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Aims: Guidance on clozapine dosing in treatment-resistant schizophrenia is based

largely on data from White young adult males. This study aimed to investigate the

pharmacokinetic profiles of clozapine and N-desmethylclozapine (norclozapine)

across the age range, accounting for sex, ethnicity, smoking status and body weight.

Methods: A population pharmacokinetic model, implemented in Monolix, that linked

plasma clozapine and norclozapine via a metabolic rate constant, was used to analyse

data from a clozapine therapeutic drug monitoring service, 1993–2017.

Results: There were 17 787 measurements from 5960 patients (4315 male) aged

18–86 years. The estimated clozapine plasma clearance was reduced from 20.2 to

12.0 L h�1 between 20 and 80 years. Model-based dose predictions to attain a

predose plasma clozapine concentration of 0.35 mg L�1 was 275 (90% prediction

interval 125, 625) mg day�1 in nonsmoking, White males weighing 70 kg and aged

40 years. The corresponding predicted dose was increased by 30% in smokers,

decreased by 18% in females, and was 10% higher and 14% lower in otherwise

analogous Afro-Caribbean and Asian patients, respectively. Overall, the predicted

dose decreased by 56% between 20 and 80 years.

Conclusion: The large sample size and wide age range of the patients studied allowed

precise estimation of dose requirements to attain predose clozapine concentration of

0.35 mg L�1. The analysis was, however, limited by the absence of data on clinical

outcome and future studies are required to determine optimal predose concentra-

tions specifically in those aged over 65 years.
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1 | INTRODUCTION

1.1 | Clozapine in treatment-refractory
schizophrenia

Clozapine has unique efficacy in treatment-refractory schizophrenia1

and, at doses 10–30% of those used in schizophrenia, Parkinson dis-

ease psychosis.2 However, the drug is under-utilized in those aged

over 65 years due to concerns about adverse effects, including agran-

ulocytosis, constipation, hypersalivation, hypotension, myocarditis,

pneumonia, sedation and tachycardia.3 An additional barrier to initiat-

ing treatment, and one that has recently been questioned,4 is the need

for intensive safety monitoring, including weekly monitoring of white

cell count for the first 18 weeks, fortnightly for the next 34 weeks

and monthly thereafter. Consensus guidance, which is largely based

on data from White young adult males suggests that most, but not all,

people with treatment refractory schizophrenia show a moderate/

good response to clozapine at predose (trough) clozapine plasma con-

centrations between 0.35 and 0.6 mg L�1, but there is considerable

variation in response and adverse effects,5 and others have proposed

a range between 0.25 and 0.42 mg L�1.6–8

1.2 | Clozapine pharmacokinetics

Clozapine undergoes almost complete absorption, has oral bioavail-

ability between 27 and 47% due to highly variable first pass metabo-

lism9 and is 95% bound to plasma proteins. The time to achieve peak

concentration is around 2.5 h following oral dosing.10–12 Clozapine

undergoes extensive metabolism and demethylation via cytochrome P

(CYP) 1A2 and to a lesser extent CYP3A4, to form the major plasma

metabolite N-desmethylclozapine (norclozapine).13

Plasma concentrations of clozapine and norclozapine for a given

dose vary widely both between and within individuals. This is partly

explained by factors that either activate, or inhibit CYP1A2, including

exposure to cigarette smoke (polycyclic aromatic hydrocarbons induce

CYP1A2), caffeine (CYP1A2 substrate),14 female sex (oestrogen

inhibits CYP1A2) and Asian ancestry, which is associated with lower

CYP1A2 activity compared to other ethnic groups.15

The contribution of norclozapine to treatment response has not

been clearly established, but several studies have shown an associa-

tion between norclozapine plasma concentration and side effects

(sedation, hypersalivation and possibly seizures).16 As a result, routine

therapeutic drug monitoring (TDM) of both is recommended.17,18

1.3 | Clozapine in older people

There is no clear guidance on the clozapine dose adjustment

required for patients with schizophrenia or other forms of psycho-

sis aged 65 years and above.19 One survey of TDM data reported

plasma clozapine concentrations of 0.53 ± 0.33 mg L�1 following

doses of 150–250 mg day�1 in those aged over 65 years.19

Population pharmacokinetic studies, which use a mixed effects

based approach to estimate pharmacokinetic parameters, have how-

ever produced inconsistent findings.20 This may be partly explained

by small sample size (n = 13–391), or differences in factors such as

body weight, concomitant medication and smoking status (smoking

is less prevalent in those aged over 65 years).19 This study aimed

to develop a population pharmacokinetic model for clozapine and

norclozapine using information from a large TDM dataset, with the

following aims:

1) To investigate the effect of age on clozapine dose–concentration

relationships, after accounting for repeated sampling and covari-

ates (sex, ethnicity, body weight and smoking status).

