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Korhan Buyukturkoglu

Self-regulation of Anterior Insula Using Real-time fMRI and
Behavioral Effects in Obsessive-Compulsive Disorder

Introduction

2.1. Obsessive-compulsive disorder, disgust feeling and anterior insula

Obsessive-compulsive disorder (OCD) is a common, chronic condition that can have disabling effects on
both genders throughout the patient's lifespan. It is among the most disabling anxiety conditions and accounts for
more than half of serious anxiety cases (Ruscio, Stein, Chiu, & Kessler 2010). To be diagnosed with OCD, a
person must have obsessions and/or compulsions (DSM-IV-TR, 2000). Among the most common obsessions are
contamination fears (usually followed by washing compulsions), which are intense and intrusive feelings of
being polluted or infected by contact with the dirty, infectious or soiled objects (Rachman, 2004; Broderick,

Grisham & Weidmann, 2013).

The exploration of the neural basis of OCD with functional magnetic resonance imaging (fMRI) has
revealed an abnormal activation of several brain areas including the prefrontal cortex, orbitofrontal cortex,
cingulate gyrus, thalamus, putamen and globus pallidus (Millet et al., 2013). Hence, current models of the
disease hypothesize a dysfunction in the cortico-subcortical circuitry (Aouizerate et al., 2004; Menzies et al.,
2008). More recent efforts have tried to elucidate its neural basis in concordance with the heterogenic

symptomatology of the disorder.

Several studies have shown a link between contamination fears, disgust over-reactivity and insula
activation. Although, activation in the insula is associated with many interoceptive/subjective feelings (e.g., pain,
temperature, or itch stimuli) the anterior part of this paralimbic structure is involved in disgust processing as a
part of the gustatory cortex, containing neurons that respond to pleasant and unpleasant taste (Craig, 2011;

Wright et al., 2004; Rolls, 1994).
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Several sources of evidence support the aforementioned link between contamination fears, disgust over-
reactivity and anterior insula. First, disgust, which might be triggered by actual or perceived threat of
contamination with the objects considered to be unclean, infectious or corrupted, is strongly associated with the
fear of contamination and subsequent washing compulsions (Broderick, Grisham & Weidmann, 2013; Olatunji
et al., 2004; Stein et al., 2006). Furthermore, heightened disgust feelings towards disgust-inducing stimuli and
greater behavioral avoidance from disgusting objects, situations and places are commonly observed in OCD
patients, especially those with contamination fears and washing compulsions (Starcevic et al., 2013, Olantunji et
al., 2007, Tsao & McKay, 2004; Cisler et. al, 2009; Muris et. al, 2008; Schienle et. al, 2003; Phillips et al., 2000;
Sieg and Scholz, 2001: Moretz et al., 2008; Goetz et al., 2013). On the other hand, findings from functional
neuroimaging studies (including fMRI and positron emission tomography-PET) have indicated that, when
subjects are presented with disgust inducing stimuli, the insula is easily activated in persons with OCD,
especially in the group of patients with contamination fears (Phillips, 2000; Shapira, 2003; Mataix-Cols et al.,

2004; Stein et al., 2006).

Considering this evidence, it is possible to state that an over-activation in the anterior part of the insular
cortex, and disgust over-reactivity could contribute to avoidance and ritualistic behaviors by increasing the
aversiveness of exposure to certain stimuli, and strengthening beliefs about contamination (Berle & Phillips,
2006). These results suggest that a reduction of insula activity should enable a reduction in contamination

anxiety in the subgroup of OCD patients with predominantly contamination fears and washing compulsions.
2.2. Brain-computer interfaces (BCls) and their usage in OCD

Brain-Computer Interfaces (BCIs) utilize neurophysiological brain signals to activate or deactivate
external devices or computers (Birbaumer & Cohen, 2007). With the introduction of real-time functional
magnetic resonance imaging (rtfMRI), voluntary control over specific brain areas was achieved with rtfMRI
neurofeedback both in healthy participants (e.g., Caria et al., 2007, 2010; Veit et al., 2012, Sitaram et al., 2010)

and people suffering from neuropsychiatric diseases, such as schizophrenia and depression (e.g., Sitaram, 2008a;
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Sitaram et al., 2012; Ruiz et al., 2013; Linden et al., 2012). (For detailed reviews see Birbaumer et al., 2013;

Ruiz et al., 2013; Sulzer et al., 2013).

In a recent study, Scheinost and colleagues (2013) explored the effect of rtfMRI neurofeedback training
on healthy individuals without a clinical diagnosis of anxiety disorder, but who suffered from contamination
anxiety. Participants who successfully learned to control the activity of orbitofrontal cortex in the presence of
disgust inducing stimuli, displayed changes in resting-state connectivity across different brain areas and an
enhanced control over contamination anxiety many days after the completion the training. These results

encourage the application of rtfMRI neurofeedback in OCD patients.

3. Aims of the project

In the light of these findings, to choose optimal clinical, behavioral and physiological parameters for a
future larger rtfMRI study with group data, we designed a pilot case series study in OCD patients (3 adult
patients-2 female) diagnosed by a standardized clinical interview as having contamination obsessions and
washing compulsions. Patients were recruited from the Department of Psychiatry and Psychotherapy, University

of Marburg.

Our study had three major aims. Our first aim was to explore whether patients suffering from OCD with
predominant contamination obsessions and washing compulsions can learn to decrease (down-regulate) the blood
oxygen level depended (BOLD) activity in the anterior insula using volitional control paired with rtfMRI in the

presence of disgust-inducing stimuli.

The second aim of the study was to ascertain the feasibility and benefits of our method for a future larger
study. Hence, in addition to evaluations related to clinical symptomatology measured by SCID-I, YBOCs, OCI-R,
FEE, STAI and BDI-II, we included two behavioral assessments (Ecological Disgust Test-EDT and Picture
Rating Test) designed to evaluate how self-regulation abilities affect individual responses towards disgust-

inducing stimuli outside the scanner environment, in “real-life conditions”.
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Furthermore, heart rate, respiration and eye-tracker measures were collected during the rtfMRI

neurofeedback trainings in order to investigate the relationship of insula-control on autonomic functions.

Because head motion is frequently observed in patient populations during long fMRI sessions, we also
aimed to investigate the effects of head motion on feedback to decide on the most feasible online motion

correction algorithm to be used in our future study. Hence, we compared two widely used online motion

correction algorithms in rtfMRI experiments in a parallel/technical study.

An overview of the experimental protocol can be seen in Table.1

15t Day 2"iDay  [3"Day ath5th6th 7th Days [8MDay  [9™" Day 10" Day
*Screening Ecological Picture ratings [*rtfMRI-BCI Ecological |Picture *Post-training
Edinburgh Disgust  jand trainings and Disgust  [ratings and [clinical evaluation
Handedness Scale [Test physiological [transfer runs, Test physiological
MWI (EDT)  |measurements (EDT)  |measurements- Y-BOCs,
Pre-test. |(SCR, HR)  [*Inside the Post-test. |(SCR, HR)
*Pre-training Pre-test scanner-heart Post-test | TEE.
clinical evaluation rate
measurements,
- SCID-I,
*Eye-tracker,
- Y-BOCs,
* Diffusion
- FEE, Tensor Imaging
- BDI-II, (BT
. (on the 4" and 81"
- STAI Trait. Days only)
*STAI State.

Table. 1. Experimental protocol.
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3. Self-regulation of anterior insula paired with rtfMRI in the presence of disgust-inducing

stimuli.

RtfMRI trainings consisted of four training runs and one transfer run during which different disgust-
inducing images from the International Affective Picture System (IAPS) (Lang, Bradley & Cuthbert, 2008) were
presented to the OCD patients. Baseline blocks, (cued with a plus sign, “+”) lasted for 30 seconds during which
the patients were instructed to look directly at the screen, and to not suppress the feelings triggered by the
images. For the down-regulation blocks (indicated by a down arrow “|”, for 27 seconds each), participants were
instructed to find an effective cognitive strategy to decrease the feedback signal while viewing the disgust
inducing images. No specific cognitive strategy was suggested to the participants. A feedback methodology
based on monetary reward was used. Feedback was calculated and presented immediately following each down-

regulation block (3 seconds). The amount of monetary feedback was calculated by using the following equation:
{meanBOLD[(ROI1 + ROI2)/2 - ROI3]Baseline - meanBOLD[(ROI1 + ROI2)/2 — ROI3]Down-regulation}*0.1

where the ROI1 and ROI2 correspond to the right and left anterior insula respectively and ROI3 is the reference
ROI located in a non-active region close to the parietal cortex. Training runs with contingent feedback were
interspersed with the “transfer runs” in which the patients were asked to down-regulate the ROIs without the aid

of the feedback and by using the mental strategy learned during the neurofeedback training.

In the EDT, patients were confronted with real disgusting objects (e.g., chewed gum, used toilet paper) to
investigate how learned insula self-regulation modulates the capability of the patients to bear the proximity of
symptom-provoking objects. Disgusting objects in this test were selected individually for each patient according
to his/her own self-report during the screening session. The object was placed in the first position on a wheeled
table at a distance of five meters away from the patient. On the left side of this object, a clearly visible ‘+’ sign or
a ‘|’ sign was shown. In each trial, the selected object was slowly brought towards the patient at a constant pace
either with the ‘+’ sign or with the |’ sign. Patients were instructed to focus on the object and say ‘stop’ when

they felt that the object should not come any closer. On the post-test/down-regulation blocks, patients were
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instructed to use the cognitive strategies that they had learned during rtfMRI trainings to fight the disgust. The
distances between the starting point and the point at the “stop” moment were measured for baseline and down-
regulation blocks along the direction of movement of the experimenter for both pre-test and post-tests. In the
picture-rating pre- and post-tests, patients rated disgust evoking pictures according to three different dimensions
(valence, arousal and symptom provocation) outside the scanner through baseline and the down-regulation blocks.
Patients were instructed to look at the pictures directly without suppressing the feelings that were triggered by the
stimuli during the baseline blocks and to use the mental strategies that they had learned through the rtfMRI
trainings during the down-regulation blocks. While looking at the pictures, physiological measures (skin

conductance response and heart rate) were also recorded.

4. Effect of motion correction algorithms on feedback in real-time fMRI

Apart from the underlying neural activity, the noise from heart rate and respiration (Glover et. al., 2000;
Noll & Schneider 1994), eye movements (Zhang et al., 2011) and head motion (Hajnal et al., 1994; Thacker et
al., 1999; Friston et al., 1996) may also modulate the signal from fMRI. In rtfMRI experiments, the association
between the mental strategy that successfully regulates a neural signal (behavior) and neurofeedback
(consequence) can be affected negatively by this modulation (Schacter et al., 2011). Hence, to achieve efficient
learning of brain self-control, a contingent feedback presented to the subjects by the rtfMRI system is crucial

(Koush et al., 2012).

In contrast to conventional fMRI analysis with packages like SPM or FSL, in rtfMRI the time available
for data pre-processing and statistical analysis is very limited. Therefore the processing pipeline includes only
those steps that are considered to be essential and these are additionally optimized for data quality and speed. As
subject motion would shift the brain and the region for feedback estimation, motion correction is an essential

processing step.
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In our second study we tested the consistency of feedback calculated from data preprocessed with two
retrospective real time motion correction algorithms. The first algorithm is included in the image reconstruction
of the MRI scanner’s EPI sequence (3d k-space interpolation, Advanced Retrospective Technique, Siemens,
Erlangen, Germany) and operates on the raw data in k-space. The second algorithm uses the data after Fourier
transformation, i.e. the images, and is included in Turbo Brainvoyager (TBV, Brain Innovation, Maastricht, The

Netherlands).

