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Abstract

Background: Clozapine is the only antipsychotic medication proven effective in patients
with treatment-resistant schizophrenia (TRS). However, many patients have serum concen-
trations outside the recommended therapeutic window, and clozapine exhibits substantial
interindividual variability. This study aimed to (1) examine clozapine dosage and blood
concentrations in patients with TRS; (2) investigate the effects of sex and age on dosage and
blood concentrations; (3) assess clinical response to clozapine treatment; and (4) develop a
random forest (RF) model to predict therapeutic response using clinical and therapeutic
drug monitoring (TDM) data. Methods: Dried blood spots were used to measure concentra-
tions of clozapine, norclozapine, and clozapine N-oxide. Clinical symptoms were assessed
using the Brief Psychiatric Rating Scale (BPRS). The RF algorithm was applied to analyze
the relationships between biochemical and demographic factors and clinical response to
clozapine. Results: A total of 754 blood samples from 167 patients were analyzed. Men
received higher doses than women, and glucose levels were elevated in both sexes. The
area under the curve (AUC) of the receiver operating characteristic (ROC) curve was 0.986
for the training set and 0.852 for the testing set. Accuracy, precision, recall, and F1-score
(training/testing) were 0.938/0.786, 0.936/0.736, 0.934/0.780, and 0.935/0.757, respectively.
The SHapley Additive exPlanations (SHAP) analysis indicated that baseline BPRS score,
treatment duration, age, and clozapine concentration were important variables contributing
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to the output of the model. Conclusions: Our model achieved satisfactory predictive per-
formance for clinical response and provides valuable insights into personalized prediction
of clozapine efficacy.

Keywords: clozapine; norclozapine; clozapine N-oxide; therapeutic drug monitoring
(TDM); random forest (RF); personalized medicine; treatment-resistant schizophrenia (TRS)

1. Introduction

Schizophrenia is a severe psychiatric disorder characterized by cognitive dysfunction,
and positive and negative symptoms. Approximately 20-30% of patients with schizophre-
nia develop treatment-resistant schizophrenia (TRS), which is defined as an insufficient
response to at least two trials of different antipsychotics administered at adequate dose
and duration. Clozapine is the only antipsychotic with established efficacy for TRS and
is recommended by treatment guidelines as the most effective option for these patients.
However, its use requires careful monitoring because of potential adverse effects such as
agranulocytosis and metabolic disturbances. Clozapine is the most effective treatment for
TRS; however, its efficacy varies considerably among individuals. Since serum clozapine
concentrations are related to clinical response, therapeutic drug monitoring (TDM)—which
involves measuring drug levels in patients—is valuable for optimizing dosage and minimiz-
ing adverse effects [1]. The AGNP Consensus Guidelines recommend maintaining plasma
clozapine concentrations within the range of 350-600 ng/mL, which is widely accepted as
the therapeutic reference range associated with optimal efficacy and safety [2,3]. Although
this reference range can help estimate the clinical response, many patients fall outside the
therapeutic window. Approximately one-third (31-33%) of patients achieve therapeutic
clozapine levels of 350-600 ng/mL, whereas 26-36% have levels below 350 ng/mL and
31-45% exceed 600 ng/mL [4,5]. The potential barriers to achieving optimal levels may be
factors influencing clozapine concentration including dose, sex, age, body weight, smoking
and comedication, and insufficient monitoring.

Several studies have reported a correlation between clozapine plasma concentra-
tion and clinical response [2—4]; however, this correlation has not been consistently ob-
served [6-9]; the reported p-values for the correlation between clozapine concentration
and clinical response were 0.33 [6], not reported in [7], 0.98 [8], and 0.62 [9]. Similarly, nor-
clozapine levels and the clozapine-to-norclozapine concentration (clozapine/norclozapine)
ratio have been reported to be associated with clinical outcomes [6,10]. Furthermore, the
demographic characteristics or clinical functions such as sex [11], dose [10,12], clozapine
concentration-to-dose (clozapine/dose) ratio [10], treatment duration [6,10,12], severity
of illness at baseline [13-17] somatic medication [11], social function, and shorter illness
duration [7] have been shown to affected the clinical efficacy of clozapine. These findings
suggest that individualized dosing strategies may be more appropriate than applying a uni-
form dosing regimen across all patients [8]. Therefore, predicting clinical response should
be personalized to account for the interindividual variations in the efficacy of clozapine.
The present study aimed to predict the relationship between clozapine and norclozapine
blood concentrations and clinical outcomes, thereby supporting a more personalized and
clinically effective strategy for TDM.

Machine learning (ML) has been applied to predict antipsychotic treatment outcomes
in patients with psychiatric disorders [18]. Several ML approaches have been used to
predict responses to clozapine treatment [7,8,12]. In this study, we applied a ML model
using TDM data to predict the therapeutic response to clozapine and to determine the
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optimal treatment strategy in individual patients with TRS. The recent review for the

efficacy of clozapine versus second-generation antipsychotics using individual patient data

suggested that future studies should include participants with strictly defined TRS, monitor

both clinical response and plasma concentrations, and explore inter-individual variability

in response to clozapine [19]. Our study emphasizes the importance of personalized

prediction of response to clozapine for optimizing dosing in patients with TRS.
Therefore, the present study has the following aims:

(1) Examine clozapine dosage and blood concentrations in patients with treatment-
resistant schizophrenia (TRS);

(2) Investigate the effects of sex and age on dosage and blood concentrations;

(3) Evaluate blood profiles and neutrophil counts;

(4) Assess clinical response to clozapine treatment;

(5) Develop a random forest model to predict therapeutic response using clinical and
TDM data.

2. Materials and Methods
2.1. Design and Participant

For patients with TRS, baseline assessments, including patient background, pre-
clozapine medication status, and clinical symptom evaluations (BPRS, CGI-C, and GAF),
were performed prior to treatment initiation. Clozapine concentrations were measured at
weeks 4, 12, 24, and 48 after the start of treatment. At each time point, dosage of clozapine,
treatment continuation status, and clinical evaluations were assessed.

This study was conducted from January 2017 to June 2025. Patients were enrolled from
11 National Hospital Organization institutions in Japan: Hizen Psychiatric Center; Ryukyu
Hospital; Sakakibara Hospital; Saigata Medical Center; Komoro kogen Hospital; Yamato
Psychiatric Center; Kure Medical Center; Tottori Medical Center; Hokuriku Hospital;
Kikuchi National Hospital; and Kurihama Medical and Addiction Center.

All patients were diagnosed according to the Diagnostic and Statistical Manual of Men-
tal Disorders, fifth edition (DSM-5) [20] criteria, meeting the criteria for treatment-resistant
schizophrenia, characterized by an inadequate response to two different antipsychotics [21].
Information collected included diagnosis, sampling date, clozapine dose (mg/day), cloza-
pine treatment duration, age, sex, body weight, height, body mass index (BMI), fasting
glucose, hemoglobin Alc (HbAlc), total cholesterol (TC), triglycerides (TG), and high-
density lipoprotein (HDL) cholesterol levels. White blood cell (WBC), neutrophil (NEUT),
alanine aminotransferase (ALT; glutamic pyruvate transaminase), aspartate aminotrans-
ferase (AST; glutamic oxaloacetic transaminase), and y-glutamyl transpeptidase (y-GTP)
were monitored at blood sampling. In this study, treatment was discontinued in some cases
due to adverse events or side effects including neutropenia, leukopenia, increased serum
creatinine levels, paralytic ileus, seizure, acute liver failure, abnormal test results, and
medication refusal. Data from these cases were obtained before disease onset. Therefore,
disease effects were considered negligible.

This study was approved by the Ethics Committee of Hizen Psychiatric Center, and
written informed consent was obtained from all participants.

