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ABSTRACT

Background: Two previous meta-analyses showed smaller differences between vitamin D3 and vitamin D2 in raising serum 25-hydroxyvi-
tamin D [25(OH)D] and a consistently high heterogeneity when only including daily dosing studies.

Objective: This study aimed to compare more frequently dosed vitamin D2 and vitamin D3 in improving total 25(0OH)D and determine the
concomitant effect of response modifiers on heterogeneity, and secondly, to compare the vitamin D2-associated change in 25(OH)D2 with
the vitamin D3-associated change in 25(0OH)D3.

Methods: PubMed, EMBASE, Cochrane, and the Web of Science Core collection were searched for randomized controlled trials of vitamin
D2 compared with vitamin D3, daily or once/twice weekly dosed. After screening for eligibility, relevant data were extracted for meta-
analyses to determine the standardized mean difference when different methods of 25(OH)D analyses were used. Otherwise, the
weighted mean difference (WMD) was determined.

Results: Overall, the results based on 20 comparative studies showed vitamin D3 to be superior to vitamin D2 in raising total 25(OH)D
concentrations, but vitamin D2 and vitamin D3 had a similar positive impact on their corresponding 25(OH)D hydroxylated forms. The
WMD in change in total 25(OH)D based on 12 daily dosed vitamin D2-vitamin D3 comparisons, analyzed using liquid chromatography-
tandem mass spectrometry, was 10.39 nmol/L (40%) lower for the vitamin D2 group compared with the vitamin D3 group (95% confi-
dence interval: —14.62, —6.16; I> = 64%; P < 00001). Body mass index (BMI) appeared to be the strongest response modifier, reducing
heterogeneity to 0% in both subgroups. The vitamin D2- and vitamin D3-induced change in total 25(OH)D lost significance predominantly
in subjects with a BMI >25 kg/m? (P = 0.99). However, information on BMI was only available in 13/17 daily dosed comparisons.
Conclusions: Vitamin D3 leads to a greater increase of 25(OH)D than vitamin D2, even if limited to daily dose studies, but vitamin D2 and
vitamin D3 had similar positive impacts on their corresponding 25(OH)D hydroxylated forms. Next to baseline 25(OH)D concentration, BMI
should be considered when comparing the effect of daily vitamin D2 and vitamin D3 supplementation on total 25(OH)D concentration.
This study was registered in PROSPERO as CRD42021272674.
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Statement of significance

Previous meta-analyses suggest that vitamin D3 may be more potent in increasing serum 25-hydroxyvitamin D [25(OH)D] concentrations than
vitamin D2. In addition, it appears that with daily dosing, this difference is smaller compared with other doses, e.g., monthly/bolus. Our meta-
analysis confirms this when comparing the commonly recommended more frequent dosing regimens, daily compared with weekly, although
residual heterogeneity remained high. Body mass index and baseline 25(OH)D concentration may contribute to this residual variability and may
therefore be considered when recommending a daily intervention with vitamin D2 or vitamin D3.

Introduction

Vitamin D is available in 2 distinct forms, namely, ergo-
calciferol or vitamin D2 and cholecalciferol or vitamin D3. The
naturally occurring plant-derived form, vitamin D2, was pro-
duced in the early 1920s through UV exposure of foods, such as
yeast and mushrooms [1]. Vitamin D3 is synthesized in the skin
of humans from 7-dehydrocholesterol and is also present in
animal-based foods, such as egg yolks and oily fish. Both vitamin
D3 and vitamin D2 are synthesized commercially and found in
dietary supplements or fortified foods [2]. Although much of the
vitamin D in the diet is in the form of vitamin D3, vitamin D2
may be an underestimated contributor to the total 25-hydroxyvi-
tamin D [25(0OH)D] as 25(0OH)D2 was detected in 79% of the
sera of Irish adults [3]. Two meta-analyses indicated that vitamin
D3 is more potent in raising serum 25(OH)D concentrations than
vitamin D2. The difference in vitamin D2 and vitamin D3 effi-
cacy was lower when restricted to studies with a daily dosing
regimen than studies with dosing regimens other than daily, such
as bolus (P < 0.0001) [4] and monthly dosing (P = 0.16) [5].
However, residual heterogeneity remained high. It is not clear
which factors contributed to this residual heterogeneity,
providing valuable information for better targeting and appli-
cation of the daily intervention, which would be useful for public
health and practice. Confounding factors may be baseline
vitamin D status, but also BMI, as both were found to be asso-
ciated with response to vitamin D supplementation [6]. How-
ever, the effect of these factors on the response may be different
for vitamin D2 and vitamin D3. Often daily or weekly adminis-
tration of cholecalciferol is recommended. Thus far, no
meta-analyses or studies have compared the efficacy of vitamin
D2 and vitamin D3 taking into account the more frequent dosing
regimens only, e.g., daily compared with once or twice a week.

In addition, no meta-analysis compared the vitamin D2-
induced change in 25(OH)D2 with the vitamin D3-induced
change in 25(0OH)D3. A significant negative association be-
tween baseline total 25(OH)D concentration (i.e., serum 25(0OH)
D2 plus serum 25(OH)D3) and response to vitamin D2 or vitamin
D3 treatment has been found in a number of studies [7-9]. The
impact of baseline total 25(OH)D concentrations might be
different for vitamin D2 and vitamin D3, as serum 25(OH)D2
represents only 7% of the total serum 25(OH)D concentration [3].
A previous meta-analysis showed that when the baseline con-
centration of 25(OH)D was high, consisting mostly of 25(OH)D3,
consumption of UV-exposed mushrooms containing vitamin D2
does not lead to a higher serum total 25(OH)D concentrations.
This seemed to be due to a reduction in serum 25(0OH)D3 con-
centrations that accompanied the increase in 25(OH)D2
following D2 supplementation [10]. An analogous phenomenon
to a similar extent occurred with vitamin D3 supplementation
after increasing baseline concentrations of 25(0OH)D2: 25(OH)D3

supplementation increased 25(OH)D3 and decreased 25(OH)D2
[11]. However, when there is a high total 25(OH)D concentration
at baseline, it usually consists mainly of 25(OH)D3 because, un-
like serum 25(OH)D2, 25(OH)D3 is directly influenced by skin
exposure to UVB from sunlight [12]. High serum 25(OH)D3
concentration may reduce the vitamin D2-induced increase in
total 25(OH)D. To minimize this impact, the vitamin D2-induced
change in 25(OH)D2 should be compared with the vitamin
D3-induced change in 25(0OH)D3.

