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Abstract

Purpose The efficacy of levoketoconazole for endogenous Cushing’s syndrome was demonstrated in a phase 3, open-label
study (SONICS). This study (LOGICS) evaluated drug-specificity of cortisol normalization.

Methods LOGICS was a phase 3, placebo-controlled, randomized-withdrawal study with open-label titration-maintenance
(14-19 weeks) followed by double-blind, randomized-withdrawal (~ 8 weeks), and restoration (~ 8 weeks) phases.

Results 79 patients received levoketoconazole during titration-maintenance; 39 patients on a stable dose (~4 weeks or
more) proceeded to randomization. These and 5 SONICS completers who did not require dose titration were randomized to
levoketoconazole (n=22) or placebo (n=22). All patients with loss of response (the primary endpoint) met the prespecified
criterion of mean urinary free cortisol (mUFC) > 1.5 X upper limit of normal. During randomized-withdrawal, 21 patients
withdrawn to placebo (95.5%) lost mUFC response compared with 9 patients continuing levoketoconazole (40.9%); treat-
ment difference: — 54.5% (95% CI — 75.7, — 27.4; P=0.0002). At the end of randomized-withdrawal, mUFC normalization
was observed among 11 (50.0%) patients receiving levoketoconazole and 1 (4.5%) receiving placebo; treatment difference:
45.5% (95% CI 19.2, 67.9; P=0.0015). Restoration of levoketoconazole reversed loss of cortisol control in most patients
who had received placebo. Adverse events were reported in 89% of patients during treatment with levoketoconazole (dose-
titration, randomized-withdrawal, and restoration phases combined), most commonly nausea (29%) and hypokalemia (26%).
Prespecified adverse events of special interest with levoketoconazole were liver-related (10.7%), QT interval prolongation
(10.7%), and adrenal insufficiency (9.5%).

Conclusions Levoketoconazole reversibly normalized urinary cortisol in patients with Cushing’s syndrome. No new risks
of levoketoconazole treatment were identified.

Keywords Cushing’s syndrome - Cushing’s disease - Hypercortisolism - Levoketoconazole - Placebo - Steroidogenesis
inhibitor

Introduction

Endogenous Cushing’s syndrome (CS) is a rare endocrine
disease caused by chronic overproduction of cortisol, most
commonly due to a benign pituitary corticotroph tumor
(Cushing’s disease [CD]) [1]. Patients with endogenous CS
have multiple associated comorbidities [2—4] and increased
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mortality risk, primarily as a result of cardiovascular com-
plications and infections [2, 5-8]. Surgery to remove the
inciting tumor is usually the first-line treatment for CS of
pituitary (CD), adrenal, or ectopic etiologies [9—11]. How-
ever, persistent or recurrent disease after initial pituitary
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Fig. 1 Study design. BID twice
daily, mUFC mean urinary free
cortisol

SONICS completers
using a stable therapeutic
dose for previous 12 weeks

Titration-Maintenance

Patients new to
levoketoconazole
and other
SONICS completers

surgery is common [12-14], requiring second-line treat-
ments in patients with CD [9-11]. Medical therapy may be
used prior to surgery, while awaiting the effects of radiation
therapy, when surgery is contraindicated or when a tumor
cannot be found, and when biochemical remission is not
achieved with surgery and/or radiation [9-11, 15]. Avail-
able medical therapies for CS vary by mechanism of action
and include pituitary-directed drugs (for CD; pasireotide,
cabergoline), cortisol synthesis inhibitors (levoketoconazole,
osilodrostat, ketoconazole, metyrapone, mitotane [adreno-
Iytic]), and a glucocorticoid receptor antagonist (mifepris-
tone) [10, 16, 17]. It is generally agreed that medical needs
in CS remain high despite the availability of approved drug
treatments.

Ketoconazole, a racemic mixture of two enantiomers
(levoketoconazole [2S,4R-ketoconazole] and dextroketo-
conazole [2R,4S-ketoconazole]), is not approved by the US
Food and Drug Administration for use in patients with CS,
but off-label use is common [17, 18]. Ketoconazole was
approved by the European Medicines Agency for the treat-
ment of CS on the basis of published information, including
clinical data collected in observational studies; no prospec-
tive interventional clinical studies were available [19]. Keto-
conazole reduces adrenal cortisol production by inhibiting
several adrenal steroidogenic enzymes [18, 20]. Research
suggests that most of the cortisol suppression observed
after ketoconazole administration appears to be inherent to
levoketoconazole [21-23].

A phase 3, open-label study in patients with CS (SON-
ICS) demonstrated the efficacy of levoketoconazole in
normalizing cortisol levels during the dose titration phase,
with durability of response demonstrated during a 6-month
maintenance phase [24-26]. Of 94 patients who entered
the SONICS study, mUFC was normalized at the end of
the maintenance phase (without a dose increase during
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maintenance) in 30% of patients (primary endpoint; 95%
confidence interval (CI) 21%-40%; P=0.0154 vs. null
hypothesis of <20%). Among 55 patients who completed the
maintenance phase, mUFC was normalized in 34 patients
(62%) and >50% mUFC decrease or normalization was
observed in 43 patients (78%), irrespective of dose increase.
The current study (LOGICS) further evaluated the safety and
efficacy of levoketoconazole in patients with CS, with the
primary objective of determining the effect of withdrawing
levoketoconazole treatment to placebo versus continuing
treatment with levoketoconazole on the cortisol therapeu-
tic response achieved during open-label levoketoconazole
therapy, in order to establish efficacy as specifically related
to levoketoconazole.

Methods
Study design and patients

LOGICS was a randomized, double-blind, placebo-con-
trolled withdrawal and restoration (or, as needed, early
rescue) study in patients with endogenous CS. The study
included an open-label titration-maintenance (TM) phase to
establish the therapeutic dose for each patient, a randomized
withdrawal (RW) phase to evaluate efficacy in a double-blind
comparison to placebo, and a restoration phase to re-estab-
lish treatment with the previously established therapeutic
dose of levoketoconazole (Fig. 1). The study was conducted
in accordance with the ethical principles set forth in the Dec-
laration of Helsinki and the Good Clinical Practice guide-
lines of the International Council on Harmonisation. The
study protocol was approved by an independent ethics com-
mittee or institutional review board at each study site. All
patients provided written informed consent to participate.
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Patients were enrolled at 36 sites in 11 countries (9 Euro-
pean countries, Israel, and the United States). Key inclusion
criteria were: age 18 years or more; confirmed newly diag-
nosed, persistent, or recurrent endogenous CS of any etiol-
ogy except CS secondary to malignancy (including pitui-
tary or adrenal carcinoma); 24-h mean urinary free cortisol
(mUFC) levels at least 1.5 X the upper limit of normal (ULN)
with no upper bounds, based on at least 3 measurements
from adequately collected urine; abnormal dexamethasone
suppression test and/or elevated late-night salivary corti-
sol (LNSC) concentration; and not being a candidate for
CS-specific surgery during the study.! Key exclusion cri-
teria included: enrollment in SONICS without completion
through 12 months of maintenance treatment; suspected
pseudo-CS, cyclic CS, or a nonendogenous source of
hypercortisolism; radiotherapy within the previous 5 years;
pituitary surgery within the previous 6 weeks; history of
adrenal or pituitary carcinoma; compression of the optic
chiasm; QT prolongation or abnormal electrocardiogram
(ECG) requiring medical intervention; history of torsade de
pointes, ventricular tachycardia, ventricular fibrillation, or
long QT-syndrome (including first-degree family history);
pre-existing hepatic disease (apart from mild to moderate
nonalcoholic fatty liver disease); alanine aminotransferase
(ALT) or aspartate aminotransferase (AST) >3 X ULN; alka-
line phosphatase or total bilirubin > 2 X ULN; persistent,
uncontrolled hypertension; and poorly controlled diabetes.

