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ABSTRACT

BACKGROUND: Treatment-resistant schizophrenia affects approximately 30% of individuals with the disorder.

Clozapine is the medication of choice in treatment-resistant schizophrenia, but optimizing administration and dose

titration is complex. The identification of factors influencing clozapine prescription and response, including

genetics, is of interest in a precision psychiatry framework.

METHODS: We used linear regression models accounting for demographic, pharmacological, and clinical covariates

to determine whether a polygenic risk score (PRS) for schizophrenia would be associated with the highest dose

recorded during clozapine treatment. Analyses were performed across 2 independent multiancestry samples of in-

dividuals from a UK patient monitoring system, CLOZUK2 (n = 3133) and CLOZUK3 (n = 909), and a European sample

from a Norwegian therapeutic drug monitoring service (n = 417). In a secondary analysis merging both UK cohorts,

logistic regression models were used to estimate the relationship between schizophrenia PRSs and clozapine doses

classified as low, standard, or high.

RESULTS: After controlling for relevant covariates, the schizophrenia PRS was correlated with the highest clozapine

dose on record for each individual across all samples: CLOZUK2 (b = 12.22, SE = 3.78, p = .001), CLOZUK3 (b =

12.73, SE = 5.99, p = .034), and the Norwegian cohort (b = 46.45, SE = 18.83, p = .014). In a secondary analysis, the

schizophrenia PRS was associated with taking clozapine doses .600 mg/day (odds ratio = 1.279, p = .006).

CONCLUSIONS: The schizophrenia PRS was associated with the highest clozapine dose prescribed for an individual

in records from 3 independent samples, suggesting that the genetic liability for schizophrenia might index factors

associated with therapeutic decisions in cohorts of patients with treatment-resistant schizophrenia.

https://doi.org/10.1016/j.biopsych.2022.07.014

Approximately one third of individuals with schizophrenia

experience symptoms that do not meaningfully improve after 2

courses of standard antipsychotics, a presentation often called

treatment-resistant schizophrenia (TRS) (1). Clozapine is the

evidence-based treatment of choice for TRS (2), although it

also has the potential to cause a range of adverse drug re-

actions (ADRs). These require careful clinical consideration and

are major drivers of treatment discontinuation (3), contributing

to the fact that most eligible patients are not offered clozapine

as a treatment option (4). Moreover, it is estimated that only

about 50% of those treated respond to clozapine (5), and few

objective predictors of therapeutic response or adverse effects

have been identified to date (6).

Individual differences in response to psychopharmacology

are known to be influenced by genetic and environmental

factors (7,8). Pharmacogenomics research aims to identify

genetic variants that contribute to this variability and is one of

the most promising pillars of precision medicine strategies (9).

To date, while most known pharmacogenomic variants are

associated with absorption, distribution, metabolism, and

excretion processes influencing drug exposure, markers

associated with disease and disorder risk can also be

assessed to investigate treatment outcomes (10). In this sense,

composite metrics of genetic risk such as polygenic risk

scores (PRSs) have become widely used in medical genomics

research and are also seen as potential predictive markers,

which could eventually be introduced into patient care (11,12).

As an example, hundreds of schizophrenia susceptibility loci

have been identified in large-scale genome-wide association

studies (GWASs) pointing to neurobiological pathways and

mechanisms likely to be disrupted in the disorder (13). Several

of these could feasibly play a role in antipsychotic treatment

response, such as the dopaminergic signaling pathways

indexed by DRD2 (14). Thus, investigating the association

between genetic liability for the disorder and response to an-

tipsychotics might be fruitful, with the hypothesis being that a

heavier genetic burden could be associated with poorer

treatment response.
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A key challenge for clinicians is determining the optimal

dose of clozapine for a given individual, which requires

weighing the relative likelihoods of therapeutic response

versus ADRs. Clinical caution to avoid ADRs, which can be

debilitating even if mild, might lead to individuals’ spending

weeks or months on a given dose without apparent benefits

before they are escalated to a higher one (15). In addition,

meta-analytic evidence points to the need to take drug meta-

bolism into account in clinical practice (16). In this sense,

therapeutic drug monitoring (TDM) schemes, when available,

can facilitate fine-tuning of clozapine concentrations (levels) for

optimal response and are particularly suited for the identifica-

tion of poor or rapid metabolizers (17), a subset of the general

population that does not fully account for the rate of clozapine

nonresponders (18). For these reasons, investigating clinical

and demographic characteristics, including genetics, that un-

derlie clozapine prescriptions in real-world settings can help us

better understand the clinical decision-making processes

behind clozapine dose escalation and provides a pathway

toward the inference of predictive factors for treatment

outcomes.

This study analyzed genetic and clozapine pharmacokinetic

data in 3 retrospective cohorts: 2 from the CLOZUK project in

the United Kingdom, one of the largest DNA sample collec-

tions worldwide of individuals with TRS (19), and another from

the TDM service at Diakonhjemmet Hospital in Oslo (20). The

aim was to assess whether the schizophrenia PRS would be

correlated with the clozapine doses prescribed to those with

TRS. We hypothesized that, if associated, schizophrenia PRS

could indicate which patients would require higher doses of

clozapine, and this information could be a proxy phenotype or

indicator for poorer treatment response in the absence of

ADRs. Given the underuse of clozapine and the complexities of

its clinical management owing to dose-dependent and idio-

syncratic ADRs, inferring the potential relevance of genomic

information in this setting could be informative for the devel-

opment of future stratification and drug dosing algorithms. In

addition, novel observations supporting that schizophrenia

genetic liability might also index therapeutic decisions and

outcomes would be of great interest for precision psychiatry

research.

