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A B S T R A C T   

Utilizing computer-based scales for cognitive and psychological evaluations allows for the 
collection of objective data, such as response time. This cross-sectional study investigates the 
significance of response time data in cognitive and psychological measures, with a specific focus 
on its role in evaluating sleep quality through the Insomnia Severity Index (ISI) scale. A mobile 
application was designed to administer scale tests and collect response time data from 2729 
participants. We explored the relationship between symptom severity and response time. A ma-
chine learning model was developed to predict the presence of insomnia symptoms in participants 
using response time data. The result revealed a statistically significant difference (p < 0.01) in the 
total response time between participants with or without insomnia symptom. Furthermore, a 
strong correlation was observed between the severity of specific insomnia aspects and the 
response times at the individual questions level. The machine learning model demonstrated a 
high predictive Area Under the ROC Curve (AUROC) of 0.824 in predicting insomnia symptoms 
based on response time data. These findings highlight the potential utility of response time data to 
evaluate cognitive and psychological measures.   

1. Introduction 

Insomnia is a prevalent sleep disorder that affects millions of people worldwide, leading to significant impairments in daily 
functioning, quality of life, and overall health [1]. Insomnia is characterized by difficulties initiating or maintaining sleep, early 
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morning awakenings, and non-restorative sleep [1]. Current diagnostic methods for insomnia primarily rely on subjective reports from 
patients, sleep diaries, and clinical interviews, objective measures like actigraphy or polysomnography are not yet part of the routine 
diagnostic canon [2,3]. However, these methods face challenges such as the lack of standardized diagnostic criteria, the subjective 
nature of self-reported symptoms, and the potential underdiagnosis of insomnia in primary care settings [4,5]. For instance, the 
Insomnia Severity Index (ISI) scale, employed in this study, may yield divergent assessments of insomnia severity and symptoms even 
when two individuals report identical scores. With the advent of information technology, participants can conveniently answer 
assessment scales on their personal device [6], while their behavioral data during the answering process can simultaneously be 
collected [7]. This behavioral data can offer an objective perspective on the participant’s state during the scale completion, and could 
significantly assist in the interpretation of scale results [8]. 

Response Time (RT), which represents the duration taken by a participant to respond to a stimulus or complete a task, is a 
meaningful metric commonly used in cognitive psychology experiments [9]. In cognitive psychology research, RT functions as a 
dependent variable, influenced by manipulations of independent variables like stimulus exposure duration [10]. It shares a rela-
tionship with response accuracy (another primary dependent variable), because participants can often trade off speed for increased 
accuracy, or conversely vice versa [11]. However, it’s important to highlight that RT and accuracy often serve divergent objectives in 
these studies. The RT used in this study differs from that in traditional psychology experiments. Instead of measuring the RT to a 
singular event, it records the timing of a sequence of responses, specifically during the process of answering a scale. The data is un-
obtrusively collected, indicating that it can be used as an objective biomarker for identifying insomnia symptoms. For example, RT can 
mirror complex thought processes, thereby acting as a reflection of an individual’s cognitive abilities [9]. 

Insomnia, a prevalent sleep disorder, can induce daytime fatigue and decrease cognitive functioning [12]. Several studies have 
analyzed the cognitive correlate of insomnia or poor sleep quality [12–15]. Additionally, research has identified changes in executive 
functions associated with insomnia [12,16]. In study [17], a negative correlation was found between insomnia symptoms and per-
formance on the WAIS-IV coding task, highlighting the relationship between insomnia and response speed. These effects might change 
how quickly a person responds to things. Given this connection, RT measures could serve as a complementary metric to the ISI results, 
potentially enhancing the scale’s accuracy and reliability. Furthermore, RT can independently indicate insomnia severity, thereby 
contributing another dimension of objectivity to the assessment process. 

