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Abstract: Background/Objective: Optimal vitamin D levels are required for bone health and proper
functionality of the nervous, musculoskeletal and immune systems. The objective of this study was
to assess the efficacy and safety profiles of new weekly calcifediol formulations with the potential to
improve adherence and outcome. Methods: A Phase II-III, double-blind, randomized, multicentre
trial (EudraCT 2020-001099-14 and NCT04735926). Subjects were randomized 2:2:1 to calcifediol
75 µg, 100 µg and placebo. 25(OH)D levels were measured at 4, 16, 24, 32 and 52 weeks. The
main outcome was the percentage of subjects who achieved a response defined as 25(OH)D levels
≥20 ng/mL and/or ≥30 ng/mL at week 16. Results: 398 subjects (51.1 ± 15.96 years, 74.2% females,
98.7% Caucasian) with plasma 25(OH)D levels between 10 and 20 ng/mL were randomized. A total
of 376 subjects completed 16 weeks of treatment, and 355 subjects completed the study. Six patients
withdrew due to an adverse event, all unrelated to treatment. At week 16, 93.6% and 74.4% of subjects
receiving calcifediol 75 µg achieved response levels of ≥20 ng/mL and ≥30 ng/mL, respectively. The
calcifediol 100 µg group showed 98.7% and 89.9% of responders for ≥20 ng/mL and ≥30 ng/mL,
respectively. Both calcifediol groups showed superiority over placebo at each response level at all
time points analyzed (p < 0.0001). Calcifediol treatments increased 25(OH)D levels from baseline to
week 24 and remained stable thereafter. The frequency of treatment-emergent adverse events was
balanced between groups. Conclusions: New weekly calcifediol 75 and 100 µg formulations showed
an effective and sustained response with a good long-term safety profile.

Keywords: vitamin D deficiency; calcifediol; weekly; phase II/III; clinical trial; efficacy; safety

1. Introduction

Vitamin D deficiency is a worldwide concern. A global observational study summa-
rized that the prevalence of vitamin D deficiency was 47.9% between 2000 and 2022 [1].
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Vitamin D possesses a broad repertoire of functions [2], and its deficiency has been re-
lated to diverse pathologies like secondary hyperparathyroidism, bone loss [3], chronic
inflammation states [4], or immunodeficiency disorders [5]. A recent study highlighted
additional benefits of vitamin D supplementation in increasing the efficacy of COVID-
19 vaccines (ChAdOx1 nCoV-19) by enhancing T-cell activation, proliferation, and T-cell
memory responses [6].

The primary source of vitamin D in humans is UVB radiation, which stimulates the
skin to produce vitamin D3 (cholecalciferol) from its precursors. Vitamin D3 then undergoes
two consecutive hydroxylation steps, first occurring in the liver to form 25-hydroxyvitamin
D3 (25(OH)D3, calcifediol, calcidiol) and second mainly in the kidney to generate the active
1,25-hydroxyvitamin D3 form (calcitriol) [7]. Calcitriol, as recently described for calcifediol,
induces rapid non-genomic and genomic responses in the target tissues [8,9].

Currently, the concentration of serum 25(OH)D stands as the most reliable indicator for
assessing the cumulative contributions from cutaneous synthesis and total intake of vitamin
D metabolites [encompassing dietary sources and supplements, including animal-derived
25(OH)D3 and vegetal-derived 25(OH)D2] [10]. 25(OH)D concentrations under 20 ng/mL
are considered vitamin D deficiency [11].

The present study aimed to evaluate the different strengths of new calcifediol weekly-
dose formulations that would raise 25(OH)D levels of vitamin D deficient patients above
optimum levels efficiently and safely.

2. Materials and Methods
2.1. Study Design

A randomized, double-blind, double-dummy, multicentre phase II/III study was
conducted in two independent patient cohorts to evaluate the efficacy and safety of three
weekly oral doses of calcifediol. Cohort 1 consisted of patients with 25(OH)D levels
between 10 and 20 ng/mL, and Cohort 2 of patients with 25(OH)D levels of or under
10 ng/mL. In this article, we present and discuss the efficacy and safety results of weekly
75 µg and 100 µg calcifediol vs. placebo treatment in Cohort 1. The results of calcifediol
dose administration of 100 µg and 125 µg in patients with severe vitamin D deficiency
(Cohort 2) will be addressed in a separate manuscript.

The study was conducted in 55 sites in 7 European countries: Bulgaria (7 sites), Czech
Republic (11 sites), Spain (8 sites), France (4 sites), Italy (6 sites), Serbia (6 sites) and
Slovakia (13 sites) from 28 December 2020 to 25 April 2023. Independent Ethics Committees
from the included countries approved the protocol before each site initiation (listed in
the “Institutional Review Board Statement” section). All aspects outlined in the protocol
(dosage, target population, clinical outcomes) were thoroughly reviewed and approved by
the ethics committees and relevant authorities. The study was conducted in accordance
with the Declaration of Helsinki. Written informed consent was received from all subjects
before enrolment into the study.

2.2. Study Procedures

The study population consisted of males or females 18 years of age or older with
serum 25(OH)D levels > 10 ng/mL and <20 ng/mL. They could not take any vitamin D
or calcium supplement within the last week before screening or had it planned during
the clinical study, nor could they take other drugs that could modify vitamin D levels
(specified in Table S1). Females of childbearing potential had to agree to use highly effective
methods of birth control and to perform pregnancy tests. Patients with severe renal im-
pairment or diagnosed with liver or biliary failure, congestive heart failure, malabsorption,
primary hyperparathyroidism, hypothyroidism, prolonged immobilization, sarcoidosis,
tuberculosis, or other granulomatous diseases or hyperthyroidism were not eligible. A full
list of inclusion and exclusion criteria is presented in Supplementary Table S1. A total of
398 eligible patients were randomly assigned in a 2:2:1 ratio to calcifediol 75 µg, calcife-
diol 100 µg or placebo, respectively. This trial was designed as a double dummy because
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75 µg and 100 µg capsules differed in color. Consequently, 2 placebos or 1 verum +1 placebo
per group were administered weekly. The first dose intake was on the first Sunday after
randomization and continued every Sunday on a weekly basis for 52 weeks.