METHODS AND MATERIALS

Samples

The CLOZUK cohort consists of individuals taking clozapine in

the United Kingdom whose DNA samples were collected

anonymously. For this research, we accessed data from a

subset of individuals termed CLOZUK2, which were linked to

repeated assessments of clozapine pharmacokinetics. Addi-

tional descriptions of this cohort, genotyping procedures, and

sample or data collection have been reported previously

(19,21). A total of 3439 unrelated individuals over the age of 18

years were available from CLOZUK2 with genotypic data and

more than 12,000 pharmacokinetic assays. This sample was

curated to remove individuals taking clozapine for ,18 weeks

to ensure that steady-state levels of clozapine in plasma had

been reached and to exclude individuals undergoing the initial

titration process (15,22). In contrast to previous studies that

have focused on European participants to minimize population

stratification, we did not filter our data based on self-reported

or genetically inferred ancestry. Our final curated dataset

included a total of 3133 individuals from CLOZUK2. A sum-

mary of demographic and clinical characteristics is given in

Table S1.

New in this study, we also report another wave of CLOZUK

data, CLOZUK3, with more than 900 individuals and 5000

pharmacokinetic assays. Its collection follows the procedure

detailed earlier for CLOZUK2 (19), including the curation pro-

tocol for clozapine-level data (21). For our analyses of CLO-

ZUK3, we did not exclude individuals with clozapine treatment

shorter than 18 weeks because treatment start date informa-

tion was not available. Nevertheless, to increase compatibility

with the curation procedures of CLOZUK2 and reduce the

likelihood of analyzing individuals going through clozapine

initiation/titration, we removed those in which the highest

clozapine dose was ,100 mg/day. Our final CLOZUK3 dataset

included genetic and pharmacokinetic data for 909 individuals

(Table S1).

Finally, we accessed data from a Norwegian cohort from the

TDM database at the Center for Psychopharmacology at

Diakonhjemmet Hospital Oslo, with 417 individuals linked to

7963 clozapine pharmacokinetic assays. This cohort included

only Norwegian citizens of European ancestry and is fully

described elsewhere (20). Phenotype data were extracted from

TDM requisition forms filled out by clinicians, including infor-

mation not explicitly available in CLOZUK, such as smoking

habits and comedication profiles. From this information, we

ensured that no Norwegian TDM samples showing concurrent

use of clozapine with interacting drugs (e.g., fluvoxamine, a

potent inhibitor of clozapine metabolism, or the potent enzyme

inducers phenobarbital, phenytoin, and carbamazepine) were

included in these analyses.

All procedures contributing to this work comply with the

ethical standards of the relevant national and institutional

guidelines (UK National Research Ethics Service approval [ref.

10/WSE02/15], following UK Human Tissue Act and Norwe-

gian Regional Committee for Medical and Health Research

Ethics approval [ref. 2014/1185]).

Study Design

For the primary analyses, we focused on the highest daily

clozapine dose for each of the individuals included in our co-

horts. Because sample collections, data curation, and geno-

typing procedures were carried out at different points in time

for each dataset, we performed the analysis separately in

CLOZUK2, CLOZUK3, and the Norwegian TDM cohort

(Figure 1).

In secondary analyses, we merged the 2 CLOZUK cohorts

because of their larger sample size and compatible phenotypic

data and then stratified the individuals in these cohorts by their

highest daily clozapine dose into 3 categories: 1) those taking

a low dose (,300 mg/day), 2) those taking a standard main-

tenance dose (300–600 mg/day), and 3) those taking a higher

dose than the usual maintenance dose (.600 mg/day) (23). For

these analyses, we also included extra curation procedures

(Figure 1). First, we selected only those individuals who had at

least 3 assays in the clozapine monitoring system spanning a

period of $6 months. This step was aimed at the clozapine

Schizophrenia PRSs and Clozapine Dosing

2 Biological Psychiatry - -, 2022; -:-–- www.sobp.org/journal

Biological
Psychiatry



dose we assessed to more accurately reflect the real highest

dose that a participant was likely to have taken throughout

their treatment. Second, we removed individuals likely not

taking their medication (nonadherence) and/or presenting with

an atypical (rapid/poor) clozapine metabolism because pre-

scription patterns in these individuals would not likely follow

the linear trends of the general population. This last procedure

was done by excluding all assays in which the observed clo-

zapine plasma concentrations did not match those expected

for the recorded clozapine daily dose as reflected in Table 5 of

Couchman et al. (24).

Genetics

The genotyping of CLOZUK2 was conducted using Illumina

HumanOmniExpress (Illumina, Inc.) arrays. A detailed

description of genotyping, quality control, and imputation

procedures for genomic data can be found elsewhere (19).