Under the assumption that both algorithms yield similar results, we expected a high correlation between

the feedback values derived from the motion corrected data sets.

During the experiments TBV motion corrected data (TBV-MoCo, trilinear interpolation) had been used
to calculate the feedback. Offline analysis of the Siemens-MoCo data was done analogously by TBV and our in-
house plug in. TBV-MoCo is part of the TBV package and is executed on the rtfMRI computer whereas
Siemens-MoCo is included in the image calculation on the MRI scanner. Both algorithms assume a rigid body
model and estimate the optimal motion correction parameters iteratively. They stop after reaching a predefined
threshold for the difference between the actual and the reference image or after reaching the maximal number of
iterative steps. The resulting image is either calculated with a trilinear interpolation (TBV-MoCo) or a 3d k-

space interpolation (Siemens-MoCo).

Pearson correlation coefficients for the motion correction parameters (three translation parameters, three
rotation parameters) from TBV and Siemens as well as for the feedback values based on TBV-MoCo and

Siemens-MoCo data were calculated for each run.

We additionally included an exponential moving average filter (EMA-filter) in the processing pipeline
for TBV-MoCo and Siemens-MoCo data and calculated the reward parameter and the correlation with the

unfiltered data.
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As a last step, we tested the effect of two outlier removal strategies. We calculated the average signal
and standard deviation for each voxel. Voxel values above two standard deviations from the average were
marked as outliers within its data series. Our first outlier removal method rejected these outliers from the ROI
averages. The second outlier removal method counted the number of voxels identified as outliers within one time
point (volume) and included only time points in the calculation where the number of rejected voxels was below a
predefined threshold. Method 1 is sensitive to noise within individual voxels. Method 2 is sensitive to global
changes (e.g. head motion). Using this data we calculated again the feedback parameters and the correlations

‘within’ and ‘between’ the pipelines.

5. Results and Discussion

Recent evidence suggests that OCD with contamination obsessions and washing compulsions might be
characterized by a disorder in disgust processing. The anterior insula hyperactivity may play a particularly
important role in mediating such putative disruptions (Stein et al., 2006; Goetz et al., 2013; Starcevic et al.,
2013). In the light of these findings, we designed a pilot study to explore the effects of rtfMRI based anterior
insula down-regulation on several behavioral, physiological and clinical measures of OCD patients with
contamination fears and washing compulsions. Also, we aimed to examine the feasibility of our study
procedures, validity of the tools and our overall approach that is intended to be used in a larger future study. Yet,
another purpose was to compare the effects of the two widely used online fMRI motion correction algorithms on

feedback and decide on best correction algorithm to be used in the future study.

Our results show that anterior insula down-regulation is possible in OCD patients. In fact, all three
patients could learn to decrease the BOLD signal in the anterior insula albeit to different degrees, in the presence
of disgust inducing stimuli with rtfMRI. However, regarding the transfer runs, included to evaluate whether
subjects could regulate anterior insula in absence of feedback, patients were less successful in self-regulation as

compared with the regular training runs. Hence, in order to improve the behavioral results measured outside the
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scanner environment, improving the self-regulation ability in the absence of a real-time feedback with a design

that includes more transfer runs would be crucial.

Yet, another step that can be taken to improve the success of the rtfMRI trainings would be about the
feedback contingency. In rtfMRI experiments, the association between a mental strategy and feedback can be
affected by the temporal delay of the feedback signal (Caria et al., 2010). In the great majority of rtfMRI studies,
feedback is continuously presented with minimal delay, approximately around 2 seconds (Sulzer et al., 2013).
Anterior insula displays strong functional connectivity with the anterior cingulate and in addition to its role in
disgust processing, it has a role in feeling and motivation too (Craig, 2011). Hence, to prevent a possible activity
increase in the insula due to reward processing itself, we averaged and presented the feedback information to the
patients at the end of each down-regulation block in our design, in line with some previous rtfMRI studies (Bray
et al., 2007; Posse et al., 2003; Shibata et al., 2011; Yoo and Jolesz, 2002). By doing this the feedback signal
provided information about the monetary reward. Some studies however have suggested that intermittent
feedback might be a better way to achieve a particular behavior —consequence association when mental imagery
was used during self-regulation (Yoo & Jolesz, 2002; Johnson et al., 2012,). In this sense, providing feedback to
patients about their ongoing brain activity at shorter intervals (e.g., every ten seconds) would be crucial for the
future study. To avoid cognitive or visual distractions, which can be caused by the presence of an additional
visual stimuli (e.g., a graphical thermometer next to the disgust inducing pictures in the screen), it would be
beneficial to locate each picture inside a frame which can provide neurofeedback, for example by color changes.
In this manner, it would be possible to separate the neurofeedback information from the reward, which will be

presented at the end of each block.

In addition, the target regions selected for self-regulation and the self-regulation direction (either up or
down) are crucial aspects in brain self-regulation experiments. The majority of previous rtfMRI studies used
single ROI up-regulation paradigms in which participants had been trained to increase activity of one target

region (for reviews please see Ruiz et al., 2013; Birbaumer et al., 2013; Sulzer et al., 2013). Up to now, fewer
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rtfMRI studies showed that subjects could learn to down-regulate the brain activity e.g., in amygdala (Briihl et
al., 2014), subgenual anterior cingulate (Hamilton et al., 2011), auditory cortex (Haller, Birbaumer, and Veit
2010), anterior cingulate cortex (Li et al., 2012) and anterior insula (Caria et al., 2010; Veit et al., 2012; Li et al.,
2012). Decreasing the BOLD activity might be harder as compared to increasing both in healthy and patient
populations, although it might not be physiologically impossible as suggested by Logothetis and colleagues
(2006). Our preliminary results are important in showing the possibility of down-regulation of an abnormally
activated brain region in psychiatric populations. However, because OCD affects a distributed fronto-striatal
circuit, a connectivity-based or a pattern classifier-based neurofeedback study design, instead of a single ROI

design, might be an interesting possibility for future experimental designs.

Furthermore, to improve the self-regulation ability, a rtfMRI-EEG combined neurofeedback study
design would be more beneficial. In that study design, EEG correlates of anterior insula self-regulation during
the rtfMRI sessions with an MRI compatible EEG system can be recorded and later can be used use to train an
EEG pattern classifier specific for each OCD patient. This data then would be used for the further EEG-based
neurofedback trainings outside the scanner following the initial rtfMRI sessions. With that approach, self-
regulation ability can be enhanced by increasing both the amount of the neurofeedback trainings and

neurofeedback modalities.

Also, because of its ease of use and feasibility in general, extended neurofeedback training outside the

scanner with portable functional near infrared spectroscopy (fNIRS) would be another option

As a pilot study with 3 patients, it is not possible to generalize conclusions regarding the behavioral
effects of rtfMRI-BCI neurofeedback training and related symptomatological changes. In fact, behavioral and
clinical effects of the rtfMRI-BCI neurofeedback training were not consistent in all patients. Two of the three
patients of the study (patient 1 and patient 3) showed improvements in the EDT, picture rating test and the
clinical assessments achieved by questionnaires. However, patient 2 did not display any improvement in these

dimensions.
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In two cases, patients improved their capability to bear the physical proximity of a real-world disgusting
symptom-provoking object, using their learned cognitive strategies for down-regulation after the training.
Showing the application of the learned brain self-regulation to the real-life conditions, these results are
encouraging for the rtfMRI-BCI neurofeedback studies as most of the previous studies focused on immediate
changes in the behaviors or symptoms happening inside the scanner environment (Caria et al., 2010; Sitaram et
al 2012; Ruiz et al., 2013; Buyukturkoglu et al., 2013). In that manner, novel symptom-specific tests, like EDT,

would be important to explore the transfer of learned self-regulation skills to “real-world” environments.

In parallel with the EDT results, the same two patients also showed improvements in the picture rating
test in two dimensions i.e., valence and OCD symptom provocation. During the post-tests, patients rated the
disgust evoking pictures with less negative valence and as less symptom provocative following down-regulation

blocks.

Although patient 2 performed well during the rtfMRI-BCI neurofeedback training, she did not show an
improvement in the behavioral or clinical measures. In fact, the patient's Y-BOCs scores were higher at the end
of the experiments. Because the questionnaires used as clinical measures are self-administered and because we
do not ask patients to use their mental strategies during the administration of the questionnaires, it is not possible
to be certain whether the positive or negative changes in the scores could be attributed to the rtfMRI-BCI

neurofeedback training or to other factors active during this period.

Non-consistent results were observed for HR measures collected inside the scanner. Two patients

(patient 1 and patient 2), displayed decreased heart rates during the down-regulation conditions. However,
patient 3 had higher heart rates while down-regulating through the runs. HR measures, recorded while the
patients were looking to the disgust inducing pictures outside the scanner, did not reveal a significant difference

between the baseline and the down-regulation conditions in the post-tests in all three patients.

Previous psycho-physiological investigations exploring responses towards disgust inducing stimuli are
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limited in number and provide conflicting results, including heart rate. Although some studies show elevated HR
in the conditions when healthy subjects are presented with symptom provoking pictures (Lang, Bradley, &
Cuthbert, 1997; Alaoui-Ismaili et al., 1997; Schienle et al., 2001; Vrana, 1994), others point to a deceleration in
the HR as an indicator of parasympathetic activity (Gross, 1998; Gross & Levenson, 1993; Johnsen, Thayer, &
Hugdahl, 1995; Levenson, 1992). Studies that have measured OCD patients’ physiological responses towards
disgust inducing stimuli reported contradictory results as well. While some experimenters found elevated
autonomic nervous system activity and HR (Benkelfat et al., 1991; Insel, Zahn, & Murphy, 1985; Rabavilas,
Boulougouris, & Stefanis, 1977; Stein et al., 2006), other studies reported HR decelerations which is interpreted
as a sign of orientation and not avoidance or stimulus rejection (Hoehn-Saric, McLeod, & Hipsley, 1995;
Hollander et al., 1991; McCarthy, Ray, & Foa, 1995; Zahn, Leonard, Swedo, & Rapoport, 1996). One of the
reasons for these conflicting findings might be the type of the stimuli used in the experiments. While the disgust
emotion elicited in relation to contamination and pollution (e.g., pictures of dirty toilets, cockroaches, maggots
on food, foul smells, facial expressions of expelling food), is characterized by HR acceleration, disgust elicited
in relation to mutilation, injury and blood (e.g., injections, mutilation scenes, bloody injuries), seems to be
characterized by a pattern of HR deceleration (Olantuji et al., 2013). In our set of stimuli we included both
contamination and mutilation types of images. Therefore, and depending on the heterogeneity of the OCD
patients, using both kinds of pictures together in the same measurement might cause a neutralizing effect in HR
measures. The differences on anxiety levels in our small group of patients might have also contributed to this
inconsistency in HR results. Patient 3, who showed elevated HR during the down-regulation conditions in the
scanner, showed also the highest anxiety level (both in trait and state-anxiety measures). Patients' elevated HR
during down-regulation conditions might be also attributed to a high performance anxiety and reward

expectancies.
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Disgust is consistently reported to be associated with increased electrodermal activity (Olantuji et al.,
2013). However, we did not observe a significant difference between disgust provoking and neutral pictures and
skin conductance response levels. There were no significant differences in levels between baseline and down-
regulation blocks while patients were viewing disgust inducing pictures either. Because we measured the mean
skin conductance levels throughout baseline and the down-regulation blocks, these results might be due to the

presentation of mixed type of disgust inducing pictures.