An expanding body of research recognizes the potential utility of RT data. For instance, researchers have employed RT as a metric 
for understanding human information processing [11]. Previous studies have examined the correlation between RT and cognitive load, 
suggesting that extended RTs may signify more complex cognitive processes [18]. In psychological assessments, RTs can signify 
indecision or emotional conflict, offering a deeper understanding of individual responses [18,19]. An emergent research trend in-
vestigates the relationship between mobile phone usage behavior and mental health, including insomnia symptoms [20,21]. However, 
further research is needed to fully understand the utility and limitations of RT data in these contexts. In this study, we gathered RT data 
for each question during the participants’ response process. The time interval sequences often encapsulate a wealth of information. 
Prior research has utilized RT data to filter out invalid responses [22–25], underscoring the value of RT as a metric for assessing 
participants’ cognitive and psychological states during different evaluations. 

Several studies have explored the relationship between RTs and survey responses. Ferrando and Lorenzo-Seva proposed a mea-
surement model that incorporates RT into the factor-analytic model for graded or continuous items, potentially increasing the accuracy 
of individual trait estimates [26]. Borger found that longer RTs decreased choice randomness in an online choice experiment, sug-
gesting a link between RT and cognitive effort [22]. In the context of depression assessment, Chung et al. investigated RT as an implicit 
self-schema indicator and found an inverted U-shaped relationship between depression severity and RTs to depressive symptom items 
[8]. Iwata et al. also examined RTs in a computerized adaptive testing system for assessing depressive levels and found that RTs to some 
items significantly correlated with the estimated trait levels [27]. 

Furthermore, RT data has been used to enhance the prediction of various outcomes. For example, Nock and Banaji demonstrated 
that a brief RT measure could accurately predict current suicide ideation and attempt status, as well as future suicide ideation, 
incrementally improving prediction above and beyond known risk factors [28]. Wang et al. explored the use of both item responses and 
RT information in multidimensional health measurement and found that adding RT information helped reduce the standard error of 
patients’ multidimensional latent trait estimates [29]. In a recent study, Baba and Bunji developed a machine learning model to predict 
students’ mental health problems using data from an annual student health survey, including item responses and answering time. They 
compared various machine learning models, such as logistic regression, random forest, XGBoost, and LightGBM, and found that the 
LightGBM model achieved adequate performance in predicting mental health problems [30]. Building upon these findings, we utilize 
machine learning techniques to construct models that predict final scale outcomes using RT data. Machine learning methods are adept 
at uncovering latent patterns within data, making them particularly suitable for this task. This data can contribute to a more precise 
understanding of an individual’s mental state and self-perception, ultimately enhancing the accuracy of diagnoses and treatment plans. 

The primary objective of this study is to elucidate the relationship between RT and the results of ISI scale assessments. To probe this 
relationship, we employ regression analysis to evaluate how RT correlates with the responses on the ISI scale. We develop machine 
learning models capable of predicting the presence of insomnia symptoms using RT data. Additionally, we conduct a comprehensive 
analysis of the most impactful features in these predictive models to gain insights into their relative importance and interactions that 
influence prediction outcomes. Our research explores the utility of RT data as a novel tool for evaluating cognitive and psychological 
measures, particularly in the context of insomnia symptoms. Ultimately, this study provides preliminary evidence for the potential 
utility of RT data in enhancing cognitive and psychological assessment practices and contributing to more accurate diagnoses and 
effective treatment strategies for insomnia. 
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2. Materials and methods 

This study is cross-sectional observational research aimed at exploring the relationship between the behaviors of subjects during 
questionnaire completion and the final outcomes of the scale. Our sample consisted of 2729 newly enrolled university students. We 
employed regression analysis to investigate the correlation between behavioral data and scale responses. Furthermore, we utilized 
machine learning techniques to examine which specific behaviors during the scale answering process are associated with the outcomes 
of the scale. This study was approved by the Ethics Committee of Nanjing Medical University (Approval No. (2022)793). 

2.1. Data acquisition 

The methodology of this study revolves around a comprehensive psychological screening program designed specifically for new 
enrollees at Nanjing Medical University. All the participants were newly enrolled first-year university students, encompassing all new 
enrollees for the academic year. A substantial sample size was employed, involving a total of 2729 participants. The average age in this 
group is 19, with a standard deviation of 0.93. Data collection was conducted within the university campus during the fall semester of 
2022. Each participant interacted with a dedicated application on their own devices, responding to the 7 items of the ISI scale. 
Additionally, all participants were given the freedom to choose their preferred time and location for completing the questionnaire 
online. 

