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Abstract. Objective: This randomized,
double-blind, active- and placebo-controlled,
crossover, thorough QT study assessed the
effect of two inhaled loxapine doses on
cardiac repolarization as measured by cor-
rected QT (QTc) interval in healthy subjects
(ClinicalTrials.gov. NCT01854710). Meth-
ods: Subjects received two doses of inhaled
loxapine (10 mg) 2 hours apart + oral pla-
cebo, two doses of inhaled placebo + oral
placebo, or two doses of inhaled placebo +
oral moxifloxacin (400 mg; positive con-
trol), with > 3 days washout between treat-
ments. Two-sided 90% confidence intervals
(CIs) were calculated around least-squares
mean predose placebo-subtracted individu-
ally corrected QT durations (AAQTcIs) at
12 time points throughout 24 hours after
dosing. A AAQTcI 95% upper CI exceeding
10 msec was the threshold indicating QTc
prolongation (primary endpoint). Secondary
endpoints included Fridericia- and Bazett-
corrected QT duration and QTcI outliers.
Pharmacokinetics and adverse events (AEs)
were also assessed. Results: Of 60 subjects
enrolled (mean age, 33.8 years; 52% male),
44 completed the study. Post loxapine dos-
ing, no AAQTcI 95% upper CI exceeded 10
msec; the largest was 6.31 msec 5 minutes
post dose 2. Methodology was validated by
AAQTcl 95% lower Cls exceeding 5 msec
at 9 of 12 time points after moxifloxacin
dosing. Loxapine plasma concentrations in-
creased rapidly (mean C,,,, 177 ng/mL; me-
dian t,,, 2 minutes after dose 2, 2.03 hours
after dose 1). There were no deaths, serious
AEs, or AEs leading to discontinuation, and
one severe AE. Conclusions: Primary and
secondary endpoints indicated two therapeu-
tic doses of inhaled loxapine did not cause
threshold QTc prolongation in this study.

Introduction

Loxapine is an antipsychotic that has
been used as an oral schizophrenia treatment

for ~ 40 years [1]. It exhibits both typical and
atypical antipsychotic properties, displaying
clinically relevant inhibition of both the do-
pamine D,/D5 and the serotonin 5-HT,, re-
ceptors [2]. A new formulation of loxapine
(inhaled loxapine aerosol for deep lung ab-
sorption) has been approved in the United
States (USA) and European Union (EU) for
the rapid treatment of agitation in adults with
schizophrenia and bipolar disorder. In three
double-blind randomized placebo-controlled
trials in patients with schizophrenia [3, 4] or
bipolar disorder [5] and with clinically rel-
evant agitation, inhaled loxapine 10 mg sig-
nificantly improved agitation vs. placebo and
was well tolerated.

Delivery of the new formulation utilizes
the Staccato® hand-held device, which creates
thermally generated loxapine aerosol particles
that are then inhaled. Approximately 90% of
this loxapine dose is absorbed into the sys-
temic circulation, with plasma concentrations
peaking 2 minutes after dosing [6] and clinical
effects seen by 10 minutes after dosing [5].

Despite the oral formulation being avail-
able for 40 years, the effect of loxapine on
cardiac repolarization has only recently
been studied. Antipsychotic use in general
has been implicated in cardiac safety con-
cerns, associated in particular with torsades
de pointes (TdP), a ventricular arrhythmia
that can degenerate into fibrillation and sud-
den cardiac death [7]. Prolongation of the
corrected QT (QTc) interval is a risk factor
and surrogate marker for potential TdP. QTc
prolongation may be congenital or acquired,
and risk factors include electrolyte imbal-
ances, systemic and cardiac diseases, and the
use of certain medications. The relationships
between antipsychotic use, QTc prolonga-
tion, TdP, and sudden cardiac death are not
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well defined and vary considerably among
the antipsychotic agents [8]. The potency
and therefore expected plasma levels of an
antipsychotic agent are likely to have an im-
pact. In-vitro studies have suggested that the
extent of human ether-a-go-go-related gene
(hERG) channel inhibition is a key factor af-
fecting QTc prolongation [9]. Furthermore, it
has been demonstrated in-vitro for a number
of antipsychotics that a < 10-fold selectivity
for dopamine D, or serotonin 2A receptors
relative to the hERG channel was associated
with QT interval prolongation [10].