Because avoidance is a frequently observed response of the OCD patients (Starcevic et al., 2013), we
wanted to be sure that the participants in the current study were consistently observing the presented pictures
through the measurements. Inside the scanner, and through the rtfMRI-BCI trainings, we used an eye-tracker
system for this purpose. The eye tracker system measured pupil location coordinates and size changes during the
presentation of each picture. The preliminary analysis of eye tracker data confirmed that every patient of the
study looked directly at the disgust inducing images throughout the runs. Apart from the sympathetic-
parasympathetic effects on the pupil size and eye-blinks, these measurements are essential for future studies to

ensure that patients observe the stimuli presented to them despite their highly disturbing nature.

The basic idea of neurofeedback with rtfMRI is to provide the subject with correct information about
signal changes in the brain. In this sense, in addition to behavioral, clinical and physiological measures, we also
explored the effects of two online motion correction algorithms on the feedback that is presented to the patients.
As our calculation included averaging over a long period of time and extended regions of interest, the temporal
and spatial noise is smoothed out and we expected a good linear correlation of the results from the two pre-

processing pipelines as long as the motion correction algorithms work fine.

We found however in more than 30 percent of the runs incongruent feedback value, i.e. the correlation

between feedback calculated from TBV-MoCo data and feedback calculated from Siemens-MoCo data was low.
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In some runs, while one processing pipeline provided a positive feedback value, the other gave a
negative value of the same size. This still happens when the absolute motion is small and the correlation of the
motion correction parameters is high. So even small differences between the two algorithms can give rise to a

relevant difference in the feedback.

To improve the correlation of the feedback values between the different MoCo algorithms, we tested an
EMA-filter and two simple outlier removal strategies. The EMA-filter had little effect on the data and did not
improve the correlation between the pipelines. The first outlier removal strategy (rejecting individual voxel
data) worsened the results, but the second strategy (rejecting whole ROI data for individual time points) seems
promising. Still we need to identify optimal parameters and we have to test the effect on different feedback

estimations, i.e. continuous and/or intermittent feedback.

Right now, it is not obvious which pipeline provides better feedback, but wrong feedback information
will increase the level of difficulty for the subject to identify an effective training strategy and can therefore

prolong the training. Further studies should include simulations to decide on optimal data preprocessing.

We can only conclude from a low correlation between the two preprocessing pipelines that the feedback
quality will be poor in at least one of them. From a high correlation between the pipelines we learn that the
feedback parameter calculation is robust according to the processing pipelines, but this does not implicate a

correct feedback.

6. Conclusion

In this pilot study we investigated the application of rtfMRI neurofeedback for anterior insula regulation
in OCD patients. We also explored the feasibility of several behavioral and physiological pre- and post-training
tests and clinical assessments that would be used in a future long-term study. Our results indicate that with
sufficient training, OCD patients can learn to down-regulate the BOLD activity in their anterior insula in the

presence of disgust inducing stimuli. The two tests that were designed to examine the effect of this self-control in
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real-world conditions outside the scanner (picture rating tests and the EDT) have important implications for future

studies.

of

In a parallel/technical study, we compared two fMRI online motion correction algorithms in the manner

their effects on feedback. The results suggest a relevant dependence of the feedback from the motion

correction algorithm. Restricting subject head movement remains a strong prerequisite for tfMRI experiments.

But as even small movements led to differences in the feedback, the robustness of the feedback parameter must

be tested in future studies with respect to motion.
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Chapter 2. Original articles and manuscripts

2.1. Self-regulation of anterior insula with real-time fMRI and behavioral effects in obsessive

compulsive disorder: A Pilot study (Submitted Manuscript)

Buyukturkoglu K, Roettgers H, Sommer J, Rana M, Dietzsch L, Arikan E, Kircher T, Birbaumer N, Sitaram R.
Ruiz S. (2014). (under revision). Frontiers in Neuroscience. Hosting Specialty: Frontiers in Behavioral
Neuroscience, Research Topic Title: Learned brain self-regulation for emotional processing and attention
modulation: from theory to clinical applications.

Introduction

Obsessive-compulsive disorder (OCD) is a condition that affects about xx percent of the
population. It can have disabling effects throughout the patient's lifespan. To be diagnosed with OCD, a
person must have obsessions and/or compulsions (DSM-IV-TR, 2000). Among the most common
obsessions are contamination fears (usually followed by washing compulsions), which are intense and
intrusive feelings of being polluted or infected by contact with the dirty, infectious or soiled objects
(Rachman, 2004; Broderick, Grisham & Weidmann, 2013).

The exploration of the neural basis of OCD with fMRI has revealed an abnormal activation of
several brain areas including the prefrontal cortex, orbitofrontal cortex, cingulate gyrus, thalamus,
putamen and globus pallidus (Millet et al., 2013). Hence, current models of the disease hypothesize a
dysfunction in the cortico-subcortical circuitry (Greybiel & Rauch, 2000; Aouizerate et al., 2004;
Menzies et al., 2008). More recent efforts have tried to elucidate its neural basis in concordance with
the heterogenic presentation of the disorder.

In this sense, several studies have shown a link between contamination fears, disgust over-
reactivity and insula activation. Although, activation in the insula is associated with many
interoceptive/subjective feelings (e.g., pain, temperature, or itch stimuli) the anterior part of this
paralimbic structure is involved in disgust processing as a part of the gustatory cortex, containing
neurons that respond to pleasant and unpleasant taste (Craig, 2011; Wright et al., 2004; Rolls, 1994).
Several sources of evidence support the aforementioned link between contamination fears, disgust
over-reactivity and insula activation. First, disgust, which might be triggered by actual or perceived
threat of contamination with the objects considered to be unclean, infectious or corrupted, is strongly
associated with the fear of contamination and subsequent washing compulsions (Broderick, Grisham &
Weidmann, 2013; Olatunji et al., 2004; Stein et al., 2006). Furthermore, heightened disgust feelings
towards disgust-inducing stimuli and greater behavioral avoidance from disgusting objects, situations
and places are commonly observed in OCD patients, especially those with contamination fears and
washing compulsions (Starcevic et al., 2013, Olantuji et al., 2007, Tsao & McKay, 2004; Cisler et. al,
2010; Muris et. al, 2008; Schienle et. al, 2003; Schienle et al., 2005; Phillips et al., 2000; Sieg and
Scholz, 2001: Moretz et al., 2008; Goetz et al., 2013). On the other hand, findings from functional
neuroimaging studies (including functional magnetic resonance imaging-fMRI and positron emission
tomography-PET) have indicated that, when subjects are presented with disgust inducing stimuli, the
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insula is activated in persons with OCD, especially in the group of patients with contamination fears
(Phillips, 2000; Shapira, 2003; Stein et al., 2006). In summary there is strong evidence that an over-
activation in the anterior part of the insular cortex, and disgust over-reactivity contribute to avoidance
and ritualistic behaviors by increasing the aversiveness of exposure to certain stimuli, and
strengthening beliefs about contamination (Berle & Phillips, 2006).

These results suggest that a reduction of insula activity should enable a reduction in

contamination anxiety in the subgroup of OCD patients with predominantly contamination fears and
washing compulsions.
Brain-Computer Interfaces (BCIs) utilize neurophysiological brain signals to activate or deactivate
external devices or computers (Birbaumer & Cohen, 2007). With the introduction of real-time
functional magnetic resonance imaging (rtfMRI), voluntary control over specific brain areas was
achieved with rtfMRI-BCI neurofeedback both in healthy participants (e.g., Caria et al., 2007, 2010;
Veit et al., 2012, Lawrence et al., 2014, Sitaram et al., 2010) and people suffering from
neuropsychiatric diseases, such as schizophrenia and depression (e.g., Sitaram, 2008a; Sitaram et al.,
2012; Ruiz et al., 2013; Linden et al., 2012). (For detailed reviews see Ruiz et al., 2013; Birbaumer et
al., 2013; Sulzer et al., 2013).

In a recent study, Scheinost and colleagues (2013) explored the effect of rtfMRI-BCI
neurofeedback training on healthy individuals without a clinical diagnosis of anxiety disorder, but who
suffered from contamination anxiety while presented with disgust inducing stimuli. Participants who
successfully learned to control the activity of orbitofrontal cortex displayed changes in resting-state
connectivity across different brain areas and an enhanced control over contamination anxiety many
days after the completion the training. These results encourage the application of rtfMRI neurofeedback
in OCD patients.

Therefore we designed a pilot rtfMRI case series-study in OCD patients, with two major
aims. Our first aim was to investigate whether patients suffering from OCD with predominantly
contamination obsessions and washing compulsions can learn to volitionally decrease (down-regulate)
the blood oxygen level depended (BOLD) activity in the anterior insula. Our second aim was to
evaluate the effect of down-regulation training on clinical, behavioral and physiological changes
pertaining to OCD symptoms. The larger goal of this study is to ascertain the feasibility and benefits
our method for a future larger study. Hence, in addition to evaluations related to clinical
symptomatology, we include three assessments designed to evaluate how self-regulation affects
individual responses towards disgust inducing stimuli outside the scanner environment: 1) a test
conducted in real-life conditions, hereafter termed the ecological disgust test (EDT). In the EDT,
patients were confronted with real disgusting objects (e.g., chewed gums, used toilet papers) to
investigate how learned insula self-regulation modulates the capability of the patients to bear the
proximity of a symptom-provoking object. 2) A disgust inducing picture-rating test. In the picture-
rating test, patients rated disgust evoking pictures in different dimensions (valence, arousal and
symptom provocation) outside the scanner by using the mental strategy to fight the disgust learned
during rtfMRI trainings. While looking at the pictures, physiological measures, namely skin
conductance response and heart rate variability were recorded. 3.) During the rtfMRI-BCI
neurofeedback trainings, variability of heart rate and pupil size were measured in order to investigate
the relationship of insula control on autonomic functions.
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Methods

Participants:

In this pilot study, 3 adult patients (2 females) with DSM IV diagnosed OCD from the
Department of Psychiatry and Psychotherapy, University of Marburg took part. They were selected
among a larger group of OCD patients, because they suffered from pronounced contamination
obsessions and washing compulsions, as confirmed by a standardized clinical interview. All
participants gave their written informed consent before participation. This study was approved by the
local ethics committee of the Faculty of Medicine, University of Marburg.

Experimental protocol:

To measure the effects of rtfMRI-BCI neurofeedback training on OCD patients, we applied
several pre- and post-training tests. Between the pre- and post-test, patients underwent several sessions
of rtfMRI neurofeedback training. During the neurofeedback sessions, patients were trained to down-
regulate the BOLD signal extracted from the left and right anterior insula cortex. Pre and post-tests
were composed of the same measurements, but in the post-tests patients used the cognitive strategies
learned inside the scanner during the training sessions to down-regulate the anterior insula. The
experimental protocol included 10 days of testing and training for each participant, see table 1 and
below.

Screening:

On the first day of the study, a trained psychologist administered the scales and questionnaires and
obtained basic demographic information (gender, age, educational background), duration of the
disease, previous psychotropic medications, and years using psychopharmacological medication. A
vocabulary test as a measure of verbal intelligence (Mehrfachwahl-Wortschatz-Intelligenztest MWI;
Lehrl, 1999), and the Edinburgh Handedness Inventory (Oldfield, 1971) were also applied.

Pre-training clinical evaluation:

The pre-training clinical evaluation included the following psychometric questionnaires and
scales:

The German version of the Yale-Brown Obsessive Compulsive Scale (Y-BOCs) interview was used in
order to assess the severity of OCD symptoms (Hand et al., 1991). A score higher than 10 for
compulsive acts or obsessions indicates clinically relevant OCD pathology. If there are compulsions
and obsessions score > 16 is clinically relevant (Hand et al.1991).