In the present study, we utilized the Chinese version of the ISI. The psychometric properties of the Chinese version of the ISI have 
been previously validated, with a reported Cronbach’s alpha coefficient of 0.83 for the total scale [31,32]. The ISI comprises seven 
questions, each with five response options ranging from 0 to 4 points, where higher scores denote increased severity of insomnia 
symptoms. The total score is computed by summing the scores from all seven questions, and participants garnering a total score of 8 or 
higher were deemed to exhibit insomnia symptoms. 

Ultimately, there are 15 values per participant recorded in the dataset: 7 categorical variables and 8 continuous variables. For each 
of the 7 questions in the ISI scale, the chosen response was recorded as a categorical variable. Additionally, the RT for each question 
was measured in seconds and recorded as a continuous variable. The total ISI score, calculated by summing the scores from all seven 
questions, was also treated as a continuous variable. 

2.2. Response time 

The scale was administered via a mobile platform. When a participant moves into a new question, a timestamp is recorded, and 
another timestamp is taken when the participant selects an answer. The difference between these two timestamps equates to the value 
of the RT. Fig. 1 illustrates the process of generating the RT sequence. The data collection module in our program is fully implemented 
at the front end. Moreover, all students complete the questions on campus, sharing the same geographical location. These measures 
ensure that any variability in RT due to extraneous factors is minimized. 

The procedure generated a sequence of seven RTs for each participant. Additionally, the system recorded the chosen response for 
each question, facilitating the calculation of the total score. 

Fig. 1. RT generating in Participant Answer Processing.  
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2.3. Data processing 

Data Cleaning: In this study, the data collection process was dependent on participant responses, which introduce potential issues 
such as network interruptions or dropout cases, resulting in missing values that could compromise data quality. To address this, we 
excluded participants with such data irregularities from the study. Additionally, we identified outliers in the RTs using the median 
absolute deviation (MAD) method. MAD is a robust measure of dispersion that is less sensitive to extreme values compared to standard 
deviation. We calculated the MAD for each participant’s RTs and excluded responses that exceeded a threshold of four times the MAD 
above the median RT. This statistically justified method ensured that the data used in the analysis was free of significant irregularities, 
thereby reducing the risk of biased or inconsistent results. 

Exclusion of Careless Responses: We also took measures to exclude careless responses from the dataset. The methods used to identify 
such responses involve detecting RTs that were unusually low. Specifically, if a participant’s average RT is below 1.5 s, that partic-
ipant’s data will be excluded from the analysis to avoid confounding results. These thresholds were set based on the understanding that 
careless responses often manifest as consistently quick (hence the low average RT threshold) [33]. By doing so, we can ensure that only 
data from participants who demonstrated an adequate level of engagement and conscientiousness during the study are included for 
analysis. 

2.4. Statistics analysis 

To compare differences in RT between the two groups – individuals with insomnia symptoms and those without – we employed a 
non-parametric statistical test, the Mann-Whitney U test. This choice of this test was informed by the non-normal distribution of the 
data and the ordinal nature of the variables under investigation. This test was used to compare the outcome scores between two in-
dependent groups. A significant level of 0.01 was set as a priori. Following this, we implemented a one-way Analysis of Variance 
(ANOVA) with an F-test to examine differences in RT across multiple groups. These groups were determined based on the five different 
options that participants could select during the task. To further explore, we applied quadratic regression analysis to explore the 
relationship between option selection (treated as an ordinal variable) and RT. We chose a quadratic model to allow for the possibility 
that the relationship between option selection and RT might be nonlinear. All statistical analyses were performed using Python 3.9.13 
and the statsmodels 0.13.2 [34]. 

It is important to note that age, which was uniform across our sample, was not considered a potential source of bias in our analyses. 
Furthermore, we conducted statistical tests to assess the impact of gender on ISI scores and found no significant differences, indicating 
that gender did not influence the insomnia severity in our study population. This allowed us to proceed without having to adjust for 
gender as a confounding factor, simplifying our analysis and focusing on the direct relationship between RT and insomnia severity 
without the need for stratification or additional adjustments for these demographic variables. 

