Sequential Use of Midazolam and Dexmedetomidine for Long-term Sedation May Reduce Weaning Time in Selected Critically Ill, Mechanically Ventilated Patients: A Randomized Controlled Study
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S1. INTRODUCTION
Sedation in critically ill mechanically ventilated patients is a key component of bedside care in intensive care units (ICU), maximizing patient comfort and tolerability of interventions, preventing unplanned removal of lines and catheters and reducing metabolic demands 1, 2. Current sedatives have different side-effect profiles and remain problematic in long-term sedation as result of different mechanisms of action 3. Midazolam and propofol have been the most commonly sedative drugs used for ICU patients 4-6. Midazolam accumulates unpredictably, may delay recovery and extubation, and is a risk factor for delirium 3, 7-10. Propofol, a sedative-hypnotic agent, is associated with dose-dependent effects and fast recovery without accumulation 3，7，8，10. However, high-dose or prolonged propofol use may cause hypertriglyceridemia, fatal propofol infusion syndrome, and cardiorespiratory depression 3, 8, 10-13. 

In contrast to traditional sedative medications, dexmedetomidine, a highly selective central alpha-2 adrenergic agonist is an anxiolytic, sedative, and analgesic medication, and notable for its ability to provide cooperative or semi-arousable sedation without risk of respiratory depression 3，14, 15. Several studies reported that dexmedetomidine is suitable for light to moderate sedation, and when used for prolonged sedation (＞24 hours) is as effective as midazolam or propofol for prolonged sedation (＞24 hours) 16，17. Dexmedetomidine reduced the duration of mechanical ventilation, incidence of delirium and opioids dosage, associated with more pharmaceutic cost but reducing the total ICU treatment cost compared with midazolam, and improving patients’ ability to communicate pain compared with midazolam and propofol 18-24. However, previous studies reported dexmedetomidine was more applicable for light to moderate sedation than deep sedation despite the use of the maximum dose of dexmedetomidine (1.4ug/kg/hour) 16-18, and was associated with markedly increased fentanyl needs in patients with RASS target -3 or deeper 23; what’s more, bradycardia and hypotension were more common with dexmedetomidine 18-19, 21. In view of the literatures and real clinical practice, midazolam is still frequently used, particularly when deep sedation (RASS score of −3 or less) was indicated and in limited-resource countries, or in some selected patients. 19, 24

In view of the advantages and disadvantages of different sedative drugs, clinician could take account of the pharmacological properties of sedative drugs as well as the individual patients’ characteristics and needs, and the requirements for respiratory support and sedation could probably be synchronized based on the disease progress. Our previous study showed that sequential use of midazolam and propofol according to ventilator weaning process was associated with faster recovery and extubation compared with midazolam, and lower pharmaceutic cost compared with propofol 25. So far there is still lack of research regarding sequential use of midazolam and dexmedetomidine based on ventilator weaning process. Sequential use of midazolam and dexmedetomidine for prolonged sedation combining ventilator weaning process may have distinct advantages.

S2. HYPOTHESIS
It is hypothesized that a paired protocol of sequential sedation and ventilator weaning process (sequential use of midazolam and dexmedetomidine based on ventilator weaning process) can improve outcomes in mechanically ventilated patients. 

S3. OBJECTIVES	
To test our hypothesis, we plan to assess the efficacy, safety and cost of sequential use of midazolam and either dexmedetomidine or propofol, or midazolam used alone for long-term sedation in critically ill, mechanically ventilated patients.
 
S4. METHODS	
S4.1 Study design	
A single center, randomized, controlled trial with allocation concealment and intention to treatment analysis, comparing sequential use of midazolam and dexmedetomidine, or sequential use of midazolam and propofol, or midazolam used alone for long-term sedation in critically ill, mechanically ventilated patients.
S4.2 Patients
[bookmark: OLE_LINK22][bookmark: OLE_LINK23]Patients intubated, undergoing mechanical ventilation will be enrolled through two phases - a screening phase and a confirmatory phase (Figure 1).Figure. 1
[image: ]
[bookmark: OLE_LINK57][bookmark: OLE_LINK58]


S4.2.1 Screening phase
During the screening phase, all intubated, mechanically ventilated patients will be screened for initial inclusion and exclusion criteria within 12 hours of admission to ICU. 

The initial inclusion criteria were age between 18 years old and 80 years old, with an anticipated mechanical ventilation of ≥72 hours; fentanyl is used for analgesia and midazolam for sedation, with titration to achieve the individual sedation target level, determined by treating physician. 