The German version of the Beck Depression Inventory (BDI-11, Hautzinger et al., 2009) was used to
measure depression. A score > 18 indicates clinically relevant depression.

The German version of the state-trait-anxiety inventory (STAI) was used for measuring trait and
state anxiety (Laux et al., 1981). Participants had to show on a 4-point-Likert scale the degree of fear
elicited by 40 stimuli (20 for trait anxiety, 20 for state anxiety). For the trait versions the scores can be
translated into T-scores between different comparison groups considering gender, age and psychiatric
disorder, such as, depression. For the state version, there are no standard specifications. The healthy
validation sample showed a mean-score of 36.84 (SD = 9.82 female) and 38.09 (SD =20.30, male)
(Laux etal., 1981).
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To quantify the degree of sensitivity to disgust stimuli Fragebogen zur Erfassung der
Ekelempfindlichkeit (FEE) was used (Schienle et al., 2002). This questionnaire measures on a 5-point
Likert scale with 37 items the participant’s disgust sensitivity classified under 5 sub-scales (death,
foulness, hygiene, oral defense and secretion). An overall mean score > 2.63 indicates elevated level of
disgust sensitivity.

15t Day 2"d Day 37 Day ath 5th gth 7th Day 8t Day ot Day 10" Day
*Screening Ecological [Picture ratings  [*rtfMRI-BCI Ecological [Picture ratings [*Post-training
-Edinburgh Disgust Test fand physiological ftrainings and Disgust  [and clinical evaluation
Handedness Scale |(EDT) measurements transfer runs Test physiological - Y-BOCs,
-MWI Pre-test (SCR, HRV) *Inside the scanner-|(EDT) measurements - FEE
*Pre-training Pre-test heart rate Post-test. |(SCR, HRV)
clinical evaluation measurements Post-test

- SCID-I *Eye-tracker

- Y-BOCs * Diffusion Tensor

- FEE Imaging (DTI)

- BDI-II (on the 4" and 81"

- STAI Trait Days only)

*STAI State

Table 1. Experimental Protocol.

Real time fMRI-BCI neurofeedback training:

On the first day of rtfMRI-BCI neurofeedback training, following a functional localizer run and
a structural scan, the regions of interest (ROI1: left anterior insula and ROI2: right anterior insula) were
selected. We used both structural and functional information for ROI selection, as the combined
method improves the accuracy of ROI selection and is considered to be clinically more useful
(Lawrence et al., 2014). The primary motor area was selected as a reference ROI, namely ROI3, to
cancel out the effect of movement related activation and global, unspecific activations, and to nullify
the effect of an imprecise activation on feedback.

Each rtfMRI-BCI neurofeedback session consisted of 4 training runs. Each training run
consisted of 6 alternating blocks of baseline, down-regulation and  neurofeedback/reward blocks.
During baseline and down-regulation blocks disgust inducing images (e.g., pictures of body waste,
rotten food, blood injury, rats, cockroaches, dead animal corpses and vomit, selected from the
International Affective Picture System (IAPS), (Lang, Bradley & Cuthbert, 2008) were projected on a
screen at the back of the MRI scanner and presented to the patients via a mirror mounted on the head
coil of the MRI.

Baseline blocks were indicated by the discriminating stimulus, plus sign (‘+”), on the right side
of each disgust inducing image. Every block lasted for 30 seconds during which the participants were
instructed to look directly at the screen, view the images and not suppress the feelings triggered by
these images. For the down-regulation blocks (indicated by the discriminating stimulus, down arrow
(1), on the right side of the picture, 27 seconds each), participants were instructed to find an effective
cognitive strategy to decrease the feedback signal while viewing the disgust inducing images. No
specific cognitive strategy was suggested to the participants. Every disgust inducing image was used
for both baseline and down-regulation blocks separately at least once through the runs.

A feedback methodology based on monetary reward was used. Feedback was calculated and
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presented immediately following each down-regulation block (3 seconds). The amount of monetary
feedback was calculated by using the following equation:

{meanBOLD[(ROI1 + ROI2)/2 - ROI3]gaseline - meanBOLD[(ROI1 + ROI2)/2 — ROI3]pown-regulation}*0.1

Figure 1. displays the flow the rtfMRI training runs.

rtfMRI-BCI Neurofeedback Training

GE

b &
Baseline
20 TR - 4
: - ‘% \“ -
Down-regulation % &\\Q
18 TR 5(:'% Q 1E_25
Rata uro
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- 2
Feedback
TR = 1500 ms e

Figure 1. Flow of the rtfMRI-BCI neurofeedback training run. Each run consisted of 6 baseline (duration: 30 seconds each)
and 6 down-regulation blocks (duration: 27 seconds each). Immediately following each block of down-regulation, a
monetary feedback was presented for 3 seconds. The same design was used for the transfer runs (5" run of the each session)
but no feedback was presented.

Training runs with contingent feedback were interspersed with “transfer runs” in which the patients
were asked to down-regulate the ROIs without the aid of the feedback and by using the mental strategy
learned during the neurofeedback training. Transfer runs were included in order to help subjects to self-
regulate in a real-world environment (outside the scanner).
Brain data was analyzed in real-time with a commercially available software (Turbo-BrainVVoyager-3.0
Brain Innovation, Maastricht, The Netherlands; Goebel, 2001), performing on-line incremental 3D
motion detection and correction, and drift removal. The software is capable of incrementally computing
statistical maps based on the General Linear Model (GLM) and event-related averages. The visual
feedback (“monetary reward”) was calculated from brain activity using Matlab 2012b (The
MathWorks, Natick, MA) software running on a separate computer connected via local area network
(LAN) to the scanner and to the Turbo-Brain VVoyager (Caria et al., 2007).

During training sessions, eye-tracker recordings (SR-Research, Eyelink 1000) were collected to
evaluate whether patients were attending and look up to the presented pictures during baseline and
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down regulation blocks, and if so, their pupil coordinates during the presentation of each picture.
Furthermore, patients’ pupil size changes during baseline and down-regulation blocks were measured
by the eye-tracker device to investigate if pupil size could be an indicator of the OCD related
sympathetic-parasympathetic activity.

Patients completed the State-Trait Anxiety Inventory (STAI-State) before and after each session
as a measurement of current anxiety related to the fMRI measurement (Spielberger & Sydeman, 1994).

MR acquisition

MRI scans were acquired using a 3.0 Tesla body scanner, with standard 12-channel head coil
(Siemens Magnetom Tim TRIO, Siemens, Erlangen, Germany) at the Dept. of Psychiatry, University
of Marburg. A standard echo-planar imaging sequence was used for functional images (EPI; TR: 1.5 s,
TE: 30 ms, matrix size: 64x64, flip angle a: 90°). Each volume consisted of 16 axial slices (voxel Size:
3.3x 3.3 x 5.0 mm?, slice gap of 1 mm) in AC-PC alignment. In order to superimpose functional maps
on brain anatomy, a high-resolution T1-weighted structural scan was collected in each session
(MPRAGE, matrix size: 256 x 256, 176 sagittal slices, Imm? isotropic voxels, TR= 1900 ms, TE: 2.52
ms, TIT: 900 ms, flip angle a: 9°).

Offline analysis

Hypothesis driven ROI analysis was performed using the ROIls previously selected for each
subject during the feedback training sessions. To evaluate the down-regulation performances of the
participants, we compared BOLD signal level in the ROIs for every TR during the down-regulation
blocks with the mean BOLD level during the previous baseline block. If the BOLD signal level in the
down-regulation block was lower than the mean BOLD of the previous baseline block for that
particular TR, it was counted as one "hit". Because each down-regulation block lasted 27 seconds (18
TR) and there were 6 blocks through one run, the maximum number of hits for one run could be 108.
We counted every hit of every down-regulation block during the run and converted the total number of
hits into the percentages.

Pre and Post behavioral tests
These tests were performed by each participant before and after the rtfMRI-BCI neurofeedback
training.

1- Ecological Disgust Test (EDT)

The EDT was designed to evaluate each patient’s response to a symptom provoking
stimulus in a naturalistic environment. Outside the scanner and in a separate room, patients were shown
real-world disgust inducing objects, selected individually for each patient according to his/her own self-
reports during the screening session. The object was placed in the first position on a wheeled table at a
distance of 5 meters apart from the patient. On the left side of this object, a clearly visible ‘+’ sign and
or a ‘|’ sign sign was shown. In each trial, the selected object was slowly brought towards the patient at
a constant pace either with the ‘+’ sign or with the ‘|’ sign. There were 20 trials of this kind, each sign
being presented 10 times. Patients were instructed to focus on the object and say ‘stop’ when they feel
that the object should not come any closer. As long as the patient does not say ‘stop’, the experimenter
would move closer, and at the end bring the object in contact with the patient’s hand. The distances
between the starting point and the point at the “stop” moment were measured for ‘+’ signed and ‘|’
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signed blocks along the direction of movement of the experimenter for both pre-test and post-tests. The
meanings of the signs were not explained to the patients in the pre-test sessions. On the post-test, the
same procedure and objects were used, but participants were instructed to use the cognitive strategies
that they had learned during rtfMRI trainings. Thus, in the above tests, participants were instructed to
recreate mental strategies that they had used during the neurofeedback training for the anterior insula
down-regulation, but now in the absence of feedback and in real-life conditions.

Figure 2. The Ecological Disgust Test and the flow of the experiment. The experimenter approached the patient with a real-
life, disqust-inducing object from a distance of 5 meters either with a ‘|’ or ‘+’ cue (10 times each). The patient focused on
the object (two newly chewed gums in this picture) as the experimenter approached him/her, and said “stop” whenever
he/she felt that the object should not come any closer. In the pre-test, the meanings of the cues are not explained to the
patients. In the post-test, during down-arrowed runs, patients used the cognitive strategies that they had learned in the
rtfMRI-BCI neurofeedback training sessions.

2- Picture rating test:

We tested patient responses to disgust inducing pictures in a naturalistic environment, out of the
scanner, using a set of visual contamination anxiety inducing stimuli, taken from the IAPS (Lang,
Bradley & Cuthbert, 2008) and from several Internet sources. During the pre-test, 50 pictures (30
contamination anxiety related, 20 neutral-15 seconds each) were presented to the patients two times in
two separate runs in a counterbalanced order via a 21.5" monitor. Patients were shown either a down
arrow (‘|”) or a plus sign (‘+’) on the right side of the screen attached to each picture. Pictures that
were presented with the (‘+”) sign (baseline condition) in the first run were presented with the (‘|’) sign
(down-regulation condition) in the second run. The meanings of these signs were not explained to the
patients in the pre-test. Patients were asked to rate the pictures after each presentation in three
dimensions, i.e. valence, arousal and OCD-symptom provocation by using a visual analogue scale
(VAS) (Gerich, 2007). The VAS scale was constructed as a line of 1680 mm length and the patients
rated each picture with the help of the mouse in the aforementioned three dimensions. The positions of
respondents’ marks on the VAS were scaled as 1579 distinct points, resulting in codes from 1 to 1680.
In the post-test, the same procedure was used, except for the fact that during the down-regulation
conditions patients were instructed to use the cognitive strategies that they had learned in rtfMRI-BCI
neurofeedback trainings.
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Figure 3. Picture-rating test. Patients rate each picture at the dimensions of valence, arousal and OCD symptom
provocation. During the ratings, SCR and heart rate data were collected.