2.5. Feature calculation 

Our analysis aimed to derive deeper insights into the RT sequence data we collected. For this purpose, we calculated a range of 
statistical features that would help to describe the distribution of RT. Specifically, we computed the mean, variance, maximum, 
minimum, median, skewness, kurtosis, range, and coefficient of variation. These features are commonly used in exploratory data 
analysis and can provide a detailed overview of the data. We also compute features called ‘freq_x’, which denotes the frequency of a 
given value ‘x’. For instance, ‘freq_1′ signifies the proportion of RT falling within the 1–2 s range in relation to the total RT sequence. 
Similarly, ‘big_than_x’ features were also calculated, which denote the frequency of values in the sequence that are greater than ‘x’. 
Lastly, the quadratic transformation of each RT was also calculated as a feature. 

Moreover, we also employed dimensionality reduction methods to reduce the high-dimensional RT data down to its principal 
components. We used two techniques, Principal Component Analysis (PCA) [35] and t-distributed Stochastic Neighbor Embedding 
(t-SNE) [36] to identify hidden patterns and to visualize the data in a lower-dimensional space. Further, the information extracted from 
the RT data was used as input features for subsequent machine learning models. 

2.6. Prediction model 

In this study, two different types of training data were utilized: features extracted from RT sequences and raw RT sequence data. 
Results were reported for both approaches. Utilizing extracted features for model building enhanced interpretability, which is 
particularly important in the medical field. The participants’ scores were evaluated from 7 questions and summed up to constitute the 
total score. Participants who obtained a score of 8 or more were determined to exhibit symptoms of insomnia and were labeled as ‘1′, 
while all other participants were assigned the labeled ‘0’. 

To address label imbalance, the entire dataset was downsampled 10 times, resulting in a total sample size of 282, with 141 samples 
for each label. The models were validated using 10-fold cross-validation. Five algorithms were compared in this study, including 
logistic regression, decision trees, support vector machines, K-nearest neighbors and neural networks (MLP). For hyperparameters 
tuning, we used Optuna in first training fold, an automatic optimization tool based on the Bayesian optimization algorithm [37]. The 
model construction experiment utilized scikit-learn 1.4.0 [38], imblearn 0.23.1 [39], and mlxtend 0.8.1 [40]. The hyperparameters for 
each model, as determined by tuning, are shown in Supplement Table 1. A detailed overview of the modeling steps is presented in 
Fig. 2. 

Z. Su et al.                                                                                                                                                                                                              



Heliyon 10 (2024) e33485

5

2.7. Feature selection 

To select the most predictive feature subset from the original feature set, we first reduced collinearity by excluding features with a 
correlation coefficient above 0.8, resulting in 28 key features (Supplement Table 3). We then employed the sequential feature selection 
algorithm for feature selection [41]. This algorithm iteratively selects and refines features based on the current feature subset, 
gradually reducing the size of the feature set and ultimately obtaining the most predictive feature subset. We utilized logistic regression 
as the estimator with a limitation of 10 features. The procedure was conducted using backward feature selection without implementing 
floating feature selection, and the model performance was assessed using the r2 metric, validated via 3-fold cross-validation. 

3. Results 

We first conducted a comprehensive analysis of the dataset, including descriptive statistics for RTs, scores, and other relevant 
variables. We then analyzed the correlation among these variables to gain a deeper understanding of the distribution patterns and 
association strengths of the data. Additionally, we explored the relationship between RT and score at the question level, as well as the 
potential correlation between the two variables. Following this, we constructed multiple classification models, evaluated them using 
10-fold cross-validation, and assessed their performance based on Area Under the ROC Curve (AUROC). 

