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Abstract

Background In addition to the role of vitamin D in bone mineralization, calcium and phosphate homeostasis, and skeletal
health, evidence suggests an association between vitamin D deficiency and a wide range of chronic conditions. This is of
clinical concern given the substantial global prevalence of vitamin D deficiency. Vitamin D deficiency has traditionally been
treated with vitamin D; (cholecalciferol) or vitamin D, (ergocalciferol). Calcifediol (25-hydroxyvitamin D;) has recently
become available more widely.

Methods By means of targeted literature searches of PubMed, this narrative review overviews the physiological functions
and metabolic pathways of vitamin D, examines the differences between calcifediol and vitamin D5, and highlights clinical
trials conducted with calcifediol in patients with bone disease or other conditions.

Results For supplemental use in the healthy population, calcifediol can be used at doses of up to 10 pug per day for chil-
dren > 11 years and adults and up to 5 pg/day in children 3—10 years. For therapeutic use of calcifediol under medical super-
vision, the dose, frequency and duration of treatment is determined according to serum 25(OH)D concentrations, condition,
type of patient and comorbidities. Calcifediol differs pharmacokinetically from vitamin D5 in several ways. It is independent
of hepatic 25-hydroxylation and thus is one step closer in the metabolic pathway to active vitamin D. At comparable doses
to vitamin Dj, calcifediol achieves target serum 25(OH)D concentrations more rapidly and in contrast to vitamin Dy, it has a
predictable and linear dose—response curve irrespective of baseline serum 25(OH)D concentrations. The intestinal absorp-
tion of calcifediol is relatively preserved in patients with fat malabsorption and it is more hydrophilic than vitamin D; and
thus is less prone to sequestration in adipose tissue.

Conclusion Calcifediol is suitable for use in all patients with vitamin D deficiency and may be preferable to vitamin D,
for patients with obesity, liver disease, malabsorption and those who require a rapid increase in 25(OH)D concentrations.

Keywords Vitamin D deficiency - Calcifediol - Cholecalciferol - Immunomodulatory - 25-Hydroxyvitamin Dy -
1,25-Dihydroxyvitamin D,

< Michael F. Holick

mfholick@bu.edu Introduction

Department of Endocrinology and Nutrition, Quir6n Vitamin D is known to play an important role in bone min-

[Sjal.u d Mzdgi:and Rulzler]\J; aél '](Sir?\\/llo g?&vgrm,y Hospitals, eralization, calcium and phosphate homeostasis, and skeletal
niversiaa uropea de iadrid, vladrid, aim . . . . .

P o _ P . health. The link between vitamin D deficiency and rickets,

Department of Internal Medicine, Endocrine Section, osteomalacia and osteoporosis is well established [1-3].

Clinica Universidad de los Andes and School of Medicine, N d h . .. in th ial role of
Universidad de los Andes, Santiago, Chile lowa ays,.t ere is growing interest in t e poteptla role o
vitamin D in multiple other body functions. Evidence sug-

Department of Endocrinology and Metabolism, Amsterdam .. . . .
gests an association between vitamin D deficiency and car-

UMC Location Vrije Universiteit Amsterdam, De Boelelaan

1117, Amsterdam, The Netherlands diovascular disease, selected cancers, autoimmune diseases
4 Vitamin D, Skin, and Bone Research Laboratory, Section (e.g v r'nu1t1p le SCIerOSl?’ type 1 diabetes and rheumato%d

Endocrinology, Diabetes, Nutrition and Weight Management, arthritis), pulmonary disorders (e.g., asthma and chronic

Department of Medicine, Boston University School obstructive pulmonary disease), and upper respiratory

of Medicine, 85 E Newton St, M-1013, Boston, MA 02118,

USA

@ Springer


http://orcid.org/0000-0002-1234-8560
http://orcid.org/0000-0001-5483-9301
https://orcid.org/0000-0001-8414-3938
http://orcid.org/0000-0001-6023-9062
http://crossmark.crossref.org/dialog/?doi=10.1007/s00394-023-03103-1&domain=pdf

1580

European Journal of Nutrition (2023) 62:1579-1597

infections (e.g., influenza, COVID-19), including potential
causal relationships with some of these outcomes [4-8].