The aim of this current meta-analysis was 3-fold: 1) to
compare vitamin D2 and vitamin D3 in improving total 25(OH)D
in those healthy adult randomized controlled trials (RCTs) in
which vitamin D was more frequently administered, e.g., daily
compared with once or twice a week; 2) to compare vitamin D2-
associated change in 25(OH)D2 and vitamin D3-associated
change in 25(OH)D3; and 3) to determine the concomitant ef-
fect of BMI, baseline vitamin D status, and other response mod-
ifiers on the effectiveness of daily dosed vitamin D2 and vitamin
D3 in raising total 25(OH)D.

Methods

This systematic review was carried out in accordance with the
PRISMA statement [13]. Registration on PROSPERO
(CRD42021272674) can be found at https://www.crd.york.ac.
uk/prospero/display_record.php?RecordID=272674. A compre-
hensive search was performed in the bibliographic databases
PubMed, Embase.com, the Cochrane Library (via Wiley), and the
Web of Science Core collection from inception to 7 June 2022, in
collaboration with a Medical Librarian (LS). Search terms
included controlled terms (MeSH in PubMed and Emtree in
Embase) as well as free-text terms. The following terms were
used (including synonyms and closely related words) as index
terms or free-text words: “ergocalciferol or vitamin D2” and
“cholecalciferol or vitamin D3.” The search was performed
without date or language restrictions. A search filter was applied
to limit to randomized controlled trials. The Cochrane Library
search also included vitamin D status or 25(OH)D. Duplicate
articles were excluded by LS using Endnote X20.0.1 (Clarivate),
following the Amsterdam Efficient Deduplication method [14]
and the Bramer-method [15]. The full search strategies for all
databases can be found in Supplementary Table S1.

Selection process

Two reviewers (EvdH and NMvS) independently screened all
potentially relevant titles and abstracts for eligibility using
Rayyan [16]. Studies were included if they met the following
criteria: 1) randomized controlled trials; 2) healthy adults aged
>18 y of any sex and race; 3) the intervention contained a
comparison between vitamin D2 and vitamin D3; and 4) effective
outcome data was change in total 25(OH)D, 25(OH)D2, and/or
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25(0OH)D3 over time. Studies were excluded for the following
reasons: 1) review or background article; 2) different population
than defined in the inclusion criteria; 3) nonrandomized trial; 4)
protocol; 5) treatment that fails to inclusion criteria, i.e., no
comparable dose or dosing regimen for vitamin D2 and vitamin
D3 or vitamin D combined with other therapies (e.g., medica-
tion, nutrients except for calcium); 6) other dosing regimens than
daily or once or more times a week (e.g., single dose, twice
weekly, monthly); or 7) outcome other than 25(OH)D or its
isomers. If necessary, the full text article was checked for eligi-
bility criteria.

Data extraction

EvdH extracted and PL verified 1) sample size; 2) baseline
25(0OH)D concentration; 3) results; and 4) method of mea-
surement of 25(OH)D. For the results, quantitative data on
average change and SD of the change in total 25(OH)D,
25(0H)D2, and/or 25(OH)D3 from baseline were extracted
to calculate effect size. In case the studies reported
only baseline and final concentrations, the mean and SD of
the change was computed using the formula SDgchange =

\/ SD} paseline + SD7 final — (2 X COIT X SDE paseline X SDg final) With

a correlation coefficient of 0.8. The SD was derived from
confidence interval (CD using the formula
SE = (upper limit — lower limit) /3.92 [17].

EvdH extracted and SALN verified the rest of the data using a
standard data extraction form. This included the following: 1)
general information (e.g., the first author’s name, the publica-
tion year, latitude at which the study was performed); 2) subject
characteristics (e.g., sex, age, race, percentage of subjects with
serum concentration <50 nmol/L 25(OH)D at baseline, BMI, and
compliance); and 3) interventions (vitamin D dose and whether
this dose was reanalyzed, carrier of vitamin D, dosing regimen,
duration, and whether calcium intake was same for both treat-
ments). In addition, EvdH extracted and PL and NMvS verified
the methodological quality of the full text papers [18]. When
high risk of bias for one or more key domains was found, the
study was classified as being of “high risk” of bias [18]. Differ-
ences in judgment were resolved through a consensus procedure.

Potential factors explaining heterogeneity

Although only studies with more frequent dosing were
included, dosing frequency may affect the outcome [4,5].
Therefore, the meta-analysis was stratified on frequency of
supplementation (daily compared with one or more times a
week). Further limiting to RCTs that daily dosed vitamin D, a
number of subgroup analyses were performed to examine po-
tential effects of response modifiers on heterogeneity, i.e., <50
nmol/L 25(OH)D at baseline [19,20], subject characteristics
such as sex and BMI, latitude of study location, dose of vitamin D,
and presence of calcium. Justification for these choices of factors
include the fact that women have been reported to have a greater
25(0OH)D response to vitamin D2 than men [9]; low serum
25(0OH)D concentration has been reported in older adults with
overweight or obesity [21,22] because baseline 25(0OH)D con-
centration has an impact on the efficacy of vitamin D to increase
serum 25(OH)D [19,20], BMI may interfere with the outcome.
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Another moderator may be the latitude of study location; a
greater and significant increase in serum total 25(OH)D with
consumption of UV-exposed mushrooms was found at >45°N
compared with <45°N [10]. In addition, calcium intake may
interfere. A negative association between calcium intake and
serum 25(0OH)D was found, at least in subjects with an adequate
vitamin D intake [23]. Therefore, the RCTs with a daily dosing
regimen were stratified on the following: 1) described percent-
age of subjects with baseline 25(OH)D concentration of <50
nmol/L, <60% or >60%; 2) subject characteristics, such as race
with >50% Caucasians or <50%, age with <65y or >65y, sex
with >70% women or <70%, and average BMI with cutoff value
of 25 kg/m?; 3) latitude at which the study was conducted with
<30°N, 30 to <45°N or >45°N; 4) average daily dose of <25 pg
or >25 ug as lower dosage may result in smaller differences in
efficacy [5]; and 5) coadministration of calcium in the vitamin
D2 and vitamin D3 treatments (yes/no).