Procedures

Eligible SONICS study completers on a stable therapeutic
dose of levoketoconazole were directly randomized. The
remaining enrolled patients entered the TM phase. Open-
label levoketoconazole was started at an initial dose of
150 mg (one oral tablet) twice daily; SONICS completers
re-establishing a therapeutic dose via re-titration could start
titration at their current or most recently received dose at
the discretion of the investigator. Individualized levoketo-
conazole dosing was established by titration in increments
of 150 mg/day every 2 weeks, as needed to achieve mUFC
normalization, until a therapeutic dose (defined as the dose
providing mUFC at or below the ULN, determined from 3
adequate 24-h urine collections) was established, at which

' As per protocol, patients who completed SONICS (through
12 months of maintenance treatment) within 6 months of LOGICS
screening visit and demonstrated maintenance of clinical benefit on
a stable therapeutic dose of levoketoconazole for at least 12 weeks
immediately prior to screening were eligible to enter LOGICS. SON-
ICS completers who did not fulfill these requirements were poten-
tially eligible if they met the inclusion criteria; however, the criteria
pertaining to elevated mUFC and LNSC (or abnormal dexamethasone
suppression test) did not apply for patients currently using levoketo-
conazole.

point the dose regimen was maintained unless further adjust-
ment was required. A urine sample was considered to be
adequate for analysis purposes if the creatinine excretion
rate was 4.5 mg/kg/day or greater for females and 6.2 mg/
kg/day or greater for males, these thresholds representing
2 standard deviations below the mean of pooled samples
in a prior study (Study COR-2012-01, data on file). UFC
was assayed at a central laboratory by high-performance lig-
uid chromatography—tandem mass spectroscopy (ULN of
138 nmol/24 h). Patients were eligible to enter the RW phase
if they established a therapeutic dose prior to the end of TM
phase, continued receiving the dose associated with mUFC
normalization for at least the final 4 weeks in TM phase, and
completed the final visit of TM phase.

Eligible patients from the TM phase and SONICS com-
pleters who did not require re-titration were randomly
assigned in a 1:1 ratio to receive either blinded levoketo-
conazole at the therapeutic dose, or the same regimen with
matching placebo tablets, for up to 8§ weeks without dose
adjustment. Early rescue during the RW phase was allowed
when a patient demonstrated relapse of hypercortisolemia
(i.e., loss of therapeutic response), which was defined as (1)
mUFC (from three 24-h urine collections) above 1.5 X ULN
or (2) for SONICS completers with mUFC above the ULN
at baseline, an increase in mUFC more than 40% above the
baseline value. If early rescue was needed, patients imme-
diately entered the restoration phase, and open-label levoke-
toconazole was rapidly titrated (dose increased in 1-tablet
increments every 2 days, alternating morning and evening)
to the therapeutic dose. The treatment blind was maintained
in the restoration phase for nonrescued patients by addition
of the alternative treatment regimen to the randomized regi-
men (i.e., masked placebo tablets added to levoketoconazole
regimen or vice versa), such that all patients received levoke-
toconazole during the restoration phase.

Outcome measures

The primary endpoint was the proportion of patients with
loss of therapeutic response to levoketoconazole upon
withdrawing to placebo, compared with the proportion of
patients with loss of therapeutic response upon continu-
ing treatment with levoketoconazole. Loss of therapeutic
response was inferred based on mUFC from three 24-h
urinary free cortisol (UFC) measurements obtained at any
of 5 visits during the RW phase and was defined using the
criteria for early rescue described above. The key secondary
endpoint was the proportion of patients with normalization
of mUFC at the end of the RW phase.

Additional secondary endpoints included change from
RW baseline to end of RW phase for mUFC, biomarkers
of CS comorbidities (e.g., fasting glucose, fasting insu-
lin, homeostatic model assessment-insulin resistance
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[HOMA-IR], HbAlc, total cholesterol, LDL-cholesterol,
high-sensitivity C-reactive protein [hsCRP]), health-related
QoL, symptoms of depression, physical signs of CS (i.e.,
acne, hirsutism, peripheral edema), and LNSC. mUFC was
measured from 2 (most assessments) or 3 (to determine
eligibility, therapeutic dose, and need for early rescue;
and at final RW phase and final restoration phase assess-
ments) adequate 24-h urine specimens that were collected
on consecutive days. Biomarkers of CS comorbidities were
measured from blood samples using standard clinical labo-
ratory assays. Health-related QoL was assessed using the
CushingQoL questionnaire [27], and the severity of depres-
sion was assessed using the Beck Depression Inventory-II
(BDI-II) [28]. Acne [29], hirsutism (females only) [30], and
peripheral edema [31] were evaluated by the investigator
using specific severity grading systems. LNSC was meas-
ured from 1 or 2 (consecutive night) saliva collections per-
formed between 11 pm and midnight.

Safety assessments included adverse event (AE) monitor-
ing, clinical laboratory tests, vital sign measurement, and
ECG. AEs were coded in accordance with the Medical Dic-
tionary for Regulatory Activities (MedDRA) version 21.1.
AEs considered to be of special interest (i.e., liver-related,
QT interval-related, adrenal insufficiency) were immedi-
ately reported by the investigator (and did not necessarily
include all recorded AEs for the associated MedDRA pre-
ferred terms). Additional safety monitoring in patients with
CD included plasma adrenocorticotropic hormone (ACTH)
levels and pituitary magnetic resonance imaging (MRI; for
tumor size measurement).

Statistical analysis

A sample size of 44 patients (22 per treatment group) com-
pleting the RW phase was estimated to provide approxi-
mately 98% power, using two-sided Fisher’s exact test, to
detect the alternative hypothesis of a loss of therapeutic
response rate of 26% in the levoketoconazole group and 81%
in the placebo group (i.e., a treatment difference of —55%)
versus the null hypothesis of no difference between groups.

The primary efficacy analysis (loss of therapeutic
response during the RW phase) was conducted using a logis-
tic regression model containing fixed-effect terms for treat-
ment group and patient cohort (TM phase completers versus
those directly randomized from SONICS). A prespecified
supportive analysis compared the proportions of patients
with loss of response using a 2-sided Fisher’s exact test.
Results from the Fisher’s exact test are considered as the pri-
mary outcome because imbalance in regression model fixed
effects inflated the apparent treatment effect of levoketocon-
azole. Sensitivity analyses evaluated variations in the analy-
sis procedures including (1) single adequate urine sample
allowed for calculation of mUFC and imputation of missing
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mUFC using the last observation carried forward (LOCF),
(2) calculation of mUFC using all samples, regardless of
adequacy, and (3) at least 2 postrandomization RW phase
visits with adequate mUFC to determine loss of response.

Inferences derived from secondary efficacy analyses were
gated on results from the primary efficacy analysis to ensure
control of the familywise type I error rate at 0.05. Second-
ary efficacy analyses were tested sequentially in 6 sets as
follows: (1) normalization of mUFC at the end of the RW
phase, followed by changes from RW baseline to end of RW
in: (2) mUFC, (3) biomarkers of CS comorbidities, (4) Cush-
ingQoL and BDI-II total scores, (5) acne global score and
hirsutism and peripheral edema total scores; and (6) LNSC.
The proportions of patients with normalization of mUFC at
the end of the RW phase were compared between treatment
groups using the Fisher’s exact test. For all other secondary
endpoints, mean changes from RW phase baseline to the end
of the RW phase were compared between treatment groups
using 2-sample t-tests.

Results
Patients

The safety population comprised 84 patients who received
levoketoconazole at any time during the study (Fig. 2).
The intent-to-treat (ITT) population included 44 patients
(levoketoconazole, n =22; placebo, n=22) who received
study medication in the RW phase. Combining all phases,
41 of the 84 patients in the safety population discontinued
the study prematurely, most commonly due to AEs (n=15),
insufficient efficacy (n=9), and patient decision (n=9).

Demographic and baseline characteristics were similar
for the safety and ITT populations (Table 1). In the ITT
population, median time since diagnosis was shorter in
the levoketoconazole group versus the placebo group (36
vs. 82 months), mean mUFC at study baseline was higher
(5.4 xULN vs. 3.0xXULN), and prior diagnosis of hyper-
tension was more frequent (95% vs. 73%). Among the 70
enrolled patients with CD, 47 (67%) had at least one prior
pituitary surgery.

