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Background. With clozapine either crushed tablets suspended in an aqueous medium, or proprietary suspension are sometimes prescribed as an alternative to tablets, but bioequivalence data are scant.
Methods. We compared clozapine dose and plasma clozapine and N-desmethylclozapine (norclozapine) concentrations following use of either tablets, or crushed tablets/suspension in samples submitted for clozapine TDM, 1993-2017.
Results: There were 846 patients (1,646 samples) given crushed tablets/suspension and 6,065 patients (10,779 samples) given tablets. The median dose (mg d-1) was significantly higher in men (500 vs. 450) and women (500 vs. 400) given crushed tablets/suspension, but the median plasma clozapine and norclozapine concentrations (mg L-1) were significantly lower (men: 0.29 and 0.22 vs. 0.39 and 0.28; women 0.35 and 0.26 vs. 0.50 and 0.32, respectively). A sub-group of 480 patients was prescribed either crushed tablets/suspension (1,016 samples), or tablets (1,259 samples) at different times. The median dose was again significantly higher in men (500 vs. 500) and women: 500 vs. 450), but the median plasma clozapine and norclozapine concentrations were significantly lower ((men: 0.29 and 0.22 vs. 0.32 and 0.24; women 0.30 and 0.24 vs. 0.38 and 0.29, respectively).
Implications: Poor adherence, sedimentation of suspension prior to use, and incomplete dosage are potential contributors to the lower median plasma clozapine and norclozapine concentrations observed following use of either crushed clozapine tablets, or suspension as compared to tablets. Those administering crushed tablets/suspension should be aware of these factors.





Introduction
Clozapine is the only drug with proven efficacy in schizophrenia that has not responded to other antipsychotics (treatment refractory schizophrenia, treatment resistant schizophrenia, TRS).1,2 Clozapine is also indicated in patients with schizophrenia who show adverse neurological reactions to other antipsychotics, including second-generation antipsychotics.3 
In the UK and in many other parts of the world, clozapine is licenced to treat not only TRS in patients aged 18 years and older at doses up to 900 mg/d, but also Parkinson disease psychosis at doses 5- to 10-fold lower than in TRS.4 Off-label uses of clozapine include treatment of schizophrenia in patients younger than 18 years, bipolar disorder, depressive disorders, borderline personality disorder, substance misuse disorders, suicidality, aggression, tardive dyskinesia, and tardive dystonia.5
[bookmark: _Hlk78725156]Whilst normally administered as tablets, crushed tablets suspended in water, fruit juice, or in paediatric base, or proprietary suspension have been used to aid medication adherence, to suit individual preference, and in those with swallowing difficulties.6,7 When switching from crushed tablets/suspension to tablets, bioequivalence (equivalent plasma concentrations for a given dose) has been assumed.
This audit aimed to compare plasma clozapine and norclozapine concentrations following use of (i) tablets and (ii) either crushed tablets suspended in an appropriate medium, or proprietary suspension in clinical practice using data from a therapeutic drug monitoring (TDM) database. 
Patients and Methods
Patients
We studied data arising from the analysis of blood samples (use of EDTA anticoagulant requested) submitted for clozapine TDM from patients from the UK and Eire, November 1993–December 2017. Patient samples that had been referred during investigation of (1) death during clozapine treatment, (2) suspected self-poisoning requiring medical admission, for example, via a hospital Emergency Department, and (3) suspected clozapine exposure in neonates were excluded as far as possible.
Information requested when submitting samples was reason for the request, time and date of sample, time and date of last clozapine dose, prescribed dose (mg d-1), mode of administration (tablets or crushed tablets/suspension), duration of clozapine treatment, age (yr), sex, body weight (kg), smoking habit, and other relevant information that could aid interpretation of the result such as co-prescribed drugs. A customized database was used to facilitate data analysis.
