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Abstract. Digital health interventions that involve monitoring patient
behaviour increasingly benefit from improvements in sensor technology.
Eye tracking in particular can provide useful information for psychother-
apy but an effective method to extract this information is currently miss-
ing. We propose a method to analyse natural gaze behaviour during ex-
posure exercises for obsessive-compulsive disorder (OCD). At the core of
our method is a neural network to detect fixations based on gaze patch
similarities. Detected fixations are clustered into exposure-relevant, ther-
apist, and other locations and corresponding eye movement metrics are
correlated with subjective stress reported during exposure. We evalu-
ate our method on gaze and stress data recorded during video-based
psychotherapy of four adolescents with OCD. We found that fixation
duration onto exposure-relevant locations consistently increases with the
perceived stress level as opposed to fixations onto other locations. Fix-
ation behaviour towards the therapist varied largely between patients.
Taken together, our results not only demonstrate the effectiveness of
our method for analysing natural gaze behaviour during exposure ses-
sions. The fixation analysis shows that patients allocate more attention
towards exposure-related objects under higher stress levels, suggesting
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higher mental load. As such, providing feedback on fixation behaviour
holds significant promise to support therapists in monitoring intensity of
exposure exercises.

Keywords: mobile eye tracking · obsessive-compulsive disorder · sensor-
assisted therapy · exposure exercises · real life gaze behaviour

1 Introduction and related work

Providing digital health interventions is becoming increasingly important to en-
sure that affected patients have easy access to treatment and to personalize said
treatment. For instance, video-based online therapy has proven its effectiveness
in treating anxiety [11], including obsessive-compulsive disorder (OCD) [12].
OCD is a psychiatric disorder characterized by a combination of obsessions and
compulsions [1]. Obsessions are defined as repeated intrusive thoughts or urges
that cause anxiety, whereas compulsions are mental or behavioural repetitions
or rituals that the person with OCD feels the urge to do in order to reduce
anxiety [33]. In children and adolescents, OCD affects around 0.5 − 4% of the
population [9, 10] and if not treated in young age, patients are at high risk to
develop chronic symptoms [28].

The state-of-the-art treatment for OCD is cognitive behavioural therapy
(CBT) based on exposure and response prevention (E/RP) sessions [1]. In the
E/RP sessions, patients confront their obsession whilst refraining from the urge
to perform the compulsion and instead enduring the anxiety until it, in the
desired case, reduces without the compulsion. Given that obsessions are often
linked to specific places or objects, which can be challenging to recreate in clinical
environments, moving therapy into patients’ homes through video-based CBT
allows for a more direct confrontation with the obsession, thereby improving the
effectiveness of the treatment [25].

A key limitation of such video-based approaches for CBT is the limited field of
view of the web camera. Here, eye tracking devices can add valuable information
about what is within sight of the patient, what the patient is focusing on at any
point in time, and emerging gaze behaviour throughout therapy.

1.1 Fixations in mobile eye tracking

What constitutes a fixation in mobile eye tracking and real-life situations differs
from what is typically considered a fixation in laboratory-based eye tracking
research [15, 27]. There, fixations are temporal episodes during which the eyes
remain stationary. In mobile eye tracking this definition is too narrow given that
neither the body nor the head is necessarily still: Gaze may follow a moving
object (smooth pursuit) or the head moves while the eyes keep fixating a still
object. Thus, a fixation is typically defined as an episode during which gaze
stays on a fixed object or location. This difference renders common methods
based on eye movement velocity or gaze dispersion unsuitable for mobile eye
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tracking [15,27]. We therefore adapt the method from [27] that detects fixations
based on the similarity of small regions around each gaze location within the
visual scene.

1.2 Eye tracking in patients with OCD

Eye tracking is being increasingly used to study attention of patients with psy-
chiatric disorders [3], including OCD [4, 6, 19]. The recording paradigm closest
to real-life gaze behaviour is the free-viewing task in which patients are shown
a neutral and an OCD-related stimulus at the same time without instructions
on where to look. Studies using the free-viewing paradigm have shown evidence
for a maintenance bias [4]: Patients with OCD show sustained attention towards
OCD-related stimuli resulting in an increased number and duration of fixations
on these stimuli [6, 19].

