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Summary
Background Levoketoconazole is a ketoconazole stereoisomer in development for treatment of Cushing’s syndrome 
and has not been assessed previously in a clinical trial in patients with Cushing’s syndrome. We aimed to investigate 
the efficacy and safety of levoketoconazole in patients with endogenous Cushing’s syndrome.

Methods SONICS is a phase 3, multicentre, open-label, non-randomised, single-arm study in which we recruited 
adults (≥18 years) with confirmed Cushing’s syndrome and a mean 24-h urinary free cortisol (mUFC) of at least 
1∙5 times the upper limit of normal from 60 hospital and community sites in 19 countries (15 countries in Europe, 
and Canada, Israel, Turkey, and the USA). Patients were treated with oral levoketoconazole in a 2–21 week incremental 
dose-titration phase starting at 150 mg twice daily (150 mg increments until mUFC normalisation, maximum 600 mg 
twice daily) and a 6-month maintenance phase. The primary outcome was the proportion of patients with mUFC 
normalisation at end of maintenance, without dose increase during the maintenance phase (in the intention-to-treat 
population). Prespecified adverse events of special interest were potential liver toxicity, corrected QT prolongation, 
and adrenal insufficiency. This trial is registered with ClinicalTrials.gov, NCT01838551.

Findings Between July 30, 2014, and June 30, 2017, 201 individuals were screened and 94 patients were enrolled and 
received at least one dose of study medication. Of the 94 patients, 80 (85%) had pituitary Cushing’s syndrome. Mean 
mUFC at baseline was 671∙4 nmol/24 h (243∙3 μg/24 h), which is 4∙9 times the upper limit of normal. Of the 77 patients 
who advanced to the maintenance phase, 62 (81%) had mUFC normalisation by end-of-dose titration. At the end of the 
6-month maintenance phase, 29 (31%) of 94 patients were responders; the least-squares mean estimate of the proportion 
of responders was 0∙30 (95% CI 0∙21–0∙40; p=0∙0154 vs null hypothesis of ≤0∙20). The most common adverse events in 
the 94 patients were nausea (30 [32%]) and headache (26 [28%]). Adverse events led to study discontinuation in 12 (13%) 
of 94 patients. Two patients had a QT interval (Fridericia corrected) of more than 500 ms, and three patients had suspected 
adrenal insufficiency. Alanine aminotransferase reversibly increased to more than three times the upper limit of normal 
in ten (11%) patients. Four patients had serious adverse events that were considered probably or definitely related to the 
study drug: abnormal liver function test results (n=1), prolonged QT interval (n=2), and adrenal insufficiency (n=1). One 
person died from colon carcinoma unrelated to study medication.

Interpretation Twice-daily oral levoketoconazole treatment led to sustained improvements in urinary free cortisol, 
with an acceptable safety and tolerability profile. Levoketoconazole might represent a useful therapeutic option for the 
medical treatment of Cushing’s syndrome.

Funding Strongbridge Biopharma.

Copyright © 2019 Elsevier Ltd. All rights reserved.

Introduction
Endogenous Cushing’s syndrome is a rare, serious 
endocrine condition characterised by chronic 
overproduction of cortisol, most often caused by a 
pituitary adenoma (ie, Cushing’s disease).1 Other causes 
include ectopic adrenocorticotropic hormone production 
or primary adrenal neoplasia.2 Patients with Cushing’s 
syndrome have increased mortality, mainly as a result of 
cardiovascular complications.3–5

Surgical removal of the underlying lesion is first-line 
therapy, sometimes preceded by preoperative medical 
treatment.6 The choice of second-line therapy (medications, 

further surgery, or radiotherapy) depends on individual 
patient characteristics and treatment efficacy and risks.6,7 
Medical treatments suppress excessive adrenocorticotropic 
hormone or cortisol production or decrease cortisol 
activity.5,8

Ketoconazole, a racemic mixture of two enantiomers 
(2S,4R-ketoconazole and 2R,4S-ketoconazole), is an azole 
antifungal drug that is approved for treatment of 
endogenous Cushing’s syndrome by the European 
Medicines Agency9 and is used off-label for this purpose 
in the USA (where the recognised use by the US Food 
and Drug Administration [FDA] is for endemic mycoses 
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not susceptible to other antifungals).10 Ketoconazole 
reduces adrenal cortisol production by inhibiting various 
enzymes involved in steroidogenesis.11,12 To our 
knowledge, the efficacy of oral ketoconazole for Cushing’s 
syndrome has never been previously investigated in a 
clinical trial; the available clinical evidence for its use has 
been derived from retrospective and prospective 
observational data.13,14 The most common adverse effects 
associated with ketoconazole include nausea, headache, 
diarrhoea, and abdominal pain; of greater concern is the 
potential for rare but serious hepatotoxicity, for which 
weekly monitoring is recommended by the FDA.10,13 
Ketoconazole is also associated with prolongation of the 
QT interval, a risk factor for ventricular arrhythmia.15,16 
Because ketoconazole inhibits various drug-metabolising 
enzymes and xenobiotic transporters, many drug–drug 
interactions have been reported.10,13,17 Sufficient gastric 
acidity is required for absorption of oral ketoconazole.18

Levoketoconazole, the 2S,4R enantiomer of keto-
conazole, is an orally administered investigational 
drug in development for the treatment of Cushing’s 
syndrome. Levoketoconazole has been previously studied 
in patients with type 2 diabetes.19 Based on in-vitro 
studies, levoketoconazole is substantially more potent in 
inhibiting 17α-hydroxylase, 11β-hydroxylase, and the 
cholesterol side-chain cleavage enzymes than its dextro-
isomer (dextroketoconazole),12 which might allow for a 

lower dose of levoketoconazole to achieve the same 
efficacy as currently utilised doses of racemic 
ketoconazole. In vitro, levoketoconazole is about twice as 
potent an inhibitor of these enzymes as ketoconazole, 
suggesting that essentially all of the cortisol production-
inhibition activity of ketoconazole in vivo derives from its 
2S,4R enantiomer (ie, levoketoconazole).12

We aimed to investigate the efficacy and safety of 
levoketoconazole in patients with endogenous Cushing’s 
syndrome.

