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Abstract
Uncertainty regarding the excess of mortality in patients treated with clozapine persists. A decrease in all-cause mortality, and perhaps also in suicide, after clozapine initiation has been reported, but there are no studies in which preventable causes were ascertained in those taking medication in the long term. Here, we aimed to assess a decade of causes of deaths in a catchment area in patients with schizophrenia chronically treated with clozapine and compared them to a clozapine-treated control cohort. Causes of deaths were classified as suicide, expected (e.g. cancer), and unexpected deaths (encompassing causes of death potentially due to clozapine side effects, and unexplained sudden death). We used descriptive statistics for comparing socio-demographic and clinical factors between the three groups. Logistic regression models were used to examine risk factors associated with unexpected death compared to the control group. We found that the overall mortality was similar to that in previous studies (at 0.8% yearly on average) with unexpected deaths accounted for 52% of total deaths. The unexpected deaths group was on average treated with higher clozapine doses (mean 460 mg/day). A small but significant peak of unexpected deaths was found during the 2018 summer heat wave, which might have exacerbated dose-dependent side effects of clozapine. We recommend an increased monitoring for those on higher doses of clozapine is suggested as one potential intervention to decrease mortality in this population. 
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1. Introduction 
[bookmark: __Fieldmark__73_3862467544][bookmark: __Fieldmark__73_2113833669][bookmark: __Fieldmark__72_2119414058][bookmark: __Fieldmark__86_240126034][bookmark: __Fieldmark__103_3862467544][bookmark: __Fieldmark__99_2113833669][bookmark: __Fieldmark__94_2119414058][bookmark: __Fieldmark__105_240126034][bookmark: __Fieldmark__114_3862467544][bookmark: __Fieldmark__107_2113833669][bookmark: __Fieldmark__99_2119414058][bookmark: __Fieldmark__109_240126034][bookmark: __Fieldmark__152_3862467544][bookmark: __Fieldmark__136_2113833669][bookmark: __Fieldmark__119_2119414058][bookmark: __Fieldmark__119_240126034][bookmark: __Fieldmark__169_3862467544][bookmark: __Fieldmark__149_2113833669][bookmark: __Fieldmark__128_2119414058][bookmark: __Fieldmark__127_240126034]Schizophrenia patients die on average 15 years earlier than the general population, with suicide and cardiovascular events being the main cause of early death (Hjorthøj et al., 2017). Clozapine is the only antipsychotic licensed for the management of otherwise treatment-resistant psychosis, which affects a third of patients. This medication reduces psychotic symptoms (Kane et al., 1988) and suicide risk (Taipale et al., 2020) and has shown to reduce total mortality in the UK (Cho et al., 2018a)(Hayes et al., 2015a) and worldwide (Tiihonen et al., 2009), with general acceptance that the benefits outweigh the risks (Fontaine et al., 2001). Recently, clozapine has become a source of controversy, with reports of unexpected and potentially preventable deaths (Dyer, 2018). Clozapine-related deaths might be caused by the long term consequences of its metabolic side effects, such as weight gain, diabetes and dyslipidaemia (Leucht et al., 2013), but also due to a range of dose-dependent and potentially life-threatening side effects such as arrythmias, seizures, ileus, or idiosyncratic/immune reactions such as agranulocytosis and myocarditis (Nielsen et al., 2013). 