The two commonly available forms of vitamin D supple-
ment for maintaining vitamin D status or treating vitamin D
deficiency or insufficiency are ergocalciferol (vitamin D,)
and cholecalciferol (vitamin D) [1]. In Spain, calcifediol (a
vitamin D5 metabolite) has been used for these same pur-
poses for more than 40 years and recently became avail-
able in several other European countries (e.g., Poland, The
Netherlands, Belgium) and in Latin America (e.g., Chile,
Colombia, Ecuador, Peru, Mexico).

This narrative review provides an overview of the physi-
ological functions and metabolic pathways of vitamin D,
examines the differences between calcifediol and vitamin
D, and highlights clinical trials conducted with calcifediol
in patients with bone disease or other conditions. To identify
relevant published data, targeted literature searches of Pub-
Med were conducted using the terms ‘vitamin D deficiency’
and ‘calcifediol’ and ‘cholecalciferol’; as well as ‘calcife-
diol’ and specific disease conditions of interest using the key
words ‘bone disease’, ‘Paget’s ‘osteoporosis’, ‘osteomalacia’,
‘osteopenia’, ‘falls’, ‘muscle’, ‘immune system’, ‘asthma’,
‘COVID-19’ and ‘secondary hyperparathyroidism’, applying
the ‘Clinical Trials’ filter to individual searches. Additional
articles were identified from the reference lists of published
articles or were known to the authors. Searches were last
updated 24 January 2022.

Physiology of vitamin D

Characterized initially as a vitamin, vitamin D is now also
recognized as a prohormone [9]. Vitamin D consists of two
forms, vitamin D, and vitamin D3, both of which contribute
to overall vitamin D status [10, 11]. Sunlight accounts for
more than 90% of the body’s daily requirement of vitamin
D under normal physiological conditions. Exposure to ultra-
violet B radiation converts 7-dehydrocholesterol in the skin
to previtamin D; which undergoes thermal conversion to
form vitamin Dj. Other sources of vitamin D; are foods such
as oily fish (e.g., wild salmon, mackerel etc.), cod liver oil
and egg yolks [1, 2]. Vitamin D, is present in UV-exposed
mushrooms (e.g., oyster, shiitake mushrooms) [12] and is
produced from irradiation of yeast. Vitamins D, and D; are
both used to fortify foods (e.g., milk, margarine, yogurts,
breakfast cereals, cooking oil) and as dietary supplements [1,
10, 13-15]. In 2021, calcifediol received a positive evalua-
tion by EFSA for use in the European Union as an additive in
food supplements targeting the healthy population at doses
of up to 10 pg per day for children > 11 years and adults,
including pregnant and lactating women, and up to 5 ug/day
in children 3—10 years. European Commission approval is
pending [16].
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Irrespective of source, vitamin D, and vitamin D; must
undergo a two-step enzymatic process to become biologi-
cally active (Fig. 1). First, liver 25-hydroxylases (of the
cytochrome P450 group) convert these inert prohormones
to 25-hydroxyvitamin D, [25(OH)D,] and 25-hydroxy-
vitamin D5 [25(OH)D;, calcifediol], respectively. The
composite of 25(OH)D, and 25(OH)D; is reported for
clinical purposes as the total serum 25-hydroxyvitamin D
[25(OH)D] concentration and is the biomarker of vitamin
D status. Next, la-hydroxylases in the kidneys covert the
25-hydroxylated vitamin D, and vitamin D5 to 1,25-dihy-
droxyvitamin D, [1,25(OH),D,] and 1,25-dihydroxyvitamin
D; [1,25(0H),D;, calcitriol], respectively [1, 10, 13-15],
which are collectively referred to as 1,25-dihydroxyvitamin
D [1,25(0OH),D].

1,25(0OH),D is the biologically active form of vitamin
D. 1,25(0OH),D regulates calcium homeostasis by acting
on its intestinal absorption, renal reabsorption, and bone
mobilization [1, 9]. A reduction in serum calcium concen-
trations stimulates secretion of parathyroid hormone (PTH),
which activates synthesis of 1,25(OH),D. Conversely, an
increase in serum calcium concentrations reduces PTH
secretion and decreases the synthesis of 1,25(OH),D. Phos-
phate homeostasis is maintained through intestinal phos-
phate absorption, renal phosphate reabsorption or excre-
tion and/or bone metabolism. The processes are regulated
by PTH, 1,25(OH),D, and bone-derived fibroblast growth
factor 23 (FGF23) via several negative feedback loops [17,
18]. In response to hyperphosphatemia, FGF23 suppresses
phosphate reabsorption and 1,25(OH),D synthesis in the
kidneys [19]. FGF23 excess is associated with phosphate-
wasting disorders (e.g., hypophosphatemic rickets and
tumor-induced osteomalacia) and chronic kidney disease,
although the hormone also has a role in normal physiologi-
cal processes in bone and kidney [19].