2) To use model-based estimates to predict the doses required in

male and female White, Afro-Caribbean and Asian smokers and

nonsmokers aged between 20 and 80 years to attain a predose

plasma clozapine concentration of 0.35 mg L�1 on repeated

dosing.

2 | METHODS

2.1 | Data source

We studied anonymised data from the analyses of blood samples

(use of EDTA anticoagulant requested) submitted for clozapine

What is already known about this subject

• Clozapine dosage guidance in treatment-resistant schizo-

phrenia is largely based on young White men.

• Clozapine plasma clearance is affected by sex, ethnicity,

smoking status and body weight, amongst other factors.

• Pharmacokinetic studies have observed inconsistent

effects of age on plasma clozapine clearance but were

limited by small sample sizes.

What this study adds

• There was a significant age-related reduction in clozapine

clearance in male and female smokers and nonsmokers of

all ethnicities.

• Clozapine dose requirements to attain a predose plasma

concentration of 0.35 mg L�1 decreased by 56% between

20 and 80 years.

• Future studies that combine pharmacokinetic and clinical

outcome data are required to ascertain optimal predose

plasma concentrations in patients aged >65 years.
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TDM from patients from the UK and Ireland, November 1993–

December 2017. Patient samples that had been referred during

investigation of: (i) death during clozapine treatment; (ii) suspected

self-poisoning requiring medical admission, for example, via a

hospital Emergency Department; and (iii) suspected clozapine expo-

sure in neonates were excluded where these could be identified.

Use of the data was approved by Guy's Research Ethics Commit-

tee reference 05/Q0704/158. Details of the assay are described in

Supplementary File 1.

Only samples for which daily dose (mg, tablet form), date and time

of last dose, date and time of the sample, plasma clozapine and nor-

clozapine concentration (mg L�1), age (years), sex, ethnicity, smoking

status and body weight (kg) were available were studied. Samples

were excluded if plasma clozapine concentrations were below the

limit of assay sensitivity (0.01 mg L�1, 100 μL sample) or were

coprescribed medication that may affect clozapine pharmacokinetics

(fluvoxamine, paroxetine, fluoxetine, phenytoin, carbamazepine, phe-

nobarbital, sodium valproate and omeprazole).21

2.2 | Pharmacokinetic model development

A pharmacokinetic model that accounted for the metabolism of plasma

clozapine to norclozapine was used to explore sources of variability in

dose-concentration relationships. Several approaches to model develop-

ment were studied (MLXTRAN command files, equations and outputs

detailed in Supplementary File 1): 1) V/Fnorclozapine was fixed relative to

a metabolic rate constant km
22; 2) V/Fclozapine and V/Fnorclozapine were

estimated and kf, the fraction of V/Fclozapine converted to V/Fnorclozapine,

was fixed to a value of 0.6623; 3) V/Fclozapine was fixed to a value of

750 L,24 based on a multiple dosing bioequivalence study that

estimated the mean value of V/Fclozapine for a person of 70 kg25; 4) The

assumption that V/Fclozapine and V/Fnorclozapine were equal.26

The chosen model included the following parameters: (i) clozapine

first-order absorption rate constant (ka) fixed at 0.69 h�1; (ii) apparent

volume of distribution of clozapine (V/Fclozapine); (iii) apparent plasma

clearance of clozapine (CL/Fclozapine); (iv) metabolic rate constant (km);

(v) apparent volume of distribution of norclozapine (V/Fnorclozapine),

which was assumed to be equal to V/Fclozapine; and (vi) apparent

plasma clearance of norclozapine (CL/Fnorclozapine). The term F repre-

sents, here, the bioavailability of the drug that cannot be estimated

from oral data alone.

The analysis estimated average parameter (or fixed effect, μ)