The CLOZUK3 cohort was genotyped using the Illumina

Infinium Global Screening Array-24 (Illumina, Inc.) and curated

using the DRAGON-Data pipeline (25). For PRS analyses,

imputed CLOZUK2 and CLOZUK3 dosages were converted

to best-guess genotype calls (genotype probability . 90%,

imputation quality metric [INFO] . 0.9, minor allele frequency

. 10%, Hardy-Weinberg equilibrium mid p value . 1024). The

genotyping and imputation of the Norwegian cohort are also

described in detail elsewhere (20).

For deriving the main predictor of interest, we computed

genome-wide PRS profiles from the latest schizophrenia mul-

tiancestry meta-analysis from the Psychiatric Genomics Con-

sortium (PGC) (13). Given that the CLOZUK2 and Norwegian

cohorts were included in the analyses of this publication, to

avoid sample overlap between training and testing sets, we

derived deduplicated schizophrenia summary statistics before

calculating the PRS in each sample. We only used summary

statistics from the full PGC GWAS as a training set to derive

PRS in CLOZUK3 because that sample was not included in the

PGC meta-analysis. Because data within the CLOZUK cohorts

do not include known predictors of demographic and lifestyle

factors associated with drug metabolism (26), we also

computed proxy PRSs for coffee intake, body mass index, and

smoking behavior using summary statistics from the Genetic

Investigation of Anthropometric Traits (GIANT) consortium (27)

and the GeneATLAS UK Biobank GWAS resource (28). PRSs

were computed using the PRS continuous shrinkage method

(29), adjusted for linkage disequilibrium structure with default

options and a shrinkage parameter of 4 = 1 for schizophrenia

(30) and 4 = auto otherwise. Before statistical analysis, PRSs

were standardized within each sample (mean = 0, SD = 1) to

facilitate the interpretability of the results.

Statistics

Primary Analyses. To analyze the association between the

schizophrenia PRS and the highest daily dose of clozapine, we

used linear regression models accounting for relevant de-

mographic, pharmacological, and treatment covariates. In our

main analysis, these included sex, age, and age2, all present in

the CLOZUK and Norwegian records, and PRS metrics as

proxies for body mass index, coffee intake, and smoking

habits. As the data on the Norwegian cohort included explicit

information on smoking habits, analyses of this cohort also

explored the effects of including these data in the regression

model, independently and in conjunction with the smoking

behavior PRS. All regression models were built in the statistical

software R version 4.1.0. The change in R2 owing to the in-

clusion of each covariate (also known as semipartial R2 or DR2)

was estimated as an index of the proportion of variance

explained by any individual factor in our model using the

rockchalk package (31).

In further analyses, we also expanded our models by

including other predictors that might affect the highest dose

outcome, and which could potentially act as mediators of our

observed effects. The clozapine plasma concentrations and

the clozapine/norclozapine metabolic ratio observed at the

point of highest dose were evaluated as well as the frequency

of monitoring assessments (Supplemental Results).

To account for potential confounding from population

stratification, we included the probabilities of pertaining to 4 of

our possible 5 biogeographical groups in all CLOZUK regres-

sion models (Supplemental Methods). The first 10 principal

components (PCs) were also used as regression model

covariates, both in CLOZUK and in the Norwegian TDM cohort.

Secondary Analyses. We also undertook a series of ana-

lyses in the CLOZUK cohorts focusing on a broad but clinically

relevant categorization of clozapine dose. We used multino-

mial and binary logistic regression models to estimate the

effects of the schizophrenia PRS in the probability of taking

the highest clozapine dose within 3 different dose groups:

low (,300 mg/day), standard (300–600 mg/day), and high

Figure 1. Sample inclusion flowchart. Curation

procedures relevant to each analysis step for CLO-

ZUK2, CLOZUK3, and the Norwegian samples are

represented. * indicates that dose-adjusted ex-

pected plasma levels were extracted from Couch-

man et al. (24). CLZ, clozapine; TDM, therapeutic

drug monitoring.
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(.600 mg/day) (23). We fitted 3 separate pairwise regression

models to assess differences between groups, using the same

covariates in these models as in the primary analyses. In

addition, to ensure compatibility between the CLOZUK2 and

CLOZUK3 PRSs and PC analysis variables, we used the

deduplicated PGC summary statistics as the PRS training set

in this secondary analysis and generated the scores and PCs

on strictly overlapping markers passing all quality control filters

in the merged sample. As part of sensitivity analysis, we also

collapsed individuals taking doses in the low and standard

ranges into one category and compared them with those

taking high doses (.600 mg/day) because prescribing a high

clozapine daily dose generally requires more complex clinical

considerations given the likelihood of ADRs than switches

within lower thresholds. In this model, we calculated the area

under the curve from receiver operating characteristic curves

using the pROC package (32) in R. This is as a rough estimate

of the added utility of our genetic predictor when combined

with standard demographic variables used in clinical prediction

modeling (33,34).

RESULTS

Primary Analyses: Association of the Schizophrenia

PRS and the Highest Clozapine Dose

We observed a positive correlation between the schizophrenia

PRS and the highest clozapine dose in our largest sample,

CLOZUK2 (b = 12.217, 95% CI, 4.816–19.618, p = .001), where

the variance explained by the schizophrenia PRS was

DR2
w0.32%. Effect sizes expressed as the change in cloza-

pine dose (mg/day) for 1-unit increase of the main predictors,

accounting for other model covariates, can be seen in Figure 2.

