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ABSTRACT 

Mental health disorders are typically diagnosed based on subjective reports (e.g., through questionnaires) 

followed by clinical interviews to evaluate the self-reported symptoms. Therefore, considering the 

interconnected nature of psychiatric disorders, their accurate diagnosis is a real challenge without indicators 

of underlying physiological dysfunction. Depersonalisation/derealisation disorder (DPD) is an example of 

dissociative disorder affecting 1–2 % of the population. DPD is characterised mainly by persistent 

disembodiment, detachment from surroundings, and feelings of emotional numbness, which can 

significantly impact patients' quality of life. The underlying neural correlates of DPD have been investigated 

for years to understand and help with a more accurate and in-time diagnosis of the disorder. However, in 

terms of EEG studies, which hold great importance due to their convenient and inexpensive nature, the 

literature has often been based on hypotheses proposed by experts in the field, which require prior 

knowledge of the disorder. In addition, participants' labelling in research experiments is often derived from 

the outcome of the Cambridge Depersonalisation Scale (CDS), a subjective assessment to quantify the level 

of depersonalisation/derealisation, the threshold and reliability of which might be challenged. As a result, 

we aimed to propose a novel end-to-end EEG processing pipeline based on deep neural networks for DPD 

biomarker discovery, which requires no prior hand-crafted labelled data. Alternatively, it can assimilate 

knowledge from clinical outcomes like CDS as well as data-driven patterns that differentiate individual 

brain responses. In addition, the structure of the proposed model targets the uncertainty in CDS scores by 

using them as prior information only to guide the unsupervised learning task in a multi-task learning 

scenario. A comprehensive evaluation has been done to confirm the significance of the proposed deep 

structure, including new ways of network visualisation to investigate spectral, spatial, and temporal 

information derived in the learning process. We argued that the proposed EEG analytics could also be 

applied to investigate other psychological and mental disorders currently indicated on the basis of clinical 

assessment scores. The code to reproduce the results presented in this paper is openly accessible at 

https://github.com/AbbasSalami/DPD_Analysis.
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1. INTRODUCTION 

Depersonalisation/derealisation refers to a temporary psychological condition reported in more than 50% 

of college students [1] and 34-70% of people without clinical history [2] during their lifespan. In traumatic 

situations, or when the brain faces a high level of stress or anxiety, prefrontal inhibition of the limbic 

emotional response system serves to protect the organism from overwhelming sensations and emotions [3, 

4]. As a result, individuals may experience temporary emotional numbing, disembodiment, out-of-body 

experiences, or a sense of unreality about the outside world [5]. Other factors have also been proposed as a 

cause of transient depersonalisation/derealisation, such as sleep deprivation [6], fatigue [7], or travelling to 

unfamiliar places [8]. In some cases, the symptoms can be persistent, affecting the quality of life for 

individuals and intervening in their daily social life. In this regard, depersonalisation/derealisation disorder 

(DPD) has been classed as a type of dissociative disorder within the Diagnostic and Statistical Manual of 

Mental Disorders, 5th Edition (DSM-5) [9].  

DPD is believed to be the most prevalent underdiagnosed psychiatric disorder [10]. Although several 

neuroimaging modalities have been shown effective for the detection of neurological and mental disorders 

in general [11-13], we recently urged researchers interested in depersonalisation/derealisation to invest 

more resources into inexpensive electrophysiological techniques, such as electroencephalogram (EEG), to 

develop their diagnostic potential for DPD beyond what is presently known [14]. Finding potential 

electrophysiological biomarkers can be a huge step toward understanding DPD and supporting its accurate 

and timely diagnosis. It is important to note that the term "biomarker" used throughout this paper refers to 

a unique, abnormal neural pattern activated by appropriate stimuli that can explain DPD symptoms. 

Several studies in the literature investigate DPD using electrophysiological neuroimaging techniques. 

However, research on the neural correlates of DPD using EEG is often formed around an expert hypothesis. 

Then, the significance of the potential biomarker is validated using statistical tests. In other words, finding 

biomarkers is based on trial and error and requires an expert's prior knowledge of the disorder. In addition, 
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labels for participants in experimental research as either patient or control (or high vs low symptomology) 

are often assigned according to the Cambridge Depersonalization Scale (CDS) [15]. CDS quantifies the 

level of depersonalisation/derealisation by measuring the frequency and duration of symptoms over a recent 

period of six months. According to the ROC curve analysis and finding the best compromise between true 

positive and false positive rates in a sample of 77 subjects, Sierra et al. [15] proposed a cut-off point of 70 

for the CDS score. However, there is sometimes disagreement between the outcome of the CDS 

questionnaire and clinicians' diagnosis [16]. In addition, some studies [17-19] have suggested a threshold 

of 50 on different non-clinical datasets, challenging the utility of the clinical cut-off point for the purpose 

of cognitive neuroscience research. On the other hand, we can rely on Explainable AI (XAI) to eliminate 

the need for cut-offs. 

In this study, we employ deep learning algorithms to develop an explainable ERP signal processing 

pipeline and overcome the above shortcomings in the experimental literature, such as hand-crafted labels 

or cut-offs. Machine learning and, specifically, deep learning algorithms are reliable techniques for 

analysing medical imaging data with outstanding results in identifying several mental disorders [20-23]. 

End-to-end deep learning architectures are particularly noteworthy since they eliminate the need for 

handcrafted features and prior information regarding the dataset. In addition, researchers have been trying 

to enhance the explainability of these so-called black-box models to improve their reputation among the 

communities of neuroscientists and psychologists [24]. Still, the deep learning models proposed for EEG 

analysis are often trained for a single supervised or unsupervised task. However, in our DPD scenario or 

generally for analysing mental disorders based on clinical assessment scores, a multi-task learning structure 

is needed to handle clinical assessment scores as prior information rather than entirely relying on them. 

This necessitates using a novel EEG analysis pipeline, which employs clinical assessment scores as 

information to guide an unsupervised task. 

Accordingly, we propose an EEG-based biomarker discovery protocol using a novel deep learning 

structure which does not rely on hand-crafted labels (for patients and controls). Instead, CDS scores could 
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help to conduct (but not directly imply) the learning process. CDS scores are used as a regressive predictive 

guide in the unsupervised group segmentation performed by the simultaneous clustering, forming a multi-

task learning strategy. To clarify, we take advantage of CDS scores as prior information to guide the 

unsupervised part of our learning process to find more reliable discriminative neural features. Since our 

primary objective was to find EEG biomarkers that can explain DPD symptoms, we confirmed our results 

and the significance of the proposed analysis method by extracting spectral, spatial, and temporal 

information from our network and explaining them using evidence from the cognitive neuroscientific 

literature. 

The highlights and novelties of this work are: 

a) Proposing a novel deep learning framework for EEG signal analysis to find neural patterns 

associated with DPD symptoms without requiring hand-crafted labels or subjective cut-off points indicating 

the disorder. Our approach straightforwardly employs raw clinical evaluation scores while factoring in their 

uncertainties during the learning phase. 

b) Proposing new ways of network visualisation, investigating spectral, spatial, and temporal 

information derived in the deep learning process. 