values in the population, interindividual variability (IIV) of the random

effects η, capturing the deviation of each individual parameter from

the population average value, and the residual variability (σ; system

noise, dosage history errors). Model development was carried out in

Monolix (version 2020R1; www.lixoft.eu). Fixed effects, interindividual

standard deviation (ω) of the random effects and residual standard

deviation were estimated using the stochastic approximation expecta-

tion maximization algorithm.27 IIV was modelled using an exponential

model ϕI = μ � eηi, where ϕi and ηi are the individual parameter esti-

mate and corresponding random effect for the ith individual. For the

sake of interpretability, the coefficient of interindividual variation was

derived using the following approximation: sqrt (eω
2 Þ �1.28

A combined additive and proportional residual error model

(yij = ŷij + (σinter + σslope. ŷij)εij was used to describe residual unex-

plained variability, where yij and ŷij represent the jth observed clozapine

(or norclozapine) concentration of the ith subject, and its correspond-

ing model predicted concentration; εij is assumed to be normally dis-

tributed with a mean of 0 and a variance of 1. Residual errors were

estimated separately for clozapine and norclozapine. The most parsi-

monious structural and statistical models were selected based on the

Bayesian information criteria (BIC) that penalizes the likelihood by the

number of estimated parameters and the study sample size. An

assumption was made that 50% of the daily dose was administered

every 12 h. Smoking status, age and body weight were incorporated

into the model as time-dependent covariates. Sex and ethnicity were

included as categorical covariates.

The base model accounted for differences in body weight, but

included no other covariates: Apparent clearance parameters were

standardized to 70 kg weight, to the power 0.75 (i.e., for an indi-

vidual i weighing 80 kg, CL/Fclozapinei = μCL/Fclozapine *(80/70)^

0.75)); and apparent volume of distribution parameters were stan-

dardized to 70 kg to the power 1 (V/Fclozapinei = μV/Fclozapine *(80/

70)^1)).29

Age effects were explored using both linear and exponential func-

tions. Covariates were selected using the Wald test, which compares

the ratio of the estimated β value for a covariate divided by its stan-

dard error (SE) to a Gaussian distribution. Models were evaluated

using goodness-of-fit criteria (SE, BIC), including diagnostic scatter

plots (observed vs. predicted concentrations using fixed effects and

individual parameter estimates), visual predictive checks (credibility

intervals around model predicted time–concentration percentiles

overlaid to observed percentiles) and change in IIV.

2.3 | Model predictions

Plasma terminal half-life (t½) was calculated as the ratio of log2 and

the slope of elimination, which was derived from parameters esti-

mates of apparent clearance and volume of distribution for individuals

of 70 kg weight.

t½ clozapine¼ log2=k,where k¼ keþkm and ke
¼ CL=Fclozapine
� �

= V=Fclozapine
� �

:

t½norclozapine¼ log2=kem,where kem
¼ CL=Fnorclozapine
� �

= V=Fnorclozapine
� �

:

Model-based estimates of V/Fclozapine, CL/Fclozapine, km and their

SE were used to predict the daily dose required to obtain predose

plasma clozapine concentration (C_predose target) 0.35 mg L�1,

along with the corresponding 95% confidence interval (CI) of the

parameter estimate in White male and female, smokers and

nonsmokers aged 20 to 80 years. The following R code was used,

REEVES ET AL. 3
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assuming 12 h dosing, ka = 0.69 h�1 and μ parameter values for V/

Fclozapine, CL/Fclozapine and km:

C_predose_target< � function x,ka,V=Fclozapine,k,target
� �

x� ka=

V=Fclozapine
� ka�k½ �� ��

exp �k�12ð Þ= 1� exp �k�12ð Þð Þð

�exp �ka
�12ð Þ= 1� exp �ka

�12ð Þð ÞÞ� target:

The 95% CIs were calculated by inserting in the code above the

upper and lower limits of each parameter using the parameter

estimate (b:) and SE (i.e., lower CI = dCL=F clozapine * 1.96 – SE, higher

CI= dCL=F clozapine * 1.96+ SE).

The R function uniroot was used to obtain the dose (variable x in

the code below) for which the difference between the model

prediction and the target value is null:

Uniroot f ¼C_trough_target; interval¼ c 0,1500½ �,ka ¼0:69,ð V=Fclozapine

¼V,k¼ k,target¼0:35Þ$root�2uniroot

fð ¼C_trough_target; interval¼ c 0,1500½ �,ka ¼0:69,V=Fclozapine

¼V_higher; k¼ k_higher; target¼0:35Þ$root�2uniroot

fð ¼C_trough_target; interval¼ c 0,1500½ �,ka ¼0:69,V=Fclozapine

¼V_lower; k¼ k_lower; target¼0:35Þ$root�2’:

2.4 | Model-based simulation

Model-based estimates of V/Fclozapine, CL/Fclozapine and km and IIV of

these estimates were used to predict the average dose and its 90%

prediction interval in the population, by sampling 100 individuals in

the parameter population distribution and using uniroot to estimate

their target doses, for the following: male/female, smoker/nonsmoker,

White, Afro-Caribbean or Asian ethnicity, aged 40 and 80 years. Dose

calculations were rounded to the nearest 25 mg to reflect real world

prescribing.