1,25(0OH),D activity is mediated by the vitamin D spe-
cific receptor (VDR), a ligand-dependent transcription
regulator molecule belonging to the nuclear receptor super-
family. The presence of VDR in most cells may explain the
activity of vitamin D at different tissue sites, including its
immunomodulatory effects [1, 4, 6, 9, 20, 21]. In this regard,
VDR expression and activity play an important role in
T-cell development, differentiation, and function [21]. Act-
ing via the VDR, 1,25(OH),D suppresses parathyroid gene
expression and blocks chief cell proliferation to facilitate
the maintenance of optimal serum calcium concentrations
[9]. 1,25(OH),D also increases the intestinal absorption of
calcium by interacting with the VDR to enhance expression
of the epithelial calcium channel and calcium binding pro-
tein [1]. 25(OH)D has also been shown to bind to and acti-
vate the VDR, although not as strongly as 1,25(OH),D [22,
23]. Regulation of renal 1,25(OH),D production may also
directly or indirectly influence the activity of other hormones
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Fig. 1 Vitamin D activation pathway

(PTH, glucocorticoids, growth hormone, estrogens, thyroid Vitamin D deﬁciency
hormones, prolactin) on intestinal calcium absorption [24].

Although consensus is lacking about an ‘optimal’ serum
25(OH)D concentration, a 25(OH)D level above 75 nmol/L

@ Springer



1582

European Journal of Nutrition (2023) 62:1579-1597

(to convert nmol/L to ng/mL, divide by 2.5) can be regarded
as the target level based on recommendations by the Endo-
crine Society Guidelines on vitamin D [25]. Other organi-
zations including the Institute of Medicine [26] regard a
25(0OH)D concentration above 50 nmol/L as sufficient, a
25(0OH)D concentration between 30—50 nmol/L as insuf-
ficient, and a 25(OH)D concentration below 25—30 nmol/L
as deficient. It is worth noting that vitamin D thresholds
are not always intended to be diagnostic but are indicative
of increased risk of disease. Based on these definitions, the
prevalence of vitamin D deficiency/insufficiency worldwide
is substantial irrespective of geographical region, ethnic-
ity, latitude or altitude [3, 5, 27-35]. Indeed, a large sys-
tematic review found that 88% of the worldwide popula-
tion had serum 25(OH)D concentrations < 75 nmol/L, 37%
had concentrations < 50 nmol/L. and 7% had concentra-
tions <25 nmol/L [3].

With some variation, serum 25(OH)D concentrations
below 25—30 nmol/L are generally regarded as inadequate
and concentrations above 50 nmol/L as adequate for main-
taining bone health [36, 37]. A target serum 25(OH)D con-
centration of >75 nmol/L may be recommended for indi-
viduals with various conditions who are at risk of vitamin
D deficiency, or when focusing on the potential multiple/
pleiotropic effects of vitamin D [25, 26, 38—41]. In this
regard, there is evidence to suggest a role for vitamin D in
modulating immune function [6, 42], although clinical data
are not yet sufficiently robust to support recommendations
for therapeutic vitamin D supplementation in patients with
infections or autoimmune diseases [42]. The situation may
change, however, as more evidence accumulates. An ancil-
lary study to the randomized, double-blind vitamin D and
omega-3 trial (VITAL; n=25,871 participants) showed that
improved vitamin D status over 5 years significantly reduced
by 22% new incident autoimmune disease [43]. Observa-
tional data have suggested that maintaining adequate serum
25(0OH)D concentrations may protect against COVID-19
infectivity and severity [44, 45], although a randomized con-
trolled trial has since shown no reduction in the risk of all-
cause acute respiratory infection or COVID-19 with vitamin
D, supplementation in a large group of adults with vitamin
D insufficiency [46].