Methods
Study design and patients
SONICS is a phase 3, single-arm, non-randomised, 
open-label study done at 60 hospital and community 
sites in 19 countries (15 countries in Europe, and Canada, 
Israel, Turkey, and the USA; appendix pp 1–2). There 
were three phases: dose titration (2–21 weeks to achieve 
an effective and tolerable therapeutic dose), maintenance 
(6 months of treatment at the therapeutic dose), and 
extended evaluation (6 months of continued treatment). 
Results from the first two phases, which include the 
primary efficacy outcome, are the subject of this report; 
data from the extended evaluation phase will be reported 
elsewhere. The study protocol was approved by an 
institutional review board or independent ethics 
committee at each site, and the study was done in 

See Online for appendix

Research in context

Evidence before this study
Medical treatments for endogenous Cushing’s syndrome are 
used to reduce cortisol production or activity when surgery to 
resect the underlying lesion is delayed, contraindicated, or 
unsuccessful. We searched PubMed using the terms ”Cushing’s 
syndrome,” “Cushing’s disease,” ”Cushing syndrome,” 
and ”Cushing disease” for clinical trial reports published from 
database inception to Feb 13, 2019. Few medications have been 
evaluated in well-designed prospective studies. Ketoconazole, 
an azole antifungal drug that inhibits steroidogenesis, 
is approved for the treatment of endogenous Cushing’s 
syndrome in Europe and used off-label in the USA. Retrospective 
chart reviews suggest that ketoconazole can reduce urinary free 
cortisol concentrations in patients with endogenous Cushing’s 
syndrome, but its use is limited by side-effects (such as 
hepatotoxicity and QT interval prolongation) and the potential 
for drug interactions. Levoketoconazole, the 2S,4R enantiomer 
of ketoconazole, decreases cortisol synthesis via potent 
inhibition of several enzymes in the steroidogenic pathway 
and might have lower risk of hepatotoxicity and an improved 
side-effect profile relative to ketoconazole.

Added value of this study
To our knowledge, this phase 3 study is the first clinical trial to 
investigate levoketoconazole in patients with endogenous 
Cushing’s syndrome. Efficacy was assessed with a robust, 

conservative analytical approach that counted all patients who 
discontinued from the study as treatment failures, irrespective 
of the reason, as well as all patients with missing data at the 6 
month assessment. Levoketoconazole normalised urinary free 
cortisol levels after 6 months of maintenance therapy (without 
a dose increase after establishing a therapeutic dose) in about 
30% of patients. Additionally, levoketoconazole was associated 
with improvements in biomarkers of cardiovascular risk (such as 
fasting blood glucose concentration, HbA1c, LDL cholesterol 
concentration, and bodyweight), as well as clinical signs of 
Cushing’s syndrome. Levoketoconazole was generally well 
tolerated, with no unexpected safety signals identified during 
the study.

Implications of all the available evidence
The medical needs of patients with Cushing’s syndrome remain 
high, despite the availability of approved treatments. This 
debilitating condition is associated with increased mortality, 
often related to cardiovascular complications. The findings 
from this study show the sustained clinical benefits of 
twice-daily oral levoketoconazole, including improvements in 
cardiovascular risk factors as well as normalisation of cortisol 
concentrations in some patients. Levoketoconazole might 
represent a useful therapeutic option for the medical treatment 
of Cushing’s syndrome.
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accordance with the ethical principles of the Declaration 
of Helsinki and the International Conference on 
Harmonisation Guideline for Good Clinical Practice. All 
patients provided written informed consent to participate.

Key inclusion criteria were an age of 18 years or older, 
confirmed diagnosis of persistent, recurrent, or de novo 
Cushing’s disease or endogenous Cushing’s syndrome of 
other causes (if not considered to be candidates for surgery 
or radiotherapy within 18 months after enrolment), mean 
24-h urinary free cortisol concentration (mUFC) of at least 
1∙5 times the upper limit of normal (ULN; calculated from 
nominally four or more and no fewer than two samples, 
considered adequate by volume and creatinine excretion 
rate criteria), and either abnormal dexamethasone 
suppression test results (morning serum cortisol 
≥50 nmol/L [1∙8 μg/dL] after oral administration of 1 mg 
of dexamethasone between 2300 h and 0000 h the previous 
evening) or raised (greater than the ULN) late-night 
salivary cortisol (from saliva samples collected between 
230  h and 0000  h) concentrations (from at least 
two samples). Patients with previous radiation therapy 
were eligible, provided treatment had occurred at least 
4 years previously and no improvement was observed 
during the past 6 months; patients who had undergone 
surgery and been deemed surgical failures (≥6 weeks 
since surgery) were also eligible. Key exclusion criteria 
were pseudo-Cushing’s syndrome; cyclic Cushing’s 
syndrome; exogenous hypercortisolism; malignancy-
associated hyper corti solism (apart from ectopic adreno-
corticotropic hormone from an unidentified source); 
history of malignancy (other than thyroid, early-stage 
prostate, skin squamous, or basal cell carcinoma) within 
3 years of screening; optic chiasm compression; QT 
prolongation or abnormal electrocardiogram requiring 
medical inter vention; pre-existing hepatic disease (apart 
from mild-to-moderate non-alcoholic fatty liver disease); 
alanine aminotransferase or aspartate aminotransferase 
more than three times the ULN or total bilirubin more 
than twice the ULN; persistent, uncontrolled hypertension; 
and poorly controlled diabetes. Additionally, patients with 
hypercortisolism caused by a known inherited syndrome 
(eg, multiple endocrine neoplasia type 1) were excluded 
because of the potential drug interactions between 
levoketoconazole and treatments required for these 
conditions. A complete list of inclusion and exclusion 
criteria is provided in the appendix (pp 3–5). Specific 
medications were not allowed to be used during the study 
(eg, strong CYP3A4 inducers; appendix p 6).

Procedures
In the dose-titration phase, levoketoconazole was 
initially dosed as 150 mg oral tablets twice daily. 
Subsequent dose increases of 150 mg per day 
increments no more frequently than every other week 
were driven by assessments of mUFC concentration, 
with a goal of normalisation, as well as safety and 
tolerability. mUFC was based on one to four adequate 

24-h urine samples (two to four adequate samples at 
screening, baseline, and month 6). During dose 
titration, 24-h urine samples were collected about 
10 days after starting each dose level, and as soon as 
was practical after an mUFC at or below the ULN was 
observed. UFC and late-night salivary cortisol were 
assayed at a central laboratory by high-performance 
liquid chromatography–tandem mass spectroscopy 
(normal range for UFC 11–138 nmol/24  h or 
4–50 μg/24  h; late-night salivary cortisol [taken at 
2200–2300 h ≤2∙50 nmol/L or ≤0∙09 μg/dL). A 
therapeutic dose was considered established when 
either of the following criteria were met: mUFC at or 
below the ULN or 600 mg twice daily or a maximum-
tolerated dose was reached in addition to a clinically 
meaningful partial response in the opinion of the 
investigator. Patients for whom a therapeutic dose was 
established were eligible to continue to the maintenance 
phase, during which the therapeutic dose was to be 
held stable, unless change was needed to maintain 
control of hypercortisolism or in response to safety or 
tolerability issues. During maintenance, scheduled in-
clinic assessments and 24-h urine sample collections 
occurred monthly.

