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Abstract
Background: Sedation is a common and incapacitating clozapine side effect, but the factors associated with and its pharmacological management remain poorly studied. Methods: We conducted a retrospective cohort study based on de-identified electronic clinical records of clozapine-treated patients from the secondary mental health care provider for Cambridgeshire and Peterborough, UK. We first evaluated cross-sectionally the influence of clozapine dose, clozapine and norclozapine plasma levels on self-reported hours slept, as a proxy for sedation, using bivariate correlation and then the longitudinal effect of changes in clozapine dose and other 23 medications using linear mixed effect models. We followed 241 clozapine-treated patients for 56 months on average, with 2,237 face-to-face assessments in total. Results: Patients slept for a mean of 9.35 hours/day, with 46% reporting 10 or more hours per day. Cross-sectionally, sleep duration did not correlate with clozapine dose (r=.14, p=.106), but clozapine plasma levels (r=.38, p< 0.0001) and norclozapine plasma levels (r=.25, p=.005). Longitudinally, the final mixed-effects model revealed four pharmacological variables that had a significant impact on hours slept: clozapine, risperidone augmentation, and atenolol were associated with increased sleep, whereas aripiprazole augmentation was associated with decreased sleep. We found that 20 other psychotropic medications measured were not associated with changes in sleep when added to clozapine. Somnolence is a clozapine level-dependent side effect. Conclusions: The impact of different augmentation strategies might help clinicians to decide on the most adequate strategy, albeit further studies should confirm our results. 
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Introduction
Excess of daily hours slept, as a proxy for sedation, is associated with most antipsychotics, and especially with clozapine (1). However, how clozapine mediates excess of hours slept and its pharmacological management remain poorly studied (2)(3). 

The vast majority of clozapine-treated patients will experience sedation during the first 6 weeks of treatment (4). Whereas some will adjust, excess of daily hours slept will remain a concern for a significant proportion. For instance, a recent study (5) showed that only 35.3% of patients chronically treated with clozapine sleep 8 or fewer hours per day, compared to 94.2% of the general population (6), making excess of daily hours slept a frequent complaint among patients. Indeed, sedation and excess of daily hours slept is the most frequently reported cause of clozapine discontinuation (20%) by patients and the second most common cause by clinicians after neutropenia (7). This has the potential to impair general functioning and recovery, as clozapine is the most effective medication for otherwise treatment-resistant psychosis (8).

Factors such as age, gender, body weight, and caffeine intake influence daily hours slept (9), but the mechanism by which clozapine causes excess of daily hours slept remains unclear. There is growing evidence that excess of daily hours slept may be mediated through clozapine’s agonism on GABA receptor (10) and high affinity over the histamine receptor 1 (H1) (11) but other mechanisms have been proposed, such as via muscarinic acetylcholine receptors (12). Sedation is more frequently reported in those taking therapeutic range (plasma level >350 ng/mL) (13,14), and inducers and inhibitors of clozapine metabolism can indirectly affect sedation (e.g. smoking reduces plasma levels whereas fluvoxamine increases them) (15). These studies suggest a likely level-dependent effect of clozapine; however, evidence for such a level-dependent effect is still scarce, and inconclusive in those taking subtherapeutic levels of clozapine. 

The pharmacological recommendations for managing persistent clozapine-associated excess of daily hours slept are unclear but include dose reduction, where possible, or the use of pharmacokinetic strategies, such as an unbalanced split dose with more medication at night-time (16). When dose reduction is not feasible, benefit from adding aripiprazole has been reported in a case series (17) and a small cohort study (5), but there is limited evidence of its efficacy on excess of daily hours slept. Moreover, the impact of other medication on sedation has not been studied, even though clozapine use is commonly associated with “polypharmacy”, including the co-prescribing of other antipsychotics, other psychotropics, and non-psychotropic agents (18), and there is a need for evidence to help clinicians in the decision process. 