These results were essentially unchanged when accounting for

possible mediators such as clozapine plasma concentrations,

clozapine/norclozapine ratio, the frequency of clozapine

monitoring in our dataset, and genetic variants known to affect

CYP1A2 metabolism (Tables S2–S6). In addition, we explored

whether the schizophrenia PRS was correlated with other

features of clozapine metabolism, but no significant

associations were found between the PRS and clozapine

plasma concentrations or the clozapine/norclozapine ratio

(Table S6).

Exploring our results further via sensitivity analyses, we saw

little change in our CLOZUK2 schizophrenia PRS association

by restricting the sample to individuals of European genetic

ancestry (n = 2577, b = 11.46, 95% CI, 3.169–19.75, p = .007)

and established that this result is specific to schizophrenia

genetic liability by assessing a wider range of psychiatric,

cognitive, and personality PRSs, none of which were signifi-

cantly associated with clozapine doses (Figure S2).

To validate our findings, we replicated this analysis in 2 in-

dependent datasets. In CLOZUK3, we found results of similar

magnitude and sign (b = 12.730, 95% CI, 0.996–24.464, p =

.033, DR2
w 0.48%) (Figure 2B), even after controlling for

possible mediators (Table S2). In the Norwegian cohort, the

results showed the same direction of effect with a larger

magnitude and confidence interval (b = 46.451, 95% CI,

9.424–83.477, p = .014, DR2
w1.33%) (Figure 2), consistent

with the smaller size of this dataset. In any case, all Norwegian

effect sizes were still within the confidence interval range

observed in the CLOZUK2 discovery analyses, even when

controlling for possible mediators (Table S4). Moreover, these

results were consistent when replacing the smoking behavior

PRS with directly assessed smoking habits (b = 47.759, 95%

CI, 10.817–84.700, p = .011, DR2
w1.41%) (Table S5).

Secondary Analyses: Genetics-Informed

Classification Model of Clozapine Doses

We next explored to what extent the schizophrenia PRS could

reflect broad clozapine prescription patterns in the complete

CLOZUK cohort by using a multinomial regression model

(Figure 3). For this, in stratified analyses by clozapine dose

categories, we observed that the schizophrenia PRS was

associated with the probability of taking high doses when

compared with those taking either standard doses (odds ra-

tio = 1.277, 95% CI, 1.066–1.530, p = .008) or low doses (odds

ratio = 1.280, 95% CI, 1.029–1.593, p = .027).

A second stratified analysis specifically examined differ-

ences in those taking clozapine doses over 600 mg/day

Figure 2. Effect size estimates for the main pre-

dictors of highest clozapine daily dose. Effects are

represented as mean coefficient estimates (6 95%

confidence intervals) for CLOZUK2 (blue), CLOZUK3

(yellow), and the Norwegian TDM sample (red). BMI,

body mass index; PRS, polygenic risk score; SCZ,

schizophrenia; TDM, therapeutic drug monitoring.
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against those below this threshold. In this analysis, we

observed an association between the schizophrenia PRS and

the probability of taking high doses (odds ratio = 1.279, 95%

CI, 1.076–1.522, p = .005). These results are shown in Table 1

and as a logit probability curve in Figure 4. As an illustration of

the detected effects, while the overall prevalence of individuals

taking a high dose of clozapine was 15% in the entire CLOZUK

sample, it surpassed 20% among those more than 2 standard

deviations above the mean on the schizophrenia PRS, reach-

ing 30% at the upper end of the PRS distribution.

Finally, we assessed the sensitivity and specificity of our

prediction models for high clozapine doses by calculating the

area under the curve from receiver operating characteristic

statistics (presented in Figure S3). The area under the curve

from the model including all covariates in the previous analysis

(Figure 4 and Table 1) was 0.64, while for the demographics-

only model (not including any genetically derived covariate),

it was 0.58. We also showed that even when accounting for

clozapine plasma concentrations, a known target of dose

optimization for clozapine and a strong correlate of actual

doses, the inclusion of genetic information marginally

improved prediction accuracy.

DISCUSSION

This study examined whether the polygenic risk for schizo-

phrenia would be associated with the daily dose of clozapine in

3 independent TRS cohorts, 2 with individuals from multiple

ancestries. Our main result demonstrates an association be-

tween genetic liability for schizophrenia indexed by the PRS

and the highest dose of clozapine available in treatment re-

cords. Furthermore, this effect is independent of known ge-

netic factors associated with clozapine metabolism (Table S6).

In the secondary analysis, individuals with a high genetic risk of

the disorder had a 2-fold increased probability of taking high

doses (.600 mg/day) compared with those on the lower end of

the schizophrenia PRS spectrum (Figure 3). To our knowledge,

this is the first study to report these associations. A recent

investigation assessed the relationship between schizophrenia

PRSs and clozapine doses but did not find any significant

linear effects. The sample size (n = 44), though, was very

limited compared with ours (22).