An important marker during exposure exercises is the perceived stress trig-
gered by the confrontation with the obsession. In healthy subjects, several stud-
ies investigated the effect of stress on gaze behaviour during real-life situa-
tions, e.g., flight simulation [30], interview settings [5] or the work day of ICU
nurses [2]. These studies have shown that with increased stress the fixation du-
ration drops [5, 30] or, similarly, the number of fixations increases [2].

In these studies, stress has usually been induced by a time-pressured increase
in mental effort to create anxiety. During exposure sessions, in contrast, stress is
induced by confrontation with the obsessive thought without time constraints.
Studies in healthy subjects have shown that an increase in mental effort without
time pressure leads to longer fixation duration [8,16] and sometimes a concurrent
increase in variability of fixation duration [22]. Longer fixations are thought to
reflect the narrowed but increased attention allocated to the fixated goal [16]
and therefore to be dependent on the task type [8].

Due to the lack of methods to analyse fixation behaviour in patients with
OCD during real-life situations, the study of attention in said patients has been
constrained to laboratory settings. While the effect of stress and mental effort
on fixation behaviour in real-life situations has been well studied for healthy
subjects, studies on their influence on real-life gaze behaviour in patients with
OCD are still missing.

In this work we propose a method to detect and cluster fixations in mobile eye
tracking during real-life therapy sessions, and analyse the effect of the subjective
stress levels on fixation behaviour. Based on existing evidence for maintenance
bias from laboratory eye tracking studies and the effect of mental effort on fix-
ation behaviour, we hypothesised that attention on exposure-relevant locations
increases with rising stress levels, showing in a higher fixation count and longer
fixations towards these locations. If the predominant influence on gaze behaviour
are stress and anxiety, the number of fixations onto other objects should also
increase but fixations should become shorter.
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2 Method

2.1 Study details

Eye tracking data for this work was collected within the SSTeP KiZ study [13].
In this study, different sensor modalities were integrated into video-based CBT
for children and adolescents with OCD, allowing patients to receive treatment in
their home environments. A schematic overview of the sensor-assisted therapy
setup can be seen in Figure 1. The recorded sensor modalities included eye
tracking, heart rate monitoring and hand movements, which have been shown to
be promising candidates for measuring stress and compulsive behaviour [29]. In
this work, we will focus on the eye tracking recordings of four patients described
in the section below.

Fig. 1. For sensor-assisted video therapy, patients were equipped with a system to
record during their therapy sessions in their home environment. The data was streamed
to the therapist UI, where the therapist had access to the egocentric video including
gaze estimation and physiological measures. All icons are attributed to Flaticon.com

Treatment consisted of 14 session of video-based CBT. There was no exposure
exercise within the first four sessions, since these were dedicated to building
a therapist-patient relationship and psychoeducation in preparation for E/RP
exercises. Afterwards, the amount of sessions including an exposure exercise was
dependent on condition and therapy progress of the individual patient.

2.2 Data collection and labelling

The software application to record, transmit and display sensor data was cus-
tom designed for the purpose of the study [21]. The application recorded and
synchronised sensor data locally and streamed the data to a therapist User In-
terface (UI), where the therapist could access the egocentric video of the patient
together with the current gaze estimation and physiological parameters.

The therapist UI additionally served as a platform for data labelling where
the therapists tagged time points defining the course of the therapy session,
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including start and end point of the exposure exercise. Throughout therapy,
patients were asked to rate their perceived stress level on a scale from 0 to 10,
which was also provided as label through the therapist UI.

Eye tracking data was recorded using the Look! head-mounted eye tracking
device [14]. It included a scene camera with a resolution of 640 × 280 px and
two eye cameras with a resolution of 320×240 px each. All videos were recorded
at 30 Hz. Gaze estimation was computed using a convolutional neural network
specifically designed to be robust against small movements of the eye tracker
to reduce the need for frequent recalibration [23]. Patients were asked to cali-
brate the system regularly, but at least before the first therapy session and once
towards the middle of therapy.

2.3 Patients

We investigated a sample of four patients that participated in the SSTeP KiZ
study. Symptom severity was assessed with the CY-BOCS score (Children’s Yale-
Brown Obsessive Compulsive Scale) [24] before (t0) and after treatment (t1). A
general reference for therapy success is a reduction of the CY-BOCS score by at
least 35% [17], however, numerical symptom reduction can differ from personal
experience. CY-BOCS values for all patients as well as the amount of exposure
exercises and their average duration can be found in Table 1.