Although loxapine has not been identi-
fied specifically as a risk factor for TdP, in-
vestigation of its effect on QTc is warranted.
In addition, the International Conference
on Harmonization (ICH) Guideline E14 re-
quires a thorough QT/QTc study for approval
of reformulated drugs [11]. Accordingly, a
premarketing thorough QT study (Phase 1,
single center, double-blind, double-dummy,
active- and placebo-controlled, three-period
crossover study) was performed in which 47
healthy subjects received a single dose of in-
haled loxapine 10 mg [12]. This study dem-
onstrated that administration of a single dose
of inhaled loxapine 10 mg does not prolong
QTec interval to the level of concern. However,
in the EU, administration of a second dose of
inhaled loxapine 10 mg 2 hours after the first is
permitted, and the potential effects of a repeat
dose on cardiac repolarization are unknown.

This randomized, double-blind, active-
and placebo-controlled crossover study was
designed to assess the maximum effect of
inhaled loxapine on cardiac repolarization
(QTc interval duration) after two doses ad-
ministered 2 hours apart compared with
placebo in healthy subjects. The relation-
ships between QTc and the concentrations
of loxapine and 8-hydroxy-loxapine (8-OH-
loxapine) were also assessed.

Methods

Study design

This study was conducted at a single clini-
cal research unit in the Netherlands (Pharma-
ceutical Research Associates International,
Inc., Zuidlaren) with ethical approval from
an Independent Ethics Committee (Medisch
Ethische Toetsings Commissie, Stichting

Beoordeling Ethiek Biomedisch Onderzoek,
Assen, The Netherlands) in accordance with
the Declaration of Helsinki, EU regulations,
and the ICH E6 Good Clinical Practice: Con-
solidated Guidance. Subjects provided writ-
ten informed consent. It was a phase 1, single
center, randomized, double-blind, double-
dummy, active- and placebo-controlled,
three-period, two-dose, crossover QTc and
pharmacokinetics (PK) study in healthy
male and female subjects (ClinicalTrials.
gov identifier, NCT01854710), designed in
accordance with the ICH E14 criteria for a
thorough QT study.

Eligible participants were male and fe-
male volunteers aged between 18 and 65
years inclusive, with body mass index > 18
and < 32 kg/m?, who were in general good
health according to investigator opinion fol-
lowing a detailed medical history and physi-
cal examination. Principal exclusion criteria
included regular consumption of > 5 cups of
coffee per day; a positive alcohol, cotinine, or
urine drug test; smoking in the last 30 days; a
current history of, or use of medications for,
asthma, chronic obstructive lung disease,
any other lung disease associated with bron-
chospasm, or any acute respiratory signs/
symptoms (e.g., wheezing); a history within
the past 2 years of drug or alcohol depen-
dence or abuse; a history of bronchospasm,
allergy, or intolerance following loxapine
or amoxapine; acute illness or medication
(other than ongoing oral contraception, or
ibuprofen or acetaminophen for pain) within
the last 5 days; a history of unstable angina,
syncope, coronary artery disease, myocardial
infarction, congestive heart failure, transient
ischemic attack, or neurological disorders;
incompatibility with loxapine or the inhala-
tion device in the investigator’s opinion; hy-
potension (systolic blood pressure (BP), <90
mmHg; diastolic BP, < 50 mmHg) or hyper-
tension (systolic BP, > 140 mmHg; diastolic
BP, > 90 mmHg); or an electrocardiogram
(ECG) abnormality. A normal ECG was de-
fined as QTc < 450 milliseconds (msec) for
males and < 470 msec for females. Subjects
had to have consistent sinus rhythm, heart
rate (HR) < 99 and > 40 beats per minute,
PR interval between 120 and 230 msec, QRS
interval < 120 msec, no other conduction ab-
normalities, and QT intervals that could be
consistently analyzed.
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Dosing