3- Physiological measures during picture ratings (SCR & HR)

Patients’ physiological responses, i.e, skin conductance response (SCR) and heart rate (HR) were
measured by a NeXus-32 Wireless Physiological Monitoring and Feedback System (Mind Media BV,
The Netherlands) during the picture rating test. Skin conductance was measured from 2 electrodes
attached to the palms of the non-dominant hand. Mean skin conductance levels were calculated for two
conditions (disgusting picture-baseline, disgusting picture-down-regulation, 15 seconds each).
Differences between baseline and down-regulation blocks in the pre- and post-tests were compared to
assess the effects of rtfMRI-BCI neurofeedback training on the picture ratings. Heart rate variability
(HRV) was monitored using a pulse oximeter. Inter beat intervals were converted to heart rate in beats
per minute (BPM).

On the 8", 9" and 10th days of the study (6th, 7th and the 8th days for the first two patients) the
post-tests (EDT, picture rating, SCR/HR measurements) were performed.

After the post-tests, the assessment of the general psychopathology was performed again (as in pre-
training clinical evaluation).

Results

In this section, we shall elaborate on the results of each patient’s pre-test, rtfMRI-BCI
neurofeedback training and post-test separately. We have chosen to present individual patient data
instead of group data due to the small sample size of this pilot study.

Patients No. 1 and No. 2 participated for 2 days in the rtfMRI-BCI neurofeedback training (on the 4%
and 5" days of their measurements) and continued with the post-tests on the 6, 7" and 8™ days, while
patient 3 participated in four days of neurofeedback training and then continued with the post-tests on
8t 9" and 10" days.

Patient 1
Patient 1 was a 19-year-old right-handed female. She was undergoing cognitive behavioral

psychotherapy for 3 weeks during the measurements and was not using psychotropic medication.
Patient’s pre-post questionnaire results are presented in  Table 2.
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TEST SCID | Y-BOCs FEE BDI-11 STAI Trait STAI State
FA21  OCD, Poet o 68
Pre-test Predominantly 12 3.16 42 76 Pre-scan 48
compulsive acts Post-scan 40
Post-test - 11 1.68 - -

Table 2. Clinical evaluation of the patient 1.

According to SCID-I interview, Patient 1 met criteria for OCD with predominantly compulsive
behavior. The Y-BOCs score also indicated mild OCD symptoms at the pre-test and post-test. The
BDI-II indicated severe depression. In comparison to healthy subjects, the patient suffered from higher
anxiety levels according to the STAI trait. According to FEE, Patient 1 showed elevated disgust
sensitivity during the clinical assessment at the beginning of the experiment. After training, a decline in
the disgust sensitivity was observed.

Real-time fMRI-BCI neurofeedback training analysis

Due to technical difficulties, the first patient could complete only two runs of rtfMRI-BCI training on
the first day of rtfMRI-BCI neurofeedback training. As compared with the right insula, she show a
more noticeable increase in the number of hits in the left insula across training sessions. On the second
day, in the transfer run, the patient had 89 hits in the left insula, which corresponds to 82% of the
possible total hits in a run. The patient used “thinking funny stories” as her cognitive strategy for down-
regulation.

Figure 4. shows the percentage of the hits that Patient 1 achieved through rtfMRI-BCI neurofeedback
training and the transfer runs from right anterior insula and left anterior insula respectively.
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Figure 4. Percentage of the hits through rtfMRI-BCI neurofeedback training runs.

Heart rate measurements in the scanner

The first patient’s HR scores as bpm for baseline (M= 90.03, sd= 1.67) and down-regulation
(M= 87.25, sd= 1.68) conditions on the first day of training were significantly different; t(11)=5,528,
p<0.01. There was also a significant difference between baseline (M= 91.24, sd= 3.79) and down-
regulation (M= 90.36, sd= 3.87) conditions in the second day of training; t(23)=2.275, p<0.05. In both
days, HR was lower during the down-regulation blocks.
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EDT

In the EDT, two newly chewed gums were used as real-life disgust objects. The distance
between the starting point and the point at the “stop” moment were measured for ‘+’ signed baseline
and ‘|’ signed down-regulation blocks for both pre-test and post-tests. There was no significant
difference between baseline and down-regulation conditions in pre-test in patient’s response to the
disgust object. However, we found a significant difference between baseline (M= 4.45 meters, sd=
0.32) and down-regulation (M= 4.89 meters, sd= 0.27) conditions in the post-test; t(9)=-9.258, p<0.01.
During the down-regulation conditions the experimenter got closer to the patient with the disgust
object. On 3 out of 10 post-test down-regulation trials, the patient allowed the experimenter to touch
her hand with the chewed gum.

Picture ratings

The first patient's picture ratings in the dimensions of valence, arousal and symptom
provocation showed no significant difference in the pre-test between baseline and down-regulation
conditions. In the post-test, the difference between baseline and the down-regulation was significant for
the valence and the symptom provocation dimensions. The patient rated the pictures as having
less negative valence and less symptom provocation following the down-regulation blocks.

Test Measure Baseline Down- T df
Ratings Regulation
Ratings
Pre-Test Valence 1249.44 1250.380 .013 31
(334.99) (400.38)
Arousal 1021.094 1019.72 -0.022 31
(278.52) (301.67)
Sym. Prov. 1255.22 1255.97 0.010 31
(395.37) (452.05)
Post-Test Valence 1091.09 565.13 -8.839* 31
(252.62) (290.50)
Arousal 863.63 831.31 -0.708 31
(227.95) (223.29)
Sym. Prov. 954.28 190.63 -10.64* 31
(448.69) (313.27)

Table 3. Means and standard deviations (in brackets) of disgust evoking picture ratings of the first patient.

Physiological measures during picture ratings (SCR & HR)

No statistically significant difference was observed in SCR between baseline (M=12.22, sd=
0.59) and down-regulation conditions (M=12.13, sd=.43) in the pre-test through the picture rating test.
The differences between baseline (M=17.26, sd= 7.61) and down-regulation (M= 15.03, sd= 3.71)
conditions did not reach significance in the post-test either.

HR differences between baseline (M= 88.49, sd= 2.13) and down-regulation (M=86.82, sd=
2.48) conditions in the pre-test were not significant. Also, no significant difference was observed
between baseline (M=80.10, sd= 3.16) and down-regulation (M=79.79, sd=1.61) conditions in the post-
test.
Patient 2
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Patient 2 was a 25 years old right handed female. She was an in-patient, underwent cognitive
behavioral psychotherapy for 3 weeks before the measurements and was using psychotropic medication
(Setralin 150 mg). The patient’s pre-post clinical results are presented in Table 4.

TEST SCID | Y-BOCs FEE BDI-Il | STAI Trait | STAI State
F42.1 OCD, Pre-scan 40

Pre-test Predominantly 6 2.16 0 51 Post-scan 40
compulsive acts. Pre-scan 31

Post-test - 9 2.92 - - Post-scan 42

Table 4. Clinical evaluation of the second patient.

Patient 2 met SCID-I criteria for OCD predominantly with compulsive behavior, and had a low
severity of symtomatology according to Y-BOCs. No clinically significant depression or anxiety was
detected. Patient’s disgust sensitivity and Y-BOCs score were slightly higher at the end of the
experiment.

Real-time fMRI-BCI neurofeedback training analysis

The patient showed similar down-regulation performances on the first and the second days of the
rtfMRI-BCI neurofeedback trainings. On the first day, she achieved 65 hits (60%) and 71 hits (65%) in
the down-regulation of the right and the left insula, during the transfer runs respectively. On the second
day, the number of hits from the right insula decreased to 56-(51%) but an increase was observed for
the activations in the left insula (75 hits-69%).

The patient reported “thinking herself lying on the grass” as her cognitive strategy for down-regulation
conditions.

Figure 5. displays the percentage of the hits that patient had through rtfMRI-BCI neurofeedback
training and the transfer runs from right anterior insula and left anterior insula respectively.
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Figure 5. Percentage of the hits through rtfMRI-BCI neurofeedback training runs.

Heart rate measurements in the scanner

Patient’s scores for baseline (M= 82.20, sd= 1.46) and down-regulation (M= 80.97, sd= 2.25)
conditions on the first day of training were significantly different; t(23)=2.692, p<0.05, i.e. in the
down-regulation condition, patient showed lower HR. On the second day of training, although the
patient continued to show a slower HR in the down-regulation condition, the difference between the
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baseline (M= 93.76, sd= 2.79) and the down-regulation (M= 92.92, sd= 2.66) conditions did not reach
significance.

EDT

In the EDT trials, used toilet papers from a toilet bin inside a nylon bag were used as disgust
objects. The nylon bag’s mouth was left open. The difference between baseline (M= 4.84 meters, sd=
0.11) and down-regulation (M= 4.85 meters , sd= 0.05) conditions in the pre-test did not reach
significance. Likewise, no significant difference between baseline (M= 4.64 meters, sd= 0.07) and
regulation (M= 4.67 meters, sd= 0.05) conditions was found in the post-test.

Picture rating test
The picture ratings of the second patient did not show any difference between the baseline and
the down-regulation conditions both for pre- and the post-tests. Table 5. displays the overall results.

Test Measure Baseline Down- t df
Ratings Regulation

Ratings

Pre-Test Valence 1653.73 1673.10 0.450 29
(266.14) (319.09)

Arousal 945.4 1020.97 0.681 29
(413.86) (445.48)

Sym. Prov. 1011.033 1058.83 0.493 29
(605.53) (624.35)

Post-Test Valence 1478.7 1503.23 0.352 29
(308.88) (285.81)

Arousal 848.567 786.17 -1.173 29
(335.70) (277.62)

Sym. Prov. 1307.33 1291.17 -0.247 29

(562.27) (592.73)

Table 5. Means and standard deviations (in brackets) of disgust evoking picture ratings of the second patient.

Physiological measures during picture ratings (SCR & HR)

The difference in SCR between the baseline (M= 4.83, sd= 0.9) and the down-regulation

(M=5.21, sd= 0.98) conditions was significant in the pre-test (p= 0.013). SCR was higher during
down-regulation conditions. In the post-test SCR differences between the baseline (M= 2.66, sd= 0.51)
and the down-regulation (M= 2.56, sd= 0.63) conditions were not significantly different.
HR difference between baseline (M= 81.89, sd= 4.24) and the down-regulation (M= 81.84, sd= 3.60) in
the pre-test was not significant but we found a significant difference between the conditions in the post-
test (p=0.013). HR was higher in the down-regulation (M=90. 73, sd= 3.25) condition as compared
with the baseline (M= 89.36, sd= 2.43).

Patient 3
The third patient was a 26 year old left handed male. He was under psychotropic medication
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(Setralin 125 mg., Risperdal 0.5 mg.) but not participating psychotherapy during the measurements.
Patient’s pre-post questionnaire results are presented in Table 6. This patient received 4 days of
rtfMRI1-BCI neurofeedback training.

TEST SKID I Y-BOCS FEE BDI-I1 STAI Trait STAI State
F42.2
*OCD, Mixed Pre-scan 57
obsessional E?:t;;insf
thoughts -
Pre-test and acts. 36 2.59 35 79 Post-scan 55
*Major Pre-scan 65
Depression Post-scan 55
Pre-scan 60
Post-scan 53
Post-test - 33 3.08 - -

Table 6. Clinical evaluation of the third patient.

Patient 3 meet criteria for OCD and major depression. This is in accordance with BDI-Il and Y-BOCs.
A decrease in the Y-BOCs score was observed after training. Patient 3 showed high levels of anxiety
before and during the experiments. The disgust sensitivity measured by FEE increased at the end of the
experiments.

Real-time fMRI-BCI neurofeedback training analysis

The third patient showed a better down-regulation performance on the right insula compared
with the other patients. He showed his best performance on the second day of trainings on the right
insula.