Thus, in the rest of the paper, we first introduce our dataset and its experimental paradigm in detail, 

followed by preprocessing stages needed to apply to multi-channel EEG signals before feeding them to the 

deep model. We also present full details of our novel deep learning structure, its corresponding loss 

function, and the learning process. The results and comprehensive discussion of our findings from 

neuroscientific and psychological perspectives are presented thereafter. We conclude our paper with some 

ideas for further investigations in this crucial area. 
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2. MATERIALS AND METHODS 

In this section, we first describe our dataset and experimental design. We then explain our proposed learning 

process in detail, focusing on signal preprocessing, deep learning structure, loss function, and visualisation 

technique. 

2.1. Experimental design 

The dataset used in this paper was collected by [25]. The original study was approved by the Human 

Research Ethics Committee of the author's institution, and all participants gave informed written consent 

to take part. The dataset consists of 50 participants who initially took the self-rating CDS questionnaire to 

quantify their (trait) level of depersonalisation. With a threshold of 50 on CDS scores, 21 subjects were 

evaluated as participants with a low level of depersonalisation, and 29 subjects were considered individuals 

with a high level of depersonalisation, henceforth termed the control group and the DPD group, 

respectively. In addition to the CDS, participants' levels of depression and anxiety were also recorded based 

on Patient Health Questionnaire-9 (PHQ9) [26] and State-Trait Inventory for Cognitive and Somatic 

Anxiety (STICSA) [27], respectively. The aim was to control the effect of depression and anxiety, which 

are highly comorbid with depersonalisation [28, 29], in the analysis. Participants also completed the 

Operationalised Psychodynamic Diagnosis-Structure Questionnaire (OPD-SQ) self-object differentiation 

subscale, which has been associated with dissociation [30], and the Multidimensional Assessment of 

Interoceptive Awareness (MAIA), which assesses eight different dimensions of subjective interoception 

[31]. 

Each session in the experiment consisted of two types of trials: tactile stimulation following an emotional 

prime and tactile stimulation following a neutral prime. The emotional prime was in the form of a happy or 

angry face and voice, with happy and neutral primes and angry and neutral primes forming two distinct 

datasets. It should be emphasised that this prime is presented before the tactile stimulation rather than 

simultaneously as in multisensory experiments. The prime intends to shape the participant's mood in 

advance rather than to gauge a brain response to it. During the experiment, subjects with normal or 
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corrected-to-normal vision were asked to sit in front of a computer screen. Each trial started with a 400ms 

window of emotional or neutral prime, followed by a 600ms neutral hand stimulus (subjects observed a left 

or right hand and a pencil against a white background). The next 200ms time window comprised either the 

pencil touching the participant's hand (touch condition) or the space next to the hand (no-touch condition) 

so that the perceived distance of the pencil travelling would be the same. Finally, each trial ended with 

replaying the neutral hand stimulus for 600ms. In the 200ms time window of both touch and no-touch 

conditions, the participants received a 200ms tactile stimulus to their same hand, resulting in a synchronous 

visual-tactile stimulation for the touch condition. All trial types within each set were randomly intermixed 

with equal frequency. The animated schematics and timing scheme of each trial are presented in Figure 1. 

EEG signals were recorded during each session using a Compumedics Neuroscan SynAmps RT 64-channel 

amplifier and an EasyCap scalp electrode cap at a 1000-Hz sampling frequency and an online filter of 0.01-

100 Hz. 

 

Figure 1. The schematics and timing of each trial. 
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2.2. Methods 

The methodology used to analyse the data is detailed in the following subsections, covering every aspect 

of the process. 

2.2.1. Preprocessing 

The raw EEG data was fed into our proposed automated preprocessing pipeline, detailed in Figure 2. The 

pipeline starts with downsampling to 250Hz to reduce the size of the dataset and decrease the processing 

time without considerable loss of information. Then, a high-pass finite impulse response (FIR) filter with a 

1Hz cut-off frequency was applied to the multi-channel EEG signals to remove the DC offset and low-

frequency artefacts, followed by a low-pass filter with a 40Hz cut-off frequency to remove high-frequency 

artefacts and 50Hz line noise. One might argue that a relatively high 1Hz cut-off frequency can be 

detrimental in terms of affecting ERP components. However, since somatosensory processing is mainly 

associated with early high-frequency ERP components, using a 1Hz cut-off frequency was unlikely to have 

a negative impact on our results and was crucial to correct significant signal distortion in our dataset and 

save as many trials as possible. Nevertheless, a high-pass filter with a lower cut-off frequency is generally 

advisable in the case of high-quality recordings. In the next stage, the clean_rawdata() plugin in EEGLAB 

was used to detect and remove corrupted channels automatically, including the ones with a constant pattern, 

 

Figure 2. An overview of the proposed automated preprocessing pipeline. 
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excessive noise, or poor scalp-surface contact. clean_rawdata() is the offline version of artefact subspace 

reconstruction (ASR) method proposed by Christian Kothe (details can be found in [32]). Next, those 

rejected EEG channels were interpolated using other nearby channels. Using data from two EOG channels, 

we used the REG-ICA algorithm [33] to remove blinks and other EOG artefacts from our EEG signals. 

REG-ICA is a hybrid algorithm for EOG artefact rejection based on independent component analysis (ICA). 

The method applies a regression algorithm to compare independent components (ICs) with EOG channels 

to decontaminate them. We used preconditioned ICA (PICARD) [34, 35] as the ICA algorithm and least 

mean square (LMS) as the regression algorithm. After artefact rejection, we used the average of all 

electrodes to re-reference EEG voltages, followed by 100ms pre-tactile-stimulus baseline correction. We 

also applied moving window peak-to-peak threshold artefact rejection to exclude any trial that was not 

cleaned during the earlier steps. Finally, ERP epochs were extracted from 100ms before tactile stimulus 

onset to 400ms after tactile stimulus onset. Based on the quality and quantity of processed EEG signals for 

each participant, data from 7 participants were excluded from further analysis, resulting in a total of 19 

control and 24 DPD participants. 

2.2.2. Resampling-average method 

In ERP analysis, the phase-locked neural components (for instance, in our dataset, locked to the tactile 

stimulus onset) are primarily of interest, and any other spontaneous EEG activities are stochastic signals 

treated as noise. This noise in the ERP experiments is assumed to be generated from a normal distribution 

with zero mean. Therefore, the reason behind the common approach of taking the average over multiple 

epochs time-locked to the stimuli of interest is to cancel out the noise and random brain activities that can 

affect ERP components. However, this approach results in a single grand-average ERP for each subject per 

condition, increasing the chance of overfitting and making it impractical to train a machine learning 

algorithm due to insufficient data samples. Besides, the signal-to-noise ratio (SNR) of evoked potentials is 

too low to extract features that can distinguish the neural activity of the control group from the patients 

from a single trial. To overcome this problem, we used the resampling-average method to generate multiple 
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ERP waves with enhanced SNR to feed into our deep model and consequently find discriminative features 

among the two groups. The resampling-average method used in this study is portrayed in Figure 3 and 

works as follows. We randomly select a subset of r trials for each type of trial of that condition. To enhance 

the output of the resampling-average method further, the trials that dropped out for averaging were 

randomly selected from those with high variance in the ERP pre-stimulus signal. This was based on the 

assumption that a high-quality ERP signal should have a low variance in the pre-stimulus signal. By 

repeating this process n times, we can generate n ERP waves. It is important to note that although the 

generated samples are not independent of each other, using this method can reduce the impact of outliers 

in our dataset and generate enough data to train a deep neural network.  

