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Abstract

Objective: This extended evaluation (EE) of the SONICS study assessed the effects of levoketoconazole for an additional 6 
months following open-label, 6-month maintenance treatment in endogenous Cushing’s syndrome. 
Design/Methods: SONICS included dose-titration (150–600 mg BID), 6-month maintenance, and 6-month EE phases. 
Exploratory efficacy assessments were performed at months 9 and 12 (relative to the start of maintenance). For pituitary 
MRI in patients with Cushing’s disease, a threshold of ≥2 mm denoted change from baseline in the largest tumor 
diameter.
Results: Sixty patients entered EE at month 6; 61% (33/54 with data) exhibited normal mean urinary free cortisol (mUFC). 
At months 9 and 12, respectively, 55% (27/49) and 41% (18/44) of patients with data had normal mUFC. Mean fasting 
glucose, total and LDL-cholesterol, body weight, BMI, abdominal girth, hirsutism, CushingQoL, and Beck Depression 
Inventory-II scores improved from the study baseline at months 9 and 12. Forty-six patients completed month 12; 
four (6.7%) discontinued during EE due to adverse events. The most common adverse events in EE were arthralgia, 
headache, hypokalemia, and QT prolongation (6.7% each). No patient experienced alanine aminotransferase or aspartate 
aminotransferase >3× upper limit of normal, Fridericia-corrected QT interval >460 ms, or adrenal insufficiency during EE. 
Of 31 patients with tumor measurements at baseline and month 12 or follow-up, the largest tumor diameter was stable in 
27 (87%) patients, decreased in one, and increased in three (largest increase 4 mm). 
Conclusion: In the first long-term levoketoconazole study, continued treatment through a 12-month maintenance period 
sustained the early clinical and biochemical benefits in most patients completing EE, without new adverse effects.

Introduction

Endogenous Cushing’s syndrome (CS) is a rare, 
serious, endocrine disorder characterized by chronic 
overproduction of cortisol, most commonly due to a 
benign pituitary corticotroph tumor (i.e. Cushing’s disease 

(CD)) (1, 2, 3). CS is associated with significant metabolic, 
cardiovascular, musculoskeletal, and neuropsychiatric 
morbidities, increased mortality risk, and impaired quality 
of life (QoL) (4, 5, 6). Although surgery provides long-term 
remission in some patients, many may require lifelong 
medical therapy (1, 7). Therefore, long-term prospective 
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clinical trial data are needed to inform the selection of 
medical therapies for patients with CS.

Levoketoconazole, the 2S, 4R enantiomer of racemic 
ketoconazole, is an adrenal steroidogenesis inhibitor 
(8) approved in the United States for the treatment of 
endogenous hypercortisolemia in adult patients with CS 
for whom surgery is not an option or has not been curative 
(9). Preclinical and clinical pharmacology findings 
suggest that levoketoconazole is an approximately 
two-fold more potent cortisol synthesis inhibitor than 
ketoconazole, potentially accounting for essentially all of 
the cortisol synthesis inhibition activity of ketoconazole 
(10, 11). The short-term efficacy of oral levoketoconazole 
was established in two phase 3 multinational clinical 
studies: SONICS (Study Of levoketocoNazole In CS), a 
prospective, open-label, dose-titration and maintenance 
study (12), and LOGICS (LevOketoconazole to fill a Gap 
In CS), a double-blind, placebo-controlled, randomized 
withdrawal study (13). Here, we report findings from the 
extended evaluation (EE) phase of the SONICS study, 
which assessed, for the first time, longer-term effects 
of levoketoconazole on cortisol levels, biomarkers of 
CS comorbidities, clinical signs and symptoms of CS, 
and QoL. In addition, findings from pituitary adenoma 
imaging in the SONICS study are reported here.

Methods

Study design and patients

SONICS was a phase 3, multinational, single-arm, 
open-label study conducted in accordance with the 
ethical principles of the Declaration of Helsinki and the 
Good Clinical Practice Guideline of the International 
Conference on Harmonisation (ClinialTrials.gov: 
NCT01838551). The study protocol was approved by 
an institutional review board or independent ethics 
committee at each site (Supplementary Table 1), and all 
patients provided written informed consent to participate 
in the study.