The primary objective of this study was to assess the efficacy of 75 µg or 100 µg
of calcifediol in terms of the percentage of subjects who achieved a response defined
as 25(OH)D levels ≥ 20 ng/mL and ≥30 ng/mL; at week 16 of treatment. Additional
analysis of 25(OH)D levels and safety assessments were performed at weeks 4, 24, 32,
and 52 for secondary objectives. A subsequent follow-up telephonic visit was performed
4 weeks after the last treatment intake. A full schedule of visits and procedures is shown in
Supplementary Table S2.

Any patient with 25(OH)D levels ≤ 10 ng/mL at weeks 16, 24, or 32 was a candidate
for rescue medication, receiving daily cholecalciferol 800 IU soft capsules for the rest of the
study. Patients who required rescue medication continued taking the treatment assigned to
their respective groups.

2.3. Laboratory Assessments

Pregnancy tests were performed at each visit. Blood samples were collected at base-
line (screening visit) and at weeks 4, 16, 24, 32, and 52 for measurement of 25(OH)D
concentration (by chemiluminescence, Elecsys Vitamin D Total II assay kit, cobas®, Roche
Diagnostics, Rotkreuz, Switzerland), hematology, biochemistry, and other bone and mineral
metabolism parameters (total serum calcium [tCa], albumin, phosphorus, PTH, and total
alkaline phosphatase levels). All parameters were analyzed in a central laboratory (LKF,
Laboratorium für Klinische Forschung GmbH, Schwentinental, Germany) using recognized
standard methods. For the quantitative determination of total 25-hydroxyvitamin D, the
Elecsys Vitamin D Total II assay employed a vitamin D binding protein (VDBP) labeled
with a ruthenium complex as capture protein to bind both 25-hydroxyvitamin D3 and
25-hydroxyvitamin D2. Cross-reactivity to 24,25-dihydroxyvitamin D was blocked by a
specific monoclonal antibody.

2.4. Statistical Analysis

The results obtained in the interim report of a previous trial with calcifediol (EudraCT
no.: 2017-004028-31) were used to calculate the sample size using nQuery Advanced 8.2
software (Statistical Solutions Ltd., Cork, Ireland). A total of 57 subjects using a placebo
and 114 subjects for each of the two doses of calcifediol were estimated as necessary
(285 total subjects). Assuming discontinuation in approximately 20% of subjects, 355
subjects were estimated. For allocation concealment, the site staff will contact the interactive
web response system via the internet to provide the subject number and 25(OH)D baseline
level to get the appropriate treatment/random number from the system. A randomization
list (size block: 5) was produced using the validated Statistical Analysis System (SAS)
software version 9.4 for Windows (SAS® Institute Inc., Cary, NC, USA).

Continuous data were summarized by the treatment group using descriptive statistics.
The primary endpoint, percentage of responders, and all key secondary efficacy endpoints
were analyzed with a large-sample normal approximation test of proportions (z-test). For
the primary analyses, response levels of ≥30 ng/mL and ≥20 ng/mL were tested simul-
taneously; therefore, a multiplicity adjustment was necessary. A Bonferroni adjustment
was used with a two-sided significance level of α = 0.0125 (0.05/4). Superiority between
treatment groups was tested for all comparisons except for responders ≥ 20 ng/mL, where
a non-inferiority test of 100 µg vs. 75 µg was performed. All patients receiving at least one
investigational medicine and having at least one post-baseline assessment were considered
for statistical analyses (Full Analysis Set, FAS). Subjects with missing values, including
those not attending Visit 4 (Week 16), were considered non-responders in primary analysis
but not included in secondary analyses. Additionally, all the statistical analyses were
repeated in the Per Protocol Set (PPS), which was consistent with FAS subjects with no
major protocol deviations that could influence the primary efficacy endpoint. Only FAS
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results are reported here, as the same results were obtained when comparing treatment
groups in FAS or PP study populations for all evaluations performed. A subgroup analysis
by BMI was performed on the primary endpoint. An MMRM (mixed model for repeated
measures) model for 25(OH)D levels adjusted for treatment, visit, baseline, and including
an effect for “month” was performed to directly estimate the impact that month of year has
on 25(OH)D levels. For statistical significance, a p-value < 0.05 was considered appropriate.
SAS® (version 9.4, SAS Institute Inc., Cary, NC, USA) was used for analyses within a
validated and secure environment.

3. Results
3.1. Study Population

From the 398 randomized patients, high compliance was achieved in the trial as a
total of 376 patients (94.4%) completed 16 weeks of treatment, the timepoint of the primary
assessment, and 355 subjects (89.2%) completed the 52 weeks of study. Patient disposition
and prematurely terminated subjects and reasons are depicted in Figure 1. Of the total
randomized subjects, 388 (97.5%) received treatment and had their 25(OH)D plasma levels
assessed at least once, constituting the FAS.
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Overall, the distribution of demographic and anthropometric characteristics was balanced
across treatment groups (Table 1). The mean subjects’ age was 51.5 ± 16.0 years, most subjects
were white (383 subjects, 98.7%), and the number of females prevailed (74.2%) with slight
differences among groups (Table 1). The obese percentage of patients (BMI ≥ 30 kg/m2) was
23% in the group receiving placebo and comparable between both calcifediol treatment groups
(30% and 33% of 75 µg and 100 µg groups, respectively). All subjects reported at least one
ongoing medical condition (Table 1), with the most common metabolic disorders (dyslipidemia
or diabetes type II) and vascular disorders (mainly hypertension).

Table 1. Mean baseline demographic and clinical data. BMI, body mass index; µg, micrograms;
n, number of subjects; SD, standard deviation.