3.1. Demographic statistics 

A total of 2729 participants contributed data to this study. After excluding subjects with missing and outlier values, 2320 par-
ticipants remained. Of these, 1851 met the inclusion criteria for the study, 141 were labeled as having insomnia, while 1710 were 
labeled as not having insomnia. Details regarding the study participants can be found in Table 1 and Table 2. Among the analyzed 
participants, 869 were men (74 displaying symptoms of insomnia), and 982 were women (67 displaying symptoms of insomnia). All 
participants in the experiment were first-year university students aged between 18 and 21 years old. In total, 12,957 values were 
generated and analyzed. The t-tests or F-tests were employed to examine whether the distribution of ISI scores was consistent across 
different demographic groups within our sample population. Our analysis did not reveal any significant deviations in the distribution 
of insomnia according to gender. Further details are available in Table 2. 

3.2. The relationship between score and response time 

Fig. 3a and c illustrate the distribution of RT and item scores at the individual question level, respectively. Fig. 3b and d presents the 
distribution of total RT and total scale scores at the level of completing the entire scale, respectively. We utilized the Mann-Whitney U 
test to assess the differences in total RT between individuals with and without insomnia symptoms. The test revealed a significant 
difference in the distribution between these two independent groups (U = 65,879.5, p < 0.001). Specifically, the median score for the 

Fig. 2. Data downsampling and 10-fold cross-validation.  

Z. Su et al.                                                                                                                                                                                                              



Heliyon 10 (2024) e33485

6

insomnia group (Median = 27, IQR = 9) was statistically significantly higher compared to the non-insomnia group (Median = 21, IQR 
= 9). Fig. 3e illustrates the difference in the distribution of total RT between these two groups. 

We investigated the relationship between participants’ scores on a single question, which served as the independent variable, and 
their RT to that question, which served as the dependent variable. Each question had five options, corresponding to scores from 0 to 4, 
where higher scores indicate more severe conditions. First, we conducted an analysis of variance to compare RTs among the different 
options for each of the 7 questions. All questions showed a statistically significant effect, p < 0.001. Questions 1, 2, 3 and 4 showed 
significant effect sizes with F-values ranging from 75.71 to 99.01. Questions 5, 6 and 7 also showed significant effects with F-values of 
21.81, 8.73 and 33.56 respectively. Fig. 3f illustrates the differences between the insomnia and non-insomnia groups at the individual 
question level. All results are summarized in Supplement Table 2. 

We investigated the relationship between the variables single question score (denoted as x) and single question RT (denoted as y) by 
fitting a quadratic regression model to the data. Furthermore, it is important to note that the single question score can also be viewed as 
an indicator of the severity of specific insomnia aspects. The model was specified as follows: y = β0+ β1 × x+ β2 × x2 + ε. Our 
sample consisted of 1851 observations. Focusing on the first item as an example, the overall model was significant (F = 171.1, p <
0.001) and accounted for approximately 15.6 % of the variance in the dependent variable y (R2 = 0.156, adjusted R2 = 0.155). The 
linear term (x) was statistically significant with a coefficient of 1.0251 (t = 10.805, p < 0.001, 95 % CI [0.839, 1.211]), indicating a 
positive relationship between x and y. The quadratic term (x2) was also statistically significant with a coefficient of − 0.1143 (t =
− 2.825, p = 0.005, 95 % CI [− 0.194, − 0.035]) indicating a U-shaped relationship between score and RT. Fig. 4a–g illustrate the 
relationships between question scores and RTs for each of the 7 questions, respectively. 

3.3. Statistical analysis of features 

In the initial step, we set a threshold for the correlation coefficient at 0.8, excluding features with a correlation above this threshold 
to mitigate the impact of collinearity, resulting in 28 key features listed in Supplement Table 3. To compare the groups with and 
without insomnia, we applied t-tests to each of the 28 features. The results revealed significant differences between the two groups on 
several features. For example, individuals with insomnia exhibited higher levels of mean of RT values and lower levels of coefficient of 
variation (CV) of RT values compared to those without insomnia. Finally, we performed correlation analyses between each of the 28 
features and the severity of insomnia (the scores on the ISI scale). The results indicate that several features were significantly correlated 
with the severity of insomnia which stand by ISI scores. All the results are shown in Supplement Table 3. 

3.4. Classification results 

Fig. 5 illustrates the performance evaluations of various models used in our study, including logistic regression, decision tree, SVM, 

Table 1 
Number of participants with different labels and compliance with exclusion criteria.   