2.2. Measurement of Blood Levels

Dried blood spots (DBSs) of whole blood were used to measure the concentrations of
clozapine, norclozapine (N-desmethylclozapine), and clozapine N-oxide. Samples were
mailed from the participating hospitals to Hizen Psychiatric Center, where DBS samples
were analyzed as previously described [22]. In this method, volumetric absorptive paper
discs (VAPDs, 6 mm in diameter) were used; samples were pretreated using liquid-liquid
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extraction with ethyl acetate. Using another method, VAPDm6, with a paper disc diameter
of 6 mm (sampling blood volume: 25.0 uL), was used instead of the VAPDmini disc
(3 mm diameter, 4.8 pL sampling volume) [22]. In this approach, target analytes were
directly extracted using a methanol solution of phosphate buffer without liquid-liquid
extraction. In brief, the measurements were performed in duplicate. The VAPDm6 disc was
removed from the sheet and placed into a 96-well microplate; 250 uL of a 50% methanol
solution in 50 mM phosphate buffer (pH 2.1) was added. The plate was then sealed, and
the sample was sonicated for 30 min at 30 °C and centrifuged for 4 min. Concentrations
were determined using high-performance liquid chromatography (HPLC), as previously
reported [22].

2.3. Clinical Assessment

Clinical symptoms were assessed using the BPRS by experienced clinicians within
several days of blood sampling. The BPRS is an 18- or 24-item rating scale that includes
six subscales: affect, positive symptoms, negative symptoms, activation, resistance, and
disorganization. Scores obtained using the 18-item version were converted to the cor-
responding 24-item scores, allowing comparisons of both the total and subscale scores
between versions.

2.4. Statistical Analysis

Our data did not follow a normal distribution; therefore, the Mann-Whitney U test
was used for between-group comparisons. Analyses were performed using the JMP 18.1.1
software package (SAS Institute, Cary, NC, USA).

2.5. Machine Learning

The model was implemented in a Python 3.11 environment using the Random Forest
Regressor from the scikit-learn library for training and feature importance analysis [23,24].
SHAP values were computed with the TreeExplainer function from the shap package, ap-
plied to the trained Random Forest Regressor model [25]. ROC curves, accuracy, precision,
and recall were calculated by defining clinical response as a >20% reduction in BPRS total
scores. For predicting clinical efficacy, the following were selected as explanatory variables:
age, sex, dosage, treatment duration, baseline BPRS total scores, concentrations of clozapine,
norclozapine, clozapine-N-oxide, clozapine /norclozapine ratio, and clozapine/dose ratio.
The BPRS reduction rate (%) or total BPRS score after clozapine treatment was used as the
objective variable.

The performance of the model was evaluated using AUC, accuracy, precision, recall,
and F1-score. The model was trained on 75% and tested on 25% of the data, and optimized
using four-fold cross-validation. SHAP, a theoretically reliable and intuitive method for
explaining ML models” outcomes, was used to visualize the importance of each variable in
the RF model. The SHAP value quantifies the contribution (importance) of that variable to
the prediction made by the model, and the direction (positive or negative) and magnitude
of its influence.

3. Results
3.1. Clozapine Dosage and Concentration in Blood

A total of 754 blood samples were collected from 167 patients in this study. The distri-
bution of samples per patient was 1 to 3 samples (28 patients); 4 or 5 samples (98 patients);
6 to 11 samples (41 patients), with an average of 4.53 & 1.53 (mean =+ standard deviation
[SD]) samples per patient. Treatment durations were 4-8 weeks (10 patients), 9-24 weeks
(51 patients), 25-48 weeks (65 patients), and 49-72 weeks (41 patients) with an overall aver-
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age of 38.0 = 17.0 weeks. The dosage and blood concentrations at all measurement points
and at the final treatment are presented in Table 1. The averages among 167 patients at the
endpoint were as follows: dose (324 + 122 mg/day), clozapine (526 & 261 ng/mL), norcloza-
pine (399 + 200 ng/mL), clozapine N-oxide (108 £ 52 ng/mL), clozapine/norclozapine
ratio (1.35 & 0.33) and clozapine/dose ratios (1.70 £ 0.80). Clozapine, norclozapine, and
clozapine N-oxide concentrations, as well as the clozapine/norclozapine ratio, were plotted
against dose and treatment duration (Figure 1). Clozapine concentration increased with
both higher doses and longer treatment durations. Clozapine concentrations varied 25-fold
(mean =+ SD (n), range, ng/mL) at 200 mg/day (326 £ 153 (144), 32-795 ng/mL), 15-fold
at 300 mg/day (535 £ 251 (106), 10-1515 ng/mL), 5.6-fold at 400 mg/day (665 £ 254 (69),
237-1331 ng/mL), and 6.0-fold at 600 mg/day (709 £ 324 (69), 228-1372 ng/mL).
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Figure 1. Relationship between the daily clozapine dose and blood concentrations of (A) clozapine,
(B) norclozapine, (C) clozapine N-oxide, and (D) the clozapine/norclozapine ratio. The color of each
point indicates treatment duration.

Table 1. Demographic characteristics of patients and clozapine dosage, clozapine, norclozapine, and
clozapine N-oxide concentrations before endpoint and at endpoint.

Mean SD Range
Patients, sample number, and treatment duration (n = 167)
Age (y) 40.6 11.4 18-72
Number of samples/patients 4.53 1.53 1-11
Treatment duration (w) 38.4 17.0 4-72

Dose and concentrations before endpoint (1 = 587)
Dose (mg/day) 275 126 13-600
Clozapine (ng/mL) 457 282 38-1372
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Table 1. Cont.

Mean SD Range

Norclozapine (ng/mL) 340 221 36-1319
Clozapine N-oxide (ng/mL) 90 50 10-390
Clozapine/norclozapine ratio 1.39 0.51 0.78-7.57
Clozapine/dose ratio 1.68 0.79 0.37-5.48
Dose and concentrations at endpoint (1 = 167)

Dose (mg/day) 324 122 75-600
Clozapine (ng/mL) 526 261 106-1515
Norclozapine (ng/mL) 399 200 101-1131
Clozapine N-oxide 108 52 33-295
Clozapine/norclozapine ratio 1.35 0.33 0.79-2.48
Clozapine/dose ratio 1.70 0.80 0.10-5.05

3.2. Sex and Age Effects on Dosage and Blood Concentrations

A total of 100 men (aged 40.5 &= 11.3 years, range 18-68 years) and 67 women (aged
41.1 + 11.8 years, range 18-72 years) were included in the study. Men received sig-
nificantly higher clozapine doses than women both before the endpoint (288 4 130 vs.
252 + 115 mg/day, p < 0.001) and at the endpoint (344 £ 125 vs. 295 £ 114 mg/day,
p = 0.011) (Table 2). However, no significant sex differences were observed in clozapine,
norclozapine, or clozapine N-oxide levels concentrations, or the clozapine/norclozapine
ratio, either before or at the endpoint.

Table 2. Sex differences in clozapine dose and blood concentrations of clozapine, norclozapine, and
clozapine N-oxide, as well as clozapine/norclozapine and clozapine/dose ratios.

Sex Men (1 = 100) Women (1 = 67) p
Mean SD Range Mean SD Range

Dose and concentrations before endpoint (n = 373/214)

Dose (mg/day) 288 130 13-600 252 115 50-600 <0.001

Clozapine 463 271 45-1372 446 300 38-1331 0.205

(ng/mL)

Norclozapine 349 216 38-1100 326 229 33-1319 0.094

(ng/mL)

Clozapine

N-oxide 90 45 10-242 89 58 25-390 0.197

(ng/mL)

rcalgiapme/ norclozapine, 048 0.80-3.43 1.42 0.56 0.78-7.57 0215

ggf)apme/ dose 1.63 0.75 0.37-5.04 1.76 0.85 0.37-5.48 0.063

Dose and concentrations at end points (n = 100/67)

Dose (mg/day) 344 125 100-600 295 114 75-525 0.011

Clozapine 525 28 161-1119 528 307 106-1515 0.752

(ng/mL)

Norclozapine 398 177 129-913 401 231 101-1131 0.753

(ng/mL)

Clozapine

N-oxide 110 46 39-263 106 60 33-295 0.255

(ng/mL)

rcalgf)apme/ norclozapine, ¢ 0.33 0.83-2.48 1.33 0.32 0.79-2.41 0.795

rcalgf)apme/ dose 1.61 0.65 0.52-3.46 1.82 0.97 0.10-5.05 0.199

p-value: Mann-Whitney U test.