SONICS included 3 phases: a flexibly timed (2–21 
weeks) dose-titration phase, a maintenance phase to 
evaluate 6 months of treatment with a fixed therapeutic 
dose (primary endpoint), and an EE phase to assess an 
additional 6 months of levoketoconazole treatment (12). 
Inclusion and exclusion criteria have been previously 
reported (12); notably, patients with previous radiation 
therapy were eligible, provided treatment had occurred at 
least 4 years previously and no improvement was observed 
in the 6 months prior to the study. Patients who had 

been deemed surgical failures (≥6 weeks since surgery) 
were also eligible. Adults with a confirmed diagnosis of 
CS and 24-h mean urinary free cortisol (mUFC) levels of 
at least 1.5× the upper limit of normal (ULN) with either 
an abnormal dexamethasone suppression test or elevated 
late-night salivary cortisol (LNSC) were enrolled in the 
dose-titration phase, wherein the levoketoconazole dose 
was adjusted (within the range of 150−600 mg twice 
daily) based on mUFC response and tolerability. Patients 
for whom a therapeutic dose was identified were eligible 
to enter the maintenance phase. While a therapeutic goal, 
mUFC normalization was not required to advance to the 
maintenance phase if, in the opinion of the investigator, 
the participant derived clinical benefit from the study 
medication. There was no minimum duration of time 
during which the therapeutic dose was to be established. 
The therapeutic dose of levoketoconazole remained 
unchanged during the maintenance and EE phases unless 
adjustments were necessary to maintain cortisol control 
or to address safety or tolerability issues. Only patients 
completing the 6-month maintenance phase were 
invited to continue on to the 6-month EE phase reported 
here. Thus, patients could receive up to 12 months of 
maintenance treatment with levoketoconazole. EE phase 
assessments were scheduled at months 9 and 12 (relative 
to the start of maintenance).

Outcomes

The exploratory outcomes evaluated in the EE phase 
and reported here included the proportion of patients 
with normal mUFC and changes from study baseline in 
mUFC, LNSC, and random serum cortisol concentrations. 
In addition, changes in several biomarkers and clinical 
parameters of CS comorbidities such as fasting glucose, 
HbA1c, total and LDL cholesterol, body weight, BMI, 
abdominal girth, blood pressure, C-reactive protein, 
investigator-assessed clinical signs and symptoms (e.g. 
acne, hirsutism (females only), peripheral edema), and 
patient-reported QoL (CushingQoL) and depression (Beck 
Depression Inventory-II (BDI-II)) were compared to study 
baseline (14, 15, 16, 17, 18, 19). Outcomes at months 6, 
9, and 12 for the EE population, defined as patients who 
completed the dose-titration and maintenance phases 
and received at least 1 dose of levoketoconazole during 
EE (n  = 60), are summarized below and compared to the 
overall study safety population (n = 94) where appropriate.

mUFC was calculated from 2 to 4 (depending on visit) 
24-h urine samples. LNSC was measured in saliva samples 
collected between 23:00 and 00:00 h on 1 or 2 nights. 
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Serum cortisol was measured in blood samples collected 
at study visits, with no restrictions on time of day (i.e. 
random serum cortisol). 

Safety assessments included monitoring of 
treatment-emergent adverse events (AEs), laboratory 
tests, electrocardiograms, and vital signs. Three 
classes of AEs were prespecified as being of special 
interest: hepatotoxicity, QT prolongation, and adrenal 
insufficiency (includes possible signs and symptoms 
of adrenal insufficiency). Disease-specific assessments 
included plasma adrenocorticotropic hormone (ACTH) 
and two-dimensional pituitary tumor size measurements 
from MRI scans centrally read by an experienced pituitary 
surgeon (MB). Treatment adherence (i.e. compliance, per 
protocol), defined as 80–120% medication intake of the 
dispensed dose, was determined from manual counts of 
returned study medication.

Statistical analysis

Measures at study baseline and months 6, 9, and 12 
of levoketoconazole treatment (relative to start of 
maintenance) were summarized using descriptive 
statistics. For all analyses reported here, ‘baseline’ refers 
to the main study baseline (before the first dose of 
levoketoconazole). Data for baseline and all on-treatment 
timepoints included only the EE population unless 
otherwise specified. Mean change values from study 
baseline at each timepoint were analyzed for statistical 

significance using paired t-tests without adjustment for 
multiplicity. Rates of mUFC normalization during the EE 
period were calculated based on observed data (without 
imputation of missing data) and regardless of study 
medication dose adjustments.

Results

Patients

Of 94 enrolled patients, 61 (65%) completed the month 
6 study visit, of whom 60 (98%) entered the EE phase (EE 
population; Fig. 1, Table 1). The majority (39/60 (65%)) of 
patients received levoketoconazole doses of 600 mg/day 
or less at the start of the EE period (Supplementary Table 
2), with a median average daily dose of levoketoconazole 
during EE of 569 mg (range, 202–1190 mg). Forty-six 
(77%) patients in the EE population completed the study 
(month 12), representing 49% of the overall initial study 
population. 