Causes of vitamin D deficiency are myriad and include
limited exposure to sunlight, use of sun blockers, dark skin
pigmentation, inadequate intake of vitamin D-containing
foods, malabsorption, genetic diseases of vitamin D metabo-
lizing enzymes and the VDR, hepatic disease, renal disease,
aging, obesity, and drugs that may affect the absorption or
metabolism of vitamin D [1, 29, 41]. Depending on dietary
preferences and latitude of residence in the general popu-
lation, natural sources of vitamin D may be inadequate to
maintain serum concentrations above 50 nmol/L throughout
the year [39]. Strategies to improve vitamin D status include
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increased sun exposure, although this carries an increased
risk of skin cancer; increased dietary intake of vitamin
D-containing and vitamin D-fortified foods [47]; and vita-
min D supplementation. Options for vitamin D supplementa-
tion vary by country. The most widely used supplement for
vitamin D deficiency globally is vitamin D;. Vitamin D, is
used primarily in the USA and India [1, 10, 48]. Calcifediol
is the primary supplement used in Spain and recently has
been introduced to other markets.

An important and challenging issue regarding dosage rec-
ommendations for vitamin D supplementation is the con-
tinued use of international units (IU), which were defined
several decades ago. In 1949, the Expert Committee on
Biological Standardization defined 1 IU of vitamin D as
0.025 pg of crystalline vitamin D5. The antirachitic activ-
ity of vitamin D was determined by administering various
known concentrations of vitamin D to vitamin D deficient
rachitic rats for 8 days. The proximal radii and ulnas were
harvested and placed in a solution of silver nitrate where the
line of new mineralization in the growth plate would turn
black. The thickness of the line was determined and related
to the amount of vitamin D administered. A higher vitamin
D intake resulted in a thicker line and hence a higher visual
score as described in the United States Pharmacopeia. This
was known as the line test which was used to determine the
number of IUs of vitamin D present in food or other sub-
stances. Subsequent experiments showed that the effect of
1.5 pg of vitamin D5 with respect to calcium deposits in the
line test was similar to that of approximately 1 ug of calcife-
diol [49]. As such, it is inappropriate to refer to calcifediol in
IU since it is more effective per ug than vitamin D5 in induc-
ing antirachitic activity in a rat. Calcifediol doses should be
expressed in micrograms or milligrams.

Differences between supplemental vitamin
D; and calcifediol

A key molecular difference between calcifediol and vita-
min Dj is that calcifediol is one step closer in the metabolic
pathway to biologically active vitamin D (see Fig. 1) [50].
The additional hydroxyl group on carbon 25 of calcifediol
confers pharmacokinetic properties that can be pharmaco-
logically advantageous in certain clinical situations such as
malabsorption, liver impairment and obesity (Fig. 2).

Pharmacokinetic differences and their clinical
implications

The intestinal absorption of vitamin D5, but not calcifediol,
depends on the presence of bile acids and micelle forma-
tion [51]. In patients with fat malabsorption (e.g., celiac dis-
ease, pancreatic insufficiency, biliary cirrhosis), intestinal
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Calcifediol increases serum 25(0OH)D levels more
rapidly than cholecalciferol

Calcifediol has a linear dose-response curve
more predictable than that of cholecalciferol

Calcifediol does not require hepatic metabolism
for activation making it more suitable for
patients with impaired hepatic function

Calcifediol is more hydrophilic than
cholecalciferol and less likely to be sequestered
in adipose tissue (e.g. in obese patients)

Calcifediol is more likely to be efficacious in
patients with malabsorption

Fig.2 Pharmacological advantages of calcifediol as a vitamin D sup-
plement

absorption of vitamin D5 is markedly compromised [52-54],
whereas that of calcifediol is relatively preserved (Fig. 3)
[55]. Some European consensus statements recommend cal-
cifediol as the vitamin D supplement of choice for patients
with malabsorption syndromes (e.g., short bowel syndrome),
and those undergoing bariatric surgery [56-58]. Calcifediol
may also be preferable for use in patients receiving con-
comitant drugs that interfere with fat absorption, such as
orlistat [59].