Table 1. Overview of the patients included in this work. The table shows the amount
of recorded exposure exercises per patient, mean and standard deviation of their du-
rations, and the CY-BOCS score before and after treatment.

exposure exercises CY-BOCS
Patient n length (min) t0 t1 reduction

P1 9 38.6± 15.6 28 25 10.71%
P2 10 30.1± 11.9 21 13 38.10%
P3 7 28.9± 9.3 28 0 100%
P4 8 23± 6.4 29 12 58.62%

Manifestations of OCD are very heterogeneous across patients, which re-
flected in the four patients investigated in this work. In the following, we will
give an overview of the individual manifestations.

P1 showed a manifestation of OCD caused by the thought that certain ob-
jects that the parents touch or come from outside the house are contaminated,
triggering a strong feeling of disgust. To neutralise, these objects as well as both
hands were cleaned excessively. Exposure exercises involved physical contact like
touching “contaminated” objects such as doorknobs or contaminating “clean”
objects such as one’s bed. Subjectively, P1 reported a beneficial impact of the
treatment, even though numerical symptom reduction was minor.

P2 showed the combination of a repetition compulsion, repeating actions
until they felt “just right”, and a counting compulsion, mentally reciting certain
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number sequences over and over. The two main types of exposure for P2 included
repeating certain actions only once, e.g., closing the lid of a pen, and writing
down a number included in the number sequence several times without mentally
reciting the entire sequence.

P3 showed a contamination-based manifestation of OCD accompanied by the
urge to perform frequent hand-washing. Exposures mainly consisted of touch-
ing “disgusting” objects like glue, the bathroom sink or toilet bowl. P3 started
therapy with severe symptoms, but showed a surprisingly successful therapeutic
effect, managing to reduce symptom severity by 100% to a minimum.

P4 showed a repetition-based manifestation of OCD with the urge to repeat
actions with a positive thought until they felt “just right”. Exposure sessions
consisted mainly of selecting an item once and then performing the action with
that item once (e.g., selecting and wearing the clothing item). The exercises were
intensified by having to think of a negative event during the one-time execution.

2.4 Fixation Analysis Pipeline

To analyse the fixation behavior in the introduced patients, we adapted a fixation
detection method for mobile eye tracking [27], structured the fixations using
unsupervised clustering and assigned each cluster to exposure-relevant, therapist
or other locations. The complete pipeline can be seen in Figure 2.

Fixation detection First, we reduced noise in the gaze estimation by apply-
ing a moving average filter over a window of five frames. We then adapted an
approach specifically designed for mobile eye tracking based on the assumption
that image patches around the gaze estimation stay similar during a fixation [27].

As shown in Figure 2, we cropped an image patch of 50× 50 px around the
gaze estimation for every frame in the video. Each pair of consecutive frames
served as input for a convolutional neural network pretrained to predict patch
similarity on the liberty dataset [7,34], resulting in a vector containing the patch
similarity for each pair of frames. Sequences with similarities above the threshold
of 1.3 were kept as fixation candidates. To remove outliers and ensure validity of
fixations, we discarded candidates shorter than 3 frames (i.e., 100 ms) or longer
than 95% of the data which corresponded to a maximal fixation length of 1 s.

To adapt the approach to our data, we tuned three hyperparameters: (1)
image patch size, (2) similarity threshold and (3) the dataset for pretraining the
patch similarity network. For tuning, we created a validation dataset consisting
of a total video length of 15 min (i.e., roughly 27.000 frames) taken from three
different subjects of the SSTeP KiZ study. All videos were labeled by at least
two and at most three annotators to form the ground truth labels “fixation”
and “no fixation” for each frame. The parameters were tuned by evaluating the
fixations with event detection performance metrics [31].

Fixation Clustering For each detected fixation, we extracted the centre frame
as a representative and replaced its patch by a larger 256×256 px image cropped
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Fig. 2. Visualisation of the fixation processing pipeline, including fixation detection,
feature extraction and unsupervised clustering. The network figure is adapted from [34].
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around the gaze estimation to obtain more context information. The image size
was chosen as the optimal input size for the VGG-16 network pretrained on image
recognition that we used to extract a feature vector for every representative
image [26]. We extracted the output of the last fully-connected layer to get a
4096-dimensional vector containing high-level feature information for each image,
resulting in a feature matrix of the size nfixations × 4096 for each session.