2.2.3. Score-guided deep-learning diagnostic system 

The dataset contains several types of trials, and even if we focus on a single subset (like an angry set) and 

a single condition (like touch) after a single prime (like emotional), we still end up with two types of trials 

representing tactile stimuli to the left or right hand. It is essential to consider that those trials still need to 

be analysed separately since somatosensory processing in the brain is only initially lateralised to the 

hemisphere contralateral to the touch. Accordingly, one should not combine those trials by remapping the 

electrodes in one of the conditions unless one is interested in only early ERP components. Thus, this paper 

shows how we simultaneously analyse left and right tactile stimulation trials in our deep model. 

The novel deep learning architecture proposed in this study is a multi-input, multi-output deep neural 

network, as depicted schematically in Figure 17. The two input branches of the network consist of sequences 

 

Figure 3. Resampling-average method to generate ERP samples. 
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of layers similar to the structure of the well-known EEGNet [36] to analyse the trials with tactile stimuli to 

the left and right hand separately. Generally, each branch starts with a 2D convolutional layer with a kernel 

size of 1 × 𝑠 applied along the time axis, followed by another depthwise 2D convolutional layer with a 

kernel size of 𝑐 × 1, which we later explain how they play the role of a spectral and spatial filter. The 

number of convolutional filters in the first layer (𝐹1) and the second layer (𝑑) are the hyperparameters of 

the system, which determine the number of frequency bands and spatial filters in each frequency range, 

respectively. The goal of the later separable convolutional and flatten layers is to find a low-dimensional 

representation of the input from a multi-channel EEG signal. Then, low-dimensional representations 

derived from both types of trials are concatenated to form a more extensive feature vector, which serves as 

an input to the final multi-task learning structure of the network.  

The output of the network consists of a supervised and an unsupervised branch. The supervised branch 

is a fully connected layer with one unit and a "Relu" activation function to predict the continuous CDS 

scores. In contrast, the unsupervised branch is a fully connected layer with two units and a "softmax" 

activation function to generate cluster assignments. The idea is to learn a representation that separates the 

dataset into two patient and control clusters (clustering branch) guided by the CDS scores (regression 

branch). On the one hand, we've noted that CDS scores are subjective and lack precision, so we shouldn't 

depend entirely on them to identify electrophysiological biomarkers. On the other hand, clustering can be 

accomplished by discriminative yet nonmeaningful or confounded features. Therefore, by defining an 

appropriate loss function, we 1) guide the network to find and extract features that represent two distinct 

neural patterns; 2) make sure they represent patterns of individuals with a high and low level of 

depersonalisation. To achieve this, our proposed loss function is as follows: 

ℒ𝑡𝑜𝑡𝑎𝑙 =  𝑤𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛ℒ𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 + 𝑤𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑖𝑛𝑔ℒ𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑖𝑛𝑔 + 𝑤𝑙𝑖𝑛𝑘ℒ𝑙𝑖𝑛𝑘  

s. t. 𝑤𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 + 𝑤𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑖𝑛𝑔 + 𝑤𝑙𝑖𝑛𝑘 = 1 
(1) 
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where ℒ𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 is the loss function associated with the regression branch, forcing the network to predict 

the continuous CDS scores. We used mean squared error (MSE) for this purpose, which can be formulated 

as follows: 

ℒ𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =
1

𝑛
∑(𝑦𝑖 − 𝑦̂𝑖)2

𝑛

𝑖=1

 (2) 

where 𝑛 is the number of samples per batch, 𝑦𝑖 is the reported CDS score, and 𝑦̂𝑖 is the network predicted 

score from the regression branch. The ℒ𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑖𝑛𝑔 in (1) denotes the unsupervised loss function used to help 

the network find a low-dimensional representation that separates data points into two distinct clusters and 

their corresponding cluster assignments. For this purpose, we used information maximisation [37, 38], 

which is defined as an estimate of the mutual information between the low-dimensional representation of 

the input data and cluster assignments. Let 𝐸 ∈ (𝑒1, … , 𝑒𝑛), where 𝑒𝑖 ∈ ℝ𝑑 , denotes a d-dimensional 

random variable representing the concatenated low-dimensional representation of left and right tactile 

stimulus inputs. By defining 𝑍 ∈ {0,1}  as a random variable expressing cluster assignments, we can 

estimate mutual information between 𝐸 and 𝑍 as follows: 

𝐼(𝐸; 𝑍) = 𝐻(𝑍) − 𝐻(𝑍|𝐸) (3) 

where 𝐻(. ) and 𝐻(. |. ) are entropy and conditional entropy, respectively, and can be calculated as follows 

on a batch: 

𝐻(𝑍) = − ∑ [(
1

𝑛
∑ 𝑝(𝑧|𝑒𝑖)

𝑛

𝑖=1

) (log (
1

𝑛
∑ 𝑝(𝑧|𝑒𝑖)

𝑛

𝑖=1

))]
𝑧

 (4) 

 

𝐻(𝑍|𝐸) = −
1

𝑛
∑ [∑ 𝑝(𝑧|𝑒𝑖)log (𝑝(𝑧|𝑒𝑖))

𝑧
]

𝑛

𝑖=1

 
(5) 

where 𝑧 is an instance of the random variable 𝑍. Thus, the clustering loss function based on information 

maximisation can be finally defined as follows: 
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ℒ𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑖𝑛𝑔 = −(𝐻(𝑍) − 𝐻(𝑍|𝐸)) (6) 

By this definition, a lower loss value would be subject to an increase in marginal entropy 𝐻(𝑍), which 

encourages the cluster assignments toward class balance and avoids trivial solutions, and a decrease in 

conditional entropy 𝐻(𝑍|𝐸), which ensures having high confidence in each cluster assignment. 

