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ARTICLE INFO ABSTRACT

Keywords: Treatment-resistant schizophrenia and bipolar disorder represent first-line indications for clozapine prescription
Antipsychotic agents in children and adolescents, who display treatment-resistance significantly more often than adults. However,
Clozapine

titrating clozapine up to reach an effective dose may become impossible if serious adverse events occur, forcing
drug discontinuation. Here we systematically review all articles available in PubMed regarding clozapine-
associated cardiac toxicity in children and adolescents, primarily including myocarditis and pericarditis, and
focus on the feasibility of clozapine rechallenge after drug discontinuation. Our systematic review identifies 12
articles reporting 13 pediatric cases of clozapine-associated cardiac toxicity. Seven patients discontinued the
drug and no rechallenge was attempted. Five underwent clozapine rechallenge: 4 (80.0 %) were successfully
titrated up to an effective clozapine dose without recurrence of cardiac toxicity, whereas 1 (20.0 %) displayed
signs of myocarditis soon after restarting clozapine; in one case, clozapine was not stopped and the initial signs of
cardiac inflammation quickly abated. We also report a new pediatric case of successful clozapine rechallenge
following one episode of myocarditis and a subsequent pericarditis occurred during the titration phase. Clozapine
treatment was successfully continued at a reduced, yet effective dose. Overall, the available evidence, though
limited, supports clozapine rechallenge after drug discontinuation due to cardiac toxicity in children and ado-
lescents. Ensuring full cardiac recovery before rechallenging with clozapine, starting with a low dose (6.5-12.5
mg/d), a slow titration rate (12.5-25 mg/d per week), avoiding the co-administration of valproic acid (Depa-
kene), and frequent monitoring of cardiac and inflammatory parameters appear critical to the success of clo-
zapine rechallenge.

Myocarditis
Pericarditis
Rechallenge
Schizophrenia

1. Introduction two sequential antipsychotic trials of sufficient dose, duration, and
adherence (Correll and Howes, 2021). Indeed, as many as 50-60% of

1.1. Clozapine in children and adolescents patients with TRS respond successfully to clozapine (Wagstaff and Perry,
2003). Children and adolescents are especially at risk of developing

Since its entry into the drug market in 1972, clozapine has been the treatment-resistant forms of schizophrenia. In fact, “very early onset
reference drug for treatment-resistant schizophrenia (TRS) (Davis et al., schizophrenia” (VEOS) or ‘“childhood-onset schizophrenia” (COS),
2003; Kane et al., 2024). Patients with TRS are unresponsive to at least starting before age 13, and “adolescent-onset schizophrenia” (AdOS)
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manifesting between the ages of 13 and 18 (Remschmidt et al., 1994;
McClellan and Stock, 2013), do not adequately respond to first-line
antipsychotics in as many as half of the cases, with clozapine repre-
senting the only medication proven effective in treatment-resistant EOS
and showing greater efficacy compared to olanzapine and haloperidol
(Kennedy et al., 2007; Adnan et al., 2022). Furthermore, clozapine is
also first-line treatment for schizoaffective disorder and for
treatment-resistant mixed bipolar states, which frequently affect chil-
dren and adolescents (Delgado et al., 2020; Green, 2000; Rey Souto
et al., 2021; Verdolini et al., 2018).

1.2. Clozapine-induced adverse effects and cardiac toxicity

Given the severe prognosis of these disorders, diagnosing and man-
aging clozapine’s adverse effects is essential to ensure patient safety and
treatment continuation (Young et al., 1998). Serious adverse effects of
rare occurrence (1/1,000-1/10,000) can include venous thromboem-
bolism (Parker et al., 2010), pneumonia especially in elderly patients
(Bishara and Taylor, 2014), pancreatitis, nephritis, vasculitis, and hep-
atitis (Lally et al., 2018), whereas common adverse effects (1/10-1/100)
include neutropenia and agranulocytosis (Mijovic and MacCabe 2020),
as well as various forms of cardiac toxicity, mainly myocarditis and
pericarditis (Wehmeier et al., 2005; Ronaldson, 2017).