The new loxapine formulation (Ada-
suve®) uses the Staccato inhalation delivery
system to rapidly deliver loxapine systemi-
cally. It is a single-use hand-held product
with a medical-grade plastic housing that
channels airflow during inhalation. A breath
sensor detects inhalation, which activates the
controlled gasless redox reaction inside the
heat source, causing a rapid rise in tempera-
ture. The excipient-free loxapine coating the
external surface of the heat source vapor-
izes in < 1 second, and cools and condenses,
while still within the device, into particles
1.0 —3.5 pm in diameter that are carried deep
into the lung with a single inhalation [13].
The inhaled placebo was an identical Stacca-
to device without the loxapine coating on the
external surface of the heat source. The fol-
lowing three treatments were administered:
2 x inhaled loxapine 10 mg 2 hours apart plus
oral placebo (treatment A); 2 x inhaled Stac-
cato placebo 2 hours apart plus oral placebo
(treatment B); 2 x inhaled Staccato placebo
2 hours apart plus oral moxifloxacin 400 mg
(treatment C). Subjects were randomized to
receive the three treatments according to 1 of
6 sequences (e.g., ABC, ACB) using a com-
puter-generated randomization sequence,
with each treatment separated by a washout
period of > 3 days.

Endpoints

The primary endpoint tested if the maxi-
mum effect of two doses of inhaled loxapine
10 mg on predose subtracted individually
corrected QT (QTcl) duration compared with
placebo (AAQTcI) upper 95% confidence
bound was > 10 msec at any of 12 post-
dose time points. The individual correction
was based on the regression of QTc vs. RR
interval during the baseline day preceding
the first dose of study medication. Second-
ary endpoints included: maximum effect of
inhaled loxapine on period-specific predose
subtracted Fridericia-corrected QTc (QTcF)
and Bazett-corrected QTc (QTcB) intervals;
numbers and percentages of subjects with
QTcl > 450 msec, QTcl > 480 msec, and
QTcI > 500 msec; the maximum observed
changes from baseline in QTcl; and the

numbers and percentages of subjects with
QTcl increases > 30 msec and > 60 msec.

Assessments

QT assessment was derived from con-
tinuous 12-lead Holter recordings performed
for each treatment period from ~45 minutes
predose until 22 hours after administration
of dose 2. During ECG sampling times sub-
jects were supine with limited activity, and
no other study activities were performed.
ECG data were analyzed independently by
Cardiocore Lab, LLC, Bethesda, MD, USA,
where the cardiologists were blinded to pe-
riod, sequence, and treatment. A single cardi-
ologist read all of the ECGs from an assigned
subject. Separate 12-lead ECGs were taken
and monitored at the clinical research unit
for safety.

Concentrations of plasma loxapine and
its major metabolite 8-OH-loxapine were
measured using an established validated
method.

Safety analysis

Safety measures included adverse events
(AEs), pre- and post-treatment ECGs (HR,
PR interval, and QRS outliers), routine
clinical laboratory testing (blood chemistry,
hematology, and urinalysis), vital sign mea-
surements, and physical examinations. AE
recording continued to 30 days after the last
dose of study drug, with longer follow-up if
necessary.

Statistics

A sample size of 42 subjects was calcu-
lated to provide 90% power to reject the pri-
mary hypothesis that the true difference from
placebo is no more than 3 msec [14]. Enroll-
ment of at least 48 subjects was planned to
allow for dropouts.

The safety population comprised all ran-
domized subjects who received at least one
dose of study drug, while all subjects who re-
ceived study drug and provided a PK sample
were included in the PK population. All sub-
jects who received at least placebo and one
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134
Screened

74
Failed
screening

60 Did not meet criteria

4 Withdrew consent

4 No show

4 Bad venous access

2 Wait list but not enrolled
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study study study study study study
Figure 1. Subject disposition (safety population).

Treatment: A = inhaled loxapine 2 x 10 mg; B = pla-
cebo; C = oral moxifloxacin 400 mg. @Two subjects
withdrawn owing to procedural error by the CRU and
two subjects withdrawn owing to subject request af-
ter treatment A. "Two subjects withdrawn owing to
procedural error by the CRU and one subject with-
drawn owing to subject request after treatment A.
°Two subjects withdrawn owing to procedural error
by the CRU. CRU = clinical research unit.

dose of inhaled loxapine and who had at least
one set of time-matched placebo and treat-
ment ECG assessments were included in the
QT analyses. All subjects who completed the
inhaled loxapine treatment period were in-
cluded in the concentration vs. QT analysis.

