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Abstract

The availability of long-acting injectable (LAI) antipsychotics for the treatment of schizophrenia provides clinicians with
options that deliver continuous drug exposure and may improve adherence compared with daily oral antipsychotics. However,
all LAI antipsychotics have unique formulations and pharmacokinetic characteristics that have implications for medication
selection, administration interval, and injection site. This review outlines key differences in drug formulations and phar-
macokinetics among LAI antipsychotics. A systematic search of the PubMed database was conducted to identify physical
and formulation properties and pharmacokinetic data of commercially available LAI antipsychotics, including flupentixol
decanoate, fluphenazine decanoate, haloperidol decanoate, zuclopenthixol decanoate, aripiprazole monohydrate, aripiprazole
lauroxil, olanzapine pamoate, paliperidone palmitate, risperidone microspheres, and risperidone polymeric microspheres.
Additional information was obtained from package inserts and product monographs. Relevant data on drug properties, admin-
istration details, pharmacokinetic parameters, and oral dose equivalencies of LAI antipsychotics are summarized. Based on
our analysis, formulation characteristics (e.g., vehicle medium) and administration characteristics (e.g., injection site) can
affect rate of absorption and adverse effects and may factor into whether oral supplementation or an additional injection is
needed. Dose adjustments may be necessary based on potential drug—drug interactions, and approximate dose equivalence
with oral formulations can help inform titration when switching from oral to LAI formulations. Clinicians administering LAI
antipsychotics should consider these formulation and pharmacokinetic factors to maximize clinical impact and to adjust to
an individual patient’s needs and treatment goals.
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Long-acting injectable (LAI) antipsychotics have several
advantages over oral antipsychotics, including ensuring
clinician awareness of nonadherence due to absence or
tardiness at injection appointments, reduction in pill bur-
den, and reduced consequences of planned or unplanned
treatment gaps, such as risk of relapse, hospitalization,
and increased mortality.

Pharmacokinetic characteristics of LAI antipsychot-
ics impact their rate of absorption, the severity and
frequency of associated adverse effects, and drug—drug
interactions.

Understanding the unique pharmacokinetic characteris-
tics of commercially available LAI antipsychotics and
the clinical implications of these properties is critical for
appropriate drug selection, dosing, and administration.

1 Introduction

Schizophrenia is a disabling chronic disorder characterized
by positive, negative, and cognitive symptoms, and in which
acute psychotic episodes are interspersed with periods of
relative symptom control and maintenance [1, 2]. Antipsy-
chotic medications are a fundamental element of treatment
used to reduce intensity and frequency of symptoms [3].
Long-term, consistent treatment with antipsychotic medica-
tion is important to achieve and maintain symptom control.
Estimates of discontinuation rates for oral antipsychotics
range from 26 to 44%, with as many as two-thirds of patients
being at least partially nonadherent [4]. Disruption of treat-
ment coverage has been associated with symptom relapse
and increased risk of hospitalization [5—7]. Psychotic relapse
is extremely disruptive to patients and their families and
is associated with multiple downstream effects on disease
course and brain structure [2], such as progressive decline in
gray and white matter structure and volume [8, 9]. Relapses
may also lead to reduced response to previously effective
antipsychotics, potentially contributing to treatment resist-
ance [10-12].

Long-acting injectable (LAI) antipsychotics, originally
called depot antipsychotics, were developed to enable
maintenance of stable plasma drug concentrations and
consequently reduce the risk of relapse and adverse events
[13]. LAIs have a few advantages over oral antipsychot-
ics, including ensuring clinician awareness of nonadherence
due to absence or tardiness at injection appointments, reduc-
tion in pill burden, and reduced consequences of planned or
unplanned treatment gaps. However, there are substantial
differences between the pharmacokinetic characteristics of
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oral and LAI antipsychotics that must be considered when
prescribing LAIs. The present review will help clinicians
understand the unique pharmacokinetic characteristics of
commercially available LAI antipsychotics and the clinical
implications of these characteristics.

1.1 Pharmacokinetics Overview

Pharmacokinetics is defined as the characteristics of drug
absorption, distribution, metabolism, and elimination in the
body [14, 15]. After administration, all medications undergo
several discrete processes that impact their pharmacokinet-
ics, which for a specific dosage regimen describes the time
course of drug concentration as the drug moves through
different areas of the body [14, 15]. Dosage regimens are
determined through appropriate application of pharmacoki-
netic principles to achieve a desired drug concentration in
the plasma and produce an expected therapeutic response
with minimal toxicity.

Absorption refers to the transfer of the drug from its site
of administration into systemic circulation. Absorption is a
key determinant of t,,., the time to reach maximal plasma
concentration (C,,,,) [15]. See Table 1 in the Electronic Sup-
plementary Material (ESM) for a glossary of key pharma-
cokinetic parameters, and Fig. 1 in the ESM for a sample
plasma concentration—time curve. The rate of absorption can
be profoundly affected by the drug formulation and route
of administration [16, 17], which has implications for the
onset and duration of action for oral and LAI antipsychotics.
Drugs administered via oral, intramuscular, or subcutaneous
routes are absorbed prior to entering systemic circulation,
while drugs administered intravenously enter the circulation
directly. The fraction of the administered dose that enters
into the systemic circulation is referred to as its bioavailabil-
ity (F), which is 100% for an intravenous formulation [15].
Total exposure to the drug over time can be assessed by cal-
culating the area under the plasma concentration—time curve
(AUC). The bioavailability of an oral drug can be deter-
mined by calculating its AUC as a percentage of the AUC
for the intravenous formulation [15]. Distribution refers to
the movement of the drug from the systemic circulation to
other tissues (i.e., different areas of the body) [14]. The vol-
ume of distribution, V,, represents the volume in which a
drug either remains in the plasma or redistributes to other
tissue compartments. It is a proportionality constant used to
describe the total amount of drug in the body in relation to
the plasma concentration (Cp) of the drug at a given time
[18]. In other words, if the entire dose were absorbed, the
V4 =dose / Cp. Larger values of V, (e.g., > 3L) indicate that
more drug is distributed in the tissue than in the plasma [14].
Metabolism is the chemical modification of the drug within
the body [14]. During this process, the drug can be trans-
formed into metabolites that are generally more hydrophilic
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F bioavailability, kg, absorption rate constant for an oral drug and

(water soluble) and easier to eliminate. Metabolites that
have a similar pharmacologic effect as the parent drug are
called active metabolites [15]. The combined parent drug
and active metabolite(s) is referred to as the active moiety
[19]. Elimination is a term that involves both metabolism
and excretion [20]. Excretion is the removal of the drug and
its metabolites from the body via the kidneys or liver. The
time required for 50% of a drug to be eliminated in the ter-
minal phase is typically the elimination half-life (#,,). The
time needed to reach steady state is when the amount of drug
administered is equivalent to the amount of drug eliminated
within the dosing period. Attainment of steady state is not a
linear process. It typically occurs after 4-5 half-lives, when
93.8-96.9% of the final steady state has been reached. The
longest half-life controls time to steady state. For most oral
medications, the longest half-life is the elimination half-life,
but for LAIs is the absorption half-life.

elimination rate constant for an LAI k&, absorption rate constant for

an LAI and elimination rate constant for an oral drug, LAl long-acting
injectable, ¢ time, t,,,. time to maximum concentration, V, volume of
distribution

1.2 Pharmacokinetics by Formulation

Oral antipsychotics are absorbed either sublingually (currently
only asenapine) [21] or in the gastrointestinal tract prior to
reaching systemic circulation [20]. Several factors can influ-
ence the rate and extent of absorption of oral antipsychotics,
including drug dissolution, drug solubility, susceptibility to
enzymatic reactions, gastric pH, drug—drug interactions, and
food—drug interactions [22—24]. For orally administered drugs
absorbed in the gastrointestinal tract, the drug first passes
through the liver and intestines before reaching systemic cir-
culation [25-27]. As the liver is the major site of metabo-
lism, the drug might be metabolized, to some extent, before it
reaches the circulation; this “first-pass effect” can significantly
reduce the bioavailability of some drugs [25]. The family of
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cytochrome P450 (CYP) alleles, primarily found in liver cells,
is involved in the metabolism of 70-90% of drugs [28, 29].
Patient-related factors such as impaired hepatic function or
age-related decline in liver function can result in reduced
first-pass clearance and therefore may result in higher bio-
availability for some drugs [30]. CYP enzymes and P-gly-
coprotein (P-gp) are also expressed in the intestines, which
may further lower systemic concentrations [26, 27]. Changes
in CYP enzyme activity can necessitate dosing adjustments.
For example, increases in drug concentration due to coad-
ministered medications that inhibit CYP2D6 and CYP3A4
activity can lead to adverse events. Conversely, decreases in
drug concentration due to induction of metabolic enzymes
by coadministered drugs can result in loss of efficacy [31].
Notably, for immediate-release oral drug formulations, the
absorption rate is faster than the elimination rate [32].