3 | RESULTS

3.1 | Base and final pharmacokinetic model

Of 21 761 samples from 7451 patients extracted from the dataset,

the following were excluded on the basis of concomitant medication

(n = 3466; 52 fluvoxamine, 56 fluoxetine, 588 paroxetine, 1840

sodium valproate, 835 omeprazole, 35 phenytoin, 60 carbamazepine),

mixed ethnicity (n = 377), or plasma clozapine below the limit of

assay quantification (n = 131). The analysis thus included 17 787

samples (Figure 1) from 5960 patients (4315 male, 1645 female;

Table 1).

The base model (Table 2) estimated V/Fclozapine, CL/Fclozapine, km

and CL/Fnorclozapine with excellent precision (relative SE <1% for all

parameters). The model explained 60% of the variability in observed

plasma clozapine and 69% of the variability in observed plasma nor-

clozapine. IIV was 12, 93, 10 and 7% for V/Fclozapine, CL/Fclozapine, km

and CL/Fnorclozapine, respectively.

Covariate effects on CL/Fclozapine (Table 2) were significant

(P < .001 for all) for smoking status (βSmoker CL/Fclozapine = +0.37, SE

0.012), sex (βFemale CL/Fclozapine = �0.24, SE 0.021), age (βAge CL/

Fclozapine = ^�0.013, SE 0.00057) and ethnicity (βAfro-Caribbean CL/

Fclozapine = +0.12, SE 0.035; βAsian CL/Fclozapine = �0.19, SE 0.041).

There was no significant effect of any covariate on km or CL/Fnorcloza-

pine. Incorporation of covariates into the base model reduced the IIV

of CL/Fclozapine from 93 to 82% and BIC was reduced from �22 024

to �23 587. The final model explained 61% of the variability in

observed plasma clozapine and 69% of the variability in observed

plasma norclozapine. The shrinkages for the variances of the interindi-

vidual random effects were 87, 15, 80 and 95% for V/Fclozapine, CL/

Fclozapine, km and CL/Fnorclozapine respectively. The shrinkages for the

standard deviation of the residual unexplained variability were 7 and

10% for clozapine and norclozapine, respectively. Covariate model

development and the final model parameter estimates (relative SE) are

shown in Table 2.

For the reference group (male, age 40 years, 70 kg weight, White,

nonsmoker), model estimates of CL/Fclozapine, km, V/Fclozapine and t½

were 20.2 L h�1, 0.005 h�1, 1460 L and 36 h, respectively. Model

F IGURE 1 Scatterplot showing the
frequency and distribution of sampling
times across the dosage interval for
(A) clozapine and (B) norclozapine. Each
circle represents a sample.

4 REEVES ET AL.
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estimates for CL/Fnorclozapine and t½ were 12.0 L h�1 and 69 h

respectively.

Covariate effects were used to calculate CL/Fclozapine for individ-

ual i using the formula: CL/Fclozapinei = μCL/Fclozapine *(weight/70)^

0.75 * (agei-40)^0.013 * (1 + 0.37 if Smoker) * (1–0.24 if Female) *

(1 + 0.12 if Afro-Caribbean) * (1–0.19 if Asian).’
Age-related model predicted reductions in CL/Fclozapine account-

ing for its estimation error are shown in Figure 2 for the average

White male and female smoker and nonsmoker.

Exploratory analyses were carried out to ascertain if there was an

interaction between smoking and covariates. There was no effect of

age (βSmoker CL/Fclozapine = +0.39 and +0.37 in those aged below or

above 40 years respectively), or sex (βSmoker CL/Fclozapine = +0.38

for males and females); and although there were differences in the

effect of smoking based on ethnicity (βSmoker CL/Fclozapine + 0.39,

+0.15 and +0.28 in White, Afro-Caribbean and Asian ethnicity

respectively, this did not improve the model fit (Supplementary File 1,

Table 1). Further analyses were carried out to investigate the effects

of concomitant medications on CL/Fclozapine in the larger dataset.

Although the predictions were in the expected direction (see

Supplementary File 1, Table 2), IIV in CL/Fclozapine increased from

82 to 98%, with no reduction in residual unexplained variability.

3.2 | Dose prediction

The predicted dose to attain a predose steady-state plasma clozapine

concentration of 0.35 mg L�1 was 275 mg day�1 in the reference

group (nonsmoking White male, 70 kg, age 40 years). The correspond-

ing doses were 10% higher and 14% lower in otherwise analogous

Afro-Caribbean and Asian patients, respectively. In all cases, the pre-

dicted dose was increased by 30% in smokers and decreased by 17%

in females (Table 3). The predicted dose decreased by 56% between

age 20 and 80 years, all other factors being equal. This decrease is

illustrated in Figure 3 for the average White male and female smoker

and nonsmoker, accounting for the estimation error of the model

parameters. The average predicted dose and 90% prediction intervals

to achieve a predose plasma clozapine concentration of 0.35 mg L�1

are shown in Table 3 for male and female, White, Afro-Caribbean and

Asian smokers and nonsmokers aged 40 and 80 years.