Identifying individuals who are more or less likely to

respond to different pharmacological treatments has long

been one of the hoped-for applications of PRSs in precision

medicine (11,34). In this study, we leveraged the longitudinal

aspect of clozapine monitoring and TDM and examined the

highest clozapine daily dose recorded for each individual in

these systems. We show that individuals in the high end of

the schizophrenia PRS spectrum are more likely to be pre-

scribed higher clozapine doses than the usual maintenance

thresholds (300–600 mg/day). Taking this observation at face

value implies that these individuals might have needed such

high doses to obtain a therapeutic response from the outset

of treatment, implying that genetic information could be used

to personalize and plan clozapine prescriptions. However,

the data available in our samples do not allow us to define

the exact role or weight that genetic predictors should have

for this potential application because it cannot be used to

formally test the putative causal link between high clozapine

doses and response to treatment. It is also uncertain whether

individuals requiring high doses of clozapine reflect poorer

responders (at low/standard doses) or those who might never

respond to the drug, although a combination of both possi-

bilities is likely (16). Indeed, Frank et al. (35) reported that

Figure 3. Probability estimates for each of the highest clozapine dose

categories according to the schizophrenia PRS. The y-axis represents the

probability of belonging to each of the 3 dose groups for individuals in the

PRS spectrum. PRS, polygenic risk score.

Table 1. Effect Sizes of Each Predictor Included in the
Model in Relation to the Probability of Taking a High
Clozapine Dose

Predictor Odds Ratio 2.5% CI 97.5% CI p

PRS SCZ 1.279 1.076 1.522 .005

PRS BMI 1.025 0.824 1.275 .825

PRS Smoking 0.969 0.837 1.122 .677

PRS Coffee 1.152 0.988 1.344 .071

Age 1.105 1.006 1.215 .038

Age2 0.999 0.998 1.000 .041

Female 0.587 0.406 0.849 .005

PC1 1.272 0.803 2.014 .306

PC2 0.671 0.333 1.352 .264

PC3 0.856 0.532 1.376 .520

PC4 1.086 0.799 1.476 .600

PC5 1.177 0.955 1.452 .127

PC6 1.048 0.877 1.254 .605

PC7 1.273 0.985 1.644 .065

PC8 1.024 0.859 1.220 .794

PC9 0.712 0.527 0.963 .028

PC10 1.093 0.926 1.291 .292

SSA 1.001 0.985 1.018 .903

SAS 1.001 0.977 1.025 .952

EAS 1.014 0.951 1.080 .675

NEA 1.008 0.993 1.022 .295

Batch 1.075 0.740 1.561 .704

BMI, body mass index; EAS, East Asia; NEA, North Africa/Near East;

PC, principal component; PRS, polygenic risk score; SAS, Southwest

Asia; SCZ, schizophrenia; SSA, Sub-Saharan Africa.
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individuals who were nonresponders to clozapine had the

highest schizophrenia PRS in a TRS cohort. This result would

also be consistent with our findings and raises the question

as to the utility of clozapine for at least a subset of the in-

dividuals at the upper end of the schizophrenia

PRS spectrum. Nevertheless, if more consistent and

detailed evidence accumulates on the interplay between

clozapine prescriptions, genetics, and treatment response,

interventions might be devised to leverage this information

with the goal of improving the overall tolerability and safety of

the drug. This might also help address and prevent clozapine

resistance, a severe and currently unpredictable outcome

with no evidence-based treatment options (36).

Our study findings suggest that although we observed

statistically significant associations, the variance explained

by the schizophrenia PRS is small, and other genomic and

nongenomic factors must contribute to a larger extent to the

final phenotype. Indeed, we used several types of genetic

predictors in our models (e.g., PCs, genetic ancestry, and

PRSs for more than 1 trait), which combined to help explain a

nontrivial amount of variance in the highest clozapine dose.

This is in line with the notion that PRSs alone will likely have

a relatively small impact in driving clinical practice even after

their practical implementation becomes feasible (11). Knowing

that a very complex network of factors affects antipsychotic

response, we recommend caution in the interpretation of our

findings’ potential clinical relevance, which needs to be further

evaluated. Nevertheless, it has been shown in other areas

such as cardiovascular disease that combining genetic infor-

mation with nongenetic predictors and risk factors could be

clinically meaningful and may help guide treatment choices

(37). Once larger datasets become available, it would be

beneficial to evaluate the use of PRSs as predictors for

potentially stratified medicine approaches in a clinical trial. This

could provide an opportunity to address whether individuals

who carry a high schizophrenia PRS and adhere to clozapine

therapy in the absence of adverse side effects should be

offered alternative clozapine prescribing protocols when their

response is suboptimal.

Strengths and Limitations

The strengths of our study include its large sample size, as well

as our taking advantage of some of the largest TRS cohorts in

the world with genetic and longitudinal pharmacokinetic in-

formation. In addition, all the individuals with available data

were used in our analyses regardless of ancestry, thus

reflecting non-European populations that are traditionally un-

derrepresented in genomics research. Another distinctive

feature is the consistency and replication of the main finding

across 3 different datasets. These included a Norwegian TDM

cohort with reliable smoking data, which is a major pharma-

cokinetic determinant of clozapine and a potential confounder

of no apparent relevance to the detected effects.