Statistical analysis and sensitivity analyses

The meta-analysis to compare the efficacy of vitamin D2 with
that of vitamin D3 in improving vitamin D status was carried out
with Review Manager version 5.2 (Cochrane Collaboration) with
random-effects analysis to determine the standardized mean dif-
ference (SMD) because different methods of analyses were used.
When studies were included that analyzed serum 25(OH)D using
liquid chromatography-tandem mass spectrometry (LC-MS/MS),
the overall weighted mean difference (WMD) was determined.

Sensitivity analyses were performed both on all studies in-
dependent of dosing regimen as well as limited to studies with a
daily dosing regimen, by 1) including only intention to treat
(ITT) or per protocol (PP) analyses, or by excluding data from 2)
studies with “high risk” of bias (see Supplementary Table S3); or
3) studies in which the total 25(OH)D was based on the mea-
surement of 25(OH)D2 and 25(OH)D3 by LC-MS/MS. In addition
to forest plots, the presence of statistical heterogeneity (I%) was
examined using the y? statistic. An ¥ of 0%-40% might not be
important, whereas 30%-60% may represent moderate hetero-
geneity, 50%-90% substantial heterogeneity, and 75%-100%
considerable heterogeneity [17].

Evidence of publication bias was assessed using funnel plots
in addition to searching for unpublished studies through the
Cochrane database. Two-sided P value of <0.10 was considered
statistically significant for the subgroup analysis [24].

Results

The literature search generated a total of 1797 references:
352 in PubMed, 691 in Embase, 226 in Web of Science, and 528
in the Cochrane Library. After removing duplicates of references
that were selected from more than one database, 1351 references
remained. The flowchart of the search and selection processes is
presented in Supplementary Figure S2. Our screening yielded 17
studies with 20 comparisons between vitamin D2 with vitamin
D3, of which 3 included vitamin D2-vitamin D3 comparisons
maintaining a weekly dosing regimen [25-27]. In the weekly
dosing study of Nasim et al. [27], subjects were excluded when
25(0OH)D concentrations exceeded 75 nmol/L after 8 wk,
therefore only the 8-wk results are included in the current
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meta-analysis. All the RCTs provided extractable data on serum
total 25(OH)D concentration, whereas extractable data on
25(0H)D2 and 25(OH)D3 concentrations were present for 9
vitamin D2-vitamin D3 comparisons.

Limited to the 17 vitamin D2-vitamin D3 comparisons based
on a daily dosing regimen [7,9,28-39], one study was conducted
in patients with posthip fracture [28], whereas the others were
performed in healthy adults. Basic health checks were not
described in 2 studies [7,32]. The other studies considered
different diseases and medications that can interfere with
vitamin D metabolism and sometimes the concentration of
different blood [9,27,28,33,36] and urine markers [26,29].
Except for 2 studies, 1 on BMI [37] and 1 on serum values [35],
none of the studies used the outcomes of these basic health
checks in the statistics. Three studies were conducted in women
[35,37,38]; 1 study did not provide the sex of the subjects [28],
and the other 13 vitamin D2-vitamin D3 comparisons were
studied in men and women. The follow-up duration of the studies
varied between 4 and 48 wk. Two studies did not verify vitamin
D content of the supplementation properly [28,38,39], and in the
study of Glendenning et al. [28], this analysis was performed by
each individual supplier of the vitamin D supplement. In 4 of the
verifying analyses, the vitamin D content of the supplementation
appeared to differ by >10% of the target treatment dose between
treatment groups [33,34,36]. In some studies calcium was
included in the vitamin D2 or vitamin D3 supplements [28,38,
39]. More details of the included studies are shown in Tables 1
and 2. The funnel plot shown in Figure 1 includes all daily and
weekly dosing studies and for the studies present, and there were
no signs of asymmetry in terms of effect size being positive or
negative. However, there were very few studies toward the base
of the funnel, which could possibly suggest publication bias
against smaller studies.

Results main analyses

As shown in Figure 2, the SMD of the meta-analysis was
~0.76 (95% CI: —1.01, —0.50; I? = 72%; P < 0.00001) indi-
cating a smaller change in total 25(OH)D in the vitamin D2
group compared with the vitamin D3 group. When comparing
the vitamin D2-induced increase in 25(OH)D2 with the vitamin
D3-induced increase in 25(OH)D3 involving 9 comparisons, all
based on a daily dosing regimen using similar doses, no signifi-
cant difference was found, and heterogeneity was moderate
(Figure 3).