[bookmark: __Fieldmark__207_3862467544][bookmark: __Fieldmark__183_2113833669][bookmark: __Fieldmark__159_2119414058][bookmark: __Fieldmark__165_240126034][bookmark: __Fieldmark__218_3862467544][bookmark: __Fieldmark__191_2113833669][bookmark: __Fieldmark__164_2119414058][bookmark: __Fieldmark__169_240126034]However, there are no detailed studies on the incidence and causes of non-intentional (non-suicidal) unexpected deaths, which is crucial in order to implement strategies to decrease fatalities. Some studies have distinguished between natural and unnatural (suicide) causes (Cho et al., 2018a)(Hayes et al., 2015a) or with cardiovascular deaths (Taipale et al., 2020, 2018), but this distinction does not provide information about the risk factors associated with non-intentional (non-suicidal) unexpected causes, which might be avoidable via different strategies. The aims of this study were: 1) to establish the cause of death for all clozapine-treated patients over a decade (2009-2018) in a well-defined catchment area in Cambridgeshire, UK, and 2) to study risk factors for non-intentional unexpected deaths. Here, causes of death were categorised into three main groups: suicide, unexpected non-suicide deaths, and expected deaths. The last of these groups accounted for patients known to be suffering with a life-limiting condition (e.g. cancer) while taking clozapine, whose deaths were considered as unrelated to the medication. 

2. Materials and Methods 
2.1. Study Design and setting
This was an National Health Service (NHS)-approved audit to study mortality in patients prescribed clozapine using electronic notes in a retrospective case-control design, including all patients prescribed clozapine under the care of Cambridgeshire and Peterborough NHS Foundation Trust (CPFT) who died between 1st Jan 2009 and 31st Dec 2018, and a comparison group. This manuscript adheres to the STROBE recommendations for case-control reports. 

CPFT is the only mental health provider for a catchment area that covers a population of ~1 million in the East of England, with urban, suburban and rural areas. In UK, all clozapine-treated patients must be seen by a consultant psychiatrist at least once a year, and CPFT runs a dedicated clozapine clinic service for such patients. Therefore, it is extremely unlikely that anyone treated with clozapine in this area was not under the care of CPFT. 

2.2. Identification of cases and causes of death 
Deceased patients and cases of death were identified using the Denzapine Monitoring Service (DMS) and Trust electronic clinical records, as part of an internal mortality review clinical audit. Thirty-three deceased patients were identified, and cause of death was ascertained using the death certificate or coroner’s inquest report. 

Causes of death were divided into three categories based on their likely cause: suicide (intentional), unexpected (non-intentional), and expected. Deaths in the ‘expected’ group were considered a priori unlikely to be associated with clozapine and reflected known life-limiting conditions (e.g. patients with a diagnosis of cancer or dementia). The non-intentional unexpected deaths included (a) deaths potentially attributable to known dose-dependent side effects of clozapine (seizures, arrhythmias, gastrointestinal); (b) idiosyncratic or immune reactions potentially attributable to clozapine (agranulocytosis, myocarditis); (c) acute consequences of long-term metabolic side-effects attributable to clozapine (e.g diabetes or hyperlipidaemia); and (d) those in which cause of death was not ascertained (unexplained deaths). As some causes of death, such as sudden arrythmia, may leave no trace at post mortem examination, all these cases were included in the ‘unexpected’ category, as we determined upon a low threshold for attributing a death as potentially due to clozapine. Paper notes were reviewed for 3 patients for whom relevant information was recorded before CPFT’s electronic records systems were established. When cause of death was not clear from the notes, coroner’s reports were requested. 

2.3. Identification of the clozapine-treated control group
A comparison group was blindly and randomly selected from the clozapine Clinical and Research Database, an ethically approved database of clozapine-treated patients at CPFT (NHS Research Ethics references 13/EE/0121 & 18/EE/0239). Volunteers have given consent to participate.  

Exclusion criteria for the group were: death prior to 1 Jan 2019; started clozapine after 2009 (52 excluded); lost to follow-up between 2009-2018 (34 cases excluded); or off-label use of clozapine (18 cases). Therefore, all patients in the control group had schizophrenia and were continuously treated with clozapine from before 2008 to after 2018. In total, 123 patients were identified as the control group, which equates to 29% of all clozapine-treated patients in the trust. 

The information we extracted for each patient included social-demographic factors (age, gender), health behaviour (smoking status), clozapine dosage, co-prescriptions (whether taking an antipsychotic, antidepressant, or mood stabilizer), and comorbidity (presence of type 2 diabetes mellitus). Age was calculated up to the death day or 1 Jan 2019. Clozapine dosage higher than 525mg/day was treated as high dosage (being above 55% of British National Formulary recommended maximum). 
Data is available to other researchers upon request. 

