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ABSTRACT

ARTICLE HISTORY

Introduction: Extended-release calcifediol (ERC) is an orally administered prohormone of active
vitamin D (1,25-dihydroxyvitamin D [1,25D]) designed to safely and sufficiently increase serum total
25-hydroxyvitamin D (25D) to reduce elevated parathyroid hormone (PTH) in patients with nondialysis-chronic kidney disease (ND-CKD). ERC is currently approved in the United States and Canada.
Areas covered: Herein, key clinical data relating to the pharmacokinetics, pharmacodynamics, efficacy
and safety of ERC are reviewed.
Expert opinion: Currently available treatment options for secondary hyperparathyroidism (SHPT) in NDCKD have limitations: the effectiveness of nutritional vitamin D supplements for reduction of PTH levels
is unproven and active (1α-hydroxylated) vitamin D analogues elevate serum calcium, which increases
the risk of hypercalcemia and vascular calcification. Clinical studies show that ERC is an effective, well
tolerated treatment for SHPT in ND-CKD. ERC gradually raises serum 25D levels, resulting in physiologically regulated increases in serum 1,25D and sustained reductions in PTH, while avoiding clinically
meaningful increases in serum phosphorus, calcium and fibroblast growth factor 23. ERC offers a new,
effective and well tolerated treatment option for the early management of SHPT in patients with NDCKD.
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1. Introduction
Chronic kidney disease (CKD) is a major public health challenge,
estimated to affect between 10 to 13% of the adult population
worldwide [1], and is associated with an increased risk of cardiovascular disease and reduced life expectancy [1]. The majority
of CKD patients are affected by CKD-mineral and bone disorder
(CKD-MBD) − a systemic disorder manifesting as one or
a combination of: 1) abnormalities in calcium, phosphorus, parathyroid hormone (PTH) and vitamin D metabolism; 2) vascular or
other soft tissue calcification; and/or 3) abnormalities in bone
turnover, mineralization or strength, which can lead to bone
disease and increased risk of fractures [2,3].
Secondary hyperparathyroidism (SHPT) is a critical component of CKD-MBD and is characterized by excessive PTH production and parathyroid hyperplasia [4]. SHPT manifests early during
the progression of renal disease and occurs in approximately 40
to 80% patients with stage 3 or 4 CKD, characterized by elevated
serum levels of PTH [5]. Such prolonged and progressive elevations in PTH levels increase the risk of bone disease, fractures,
vascular and soft tissue calcification, morbidity and mortality
[4,6,7]. Hyperplasia of the parathyroid glands may lead to increasing autonomy of parathyroid tissues, resulting in sustained elevations in PTH, and is also accompanied by treatment resistance
due to progressive reductions in sensitivity to calcium and vitamin D hormone signaling [8].
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SHPT develops in CKD as a consequence of abnormalities in
several biochemical parameters, including increases in serum
phosphorus and fibroblast growth factor 23 (FGF23), and reductions in serum calcium, 25-hydroxyvitamin D (25D) and 1,25dihydroxyvitamin D (1,25D) [4]. Low vitamin D levels (of both
25D and 1,25D) play a major role in the development and
progression of SHPT [7]. The prevalence of vitamin D (25D) insufficiency is higher among patients with CKD than in the general
population [9,10]. Factors contributing toward this increased
prevalence of 25D insufficiency in CKD patients include a low
dietary intake of vitamin D, loss of vitamin D-binding protein in
the urine [11], inadequate exposure to sunlight [12], decreased
hepatic activation of vitamin D [13], and possibly increased
inactivation of vitamin D by the cytochrome P450 enzyme, 24hydroxylase (CYP24A1) [14]. Vitamin D insufficiency has been
associated with a higher risk of cardiovascular morbidity and
mortality among patients with CKD [15].
There is no consensus regarding the optimal levels of 25D in
the general population or CKD patients, or any universally
accepted definitions of vitamin D deficiency, insufficiency or
sufficiency [16–19]. However, several professional organizations
have provided recommendations for diagnostic thresholds
within their guidelines. The 2003 National Kidney Foundation
Kidney Disease Outcomes Quality Initiative (KDOQI) clinical
practice guidelines define vitamin D sufficiency as serum total
25D levels ≥30 ng/mL, although this threshold was based on

CONTACT Mario Cozzolino
mario.cozzolino@unimi.it
Renal Division and Laboratory of Experimental Nephrology, Department of Health Sciences, University
of Milan, ASST Santi Paolo e Carlo, Via A. di Rudinì 8, Milan 20142, Italy
© 2019 Informa UK Limited, trading as Taylor & Francis Group