Patients were further divided into two age groups: 83 patients aged < 40 years
(31.2 & 5.3 years, range 18-39 years) and 84 patients aged > 40 years (50.1 & 7.5 years,
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range 40-72 years). No significant differences were observed between the two groups
in clozapine dose, clozapine, norclozapine, or clozapine N-oxide concentrations, or the
clozapine/norclozapine ratio (Table 3).

Table 3. Age differences in clozapine dose and blood concentrations of clozapine, norclozapine, and
clozapine N-oxide, as well as clozapine/norclozapine and clozapine/dose ratios.

Dose, Blood Levels,

and Ratio Age <40 Age = 40 p
Mean SD Range Mean SD Range
Dose and concentrations before endpoint (1 = 290/297)
Dose (mg/day) 279 124 13-600 271 127 13-600 0.380
Clozapine (ng/mL) 461 297 43-1372 453 267 38-1330 0.976
glcg)r/crlr?f?lme 344 234 38-1319 337 207 36-1016 0.901
(Cnlgf ?Lir)le N-oxide 92 51 12-253 88 50 10-390 0.254
Clozapine/norclozapine 4 39 061 0.80-3.43 139 040 078-3.43 0585
Clozapine/dose ratio 1.65 0.80 0.43-5.48 1.70 0.78 0.37-5.48 0.512
Dose and concentrations at end points (1 = 83/84)
Dose (mg/day) 326 129 75-600 322 117 125-600 0.829
Clozapine (ng/mL) 527 242 88-1119 524 280 106-1515 0.720
g‘;ﬂgfg"f’ine 401 189 101-844 397 212 §9-1131 0.665
ggffﬁr)‘e N-oxide 110 50 35-234 107 54 33-295 0.659
rcalgiapir‘e/ norclozapine 4 3¢ 0.34 0.79-2.48 1.34 0.31 0.50-2.41 0.736
Clozapine/dose ratio 1.70 0.72 0.10-5.48 1.68 0.87 0.16-5.05 0.358
3.3. Blood Profiles and Cell Counts
In Table 4, blood parameters and cell counts for men and women are presented
separately. Differences between baseline and endpoint values were analyzed using the
Mann-Whitney U test. Glucose levels increased significantly following clozapine treatment
in both sexes, with p-values of 0.018 for men and 0.023 for women. HDL cholesterol levels
increased significantly in men (p = 0.025), but not in women (p = 0.440). No significant
changes were observed in body weight, BMI, HbAlc, total cholesterol (TC), HDL cholesterol,
or triglyceride (TG) levels between baseline and endpoint. Similarly, no significant changes
were found in cell counts (WBC, NEUT) or liver enzyme levels (ALT, AST, and y-GTP)
before and after clozapine treatment.
Table 4. Differences in blood parameters and cell counts between baseline and endpoint during
clozapine treatment.
Men Women
Baseline Endpoint Baseline Endpoint
Mean SD (n) Mean SD (n) p Mean SD (n) Mean SD (n) p
Body weight (kg) 69.9 17.1 (89) 66.9 14.9 (89) 0.109 62.3 }gz(; 59.9 %:2? 0.288
BMI (kg/m?) 242 5.1 (86) 232 4.4 (86) 0.161 25.6 6.4 (58) 242 53(57) 0252
Glucose (mg/dL) 95.5 17.9 (72) 103.3 22.5(70) 0.018 * 94.9 ?gg 104.1 (2485; 0.023 *
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Men Women
Baseline Endpoint Baseline Endpoint
Mean SD (n) Mean SD (n) p Mean SD (n) Mean SD (n) p
HbA1lc (%) 5.39 1.41 (74) 5.47 0.39 (72) 0.145 5.52 ?;;? 5.62 (()41:;) 0.519
TC (mg/dL) 176 35 (63) 179 42 (62) 0.540 186 31 (36) 189 39 (39) 0.663
HDL (mg/dL) 51.5 12.5 (57) 56.5 11.2 (48) 0.025* 57.3 226{3‘; 59.3 g’ :); 0.440
TG (mg/dL) 123 78 (63) 136 79 (66) 0.224 96.0 ?3?5? 107.1 ?31;)3 0.254
WBC (/uL) 6540 2033 (75) 6800 2239 (97) 0.091 6080 2(?1);)2 6615 1(22)1 0.184
. 10.8 10.8
NEUT (%) 59.8 10.1 (75) 61.7 9.5 (96) 0.128 59.5 (38) 63.1 (64) 0.116
NEUT (/uL) 3938 1802 (75) 4302 2032 (95) 0.090 3794 1(2%9 4271 1(22)9 0.091
ALT (U/L) 293 17.8 (57) 336 203 (67) 0.227 236 }34,13"; 293 g;)‘ 0.075
AST (U/L) 23.7 10.5 (57) 26.9 16.7 (70) 0.980 214 }?}?3 23.6 %;)9? 0.116
v-GTP (U/L) 344 26.1 (38) 285 20.0 (50) 0.330 21.1 2203'3 24.0 %20;)) 0.917

Values are presented as mean =+ SD. * indicates a significant difference (p < 0.05, Mann-Whitney U test).

3.4. Clinical Response

The BPRS total scores were significantly reduced from baseline to endpoint (71.8 + 19.9
vs. 489 £+ 16.7, n = 167; p < 0.0001), as were all BPRS subscale scores (Figure 2). At
baseline, subscale scores for affect, and positive and negative symptoms were high, whereas
activation and resistance subscale scores were low.

15 1
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Figure 2. BPRS subscale scores at baseline (before treatment) and at endpoint (after treatment) with
clozapine. Mann—-Whitney U test: * p < 0.0001 vs. baseline.

3.5. Random Forest Model Performance for Predicting Clozapine Response

ROC curves illustrating the relationship between explanatory variables and clinical
response are shown in Figure 3. AUC was 0.986 for the training set and 0.852 for the testing
set. The accuracy, precision, recall, and F1-score were 0.938, 0.936, 0.934, and 0.935 for the
training set and 0.786, 0.736, 0.780, and 0.757 for the testing set, respectively. In Figure 4, the
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importance of each variable (panel A) and the SHAP summary plots (panel B) are shown for
the five most influential variables in predicting the clinical response to clozapine. The most
important variable was baseline BPRS total scores, followed by treatment duration, age,
clozapine concentration, and sex. The bar plots indicate the contribution of each variable to
the prediction made by the random forest model, with higher mean absolute SHAP values
reflecting a greater contribution to model output. The SHAP summary plots visualize how
low (blue), intermediate, and high (red) values of each variable are associated with the
probability of clinical improvement.
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Figure 3. ROC curves for predicting clinical response to clozapine in the training dataset (A) and the
testing dataset (B).
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Increases in baseline BPRS total score and treatment duration were associated with
clinical improvement, whereas younger age was associated with a higher probability
of response. Clozapine concentration was positively associated with clinical response
at lower concentrations but negatively associated at higher concentrations. Daily dose,
norclozapine and clozapine N-oxide concentrations, the clozapine/norclozapine ratio, and
the clozapine/dose ratio were not significantly associated with clinical response.

Figure 5 shows the relationship between clozapine concentrations and the reduction
in BPRS total scores. The color of each point indicates treatment duration. Clozapine
concentration was positively associated with clinical response at lower concentrations and
negatively associated at higher concentrations, consistent with the SHAP findings.
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Figure 5. Relationship between clozapine concentrations and reduction in BPRS total scores. The
color of each point indicates treatment duration.

4. Discussion

We developed a personalized prediction model for clozapine response using TDM
data from Japanese patients with TRS. Our analysis indicated that baseline BPRS scores
and treatment duration were the most important variables for predicting clinical outcomes.
Age and clozapine concentration also consistently contributed to the prediction of clinical
response. In contrast, we did not find consistent associations between clozapine dose, the
clozapine/dose ratio, or the clozapine/norclozapine ratio and clinical outcome.

In the present study, only 63 patients (37.5%) had blood clozapine levels within the
proposed therapeutic range (350-600 ng/mL) [2], whereas 48 patients (28.5%) had levels
below the lower limit (<350 ng/mL), and 57 patients (33.9%) had levels exceeding the upper
limit (600-1200 ng/mL) at the final assessment point. In contrast, 133 patients (79.1%)
had blood norclozapine levels within the therapeutic range (100-600 ng/mL) [26]. The
percentage of patients with clozapine levels within the proposed therapeutic range (33.9%)
was consistent with previous reports, which showed rates of 22% [26], 30% [27], 31% [5],
32% [28], 33% [29], and 37% [30]. Therefore, establishing a clear association between
clozapine concentration and clinical response is essential to ensure that clozapine levels are
maintained within the effective therapeutic range [10].