Using the weighted sum of ℒ𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 and ℒ𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑖𝑛𝑔 as the loss function, our model's supervised and 

unsupervised tasks could be achieved independently due to their independent units, making the network 

highly prone to overfit on uninformative features. In other words, this did not guarantee to find clusters 

representing our desired groups of people with low and high levels of depersonalisation. To tackle this 

problem, we introduced a third term in our loss function called ℒ𝑙𝑖𝑛𝑘, which bridges the gap between the 

supervised and unsupervised branches and ensures the finding of meaningful, desirable neural patterns to 

distinguish our patients from the control group. To achieve that, we first used a smooth logistic function in 

the form of 𝑓(𝑥) =
1

1+𝑒
−(

𝑇ℎ𝑟
10

+0.1𝑥)
 (see Figure 4-right) to scale the predicted scores from the supervised task 

to numbers between 0 and 1. The Thr in the indicated logistic function determines the turning point of the 

function and is the threshold on CDS scores to evaluate subjects as control or DPD patients. As mentioned 

earlier, there is no globally agreed threshold on CDS scores for DPD diagnosis. While researchers often 

 

Figure 4. Minimum clustering loss value for different CDS thresholds (left) and the smooth logistic function 

defined to transform CDS predictions to a value between 0 and 1 with a turning point of optimum threshold (right) 
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choose 50 in their studies, clinicians prefer to use 70. Therefore, we performed a greedy search by sweeping 

all the possible values for the threshold from 20 to 100 to find the one that results in the lowest loss value, 

with the idea that an optimum threshold would be the one that performs subjects' separability with high 

confidence while making an accurate prediction of the CDS scores. Figure 4-left shows the result of our 

sweep, illustrating the mean and standard deviation (as shadow) of the clustering loss values over ten 

iterations for each threshold value. We found an optimum threshold of 56, which lies between the common 

threshold in the literature and clinician preference and used that value for Thr in the rest of our analysis. 

The scaled scores following the logistic function were then compared to the cluster assignments using 

the cross-entropy loss function. The idea was based on the fair assumption that participants with extreme 

scores (too low or too high) should be assigned to their corresponding cluster with higher confidence. So 

assume 𝑦̂𝑖 the network predicted score from the regression branch for the 𝑖-th data point, and 𝑓: 𝑦̂𝑖 → 𝑠𝑖 the 

optimised logistic function, where 𝑠𝑖 donates the scaled scores (𝑠𝑖 ∈ [0,1]). The scaled scores can form a 

vector 𝑠 = [1−𝑠𝑖
𝑠𝑖

] showing how likely each input data belongs to each group. Similarly, in our binary 

problem, the output of the clustering branch for the input 𝑖 is a vector 𝑧 = [𝑧𝑖1
𝑧𝑖2

] (where 𝑧𝑖1 + 𝑧𝑖2 = 1) 

containing the cluster assignments. As a result, the ℒ𝑙𝑖𝑛𝑘 can be defined as follows: 

ℒ𝑙𝑖𝑛𝑘 = −
1

𝑛
∑[(1 − 𝑠𝑖). 𝑙𝑜𝑔𝑧𝑖1 + (𝑠𝑖). log (1 − 𝑧𝑖1)]

𝑛

𝑖=1

 (7) 

In sum, the proposed loss function (1) can be trained using gradient descent to minimise the CDS 

prediction error while forming two clusters and guarantee getting clusters representing our two groups of 

participants with low and high levels of depersonalisation.  

Notice that our proposed deep learning model does not require a validation set, as our primary objective 

was to find EEG biomarkers that can explain DPD symptoms and serve as an adjunct to CDS in the DPD 

diagnostic process rather than accurately predicting CDS scores. We will validate our model by performing 

statistical analysis on the identified EEG biomarkers and providing neuroscientific evidence supporting our 
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results. To address the concern regarding model overfitting, we have performed an ablation study in section 

3.1 to show how ℒ𝑙𝑖𝑛𝑘 causes a trade-off between the regressions and the clustering task, preventing the 

network from overfitting or converging to trivial solutions. Therefore, we only used early stopping in our 

model to terminate the learning process once we no longer see improvements in the total loss, meaning the 

supervised and unsupervised tasks have reached an equilibrium point. Our tailored loss function enables 

identifying relevant features for distinguishing our participant groups while retaining an estimate of their 

CDS scores. This strategy was crucial in mitigating the limitations associated with subjective clinical 

assessment scores and advancing our goal of identifying EEG biomarkers for DPD. 

2.2.4. Network visualisation 

The goal of our study was to find potential electrophysiological biomarkers for DPD. For that, we need to 

investigate our deep model learning process by visualising the spectral, spatial, and temporal information 

that the model used to make a decision. Since the initial blocks in our model are similar to our recently 

proposed explainable EEG-ITNet [39], we have used the same techniques to visualise the learned spectral 

and spatial information. Simply put, both input branches of our model depicted in Figure 17 initially employ 

2D convolutional layers on multi-channel EEG data along the time axis. These layers act as a filter bank to 

decompose EEG signals into different frequency components, and one can extract the network's targeted 

frequency sub-bands by taking the Fourier transforms of the convolutional kernels after training. This is 

due to the fact that convolution in the time domain is equivalent to multiplication in the frequency domain. 

In addition, a depthwise convolutional layer with "valid" padding was applied following the 2D vanilla 

convolution in our model. This second layer in our model functions as a spatial filter because of its specific 

kernel dimension. This layer combines signals across all electrodes and acts as a mapping function from 

the surface to the source domain. Therefore, the learned weights of this layer can be used to identify 

distinctive sources and visualise spatial filters. For more details and the math behind our visualisation 

approach, please refer to [39].  
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In addition, we also aim to visualise the temporal information in both the source and electrode domains 

in the current paper. Since the first two blocks of our model behave as frequency and spatial filters, they 

map the input multi-channel EEG data from the electrode domain to the source domain. Hence, after 

training and learning the optimal network weights, we can extract and depict the corresponding source 

activity for each input sample. The signal of the closest electrodes to each source can also be used to 

investigate the neural patterns in the electrode domain. To enhance our understanding of the temporal and 

spatial aspects, we plan to utilise two XAI visualisers: the Layer-Wise Relevance Propagation (LRP) 

method [ref] and the Deep Taylor Decomposition (DTD) technique [ref]. These methods, effectively used 

in diverse neural network applications within EEG analysis research [40-42], will provide further insight 

as supplementary tools in our deep learning visualisation.  

The basic idea behind LRP is to assign relevance scores to the input features, indicating their importance 

in the final prediction. These relevance scores are propagated backwards through the network, layer by 

layer, in a way that ensures the conservation of relevance. This propagation process helps in attributing the 

model's decision to specific input features or neurons. Additional information and the mathematical 

principles underlying LRP can be found in [41, 43]. DTD is another XAI technique for interpreting 

decisions made by deep neural networks. It simplifies the network's complex output by tracing the influence 

of input features across each layer. Using Taylor decomposition, it assesses the contribution of individual 

neurons in one layer and redistributes their relevance to connected neurons in preceding layers. This step-

by-step process reveals how specific inputs affect the network's final decision. By breaking down the 

network's function into simpler components, DTD offers a clearer understanding of how deep learning 

models arrive at their conclusions, enhancing transparency and trust in these sophisticated systems. Readers 

seeking further information on DTD are advised to refer to [44]. 