Fig.3 Mean+ SEM serum 50
25-hydroxyvitamin D5 (25(OH)
D;) concentration versus time
curve after a single oral 900 pug
dose of vitamin D5 (cholecal-
ciferol) or 25-hydroxyvitamin
D; (25(OH)D;, calcifediol) in
healthy participants (n=10) and
patients with intestinal malab-
sorption of vitamin D (n=6).
The AUC of 25(OH)D; was
statistically significantly higher
with calcifediol than vitamin
D; in both patient groups (both
p<0.001; Wilcoxon signed-
rank test). Reproduced with
permission from [55]. Copy-
right Holick 2021. AUC area
under the curve, SEM standard
error of the mean

Serum 25(OH)D; level (ng/mL)

Calcifediol has a linear dose-response curve irrespective
of baseline serum 25(OH)D concentrations [51]. In contrast,
with vitamin D, the higher the basal 25(OH)D concentra-
tion, the smaller the increase during supplementation and
vice versa [51]. The less predictable dose response to vita-
min D; may arise from factors affecting its absorption (as
discussed above) and metabolic conversion (e.g., age- and
disease-related decreases in hepatic 25-hydroxylase activ-
ity). The more linear dose—response curve of calcifediol may
be advantageous in situations where higher serum 25(OH)D
concentrations are desirable [51]. For example, the require-
ment for higher doses of vitamin D supplements in patients
receiving drugs that interfere with hepatic 25-hydroxylases
(e.g., antiepileptic and antiretroviral drugs) [56, 58] suggests
a possible advantage for calcifediol over vitamin D5. Calcife-
diol is recommended as the preferred vitamin D supplement
in patients with advanced liver disease [56].

Numerous comparative clinical trials have demonstrated
that, at comparable doses to vitamin D3, calcifediol induces
a more rapid and larger increase in serum 25(OH)D concen-
trations (Table 1) [55, 60-72]. On a weight basis, calcifediol
is considered to be between 3- to sixfold more potent than
vitamin D5, with the range reflecting the non-linear efficacy
of vitamin D5 for vitamin D repletion in comparative stud-
ies. The higher potency of calcifediol may be beneficial in
clinical situations where a rapid increase in vitamin D status
is required, such as patients with symptoms of osteomalacia
due to vitamin D deficiency or before initiation of antire-
sorptive treatment or anabolic bone therapy in patients at
risk of fracture [73, 74].
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Vitamin D5 is more lipophilic than calcifediol and can
be sequestered in adipose tissue [75, 76]. By virtue of its
additional hydroxy (OH) group, calcifediol is more hydro-
philic, and thus less prone to sequestration [50, 55, 77]. This
difference in lipophilicity results in a much-prolonged elimi-
nation half-life for vitamin D; compared with calcifediol (=
2 months versus &~ 10—15 days) [77]. A long and short half-
life each may have clinical advantages. A short half-life can
be clinically useful as it allows for a more rapid response to
dose adjustments [66]. In general, higher doses of any type
of vitamin D supplement are required in individuals with
obesity to achieve optimal serum concentrations of 25(OH)
D [78]. Preclinical data suggesting that hepatic 25-hydroxy-
lation is altered in obesity may account at least in part for
the reduction in circulating 25(OH)D concentrations [79,
80]. Some guidelines recommend calcifediol as the vitamin
D supplement of choice in patients with obesity [56-58].

Lastly, as discussed above, vitamin D5 but not calcifediol
requires 25-hydroxylation, which has implications for the
conversion efficacy of vitamin D5 to 25(OH)D depending
on the functioning of metabolizing enzymes. Studies have
shown severe impairment in the expression and activity of
hepatic CYP2R1 in obesity [79, 80], during fasting and in
type 1 and type 2 diabetes mouse models, with involve-
ment of at least two molecular pathways: the peroxisome
proliferator-activated-gamma-coactivator- 1 a/estrogen-
related receptor a axis and the glucocorticoid receptor [81].