The present study aimed to investigate the association between daily hours slept, clozapine and other frequently prescribed medication in clozapine-treated patients. We hypothesized that: a) sleep duration is directly correlated to the clozapine concentration plasma level, and b) some medication, such as aripiprazole, might help to ameliorate it. For this, we used cross-sectional and longitudinal assessments of sleep duration in a large cohort of clozapine-treated patients.


Methods
Study design and participants
We conducted a retrospective cohort study based on electronic records of Cambridgeshire and Peterborough NHS Foundation Trust (CPFT). CPFT is the primary public secondary mental health care provider for a population of ~860,000 people in a mixed urban/rural area (including the cities and towns of Cambridge, Peterborough, Huntingdon, and Ely) in the East of England, UK. CPFT is the only clozapine prescriber in this area for patients with psychosis. We used the Clinical and Research Database (CRD) for Persistent Schizophrenia, under NHS Research Ethics approvals (ref. 13/EE/0121), which contains anonymised routine clinical data from CPFT Clozapine Clinic patients. All clinical assessments in the CRD were performed by the same psychiatrist (EFE). This study covers data from 24 August 2012 to 1 August 2020. 

The authors assert that all procedures contributing to this work comply with the ethical standards of the relevant national and institutional committees on human experimentation and with the Helsinki Declaration of 1975, as revised in 2008. Written informed consent was obtained from subjects/patients. STROBE guidelines were followed for this observational study. 

The CRD data included a total of 2,560 clinical assessments of patients taking clozapine. For this study, we excluded assessments (a) not conducted face-to-face (12 assessments); (b) of patients taking clozapine for less than six months (73 assessments), as they might be in the process of habituating; (c) containing duplicated information (80 assessments); (d) lacking information about sleep (26 assessments); and (e) occurring less than four weeks after the previous appointment, because medication changes might not yet have had a stable effect (127 assessments). 

The baseline for each individual was the start of data collection. Follow-up was until the individual’s last CRD data was recorded. 

Variables
The key outcome in this study was the ‘average total number of hours of sleep per day over the previous week’, including daytime sleep (nap). Sleep evaluation in CRD assessment was obtained through open questions (e.g. “on average, how many hours do you sleep daily? Do you have any naps?”); specific questions (e.g. “what time do you go to bed/wake up?”) and queries about change (e.g. “has your sleep pattern changed since the last appointment?”). This method is a valid approach in clinics due to its reproducibility (6); self-reported hours of sleep correlate well with objective measures (19). In this study, hypersomnia was defined as 10 or more hours slept per day. 

Other relevant information for this study was also accessed, including: (a) sociodemographic information (age, gender); (b) key psychiatric history (date of first psychosis diagnosis, date of first clozapine prescription); (c) medications prescribed by primary and secondary care providers, with doses, at the time of the assessment; (d) substance use habits such as smoking (cigarettes per day) and alcohol use (units per week); (e) date of the assessment; and (f) symptom severity scales, such as the Clinical Global Impression for Schizophrenia, which rates four symptom domains (positive [psychotic], negative, depressive, and cognitive) and an overall severity, ranging from 1 (absent) to 7 (extreme). 

For prescribed medications, besides the clozapine dose, we also extracted details of antipsychotics, mood stabilizers, antidepressants, benzodiazepines, and beta-blockers (commonly used for clozapine-associated tachycardia or hypertension), including their doses. Medications included (in brackets, number of observations): aripiprazole (n = 592), risperidone (16), sulpiride (89), amisulpride (167), quetiapine (15), haloperidol (26), olanzapine (21), citalopram (315), venlafaxine (76), fluoxetine (200), sertraline (119), mirtazapine (46), escitalopram (45), paroxetine (51), lithium (71), valproate (150), lamotrigine (60), propranolol (334), atenolol (48), zopiclone (57), lorazepam (146), clonazepam (62), and diazepam (65). All doses, except clozapine, were standardized by transforming to a percentage of the maximum dose recommended by the British National Formulary (BNF). For example, 30 mg/day oral aripiprazole or 400 mg/month intramuscular aripiprazole were both taken as 100% BNF Maximum (%BNFMax in the text). Clozapine was not normalized to %BNFMax as is the only medication that it is adjusted by gender and smoking status and therefore prescribed dose might vary markedly (e.g. BNF dose ranges from 25 to 900 mg daily). 