4 | DISCUSSION

4.1 | Age-related changes in clozapine
pharmacokinetics

Guiding dose prediction in older people has been described as ‘a mine-

field without a map’,30 reflecting the relative lack of pharmacokinetic

data on those aged over 65 years.31 In this analysis of data collected

during routine clinical practice there was a significant effect of age on

CL/Fclozapine that was not accounted for by differences in sex, ethnicity,

body weight or smoking status. These findings may be explained by

age-related reduction in hepatic metabolism due to reduced liver size

and hepatic blood flow32 and lower CYP activity.33,34 Other factors,

such as physical comorbidities and polypharmacy, which are common

in older people with serious mental illness, are beyond the scope of this

analysis, but also need to be considered as they may have contributed

to the greater heterogeneity in CL/Fclozapine observed with increasing

age.33 Our estimate of the effect of age on clozapine dosing is higher

than in our recently published audit, based on data from a much larger

sample from the TDM dataset that predicted a 1.7% decrease in

clozapine dose requirements for every 5 years above 40 years.35 It is,

however, consistent with the 4% decrease in dose for every 5 years

above 40 years reported by Rostami-Hodjegan and colleagues.36

4.2 | Smoking status, sex and ethnicity

The effect of cigarette smoking on plasma clozapine clearance is well

established and close monitoring of patients with plasma concentra-

tions at the higher end of the target range (>0.6 mg L�1) is advised if

smoking is stopped either through choice, or due to a change in

accommodation (nonsmoking policies), or inability to smoke due to

TABLE 1 Descriptive data (median, 10th, 90th percentiles).

Male (4315 patients, 13 084 samples) Female (1645 patients, 4703 samples)

Ethnicity (White/Afro-Caribbean/Asian) 3743 (11 426)/344 (980)/228 (678) 1415 (4069)/113 (308)/117 (326)

Age (year)† 36 (25, 52) 40 (26, 57)

Body weight (kg)† 87 (67, 115) 80 (58, 108)

Dose (mg/day)† 450 (250, 700) 400 (200, 625)

Smoker (%)† 8743 (66.8) 2580 (54.9)

Plasma clozapine (mg L�1) 0.41 (0.16, 0.91) 0.50 (0.18, 1.1)

Plasma norclozapine (mg L�1) 0.30 (0.13, 0.61) 0.34 (0.14, 0.69)

Plasma clozapine:norclozapine ratio 1.4 (0.8, 2.2) 1.5 (0.9, 2.3)

Time of sample after last dose (h) 3.5 (0.7, 11.9) 3.3 (0.6, 11.7)

Samples per patient 2 (1, 5) 2 (1, 5)

†At date of sample.

REEVES ET AL. 5

 13652125, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bcp.15691 by U

niversity C
ollege L

ondon U
C

L
 L

ibrary Services, W
iley O

nline L
ibrary on [28/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E
2

P
o
pu

la
ti
o
n
ph

ar
m
ac
o
ki
ne

ti
c
m
o
de

ls
fo
r
cl
o
za
pi
ne

an
d
no

rc
lo
za
pi
ne

.

P
ar
am

et
er
s

B
as
e
m
o
de

l
Sm

o
ke

C
L/
F c

lo
za
p
in
e

Se
x
C
L/
F c

lo
za
p
in
e

A
ge

ex
p
C
L/
F c

lo
za
p
in
e

E
th
n
ic
C
L/
F c

lo
za
p
in
e

Fi
xe

d
ef
fe
ct
s
(u
ni
t)

P
ar
am

et
er

es
ti
m
at
es

R
el
at
iv
e
st
an

da
rd

er
ro
r
(%

)
P
ar
am

et
er

es
ti
m
at
es

R
el
at
iv
e
st
an

da
rd

er
ro
r
(%

)
P
ar
am

et
er

es
ti
m
at
es

R
el
at
iv
e
st
an

da
rd

er
ro
r
(%

)
P
ar
am

et
er

es
ti
m
at
es

R
el
at
iv
e
st
an

d
ar
d

er
ro
r
(%

)
P
ar
am

et
er

es
ti
m
at
es

R
el
at
iv
e
st
an

d
ar
d

er
ro
r
(%

)