The exclusion criteria including known or suspected allergy to midazolam, propofol or dexmedetomidine; pregnancy or suspected pregnancy; history of alcoholism or intake of anti-anxiety drugs or hypnotics; body mass index≥30; chronic hepatic failure (chronic liver disease decompensation-premorbid Child-Pugh B or C); chronic renal failure (a persistent impairment of kidney function, abnormally elevated serum creatinine for more than 3 months or calculated glomerular filtration rate (GFR) less than 60 ml per minute/1.73m2); disorder of consciousness by brain trauma or neurosurgery or unknown etiology or status epilepticus; dialysis of all types; heart rate less than 50/min, atrioventricular-conduction grade II or III (unless pacemaker installed); refractory shock (mean arterial pressure less than 60mmHg despite appropriate intravenous volume administration and vasopressors); moribund state; patients in palliative care only. 

Once patient pass the screening phase, study personnel will follow them up every day. 

[bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK95][bookmark: OLE_LINK96][bookmark: OLE_LINK154][bookmark: OLE_LINK155][bookmark: OLE_LINK75][bookmark: OLE_LINK76]Patients who pass the screening phase, will continue to receive fentanyl for analgesia with maintenance infusion of 1 to 2 μg/kg/hour with titration to achieve the target analgesia level (CPOT score 0-2)26, and continue to be treated with midazolam with maintenance infusion of 0.04 to 0.20 mg/kg/hour, titrated to achieve the individual sedation target level. The individual sedation target will be daily determined at the physician’s discretion. Although most of mechanically ventilated patients receiving light to moderate sedation with a target sedation range (RASS score 0 to -2) may be appropriate, but some severely ill patients experiencing ventilator dyssynchrony or requiring aggressive ventilator settings (e.g. ARDS) may require deep sedation (RASS -3 or lower).

[bookmark: OLE_LINK79][bookmark: OLE_LINK80]All the patients will be managed with a daily spontaneous awakening trial (SAT) followed by a spontaneous breathing trial (SBT) throughout the mechanical ventilation period 27.

S4.2.2 Confirmation phase	
During the confirmatory phase, from the next day morning after the initial screening, clinician will manage patients with the spontaneous awaking trial (SAT), and once patients pass the SAT, respiratory therapists will assess patients using SBT safety screen. Study personnel also will follow them up every day. 

[bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK140][bookmark: OLE_LINK141]In accordance with the SAT protocol, all patients with RASS score＜-2 are assessed with an SAT safety screen by the managing clinician every morning. Patients who pass the screen when there are no contraindications, including severe hypoxemia, myocardial ischemia, hypertensive crisis, status asthmaticus, or sustained agitation with increased use of sedative drugs, will undergo an SAT. 27 The analgesic and sedative infusion will be interrupted until patients awakening. Analgesics for active pain will be continued. Patients pass the SAT if they can do the following three simple tasks: opening eyes, squeezing the hand and moving fingers, and expressing discomfort. Patients fail the SAT if they develop sustained agitation, marked dyspnea, SPO2<88% for ≥5 minutes or arrhythmias. When patients fail an SAT, bedside nurses will restart analgesics and sedatives at a half of the previous dose and then titrate the medications to achieve the target sedation range. These patients will be reassessed the following morning. While patients with RASS score -2 to 0 will be directly stopped infusion of sedative and analgesics without a SAT, and analgesics for active pain will also be continued. Patients who pass the SAT or those with RASS score -2 to 0 who are interrupted sedation will be immediately managed with the SBT protocol by respiratory therapist. 

[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Patients pass SBT safety screen when they show the underlying causes for respiratory failure resolved or partly resolved, adequate oxygenation (oxygen partial pressure ≥60 mmHg, fraction of inspired oxygen≤50%, and positive end-expiratory pressure ≤10 cmH2O), stable cardiovascular status with no evidence of myocardial ischemia and hypotension, and no or minimal use of vasopressors (dopamine or dobutamine ≤5μg/kg/minute or norepinephrine ≤2μg/minute) 27. Subsequently, they will undergo a 30-min SBT trial with pressure support 5~8 cmH2O, positive end-expiratory pressure 5 cmH2O and fraction of inspired oxygen 40% 28. Patients fail a SBT trial when they show any of the following failure signs: Respiratory rate >35 breaths/minute or <8 breaths/ minute, hypoxemia (SPO2 or SaO2 <90%), abrupt changes in mental status, unstable cardiovascular status with heart rate and blood pressure changing more than 20% from the previous level, or acute cardiac arrhythmia, tachycardia (>140 beats/minute) or bradycardia (<60 beats/ minute), shortness of breath, signs of increased work of breath such as use of accessory muscles or abdominal paradox. 