Variable Placebo
(n = 73)

Calcifediol
75 µg

(n = 156)

Calcifediol
100 µg

(n = 159)

Total
(n = 388)

Age, years, mean (SD) 50.1 (15.4) 52.4 (15.8) 51.2 (16.4) 51.5 (16.0)
Sex, female, n (%) 51 (69.9) 123 (78.8) 114 (71.7) 288 (74.2)
BMI, mean (SD) kg/m2 27.2 (6.2) 27.6 (5.1) 28.1 (6.3) 27.7 (5.8)

BMI, n (%):

<18.5 kg/m2 0 2 (1.3) 7 (4.4) 9 (2.3)
≥18.5, <25 kg/m2 32 (43.8) 48 (30.8) 46 (28.9) 126 (32.5)
≥25, <30 kg/m2 23 (31.5) 60 (38.5) 53 (33.3) 136 (35.1)
≥30 kg/m2 17 (23.3) 46 (29.5) 53 (33.3) 116 (29.9)

Main comorbidities:

Dyslipidaemia, n (%) 13 (17.8) 24 (15.4) 27 (17.0) 64 (16.5)
Type 2 diabetes, n (%) 6 (8.2) 16 (10.3) 20 (12.6) 42 (10.8)
Hypertension, n (%) 19 (26.0) 56 (35.9) 56 (35.2) 131 (33.8)

Rescue medication (cholecalciferol 800 IU/d) was administered when a subject’s
25(OH)D concentration in plasma was less than 10 ng/mL at 16, 24, or 32 weeks of treatment.
A total of 6 subjects (1.5%) received rescue medication during the study, including one
subject from each calcifediol group and 4 subjects from the placebo group.

3.2. Percentage of Responders to Treatment ≥ 20 ng/mL and ≥30 ng/mL at Week 16

Levels of 25(OH)D equal to or greater than 20 ng/mL after 16 weeks of treatment
were observed in 50.7% of the placebo group (37 subjects), 93.6% of the calcifediol 75 µg
group (146 subjects) and 98.7% of the calcifediol 100 µg group (157 subjects; Figure 2). The
percentage of responders for 25(OH)D level ≥ 30 ng/mL at week 16 was 11.8% (8 subjects)
in placebo, 74.4% (146 subjects) in calcifediol 75 µg and 89.9% (143 subjects) in calcifediol
100 µg group (Figure 3).

The superiority of both calcifediol doses compared to placebo at both response levels was
demonstrated (p < 0.0001; 98.75% confidence) based on a two-sided test of proportions using
the normal approximation. There were no significative differences between calcifediol 75 µg
and 100 µg to achieve a response level of ≥ 20 ng/mL, but calcifediol 100 µg was superior to
75 µg dose in achieving a response level of ≥ 30 ng/mL (p = 0.0002; 98.75% confidence).

The percentage of subjects in each treatment group who achieved 25(OH)D levels of
≥20 ng/mL or ≥30 ng/mL remained similar from week 16 to the end of the study at
week 52 (Figure S1).
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3.3. Percentage of Patients Achieving a Sustained Response

Sustained response to treatment was considered when a subject reaching
25(OH)D plasma levels ≥ 20 ng/mL or ≥30 ng/mL maintained levels over these thresh-
olds in the subsequent evaluations. Most subjects in the calcifediol 75 µg group (140 subjects,
89.7%) and in the calcifediol 100 µg group (149 subjects, 94.3%) had a sustained
25(OH)D ≥ 20 ng/mL response during the study, most usually starting at week 4
(Figure 4). However, only 15 subjects (20.5%) of the placebo group had a sustained response
of ≥20 ng/mL, mostly starting at week 16 (Figure 4).

For 25(OH)D ≥ 30 ng/mL response, levels were achieved and maintained over this
value in 107 subjects (68.6%) in the 75 µg calcifediol group and 127 subjects (80.4%) in the
100 µg calcifediol group, mostly from week 16 in both groups (Figure 4). No subjects in
the placebo group had a sustained response ≥ 30 ng/mL (Figure 4), indicating that the
response obtained with a placebo was sporadic and not maintained over time.
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week 16 (green), week 24 (purple) or week 32 (bright blue). The total percentage of respondents in
each group is indicated in the upper part. The number of patients in each group who did not achieve
a response or whose response was not sustained is denoted as Not response/Not sustained (NR/NS)
in the table. In the subsequent rows, the number of subjects who achieved a sustained response is
shown, grouped by the week in which this sustained response was first observed.

3.4. Plasma 25(OH)D Levels at Different Time Points

At each assessment timepoint after treatment initiation (weeks 4, 16, 24, 32 and 52),
25(OH)D concentration was calculated for placebo, 75 µg calcifediol and 100 µg calcifediol
treatments to evaluate the magnitude of the response over time (Figure 5). Similar 25(OH)D
mean baseline values were observed in all treatment groups: placebo 14.85 ± 2.73 ng/mL,
calcifediol 75 µg 14.89 ± 2.77 ng/mL and calcifediol 100 µg 14.93 ± 2.86 ng/mL. However,
values differed statistically at every timepoint after treatment initiation between placebo
and calcifediol treatments (p < 0.0001; Figure 5) and between calcifediol formulations
(p < 0.0001; Figure 5). In both calcifediol-supplemented groups, the mean level increased
until week 24, and it remained nearly stable until the end of the study at week 52.
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75 µg calcifediol (bright blue), and 100 µg calcifediol (dark blue) treatment groups. Standard devia-
tions are represented by error bars. p <0.0001 at every visit when comparing active treatment groups.
p <0.0001 at every visit when comparing placebo to active treatments.
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3.5. Additional Efficacy Analyses: BMI Subgroups and Monthly Modelling

As an additional exploratory analysis, the primary endpoint of the study, the percentage
of subjects achieving 25(OH)D response levels ≥ 20 ng/mL and ≥30 ng/mL at week 16,
was assessed regarding body mass index (BMI) subgroups. Subjects with BMI ≥ 18.5 and
<25 kg/m2 were classified as “normal weight” (n = 126), with BMI ≥ 25 and <30 kg/m2

as “overweight” (n = 136), and ≥30 kg/m2 as “obese” (n = 116) [12]. Only 9 subjects were
categorized as underweight (BMI < 18.5 kg/m2). Thus, no comparison analysis was performed
for this category. The percentage of responders for both levels of response in each calcifediol
treatment group (75 and 100 µg calcifediol) was equilibrated within BMI subgroups, and no
significant differences were observed in a pairwise two-sided test of responder proportions
between normal-weight, overweight and obese subgroups (Figure S2).