Safety and dosage issues

The reference range for vitamin D sufficiency is
50—250 nmol/L. Available data indicate that serum 25(OH)
D concentrations associated with vitamin D toxicity (hyper-
vitaminosis D) are in excess of 375 nmol/L [26]. As such,
the safety margin is broad irrespective of which supplement
is used. Vitamin D toxicity and its associated manifesta-
tions (e.g., hypercalcemia, hypercalciuria, nephrocalcinosis)
are rare, typically arising from patients self-administering
extremely high doses of a vitamin D supplement for pro-
longed periods of time [25, 39]. Nevertheless, in view of
the higher potency of calcifediol relative to vitamin D5, and
greater risk of excessive serum 25(OH)D concentrations in
case of overdose, it is important that clinicians are aware
of the optimal dosing per condition of each vitamin D sup-
plement and prescribe accordingly. The calcifediol dose,
and the frequency and duration of treatment are determined
according to the serum 25(OH)D concentration, type of
patient, condition being treated and presence of comorbidi-
ties such as obesity, malabsorption syndrome, and treatment
with corticosteroids [82]. As with all medicines used for
therapeutic purposes, patients receiving calcifediol should
be advised to adhere to the prescribed dose.

During widespread use of calcifediol for more than
40 years in Spain, there have been few reports to the Spanish
Pharmacovigilance System of hypercalcemia and/or hyper-
vitaminosis D [83]. In studies which investigated weekly or
biweekly doses of calcifediol 266 pg (i.e., in excess of the
recommended dose) for 6-12 months in patients with osteo-
porosis or asthma, serum 25(OH)D concentrations remained
below the 250 nmol/L threshold considered to be a risk for
hypercalcemia [84, 85]. In general, monthly administration
of calcifediol 266 pg is regarded as adequate to achieve effec-
tive vitamin D status and avoid risks associated with excessive
concentrations [82, 84]. A pharmacokinetic study in healthy
older adults found that calcifediol at doses of 15 and 20 ug/
day significantly reduced the time to reach 25(OH)D concen-
trations of 75 nmol/L compared with vitamin D5 (20 ug/day);
upon discontinuation, calcifediol was eliminated faster than
vitamin D5 [66]. The superior efficacy of calcifediol in replet-
ing serum 25(OH)D concentrations has important implications
for clinical practice and should be considered in therapeutic
guidelines.

Recommended dosages of vitamin D5 or calcifediol to cor-
rect deficiency may take into account the vitamin D status of
the recipient and other factors [86]. As an example, Italian
guidelines recommend using different doses of vitamin D5 or
calcifediol depending on basal serum 25(OH)D concentrations
[87]. In patients with serum 25(OH)D concentrations below
30 nmol/L, the recommended cumulative dose of vitamin D5
is 300,000 IU over a maximum period of 12 weeks, divided
into daily, weekly, or monthly administration (with no dose
to exceed 100,000 IU for safety reasons). The recommended
regimen of calcifediol is one capsule (266 ug) twice per
month. At serum concentrations of 30—50 nmol/L, vitamin D,
750—1000 IU/day or corresponding weekly or monthly admin-
istration is recommended, or calcifediol can be administered at
a dose of one capsule (266 pg) per month. At serum concentra-
tions of > 50 nmol/L, vitamin D supplementation is generally
not recommended. Recent guidelines from the Spanish Soci-
ety for Bone Research and Mineral Metabolism (SEIOMM)
also recommend different dosage regimens for calcifediol and
vitamin D; depending on the patient population (general or
at-risk populations) [58]. Recommendations for calcifediol are
provided in Table 2. Conversely, Dutch guidelines for vitamin
D deficiency do not factor baseline serum 25(OH)D concentra-
tions into dosage recommendations for the general population
since lower baseline 25(OH)D concentrations result in larger
increases during vitamin D5 supplementation [88].

@ Springer
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Table 2 Spanish Society for Bone Research and Mineral Metabolism (SEIOMM)-recommended dosage regimens for calcifediol in different

patient populations with vitamin D deficiency [58]

Population

Recommendations

General population with severe deficiency (serum 25(OH)D concentrations <25 nmol/L)

General population with insufficiency (serum 25(OH)D concentrations 25—62.5 nmol/L)
Osteoporosis and other populations at risk of deficiency (and with serum 25(OH)D concentra-

tions <25 nmol/L)

Osteoporosis and other populations at risk of deficiency (and with serum 25(OH)D concentrations of

25—75 nmol/L)

Calcifediol 266 pg/week for
5 weeks then 266 ug/month

Calcifediol 266 pg/month

Calcifediol 266 pg/week for
5 weeks then 266 pg every
3—4 weeks

Calcifediol 266 pg every 3—4 weeks

Studies of supplemental calcifediol
in disease

Since calcifediol only recently became available outside of
Spain, most literature evaluating vitamin D supplementation
for bone diseases and other conditions refers to vitamin Dj.
Studies of calcifediol have frequently used serum 25(OH)
D concentrations as the end point (see Table 1), rather than
hard clinical end points such as fracture numbers or hospi-
talization rates. In recent years, however, several studies con-
ducted with calcifediol have reported non-laboratory clini-
cal end points. The design features and outcomes of these
studies are summarized in Table 3 [60, 70, 71, 85, 89—-100].