Examining the influence of clozapine on sedation faces a particular challenge. Clozapine dose and metabolism varies according to age, gender, smoking status, and concomitant medication (20). Therefore, we determined that cross-sectionally (therefore, inter-subject comparison), clozapine effect on sedation should be explored via clozapine plasma levels in preference to clozapine dose (though we tested for associations with dose also, given that it is a simple clinical measure). For this analysis, we selected the subgroup of assessments in which patients were on clozapine as their only antipsychotic and plasma levels were measured within one week of (before or after) the face-to-face assessment. However, we use clozapine dose for the longitudinal analysis, as in these cases we measure intra-subject variance, which eliminates genetics factors and we controlled for the other factors such as smoking or concomitant medication.

Statistical analysis
For cohort description, categorical variables are reported in the format “number (percentage)”, and continuous variables in the format “mean (standard deviation [SD])”. Pearson’s correlation coefficient was used to test the relationship between two continuous variables. 

Linear mixed models were used to assess the longitudinal effect of changes in medication upon hours of sleep, as this is the preferred method for measuring longitudinal changes in samples in which time between assessments are not fixed as in our naturalistic study (21). To test hypotheses of interest, namely the effect of medication changes in variation of hours of sleep over time, a full model with follow-up time as both a fixed-effect and a (per-subject) random-effect variable, suggested by similar study on sleep duration (22), was created by adding other predictors as fixed effects. Predictors include age (at baseline), gender, smoking amount (cigarettes per day), alcohol use (units per week), the calendar month of the assessment, clozapine dose (in mg), length of clozapine treatment (in years), other antipsychotics, mood stabilizers, antidepressant, benzodiazepines, and beta-blockers (all medication doses expressed as the percentage of BNF maximum). Next, predictors were eliminated stepwise based on Akaike’s information criterion (AIC), enforcing the retention of follow-up time. The model with the lowest AIC was chosen as the final model. To avoid the random findings, we adopted a bootstrap approach to estimate the standard errors or confidence intervals, an acceptable methods to handle small sample size  (23) 

All statistical analyses were performed using R (version 3.5.0), including the packages lmerTest (version 3.1-2), boot(1.3-22), and forestplot (version 1.10). 


Results
Sample description
The final sample consisted of 241 clozapine-treated patients and 2,237 face-to-face appointments (observations). Table 1 describes the sociodemographic and main clinical characteristics of the full sample. The mean follow-up was 56.3 (SD 29.6) months and the average number of face-to-face observations per individual was 9.3 (SD 5.1). On average, patients slept 9.35 hours (SD 1.64) per day, with 46% reporting 10 or more hours per day (Figure 1).

[insert table 1 and figure 1 here] 

Cross sectional analysis: correlation between hours slept and clozapine dose and clozapine and norclozapine plasma levels
[bookmark: _Hlk51245633]To avoid the impact of other medication, a subgroup of patients (n=85 individuals) was selected who were taking clozapine monotherapy and had plasma levels were measured within a week of the face-to-face assessment (126 assessment in total). Sleep hours did not correlate with clozapine dose (r=0.14, p=.106), but correlated significantly with clozapine plasma levels (r=.38, p< .0001) and norclozapine plasma levels (r=.25, p=.005) (Figure 2).