The pharmacokinetic profiles of LAI antipsychotics are
quite different compared with those of oral antipsychotics.
LAI antipsychotics are injected intramuscularly or subcuta-
neously, and the drug is slowly absorbed from the injection
site into the circulation [33]. Absorption from the injection
site can be influenced by properties of the drug, including

water solubility and the delivery vehicle, and patient factors
such as body weight, subcutaneous fat, and vascularity of
the site of injection [25, 34, 35]. For most of the LAI prepa-
rations, a large percentage of the injected product initially
remains in the injection area. Therefore, the absorption rate
of LAI antipsychotics is slower than the elimination rate,
resulting in “flip-flop” kinetics, whereby the time to steady
state is a function of absorption, and the concentration at
steady state is a function of elimination (Fig. 1) [32, 33].
The “apparent half-life” reflects that LAI antipsychotics
exhibit a very slow and gradual absorption from the injec-
tion site, which drives the extended duration of blood con-
centrations. Once the drug is absorbed from the injection
site into the bloodstream, the distribution and elimination of
LAI antipsychotics is the same as after oral dosing. Non-oral
routes of administration for some LAIs may avoid first-pass
metabolism in the liver, which increases their bioavailability
relative to that achieved after oral dosing [20]. The slower
absorption rate of LAIs compared with oral antipsychotics
in some cases leads to reduced peak (C,,,,,) to trough (C;,)
plasma concentration differences, which may be associ-
ated with fewer adverse effects and may contribute to better

Peak-to-trough plasma concentration ratio at steady state

AM 1.00

Aripiprazole

Paliperidone ER

AL

PP1M (deltoid)

PP3M (gluteal)

PP3M (deltoid)

RLAI-MS

Olanzapine

Olanzapine pamoate (q2w)
Haloperidol

Haloperidol decanoate
Zuclopenthixol decanoate
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LAI antipsychotics
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Fig.2 Peak-to-trough plasma concentration ratios of oral and long-
acting injectable antipsychotics at steady state [36, 118-121]. AL
aripiprazole lauroxil, AM aripiprazole monohydrate, ER extended
release, LAl long-acting injectable, PPIM paliperidone palmitate
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tolerability [36]. Peak-to-trough plasma concentrations vary
widely across antipsychotics and can be affected by differ-
ences in dosing and formulation [36]. Larger fluctuations in
peak-to-trough concentrations may negatively impact clini-
cal response and tolerability [36]. Specifically, peak concen-
tration is an indicator of the severity of adverse effects [36].
To date, antipsychotic formulations and dosing intervals
resulting in a peak-to-trough fluctuation of two or less may
offer a reasonable balance between efficacy and tolerability
(Fig. 2) [36].

This review summarizes the pharmacokinetic characteris-
tics and formulation properties of all commercially available
LAI antipsychotics, which can inform appropriate usage and
maximize clinical impact.

1.3 Literature Search

On 17 October 2018, a systematic literature search of the
PubMed database was performed using the following search
terms and Boolean search operators: (Long-acting OR depot
OR injectable) AND (antipsychotic* OR neuroleptic*) AND
(pharmacokinetic* OR PK). All search terms were limited
to the English language, and no other database filters were
used. Reference lists of selected papers were reviewed to
identify additional relevant studies. Abstract results were
manually screened to only include articles relevant to the
study objective (i.e., all clinical studies and pharmacoki-
netic modeling studies with relevant pharmacokinetic data
of LAI antipsychotics). Preclinical studies, review articles,
guidelines, correspondence, opinion papers, commentaries,
and editorials were excluded. Any literature with a primary
focus on oral antipsychotics, antipsychotics withdrawn

Identification

Records identified through
database searching
(n=327)

Additional records identified
through other sources (n=6)

Records excluded (n=281)
- Preclinical data (n=93)

- Review articles (n=82)
- No relevant PK data (n=82)
- Article type in the exclusion list (n=13)

- Not on the market (n=6)
- Patient population not of interest (n=3)
- Antipsychotic not of interest (n=2)

Screening Records screened
(n=333)
Full-text articles assessed
Eligibility for eligibility (n=52)

Additional product
monographs, Pls (n=12)

Full-text articles excluded (n=4)

- Product discontinued (n=3)
- Product not an LAI (n=1)

Included

Studies/data sources included
in qualitative synthesis (n=60)

Fig.3 PRISMA flow diagram. LA/ long-acting injectable, PK pharmacokinetics, PI package insert
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from commercial markets, and antipsychotics studied pri-
marily in patients with diseases other than schizophrenia
were also excluded from this review. One rater conducted

Table 1 Formulation properties of long-acting injectable antipsychotics

the initial abstract screening, and all authors reviewed and
agreed to the final selection of relevant abstracts. Full-text
manuscripts were then obtained and analyzed. In addition,

LAI

Formulation

Route

Storage/Preparation

Flupentixol decanoate

Fluphenazine decanoate

Haloperidol decanoate

Zuclopenthixol decanoate

Aripiprazole monohydrate

Aripiprazole lauroxil
Aripiprazole lauroxil NanoCrystal®
Dispersion

Olanzapine pamoate

Paliperidone palmitate once monthly
Paliperidone palmitate every 3

months

Risperidone microspheres

Risperidone polymer

Decanoate ester [45]

Decanoate ester [53]

Decanoate ester [54]

Decanoate ester [59]

Lyophilized powder [61]

Nonester [63]

LinkeRx® technology [69]

Salt (pamoate) [72]

Ester (palmitate) [76]

Ester (palmitate) [82, 115]

Microspheres [84]

Co-polymer; ATRIGEL®
technology [90-92, 116]

IM injection, gluteal [45]

IM injection, gluteal [49]

IM injection, gluteal [54]

IM injection, gluteal [59]

IM injection, deltoid or gluteal [61]

IM injection, deltoid (441 mg only)
or gluteal [67]

IM injection 675 mg deltoid or
gluteal with one 30 mg oral dose
of aripiprazole [69]

IM injection, gluteal [72]

IM injection, deltoid or gluteal [77]

IM injection, deltoid or gluteal [81]

IM injection, deltoid or gluteal [84]

SC injection, abdomen [93]

Storage: store between 15 and 25 °C;
protect from light [45]

Preparation: Viscoleo, vegetable oil
[44]

Storage: do not store above 25 °C;
do not refrigerate or freeze; protect
from light [49]

Preparation: sesame oil [60]

Storage: store between 15 and 30 °C;
do not refrigerate or freeze [113]
Preparation: sesame oil [54]

Storage: store between 15 and 25 °C;
protect from light [59]

Preparation: Viscoleo, vegetable oil
[60]

Storage (prefilled dual chamber
syringe): Store below 30 °C; do not
freeze; protect from light [61].
Storage (vial): Store at 25 °C [61]

Preparation: water [61]

Storage: store at room temperature
between 20 and 25 °C [67]
Preparation: water [63]