ECG QT and RR measurements were
conducted in the composite 12-lead super-
imposed global view using high-resolution
manual on-screen calipers in the semi-
automatic mode with fiducial annotations
over-read and adjusted as necessary in the
treatment-blinded environment. Each QTc
was corrected according to QTcl, QTcB,
and QTcF correction formulae. The predose
baseline was the average of nine ECGs im-
mediately before dosing. The average of trip-
licate ECGs from predetermined time points
post treatment and at equivalent times on the
baseline day served as each subject’s time-
controlled QT values.

A repeated-measures, mixed-effects, lin-
ear model was used to calculate least-squares
means corrected for sequence, period, and
predose baseline, together with correspond-
ing two-sided 90% confidence intervals
(CIs) for AAQTcI (the primary endpoint) at
each time point. If no upper Cls exceeded
10 msec, then there was no threshold phar-
macologic effect of loxapine on QT interval.
Secondary endpoints (changes from period-

specific predose baseline in QTcF, QTcB,
and HR) were analyzed using the same sta-
tistical methods. Secondary analysis also in-
cluded categorical analyses of QTcl, QTcF,
and QTcB.

Assay sensitivity was demonstrated us-
ing moxifloxacin 400 mg, a dose known to
prolong QTcl. Using the same model as the
primary endpoint, two-sided 90% ClIs were
constructed on the predose-corrected mean
QTcl difference between moxifloxacin and
the corresponding time-matched, predose-
corrected placebo. Assay sensitivity was
confirmed if the lower bound exceeded 5
msec at > 1 time point between 1.5 and 3.0
hours post dose.

Plasma concentrations of loxapine and
8-OH-loxapine were analyzed using non-
compartmental methods with WinNonlin®
(Version 5.2; extravascular model). Geomet-
ric mean and percent coefficient of varia-
tion (CV%) were used to characterize peak
plasma concentration (C,,,); Cpax after
each dose (Cax1> Cmax2); apparent terminal
half-life of loxapine and 8-OH-loxapine;
and apparent clearance (CL/F) of loxapine;
and the median was used to describe time to
reach C, . (tna)- The relationship between
AAQTcl (dependent variable) and loxapine
concentration (independent variable) was de-
termined using a linear mixed-effects model.

All safety analyses, summary tables, and
individual subject data listings were carried
out using SAS software, version 9.2.

Results

Subject description and
disposition

Of the 134 screened subjects, 60 were en-
rolled and received at least one dose of study
drug (safety population) (Figure 1). There
were 45 subjects who received loxapine and
contributed at least one loxapine concentra-
tion (PK population), and 44 subjects had at
least one set of time-matched placebo and in-
haled loxapine ECGs (QT population).

The mean + standard deviation age of
the enrolled subjects was 33.8 £ 14.9 years;
51.7% were male, 88.3% were white, and
73.3% had never smoked (Table 1).
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Table 1. Description of study participants (safety population).
Subject characteristic | Placebo Inhaled Oral Overall
(n=49) loxapine moxifloxa- (N =60)
2x10mg | cin 400 mg
(n=52) (n =49)
Sex, n (%)
Female 24 (49.0) 25 (48.1) 24 (49.0) 29 (48.3)
Male 25 (51.0) 27 (51.9) 25 (51.0) 31(51.7)
Age (years)
Mean (SD) [ 34.0 (14.6) | 34.1(15.1) | 33.9 (15.0) | 33.8 (14.9)
Race, n (%)
White 43 (87.8) 46 (88.5) 44 (89.8) 53 (88.3)
Black 1(2.0) 1(1.9) 0 2(3.3)
Native American 2 (4.1) 2(3.8) 2(4.1) 2 (3.3)
Other 3(6.1) 3(5.8) 3(6.1) 3(5.0)
Smoking history, n (%)
Never smoked 38 (77.6) 39 (75.0) 37 (75.5) 44 (73.3)
Ex-smoker 11 (22.4) 13 (25.0) 12 (24.5) 16 (26.7)

SD = standard deviation.