Efficacy
Cortisol control

During the RW phase, 21 of 22 patients receiving pla-
cebo (95.5%) demonstrated loss of mUFC response com-
pared with 9 of 22 patients receiving levoketoconazole
(40.9%); the treatment difference estimate of —54.5% sig-
nificantly favored levoketoconazole (95% CI — 75.7, — 27.4;
P=0.0002; Fig. 3A). Early rescue therapy was provided to
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Fig.2 Patient disposition.
“Sponsor decision to halt
randomization; these patients
were enrolled into the long-
term open-label extension study
(OPTICS). 5 patients who
directly rolled over to LOGICS
(levoketoconazole: n=1; pla-
cebo: n=4) from SONICS were
on a stable therapeutic dose for
12 weeks prior to screening and
did not require dose titration.
RES restoration, RW rand-
omized withdrawal

40 discontinued
15 adverse event
9 insufficient efficacy
8 patient decision
4 sponsor decision?
3 protocol deviation
1 physician decision

1 patient decision

4 (18%) of 22 patients in the levoketoconazole group and 21
(95%) of 22 patients in the placebo group, all of whom had
relapse of hypercortisolemia based on mUFC greater than
1.5 X ULN. Five additional patients in the levoketoconazole
group lost response (i.e., mUFC greater than 1.5 X ULN);
however, they did not receive early rescue treatment because
4 patients had loss of response at the last RW visit and 1
patient had loss of response at the first RW visit (based
on 2 specimens) but mUFC was < 1.5 x ULN at all subse-
quent RW visits. At the end of the RW phase, normaliza-
tion of mUFC was observed among 11 (50.0%) patients in
the levoketoconazole group compared with 1 (4.5%) in the
placebo group; the treatment difference estimate of 45.5%
favored levoketoconazole (95% CI 19.2, 67.9; P=0.0015;
Fig. 3B). Multiple sensitivity analyses of both the primary
and key secondary efficacy endpoints corroborated the
main analytic inferences. The time to loss of therapeutic
response or early rescue was significantly shorter for the
placebo group, with a Kaplan—Meier estimated median time
of 24 days (95% CI 19, 31) compared with 62 days (95%
CI 40, NA [not calculable]) for the levoketoconazole group
(log-rank P <0.0001; Online Resource 1).

During the TM phase, mean (SD) mUFC
decreased from 780.8 (936.4) nmol/24 h at baseline to

84 patients enrolled
(12 patients from SONICS)

(safety population)

| 5 patients from SONICS

Levoketoconazole

Completed
RW phase; n = 21

¥ directly randomized®

Placebo
n=22

n=22

Completed
RW phase; n = 22

[ |
!
Completed RES phase
n=43

304.2 (638.9) nmol/24 h for the last observed value (n="77).
mUFC normalization rates during the TM phase, by levoke-
toconazole dose, are shown in Online Resource 2. Higher
TM baseline mUFC generally was associated with higher
doses of levoketoconazole used at the time of the last TM
mUFC assessment. Among patients who entered the RW
phase, mean (SD) mUFC for patients randomized to levoke-
toconazole was 81.3 (35.7) nmol/24 h at RW phase baseline,
increasing by a mean of 139.4 nmol/24 h to 220.8 (333.5)
nmol/24 h at the end of the RW phase. In the placebo group,
baseline mean (SD) mUFC was 88.4 (48.1) nmol/24 h,
increasing by a mean of 453.5 nmol/24 h to 541.9 (341.4)
nmol/24 h at the end of the RW phase (treatment difference
— 314.0 nmol/24 h favoring levoketoconazole, P =0.0027).
Examination of individual patient trajectories in mUFC over
the duration of the RW phase illustrates the need for rescue
treatment, predominantly in the placebo group (Fig. 4).

Comorbidity biomarkers
During the TM phase, mean reductions from baseline were
observed for total cholesterol, LDL-cholesterol, fasting

glucose, HbAlc, fasting insulin, and HOMA-IR (Table 2).
The mean RW phase baseline values for each of the CS

@ Springer



916

Pituitary (2022) 25:911-926

Table 1 LOGICS study: demographics and baseline characteristics

Characteristics Safety population (n=_84) Intent-to-treat population
Levoketoconazole (n=22) Placebo (n=22)
Age, years, mean (SD) 447 (12.7) 45.0 (12.0) 43.6 (11.0)
Female, n (%) 64 (76.2) 15 (68.2) 19 (86.4)
Race, n (%)
White 78 (92.9) 18 (81.8) 22 (100)
Black 4(4.8) 3(13.6) 0(0)
Asian 1(1.2) 0(0) 0(0)
Unknown 1(1.2) 1(4.5) 0(0)
BMI, kg/m?, mean (SD) 31.0 (6.8) 31.6 (8.5) 30.8 (4.8)
Time since CS diagnosis, months
Mean (SD) 63.4 (71.8) 66.8 (72.5) 92.2 (78.8)

Median (range)
Etiology, n (%)

30.1 (0-254.1)

Cushing’s disease 70 (83.3)
Adrenal-dependent 8(9.5)
Ectopic ACTH secretion 224
Unknown 4 (4.8)
Diabetes, n (%) 3541.7)
Hypertension, n (%) 68 (81.0)

35.8 (0.5-241.0)

82.1 (0.2-254.1)

Baseline mUFC, nmol/24 h*
Mean (SD) 746.7 (916.3)
Median (range) 441.6 (53.1-5752.9)
Baseline mUFC, x ULN*P
Mean (SD) 5.4 (6.6)

Median (range) 3.2 (0.4-41.7)¢

18 (81.8) 20 (90.9)
3(13.6) 1 (4.5)

0 (0) 0 (0)

1 (4.5) 1 (4.5)

8 (36.4) 7(31.8)
21 (95.5) 16 (72.7)

738.7 (1067.0)
382.9 (101.9-5004.9)

411.6 (436.2)
266.8 (53.1-2171.3)

5.4(7.7) 3.0(3.2)
2.8 (0.7-36.3)° 1.9 (0.4-15.7)°

ACTH adrenocorticotropic hormone, BMI body mass index, CS Cushing’s syndrome, mUFC mean urinary free cortisol, SD standard deviation,

UFC urinary free cortisol, ULN upper limit of normal

*For each patient, the average of the UFCs from adequate samples at baseline was calculated

PULN for UFC =138 nmol/24 h
“Patients with mUFC < ULN directly entered from SONICS

biomarkers were within the normal range for both treatment
groups, with the exception of fasting insulin and hsCRP,
which were above the normal range for both groups and the
placebo group, respectively. Statistically significant treat-
ment group differences in mean changes from RW base-
line were observed only for total and LDL-cholesterol, both
favoring levoketoconazole (Table 2). Because some, but not
all, CS biomarkers exhibited a statistically significant differ-
ence between treatment groups, analyses of all remaining
secondary endpoints were considered exploratory.

Quality of life, depression, and signs and symptoms
of Cushing’s syndrome

At RW baseline, mean CushingQoL scores were consist-

ent with moderate QoL impairment on average, and mean
BDI-II scores were indicative of minimal to mild depression.

@ Springer

Mean score changes from RW baseline to the end of the
RW phase for CushingQoL, BDI-II, and physical signs
of CS (i.e., acne, hirsutism in females, peripheral edema)
numerically favored levoketoconazole; however, none of the
treatment group comparisons were statistically significant
(Online Resource 3).

Late-night salivary cortisol

At RW baseline, mean (SD) LNSC concentrations were 6.0
(5.3) nmol/L and 6.4 (5.4) nmol/L in the levoketoconazole
and placebo groups, respectively. Mean LNSC concentra-
tions increased at the end of the RW phase in both groups
by 2.2 and 2.6 nmol/L, respectively (calculated without 2
outliers, 1 in each treatment arm). The treatment difference
in mean change during the RW phase (— 0.5) was not statisti-
cally significant.
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Restoration phase

During the restoration phase, all patients received active treat-
ment with levoketoconazole. Normalization of mUFC at the
end of the restoration phase was reported among 11 (52%) of
21 patients in the prior levoketoconazole group and 14 (64%)
of 22 patients in the prior placebo group, representing 58% nor-
malization overall. Of 12 patients in the levoketoconazole group
with normal mUFC at restoration phase baseline, 7 (58%) had
normal mUFC at the end of the restoration phase. Of 9 patients
in the levoketoconazole group with above-normal mUFC at res-
toration phase baseline, 4 (44%) had normal mUFC at the end
of the restoration phase. One patient in the placebo group had
normal mUFC at the end of the RW phase, and one additional
patient had mUFC normalized by the restoration phase baseline
assessment. nUFC remained normal in both patients at the end
of the restoration phase. Of 20 prior placebo group patients
with above-normal mUFC at restoration baseline, 12 (60%) had
normal mUFC at the end of the restoration phase. Median time
from the start of the restoration phase to first normalization for
the placebo group was 25 days. Mean decreases in mUFC from

restoration phase baseline (— 88.7 nmol/24 h in the levoketo-
conazole group and — 396.6 nmol/24 h in the placebo group)
resulted in comparable mean values at the end of the restoration
phase (135.6 nmol/24 h and 141.3 nmol, respectively). Simi-
larly, mean increases in total and LDL-cholesterol observed in
the placebo group during the RW phase were reversed during
the restoration phase (Online Resource 4).

