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Background: Sleep disorders, the serious challenges faced by the intensive care unit (ICU) patients are important issues that need urgent attention. Despite some efforts to reduce sleep disorders with common risk-factor controlling, unidentified risk factors remain.

Objectives: This study aimed to develop and validate a risk prediction model for sleep disorders in ICU adults.

Methods: Data were retrieved from the MIMIC-III database. Matching analysis was used to match the patients with and without sleep disorders. A nomogram was developed based on the logistic regression, which was used to identify risk factors for sleep disorders. The calibration and discrimination of the nomogram were evaluated with the 1000 bootstrap resampling and receiver operating characteristic curve (ROC). Besides, the decision curve analysis (DCA) was applied to evaluate the clinical utility of the prediction model.

Results: 2,082 patients were included in the analysis, 80% of whom (n = 1,666) and the remaining 20% (n = 416) were divided into the training and validation sets. After the multivariate analysis, hemoglobin, diastolic blood pressure, respiratory rate, cardiovascular disease, and delirium were the independent risk predictors for sleep disorders. The nomogram showed high sensitivity and specificity of 75.6% and 72.9% in the ROC. The threshold probability of the net benefit was between 55% and 90% in the DCA.

Conclusion: The model showed high performance in predicting sleep disorders in ICU adults, the good clinical utility of which may be a useful tool for providing clinical decision support to improve sleep quality in the ICU.

Keywords: MIMIC-III database, sleep disorders, risk, prediction model, ICU


INTRODUCTION

Sleep is an important part of maintaining the normal physiological and psychological state of human beings (Irwin, 2015). However, sleep disorders are common and severe in the intensive care unit (ICU) patients, with a prevalence of more than 50% (Bani Younis and Hayajneh, 2018), and even up to approximately 80% in severe cases (Little et al., 2012). 10-61% of the patients even had sleep problems over 6 months after discharge, which seriously affected the long-term recovery (Altman et al., 2017). Moreover, sleep disorders are associated with a wide range of dysfunctions, including cardio-cerebrovascular disease, disturbed metabolism, low immunity, and impaired cognition (Irwin, 2015; Nicholson et al., 2020).

As a special group, ICU patients have the feature of severity and complexity, coupled with special monitoring and intensive treatment, which make their sleep problems more likely to be ignored (Devlin et al., 2018). And the mechanisms leading to sleep disorders in ICU patients are complex and multivariate, with relevance to the environmental, pharmaceutical and medical factors, as well as their interactions (Kamdar et al., 2012). Although the criteria for diagnosis and assessment of sleep disorders are applicable, they also are complicated in the ICU due to the practical challenge and difficulty (Devlin et al., 2018; Telias and Wilcox, 2019). Unfortunately, no high-quality medication is recommended to improve the sleep quality of ICU patients (Kamdar et al., 2013). It is now known that light and noise of environmental factors severely interfere with the sleep-waking cycle (Bani Younis et al., 2019). But the eye mask and earplug of non-pharmacological interventions and melatonin can effectively ameliorate such patients (Demoule et al., 2017; Lewis et al., 2018; Telias and Wilcox, 2019). Despite 20% of medical procedures disrupt the sleep process, they only account for 7% of ICU patients with sleep disorders (Pisani et al., 2015). As a result, most other ICU patients with sleep disorders may not get the attention they deserve.

The sleep of ICU patients is generally disturbed, and the pattern of sleep disorders is apparently complicated (Kamdar et al., 2012; Boyko et al., 2017; Jolley et al., 2018). Specifically, non-specific sleep disorders, including their subtypes (e.g., insomnia, unspecified sleep apnea, sleep-wake circadian rhythm disorder, parasomnias, and other non-specific sleep problems) are common problems that affect ICU patients. Despite specific sleep disorders, including obstructive, central, and hypoventilation sleep-disordered breathing, central somnolence disorder, and sleep-related movement disorder, as well as idiopathic sleep disorders, also occur in ICU patients, they lack predictive value due to their specific etiology or low incidence.

Medical staff should pay attention to sleep problems in ICU patients (Devlin et al., 2018). Moreover, the research perspective of sleep disorders in the ICU also should shift from emphasizing intervention to focusing on risk prediction, especially the clinical modifiable risks. Our study aimed to develop a risk prediction model for non-specific sleep disorders in the ICU adults from the Medical Information Mart for Intensive Care III (MIMIC-III) database. Furthermore, identifying the potentially modifiable risk predictor was the focus of our study.