2.4. Statistical analysis
Descriptive statistics for each group, as defined by cause-of-death category or “alive” status, included an analysis of continuous and categorical data for patient characteristics. χ² tests were used for categorical variables and ANOVA (analysis of variance) or Fisher’s least significance difference (LSD) post-hoc tests were used for continuous variables. 
Logistic regression analyses
A Logistic regression models were used to examine the corrected association between high dose clozapine and the risk for of unexpected death, controlling for socio-demographic variables, smoking, co-prescription, and type 2 diabetes. To further control for potential differences between high dose clozapine exposure and lower dose clozapine exposure, and also to test the robustness of the initial model, we repeated the logistic regression but adjusted by inverse probability weights (IPWs). IPWs were calculated from propensity scores generated by another logistic regression between high-dose clozapine (as a binary variable) and other covariates. An additional model explored whether a particular year was associated with unexpected greater mortality (see results). 
R version 3.5.3 was used for analysis and figure plotting. We used a significance threshold of alpha = 0.05 throughout. 
3. Results 
Thirty-three clozapine-treated people died between 2009 and 2018 (Figure 1a). The average number of people treated with clozapine by CPFT during this 10-year period was 425 (ranging from 388 in 2009 to 467 in 2018), making the average mortality yearly rate (incidence of deaths per year) in clozapine-treated patients 0.8%, ranging from 0% in 2011 to 1.53% in 2018. The average rate of unexpected deaths per year was 0.4%, followed by death due to suicide (0.2%) and expected reasons (0.2%).

3.1. Causes of death analysis
Among the 33 cases, 8 (24%) died by suicide, 8 (24%) were expected deaths, and 17 (52%) in the unexpected deaths (Figure 1b). A significantly higher mean clozapine dose in the unexpected group than in the other groups was noted. Ten out of 17 cases in the unexpected group cases were deaths recorded as unexplained by the coroner (‘open conclusion’ formerly ‘open verdict’). Table 1 shows demographics and clinical variables.

3.2. Comparing risk factors in the unexpected deaths group with control group
We aimed to identify predictors of unexpected death using a clozapine-treated control comparison group (n=123). Table 2 shows the univariate analysis of demographic and clinical variables of the patients who died unexpectedly and those in the clozapine-treated control group (who did not die). Clozapine dose is as prescribed at time of death. Patients whose deaths were unexpected were prescribed higher doses of clozapine (p = 0.021), were younger (p = 0.002), and were marginally less likely to be co-prescribed an antidepressant (p = 0.061). 
The logistic regression analysis, in which the effects of all predictors were controlled for all others, is shown in table 3. Those taking high-dose clozapine had an elevated risk of death (OR = 5.937, CI 95% 1.243-30.595), and this result remained significant after the logistic model was weighted by IPW (OR = 9.249, CI 95% 2.358-40.914). However, the risk of death was lower in those taking antidepressants in addition to clozapine (OR = 0.116, CI 95% 0.008-0.672).

3.3. The peak in deaths during 2018
The increase in deaths observed for 2018 was further explored using linear regression with the proportion of exposed patients dying in each year as the dependent variable and the independent variable is a binary variable (year = 2018 or not). To control for an overall time trend in death rates, we included the calendar year as a covariate. The results in Table S1 show that a greater death rate was found in 2018, driven by excess of unexpected deaths in patient treated with high dose of clozapine (>525 mg daily; p=.001); but not due to suicide (p=.373) or expected deaths (p=.720). There was a linear trend for expected deaths, independent of 2018. 

4. Discussion
We found that most deaths (52%) were due to unexpected physical causes, compared to suicide (24%) or those expected in the context of known life-limiting physical illness (24%). The overall mortality rate was 0.8% per year. Unexpected deaths had a relatively low mortality rate (0.4% per year) but with a significant peak during 2018 of 1.1%. High clozapine dose was consistently found as a risk factor for an early unexpected death.