Total Included Excluded 

non-insomnia 2171 1710 461 
insomnia 149 141 8  

Table 2 
Demographics of the participants.   

Total(n = 2101) Insomnia(n = 166) F or t value p value 

Gender   1.02 0.308 
male 869 (46.948 %) 74 (52.482 %)   
female 982 (53.052 %) 67 (47.518 %)   

History psychological illness   − 5.702 <0.001 
no 1830 (98.865 %) 133 (94.326 %)   
yes 21 (1.135 %) 8 (5.674 %)   

History physical illness   − 4.152 <0.001 
no 1797 (97.083 %) 131 (92.908 %)   
yes 54 (2.917 %) 10 (7.092 %)   

Smoke   13.05 <0.001 
never 1834 (99.082 %) 135 (95.745 %)   
occasional 11 (0.594 %) 2 (1.418 %)   
frequent 4 (0.216 %) 3 (2.128 %)   
former 2 (0.108 %) 1 (0.709 %)   

Drink   12.913 <0.001 
never 1416 (76.499 %) 92 (65.248 %)   
occasional 414 (22.366 %) 47 (33.333 %)   
frequent 3 (0.162 %) 1 (0.709 %)   
former 18 (0.972 %) 1 (0.709 %)    
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KNN, and MLP. Participants scoring 8 or above were identified as exhibiting symptoms of insomnia and were labeled ’1’, while others 
were labeled ’0’. Prior to model training, the dataset underwent 10 iterations of random undersampling to ensure a balance between 
positive and negative samples (141 individuals with insomnia and 141 individuals without insomnia). Following this, a 10-fold cross- 
validation was conducted on the undersampled data. The results reported in Fig. 5 represent the mean outcomes of these ten sampling 
iterations. 

The evaluation was done using Receiver Operating Characteristic (ROC) curves for two categories of models: feature-based and raw 
data-based. In the feature-based category, the logistic regression model demonstrated the most proficient performance. The logistic 
regression model achieved an AUROC of 0.814, suggesting a high true positive rate relative to the false positive rate, thus underscoring 
the model’s excellent ability in distinguishing between the classes. The MLP model also presented a commendable performance with 

Fig. 3. Comparative Analysis of RTs and Scores on ISI for Groups with and Without Symptoms of Insomnia. a) Violin plot representing the 
distribution of RTs for each of the seven questions on the ISI scale. Each “violin” represents a different question, with the width of the plot at a given 
point indicating the density of RTs at that value. b) Histogram showing the overall distribution of RTs for finish the total ISI scale. The x-axis 
represents the total time taken to answer all seven questions, while the y-axis represents the frequency of each RT. c) Violin plot representing the 
distribution of scores for each of the seven questions on the ISI scale. Similar to a), each “violin” represents a different question, but here, the width 
of the plot at a given point indicates the density of scores at that value. d) Histogram showing the overall distribution of total scores on the ISI scale. 
The x-axis represents the score of ISI, and the y-axis indicates the frequency of each total score. e) Distribution plot comparing the ISI score (y-axis) 
versus RT distribution (x-axis) for two groups: those with symptoms of insomnia (marked in orange) and those without symptoms (marked in a 
green). The median values for each group are highlighted. f) Showing the differences in RTs for individual questions between the two groups (with 
and without symptoms of insomnia). Each pair of bars represents a different question from the ISI scale, with the point of the bar indicating the 
average RT. The error bars represent the standard deviation of the RTs for each question in each group. 
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Fig. 4. Results of Regression Analysis for Item Score and Item RT. a) For question 1, the model was significant, explaining 15.6 % of the variance in y. The coefficients were 1.0251 for x and 
− 0.1143 for x2. b) For question 2, the model explained 14.4 % of the variance, with coefficients of 1.3394 for x and − 0.2984 for x2. c) Question 3’s model explained 17.6 % of the variance, with 
coefficients of 1.0496 and − 0.167. d) The model for question 4 explained 14 % of the variance, with coefficients of 0.7239 and − 0.1218. e) For question 5, 4.3 % of the variance was explained, with 
coefficients of 1.433 and − 0.3194. f) Question 6’s model explained 1.3 % of the variance, with coefficients of 0.8849 and − 0.2060. g) For question 7, the model explained 5.1 % of the variance in y, with 
coefficients of 0.9439 for x and − 0.2617 for x2. 
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an AUROC of 0.802. For the raw data-based models, the performances were similar across the various models. Notably, the logistic 
regression and MLP model came out on top, with an AUROC of 0.824, indicating an excellent balance between sensitivity and 
specificity. Fig. 5a and c illustrate the comparison of ROC curves for different feature-based models and the confusion matrix of the 
best-performing model, respectively. Similarly, Fig. 5b and d presents the comparison of ROC curves for different raw data-based 
models and the confusion matrix of the best-performing model, respectively. 