MATERIALS AND METHODS


Data Source

The data of our study were retrieved and extracted from the MIMIC-III database. The MIMIC-III database was derived from detailed medical records of ICU patients in the Beth Israel Deaconess Medical Center between June 1, 2002 and October 31, 2012 (Johnson et al., 2016). There were more than 50,000 adult patients admitted to the ICU in the MIMIC-III database. The database included demographic information, vital signs, laboratory tests, imaging examinations, medications, disease codes, and other clinical data. And the data sets of all patients in the database were anonymous and publicly available.



Patient Population

From the MIMIC-III database, we included adult patients of ICU admission with an essential information level, including the admission and discharge records. In addition, the duration of ICU stay for more than 24 h was also one of the inclusion criteria.

The exclusion criteria were as follows: (1) specific sleep disorders on discharge according to the International Classification of Diseases, Ninth Revision (ICD-9) codes, including sleep-disordered breathing (primary central sleep apnea, high altitude periodic breathing, idiopathic sleep-related non-obstructive alveolar hypoventilation, congenital central alveolar hypoventilation syndrome, etc.), central narcolepsy, sleep-related movement disorder (restless legs syndrome, periodic limb movement disorder, sleep-related leg cramps, sleep-related bruxism, etc.), and other specific sleep disorders (fatal familial insomnia, insomnia due to mental disorder, alcohol-induced sleep disorders, etc.), as well as idiopathic sleep disorders (Supplementary Material 1); (2) age < 18 years old.



OUTCOME ASSESSMENT

The endpoint of our cohort was non-specific sleep disorders on discharge, which were as follows: insomnia; sleep apnea, unspecified; sleep disturbance, unspecified; lack of adequate sleep; excessive sleepiness; circadian rhythm sleep disorder; sleep-wake cycle disorder; parasomnias; and other non-specific sleep problems (Supplementary Material 2).


Prediction Variables

The data sets of eligible patients, extracted from the MIMIC-III database, were used to screen out risk variables of sleep disorders. The covariates contained demographic information, types of ICU admission, vital signs, laboratory tests, comorbid diseases, illness score systems, medications, and medical procedures (Supplementary Materials 3, 4). Mean values of vital signs on the first 24 h of ICU admission and the first laboratory tests were recorded. According to the drug codes, medications included antibiotics, analgesic and sedative drugs, cardiovascular drugs, and corticosteroids during the hospitalization. Mechanical ventilation, an important medical treatment, was determined. We also assessed the severity of critical illness based on the Simplified Acute Physiology Score (SAPS II), Sequential Organ Failure Assessment (SOFA), and Glasgow Coma Scale (GCS).



Statistical Analysis

Data distribution was tested using the Shapiro-Wilk test, and the results showed they were all non-normal. Continuous and categorical variables were expressed by the median (interquartile range, IQR) and the frequency (percentage), respectively. The non-parametric test (Mann-Whitney U test or Kruskal-Wallis test) was applied for the data, such as the age, vital signs, laboratory test, illness score system, and duration of ICU stay. The sex, type of ICU admission, comorbidity, medication, medical procedure, and hospital mortality were analyzed using the Pearson Chi-squared test. By the propensity matching analysis based on age and gender, case-control patients were matched to patients with sleep disorders in a 2:1 ratio.

The logistic regression model was used for univariate and multivariate analysis of sleep disorders. A nomogram was developed based on the results of the multivariate analysis. The calibration of the nomogram was used for internal validation by the 1000 bootstrap resampling procedure. The discrimination ability of the nomogram was quantified with the receiver operating characteristic curve (ROC). The clinical utility of the nomogram was assessed with the decision curve analysis (DCA).

We replaced any missing values of the included variables with multiple imputations (Supplementary Material 5). Statistical analysis was conducted with R software (version 3.4.3). Statistical significance was defined as p < 0.05.


TABLE 1. Characteristics of patients in the training and validation sets.
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RESULTS


Patient Selection

Of the 42,425 patients retrieved from the MIMIC-III database, 2,643 patients were diagnosed with sleep disorders, and 39,782 patients were not. After applying the exclusion criteria, 694 of the remaining 33,115 patients met the sleep-disorders criteria. 1,388, randomly drawn from the case-control group with 32,421 patients, were matched to the 694 patients with sleep disorders in a ratio of 2:1. Finally, 2,082 patients were randomly divided into the training set with 1,666 patients (80%) and the validation set with 416 patients (20%). The patient selection process is shown in Figure 1.


[image: image]

FIGURE 1. Flow chart of study cohort. MIMIC, Medical Information Mart for Intensive Care.