Safety

In the safety population for all study phases combined, mean
(SD) duration of exposure to levoketoconazole was 160.1
(78.4) days, with a mean (SD) daily dose of 538.7 (213.1)
mg. In the ITT population, mean duration of exposure to study
medication in the RW phase was 50.5 days for levoketocona-
zole (mean daily dose, 717.9 mg) and 28.6 days for placebo.

Adverse events

During the RW phase, the incidence of AEs was similar in the
levoketoconazole and placebo groups (Table 3). The only AE
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Fig.4 Changes in individual mUFC concentrations from RW base-
line through the end of the RW (ITT population). Plot displays indi-
vidual patient mUFC from RW baseline to the end of the RW phase.
Each needle begins at RW baseline value (last nonmissing result prior
to the first dose of study drug administration during the RW phase)

reported for more than 2 patients in a treatment group during
the RW phase was hypertension, which was reported for 3
patients in the levoketoconazole group and 1 patient in the
placebo group; each event represented worsening of pre-exist-
ing hypertension. AEs occurring in 2 patients in a treatment
group were headache (2 patients in each treatment group),
nausea, and fatigue (each reported for 2 patients in the levoke-
toconazole group and 1 in the placebo group). AEs occurring
more frequently with placebo were dizziness and insomnia (2
patients each versus none with levoketoconazole).

During treatment with levoketoconazole across all study
phases (n=84), 75 (89%) patients had at least one treatment-
emergent AE. The most common AEs (incidence > 10%)
were nausea (29%), hypokalemia (26%), hypertension (24%),
headache (23%), diarrhea (14%), QT prolongation (14%),
dizziness (13%), decreased appetite (12%), fatigue (12%),
and vomiting (11%). Most AEs were of mild or moderate
intensity; the most common severe AEs were abdominal pain,
hypertension, hypokalemia, and nausea (3 patients each).

Per investigator judgment, 15 (18%) of 84 patients, all in
the TM phase, discontinued levoketoconazole because of an
AE. Serious AEs were reported among 13 (16%) patients,
with 4 patients reporting at least 1 event considered prob-
ably or definitely related to levoketoconazole: 3 liver-related,
1 abdominal pain, 1 hypokalemia. During treatment with
levoketoconazole, 32 AEs of special interest were reported
among 23 (27%) patients: liver-related (9 patients [10.7%]),
QT prolongation (9 patients [10.7%]), and adrenal insuffi-
ciency (8 patients [9.5%]). All AEs leading to discontinuation,
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and ends at the last measurement of mUFC in the RW phase (before
early rescue in cases where early rescue occurred). /77 intent to treat,
mUFC mean urinary free cortisol, RW randomized withdrawal, ULN
upper limit of normal

serious AEs, and severe AEs reported during treatment with
levoketoconazole are listed in Online Resource 5.

Liver tests

ALT values above the ULN occurred at least once among
37 (45%) of 83 patients with at least 1 postbaseline meas-
urement during treatment with levoketoconazole, includ-
ing 6 patients with ALT between 3 x and 5 X ULN and 3
patients with ALT above 5 X ULN (1 between 5 X ULN and
10x ULN and 2 between 10 X ULN and 20 X ULN; Table 4).
AST elevations of potentially clinically significant magni-
tude occurred only in the context of elevated ALT.

Across all study phases, 25 unique treatment-emergent
AEs related to liver test abnormalities were reported for 19
(23%) patients. There were no cases meeting Hy’s Law crite-
ria,> and all cases of liver test abnormalities associated with
AEs demonstrated reversibility without clinical sequelae, usu-
ally within 4 weeks of the first elevation above 3 X ULN. In 7
patients, levoketoconazole was permanently discontinued as
a direct result of the liver abnormality. The recognized onset

2 Hy’s Law components: (1) higher incidence of >threefold eleva-
tions above the ULN of ALT or AST for study drug versus placebo,
(2)>1 patient with aminotransferase elevation(s) also shows eleva-
tion of serum total bilirubin to>2 X ULN, and (3) no other reason can
be found for the combination of increased aminotransferase(s) and
total bilirubin (e.g., viral hepatitis, preexisting or acute liver disease)
[32].
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Table 3 Summary of adverse
events

Randomized withdrawal phase Levoketoconazole

All phases

Adverse events, n (%) Levoketoconazole Placebo combined

(n=22) (n=22) (n=284)
Any AE 11 (50.0) 10 (45.5) 75 (89.3)
Drug-related AE* 29.1) 0 (0) 34 (40.5)
Serious AE 14.5) 0(0) 13 (15.5)
AE leading to discontinuation 0(0) 0(0) 15(17.9)
Severe AE 29.1) 1(4.5) 19 (22.6)
AE:s of special interest® 1(4.5) 0(0) 23 (27.4)
Liver-related 0(0) 0(0) 9 (10.7)
QT prolongation 0(0) 0(0) 9 (10.7)
Adrenal insufficiency 1(4.5) 0(0) 8(9.5)

AE adverse event, MedDRA Medical Dictionary for Regulatory Activities

3AEs that were assessed by the investigator as probably or definitely related to levoketoconazole "Reported
by the investigator as an AE of special interest; may not include all recorded AEs for the associated MedDRA

preferred terms

of potentially clinically significant liver test abnormalities
was always during the TM phase, with the latest first onset
occurring on Day 126; median time to first ALT greater than
3xULN among the 9 affected patients was 61 days.

Electrocardiogram

In the overall safety population, 17 (20.2%) of 84 patients
had at least 1 Fridericia-corrected QT (QTcF) interval rep-
resenting an increase of more than 60 ms from baseline at
any time during treatment with levoketoconazole. Three
(3.6%) patients had a worst-recorded absolute QTcF interval
between 481 and 500 ms, and 3 (3.6%) had intervals greater
than 500 ms. There was no evidence of clinical sequelae
relating to any QTcF prolongation event. There were no
AEs related to ventricular arrhythmias, nor other symptoms
directly associated with QT prolongation events.

Adrenocorticotropic hormone concentration and tumor
size

Mean ACTH concentration in the subset of 62 patients diag-
nosed with CD was 13.9 pmol/L (1.3 X ULN) at TM baseline.
Using the highest observed value per patient during the TM
phase, mean ACTH increased by 12.8 pmol/L. At baseline of
the RW phase, mean ACTH concentration was 30.3 pmol/L
(2.8 X ULN) in the levoketoconazole group (n=18) and
27.1 pmol/L (2.5 X ULN) in the placebo group (n=20). At the
end of the RW phase, mean change in ACTH concentration was
4.3 pmol/L in the levoketoconazole group and — 12.9 pmol/L
in the placebo group (treatment difference, 17.3; P=0.1019).
Mean change in ACTH concentration from restoration phase
baseline at the end of the restoration phase was 10.0 pmol/L and
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— 6.1 pmol/L in the prior placebo and levoketoconazole groups,
respectively. Pituitary MRI scans were available at RW phase
baseline (last scan prior to the first dose of the study medication
in the RW phase) for 37 of 38 patients diagnosed with CD. Of
patients with a visible tumor (n=18), 1 in each group had a
macroadenoma and 16 (9 levoketoconazole and 7 placebo) had
a microadenoma. Follow-up MRI scans at the end of the RW
phase (approximately 31-60 days after the RW baseline assess-
ment) were available for 16 patients, 8 of whom had visible
tumors. Overall mean change in tumor diameter was — 0.5 mm
with levoketoconazole (n=4) and 0.5 mm with placebo (n=4),
with a maximum increase of 1 mm in each group. There were
no reported treatment-emergent AEs of Nelson’s syndrome,
pituitary apoplexy, or pituitary enlargement during study.