2

M. COZZOLINO AND M. KETTELER

Article highlights
●

●

●

●

●

●

●

Currently available treatment options for secondary hyperparathyroidism (SHPT) in patients with non-dialysis chronic kidney disease (NDCKD) have efficacy and safety limitations. Nutritional vitamin D supplements do not consistently lower elevated parathyroid hormone
(PTH) levels, while active (1α-hydroxylated) vitamin D analogues
reduce PTH levels, but are associated with undesired increases in
serum phosphorus and calcium.
Extended-release calcifediol (ERC) is an orally administered, ER formulation of the natural precursor (or prohormone) of active vitamin D
(1,25-dihydroxyvitamin D [1,25D]).
ERC is currently approved in the US and Canada for the treatment of
SHPT in adults with stage 3 or 4 chronic kidney disease and vitamin D
insufficiency (total serum 25-hydroxyvitamin D [25D] <30 ng/mL).
Evidence from clinical studies indicate that current clinical guideline
targets for vitamin D sufficiency (serum 25D of 20 or 30 ng/mL) are
too low, and that higher levels of 25D (>50 ng/mL) are required for
effective control of SHPT in ND-CKD patients.
ERC gradually raises serum 25D to levels >50 ng/mL, resulting in
physiologically regulated increases in serum 1,25D and sustained
reductions in PTH levels; it achieves this without clinically relevant
increases in serum phosphorus and calcium.
Two randomized, double-blind, placebo-controlled Phase 3 clinical
trials and a 26-week subsequent extension study have demonstrated
that oral ERC (administered at daily bedtime doses of 30 or 60 µg), is
well tolerated and effective for treating SHPT and correcting underlying vitamin D deficiency in patients with stage 3 or 4 CKD. In these
studies, ERC had inconsequential impact on serum calcium, phosphorus and FGF23.
ERC offers physicians a new, effective and well tolerated treatment
option for the management of SHPT in patients with ND-CKD.

This box summarizes key points contained in the article.

data from the general population [20]. The 2011 Endocrine
Society guideline classified 25D levels <20 ng/mL as vitamin
D deficiency, 21 − 29 ng/mL as vitamin D insufficiency, and
30 − 100 ng/mL as vitamin D sufficiency [17]. Furthermore,
a 2011 report by the Institute of Medicine on dietary reference
intakes for vitamin D and calcium, suggested that serum 25D
levels of at least 20 ng/mL were sufficient for the vast majority
(97.5%) of the general population, but did not provide recommendations for individuals with CKD [21]. Although the number
of studies in CKD patients is limited, recent clinical data suggest
that 25D levels above the current clinical guideline targets of 20
or 30 ng/mL may be needed in order to effectively lower PTH
levels and optimally treat SHPT in CKD [22,23].
25D is metabolized into the most active form of vitamin D,
1,25D, by the cytochrome P-450 enzyme, 1-alpha-hydroxylase
(CYP27B1) [24], which is expressed in the kidney and in numerous
other tissues, including the adrenal gland, bone, brain, breast,
colon, dendritic cells, lung, lymph nodes, macrophages, ovary,
pancreas, parathyroid gland, placenta, prostate, and skin [25–30].
Studies performed in anephric patients have demonstrated
increases in 1,25D levels after administration of oral 25D [31]
suggesting that CYP27B1 is functional in extra-renal tissues, and
is also likely to play an important role in 1,25D production among
patients with chronic renal failure. Sufficient levels of serum 1,25D
are required for active intestinal calcium uptake, and normal bone
formation and mineralization. However, in patients with CKD,
1,25D levels decrease progressively due to several factors including 25D insufficiency (i.e. reduced substrate for production of
1,25D) and decreased expression of renal CYP27B1 due to loss of

Table 1. Available treatment options for secondary hyperparathyroidism in patients with chronic kidney disease.
Treatment class
Nutritional vitamin D

Drugs(s)
● Cholecalciferol [32–34]
● Ergocalciferol [35,36]

Non-1α-hydroxylated vitamin ● IR calcifediol [37]
D prohormones
● ER calcifediol [38]

Active vitamin D hormone

● Calcitriol [39]

1-α hydroxylated analogues

● Paricalcitol [40,41]
● Doxercalciferol** [42]
● Alfacalcidol [43]

Calcimimetics

● Cinacalcet [44]
● Etelcalcetide [45]
● Evocalcet† [46]

Current therapeutic uses
Treatment/prevention of vitamin D deficiency, in
combination therapies to treat certain bone
conditions such as osteoporosis, maintenance of
vitamin D levels in adults and the elderly (oral),
treatment of disease associated with vitamin
D malabsorption in patients including children
(injectable forms)
Prevention of vitamin D deficiency in renal failure
and osteomalacia in adults, prevention of calcium
disorders, treatment of rickets in children
(available in the EU)
Treatment of secondary hyperparathyroidism in
adults with stage 3 or 4 CKD and serum total 25hydroxyvitamin D levels <30 ng/mL (available in
US)
Correction of calcium and phosphate metabolism
abnormalities in adults with osteodystrophy and
treatment of post-menopausal osteoporosis,
treatment and prevention of SHPT* in non-dialysis
CKD and dialysis
Correction of calcium and phosphate metabolism
abnormalities in adults with osteodystrophy and
treatment of post-menopausal osteoporosis,
treatment and prevention of SHPT* in non-dialysis
CKD and dialysis
Treatment of SHPT in ESRD patients on maintenance
dialysis

*Not all active vitamin D and analogues are indicated for SHPT; **not available in Europe; †only available in Japan.
CKD, chronic kidney disease; ESRD, end-stage renal disease; ER, extended-release; EU, European Union;
IR, immediate-release; PTH, parathyroid hormone; SHPT, secondary hyperparathyroidism.

Mechanism and site(s) of metabolism/
activation
Physiological
Activation needed (liver and kidney)

Physiological
Activation needed (primarily kidney, some
extra-renal tissues)

Pharmacological

Pharmacological
Hepatic activation needed for
doxercalciferol and alfacalcidol
Pharmacological
These agents mimic or potentiate the
effects of calcium at the calciumsensing receptor, thereby suppressing
PTH secretion [47,48]
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functional kidney tissue and downregulation of the enzyme by
serum FGF23, which becomes elevated in response to a putatively
increased phosphate balance [4]. Elevations in serum FGF23 also
lead to increased expression of CYP24A1, which catalyzes the
inactivation of circulating 25D, and 1,25D in the kidney [14].
Reductions in serum 1,25D increase PTH production and secretion
by the parathyroid gland leading to SHPT, and also reduce intestinal calcium absorption, which further contributes to hypocalcemia and exacerbates SHPT [4,8].