Cardiac toxicity is estimated to occur in approximately 3% of
clozapine-treated patients (Ronaldson et al., 2015). Myocarditis is an
inflammation of the heart muscle, which can be fatal if not promptly
recognized and managed (Ronaldson et al., 2011a; Ronaldson, 2017).
Myocarditis occurs more frequently during the first four weeks of
treatment (Haas et al., 2007), whereas pericarditis can occur anytime,
even years after starting clozapine (Paul et al., 2014). The pathophysi-
ology of clozapine-induced cardiac toxicity is not completely under-
stood, but is known to involve increased levels of proinflammatory
cytokines, enhanced oxidative stress, mitochondrial damage, and
increased levels of catecholamines (Vaziri et al., 2023). Hence these
conditions may represent one of the most severe expressions of a
pro-inflammatory skewing produced by clozapine, which remains
asymptomatic in most patients (Martins et al., 2023). Risk factors for
clozapine-induced cardiac complications include rapid dose titration,
weight gain or metabolic adverse effects, and illicit substance use (Khan
et al., 2017; Ronaldson et al., 2012a). Among psychoactive drugs, the
co-administration of sodium valproate should be avoided, if possible, as
it represents an important risk factor (Ronaldson et al., 2012a; Vickers
et al., 2022) due to complex pharmacodynamic and pharmacokinetic
interactions (Flanagan et al., 2024).

1.3. Clozapine rechallenge after cardiac toxicity

Early diagnosis of clozapine-related myocarditis is crucial, as timely
recognition improves clinical outcome and reduces mortality
(Ronaldson, 2017; Segev et al., 2021). Young patients should be closely
monitored for signs of cardiotoxicity using repeated electrocardiogram
(EKG) and echocardiogram (Alawami et al., 2014; Kilian et al., 1999).
For adults, an evidence-based monitoring protocol is available and
recommended in clinical practice (Ronaldson et al., 2011b).

In most published cases, immediate discontinuation of clozapine led
to complete symptom resolution (Rathore et al., 2007) (Table 1, Suppl.
Table S1). Reintroducing clozapine after an episode of cardiac toxicity is
controversial, especially in clinical practice. It is sometime justifiable
when psychopathological and behavioral response has been excellent in
the face of prior drug-resistance. In these cases, it should be considered
cautiously, after a thorough risk-benefit evaluation and consultation
with a cardiologist (Ittasakul et al., 2016; Chow et al., 2014), and careful
monitoring of heart function must be undertaken, because pericarditis
can recur at anytime following rechallenge with clozapine (Manu et al.,
2012; Boscutti et al., 2022). Nonetheless, despite promising reports
about its relative safety in adults (Ronaldson et al., 2012b; Ronaldson
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et al., 2012c), clozapine rechallenge remains to this date controversial,
especially when proposed for children and adolescents.

1.4. Aim of the study

The aim of the present study is to conduct a systematic review to
identify all paediatric cases of clozapine-induced cardiotoxicity followed
by rechallenge reported in the literature, to analyse when and how a
rechallenge with clozapine was made, and whether and to what extent
this rechallenge was successful or led to recurrent heart toxicity. In
addition, we shall describe a new drug-resistant pediatric case with
successful rechallenge despite two episodes of clozapine-induced car-
diac toxicity.

2. Experimental Procedures
2.1. Systematic literature search

We first systematically searched for all pediatric cases previously
reported in the Literature to have suffered from clozapine-related car-
diotoxicity, and then focused on the subset of articles describing cases
who underwent clozapine rechallenge. The 2020 Preferred Reporting
Items for Systematic reviews and Meta-Analyses for Systematic Reviews
(PRISMA) guidelines (Page et al., 2021) have been used to draft this
systematic review. This systematic review was not registered as an in-
dependent project, because it serves in conjunction with the new case
reported below and does not represent the sole aim of the present study.
The literature search was conducted by two authors (B.R. and C.L.),
using “(clozapine) AND ((myocarditis) OR (pericarditis))” as query
string on the PUBMED database (last update: February 4, 2025). A total
of 377 articles were retrieved. The complete list of these articles is
provided as Supplementary Material. The PRISMA flow diagram dis-
played in Figure 1 summarises the results of the study selection process.

2.2. Study screening, and case report data extraction

Initially, titles and abstracts of these 377 research articles were
independently examined by two authors (B.R. and L.C.) to evaluate their
eligibility. Inclusion criteria include: (1) articles reporting on car-
diotoxicity induced by clozapine in humans; (2) published in English,
Italian, French, Spanish, German and full text available; (3) case reports
or case series; (4) patient age <18 years. Exclusion criteria include the
following: (1) full text not available; (2) published in other languages;
(3) articles not related to clozapine; (4) reporting on animal or in vitro
models; (5) articles lacking clinical descriptions of single cases (i.e.,
pharmacological trials, epidemiological studies, etc); (6) reviews,
consensus statements, guidelines, and commentaries; (7) patient age
>18 years (see Supplementary Material, “Hierarchy of Exclusion
criteria”). Based on these criteria, 14 articles were selected as potentially
eligible for inclusion and their full text was examined.