As the mental strategy for the down-regulation, the patient mentally replaced the “ugly” parts in
the pictures with “nicer” objects. On the third day of training the patient changed his strategy through
the runs (e.g., thinking on nice memories, concentrating on colors of the objects). In this session, his
overall number of hits was the lowest as compared with the other days.

Figure 6. displays the percentage of the hits that patient had through rtfMRI-BCI neurofeedback
training and the transfer runs for four days.

Right Insula Left Insula
100 100
90 a0
80 80

70 70
60 60
50 50
40 40

30 30

% of Hits
% of Hits

20 | 20 |
M "R al Nl Nl 3 N N PN AD B
Run 1 Run 2 Run 3 Run 4 Transfer Run Run 1 Run 2 Run 3 Run 4 Transfer Run
“Day 1 72 81 55 65 56 Day 1 44 82 57 34 42
“Day 2 59 84 90 88 56 “Day 2 70 57 60 72 58
Day3 59 26 74 51 12 Day 3 38 22 59 52 14
“Day 4 95 61 62 73 58 Day 4 79 33 45 62 55

Figure 6. The percentage of the hits from the right and the left anterior insula respectively.
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Heart rate measurements in the scanner

In contrast to the previous two patients, the third patient showed increased HR during the down-
regulation conditions as compared to the baseline through the rtfMRI-BCI neurofeedback training
sessions. On the first day of the training, the scores for baseline (M= 72.89, sd= 1.26) and down-
regulation (M= 73.89, sd= 1.64) conditions were significantly different; t(17)=-2.359, p<0.05. There
was also a significant difference between baseline (M= 78.51, sd= 1.87) and down-regulation (M=
79.21, sd= 2.19) conditions on the second day of trainings; t(23)=-2.536, p<0.05. For the third day,
no significant difference was found between baseline (M= 79.43, sd= 1.98) and regulation
(M= 80.21, sd= 2.24) conditions. Likewise, there was no significant difference between baseline (M=
83.45, sd= 3.25) and regulation (M= 83.91, sd= 3.69) conditions on the fourth day.

EDT

For this patient, used toilet papers were the real-life disgust objects (similar to that of the second
patient). These disgust objects were put into a nylon bag and the nylon bag’s mouth was left open. The
difference in patient’s response between baseline (M=4.25 meters, sd=0.10) and down-regulation
(M=4.27meters, sd=0.06) conditions in pre-test did not reach significance. There was a significant
difference in the patient’s response between baseline (M=4.26 meters, sd=0.13) and down-regulation
(M=4.49 meters, sd=0.15) conditions in the post-test; t(9)=-5.314, p<0.01. The experimenter could get
closer to the patient with the disgust object while the patient using his cognitive strategies during the
down-regulation conditions.

Picture rating test

Patient's picture ratings showed no significant difference in the pre-test between baseline and
down-regulation conditions in all three rating dimensions. In the post-test, the difference between the
conditions was significant for the valence and the symptom provocation dimensions: the patient rated
the pictures as less symptom provocative and having less negative valence in the post-test down-
regulation conditions.

Table 7. shows the overall results.

Test Measure Baseline Down- T df
Ratings Regulation
Ratings
Pre-Test Valence 1862.80 1852.77 -0.298 29
(160.62) (117.55)
Arousal 1792.43 1717.27 -1.298 29
(235.26) (277.35)
Sym. Prov. 1720.53 1709.7 (295.10) -0.237 29
(243.29)
Post-Test Valence 1884.50 1825.33 -2.048* 29
(95.76) (166.06)
Arousal 1801.03 1747.93 -1.092 29
(212.57) (175.82)
Sym. Prov. 1708.07 1633.53 -2.295* 29
(232.47) (240.25)
* p<0.05

Table 7. Means and standard deviations (in brackets) of disgust evoking picture ratings of the third patient.
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Physiological measures during picture ratings (SCR & HR)

We didn't observe a statistically significant difference in the SCR between baseline (M= 1.43,
sd= 0.18) and the down-regulation (M= 1.43, sd= 0.22) conditions in the pre-test. The difference
between the conditions for the SCR in the post-test was not significant either (Baseline M= 1.39, sd=
0.31; Down-regulation M=1.42, sd= 0.28).

Also, HR difference between baseline (M= 81.96, sd= 4.94) and the down-regulation (M=
81.77, sd= 2.42) in the pre-test and post-test did not show any difference (Baseline M= 84.92, sd= 1.89;
Down-regulation M=85.05, sd= 2.86).

Discussion

Recent evidence suggest that OCD with contamination obsessions and washing compulsions
might be characterized by a disorder in disgust processing. The anterior insula hyperactivity may play a
particularly important role in mediating such putative disruptions (Stein et al., 2006; Goetz et al., 2013;
Starcevic et al., 2013). In light of these findings, we designed a pilot study to explore the effects of
rtfMRI1 based anterior insula down-regulation on several behavioral, physiological and clinical
measures of OCD patients with contamination fears and washing compulsions. Also, we aimed to
examine the feasibility of our study procedures, validity of the tools and our overall approach that is
intended to be used in a larger future study. Yet a further purpose was to introduce/present our
methods, some of which were used for the first time (e.g., Ecological Disgust Test) in rtfMRI-BCI
studies.

Our results show for the first time that anterior insula down-regulation is possible in OCD
patients. In fact, all three patients could learn to decrease the BOLD signal in the anterior insula albeit
to different degrees, in the presence of disgust inducing stimuli with rtfMRI-BCI. In operant
conditioning, the success in learning a new behavior is determined by the contingency of the behavior-
consequence associations. In rtfMRI-BCI experiments, the association between a mental strategy that
successfully regulates a neural signal (behavior) and feedback (consequence) can be affected by the
temporal delay of the feedback signal (Caria et al., 2011). In the great majority of rtfMRI studies,
feedback is continuously presented with minimal delay, approximately around 2 seconds (Sulzer et al.,
2013). Because the anterior insula displays strong functional connectivity with the anterior cingulate
and because of its role in feeling and motivation (Craig, 2009), to prevent a possible activity increase in
the insula due to reward processing itself, we averaged and presented the neurofeedback information to
the patients at the end of each down-regulation block in our design, in line with some previous rtfMRI
studies (Bray et al., 2007; Posse et al., 2003; Shibata et al., 2011; Yoo and Jolesz, 2002). By doing this
the neurofeedback signal provided information about the monetary reward. Some studies however have
suggested that intermittent feedback might be a better way to achieve a particular behavior —
consequence association when mental imagery was used during self-regulation (Yoo & Jolesz, 2002;
Johnson et al., 2012,) Hence, in a future study, it might be useful to provide patients about their
ongoing brain activity at shorter intervals, e.g., every ten seconds (three times throughout each down-
regulation block). To avoid cognitive or visual distractions, which can be caused by the presence of the
graphical thermometer next to the disgust inducing pictures in the screen, it would be beneficial to
locate each picture inside a frame which can provide neurofeedback, for example by color changes. In
this manner it would be possible to separate the neurofeedback information from the reward, which will
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be presented at the end of each block.

In addition, the target regions selected for self-regulation and the self-regulation direction
(either up or down) are crucial aspects in brain self-regulation experiments. The majority of previous
rtfMRI studies used single ROI up-regulation paradigms in which participants had been trained to
increase activity of one target region (for reviews please see Ruiz et al., 2013; Birbaumer et al., 2013;
Sulzer et al., 2013). Up to now, fewer rtfMRI studies showed that subjects could learn to down-regulate
the brain activity e.g., in amygdala (Briihl et al., 2014), subgenual anterior cingulate (Hamilton et al.,
2011), auditory cortex (Haller, Birbaumer, and Veit 2010), anterior cingulate cortex (Li et al., 2012)
and anterior insula (Caria et al., 2010; Veit et al., 2012; Li et al., 2012). Decreasing the BOLD activity
might be harder as compared to increasing both in healthy and patient populations, although it might
not be physiologically impossible as suggested by Logothetis and colleagues (2006). The above study
showed negative BOLD responses correlate with reduction of neural activity in the attended regions.
Our preliminary results are important in showing the possibility of down-regulation of an abnormally
activated brain region in psychiatric populations. However, because OCD affects a distributed fronto-
striatal circuit, a connectivity-based or a pattern classifier-based neurofeedback study design, instead of
a single ROI design, might be an interesting possibility for future experimental designs. In a recent
study, Weygandt and colleagues (2013) investigated whether fear, disgust and neutral emotional states
can be decoded from brain patterns of fMRI information in OCD patients and healthy controls. Their
results indicated that fMRI data contains information about OCD-relevant fear stimuli and by this
information it is possible to distinguish between OCD patients and healthy controls. These results
suggest that the requirements are met to conduct a future rtfMRI paradigm for the treatment of OCD
using classifier-based neurofeedback. Indeed, these findings can be beneficial for a classifier-based up-
regulation study.

Regarding the transfer runs, included to evaluate whether subjects could regulate anterior insula
in absence of feedbacks, patients were less successful in self-regulation as compared with the regular
training runs. Hence, improving the self-regulation ability in the absence of a real-time feedback with a
design that includes more transfer runs would be crucial for future experiments, in order to improve the
behavioral results measured outside the scanner environment
As a pilot study with 3 patients, it is not possible to reach generalize conclusions regarding the
behavioral effects of rtfMRI-BCI neurofeedback training and related symptomatological changes. In
fact, behavioral and clinical effects of the rtfMRI-BCI neurofeedback training were not consistent in all
patients. Two of the three patients of the study (patient 1 and patient 3) showed improvements in the
EDT, picture rating test and the clinical assessments achieved by questionnaires. However, patient 2
did not display any improvement in these dimensions.

In two cases, patients improved their capability to bear the physical proximity of a real-world
disgusting symptom-provoking object, using their learned cognitive strategies for down-regulation after
the training. Showing the application of the learned brain self-regulation to the real-life conditions,
these results are encouraging for the rtfMRI-BCI neurofeedback studies as most of the previous studies
focused on immediate changes in the behaviors or symptoms happening inside the scanner environment
(Caria et al., 2010; Sitaram et al 2012; Ruiz et al., 2013; Buyukturkoglu et al., 2013). In that manner,
novel symptom-specific tests, like EDT, would be important to explore the transfer of learned slef-
regulation skills to “real-world” environments.

In parallel with the EDT results, the same two patients also showed improvements in the picture rating

test in two dimensions i.e., valence and OCD symptom provocation. During the post-tests, patients

rated the disgust evoking pictures with less negative valence and as less symptom provocative
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following down-regulation blocks.

Although patient 2 performed well during the rtfMRI-BCI neurofeedback training, she did not
show any improvement in the behavioral or clinical measures. In fact, the patient's Y-BOCs scores
were higher at the end of the experiments. Because the questionnaires used as clinical measures are
self-administered and because we do not ask patients to use their mental strategies during the
administration of the questionnaires, it is not possible to be certain whether the positive or negative
changes in the scores could be attributed to the rtfMRI-BCI neurofeedback training, or to other factors
active during this period.

Non-consistent results were observed for HR measures collected inside the scanner. Two
patients (patient 1 and patient 2), displayed decreased heart rates during the down-regulation
conditions. However, patient 3 had higher heart rates while down-regulating through the runs. HR
measures, recorded while the patients were looking to the disgust inducing pictures outside the scanner,
did not reveal a significant difference between the baseline and the down-regulation conditions in the
post-tests in all three patients.