Testosterone

Among female patients with TM phase testosterone data, mean
total (n=56) and free (n=55) testosterone concentrations at
TM baseline were in the upper half of the normal ranges;
among male patients with data (n=14), mean free testoster-
one concentration was at the low end of the normal range and
mean total testosterone was below normal (Online Resource
6). Mean total and free testosterone levels decreased for both
male and female patients: to the lower half of the reference
ranges at the last TM phase observation for females, and below
the lower limit of normal for males. For both male and female
patients, increases in mean total and free testosterone observed
in the placebo group during the RW phase were reversed at the
end of the restoration phase (Online Resource 6).
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Table 4 Liver test monitoring, Levoketoconazole RW phase Restoration phase
worst observed values All phases
combined (n=83)* Levoketoconazole Placebo Levoketocona- Placebo
(n=22) (n=22) zole (n=21) (n=22)
ALT
>ULN 37 (44.6) 5(22.7) 0(0) 4 (19.0) 14.5)
>3xto 5XULN 6 (7.2) 0(0) 0(0) 0(0) 0(0)
>5xULN 3(3.6) 0(0) 0(0) 0(0) 0(0)
AST
>ULN 24 (28.9) 3(13.6) 0(0) 2(9.5) 1(4.5)
>3xto 5XULN 2 (2.4) 0(0) 0(0) 0(0) 0(0)
>5xULN 2(2.4) 0(0) 0(0) 0(0) 0(0)
GGT
>ULN 32 (38.6) 6(27.3) 1(4.5) 6(28.6) 1(4.5)
>3xto SXULN 6 (7.2) 0(0) 0(0) 0(0) 0(0)
>5xULN 6(7.2) 0(0) 0(0) 0(0) 0(0)
Total bilirubin
>ULN 3(3.6) 1(4.5) 0(0) 0(0) 1(4.5)
>1.5xULN 0(0) 0(0) 0(0) 0(0) 0(0)

ALT alanine aminotransferase, AST aspartate aminotransferase, GGT gamma glutamyl transferase, RW ran-
domized withdrawal, ULN upper limit of normal

?One patient had missing post-baseline values

Body weight, body mass index, and vital signs

At TM baseline, mean body weight and body mass index
(BMI) were, on average, indicative of a mildly obese popu-
lation (Online Resource 7). Mean decreases in body weight
and BMI were observed at the last observation in the TM
phase. During the RW phase, mean changes in body weight
and BMI were increased in the placebo group and decreased
in the levoketoconazole group. During the restoration phase,
further mean decreases in body weight and BMI were
observed in the levoketoconazole group; mean values in the
placebo group were essentially unchanged from restoration
phase baseline (Online Resource 7). There were no notable
findings related to mean changes in vital signs, including
blood pressure, during the study (Online Resource 8).

Discussion

LOGICS is the first placebo-controlled study investigating
the efficacy of levoketoconazole in the treatment of patients
with endogenous CS. The enrolled population was gener-
ally representative of adults with CS who require drug treat-
ment. Primary results from LOGICS demonstrate a difference
between continuing masked active treatment versus switching
to matching placebo following establishment of mUFC control
(loss of response in 95.5% of the placebo group vs. 40.9% of
the levoketoconazole group; treatment difference, — 54.5%;
P=0.0002). Furthermore, restoration of active therapy was

largely successful in reversing therapy withdrawal to placebo,
with 60% of placebo-treated patients with elevated mUFC
following placebo treatment showing normal mUFC at study
completion. Therefore, the effect of levoketoconazole to nor-
malize mUFC is shown to be drug-specific, reversible upon
drug withdrawal, and restorable upon drug reintroduction,
confirming and extending findings of the completed SONICS
study [24]. We have also shown that restoration of normal cor-
tisol secretion can be achieved much more quickly than initial
dose finding when titrating to a previously established effec-
tive dose, with a median time to normalization of 3 to 4 weeks
using the rapid titration schedule (increments of 150 mg/day
every third day) in the restoration phase.

The mUFC normalization in the LOGICS study appears
to be at least partly a reflection of the baseline mUFC, with
higher pretherapy mUFC portending the need for higher
doses of levoketoconazole to normalize mUFC and, per-
haps, also a lower likelihood of cortisol secretion normali-
zation. Notwithstanding this observation, all studied doses
demonstrated effectiveness in at least 1 patient each, and
mUFC was normalized at the last TM assessment in 4 of
the 6 patients with the highest recorded baseline mUFC in
LOGICS (range: about 14- to 40-fold ULN).

The dosing findings further establish that empirical dose-
finding on a per-patient basis is effective and, as of this writ-
ing, remains the only known way to determine a therapeutic
dose. However, losses of mUFC response (loss of normali-
zation) during continued active treatment in the RW phase
of LOGICS were common—occurring in approximately
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40% of patients. Therefore, sustained mUFC normalization
should not be assumed to result from an initial mUFC nor-
malization demonstration—a minority of patients will lose
mUFC control in the short-term and will never regain it with
levoketoconazole monotherapy, while others can recover a
state of mUFC normalization, or otherwise acceptable UFC
control, through maintenance of dose or one or more sub-
sequent dose increases (as also shown during maintenance
in SONICS) [24]. Routine cortisol monitoring beyond the
initial mUFC normalization is universally advisable to main-
tain UFC at goal, with dose increases as needed up to the
maximal studied dose or as tolerated. In addition, due to
the high degree of variability associated with UFC assess-
ments, more-reliable parameters of efficacy are needed to
better monitor treatment outcomes [11].

LDL-cholesterol serves as an important biomarker of car-
diovascular risk, and cardiovascular disease is the primary
correlate of excess mortality in CS [5, 33, 34]. Open-label
levoketoconazole was associated with reduction of mean
LDL-cholesterol at the end of the TM phase in the current
study, an effect that rapidly reversed upon withdrawal in the
placebo group but not in the continued levoketoconazole
group. These findings establish that the effect of levoketo-
conazole to reduce total and LDL-cholesterol during open-
label treatment is confirmed as a treatment-related effect.

The safety profile observed during the LOGICS study was
consistent with prior studies; no new safety signals or unex-
pected findings of clinical relevance were observed from the
AE, ECG, or laboratory data. Nausea, hypokalemia, headache,
and hypertension were the most commonly reported AEs dur-
ing levoketoconazole treatment across study phases. There is
little evidence that any common AE was dose-related.

Hypokalemia AEs were reported more frequently in
LOGICS compared with SONICS despite a similar inci-
dence of measured serum potassium below the normal range
[24]. The more frequent reporting of mild potassium abnor-
malities such as hypokalemia AEs was likely explained by
the study team encouraging investigators to maintain potas-
sium concentration in the upper half of the normal range
(i.e., between 4.5 and 5.3 mmol/L) to mitigate the risk of
potassium-related prolongation of the QT interval.

The incidence of suspected or confirmed adrenal insuf-
ficiency of about 10% was somewhat higher than previously
observed, which may relate to the higher average daily levoke-
toconazole dosage used during dose titration in this study [24].
All adrenal insufficiency cases were considered to be mild or
moderate in severity, and only 1 patient discontinued participa-
tion as a result. As with other medical therapies for CS, how-
ever, clinicians must adjust levoketoconazole dosing to balance
optimal cortisol control against the risk of adrenal insufficiency.

The randomized withdrawal to placebo provided an
opportunity to observe AEs associated with acute treatment
withdrawal versus active therapy maintenance. However,
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the limited duration of the placebo comparison meant that
only frequent and early-onset events of this type would be
expected to be observed at higher rates in the placebo arm.
Only 2 AE terms—insomnia and dizziness—were reported
in at least 2 more patients in the placebo arm relative to the
levoketoconazole arm. Insomnia and dizziness are frequently
reported by patients with CS, both before and after cortisol
withdrawal [35]. Therefore, their appearance at a nominally
higher frequency during placebo treatment is inconclusive.

Mean increases in QTc interval were established in this
study as being at least partially drug-related and also likely
dose-related, consistent with the putative mechanism of
KCNH2 I, channel inhibition [36, 37]. However, only 3
patients experienced interval prolongation above the clini-
cally important threshold of 500 ms, and there was no evi-
dence of clinical sequelae (e.g., arrhythmia) relating to any
QTCcF prolongation event. Most patients experiencing a QT
interval prolongation event were able to remain in the study
at the same or reduced dosage following dose interruption.

Liver test monitoring findings essentially mirrored
prior experience [24], with commonly seen abnormalities
of transaminases (AST, ALT, and gamma glutamyl trans-
ferase) above the ULN. Abnormalities above the thresh-
old of 3 x ULN (incidence about 11% for ALT) always
first occurred during titration, with a median onset about
2 months after initiating treatment, which could be impor-
tant for monitoring algorithms. There were no patients
whose data met Hy’s Law, which portends a higher risk of
serious liver injury; indeed, the highest recorded total biliru-
bin concentration was 1.1 X ULN. Most potentially clinically
significant cases of liver test abnormalities were asympto-
matic, emphasizing the importance of monitoring. All liver
test abnormalities were documented as reversible, and there
were no clinical sequelae, highlighting success of the moni-
toring and risk mitigation scheme employed.