Patient Characteristics

Clinical variables in the study population were analyzed by univariate logistic regression for sleep disorders. In terms of the type of ICU admission and hospital mortality, they were statistical differences in the training and validation sets, respectively. Diastolic blood pressure and respiratory rate of the patients with sleep disorders in the training set were lower than those without sleep disorders (36.5–50 vs 38–52 mmHg and 23–31 vs 26–39 bpm, respectively). There were statistical differences in the levels of hemoglobin (9.1–11.9 vs 9.0–11.6 g/dL), platelet (140.5–253 vs 129–242.5 109/L), potassium (3.6–4.3 vs 3.9–4.2 mmol/L), PH (7.40–7.44 vs 7.41–7.46) and glucose (89–125 vs 87–121 mg/dL), and in the incidences of cardiovascular disease (67.5% vs 59.0%), coagulation dysfunction (71.2% vs 65.5%), Anemias (38.0% vs 32.9%), delirium (7.5% vs 3.9%), and dobutamine (2.0% vs 0.8%) of the patients in the training set. The two sets did not show any statistical difference in other major variables. Clinical characteristics of the study population are shown in Table 1.



Multivariate Analysis of Risk Predictors to Sleep Disorders

The variables with p < 0.05 in the training set (Table 1) were taken as potential risk predictors for multivariate logistic regression procedure. In the multivariate analysis with results expressed as odds ratio (95% confidence interval), diastolic blood pressure (mmHg) [1.010 (1.001, 1.020)], respiratory rate (bpm) [0.975 (0.959, 0.991)], hemoglobin (g/dL) [0.938 (0.886, 0.992)], delirium [1.762 (1.110, 2.796)], and cardiovascular diseases [1.410 (1.130, 1.760)] were statistically independent predictors, which were associated with sleep disorders after adjusting for platelet, potassium, PH, glucose, coagulation dysfunction and anemias. The results of multivariate logistic regression analysis for sleep disorders are shown in Table 2.


TABLE 2. Multivariate logistic regression analysis of risk predictors to sleep disorders.
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Development of a Sleep-Disorder Prediction Nomogram

After the multivariate logistic regression analysis, the independent predictors such as diastolic blood pressure, respiratory rate, hemoglobin, delirium and cardiovascular disease (Table 2) were used for developing a nomogram. According to the odds ratio values of the predictors, a standard scoring system was established. And the score of each predictor to sleep disorders predictor was evaluated. Adding up scores of each predictor with a visualization score, the probability of predicting sleep disorders was effectively estimated. The total score of these predictors was 229, which corresponded to the sleep-disorder prediction probability of 0.522 (Figure 2).
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FIGURE 2. Visualization nomogram to predict the occurrence of sleep disorders. Fist a standard line marked with 0–100 points is drawn from the points axis. Then each of five predictors (Diastolic blood pressure, hemoglobin, respiratory rate, cardiovascular disease and delirium) corresponds to a parameter value by drawing a visualization line graph from the point axis. Finally, a line from the total-points axis, which is the sum of the points for each of the five predictors in the range of 100 to 300, is below the last variable point axis. In addition, a probability line for predicting sleep disorders ranging from 0.15 to 0.65 is at the bottom of the nomogram.




Validation of the Nomogram

Using the 1000 bootstrap resampling method, the performance of the nomogram was internally validated in the validation set. The calibration plot of current depression rates suggested a high consistency between the observed and predicted values in the probability of sleep disorders (Figure 3). In terms of the accuracy of predicting sleep disorders, the sensitivity and specificity of the nomogram in the ROC were 75.6% and 72.9%, respectively. The AUC was 0.822 (95%CI: 0.791–0.854) (Figure 4).
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FIGURE 3. Calibration of the nomogram. The predictive performance for the incidence of sleep disorders was evaluated in the validation set, which was applied with the 1000 bootstrap resampling. The predicted probability and the observed probability are presented by the X and Y axes, respectively.
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FIGURE 4. Receiver operating characteristic curve of the nomogram. The sensitivity and specificity of the ROC reflect the discrimination of the nomogram for predicting sleep disorders. The AUC of the nomogram was 0.822 (95%CI: 0.791–0.854) in the validation set. ROC, receiver operating characteristic curve; AUC, area under curve.