Outcomes
The primary outcome was the complete response rate, 
defined as the proportion of patients with mUFC at or 
below the ULN at the completion of 6 months of therapy 
in the maintenance phase, without an increase in dose at 
any time during maintenance. Improvements in hyper-
cortisolism were also assessed as secondary outcomes 
after each month of maintenance as the proportion of 
patients with mUFC at or below the ULN without a dose 
increase; the proportion of patients with mUFC at or 
below the ULN or at least a 50% reduction from baseline 
in mUFC without a dose increase; shifts in UFC 
normality category from baseline, irrespective of dose 
increase; as change from baseline in mUFC, irrespective 
of dose increase; and as change from baseline in late-
night salivary cortisol.

Cushing’s syndrome comorbidity biomarkers related to 
cardiovascular risk were assessed as key secondary 
outcomes: changes from baseline after each month of 
maintenance in fasting glucose concentration, HbA1c (at 
months 1, 3, and 6), systolic or diastolic blood pressure, 
total cholesterol concentration, LDL cholesterol 
concentration, HDL cholesterol concentration, body-
weight, and C-reactive protein (CRP) concen tration. 
Other secondary outcomes were clinical signs and 
symptoms of Cushing’s syndrome (investigator-rated, 
assessed monthly) and patient-rated quality of life 
(Cushing’s Quality-of-Life questionnaire20) and severity of 
depression (Beck Depression Inventory II [BDI-II]21), 
assessed after months 3 and 6 of maintenance. BDI-II 
was added as an outcome after the study was initiated 
(part of a formal amendment and early-recruited patients 
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have BDI-II data missing) to provide additional patient-
reported outcome data. Several secondary outcomes are 
not reported here: serum cortisol levels (collected for 
safety monitoring and not timed), oral glucose tolerance 
test findings (done only in nine patients with prediabetes 
in the maintenance population, of whom only five had 
data at month 6), urine spot albumin-to-creatinine ratio 
(done only in 14 patients in the maintenance population 
with an abnormal ratio at baseline, of whom only five had 
data at month 6), and data for tumour size (to be reported 
separately along with the long-term data from the 
extension phase). Exploratory outcomes based on data 
from the extension phase and exploratory pharmacokinetic 
and pharmacodynamic analyses will be reported 
elsewhere.

Safety evaluations included adverse event reports, vital 
signs, electrocardiograms (ECGs), routine laboratory 
tests, adrenocorticotropic hormone concentration, and 
free testosterone concentration (derived from total 
testosterone [measured with liquid chromatography–
tandem mass spectroscopy], serum albumin, and sex 

hormone binding globulin concentrations [immuno-
assay] by the Sodergard method22). ECGs were recorded 
over 5 min at baseline, at each dose level during dose 
titration, and at each monthly visit during the 
maintenance phase, within about 1–2 h after levo-
ketoconazole administration; these readings were 
centrally interpreted. Adverse events were coded in 
accordance with the Medical Dictionary for Regulatory 
Activities version 20.1 and graded in accordance with the 
National Cancer Institute Common Terminology Criteria 
for Adverse Events, version 4.0. Treatment-emergent 
adverse events (onset or worsening after one or more 
doses of levoketoconazole) were reported for the dose-
titration and maintenance phases combined, unless 
otherwise indicated.

Statistical analysis
The intention-to-treat population, which included all 
patients who received at least one dose of 
levoketoconazole, was used for assessment of the 
primary efficacy outcome. The prespecified per-protocol 
population included intention-to-treat population 
patients who completed the maintenance phase with no 
major protocol deviations that might have affected the 
primary efficacy assessment. The maintenance 
population, which consisted of all patients who entered 
the maintenance phase of the study, was used for 
supportive analyses of the primary outcome and for most 
secondary outcomes.

For the primary efficacy analysis, the proportions of 
intention-to-treat and per-protocol responders at the end 
of month 6 of the maintenance phase were estimated by 
generalised linear models with repeated measurements 
for nominal visit, participant as a random effect, and 
adjustment for baseline covariates: region (US or non-
US), diagnoses of diabetes or hypertension, age, sex, 
Cushing’s syndrome duration, previous Cushing’s 
syndrome medication, and previous radiation treatment 
for Cushing’s syndrome. The null hypothesis was that 
the proportion of responders at the end of the 
maintenance phase (EoM) was 20% or less. We 
calculated that an intention-to-treat sample size of 
90 patients provided 90% power, with a two-sided type I 
error of 0∙05, assuming an observed rate of 35%. 
Patients who did not provide an EoM (month 6) mUFC 
value for any reason (ie, discontinued before EoM, 
month 6 outside of visit window, fewer than two adequate 
24-h urine samples) were considered non-responders, as 
were patients who had an increase in dose (transient or 
permanent) during maintenance and patients with a 
history of radiation who exhibited no rebound increase 
in mUFC following brief withdrawal of levoketoconazole 
immediately after EoM. Sensitivity analyses of the 
primary outcome assessed mUFC normalisation at 
month 6, irrespective of dose increase, with or without 
imputation for missing data in the intention-to-treat 
population; and mUFC normalisation at month 6, 

Figure 1: Patient disposition
*One patient had two reasons for screen failure (entry criteria not met and 
withdrawal of consent). †Sponsor decision (n=2), sponsor closed the 
recruitment (n=2), and patient with fracture before treatment (n=1). 
‡Adenocarcinoma of the colon (diagnosed before the first dose of study 
medication), funder request, patient request (because of poor clinical 
conditions). §Pituitary surgery.

201 patients screened

107 excluded 
99 entry criteria not met

3 withdrawal of consent*
1 physician decision
5 other reasons†

17 discontinued
 6 adverse events
 4 withdrawal of consent
 3 insufficient efficacy
 1 physician decision
 3 other reasons‡

16 discontinued
 6 adverse events
 4 withdrawal of consent
 4 insufficient efficacy
 1 physician decision
 1 other reason§

94 patients enrolled in the dose titration phase and received  ≥1 dose of study 
drug (intention-to-treat population) 

77 patients entered the maintenance phase and received ≥1 dose of study 
 drug during this phase (maintenance population)

61 patients completed the maintenance phase
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irrespective of dose increase in patients who completed 
the maintenance phase.

Key secondary outcomes of Cushing’s syndrome 
comorbidity biomarker changes from baseline at month 6 
(including only those patients with both baseline and 
month 6 data) were estimated using a generalised linear 
model with repeated measurements for nominal visit, 
participant as a random effect, and baseline covariates as 
per the primary analysis, apart from inclusion of the 
corresponding baseline comorbidity biomarker value; 
p values were assessed for statistical significance and 
adjusted for multiplicity by use of the Hochberg method 
(excluding CRP concentration as a separate secondary 
endpoint and not as a comorbidity biomarker to be 
included in the multiple testing adjustment), maintaining 
a family-wise error rate of 0∙05. In a post-hoc sensitivity 
analysis, we also assessed change in LDL cholesterol 
concentrations after excluding patients on cholesterol-
lowering medications. Safety assessments were sum-
marised with descriptive statistics. SAS version 9.1.3 (or 
higher) was used for statistical analyses. This trial is 
registered with ClinicalTrials.gov, NCT01838551.