Efficacy

The mean mUFC at study baseline was 528 nmol/24 h 
(191 µg/24 h (3.8× ULN)) in the EE population (Table 1). 
The mean decrease in mUFC was –398 nmol/24 h (–144 
µg/24 h) at month 6, –384 nmol/24 h (–139 µg/24 h) at 
month 9, and –328 nmol/24 h (–119 µg/24 h) at month 
12; all P < 0.0001 vs baseline (Fig. 2; Supplementary 

Figure 1
Patient disposition. *Intent-to-treat 
population included all patients who 
received ≥1 dose of levoketoconazole. 
†Maintenance population consisted of all 
patients who entered the maintenance 
phase and received ≥1 dose of 
levoketoconazole during this phase. ‡One 
patient who completed the maintenance 
phase declined to enter the extended 
evaluation phase. §Extended evaluation 
population consisted of all patients who 
entered the extended evaluation phase 
and received ≥1 dose of levoketoconazole 
during this phase. Results for the 
dose-titration and maintenance phases 
have been reported previously (12, 20, 
21); the extended evaluation population is 
the subject of this report.

94 patients enrolled in the dose titration phase
(intent-to-treat population)* 17 discontinued

6 adverse event
4 withdrawal of consent
3 lack of efficacy
1 physician decision
3 other reasons

16 discontinued
6 adverse event
4 withdrawal of consent
4 lack of efficacy
1 physician decision
1 other reason

77 patients entered the maintenance phase
(maintenance population)†

60 patients entered the extended evaluation phase‡

(extended evaluation population)§

14 discontinued
4 adverse event
2 withdrawal of consent
3 lack of efficacy
2 physician decision
1 death
2 other reasons

46 patients completed the extended evaluation phase
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Tables 3 and 4). The proportion of patients with mUFC 
normalization was 61, 55, and 41% at months 6, 9, and 12, 
respectively, and the proportion of patients with mUFC 
normalization or at least a 50% reduction from baseline 
was 78% at month 6, 82% at month 9, and 68% at month 
12. Using the denominator from the ITT population from 
the SONICS study (n = 94), the proportion of patients 
with mUFC normalization was 36, 29, and 19% at months 
6, 9, and 12, respectively, and the proportion of patients 
with mUFC normalization or at least a 50% reduction 
from baseline was 46% at month 6, 43% at month 9, and 
32% at month 12. All patients with drug accountability 
data and normal mUFC at month 12 (n  = 17) were 

adherent to treatment whereas 4 (15%) of 26 patients 
with above-normal mUFC at month 12 were not adherent 
(medication intake <80% of expected between months 
9 and 12). Mean treatment adherence at month 12 was 
93% of the expected dose among patients with mUFC 
above normal, as compared with 100% for patients with 
normal mUFC. The mean daily dose of levoketoconazole 
at months 9 and 12 was not statistically significantly 
different between responders and nonresponders (539.6 
mg vs 536.2 mg at month 9 (P = 0.9695) and 605.8 mg vs 
528.4 mg at month 12 (P = 0.4278)).

Of the nine enrolled patients in the SONICS study 
who had received prior radiation therapy, seven entered 
the EE phase, including one patient who was considered 
a responder in the primary endpoint analysis (i.e. 
mUFC normalization without a dose increase during 
maintenance phase). For the one responder, UFC levels 
rebounded and became abnormal following 2 weeks 
of levoketoconazole withdrawal at the end of the 
maintenance phase, suggesting that UFC normalization 
could not be attributed to radiation therapy. Of the seven 
patients who had received prior radiation therapy, three 
had mUFC in the normal range at month 6, four at 
month 9, and two at month 12 (Supplementary Table 5).

Mean baseline LNSC (n  = 58) was 12 nmol/L (ULN = 2.5 
nmol/L), and mean baseline random serum cortisol 
(n  = 27) was 525 nmol/L. Mean decreases in LNSC and 
random serum cortisol (Supplementary Tables 3 and 4) 
were statistically significant relative to study baseline only 
for LNSC at month 6 (P = 0.028). 

Reduction in mean values of CS comorbidity 
biomarkers observed at month 6 was generally maintained 
throughout the EE phase (Table 2; Fig. 3). The observed 
reductions from baseline at month 12 for fasting glucose; 
total, LDL, and HDL cholesterol; body weight; BMI; 
and abdominal girth were statistically significant. No 
significant mean changes from baseline in blood pressure 
or C-reactive protein were noted.

In female patients, a significant mean decrease in 
hirsutism score was noted at all assessments through the 
end of the EE phase (Table 2). Significant mean decreases 
in acne scores were observed in the EE population at 
months 6 and 9. A mean decrease in peripheral edema 
score was statistically significant at month 6 only. 
Significant increases in mean CushingQoL scores and 
significant decreases in mean BDI-II scores (clinically 
meaningful improvement for both measures) (22, 23) 
were observed at months 6, 9, and 12 compared to 
baseline (Fig. 4).