4.1. Mortality rate compared to other studies
The mortality rates found in our study were similar to one large study in Sweden which found 0.78% (vs. 0.80% in our study) (Taipale et al., 2018) and in line of two previous UK studies. Hayes et al.(Hayes et al., 2015a) reported a 2% mortality rate (17 deaths in 748 patients prescribed clozapine de novo) after 5 years of follow-up, whereas Cho et al.(Cho et al., 2018b) found a 3.5% mortality rate (35 of 1025 patients prescribed clozapine de novo) at 5 years, within the same population. Our study found a higher mortality rate, but it should be noted that our study spanned for 10 years (instead of 5) and our patients were not de novo clozapine patients, hence they were significantly older. 

Over a 10-year period, we found 8 people who died by suicide and 8 who died of expected causes. It has been suggested that clozapine reduces suicide in people with schizophrenia (Taipale et al., 2020), which could explain the relatively lower incidence seen in this study compared to unexpected deaths. Those whose deaths were expected were significantly older and were prescribed a lower dose of clozapine, which was not surprising in the context of age and physical comorbidity.  

4.2. Risk factors in the ‘unexpected deaths’ group
Most deaths (52%) were unexpected, which to our knowledge has not been reported before, and associated with higher clozapine dose. In our study, this category included a higher proportion of people on high dose (40% were prescribed >525mg/day) than the clozapine-treated surviving control group and the other two causes of death. Similarly, the mean clozapine dose was significantly higher in this group than in the surviving comparison group and the ‘expected’ group, though not the suicide group. Smoking was also more frequent in the unexpected-death group compared to the other groups, although this difference was not significant. Smoking and clozapine dose are correlated due to induction of cytochrome CYP1A2 activity by smoking (Özdemir et al., 2001; Thorn et al., 2018). The average age in the unexpected group was relatively young (52 years old), in line with the early deaths associated in schizophrenia (Kahn et al., 2015). The rates of usage of psychotropics were not different between the unexpected death group and the control group (Table 2) and rates of type 2 diabetes no different either, which might be counterintuitive. 

Those causes of death categorized as “unexpected” were not necessarily caused by clozapine but were via mechanisms known to be associated with clozapine use (including unexplained sudden death). The present data raise the possibility of interventions to reduce further the long-term mortality associated with clozapine treatment. In particular, unexpected death was associated with high-dose clozapine. It might be beneficial to introduce more regular monitoring of clozapine plasma levels. Currently, UK NICE guidelines advise that plasma level measurement should not be a routine practice and is only indicated for assessing compliance or suspected toxicity(National Institute of Health and Clinical Excellence, 2014). 

4.3. Mortality peak in 2018
[bookmark: __Fieldmark__712_3862467544][bookmark: __Fieldmark__588_2113833669][bookmark: __Fieldmark__572_2119414058][bookmark: __Fieldmark__584_240126034][bookmark: __Fieldmark__728_3862467544][bookmark: __Fieldmark__600_2113833669][bookmark: __Fieldmark__580_2119414058][bookmark: __Fieldmark__609_240126034]We found a significant unexpected mortality peak during 2018 attributed to 3 unexpected deaths during a 10 days period at the end of the summer heat wave. July 2018 maximum temperatures were more than 4°C above the long-term average for that month (Office, 2018) and dehydration is a potential common risk factor for clozapine-associated deaths, exacerbating all dose-dependent side effects. The mortality increase during the heat wave is in line with a previous report suggesting an 5% increase in risk of death with every 1°C rise in temperature in patients with a psychotic illness, dementia, or substance misuse(Page et al., 2012). Heat is a biologically and behaviourally plausible risk. Dopamine antagonists can affect the ability to regulate temperature(Kerwin et al., 2004). Although the role of the heat wave in our results remains speculative, the relevance, biological plausibility and potential recurrence suggests that clinicians should be vigilant when temperature rises. Increasing general knowledge, by service users, clinicians and carers, of clozapine’s side effects and signs of dehydration and its management might help to decrease mortality albeit further research would be required.