2. Overview of the market
An overview of current treatment options for SHPT in CKD
patients is displayed in Table 1.
The current KDOQI and Kidney Disease Improving Global
Outcomes [KDIGO]) clinical management guidelines recommend testing for vitamin D insufficiency in non-dialysis
(ND)-CKD patients and treating it with nutritional vitamin
D supplementation (ergocalciferol or cholecalciferol) in
order to prevent SHPT [2,20]. However, there is a lack of
evidence from randomized controlled trials (RCTs) to support the clinical benefits of nutritional vitamin D for the
management of SHPT in ND-CKD. Analysis of the available
studies has shown that while ergocalciferol and cholecalciferol therapy can increase serum 25D levels to a limited
extent, they do not consistently lower PTH levels [49].
Clinical studies have also shown the immediate-release (IR)
formulations of calcifediol (the prohormone of 1,25D, which
is available as a treatment in some European countries)
increased 25D levels more rapidly and effectively than nutritional vitamin D, but failed to provide clinically meaningful
reductions in PTH [50,51].
Calcitriol and other active (1α-hydroxylated) vitamin
D analogues, such as paricalcitol, alfacalcidol, or doxercalciferol, are another treatment option for SHPT in ND-CKD
patients. Although RCTs show active vitamin D and its analogues can effectively suppress PTH levels in ND-CKD, these
agents are associated with an increased risk of hypercalcemia

due to their effects on increasing intestinal calcium absorption [52–54]. As a consequence, the 2017 CKD-MBD KDIGO
guideline recommends that these agents should not be routinely used in ND-CKD patients. Instead, their use should be
restricted to patients with stage 4 and 5 CKD who have severe
and progressive hyperparathyroidism [55]. Active vitamin
D analogues have also been associated with increased intestinal absorption of phosphorus, which can potentially result in
hyperphosphatemia. This potential combination of hyperphosphatemia and hypercalcemia with active vitamin
D analogues increases the risk of vascular calcification [56].
The production of 1,25D is tightly regulated by the
availability of 25D (i.e. substrate) and the activity of the
CYP24A1 and CYP27B1 enzymes in the kidney. Expression
of CYP27B1 is determined by serum PTH, calcium, phosphorus and FGF23 levels, while 1,25D also self-regulates its
own homeostasis through negative feedback by decreasing
the expression of CYP27B1 and increasing the expression
of CYP24A1 [9,57]. In contrast to nutritional vitamin
D supplements (i.e. ergocalciferol and cholecalciferol) and
non-1α-hydroxylated vitamin D prodrugs (e.g. calcifediol),
which undergo activation within the body to increase
serum 25D and/or 1,25D levels, active vitamin
D analogues bypass this physiological regulation of vitamin D metabolism [58]. Furthermore, this form of treatment leaves 25D levels uncorrected and therefore deprives
tissues of sufficient substrate for local 1,25D production
[58]. Administration of active vitamin analogues, all of
which have IR formulations, may also lead to surges of
active hormone, which can result in elevations in serum
FGF23
and
induce
CYP24A1-mediated
vitamin
D degradation, further exacerbating the underlying vitamin
D insufficiency [59]. The elevated levels of serum 1,25D
produced by active vitamin D analogues are also associated with an increased risk of hypercalcemia [53,54].
Other marketed treatment options for the management
of SHPT in CKD include the calcimimetic therapies, cinacalcet, etelcalcetide and evocalcet. Although these agents are

Box 1. Drug summary.
Drug name
Phase
Indication
Mechanism of
action

Extended-release calcifediol (ERC)
Launched in USA and Canada
SHPT in adults with stage 3 or 4 CKD and serum total 25-hydroxyvitamin D levels less than 30 ng/mL.
ERC is a prohormone of the active form of vitamin D3, calcitriol (1,25-dihydroxyvitamin D3). Calcifediol is converted to calcitriol by
cytochrome P450 27B1 (CYP27B1) primarily in the kidney but also in many other tissues. Calcitriol binds to the vitamin D receptor
(VDR) in target tissues and activates vitamin D-responsive pathways that result in increased intestinal absorption of calcium and
phosphorus and reduced PTH synthesis.

Chemical
structure

Pivotal trials

Phase 3 studies [58]
NCT01704079, NCT01651000 and NCT02282813
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effective for correction of elevated PTH levels, they are
reserved for dialysis patients and not indicated for the
treatment of SHPT in ND-CKD patients, in whom their use
is associated with an increased risk of hypocalcemia and
hyperphosphatemia [60,61].
There is an unmet medical need for effective and well
tolerated treatments to control elevated PTH levels during
early stages of renal disease, and potentially prevent parathyroid hyperplasia and autonomy, while avoiding undesired elevations in serum calcium, phosphorus and FGF23.
This article reviews key data from the clinical development
programme of a new extended-release (ER) formulation of
calcifediol (ER calcifediol [ERC]) and evaluates its attributes
as a treatment for SHPT in ND-CKD, based on the criteria
outlined above.

3. Introduction to the compound
ERC (Rayaldee®, OPKO Health/Vifor Fresenius Medical Care
Renal Pharma) is an orally administered, ER formulation of

a

the natural precursor (or prohormone) of 1,25D. In the
United States (US) and Canada, ERC is approved for the
treatment of SHPT in adults with stage 3 or 4 CKD and
serum total 25D levels <30 ng/mL (<75 nmol/L).