Previous psycho-physiological investigations exploring responses towards disgust inducing
stimuli are limited in number and provide conflicting results, including heart rate. Although some
studies show elevated HR in the conditions when healthy subjects are presented with symptom
provoking pictures (Lang, Bradley, & Cuthbert, 1997; Alaoui-Ismaili et al., 1997; Schienle et al., 2001,
Vrana, 1994), others point to a deceleration in the HR as an indicator of parasympathetic activity
(Gross, 1998; Gross & Levenson, 1993; Johnsen, Thayer, & Hugdahl, 1995; Levenson, 1992). Studies
that have measured OCD patients’ physiological responses towards disgust inducing stimuli reported
contradictory results as well. While some experimenters found elevated autonomic nervous system
activity and HR (Benkelfat et al., 1991; Insel, Zahn, & Murphy, 1985; Rabavilas, Boulougouris, &
Stefanis, 1977; Stein et al., 2006), other studies reported HR decelerations which is interpreted as a sign
of orientation and not avoidance or stimulus rejection (Hoehn-Saric, McLeod, & Hipsley, 1995;
Hollander et al., 1991; McCarthy, Ray, & Foa, 1995; Zahn, Leonard, Swedo, & Rapoport, 1996). One
of the reasons for these conflicting findings might be the type of the stimuli used in the experiments.
While the disgust emotion elicited in relation to contamination and pollution (e.g., pictures of dirty
toilets, cockroaches, maggots on food, foul smells, facial expressions of expelling food), is
characterized by HR acceleration, disgust elicited in relation to mutilation, injury and blood (e.g.,
injections, mutilation scenes, bloody injuries), seems to be characterized by a pattern of HR
deceleration (Olantuji et al., 2013). In our set of stimuli we included both contamination and mutilation
types of images. Therefore, and depending on the heterogeneity of the OCD patients, using both kind
of pictures together in the same measurement might cause a neutralizing effect in HR measures. The
differences on anxiety levels in our small group of patients might have also contributed to this
inconsistency in HR results. Patient 3, who showed elevated HR during the down-regulation conditions
in the scanner, showed also the highest anxiety level (both in trait and state-anxiety measures). Patients'
elevated HR during down-regulation conditions might be also attributed to a high performance anxiety
and reward expectancies.

Disgust is consistently reported to be associated with increased electrodermal activity (Olantuji
et al., 2013). However, we did not observe a significant difference between disgust provoking and
neutral pictures and skin conductance response levels. There were no significant differences in levels
between baseline and down-regulation blocks while patients were viewing disgust inducing pictures
either. Because we measured the mean skin conductance levels throughout baseline and the down-
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regulation blocks, these results might be due to the presentation of mixed type of disgust inducing
pictures.

Because avoidance is a frequently observed response of the OCD patients (Starcevic et al.,
2013), we wanted to be sure that the participants in the current study were consistently observing the
presented pictures through the measurements. Inside the scanner, and through the rtfMRI-BCI
trainings, we used an eye-tracker system for this purpose. The eye tracker system measured pupil
location coordinates and size changes during the presentation of each picture. The preliminary analysis
of eye tracker data confirmed that every patient of the study looked directly at the disgust inducing
images throughout the runs. Apart from the sympathetic-parasympathetic effects on the pupil size and
eye-blinks, these measurements are essential for future studies to ensure that patients observe the
stimuli presented to them despite their highly disturbing nature.

In summary, in this pilot study we investigated the application of rtfMRI-BCI neurofeedback
for anterior insula regulation in OCD patients. We also explored the feasibility of several behavioral
and physiological pre and post-training tests and clinical assessments that would be used in a future
long-term study. Our results indicate that with sufficient training OCD patients can learn to down-
regulate the BOLD activity in their anterior insula in the presence of disgust inducing stimuli. The two
tests that were designed to examine the effect of this self-control in real-world conditions outside the
scanner (picture rating tests and the EDT) have important implications for future studies.

To improve the consistency of self-regulation, it might be crucial to combine rtfMRI-BCI
neurofeedback sessions with extended neurofeedback training outside the scanner using portable EEG
and/or functional near infrared spectroscopy (fNIRS). For this purpose, it would be useful to identify
the EEG and/or fNIRS correlates of down-regulation of the BOLD signal anterior insula in each
patient.
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2. 2. Effect of motion correction algorithms on feedback in real-time fMRI
(Submitted Manuscript)

Buyukturkoglu K, Rana M, Dietzsch L, Arikan B.E, Rana M, Ruiz S, Kircher T, Sitaram R, Birbaumer N,
Roettgers H. Sommer J, (2014). (under revision). Frontiers in Neuroscience. Hosting Specialty: Frontiers in
Behavioral Neuroscience, Research Topic Title: Learned brain self- regulation for emotional processing and

attentional modulation: from theory to clinical applications. (Under revision).
Introduction:

Learning can be defined as a change in behavior that results from experience (Raygor, 2005; Klein, 2014). The
modification of a certain behavior can be achieved by the use of positive and negative reinforcement through
operant conditioning (Skinner, 1974; Sakurai et al.,, 2014). Effectiveness of the behavior-consequence
association in operant conditioning/learning paradigms can be increased or decreased by various factors such as
satiation/deprivation of the organism through training and immediacy (temporal contiguity), size or the
contingency of the feedback (Schacter et al., 2011). Contingency refers to the conditional probability of
reinforcement given a response or given a failure to respond (Sulzer et al., 2013). When a target response is not
contingently (reliably, or consistently) followed by the consequence, effectiveness of the consequence upon the
response is reduced (Schacter et al., 2011). However a consequence that follows the response consistently after

successive instances would have profound effects upon the operant behavior (Ferster & Skinner, 1957).

In real-time functional magnetic resonance imaging (rtfMRI) neurofeedback studies, subjects are trained to
control brain activity (a particular neural signal or a combination of neural signals) by operant conditioning when
feedback and reward related to these signals are repeatedly presented to them (Weiskopf et al., 2007; Birbaumer
et al., 2013; Ruiz et al., 2013). However, apart from the underlying neural activity, the noise from heart rate and
respiration (Glover et. al., 2000; Noll & Schneider 1994; Hu et al., 2005), eye movements (Zhang et al., 2011)
and head motion (Hajnal et al., 1994; Thacker et al., 1999; Cox and Jesmanowicz, 1999; Friston et al., 1996)
may also modulate the signal from fMRI and rtfMRI. In particular, artifacts due to subject motion can degrade
the fMRI signal, even if the motion is smaller than the fMRI voxel size (Oakes et al., 2005; Field et al., 2000;
Sulzer et al., 2013). If the neurofeedback provided to the subjects is mainly based on physiological or movement
artifacts instead of the underlying neural activity, it would disturb the behavior-consequence association and
inhibit the self-regulation ability and the overall learning performance of the subject. Hence, to achieve efficient
learning of brain self-control, a contingent feedback presented to the subjects by the rtfMRI system is crucial
(Koush et al., 2012).
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In contrast to conventional fMRI analyses with packages like SPM or FSL, in rtfMRI the time available for data
pre-processing and statistical analysis is very limited. Therefore the processing pipeline includes only those steps
that are considered to be essential and these are additionally optimized for data quality and speed. As subject
motion would shift the brain and the region for feedback estimation, motion correction is an essential processing
step.

Online motion correction can be performed prospectively or retrospectively. Prospective motion correction
methods either capture the motions of the subject with an optical camera system or field sensors (McConnell et
al., 1997; Eviatar et al., 1997; Zaitsev et al., 2006; Herbst et al., 2011; Andrews-Shigaki et al., 2009; Qin et al.,
2009; Schulz et al., 2011; Forman et al., 2010; MacLaren et al., 2011; Weinhandl et al., 2010; Ooi et al., 2009)
or use navigator echos of the MRI (van der Kouwe et al., 2006; Fu et al., 1995; Ward et al., 2000; Welch et al.,
2002; White et al., 2010; Tisdall et al., 2012; Kober et al., 2011; MacLaren et al., 2011) to adjust the slice,
phase and frequency encoding gradients for the measurement. Retrospective algorithms operate on the fully
acquired data. They either use the raw data, i.e. handle k-space data (Lee et al., 2009; Lin et al., 2005, LinW &
Song H, 2009), or the final images. (Friston et al., 1996; Hu et al., 1994; Glover, Lee & Ress, 2000; Jenkinson et
al., 2001; Caria et al., 2007; Mathiak & Posse, 2001; for detailed reviews see Oakes et al., 2005 and MacLaren et
al., 2013).

In this study we tested the consistency of feedback calculated from data preprocessed with two retrospective real
time motion correction algorithms. The first algorithm is included in the image reconstruction of the MRI
scanner’s EPI sequence (3d k-space interpolation, Advanced Retrospective Technique, Siemens, Erlangen,
Germany) and operates on the raw data in k-space. The second uses the data after Fourier transformation, i.e. the
images, and is included in Turbo Brainvoyager (TBV, Brain Innovation, Maastricht, The Netherlands). It is an
iterative algorithm using trilinear interpolation. Both algorithms use 6 degrees of freedom, 3 for translation and 3

for rotation.

Under the assumption that both algorithms yield similar results, we expected a high correlation between the

feedback values derived from the motion corrected data sets.
Methods:

This study was approved by the local ethics committees and all participants provided written consent for

participating in this study.

Paradigm: 3 subjects (1 f, age 29.3 + 4.0 years) were included in 2 (2 subjects) or 3 sessions of a neurofeedback

training. Each session consisted of four runs with feedback and one run without feedback (transfer run). Each
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run included 6 trials with a duration of 60 seconds. During the first 30 seconds the subjects watched a picture
stimulus (baseline, condition 1), then the picture stimulus changed and the subjects were asked to modulate their
brain activity (regulation, 27 seconds, condition 2). All pictures showed disgusting scenes and were intended to
induce an affective response. If the subject was able to change brain activity during the second condition,
depending on the success of the self-regulation, a monetary reward/feedback was calculated and presented at the
end of each trial (3 seconds). If the subject was not successful in self-regulation, a feedback with a “0 Euros”
(Zero Euro) was presented.

Data acquisition: Data was acquired with a 3T MRI scanner (Tim Trio, Siemens, Erlangen, Germany) at the
Dept. of Psychiatry, Marburg University, equipped with a standard 12 channel RX head coil. Scanning protocol
for real time fMRI was based on the BOLD sensitive EPI sequence.

Scanning parameters: TR 1500ms, TE 30ms, FoV 192mm, 16 slices, 64x64 matrix, 5mm slice thickness, 20%
gap, 90° flip angle, pixel bandwidth 2232Hz, phase encoding direction anterior-posterior, no parallel imaging.
Retrospective motion correction using 3d k-space interpolation was turned on and raw data should also be stored
(Raw, Figure 1), so that the system saved motion corrected images as an additional series (Siemens-MoCo,
Figure 1, Siemens Advanced Retrospective Technique, ART). In total 250 volumes were acquired in each run.
The first trial started with the 11th volume.

Feedback calculation: Dicom files were exported online from the MRI to a network drive (Figure 1, Real-time
Analysis) and processed by TurboBrainVoyager 3.0 (TBV, Brainlnnovation, Maastricht, The Netherlands) and
an in-house plugin. We used Presentation (Neurobehavioral Systems, Berkeley, CA) as the software for the

stimulus delivery.

Feedback was calculated in the plugin as:

with , i.e. the signal average of the regions of interest (ROl 1, 2 and 3), and C an arbitrary but fixed
proportionality constant. A positive feedback value was achieved when brain activity was reduced during the

second condition relative to the first condition.