Sensitivity analyses

The meta-analysis is based on data, either from PP or ITT
analyses, that have been described in the main paper and which
are summarized in Tables 1 and 2, and henceforth referred to as
“mixed.” The meta-analysis included a total of 554 subjects who
received vitamin D2 and 576 subjects who received vitamin D3.
These numbers were 232 compared with 247 in the “ITT” meta-
analysis, and 421 compared with 439 subjects in the “PP” meta-
analysis. As mentioned, Figure 2 and Supplementary
Figure S4A1 show the results of the “mixed” meta-analysis. The
SMD of the meta-analysis using data from studies with an ITT
(Supplementary Information S4Cl: 7 comparisons, only daily
dosing regimen) or PP meta-analyses (Supplementary Informa-
tion S4A2: 18 comparisons) was —0.76 (95% CI: —1.07, —0.44;
P= 58%; P < 0.00001) and —0.74 (95% CI: —1.05, —0.43; P=
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74%; P < 0.00001), respectively. Similar small differences in
SMD were found when limiting to studies that dosed vitamin D
daily (Supplementary Figures S4B1-2, S4C1). This was also the
case when comparing the vitamin D2-induced increase in
25(0OH)D2 with the vitamin D3-induced increase in 25(OH)D3
(see Supplementary Figures S4D1-3). Because the outcomes of
the meta-analysis based on ITT or PP analyses were comparable
with the outcome of the “mixed” meta-analysis, the remaining
sensitivity and all subgroup analyses were performed on “mixed”
data from either PP or ITT analyses described in the main papers
of the individual studies. As summarized in Table 3 and Sup-
plementary Figures S4A3 S4B3, and S4D4, results of other
sensitivity analyses on change in total 25(OH)D were similar to
the main analyses. The estimated overall WMD in change in total
25(0OH)D based on 12 daily dosed vitamin D2-vitamin D3 com-
parisons (see Supplementary Figure S4C2), analyzed using LC-
MS/MS, was 10.39 nmol/L lower for the vitamin D2 group
compared with the vitamin D3 group (95% CI: —14.62, —6,16; P
= 64%; P < 00001). Multiplying the vitamin D2- or vitamin D3-
induced change in total 25(OH)D by weight, obtained from the
meta-analysis shown in Supplementary Figure S4C2, the differ-
ence of 10.39 nmol/L was found to be equal to 40%. Excluding
the studies classified as being of “high risk” of bias [32-34,36,
39], the MD changed to —7.27 (95% CI: —14.67, 0.14; P =77%;
P =0.05).

Results subgroup analyses on total 25(OH)D
concentration

Figure 2 shows a significant difference (P < 0.0001) be-
tween the vitamin D2-vitamin D3 comparisons between the
subgroups dosing vitamin D daily compared with weekly.
Although no heterogeneity was found in the subgroup of
studies that dosed vitamin D once or twice a week [25-27],
heterogeneity was still high in the subgroup of studies that
dosed vitamin D daily, i.e., 62%. Unfortunately, 2 of the 3
weekly dosing studies [25,27] were of low quality (see Table 2
and Supplementary Table S3).

Table 4 and Supplementary Figure S5 show the results of the
subgroup meta-analyses for total 25(OH)D concentration limited
to studies that dosed vitamin D daily. Nine of the 12 vitamin D2-
vitamin D3 comparisons [7,9,28,30,31,33,36] that described the
percentage of subjects with a baseline 25(0OH)D concentration of
<50 nmol/L were conducted in subjects of whom >60% had a
baseline 25(OH)D concentration of <50 nmol/L. No significant
difference was found between this subgroup and the subgroup
with studies conducted in subjects of whom <60% had serum
25(0OH)D concentration <50nmol/L (P = 0.22). However, the
vitamin D2-vitamin D3 comparison in the subgroup conducted
primarily in subjects with a baseline 25(OH)D <50 nmol/L lost
significance (SMD: —0.39; 95% CI: —0.77, —0.00; P= 68%; P =
0.05), but the heterogeneity remained substantial compared
with the other subgroup (SMD: —0.83; 95% CI: —1.42, —0.24; P
= 42%; P = 0.006). Excluding low-quality studies did not change
the outcome (see Supplementary Figure S5).

As shown in Table 4 and Supplementary Figure S5, het-
erogeneity was lower in most subgroup analyses. When
considering the subgroups based on race, age, sex, latitude,
and BMI, all showed a significant difference between sub-
groups in the effect of vitamin D2 and vitamin D3 on total
25(0OH)D concentration. However, BMI showed the strongest



Table 1
Subject characteristics

‘ID 12 1oAN2H Uop uvA ‘WHOD'H

Ref Country Healthy Age range (y) Race!  Baseline 25(0H)D (nmol/L) % participants with baseline % BMI <252 Compliance (%)
(latitude) (male %) <50 nM 25(OH)D
low high D2 group D3 group D2 D3
Hartwell [38] Denmark (56N) Healthy (0) 22 49 100 74.2 15.3 775 15.6 ND ND PP: ND
Trang [7] Canada (44N) Healthy (63) 36 40 33 43.7 17.7 413 17.7 56 69 ND PP: ND
Holick [30] United States (42N) Healthy (31) 18 81 28 42.3 26.3 49.0 27.8 60 ND; mean BMI=31  PP=ITT: D2 94;
D3 95
Glendenning [28]  Australia (31S) Hospitalized (ND) 82 84 ND PP: 39.2 12.2 433 223 100 ND PP: >80%. ITT:
ITT: 37.2 14.4 42.4 27.9 D2 59; D3 47 (NS)
Binkley [29] United States (43N) Healthy (36) 65 88 95 80.0 21.0 74.8 25.0 ND 0 PP=ITT: D2 95;
D3 92
Heaney [25] USA (42N) Healthy (9) 46 52 100 76.5 37.0 65.0 23.0 ND D2 45; D3 37 PP: 100
Lehman [33] Germany (51 N) Healthy (35) 30 40 ND 37.6 13.3 437 233 85 69 D2 74; D3 71 PP: 97
Nimitphong [39] Thailand (14N) Healthy (18) 34 39 0 51.8 16.6 532 16.1 53 70 100 PP: 90
Logan [34] New Zealand (46S) Healthy (21) 18 50 84 PP: 74.0 20.2 80.0 12.2 5 100 PP: >90%. ITT: ND
ITT: 69.0 23.0 79.0 14.0
Keegan [32] United States (42N) Healthy (24) Mean age: 35 ND 48,5 16.3 428 6.1 ND ND PP: ND
Itkonen [35] Finland (60N) Healthy (0) 20 37 100 63.5 11.3 66.6 148 11 0 D2 89; D3 75 PP: 97 (NS)
Shieh [26] United States (34N) Healthy (ND) 45 62 58 55.5 8.3 58.3 18.0 26 21 D2 46; D3 51 PP: >80
Hammami [9] Saudi Arabia (25N) Healthy (44) 31 38 0 39.5 12.2 41.3 10.7 100 (at enrollment) D2 56; D3 41 PP: D2 98; D3 99
Nasim [27] Dubai (25N) Healthy (48) 46 52 0 ND ND ND ND ND PP: 100
Biancuzzo-S [31] United States (42N) Healthy (39) 18 81 28 41.5 24.8 49.0 27.8 64 ND; mean BMI=30 PP: D2 94; D3 95
Biancuzzo-J [31] United States (42N) Healthy (31) 19 73 23 39.5 25.0 448 27.8 64 ND; mean BMI=29  PP: D2 94; D3 95
Fisk-5 [36] United Kingdom (52N)  Healthy (38) 21 38 75 48.0 266 31.3 221 38 86 D2 100; D3 57 PP: 100
Fisk-10 [36] United Kingdom (52N)  Healthy (50) 22 38 81 41.9 141 309 291 63 75 D2 75; D3 63 PP=ITT: 100
Tripkovic-J [37] United Kingdom (51N)  Healthy (0) 40 47 80 ITT: 449 29.7 423 295 ND D2 59; D3 63 ITT: 94
Tripkovic-B [37] United Kingdom (51N)  Healthy (0) 40 47 78 ITT: 46.1 30.1 419 29.2 ND D2 58; D3 62 ITT: 94