4. Chemistry
The active ingredient in ERC is synthetically manufactured as
calcifediol (25-hydroxyvitamin D3) monohydrate. Calcifediol
monohydrate is a white crystalline powder with a molecular
weight of 418.65. Its chemical name is (3β,5Z,7E)-9,10secocholesta-5,7,10(19)-triene-3,25-diol monohydrate and its
structure is shown in the Drug Summary Box 1. The drug is
formulated as ER capsules for oral use, each containing 30 µg
of calcifediol. The capsules contain a predominately lipophilic
‘waxy’ fill material that controls the release rate of calcifediol,
providing gradual release of drug over a 12-hour period [62].
This determines the pharmacokinetic and pharmacodynamic
profile of ERC (described in Sections 5 and 6 below).

Baseline-subtracted serum 25D (ng/mL)

120
Calcifediol bolus IV

100

ERC (900 µg)
ERC (450 µg)

80
60

40

*

20
0
0

24

-20

b

48

72

96

Time (hours)

Baseline-subtracted serum 1,25D (pg/mL)

20
Calcifediol bolus IV
ERC (900 μg)
ERC (450 μg)

15

10

5

0
0

24

48

72

96

-5

-10

Time (hours)

Figure 1. Effect of bolus IV or oral ERC administration on serum levels of (a) 25-hydroxyvitamin D and (b) 1,25-dihydroxyvitamin D in patients.
Asterisk denotes significant differences at all time points post-treatment between IV and ER treatment groups (p < 0.05). IV, intravenous; ERC, extended-release calcifediol; 25D, 25hydroxvitamin D; 1,25D, 1,25-dihydroxyvitamin D. Adapted from Petkovich M, Melnick J, White J, et al. Modified-release oral calcifediol corrects vitamin D insufficiency with minimal
CYP24A1 upregulation. J Steroid Biochem Mol Biol 2015;148:283–289 [62].
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5. Pharmacodynamics
5.1. Mechanism of action
Treatment with ERC gradually raises serum 25D, resulting in
progressive but physiologically controlled increases in serum
levels of 1,25D. Calcifediol is converted to 1,25D by CYP27B1.
Under normal physiological conditions, circulating 1,25D is
mainly produced within the kidneys, although numerous
other tissues, including the parathyroid glands, have been
found to express CYP27B1 [26,27,31], and are therefore able
to activate 25D to 1,25D. This extra-renal CYP27B1 activation
may play a critical role in the conversion of calcifediol to 1,25D
among CKD patients in whom renal function is impaired [23].
1,25D binds to the vitamin D receptor (VDR) in target tissues
and activates vitamin D-responsive pathways, leading to
reduced PTH synthesis and secretion by the parathyroid
glands and increased absorption of calcium and phosphorus
by the intestinal tract [38].

5.2. Pharmacodynamic studies
Administration of high doses of IR calcifediol (IRC) can cause
a ‘surge’ in serum 25D and 1,25D levels, inducing the expression of CYP24A1 in vitamin D-responsive target tissues, which
catalyzes the inactivation of 25D and 1,25D [14]. This action
attenuates the therapeutic effect of high-dose IRC therapy and
can potentially worsen the existing vitamin D insufficiency
[62]. Data from animal and clinical studies have demonstrated
that ERC avoids these ‘surges’ by providing slow and steady
delivery of calcifediol, which raises serum 25D and 1,25D levels
gradually and sustains them at targeted levels [62].
A clinical study compared IRC (administered in a single
intravenous [IV] bolus dose of 450 μg) vs single doses of oral
ERC (450 or 900 μg) in patients with stage 3 or 4 CKD who had
SHPT and vitamin D insufficiency [62]. IRC produced rapid and
marked increases in serum 25D and 1,25D, but had minimal
effect on plasma PTH levels. In contrast, ERC produced gradual
increases in serum 25D and 1,25D (Figure 1(a,b)), while avoiding excessive increases in 24,25-dihydroxyvitamin D3 (suggesting minimal CYP24A1-mediated vitamin D catabolism), and
also provided significant reductions in plasma PTH levels.
Mean percent changes in PTH from baseline were minimal
during the post-dose period among patients in the bolus IV
and lower oral ERC dose (450 µg) groups, whereas significant
and sustained reductions in mean plasma PTH of approximately 20% were observed for patients in the higher oral
ERC dose (900 μg) group from 24 to 72 hours post-dose [62].

6. Pharmacokinetics and metabolism
6.1. Pharmacokinetics
The pharmacokinetic profile of ERC was characterized in a Phase
2b study conducted in 78 CKD patients (estimated glomerular
filtration rate [eGFR] ≥25 to <70 mL/min/1.73 m2) with SHPT and
vitamin D insufficiency [63]. Patients received ERC at doses of 30,
60 or 90 μg/day, or placebo for 6 weeks. Baseline-adjusted maximum concentrations (Cmax) of calcifediol in the serum for the 30,
60 and 90 µg dose groups were 27.8, 60.3 and 85.7 ng/mL,
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respectively. Calcifediol exposures (area under the curve or
AUC0-6 weeks) were dose proportional and the median terminal
elimination half-life (t1/2) ranged from 24 to 36 days.
Pharmacokinetic modeling predicted steady-state levels of ERC
would have been achieved after about 8 to 9 weeks of dosing.

6.2. Metabolism of extended-release calcifediol
The production of 1,25D from calcifediol is catalyzed by CYP27B1,
which is located in the kidney and other tissues. CYP24A1, which is
located in all vitamin D-responsive tissues, degrades both calcifediol and 1,25D to inactive metabolites. Excretion of calcifediol
occurs primarily through the biliary-fecal route [38].