Common laboratory changes during the TM phase of
LOGICS were mostly those expected based on the pharma-
cological properties of levoketoconazole to reduce cortisol
and androgen concentrations in blood [23, 24]. Reduction
of total and free testosterone, a pharmacological effect pre-
sumably caused by potent levoketoconazole inhibition of
cytochrome P450 17A (CYP17A) activity [21, 23], was
observed in both male and female patients, with salutary
effects on hirsutism and acne likely a result. As testoster-
one reduction in men in particular is potentially an adverse
effect, testosterone should be monitored occasionally, or as
prompted by symptoms suggestive of hypogonadism during
use of levoketoconazole in men.

Limitations of this study include the short duration of the
RW phase, particularly in patients assigned to placebo who
(with 1 exception) required early rescue treatment. The RW
phase design necessarily selects a population that has toler-
ated the medication prior to randomization, in this case for at
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least 14 weeks, confounding interpretation of safety findings
post-randomization. Furthermore, the relatively small sample
size of the ITT population led to some baseline differences
between groups, although these differences were not found
to have meaningfully affected interpretation of the results.
It was necessary to change the statistical plan because the
intended primary analysis (logistic regression model) inflated
the apparent treatment effect of levoketoconazole, and the pre-
specified supportive analysis is considered a more accurate
estimate of treatment efficacy. Data for levoketoconazole are
limited to comparisons versus placebo, as there are no head-
to-head comparisons with different drugs. Finally, strict inclu-
sion and exclusion criteria and a study population largely of
European descent limited patient heterogeneity.

In conclusion, treatment with levoketoconazole benefit-
ted many patients in the current study, as evidenced by fre-
quent normalization of mUFC and concurrent improvements
in lipid profile. These benefits were established as related
specifically to treatment with levoketoconazole via loss of
benefit upon withdrawal to placebo and restoration upon
reintroduction of active therapy. Additional novel findings
are the relationship of dose to both UFC normalization and
QTec prolongation and that restoration of levoketoconazole
following an interruption not due to an AE may be safely
accomplished by rapid re-titration. Levoketoconazole was
generally well tolerated and had a safety profile that was
manageable with appropriate close monitoring. Together
these findings support the use of levoketoconazole as a treat-
ment option for adult patients with CS.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11102-022-01263-7.

Acknowledgments The authors thank the site investigators, study coor-
dinators, clinical staff, and patients who participated in the study. Medi-
cal editorial assistance was provided under the direction of the authors
by Nancy Holland, PhD, Synchrony Medical Communications, LLC,
West Chester, PA; funding for this support was provided by Strongbridge
Biopharma (now Xeris Biopharma). LOGICS Investigator List Principal
investigators (N =number of patients enrolled in the study for each site):
Bulgaria: Zdravko Kamenov (Clinic of Endocrinology, Medical Univer-
sity of Sofia; N=1); Maria Orbetzova (Sveti Georgy University Hospi-
tal; N=1); Sabina Zacharieva (Acad. Ivan Penchev; N=8); Denmark:
Ulla Feldt-Rasmussen (Rigshospitalet, Copenhagen University Hospital;
N=0); France: Thierry Brue (Hopital de la CONCEPTION Service
d’Endocrinologie, Diabete et Maladies Metaboliques; N =3); Greece:
Fotini Adamidou (Hippokration General Hospital; N=2); Gregory Kaltsas
(National and Kapodistrian University of Athens-Laiko General Hospital;
N=0); Theodora Kounadi (General Hospital of Athens G. Gennimatas;
N=1); Stylianos Tsagarakis (Evangelismos Hospital, Athens; N =3); Ste-
lios Tigas (University Hospital of Ioannina, Department of Endocrinology;
N=0); Hungary: Miklés Téth (Semmelweis University; N =5); Israel:
Yona Greenman (Sourasky Medical Center; N=1); Leonard Saiegh (Bnai
Zion Medical Center Institute of Endocrinology and Metabolism; N=1);
Ilan Shimon (Institute of Endocrinology and Metabolism, Rabin Medi-
cal Center, Beilinson Campus; N=5); Italy: Giorgio Arnaldi (Azienda
Ospedaliera—Universitaria Ancona; N =2); Salvatore Cannavo (UOC di
Endocrinologia, Dipartimento di Medicina, AOU Policlinico G. Martino;

N=1); Diego Ferone (University of Genova, IRCCS AOU San Martino-
IST; N=1); Roberta Giordano (Azienda Ospedaliero—Universitaria Citta
della Salute e della Scienza di Torino; N =2); Rosario Pivonello (Univer-
sity of Naples Federico II; N=6); Alfredo Pontecorvi (Policlinico Univer-
sitario Agostino Gemelli; N=0); Antonio Stigliano (Sant'Andrea Hospi-
tal, University of Rome "Sapienza," Rome; N=4); Netherlands: Nienke
Biermasz (Leiden University Medical Center; N=0); Richard Feelders
(Polikliniek Endocrinologie, Erasmus MC; N=2); Poland: Barbara Jar-
zab (Maria Sklodowska-Curie Memorial Cancer Center and Institute of
Oncology Gliwice Branch, aria Sklodowska-Curie Memorial Institute,
N=0); Magdalena Stasiak (Instytut Centrum Zdrowia Matki Polki; N=1);
Przemyslaw Witek (Outpatient Clinic: Reuma Centrum; N=0); Romania:
Corin Badiu (National Institute of Endocrinology CI Parhon, Bucharest;
N=4); Melania-Olga Balas (Spitalul Clinic Judetean de Urgenta Pius
Brinzeu Timisoara, Spitalul Clinic Judetean de Urgenta; N=0); Car-
men Georgescu (Iuliu Hatieganu University of Medicine and Pharmacy,
Cluj-Napoca; N=3); Ionela Pascanu (Universitatea de Medicina si Far-
macie Tirgu Mures, Spitalul Clinic Judetean Mures; N=2); Spain: Car-
men Fajardo (Hospital Universidad de la Ribera; N=0); Manuel Luque
Ramirez (Hospital Universitario Ramén y Cajal, Endocrinology and
Nutrition; N=2); USA: John Carmichael (University of Southern Cali-
fornia; N=1); Tobias Else (University of Michigan Comprehensive Cancer
Center, Ann Arbor; N=1); Maria Fleseriu (Oregon Health and Science
University; N=3); Eliza Geer (Memorial Sloan-Kettering Cancer Center;
N=2); Murray Gordon (West Penn Allegheny Health System; N=2);
Anthony Heaney (University of California, Los Angeles, School of Medi-
cine; N=2); Wenyu Huang (Northwestern University, Feinberg School
of Medicine; N=1); Adriana Ioachimescu (Emory University Hospital;
N=1); Terri Jerkins (Midstate Endocrine Associates, Nashville; N=0);
Sam Lerman (The Center for Diabetes and Endocrine Care — Hollywood;
N=1); Ning-Ai Liu (Cedars-Sinai Medical Center; N=0); Gabrielle Page-
Wilson (Columbia University Medical Center; N=1); Roberto Salvatori
(Johns Hopkins University; N=1); Julie Silverstein (Washington Univer-
sity School of Medicine in St. Louis; N=2).

Author contributions RP enrolled patients in the study, collected data,
and contributed to interpretation of data and writing and revising the
report. SZ enrolled patients in the study, collected data, and contributed
to interpretation of data and critically reviewing and revising the report.
AE enrolled patients in the study, collected data, and contributed to
interpretation of data and critically reviewing and revising the report.
MT enrolled patients in the study, collected data, and contributed to
interpretation of data and critically reviewing and revising the report.
IS enrolled patients in the study, collected data, and contributed to
interpretation of data and critically reviewing and revising the report.
AS enrolled patients in the study, collected data, and contributed to
interpretation of data and critically reviewing and revising the report.
CB enrolled patients in the study, collected data, and contributed to
interpretation of data and critically reviewing and revising the report.
TB enrolled patients in the study, collected data, and contributed to
interpretation of data and critically reviewing and revising the report.
CEQG enrolled patients in the study, collected data, and contributed to
interpretation of data and critically reviewing and revising the report.
ST enrolled patients in the study, collected data, and contributed to
interpretation of data and critically reviewing and revising the report.
FC contributed to design of the study, interpretation of data, and writ-
ing and revising the report. MF contributed to design of the study,
enrolled patients in the study, collected data, and contributed to inter-
pretation of data and critically reviewing and revising the report.

