related changes through exposure therapy. Further, in future stu-
dies it might be interesting to investigate if stimulation of the CCN at
the first phase of exposure therapy is especially effective, as model-
based emotion regulation is needed. Such clinical applications might
hold the potential to increase the efficacy as well as the stability of
exposure therapy.

5. Conclusions

Our adaptation of exposure therapy for 40 s block lengths showed
comparable effect sizes in treatment efficiency to those seen in typical
exposure therapy. We observed elevated levels of cortical blood oxy-
genation within the cognitive control network during experimental
trials. Furthermore, the size of this experimental effect decreased
during the session, implying a decrease in effortful control. To the
knowledge of the authors, the study at hand is the first study to in-
vestigate in situ cortical blood oxygenation in a psychotherapy setting,
and shows very promising results for the future application of the
technique in psychotherapy research.
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