2.2.5. Statistical analysis 

Discovered biomarkers were evaluated by finding the statistical significance of their difference among our 

two groups, individuals with low and high levels of depersonalisation. For that, an independent samples t-
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test was applied on the average of each biomarker on its corresponding time window. The test assumptions, 

including normal distribution and homogeneity of variance, were examined using the Shapiro-Wilk test for 

normality and the Mauchly test for sphericity. In addition to the degree of freedom for each biomarker, the 

following were reported: t-statistics, p-value at the .05 significance level, Cohen’s d effect size, and 95% 

confidence interval. All statistical analysis was performed in Python 3.10 using the SciPy [45] and pingouin 

libraries [46]. 

3. RESULTS 

Studies have shown abnormal responses in both the brain and the autonomic nervous system of DPD 

patients, which tend to be more evident for unpleasant and threatening emotional stimuli [47]. Therefore, 

this paper only focused on our angry set and synchronous visual-tactile stimulation (touch condition) 

following emotional primes (angry faces and sounds). We wanted to investigate if our two groups have 

distinguishable neural patterns in response to synchronous visual-tactile stimulation following negative 

emotional primes and identify the spectral, temporal, and spatial information of those potential biomarkers. 

In order to simplify our analysis, we disregarded almost half of the EEG channels and analysed only those 

presented in Figure 5. Note that the channel selection was in line with the nature of our experiment, which 

 

Figure 5. The names and placement of electrodes used in this study. 
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contained visual and tactical stimulation. The hyperparameters chosen for our model are summarised in 

Table 3, causing our network to have a total of 2947 trainable parameters.  

3.1. Investigation of the effectiveness of multi-task learning 

We proposed a third term in our loss function for our multi-task learning scenario called ℒ𝑙𝑖𝑛𝑘 as we argued 

that only using the weighted sum of ℒ𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛  and ℒ𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑖𝑛𝑔  as our loss function would make the 

network highly prone to overfit and result in finding uninformative and meaningless features in our case. 

To show the impact of ℒ𝑙𝑖𝑛𝑘, we investigated and compared the low-dimensional representation of the 

 

Figure 6. The scatter plots of the two strongest principal components of the learned low-dimensional 

representation of the input multi-channel EEG signals. The illustrations have been derived after training without 

(top) and with (bottom) link loss. The grouping is based on the output of the clustering layer (left) or reported CDS 

scores (right). 
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multi-channel EEG signals obtained from two networks with and without the ℒ𝑙𝑖𝑛𝑘  term in their loss 

function in Figure 6. For the sake of visualisation, we used the two strongest principal components of the 

learned low-dimensional representations. Figure 6 shows how ℒ𝑙𝑖𝑛𝑘 guides the network to find clusters 

representing our two groups of people with low and high levels of depersonalisation.  

Figure 7 shows the clustering and regression loss values during the training process for two networks 

with and without ℒ𝑙𝑖𝑛𝑘 in their loss function. The figure is included in this paper to highlight further the 

importance of ℒ𝑙𝑖𝑛𝑘 in preventing the model from overfitting (in the regression task) and converging to a 

trivial solution (in the clustering task). An examination of the clustering and regression loss values reveals 

that the model achieves an equilibrium after approximately 110 epochs, with no substantial improvement 

thereafter. We have implemented early stopping in our model to halt training at this point, underscoring the 

effectiveness of ℒ𝑙𝑖𝑛𝑘 in ensuring meaningful results.  

One of the objectives of this study was to address the unreliability of CDS scores as a diagnostic metric. 

The outcome of our proposed deep multi-task learning model with the parameters in Table 3 formed two 

clusters representing the DPD and the control groups. After comparing the participants assigned to each 

cluster with their original classification based on the reported CDS scores, we noticed that the discrepancy 

between our clustering analysis and original grouping was two DPD participants whom our clustering 

 

Figure 7. The clustering (a) and regression (b) loss values during the training process with and without the link 

loss term. 

. 
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analysis assigned to the cluster representing our control group. In other words, the classification of the 

subjects based on our clustering analysis differed slightly from the one based on reported CDS scores. 

Accordingly, to investigate our method's superiority and accuracy over the conventional grouping based on 

CDS scores, we calculated a point-biserial correlation coefficient between the outcome of clustering and 

original classification with some additional data available from our participants, such as their depression, 

anxiety and self-object differentiation scores. Table 1 demonstrates that the outcome of clustering analysis 

shows a higher correlation with some psychological factors that are known to be highly comorbid with 

depersonalisation [14, 30] compared to the original classification based on the reported CDS scores. This 

suggests that classification based on our clustering analysis is at least equivalent to, if not superior, to the 

classification based on reported CDS scores. 

3.2. Network analysis 

We applied three on-system interpretability measures to investigate our trained model and identify potential 

electrophysiological biomarkers for DPD symptoms. We first share our results from the technique we 

Table 1  

Point-biserial correlation analysis for grouping based on reported CDS scores and our proposed learning method 

with participants' psychological factors. 

Psychological factors 
Grouping based on 

reported CDS scores 

 Grouping based on 

clustering analysis 

 rpb p-value  rpb p-value 

Total CDS score 0.78 < 0.001  0.79 < 0.001 

Anomalous body experience factor of CDS 0.66 < 0.001  0.67 < 0.001 

Emotional numbing factor of CDS 0.73 < 0.001  0.72 < 0.001 

PHQ-9 depression test score 0.29 0.061  0.31 0.041 

Cognitive anxiety factor of STICSA 0.42 0.005  0.49 < 0.001 

Somatic anxiety factor of STICSA 0.28 0.072  0.33 0.029 

Self-object differentiation subscale of the 

Operationalized Psychodynamic Diagnosis-

Structure Questionnaire (OPD-SQ) score 

0.56 < 0.001 

 

0.6 < 0.001 
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initially proposed in [39] and then the results from applying LRP and DTD methods. We used the 

iNNvestigate Python library [48] to implement LRP and DTD in our study. 

3.2.1. Our visualisation technique 

In order to find potential biomarkers for DPD diagnosis, we aimed to visualise spectral, spatial, and 

temporal information obtained after training our proposed deep model in Figure 8. Notice that our deep 

learning pipeline consists of two parallel branches, with the same type of layers, to simultaneously analyse 

trials associated with synchronous visual-tactile stimulation to the participant's left and right hand. Using 

the visualisation technique we proposed in [39], we illustrated the power spectrum and the spatial location 

 

Figure 8. Spectral and spatial information of potential electrophysiological biomarkers obtained from analysing 

synchronous visual-tactile stimulation to the left (a) and right (b) hands. 
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of sources that contributed the most during our multi-task learning process to perform the clustering task 

and predict CDS scores simultaneously. Therefore, any sources in Figure 8 can serve as potential 

electrophysiological biomarker. Notice that each topoplot depicted in Figure 8 can represent the 

combination of more than one source of electrical activity. That is why spatial activities can be observed in 

multiple spatial locations for each source. The power spectrum displayed above every two sources indicates 

the response of the frequency filter learned to extract those sources, with the red dashed lines separating 

EEG waves, including delta, theta, alpha, and beta. 