Clinical Utility of the Nomogram

In the DCA, the threshold probability of the nomogram ranged from 55% to 90%, which suggested a wide range of clinical utility. As long as the prediction probability of ICU patients with sleep disorders is between 55% and 90%, the nomogram will deliver the net benefit in varying degrees under the corresponding intervention measure. The clinical utility of the nomogram to predict sleep disorders is shown in Figure 5.
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FIGURE 5. Decision curve analysis of the nomogram. X-axis and y-axis represent threshold probability and net benefit, respectively. For the clinical utility of the nomogram as a diagnostic model for sleep disorders, the net benefit curve is shown in the DCA. When the threshold value of the diagnostic model is between 0.50 and 0.99, the patients will obtain the corresponding net benefit as long as the therapeutic measure is taken. DCA, decision curve analysis.




DISCUSSION

Based on the MIMIC-III database, we developed and validated the risk prediction model for non-specific sleep disorders in ICU patients. As far as we know, this is the first attempt to predict sleep disorders in the ICU. We successfully drew the visualization nomogram, which had a good performance in predicting sleep disorders. Moreover, the nomogram had sufficient net benefit for clinical application, in addition to good discrimination and calibration. In the clinical dataset, we found that the modifiable risk predictors made up of low diastolic blood pressure, low respiratory rate, low hemoglobin level, cardiovascular disease, and delirium were significantly bound up with sleep disorders in the ICU. Overall, our results show that the combined set of these seven predictors can be effectively used for the clinical prediction model of sleep disorders in ICU patients. Furthermore, a further prospective study will be necessary.

Intensive medicine is often accompanied by a high incidence and severity of sleep disorders in the ICU. According to the clinical practice guideline for sleep disruption in critically ill adults (Devlin et al., 2018), noise and light in the ICU environment, which were common interferences in the sleep-wake cycle, could be prevented and managed by non-pharmacological interventions (earplugs and eye masks), as well as melatonin. However, few high-level kinds of researches are known about the hidden risk factors in clinical datasets outside the environmental factors that not only have modifiable characteristics but also have predictive values. Most importantly, there is a lack of high-quality evidence to recommend the management of sleep disorders in the ICU. Also, the assessment and classification of sleep disorders are complicated (Auger et al., 2015; Smith et al., 2018), among which specific sleep disorders such as sleep-disordered breathing, central narcolepsy, and sleep-related movement disorder have little correlation with clinical characteristics in the ICU. Besides, specific sleep disorders lack predictive values due to specific causes and low incidences. In turn, non-specific sleep disorders were the main subtypes in ICU patients, which were the focus and difficulty of clinical prevention and management (Bani Younis and Hayajneh, 2018; Devlin et al., 2018). Therefore, except for the environmental factors, the other potential risk factors of non-specific sleep disorders should be well-considered in the management of ICU patients. For ICU patients, it is very important to accurately predict the modifiable risk factors prior to the occurrence of sleep disorders.

From previous studies, we have known some risk factors for sleep disorders in the ICU, such as vital signs, comorbid disease, medication and medical procedure (Pisani et al., 2015; Boyko et al., 2017; Devlin et al., 2018). However, there is no high consensus on the risk factors of sleep disorders in these studies. The two global public issues of hypertension and sleep disorders often coexist (Han et al., 2020), and sleep disorders are regarded as the risk factors of hypertension (Pepin et al., 2014; Lo et al., 2018). On the contrary, hypertension was not the risk factor of sleep disorders in our study. However, this does not mean that blood pressure has little effect on sleep. At least, high diastolic blood pressure was an independent risk factor for sleep disorders in our study. Another important vital sign, respiratory rate, also had the predictive value for sleep disorders according to our study. Although the underlying mechanism of these factors is unclear, their clinical predictive values are still great in the case of the comprehensive analysis of the other clinical features they accompany. As the state of critically ill patients is complicated, it is necessary to analyze the effects of multiple comorbidities on sleep. Our study showed that cardiovascular disease is an independent predictor for sleep disorders in comorbid diseases, and this result contributes to the interaction between cardiovascular disease and sleep disorders. Notably, delirium is also a common comorbid disease in critical illness. The occurring and worsening of delirium are independently associated with sleep disorders in the ICU (Devlin et al., 2018; Pisani and D’Ambrosio, 2020). In spite of a lot of literature regarding sleep on delirium (Flannery et al., 2016; Park and Lee, 2019), the link between sleep and delirium remains the significant concern in the ICU. With our study, we found that delirium was also an independent risk factor of sleep disorders, and this result provides a new window for peeping into the two-way interactions between sleep and delirium. This means that while preventing and managing delirium, sleep disorders can be reduced correspondingly.