Two articles were excluded, because one regarded a male patient
with Di George Syndrome (Ruhe et al., 2018), and in the second cloza-
pine was not prescribed, but taken in a suicide attempt (Tiire et al.,
2019). Ultimately, 12 articles reporting 13 pediatric patients suffering
from clozapine-related cardiotoxicity were identified. Data were inde-
pendently extracted by two authors (B.R. and L.C.) for case description,
as summarized in Table 1 and in Suppl. Table S1. Six of these articles
describe patients subsequently rechallenged with clozapine and these
were finally included in our systematic review (Table 1). No specific
quality assessment tool was applied, as would pertain to selection of
experimental studies or clinical trials, as all selected studies were
providing sufficiently detailed single-case descriptions.

2.3. New case report

The medical follow-up of the new case reported below (Y.S.Z.) is
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Table 1
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Summary of case reports examining cardiac adverse effects in adolescents treated with clozapine and subsequent rechallenge.

Reference Age/sex and Starting clozapine  Clozapine dose (if specified) at cardiac ~ Rechallenge steps Final clozapine dose and
diagnosis dose and titration  toxicity onset outcome
Kay et al., 2002 16/F Titrated by 25 mg  The patient developed pericarditis: 100 mg/d Clozapine was maintained. The pericarditis resolved despite
Treatment daily orally, o 2-week history of palpitations. continuation of clozapine
Resistant increased to 100 e 1-week of dyspnea and central-left therapy
Schizophrenia mg daily over 2 sided sharp chest pain, pleuritic in
weeks quality, relieved with paracetamol 1
g. T 37 °C; HR 124 bpm, respiratory
rate 24/min and BP 124/59 mmHg.
e EKG: p-mitrale in lead I, T-wave
flattening in lead III, ST-segment
elevation concave upward across all
leads, and a biphasic P-wave in V1.
e Troponin I 1.89 ug/L, the following
day 0.29 pg/L, normal (< 0.04 ug/L)
two weeks later.
Crews et al., 17/M Starting dose not The patient developed pericarditis at Clozapine was discontinued. Titrated up to 400 mg/d —
2010 Treatment reported. Titrated 350 mg/d — sinus tachycardia, 1 week = Approximately one and a half years marked improvement in
Resistant up to 350 mg/d in  later initiation low-grade fever and later, clozapine was restarted after no functioning with no recurrence
Schizophrenia 4 weeks. mild gastrointestinal disturbance. No response to olanzapine (Zyprexa) and of cardiac toxicity
elevation of cardiac troponin. to melperone. Daily T, BP, HR and
EKG: normal. monitoring of symptoms of pericarditis
TTE: large pericardial effusion, mild (chest pain, cough, and dyspnea).
elevation of CRP. Baseline EKG and TTE were performed
at initiation and 2 and 4 weeks after.
EKGs were repeated monthly
thereafter with a further TTE at 3
months.
Chow et al., 15/M Not reported. The patient developed myocarditis 14 Clozapine was discontinued and Titrated up to 650 mg/d —
2014 Treatment days after treatment onset, with sinus restarted after 8 months at 6.25 mg/d, mental state improved with
Resistant tachycardia (110 bpm), chest titrated up by 6.25 mg every 2 days. reduction in both positive and
Schizophrenia discomfort at rest, nausea and Weekly blood tests (FBC, HsCRP) and negative psychotic symptoms;
vomiting, afebrile. EKG, daily BP, T, HR. Weekly follow- no recurrence of myocarditis.
EKG: sinus rhythm with new T wave up at cardiology clinic for the first 8
inversion in leads V4-V6. Troponin I weeks, then monthly for 4 months,
3.99 (reference range < 0.10). then every 3 months.
CMRI: late gadolinium enhancement
within the basal lateral wall of the LV.
Nguyen et al., 18/M Starting dose not The patient developed myocarditis at Clozapine was discontinued. After four ~ Titrated up to 550 mg — clinical
2017 Treatment reported. Titrated ~ 225 mg/d — chest pain and months and no response to olanzapine  remission for psychosis with no
Resistant up to 225 mg/din  palpitations. Troponin-T 40 ng/I, CK (Zyprexa), risperidone (Risperdal) and  recurrence of myocarditis
Schizophrenia 14 days. 1256 U/1, CRP 34mg/I. aripiprazole, clozapine was restarted
EKG: sinus tachycardia with mild T at 12.5 mg/d, increasing to 25 mg/d on
wave flattening. the second day and then every 1-2
TTE: borderline left ventricle size with  days in 25 mg increments, reaching
borderline concentric hypertrophy and 150 mg/d on day 15. Daily monitoring
an ejection fraction of 48 %. of vital signs, daily EKG, CRP and
CMRI: borderline left ventricular troponin-I for 3 weeks, followed by
dysfunction every 15 days monitoring for 3
months.
Mudra et al., 15/M 12.5 mg and The patient developed myocarditis at Parameters normalized within 7 days Clozapine was permanently
2018 Disorganized titration every 125 mg — vomit, diarrhea, fever upto  of clozapine discontinuation. A discontinued.
schizophrenia second day 39 °C, CRP 14-49 mg/dl, white blood rechallenge with clozapine was later
cells mildly increased (13.9 x 10° /L). initiated (nor reported when). After
Heart enzymes, EKG and TTE showed 4-5 days of treatment with 12.5/die,
preserved function. Titration stopped vomiting and diarrhea occurred again,
for 2 days and then continued. On days  with increased serum levels of cardiac
17 and 18: fever, congestive heart enzymes.
failure with sinus tachycardia,
decreased BP, pallor and tachypnea,
CRP 76 mg/dl, pro-BNP up to 3200 ng/
L, and troponin T to 110 pg/ml.
TTE: pericardial effusion and slightly
reduced left ventricular function with
dyskinetic septal movement
Halawa et al., 18/F Titrated by 25-50  The patient developed myocarditis at After 6 months, 1st rechallenge: At 50 mg/d, <1 week after
2023 trial Treatment mg every 1-2 300 mg/d — general fatigue, low- clozapine 25 mg/d every two days and  starting treatment — CRP 47.7
and 1st Resistant days grade fever, troponin-I 8.05 pg/L. split dosing every 12 h to minimize mg/L. Clozapine was
rechallenge Schizophrenia EKG: sinus tachycardia and non- adverse effects + CRP and troponin-I discontinued, despite no major