Storage: store at room temperature
between 20 and 25 °C [69]
Preparation: water [69]

Storage: store at room temperature
(do not exceed 30 °C)
Preparation: salt based

Storage: store at room temperature
(25 °C) [77]

Preparation: water/nanosuspension
[76, 78, 114]

Storage: store at room temperature
between 20 and 25 °C [81]

Preparation: water/nanosuspension
[81]

Storage: store in refrigerator between
2 and 8 °C; protect from light [84]
Preparation: water [85-88] (let warm
to room temperature before admin-

istration)

Storage: store in refrigerator between
2 and 8 °C; may be stored in its
unopened original packaging at
room temperature, 20-25 °C, for up
to 7 days prior to administration;
after removal from the refrigerator,
use within 7 days or discard [93]

Preparation: water [90-92, 116] (let
warm to room temp before admin-
istration)

IM intramuscular, LAl long-acting injectable, SC subcutaneous
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Table 2 Pharmacokinetic characteristics of long-acting injectable antipsychotics

LAI Tnax Apparent half-life Contraindications and dosing adjustments
Flupentixol decanoate 4-10 days [44] 35 h (oral and IV) [44] Contraindicated in patients with impaired liver or renal func-
4-7 days [45] 21 days (IM) [45] tion [45]

Fluphenazine decanoate

Haloperidol decanoate

Zuclopenthixol decanoate

Aripiprazole monohy-
drate

Aripiprazole lauroxil

Aripiprazole lau-
roxil NanoCrystal®
Dispersion

Olanzapine pamoate

- 7-10 days [49]

3-9 days [39, 54] 21 days [54]

3-7 days [59, 60] 19 days [59]

Deltoid: 4 days [61, 29.9-46.5 days [61]
62]
Gluteal: 5-7 days [61,

62]
41 days [63] 441 mg g4w: 57.2 days
[66, 67]
882 mg qbw: 55.1 days
[66, 67]
1064 mg q8w: 53.9 days
[66, 67]

27 (range 16-35) days 15-18 days [69]
[69]

4 days with a concom-
itant 30 mg oral dose
of aripiprazole [69]

2-6 days [70, 71] ~ 30 days [72]

Contraindicated in patients with renal insufficiency [49]
Concomitant administration of CYP2D6 substrates or inhibitors
may result in increased fluphenazine concentrations [49]

Concomitant administration of substrates or inhibitors of
CYP3A4 or CYP2D6 may result in increased haloperidol
concentrations [54]

Concomitant administration with CYP3A4 inducers (e.g.,
rifampin and carbamazepine) may require haloperidol
decanoate dose increases [54, 58]

Zuclopenthixol is primarily metabolized by CYP2D6 and
CYP3A4; concomitant use of CYP2D6 inhibitors (e.g., quini-
dine) can increase serum concentration of zuclopenthixol, and
concomitant use of CYP3A4 inducers (e.g., carbamazepine)
can decrease serum concentration of zuclopenthixol [59, 117]

Concomitant administration of CYP2D6 inhibitors may result
in decreased zuclopenthixol clearance [59]

Adjust dose for known poor metabolizers of CYP2D6 and
known poor metabolizers of CYP2D6 taking concomitant
CYP3A4 inhibitors [61]

Reduce dose with concomitant administration of CYP2D6 or
CYP3A4 inhibitors for > 14 days [61]

Avoid use with concomitant administration of CYP3A4 induc-
ers for > 14 days [61]

Dosage adjustments are not recommended for patients with
concomitant administration of CYP3A4 or CYP2D6 inhibi-
tors and CYP3A4 inducers for < 14 days [61]

Reduce dose with concomitant administration of strong
CYP3A4 inhibitors and for known CYP2D6 poor metaboliz-
ers taking concomitant strong CYP3A4 inhibitor; no dosage
adjustment is necessary in patients taking the 441 mg dose
[67]

Reduce dose with concomitant administration of strong
CYP2D6 inhibitors; no dosage adjustment is necessary in
patients taking the 441 mg dose [67]

Avoid use of the 662 mg, 882 mg, or 1064 mg dose with
concomitant administration of both strong CYP3A4 inhibi-
tors and strong CYP2D6 inhibitors; no dosage adjustment is
necessary in patients taking the 441 mg dose [67]

Increase 441 mg dose to 662 mg with concomitant administra-
tion of CYP3A4 inducers; no dosage adjustment is necessary
in patients taking the 662 mg, 882 mg, or 1064 mg dose [67]

Aripiprazole lauroxil NanoCrystal® Dispersion is available
only at a single strength as a single-dose prefilled syringe;
dosage adjustments are not possible. Therefore, avoid use in
patients who are known poor metabolizers of CYP2D6 or
taking strong CYP3A4 inhibitors, strong CYP2D6 inhibitors,
or strong CYP3A4 inducers [69]

The recommended starting dose is 150 mg/4 weeks for patients
who exhibit factors that may result in slower metabolism of
olanzapine (e.g., nonsmoking females, patients aged > 65
years) [72]
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Table 2 (continued)

LAI t,

max

Apparent half-life

Contraindications and dosing adjustments

Paliperidone palmitate
once monthly

13 days [77] 25-49 days [77]

Paliperidone palmitate
every 3 months

30-33 days [81]

[81]

Risperidone microspheres ~30 days [86] 3-6 days [84]

Risperidone polymer Risperidone: 4-6 h

[93] [93]

9-hydroxyrisperidone: 8-9

days [93]

Total active moiety: 8-9

days [93]

Deltoid: 84-95 days [81]
Gluteal: 118-139 days

Risperidone: 9-11 days

For patients with mild renal impairment (creatinine clearance
> 50 to < 80 mL/min), initiate the 156 mg dose on treatment
day 1 and 117 mg 1 week later, both in the deltoid muscle;
thereafter, administer monthly injections of 78 mg in either
the deltoid or the gluteal muscle [77]

Not recommended in patients with moderate or severe renal
impairment (creatinine clearance < 50 mL/min) [77]

Avoid use with concomitant administration of strong CYP3A4
and/or P-gp inducers [77]

For patients with mild renal impairment (creatinine clearance
>50 to < 80 mL/min), adjust dosage and stabilize patient
using PP1M, then transition to PP3M [81]

Not recommended in patients with moderate or severe renal
impairment (creatinine clearance < 50 mL/min) [81]

Avoid use with concomitant administration of CYP3A4 and/or
P-gp inducers during the 3-month interval [81]

Titrate doses of oral risperidone before initiating risperidone
microspheres in patients with renal or hepatic impairment
[84]

Monitor and adjust dose of risperidone microspheres in patients
receiving concomitant administration of CYP3A4 inducers
[84]

Reevaluate dose of risperidone microspheres when concomitant
fluoxetine or paroxetine (CYP2D6 inhibitor) is initiated or
discontinued; may consider lower dose of risperidone micro-
spheres 2—4 weeks before the planned initiation of fluoxetine
or paroxetine [84]

May consider lowest dose of RLAI-polymer 2—4 weeks before
the planned start of a strong CYP2D6 inhibitor (fluoxetine or
paroxetine) [93]

Continue treatment in patients receiving 90 mg of RLAI-poly-
mer when initiating a strong CYP2D6 inhibitor (fluoxetine or
paroxetine) [93]

May consider increasing the 90 mg dose of RLAI-polymer to
120 mg with initiation of strong CYP3A4 inducers [93]

May consider an additional oral risperidone therapy in patients
receiving 120 mg of RLAI-polymer [93]

CYP cytochrome P450, IM intramuscular, /V intravenous, LA/ long-acting injectable, P-gp P-glycoprotein, PPIM paliperidone palmitate once

monthly, PP3M paliperidone palmitate every 3 months, gxw every x weeks, RLAI risperidone long-acting injectable, ¢

centration

pharmacokinetic data from the package inserts and product
monographs of all commercially available LAI antipsychot-
ics were examined. On 11 September 2020, a second litera-
ture search was performed to find articles published after 18
October 2018. Two individual raters manually screened the
abstracts, and all authors reviewed and agreed to the final
selection of relevant abstracts. Updated package inserts and
product monographs, and published manuscripts relevant to
the review but not captured by the updated literature search,
were also included as applicable.