[insert figure 2 here] 

Longitudinal effect of changes in medication in hours of sleep
Our second aim was to assess the effect of medication changes in hours of daily sleep. Here we use the full sample (2,237 observations for 241 patients) described in Table 1. Figure 3 shows the fixed effects of the final model, in which only four pharmacological variables showed a significant impact on sleep duration. Clozapine (0.0013 sleep hours per mg, 95% CI 0.0006 to 0.002), risperidone (0.021 sleep hours per %BNFmax, 95% CI 0.005 to 0.038), and atenolol doses (0.030 sleep hours per %BNFmax, 95% CI 0.0.012 to 0.048) were associated with greater sleep duration, whereas increased doses of aripiprazole (-0.005 sleep hours per %BNFmax, 95% CI -0.008 to -0.002) was associated with decreased sleep. There was also a significant improvement (decrease in sleep duration) over time (-0.006 sleep hours per month, -95%CI -0.009 to -0.002). No other demographic, habits, or pharmacological predictors (described in statistical analysis above) had a significant impact on the number of hours slept. 

			[insert figure 3 here] 


Additional exploratory model of sedation and symptoms severity
Sedation has been suggested as a potential source of negative symptoms of schizoprenia (24), so we also explored the association between excess of daily hours slept and psychopathology, and in models adding psychopathology to medication changes. The number of hours slept significantly correlated with positive symptoms of schizophrenia (r=.180, p<.001), negative symptoms (r=.155, p<.001), cognitive symptoms (r=.173, p<.001), and overall severity (r=.163, p<.001), but not depressive symptom severity (r=.039, p=.066). An additional model, in which symptom severity was included as covariate along with medication, yielded similar results with regards to the pharmacological effects. In this model, among the symptom domains, only negative symptom severity was associated with sleep (supplementary material).  


Discussion
We found that self-reported duriton of sleep was a plasma-level-dependent side-effect of clozapine and hypersomnia (sleeping 10 or more hours daily) was present in almost half (46%) of clozapine-treated patients. Augmenting clozapine with aripiprazole was associated with reduced sleep, whereas adding risperidone or atenolol was associated with increased sleep.  

Strengths and limitations
This was a large naturalistic study with long follow-up and with a quantitative measure of sleep, which could be used as a proxy for sedation. Indeed, most recent clinical trials on antipsychotic augmentation on clozapine have not reported the impact on sedation (25) (26). Our approach is simple and feasible for studying this side effect and may represent the best kind of evidence available at present, since a specific clinical trial is unlikely to be conducted. Nevertheless, we did not use a standardized tool for measuring sedation, such as the Epworth Sleepiness Scale (27); this is not commonly used in clinical practice and our work was naturalistic, based on electronic records. Moreover, objective measures of sleep correlated well with self-reported sleep duration (19) and are a practical approach in clinical settings (6). Another limitation was the relatively small number of observations for some of the drugs (e.g. risperidone) and the absence of some of the newest medications, such as lurasidone, paliperidone, and agomelatine. We did not measure other factors such as sleep apnea, though no participants were diagnosed with such condition. 


High prevalence of hypersomnolence
The study replicates and expands previous work. Clozapine is the antipsychotic most frequently associated with sedation and hypersomnolence and we found that 46% of patients slept 10 or more hours per day (Figure 1), similar to our preliminary work (5). To our knowledge, there are no previous studies assessing total sleep duration (as a proxy for sedation) in clozapine-treated patients; the few studies addressing this have used dichotomous variables (sedation yes/no) from side-effects scales, such as the Liverpool University Neuroleptic Side Effect Rating Scale (LUNSERS)(28) or others. Using a quantitative measure of sleep allowed a better understanding of the pharmacological effects and could help clinicians to monitor the level of sedation, albeit it is less sensitive for detecting the subjective daytime somnolence that some patients experience. Because of this, we avoided to use the term somnolence in this text.  

Hours slept as a dose-dependent clozapine side effect
All our analyses indicated that excess of slept hours was level-dependent effect: clozapine plasma levels were correlated with sleep duration (figure 2). It is not too surprising that clozapine dose did not correlate with hours slept in the cross-sectional analysis, due to the particular pharmacokinetics of clozapine, in which dose might vary according to smoking, gender, or individual metabolic (cytochrome) differences to reach a similar concentration in blood (plasma). For instance, to attain a clozapine plasma level of 350 ng/mL, the average dose required is 525 mg in a male smoker, whereas it is 325 mg for a non-smoking male and 265 mg for a non-smoking female (20). Plasma levels remove this variability.  