In order to find meaningful clusters across all therapy sessions, we appended
the feature matrices of all sessions into one feature matrix. After normalization,
the features were clustered with the agglomerative clustering algorithm imple-
mented in the scikit-learn toolbox [20]. Agglomerative clustering is a bottom-up
hierarchical clustering algorithm that starts with every sample as a single cluster
and subsequently merges the closest clusters until either a maximum distance
between clusters or a predefined number of clusters is reached.

The distance between single samples was computed as the euclidean distance
and extended to distance between clusters with the Ward linkage criterion [32].
We computed distances between clusters for the full hierarchical tree until all
clusters were merged. As stopping criterium, we then defined the maximal dis-
tance between clusters as the knee point among the largest 2000 distances.

We visually checked the resulting clusters and grouped them semantically
into exposure-related, therapist and other locations. Few clusters showed a mix
of different groups and were therefore not assigned. Note here, that the exposure-
related group can contain very distinct clusters, since the conducted exposure
exercises within a patient vary between sessions.

For visualising the results, we calculated a lower-dimensional representation
of the features using UMAP [18]. Parameters were chosen to capture both the
local and global structure of the data.

2.5 Analysis

For every reported stress level within an exposure exercise, we extracted the
fixations within 1.5 minutes before and after the report. We computed fixation
metrics for every semantic group separately, including the number of fixations,
the median fixation duration and the interquartile range (IQR) of the fixation
durations. Pearson correlation was calculated to assess the relation between the
different fixation metrics and the corresponding reported stress level.

3 Results

3.1 Clustering Results

The clustering resulted on average in 31.25 clusters per subject of which on
average 25 could be assigned to one of the semantic groups (P1: 25 cluster (21
assigned), P2: 25 (17), P3: 47 (40), P4: 28 (22)).

The visualisation of clustering results for P3 along with examples for each
cluster is shown in Figure 3. In the 2D feature space, therapist clusters locate at
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the lower right. The exposure-relevant clusters where the pencil holder with the
“contaminated” glue was placed in front of the therapist is separated but close
to the therapist clusters. Clusters connected through the higher semantic level
“being in a bathroom” are located at the top left part of the feature space.

3.2 Correlation Results

Results for the correlations of fixation metrics onto exposure-relevant locations
with the reported stress level are displayed in Figure 4. There was a significant
increase in fixation duration (p < 0.001, r = 0.41) and fixation duration vari-
ability (p < 0.001, r = 0.3) with the perceived stress across all patients, and a
small decrease in the number of fixations (p = 0.01, r = −0.18). The trend for
increased fixation duration was observed in all subjects with statistical signifi-
cance for P1 (p = 0.02, r = 0.37) and P2 (p = 0.004, r = 0.34). The increase
in the fixation duration IQR did not occur in P1, but was significant for both
P2 (p = 0.016, r = 0.29) and P3 (p = 0.01, r = 0.42). The patient-specific pat-
terns regarding the number of fixations were individually different, and were only
significant for P2 (p = 0.01, r = −0.3).

For fixations onto other locations, displayed in Figure 5, we found small
correlations of the stress level with fixation duration (p = 0.04, r = 0.16) and
fixation duration variability (p = 0.04, r = 0.16), but no correlation with the
number of fixations (p = 0.9) across all patients. There was no consistent trend
of duration increase in single patients and none showed significant results. We
observed similar results for duration IQR, which was only significant for P2,
where correlation was strongly negative (p = 0.04, r = −0.46) as opposed to the
positive correlation across all patients. P2 was also the only patient that showed
a significant correlation with the number of fixations (p < 0.001, r = −0.51).

Correlation results for fixations onto the therapist are shown in Figure 6. For
fixation duration and duration variability, there was no correlation with stress
levels across all patients (p > 0.48) and no common trend across single patients.
Correlation was only significant in P2 for fixation duration (p = 0.01, r = 0.39)
and variability (p = 0.002, r = 0.48). The number of fixations across all patients
decreased with reported stress level (p < 0.001, r = −0.25), which was not
consistent across single patients, where the number of fixations decreased with
stress for P1 (p = 0.007, r = −0.35) but increased for P2 (p = 0.02, r = 0.34).