The initial PubMed search terms returned 327 English
language articles. One article of interest [37] was examined
further to identify additional relevant references [38, 39],

A\ Adis

ey fIME {0 Mmaximum con-

and other articles of interest [40—-43] that did not meet the
original search criteria were included; in total, six additional
references were selected for inclusion in the current review
(Fig. 3). After manual screening, a total of 52 abstracts were
identified as presenting relevant pharmacokinetic data from
LAI antipsychotics. In addition, data were also extracted
from 12 product package inserts and/or product mono-
graphs. The second literature search identified three relevant
abstracts. The formulation properties, pharmacokinetic char-
acteristics, and administration details of each first-generation
and second-generation LAI antipsychotic are summarized
in Tables 1, 2, and 3. Table 2 in the ESM summarizes each
relevant published manuscript included in this analysis.
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2 First-Generation Long-Acting Injectable
(LAI) Antipsychotics

2.1 Flupentixol Decanoate

Flupentixol is a thioxanthene antipsychotic. The LAI prep-
aration is formulated with cis(Z)-flupenthixol isomer (the
active enantiomer) using a decanoate ester in the coconut-
derived oil vehicle, Viscoleo [44]. Flupentixol metabolites
are not pharmacologically active [45, 46]. While the ester
is rapidly hydrolyzed, releasing the active compound, the
depot properties depend on the slow release of the ester from
the oil vehicle [44]. Flupentixol decanoate is administered
via intramuscular gluteal injection [45]. The mean apparent
half-life was estimated at 17.3 days, based on concentration
data at steady state obtained at days 14, 21, and 28 [44].
However, wide variability in apparent half-lives has been
reported (5.3-112.6 days), owing to uneven release of the
ester from the oil. Peak plasma concentrations of flupentixol
decanoate are achieved 4—10 days after injection, indicating
a relatively slow absorption compared with the ¢, of oral
flupentixol (4 h) [44]. Steady-state levels are attained after
approximately 3 months [45]. The initial and maintenance
dose of flupentixol decanoate for most patients is 2040 mg
every 2-3 weeks [45]. Although the recommended dose
range of flupentixol decanoate is broad, recent evidence
suggests that doses close to or below the minimum recom-
mended dose (as low as 10 mg every 2 weeks) are effective
[47]. Flupentixol is predominantly metabolized by sulfoxida-
tion and lacks interactions associated with CYP inducers or
inhibitors [45]. No guidance is provided about action that
should be taken if doses of flupentixol decanoate or other
first-generation LAI antipsychotics are missed. Oral flupen-
tixol 10 mg per day was estimated to be equivalent to intra-
muscular flupentixol decanoate 40 mg every 2 weeks [44].

2.2 Fluphenazine Decanoate

Fluphenazine decanoate is the only commercially available
LAI formulation of the phenothiazine fluphenazine [48, 49].
The LAI formulation contains esters dissolved in sesame
oil; fluphenazine decanoate is “preferably” administered as
an intramuscular gluteal injection, although it may also be
administered subcutaneously [49, 50]. Fluphenazine plasma
concentrations are similar regardless of the injection site
(buttock vs. thigh area), whether the injection site is mas-
saged (vs. not), and whether the injection site undergoes
muscular exercise (vs. not) [51]. After intramuscular gluteal
administration, peak plasma concentrations of fluphenazine
decanoate occur within 24 h, and the apparent half-life is
~ 7-10 days, determined by the rate of ester release from
the depot [42, 49]. Fluphenazine is extensively metabolized,

undergoing “first-pass” metabolism by the liver, and is
excreted in both urine and feces [49]. Other phenothiazines
cross the blood-brain barrier, cross the placenta easily, and
cannot be removed by dialysis [49]. The recommended
maintenance dose of fluphenazine decanoate is 12.5-25 mg
every 2-3 weeks for most patients [49]; however, mainte-
nance doses as low as 1.25-5 mg every 2 weeks have been
shown to be effective in preventing relapse [52]. A 25 mg (1
mL) injection of fluphenazine decanoate every 3 weeks is
equivalent to a 20 mg oral dose of fluphenazine hydrochlo-
ride daily [53].

2.3 Haloperidol Decanoate

The LAI formulation of the butyrophenone haloperidol is
available as a decanoate ester in a sesame oil vehicle and is
administered via intramuscular gluteal or deltoid injection
[37, 54, 55]. After injection, haloperidol decanoate is slowly
released into the bloodstream and immediately hydrolyzed,
resulting in active haloperidol [38]. Peak plasma concentra-
tions are apparent between 3 and 9 days, with an elimination
half-life of approximately 3 weeks [39, 54]. Steady-state lev-
els are achieved after the third injection, or after 3 months,
which is a period approximately four to five times the appar-
ent half-life [39]. Haloperidol concentrations achieved with
haloperidol decanoate are comparable to 10-20 times the
previous daily dose of oral haloperidol equivalents, and an
initial dose of 10-20 times the previous daily oral dose is
recommended [54]. Because of the slow dose titration and
extended time to reach steady state, which are characteris-
tic of older LAISs, initial oral antipsychotic supplementation
may be required [56]. Haloperidol decanoate can be supple-
mented with oral haloperidol for 6 weeks when transitioning
to the LAI formulation [57]. The maintenance dose is usu-
ally 10-15 times the previous daily oral dose, depending on
clinical response [54]. The recommended dosing interval is
every 4 weeks [38]. Haloperidol is a substrate of CYP3A4
and CYP2D6, and concomitant administration with inhibi-
tors of these enzymes increases the concentrations of halop-
eridol and may require dose reductions [54, 58]. By contrast,
concomitant administration with CYP3A4 inducers, such
as rifampin and carbamazepine, may require haloperidol
decanoate dose increases [54, 58].

2.4 Zuclopenthixol Decanoate

Zuclopenthixol, a thioxanthene antipsychotic, is the cis-
isomer of clopenthixol. Zuclopenthixol decanoate is formu-
lated by esterification and dissolution in the coconut-derived
oil vehicle, Viscoleo [59]. This formulation is administered
intramuscularly, and the drug diffuses slowly from the oil
depot and hydrolyzes rapidly into the active moiety, zuclo-
penthixol [59, 60]. Maximum serum concentrations occur

A\ Adis



C. U. Correll et al.

48

[69]
orozexdidrre Jo Sw ¢G4 03 spuodsal
-100 9[osnu [e)N[S JO PIOJ[IP A} Ul

uors1adsiq @[eis£rDoueN [rxoIme|
grozexdidrre jo uonosfur Sw-g/9 auQ

[£9] m$b [rxoanef ojozeididire Sw
788 01 Arep ojozexdidrre [ero Sw ()<
[£9] m8b Sur 1,901 10 ‘mgb Sur
788 ‘myb 3w 799 [rxomne ojozeidid
-11e 0} A[rep ojozexdidrre Te1o Sw G|
[£9] mb [rxoIne| ojozerdidrre Sw
I+# 01 Afrep sjozeadidrre [e1o Sw (]
[29] mpb
areapAyouow ojozeididire Sw (0t
0} A[rep ojozeididure [exo 3w 0z—G|
[6¢]
mgb roxmyyuadoronz 1y Sw of
0 A[rep joxrpuadofonz [e1o Sw G/ <
[6¢]
mgb roxmpyuadoronz 1y 3w g 03
Aqrep [oxmyjuado[onz [ero 3w G/—0G
[6¢]
mgb roxmpyuadoronz 1y Sw g 0
Arep 1oxrypuadoronz [e1o Sw (Op—Gg
[6¢]
mgb [oxmyuadoronz 1y Sw goT 03
Arep 1oxryyuaedoronz [ero 3w gz 03 dn
[#G] syuoreamba joprrad
-o[ey [e1o Jo asop A[rep snoraaid oy
sowm Oz—01 st 9sop [oprradorey v
[£5] meb ourzeuoydny [y Sw
Gz 01 Afrep aurzeuaydnyg [e1o 3w (g
[yl Sw g0
‘Sur ¢ ‘I G'() S8 [qe[TRAR SISOP [BIO
[St] myb 1eOURIOP Swi (3§ 10
‘3w 7 ‘3w 10 mgb ojeouroop Sw
0z 10 ‘Sw g1 ‘Sw g 03 spuodsoriod
A[rep Ajrero 3w G o ‘Sw ¢ ‘Sw G°Q