Each of the sources in Figure 8 can serve as a potential electrophysiological biomarker. Since each of 

those topoplots might represent the spatial activities of a group of sources, we may wish to choose sources 

that are sparse and show stronger spatial activity for further investigation. Therefore, for the left-hand touch 

trials (Figure 8-a), we focused on sources 3 and 8. By extracting the output of the depthwise 2D 

convolutional layer (see Figure 17) from our network after the training process, we can also display the 

temporal activity of those sources for their corresponding inputs.  

Accordingly, Figure 9 shows the spectral and spatial features of sources 3 and 8 derived by analysing 

synchronous visual-tactile stimulation to the participant's left hand along with their average temporal 

activities taken on all the trials for each group of people with a low and high level of depersonalisation. As 

participants' grouping differed based on our clustering analysis and reported CDS scores, we present the 

average temporal activities for both. The shaded region shows the standard deviation of activities. Any time 

window with non-zero temporal activity indicates the temporal characteristic of the potential biomarker. In 

summary, by looking at the illustrations in Figure 9-a for source 3, one may propose a hypothesis that there 

is an EEG biomarker for depersonalisation (higher activation for DPD patients based on CDS score and for 

Cluster 1) during synchronous visual-tactile stimulation to the participant's left hand with a delta (and high 

alpha/low beta) component over the left centro-temporal lobe (around channel C3) in the time window 

encompassing the P300 ERP component.  
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To statistically investigate the proposed hypothesis, we first visualised the average ERP responses to 

synchronous visual-tactile stimulation to the participant's left hand over channel C3, which is the closest 

electrode to the spatial characteristics of source 3 in Figure 9-a. Figure 10 shows the average ERPs based 

on our clustering analysis and reported CDS scores. Both plots in Figure 10 clearly show a difference 

around the P300 component. After checking the test assumptions, such as normal distribution and 

homogeneity of variance, we performed an independent samples t-test on the P300 average amplitude 

(average ERP in the time window of 260-360ms post-stimulus) to investigate the significance level. The 

result was significant, with 95% confidence for both groupings, revealing a stronger effect for grouping 

based on clustering analysis (t(41)=2.57, p=0.014, Cohen’s d=0.80, 95% CI [0.14, 1.13]) than based on 

reported CDS scores (t(41)=2.23, p=0.032, Cohen’s d=0.70, 95% CI [0.05, 1.08]). 

 

Figure 9. Spectral, Spatial, and temporal characteristics of sources 3 and 8 obtained from analysing synchronous 

visual-tactile stimulation to the participant's left hand. The temporal response slightly differs based on clustering 

and reported CDS scores grouping. Dashed circles indicate characteristics of potential biomarkers. 
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Similarly, we can propose other hypotheses by looking at spectral, spatial, and temporal characteristics 

of sources obtained in our learning process. As another example, looking at source 8 in Figure 9-b, we can 

assume that there is a potential biomarker in response to synchronous visual-tactile stimulation to the 

participant's left hand with delta component over channel C3 or C4/FC4 in the time window around early 

P45, P100, and later P300 ERP components. Notice that source 8 in Figure 9-b represents the combination 

of two sources; one of them (P300 component over C3) overlaps with source 3 investigated earlier. As a 

result, we can form our second hypothesis as an early P45/P100 component cluster in the delta range 

activating over channel C4/FC4 contralateral to the left-hand stimulation. In order to explore our second 

hypothesis further, we again aimed to visualise the time responses in the electrode domain over C4/FC4, 

and the results can be seen in Figure 11. We also statistically evaluated our second hypothesis and confirmed 

a significant difference in P45 average amplitude (time window of 40-70ms) with 95% confidence between 

DPD and control groups over channel C4/FC4 (see Table 2). 

We should note that the group differences in the proposed biomarkers might be statistically more 

significant if we perform the t-test on the filtered ERP components based on the spectral characteristics of 

biomarkers. We did not investigate this as the length of each trial was only 500ms, which would result in 

high signal distortion following a bandpass filter on each trial. However, since our deep processing pipeline 

 

Figure 10. Average ERP responses to synchronous visual-tactile stimulation to the participant's left hand over 

channel C3. Clusters 1 and 2 represent DPD and control groups, respectively. 
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can be used for any similar psychological disorder assessed by clinical assessment scores, a bandpass filter 

based on the spectral map of learned features is highly recommended if a more extended time window is 

available. 

 

Figure 11. Average ERP responses to synchronous visual-tactile stimulation to the participant's left hand over 

channel C4/FC4. Clusters 1 and 2 represent DPD and control groups, respectively. 

Table 2  

The summary of all the biomarkers identified using the proposed deep multi-task learning model for our DPD 

dataset and their statistical evaluation between DPD and control clusters. 

Stimulated 

hand 
Electrode 

ERP component 

(Time window) 
t-statistic p-value 

Effect size 

(Cohen’s d) 

95% 

confidence 

interval 

left C3 
P300 

(260-360ms) 
2.57 0.014* 0.80 [0.14, 1.13] 

left C4/FC4 
P45 

(40-70ms) 
-2.78 0.008* 0.87 [-0.99, -0.16] 

right FC4 
P200 

(180-280ms) 
2.29 0.027* 0.71 [0.09, 1.46] 

right C3/CP3 
P45 

(40-70ms) 
-2.40 0.021* 0.75 [-0.83, -0.07] 

right PO8 
P200 

(180-280ms) 
-3.00 0.005* 0.93 [-2.75, -0.53] 

* Show significance at 0.05 level 

Degree of freedom = 41 
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The activity of P45 over the contralateral somatosensory cortex concluded from our second hypothesis 

(using source 8 in Figure 8-a) was also captured by source 3 in Figure 8-b for synchronous visual-tactile 

stimulation to the participant's right hand, confirming the above component as a promising biomarker for 

DPD study and diagnosis. Therefore, using the same approach, more hypotheses can be inferred and 

investigated as potential electrophysiological biomarkers for DPD. The summary of discovered biomarkers 

and their evaluation can be found in Table 2. The statistical results reported in Table 2 are based on the 

clustering analysis grouping. A summarised comparison of all discovered biomarkers between the control 

group and DPD patients is also illustrated using boxplots in Figure 12. 

3.2.2. LRP saliency-map 

To gain deeper insights into the learned parameters within our multi-task learning framework, we employed 

the LRP technique on our model to extract saliency-maps. Note that our model in Figure 17 comprises two 

input branches that contain an identical sequence of layers. One branch focuses on analysing input EEG 

data following tactile stimulation to the left hand, while the other concentrates on the right-hand stimulation 

response. Accordingly, we independently applied the LRP method to each branch of the model to offer a 

more comprehensive understanding of the learned spatial and temporal information and potential 

 

Figure 12. The component amplitude comparison between the control and DPD groups using boxplots for each 

biomarker discovered in Table 2. 
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discriminative features between individuals with low and high levels of DPD. The relevance-maps depicted 

in Figure 13 represent the average across all the saliency-maps derived from input signals from each group. 

The relevance maps in Figure 13 are normalised between -1 and 1, denoting the lowest and highest 

relevance, respectively. 