specific T-wave flattening.

TTE: 2 days alter discontinuation, mild
hypokinesis and small pericardial
effusion.

monitored every 1 to 2 days

physical complaints and normal
troponin-I.

(continued on next page)
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Table 1 (continued)
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Reference Age/sex and Starting clozapine  Clozapine dose (if specified) at cardiac ~ Rechallenge steps Final clozapine dose and
diagnosis dose and titration  toxicity onset outcome
2nd Starting dose 12.5  No cardiac toxicity was recorded 1.5 years after the first rechallenge, Titrated up to 300 mg/d — no
rechallenge mg/d at bedtime. 2nd rechallenge: total weekly dose cardiac toxicity and positive
increase of 25 mg, divided into two clinical outcome
12.5 mg increases on subsequent days.
Troponin-I and CRP checked weekly or
every 1-2 days when increased, until
normalized. TTE after 1 month.
Abbreviations.

BP: Blood Pressure, BNP: brain natriuretic peptide, CK: Creatine Kinase, CMRI: Cardiac Magnetic Resonance Imaging, CRP: C-Reactive Protein, EKG: Electrocardio-
gram, FBC: Full Blood Count, GGT: Gamma-glutamyl transpeptidase, HR: Heart Rate, HsCRP: High-sensitivity C-reactive protein, MMD: Major depressive disorder,
ODD: Oppositional defiant disorder, PTSD: Post-traumatic stress disorder, Pro-BNP: pro-brain natriuretic peptide, T: Temperature, TTE: Transthoracic echocardi-

ography, VEOS: Very Early Onset Schizophrenia.

Records identified from
PubMed (n = 377)

Records removed before screening:

] [ entication ]

clozapine rechallenge included in

—

)
§ Reports of cardiac toxicity with
2 review (n = 6, listed in Table 1)

—J

Records screened * Not relating to clozapine (n = 11)
(n=373) > «  Non-human study (n = 15)
* No clinical description (n = 68)
* Review and guidelines article
(n=116)
-g e Above the age of 18 years (n = 136)
g
’ }
Reports excluded (n = 8):
Reports assessed for eligibility »| * Subject with DiGeorge syndrome
(n=14) (n=1)
e Clozapine taken for

* Textnot available (n=3)
e Duplicated (n=1)

v

Records excluded (n = 340):

e Published in languages other than
English, Iltalian, Spanish, French
and German (n = 13)

anticonservative purposes (n = 1)
* Reports of cardiac toxicity without

clozapine rechallenge (n = 6 with 7

cases, listed in Suppl. Table 1)

Fig. 1. PRISMA flow diagram of the literature search strategy for published pediatric cases of clozapine-related cardiotoxicity subsequently rechallenged with

clozapine, as listed in PubMed.