Patients pass the SBT if they don’t exhibit any of aforementioned failure signs followed by extubation, or patients fail the SBT with no sedation indicated, they will be excluded and managed with our local routine protocol. If patients who fail the SBT trial, or pass the SBT without indication for extubation, are re-ventilated at previous support level, exhibiting agitated, anxiety, and discomfort, and continue to require sedation assessed by treating physician, they will be confirmed eligibility. (Figure 1)

S4.3 Randomization method and allocation concealment
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]As the weaning time might be influenced by the duration of sedation administration and mechanical ventilation before randomization, and mechanical ventilation time is close to the duration of sedation, we choose 5 days of mechanical ventilation from screening to enrollment as boundary layer according to the average duration (5 days) of mechanical ventilation in the previous studies.

Random sequence will be electronically generated by a computer in permuted blocks of 3 participants, with stratification by the duration of mechanical ventilation before randomization (≥ 5 days or＜5 days). Random sequence will be concealed in a consecutively numbered, sealed, opaque envelope by one study personnel and the envelope will be opened by another one before each assignment. Eligible patients will be randomly assigned 1:1:1 to receive continuous current sedative drug, sequential use of midazolam and dexmedetomidine (group M-D), sequential use of midazolam and propofol (group M-P), or midazolam used alone (group M). 

S4.4 Intervention	
After randomization, the informed consent is obtained from legally authorized representatives. Eligible patients will be treated with sequential use of midazolam and dexmedetomidine (group M-D), sequential use of midazolam and propofol (group M-P), or midazolam alone (group M).

[bookmark: OLE_LINK67][bookmark: OLE_LINK68]In group M-D, midazolam is switched to dexmedetomidine with the approved, continuous maintenance dose of 0.2-0.7ug/kg/h, the maximum dose up to 1.4 µg/kg per hour will be permitted when insufficient to achieve the target sedation level, according to the current evidence. Study drugs are titrated to maintain the desired sedation level (RASS score -2 to 0) by bedside nurses. Patients who can’t be adequately sedated with the maximum dose of study drugs, can receive additional sedative drugs for rescue sedation at clinician’s discretion. Sedation depth is assessed every 4 hours (or more frequently when indicated) using RASS score29.

In group M-P, midazolam is switched to propofol with a continuous maintenance infusion of 0.50-3.00mg/kg/h. 

In group M, patients continue current sedative, midazolam.

The RASS score29 ranges from -5 to +4 listed as follows: -5- unarousable by physical stimulation; -4 deep sedation: no response to voice but movement or eye opening to physical stimulation; -3 moderate sedation: movement or eye opening to voice (no eye contact); -2 light sedation: briefly awakens with eye contact to voice (less than 10 seconds); -1 drowsy: not fully alert, sustained awakening to voice (eye opening/eye contact for at least 10 seconds); 0: alert and calm; +1: restless, anxious but movements not aggressive/vigorous; +2 agitated: frequent non-purposeful movement, fights ventilator; +3: very agitated, pulls or removes tubes or catheters, aggressive; +4 : combative: overtly combative, violent, immediate danger to the staff.
S4.5 Weaning and extubation
Starting from the next day after enrollment, patients with RASS score＜-2 in each group are managed with a SAT by physician every morning. Patients pass the SAT safety screen 27, when there are no contraindications, including severe hypoxemia, myocardial ischemia, hypertensive crisis, status asthmaticus, or sustained agitation with increased use of sedation drugs. Next, the analgesic and sedative infusion will be interrupted until patients are awake, determined from the following three simple tasks: opening eyes, squeezing the hand and moving fingers, and expressing discomfort. When patients develop sustained agitation, marked dyspnea, SPO2<88% for ≥5 minutes or arrhythmias, analgesic and sedative will be restarted at a half of the previous dose and then titrated to achieve the target sedation range. The patients will be reassessed the next morning. However, patients with RASS score-2 to 0, will be directly stopped infusion of sedative and analgesics, without a SAT. 

[bookmark: OLE_LINK138][bookmark: OLE_LINK139]Patients who pass a SAT or those with RASS score -2 to 0 who are interrupted sedation will be immediately managed with SBT safety screen and a 30-minute SBT trial by respiratory therapists. Patients pass SBT safety screen when they show the underlying causes for respiratory failure resolved or partly resolved, adequate oxygenation (oxygen partial pressure ≥60 mmHg, fraction of inspired oxygen≤50%, and positive end-expiratory pressure ≤10 cmH2O), stable cardiovascular status with no evidence of myocardial ischemia and hypotension, and no or minimal use of vasopressors (dopamine or dobutamine ≤5μg/kg/minute or norepinephrine ≤2μg/minute) 27. Subsequently, they will undergo a 30-min SBT trial with pressure support 5~8 cmH2O, positive end-expiratory pressure 5 cmH2O and fraction of inspired oxygen 40% 28. Patients fail a SBT trial when they show any of the following failure signs: Respiratory rate >35 breaths/minute or <8 breaths/ minute, hypoxemia (SPO2 or SaO2 <90%), abrupt changes in mental status, unstable cardiovascular status with heart rate and blood pressure changing more than 20% from the previous level, or acute cardiac arrhythmia, tachycardia (>140 beats/minute) or bradycardia (<60 beats/ minute), shortness of breath, signs of increased work of breath such as use of accessory muscles or abdominal paradox. 