Role of the funding source
The funder contributed to the study design and the 
analysis and interpretation of the data, provided financial 
support for editorial assistance, and was involved in the 
writing of this report. The corresponding author had full 
access to all the data in the study and had final 
responsibility for the decision to submit for publication.

Results
Between July 30, 2014, and June 30, 2017, 201 individuals 
were screened; 94 were enrolled and received at least 
one dose of study medication (intention-to-treat 
population; figure 1, table 1), 80 (85%) of whom had 
pituitary Cushing’s syndrome. 17 (18%) of 94 patients 
discontinued from the dose-titration phase, therefore, 
77 patients entered the maintenance phase. 16 (17%) of 94  
patients discontinued from the maintenance phase, and 
61 patients completed the maintenance phase. The most 
common reasons for discontinuation in all phases 
combined were adverse events (n=12), withdrawal of 
consent (n=8), and insufficient efficacy (n=7).

In the intention-to-treat population, mean mUFC at 
baseline was 671∙4 nmol/24 h (243∙3 μg/24 h; 4∙9 × ULN). 
Of the 92 patients with baseline mUFC data, 69 (75%) 
had mUFC of 2·0 or higher than the ULN. Mean mUFC 
concentrations were reduced during the dose-titration 
phase; 62 (81%) of 77 patients entering the maintenance 
phase had a complete response (mean mUFC ≤ULN) by 
the end of dose titration (appendix p 7). Mean mUFC 
remained at approximately the ULN from month 1 
through month 6 of maintenance (figure 2A). At EoM, 
29 (31%) of 94 patients were responders; the least-squares 
mean estimate of the proportion of responders was 0∙30 
(95% CI 0∙21–0∙40; p=0∙0154 vs null hypothesis of 

≤0∙20; table 2). In the prespecified per-protocol analysis, 
27 (45%) of 60 patients were responders (one patient was 
excluded due to a major protocol deviation that might 
have affected the primary efficacy assessment); the 
least-squares mean estimate of the proportion of 
responders was 0∙45 (95% CI 0∙32–0∙59; p=0∙0001). The 

Patients (n=94)

Age (years)

Mean 43∙7 (13∙4)

Median 44∙0 (18–75)

Sex

Women 77 (82%)

Men 17 (18%)

Ethnicity

White 90 (96%)

Black 1 (1%)

Other 1 (1%)

Unknown 2 (2%)

Mean bodyweight (kg) 84∙0 (23∙4)

Mean BMI (kg/m²)* 30∙8 (8∙2)

Time since Cushing’s syndrome diagnosis (months)

Mean 68∙0 (80∙4)

Median 33∙7 (0∙7–434∙0)

Biological cause

Cushing’s disease 80 (85%)

Ectopic ACTH secretion 1 (1%)

Adrenal dependent 8 (9%)

Unknown 5 (5%)

Diabetes 36 (38%)

Hypertension 67 (71%)

Hypercholesterolaemia 34 (36%)

Baseline mUFC†

Molar concentration (nmol/24 h)

Mean 671∙4 (743∙1)

Median 407∙9 (162∙0–4168∙0) 

Mass concentration (μg/24 h)

Mean 243∙3 (269∙3)

Median 147∙8 (58∙7–1510∙1) 

Baseline mUFC × ULN‡

Mean 4∙9 (5∙4)

Median 3∙0 (1∙2–30∙2)§

Previous treatment¶

Surgery 65 (69%)

Medication 11 (12%)

Radiotherapy 9 (10%)

None 26 (28%)

Data are mean (SD), n (%), or median (range). ACTH=adrenocorticotropic 
hormone. mUFC=mean urinary free cortisol. ULN=upper limit of normal. *n=93; 
one patient had missing BMI data because of missing height information. †For 
each patient, the average of the UFCs from the adequate samples at baseline were 
calculated; two patients had missing baseline mUFC because of inadequate urine 
collection. ‡ULN for UFC=138 nmol/24 h (50 μg/24 h). §One patient with mUFC 
<1∙5 × ULN was excluded because of inadequate urine collection. ¶Patients can be 
included in more than one category.

Table 1: Baseline characteristics (intention-to-treat population)
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crude proportion of patients with normalised mUFC was 
34 (36%) of 94 when five patients who required a dose 
increase during the maintenance phase were included; 
therefore, 34 (62%) of the 55 patients who completed the 
maintenance phase with both baseline and EoM mUFC 
data had normalised mUFC (figure 2B).

The response rate was higher in patients with lower 
mUFC concentrations at baseline; conversely, the required 
dose of levoketoconazole was lower. The final maintenance 
phase mUFC value was in the normal range for 12 (71%) 
of 17 patients with baseline mUFC from one and a half 
times to less than twice the ULN, with a median 
levoketoconazole dose of 300 mg (range of 300 mg to 
600 mg); 19 (49%) of 39 patients with baseline mUFC 
from twice to less than five times the ULN, with a median 
dose of 600 mg (300 mg to 1200 mg); and nine (56%) of 
16 patients with a baseline mUFC of at least five times the 
ULN, with a median dose of 750 mg (300 mg to 900 mg). 

More patients in the mUFC non-responder group had 
an initial mUFC greater than the ULN (as assessed at the 
last visit of the dose-titration phase) than patients in the 
responder group (mUFC ≤ULN at month 6 irrespective 
of dose increase; appendix p 8). However, the two groups 
had qualitatively similar maintenance of their initial 
mUFC response over time.

Of the nine patients who had received radiation 
therapy, one was considered a responder in the primary 
outcome analysis. This patient’s mUFC values rebounded 
and became abnormal 2 weeks after discontinuing the 
drug at EoM, thus suggesting that UFC normalisation 
was not due to radiation therapy. Of the eight patients 
who had received radiation therapy and were considered 
non-responders, three had month 6 mUFC above ULN, 
three did not have month 6 mUFC data, and two had a 
dose increase during maintenance treatment.

Mean late-night salivary cortisol decreased from 
baseline (11·9 nmol/L [0·43 μg/dL]) to month 6 of 
maintenance (6·1 nmol/L [0·22 μg/dL]); however, only 
four patients had normal late-night salivary cortisol levels 
at EoM (figure 2C), of whom three also had normalised 
mUFC. In patients with both baseline and EoM late-night 
salivary cortisol data, the mean change in late-night 
salivary cortisol from baseline to EoM was –5∙8 nmol/L 
(–0∙21 μg/dL [95% CI –10∙7 to –0∙79]; nmol/L [–0∙39 to 
–0∙03 μg/dL]; p=0∙0239).