described in par. 3.2. Psychiatric symptoms were monitored using: (a)
the Positive and Negative Syndrome Scale (PANNS) (Kay et al., 1987)
administered once a week by one of the co-authors (I.L.) and reflecting
behavior observed throughout the week at the intensive treatment
Residence hosting Y.S.Z. as an in-patient, and (b) the Clinical Global
Impression (CGI) scale (Guy, 1976; Busner and Targum, 2007), filled
independently by another co-author (A.M.P.) during the biweekly hos-
pital visits. Both parents gave written informed consent to the publica-
tion of the present report, in the presence of a cultural mediator to

ensure full understanding of the consent form.
3. Results

3.1. Systematic review of pediatric cases of cardiac toxicity rechallenged
with clozapine

The six articles selected by our systematic review and listed in
Table 1, describe all published pediatric cases between the ages of
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fifteen and eighteen, who suffered from clozapine-induced cardiac
toxicity and were later rechallenged with clozapine (N=5 cases) or
continued to receive clozapine treatment (N=1). The remaining seven
cases are summarized in Suppl. Table S1 and will not be further analyzed
in the present study, because after suffering from cardiac toxicity they
permanently discontinued clozapine without subsequent rechallenge
(Branik et al., 2004; Kakar et al., 2006; Ariyarajah et al., 2010; Aboueid
and Toteja, 2015; Mudra et al., 2018; Byeman et al., 2023; Mutlu et al.,
2024).

Clozapine was prescribed to treat several psychiatric disorders,
mainly treatment-resistant schizophrenia, but also major depressive
disorder, post-traumatic stress disorder (PTSD) with dissociative symp-
toms, treatment-resistant mania with aggressive behaviour (Table 1,
Suppl. Table 1). During the first few weeks of clozapine treatment, pa-
tients developed signs and symptoms of CIM. The most frequent symp-
toms at onset were palpitations, chest pain, fatigue, and gastrointestinal
disturbances. Blood exams commonly showed elevated markers of
inflammation and heart muscle damage, including C-reactive protein
(CRP), Troponin-I, and creatine kinase (CK). EKG often unveiled ST
elevation and inverted or flattened T-wave. Cardiac sonography showed
pericardial effusion, decreased ejection fraction, and/or ventricular
dyskinesia. In all reported cases, normalization of cardiac markers, EKG
and cardiac sonography was promptly obtained as a result of clozapine
discontinuation (Table 1, Suppl. Table 1).

As summarized in Table 1, despite the onset of pericarditis, one pa-
tient continued to receive clozapine at a constant dosage of 100 mg/
d (Kay et al., 2002). After almost two weeks, cardiac symptoms resolved
and all parameters returned to normal (Table 1). In five additional cases,
whose clozapine treatment was discontinued due to cardiac toxicity, a
clozapine rechallenge was attempted (Table 1). Three patients did not
develop cardiac adverse effects and clozapine was titrated up to 400-650
mg/d with optimal psychiatric response (Crews et al., 2010, Chow et al.,
2014, Nguyen et al., 2017). In one case, reaching the dose of 125 mg/d
one patient displayed the onset of CIM which required treatment
discontinuation (patient B in Mudra et al., 2018). This 15-yr old boy was
later rechallenged with clozapine at the starting dose of 12.5 mg/d. Only
4-5 days after rechallenge was started, the patient showed the same
clinical symptoms and elevation of serum cardiac enzyme levels he had
shown during the first episode, so clozapine had to be permanently
stopped (Mudra et al., 2018). Finally, the last case listed in Table 1 is
especially interesting, because this 18 years old girl with
treatment-resistant schizophrenia underwent two rechallenges after
stopping clozapine due to CIM at the dose of 300 mg/d in her initial trial
(Halawa et al., 2023). The first rechallenge was attempted six months
later, but clozapine was again stopped at only 50 mg/d within less than a
week of starting treatment, due to a sizable CRP elevation though the
patient was still asymptomatic. The severity of her drug-resistant psy-
chotic symptoms prompted clinicians to attempt a second rechallenge
1.5 years after the first attempt. This time clozapine was titrated up to
300 mg/d without development of cardiac toxicity and with great
improvement in psychiatric symptoms. During this second rechallenge,
an initial rise in CRP (48.8 mg/L) was observed on day 4, as during the
first rechallenge, but it was not symptomatic and progressively subsided
during the following weeks (Halawa et al., 2023).

Rechallenges generally employed a lower starting dose of clozapine
and the up-titration was slower than the first trials, with doses increased
up to once a week (Table 1). The total daily dose was split into two doses
administered 12 hours apart to minimize adverse effects in some pa-
tients. During the rechallenge, regular monitoring of inflammation and
cardiac injury markers was planned: temperature, blood pressure, heart
rate were measured daily; EKG, Troponine-I, CRP, CK were monitored
weekly, and a cardiac sonogram was performed at least monthly
(Table 1).