The average whole-blood concentrations of clozapine and norclozapine before the
endpoint were 457 ng/mL and 340 ng/mL, respectively. These values were consistent with
previous findings, accounting for the known differences in clozapine and norclozapine
concentrations between whole blood and serum. Previous studies have shown that serum
concentrations of clozapine and norclozapine are approximately 40% higher and 17% lower,
respectively, than their corresponding whole-blood concentrations [31]. This difference is
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likely due to the binding of clozapine derivatives to ;j-acid glycoprotein [32]. Similarly,
we confirmed the relationship between whole-blood (x) and serum (y) levels in our data:
clozapine, y = 1.43x — 51.1, n = 31, R? = 0.8926; norclozapine, y = 0.92x — 14.4, n = 31,
R? = 0.9056. Using these equations, the average whole-blood concentrations corresponded
to estimated serum concentrations of 602 ng/mL for clozapine and 298 ng/mL for nor-
clozapine. These results were consistent with previous reports of serum concentrations of
clozapine (533 ng/mL) and norclozapine (271 ng/mL) [32].

Clozapine dosages in male patients were consistently higher than those in female
patient timepoints, including the endpoint, which is consistent with other studies [27,33,34].
However, there was no significant difference in clozapine or its metabolite concentrations
between male and female patients. The difference in dosage did not affect the blood con-
centrations. The sex effects on clozapine levels may be explained by lower cytochrome
P4501A2 (CYP1A2) activity in women and physiological factors such as higher body fat
percentage and slower renal clearance [29]. However, we did not find a sex-related differ-
ence in the clozapine/norclozapine concentration ratio, suggesting no significant variation
in the metabolism of these compounds between men and women. When considering sex
effects on clozapine and norclozapine levels, the variation in smoking habits between men
and women should also be taken into account [35-37]. There was no significant difference
in the concentrations of clozapine, norclozapine, and clozapine N-oxide between patients
aged >40 years and those aged <40 years. These findings are consistent with some previous
studies [29,38], though not all [39]. It is suggested that with increasing age, renal and
hepatic clearance may decline, while the volume of distribution may increase [27].

Glucose levels increased in both sexes, whereas HDL cholesterol levels increased only
in men. The elevation in glucose levels may be associated with impaired insulin secretion,
insulin resistance, or disruption of glucose homeostasis [40]. These findings suggest
clozapine-induced metabolic dysregulation, consistent with previous studies reporting a
high prevalence of metabolic side effects associated with clozapine treatment [41]. Some
studies have also reported that elevated serum lipid levels—such as total cholesterol
(TC), triglycerides (TG), and HDL cholesterol—are associated with clinical improvement
in patients treated with clozapine [42]. No reduction in neutrophil (NEUT) counts was
observed following clozapine treatment, suggesting that clozapine-induced hematotoxicity
may not result from the direct toxicity of clozapine or its metabolite, norclozapine, on blood
cells [43]. However, potential confounding factors such as physical comorbidities, smoking,
diet, physical activity, and the co-prescription of psychiatric or physical medications should
be considered when interpreting these results [44].

Machine learning methods have been used to predict the efficacy of psychopharma-
cologic treatments based on fMRI and EEG data [18], and to support TDM and model-
informed precision dosing (MIPD) [45]. In contrast, we used clinical factors and TDM
data to predict pharmacological response. Baseline BPRS scores were the most important
predictor in our model; higher baseline scores were associated with greater reductions in
follow-up BPRS scores, suggesting that initial symptom severity may be associated with
enhanced responsiveness to clozapine. This finding implies that patients with greater
baseline symptom severity might derive particular benefit from clozapine treatment. The
assessment of initial clinical severity is important for personalized therapeutic strategies
and monitoring treatment outcomes. The association between severity at baseline and
clozapine efficacy at follow-up is in line with previous studies [13,46,47]. Moreover, a recent
study demonstrated that baseline BPRS as a predictor significantly increased logistic regres-
sion model (performance and concordance up to 92%) for predicting clinical improvement
using resting-state f{MRI, and the antipsychotic dosage was not associated with the clinical
outcomes [48].
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Treatment duration was also a key predictor of clozapine response. Scatter plots
showing the relationship among clozapine concentration BPRS reduction (%) and treat-
ment duration indicated that shorter duration was associated with clinical response (BPRS
decrease > 20%) at clozapine levels below 200 ng/mL, but long-term treatment predicted
better clinical outcome at 200-600 ng/mL (Figure 5). Several studies showed that cloza-
pine treatment duration was significantly related to clinical response [6,10,12]. Age was
a predictor in our study, as indicated in SHAP plots (Figure 4). This finding is consistent
with some previous studies [39,49,50], though not all [13,29,37,38]. It is suggested that with
increasing age, renal and hepatic clearance may decline while the volume of distribution
may increase [27]. Clozapine concentration was a predictor of treatment response; lower
plasma levels were associated with improved clinical outcomes, while higher levels were
linked to reduced efficacy, as shown in Figure 4. These findings suggest that although lower
concentrations may enhance clinical response, higher concentrations might lead to poorer
outcomes. One possible explanation is that poor responders were administered higher
doses, potentially resulting in adverse side effects that counteracted therapeutic benefits.
The correlation between clozapine level and clinical response has been reported [3,10,11,51],
though this relationship has not always been consistent [6-9]. We did not find the associa-
tion of dose, norclozapine concentration, and clozapine/norclozapine ratio with clinical
outcome. Previous studies have suggested that dose [3,9,51], norclozapine levels [6,7,9],
clozapine/dose ratio [3,11,51], and clozapine/norclozapine ratio [8,9] do not improve the
association between clozapine levels and clinical response; however, these findings have
not been consistently confirmed [6,10,12]. A recent review has hypothesized a negative
correlation between clozapine/norclozapine level ratio and cognitive functioning [52].
In summary, the severity of syndromes at baseline, treatment duration, age at starting
treatment, and clozapine concentration are suggested to be important for personalized
prediction of clozapine outcomes.

In this study, dried blood spot samples were used. It is anticipated that home-care
patients could perform self-blood sampling, send the samples to the hospitals via regular
mail, and based on the analysis results, healthcare providers could predict the therapeutic
effect in a personalized and more detailed manner [53].

The introduction of clozapine in Japan remains extremely limited [54], compared with
other countries [55]. To address the concerns of both patients and healthcare providers
about its use, we investigated the potential role of TDM. Due to the significant individual
variability in blood concentrations, which could not be predicted solely based on dosage,
we employed the RF model to improve prediction accuracy using TDM data. Predictions
for clinical responses and prognosis were feasible using this model. Our findings suggested
that clozapine TDM, combined with growing clinical experience, could aid in determining
optimal treatments in individual patients. This approach might help overcome the barriers
to clozapine adoption.

The present study has some limitations. First, the number of patients and samples
was not very large. Due to missing values in certain measurements, we had to evaluate a
smaller number of participants for specific items, and caution is required when interpreting
the results. Second, the RF model showed slightly higher performance in the single-
center trial (conducted at the hospital with the largest sample size) compared with the
multi-center trials (across all hospitals). This discrepancy may stem from differences in
clinical assessments among facilities. In future studies, heterogeneity in clinical symptom
evaluations should be carefully addressed prior to study initiation. Third, we did not
deploy any sort of analysis of agreement between those who assessed the severity of
symptoms. There could be a bias that might be potentially relevant to disclose. Fourth, the
duration of illness was not included as a variable in the RF analysis due to missing data.
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Finally, this study could not estimate the effect of smoking on clinical outcomes because
smoking history was unavailable.

5. Conclusions

We observed that men received higher doses of clozapine than women, and glucose
levels increased in both sexes. Using therapeutic drug monitoring (TDM) data from
Japanese patients with treatment-resistant schizophrenia (TRS), we developed a random
forest (RF) model to predict the therapeutic efficacy of clozapine. Symptom severity,
duration of treatment, age, and clozapine blood levels emerged as important predictors
of treatment outcomes. These findings highlight sex-related and metabolic differences
associated with clozapine use. The proposed prediction model may support personalized
treatment by estimating therapeutic response and helping determine optimal therapeutic
strategies for individual patients with TRS.