[L9] mgb

Sw $9071 ‘m9b Sw 788 ‘mb Sw
88 10 ‘S 799 ‘3w [ [rxoine]
orozexdidie yym pourejurew usy)
s1juouneal], '[69] Sursop payeadar
J10J POpUUI JOU ST PUB 2SOp J[3UIS
B SB pasn 9q 0) AUO ST uorsIadsI(q

[69] 101w

skep (1 01 dn J0 Aep swes Y} uo

paIa)stuTwpe 2q Aewr uono3(ur
[1xoxne[ o[ozeadidrre 31y Ay,

[29] wonoafur
snoraaxd oy 193Je sAep 41 uey)
IQI[Ted USAIS 9q JOu P[NOYs uon

-0afur ‘Sursop AJIes Jo Juaad oy} uf

[£9] m8b Sw 1,901 ‘M9b Sw 788
“mpb Sw ggg 10 Swr 799 Sw [y

[19]

—  myb (pepuswosar) Sw o 10 00§  -uewdrddns [e10 Yum ‘Sw Ot 10 OOE

- [65] mp—2b 3w 0pc—0S1

(7S] mpb asop
—  Te1o Arep snoraaid oy} sewn G1—0[

l6v] me—zb 3w o1
—  pue (6 03 dn inq ‘sow JoJ Sw 67 >

[St] Aressaoou

J1 (uonnjos %01) Sw Q[ pue

(uonnjos 97) Sw (g ‘syuened jsow
Joy me—b “(uonnjos %7) Sw 0—0¢

[9v] uon
-oafur renur 19)je sAep ()]— USAIS
9q Aew 3w ()—(0 JO 9SOP PuU0OIAS

IV'1 99 y3m uonounfuod ur) uomne)
eleIsAID0ueN [rxomne| ojozeididiry  -uswoarddns [eso Swr o¢ yim ‘Sw /9

[69] (uonoofur
uorszadsi(g

eleIskipoueN [rxone[ sjozerdidiry

[£9] (uonoafur Js1y im usw

-13a1 Aep-17) uonejuowo[ddns [e10

yim ‘mgb 3w 901 ‘4gb 10 mpb

Sw g8 ‘myb Sw 799 ‘Myb Sw [
[19] (uonoafur

JSIY YIIm uawisal Aep-1) uone)y

[rxone] ojozeididrry

JreapAyouow ojozeididrry

l6S] (95esop

Surysturwip ur) uonejuowaddns
[e10 IN0YIIM 10 yNm ‘Sw 00€—00] dreourdAp [ox1yIuadorony

[$6] Sw QT pPa9ox2 0} Jou ‘asop
[e10 A[rep snoraaid oy sewn) )z—01 9reourdop [oprradorey

[6v] Sw ¢Z1-6'C Jreourdop aurzeudydny

[st] (e3esop
Surystutwip ur uonosfur 381y ay)
19)J€ YoM )si1y Yy Surnp) uon

-ejuowd[ddns [e1o Ym ‘Sw 0p—(g Jreourdop [oxnuadny

douarearnba asop [e1Q

mopuim Sursoq [eAI)UT SUISOP/2SOP AOUBUUIBIA

uawIgal uonenIuy vl

sonoydAsdnue d[qeosfur Sunoe-3uoy jo sensadord uonensmurwpy € sjqel

A\ Adis



49

PK Characteristics of Long-Acting Injectable Antipsychotics

INEdd Sw 618 01 N Tdd Sw €T
NEdd W 91S 01 WIdd 3w 91
NEdd W 0T 0V WTdd Sw L1
NEdd 3w ¢4 01 INTdd Sw 8/,
:[18] (NEdd Sunaels a10joq yiSuans
oSesop awres oy) oq N Tdd JO SISOp
0M) SB[ A} Te) PIPUSUILOIAI ST IT)
syuow < 10§ asn A Tdd 2yenbope
19138 INEdd 03 INTdd WOIJ UonIsuel],
[LL] apD NTdd Sw
8.-6¢ 01 A[1ep ¥4 suoprradifed Sw ¢
[LL] mpb INTdd
Sw /11 01 Afrep ¥4 suopuadied 3w 9
[LL] a¥b INTdd
Sw 9g1 03 Arep ¥y suoprradifed Sw g
[LL] Ay NTdd Sw
£ 01 A[tep Y4 suoptradifed Sw |
mgb sreowred ourdezuejo
3w gpg 01 A[rep aurdezuejo Sw (g
myb 3w Gop
10 mZb 9jeowred surdezuelo
3w 1z 03 A[rep aurdezuejo Sw G
mpb Sw o¢
10 mgb ojeowred surdezuelo
3w (g1 03 A[rep aurdezuejo Sw (|
[zL]
Syoom § IoiJe SUISOp QoUBUSIUTRIA
mgb areowred ourdezuejo
3w gpg 01 Afrep aurdezuejo Sw (g
mgb areowred ourdezuejo
3w pg 01 Afrep aurdezue[o Sw G
mpb Sw oy
10 mb Sw 17 9jeowred
quidezuejo 03 AJrep aurdezue[o Sw ()]
:[zL] seam g 1s1y Surmnp Surso(q

[18] 3urod swm yjuow-¢ oy 1
10 210J2q syoam ¢ 03 dn uonoafur
9AI3 Aewl ‘9SOp POSSIW B PIOAR O,

[££] yurod awm Apqyuowr oty

woly sAep /F 01 dn uonoafur oa13

Kew ‘9sop ATjuow passSIW B PIOAR

01, Jutod awir) Yeam-] aY) woij

SAep { F 9SOp UONBIIUL PUOIIS
QAIS KB “9SOp PSSIW B PIOAE O],

[#8] mgb (8w gz 01 Surpuodsar jou
sjuaned 10j Sw (oG 10 G'/¢) Fw G7

[18] ourgh
S 618 10 ‘Sw 9y ‘ur O ‘Sw ¢/

[LL]
(Teain[3 1o proyjep) myb Swi 4¢7
10 ‘Sur 9G1 ‘Sw 17 ‘Swr g ‘Swr g¢

[2L] mpb Sw Gop
0 00¢ ‘mgb Sw 1z 10 0S1

[#8] yuowrredur

Teuaz Jo onjedoy yim syuaned ur
Jreudoxdde oq Aewr 3w 7| ‘(uon
-00fur 381y YIrm uow3ar Aep-17)

uonejuowalddns [e10 yim ‘Sw 67 saroydsororu suoprIadsry

syjuowr

[18] Swr 618 10 ‘94S ‘01 “€LT ¢ A1on0 oyeyrued suoptradifeq

[£L] 3w 9gT :(prorfap) § Ae@
[LL]) Sw ¢ «(proyep) T Ae@ Aryqauow 2ouo yejrwred suoprradifeq

[zL] myb Sw Gop

10 ‘mgb Sw g ‘mgb Sw 17 areowred aurdezue[Q

dougeainbo asop [eI1Q

mopuim Surso(q

[eAIIUL SUISOP/ASOP QOUBUIUIRIA

UawI3aI uonenIu| v

(ponunuoo) ¢ 3jqey

A\ Adis



50

C. U. Correll et al.

Oral dose equivalence

Dosing window

Maintenance dose/dosing interval

90 or 120 mg g4w [93]