Table 1 Demographics and baseline characteristics 
(extended evaluation population). Data are presented as 
mean± s.d. or n (%).

Characteristics Values

n 60
Age, years 43.8 ± 12.7
 Range 19–72
Female sex 50 (83.3%)
White race 56 (93.3%)
Weight, kg 81.9 ± 23.4
 Range 44–167
BMI, kg/m2 30.0 ± 7.3
Diagnosis of Cushing’s disease 51 (85.0%)
Diabetes 20 (33.3%)
Hypertension 42 (70.0%)
Pituitary adenoma*
 Microadenoma 27 (61.4%)
 Macroadenoma 4 (9.1%)
 Not visible on MRI 13 (29.5%)
mUFC at study baseline, nmol/24 h
 Mean ± s.d. 528.1 ± 438.8
 Median (range) 394.7 (224.9–2776.9)
mUFC at study baseline, ×ULN†

 Mean ± s.d. 3.8 ± 3.2
 Median (range) 2.9 (1.6–20.1)
Previous surgery 43 (71.7%)
Time since most recent surgery, 

months
 Mean ± s.d. 57.6±51.9
 Median (range) 49.7 (2.3–233.2)
Prior radiotherapy 7 (11.7%)
Time since most recent 

radiotherapy, months
 Mean ± s.d. 113.6±69.0
 Median (range) 88.9 (50.4–244.4)

*In the 44 patients in the extended evaluation population with 
Cushing’s disease and baseline MRI data. Pituitary adenoma size 
defined based on maximum tumor diameter (microadenoma <10 mm; 
macroadenoma ≥10 mm).
†ULN for UFC = 138 nmol/24 h.
mUFC, mean urinary free cortisol; UFC, urinary free cortisol; ULN, upper 
limit of normal.

https://eje.bioscientifica.com


Eu
ro

pe
an

 Jo
ur

na
l o

f E
nd

oc
ri

no
lo

gy
187:6 863Original Research M Fleseriu and others Levoketoconazole for Cushing’s 

syndrome

https://eje.bioscientifica.com

Adrenocorticotropic hormone levels and 
pituitary MRI

In patients with CD, mean plasma ACTH increased 
significantly from baseline during EE (Fig. 5); however, 
there was no correlation at months 6, 9, or 12 between 
the change in ACTH concentration (calculated as 
fold-ULN) and change in mUFC (calculated as fold-
ULN). Furthermore, the ACTH concentration appeared 
unrelated to mUFC normalization status at month 12 
(Supplementary Table 6).

Forty-four of 51 patients with CD in the EE population 
had a baseline MRI, and 34 had a follow-up exam during 
EE, most commonly at month 12. At baseline, 4 (9.1%) 
patients had a macroadenoma and 27 (61%) had a 

microadenoma, with tumor not visible/measurable in 13 
(30%). No tumors that were below the limit of detection 
on MRI became visible during therapy. During EE, 2 
(5.9%) patients had a macroadenoma and 22 (65%) had 
a microadenoma. Using a threshold of ≥2 mm change 
in tumor diameter to denote size change, of 31 patients 
with tumor measurements at baseline and month 12 or 
follow-up, the largest diameter was stable in 27 (87%) 
patients, decreased in 1 patient (2 mm), and increased 
in 3 patients (largest increase 4 mm). No patients with 
an increase in tumor size seen on MRI discontinued 
levoketoconazole, or had a dose reduction, for that 
reason. Plasma ACTH and tumor size at month 12 were 
not correlated; changes from baseline in plasma ACTH 
and changes from baseline in tumor size at month 12 
also were not correlated. There were no reported cases of 
Nelson’s syndrome or pituitary apoplexy, and no cases of 
visual changes suggestive of optic chiasm impingement.

Safety

Safety findings during SONICS dose-titration and 
maintenance phases have been reported (12). EE phase 
results are presented here, and a new summary of safety 
findings across the entire study period is provided for a 
comprehensive assessment of levoketoconazole treatment. 
The median duration of exposure to levoketoconazole 
during EE was 5.8 (range, 0.4–8.9) months, resulting in a 
median levoketoconazole exposure for the entire study of 
15 (range, 7.9–22) months in the EE population (n  = 60).

AEs were reported among 67% of patients during 
EE (Table 3). The most commonly reported AEs during 
EE were arthralgia, headache, hypokalemia, and QT 
prolongation (each in 4 (6.7%) patients). Most AEs (95%) 
were of mild or moderate intensity, but some severe AEs 
were reported: depression, hyperkalemia, hyperlipasemia, 
hypoglycemia, and QT prolongation (1 patient each). 
Serious AEs were reported in four patients (benign ovarian 
tumor, epilepsy, hyphema, hypoglycemia), none of 
which was considered to be related to levoketoconazole. 
Four (6.7%) patients discontinued during EE due to AEs 
(AST increased (n = 1), benign ovarian tumor (n = 1), 
palpitations (n = 1), QT prolongation (n = 2)). There were 
no reports of adrenal insufficiency or liver-related AEs of 
special interest during EE.