7. Clinical efficacy
7.1. Overview
The clinical efficacy of ERC for the treatment of SHPT among
patients with CKD and vitamin D insufficiency was evaluated
in a Phase 2b study [63] and three Phase 3 studies (2 RCTs, and
a subsequent extension study for both RCTs) [58]. In all four
studies, the baseline characteristics of subjects enrolled in the
ERC and placebo groups were similar with respect to race,
gender, ethnicity, age, height, weight, and body mass index.

7.2. Phase 2b study
In the randomized, double-blind, Phase 2b, dose-finding
study, 78 patients with CKD (eGFR ≥25 to <70 mL/min/
1.73 m2), recruited into two cohorts studied sequentially,
received either daily bedtime doses of ERC (30, 60 or 90 μg)
or a matching placebo for 6 weeks [63]. The primary efficacy
endpoints were the proportion of study subjects that
achieved 1) serum 25D levels of ≥30 ng/mL and 2) mean
plasma PTH reductions of ≥30% from pre-treatment baseline
at the end of treatment (EOT).
The mean baseline serum 25D level for the overall study
population (n = 78) was 21.3 ng/mL. In the per protocol (PP)
population, ERC significantly increased mean serum 25D levels
over 6 weeks of treatment, with over 90% of subjects in the ERC
group achieving 25D levels ≥30 ng/mL versus 3% of subjects in
the pooled placebo group (p < 0.0001). Serum 25D levels
increased in a dose-proportional manner, with the 30 and
90 µg ERC doses increasing mean 25D levels from 21.3 ng/mL
at baseline, to 37.3 ng/mL and 84.8 ng/mL at EOT, respectively
(Figure 2(a)). In contrast, 25D levels decreased from baseline to
EOT by 1.9 ± 0.7 ng/mL in the pooled placebo group.
Daily treatment with ERC also significantly reduced mean
plasma PTH levels, compared with placebo. Mean PTH levels
progressively decreased from baseline (140.3 pg/mL) by
20.9%, 32.8% and 39.3% in the 30, 60 and 90 μg dose groups,
respectively. In contrast, mean PTH increased by 17.2% in the
pooled placebo group (p < 0.005). Between 42 and 69% of
patients treated with ERC achieved a ≥30% reduction from
baseline in PTH level by EOT (Figure 2(b)).
In summary, the Phase 2b study results demonstrated that
oral ERC administered in daily doses of 30, 60 or 90 μg was
effective for increasing serum total 25D ≥30 ng/mL and
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Figure 2. Efficacy data from the Phase 2b study.
(a) Mean (SD) serum 25-hydroxyvitamin D at the end of the 6-week treatment period. *p < 0.0001 versus placebo (b) Response rates for plasma PTH reduction. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001 versus placebo. ERC, extended-release calcifediol; PTH, parathyroid hormone; SD, standard deviation. Adapted from Sprague SM, Silva AL, Al-Saghir F, et al.
Modified-release calcifediol effectively controls secondary hyperparathyroidism associated with vitamin D insufficiency in chronic kidney disease. Am J Nephrol 2014;40:535–545 [63].
Copyright 2014, Karger Publishers, Basel, Switzerland.

reducing plasma PTH concentrations in adult CKD patients. The
results of the analyses on the intention-to-treat (ITT) population
were comparable to those observed for the PP population.

7.3. Phase 3 studies
7.3.1. Study designs
ERC was evaluated in two identical multicentre, randomized, double-blind, placebo-controlled Phase 3 studies (Study A and Study
B) that enrolled patients from 89 US study sites [58]. Study subjects
were stratified equally according to CKD stage (3 or 4) and randomized in a 2:1 ratio to receive a once-daily 30 μg oral dose of ERC
or matching placebo for 12 weeks at bedtime, followed by an
additional 14 weeks of treatment with once-daily bedtime doses

of either 30 or 60 μg of ERC (or placebo). As mandated by the
study protocol, the dose was increased to 60 μg at the start of
week 13 if plasma PTH remained >70 pg/mL (the upper limit of the
laboratory reference range), serum total 25D was <65 ng/mL, and
serum calcium was <9.8 mg/dL.
In total, 213 patients were randomized in Study A (n = 72
placebo, n = 141 ERC), and 216 patients randomized in Study
B (n = 72 placebo, n = 144 ERC). Subjects who completed either
of these two studies were eligible to enter a subsequent openlabel extension study in which ERC was administered for a further
26 weeks. In total, 354 subjects (83%) completed studies A or B,
and the majority (n = 298, 69%) entered the extension study.
Subjects who had previously received ERC continued to receive
ERC at the same daily dose (either 30 or 60 µg), while those
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Figure 3. Response rates for plasma PTH reductions of ≥30, ≥20 and ≥10% by treatment group and duration of treatment in the pooled per-protocol population
(combined data from the two Phase 3 studies and extension study).
*p < 0.005, **p < 0.0001 vs. placebo. Weeks 12, 26 and 52 (per-protocol population). Data for each subject at weeks 12, 26 and 52 represent the mean of up to 3 values obtained in the
periods of weeks 8–12 and 20–26, 46−52, respectively. ERC, extended-release calcifediol; PTH, parathyroid hormone. Adapted from Sprague SM, Crawford PW, Melnick JZ, et al. Use of
Extended-Release Calcifediol to Treat Secondary Hyperparathyroidism in Stages 3 and 4 Chronic Kidney Disease. Am J Nephrol 2016;44(4):316−325 [58]. Copyright 2016, Karger Publishers,
Basel, Switzerland.
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Figure 4. Mean change over time in serum total 25-hydroxyvitamin D in the pooled per-protocol population (combined data from the two Phase 3 studies and
extension study).
25D, 25-hydroxyvitamin D; ERC, extended-release calcifediol; PP, per-protocol. Adapted from Sprague SM, Crawford PW, Melnick JZ, et al. Use of Extended-Release Calcifediol to Treat
Secondary Hyperparathyroidism in Stages 3 and 4 Chronic Kidney Disease. Am J Nephrol 2016;44(4):316−325 [58]. Copyright 2016, Karger Publishers, Basel, Switzerland.
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Figure 5. Analysis of plasma PTH reduction by post-treatment 25-hydroxyvitamin D quintile.
*Significantly different from 25D quintile 1 (p < 0.0001). 25D, 25-hydroxyvitamin D; PTH, parathyroid hormone. Adapted from Strugnell SA, Sprague SM, Ashfaq A, et al. Rationale for Raising
Current Clinical Practice Guideline Target for Serum 25-Hydroxyvitamin D in Chronic Kidney Disease. Am J Nephrol 2019;49(4):284−293 [23]. Copyright 2019, Karger Publishers, Basel,
Switzerland.