Physical performance and muscle strength
parameters in post-menopausal or frail patients

Several studies have examined the effects of calcifediol
supplementation on physical performance and muscle
strength parameters in post-menopausal women or frail and
elderly patients with vitamin D insufficiency [60, 70, 71,
89-91]. Two small comparative RCTs of calcifediol and
vitamin D5 reported modest benefits with calcifediol [60]
or no change from baseline with either supplement [89].
In a monocentric open-label randomized trial compar-
ing weekly calcifediol (dosage reported as 7000 IU/week)
with vitamin D5 (at dosages of 7000 IU/week, 100,000 IU
every 2 months or 300,000 IU as a single dose) in 107
post-menopausal women, calcifediol achieved target serum
25(OH)D concentrations more rapidly than vitamin D5 and,
at 6 months, was associated with significantly (p <0.05)
greater improvement than vitamin D5 in lower extremity
muscle strength/function assessed using the 30-s Sit-to-
Stand test and Timed-Up-and-Go test [71]. A prospective,
open-label study randomized 50 post-menopausal women
with osteopenia/osteoporosis and baseline serum 25(OH)
D concentrations of 25—50 nmol/L to receive calcifediol at
doses of 20 or 30 pg/day. Serum 25(OH)D concentrations
were normalized to above > 75 nmol/L within 30 days in
87% (20 of 23) and 100% (23 of 23) of patients, respectively.

@ Springer

At 6 months, the group treated with calcifediol 30 ug/day
showed a modest but statistically significant increase in
upper limb (handgrip) strength [90]. In an nonblinded,
nonrandomized, uncontrolled, prospective cohort study,
calcifediol 20 pg/day was administered to 113 post-men-
opausal women with osteoporosis and/or serum 25(OH)
D concentrations <75 nmol/L. After 6 months’ treatment,
statistically significant improvements from baseline were
measured in serum 25(OH)D concentrations (p <0.001), as
well as in appendicular muscle strength (p <0.001) assessed
by Isometric Hand Grip Strength Test and Knee Isometric
Extension Strength Test, and physical performance assessed
by the Short Physical Performance Battery (p=0.002) and
4-m Gait Speed (p=0.01). There were also statistically sig-
nificant reductions in the percentage of patients who were
recurrent fallers (p <0.001) and in the mean number of falls
(»=0.020) [91]. A systematic review and meta-analysis of
seven RCTs (n=269 participants), including those reported
herein, concluded that, over a median follow-up of 24 weeks,
calcifediol may have a positive effect on muscle strength
parameters, with less evidence of an effect on physical per-
formance [101].

Asthma control

Calcifediol was associated with improved asthma control
in a randomized, placebo-controlled trial involving 112
adults with asthma who had serum 25(OH)D concentra-
tions <75 nmol/L. In addition to their asthma therapy,
patients received calcifediol (dose reported as 16,000 IU/
week equivalent to 266 ug/week) or placebo for 6 months.
Change/improvement from baseline in Asthma Control Test
scores at the end of the study period (primary end point) sig-
nificantly favored calcifediol over placebo (+3.09 vs —0.57;
difference 3.66; 95% confidence interval [CI] 0.89-5.43;
p<0.001) [85]. Calcifediol was also associated with a sta-
tistically significant improvement compared with placebo
in scores on the Mini Asthma Quality of Life Questionnaire
[92].
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CoVID-19

Studies evaluating calcifediol supplementation for COVID-
19 have reported favorable clinical outcomes [93-98].