During EE, serum alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) concentrations 
between ULN and ≤3× ULN were observed in 4 (7.4%) and 
5 (9.3%) of 54 patients, respectively, with no values >3× 
ULN. The four patients with ALT >ULN during EE also 

Figure 2
Mean mUFC concentrations and response over time (extended 
evaluation population). (A) Mean mUFC concentration at 
baseline, and months 6, 9, and 12, (B) mUFC response defined 
as normalization of mUFC, and (C) normalization of mUFC or 
≥50% reduction from baseline. Dashed line represents the 
ULN for UFC (138 nmol/24 h). *P < 0.0001 vs baseline. mUFC, 
mean urinary free cortisol; UFC, urinary free cortisol; ULN, 
upper limit of normal.
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had ≥1 abnormal ALT value prior to EE, while three of 
the five patients with abnormal AST had ≥1 pre-EE phase 
elevated AST value. Across all study phases combined, 
39 (41%) of 94 patients had a maximal value in one or 
both transaminases that exceeded the ULN at any time 
postbaseline, with 8.5% maximally between >3× ULN 
and ≤5× ULN and 3.2% maximally >5× ULN. 

Four (6.7%) of 60 patients were reported with one or 
more AEs of QT prolongation during EE. Two (3.3%) of 60 
patients had a QT prolongation AE of special interest, and 
3 (5.6%) of 54 patients had at least 1 Fridericia-corrected 
QT (QTcF) interval longer than 450 ms; however, no QTcF 
intervals were longer than 460 ms during EE. Of the three 
patients with QTcF intervals exceeding 450 ms, one had 
a similarly elevated QTcF prior to EE. No patient had a 
change from baseline in QTcF exceeding 60 ms during EE. 
Across all study phases combined, 5 (5.3%) of 94 patients 
had an AE of QT prolongation, 9 (10.2%) of 88 patients 
had at least one QTcF interval representing an increase 
of more than 60 ms from baseline, and 25 (26.6%) and 
2 (2.1%) of 94 patients had one or more confirmed QTcF 
intervals longer than 450 and 500 ms, respectively. No 
arrhythmias secondary to QT prolongation were reported.

In female patients, mean total, free, and bioavailable 
testosterone concentrations decreased significantly 
from baseline at months 6, 9, and 12 (Table 4). In male 

patients who were not receiving testosterone therapy 
(n  = 7), mean total testosterone increased significantly 
only at month 12.

Levoketoconazole daily dose was down-titrated in 
only three patients from month 6 to month 9, and no 
patients had their daily dose down-titrated from month 9 
to month 12. Daily dose was down-titrated in two patients 
because of AEs (vomiting in one patient; fatigue, pain in 
extremity, and neck pain in the other patient). Of the 
seven patients who were not adherent to treatment in the 
EE phase, six (86%) had at least one AE, with all AEs mild 
(50%) or moderate (50%) in intensity and none leading to 
treatment discontinuation.

Discussion

The SONICS study demonstrated the efficacy of 
levoketoconazole in normalizing mUFC during dose-
titration and durability of response via a fixed-dose, 
6-month maintenance phase (primary endpoint), and 
also provided evidence of improvement in biomarkers of 
CS comorbidities at the end of the maintenance phase 
(12, 20, 21). The prospective extended evaluation of 
the SONICS study described here included safety and 
efficacy evaluations through a median total exposure of 

Table 2 Changes from study baseline in Cushing’s syndrome comorbidity biomarkers and clinical signs and symptoms 
(extended evaluation population).

Parameters Study baseline

Change from 
study baseline to 

month 6 P value*

Change from study 
baseline to  

month 9 P value*

Change from study 
baseline to  
month 12 P value*

Mean ± s.d. n Mean ± s.d. n Mean ± s.d. n Mean ± s.d. n

Comorbidity biomarkers
 Fasting glucose, 

mmol/L
5.7 ± 1.7 59 –0.6 ± 1.4 49 0.004 –0.4 ± 1.6 53 0.073 –0.4 ± 1.2 45 0.022

 Hemoglobin A1c, 
%

6.0 ± 1.1 60 –0.4 ± 0.9 55 0.002 –0.3 ± 0.8 54 0.005 –0.3 ± 0.9 45 0.068

 Total cholesterol, 
mmol/L

5.7 ± 1.2 58 –1.1 ± 1.0 52 <0.0001 –1.0 ± 1.1 52 <0.0001 –1.0 ± 0.9 43 <0.0001

 LDL cholesterol, 
mmol/L

3.4 ± 1.2 58 –1.0 ± 0.9 52 <0.0001 –0.9 ± 0.9 52 <0.0001 –0.9 ± 0.8 43 <0.0001

 HDL cholesterol, 
mmol/L

1.7 ± 0.5 58 –0.2 ± 0.4 52 <0.001 –0.1 ± 0.3 52 0.0001 –0.1 ± 0.3 43 0.007

Clinical signs and symptoms†

 Acne‡ 2.5 ± 5.7 58 –1.9 ± 4.7 50 0.006 –2.0 ± 5.0 52 0.005 –1.4 ± 4.7 44 0.052
 Hirsutism (females 