Funding Open access funding provided by Universita degli Studi di
Napoli Federico II within the CRUI-CARE Agreement. The study was
funded by Cortendo AB (a subsidiary of Strongbridge Biopharma [now
Xeris Biopharma]).

@ Springer


https://doi.org/10.1007/s11102-022-01263-7

924

Pituitary (2022) 25:911-926

Data availability Only the summarized data provided in the manuscript
and supplemental online resource items is to be shared.

Declarations

Conflict of interest RP reports receiving research support to Federico 1T
University of Naples as a principal investigator for clinical trials from
Corcept Therapeutics, HRA Pharma, Novartis, Recordati, and Xeris Bi-
opharma/Strongbridge Biopharma; receiving different research support to
Federico II University of Naples from Novartis and Xeris/Strongbridge;
and receiving occassional consulting honoraria from Corcept Therapeu-
tics, HRA Pharma, Novartis, Recordati, and Xeris/Strongbridge. SZ re-
ports receiving consulting honoraria from Novartis. AE reports serving
as the principal investigator/sub-investigator of clinical trials for Corcept
Therapeutics and Novartis; and receiving consulting honoraria from
Novartis. MT reports serving as the principal investigator of clinical tri-
als for Corcept Therapeutics, HRA Pharma, Novartis, and Xeris/Strong-
bridge; serving as an occasional scientific consultant to HRA Pharma and
Recordati; and receiving speaker’s fees from Medis, Novartis, and Xeris/
Strongbridge. IS reports receiving research grants, consulting, and lecture-
ship fees from Medison Pharma, Novartis International, and Pfizer. AS
reports receiving no grants or consulting honoraria from pharmaceutical
companies. CB reports serving as the principal investigator of research
grants from Novo Nordisk and Xeris/Strongbridge; and receiving consult-
ing honoraria from Ipsen. TB reports serving as a clinical trial investiga-
tor for Novartis and Xeris/Strongbridge; receiving research grants from
Ipsen and Pfizer; and serving as an advisory board member or receiving
speaker’s fees from Ipsen, Novartis, Pfizer, and Xeris/Strongbridge. CEG
reports serving as the principal investigator of clinical trials for HRA
Pharma and Xeris/Strongbridge. ST reports receiving research and travel
grants and consulting honoraria from Novartis; and receiving consulting
honoraria from Recordati. FC is a former employee of Strongbridge Bi-
opharma/Xeris Pharma and reports receiving consulting fees from Xeris.
MEF reports serving as an investigator with research grants to OHSU from
Novartis, Recordati, and Xeris/Strongbridge; serving as an occasional sci-
entific consultant to HRA Pharma, Recordati, Sparrow, and Xeris/Strong-
bridge; and is on the Editorial Board of Pituitary.

Ethical approval The study was approved by an institutional review
board or independent ethics committee at each site and conducted
in accordance with the International Conference on Harmonisation
Guideline for Good Clinical Practice and the ethical principles of the
Declaration of Helsinki.

Informed consent Written informed consent was provided by each
patient to participate in the study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer

References

1. Lacroix A, Feelders RA, Stratakis CA, Nieman LK (2015) Cush-
ing’s syndrome. Lancet 386(9996):913-927

2. Pivonello R, Isidori AM, De Martino MC, Newell-Price J, Biller
BMK, Colao A (2016) Complications of Cushing’s syndrome:
state of the art. Lancet Diabetes Endocrinol 4(7):611-629

3. Pivonello R, Simeoli C, De Martino MC, Cozzolino A, De Leo
M, Iacuaniello D, Pivonello C, Negri M, Pellecchia MT, lasevoli
F, Colao A (2015) Neuropsychiatric disorders in Cushing’s syn-
drome. Front Neurosci 9:129

4. Andela CD, van Haalen FM, Ragnarsson O, Papakokkinou E,
Johannsson G, Santos A, Webb SM, Biermasz NR, van der Wee
NJ, Pereira AM (2015) Mechanisms in endocrinology: Cushing’s
syndrome causes irreversible effects on the human brain: a sys-
tematic review of structural and functional magnetic resonance
imaging studies. Eur J Endocrinol 173(1):R1-R14

5. Ragnarsson O, Olsson DS, Papakokkinou E, Chantzichristos D,
Dahlqvist P, Segerstedt E, Olsson T, Petersson M, Berinder K,
Bensing S, Hoybye C, Edén-Engstrom B, Burman P, Bonelli L,
Follin C, Petranek D, Erfurth EM, Wahlberg J, Ekman B, Aker-
man AK, Schwarcz E, Bryngelsson IL, Johannsson G (2019)
Overall and disease-specific mortality in patients with Cushing’s
disease: a Swedish nationwide study. J Clin Endocrinol Metab
104(6):2375-2384

6. Ahn CH, Kim JH, Park MY, Kim SW (2021) Epidemiology and
comorbidity of adrenal Cushing syndrome: a nationwide cohort
study. J Clin Endocrinol Metab 106(3):e1362—e1372

7. Clayton RN, Jones PW, Reulen RC, Stewart PM, Hassan-Smith
ZK, Ntali G, Karavitaki N, Dekkers OM, Pereira AM, Bolland M,
Holdaway I, Lindholm J (2016) Mortality in patients with Cush-
ing’s disease more than 10 years after remission: a multicentre,
multinational, retrospective cohort study. Lancet Diabetes Endo-
crinol 4(7):569-576

8. Varlamov EV, Langlois F, Vila G, Fleseriu M (2021) Management
of endocrine disease: cardiovascular risk assessment, thromboem-
bolism, and infection prevention in Cushing’s syndrome: a practi-
cal approach. Eur J Endocrinol 184(5):R207-R224

9. Nieman LK, Biller BMK, Findling JW, Murad MH, Newell-Price
J, Savage MO, Tabarin A, Endocrine Society (2015) Treatment
of Cushing’s syndrome: an Endocrine Society Clinical Practice
Guideline. J Clin Endocrinol Metab 100(8):2807-2831

10. Pivonello R, De Leo M, Cozzolino A, Colao A (2015) The treat-
ment of Cushing’s disease. Endocr Rev 36(4):385-486

11. Fleseriu M, Auchus R, Bancos I, Ben-Shlomo A, Bertherat J,
Biermasz NR, Boguszewski CL, Bronstein MD, Buchfelder M,
Carmichael JD, Casanueva FF, Castinetti F, Chanson P, Findling J,
Gadelha M, Geer EB, Giustina A, Grossman A, Gurnell M, Ho K,
Ioachimescu AG, Kaiser UB, Karavitaki N, Katznelson L, Kelly
DF, Lacroix A, McCormack A, Melmed S, Molitch M, Mortini
P, Newell-Price J, Nieman L, Pereira AM, Petersenn S, Pivonello
R, Raff H, Reincke M, Salvatori R, Scaroni C, Shimon I, Stratakis
CA, Swearingen B, Tabarin A, Takahashi Y, Theodoropoulou M,
Tsagarakis S, Valassi E, Varlamov EV, Vila G, Wass J, Webb SM,
Zatelli MC, Biller BMK (2021) Consensus on diagnosis and man-
agement of Cushing’s disease: a guideline update. Lancet Diabetes
Endocrinol 9(12):847-875

12. Wang F, Catalino MP, Bi WL, Dunn IF, Smith TR, Guo Y,
Hordejuk D, Kaiser UB, Laws ER, Min L (2021) Postoperative
day 1 morning cortisol value as a biomarker to predict long-
term remission of Cushing disease. J Clin Endocrinol Metab
106(1):e94—e102

13. Braun LT, Rubinstein G, Zopp S, Vogel F, Schmid-Tannwald
C, Escudero MP, Honegger J, Ladurner R, Reincke M (2020)
Recurrence after pituitary surgery in adult Cushing’s disease:


http://creativecommons.org/licenses/by/4.0/

Pituitary (2022) 25:911-926

925

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

a systematic review on diagnosis and treatment. Endocrine
70(2):218-231

Hinojosa-Amaya JM, Varlamov EV, McCartney S, Fleseriu M
(2019) Hypercortisolemia recurrence in Cushing’s disease; a diag-
nostic challenge. Front Endocrinol (Lausanne) 10:740