Figure 2: Cortisol and ACTH responses
(A) mUFC concentration from baseline of the dose titration phase through to 
the end of the maintenance phase (month 6; maintenance population). Dotted 
line represents the ULN for urinary free cortisol (138 nmol/24 h [50 μg/24 h]). 
Error bars in panel A represent ± 1 SE. Baseline mUFC data were missing for 
two patients in the maintenance population. (B–D) Change in individual 
concentrations from baseline of the dose titration phase to the end of 
maintenance phase (month 6; maintenance completers population) for 
mUFC (B), LNSC (C), and ACTH in a subset of patients with Cushing’s disease (D).  
(B–D) Doses are from day 1 of the maintenance phase; horizontal line represents 
ULN. ACTH=adrenocorticotrophic hormone. LNSC=late-night salivary cortisol. 
mUFC=mean urinary free cortisol. ULN=upper limit of normal. 
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Significant mean improvements from baseline at EoM 
were observed in several of the Cushing’s syndrome 
comorbidity biomarkers: fasting blood glucose 
concentration, HbA1c, total and LDL cholesterol, and 
bodyweight (table 3). Of 21 patients with HbA1c values in 
the range of 5∙7% to less than 6∙5% (38∙8 mmol/mol to 
<47∙5 mmol/mol) at baseline, ten (48%) had values 
below 5∙7% (38∙8 mmol/mol) at month 6 (or last visit in 
the maintenance phase); and of 16 with baseline HbA1c 
values of 6∙5% (47∙5 mmol/mol) or higher, seven (44%) 
ended with values less than 6∙5% (appendix pp 9–11). Of 
32 patients with a BMI 30 kg/m² or higher at baseline, 
nine (28%) ended with a BMI below 30 kg/m². For LDL 
cholesterol, 22 (46%) of 48 patients with baseline LDL 
cholesterol concentration greater than or equal to 
2∙59 mmol/L (100 mg/dL) ended with concentrations 
below 2∙59 mmol/L. Mean serum triglycerides increased 
slightly from 1∙59 mmol/L (140∙7 mg/dL) at baseline to 
1∙63 mmol/L (144∙2 mg/dL) at end of maintenance, with 
a mean change of 0∙110 mmol/L (9∙7 mg/dL). A 
significant mean reduction in HDL cholesterol occurred; 
no significant effect was noted in CRP or in systolic or 
diastolic blood pressure (table 3). Overall, there was 
effectively no net change in medications used to treat 
diabetes (appendix p 12). Six patients started taking 
cholesterol-lowering medications during maintenance 
therapy (appendix p 12); however, a post-hoc analysis 
showed that exclusion of these patients did not affect the 
mean reduction of cholesterol concentration from 
baseline to EoM (data not shown).

Significant mean improvements in clinician-rated 
acne, hirsutism (among women), and peripheral oedema 
scores were noted (table 3). Other assessed signs and 
symptoms did not change significantly (table 3). Patient-
reported outcomes of quality of life significantly 
improved from baseline to month 6 (mean change in 
Cushing’s Quality-of-Life score 10∙6 points; p<0∙0001), 
as did depression severity (mean change in BDI-II score, 
–4∙3 points; p=0∙0043; appendix p 13).

The mean treatment duration for the combined phases 
was 232∙5 (SD 82∙3) days (median 237∙8 days; range 
17–439 days). Overall, 92 (98%) of 94 patients had one or 
more adverse events. The most commonly reported 
adverse events were nausea and headache (table 4). 
15 adverse events of special interest were reported among 
14 patients (15%): liver-related adverse events (n=7), QT 
prolongation (n=5), and adrenal insufficiency (n=3), with 
one patient experiencing both QT prolongation and 
adrenal insufficiency. Most adverse events were of mild or 
moderate intensity (grade 1–2). The most common severe  
(grade 3) events were hypertension and increased alanine 
aminotransferase (ALT; three patients each); one life-
threatening, grade 4 event was reported (depression). 
One person died due to colon carcinoma (detected on 
study day 45), which was deemed unrelated to 
levoketoconazole treatment. 12 (13%) of 94 patients 
discontinued levoketoconazole because of an adverse 

event; the most common events leading to discon tinuation 
were liver related (six patients). No patients discontinued 
the study due to an adrenal insufficiency event. Serious 
adverse events were reported in 14 (15%) patients. Four 
patients had serious events that were considered probably 
or definitely related to study drug: abnormal liver function 
test results (one patient), prolonged QT interval 
(two patients), and adrenal insufficiency (one patient). 
The most common serious adverse events (two patients 
each) were chronic pyelonephritis, muscle weakness, and 
QT interval prolongation.

Routine laboratory assessments showed ALT increases 
above the ULN in 39 (41%) of 94 patients at any time 
before EoM, including seven patients with an ALT 
concentration of between more than three times and 
five times the ULN and three patients with ALT more 
than five times the ULN. Of the 90 patients with normal 
ALT concentrations at baseline, 36 (40%) had an 
abnormal value at least once during maintenance phase. 
Among the ten (11%) patients with an ALT value of more 
than three times the ULN, the highest ALT increases 
occurred by the month 2 (day 60) visit of the maintenance 
phase and were fully reversible; eight of these patients 
discontinued from the study (four because of ALT 

Response rate Response rate LS mean

mUFC normalisation without a dose increase*†

Month 1 41/85 0∙48 (0∙37–0∙59)

Month 2 44/88 0∙50 (0∙39–0∙61)

Month 3 41/92 0∙44 (0∙34–0∙55)

Month 4 31/90 0∙35 (0∙25–0∙46)

Month 5 32/90 0∙36 (0∙26–0∙47)

Month 6 (primary endpoint) 29/94 0∙30 (0∙21–0∙40)

mUFC normalisation at month 6 (irrespective of dose 
increase)*‡

34/94 0∙36 (0∙26–0∙46)

mUFC normalisation at month 6 (irrespective of dose increase, 
with imputation)*‡§

36/94 0∙38 (0∙28–0∙49)

Analysis of observed rate at month 6 with imputation for 
missing mUFC after month 3‡¶

40/94 0∙43 (0∙32–0∙53)

≥50% mUFC decrease or normalisation at month 6 (irrespective 
of dose increase)*‡

43/94 0∙46 (0∙35–0∙56)

≥50% mUFC decrease or normalisation at month 6 (irrespective 
of dose increase, with imputation)*‡§

45/94 0∙48 (0∙37–0∙58)

Participants who completed the maintenance phase with mUFC 
data and mUFC normalisation at month 6 (irrespective of dose 
increase)‡||