>

AAQTcl (msec)
ene
—o0—1
—o—
—eo—i
—o—
I
—e—1
—o—
—e—i
—e—
e

T T T
2min 1h 15h

T T
2h 2h

T T
2h 25h

2min 5 min 10 min
Time Point

3h 5h 8h

T T
12h 24h

AAQTcl (msec)
Hh O
1 1
¥

T
h 15h

T T
2h 2h

T

T
2h 25h

2min 5 min 10 min

Time Point

T T T

3h  5h 8h

Figure 2. Least-squares mean AAQTcl (predose
subtracted individually corrected QT duration
compared with placebo) and two-sided 90% Cls,
primary analysis model (QT population). A: In-
haled loxapine. *Reference line at 10 msec shows
the threshold of regulatory concern for the upper
bound of the 95% CI on the mean effect of the
primary outcome measure (QTcl). B: Oral moxi-
floxacin. **Reference line shows the threshold for
concluding suitable assay sensitivity if any moxi-
floxacin QTcl lower 95% CI exceeds 5 msec. Cl =
confidence interval.

Primary QTcl endpoint and
assay sensitivity

The one-sided 95% upper confidence
bound for each AAQTcI after two doses of
inhaled loxapine 10 mg did not exceed 10
msec at any of the 12 postdose time points
(Figure 2A). The largest upper confidence
bound was 6.31 msec at 5 minutes post dose
2. The effect of this treatment on QT/QTc
prolongation is less than the specified thresh-
old pharmacologic effect on cardiac repolar-
ization and represents a negative thorough
QT/QTec study, consistent with ICH E14 cri-
teria [11]. The one-sided 95% lower confi-
dence bound of the AAQTcl exceeded 5 msec
at 9 of the 12 time points post moxifloxacin
(Figure 2B), thus demonstrating assay sen-
sitivity.

In general gender had no effect on QTcl.
There was a statistically significant sex-by-
treatment group interaction (p = 0.035) at
24 hours where females and males showed a
—3.3 and +2.1 msec difference from placebo,
respectively.

Secondary QT endpoints

An identical statistical analysis of QTcF
and QTcB showed that the largest one-sided
95% upper confidence bounds were 6.54
msec at 1 hour post dose for AAQTcF and
7.67 msec at 24 hours post dose for AAQTeB.
Both values were < 10 msec, supporting the
primary QT analysis findings. There were no
significant differences from placebo in QTcI
outliers after inhaled loxapine dosing.

PK results

Loxapine was not detected in any pre-
dose plasma sample. After administration,
loxapine was absorbed rapidly into the plas-
ma, with a median (minimum, maximum)
tmax Of 0.03 (0.03, 1.03) hours after dose 1
and 0.03 (0.03, 0.12) hours after dose 2, with
plasma concentrations decreasing rapidly
thereafter. Mean (CV%) loxapine C,,,, was
108 (34.4%) ng/mL after the first dose, 176
(29.5%) ng/mL after the second dose, and
177 (26.7%) ng/mL overall. Plasma con-
centrations of the major metabolite, 8-OH-
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Figure 3. Predose subtracted individually correct-
ed QT duration compared with placebo (AAQTcl,
msec) vs. loxapine concentrations (ng/mL) and fit-
ted linear regression (AAQTcl = —1.1 + 1.64 (log
(loxapine)); p = 0.013).
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Figure 4. Predose subtracted individually correct-
ed QT duration compared with placebo (AAQTcl,
msec) vs. 8-OH-loxapine concentrations (ng/mL)
and fitted linear regression (AAQTcl = 1.7 — 0.561
(log (loxapine)); p = not significant). 8-OH-loxapine
= 8-hydroxy loxapine.

loxapine, were C.., 5.08 (36.0%) ng/mL
and Cpa0, 9.20 (33.4%) ng/mL. The mean
loxapine overall C,,, value was ~ 19-fold
higher than that observed for 8-OH-loxap-
ine. Mean (CV%) half-life was 8.96 (18.9%)
hours for loxapine and 18.6 (28.1%) hours
for 8-OH-loxapine, and mean (CV%) appar-
ent clearance for loxapine was 55.7 (22.9%)
L/h.

Plasma drug levels and QTcl

The regression of AAQTcI and log loxap-
ine concentrations was linear, with a positive
slope (p = 0.013) (Figure 3). However, the

highest value for the 95% CI upper bound at
the highest observed concentration of loxa-
pine (293 ng/mL) was 4.6 msec, consistent
with the negative thorough QT/QTc study
result. There was no statistically significant
relationship (zero slope regression) between
AAQTclI and log 8-OH-loxapine concentra-
tion (Figure 4).