A randomized, non-blinded non-controlled pilot study in
76 patients hospitalized with COVID-19 infection showed
a marked reduction in intensive care unit (ICU) admissions
among those treated versus not treated with calcifediol (2 vs
50%) [93]. A double-blind placebo-controlled trial identified
trends for lower hospitalization and ICU durations, need for
ventilator assistance and mortality among 106 hospitalized
patients with vitamin D insufficiency (serum 25(OH)D con-
centrations < 75 nmol/L) treated with calcifediol than pla-
cebo, although the differences were not statistically signifi-
cant. Improved outcomes in calcifediol-treated patients were
associated with a higher percent lymphocyte count and lower
neutrophil-lymphocyte ratio, which is a surrogate marker for
decreased inflammatory activity [94]. A retrospective study
of 537 patients hospitalized because of COVID-19 infec-
tion reported a statistically significant reduction in in-hos-
pital mortality during the first 30 days (5 vs 20%; p <0.01)
among 79 patients who had been treated with calcifediol
after admission [95]. Another retrospective study showed
statistically significant reductions in the risk of mortality
and ICU admission among patients admitted to COVID-19
hospital wards who had versus had not received calcifediol
during the first 30 days [96]. A retrospective cohort study
involving nearly 16,000 patients hospitalized with COVID
in Andalusia found a stronger association between patient
survival and prior use of calcifediol (HR 0.67; 95% CI
0.50—-0.91) than prior use of vitamin D5 (HR 0.75, 95% CI
0.61-0.91) [97]. Finally, a large (n>240,000) population-
based observational study conducted in Spain showed that
adults receiving calcifediol supplementation who achieved
serum 25(OH)D concentrations > 75 nmol/L had a lower risk
of COVID-19 infection (3.3 vs 5.6%; hazard ratio [HR] 0.69;
95% C10.61-0.79; p <0.001), severe COVID-19 infection
(0.6 vs 1.3%; HR 0.61; 95% CI 0.46—0.81; p=0.001) and
COVID-19-related mortality (0.5 vs 1.3%; HR 0.56; 95%
CI 0.42—-0.76; p<0.001) compared with those not receiv-
ing vitamin D supplementation [98]. Similar findings were
observed with vitamin D; supplementation in the same
study [98]. In contrast, in a recent randomized controlled
trial in adults with suboptimal vitamin D status (86.8% with
a 25(0OH)D concentration < 75 nmol/L), implementation of a
test-and-treat approach to vitamin D replacement with vita-
min D5 (3200 IU/day, n=1550; 800 IU/day, n=1550; no
testing or supplementation, n=3100) for 6 months did not
reduce the risk of acute respiratory tract or COVID-19 infec-
tion [45]. As regards calcifediol, the paucity of high-quality
prospective trials precludes drawing definitive conclusions
about its effect on the incidence and outcome of COVID-19
infections. Nevertheless, based on observational evidence

@ Springer

of a reduction in COVID-19 severity, it is proposed that
calcifediol may be considered for use in all patients in the
early stages of COVID-19 infection to correct vitamin D
deficiency [102].

Secondary hyperparathyroidism

As a treatment option for secondary hyperparathyroidism in
non-dialysis patients with chronic kidney disease and vita-
min D insufficiency [99, 100], extended-release calcifediol
was shown to gradually improve serum 25(OH)D concen-
trations, leading to physiologically regulated increases in
serum 1,25(OH),D concentration and sustained reductions
in PTH, without any clinically relevant increases in serum
phosphorus, calcium and FGF23 [103].

Conclusions

Vitamin D deficiency is a common problem worldwide.
Achieving and maintaining a sufficient serum 25(OH)D
concentration is important, since vitamin D has beneficial
effects not only on musculoskeletal health, but potentially
also on other aspects of health through its immunomodu-
latory effects specifically in individuals with a vitamin D
deficiency. Calcifediol and vitamin Dj are both effective at
achieving and maintaining optimal 25(OH)D concentra-
tions in the general population. From a pharmacokinetic
perspective, when administered at similar doses, calcifediol
achieves target serum 25(OH)D concentrations more rap-
idly than vitamin D5 and has a more predictable and linear
dose-response curve. This may be an advantage if rapid
correction of vitamin D status is warranted, for example, in
symptomatic osteomalacia. Overall, calcifediol is a suitable
option for all patients with vitamin D deficiency and is pref-
erable to vitamin D5 for patients with obesity, severe liver
disease, or malabsorption, and those who require a rapid
increase in 25(OH)D concentrations.
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