previously treated with placebo switched to a daily 30 μg bedtime dose of ERC. Dosing continued without the option of escalation for 12 weeks. After 12 weeks, all subjects could titrate to
60 μg at week 38 if plasma PTH was >70 pg/mL and serum
calcium was <8.5 mg/dL, with no restriction on the level of
serum 25D.
The primary endpoint of these studies was the number (n, %)
of subjects in the ITT population that achieved a mean decrease
of ≥30% plasma PTH from baseline in the efficacy assessment
period (EAP; defined as the last 6 weeks of the 26- and 52-week
treatment periods).

7.3.2. Study results
The primary efficacy endpoint was met in both Phase 3 studies, with a significantly greater proportion of patients in the
ITT population achieving a ≥30% reduction in plasma PTH in
the EAP with ERC versus placebo (33 versus 8% in Study
A [p < 0.001] and 34 versus 7% in Study B [p < 0.001]).
Higher response rates were observed in the PP analysis, as
subjects who discontinued treatment prematurely were classified as non-responders in the ITT analysis, regardless of
observed changes in plasma PTH. In the pooled PP population,
response rates increased with duration of ERC therapy, reaching 22% at 12 weeks, 40% at 26 weeks and 50% at 52 weeks,
compared with <8% with placebo [p < 0.001])Figure 3. The
proportion of subjects who achieved mean plasma PTH reductions of ≥10% in the EAP (weeks 20–26) was significantly
greater in the ERC group, compared with the placebo group
(72% versus 27%). In both studies, there were gradual, but
progressive reductions in mean PTH levels with ERC, whereas
PTH levels tended to increase with placebo treatment.
Gradual increases in mean serum total 25D were observed with
ERC in both studies, but were unchanged with placebo

(p < 0.0001) (Figure 4). In Study A and Study B, 80% and 83% of
the ITT subjects treated with ERC achieved serum 25D levels of
≥30 ng/mL, compared with 3% and 7% of subjects treated with
placebo (p < 0.001). At the beginning of week 13, 74% of subjects
in the ERC group had their dose increased to 60 μg/day. In the two
studies, steady-state serum total 25D levels were reached after
12 weeks of treatment with ERC and averaged 50 and 56 ng/mL
for subjects receiving 30 μg daily and 69 and 67 ng/mL for subjects
receiving 60 μg daily. Mean levels of total serum 1,25D increased
gradually in the ERC group, but remained unchanged in the
placebo group (p < 0.0001).
A notable finding of the Phase 3 studies was that ERC displayed similar treatment efficacy with regard to increases in
serum 25D and 1,25D and reductions in serum PTH, among
patients with either stage 3 or 4 CKD. This was surprising since
it is reasonable to expect that calcifediol may have been less
likely to be converted to 1,25D among patients more advanced
CKD (i.e. stage 4) due to reduced expression of CYP27B1 in the
declining kidney. However, calcifediol also undergoes activation
by CYP27B1 in several non-renal tissues [26,31], and this extrarenal conversion of calcifediol to 1,25D may, at least in part,
explain the similar treatment efficacy of ERC among subjects
with stage 3 or 4 disease.

7.3.3. Impact of baseline serum PTH and calcium levels
Two post-hoc analyses of pooled data from the two Phase 3
studies were performed to evaluate the impact of plasma
PTH and serum calcium concentrations on the treatment
effects of ERC [64,65]. Analysis of baseline PTH levels (tertiles) showed that ERC effectively increased mean serum 25D
and 1,25D, and reduced mean PTH, across all baseline PTH
tertiles. Treatment with ERC provided mean absolute
and percent reductions in PTH that were proportional to
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baseline levels, with greater reductions observed at higher
baseline plasma PTH levels. These findings are consistent
with a mechanism of action involving physiological regulation of PTH modulated by SHPT severity. The other post-hoc
analysis demonstrated that baseline serum calcium levels
impacted the treatment effects of ERC on serum 1,25D and
plasma PTH levels. ERC-induced increases in 1,25D and
reductions in PTH were greatest for subjects with the lowest
baseline serum calcium levels. The smaller increases in
serum 1,25D observed for subjects with higher calcium
levels indicate that active vitamin D remains under physiological control during treatment with ERC.