34/55 (62%) ∙∙

Participants who completed the maintenance phase with mUFC 
data and ≥50% mUFC decrease or normalisation at month 6 
(irrespective of dose increase)‡||

43/55 (78%) ∙∙

Data are n/N, n/N (%), or LS mean (95% CI). UFC=urinary free cortisol. LS=least-squares. mUFC=mean urinary free 
cortisol. EoM=end of maintenance (month 6). *Based on mixed-effects, repeated-measures model with underlying 
binomial distribution and logit link function, adjusted for baseline covariates. †Patients who had discontinued were 
considered non-responders at all timepoints after discontinuation; patients with missing mUFC data were not 
included in the analyses for months 1–5 but were considered non-responders in the month 6 analysis. ‡Sensitivity 
analysis. §Imputed mUFC as normal for a missing value at EoM if mUFC was normal at preceding and subsequent 
visits. ¶Imputed missing value at EoM as last non-missing mUFC from latest of months 3, 4, or 5. CI is from the 
Clopper-Pearson two-sided 95% CI for the one-sample binomial proportion. ||Data based on 55 maintenance phase 
completers with both baseline and month 6 mUFC data available.

Table 2: UFC responder analyses (intention-to-treat population)
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increase, four for other reasons) and two completed 
maintenance, with no clinical sequelae in any patient.

Mean adrenocorticotropic hormone concentrations in 
the subset of 80 patients diagnosed with Cushing’s disease 
increased during dose titration and remained raised 
through the maintenance phase. Mean adrenocorticotropic 
hormone concentration was 10∙1 pmol/L (46∙0 pg/mL; 
1∙5 × ULN) at baseline and 18∙5 pmol/L (83∙9 pg/mL; 
2∙9 × ULN) at EoM (mean change 8∙1 pmol/L 
[36∙7 pg/mL]). The largest increase at EoM was to 
9∙6 times the ULN; 28 (61%) of 46 patients with available 
data had adrenocorticotropic hormone concentrations of 

more than twice the ULN at EoM (figure 2D). There was 
no correlation between change (from baseline to month 6) 
in adrenocorticotropic hormone concentrations and 
change in mUFC (r=0∙22; p=0∙1701).

Mean free testosterone concentrations decreased 
significantly in women between baseline and EoM (from 
0∙011 to 0∙004 nmol/L [0∙3 ng/dL to 0∙1 ng/dL]; 
p<0∙0001) and increased numerically (but not signifi-
cantly) in men (from 0∙177 to 0∙202 nmol/L 
[5∙1–5∙8 ng/dL]; p=0·38).

Nine (10%) of 94 patients had one or more Fridericia-
corrected QT value representing an increase of more 
than 60 ms from baseline, and two patients (2%) had one 
or more confirmed Fridericia-corrected QT intervals of 
more than 500 ms, both predefined thresholds. In 
five patients (5%) for whom QT prolongation was an 
adverse event of special interest, the QT increase was 
reversed with temporary drug interruption, and all 

Baseline mean 
(SD; n) 

LS mean or mean change from 
baseline to EoM 
(SE; 99% CI or 95% CI; n) 

p value

Comorbidity biomarker*†

Fasting blood glucose ∙∙ ∙∙ <0∙0001

Molar concentration (mmol/L) 5∙8 (2∙0; 76) –0∙68 (0∙09; –0∙93 to –0∙43; 50) ∙∙

Mass concentration (mg/dL) 103∙6 (35∙5; 76) –12∙3 (1∙7; –16∙8 to –7∙7; 50) ∙∙

HbA1c (%) 6∙0 (1∙1; 77) –0∙39 (0∙08; –0∙61 to –0∙18; 55) <0∙0001

Systolic blood pressure (mm Hg) 133∙7 (15∙8; 77) 0∙34 (2∙02; –5∙1 to 5∙7; 54) 0∙87

Diastolic blood pressure (mm Hg) 83∙6 (12∙8; 77) –0∙89 (1∙32; –4∙4 to 2∙6; 54) 0∙87

Total cholesterol ∙∙ ∙∙ <0∙0001

Molar concentration (mmol/L) 5∙6 (1∙4; 75) –1∙1 (0∙09; –1∙4 to –0∙9; 53) ∙∙

Mass concentration (mg/dL) 218∙1 (52∙7; 75) –43∙0 (3∙4; –52∙1 to –33∙9; 53) ∙∙

LDL cholesterol ∙∙ ∙∙ <0∙0001

Molar concentration (mmol/L) 3∙3 (1∙2; 75) –0∙97 (0∙08; –1∙2 to –0∙8; 53) ∙∙

Mass concentration (mg/dL) 127∙3 (45∙7; 75) –37∙3 (2∙9; –45∙1 to –29∙6; 53) ∙∙

HDL cholesterol ∙∙ ∙∙ <0∙0001

Molar concentration (mmol/L) 1∙6 (0∙5; 75) –0∙20 (0∙04; –0∙30 to –0∙10; 53) ∙∙

Mass concentration (mg/dL) 63∙1 (17∙4; 75) –7∙7 (1∙5; –11∙6 to –3∙9; 53) ∙∙

Bodyweight (kg) 82∙1 (22∙5; 77) –5∙1 (0∙81; –7∙3 to –3∙0; 54) <0∙0001

C-reactive protein ∙∙ ∙∙ 0∙15

Molar concentration (nmol/L) 37∙9 (43∙4; 74) 10∙1 (6∙8; –8∙3 to 28∙5; 50) ∙∙

Mass concentration (mg/L) 4∙0 (4∙6; 74) 1∙1 (0∙7; –0∙9 to 3∙0; 50) ∙∙

Clinical signs and symptoms*‡

Acne global score§ 2∙8 (5∙8; 75) –1∙8 (0∙7; –3∙1 to –0∙5; 51) 0∙0063

Hirsutism total score (women only)¶ 7∙8 (5∙7; 60) –2∙6 (0∙7; –4∙1 to –1∙1; 44) 0∙0008

Peripheral oedema total score|| 1∙0 (1∙8; 75) –0∙4 (0∙2; –0∙8 to 0∙0; 49) 0∙030

Total score for seven other clinical 
signs and symptoms**††

4∙3 (3∙8; 61) –0∙8 (0∙5; –1∙9 to 0∙2; 44) 0∙11

LS=least squares. EoM=end of maintenance (month 6). *Analysis is based on the 77 patients who entered the 
maintenance phase. †LS mean change from baseline from a generalised linear model with repeated measurements 
adjusted for baseline covariates; 99% CI for the LS mean change of biomarkers of Cushing’s syndrome comorbidities 
outcomes; p values based on LS mean change from baseline to EoM (Hochberg adjustment applied to p values to control 
type 1 error at 0∙05, apart from C-reactive protein, which was not identified as a Cushing’s syndrome comorbidity 
biomarker in the statistical analysis plan). ‡95% CI information for the mean change of clinical signs and symptoms 
outcomes; p values from the paired t test performed on the change from baseline to EoM. §Acne global score: range from 
0 to 44, where 0=none, 1–18=mild, 19–30=moderate, 31–38=severe, and ≥39=very severe. ¶Hirsutism total score: range 
from 0 (none) to 36 (worst). ||Peripheral oedema total score: range from 0 (none) to 12 (worst). **The seven clinical 
signs and symptoms are moon facies, facial plethora, striae, bruising, supraclavicular fat, irregular menstruation (women 
only), and dysmenorrhoea (women only); each symptom was graded as none (score=0), mild (1), moderate (2), or severe 
(3); since only five of seven signs and symptoms apply to men, their total score is multiplied by seven and divided by five 
to standardise it to the same scale as the total score for women; total score can range from 0 (none) to 21 (worst). ††Only 
patients who consented to study participation under protocol amendments 5 and 6 had this assessment. 