K
a
(h

�1
;f
ix
ed

)
0
.6
9

ne
0
.6
9

ne
0
.6
9

ne
0
.6
9

n
e

0
.6
9

n
e

V
/F

cl
o
za
p
in
e
(L
)

1
4
3
0

0
.5

1
3
9
0

0
.5

1
3
7
0

0
.5

1
4
1
0

0
.4

1
4
6
0

0
.4

β
W

ei
gh

t_
V
/

F c
lo
za
p
in
e

1
.0

ne
1
.0

ne
1
.0

ne
1
.0

n
e

1
.0

n
e

C
L/
F c

lo
za
p
in
e
(L

h�
1
)

2
3
.2

1
.1

1
8
.7

1
.1

2
0
.3

1
.2

1
9
.3

1
.3

2
0
.2

1
.3

β
W

ei
gh

t_
C
L/

F c
lo
za
p
in
e

0
.7
5

ne
0
.7
5

ne
0
.7
5

ne
0
.7
5

n
e

0
.7
5

n
e

K
m
(h

�1
)

0
.0
0
6

0
.4

0
.0
0
6

0
.4

0
.0
0
6

0
.4

0
.0
0
6

0
.5

0
.0
0
5

0
.5

β
Sm

o
ki
ng

_
C
L/

F c
lo
za
p
in
e

-
-

+
0
.4
0

3
.0

+
0
.3
9

3
.1

+
0
.3
9

3
.2

+
0
.3
7

3
.1

β
F
em

al
e_

C
L/

F c
lo
za
p
in
e

-
-

-
-

�0
.2
8

7
.5

�0
.2
6

8
.5

�0
.2
4

8
.8

β
A
ge

_
C
L/
F c

lo
za
p
in
e

(e
xp

o
ne

nt
ia
l)

-
-

-
-

-
-

�0
.0
1
3

4
.7

�0
.0
1
3

4
.4

β
A
fr
o
-C

ar
ib
be

an
_

C
L/
F

cl
o
za
p
in
e

-
-

-
-

-
-

-
-

+
0
.1
2

3
0
.5

β
A
si
an

_
C
L/

F c
lo
za
p
in
e

-
-

-
-

-
-

-
-

�0
.1
9

2
1
.4

β
W

ei
gh

t_
V
/

F n
o
rc
lo
za
p
in
e

1
ne

1
ne

1
ne

1
n
e

1
n
e

C
L/
F n

o
rc
lo
za
p
in
e

(L
h�

1
)

1
2
.1

0
.3

1
2
.0

0
.3

1
1
.9

0
.3

1
2
.7

0
.3

1
2
.0

0
.3

β
W

ei
gh

t_
C
L/

F n
o
rc
lo
za
p
in
e

0
.7
5

ne
0
.7
5

ne
0
.7
5

ne
0
.7
5

n
e

0
.7
5

n
e

In
te
r-
in
di
vi
du

al
st
an

da
rd

de
vi
at
io
n

ω_
V
/F

cl
o
za
p
in
e

0
.1
2

3
.4

0
.1
2

3
.4

0
.1
2

3
.2

0
.1
0

3
.5

0
.1
1

3
.4

ω_
C
L/
F c

lo
za
p
in
e

0
.7
9

1
.0

0
.7
4

1
.1

0
.7
2

1
.1

0
.7
5

1
.1

0
.7
2

1
.1

ω_
k m

0
.1
0

3
.5

0
.0
9

3
.3

0
.0
9

3
.2

0
.1
3

3
.0

0
.1
2

3
.1

ω_
C
L/
F n

o
rc
lo
za
p
in
e

0
.0
7

3
.4

0
.0
7

3
.8

0
.0
6

3
.5

0
.0
7

3
.8

0
.0
6

3
.9

R
es
id
ua

lu
ne

xp
la
in
ed

st
an

da
rd

de
vi
at
io
n

σ_
in
te
rc
e
p
t

C
lo
za
pi
ne

(m
g
L�

1
)

0
.0
2

1
7
.8

0
.0
2

1
7
.2

0
.0
2

1
4
.6

0
.0
2

1
6
.2

0
.0
2

1
5
.9

σ_
sl
o
p
e
C
lo
za
pi
ne

0
.4
0

0
.7

0
.4
0

0
.7

0
.3
9

0
.8

0
.3
9

0
.8

0
.3
9

0
.7

6 REEVES ET AL.

 13652125, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bcp.15691 by U

niversity C
ollege L

ondon U
C

L
 L

ibrary Services, W
iley O

nline L
ibrary on [28/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



physical illness.37 Our analysis suggested that a 30% increase in dose

would be required should someone start smoking in order to maintain

an equivalent plasma concentration. This is consistent with the litera-

ture1 and our recent audit.35

As in previous studies,20,35 women had lower clozapine CL/F than

men. These findings were not explained by differences in body

weight, but likely reflect sex differences in body composition such as

the proportion and distribution of adipose tissue38 and reduced

metabolism due to oestrogen-mediated inhibition of CYP1A2 (preme-

nopausally and possibly through the use of hormone replacement

therapy), reduced hepatic blood flow and liver size, and differential

expression of other drug metabolizing enzymes.39

Ethnicity contributed to variability in CL/Fclozapine (12% higher in

Afro-Caribbean, 19% lower in Asian compared to White patients).