7.3.4. Minimum 25D levels required for SHPT control in
ND-CKD
A secondary analysis of the two Phase 3 studies was performed to identify the minimum level of mean serum 25D
required to control SHPT in stage 3 or 4 CKD [23]. All
subjects (irrespective of active treatment or placebo)
were ranked according to the level of serum total 25D
achieved at EOT and divided into quintiles in order to
examine the relationships between the degree of 25D
levels achieved as well as the associated changes in four
serum bone turnover markers: C-terminal collagen crosslinks (CTx-1), procollagen I amino-terminal propeptide
(P1NP), bone-specific alkaline phosphatase, and total alkaline phosphatase.
The results showed progressive increases in serum
1,25D and reductions in plasma PTH and serum bone turnover markers as mean post-treatment serum 25D rose from
13.9 ng/mL (in Quintile 1) to 92.5 ng/mL (in Quintile 5)
(Figure 5) irrespective of CKD stage. There were no significant changes in safety parameters (serum calcium, phosphorus and FGF23, eGFR, and urine calcium:creatinine [Ca:
Cr] ratio) across the 25D quintiles, even within the highest
serum 25D quintile (92.5 ng/mL).
Overall, the analysis demonstrated that treatment with ERC
produced exposure-dependent reductions in plasma PTH and
bone turnover markers only when mean serum total 25D
reached ≥50.8 ng/mL – a level exceeding current clinical
guideline levels for vitamin D sufficiency in CKD patients
(e.g. 20 − 30 ng/mL). These findings suggest the current
guideline targets for vitamin D repletion in CKD are too low,
and that higher levels of 25D are required to control SHPT in
CKD patients. Moreover, the gradual elevation of mean serum
25D to levels up to 92.5 ng/mL with ERC treatment was not
associated with significant adverse changes in safety parameters [23].
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9. Safety and tolerability
9.1. Overview of safety studies
The safety and tolerability of ERC was primarily evaluated in
the Phase 2b and three Phase 3 multiple-dose studies, supported by four additional single-dose clinical pharmacology
studies. Overall, these studies did not identify any new safety
concerns beyond those typically observed for the vitamin
D class [59]. The key findings with regards to safety outcomes
are summarized below.

9.2. Tolerability
ERC was well tolerated, evidenced by the fact that most patients
enrolled in the Phase 2b and Phase 3 trials completed treatment.
In the two pivotal Phase 3 studies combined, 83% of subjects
completed the 26-week treatment period. Similar proportions of
subjects in the two treatment groups and studies discontinued
the study early. Most frequent reasons were withdrawal of consent (6%), discontinuations due to a non-serious (1.8%) or serious
(3.5%) treatment-emergent adverse event (TEAE) [58].

9.3. Adverse events
In the pivotal Phase 3 studies, the proportion of patients who
experienced at least one TEAE was similar in the pooled placebo
(69.4%) and ERC groups (67.4%) [58]. The proportion of TEAEs
deemed related to study drug was slightly higher among ERCtreated subjects than those treated with placebo (12.6% vs.
9.0%) but was relatively low in both groups. The incidence of
treatment-related TEAEs was similar in the open-label extension
study (10.7% for 26 weeks and 10.8% for 52 weeks). The most
frequent TEAE related to study drug was diarrhea (2.8% of
placebo and 1.8% of ERC subjects) [59]. The majority of TEAEs
were mild or moderate in severity (87.0% with placebo vs.
85.4% with ERC) [58].
No serious TEAEs were reported in the single-dose pharmacology studies. In the Phase 2b study, three ERC-treated subjects and one placebo-treated subject experienced a serious
TEAE, but none of these were attributed to study drug. No
deaths occurred during the Phase 2b study. A total of 12
subjects (2/175 placebo [1.1%] and 10/435 ERC [2.3%]) died
during the Phase 3 studies and none of these deaths was
deemed to be related to study drug [59]. A comparison of
the proportions of deaths over the entire 1-year study, during
which treatment time was extensively longer with ERC than
placebo, found no statistically significant difference between
the two treatment groups (Z-score = −0.9299; p = 0.35238).
Therefore, the numerical difference in the incidence of deaths
between the two groups is accounted for by the longer overall
study treatment duration in the ERC group.

8. Post-marketing surveillance
No additional post-marketing studies were requested by the US
Food and Drug Administration for the approval of ERC. However,
a study evaluating the real-world effectiveness of ERC prescribed
to patients with stage 3 or 4 CKD as part of routine clinical
practice is ongoing, with the results expected in 2020.

9.4. Serum calcium, phosphorus, 25D
In the two Phase 3 studies, ERC-treated subjects experienced
slightly greater mean increases in serum calcium, than those
who received placebo (+0.2 mg/dL vs +0.1 mg/dL, p < 0.001)
[58]. Six subjects (2%) in the ERC group and no subjects (0%) in
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the placebo group needed dose reductions for protocol-defined
hypercalcemia (2 consecutive serum calcium values >10.3 mg/dL;
the upper limit of the normal range was 10.5 mg/dL). These six
cases of hypercalcemia were not related to dose, serum total 25D
or 1,25D level, or use of elemental calcium or calcium-based
phosphate binders, suggesting they were augmented by another
external (e.g. diet or drug) or internal (e.g. intestinal transport)
factor. Subjects treated with ERC had a slightly greater mean
increase in serum phosphorus than subjects treated with placebo
(+0.2 mg/dL versus +0.1 mg/dL; difference not statistically significant). One subject (0.4%) in the ERC group had protocol-defined
hyperphosphatemia (two consecutive serum phosphorus values
>5.5 mg/dL deemed to be study drug-related), compared with no
subjects in the placebo group. There was no evidence from the
clinical studies of hypervitaminosis D following administration of
ERC. A pooled analysis of the Phase 3 studies showed that ERC
safely increased 25D levels, and that elevation of 25D to higher
levels (as high as 92.5 ng/mL) was not associated with significant
changes in serum calcium, phosphorus, FGF23, eGFR or the urinary Ca:Cr [23].