Based on laboratory tests, it is also a focus of our study to seek potential biomarkers of sleep disorders. However, there is a lack of researches on potential risk predictors in laboratory tests for sleep disorders in the ICU. For this reason, our study analyzed conventional laboratory tests, including the levels of hemoglobin, platelets, potassium, PH, and glucose. Finally, it was confirmed that the low hemoglobin level was an independent risk predictor, so it can be used as a significant biomarker of sleep disorders. Despite some studies have shown that sickle cell anemia is closely associated with restless withdrawal syndrome and obstructive sleep apnea in specific sleep disorders (Rosen et al., 2014; Erdem et al., 2020), the association between anemia and non-specific sleep disorders is poorly understood. Our research explored this issue and confirmed that anemia is potentially linked to non-specific sleep disorders. Despite anemia interacts with sleep problems clinically (Chen-Edinboro et al., 2018; Liu et al., 2018), hemoglobin may be a higher predictive value. This is because that the diagnosis and classification of anemia are based on the threshold of hemoglobin decline, and hemoglobin itself level can be accurately and dynamically evaluated without considering the classification and etiology of anemia. In addition, hemoglobin has been proved to be a biomarker of sleep time and quality in the elderly (Jackowska et al., 2013). But most importantly, hemoglobin can also be recommended as an independent biomarker of sleep disorders in the ICU adult according to our study.

Due to the nature of the severe illness, ICU patients need a variety of medications and medical treatments, part of which may disturb sleep (Pisani et al., 2015). ICU patients need to use sedatives and analgesics to relieve discomfort and pain. Sedation does not mean natural sleep and damages sleep in turn. Benzodiazepines and propofol are common sedatives in the ICU. Long-term application of benzodiazepines can lead to an increase of shallow sleep (Weinhouse, 2008). And propofol not only reduces sleep quality but also greatly increases the risk of delirium (Kamdar et al., 2012; Telias and Wilcox, 2019). In addition, opioids of analgesics relieve severe pain, accompanied by inhibiting slow-wave sleep, increasing night awakening, and resulting in delirium (Al Mutair et al., 2020; Kamdar et al., 2012). However, our study did not show the adverse effects of the sedatives and analgesics on sleep. Despite dexmedetomidine showed the characteristic of a potential protective effect on sleep (Brito et al., 2020), this effect did not occur in our study. Therefore, it is necessary to find a balance between comfort and sleep. In addition, our study did not support the association of sleep disorders with antibiotics, cardiovascular drugs, and steroids, which is in contradiction with other studies (Kamdar et al., 2012; Pulak and Jensen, 2016). In our opinion, medications in the ICU may affect sleep, but the impact is limited. Many ICU patients need mechanical ventilation, but man-machine confrontation and gas exchange can disturb sleep and make sleep fragmentation (Hardin et al., 2006; Kamdar et al., 2012). Nevertheless, in the process of the mechanical ventilation, the application of sedatives and analgesics can eliminate their adverse effects on sleep in turn. Therefore, we should not take a negative attitude toward these medications and medical procedures, only because of their potential risks for sleep disorders. And we should consider the overall benefits of patients in the ICU, certainly including the normal sleep needs of patients.



LIMITATIONS

There are some limitations to our study. First, due to the inherent limitations of the MIMIC-III database, we could not obtain the continuous, dynamic variables, and the diagnostic codes for sleep disorders were not the latest version. All data from the single database, not multicenter research, consequently our study could not confirm the causal relationship between these predictors and sleep disorders. Despite our study used propensity matching analysis to control the confounding factors of age and gender, other confounding factors were not controlled effectively due to the complexity of clinical data. Due to the exclusion of specific sleep disorders, the selective bias of our study was increased, and the extrapolation and general application value of this study were also reduced correspondingly. In particular, further prospective research is needed to evaluate its clinical value. In spite of these limitations, the main advantage of our study was that the data were based on a large population, covering the majority of ICU patients. Moreover, the high prediction of the model suggests strong internal validation of these results and significant clinical utility.



CONCLUSION

In summary, our study presents a clinical prediction model for sleep disorders in ICU adults. For this population, giving priority to the risk predictors, especially the modifiable biomarkers such as hemoglobin, may be necessary. The model with high sensitivity and specificity may serve as a clinical tool for ICU adult individuals. Besides, ICU patients unaware of the risks will gain net benefit when applying the model. The model may be helpful for medical staff to take tailored interventions for clinical modifiable risks. It will contribute to the prevention and management of sleep disorders in ICU patients.
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