Author Contributions: Conceptualization, K.H. and T.U.; Methodology, T.N. and N.K_; Validation,
T.O., HN, KM, YT, WO, TS,]S., KT and HM.; Formal analysis, TN., YH. and N.N.; Investi-
gation, N.N., TO.,, HN,, KM, Y.T., WO, TS, ].S.,, K.T. and HM,; Data curation, Y.H., KH., N.K,,
T.O., HN,, KM, YT, WO, TS, J.S., K.T. and H.M.; Writing—Original Draft Preparation, T.N.;
Writing—Review & Editing, Y.H. and N.N.; Supervision, K.H., N.K. and T.U.; Project Administration,
T.U.; Funding acquisition, K.H. and T.U. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the NHO network research (Grant Numbers H27-
NHO(Seishin)-01 and H30-NHO(Seishin)-01, recipient: Kijiro Hashimoto) and by the Grants-in-Aid
for Scientific Research on Health, Labor, and Welfare (Grant Number 20GC1017, recipient: Take-
fumi Ueno). The funding sources had no involvement in study design; in the collection, analysis,
and interpretation of data; in the writing of the report; or in the decision to submit the article for
publication.

Institutional Review Board Statement: The study was conducted in accordance with The Code of
Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans.
Ethics Committee of Hizen Psychiatric Center approved the study (Approval No.: 26-3 [1 June 2014],
2020-18 [2 December 2020], 2021-14 [7 July 2021], and 2025-11 [31 July 2025]).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data from this study are accumulated in the web-based input
system, HCPMS (Hizen Clozaril Patients Monitoring System), which stores information on cases,
including analysis results, dosage, background, blood test results, and clinical evaluations. Eleven
participating institutions have access to this system; however, since it contains patients” personal
information, it cannot be made publicly available.

Acknowledgments: The authors thank Satoru Watanabe (I.S.E. Co., Ltd.) for his technical support
with the machine learning.

Conflicts of Interest: TN., K.H., and T.U. hold a patent on VAPD and VAPD mini (Japan patent
number 7270264). T.N., K.H., and T.U. participate in a Data Safety Monitoring Board or Advisory
Board: HCPMS (Hizen Clozaril Patients Monitoring System). The rest of the authors declare no
conflicts of interest.

Abbreviations

alanine aminotransferase (ALT); aspartate aminotransferase (AST); area under the receiver operating
characteristic curve (AUC), body mass index (BMI), Brief Psychiatric Rating Scale (BPRS); confidence
intervals (CI); dried blood spots (DBS); Diagnostic and Statistical Manual of Mental Disorders, Fifth
edition (DSM-5); high-density lipoprotein (HDL); glucose, hemoglobin (HbAlc); high-performance
liquid chromatography (HPLC); machine learning (ML); model-informed precision dosing (MIPD);



J. Clin. Med. 2025, 14, 7892 14 of 16

neutrophil (NEUT); random forest (RF); receiver operating characteristic (ROC); SHapley Additive
exPlanations (SHAP); standard deviation (SD); therapeutic drug monitoring (TDM); treatment-
resistant schizophrenia (TRS); total cholesterol (TC); triglycerides (TG); white blood cell (WBC);
volumetric absorptive paper discs (VAPDs); y-glutamyl transpeptidase (y-GTP).

References

1.

10.

11.

12.

13.

14.

15.

16.

Kane, ].M.; Schoretsanitis, G.; Rubio, ].M.; Correll, C.U. Clozapine in treatment-resistant schizophrenia: Reflections from the
Hallmark US clinical trial and beyond. Schizophr. Res. 2024, 268, 9-13. [CrossRef] [PubMed]

Hiemke, C.; Bergemann, N.; Clement, H.W,; Conca, A.; Deckert, J.; Domschke, K.; Eckermann, G.; Egberts, K.; Gerlach, M.; Greiner,
C.; et al. Consensus guidelines for therapeutic drug monitoring in neuropsychopharmacology: Update 2017. Pharmacopsychiatry
2018, 51, 9-62. [CrossRef] [PubMed]

Northwood, K.; Pearson, E.; Arnautovska, U.; Kisely, S.; Pawar, M.; Sharma, M.; Vitangcol, K.; Wagner, E.; Warren, N.; Siskind,
D. Optimising plasma clozapine levels to improvetreatment response: An individual patient data meta-analysis and receiver
operating characteristic curve analysis. Br. |. Psychiatry 2023, 222, 241-245. [CrossRef] [PubMed]

Couchman, L.; Bowskill, S.V.; Handley, S.; Patel, M.X.; Flanagan, R.]J. Plasma clozapine and norclozapine in relation to prescribed
dose and other factors in patients aged < 18 years: Data from a therapeutic drug monitoring service, 1994-2010. Early Interv.
Psychiatry 2013, 7, 122-130. [CrossRef] [PubMed]

Nomura, N.; Kitagawa, K.; So, R.; Misawa, F.; Kodama, M.; Takeuchi, H.; Bies, R.; Straubinger, T.; Banker, C.; Mizuno, Y,; et al.
Comprehensive assessment of exposure to clozapine in association with side effects among patients with treatment-resistant
schizophrenia: A population pharmacokinetic study. Ther. Adv. Psychopharmacol. 2021, 11, 20451253211016189. [CrossRef]
[PubMed] [PubMed Central]

Krivoy, A.; Whiskey, E.; Webb-Wilson, H.; Joyce, D.; Derek, K.; Tracy, D.K.; Gaughran, E; MacCabe, ].H.; Shergill, S.S. Outcomes
in treatment-resistant schizophrenia: Symptoms, function and clozapine plasma concentrations. Ther. Adv. Psychopharmacol. 2021,
11,20451253211037179. [CrossRef] [PubMed] [PubMed Central]

Aissa, A.; Jouini, R.; Ouali, U.; Zgueb, Y.; Nacef, F.; Hechmi, Z.E. Clinical predictors of response to clozapine in Tunisian patients
with treatment resistant schizophrenia. Compr. Psychiatry 2022, 112, 152280. [CrossRef] [PubMed]

Karampas, A.; Florou, D.; Markozannes, G.; Asimakopoulos, A.; Georgiou, G.; Plakoutsis, M.; Hyphantis, T.; Boumba, V.; Petrikis,
P. Clozapine/norclozapine plasma concentrationsand their ratio in treatment resistant, early psychosis patients. Psychiatriki 2025,
36, 42-54. [CrossRef] [PubMed]

Llorca, PM.; Lancon, C.; Disdier, B.; Farisse, J.; Sapin, C.; Auquier, P. Effectiveness of clozapine in neuroleptic-resistant schizophre-
nia: Clinical response and plasma concentrations. ]. Psychiatry Neurosci. 2002, 27, 30-37. [CrossRef] [PubMed] [PubMed
Central]

Yada, Y.; Kitagawa, K.; Sakamoto, S.; Ozawa, A.; Nakada, A.; Kashiwagi, H.; Okahisa, Y.; Takao, S.; Takaki, M.; Kishi, Y.; et al. The
relationship between plasma clozapine concentration and clinical outcome: A cross-sectional study. Acta Psychiatr. Scand. 2021,
143, 227-237. [CrossRef] [PubMed]

de Haas, H.J.; Cohen, D.; de Koning, M.B.; van Weringh, G.; Petrovic, V.; de Haan, L.; Touw, D.J.; Ristic, D.I. Clozapine levels and
outcomes in Serbian patients with treatment-resistant psychotic disorders previously treated without measuring clozapine levels
(CLOSER). Psychiatry Res. 2024, 339, 116070. [CrossRef] [PubMed]