Safety

There were no deaths, serious AEs, or
AEs leading to discontinuation. One subject
experienced one severe AE after the second
inhaled loxapine dose (oculogyric crisis),
which resolved after 9 hours. All other AEs
were mild or moderate. Most (80.8%) sub-
jects reported an AE after receiving inhaled
loxapine, compared with 49.0% after re-
ceiving placebo and 34.7% after receiving
moxifloxacin. Treatment-related AEs were
more frequent after inhaled loxapine dosing
(73.1%) compared with placebo (30.6%) and
moxifloxacin (18.4%). The most frequent
(at least five subjects) treatment-related AEs
following loxapine administration were se-
dation, fatigue, dizziness, dysgeusia, and
somnolence (Table 2). There were no respi-
ratory AEs (coughs, dyspnea, wheezing, or
bronchospasm). Hypotension was reported
in two subjects after receiving inhaled loxa-
pine; both events resolved within 20 min-
utes. Tachycardia was reported in 2 subjects
after the second dose of inhaled loxapine;
both events were mild and resolved after 2
and 9 hours.

There were no significant effects on the
numbers of PR and QRS outliers from the
12-lead Holter core lab analyses. There were
no clinically significant mean changes in
HR, respiratory rate, temperature, or BP. No
clinically significant laboratory abnormali-
ties were reported.

Discussion

This randomized, double-blind, double-
dummy, active- and placebo-controlled,
three-period crossover thorough QT/QTc
study was designed in accordance with ICH
E14 guidelines to assess the potential for two
doses of inhaled loxapine 10 mg to delay
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Table 2. Treatment-related AEs experienced in at least two subjects after any treatment (safety population).

System organ class adverse event, Placebo? Inhaled loxapine 2 x | Oral moxifloxacin
n (%) (n =49) 10 mg 400 mg
(n=52) (n=49)

Subjects with any treatment-related AE 15 (30.6) 38 (73.1) 9(18.4)
Cardiac disorders

Tachycardia ‘ 0 ‘ 2(3.8) ‘ 0
Eye disorders

Asthenopia \ 0 \ 2(3.8) \ 0
Gastrointestinal disorders

Dry mouth 0 4(7.7) 0

Dysgeusia 3(6.1) 8 (15.4) 2(4.1)

Nausea 0 3(5.8) 0

Paresthesia oral 0 2(3.8) 0
General disorders and administration site conditions

Fatigue 2@ | 13 (25.0) \ 2 (4.1)
Nervous system disorders

Disturbance in attention 0 2(3.8) 0

Dizziness 4(8.2) 12 (23.1) 0

Headache 5(10.2) 3(5.8) 2(4.1)

Presyncope 0 2(3.8) 0

Restlessness 0 2(3.8) 0

Sedation 4(8.2) 14 (26.9) 2(4.1)

Somnolence 1(2.0) 5(9.6) 1(2.0)
Vascular disorders

Hypotension ‘ 0 ‘ 2(3.8) ‘ 0

AE = adverse event. Placebo includes exposure for the placebo treatment period and exposure to oral

placebo before inhaled loxapine exposure.

cardiac repolarization by measuring QTc
duration. The findings from this study dem-
onstrate that, in healthy subjects, two doses
of inhaled loxapine 10 mg administered
2 hours apart did not cause threshold QTc
prolongation according to ICH criteria, and
were well tolerated.

A sufficient number of subjects complet-
ed the study to achieve the objectives. The
validity of the sample size selected and the
methodology used was demonstrated by the
effects of the oral moxifloxacin 400 mg dose
(positive control). The effects of moxifloxa-
cin on QTc interval are well characterized
and were detected as expected in this study
[15]. Assay sensitivity was demonstrated by
moxifloxacin prolonging QTcl.