Abbreviations: BMI, body mass index; ITT, intention to treat; ND, not described; NS, described as not significantly different; PP, per protocol.
! percentage of Caucasian subjects.
2 Percentage of subjects with BMI < 25 kg/m?>.
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TABLE 2
General information on intervention and quality of studies
Ref Dose  D2/D3 content Carrier vitamin D Dosing regimen  Duration (wk)  Ca (mg/d)? Method of analyses® ITT or PP Quality*
(pg) reanalyzed? (%)* data available

Hartwell [38] 100 no Supplement daily 8 yes (500) UV absorption® PP uc
Trang [7] 100 yes (ND) Supplement daily 2 no radio-immune assay® PP ucC
Holick [30] 25 yes (<10) Supplement daily 11 no HPLC-MS/MS¢ ITT & PP° ucC
Glendenning [28] 25 no Supplement daily 12 yes (240) HPLC? ITT & PP° ucC
Binkley [29] 40 yes (D2 +7; D3 +4) Supplement daily 48 no HPLC? ITT & PP° ucC
Heaney [25] 179 yes (D2 —6; D3 +11) Supplement weekly 12 no Chemiluminescent assay, DiaSorin® PP H
Lehman [33] 50 yes (D2 —4; D3 +8) Supplement daily 8 no HPLC-MS/MS¢ PP H
Nimitphong [39] 10 no Supplement daily 12 yes (D2 1000; D3 675) HPLC-MS/MSP PP H
Logan [34] 25 yes (D2 +28; D3 +12) Supplement daily 25 no HPLC-MS/MS¢ PP&ITT H
Keegan [32] 50 yes (<10) Supplement daily 12 no HPLC-MS/MS¢ PP H
Itkonen [35] 25 yes (D2 —2; D3 0) Supplement daily 8 no HPLC-MS/MS* PP L
Shieh [26] 357 yes (ND) Supplement twice a week 5 no Chemiluminescent assay, DiaSorin® PP uc
Hammami [9] 45 yes (D2 —8; D3 —11) Supplement daily 20 no HPLC® PP L
Nasim [27] 179 no Supplement weekly 8 no Electro-chemiluminescence® PP H
Biancuzzo-S [31] 25 yes (<10) Supplement daily 11 no LC-MS/MS¢ PP ucC
Biancuzzo-J [31] 25 yes (<10) Orange juice daily 11 no Idem PP ucC
Fisk-5 [36] 5 yes (D2 —4; D3 +4) Malted milk drink  daily 4 no LC-MS/MS? PP H
Fisk-10 [36] 10 yes (D2 —25; D3 0) Malted milk drink  daily 4 no Idem ITT & PP° H
Tripkovic-J [37] 15 yes (<10) Orange juice daily 12 no LC-MS/MS? ITT L
Tripkovic-B [37] 15 yes (<10) Biscuit daily 12 no Idem ITT L

Abbreviations: CV, coefficient of variation; DEQAS,; HPLC, high-performance liquid chromatography; ITT, intention to treat; LC, liquid chromatography; MS, mass spectrometry; PP, per protocol.

! Percentage deviation from specified dose.

2 Is calcium present in supplement, if yes how much.

3 Type of validation: (a) Validation DEQAS CV <10%; (b) Other type of validation, CV <12%; (c) no info on type of validation, CV <12%; (d) no info validation or CV%.

* The study is judged to be at low (L) or high risk of bias (H), when at least one domain was judged to be L. or H [17]. In case 2 domains were unclear instead of low, unclear (UC) is the judgment.
For further information, see Supplement 3.

5 D2-D3 comparisons were based on PP data, which were comparable to ITT data as none of the randomized subjects were lost to follow-up.

6 ITT data of Glendenning et al. [28] was judged to be the data from 74% of the randomized subjects, who completed the study with a compliance of 59% in the D2-group and 47% in the
D3-group (P = 0.33). The PP data of Glendenning et al. [28] was judged to be the data from 39% of the randomized subjects with a compliance of >80%.
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FIGURE 1. Funnel plot of all included studies comparing vitamin D2 and D2 in changing serum concentration of total 25(OH)D. <), weekly

treatment; o, daily treatment.

effect on heterogeneity toward 0% in both subgroups (see
Figure 4). The SMD in the vitamin D2-vitamin D3 comparison
in subjects predominantly with overweight or obesity was
0 (95% CI: —0.28, 0.28; I? = 0%; P = 0.99) compared with
—-0.9 (95% CI —1.09, —0.71; P = 0%; P < 0.00001) in the
subjects predominantly with a BMI of <25 (Figure 4). By

including only studies analyzed using LC-MS/MS [30-37,39],
the MD instead of SMD could be calculated. This resulted in an
MD of the vitamin D2-vitamin D3 comparison in subjects
predominantly with overweight of 0.98 nmol/L (95% CI:
—5.14, 7.10 nmol/L; P = 0%; P = 0.75) compared with
—13.77 nmol/L (95% CI: —16.75, —10.79 nmol/L; I = 11%; P