4.4. Limitations 
The principal limitation is a sample size; thus replication in a larger population is warranted. The link between a spike in unexpected deaths and a heat wave remains speculative, though cautionary. Unexpected death group might have been treated with a higher dose due to more severe symptoms of psychosis, but this could not be explored in this work. The sparse cases limited our ability to explore the relationship between ambient temperature and death using more suitable models, such as a time-stratified case-crossover study design (Doerken et al., 2016; Janes et al., 2005) or a distributed lag non-linear model (Gasparrini, 2011). However, deaths on clozapine are infrequent events, and other studies in this area have similar numbers(Cho et al., 2018a) or fewer deaths(Hayes et al., 2015b) than our study. Another limitation is in the data available for mortality risk prediction; for this reason, we were unable to predict death by clozapine/norclozapine plasma levels, or by weight or other cardiovascular risk factors, since data was only available on these variables for a subset of patients who had died more recently. Advantages of our study include the examination of a very well-defined catchment area and a monopoly provider of clozapine services, as well as an in-depth analysis of causes of death, which might be difficult using large-scale record linkage. 

4.5. Conclusions
Clozapine-associated mortality in patients with chronic schizophrenia is low. When such patients died, the commonest category of cause of death was unexpected physical cause. High clozapine dose was a risk factor for unexpected death, and perhaps particularly so under circumstances that might increase blood levels such as heat waves. Clinicians should regularly monitor for potential side effects and educate about symptoms for early identification. Consideration should be given to regular monitoring of plasma levels of clozapine and its metabolites. 

Acknowledgements
Thanks to the pharmacy department, clozapine clinic staff and special thanks to Dr. Anna Yankova for the comments to the final draft. 

Author Contribution
ER, CT, CJ and EFE designed the study and collected the data. ER, SC, RNC and EFE conducted the statistical analysis and wrote the first draft. All authors were involved in the interpretation of the results. All authors contributed and approved to the final manuscript.  

Declaration of interest
All authors declare no conflict of interest with this work 

Funding
This work is not directly funded by any organization. The work uses information for the  CPFT Research Database, which was supported by the UK National Institute for Health Research (NIHR) Cambridge Biomedical Research Centre (BRC); the views expressed are those of the authors and not necessarily those of the NIHR or the Department of Health and Social Care. SC’s and RNC’s research was supported by the Medical Research Council (grant MC_PC_17213 to RNC).



Table 1. Demographics and clinical data of the 33 clozapine-treated patients who died between 2009-2018 inclusive. Causes of deaths were categorized as suicide (A); expected death due to physical illness (B); and unexpected and/or unexplained (C). Data are shown as percentage (n), or mean (standard deviation)
	

	All
(n=33)
	A. Suicide
(n=8)
	B. Expected
(n=8)
	C. Unexpected
(n=17) †
	Statistics
	P Value

	Male
	73% (24)
	75% (6)
	62.5% (5)
	76.5% (13)
	
	0.755

	Age
	53.2 (14.3)
	44.9 (8.6)
	65.4 (14.0)
	51.9 (13.9)
	
	0.015a

	Clozapine dose (mg)
	400.0 (186.6)
	437.5 (102.6)
	228.6 (143.2)
	460.0 (196.8) 
	
	0.013b

	Clozapine dose >525mg (n)
	21.2%(7)
	0% (0)
	0% (0)
	40% (6) 
	
	0.024

	Smoker‡
	51.5% (17)
	37.5% (3)
	37.5% (3)
	64.7% (11)
	
	0.324


† Clozapine dose data was missing for one case and another on titration was excluded. 
a Post-hoc LSD tests showed statistically significant differences between group B and groups A (p=0.005) and C (p=0.030), but no differences between group A and C (p=0.211).
b Post-hoc test (LSD test) showed statistically significant differences between group B and groups A (p=0.005) and C (p=0.022), and no differences between group A and C (p=0.948).