Patients pass the SBT if they don’t exhibit any of aforementioned failure signs, physicians and respiratory therapists will jointly decide to extubate patients. If patients fail the SBT, they will be immediately restarted to ventilate at the previous ventilator support level and reassessed next morning. What’s more, whenever patient’s condition deteriorate, patient can withdraw from the study by physician’s discretion.

S4.6 Endpoints
The primary end point is weaning time. Secondary endpoints include recovery time, extubation time, prevalence and duration of delirium, length of ICU and hospital stay, ICU and hospital mortality, percentage of time that RASS scores within the target sedation range, sedation-related costs (acquisition costs of sedation and total ICU treatment costs), and adverse events. Adverse events (including hypertension, hypotension, bradycardia and tachycardia) will be monitored and recorded from starting of study drug until 48 hours after study drug discontinuation 18.
Weaning time is defined as the duration between randomization and extubation.
Recovery time is defined as the duration from sedation cessation until awakening and extubation time from sedation cessation to extubation, respectively.
Length of stay in ICU is defined as from admission to ICU to discharge from ICU.
Length of hospital stay: Time from patient screened until discharge from hospital.
Percentage of time within the target sedation range is calculated as: times that RASS score in the target range/total evaluation times x 100%.
Delirium is assessed every eight hours per day using the Confusion Assessment Method for the ICU (CAM-ICU) from randomization to discharge of ICU 30.
Adverse events will be monitored and recorded from randomization until 48 hours after sedatives discontinuation. Severe hemodynamic adverse events will be considered if patients exhibit hypertension with systolic pressure greater than 180mmHg or diastolic pressure greater than 100 mmHg or hypotension with systolic pressure less than 80mmHg or diastolic pressure less than 50mmHg, bradycardia with heart rate less than 50/min, or tachycardia with heart rate greater than 140/min, or a greater than 30% change from baseline heart rate or blood pressure. Serum triglyceride concentrations will be monitored at enrollment and sedation cessation.

S4.7 Sample size calculation	
The weaning time is the primary outcome in this trial. The previous study showed that means (±standard deviations) of weaning time for midazolam, propofol and dexmedetomidine were 97.9 ± 54.6h, 34.8 ± 29.4h and 24.2 ± 1.67h in long-term sedation, respectively 10, 20. Considering there are huge differences in weaning time among these medications and fairly minor difference between propofol and dexmedetomidine, we assume weaning time to be 34.8 hours in group M-P and it would be reduced 12 hours in group M-D with clinical significance, and the standard deviation (25.2 h) is calculated by combining variances of propofol and dexmedetomidine. A sample size of 213 of three groups was thus estimated to give 80% power and a two-sided significance level of 0.05. As some patients possibly withdrew the treatment, 252 patients were enrolled for the study in order to manage a 15% dropout rate.
S4.8 Statistical analysis plan
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK17][bookmark: OLE_LINK18]Data will be analyzed following the intention-to-treatment principle. Values of normal distribution will be expressed by mean ± standard deviation, values of non-normal distribution will be expressed as median and interquartile range (IQR), and categorical variables as counts and percentages. For continuous variables analysis, the differences in normally distributed data of the three groups will be compared with one-way analysis of variance and differences between any two groups will be analyzed by Student–Newman–Keuls (SNK) methods, P<0.05 is considered statistically significant. For all other outcomes, the significance level is 0.05 for comparisons of three groups, with adjustment to 0.017 for comparisons for any two groups. Competing risk model will be used to assess the effect of the treatment protocols on weaning time, ICU duration and length of hospital stay. Differences in non-normally distributed variables of three groups will be assessed using Kruskal–Wallis analysis of variance and differences between any two groups will be compared with Mann–Whitney 𝑈 test. Categorical variables will be analyzed using Chi-squared test or Fisher's exact test and significant differences between any two groups will be further analyzed with the P value adjusted to 0.017. Considering in-hospital death, treatment withdrawn, tracheotomy and condition aggravation were competing risk factors of weaning time, ICU duration or length of hospital stay, survival analysis and competing risk model were used to estimate and adjust the regression coefficients. Possibly post hoc analysis including per-protocol and subgroup analysis will be performed. Statistical analysis was performed using SPSS 23.0 (IBM, Armonk, New York) and R 3.6.1 software by “cmprsk” package.
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