Vitamin D2 Vitamin D3 Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
1.12.1 Daily treatment
Hartwell 1987 (38) 129 171 9 328 119 9 34% -1.29 [-2.33, -0.25] 1987
Trang 1998 (7) 137 114 17 233 1567 55 58% -0.64 [-1.19, -0.09] 1998
Holick 2008 (30) 248 8 16 233 178 20 52% 0.10[-0.56, 0.76] 2008 N
Glendenning 2009 (28) 262 886 20 402 173 17 5.0% -1.03 [-1.72, -0.34] 2009
Biancuzzo (J) 2010 (31) 265 18 17 32 253 18  52% -0.24 [-0.91, 0.42] 2010 I
Biancuzzo (S) 2010 (31) 27 148 16 233 178 20 52% 0.22 [-0.44,0.88] 2010 T
Binkley 2011 (29) 163 13 16 228 155 16 4.9% -0.51[-1.22,0.19] 2011 =~
Fisk-2 (10) 2012 (36) 13.6 13.6 8 197 149 8 3.6% -0.40 [-1.40, 0.59] 2012 _
Fisk-1 (5) 2012 (36) 4.9 108 8 119 125 7 3.4% -0.57 [-1.61, 0.47] 2012 _
Lehman 2013 (33) 30.2 124 46 455 144 42 6.3% -1.13[-1.58, -0.68] 2013 — =
Keegan 2013 (32) 245 98 8 433 37 3 18% -1.95[-3.62, -0.28] 2013
Nimitphong 2013 (39) 78 96 19 159 19.2 20 5.3% -0.52[-1.16, 0.12] 2013 B
Logan 2013 (34) -18 12.9 13 0 122 23 47% -1.41[-2.18, -0.65] 2013
Itkonen 2016 (35) 9.9 126 9 16.7 102 8 3.7% -0.56 [-1.54, 0.42] 2016 _
Tripkovic (J) 2017 (37) 148 178 67 317 17.7 70 6.9% -0.95 [-1.30, -0.59] 2017 ==
Tripkovic (B) 2017 (37) 158 18 66 311 176 67 69% -0.85[-1.21,-0.50] 2017 —_—
Hammami 2017 (9) 306 16 28 27 17 31 6.0% 0.21[-0.30, 0.73] 2019 =
Subtotal (95% CI) 383 434 834% -0.62 [-0.88, -0.37] <>
Heterogeneity: Tau? = 0.16; Chi* = 41.76, df = 16 (P = 0.0004); I> = 62%
Test for overall effect: Z = 4.81 (P < 0.00001)
1.12.2 Weekly treatment
Heaney 2011 (25) 60 25.8 16 1125 405 17 4.6% -1.50 [-2.28, -0.71] 2011
Shieh 2016 (26) 30.3 17.6 19 69 329 19 4.9% -1.44[-2.16,-0.71] 2016
Nasim 2019 (27) 147 19 136 468 277 106 7.2% -1.38 [-1.66,-1.10] 2019 -
Subtotal (95% CI) 171 142 16.6%  -1.40[-1.65, -1.15] L 4
Heterogeneity: Tau? = 0.00; Chi? = 0.09, df = 2 (P = 0.96); 1> = 0%
Test for overall effect: Z = 10.98 (P < 0.00001)
Total (95% CI) 554 576 100.0%  -0.76 [-1.01, -0.50] L 3
Heterogeneity: Tau? = 0.22; Chi? = 66.86, df = 19 (P < 0.00001); I* = 72% t : i

Test for overall effect: Z = 5.79 (P < 0.00001)

Test for subaroup differences: Chi? = 18.27, df = 1 (P < 0.0001), I = 94.5%

- 0 2
D3-Change t25(0OH)D higher D2-Change t25(OH)D higher

FIGURE 2. Random-effects meta-analysis comparing the effects of daily and weekly supplementation of D2 with that of D3 on net changes in
serum 25(0OH)D concentrations. The forest plot indicates that the absolute change in 25(OH)D from baseline favored the D3 intervention. In the
figure, “vitamin D2” and “vitamin D3” denotes the change in serum 25(OH)D concentrations from baseline (net change) in the D2 and D3 group
respectively, and “Total” denotes the cumulative n from all included comparisons. Using a random-effects model, there was generally a signifi-
cantly smaller effect in the raising of serum 25 (OH)D concentrations over time for D2 supplementation than for D3 supplementation, which was
more striking when vitamin D was administered less often (P < 0.00001). Excluding the low-quality studies [25,27,32-34,36,39], the SMD of the
subgroup consisting of studies with a daily dosing schedule was —0.49 (95% CI: —0.80, —0.18; I? = 67%; P = 0.002). 1V, inverse variance; t25(OH)

D, total 25(OH)D concentration.
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TABLE 3
Meta-analysis and sensitivity analyses on serum total 25(OH)D and 25(OH)D2/3 concentrations, based on all D2-D3 comparisons available, on D2-
D3 comparisons obtained from studies with low to unclear risk of bias, or studies using HPLC-MS/MS analyses'

Included studies® SMD/MD 95% CI P-value F (%) nD2/D3

Both daily and weekly dosed D2-D3 comparisons in changing total 25(OH)D concentration

All studies [7,9,25-39] -0.76 —1.01, —0.50 <0.00001 72 554/576

Excluding high risk of bias-studies® [7,9,26,28-30,31,35,37,38] —-0.56 -0.87, —0.25 0.0004 69 300/350
Only daily dosed D2-D3 comparison in changing total 25(OH)D concentration

All studies [7,9,28-39] —0.62 —0.88, —0.37 <0.00001 62 383/434

Excluding high risk of bias-studies® [7,9,28-30,31,35,37,38] —0.49 —0.80, —0.18 0.002 67 281/331

Only studies analyzed using HPLC-MS/MS [30-37,39] —10.39 nmol/L —14.62, —6.16 <0.00001 64 293/306
D2-induced change in 25(OH)D2 vs. D3-induced change in 25(0H)D3*

All studies [28,32,33,35-37,39] -0.04 -0.31, 0.23 0.77 44 251/242

Excluding high risk of bias-studies® [28,35,37] -0.07 —0.43, 0.28 0.69 51 162/162

1 See Supplementary Figure S4 for the forest plots. Abbreviations: 25(0OH)D, 25-hydroxyvitamin D; CI, confidence interval; I2, heterogeneity; MD,
mean difference, shown only when studies are included that measured 25(OH)D concentrations using high-performance liquid chromatography-
tandem mass spectrometry; P, P value of D2-D3 comparison; SMD, standardized mean difference.