Sunlight exposure is the main exogenous factor affecting 25(OH)D plasma levels.
Modeling of 25(OH)D level fluctuations within each treatment group (placebo, calcifediol
75 µg, and calcifediol 100 µg) was performed regarding the month of the year the assessment
of 25(OH)D concentration was conducted. It reveals that the month of the year in which the
25(OH)D concentration was measured significantly affects the level observed (p < 0.0001),
with maximum 25(OH)D levels achieved in August and September in all groups.

3.6. Safety

A total of 393 subjects received at least one treatment dose (safety set) and were followed
up for safety evaluations until 30 days after the last treatment intake at week 52 or at an early
discontinuation visit if required. A total of 148 subjects (37.7%) experienced 323 treatment-
emergent adverse events (TEAEs). The overall frequency of TEAEs was comparable between
placebo (38.4%), calcifediol 75 µg (33.5%), and calcifediol 100 µg (41.4%) groups (Table 2). The
incidence of infections and infestations occurred in 23.3% of subjects in the placebo group,
17.1% in the calcifediol 75 µg group, and 22.8% in the calcifediol 100 µg group. Overall,
subjects suffering infections and infestations, none of which were considered treatment-
related, accounted for 54.7% of total subjects who experienced any TEAE. The most frequent
individual TEAEs by MedDRA Preferred Term were COVID-19 (39 subjects, 9.9%), blood
25(OH)D decreased (8 subjects, 2.0%), and hypertension (7 subjects, 1.8%), mainly considered
mild or moderate. A total of 16 TEAEs reported by 13 subjects (3.3%) were assessed as
related to treatment, with the highest incidence of related TEAEs observed in the placebo
group (9 subjects). The one TEAE possibly related to treatment in the 75 µg calcifediol group
was dry mouth, while the three related TEAEs in the 100 µg group were decreased blood
25-hydrohycholecalciferol, upper abdominal pain, and chest discomfort. Seven subjects in the
placebo group experienced related TEAEs of decreased blood 25-hydrohycholecalciferol, and
two subjects experienced constipation. No deaths occurred in this cohort during the study. A
total of 16 subjects experienced 18 serious adverse events, none of them considered treatment-
related. Additionally, six subjects (1.5%) experienced TEAEs leading to discontinuation, all
assessed as unrelated to the treatment.

Table 2. Safety summary. Number (n) and percentage (%) of subjects in the safety population of each treatment
group (N) who experienced the indicated number (E) of treatment-emergent adverse events (TEAE).

Placebo
(N = 73)

Calcifediol
75 µg

(N = 158)

Calcifediol
100 µg

(N = 162)

Total
(N = 393)

n (%) E n (%) E n (%) E n (%) E

TEAE 28 (38.4) 57 53 (33.5) 136 67 (41.4) 130 148
(37.7) 323

Non-serious TEAE 27 (37.0) 49 52 (32.9) 129 66 (40.7) 127 145
(36.9) 305

Serious TEAE 6 (8.2) 8 7 (4.4) 7 3 (1.9) 3 16 (4.1) 18
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Table 2. Cont.

Placebo
(N = 73)

Calcifediol
75 µg

(N = 158)

Calcifediol
100 µg

(N = 162)

Total
(N = 393)

n (%) E n (%) E n (%) E n (%) E

Related TEAE 9 (12.3) 10 1 (0.6) 1 3 (1.9) 5 13 (3.3) 16
Related serious TEAE 0 0 0 0 0 0 0 0
Severe TEAE 6 (8.2) 7 8 (5.1) 9 2 (1.2) 2 16 (4.1) 18
TEAE leading to
discontinuation 1 (1.4) 1 4 (2.5) 7 1 (0.6) 1 6 (1.5) 9

No major mean changes from baseline within each treatment group and no relevant
differences between the treatment groups were observed in vital signs, physical exam-
inations, or hematology and biochemistry variables. Regarding the bone and mineral
metabolism parameters, although no significant mean changes were observed (Table 3),
slightly high levels of calcium (tCa from 10.5 to 11.9 mg/dL) [13] were reported for five
subjects in the calcifediol treatment groups, 2 in the calcifediol 100 µg group and 3 in the
calcifediol 75 µg group, who were discontinued from the trial according to selection criteria.
The maximum level of tCa reached was 10.7 mg/dL, and in none of the subjects, it was
associated with elevated 25(OH)D levels. 25(OH)D levels over the study safety cutoff of
≥80 ng/mL were reported for four subjects (1.0%) at week 52: one from the calcifediol
75 µg group (97.42 ng/mL) and three from the calcifediol 100 µg group (80.48 ng/mL;
90.32 ng/mL; 100.04 ng/mL). None of them present related adverse events. No toxic
25(OH)D levels higher than 120 ng/mL were reported.

Table 3. Summary of mean changes from baseline in bone and mineral metabolism parameters at week
16 and week 52. The number of subjects in the Safety Set (N), number of subjects with data available (n),
and mean and standard deviation (SD) are indicated.

Parameter
Visit

Placebo
(N = 73)

Calcifediol 75 µg
(N = 158)

Calcifediol 100 µg
(N = 162)

n Mean (SD) n Mean (SD) n Mean (SD)

Alkaline phosphatase (U/L)

Week 16 69 −1.3 (14.60) 151 −3.4 (10.75) 157 −2.1 (13.51)
Week 52 65 0.3 (12.88) 142 −0.8 (12.21) 146 −0.9 (13.84)

Total serum calcium (mg/dL)

Week 16 69 0.01 (0.301) 151 0.01 (0.318) 157 0.03 (0.0343)
Week 52 65 −0.01 (0.268) 142 0.02 (0.337) 146 0.03 (0.315)

Phosphorous (nmol/L)

Week 16 69 0.038 (0.155) 151 0.031 (0.162) 157 0.060 (0.182)
Week 52 65 0.055 (0.151) 142 0.019 (0.176) 146 0.050 (0.174)

Parathyroid hormone

Week 16 66 −6.5 (13.98) 140 −9.7 (16.21) 150 −10.4 (14.93)
Week 52 61 −1.4 (17.85) 137 −5.7 (13.52) 137 −8.4 (14.18)

4. Discussion

The present randomized, double-blind, placebo-controlled study has addressed the
efficacy and safety of new weekly 75 and 100 µg calcifediol formulations in patients with
baseline 25(OH)D concentrations between 10 and 20 ng/mL. Patients with vitamin D
deficiency require treatment to prevent associated health risks, including secondary hy-
perparathyroidism, impaired respiratory and immune responses, increased bone turnover,
and higher fracture risk [14], as well as to avoid further severity of vitamin D deficiency.