only)§
7.8 ± 6.1 49 –2.7 ± 4.8 43 <0.001 –3.3 ± 5.0 43 <0.0001 –4.0 ± 5.5 37 <0.0001

 Peripheral edema¶ 0.8 ± 1.6 58 –0.4 ± 1.3 48 0.030 –0.3 ± 1.4 52 0.074 –0.3 ± 1.6 43 0.189

*Two-sided P value from the paired t-test performed on the change from study baseline to months 6, 9, and 12. 
†For all clinical signs and symptoms, a decrease from study baseline corresponds to improvement. 
‡Based on acne global score: range from 0 to 44, where 0 = none, 1–18 = mild, 19–30 = moderate, 31–38 = severe, and ≥39 = very severe. 
§Based on hirsutism total score: range from 0 (none) to 36 (worst). 
¶Based on peripheral edema total score: range from 0 (none) to 12 (worst).
HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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approximately 15 months and further supports a role 
for levoketoconazole in long-term medical therapy for 
patients with endogenous CS.

Achieving and maintaining normal UFC levels 
is a key treatment goal in CS, as are improvements in 
comorbidities and signs and symptoms of the syndrome 

that contribute to decrements in QoL (1, 7, 24). 
Levoketoconazole efficacy observed during the SONICS 
study maintenance phase, with respect to mUFC, CS 
comorbidity biomarkers, clinical signs and symptoms of 
CS, QoL, and symptoms of depression (12), was generally 
sustained in this 6-month EE phase. Influence on cortisol 
diurnal rhythm has not been demonstrated consistently, 
as mean change in LNSC level was significant only 
at month 6. The majority of patients were receiving 
relatively low doses of levoketoconazole (600 mg/day or 
less) during the EE phase; increasing the daily dose and/
or dividing the dose unequally, with a greater proportion 
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Mean changes from study baseline at months 6, 9, and 12 for 
(A) body weight, (B) BMI, and (C) abdominal girth (extended 
evaluation population). Two-sided P value from the paired t-test 
that was performed on the mean change from baseline to each 
timepoint. *P < 0.0001 vs baseline; †P < 0.05 vs baseline. 
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Figure 4
Mean changes from study baseline at months 6, 9, and 12 for 
(A) CushingQoL questionnaire and (B) BDI-II (extended 
evaluation population). CushingQoL questionnaire score: 
range from 0 (worst) to 100 (best); an increase from baseline 
corresponds to improvement. BDI-II score: range from 0 (best) 
to 63 (worst); a decrease from baseline corresponds to 
improvement. Two-sided P value from the paired t-test that 
was performed on the mean change from baseline to each 
timepoint. *P < 0.0001 vs baseline; †P < 0.01 vs baseline. BDI-II, 
Beck Depression Inventory-II.
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administered in the evening vs the morning, have been 
suggested as options for improving diurnal cortisol 
control with steroidogenesis inhibitors (25).

Importantly, concentration-response modeling 
showed that any decline in mUFC response rate at the 
final study visit could not be explained by response 
tolerance owing to auto-induction of drug metabolism, 
as this appears to be maximal within ~2 weeks after 
starting treatment or increasing the dose. This model, 
without a tolerance effect applied, fits the observed UFC 
data well through 6 months of maintenance (data on 
file; Xeris Biopharma). There is also no evidence of loss 
of efficacy over time (‘escape’) due to increased ACTH 
drive, potentially overcoming levoketoconazole-induced 
blockade of cortisol synthesis. As shown in the current 
analyses, there was no correlation between changes from 
baseline in plasma ACTH and mUFC levels. Furthermore, 
plasma ACTH concentrations were similar between 
patients with CD who had normal and above-normal 
mUFC at month 12. 