However, several limitations of this study need to be

considered, and the results should be interpreted in light of

these. First, our largest samples (CLOZUK2 and CLOZUK3) are

based on electronic health records collected during mandatory

clozapine monitoring, which do not include contextual infor-

mation on clinical management, treatment response, or life-

style. This affected our ability to determine factors known to

influence clozapine metabolism in our study participants,

including smoking status, weight, regular caffeine use, and the

use of other medications. However, we attempted to mitigate

these issues by using PRSs to derive genetically informed

proxies of these as in a previous study (21), and these indeed

contributed to explaining a part of the variance in our dataset

and in the independent Norwegian TDM cohort (Tables S2–S5).

Second, as in all retrospective analyses, unmeasured con-

founders might have had an influence on the effects detected,

although all models were adjusted for known potential con-

founders in primary and sensitivity analyses. Third, we

acknowledge that even though we presented evidence for an

association of the schizophrenia PRS with clozapine dose in 3

independent samples, further research will require additional

data on treatment response to evaluate mechanisms linking

our observations to real-world prescribing practices.

As a final consideration, our main predictor is a schizo-

phrenia PRS built from a mostly cross-sectional case-control

analysis, which is not necessarily representative of the di-

versity of individuals and symptom profiles encompassed by

real-world samples of those with schizophrenia or TRS.

Moreover, although 2 of our 3 cohorts are multiancestry by

design and were ascertained through a population-level clo-

zapine monitoring system, they are all primarily composed of

European individuals, and mainly European GWASs have been

used in generating the PRS. For these reasons, it is difficult to

evaluate whether potential downstream applications of our

research would be translatable or broadly applicable to in-

dividuals from worldwide ethnic and genetic backgrounds.

In conclusion, we report that the schizophrenia PRS is

associated with the highest clozapine dose on record in pa-

tients with TRS in 3 independent multiancestry cohorts, sug-

gesting that genetic susceptibility to schizophrenia is

associated with treatment choices in these samples. In the

ongoing debate over the clinical utility of PRSs in precision

psychiatry, our study adds to the growing body of evidence

Figure 4. Probability of taking a high clozapine daily dose at different

levels of schizophrenia PRS, represented using a logit function (banded area

shows 95% confidence interval). PRS, polygenic risk score.
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showing that genomic information can lead to novel answers

to topics of interest for clinical care (11,38). More studies are

needed to confirm our findings and to benchmark to what

extent this or similar data could lead to future improvements in

therapeutic decision making and in the overall clinical man-

agement of TRS.

ACKNOWLEDGMENTS AND DISCLOSURES

DBK and AFP were supported by an Academy of Medical Sciences

Springboard award (SBF005\1083). The CLOZUK study was supported by

the following grants from the Medical Research Council to Cardiff University:

Centre (Grant No. MR/L010305/1), Program (Grant No. MR/P005748/1), and

Project (Grant Nos. MR/L011794/1 and MC_PC_17212), as well as the Eu-

ropean Union’s Seventh Framework Program (CRESTAR; Grant No.

279227). The Norwegian therapeutic drug monitoring cohort study was

supported by the South-Eastern Norway Regional Health Authority (Grant

Nos. 2016097 and 2013-123), the National Institutes of Health (Grant Nos.

NS057198 and EB00790), and the Research Council of Norway (Grant Nos.

229129, 213837, 223273, and 226971). The overall research project was

also supported by the European Union Horizon 2020 program (REALMENT;

Grant No. 964874).

The CLOZUK study acknowledges the support of the Supercomputing

Wales project, which is partly funded by the European Regional Develop-

ment Fund via Welsh Government. It also acknowledges Lesley Bates,

Catherine Bresner, and Lucinda Hopkins (Cardiff University) for laboratory

sample management, as well as Anoushka Colson (Leyden Delta) for

contributing to the data collection of the CLOZUK2 sample, and Hreinn

Stefansson (deCODE Genetics) for genotyping of CLOZUK2 and the Nor-

wegian TDM cohorts.

Work on the Norwegian therapeutic drug monitoring cohort was partly

performed on the TSD (Tjeneste for Sensitive Data) facilities, owned by the

University of Oslo, operated and developed by the TSD service group at the

University of Oslo, IT-Department (USIT). Computations were also per-

formed on resources provided by UNINETT Sigma2—the National Infra-

structure for High Performance Computing and Data Storage in Norway.

A previous version of this article was published as a preprint on medRxiv:

https://doi.org/10.1101/2022.02.18.22271204.

To comply with the ethical and regulatory framework of the CLOZUK

project, access to individual-level data requires a collaboration agreement

with Cardiff University. Requests to access these datasets should be

directed to JTRW (WaltersJT@cardiff.ac.uk). Request to access anonymised

data extracts from the Norwegian therapeutic drug monitoring cohort should

be directed to EM (espen.molden@farmasi.uio.no).

MH and JJ are full-time employees of Leyden Delta BV. AK is a full-time

employee of Magna Laboratories Ltd. MJO, MCO, and JTRW are supported

by a collaborative research grant from Takeda Pharmaceuticals Ltd. for a

project unrelated to the work presented here. OAA is a consultant to

HealthLytix and has received speaker’s honorarium from Lundbeck and

Sunovion. All other authors report no biomedical financial interests or po-

tential conflicts of interest.