Table 3: Change from baseline to month 6 of maintenance phase in Cushing’s syndrome comorbidity 
biomarkers and clinical signs and symptoms (maintenance population)

Patients (n=94)

Any adverse event 92 (98%)

Serious adverse event 14 (15%)

Drug-related adverse event* 40 (43%)

Adverse event leading to discontinuation 12 (13%)

Intensity of adverse events

Mild 21 (22%)

Moderate 54 (57%)

Severe 15 (16%)

Life-threatening 1 (1%)

Death 1 (1%)

Most common adverse events†

Nausea 30 (32%)

Headache 26 (28%)

Peripheral oedema 18 (19%)

Hypertension 16 (17%)

Fatigue 15 (16%)

Diarrhoea 14 (15%)

ALT increased‡ 14 (15%)

GGT increased‡ 12 (13%)

AST increased‡ 11 (12%)

Nasopharyngitis 11 (12%)

Urinary-tract infection 11 (12%)

Arthralgia 10 (11%)

Dizziness 10 (11%)

Dry skin 10 (11%)

Hypokalaemia 10 (11%)

Myalgia 10 (11%)

Vomiting 10 (11%)

Data are n (%). ALT=alanine aminotransferase. AST=aspartate aminotransferase. 
GGT=γ-glutamyltransferase. *Assessed by the investigator as probably or 
definitely related to study drug. †Reported in ≥10% of patients. ‡Includes all ALT, 
AST, GGT increases reported as an adverse event irrespective of concentration 
recorded or relation to drug.

Table 4: Summary of adverse events (both phases combined; 
intention-to-treat population)
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patients affected were able to resume study medication at 
the same or lower dose. No arrhythmias or changes in 
conduction intervals other than QT were reported. 
Potassium values were often less than 4·0 mmol/L 
among patients with a corrected QT interval of more 
than 470 ms (experienced by 67% of patients). The 
majority of cases of QT prolongation were considered by 
the investigator as probably related to or definitely related 
to levoketoconazole treatment.

Discussion
The results of the phase 3 SONICS trial showed the 
efficacy and safety of levoketoconazole, the 2S,4R 
enantiomer of ketoconazole, in a representative popu-
lation of patients with endogenous Cushing’s syndrome. 
The primary efficacy outcome of mUFC normalisation 
without a preceding dose increase at EoM was achieved 
in 30% of the patients. Although the study was open-
label and uncontrolled, the design included key elements 
that strengthen the efficacy conclusion. There was no 
upper limit of mUFC concentration at enrolment, and 
most participants had moderate-to-severe baseline 
hypercortisolism (69 [75%] of 92 with baseline data had 
mUFC ≥2·0 × ULN). Furthermore, patients with cyclic 
Cushing’s syndrome were excluded, inadequate urine 
samples were not used in the calculation of mUFC, and 
measures of key outcomes were done monthly and 
analysed with a repeated-measures model on the basis of 
intention-to-treat principles. For these reasons, the 
sustained reductions in cortisol production, as measured 
by 24-h mUFC and late-night salivary cortisol, might be 
inferred as largely, if not entirely, drug related. Further 
support from sensitivity (table 2) and secondary analyses 
of mUFC response were directionally consistent with 
and implied a greater efficacy than the primary outcome 
analysis, indicative of a conservative primary analysis 
inference.

Initial normalisation during dose titration and sustained 
normalisation at month 6 of the maintenance phase 
seemed to be at least partly a reflection of the baseline 
UFC concentration. All doses studied (300–1200 mg per 
day) were effective at lowering mUFC without a clear 
dose-response relation; however, efficacy, as determined 
by normalisation of mUFC at month 6, diminished at the 
higher end of the dose range. This diminished efficacy 
was presumably related to the higher average baseline 
mUFC in the higher-dose groups (ie, greater reductions in 
mUFC were needed to achieve and maintain 
normalisation). Even so, levoketoconazole was effective in 
patients with severe hypercortisolism: mUFC was 
normalised at the last maintenance phase assessment in 
nine (56%) of 16 of patients who had baseline mUFC 
levels at least five times the ULN.

Investigators were instructed to titrate doses slowly, 
with no more than 150 mg added every 2 weeks, which 
might help to account for the low incidence (three patients 
[3%]) of adrenal insufficiency over the combined 

dose-titration and maintenance phases. They were also 
instructed to advance patients into the maintenance 
phase immediately on the first confirmation of mUFC 
within the normal range, rather than requiring all four 
samples to be within the normal range and waiting a 
month or more to determine if mUFC was stable. It is 
not yet known whether a more aggressive titration 
scheme would be more effective, as well tolerated, or 
safe.

Secondary outcomes indicative of subjective clinical 
benefits included improvements in signs and symptoms 
of Cushing’s syndrome, such as those associated with 
androgen excess and reductions in fluid retention, 
depression, and collectively, those associated with 
impaired quality of life. These improvements were 
observed despite baseline scores indicating that symptoms 
affecting appearance, daily functioning, and quality of life 
were generally of mild to moderate severity. This finding 
suggests the need for a study of the effects of therapy on 
patients with more severe subjective impairments.

Cardiovascular disease is believed to be responsible for 
most of the excess mortality and substantial morbidity in 
Cushing’s syndrome, and some studies have shown that 
cardiovascular risk persists even after biochemical 
cure.4,23,24 In view of the rarity of Cushing’s syndrome, 
cardiovascular outcome studies are infeasible. Thus, 
observing changes in established cardiovascular risk 
markers is a practical means by which various therapies 
can be judged as to their potential ability to prevent 
major adverse cardiovascular events. Treatment with 
levo ketoconazole produced notable improvements in 
biomarkers of cardiovascular risk, including significant 
mean reductions in total and LDL cholesterol, HbA1c, 
fasting blood glucose concentration, and bodyweight, 
accompanied by shifts in the population towards healthy 
ranges. The cardiovascular risk marker improvements 
observed do not seem to have been due to changes in 
concomitant medication use. In opposition to these 
improvements, a small but significant mean decrease in 
HDL cholesterol was seen, and mean serum triglycerides 
increased slightly. The mechanism underlying the 
decrease in HDL cholesterol is unknown but might be 
related to ketoconazole-like effects on bile acid synthesis 
and cholesterol homeostasis, or to effects on cortisol (the 
glucocorticoid antagonist mifepristone has also been 
shown to reduce serum HDL cholesterol concen-
trations25). No improvement in blood pressure was 
identified.