Initiation regimen

Table 3 (continued)

LAI

>
>
(="
=
»

3 mg oral risperidone daily to risperi-

90 or 120 mg, without oral supple-

Risperidone polymer

mentation [93]

done polymer 90 mg [93]
4 mg oral risperidone daily to risperi-

done polymer 120 mg [93]

ER extended release, LAl long-acting injectable, PP1M paliperidone palmitate once monthly, PP3M paliperidone palmitate every 3 months, gxw every x weeks, gxmo every x months

in 3-7 days, and the elimination half-life is 19 days [59,
60]. Zuclopenthixol is primarily metabolized by CYP2D6
and CYP3A4; concomitant use of CYP2D6 inhibitors (e.g.,
quinidine) can increase serum zuclopenthixol concentra-
tion, whereas concomitant use of CYP3A4 inducers (e.g.,
carbamazepine) can decrease serum zuclopenthixol concen-
trations [59]. Zuclopenthixol decanoate is meant for main-
tenance treatment after patients have been stabilized with
an oral antipsychotic or other short-acting medications; no
specific initiation regimen is recommended [59]. The typical
maintenance dose is 150-300 mg every 2-4 weeks. Sup-
plementation with an oral antipsychotic may be required
in periods of diminished dosage. Dose equivalences when
switching from zuclopenthixol tablets to zuclopenthixol
decanoate range from 20 to 75 mg daily (tablet) to 100 to
400 mg every 2 weeks (intramuscularly) [59].

3 Second-Generation LAl Antipsychotics
3.1 Aripiprazole Monohydrate

Aripiprazole monohydrate, a once-monthly formulation, is
distributed as a lyophilized powder (300 or 400 mg) to be
mixed into an aqueous suspension from vials and a dual-
chamber prefilled syringe [61]. Aripiprazole monohydrate is
administered via intramuscular injection in either the deltoid
or the gluteal regions [61, 62]. Aripiprazole monohydrate
lyophilized powder is dissolved in sterile water immedi-
ately prior to injection and is slowly absorbed into systemic
circulation because of its low solubility [61]. The activity
of aripiprazole monohydrate is primarily due to the parent
drug, aripiprazole, and to a lesser extent, its major metabo-
lite, dehydro-aripiprazole, which represents about 29% of
the parent drug exposure in plasma [61]. Median time to
peak plasma concentration occurs within 4 days following
multiple deltoid injections and 5—7 days following multiple
gluteal injections, and apparent half-life varies from 29.9
to 46.5 days [61]. Steady-state levels are typically achieved
by the fourth dose with either deltoid or gluteal injections
[61]. Metabolism is primarily through the liver via CYP2D6
and CYP3A4 [61]. Dosing reductions are recommended
for patients who are poor metabolizers of CYP2D6 and in
patients taking CYP3A4 or CYP2D6 inhibitors for more
than 14 days. Concomitant use with CYP3A4 inducers for
more than 14 days should be avoided [61]. Aripiprazole
monohydrate is administered at a recommended dose of 400
mg, with administration of oral aripiprazole for 14 days after
the first injection. The dose may be reduced to 300 mg if
side effects occur [61]. Missed or late doses may require oral
aripiprazole supplementation, depending on the duration of
time between injections [61]. Aripiprazole concentrations
achieved by aripiprazole monohydrate 400 mg once monthly
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are comparable to those with oral aripiprazole 15-20 mg
daily [62].

3.2 Aripiprazole Lauroxil

Aripiprazole lauroxil, another long-acting formulation of
aripiprazole, consists of the nonester prodrug N-lauroyloxy-
methyl aripiprazole [63]. Aripiprazole lauroxil is supplied as
an aqueous suspension for intramuscular injection in either
the deltoid (lowest dose only; 441 mg) or gluteal regions
(any dose) [63]. Doses of aripiprazole lauroxil reflect the
amount of covalently bonded molecule in the formulation, as
opposed to the equivalent amount of active agent, reflecting
recent regulatory guidance [64, 65]. Once injected, aripipra-
zole lauroxil slowly dissolves into the systemic circulation,
where it is first converted to N-hydroxymethyl aripiprazole
and lauric acid; the N-hydroxymethyl group is subsequently
removed by rapid hydrolysis, releasing active aripiprazole
[63]. Peak plasma concentrations are attained approximately
41 days after a single administration [63]. Using data after
Imax (41 days) estimates the elimination half-life of aripipra-
zole lauroxil at 53.9-57.2 days [66]. Steady-state levels are
achieved 4 months following treatment initiation [67]. As
aripiprazole is the same active ingredient for both aripipra-
zole monohydrate and aripiprazole lauroxil, the same caveats
apply for CYP450-related dosing adjustments as well as for
poor metabolizers of CYP2D6 and patients taking CYP3A4
or CYP2D6 inhibitors. Aripiprazole lauroxil is administered
every 4 weeks (441 mg, 662 mg, or 882 mg), every 6 weeks
(882 mg), or every 8 weeks (1064 mg). When aripiprazole
lauroxil was first approved, oral supplementation with ari-
piprazole was recommended for 21 days following initia-
tion [63, 68]. An intramuscular injectable nanocrystalline
milled dispersion of aripiprazole lauroxil (ALycp, 675 mg)
is available as a component of a 1-day initiation regimen that
includes 30 mg of oral aripiprazole [41, 69]. The targeted
maintenance dose of aripiprazole lauroxil may be adminis-
tered on the same day or up to 10 days after administration
of ALycp + oral aripiprazole [69]. The ALy regimen may
also be used to reinitiate treatment after missed doses of
aripiprazole lauroxil [69]. Patients who miss a dose should
receive the next injection as soon as possible; depending on
the dose level and length of time since missing the dose, oral
supplementation or an additional dose of ALy would be
required. Dose equivalencies with the oral formulation are
shown in Table 3.

Salzman et al. [40] compared plasma concentrations of
aripiprazole between once-monthly dosing of aripiprazole
monohydrate 400 mg and aripiprazole lauroxil 882 mg.
Although the aripiprazole lauroxil 882 mg injection con-
tains aripiprazole 600 mg whereas aripiprazole monohydrate
400 mg contains aripiprazole 400 mg, median steady-state
plasma concentrations were similar, raising uncertainty

around the dose equivalence data. Thus, plasma concentra-
tions from different formulations may reflect not just the
dose administered but the absorption of the drug from the
depot aripiprazole [40]. However, these data should be inter-
preted with caution, as the data inputs from different time
points and different steady-state concentrations (average vs.
minimum) were compared.

3.3 Olanzapine Pamoate

Olanzapine pamoate is a long-acting formulation of olan-
zapine, comprising a low-solubility salt of pamoic acid and
olanzapine, suspended in an aqueous solution for intramus-
cular gluteal injection [70, 71]. After intramuscular injec-
tion, the salt slowly dissolves in intramuscular fluid into
olanzapine (free base), pamoic acid, and other acids and
bases. If the salt comes into contact with the blood, possibly
from a nicked blood vessel during administration, the salt
rapidly dissolves within minutes to hours after injection of
the drug, resulting in supratherapeutic concentrations [70].
In these cases, patients may experience signs and symptoms
consistent with olanzapine overdose, known as post-injec-
tion delirium/sedation syndrome (PDSS); the risk of PDSS,
noted in a boxed warning in the prescribing information,
requires monitoring for at least 3 h after each injection [70,
72]. Plasma concentrations obtained after administration
are proportional to the dose of olanzapine pamoate admin-
istered [71]. Peak plasma concentrations appear after 2—6
days [70, 71], and the apparent half-life is 30 days [70].
Steady-state levels are achieved in approximately 3 months
when switching to olanzapine pamoate from oral olanzapine
[72]. Direct glucuronidation and CYP450-mediated oxida-
tion are the primary metabolic pathways for olanzapine.
In vitro studies suggest that CYP1A2 and CYP2D6, and
the flavin-containing monooxygenase system are involved
in olanzapine oxidation. Although CYP2DG6 is involved in
the metabolism of olanzapine, clearance is not reduced in
patients who are deficient in CYP2D6 [72]. Initiation doses
range from 210 mg every 2 weeks or 405 mg every 4 weeks
(corresponding to 10 mg daily oral olanzapine) to 300 mg
every 2 weeks (corresponding to 15 or 20 mg daily oral olan-
zapine) [72]. Although plasma concentrations of olanzapine
can be lower after the first dose of olanzapine pamoate than
those maintained by a corresponding oral dose, the concen-
trations achieved by the LAI dose are in the therapeutically
effective range, suggesting that oral supplementation is not
needed during LAI initiation [73]. No information is pro-
vided in the prescribing information regarding missed doses
[72]. Oral dose equivalents for the 150 mg and 300 mg doses
given every 2 weeks are 10 and 20 mg daily, respectively
[72].
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3.4 Paliperidone Palmitate Once Monthly