Park, S.I; Kim, S.; Park, K;; Yu, U.; Jang, Y.; Kim, B.H.; Lee, ].H.; Kim, E. Predictors of clozapine concentration and psychiatric
symptoms in patients with Schizophrenia. PLoS ONE 2025, 20, e0319037. [CrossRef] [PubMed] [PubMed Central]

de Freitas, D.F,; Kadra-Scalzo, G.; Agbedjro, D.; Francis, E.; Ridler, I.; Pritchard, M.; Shetty, H.; Segev, A.; Casetta, C.; Smart,
S.E.; et al. Using a statistical learning approach to identify sociodemographic and clinical predictors of response to clozapine. J.
Psychopharmacol. 2022, 36, 498-506. [CrossRef] [PubMed] [PubMed Central]

Podichetty, ].T,; Silvola, RM.; Rodriguez-Romero, V.; Bergstrom, R.F.; Vakilynejad, M.; Bies, R.R.; Stratford, R.E., Jr. Application of
machine learning to predict reduction in total PANSS score and enrich enrollment in schizophrenia clinical trials. Clin. Transl. Sci.
2021, 14, 1864-1874. [CrossRef] [PubMed] [PubMed Central]

Soldatos, R.F.; Cearns, M.; Nielsen, M.@J.; Kollias, C.; Xenaki, L.A.; Stefanatou, P; Ralli, I.; Dimitrakopoulos, S.; Hatzimanolis, A.;
Kosteletos, I; et al. Prediction of early symptom remission in two independent samples of first-episode psychosis patients using
machine learning. Schizophr. Bull. 2022, 48, 122-133. [CrossRef] [PubMed] [PubMed Central]

Wu, C.S,; Luedtke, A.R.; Sadikova, E.; Tsai, H.].; Liao, S.C.; Liu, C.C; Gau, S.E; VanderWeele, T].; Kessler, R.C. Development and
validation of a machine learning individualized treatment rule in first-episode schizophrenia. JAMA Netw. Open 2020, 3, 1921660.
[CrossRef] [PubMed] [PubMed Central]


https://doi.org/10.1016/j.schres.2024.01.035
https://www.ncbi.nlm.nih.gov/pubmed/38290942
https://doi.org/10.1055/s-0037-1600991
https://www.ncbi.nlm.nih.gov/pubmed/29390205
https://doi.org/10.1192/bjp.2023.27
https://www.ncbi.nlm.nih.gov/pubmed/36994656
https://doi.org/10.1111/j.1751-7893.2012.00374.x
https://www.ncbi.nlm.nih.gov/pubmed/22747759
https://doi.org/10.1177/20451253211016189
https://www.ncbi.nlm.nih.gov/pubmed/34046160
https://pmc.ncbi.nlm.nih.gov/articles/PMC8138292
https://doi.org/10.1177/20451253211037179
https://www.ncbi.nlm.nih.gov/pubmed/34676067
https://pmc.ncbi.nlm.nih.gov/articles/PMC8524694
https://doi.org/10.1016/j.comppsych.2021.152280
https://www.ncbi.nlm.nih.gov/pubmed/34763293
https://doi.org/10.22365/jpsych.2025.001
https://www.ncbi.nlm.nih.gov/pubmed/40147031
https://doi.org/10.1139/jpn.0203
https://www.ncbi.nlm.nih.gov/pubmed/11836974
https://pmc.ncbi.nlm.nih.gov/articles/PMC149793
https://pmc.ncbi.nlm.nih.gov/articles/PMC149793
https://doi.org/10.1111/acps.13264
https://www.ncbi.nlm.nih.gov/pubmed/33274435
https://doi.org/10.1016/j.psychres.2024.116070
https://www.ncbi.nlm.nih.gov/pubmed/39029392
https://doi.org/10.1371/journal.pone.0319037
https://www.ncbi.nlm.nih.gov/pubmed/40048458
https://pmc.ncbi.nlm.nih.gov/articles/PMC11884701
https://doi.org/10.1177/02698811221078746
https://www.ncbi.nlm.nih.gov/pubmed/35212240
https://pmc.ncbi.nlm.nih.gov/articles/PMC9066692
https://doi.org/10.1111/cts.13035
https://www.ncbi.nlm.nih.gov/pubmed/33939284
https://pmc.ncbi.nlm.nih.gov/articles/PMC8504834
https://doi.org/10.1093/schbul/sbab107
https://www.ncbi.nlm.nih.gov/pubmed/34535800
https://pmc.ncbi.nlm.nih.gov/articles/PMC8781312
https://doi.org/10.1001/jamanetworkopen.2019.21660
https://www.ncbi.nlm.nih.gov/pubmed/32083693
https://pmc.ncbi.nlm.nih.gov/articles/PMC7043195

J. Clin. Med. 2025, 14, 7892 15 of 16

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Li, Y.; Zhang, L.; Zhang, Y.; Wen, H.; Huang, J.; Shen, Y.; Li, H. A random forest model for predicting social functional improvement
in Chinese patients with schizophrenia after 3 months of atypical antipsychotic monopharmacy: A cohort study. Neuropsychiatr.
Dis. Treat. 2021, 17, 847-857. [CrossRef] [PubMed] [PubMed Central]

Del Fabro, L.; Bondji, E.; Serio, F; Maggioni, E.; D’ Agostino, A.; Brambilla, P. Machine learning methods to predict outcomes of
pharmacological treatment in psychosis. Transl. Psychiatry 2023, 13, 75. [CrossRef] [PubMed] [PubMed Central]
Schneider-Thoma, J.; Hamza, T.; Chalkou, K; Siafis, S.; Dong, S.; Bighelli, I.; Hansen, W.P,; Scheuring, E.; Davis, ].M.; Priller,
J.; et al. Efficacy of clozapine versus second-generation antipsychotics in people with treatment-resistant schizophrenia: A
systematic review and individual patient data meta-analysis. Lancet Psychiatry 2025, 12, 254-265. [CrossRef] [PubMed]
American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; American Psychiatric Publishing:
Washington, DC, USA, 2013.

Kane, ].M.; Agid, O.; Baldwin, M.L.; Howes, O.; Lindenmayer, ].P.; Marder, S.; Olfson, M.; Potkin, S.G.; Correll, C.U. Clinical
guidance on the identification and management of treatment-resistant schizophrenia. J. Clin. Psychiatry 2019, 80, 18com12123.
[CrossRef] [PubMed]

Nakahara, T.; Otani, N.; Ueno, T.; Hashimoto, K. Development of a hematocrit insensitive device to collect accurate volumes
of dried blood spots without specialized skills for measuring clozapine and its metabolites as model analytes. J. Chromatogr. B
Analyt. Technol. Biomed. Life Sci. 2018, 1087-1088, 70-79. [CrossRef] [PubMed]

Breiman, L. Random Forests. Mach. Learn. 2001, 45, 5-32. [CrossRef]

Oh, HS,; Lee, B.J.; Lee, Y.S; Jang, O.J.; Nakagami, Y.; Inada, T.; Kato, T.A.; Kanba, S.; Chong, M.Y,; Lin, S.K; et al. Machine
learning algorithm-based prediction model for the augmented use of clozapine with electroconvulsive therapy in patients with
schizophrenia. J. Pers. Med. 2022, 12, 969. [CrossRef] [PubMed]

Ponce-Bobadilla, A.V.; Schmitt, V.; Maier, C.S.; Mensing, S.; Stodtmann, S. Practical guide to SHAP analysis: Explaining super
vised machine learning model predictions in drug development. Clin. Transl. Sci. 2024, 17, €70056. [CrossRef] [PubMed] [PubMed
Central]

Patteet, L.; Maudens, K.E.; Vermeulen, Z.; Dockx, G.; De Doncker, M.; Morrens, M.; Sabbe, B.; Neels, H. Retrospective evaluation
of therapeutic drug monitoring of clozapine and norclozapine in Belgium using a multidrug UHPLC-MS/MS method. Clin.
Biochem. 2014, 47, 336-339. [CrossRef] [PubMed]

Bowskill, S.; Couchman, L.; MacCabe, ].H.; Flanagan, R.J. Plasma clozapine and norclozapine in relation to prescribed dose
and other factors in patients aged 65 years and over: Data from a therapeutic drug monitoring service, 1996-2010. Hum.
Psychopharmacol. 2012, 27, 277-283. [CrossRef] [PubMed]