Psychiatry Research 351 (2025) 116646
3.2. A new case report of cardiac toxicity and rechallenge

Y.S.Z. was a 13-year-old girl initially diagnosed with a “psychotic
disorder not otherwise specified”, and later receiving a diagnosis of
“bipolar disorder, mixed state”. Her psychiatric condition was charac-
terized by auditory and visual hallucinations, paranoid ideation, disor-
ganized behavior, frequent self-cutting, aggressive behaviors, and self-
harming acts with suicidal intent. She had undergone several cycles of
antipsychotics with very limited effectiveness in controlling her symp-
toms (risperidone, aripiprazole, olanzapine, quetiapine). Due to the
severity of her psychiatric condition and high suicidal risk, she was
moved from her family to an intensive treatment Residence for minors as
in-patient. Here clozapine was initiated and titrated up to 100 mg in
approximately 10 days. Fifteen days after starting therapy, the girl
complained of chest pain and was taken to the Emergency Room of our
University Hospital, where doctors recorded tachycardia (HR 115-120
bpm), elevated troponin 30 ng/mL (normal <12 ng/mL), and CRP 1.7
mg/dL (normal < 0.7) (see April 4, 2022, starting point in Figure 2). A
cardiac sonogram revealed mild mitral insufficiency and a pericardial
effusion not hemodynamically significant. Consequently, bisoprolol was
initiated at a daily dose of 1.25 mg, resulting in a decrease of troponin
serum levels within a few days (23 ng/mL).

Given the negative results of further investigations, she was dis-
charged and transferred back to the Residence for minors. However, a
few days later, on April 14™ 2022, she again reported feeling chest pain
and investigation revealed a pericardial effusion of up to 5 mm, an in-
crease in troponin serum levels (41 ng/mL), and the presence of inferior
T-wave inversions at the EKG, leading to a diagnosis of CIM and to
rapidly taper down clozapine, which was discontinued four days later
(Fig. 2A).

Following clozapine discontinuation, her cardiac symptoms quickly
subsided and her psychiatric condition, which had displayed sizable
benefits from initial clozapine treatment, maintained this improvement
for almost three months, with her therapy consisting in haloperidol 3
mg/day. At this time, Y.S.Z. experienced a severe episode of psycho-
motor agitation, characterized by crying, screaming, attempting to leave
the facility, aggressive behavior towards healthcare workers, suicidal
threats, and refusal to return in the community residence. She was thus
admitted to the Emergency Room and hospitalized in the Pediatric ward
of the Modena University Hospital on July 8, 2022. During her hos-
pitalization, she had several episodes of severe psychomotor agitation
with self- and hetero-aggressive behavior towards her mother and
healthcare personnel, as well as escape attempts. She was discharged
one week later (July 14th, 2022) and returned to the Residence for mi-
nors, but her psychiatric conditions remained severely compromised,
despite receiving haloperidol (3 mg/d) and lurasidone (111 mg/d), with
little control over positive symptoms (auditory and visual mis-
perceptions), aggressiveness, and mood instability.

A comprehensive clozapine rechallenge program was then set up,
encompassing two Day Hospital visits per week at the Pediatric
Department on Mondays and Fridays, starting on August 22"9, 2022
(Figs. 2A-C). During the subsequent three months, vital signs were
checked daily; EKG, troponin and CRP twice/wk, TTE and other pa-
rameters once/wk. Clozapine was administered b.i.d., with slow weekly
increments of 12.5 mg/d. The increase in clozapine dosage was paired
with an equally slow reduction of haloperidol down to 1 mg/day and
maintained at this dosage thereafter, and of lurasidone which was dis-
continued. During approximately two months of clozapine rechallenge,
Y.S.Z. appeared progressively less distressed, with increasingly more
stable mood, and significant reductions in auditory and visual mis-
perceptions, self- and hetero-aggressive behavior, self-harming and
suicidal ideation. This overall improvement in psychiatric symptoms
was observed both during daily living at the intensive treatment Resi-
dence (PANNS scores in Fig. 2B), and during the biweekly hospital visits
(CGI filled by a child psychiatrist in Fig. 2C). Weight gain represented
the only significant adverse effect at this stage, so metformin was
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Fig. 2. Effects of clozapine rechallenge on: (A) C-Reactive Protein (CRP) serum levels, (B) Positive and Negative Syndrome Scale (PANNS) scores, and (C) Clinical
Global Impression (CGI) scores. Clozapine was discontinued on 04/14,/2022, rechallenge was started on 08/22/2022, and cardiac toxicity (i.e., pericarditis) recurred
on 11/01/2022, thereafter followed by stable clozapine dose maintenance at 75 mg/die.

introduced and titrated up to 1000 mg/day.