To present a more explicit comparison of the relevance-maps between the two groups in our experiment, 

we additionally computed the differential LRP relevance-maps in Figure 14. Upon scrutinising the 

relevance-maps in Figure 14, certain resemblances with the results of our visualisation approach can be 

 

Figure 13. Average relevance-maps for Layer-Wise Relevance Propagation, normalised between -1 and 1. The 

topoplots of the average relevance in several time windows are depicted below each relevance-map. 
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observed, such as the EEG component over channel FC4 within the time window spanning 200 to 300 ms 

post-stimulus for tactile stimulation to the participant's right hand. Although additional potential biomarkers 

can be suggested through the LRP relevance-maps in Figure 14, such as activity over the FCZ channel 

within the 150 to 250 ms timeframe following tactile stimulation to the left hand, we have not found them 

statistically significant between individuals with low and high DPD symptoms. Despite this, leveraging 

LRP and other XAI methods can offer deeper insights into the learned parameters of deep learning models, 

thereby aiding in the identification of electrophysiological biomarkers within EEG datasets.  

3.2.3. DTD heatmap 

In addition to LRP, we employed DTD to provide more understanding of the temporal and spatial 

characteristics learned in the training process of our model. DTD heatmaps were generated for trials 

following tactile stimulation to both left and right hands independently, as depicted in Figure 15. Similarly, 

differential DTD heatmaps were computed and illustrated in Figure 16 to facilitate a more effective 

comparison of these heatmaps between the two groups under study. Notably, in trials following tactile 

stimulation to the left hand, there is pronounced activity in the occipital-temporal area, especially in the 

 

Figure 14. Differential LRP relevance-maps, derived by subtracting relevance-map for the high DPD from the low 

DPD group. 
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150-250 ms time window. This observation is particularly interesting as it corroborates our findings 

regarding the P200 biomarker in the occipital-temporal cortex, which is relevant for understanding DPD 

symptoms. 

4. DISCUSSION 

It is important to recall that the DPD diagnostic process is not solely based on CDS, and the outcome of the 

questionnaire only helps the clinician in their final diagnosis of DPD as a primary condition [49]. The 

 

Figure 15. Average heatmaps for Deep Taylor Decomposition, normalised between -1 and 1. Spatial distribution 

within various time windows are illustrated beneath each corresponding heatmap. 
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diagnostic process also involves several examinations, including but not limited to physical exams, lab 

tests, and psychiatric evaluations. However, since there is not always access to clinically diagnosed DPD 

patients in experimental research, CDS is often used as a primary metric to label participants as those with 

low and high levels of depersonalisation. This was a critical limitation in our dataset, indicating that our 

study aimed to present another reliable and less subjective metric to act as a supporting tool in the DPD 

diagnostic process rather than an alternative to CDS. Our deep learning driving approach fuses clinical 

scores with functional brain information to help clinicians make their final decisions. 

4.1. Neuroscientific evidence to support biomarkers  

To further establish our biomarker discovery system, we aim to provide neuroscientific evidence 

supporting the reliability of extracted electrophysiological biomarkers in Table 2. 

Contralateral P45 

P45 findings are straightforward to interpret. They reflect the activity in the somatosensory cortex 

contralateral to tactile stimulation. This activity is heightened in DPD patients relative to controls (see 

Figure 12), suggesting enhanced visual-tactile processing following negative emotional primes as a 

 

Figure 16. Differential DTD heatmaps, derived by subtracting heatmap for the high DPD from the low DPD 

group. 

 

 



31 
 

biomarker for DPD. Why might tactile processing be enhanced in such circumstances? Adler et al. [17] 

showed that P45 visual-tactile processing is suppressed rather than enhanced for self-related stimulation 

conditions (self-face observation) in those with high levels of DPD compared to those with low levels. Our 

findings of DPD-based P45 enhancements following negative emotional primes may thus be seen as 

contradictory. However, the literature on DPD suggests that the stimulation conditions may have tapped 

into a different mechanism (other-related simulation); therefore, in our protocol, we did not show 

participants' own body parts but photographs of other people's hands only during tactile stimulation. Farmer 

et al. [19] reported enhanced visual-tactile processing for other faces in those with high vs. low levels of 

DPD. It may be that when the visual stimulus is more indicative of “other” than “self”, visual-tactile 

integration is enhanced in DPD relative to control groups, which has been extracted by our current analyses. 

The underlying reasons for this remain yet unexplored in research. Still, it is not unlikely that they reflect a 

strategy of emotional over-activation or over-attunement in those with frequent depersonalization 

symptoms, given the well-established links between DPD and childhood trauma (typically from emotional 

abuse or neglect [50, 51]). 

Ipsilateral P200/P300 over sensory-motor processing regions 

The differences between the groups in P200 (right hand stimulation) and later P300 (left hand stimulation), 

with sources in ipsilateral sensory-motor processing regions, are likely related to those reported by Adler 

et al. [17] at frontocentral P200. In [17], brain response related to tactile stimuli was diminished in 

individuals with high levels of DPD compared to those with low levels. In the current study, DPD patients 

also showed less activation than the control group. Although our results are derived from an experiment 

that was not designed to directly manipulate and measure self-other distinction, the P200/P300 findings 

may still be speculated as a biomarker of DPD that reflects reduced self-other differentiation, as argued by 

Adler et al. [17]. It is frequently reported that in DPD, the mirror image feels like a stranger to the observer 

despite the full realisation that they are looking at themselves. This phenomenology may be underlain by 

less distinct self and other processing mechanisms operating in this time range. It is feasible to propose that 
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this may be a consequence of the earlier over-attunement with the other that was seen in the time range of 

P45. Interestingly, the relevant right-hemispheric biomarker emerges earlier in processing (P200) than its 

left-hemispheric equivalent (P300), but the left-hemispheric group differences are markedly stronger. It 

may be speculated that this may relate to the potential left-hemispheric abnormalities that have been 

documented in DPD [52, 53], possibly reflecting an aberration of the typical pattern of hemispheric 

differences in emotional processing [54], whereby the left hemisphere predominantly processes positive 

emotions, and the right hemisphere predominantly processes negative emotions [55]. 

P200 over occipital-temporal cortex 

P200 findings over the right occipital-temporal cortex (PO8) may be related to aberrant visual processing 

in DPD relative to controls. The identified time range of the effect and its spatial source is in line with ERP 

components related to the recognition of familiar faces and bodies in occipitotemporal regions, where 

typically a smaller P200 is obtained for familiar relative to unfamiliar shapes (e.g., [56]). Enhanced 

processing for the DPD group relative to controls in this time range may thus reflect greater unfamiliarity 

during synchronous visual-tactile stimulation. DPD is typically marked by feelings of disembodiment, 

where one's own hands and face may not feel like they belong to oneself, and derealisation, where one's 

surroundings and reality in general may appear dreamlike, intangible, and unfamiliar. It is conceivable that 

the identified relatively heightened P200 processing for the DPD group is a biomarker of this, specifically 

visual, phenomenological experience.  