4 Discussion

We proposed a method to analyse the fixation behaviour of children and ado-
lescents with OCD during exposure exercises within video-based CBT. The
method was specifically designed for challenges caused by real-life behaviour
recorded with mobile eye tracking in home environments. For fixation detection
we adapted an approach based on gaze patch similarity that is robust to head
movements. We extended the method with unsupervised clustering to automat-
ically identify targets in the real world from the fixated locations. We demon-
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Fig. 3. Visualisation of the clustering results for P3. clusters were projected into a
2D space using UMAP. Clusters are colour-coded, while semantic groups are displayed
as different shapes (X-shape: exposure-relevant, square: therapist, and circle: other).
For exemplary clusters, the two images closest to the cluster centre are shown for
illustration. Semantically meaningful grouped clusters are indicated by dashed lines.
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Fig. 4. Correlation of the patients’ reported subjective stress levels with the metrics for
fixations onto the exposure-relevant cluster. The first four columns represent a patient
each, while the last column presents the results taken across all patients.

Fig. 5. Correlation of the patients’ reported subjective stress levels with the metrics
for fixations onto the other cluster. The first four columns represent a patient each,
while the last column presents the results taken across all patients.
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Fig. 6. Correlation of the patients’ reported subjective stress levels with the metrics
for fixations onto the therapist cluster. The first four columns represent a patient each,
while the last column presents the results taken across all patients.

strated that these clusters have semantic meaning and represent three categories
of gaze targets: exposure-relevant, therapist and other locations.

We found that fixation duration onto exposure-relevant locations consistently
reflected reported stress levels of the patient, i.e., fixation duration correlated
positively with higher stress levels. This was accompanied by an increase in fixa-
tion variability, suggesting that fixation duration did not change systematically
but that only some fixations lasted longer. While similar effects could be observed
for other locations, these proved smaller and inconsistent across subjects.

Our results reveal that during real-life exposures patients put more attention
on exposure-relevant locations if the subjective stress level, and thus the inten-
sity of the exposure, increased. Given that fixation duration has been shown to
increase with higher mental load, our results suggest that the patients’ mental
load and perceived stress level are closely connected.

There was no increase in the amount of fixations, neither onto exposure-
relevant nor other locations, which we would have expected as an effect of the
rising stress. In contrast, some patients even showed a decrease in the amount
of fixations. Together with the increase in fixation duration, this indicates that
reported stress reflects mental effort during exposure rather than anxiety.

Fixation behaviour towards the therapist was highly individual and there was
no common effect across patients. This is not surprising given that fixation be-
haviour towards the therapist can depend on many variables that differ between
patients, like the type of conversation during exposure or the patient-therapist
relationship.
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Our results underline the effectiveness of our method. However, it should
be noted that the method assumes that exposure sessions contain a physical
exposure to objects or locations. Therefore, this approach is most suitable for
manifestations of OCD where obsessive thoughts are connected to a physical
counterpart like an action, an object or a specific location.

In general, our findings stress the importance of analysing fixation behaviour
during real-life exposure sessions as an extension of controlled eye tracking stud-
ies in the laboratory. Especially fixation duration and variability promise to be
valuable parameters for therapists to monitor and adapt the patient’s stress level
and the connected mental load during exposure sessions. Since our analysis is
exemplary on four patients, future studies would have to replicate and validate
these results with a larger population.

4.1 Conclusion

We proposed a pipeline suitable for analysing gaze behaviour of patients with
OCD during exposure sessions in their home environments. Although further re-
search is needed to validate our findings, our work underlines the importance of
gaze measures in patients with OCD. Providing feedback about gaze behaviour
promises to support therapists in monitoring stress and mental load of patients,
helping them to adapt to the needs of the patient. Next steps will be to use
our approach for behavioural feedback to therapists in exposure exercises prac-
tised as homework outside of therapy sessions, to ensure correctness and prevent
avoidance behaviour. In future research, it will also be interesting to connect the
gaze features not only with perceived stress but also with physiological measures
of stress such as heart rate.
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13. Klein, C.S., Hollmann, K., Kühnhausen, J., Alt, A.K., Pascher, A., Ilg, W.,
Thierfelder, A., Giese, M., Passon, H., Ernst, C.M., Kasneci, E., Severitt, B.,
Holderried, M., Bethge, W., Lautenbacher, H., Wörz, U., Primbs, J., Menth,
M., Gawrilow, C., Conzelmann, A., Barth, G.M., Renner, T.J.: Smart Sensory
Technology in Tele-Psychotherapy of Children and Adolescents with Obsessive-
Compulsive Disorder (OCD): A Feasibility Study. preprint, SSRN (2023).
https://doi.org/10.2139/ssrn.4395216
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