CS is associated with cardiovascular disease and 
metabolic disturbances, which are the leading causes 
of death in this disorder (4). Therefore, it is important 
to highlight that levoketoconazole treatment produced 
significant mean reductions from baseline in fasting 
glucose, HbA1c, and total and LDL cholesterol in the EE 
phase, similar to reductions observed at month 6 (12). 
Consistent with clinician-rated improvements in acne and 
hirsutism, mean testosterone concentrations in women 
decreased significantly from baseline at month 6 and 

were maintained at a similar level in EE phase. In contrast, 
cortisol synthesis inhibitors with a different mechanism 
of action, such as osilodrostat and metyrapone, tend 
to have opposite effects to increase testosterone, and in 
some women worsen acne and hirsutism (26, 27, 28, 29). 
Maintenance of testosterone within the normal range 
among men who were not using testosterone replacement 
was an unexpected finding and should be interpreted 
cautiously because of the small sample size.

There are scant longitudinal data on the effect of 
adrenal steroidogenesis inhibitors on pituitary adenoma 
growth (1, 30, 31). Although enlargement of corticotroph 
adenomas may be a concern with the use of steroidogenesis 
inhibitors, it is difficult to determine whether any observed 
change in tumor size is related to loss of ACTH-cortisol 
feedback or reflects the natural history of progressive 
or recurrent disease (32). In the only other prospective 
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Figure 5
Mean ACTH concentrations in patients with Cushing’s disease 
at months 6, 9, and 12 (extended evaluation population). 
Values are shown in both pmol/L and xULN. ACTH ULN for 
males and females are 11.1 and 6 pmol/L, respectively. ACTH, 
adrenocorticotropic hormone; ULN, upper limit of normal.

Table 3 Summary of treatment-emergent adverse events. 
Data are presented as n (%).

Adverse event
Extended 

evaluation phase 
All phases 
combined

n 60 94
Any AE 40 (66.7) 92 (97.9)
 Serious AE 4 (6.7) 16 (17.0)
 Drug-related AE* 6 (10.0) 42 (44.7)
 AE leading to 

discontinuation
4 (6.7)† 16 (17.0)

Intensity of AEs‡

  Mild 21 (35.0) 14 (14.9)
  Moderate 14 (23.3) 57 (60.6)
  Severe 5 (8.3) 19 (20.2)
  Life-threatening 0 (0) 1 (1.1)
Most common AEs
 Incidence ≥ 5%§

  Arthralgia 4 (6.7)
  Headache 4 (6.7)
  Hypokalemia 4 (6.7)
  QT prolongation 4 (6.7)
  Nasopharyngitis 3 (5.0)
 Incidence ≥15%⁋

  Nausea 31 (33.0)
  Headache 27 (28.7)
  Hypertension 18 (19.1)
  Peripheral edema 18 (19.1)
  Fatigue 17 (18.1) 
  ALT increased 16 (17.0)
  Diarrhea 15 (16.0)

*AEs that were assessed by the investigator as probably or definitely 
related to levoketoconazole; †AST increased (n  = 1), benign ovarian tumor 
(n  = 1), palpitations (n  = 1), and QT prolongation (n  = 2); all except the 
tumor were considered treatment-related; ‡Each patient with ≥1 
treatment-emergent AE was counted only once, under the worst intensity 
experienced; §In the extended evaluation phase; ⁋In all phases combined.
AE, adverse event; ALT, alanine aminotransferase; AST, aspartate 
aminotransferase.
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study (LINC 3) of an adrenal steroidogenesis inhibitor 
with reliable central MRI reading, more patients had a 
decrease in tumor volume (38%) than had an increase 
(33%) with up to 48 weeks of treatment with osilodrostat, 
despite an approximate doubling of plasma ACTH from 
baseline (26). Data for ketoconazole are available only 
from retrospective studies, the largest of which reported a 
newly visible tumor on MRI in eight (5%) patients during 
a mean (s.d.) follow-up period of 25 (33.6) months (33), 
while an earlier study had reported surgical treatment for 
five patients due to a de novo visible tumor 12–30 months 
after initiation of ketoconazole (34). Thus, in contrast to 
ketoconazole data, and in agreement with data from LINC 
3 (osilodrostat), the current report showed that under 
levoketoconazole therapy the subset of patients with CD 
but without visible pituitary tumor at baseline did not 
subsequently develop a visible tumor during up to 20 
months of follow-up. About 90% of patients with visible 
tumor at baseline had <2 mm change in the largest tumor 
diameter. A direct inhibitory effect of levoketoconazole 
on pituitary tumor growth was shown experimentally, 
which could counteract the effect of negative feedback 
withdrawal from cortisol lowering (10). Nevertheless, 
periodic monitoring of tumor size and location during 
long-term therapy is prudent (1), as significant tumor 
enlargement has been described during several years of 
medical therapy with osilodrostat in some cases (35).

Levoketoconazole was well tolerated in the EE phase 
of the SONICS study. Overall, the incidence of treatment-
emergent AEs was substantially lower in the EE phase 
than in the first two phases of the study, likely a function 
of common events first occurring early during treatment 
without subsequent worsening. Indeed, the most 
commonly reported AEs during the first 2 phases occurred 
relatively infrequently in the EE: nausea for only one 
(1.7%) patient, headache for four (6.7%), hypertension for 
two (3.3%), and peripheral edema for none.