In feature prediction (Supplement Table 4), logistic regression emerged as the most effective model, offering superior performance 
in accuracy (0.735), precision (0.704), and F1 score (0.717). It also demonstrated competitive recall (0.745). These results suggest that 
logistic regression excelled at accurate classification and balancing precision and recall. 

However, with raw data prediction (Supplement Table 5), the MLP model achieved the highest accuracy (0.743) and precision 
(0.74). Logistic regression maintained high accuracy (0.741) and precision (0.733), while the SVM model excelled in recall (0.806). 
Interestingly, the SVM model showed substantial improvement in recall when employing raw data (0.806) compared to feature 
prediction data (0.551). This suggests that the SVM model was particularly effective at identifying true positives when raw data was 
utilized. 

3.5. Feature importance 

In this study, we utilized Shapley Additive Explanations (SHAP) values to evaluate the contribution of each feature in the model 
[42]. SHAP values help in understanding how each feature impacts model predictions. Fig. 6 illustrates the contribution rates of 28 
selected features by correlation using a logistic regression model. The top five features with the highest contribution rates are pca_3, 
mean, freq_2, RT6_trans and RT4_trans. These findings suggest that several features in the RT sequence are effective representations for 
insomnia symptoms. 

The third principal component, pca_3, accounted for approximately 12.2 % of the total variance in the data, representing a sig-
nificant portion of the information in the dataset. Specifically, the pca_3 feature is primarily composed of the first, second, and third 
questions’ RT in ISI scale with corresponding loadings of 0.7105, 0.3003, and 0.3046, respectively. These loadings suggest that these 

Fig. 5. Performance Comparison of Various Machine Learning Models on Processed and Raw RT Data. a) ROC curves of Logistic Regression, 
Decision Tree, Support Vector Machine, K-nearest Neighbors, and Multi-layer Perceptron models applied to features derived from RT data. b) ROC 
curves of the same models applied directly to raw RT data. c) Confusion matrix of the best performing model (Logistic Regression) trained on the 
feature data. d) Confusion matrix of the best performing model (Multi-layer Perceptron) trained on raw data. All plots were obtained using 10-fold 
cross-validation, with the process repeated 10 times for resampling purposes. 
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features are the most relevant for pca_3, given their relatively high positive correlation. Interestingly, the fifth and sixth question RT 
appear to contribute negatively to pca_3, with loadings of − 0.1752 and − 0.4141, respectively. The mean of RT emerged as one of the 
most important features, indicating that the overall average speed of a participant’s response plays a crucial role in the predictive 
model. The proportion of RT sequence within the 2–3 s range, also emerged as highly significant. This result underscores the relevance 
of the timely reaction category of 2–3 s, suggesting that responses within this time frame carry substantial predictive weight. Addi-
tionally, regarding the sixth question on “How WORRIED/DISTRESSED are you about your current sleep problem? " and fourth 
question on “How SATISFIED/DISSATISFIED are you with your CURRENT sleep pattern?”, this implies that those specific questions on 
the ISI scale hold significant predictive value. The particular importance of this feature suggests a profound link between insomnia 
severity and the variable our model predicts. 

4. Discussion 

The key finding of this study lies in the utility of user behavior during the process of responding to a scale, specifically, the RT, as an 
effective predictor of ISI scale results. The machine learning classifier model constructed achieved a remarkable accuracy of up to 74 % 
and a recall of 80 %. Our preliminary statistical test and regression analysis have identified a quadratic relationship pattern between 
RT and option choices, consistent with previous literature [8]. By exploring the interpretability of machine learning models, we found 
that features related to the length of RT, such as mean, tend to have high weights. This observation corroborates prior studies sug-
gesting insomnia often results in a decline in daytime cognitive abilities [12]. 