Active vitamin D receptors are present in various tissues, so it is unsurprising that
the vitamin D endocrine system (VDES) has diverse physiological effects, each potentially
requiring a specific serum 25(OH)D concentration threshold [15]. This multifunctionality,
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coupled with limited clinical data on the benefits of different 25(OH)D levels, has prevented
consensus on an optimal threshold. The Institute of Medicine (IOM) of the United States
defines sufficient levels of 25(OH)D as above 20 ng/mL [16], while some authors and
scientific associations recommend levels greater than 30 ng/mL to ensure bone health,
particularly in individuals with osteoporosis or those at high risk of vitamin D deficiency
such as older adults [17–19].

In this study, the percentage of patients that reached 25(OH)D levels ≥ 20 ng/mL or
≥30 ng/mL was significantly higher after weekly administration of calcifediol 75 µg, or
100 µg than placebo. It is remarkable that most subjects restored levels above 20 ng/mL as
soon as at 4 weeks of treatment and above 30 ng/mL at week 16. Although it is possible
that this achievement occurred before this time, this trial lacks intermediate assessments be-
tween weeks 4 and 16. It can also be noticed that the percentage of subjects achieving levels
≥ 20 ng/mL does not differ significantly among calcifediol treatments at week 16. The
reason is that this slight increase in 25(OH)D levels evaluated, from 10 to 20 ng/mL to
≥20 ng/mL, could be effectively achieved with both concentrations of calcifediol, with
response rates close to 100% maximum. For this reason, a non-inferiority test was de-
fined in the protocol as the primary endpoint for the comparison of responder rates of
≥20 ng/mL between calcifediol treatments. The effect of dose on the efficacy of calcifediol
could be observed in the proportion of patients achieving a response ≥30 ng/mL since it
was statistically higher in patients treated with calcifediol 100 µg than in those treated with
75 µg, and, additionally, when comparing 25(OH)D levels after each calcifediol treatment
at the same time points.

The high response rate in the placebo group at week 16 for 25(OH)D levels ≥ 20 ng/mL was
initially unexpected. However, upon analysis by month, this response was primarily observed
during the summer (mainly August and September), coinciding with increased sunlight exposure.
When the greatest percentage of placebo-treated subjects achieved values above 20 ng/mL, it is
important to note that what makes an increase in 25(OH)D clinically relevant is not sporadic rise
but sustained optimal plasma levels over time. In this regard, the placebo group showed lower or
no sustainability in response. This suggests that fluctuations in endogenous 25(OH)D levels are
common and sporadic, further supporting the need for continued vitamin D supplementation to
maintain consistent optimal levels, as previously described [20].

Furthermore, treatment with the two doses of calcifediol led to an increase in 25(OH)D
plasma concentrations until week 24, when a stable level was achieved and maintained
over time. This steady state has been previously described for calcifediol treatments [21–23].
In a study by Vaes et al., adults over 65 years of age with baseline 25(OH)D levels similar
to those included in this trial (10–20 ng/mL) were supplemented daily with calcifediol.
They observed that plateau levels of 25(OH)D were reached with 10 µg/day (around
35 ng/mL) and 15 µg/day (around 43.2 ng/mL), which are comparable to the levels ob-
served in this study for 75 µg/week (around 38 ng/mL) and 100 µg/week (around 44
ng/mL), respectively. Previous studies, such as those by Bischoff-Ferrari et al., who treated
postmenopausal women with calcifediol at doses of 20 µg/day or 140 µg/week [24], and by
Minisola et al., who evaluated three different calcifediol dosages over 3 months [25], have
also reported comparable efficacy and safety between daily and weekly supplementation
strategies. Additionally, a systematic literature review and meta-analysis comparing medi-
cation adherence rates between once-weekly and once-daily dosing regimens in patients
with chronic disease found significantly greater adherence with weekly administration [26],
positioning weekly calcifediol formulations as favourable clinical alternatives.

No significative differences in the percentage of responders ≥20 ng/mL or ≥30 ng/mL
were observed within each treatment group between subjects categorized by BMI. These
results align with a study by Charoenngam et al., which found no significant difference in
systemic 25(OH)D bioavailability (AUCs) after a single 900 µg dose of calcifediol between
higher and lower BMI groups [27]. Similarly, no differences were observed in 25(OH)D
levels between obese and non-obese postmenopausal women following 0.266 mg/month
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calcifediol treatment for 12 months [22]. The literature largely supports the high efficacy of
calcifediol across all BMI subgroups.

The establishment of a consensus on the maximum safe serum 25(OH)D level remains
controversial. Some data suggest that levels below 100 ng/mL are not associated with
toxicity [28], while other studies indicate that toxicity is unlikely unless 25(OH)D concentra-
tions exceed 120 ng/mL or 150 ng/mL [29–31]. For our study, we set a more conservative
safety cut-off at 80 ng/mL. After 52 weeks of calcifediol treatment, four patients exceeded
80 ng/mL (maximum level = 100.04 ng/mL), but none reached toxic levels (>120 ng/mL).
No treatment-related adverse events were reported in patients with 25(OH)D levels above
80 ng/mL.

The primary adverse effect of hypervitaminosis D is hypercalcemia, defined as total cal-
cium levels (tCa) of 10.5 mg/dL or higher, according to standard laboratory references [16].
Hypercalcemia can result from excessive consumption of calcium or vitamin D, though
it is more commonly linked to conditions like primary hyperparathyroidism [32]. In this
study, five subjects in the calcifediol groups were withdrawn due to elevated tCa values
(maximum tCa = 11.7 mg/dL). None reached serum calcium levels above 12 mg/dL, the
threshold where kidney calcium reabsorption may be compromised, leading to hyper-
calciuria [33]. No hypercalciuria-related adverse events were reported, and none of the
patients with elevated tCa had raised 25(OH)D levels. The long-term safety of calcifediol
has been previously documented [22,34], including over a two-year period [35]. Since the
incidence of treatment-emergent adverse events (TEAEs) was comparable between placebo
and calcifediol weekly treatments, with no serious treatment-related adverse events and no
relevant changes from baseline in vital signs, physical exams, haematology or lab results,
weekly doses of 75 µg or 100 µg calcifediol are considered safe for long-term use.