Differences in body composition, variation in CYP1A2 genetics or

epigenetics (heritable changes in gene function that are not explained

by DNA sequence, including DNA methylation and histone modifica-

tions), or other environmental factors (such as diet) may account for

these results, at least in part.40

Our dose predictions for White and Asian patients (Table 2) were

largely consistent (within 10%) of published recommendations

regarding ancestry-based dose adjustments,15 with the exception of

predictions for White female smokers, which were 25% lower in the

analysis presented here.15 Although our dose predictions for those of

Asian ethnicity were consistent with our recently published audit,

those for White and Afro-Caribbean, male and female, smokers and

nonsmokers were consistently lower, but within the 95% CI for each

prediction35 (Supplementary File 1, Table 1).

The finding that dose requirements were increased in Afro-

Caribbean patients (Table 3) is in line with the suggestion that dose

requirements may be higher in those of African ancestry.15 Pharmaco-

kinetic studies of olanzapine (also a CYP1A2 substrate) have reported

faster clearance in males, smokers and African American patients who

participated in the Clinical AntipsychoTic Intervention Effectiveness

(CATIE) study.41 In a subsequent analysis of this latter dataset,

CYP3A43 genotype rs472660 AA, which is expressed more fre-

quently in those of African ancestry, was associated with faster olan-

zapine clearance; African ethnicity was no longer significant when this

genotype was incorporated in the model.42 These findings have ques-

tioned the relative contribution of CYP3A4 in clozapine metabolism.43

In the absence of genetic data, it is unclear to what extent

CYP1A2 genotype or environmental factors, including diet, account

for the observed ethnic group differences in our analysis. For example,

vegetables such as cabbages, cauliflower and broccoli increase

CYP1A2 activity44 and spices that are commonly used in Asian cuisine,

such as curcumin (the active component of turmeric) inhibit CYP1A2

activity.45 It will be important to investigate this in future studies.

4.3 | Population pharmacokinetics of clozapine

Published pharmacokinetic models of clozapine have produced

wide ranging estimates for CL/Fclozapine (median 30.3 L h�1, rangeT
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14.4–45.2) and V/Fclozapine (median 508 L, range 272–1290), wide IIV

in CL/Fclozapine (median 43%, range 27.1–60.8) and V/Fclozapine (median

65.7%, range 10–131.5) and inconsistent effects of age.20 These dis-

crepancies may be partly explained by small sample size and small pro-

portion of samples from patients aged over 65 years. Norclozapine

population pharmacokinetics have been evaluated in 6 studies20;

4 estimated CL/Fnorclozapine (median 46.3 L h�1, range 32.7–58.9;

median IIV 47.2%, range 42.1–60.3); and a single study estimated V/

Fnorclozapine (624 L, IIV 75.6%).23

The large size and wide age range of individuals in our TDM

dataset allowed estimation of pharmacokinetic parameters and covari-

ate effects.20 Model-based estimates for CL/Fclozapine (20.2 L h�1) are

consistent with published models, but V/Fclozapine was higher (1460 L)

than has previously been reported. Estimated clozapine t½ was 36 h,

consistent with reports that, although t½ is 12 h (range 9–17) follow-

ing a single dose,46 this increases following repeat dosing.20,47 Model-

based estimates for CL/Fnorclozapine were lower, but t½ estimates were

consistent with the published data on repeated dosing.47

4.4 | Limitations and sources of unexplained
variability

This analysis has addressed some of the limitations described in rela-

tion to TDM data48 in that the model accounted for repeated sam-

pling of individuals and was limited to patients for whom dose, age,

F IGURE 2 Model-based estimates for
clozapine plasma apparent clearance (CL/
Fclozapine, L h�1) and 95% confidence
intervals are shown for (A) nonsmoking
and (B) smoking White males (black circle)
and females (white circle) aged 20–
80 years.

TABLE 3 Predicted dose (90% prediction interval)† (mg day�1) to achieve predose plasma clozapine of 0.35 mg L�1 by sex, ethnicity, age and
smoking status.