Approximately two months after starting the rechallenge, having
successfully reached and stabilized the target dose of 100 mg/day, clo-
zapine was increased by 12.5 mg on October 24™ 2022, followed by
another 12.5 mg increase three days later, reaching 125 mg/day
(Fig. 2A-C). This slightly faster increase in dosage was followed a few
days later by the appearance of a confined pericardial effusion detected
in the right section (max 19 mm), not hemodynamically significant.
However, on October 29™ 2022 the onset of hyperpyrexia (T 38.2°C),
tachycardia (HR 137 bpm), and persistent chest pain led to readmission
of the girl to the Pediatric ward, where clozapine-related pericarditis
was diagnosed. At this time, given the major psychiatric improvement
displayed by Y.S.Z. up to this point, it was decided not to discontinue
clozapine but to continue at a reduced, yet effective, dose of 75 mg/day,
reintroducing lurasidone (37 mg/day), and keeping haloperidol stable
(1 mg/day). This combined treatment maintained effective control over
psychiatric symptoms (Fig. 2B,C), without triggering inflammation and
cardiac toxicity (Fig. 2A). In fact, her cardiac conditions displayed
progressive clinical improvement, with a progressive reduction in in-
flammatory markers and in pericardial effusion, until the girl was dis-
charged on November 28" 2022.

During the following months, a progressive improvement in mood
stability and overall well-being were observed, with a marked reduction
in dysphoria, hallucinations, self-cutting and suicidal ideation. On
January 12" 2023, the patient was discharged from the intensive
treatment Residence and transferred to a lower-intensity Integrated
Community. Her psychopharmacological therapy included clozapine
(87.5 mg/day), lurasidone (74 mg/day), haloperidol (1.5 mg/day),
carbolithium (900 mg/day), and delorazepam (45 mg/day). Her psy-
chiatric symptoms have been relatively well controlled ever since, with

only occasional self-cutting and hetero-aggressive behavior, suicidal
thoughts and mood swings. No further alteration in inflammatory and
cardiovascular parameters has been recorded.

4. Discussion

Clozapine is currently the only psychoactive drug authorized for
treatment-resistant schizophrenia (TRS) (Davis et al., 2003; Kane et al.,
2024). About one-third of patients meet criteria for TRS, but an early
onset of schizophrenia during childhood or adolescence is indeed a
predictor of TRS (Correll et al., 2024). Furthermore, VEOS does not
respond to other second generation antipsychotics (SGAs) in at least half
of the affected children (Pattnaik et al., 2023). Hence, not only is clo-
zapine more effective than other antipsychotics in children (Lim et al.,
2024), but the likelihood of schizophrenia being treatment-resistant is
also increased during childhood and adolescence. In addition to
schizophrenia, clozapine is also first-line indication for
treatment-resistant bipolar mixed states (Verdolini et al., 2018), the
psychiatric condition affecting the new case presented in this article
(par. 3.2). For all these reasons, the prescription of clozapine to children
and adolescents with psychotic or affective disorders is relatively
frequent.

Reluctance to start clozapine is attributed to physicians’ perceived
risk related to the use of this drug, despite current evidence of safety in
children and adolescents, as long as a careful risk assessment of adverse
effects is undertaken. While there is general agreement about the pre-
vention and management of seizures, weight gain, agranulocytosis and
neutropenia, to our knowledge no definitive consensus has been reached
regarding the prevention and management of cardiac toxicity, although
evidence-based proposals have been put forth (Ronaldson et al., 2011b;
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Griffin et al., 2021). One of major hurdles to a timely diagnosis of CIM is
the non-specificity of its symptoms at onset, which can include fever
(67%), tachycardia (58%), dyspnea (42%), chest pain (37%), flu-like
symptoms and fatigue (18%), hypotension (13%), cough (12%),
gastrointestinal discomfort (11%), and tachypnea (8%) (De las Cuevas
et al., 2022) (Table 1, Suppl. Table S1). Clearly, myocarditis and peri-
carditis are serious adverse events which generally require immediate
clozapine discontinuation (Berk et al., 2007). However, psychiatric
symptoms typically worsen soon after clozapine administration is
stopped and clinical response to the other second-generation antipsy-
chotics is rarely satisfactory, with the possible exception of olanzapine
(Miura et al., 2022). Since the prescription of clozapine may be crucial to
many children and adolescents, following serious episodes of cardiac
toxicity it is important to evaluate if a rechallenge is possible and to
identify the best protocol.