A limitation of this study is the lack of comparison between weekly calcifediol and
an active comparator, such as monthly calcifediol or a non-hydroxylated form of vitamin
D3 cholecalciferol. Previous studies have shown that cholecalciferol increases 25(OH)D
plasma levels more slowly and is less potent, often requiring higher doses for effective
treatment [21,34,36]. Additionally, oral calcifediol has a higher intestinal absorption rate,
and this may have important advantages in cases of reduced intestinal absorption due to
various gastrointestinal conditions. Another limitation is the lack of calcium correction
for albumin levels, which some consider a more accurate estimation [37], although others
argue that uncorrected total calcium values better reflect biologically active calcium [38].
On the other hand, the study has several strengths, including a 52-week observational
period, a large sample size of 398 patients with homogenous demographics, and high
completion rates of 94.4% at 16 weeks and 89.2% at one year. Treatment compliance was
also notably high, exceeding 90% at both 16 weeks and 52 weeks, which adds robustness to
the trial.

5. Conclusions

In conclusion, the results of this study demonstrate that the new weekly formulations
of calcifediol, at doses of 75 µg and 100 µg, are superior to placebo in achieving optimal
25(OH)D levels in patients with vitamin D deficiency (defined as 25(OH)D levels between
10 and 20 ng/mL). Both long-term weekly calcifediol treatments resulted in a stable and
sustained response within optimal levels throughout the 52-week study period, with
a favourable safety profile. These findings support the clinical use of the 75 µg and
100 µg weekly formulations of calcifediol as effective initiation and long-term maintenance
therapies for patients with vitamin D deficiency, thereby helping to prevent complications
related to hypovitaminosis D. Furthermore, weekly calcifediol treatments may enhance
patient acceptance and adherence to therapy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu16223796/s1, Table S1: Inclusion and exclusion criteria;
Table S2: Schedule of events and assessments by visit; Figure S1: Percentage of subjects with 25(OH)D
levels; Figure S2: Percentage of responders by BMI subgroup.
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2. Szymczak-Pajor, I.; Drzewoski, J.; Śliwińska, A. The Molecular Mechanisms by Which Vitamin D Prevents Insulin Resistance and
Associated Disorders. Int. J. Mol. Sci. 2020, 21, 6644. [CrossRef] [PubMed]

3. Lips, P.; Van Schoor, N.M. The effect of vitamin D on bone and osteoporosis. Best Pract. Res. Clin. Endocrinol. Metab. 2011, 25,
585–591. [CrossRef]

4. Charoenngam, N.; Ayoub, D.; Holick, M.F. Nutritional rickets and vitamin D deficiency: Consequences and strategies for
treatment and prevention. Expert Rev. Endocrinol. Metab. 2022, 17, 351–364. [CrossRef]

5. Carlberg, C. A Pleiotropic Nuclear Hormone Labelled Hundred Years Ago Vitamin D. Nutrients 2022, 15, 171. [CrossRef]
[PubMed]

https://doi.org/10.3389/fnut.2023.1070808
https://www.ncbi.nlm.nih.gov/pubmed/37006940
https://doi.org/10.3390/ijms21186644
https://www.ncbi.nlm.nih.gov/pubmed/32932777
https://doi.org/10.1016/j.beem.2011.05.002
https://doi.org/10.1080/17446651.2022.2099374
https://doi.org/10.3390/nu15010171
https://www.ncbi.nlm.nih.gov/pubmed/36615828


Nutrients 2024, 16, 3796 13 of 14

6. Saroha, H.S.; Bhat, S.; Das, L.; Dutta, P.; Holick, M.F.; Sachdeva, N.; Marwaha, R.K. Calcifediol boosts efficacy of ChAdOx1
nCoV-19 vaccine by upregulating genes promoting memory T cell responses. npj Vaccines 2024, 9, 114. [CrossRef]

7. Webb, A.R. Who, what, where and when—Influences on cutaneous vitamin D synthesis. Prog. Biophys. Mol. Biol. 2006, 92, 17–25.
[CrossRef]

8. Donati, S.; Palmini, G.; Aurilia, C.; Falsetti, I.; Marini, F.; Giusti, F.; Iantomasi, T.; Brandi, M.L. Calcifediol: Mechanisms of Action.
Nutrients 2023, 15, 4409. [CrossRef]

9. Holick, M.F.; Mazzei, L.; García Menéndez, S.; Martín Giménez, V.M.; Al Anouti, F.; Manucha, W. Genomic or Non-Genomic? A
Question about the Pleiotropic Roles of Vitamin D in Inflammatory-Based Diseases. Nutrients 2023, 15, 767. [CrossRef] [PubMed]

10. Cashman, K.D.; Van Den Heuvel, E.G.; Schoemaker, R.J.; Prévéraud, D.P.; Macdonald, H.M.; Arcot, J. 25-Hydroxyvitamin D
as a Biomarker of Vitamin D Status and Its Modeling to Inform Strategies for Prevention of Vitamin D Deficiency within the
Population. Adv. Nutr. 2017, 8, 947–957. [CrossRef] [PubMed]

11. Thacher, T.D.; Clarke, B.L. Vitamin D Insufficiency. Mayo Clin. Proc. 2011, 86, 50–60. [CrossRef] [PubMed]
12. Weir, C.B.; Jan, A. BMI Classification Percentile And Cut Off Points. In StatPearls [Internet]; StatPearls Publishing: Treasure Island,

FL, USA, 2024. Available online: http://www.ncbi.nlm.nih.gov/books/NBK541070/ (accessed on 21 May 2024).
13. Sadiq, N.M.; Anastasopoulou, C.; Patel, G.; Badireddy, M. Hypercalcemia; StatPearls Publishing: Treasure Island, FL, USA, 2024.