ARTICLE INFORMATION

From the MRC Centre for Neuropsychiatric Genetics and Genomics (DBK,

SEL, LH, IRW, MJO, MCO, JTRW, AFP), Division of Psychological Medicine

and Clinical Neurosciences, School of Medicine, Cardiff University, Cardiff;

and Magna Laboratories Ltd., (AK), Ross-on-Wye, United Kingdom; Leyden

Delta BV (JJ, MH), Nijmegen, the Netherlands; Norwegian Centre for Mental

Disorders Research (KSO, RLS, OAA), Division of Mental Health and

Addiction, University of Oslo and Oslo University Hospital; the Section for

Pharmacology and Pharmaceutical Biosciences (EM), Department of Phar-

macy, University of Oslo; and the Center for Psychopharmacology (RLS,

EM), Diakonhjemmet Hospital, Oslo, Norway.

Address correspondence to Antonio F. Pardiñas, Ph.D., at PardinasA@

cardiff.ac.uk.

Received Mar 21, 2022; revised Jul 14, 2022; accepted Jul 19, 2022.

Supplementary material cited in this article is available online at https://

doi.org/10.1016/j.biopsych.2022.07.014.

REFERENCES

1. Howes OD, McCutcheon R, Agid O, de Bartolomeis A, van

Beveren NJ, Birnbaum ML, et al. (2017): Treatment-resistant schizo-

phrenia: Treatment response and resistance in psychosis (TRRIP)

working group consensus guidelines on diagnosis and terminology.

Am J Psychiatry 174:216–229.

2. Wagner E, Siafis S, Fernando P, Falkai P, Honer WG, Röh A, et al.

(2021): Efficacy and safety of clozapine in psychotic disorders-A

systematic quantitative meta-review. Transl Psychiatry 11:487.

3. Legge SE, Hamshere M, Hayes RD, Downs J, O’Donovan MC,

Owen MJ, et al. (2016): Reasons for discontinuing clozapine: A cohort

study of patients commencing treatment. Schizophr Res 174:113–119.

4. Whiskey E, Barnard A, Oloyede E, Dzahini O, Taylor DM, Shergill SS

(2021): An evaluation of the variation and underuse of clozapine in the

United Kingdom. Acta Psychiatr Scand 143:339–347.

5. Siskind D, Siskind V, Kisely S (2017): Clozapine response rates among

people with treatment-resistant schizophrenia: Data from a systematic

review and meta-analysis. Can J Psychiatry 62:772–777.

6. Okhuijsen-Pfeifer C, Sterk AY, Horn IM, Terstappen J, Kahn RS,

Luykx JJ (2020): Demographic and clinical features as predictors of

clozapine response in patients with schizophrenia spectrum disorders:

A systematic review and meta-analysis. Neurosci Biobehav Rev

111:246–252.

7. Lauschke VM, Ingelman-Sundberg M (2016): The importance of

patient-specific factors for hepatic drug response and toxicity. Int J

Mol Sci 17:1714.

8. Stern S, Linker S, Vadodaria KC, Marchetto MC, Gage FH (2018):

Prediction of response to drug therapy in psychiatric disorders. Open

Biol 8:180031.

9. Pardiñas AF, Owen MJ, Walters JTR (2021): Pharmacogenomics: A road

ahead for precision medicine in psychiatry. Neuron 109:3914–3929.

10. Paternoster L, Tilling K, Davey Smith G (2017): Genetic epidemiology

and Mendelian randomization for informing disease therapeutics:

Conceptual and methodological challenges. PLoS Genet Barsh GS,

editor 13:e1006944.

11. Murray GK, Lin T, Austin J, McGrath JJ, Hickie IB, Wray NR (2021):

Could polygenic risk scores be useful in psychiatry?: A Review. JAMA

Psychiatry 78:210–219.

12. Richardson TG, Harrison S, Hemani G, Davey Smith G (2019): An atlas

of polygenic risk score associations to highlight putative causal re-

lationships across the human phenome. Elife 8:e43657.

13. Trubetskoy V, Pardiñas AF, Qi T, Panagiotaropoulou G, Awasthi S,

Bigdeli TB, et al. (2022): Mapping genomic loci implicates genes and

synaptic biology in schizophrenia. Nature 604:502–508.

14. Schizophrenia Working Group of the Psychiatric Genomics Con-

sortium (2014): Biological insights from 108 schizophrenia-associated

genetic loci. Nature 511:421–427.

15. Schulte P (2003): What is an adequate trial with clozapine?: Thera-

peutic drug monitoring and time to response in treatment-refractory

schizophrenia. Clin Pharmacokinet 42:607–618.

16. Siskind D, Sharma M, Pawar M, Pearson E, Wagner E, Warren N,

Kisely S (2021): Clozapine levels as a predictor for therapeutic

response: A systematic review and meta-analysis. Acta Psychiatr

Scand 144:422–432.

17. Molden E (2021): Therapeutic drug monitoring of clozapine in adults

with schizophrenia: A review of challenges and strategies. Expert Opin

Drug Metab Toxicol 17:1211–1221.

18. Porcelli S, Balzarro B, Serretti A (2012): Clozapine resistance:

Augmentation strategies. Eur Neuropsychopharmacol 22:165–

182.

19. Pardiñas AF, Holmans P, Pocklington AJ, Escott-Price V, Ripke S,

Carrera N, et al. (2018): Common schizophrenia alleles are enriched in

mutation-intolerant genes and in regions under strong background

selection. Nat Genet 50:381–389.