Piwowarska, J.; Radziwon-Zaleska, M.; Dmochowska, M.; Szepietowska, E.; Matsumoto, H.; Sygitowicz, G.; Pilc, A,;
Lukaszkiewicz, J. The usefulness of monitored therapy using clozapine concentration in the blood serum for determining
drug dose in polish schizophrenic patients. Pharmacol. Rep. 2016, 68, 1120-1125. [CrossRef] [PubMed]

Mayerova, M.; Ustohal, L.; Jarkovsky, J.; Pivnicka, J.; Kasparek, T.; Ceskova, E. Influence of dose, gender, and cigarette smoking
on clozapine plasma concentrations. Neuropsychiatr. Dis. Treat. 2018, 14, 1535-1543. [CrossRef] [PubMed] [PubMed Central]
Olsson, E.; Edman, G.; Bertilsson, L.; Hukic, D.S.; Lavebratt, C.; Eriksson, S.V.; Osby, U. Genetic and clinical factors affecting
plasma clozapine concentration. Prim. Care Companion CNS Disord. 2015, 17, 25016. [CrossRef] [PubMed] [PubMed Central]
Flanagan, R.J.; Yusufi, B.; Barnes, T.R. Comparability of whole-blood and plasma clozapine and norclozapine concentrations. Br. J.
Clin. Pharmacol. 2003, 56, 135-138. [CrossRef] [PubMed] [PubMed Central]

Piatkov, I.; Caetano, D.; Assur, Y.; Lau, S.L.; Jones, T.; Boyages, S.C.; McLean, M. ABCB1 and ABCC1 single-nucleotide
polymorphisms in patients treated with clozapine. Pharmgenomics Pers. Med. 2017, 10, 235-242. [CrossRef] [PubMed] [PubMed
Central]

Bailey, L.; Varma, S.; Ahmad, N.; Gee, S.; Taylor, D.M. Factors predicting use of laxatives in outpatients stabilized on clozapine.
Ther. Adv. Psychopharmacol. 2015, 5, 256-262. [CrossRef] [PubMed] [PubMed Central]

Garcifa, C.I.; Alonso, A.L; Bobes, J. Concentrations in plasma clozapine levels in schizophrenic and schizoaffective patients. Rev.
Psiquiatr. Salud Ment. 2017, 10, 192-196. [CrossRef] [PubMed]

Seppild, N.H.; Leinonen, E.V.; Lehtonen, M.L.; Kivistd, K.T. Clozapine serum concentrations are lower in smoking than in
non-smoking schizophrenic patients. Pharmacol. Toxicol. 1999, 85, 244-246. [CrossRef] [PubMed]

Flanagan, R.J.; Obee, S.J.; Kim, A.H.M.; Every-Palmer, S. Plasma clozapine and N —-desmethylclozapine (norclozapine) concentra-
tions and the clozapine/norclozapine ratio: Effect of dose, sex, and cigarette smoking. . Clin. Psychopharmacol. 2024, 44, 492-501.
[CrossRef] [PubMed]

Lane, H.Y,; Chang, Y.C.; Chang, WH.; Lin, S.K; Tseng, Y.T.; Jann, M.W. Effects of gender and age on plasma levels of clozapine
and its metabolites: Analyzed by critical statistics. J. Clin. Psychiatry 1999, 60, 36—40. [CrossRef] [PubMed]

Ulrich, S.; Baumann, B.; Wolf, R.; Lehmann, D.; Peters, B.; Bogerts, B.; Meyer, F.P. Therapeutic drug monitoring of clozapine and
relapse—A retrospective study of routine clinical data. Int. J. Clin. Pharmacol. Ther. 2003, 41, 3-13. [CrossRef] [PubMed]


https://doi.org/10.2147/NDT.S280757
https://www.ncbi.nlm.nih.gov/pubmed/33776440
https://pmc.ncbi.nlm.nih.gov/articles/PMC7989048
https://doi.org/10.1038/s41398-023-02371-z
https://www.ncbi.nlm.nih.gov/pubmed/36864017
https://pmc.ncbi.nlm.nih.gov/articles/PMC9981732
https://doi.org/10.1016/S2215-0366(25)00001-X
https://www.ncbi.nlm.nih.gov/pubmed/40023172
https://doi.org/10.4088/JCP.18com12123
https://www.ncbi.nlm.nih.gov/pubmed/30840788
https://doi.org/10.1016/j.jchromb.2018.04.019
https://www.ncbi.nlm.nih.gov/pubmed/29715679
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.3390/jpm12060969
https://www.ncbi.nlm.nih.gov/pubmed/35743753
https://doi.org/10.1111/cts.70056
https://www.ncbi.nlm.nih.gov/pubmed/39463176
https://pmc.ncbi.nlm.nih.gov/articles/PMC11513550
https://pmc.ncbi.nlm.nih.gov/articles/PMC11513550
https://doi.org/10.1016/j.clinbiochem.2014.09.021
https://www.ncbi.nlm.nih.gov/pubmed/25289972
https://doi.org/10.1002/hup.2223
https://www.ncbi.nlm.nih.gov/pubmed/22419536
https://doi.org/10.1016/j.pharep.2016.06.016
https://www.ncbi.nlm.nih.gov/pubmed/27588387
https://doi.org/10.2147/NDT.S163839
https://www.ncbi.nlm.nih.gov/pubmed/29950838
https://pmc.ncbi.nlm.nih.gov/articles/PMC6011879
https://doi.org/10.4088/PCC.14m01704
https://www.ncbi.nlm.nih.gov/pubmed/26137357
https://pmc.ncbi.nlm.nih.gov/articles/PMC4468884
https://doi.org/10.1046/j.1365-2125.2003.01821.x
https://www.ncbi.nlm.nih.gov/pubmed/12848787
https://pmc.ncbi.nlm.nih.gov/articles/PMC1884330
https://doi.org/10.2147/PGPM.S142314
https://www.ncbi.nlm.nih.gov/pubmed/28919802
https://pmc.ncbi.nlm.nih.gov/articles/PMC5587196
https://pmc.ncbi.nlm.nih.gov/articles/PMC5587196
https://doi.org/10.1177/2045125315591917
https://www.ncbi.nlm.nih.gov/pubmed/26557981
https://pmc.ncbi.nlm.nih.gov/articles/PMC4622118
https://doi.org/10.1016/j.rpsm.2017.06.002
https://www.ncbi.nlm.nih.gov/pubmed/28844295
https://doi.org/10.1111/j.1600-0773.1999.tb02016.x
https://www.ncbi.nlm.nih.gov/pubmed/10608488
https://doi.org/10.1097/JCP.0000000000001909
https://www.ncbi.nlm.nih.gov/pubmed/39173038
https://doi.org/10.4088/JCP.v60n0108
https://www.ncbi.nlm.nih.gov/pubmed/10074876
https://doi.org/10.5414/CPP41003
https://www.ncbi.nlm.nih.gov/pubmed/12564740

J. Clin. Med. 2025, 14, 7892 16 of 16

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Tang, Y.L.; Mao, P; Li, EM.; Li, W.; Chen, Q.; Jiang, F.; Cai, Z.; Mitchell, P.B. Gender, age, smoking behaviour and plasma clozapine
concentrations in 193 Chinese inpatients with Schizophrenia. Br. J. Clin. Pharmacol. 2007, 64, 49-56. [CrossRef] [PubMed]
[PubMed Central]

Alharbi, N.S.; Hamdy, N.A.; Aboubakr, EM.; Alharb, M.; Ali, M.A.; Alharbi, G.; EIMallah, A.I. Comparing the metabolic,
sytemic, and neuropsychiatric impacts of olanzapine and clozapine in patients with schizophrenia. Pharmaceuticals 2025, 18, 314.
[CrossRef] [PubMed] [PubMed Central]

Vasudev, K.; Choi, Y.H.; Norman, R.; Kim, R.B.; Schwarz, U.I. Genetic determinants of clozapine-induced metabolic side effects.
Can. J. Psychiatry 2017, 62, 138-149. [CrossRef] [PubMed] [PubMed Central]

Procyshyn, R.M.; Wasan, K.M.; Thornton, A.E.; Barr, A.M.; Chen, E.Y.; Pomarol-Clotet, E.; Stip, E.; Williams, R.; Macewan, G.W,;
Birmingham, C.L. Changes in serum lipids, independent of weight, are associated with changes in symptoms during long-term
clozapine treatment. J. Psychiatry Neurosci. 2007, 32, 331-338.PMID. [CrossRef] [PubMed] [PubMed Central]