Feelders RA, Newell-Price J, Pivonello R, Nieman LK, Hofland
LJ, Lacroix A (2019) Advances in the medical treatment of Cush-
ing’s syndrome. Lancet Diabetes Endocrinol 7(4):300-312
Hinojosa-Amaya JM, Cuevas-Ramos D, Fleseriu M (2019) Medi-
cal management of Cushing’s syndrome: current and emerging
treatments. Drugs 79(9):935-956

Pivonello R, Ferrigno R, De Martino MC, Simeoli C, Di Paola N,
Pivonello C, Barba L, Negri M, De Angelis C, Colao A (2020)
Medical treatment of Cushing’s disease: an overview of the cur-
rent and recent clinical trials. Front Endocrinol (Lausanne) 11:648
Fleseriu M, Auchus RJ, Pivonello R, Salvatori R, Zacharieva
S, Biller BMK (2021) Levoketoconazole: a novel treatment for
endogenous Cushing’s syndrome. Expert Rev Endocrinol Metab
16(4):159-174

European Medicines Agency. Ketoconazole HRA 200 mg tablets:
summary of product characteristics. European Medicines Agency,
London

Fleseriu M, Castinetti F (2016) Updates on the role of adrenal ster-
oidogenesis inhibitors in Cushing’s syndrome: a focus on novel
therapies. Pituitary 19(6):643-653

Creemers SG, Feelders RA, de Jong FH, Franssen GJH, de Rijke
YB, van Koetsveld PM, Hofland LJ (2021) Levoketoconazole, the
2S.,4R enantiomer of ketoconazole, a new steroidogenesis inhibi-
tor for Cushing’s syndrome treatment. J Clin Endocrinol Metab
106(4):e1618-e1630

Auchus, RJ, Wu, Y, Liu, J (2018) 2S,4R-ketoconazole is the rel-
evant enantiomer of ketoconazole for cortisol synthesis inhibi-
tion: steroidogenic P450s inhibition involves multiple mechanisms
[abstract]. Endocrine Rev 39(2 suppl).

Thieroff-Ekerdt R, Lavin P, Abou-Gharbia M, France NP (2016)
Pharmacology of COR-003 (Ievoketoconazole), an investigational
treatment for endogenous Cushing’s syndrome. 98th Annual
Meeting and Expo of the Endocrine Society (ENDO), Boston,
MA, April 1-4 2016

Fleseriu M, Pivonello R, Elenkova A, Salvatori R, Auchus RJ,
Feelders RA, Geer EB, Greenman Y, Witek P, Cohen F, Biller
BMK (2019) Efficacy and safety of levoketoconazole in the treat-
ment of endogenous Cushing’s syndrome (SONICS): a phase 3,
multicentre, open-label, single-arm trial. Lancet Diabetes Endo-
crinol 7(11):855-865

Geer EB, Salvatori R, Elenkova A, Fleseriu M, Pivonello R, Witek
P, Feelders RA, Bex M, Borresen SW, Puglisi S, Biller BMK,
Cohen F, Giraldi FP (2021) Levoketoconazole improves clinical
signs and symptoms and patient-reported outcomes in patients
with Cushing’s syndrome. Pituitary 24(1):104-115

Authors and Affiliations

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Pivonello R, Elenkova A, Fleseriu M, Feelders RA, Witek P,
Greenman Y, Geer EB, Perotti P, Saiegh L, Cohen F, Arnaldi G
(2021) Levoketoconazole in the treatment of patients with Cush-
ing’s syndrome and diabetes mellitus: results from the SONICS
phase 3 study. Front Endocrinol 12:595894

Webb SM, Badia X, Barahona MJ, Colao A, Strasburger CJ,
Tabarin A, van Aken MO, Pivonello R, Stalla G, Lamberts SWJ,
Glusman JE (2008) Evaluation of health-related quality of life in
patients with Cushing’s syndrome with a new questionnaire. Eur
J Endocrinol 158(5):623-630

Beck AT, Steer RA, Brown GK (1996) Beck Depression
Inventory®—II (BDI®-II), 2nd edn. The Psychological Corpora-
tion, San Antonio TX

Doshi A, Zaheer A, Stiller MJ (1997) A comparison of current
acne grading systems and proposal of a novel system. Int J Der-
matol 36(6):416-418

Hatch R, Rosenfield RL, Kim MH, Tredway D (1981) Hirsutism:
implications, etiology, and management. Am J Obstet Gynecol
140(7):815-830

Brodovicz KG, McNaughton K, Uemura N, Meininger G, Girman
ClJ, Yale SH (2009) Reliability and feasibility of methods to quan-
titatively assess peripheral edema. Clin Med Res 7(1-2):21-31
U.S. Department of Health and Human Services, Food and Drug
Administration, Center for Drug Evaluation and Research, Center
for Biologics Evaluation and Research (2009) Guidance for indus-
try drug-induced liver injury: premarketing clinical evaluation.
Center for Biologics Evaluation and Research, Rockville, MD
Khan SU, Michos ED (2020) Cardiovascular mortality after inten-
sive LDL-cholesterol lowering: does baseline LDL-cholesterol
really matter? Am J Prev Cardiol 1:100013

Navarese EP, Robinson JG, Kowalewski M, Kolodziejczak M,
Andreotti F, Bliden K, Tantry U, Kubica J, Raggi P, Gurbel PA
(2018) Association between baseline LDL-C level and total and
cardiovascular mortality after LDL-C lowering: a systematic
review and meta-analysis. JAMA 319(15):1566-1579

Santos A, Resmini E, Pascual JC, Crespo I, Webb SM (2017) Psy-
chiatric symptoms in patients with Cushing’s syndrome: preva-
lence, diagnosis and management. Drugs 77(8):829-842
Dumaine R, Roy ML, Brown AM (1998) Blockade of HERG and
Kv15 by ketoconazole. J Pharmacol Exp Ther 286(2):727-735
Takemasa H, Nagatomo T, Abe H, Kawakami K, Igarashi T, Tsu-
rugi T, Kabashima N, Tamura M, Okazaki M, Delisle BP, Janu-
ary CT, Otsuji Y (2008) Coexistence of hERG current block and
disruption of protein trafficking in ketoconazole-induced long QT
syndrome. Br J Pharmacol 153(3):439—-447

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Rosario Pivonello' - Sabina Zacharieva? - Atanaska Elenkova? - Miklés Téth3 - Ilan Shimon* - Antonio Stigliano® -
Corin Badiu® - Thierry Brue’ - Carmen Emanuela Georgescu®? - Stylianos Tsagarakis'® - Fredric Cohen'’ -
Maria Fleseriu'2

1

2

3

Universita Federico II Di Napoli, Naples, Italy
Medical University Sofia, Sofia, Bulgaria

Semmelweis University, Budapest, Hungary

Rabin Medical Center and Tel Aviv University, Tel Aviv,
Israel

Sant’Andrea Hospital, University of Rome “Sapienza”,
Rome, Italy

@ Springer



926 Pituitary (2022) 25:911-926

National Institute of Endocrinology CI Parhon Endocrinology Clinical Unit, Cluj County Emergency
and “C. Davila” University of Medicine and Pharmacy, Hospital, Cluj-Napoca, Romania

Bucharest, Romania 10 Evangelismos Hospital, Athens, Greece
Aix-Marseille Université and Assistance Publique - Hopitaux 1 A .
de Marseille, Hopital de la Conception, Marseille, France Xeris Biopharma, Chicago, IL, USA

Tuliu Hatieganu University of Medicine and Pharmacy, Oregon Health and Science University, Portland, OR, USA

Cluj-Napoca, Romania

@ Springer



	Levoketoconazole in the treatment of patients with endogenous Cushing’s syndrome: a double-blind, placebo-controlled, randomized withdrawal study (LOGICS)
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study design and patients
	Procedures
	Outcome measures
	Statistical analysis

	Results
	Patients
	Efficacy
	Cortisol control
	Comorbidity biomarkers
	Quality of life, depression, and signs and symptoms of Cushing’s syndrome
	Late-night salivary cortisol
	Restoration phase

	Safety
	Adverse events
	Liver tests
	Electrocardiogram
	Adrenocorticotropic hormone concentration and tumor size
	Testosterone
	Body weight, body mass index, and vital signs


	Discussion
	Acknowledgments 
	References