Paliperidone palmitate is the long-acting esterified for-
mulation of paliperidone that is available in formulations
for administration once monthly (PP1M) and once every
3 months (PP3M) [74, 75]. The LAI formulations of pali-
peridone are delivered as aqueous nanoparticle suspensions
[76]. Paliperidone palmitate is nearly insoluble in water;
therefore, it dissolves slowly at the intramuscular injection
site (either deltoid or gluteal), and is rapidly hydrolyzed to
release paliperidone, the active ingredient (and the major
metabolite of risperidone) [77, 78]. Peak plasma concen-
trations of PP1M are achieved at a median of 13 days after
a single injection [76]. For PP1M, the observed apparent
half-life of 25-49 days allows for once-monthly administra-
tion [76]. Paliperidone is primarily renally cleared and not
extensively metabolized in the liver; 59% of a single dose
is excreted in the urine unchanged [43, 77]. Therefore, pali-
peridone has low potential for drug—drug interactions, and
the CYP2D6 genotype should not affect serum concentra-
tions [79]. Impairments or alterations in renal function can
necessitate dosing adjustments [77]. Use of paliperidone
with concomitant administration of strong CYP3A4 and/or
P-gp inducers should be avoided, if possible [77]. Moreover,
paliperidone dose reductions may be necessary when coad-
ministered with inhibitors of P-gp; P-gp efflux transporters
are located in the kidney and other tissues and are responsi-
ble for exporting exogenous substances for elimination [23].
The recommended PP1M initiation dosing regimen consists
of an injection of 234 mg on day 1 and 156 mg on day 8 +
4 days; both doses are administered in the deltoid muscle
because of its higher vascularity than the gluteal muscle [75,
77]. The two-step initiation regimen for PP1M enables the
drug to be absorbed from two separate sites, resulting in
rapid therapeutically effective plasma concentrations with-
out the need for oral supplementation. The half-life increases
as the dose increases because of flip-flop kinetics, whereby
the half-life is dependent on the absorption rate constant,
which in turn is dependent on the injection volume [78]. As
injection volume (and hence dose) increases, the absorption
rate constant decreases, leading to an increase in half-life
[78]. Steady state is achieved 8—9 months after the initial
injection (with the 234 mg dose) [78, 80]. The recommended
initial monthly maintenance dose is 117 mg (injected into
the deltoid or gluteal regions), although some patients can
benefit from maintenance dose adjustments ranging from
39 to 234 mg, with an allowable window of +7 days to pro-
vide scheduling flexibility [75, 77]. Similar to aripiprazole
lauroxil, doses of the paliperidone palmitate formulations
reflect the amount of covalently bonded molecule. A study
of dose proportionality between maintenance injections of
PP1M in the deltoid or gluteal muscles found that geomet-
ric mean amount absorbed, or AUC from time O to infinity
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(AUC,,), increased proportionally with doses regardless of
injection site, indicating that maintenance doses of PP1M
can be injected into either the deltoid or the gluteal muscle
[76]. In case of a missed maintenance dose > 6 weeks and
< 6 months after the last injection, two injections should be
administered 1 week apart, followed by resumption of the
previous maintenance dose, in the deltoid or gluteal muscle,
1 month after the second injection. For a missed mainte-
nance dose > 6 months since the last dose, the initiation
regimen should be repeated [77]. Dose equivalence with
paliperidone extended-release daily oral tablets is shown in
Table 3.

3.5 Paliperidone Palmitate Once Every 3 Months

The PP3M formulation uses the same nanoparticle aqueous
suspension technology as PP1M, only with an increased par-
ticle size and double the concentration with dose strengths
of 273 mg, 410 mg, 546 mg, and 819 mg of PP3M injected
into the deltoid or gluteal muscles [81]. Compared with
PP1M, the larger particle size (and therefore lower surface
area to volume ratio) in PP3M further extends the sustained
release of paliperidone, allowing for dosing once every 3
months [82]. Following a single dose of PP3M, peak plasma
concentrations are obtained from 30 to 33 days, and the
apparent half-life ranges from 84 to 95 days when admin-
istered into the deltoid muscle and from 118 to 139 days
when administered into the gluteal muscle [81]. PP3M can
be administered after patients have been adequately treated
with PP1M for at least 4 months, provided that the last two
doses are the same dosage strength [81]. The rationale for
this approach is twofold. First, after a minimum of 4 months,
PP1M will approach steady-state equilibrium, allowing a
more robust assessment of the optimal dosage strength for
patients. Therefore, clinicians may prefer to observe patients
for longer than the recommended minimum in patients who
are receiving higher doses or dose increases while on PP1M
[83]. Ensuring that patients receive at least two doses of
PPIM at the same strength confirms dose optimization and
will eliminate the need for titration of PP3M, which would
be challenging given the likelihood that steady state would
occur 15 months after the last dosing change. The doses of
PP3M (deltoid or gluteal) should be 3.5 times the corre-
sponding stable prior PP1M dosage [81]. A window of + 2
weeks around the scheduled dosing is allowed to help avoid
missing a dose and provides flexibility in dosing. If a dose
is missed between 3.5 and < 4 months after the previous
dose, the prior PP3M dosage should be administered, and
the every-3-month schedule should follow this dosing. If a
dose is missed > 4 months and < 9 months since the time
of the previous dose, a PP1M initiation regimen should be
administered with dosing based upon the current PP3M dos-
ing. If a dose is missed > 9 months since the last injection,
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a PPIM initiation regimen should be administered, and
PP3M can be resumed after the patient has been adequately
treated with PP1M for > 4 months [81]. Similar to PP1M,
PP3M is not extensively metabolized by the liver and has
low potential for drug—drug interactions but does require
dosing adjustments for decreased renal function [77, 81].