While our study demonstrates the utility of RT data in predicting insomnia symptoms as defined by ISI scores, future research 
should investigate whether RT data can outperform ISI scores when insomnia diagnosis is assigned through psychiatric interviews. 
Psychiatric interviews are considered the gold standard for diagnosing insomnia, as they provide a more comprehensive assessment of 
an individual’s sleep patterns and related symptoms. By comparing the predictive power of RT data against expert-assigned diagnoses, 
we can gain a clearer understanding of its potential as an objective marker for insomnia. 

In machine learning experiments, we observed that models trained on raw RT interval series slightly outperformed feature-based 
models. Specifically, both the Logistic Regression and MLP models achieved an AUROC of 0.824 when using raw data. In contrast, the 
best-performing feature-based model, Logistic Regression, attained an AUROC of 0.814. This observation suggests that, despite the 
superior fitting capacity of neural networks and their ability to effectively represent non-linear relationships, simple models can 
sometimes yield unexpected results, and additionally provides enhanced interpretability. The computation of statistical features, 
distribution features, and manually designed features of the RT interval series revealed a linear relationship with the labels. This made 

Fig. 6. SHAP values of top features of best model.  
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the machine learning models simpler and more effective, often leading to greater reliability in practical applications. 
From a medical perspective, our findings suggest that RT data may have potential as a complementary tool for assessing symptoms 

of insomnia, leveraging existing data collected during the administration of self-report scales. However, further research is needed to 
validate the clinical utility of this approach and determine its role in relation to established diagnostic methods used by healthcare 
professionals. In the context of psychological assessment scales, our results advocate for the use of RT as a guiding tool in scale design. 
Methodologically, the collection of participant behavior data during scale responses provides a complementary viewpoint, enhancing 
the precision of scale evaluations and reducing subjectivity, offering potential improvements to current assessment systems. 

There are some notable limitations to our approach that should be considered. Firstly, our study relied on ISI scores to identify 
participants with insomnia symptoms, rather than clinical interviews, which are considered the gold standard for insomnia diagnosis. 
This reliance on self-reported data poses a constraint, as such data can be prone to bias and may not faithfully represent an individual’s 
sleep patterns. Future research could benefit from using structured clinical interviews to establish insomnia diagnoses, which would 
provide a more robust ground truth for evaluating the predictive utility of RT data. Furthermore, since our measurements are based on 
the environment in which respondents complete these scales is uncontrolled, environmental factors could skew the results. Secondly, 
the limited size of our sample within different age groups means our findings may not extend to larger populations. Another potential 
limitation of our study is that our model relies solely on RT as a predictor of insomnia severity. Future studies could incorporate 
additional behavioral data, such as screen scrolling speed, response revision frequency, and touch pressure, to further enhance the 
predictive power of the model and provide a more comprehensive understanding of the relationship between digital behaviors and 
insomnia severity. Lastly, considering the potential network latency issues that may arise from online data collection, even within a 
university campus setting, a future direction for research could involve redeveloping the data collection program to function entirely 
offline. This would allow for the RT data to be saved directly on the device and subsequently uploaded, ensuring that any network- 
related delays do not influence the measurements. Despite these limitations, our study lays a foundational groundwork for future 
investigations, facilitating the development of our understanding of the relationship between RT and insomnia severity. 

5. Conclusions 

In conclusion, our study underscores the potential utility of RT as an effective indicator of insomnia severity. The findings presented 
herein suggest that machine learning techniques have the potential to contribute to a more efficient and straightforward interpretation 
of RT data, thereby complementing and potentially enhancing the implications of ISI scale results. The integration of behavioral data, 
such as response time, with machine learning algorithms shows promise in enhancing the assessment of psychological and behavioral 
aspects of insomnia. We anticipate that as technology continues to advance, more personalized and data-driven approaches to 
insomnia assessment and treatment will emerge. 
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