Clozapine Assay
Plasma clozapine and norclozapine were measured by high performance liquid chromatography with ultraviolet absorption detection (HPLC-UV) (240 nm)8 or by liquid chromatography-mass spectrometry (LC-MS)9 after liquid-liquid extraction (pH 10.6). Assay implementation and validation conformed to the standards set by the US Food and Drug Administration and accuracy and precision monitoring was as documented by the Clinical and Laboratory Standards Institute.10,11
Assay calibration was by duplicate analysis of solutions containing clozapine and norclozapine (0.05, 0.10, 0.20, 0.50, 1.00, and 2.00 mg/L free base) in analyte-free calf or pooled human serum and plotting the ratio of peak height of analyte to that of an internal standard against analyte concentration. Internal quality control samples (0.15, 0.40, and 1.20 mg/L both analytes) prepared in analyte-free pooled human serum were analyzed with each sample batch and between every 10 sample extracts. Samples with plasma clozapine markedly (ca. 15 %) above the calibration range were diluted in pooled analyte-free human serum and reanalyzed provided that sufficient sample was available. The limit of detection was 0.01 mg/L for either analyte (100 µL sample). Intra-assay precision at analyte concentrations 0.15, 0.40, and 1.20 mg/L (N = 6 at each concentration) was between 3.8 and 6.6%. Corresponding inter-assay precision (N = 63 over 3 months) was between 5.6 and 15.2%. Patient results were reported to the nearest 0.01 mg/L. Proficiency testing was via Heathcontrol, now LGC Standards (www.lgcstandards.com/GB/en/PS04-Clozapine-Norclozapine/p/PT-TM-PS04), from 1993.
Statistical analysis
[bookmark: _Hlk81560088]Chi-square, Mann-Whitney U-tests and Kruskal-Wallis tests for nonparametric data were used to assess group differences.12
Results
There was information on 846 patients (1,646 samples,1,257 from males) who had been given either crushed tablets, or suspension and on 6,065 patients (10,779 samples, 7,972 from males) when dosage with tablets was specified and in which clozapine was detected (Table 1). There were a further 10 and 116 samples from patients given either crushed tablets/suspension, or tablets, respectively, and in which clozapine was not detected (Supplementary Table 1). The principal reasons for requesting the assay were to either guide dosage, or assess adherence. A significantly greater proportion of the requests for those prescribed crushed tablets/suspension was to assess adherence (35.0% vs. 20.1%), whilst for those given tablets the opposite applied (43.4% vs. 50.0%; Table 2). 
[bookmark: _Hlk86482666]For the samples in which clozapine was detected, the proportion of repeatedly sampled patients was 1.8–2.0 for males and 1.7 for females (Table 1). There was no significant difference in the median age at sample date between females given either crushed tablets/suspension, or tablets, but the median ages of the males given tablets (34 yr) was significantly higher than those given crushed tablets/suspension (32 yr; Mann Whitney U test, p < 0.001, 95% CI [-1, 2]). The median prescribed dose was significantly higher in men and in women given crushed tablets/suspension as compared to those given tablets (Mann-Whitney U-tests, p <0.001, 95% CI [50, 75], 95% CI [100, 125]), but the median plasma clozapine and norclozapine concentrations were significantly lower (Mann-Whitney U-tests, p <0.001, 95% CI [-0.1, -0.08], 95% CI [-0.07, -0.05], 95% CI [-0.15, -0.09], 95% CI [-0.07, -0.04]).
The proportion of smokers at the time of sampling was significantly higher in the patients given crushed tablets/suspension than in those given tablets for males (X² = 43.1, p <0.001) and for females (X² = 39.7, p <0.001). When the sample was separated on the basis of smoking status, median doses were significantly higher in those prescribed crushed tablets/suspension in male and female smokers and male non-smokers (Mann-Whitney U-tests, p <0.001, male: 95% CI [50, 75], 95% CI [50, 100], female: 95% CI [100, 125], but not in female non-smokers (p = 0.065, 95% CI [0, 50]) (Supplementary Table 2). Plasma clozapine concentrations were significantly lower in male and female smokers and in male non-smokers prescribed crushed tablets/suspension (Mann-Whitney U-tests, p <0.001), but not in non-smoking females (p = 0.061; Supplementary Table 3).
[bookmark: _Hlk92961665]	A sub-group of 480 patients was prescribed either crushed tablets/suspension (1,016 samples), or tablets (1,259 samples) at different times. The proportion of smokers at the time of sampling were not significantly different between the groups for males and for females (Chi-square p = 0.19 or greater). The prescribed dose was significantly higher in males and in females when given crushed tablets/suspension (Mann Whitney U tests, p <0.005 and <0.001, 95% CI [0, 50], 95% CI [25, 100], respectively), but the median plasma clozapine and norclozapine concentrations were lower (Mann Whitney U tests, p <0.02 or lower, CI [-0.04, 0], CI [-0.03, 0], CI [-0.11, -0.02], CI [-0.06, 0],) as compared to when these same patients were prescribed tablets (Table 3). 