An important limitation of our study is that we did not 
do a direct efficacy comparison between levoketoconazole 
and ketoconazole, and indirect comparison is problematic 
because of the absence of prospective studies assessing 
the efficacy of ketoconazole in Cushing’s syndrome. 
Based on retrospective data collected from patients who 
had received long-term treatment with ketoconazole, in 
some cases for many years, efficacy has been reported as 
mUFC normalisation in 45–50% of patients.26,27 However, 
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retrospective chart reviews of patients being treated 
clinically are prone to bias, as an unknown proportion of 
non-responders might not be counted, and the methods 
used to ascertain mUFC normalisation were not 
standardised. Additionally, in clinical practice a single 
UFC (and not average of repeated samples) is typically 
measured at any one time. Likewise, we are unaware of 
data in a similar population that shows salutary effects 
of ketoconazole therapy on Cushing’s syndrome 
comorbidities, signs and symptoms, or patient-reported 
outcomes, as were shown in the present study.

Levoketoconazole inhibits several adrenal enzymes, 
including 17α-hydroxylase and the cholesterol side-chain 
cleavage enzyme,11,12 and does not result in excess 
testosterone concentrations in women, by contrast with 
medications that preferentially block 11β-hydroxylase.28 

Mean free testosterone concentrations decreased 
significantly in women with Cushing’s syndrome in this 
study, with concomitant improvements in hirsutism and 
acne. By contrast with racemic ketoconazole, which can 
induce hypogonadism in men, mean free testosterone 
concentration increased (numerically, but not 
significantly) in men in this study. As expected with any 
adrenal steroidogenesis inhibitor administered to 
patients with Cushing’s disease, mean adrenocortico-
tropic hormone concentrations increased in this study; 
80 patients (85% of the study population) had Cushing’s 
disease, and more than half of those with an 
adrenocorticotropic hormone assessment at EoM had 
concentrations of at least twice the ULN.

No unexpected safety signals were observed. Nausea 
and headache were the most common adverse events, but 
they rarely affected treatment, and there was little evidence 
that any adverse event was dose related. Some cases of 
nausea and headache might possibly have been a result of 
relative cortisol deficiency (ie, cortisol withdrawal). 
Potentially important side-effects that were anticipated at 
the outset of the study, including adrenal insufficiency, 
QT interval prolongation, and liver enzyme increases, 
were observed at frequencies and severities that were 
manageable, as evidenced by the relatively low proportion 
of participants who discon tinued the study because of 
adverse events (12 patients [13%]). The liver test 
abnormalities suggest uncommon, idiosyncratic (ie, not 
clearly dose related), drug-related effects that were usually 
of mild to moderate severity and fully reversible by 
stopping the study drug, without any clinical sequelae. 
The most relevant comparison data with ketoconazole 
come from a prospective, observational, compassionate-
use registry study in Cushing’s syndrome in France.14 In 
that study, the incidence of ALT at least five times the ULN 
in patients with Cushing’s syndrome previously untreated 
with ketoconazole, assessed over a similar mean period of 
follow-up time as SONICS, was 13% (four of 31 patients), 
as compared with 3% (three of 94 patients) in SONICS.

Ketoconazole prolongs the QT interval, presumably at 
least partly through inhibition of the hERG (human 

ether-a-go-go related gene; encoding Kv11.1, the rapidly 
activating component of the cardiac delayed rectifier 
potassium channel) IKr channel.29,30 Levoketoconazole 
has a similar effect on the inhibition of the IKr channel 
in vitro as ketoconazole, but with less potency 
(unpublished data). In SONICS, nine patients had an 
increase in Fridericia-corrected QT value from baseline 
that exceeded 60 ms, a threshold used for signal 
detection, and two patients exceeded an interval duration 
of 500 ms, which has been associated with an increased 
risk of arrhythmia in long QT syndromes.16 Some cases 
were confounded by hypokalaemia and other drugs that 
can prolong QT; however, most were considered by the 
investigator as probably related to levoketoconazole 
treatment, and in some cases the T-wave morphology 
suggested IKr inhibition.31 No arrhythmias or changes in 
conduction intervals other than QT were observed.

As with ketoconazole, the potential for drug interactions 
must be considered with levoketoconazole. Patients 
taking specific medications were excluded from this 
study, and careful examination of patients’ medication 
lists for possible drug–drug interactions, as well as 
gastric acid inhibition, will be necessary when 
considering levoketoconazole for the treatment of 
Cushing’s syndrome.

Limitations to this study include the open-label design 
and absence of a control group, which can introduce 
observer bias in subjective measures such as Cushing’s 
syndrome clinical scores and quality-of-life measures. 
Use of a concurrent placebo control was considered 
unethical in a long-term study, in view of the known risks 
of withholding therapy in moderate-to-severe Cushing’s 
syndrome. Although inclusion of an active comparator 
(specifically ketoconazole) would have provided important 
information, this design was considered impractical, as a 
large sample size would be needed. Additionally, in many 
countries where this study was done, ketoconazole is not 
approved for Cushing’s syndrome and, as such, could not 
be used as a comparator in this clinical trial. As this was 
not a comparative study, the results cannot be used as the 
basis for any comparative or cost-effectiveness discussion. 
Notably, this study is the first prospective trial of any 
ketoconazole-derived drug for treatment of Cushing’s 
syndrome and, thus, there are no similar studies of 
ketoconazole available for comparison. Strict inclusion 
and exclusion criteria in this study limited patient 
heterogeneity and, since most patients were white, 
generalisability of the findings to patients of other races 
and ethnic groups might be limited.

The medical needs in Cushing’s syndrome are very 
high despite the availability of approved treatments.32 In 
this relatively large, prospective, international study, in 
which 28% of patients had no previous therapy, 
levoketoconazole was effective for reducing and 
normalising mUFC concentrations and biomarkers of 
cardiovascular risk, as well as improving clinical signs 
and quality of life in patients with endogenous Cushing’s 
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syndrome. Since oral levoketoconazole was also generally 
well tolerated, and had risks that were manageable with 
appropriate monitoring, the drug has the potential to be 
an important therapeutic option for patients with 
Cushing’s syndrome.
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