For our paradigm with the presentation of affective stimuli, the active ROIs 1 and 2 were located in the left and
right anterior insula, and the a reference ROI namely ROI3, to cancel out the effect of global activations located
close to the parietal cortex (Figure 2). They were determined ahead of the first session based on a functional
localizer. To ascertain an almost identical location of the ROIs over the sessions an auto alignment localizer was

utilized for the slice positioning (Benner et al., 2006). Subject data and ROI sizes are summarized in Table 1.
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During the experiments TBV motion corrected data (TBV-MoCo, trilinear interpolation) had been used to
calculate the feedback. Offline analysis of the Siemens-MoCo data was done analogously by TBV and our in-
house plugin. TBV-MoCo is part of the TBV package and is executed on the rtfMRI computer whereas
Siemens-MoCo is included in the image calculation on the MRI scanner. Both algorithms assume a rigid body
model and estimate the optimal motion correction parameters iteratively. They stop after reaching a predefined
threshold for the difference between the actual and the reference image or after reaching the maximal number of
iterative steps. The resulting image is either calculated with a trilinear interpolation (TBV-MoCo) or a 3d k-
space interpolation (Siemens-MoCo).

Correlations:

Pearson correlation coefficients for the motion correction parameters (three translation parameters, three rotation
parameters) from TBV and Siemens as well as for the feedback values based on TBV-MoCo and Siemens-MoCo

data were calculated for each run (Figure 1, correlation test “between” motion correction algorithms.

Next, we additionally included an exponential moving average filter (EMA-filter) in the processing pipeline for
TBV-MoCo and Siemens-MoCo data and calculated the reward parameter and the correlation with the unfiltered
data (Figure 1, correlation test “within” motion correction algorithm and “between EMA” filtered data). Basic
idea of the EMA filter is to calculate a filtered signal S; from a time series y: as St = a y: + (1- o) St1. Here we
used an o = 0.97 (o= t/( t+TR), TR of 1.5s and a filter parameter t of 48.5s). Details on the use of EMA-filtering
in rtfMRI are described in (Koush et al., 2012).

As a last step, we tested the effect of two outlier removal strategies. We calculated the average signal and
standard deviation for each voxel. VVoxel values above two standard deviations from the average were marked as
outliers within its data series. Our first outlier removal method rejected these outliers from the ROI averages.
The second outlier removal method counted the number of voxels identified as outliers within one time point
(volume) and included only time points in the calculation where the number of rejected voxels was below a
predefined threshold. Method 1 is sensitive to noise within individual voxels. Method 2 is sensitive to global
changes (e.g. head motion). Using this data we calculated again the feedback parameters and the correlations
‘within’ and ‘between’ the pipelines. These correlations are not labeled in Figure 1, but follow the scheme of the

EMA-filter.

To estimate the processing time of the pipelines, all data was post processed with one PC (CPU Core i7-3630,
2.4GHz, 8GB memory, 240GB OCZ Vertex 3 SSD, Windows 7 64 Bit) and timing information recorded.
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Results:
Correlation of motion correction parameters:

Visual inspection of the motion corrected images did not show relevant remaining motion for either correction
algorithm. The parameter curves in the time series (Figure 3a, smooth motion along z-direction, and 4a, several
jumps) resemble each other in appearance. This impression is also supported by the correlation coefficients (12)
in Table 2. We have to take into account that the absolute error of the estimated correction parameter does not
depend on the amount of motion and therefore the relative error is systematically higher for small motions. As
both algorithms worked overall fine this led to higher correlation coefficients for runs with more subject motion
(see data ranges of scatter plots in Figures 3b, 4b). In general the Siemens-MoCo parameters are more

fluctuating and are by trend bigger than the TBV-MoCo parameters.
Correlation of feedback parameter:

R? of the correlation coefficients for the feedback calculated from TBV-MoCo and Siemens-MoCo data are
listed in Table 2 (“between”).

Surprising is the high number of runs where the rewards calculated from TBV-MoCo data and Siemens-MoCo
data are not highly correlated. r* is below 0.6 for 10 out of 35 runs. Figure 5 shows time series data and scatter
plots of the third session from subject 3. As mentioned above, the correlation between two series of small values
(e.g. Figure 5, run 3) is more error prone than between series including high feedback values when noise is of
identical size for the data series. To identify whether the low correlation values were related to a single ROl or a
subgroup of voxels (e.g. ROI edges) we drew time series plots of the ROIs (Figure 6) and voxel maps of the runs
(Figure 7). In Figure 6 jumps in the z-translation parameter are associated with big changes in the ROI values.
While most of the time ROI values do not differ between the two processing pipelines, we see a clear
dissociation in the second run for the values of ROI 1 and 2 (Figure 5, trials 3-6). For this run the motion

parameters from both algorithms are displayed in Figure 4a,b.

The EMA-filter did not improve the correlation between the two algorithms (Figure 1, “between EMA”). Still 10
out of 35 runs have an 12 below 0.6. The correlation between the unfiltered and EMA-filtered data (Figure 1,
“within TBV” and “within Siemens”) was very high for both algorithms (12 > 0.997 for all runs), indicating only

small changes in the data.

The first method of outlier removal resulted in an average rejection of 11 time points of the individual voxels but
it didn’t improve the correlation between the pipelines. In the second method we set the threshold to reject

volumes to 12.5% of the voxels within the ROIs, i.e. for subject 1, 2 and 3 a volume was rejected when 8, 13 or
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23 of the voxels within the ROIs were outliers. Correlation parameters and number of rejected volumes of
method 2 are listed on the right hand side of Table 2.

All TBV timing information was estimated during post processing with identical data and ROIs but without
saving TBV logfiles, i.e. RTP and BTC. Subsequently created files were deleted before the next analysis started.
Read volume time was independent of other parameters around 40ms. Full volume time varied strongly between
runs with (average 120ms, range 93 — 156ms) and without TBV motion correction (average 46ms, range 46-
47ms). Our TBV-plugin required 600ms for saving unfiltered and filtered ROI data in ASCII-format at the end
of each trial. EMA calculation for 188 voxels did not increase processing time (subject 3 with ROI sizes of 66
voxels (ROI 1 and 2) and 56 voxels (ROl 3)). The time needed by the MR imaging computer to create the
DICOM files and write them to the network drive was not measured in this experiment.

Discussion:

The basic idea of neurofeedback with rtfMRI is to provide the subject with information about signal
changes in the brain. This information should be related to the activity initiated by the subject, so the subject can
realize the link between both and learn to control the signal change. While the way how the feedback value is
associated with the MRI data varies between studies, the data preprocessing always includes some motion
correction. In this study we tested the effect of two motion correction algorithms on the feedback. As our
calculation included averaging over a long period of time and extended regions of interest, the temporal and
spatial noise is smoothed out and we expected a good linear correlation of the results from the two preprocessing

pipelines as long as the motion correction algorithms work fine.

We found however in more than 30 percent of the runs incongruent feedback value, i.e. the correlation between

feedback calculated from TBV-MoCo data and feedback calculated from Siemens-MoCo data was low.

Especially feedback values around zero are prone to errors. This becomes obvious in subject 3, third run of the
third session (Figure 5, run 3, trials 4-6). While one processing pipeline provides a positive feedback value, the
other gives a negative value of the same size. This still happens when the absolute motion is small and the
correlation of the motion correction parameters is high (Figure 6, run 3, trials 4+5 and Table 2). So even small

differences between the two algorithms can give rise to a relevant difference in the feedback.

What does this mean for the subject? As we only gave positive feedback and omitted negative, our third subject
would have received in 6 (TBV-MoCo) or 11 (Siemens-MoCo) out of 36 trials a positive feedback, just
depending on the motion correction algorithm (Figure 5). This diminishes the enforcement strategy and leads to

more training sessions.
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To improve the correlation of the feedback values between the different MoCo algorithms, we tested an EMA-
filter and two simple outlier removal strategies. The EMA-filter had little effect on the data and did not improve
the correlation between the pipelines. The first outlier removal strategy (rejecting individual voxel data)
worsened the results, but the second strategy (rejecting whole ROI data for individual time points) seems
promising. Still we need to identify optimal parameters and we have to test the effect on different feedback

estimations, i.e. continuous and/or intermittent feedback.

Right now, it is not obvious which pipeline provides better feedback, but wrong feedback information will
increase the level of difficulty for the subject to identify an effective training strategy and can therefore prolong

the training. Further studies should include simulations to decide on optimal data preprocessing.

A general question is related to the correlation analysis we used to identify the effects of different processing

pipelines.

In theory any change to a data series becomes visible as a decreased correlation between the original and the
modified data series. Here the initial data set is the measured signal in k-space. The two MoCo algorithms create
two slightly different data sets. Noise from the measurement should be included in a similar way in both data
sets. And it should be leveled out by the way how we calculate the feedback parameter, i.e. over several voxels
(a minimum of 24 voxels for ROI 1 + 2 of the first subject, see Table 1) and time points (20 in condition 1 and
18 for condition 2). So the difference in the feedback is related to the processing pipelines and can be identified

with a correlation analysis.

What can we learn about feedback quality? In signal processing basic concepts include filtering and artifact
removal to improve data quality. Various implementations of these techniques are used in rtfMRI data
processing. With the corresponding quality parameters we can describe their effects but there is no direct link to
the feedback quality. Unfortunately we can only conclude from a low correlation between the two preprocessing
pipelines that the feedback quality will be poor in at least one of them. From a high correlation between the
pipelines we learn that the feedback parameter calculation is robust according to the processing pipelines, but

this does not implicate a correct feedback.

Conclusion:

The results from our preliminary study suggest the feedback to be dependent on the motion correction algorithm.
Restricting subject head movement remains a strong prerequisite for fMRI and rtfMRI experiments. But as even
small movements lead to differences in the feedback, the robustness of the feedback parameter must be tested in

future studies with respect to motion.
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Figures and Tables
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Figure 1: Setup of the experiment. Raw data from scanner is saved as series #1 and motion
corrected as series #2. Realtime analysis includes TBV motion correction for series #1. In
correlation tests ,within“ refers to correlations within one algorithm and ,between” to
correlations between the two motion correction algorithms.
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Tablel: Subject data and ROl sizes
ROI1 ROI2 ROI3

Subject | age (y)| sex|(voxel) (voxel) (voxel)

1 27 m 14 10 35
2 34 f 12 17 77
3 27 m 66 66 56

Figure 2: Regions of interest. ROI1 (red) and ROI2 (green) are active regions.
ROI3 (blue) defines a control region.
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Figure 3a: Timeplots of motion correction parameters. In all four plots the abscissa represents
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Siemens MoCo parameters, the ordinate of the plot in the lower left is flipped.
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Figure 5: Correlations between ROls calculated from TBV MoCo data and Siemens MoCo data
Subject 1, first session, fifth run. Top: unfiltered data. Bottom: filtered data.
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Figure 6: Timeplots of ROI averages for subject 1, first session, fifth run. Top: unfiltered data.
Bottom: filtered data. TBV = TurboBrainVoyager motion correction, Sie = Siemens MoCo.
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Figure 7a: r? of voxel values between TBV- and Siemens motion
corrected images. All ROIs, subjects 1 (top) and 2 (bottom), first and
second session, all runs. Voxels are lined up for the runs. Low values
are displayed in red.

Figure 7b: Subject 3, session 3, ROIs visualized in original shape.
Reduced correlation is not restricted to voxels along the edges.
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Tahle 2: Correlations of the motion correction (MoCo) parameters from TBV and Siemens (six degrees of freedom) and of the feedback parameters derived from the motion corrected data.
Displayed is R2. Values below 0.6 are highlighted in orange and in the range 0.8 to 0.6 in light orange. Each row represents one run. The “between™ columns refer to the correlations between the MoCo-
pipelines. "Within" shows the correlation between original data and filtered data within one MoCe-pipeline (Figure 1). Values close to 1 in the “within™ columns indicate little effect of the filter on the data.
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