This study met the primary QTcl end-
point and is therefore a negative thorough
QT/QTc study according to the ICH El14
criteria, meaning that two doses of inhaled
loxapine administered 2 hours apart did not
cause a threshold prolongation in QTc. The
secondary endpoints (QTcF, QTcB, and cat-
egorical changes in QTcl) all supported the
primary endpoint analysis, and there was no

overall difference between male and female
response (no sex-by-treatment interaction).
Although loxapine was administered in
this study at twice the total dose used in the
previous single 10 mg dose thorough QT
study [12], these AAQTecl findings are broad-
ly comparable, confirming the negative thor-
ough QT/QTc conclusions of both studies.
There was a small but statistically signifi-
cant positive relationship between QTcl and
log loxapine concentration, which differed
slightly from the single-dose thorough QT
study, where the relationship was nonlinear
and downwardly parabolic [12]. However,
when the present results were examined
for the most extreme (minimum and maxi-
mum) loxapine concentrations, the absence
of expected clinical effect was confirmed.
There was no relationship between QTecl and
metabolites of loxapine in either this two-
dose (8-OH-loxapine) or in the single-dose
(7-OH-loxapine) thorough QT study. The
PK results also confirmed previous find-
ings, showing that inhaled loxapine rapidly
enters the systemic circulation (median t,,,
of 2 minutes after each dose) and is rapidly
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distributed and cleared thereafter [6]. Two
thorough QT/QTc studies with similar re-
sults, as discussed here, means that the effect
of inhaled loxapine on cardiac repolarization
is well studied compared with other antipsy-
chotics, which typically have only one, or
zero, thorough QTc studies [8].

Overall, two doses of inhaled loxapine 10
mg administered 2 hours apart were well tol-
erated in healthy subjects. The most frequent
treatment-related AEs were consistent with
those previously reported for loxapine (seda-
tion, fatigue, dizziness, and somnolence) and
for inhaled drugs (dysgeusia) [12].

The lack of a threshold effect on QTc
interval may be due to loxapine’s low level
of hERG blocking at therapeutic doses com-
pared with other antipsychotic agents. An
in-vitro study showed that loxapine dose-
dependently blocked the hERG channel with
a half-maximal inhibitory concentration of
1,800 nM (unpublished data, submitted to
regulatory authorities [16]). In comparison,
the hERG half-maximal inhibitory concen-
tration values of other antipsychotic agents
include: sertindole, 3 nM; droperidol, 32 nM;
risperidone, 167 nM; ziprasidone, 169 nM;
thioridazine, 191 nM; perphenazine, 1003
nM; chlorpromazine, 1,561 nM; quetiapine,
5,765 nM; and olanzapine, 6,013 nM [10,
17]. Cardiac safety concerns linked to QTc
prolongation and TdP have led to various
withdrawals, warnings, and restricted use
of sertindole, droperidol, and thioridazine
in the EU and US [18]. The loxapine dose
used in this study represents the maximum
recommended exposure and is the regimen
approved in the EU. There have been some
reports of cardiac AEs occurring after oral
loxapine overdose [19, 20, 21], a situation
unlikely to arise with a dose-limiting inhaled
device administered intermittently solely
in health care facilities. When considering
medication to treat agitation in emergency
settings, the risk of QTc prolongation should
be considered, especially because additional
TdP risk factors such as concomitant drug
use and underlying disease may be present
[22]. In this respect, inhaled loxapine may be
preferential to other drugs commonly used,
such as haloperidol, which has a Food and
Drug Administration warning for QTc pro-
longation and TdP, especially at high doses
[23, 24].

The limitations of this study include the
use of healthy subjects, which precludes
observation of drug-induced QTc prolonga-
tion in a population with additional factors
predisposing to TdP (including hypokale-
mia and underlying heart conditions). Sub-
jects with respiratory disease were excluded,
consistent with the contraindications on the
product label. However, despite some con-
cerns regarding potential bronchospasm in-
duction by inhaled loxapine [25], no airway-
related AEs were observed in this study.

In conclusion, this thorough QT study,
which was validated using moxifloxacin as a
positive control, showed that in healthy sub-
jects, two doses of inhaled loxapine 10 mg ad-
ministered 2 hours apart did not cause thresh-
old QTc prolongation and were well tolerated.
Additionally, the QTc changes seen here were
broadly comparable to the previous study,
which tested a single dose of inhaled loxapine
10 mg, contributing to the conclusion that in-
haled loxapine is not associated with cardiac
repolarization liability. These two thorough
QT studies make inhaled loxapine one of the
most thoroughly studied antipsychotics with
regard to QTc prolongation.
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