Available online: https://www.ncbi.nlm.nih.gov/books/NBK430714/ (accessed on 20 May 2024).
14. Bouillon, R.; Carmeliet, G. Vitamin D insufficiency: Definition, diagnosis and management. Best Pract. Res. Clin. Endocrinol.

Metab. 2018, 32, 669–684. [CrossRef] [PubMed]
15. Spedding, S.; Vanlint, S.; Morris, H.; Scragg, R. Does Vitamin D Sufficiency Equate to a Single Serum 25-Hydroxyvitamin D Level

or Are Different Levels Required for Non-Skeletal Diseases? Nutrients 2013, 5, 5127–5139. [CrossRef] [PubMed]
16. Ross, A.C.; Manson, J.E.; Abrams, S.A.; Aloia, J.F.; Brannon, P.M.; Clinton, S.K.; Durazo-Arvizu, R.A.; Gallagher, J.C.; Gallo, R.L.;

Jones, G.; et al. The 2011 Report on Dietary Reference Intakes for Calcium and Vitamin D from the Institute of Medicine: What
Clinicians Need to Know. J. Clin. Endocrinol. Metab. 2011, 96, 53–58. [CrossRef]

17. American Geriatrics Society Workgroup on Vitamin D Supplementation for Older Adults. Recommendations Abstracted from the
American Geriatrics Society Consensus Statement on Vitamin D for Prevention of Falls and Their Consequences. J. Am. Geriatr.
Soc. 2014, 62, 147–152. [CrossRef]

18. Casado, E.; Costa, E.; Mezquita-Raya, P.; Andújar-Espinosa, R.; Neyro, J.L. Calcifediol in the management of vitamin D deficiency-
related skeletal and extraskeletal diseases: Overview and clinical cases. Drugs Context 2023, 12, 1–13. [CrossRef]

19. Heaney, R.P. Health is better at serum 25(OH)D above 30ng/mL. J. Steroid Biochem. Mol. Biol. 2013, 136, 224–228. [CrossRef]
20. Guerra López, P.; Urroz Elizalde, M.; Vega-Gil, N.; Sánchez Santiago, B.; Zorrilla Martínez, I.; Jiménez-Mercado, M.; Jódar, E.;

Landeta Manzano, A.; Campo Hoyos, C.; Frías Iniesta, J. Efficacy and Safety of Calcifediol in Young Adults with Vitamin D
Deficiency: A Phase I, Multicentre, Clinical Trial—POSCAL Study. Nutrients 2024, 16, 306. [CrossRef]

21. Graeff-Armas, L.A.; Bendik, I.; Kunz, I.; Schoop, R.; Hull, S.; Beck, M. Supplemental 25-Hydroxycholecalciferol Is More Effective
than Cholecalciferol in Raising Serum 25-Hydroxyvitamin D Concentrations in Older Adults. J. Nutr. 2020, 150, 73–81. [CrossRef]
[PubMed]

22. Pérez-Castrillón, J.L.; Dueñas-Laita, A.; Gómez-Alonso, C.; Jódar, E.; Del Pino-Montes, J.; Brandi, M.L.; Cereto Castro, F.; Quesada-
Gómez, J.M.; Gallego López, L.; Olmos Martínez, J.M.; et al. Long-Term Treatment and Effect of Discontinuation of Calcifediol in
Postmenopausal Women with Vitamin D Deficiency: A Randomized Trial. J. Bone Miner. Res. 2023, 38, 471–479. [CrossRef]

23. Vaes, A.M.M.; Tieland, M.; De Regt, M.F.; Wittwer, J.; Van Loon, L.J.C.; De Groot, L.C.P.G.M. Dose–response effects of supplemen-
tation with calcifediol on serum 25-hydroxyvitamin D status and its metabolites: A randomized controlled trial in older adults.
Clin. Nutr. 2018, 37, 808–814. [CrossRef]

24. Bischoff-Ferrari, H.A.; Dawson-Hughes, B.; Stöcklin, E.; Sidelnikov, E.; Willett, W.C.; Edel, J.O.; Stähelin, H.B.; Wolfram, S.; Jetter,
A.; Schwager, J.; et al. Oral supplementation with 25(OH)D3 versus vitamin D3: Effects on 25(OH)D levels, lower extremity
function, blood pressure, and markers of innate immunity. J. Bone Miner. Res. 2012, 27, 160–169. [CrossRef] [PubMed]

25. Minisola, S.; Cianferotti, L.; Biondi, P.; Cipriani, C.; Fossi, C.; Franceschelli, F.; Giusti, F.; Leoncini, G.; Pepe, J.; Bischoff-Ferrari,
H.A.; et al. Correction of vitamin D status by calcidiol: Pharmacokinetic profile, safety, and biochemical effects on bone and
mineral metabolism of daily and weekly dosage regimens. Osteoporos Int. 2017, 28, 3239–3249. [CrossRef]

26. Iglay, K.; Cao, X.; Mavros, P.; Joshi, K.; Yu, S.; Tunceli, K. Systematic Literature Review and Meta-analysis of Medication Adherence
With Once-weekly Versus Once-daily Therapy. Clin. Ther. 2015, 37, 1813–1821.e1. [CrossRef] [PubMed]

27. Charoenngam, N.; Kalajian, T.A.; Shirvani, A.; Yoon, G.H.; Desai, S.; McCarthy, A.; Apovian, C.M.; Holick, M.F. A pilot-
randomized, double-blind crossover trial to evaluate the pharmacokinetics of orally administered 25-hydroxyvitamin D3 and
vitamin D3 in healthy adults with differing BMI and in adults with intestinal malabsorption. Am. J. Clin. Nutr. 2021, 114,
1189–1199. [CrossRef] [PubMed]

28. Varsavsky, M.; Rozas Moreno, P.; Becerra Fernández, A.; Luque Fernández, I.; Quesada Gómez, J.M.; Ávila Rubio, V.; García
Martín, A.; Cortés Berdonces, M.; Naf Cortés, S.; Romero Muñoz, M.; et al. Recommended vitamin D levels in the general
population. Endocrinol. Diabetes Nutr. (Engl. Ed.) 2017, 64, 7–14. [CrossRef]