Oyewumi, L.K.; Cernovsky, Z.Z.; Freeman, D.].; Streiner, D.L. Relation of blood counts during clozapine treatment to serum
concentrations of clozapine and norclozapine. Can. J. Psychiatry 2002, 47, 257-261. [CrossRef] [PubMed]

Pillinger, T.; McCutcheon, R.A.; Vano, L.; Mizuno, Y.; Arumuham, A.; Hindley, G.; Beck, K.; Natesan, S.; Efthimiou, O.; Cipriani,
A.; et al. Comparative effects of 18 antipsychotics on metabolic function in patients with schizophrenia, predictors of metabolic
dysregulation, and association with psychopathology: A systematic review and network meta-analysis. Lancet Psychiatry 2020, 7,
64-77. [CrossRef] [PubMed] [PubMed Central]

Poweleit, E.A.; Vinks, A.A.; Mizuno, T. Artificial intelligence and machine learning approaches to facilitate therapeutic drug
management and model-informed precision dosing. Ther. Drug Monit. 2023, 45, 143-150. [CrossRef] [PubMed] [PubMed Central]
Siskind, D.; McCartney, L.; Goldschlager, R.; Kisely, S. Clozapine v. first- and second-generation antipsychotics in treatment-
refractory schizophrenia: Systematic review and meta-analysis. Br. J. Psychiatry 2016, 209, 385-392. [CrossRef] [PubMed]
Samara, M.; Lappas, A.S.; Pinioti, E.; Glarou, E.; Fober, I.; Christogiannis, C.; Siafis, S.; Christodoulou, N.; Helfer, B.; Mavridis, D.;
et al. Efficacy and tolerability of pharmacological interventions for schizophrenia non-responsive to prior treatment: A systematic
review and network meta-analysis. EClinicalMedicine 2025, 84, 103291. [CrossRef] [PubMed] [PubMed Central]

Smucny, J.; Lesh, T.A.; Albuquerque, M.D.; Rhilinger, ].P.; Carter, C.S. Predicting Clinical Improvement in Early Psychosis Using
Circuit-Based Resting-State Functional Magnetic Resonance Imaging. Schizophr. Bull. 2024, 50, 1349-1356. [CrossRef] [PubMed]
[PubMed Central]

Griffiths, K.; Millgate, E.; Egerton, A.; MacCabe, ].H. Demographic and clinical variables associated with response to clozapine in
schizophrenia: A systematic review and meta-analysis. Psychol. Med. 2021, 51, 376-386. [CrossRef] [PubMed]
Okhuijsen-Pfeifer, C.; Sterk, A.Y.; Horn, LM.; Terstappen, J.; Kahn, R.S.; Luykx, J.J. Demographic and clinical features as predictors
of clozapine response in patients with schizophrenia spectrum disorders: A systematic review and metaanalysis. Neurosci.
Biobehav. Rev. 2020, 111, 246-252. [CrossRef] [PubMed]

Siskind, D.; Sharma, M.; MPawar, M.; Pearson, E.; Wagner, E.; Warren, N.; Kisely, S. Clozapine levels as a predictor for therapeutic
response: A systematic review and meta-analysis. Acta Psychiatr. Scand. 2021, 144, 422-432. [CrossRef] [PubMed]

Moscou, T.T.; Veerman, S.R.T. Clozapine/norclozapine plasma level ratio and cognitive functioning in patients with schizophrenia
spectrum disorders: A systematic review. Ther. Adv. Psychopharmacol. 2024, 14, 20451253241302603. [CrossRef] [PubMed] [PubMed
Central]

Jacobson, T.A.; Kler, ].S.; Bae, Y.; Chen, J.; Ladror, D.T; Iyer, R.; Nunes, D.A.; Montgomery, N.D.; Pleil, ].D.; Funk, WE. A
state-of-the-science review and guide for measuring environmental exposure biomarkers in dried blood spots. J. Expo. Sci.
Environ. Epidemiol. 2023, 33, 505-523. [CrossRef] [PubMed] [PubMed Central]

Toyoda, K.; Hata, T.; Yamauchi, S.; Kinoshita, S.; Nishihara, M.; Uchiyama, K.; Inada, K.; Kanazawa, T. A descriptive study of
10-year clozapine use from the nationwide database in Japan. Psychiatry Res. 2021, 297, 113764. [CrossRef] [PubMed]

Xu, S.W.; Dong, M.; Zhang, Q.; Yang, S.Y.; Chen, L.Y; Sim, K.; He, Y.L.; Chiu, H.E; Sartorius, N.; Tan, C.H.; et al. Clozapine
prescription pattern in patients with schizophrenia in Asia: The REAP survey (2016). Psychiatry Res. 2020, 287, 112271. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/j.1365-2125.2007.02852.x
https://www.ncbi.nlm.nih.gov/pubmed/17298477
https://pmc.ncbi.nlm.nih.gov/articles/PMC2000616
https://doi.org/10.3390/ph18091314
https://www.ncbi.nlm.nih.gov/pubmed/41011185
https://pmc.ncbi.nlm.nih.gov/articles/PMC12472767
https://doi.org/10.1177/0706743716670128
https://www.ncbi.nlm.nih.gov/pubmed/27681143
https://pmc.ncbi.nlm.nih.gov/articles/PMC5298525
https://doi.org/10.1139/jpn.0733
https://www.ncbi.nlm.nih.gov/pubmed/17823649
https://pmc.ncbi.nlm.nih.gov/articles/PMC1963353
https://doi.org/10.1177/070674370204700306
https://www.ncbi.nlm.nih.gov/pubmed/11987477
https://doi.org/10.1016/S2215-0366(19)30416-X
https://www.ncbi.nlm.nih.gov/pubmed/31860457
https://pmc.ncbi.nlm.nih.gov/articles/PMC7029416
https://doi.org/10.1097/FTD.0000000000001078
https://www.ncbi.nlm.nih.gov/pubmed/36750470
https://pmc.ncbi.nlm.nih.gov/articles/PMC10378651
https://doi.org/10.1192/bjp.bp.115.177261
https://www.ncbi.nlm.nih.gov/pubmed/27388573
https://doi.org/10.1016/j.eclinm.2025.103291
https://www.ncbi.nlm.nih.gov/pubmed/40535000
https://pmc.ncbi.nlm.nih.gov/articles/PMC12173738
https://doi.org/10.1093/schbul/sbae117
https://www.ncbi.nlm.nih.gov/pubmed/38979781
https://pmc.ncbi.nlm.nih.gov/articles/PMC11548923
https://doi.org/10.1017/S0033291721000246
https://www.ncbi.nlm.nih.gov/pubmed/33602358
https://doi.org/10.1016/j.neubiorev.2020.01.017
https://www.ncbi.nlm.nih.gov/pubmed/31982601
https://doi.org/10.1111/acps.13361
https://www.ncbi.nlm.nih.gov/pubmed/34374073
https://doi.org/10.1177/20451253241302603
https://www.ncbi.nlm.nih.gov/pubmed/39650250
https://pmc.ncbi.nlm.nih.gov/articles/PMC11624563
https://pmc.ncbi.nlm.nih.gov/articles/PMC11624563
https://doi.org/10.1038/s41370-022-00460-7
https://www.ncbi.nlm.nih.gov/pubmed/35963945
https://pmc.ncbi.nlm.nih.gov/articles/PMC9375076
https://doi.org/10.1016/j.psychres.2021.113764
https://www.ncbi.nlm.nih.gov/pubmed/33567393
https://doi.org/10.1016/j.psychres.2019.02.056
https://www.ncbi.nlm.nih.gov/pubmed/30885383

	Introduction 
	Materials and Methods 
	Design and Participant 
	Measurement of Blood Levels 
	Clinical Assessment 
	Statistical Analysis 
	Machine Learning 

	Results 
	Clozapine Dosage and Concentration in Blood 
	Sex and Age Effects on Dosage and Blood Concentrations 
	Blood Profiles and Cell Counts 
	Clinical Response 
	Random Forest Model Performance for Predicting Clozapine Response 

	Discussion 
	Conclusions 
	References