Since we were performing multiple hypothesis testing on the same samples, one might argue the need 

to apply False Discovery Rate (FDR) correction in our analysis. We acknowledge its significance in studies 

involving many hypothesis tests, such as in genomic analyses. However, it is important to note that our 

study is focused on a limited set of five EEG biomarkers, which results in a relatively small sample size. 

Therefore, applying FDR correction methods in such cases could lead to an overly conservative outcome. 

For instance, even with a relatively high 20% FDR threshold, only 2 out of the five tests would be found 

statistically significant using Benjamini-Hochberg method [57], potentially obscuring meaningful 
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associations. As a result, given the exploratory nature of our research and the inherent limitations of our 

sample size, we have chosen not to implement FDR correction. We emphasise that our objective is to 

identify initial trends and associations that can guide future research directions. 

To show the importance of finding a reliable electrophysiological biomarker in the DPD diagnostic 

process, we have previously investigated the contralateral P45 components of SEP over the somatosensory 

cortex as a feature to perform a classification task [58]. Using this ERP component, which was also 

identified by the proposed model in this paper, we managed to achieve 85% accuracy (Kappa value of 0.7) 

in a classification task between individuals with low and high levels of depersonalisation on a different 

dataset. The dataset and the experiment provide valuable insights, yet conducting large-scale studies would 

be optimal for additional validation of these electrophysiological biomarkers in diagnosing DPD. 

4.2. Limitations and complementarity of other analyses for full diagnosis 

In this study, we have directed our focus towards trials that involve tactile stimulation following an angry 

emotional prime within a dataset that includes a variety of stimulus types. While this enriches our analysis, 

it also presents challenges in distinctly isolating each condition or stimulus type. This complexity 

potentially activates multiple brain areas, adding intricacy to our interpretability and statistical analysis. 

Moreover, while the relevance maps and heatmaps generated provide valuable insights into the temporal 

and spatial neural responses to tactile stimulation in individuals with low and high levels of 

depersonalisation, they may reflect the influence of combined stimuli, including visual and tactile elements. 

Moreover, EEG cannot investigate the structural brain abnormalities that are physiologically linked to 

the condition, which might be deemed risk factors. Such insights can be gleaned, for example, by analysing 

structural MRI data to detect changes, like variations in the grey matter within cortical and intra-cortical 

brain areas [59]. Hence, a potential approach for future research could involve a more streamlined 

experimental setup, such as focusing on resting-state EEG recordings to evaluate single stimulus effects. In 
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addition, for a complete DPD diagnosis, a combination of multiple neuroimaging analyses providing 

different effects of the condition is a recommended option.  

5. CONCLUSION 

DPD affects 1-2% of the population, comparable to schizophrenia and obsessive-compulsive disorder 

(OCD). Yet, it takes seven to 12 years on average to be accurately diagnosed. Therefore, a correct and early 

diagnosis of DPD is an urgent matter in clinical research, and there is a need to find diagnostic markers 

highly specific to DPD to distinguish it from other alternative diagnoses. This research focused on 

employing deep learning techniques to design a more powerful biomarker discovery system for DPD. We 

aimed to develop an explainable end-to-end deep learning model that can extract rich, informative neural 

patterns from EEG signals and exploit neural patterns specific to DPD symptoms to help the community 

better understand the disorder. We discussed why our DPD scenario, or any mental disorder assessed on 

the basis of clinical assessment scores, should be seen as a multi-task learning problem to reduce the impact 

of uncertainty in clinical assessment scores. Besides, it was argued that the literature often relies on experts' 

knowledge of the disorder and is based on hypothesis testing to find DPD biomarkers. As a result, we 

proposed a multi-input multi-output deep learning structure, which is designed to find the best separability 

in a dataset, guided by clinical assessment score. The presented method is relevant for the analysis of 

clinically relevant event-related potentials. 

Furthermore, a method was presented to visualise and explain the learning and decision-making process 

in deep neural networks designed for EEG analysis, along with a description of how it could be applied to 

exploit multiple reliable EEG biomarkers for DPD. Finally, we summarised and interpreted the obtained 

biomarkers, including P45 contralateral to tactile stimulation, ipsilateral P200/P300 over sensory-motor 

processing regions, and P200 over the occipital-temporal cortex, from a cognitive neuroscientific point of 

view. Nevertheless, the limitation in our results on the potential neural signatures of depersonalisation 

symptoms was the need for more discussion on the spectral information derived during the learning process 
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[60]. Although we visualised the frequency responses of the filters trained in the proposed model, we did 

not investigate them further for the ERP dataset. Since each trial was only 500ms long, there needed to be 

more samples to calculate the Fourier transform accurately. Besides, applying a band-pass filter on such a 

short window to focus on a specific frequency band would result in severe signal distortion and, therefore, 

the unreliability of results. That is why we encourage future studies to consider a relatively prolonged time 

window to allow the investigation of spectral information and some low-frequency components of EEG 

(such as theta), which were flagged as potential biomarkers in the literature [14]. 

The parameter settings in our proposed approach were primarily informed by our previous study [39], 

where we applied a model with similar initial layers to a dataset with the same sampling frequency. 

However, it is also crucial to investigate how to obtain the optimal parameter setting in our model [61]. 

This will be a challenge, given the absence of clinically diagnosed patients in experimental research and 

their reliance on potentially inaccurate CDS scores. In addition, it must be remembered that while transient 

depersonalisation is a common phenomenon during the lifespan, it could be an early sign of risk for 

developing DPD. Hence, developing a system to track the depersonalisation state and its severity could be 

of great importance to help prevent the symptoms from becoming chronic or overwhelming. The potential 

biomarkers and analytics presented in this work could help to find a solution for online tracking of 

depersonalisation states. 

In the proposed EEG analytics, the deep learning model is no longer recognised as a black box, and its 

learning process can be explained. In addition, it can be modified and applied to any psychological and 

mental disorders currently indicated based on clinical assessment scores to exploit electrophysiological 

biomarkers that can help clinicians with a more accurate diagnosis. The input to the network can be ERPs, 

EEG recording during a mental task, or resting state EEG. Future research could employ it to extract and 

interpret neural patterns similarly with just a few modifications in the network parameters and layers. In 

sum, our deep neural network-based EEG processing pipeline is a novel contribution to explainable 

biomarker discovery, and we strongly encourage others to use its potential for clinical and related research. 
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APPENDIX

 

Figure 17. Overview of the proposed deep learning algorithm 
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Table 3 

Selected hyperparameters for the proposed deep model 

Hyperparameter name 
Hyperparameter 

value 

Number of filters in temporal convolution (F1) 4 

Number of filters in depthwise convolution (d) 2 

Number of filters in separable convolution (F2) 8 

Temporal convolution kernel size (1×s) 1×128 

Separable convolution kernel size 1×32 

First average pooling factor (p1) 2 

Second average pooling factor (p2) 4 

Dropout rate 0.2 

Batch size 32 

Learning rate 10-4 

Early stopping patience 20 

Number of generated trials using resampling-

average method 
60 

wregression 1.058×10-4 

wclustering 3.333×10-4 

wlink 6.666×10-4 

 