2 Some studies [31,36,37] reported 2 instead of 1 D2-D3 comparison.

3 The study is judged to be at unclear (UC), low (L), or high risk of bias (H), when one domain was judged to be UC, L or H [17]. See Table with
domains in Supplement 3.

4 Changes in 25(0OH)D2 and 25(0OH)D3 due to vitamin D2 and D3, respectively, are compared directly.

< 0.00001) in subjects predominantly with healthy weight, positive impact on their corresponding 25(OH)D hydroxylated

respectively (P < 0.0001). forms. The estimated overall weighted MD in change in total
25(0OH)D based on 12 daily dosed vitamin D2-vitamin D3 com-
Discussion parisons, analyzed using LC-MS/MS, was 10.39 nmol/L lower for

the vitamin D2 group compared with the vitamin D3 group (95%
Cl: —14.62, —6,16; P= 64%; P < 00001). Limiting to studies
with a daily dosing regimen, the difference in efficacy between
vitamin D2 and vitamin D3 to increase total 25(OH)D became
nonsignificant in the subgroup consisting of studies conducted

Main results

Overall, the results based on 20 comparative studies showed
vitamin D3 to be superior to vitamin D2 in raising total 25(OH)D
concentrations, but vitamin D2 and vitamin D3 had a similar

TABLE 4
Systematic review of subgroup results for serum total 25(OH)D concentration, only including daily dosed studies’

All studies SMD 95% CI p? P (%) n D2/D3 (#%) P value diff*
% of subjects with a baseline 25(OH)D <50 nmol/L

>60% —-0.39 -0.77, —0.00 0.05 68 176/218 (9/4)

<60% -0.83 —1.42, -0.24 0.006 42 41/51 (3/0) 0.22
Race

>50% Caucasian -0.87 —1.08, —0.66 <0.00001 0 196,208 (8/1)

<50% Caucasian -0.15 —0.46, 0.17 0.37 38 113/164 (6/4) 0.0002
Age

<65y -0.77 —1.05, —0.49 <0.00001 56 298/343 (12/1)

>65y —-0.28 -0.72, 0.16 0.21 52 85/91 (5/4) 0.07
Sex

>70% women —-0.92 -1.13, -0.70 <0.00001 0 191,200 (7/0)

<70% women -0.33 —-0.70, 0.03 0.07 64 172/217 (9/5) 0.007
Latitude

>45°N —-0.91 -1.12, -0.71 <0.00001 0 213/211 (7/0)

30 to <45°N -0.31 —-0.71, 0.09 0.13 47 90/132 (6/4)

<30°N —0.65 —1.38, 0.07 0.08 80 80/91 (4/1) 0.0008
Average daily dose

<25 pg —-0.59 —0.88, —0.30 <0.0001 56 259/278 (11/3)

>25 pg -0.73 -1.28, —0.18 0.009 74 124/156 (2/0) 0.66
Calcium included in D treatment

Yes —-0.84 -1.27, —-0.42 0.0001 0 48/46 (3/0)

No —-0.57 —0.86, —0.28 0.0001 67 335/388 (14/5) 0.30

! See Supplementary Figure 5 for the forest plots. Abbreviations: 25(OH)D, 25-hydroxyvitamin D; CI, confidence interval; I2, heterogeneity; RCT,
randomized controlled trial; SMD, standardized mean difference.

2 p value of D2-D3 comparison within subgroup.

3 Number within parentheses is described as the number of D2-D3 comparisons included in the specified subgroup; behind “/” is mentioned the
number of D2-D3 comparisons included in the specified subgroup that was performed predominantly in subjects with a BMI >25. For example, 4 out
of 5 comparisons in the subgroup of studies conducted in subjects aged 65+ were predominantly overweight or obese.

4 P value of difference between subgroups.
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25(OH)D2 due to D2 25(OH)D3 due to D3 Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD__ Total Mean SD__ Total Weight IV, Rand 95% Cl Year IV, Rand 95% CI
Glendenning 2009 (28) 289 239 20 36 10.6 17 10.9% -0.37 [-1.02, 0.29] 2009 - 1

Fisk-1 (5) 2012 (36) 9.2 53 8 12 125 7 57% -0.28 [-1.30, 0.74] 2012 I
Fisk-2 (10) 2012 (36) 17.6 12 8 19.8 15 8 6.1% -0.15[-1.14, 0.83] 2012 - =
Keegan 2013 (32) 29.5 8.9 8 453 1.6 3 25% -1.83 [-3.47,-0.20] 2013

Lehman 2013 (33) 50 18 46 467 21 42 17.4% 0.17 [-0.25, 0.59] 2013 I
Nimitphong 2013 (39) 22 9.2 19 16.2 18.8 20 11.3% 0.38 [-0.25, 1.01] 2013 T
Itkonen 2016 (35) 31.3 1 9 18.5 10.7 8 55% 1.12[0.07, 2.16] 2016

Tripkovic (B) 2017 (37) 30 30.5 66 35.5 247 67 20.2% -0.20 [-0.54, 0.14] 2017 — =
Tripkovic (J) 2017 (37) 286 70.9 67 345 24 70 20.4% -0.11 [-0.45, 0.22] 2017 =

Total (95% Cl) 251 242 100.0% <0.04 [-0.31, 0.23]

Heterogeneity: Tau? = 0.06; Chi2 = 14.16, df = 8 (P = 0.08); 12 = 44% t ” 2 3 2 4=

Test for overall effect: Z = 0.29 (P = 0.77) Change higher due to D3~ Change higher due to D2