In order to compare prescribed dose and plasma clozapine and norclozapine concentrations in patients prescribed a proprietary suspension (Denzapine 50 mg mL-1 Oral Suspension) to those given either crushed tablets suspended in an appropriate medium, or in-house suspension,6 samples were categorised by patient monitoring service registration number (Supplementary Table 4). There were no significant differences in the median prescribed dose and the median plasma clozapine and norclozapine concentrations in the female patients. In the males the prescribed dose was significantly lower and the median plasma clozapine concertation was significantly higher in those prescribed the proprietary suspension, but there was no difference in the median norclozapine concentrations. 
Discussion
Clozapine therapeutic drug monitoring (TDM), i.e. the measurement of plasma clozapine and N-desmethylclozapine (norclozapine, the principal plasma metabolite of clozapine), in an appropriate sample can help assess adherence, guide dosage, and minimise the incidence of dose-related adverse drug reactions (ADRs). Many people with TRS have a moderate/good response at a pre-dose (‘trough’) plasma clozapine concentration between 0.35–0.60 mg L-1,13 but there is considerable variation in both response and ADRs.14 Once a good response has been achieved, the optimal pre-dose plasma clozapine concentration in TRS may be 0.25 mg L-1 or less, concentrations at which a lower incidence of ADRs might be expected.15
The fact that women are prescribed on average lower doses of clozapine than men, but attain higher median plasma and norclozapine concentrations (Table 1) has been noted previously.16-20 Smoking status also needs to be considered. Smoking is associated with on average a 48% decrease in plasma clozapine concentrations at constant dose,21 and the proportion of smokers at the time of sample collection was significantly higher in the patients given crushed tablets/suspension than in those given tablets. However, the fact that a similar pattern was observed when the analysis was repeated in male and in female smokers and non-smokers would argue against our findings being accounted for by smoking status.
A further consideration is that there were more samples for some patients than from others, although the average number of samples per patient was similar between the groups (Table 1). Given that the prescribed dose, the proportion of the dose given at different times of day, adherence, time since last dose, smoking status, concomitant drug therapy, etc. could have been different for each sample, each result was treated as a separate observation. As to the reasons for requesting the analysis, although these were broadly similar between those given crushed tablets/suspension and those given tablets, the proportion of requests for an adherence check was significantly higher (35.0%) in those given crushed tablets/suspension than those given tablets (20.1%; Table 2).
The use of crushed clozapine tablets suspended in water, in paediatric base,6 or dispersed in some other medium has proved useful either when attempting to improve adherence, or to suit patient preference for many years. Orodispersible tablets are also manufactured, and a range of other formulations are either available, or under investigation for clinical use.7,22 Clozapine is not water soluble and thus a liquid formulation for oral use must be a suspension, which brings with it the problems of ensuring the homogeneity of the product before it is given to patients and of quantitatively transferring the suspension to the patient. This concern was highlighted in our laboratory many years ago when residues of clozapine suspension in bottles that had been used in patient treatment were analysed and found to contain clozapine at concentrations many, many times than intended. 
The steady-state bioequivalence of a 50 mg mL-1 proprietary oral suspension with tablets was established under fasting and fed conditions in a randomized, multiple-dose, two-way crossover study.23 Patients established on once-daily doses of clozapine were administered either tablets (Clozaril, Novartis), or proprietary oral suspension (clozapine 50 mg mL-1, Douglas Pharmaceuticals) for 11 days, then switched to the other formulation for the next 11 days. On days 10 (fasted) and 11 (fed) of each period, pharmacokinetic profiles were obtained over 24 h. Food did not affect AUC(τ); however, Cmax was reduced by some 20 %, with a similar magnitude of change for both formulations.