Both our systematic review (Table 1) and the new case reported here
(par. 3.2) provide reassuring indications: when a clozapine rechallenge
is tried, the clinical response is usually quite favorable in most cases. The
occurrence of clozapine-associated myocarditis or pericarditis is not an
absolute counterindication to a clozapine rechallenge: it is important to
examine the risk-benefit ratio also considering the severity of TRS or
bipolar mixed state symptoms, suicide risk, and the overall quality of life
of patients and families (Berk et al., 2007). Clozapine rechallenge can
indeed be successful in children and adolescents, provided some caveats
are taken into account. A clozapine rechallenge should be considered
after patients have fully recovered from CIM, as confirmed by a diag-
nostic workup including EKG, TTE, laboratory tests (CRP, troponin T,
NT-proBNP, CK and full blood count), and a cardiological visit (Qubad
et al., 2024). Factors that promote success have not been definitively
identified (Ronaldson et al., 2012a), but they likely represent the
opposite of risk factors for CIM development, which include a high
starting dose and a rapid titration of clozapine (De las Cuevas et al.,
2022). For this reasons, the most common safety strategy applied in
children and adolescents undergoing clozapine rechallenge are listed in
Table 2, starting from a low daily starting dose (6.25-12.5 mg/d) and
applying a slow dose titration rate (Schulte et al., 2010; De Leon et al.,
2015) (Table 1, Fig. 2A-C). In association, vital signs, inflammatory
markers, EKG and TTE should be frequently monitored, because car-
diotoxicity can occur in the presence of non-specific symptoms or even
without symptoms (Smessaert et al., 2024). Griffin et al. (2021) propose
to titrate by 25 mg every week and perform a baseline TTE, with
frequent vital sign monitoring for 8 weeks, because in 8% of cases CIM
can occur not only during the first month, but also in the next 2 months.
Qubad et al. (2024) suggest an initial clozapine titration rate of 6.25 mg
every 4 days, with vital sign measured daily, while EKG, troponin and
CRP were monitored twice per week, and if CIM was suspected TTE and
pro-BNP were performed. In many ways, the latter study used a similar
approach to the one applied in our new case, who was prescribed a
12.5/wk dose increase and a very similar medical follow-up (Fig. 2A-C).
Similar strategies have also been applied in other studies involving pe-
diatric cases (Crews et al., 2010; Chow et al., 2014; Nguyen et al., 2017;
Mudra et al., 2018; Halawa et al., 2023), as summarized in Table 1. In
addition to a slow clozapine titration, it is also advisable to treat proin-
flammatory conditions, including obesity and metabolic syndrome, to

Table 2
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postpone vaccination once clozapine treatment has been stabilized and avoid
immune challenges, and to minimize polypharmacy especially
co-administration of valproic acid (Qubad et al., 2024).

When myocarditis is diagnosed, patients should discontinue cloza-
pine (Berk et al., 2007), as this will promptly foster cardiac recovery
(Table 1, Suppl. Table 2). However, some authors have proposed to
sustain left ventricular function introducing appropriate cardiac thera-
pies, while continuing treatment with clozapine (Whiskey et al., 2020).
This approach has been employed in patients receiving cancer chemo-
therapy (trastuzumab), whereby the concomitant administrations of
p-blockers significantly reduced the risk of heart failure (Whiskey et al.,
2020; Griffin et al., 2021). Ronaldson and Colleagues (2011b) suggest
continuation of clozapine if troponin I or T is no more than twice the
upper limit of normal and CRP is less than 100 mg/L. In their study, five
patients, showing elevated troponin plasma levels continued clozapine
without developping full-blown cardiac toxicity (Ronaldson et al.,
2011b). In partial agreement with this strategy, when our patient dis-
played signs and symptoms of pericarditis we did not discontinue clo-
zapine, rather we decreased the daily dose from 112.5 to 75 mg/d, a
dose we had seen exert sizable beneficial effects on psychiatric symp-
toms during our slow titration phase. Hence, our new case shows that
the “minimum effective dose” of clozapine can indeed be lower than the
dose producing cardiac toxicity and can thus be well tolerated
long-term, while producing sustained benefits on psychiatric symptoms
(Fig. 2B,C). In addition, despite not being able to promote remission in
monotherapy, it may yield excellent results when administered in
conjunction with relatively low doses of other SGAs (see par. 3.2).

This study has at least two limitations, which must be duly
acknowledged: (a) the number of published studies concerning
clozapine-associated cardiac toxicity in children and adolescents is very
limited compared to adults, especially in reference to clozapine rechal-
lenge; (b) the duration of follow-up for our case report, though sub-
stantial, is not long-term both in terms of safety and efficacy.
Nonetheless, studies listed in Table 1 and our case report do provide
converging evidence in favor of the feasibility of clozapine rechallenge
in children and adolescents following an acute episode of cardiac
toxicity (myocarditis, pericarditis). When clozapine administration is
deemed necessary by clinicians, the risk of adverse effects in children
and adolescents can still be minimized through careful monitoring of the
patient’s physical parameters and psychiatric condition, and by the
adoption of careful titration strategies (Table 2). Indeed, robust long-
term follow-up studies will be necessary to increase our confidence in
the efficacy and safety of clozapine rechallenge. In the meantime, the
evidence presented in this study is clinically important and reassuring,
especially considering the severity, treatment-resistance, and negative
long-term prognosis of the psychiatric conditions for which clozapine is
typically prescribed to pediatric patients.
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