20. Smith RL, O’Connell K, Athanasiu L, Djurovic S, Kringen MK,

Andreassen OA, Molden E (2020): Identification of a novel poly-

morphism associated with reduced clozapine concentration in

schizophrenia patients—A genome-wide association study adjusting

for smoking habits. Transl Psychiatry 10:198.

Schizophrenia PRSs and Clozapine Dosing

Biological Psychiatry - -, 2022; -:-–- www.sobp.org/journal 7

Biological
Psychiatry



21. Pardiñas AF, Nalmpanti M, Pocklington AJ, Legge SE, Medway C,

King A, et al. (2019): Pharmacogenomic variants and drug interactions

identified through the genetic analysis of clozapine metabolism. Am J

Psychiatry 176:477–486.

22. Mayén-Lobo YG, Martínez-Magaña JJ, Pérez-Aldana BE, Ortega-

Vázquez A, Genis-Mendoza AD, Dávila-Ortiz de Montellano DJ,

et al. (2021): Integrative genomic–epigenomic analysis of clozapine-

treated patients with refractory psychosis. Pharmaceuticals (Basel)

14:118.

23. Subramanian S, Völlm BA, Huband N (2017): Clozapine dose for

schizophrenia. Cochrane Database Syst Rev 6:CD009555.

24. Couchman L, Morgan PE, Spencer EP, Flanagan RJ (2010): Plasma

clozapine, norclozapine, and the clozapine:norclozapine ratio in

relation to prescribed dose and other factors: Data from a thera-

peutic drug monitoring service, 1993–2007. Ther Drug Monit

32:438–447.

25. Hubbard L, Lynham AJ, Knott S, Underwood JFG, Anney R, Bisson JI,

et al. (2022): DRAGON-data: A platform and protocol for integrating

genomic and phenotypic data across large psychiatric cohorts.

medRxiv. https://doi.org/10.1101/2022.01.18.22269463.

26. Albitar O, Harun SN, Zainal H, Ibrahim B, Sheikh Ghadzi SM (2020):

Population pharmacokinetics of clozapine: A systematic review. Bio-

Med Res Int 2020:9872936.

27. Yengo L, Sidorenko J, Kemper KE, Zheng Z, Wood AR, Weedon MN,

et al. (2018): Meta-analysis of genome-wide association studies for

height and body mass index in w700000 individuals of European

ancestry. Hum Mol Genet 27:3641–3649.

28. Canela-Xandri O, Rawlik K, Tenesa A (2018): An atlas of genetic as-

sociations in UK Biobank. Nat Genet 50:1593–1599.

29. Ge T, Chen CY, Ni Y, Feng YA, Smoller JW (2019): Polygenic pre-

diction via Bayesian regression and continuous shrinkage priors. Nat

Commun 10:1776.

30. Zheutlin AB, Dennis J, Karlsson Linnér RK, Moscati A, Restrepo N,

Straub P, et al. (2019): Penetrance and pleiotropy of polygenic risk

scores for schizophrenia in 106,160 patients across four health care

systems. Am J Psychiatry 176:846–855.

31. Johnson PE, Rockchalk: Regression estimation and presentation.

Available at: https://cran.r-project.org/package=rockchalk. Accessed

November 23, 2021.

32. Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez JC (2011):

pROC: An open-source package for R and S1 to analyze and

compare ROC curves. BMC Bioinformatics 12:77.

33. Hanley JA, McNeil BJ (1982): The meaning and use of the area under a

receiver operating characteristic (ROC) curve. Radiology 143:29–36.

34. Lewis CM, Vassos E (2020): Polygenic risk scores: From research tools

to clinical instruments. Genome Med 12:44.

35. Frank J, Lang M, Witt SH, Strohmaier J, Rujescu D, Cichon S, et al.

(2015): Identification of increased genetic risk scores for schizophrenia

in treatment-resistant patients. Mol Psychiatry 20:150–151.

36. Chakrabarti S (2021): Clozapine resistant schizophrenia: Newer ave-

nues of management. World J Psychiatry 11:429–448.

37. Sun L, Pennells L, Kaptoge S, Nelson CP, Ritchie SC, Abraham G,

et al. (2021): Polygenic risk scores in cardiovascular risk predic-

tion: A cohort study and modelling analyses. PLoS Med 18:

e1003498.

38. Yanes T, McInerney-Leo AM, Law MH, Cummings S (2020): The

emerging field of polygenic risk scores and perspective for use in

clinical care. Hum Mol Genet 29:R165–R176.

Schizophrenia PRSs and Clozapine Dosing

8 Biological Psychiatry - -, 2022; -:-–- www.sobp.org/journal

Biological
Psychiatry


	Genomic Stratification of Clozapine Prescription Patterns Using Schizophrenia Polygenic Scores
	Methods and Materials
	Samples
	Study Design
	Genetics
	Statistics
	Primary Analyses
	Secondary Analyses


	Results
	Primary Analyses: Association of the Schizophrenia PRS and the Highest Clozapine Dose
	Secondary Analyses: Genetics-Informed Classification Model of Clozapine Doses

	Discussion
	Strengths and Limitations

	References