However, we could evaluate the longitudinal effect of changes of dose, as individual subjects were measured several times, and analyses could be controlled by smoking and other pharmacokinetic variables. We found that each additional 1 mg/day of clozapine was associated with an extra 0.001 hours of sleep (Figure 3). Since the mean clozapine dose was 325 mg/day, an extrapolation would suggest that clozapine was associated with an extra ~25 minutes/day of sleep on average; however, this naive approach extrapolates down to zero clozapine (beyond the range of the data measured in our patients), and it may be that the dose-response curve is nonlinear, as well as influenced by inter-individual variation. Nonetheless, the clinical message conveyed by the cross-sectional and longitudinal analyses is of a direct correlation between  clozapine and total time slept per day. 


Impact of medication changes on sedation
To measure the influence of medication changes over time on sleep, we used linear mixed models, considered the optimal statistical method for analysing longitudinal data (21) evaluating the directionality of the effect. In our study, patients were followed up an average of 4.6 years and the majority (80%) were evaluated more than 5 times, with 39% evaluated more than 10 times. Therefore, our data allowed analysing the impact upon sedation of adding, modifying, or removing other psychotropic medication. There are no studies with such prolonged longitudinal follow-up or wide analysis of concomitant medication. 

Aripiprazole augmentation was associated with a significant decrease in hours slept (Figure 3). On average, aripiprazole at 15 mg/day (half of the maximum dose) was associated with a 15-minute decrease in sleep. However, the actual impact was possibly greater among those with greater duration of sleep, as seen by the negative correlation between the slope term for aripiprazole and the intercept (per-subject random effect of sedation term) in the mixed linear model. The beneficial effect of aripiprazole augmentation on duration of slept  is in line with previous case reports (17) and small studies (5), but the present study is the first on this scale, with large number of patients and observations (n=596) on a clozapine-aripiprazole combination.

Risperidone augmentation has already been associated with an increase in sedation in previous work (29). Here, we quantified the increased sleep hours to 7.5 minutes per milligram. (Figure 3). To our knowledge, atenolol has not been linked to sedation before (30), and we found that atenolol increased sedation (by 3.6 minutes per milligram) (Figure 3). It would be important to replicate these findings in studies using larges samples of patients using atenolol and risperidone. There were no significant changes in self-reported sleep duration associated with any other antipsychotic, antidepressant, mood stabilizer, or beta blocker tested–or, perhaps surprisingly, with benzodiazepines. Smoking amount did not impact sleep either. These two findings (lack of impact of benzodiazepines or smoking habit) could be explained by the fact this is a naturalistic study. Increases in smoking would likely have also be associated with increases in clozapine dose (in response to the smoking), which might have obscured the impact of smoking. Benzodiazepines are likely to have been prescribed in primary care, or to have been used as required (pro re nata, p.r.n.), which might have obscured its effect in the analysis. Of note, our results do not preclude individual responses to certain drugs but indicate the mean effect over this population. Nevertheless, specific analysis of the additive effect on sedation caused by benzodiazepines in this population warrants further study.  

A ranking for choosing clozapine augmentation strategies
Our results might help clinicians to decide the optimal augmentation strategy. Self-reported sleep duration was level-dependently related to clozapine, emphasizing the clinical message to adjust clozapine to the minimum effective dose wherever possible (which might change over time at different stages of the illness). For instance, subtherapeutic levels (.25-.35mg/L or 250-350 ng/mL) might be enough for those without psychotic symptoms for over a decade and the cost-benefit balance for doses reaching supratherapeutic levels (>.55 mg/L or 550 ng/mL) should be carefully considered. 