Table 2. Comparison of the sociodemographic and clinical variables of the unexpected death group (n=15) with the control clozapine-treated group (n=123).
	
	Unexpected death 
(n = 15) 
	Clozapine-treated controls
(n = 123)
	Statistics
	P Value

	Male
	76.5% (13)
	80.5% (99)
	
	0.948

	Age
	48.4 (9.45)
	51.9 (13.9)
	
	0.002

	Smoker
	68.8% (11)
	43.9% (54)
	
	0.108

	Clozapine dose (mg)
	460 (196.8)
	343 (155.9)
	t = -2.656
	0.009

	Clozapine dose >525mg/day*
	40.0% (6)
	13.1% (16)
	
	0.007

	On additional antipsychotic
	17.6% (3)
	41.5% (51)
	
	0.104

	On antidepressant
	11.8% (2)
	38.2% (47)
	
	0.061

	On mood stabilizer
	17.6% (3)
	8.9% (11)
	
	0.490

	Type 2 diabetes mellitus
	17.6% (3)
	24.4% (30)
	
	0.757








Table 3. Predictors of death in patient who died unexpectedly and clozapine-treated group who did not die (expressed as odd ratios with 95% confidence intervals, corrected for all other factors in the model).
	
	Logistic regression
	Logistic regression weighted by IPW

	
	OR (95% CI)
	p value
	OR (95% CI)
	p value

	Clozapine dose >= 525mg (= Yes)
	5.937[1.243 30.595]
	0.026
	9.249[2.358 40.914]
	0.002

	Age
	1.033[0.968 1.104]
	0.326
	1.019[0.956 1.086]
	0.559

	Male (= Yes)
	0.374[0.086 1.734]
	0.188
	0.332[0.073 1.623]
	0.152

	Smoker (= Yes)
	2.404[0.679 9.869]
	0.188
	1.793[0.525 6.613]
	0.357

	Antipsychotic (= Yes)
	0.228[0.036 0.996]
	0.073
	0.292[0.05 1.201]
	0.119

	Antidepressant (= Yes)
	0.262[0.034 1.266]
	0.132
	0.116[0.008 0.672]
	0.041

	Mood stabilizer (= Yes)
	1.319[0.063 10.184]
	0.815
	0.481[0.002 5.707]
	0.656

	Type 2 diabetes mellitus (= Yes)
	0.494[0.067 2.31]
	0.415
	0.504[0.064 2.453]
	0.439


	


Table S1. Testing the hypothesis that death rates increased in 2018 for those taking clozapine, relative to previous years.
	
	Coefficient
	Std. Error
	t value
	p value

	All death
	
	
	
	

	Year
	0.00065 
	0.00040 
	1.6350 
	0.1460 

	Year = 2018
	0.00535 
	0.00381 
	1.4030 
	0.2030 

	Death due to suicide
	
	
	
	

	Year
	0.00013 
	0.00030 
	0.4420 
	0.6720 

	Year = 2018
	-0.00275 
	0.00289 
	-0.9530 
	0.3730 

	Expected death (due to known physical health condition)
	
	
	
	

	Year
	0.00051 
	0.00009 
	5.4350 
	0.0010 

	Year = 2018
	0.00034 
	0.00090 
	0.3730 
	0.7200 

	Unexpected death (potentially attributable to a clozapine side effect)
	
	
	
	

	Year
	0.00001 
	0.00040 
	0.0180 
	0.9860 

	Year = 2018
	0.00777 
	0.00384 
	2.0240 
	0.0826 

	Unexpected death associated with high-dose clozapine
	
	
	
	

	Year
	-0.00026 
	0.00014 
	-1.8680 
	0.1040 

	Year = 2018
	0.00706 
	0.00134 
	5.2600 
	0.0012 




Figure1. Number of deaths per year from 2009 – 2018. A: Total deaths, B: Deaths by type. 
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