29. Chauhan, K.; Shahrokhi, M.; Huecker, M.R. Vitamin D. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA,
2024. Available online: http://www.ncbi.nlm.nih.gov/books/NBK441912/ (accessed on 7 June 2024).

https://doi.org/10.1038/s41541-024-00909-w
https://doi.org/10.1016/j.pbiomolbio.2006.02.004
https://doi.org/10.3390/nu15204409
https://doi.org/10.3390/nu15030767
https://www.ncbi.nlm.nih.gov/pubmed/36771473
https://doi.org/10.3945/an.117.015578
https://www.ncbi.nlm.nih.gov/pubmed/29141976
https://doi.org/10.4065/mcp.2010.0567
https://www.ncbi.nlm.nih.gov/pubmed/21193656
http://www.ncbi.nlm.nih.gov/books/NBK541070/
https://www.ncbi.nlm.nih.gov/books/NBK430714/
https://doi.org/10.1016/j.beem.2018.09.014
https://www.ncbi.nlm.nih.gov/pubmed/30449548
https://doi.org/10.3390/nu5125127
https://www.ncbi.nlm.nih.gov/pubmed/24352091
https://doi.org/10.1210/jc.2010-2704
https://doi.org/10.1111/jgs.12631
https://doi.org/10.7573/dic.2023-5-4
https://doi.org/10.1016/j.jsbmb.2012.09.032
https://doi.org/10.3390/nu16020306
https://doi.org/10.1093/jn/nxz209
https://www.ncbi.nlm.nih.gov/pubmed/31518424
https://doi.org/10.1002/jbmr.4776
https://doi.org/10.1016/j.clnu.2017.03.029
https://doi.org/10.1002/jbmr.551
https://www.ncbi.nlm.nih.gov/pubmed/22028071
https://doi.org/10.1007/s00198-017-4180-3
https://doi.org/10.1016/j.clinthera.2015.05.505
https://www.ncbi.nlm.nih.gov/pubmed/26117406
https://doi.org/10.1093/ajcn/nqab123
https://www.ncbi.nlm.nih.gov/pubmed/34008842
https://doi.org/10.1016/j.endien.2016.11.003
http://www.ncbi.nlm.nih.gov/books/NBK441912/


Nutrients 2024, 16, 3796 14 of 14

30. Lee, J.P.; Tansey, M.; Jetton, J.G.; Krasowski, M.D. Vitamin D Toxicity: A 16-Year Retrospective Study at an Academic Medical
Center. Lab. Med. 2018, 49, 123–129. [CrossRef]

31. Valero Zanuy, M.Á.; Hawkins Carranza, F. Metabolismo, fuentes endógenas y exógenas de vitamina D. Rev. Española Enfermedades
Metabólicas Óseas 2007, 16, 63–70. [CrossRef]

32. Moe, S.M. Disorders Involving Calcium, Phosphorus, and Magnesium. Prim. Care Clin. Off. Pract. 2008, 35, 215–237. [CrossRef]
[PubMed]

33. Ross, A.; Taylor, C.; Yaktine, A. Dietary Reference Intakes for Calcium and Vitamin D [Internet]; National Academies Press: Washington,
DC, USA, 2011; Available online: http://www.nap.edu/catalog/13050 (accessed on 3 May 2024).

34. Quesada-Gomez, J.M.; Bouillon, R. Is calcifediol better than cholecalciferol for vitamin D supplementation? Osteoporos Int. 2018,
29, 1697–1711. [CrossRef]

35. Occhiuto, M.; Pepe, J.; Colangelo, L.; Lucarelli, M.; Angeloni, A.; Nieddu, L.; De Martino, V.; Minisola, S.; Cipriani, C. Effect of
2 Years of Monthly Calcifediol Administration in Postmenopausal Women with Vitamin D Insufficiency. Nutrients 2024, 16, 1754.
[CrossRef] [PubMed]

36. Pérez-Castrillón, J.L.; Dueñas-Laita, A.; Brandi, M.L.; Jódar, E.; Del Pino-Montes, J.; Quesada-Gómez, J.M.; Cereto Castro, F.;
Gómez-Alonso, C.; Gallego López, L.; Olmos Martínez, J.M.; et al. Calcifediol is superior to cholecalciferol in improving vitamin
D status in postmenopausal women: A randomized trial. J. Bone Miner. Res. 2020, 36, 1967–1978. [CrossRef] [PubMed]

37. Goltzman, D. Approach to Hypercalcemia. Available online: https://www.ncbi.nlm.nih.gov/books/NBK279129/ (accessed on
17 April 2023).

38. Kenny, C.M.; Murphy, C.E.; Boyce, D.S.; Ashley, D.M.; Jahanmir, J. Things We Do for No Reason TM: Calculating a “Corrected
Calcium” Level. J. Hosp. Med. 2021, 16, 499–501. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/labmed/lmx077
https://doi.org/10.1016/S1132-8460(07)73506-7
https://doi.org/10.1016/j.pop.2008.01.007
https://www.ncbi.nlm.nih.gov/pubmed/18486714
http://www.nap.edu/catalog/13050
https://doi.org/10.1007/s00198-018-4520-y
https://doi.org/10.3390/nu16111754
https://www.ncbi.nlm.nih.gov/pubmed/38892687
https://doi.org/10.1002/jbmr.4387
https://www.ncbi.nlm.nih.gov/pubmed/34101900
https://www.ncbi.nlm.nih.gov/books/NBK279129/
https://doi.org/10.12788/jhm.3619
https://www.ncbi.nlm.nih.gov/pubmed/34197298

	Introduction 
	Materials and Methods 
	Study Design 
	Study Procedures 
	Laboratory Assessments 
	Statistical Analysis 

	Results 
	Study Population 
	Percentage of Responders to Treatment  20 ng/mL and 30 ng/mL at Week 16 
	Percentage of Patients Achieving a Sustained Response 
	Plasma 25(OH)D Levels at Different Time Points 
	Additional Efficacy Analyses: BMI Subgroups and Monthly Modelling 
	Safety 

	Discussion 
	Conclusions 
	References