The patients studied by Glue et al.23 were thought to be adherent to tablets and showing a good treatment response. The study was performed under clinical trial conditions, with instructions on how to measure the required volume of suspension and the need to shake for 10 seconds to ensure drug dispersal within the suspension. Given the use of either crushed tablets suspended in an appropriate medium, or proprietary suspension in an attempt to improve adherence in many patients, it is not wholly surprising that the median plasma clozapine and norclozapine concentrations were lower in both men and in women given crushed tablets/suspension in the study reported here despite the use of higher doses. 
Recent reports have indicated a loss of efficacy of a proprietary suspension. This was found to be related to increased ‘crystallisation’ on storage (https://assets.publishing.service.gov.uk/media/5b30f2bce5274a55b26e7b72/Dear_HCP_letter_denzapine_14thJune_v2.pdf, dated 14 June 2018, accessed 27 July 2021). The affected batches were recalled. The published guidance emphasised the need to follow the shaking instructions as per the Summary of Product Characteristics and the Patient Information Leaflet, notably that following extended storage clozapine is known to settle and can become visible at the base of the liquid. Thus, when first dispensed or after prolonged storage when there is visible settling of the suspension, the bottle should be shaken vigorously for 90 seconds. However, this can aerate the suspension and lead to variability in dosing. Thus, the bottle should now be left to stand for 24 hours and only shaken for 10 seconds before the first and each subsequent dose to ensure that a homogenous suspension is administered. 
It is important that those administering proprietary suspension are made aware of the importance of following the instructions to avoid the risk of underdosing with a new bottle, and of overdose if a product that has been allowed to sediment is used. There are other practical issues, including use of a liquid when attempting clozapine re-titration. Administering 12.5 mg clozapine requires measurement of 0.25 mL of appropriately shaken relatively viscous 50 mg mL-1 solution and in turn giving this to the patient. This problem may be compounded if transfer to a secondary container has occurred for home use and labelling has been applied that is potentially misleading.
Given the relatively small number of samples identified as associated with the use of a proprietary oral suspension in this survey, it is possible that use of this commercial product may give different results to the use of crushed tablets suspended in water or some other medium (Supplementary Table 4). In this context, it has been reported that use of the proprietary suspension results in lower ‘dose-corrected’ plasma clozapine concentrations than the equivalent dose of clozapine in tablet form, based on 87 plasma samples (13 patients) who had been given both preparations, January 2013–April 2017.24 The results from individual patients were averaged and the means compared. The difference in the mean values was small (0.67 ‘mg L-1 daily dose’ on liquid and 0.87 ‘mg L-1 daily dose’ on tablets, p = 0.035). There was no significant difference in mean ‘dose-corrected’ plasma norclozapine between the formulations.
For dose correction, clozapine and norclozapine plasma concentrations (mg L-1) were divided by daily dose (‘mg/1000’), although the validity of normalising a metabolite concentration to daily dose is unclear. Moreover, there will have been a contribution from previous doses to the measured concentrations. The resulting values were variously reported as ‘[mg L-1 daily dose (mg)]’, ‘levels g‑1’, ‘levels’, and ‘mg L-1 daily dose-1’. It is also possible that the problem with the proprietary suspension noted above may have confounded the findings, at least in part.
More recently, this same group have reported no significant difference in plasma clozapine in patients receiving either a proprietary oral suspension, or a newly-introduced suspension (Clozapine oral solution 50 mg mL-1; St George’s ZTAS), an unlicensed ‘special’ produced by St George’s University Hospitals NHS Foundation Trust, currently only available in the UK.25 Nevertheless, it is clear that use of this newly-introduced suspension will likely be accompanied by the issues identified above.
Finally, the data presented here do emphasise that clozapine given to patients either as in-house suspension in water for example, or as a proprietary suspension cannot be assumed to give equivalent plasma clozapine and norclozapine concentrations to a clozapine dose given as tablets. Publications citing clozapine patient dosage should specify the mode of clozapine administration. 
Conclusions
An important use of clozapine suspension is to promote adherence in those who may be reluctant to take tablets. Thus, patient factors as well as sedimentation of the suspension prior to administration to the patient may have been responsible for the lower median plasma clozapine and norclozapine concentrations observed in men and in women despite higher median prescribed dosage of crushed tablets/suspension as compared with tablets. Clinicians should be aware of these factors when considering a switch between suspension/crushed tablets and tablets, and vice versa. 
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