9.5. Urinary calcium
In the two Phase 3 studies, mean ratios of urine Ca:Cr were
0.04 in both the ERC and placebo groups at baseline, and
remained unchanged after 26 weeks of treatment.

9.6. Serum FGF23
In the two Phase 3 studies, similar changes from baseline in mean
serum FGF23 levels to week 26 were observed in the pooled ERC
group (from 41.4 to 54.9 ng/ml) and in the pooled placebo group
(from 38.3 to 53.4 ng/ml). No statistically significant differences in
serum FGF23 levels were observed between the ERC and placebo groups at any time point. Based on these findings, ERC does
not appear to have any meaningful impact on FGF23 levels
among patients with stage 3 or 4 CKD.

9.7. Renal function
There is no evidence from the Phase 3 studies to suggest that ERC
has an adverse effect on renal function. Increases in mean serum
Cr and mean eGFR decline were similar in the active and placebo
groups.

10. Regulatory affairs
To date, ERC has been approved for use in the US (2016), while
marketing authorization has been granted in Canada (2018).
The registration process for ERC in Europe is currently
ongoing.

11. Conclusion
ERC provides an effective and well tolerated treatment option for
the management of SHPT in ND-CKD patients. Its ER formulation
gradually raises serum 25D, resulting in progressive, physiologically regulated increases in serum levels of 1,25D, while avoiding
CYP24A1-mediated vitamin D inactivation. This provides

effective, gradual and sustained reductions of elevated blood
PTH levels. Combined data from two randomized, double-blind,
placebo-controlled Phase 3 clinical trials and a 26-week subsequent extension study demonstrate that oral ERC 30 or 60 μg is
effective for treating SHPT and correcting underlying vitamin
D insufficiency in adult patients with stage 3 or 4 CKD. During
these studies, ERC safely increased 25D to levels well above those
recommended by the current clinical practice guidelines, with
mean 25D levels of at least 50.8 ng/mL associated with proportional increases in 1,25D and decreases in plasma PTH. These
findings suggest that higher total 25D thresholds are required in
patients with stage 3 or 4 CKD to adequately control SHPT. ERC
was well tolerated and no unique safety concerns beyond those
for the vitamin D class were observed.

12. Expert opinion
12.1. What improvements does ERC add to the other
treatment options?
ERC has several attributes that differentiate it from the other
available treatment options for SHPT in ND-CKD patients.
Nutritional vitamin D supplements increase 25D levels but
do not consistently reduce PTH levels, while calcitriol and
other active (1α-hydroxylated) vitamin D analogues lower
PTH levels, but are associated with undesired increases in
serum phosphorus and calcium. Clinical studies in ND-CKD
patients have shown that ERC increases 25D, resulting in
physiologically regulated increases in serum 1,25D and sustained reductions in PTH, and achieves this with minimal
changes in serum phosphorus and calcium. Based on these
features, ERC offers a new treatment option that occupies the
intermediate position between nutritional vitamin D and
active vitamin D therapies, and has the potential to become
a first-line therapy for the management of SHPT due to vitamin D insufficiency among patients with stage 3 or 4 CKD.

12.2. What data are still needed to define the role of ERC
in clinical practice?
There are several questions that still need to be addressed to
better define the future role of ERC for the management of
SHPT in CKD patients. According to the recently updated
KDIGO guideline, the optimal concentration of PTH in NDCKD patients is not known [55]. Thus, the ‘therapeutic target’
for PTH requires a better, stage-dependent definition.
Similarly, there is no consensus regarding the optimal level
of 25D required to ensure adequate production of 1,25D and
control of SHPT in ND-CKD. As described earlier in this article,
recent clinical study evidence suggests that higher serum 25D
levels (above 50 ng/mL) are required for PTH control in
patients with ND-CKD. Defining the optimal stage-specific
target levels of serum 25D and PTH in CKD will help inform
the design of trials of new therapies for SHPT in CKD (including ERC), and improve the management of patients. At the
current time, most physicians are likely to initially prescribe
ERC to patients with CKD stage 3b who have vitamin
D insufficiency and SHPT (serum PTH >100 pg/mL).
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There are currently no clinical study data directly comparing the
effectiveness of ERC with other available vitamin D therapies for the
treatment of SHPT in ND-CKD patients. It remains to be determined
whether high-dose vitamin D3 (cholecalciferol) supplementation
can reliably and safely achieve serum 25D levels above 50 ng/mL
in patients with stage 3 or 4 CKD. A head-to-head trial of ERC versus
high-dose cholecalciferol therapy therefore could potentially
address this question. Taking into account the latest evidence
regarding the optimal levels of 25D required to achieve PTH reduction with ERC [23], target 25D levels in this study should be in the
range of >50 to 100 ng/ml.
A final question is whether ERC can play a role in the management of SHPT among patients with more advanced stages of CKD.
A Phase 2 trial is currently evaluating ERC for the treatment of SHPT
in hemodialysis patients with vitamin D insufficiency (ClinicalTrials.
gov identifier: NCT03602261). The results from this study will provide preliminary insights into the safety and effectiveness of ERC
treatment in the dialysis patient population.
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