Male Female

Age (years) 40 80 40 80

Nonsmoker White 275 (125, 625) 175 (100, 450) 225 (125, 475) 150 (100, 350)

Afro-Caribbean 300 (125, 800) 200 (100, 500) 250 (125, 550) 175 (100, 375)

Asian 225 (100, 575) 150 (100, 400) 175 (100, 475) 150 (100, 275)

Smoker White 375 (150, 850) 225 (100, 775) 300 (125, 825) 175 (100, 350)

Afro-Caribbean 400 (175, 1050) 250 (125, 975) 325 (150, 975) 225 (100, 450)

Asian 250 (150, 775) 200 (100, 550) 225 (125, 625) 150 (100, 400)

†Dose predictions are rounded to the nearest 25 mg, to reflect real world prescribing. Actual dose predictions are shown in Supplementary File 1.

F IGURE 3 Predicted dose (mg day�1)
and 95% confidence intervals to achieve
predose plasma clozapine of 0.35 mg L�1

are shown for (A) nonsmoking and
(B) smoking White males (black circle) and
females (white circle) aged 20–80 years.
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date and time of sample, and other relevant information on covariates

were available. Moreover, selective analytical methodology quality

controlled to international standards was used throughout. It could be

argued that clinicians may have been more likely to specify the time

since last dose for samples that were not taken predose and this is a

possible source of bias in the dataset. This was, however, accounted

for in the analysis, as the pharmacokinetic model takes into account

time since last dose when exploring dose–concentration relationships

and covariate effects. Model-based estimates are then used to simu-

late and predict predose concentrations.

Although those prescribed either potent CPY1A2 inducers (phe-

nytoin, carbamazepine, phenobarbital), or inhibitors (fluvoxamine)

were excluded from the analysis, it is likely that the dataset was

incomplete in terms of concomitant medications. Secondly, there was

limited information on other factors that could have influenced cloza-

pine metabolism, including caffeine intake, diet, oral contraceptive or

hormone replacement therapy use and the presence of inflammation,

or of hepatic dysfunction.16,17,48,49

It is likely that a proportion of the samples studied here were

obtained from patients who were not fully adherent with treatment.

Thus, it is possible that plasma clozapine and norclozapine concentra-

tions were underestimated in relation to the prescribed dose in some

individuals. It is not possible to fully quantify the influence of nonad-

herence on clozapine dose individualisation without further modelling

of data on clinical outcome, but our t½ estimates suggest the drug

may be relatively forgiving of imperfect adherence, as the duration of

effect is likely to exceed the dosage interval.50

The possible effect of clozapine-induced gastrointestinal hypo-

motility on clozapine absorption, and of passive smoking and diet on

clozapine dose–concentration relationships are also unknown. More-

over, no account was taken as to the proportion of the prescribed

dose that was administered at different times of the day. This is a limi-

tation, as it is likely that a greater proportion of the dose was adminis-

tered in the evening in many patients.

All of the above factors, together with inaccuracies in relation to

the dose or sampling time recorded, may have contributed to the wide

IIV and unexplained variability in analyte plasma concentrations. The

analysis included a standard scaling factor for body weight, which was

important because weight varied considerably across the sample.

However, the absence of height information meant that it was not

possible to calculate body mass index to assess either the presence, or

the extent of obesity.51

4.5 | Implications

We have produced guidance on the daily dose required to maintain a

predose plasma clozapine concentration of 0.35 mg L�1 across the

age range, stratified on the basis of sex, ethnicity and smoking status.

Model-based estimates suggested that the dose requirement

decreased by approximately 56% between the ages of 20 and

80 years, other factors being equal. This is important because the risk

of life-threatening clozapine-induced gastrointestinal hypomotility

and of pneumonia in those prescribed clozapine may not only increase

with increasing time on the drug, but may also be related to plasma

clozapine concentrations, at least in part.52,53

We accounted for the wide between subject variability in our pre-

dictions, as our aim was to propose guidance both for the typical indi-

vidual and the population, based on each of the covariates of interest

(age, sex, smoking status and ethnicity). Our choice of a predose con-

centration of 0.35 mg L�1 does not take into account possible age-

related pharmacodynamic changes, at the neurotransmitter, neurore-

ceptor or signal transduction level, which may lower optimal predose

clozapine concentrations, particularly in those aged over 65 years.

Nevertheless, our predictions provide a valuable comparison of the

daily dosages needed to reach a prespecified threshold across

subgroups.

Future studies should investigate the relationship between

plasma clozapine and norclozapine concentrations and clinical out-

come specifically in older people, to establish optimal predose plasma

clozapine concentrations to achieve efficacy with minimal toxicity and

refine dose predictions.
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