3.6 Risperidone Microspheres

The risperidone long-acting injection microspheres (RLAI-
MS) formulation was the first second-generation LAI devel-
oped, formulated as an aqueous suspension of microspheres
of risperidone micro-encapsulated in 7525 polylactide-co-
glycolide [84—86]. The RLAI-MS formulation exhibits linear
pharmacokinetics [85, 86] (Fig. 2 in the ESM). The main
release of risperidone into systemic circulation begins 3
weeks after injection, and most active drug is released from
weeks 4 to 6 [85, 87]. RLAI-MS formulation is adminis-
tered via intramuscular injection in either the deltoid or the
gluteal regions. Deltoid and gluteal injections have been
shown to be bioequivalent in terms of peak and total plasma
exposure, and both injection sites exhibited dose-propor-
tional pharmacokinetics [86]. Administration of RLAI-MS
every 2 weeks provides peak plasma concentration levels at
approximately 4 weeks and a terminal apparent half-life of
3-6 days [88]. Steady-state concentrations are achieved after
approximately four injections or 8 weeks [84]. Although a
slow rate of absorption is the rate-limiting step in defining
apparent half-life and time to steady state for most LAIs,
this is not the case for RLAI-MS, which exhibits a triphasic
release profile. During the initial “burst” phase after intra-
muscular injection, a small initial release of drug (< 1% of
the dose) occurs, which is then followed by a 3-week “lag”
phase of minimal drug release [89]. The main release of the
drug starts from 3 weeks onward, is maintained from 4 to
6 weeks, and subsides by 7 weeks following intramuscular
injection [84]. The half-life described in the monograph rep-
resents the rate of absorption after the burst and lag phases,
which limits the clinical significance of this parameter [89].
Oral supplementation with risperidone or another oral antip-
sychotic is recommended for the first 3 weeks after initia-
tion [85, 86]. The recommended maintenance dose is 25
mg every 2 weeks; some patients who do not respond to the
25 mg dose may benefit from a dose increase to 37.5 mg
or 50 mg every 2 weeks. No information is provided in the
prescribing information regarding action required for missed
or late doses [84]. The main metabolic pathway for risperi-
done is via hepatic hydroxylation to 9-hydroxyrisperidone,
or paliperidone, by CYP2D6. Concomitant administration
of carbamazepine and other CYP3A4 inducers with risperi-
done might necessitate dose adjustments, as plasma concen-
trations of risperidone and 9-hydroxyrisperidone would be
expected to decrease [84].

3.7 Risperidone 2-Syringe Mixing System
Suspension Polymer

A more recent formulation of LAI risperidone provides
sustained release of risperidone once monthly via abdomi-
nal subcutaneous injection (RLAI-polymer) [90, 91]. This
formulation of risperidone uses the biodegradable poly-
mer ATRIGEL® delivery system, whereby risperidone is
dissolved and suspended in a polymer that solidifies upon
contact with tissue fluids [92]. The biodegradable implant
then delivers risperidone in a controlled fashion [91]. The
apparent half-life of risperidone ranges between 9 and 11
days [93]. For both 9-hydroxyrisperidone and the total active
moiety, the apparent half-life is 8-9 days. A single dose of
RLAI-polymer demonstrates two absorption peaks of plasma
risperidone: 4—6 h postdose during the in situ depot forma-
tion process, and 10-14 days postdose after the slow depot
release [93]. Therefore, no oral supplementation is needed.
The recommended initiation dose of RLAI-polymer is either
90 or 120 mg once monthly [93]. Steady-state levels are
achieved by the end of the second injection of LAI risperi-
done [93]. The metabolic pathway of the LAI risperidone
formulation is via hepatic hydroxylation to 9-hydroxyrisp-
eridone via CYP2D6 metabolism [93]. Missed doses of LAI
risperidone should be administered as soon as possible [93].
Oral risperidone dose equivalents for the 90 and 120 mg
LAI doses are 3 mg daily and 4 mg daily, respectively [93].

4 Discussion

Patients with schizophrenia often have poor adherence to
oral antipsychotics, and high relapse rates pose challenges
to both patients and clinicians in the management of the dis-
ease [94-97]. LAI antipsychotics with unique pharmacoki-
netic profiles and novel mechanisms of delivery have been
developed in an attempt to address this issue. In addition to
the benefits of reduced treatment gaps with LAI versus oral
antipsychotics, studies, particularly those in real-world sam-
ples, have demonstrated reduced psychopathology, relapses,
hospitalizations, and mortality risk with LAI formulations
[98-104]. To maximize the benefits associated with any
particular LAT antipsychotic, it is necessary to understand
both the pharmacokinetic and physical characteristics of LAI
antipsychotics, which have implications for the proper dos-
ing, preparation, and administration of these medications.
Misunderstanding and misapplication of the pharmacoki-
netic differences between oral and LAI forms of the same
antipsychotic as well as differences between LAI antipsy-
chotics may affect decision making for clinicians and reduce
the efficacy and tolerability of the prescribed medication in
their patients. The present review facilitates understanding
of pragmatic physical and formulation properties as well as
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clinically relevant pharmacokinetic data to help guide clini-
cians in ensuring effective and appropriate usage of these
medications.

Data from a qualitative study of physician perspectives
collected from focus group sessions among psychiatrists
in Canada suggest that some clinicians may have limited
knowledge about and experience with LAI antipsychotics,
including the different LAIs available, and the evidence
supporting their use [105]. The surveyed psychiatrists men-
tioned that a lack of confidence around their knowledge
of LAI data contributed to the low LAI usage rate in their
practices [105]. Clinicians who are less familiar with LAI
antipsychotics may assume that the more familiar pharma-
cokinetic characteristics of oral antipsychotics can simply
be extrapolated and applied to LAI antipsychotics. However,
the parameters from oral agents cannot simply be multiplied
to determine equivalent dosages for LAIs. For example,
providing two injections of an LAI does not provide the
same effect as taking twice as much of an oral formulation,
since LAIs exhibit flip-flop kinetics, whereby the slow rate
of absorption is the rate-limiting step in defining apparent
half-life and time to steady state. Also, LAIs have more
restrictive dose limitations than oral treatments; however,
high-dose LAI treatment has not been shown to be superior
to LAI treatment at doses within the identified therapeutic
range [106—-108].

Antipsychotic treatment should be individualized based
on the patient’s symptom profile and severity of symptoms,
demographic characteristics, and medical history, including
comorbidities and concomitant medications. When prescrib-
ing an LAT antipsychotic, clinicians should identify the opti-
mally efficacious and well-tolerated dose of an oral antip-
sychotic before switching patients to the LAI formulation.
This may not necessitate reinitiating treatment with the oral
formulation if patients have a known history of responding
to and tolerating a dose. As previously noted, ALycp can be
initiated with one dose of oral aripiprazole. After conver-
sion of the oral dose that is efficacious and tolerated to the
LAI dose, LAI antipsychotics should be allowed 5 half-lives
(if a range of half-lives is indicated, using the largest value
in the range) to achieve steady state; earlier dose adjust-
ments will complicate dose finding. The apparent half-lives
of respective LAI antipsychotics allow for different dosing
schedules across various formulations (e.g., aripiprazole
lauroxil vs. aripiprazole monohydrate; PP1M vs. PP3M).
However, one limitation of LAI antipsychotics is that fewer
dosage strengths are available. PP1M, PP3M, and aripipra-
zole lauroxil have five, four, and three available oral dose
equivalents, respectively, whereas olanzapine pamoate and
RLAI-polymer have two and aripiprazole monohydrate has
one. Another limitation of LAI antipsychotics is that their
long half-lives may prolong duration of adverse effects.
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Therefore, tolerability should be assessed using shorter-
acting preparations before longer-acting formulations are
initiated.

Importantly, to achieve and maintain therapeutic blood
levels of LAI antipsychotics and minimize the risk of
breakthrough psychotic symptoms [109, 110], proper dose
preparation and administration is required [111], includ-
ing a deep intramuscular injection (subcutaneous injection
in the case of RLAI-polymer) to avoid loss of medication
into the fat tissue and appropriate monitoring of injections
taking place within the recommended time window. When
dosing olanzapine pamoate, consider the risks of PDSS,
which may occur with higher doses [112]. When scheduling
patients, always consider that patients may be arriving for
their appointment later than scheduled. Unless this deviation
from the scheduled time is recorded and taken into account
when scheduling the next injection, patients may accumu-
late delayed injection days, which can systematically reduce
antipsychotic blood levels over time.

In addition to understanding the pharmacokinetic nuances
of LAI antipsychotics, clinicians must always tailor the
selection of a specific LAI antipsychotic, formulation, dose,
and frequency to the individual patient’s needs, preferences,
and treatment goals.

5 Conclusions

LAI antipsychotics offer numerous benefits over oral antip-
sychotics and may delay the clinical and functional deterio-
ration associated with cumulative relapses. However, oral
and LAI formulations are not interchangeable, and clini-
cians must fully understand the unique and variable phar-
macokinetic characteristics of different LAI antipsychotics
to make effective use of these treatments to optimize patient
outcomes.
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