Hepatotoxicity is a known risk with racemic 
ketoconazole; the US prescribing information includes a 
boxed warning (36), and the European summary of product 
characteristics states that treatment with ketoconazole 
should not be initiated in patients with liver enzymes 
>2× ULN (37). In the EE phase of the SONICS study, no 
patient experienced ALT or AST >3× ULN; additionally, 
no patient had a change from baseline in QTcF exceeding 
60 ms, nor an absolute interval duration exceeding 
460 ms. Thus, the potentially clinically important 
events relating to suspected liver toxicity or QT interval 
prolongation were confined to the first two phases of the 
SONICS study. However, as changes in liver tests and QTc Ta
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interval are frequently asymptomatic, continued periodic 
monitoring during long-term treatment is advisable to 
mitigate these potential risks.

Overall, SONICS safety findings support the 
conclusion that levoketoconazole may be safely used 
long-term in CS with monitoring that is initially 
frequent and could be diminished in frequency once 
a stable therapeutic dose has been identified. The 
minimum safety monitoring interval of 3 months during 
the EE phase appeared appropriate to prevent treatment-
related serious AEs (none reported) and limit treatment-
related AEs of any severity that led to discontinuation 
(QT prolongation: 2 (3.3%) patients; AST increased: 1 
(1.7%) patient, none of which required treatment or 
had clinical sequelae). Comparisons to other medical 
therapies should be interpreted with caution in the 
absence of head-to-head studies; however, it appears that 
testosterone levels may be lower in women treated with 
levoketoconazole vs osilodrostat or metyrapone (1, 8). 
Similar to ketoconazole, levoketoconazole is a substrate 
and potent inhibitor of CYP3A4 and has the potential for 
drug–drug interactions (8).

Key limitations of the SONICS study are the open-
label design and absence of a control group, as well as 
non-volumetric assessment of pituitary tumor size. 
However, MRI images were centrally read by a specialized 
pituitary neurosurgeon expert in neuroradiology, which 
decreased reader variability. A limitation of the extended 
evaluation specifically is the exploratory intention of 
the efficacy analyses. All efficacy results from the EE 
phase should, therefore, be considered as hypothesis-
generating rather than confirmatory. In addition, study 
attrition owing to AEs or lack of efficacy tends to enrich 
the remaining study population with patients who 
benefit from and tolerate treatment. Another potential 
limitation is that seven patients who had prior radiation 
therapy were included in the extended evaluation, 
because prior therapy radiation may have impacted long-
term cortisol control in these patients. 

Among unexplored issues is the direct comparison 
of levoketoconazole with ketoconazole, the racemate 
from which it is derived, as there are no clinical studies 
of any type comparing levoketoconazole to ketoconazole. 
While the safety and efficacy profile of levoketoconazole 
for use in CS has been established in prospective clinical 
trials (12), ketoconazole has not been similarly studied. 
In the United States, levoketoconazole is approved for 
use in patients with CS of any etiology for whom surgery 
is not an option or when not curative, and labeling 
provides guidance for patient selection, dosing, and 

monitoring to support safe and effective use (9). However, 
levoketoconazole is not registered in Europe. In contrast, 
ketoconazole is registered for the treatment of CS in 
Europe, but in the United States, it is frequently used off-
label for the treatment of CS, although US labeling for 
ketoconazole cautions against its use in CS (36).

Restrictions on the use of levoketoconazole include 
active liver disease and predisposition to QT prolongation 
or torsades de pointes, and levoketoconazole labeling 
contains a box warning for liver abnormalities and QTc 
prolongation. Both levoketoconazole and ketoconazole 
require ongoing monitoring of dosing and safety markers 
to assure appropriate use (9, 36). Though approximately 
30% of patients in the SONICS study did not have 
prior surgery (12), it remains to be determined whether 
levoketoconazole is useful in the presurgical setting, either 
to delay the need for or to improve surgery outcomes.

In conclusion, in the 6-month EE phase of the SONICS 
study, levoketoconazole was well tolerated, and no new 
drug-related safety signals were observed during up to 22 
months of treatment. Pituitary adenoma growth occurred 
in a minority of patients with CD but did not impact 
treatment. Sustained mUFC responses and improvements 
in CS comorbidity biomarkers, clinical signs and symptoms 
of CS, and QoL were demonstrated in most patients who 
completed the EE phase. These findings support the role 
of levoketoconazole in the long-term management of 
patients with CS.

Supplementary materials
This is linked to the online version of the paper at https://doi.org/10.1530/
EJE-220506.
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