Strategies to augment clozapine with other antipsychotics are very common in practice (31), but current guidelines do not recommend any specific drug (8). However, there is growing evidence that the aripiprazole-clozapine combination is associated with a decrease in time spent in hospital (32), may have greater efficacy in controlling positive symptoms (33), and might improve metabolic profile (34); clozapine-associated repetitive behavior (18) may also be ameliorated by aripiprazole. Our results tend to support aripiprazole as the first choice for antipsychotic augmentation, as this may reduce sedation. In contrast, a controlled clinical trials has shown that adding oral risperidone to clozapine seems ineffective in controlling persistent psychotic symptoms (29) and we find it to be associated with worsened sedation. Among the beta blockers, it seems sensible to prioritise propranolol over atenolol for controlling tachycardia, albeit further well-powered studies are needed. Methylphenidate has been used to treat clozapine-associated sedation (35), but it was not analyzed in our study and is not a first-line treatment due to the potential for abuse/dependency. 

Sedation pathophysiology and its impact on psychopathology
This study did not aim to directly address questions regarding the pathophysiology of sedation or the impact on psychopathology, but our data might help to shed some light. It is not clear whether clozapine sedation is mediated through histamine (H) or muscarinic acetylcholine receptors. Clozapine and norclozapine have a differential antagonistic effect on these receptors. Clozapine has a high affinity to H1 receptors, whereas norclozapine has a higher affinity towards antimuscarinic on M1, M2, M3 and M5, albeit not in M4 but also to histaminergic receptor H1 and H2 (as inverse agonist) and H3 and H4 agonist. We found a slightly stronger correlation of sedation with clozapine (r=.38) than norclozapine (r=.25) plasma levels (figure 2). As there is also evidence that histamine receptor gene variants can modulate the level of sedation in clozapine-treated patients (11), our work might suggest a histaminergic-mediated sedation. However, this suggestion requires replication. 

The relation between sleep duration and negative symptoms was also interesting. A possibility is that sedation could be interpreted by clinicians as a negative symptom (e.g. as lack of motivation or poor emotional display); this resembles the notion of secondary negative symptoms highlighted by Carpenter, Kirkpatrick, and colleagues (24). Again, this initial finding warrants further research using more precise scales for measuring negative symptoms, such as the Brief Negative Symptom Scale (36).

In conclusion, hypersomnia is a very common side effect of clozapine, and a challenge for patients and clinicians. Sleep duration, as a proxy for sedation, was associated with greater clozapine plasma concentration. Augmentation with aripiprazole was associated with a decrease in hours of sleep. Because the sample size, the findings of the impact of concomitant risperidone or atenolol should be taken cautiously and require further study.
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Figure legends


Figure 1. Frequency of hours slept, across all 2,337 face-to-face assessments. 
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Figure 2. Direct correlation between total sleep hours (n=126) and clozapine dose (left), clozapine plasma levels (centre) and norclozapine plasma levels (right). Plasma levels were measured in ng/mL and dose in mg/day.
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Figure 3. Final linear fixed effects model, with the four pharmacological significant variables associated with changes in hours slept, following AIC-based stepwise model selection (see Methods). Leftwards effects represent reductions in sleep hours, whereas rightwards effects represent increases in sleep hours. 
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Table 1. Baseline socio-demographics characteristics of the subjects (n = 241). 



Variables Number (percentage %) / Mean (SD) 
Per person:  
Age (baseline) 44.0 (10.7) 
Gender (= male) 187 (77.6%) 
Follow-up (months) 56.3 (29.6) 
Number of face-to-face assessments  
   1 13 (5.4%) 
   2-4 36 (14.9%) 
   5-10 98 (40.7%) 
   >10 94 (39.0%) 
Per assessment:  
Sleep duration (hours per day) 9.35 (1.64) 
Smoking status (= yes) 890 (39.8%) 
   Amount among smokers (cigarettes per day) 17.9 (9.81) 
Alcohol status (= yes) 927 (41.4%) 
   Amount among drinkers (units/week) 13.0 (16.9) 
Duration of clozapine (years) 15.6 (8.92) 
Clozapine dose (mg/day) 324.8 (144.5) 
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