FIGURE 3. Random-effects meta-analysis comparing the effects of daily supplementation of D2 with that of D3 on the D2-induced change in
25(0H)D2 with the D3-induced change in 25(OH)D3 concentrations. The forest plot indicates that no difference in the absolute change in 25(0H)
D2/3 was observed. In the figure, “25(0OH)D2 due to D2 and “25(OH)D3 due to D3” denotes the vitamin D2-induced change in 25(0OH)D2 and the
vitamin D3-induced change in 25(0OH)D3 concentrations from baseline (net change), and “Total” denotes the cumulative n from all included
comparisons. As shown in Supplementary Figure S4D4, excluding the low-quality studies [32,33,36,39], the SMD was —0.07 (95% CIL: —0.43,
0.28; I = 51%; P = 0.69). IV, inverse variance.

primarily in subjects with a baseline 25(0OH)D <50 nmol/L. BMI
was found to be the strongest of all response modifiers examined,
reducing heterogeneity to 0% in both subgroups. The vitamin
D2- and vitamin D3-induced change in total 25(OH)D was
significantly different in subjects with a BMI of <25 kg/m? (P <
0.00001) but lost significance in the subjects predominantly with
a BMI >25kg/m2 (P = 0.99). However, information on BMI was
only available in 13/17 daily dosed comparisons.

Effects on 25(OH)D hydroxylated forms
This meta-analysis also showed that daily dosed vitamin D2
and vitamin D3 had a similar positive impact on their corresp-

onding 25(0OH)D hydroxylated forms (Figure 3). This is in
agreement with the results of Lehman et al. [33] who found that
hydroxylation of vitamin D2 was comparable to hydroxylation of
vitamin D3 because the increase in the specific hydroxylated
forms [25(0OH)D2 and 25(0OH)D3] was similar in the 2 groups
[33]. By comparing the vitamin D2-induced change in 25(0OH)
D2 concentration from baseline with the vitamin D3-induced
change in 25(0OH)D3, the results are less dependent on the
total 25(OH)D concentration at baseline. In addition, possible
methodology concerns regarding the measurement of total
25(0OH)D are excluded. LC-MS/MS may not measure the
3-epimer of 25(0OH)D2, and the 3-epimer of 25(0OH)D3 is not

Vitamin D2 Vitamin D3 Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% Cl Year IV, Rand 95% CI
4.5.1 BMI>25
Holick 2008 (30) 24.8 8 16 233 17.8 20 7.7% 0.10 [-0.56, 0.76] 2008 — |~
Biancuzzo (J) 2010 (31) 265 18 17 32 253 18  7.6% -0.24 [-0.91, 0.42] 2010 I
Biancuzzo (S) 2010 (31) 27 148 16 233 17.8 20 7.7% 0.22 [-0.44, 0.88] 2010 —
Binkley 2011 (29) 163 13 16 228 155 16  7.3% -0.51[-1.22, 0.19] 2011 I
Hammami 2017 (9) 306 16 28 27 17 31 9.1% 0.21 [-0.30, 0.73] 2019 T
Subtotal (95% CI) 93 105 39.3% -0.00 [-0.28, 0.28] L 2
Heterogeneity: Tau? = 0.00; Chi? = 3.72, df = 4 (P = 0.45); I?= 0%
Test for overall effect: Z = 0.01 (P = 0.99)
4.5.2 BMI=<25
Fisk-1 (5) 2012 (36) 49 108 8 119 125 7 49% -0.57 [-1.61, 0.47] 2012 _
Fisk-2 (10) 2012 (36) 13.6 13.6 8 197 149 8 5.1% -0.40 [-1.40, 0.59] 2012 —
Nimitphong 2013 (39) 78 96 19 159 19.2 20 7.9% -0.52[-1.16, 0.12] 2013 I
Logan 2013 (34) -18 12.9 13 0 122 23  6.8% -1.41[-2.18, -0.65] 2013
Lehman 2013 (33) 30.2 124 46 455 144 42 9.6% -1.13 [-1.58, -0.68] 2013 S
Itkonen 2016 (35) 9.9 126 9 167 10.2 8 53% -0.56 [-1.54, 0.42] 2016 D
Tripkovic (J) 2017 (37) 148 178 67 317 177 70 10.6% -0.95 [-1.30, -0.59] 2017 —
Tripkovic (B) 2017 (37) 158 18 66 31.1 176 67 10.6% -0.85[-1.21,-0.50] 2017 -
Subtotal (95% ClI) 236 245 60.7% -0.90 [-1.09, -0.71] L 4
Heterogeneity: Tau? = 0.00; Chi? = 6.07, df = 7 (P = 0.53); I = 0%
Test for overall effect: Z = 9.30 (P < 0.00001)
Total (95% Cl) 329 350 100.0% -0.53 [-0.82, -0.23] L 2
Heterogeneity: Tau? = 0.18; Chi? = 36.70, df = 12 (P = 0.0002); I* = 67% :_4 '2 0 é 4:

Test for overall effect: Z = 3.51 (P = 0.0005)

D3-Change t25(0OH)D higher  D2-Change t25(OH)D higher
Test for subaroup differences: Chiz = 26.91, df = 1 (P < 0.00001), I = 96.3% & (OH)D hig g (OH)D hig

FIGURE 4. Random-effects meta-analysis comparing the effects of average BMI > 25 vs. BMI < 25 on net changes in serum 25(OH)D concen-
trations. In the figure, “vitamin D2” and “vitamin D3” denotes the change in serum 25(OH)D concentrations from baseline (net change) in the
daily dosed D2 and D3 group respectively, and “Total” denotes the cumulative number of all included comparisons. Using a random-effects model,
no significant difference was found between the raising of serum 25 (OH)D concentrations over time for D2 supplementation and for D3 sup-
plementation in subjects with overweight or obesity, whereas in subjects with a healthy weight a significantly smaller effect was found in the
raising of serum 25 (OH)D concentrations over time for D2 supplementation than for D3 supplementation. The test for subgroup differences
suggests that there is a statistically significant subgroup effect (P < 0.00001), meaning that BMI significantly modifies the effect of the inter-
vention. Excluding the low-quality studies [33,34,36,39] the SMD in the D2-D3 comparison in predominantly subjects with healthy weight was
—0.88 (95% CI: —1.12, —0.64; I2 = 0%; P < 0.00001) with no impact on the other subgroup or the P value of the difference. IV, inverse variance;
t25(0OH)D, total 25(OH)D concentration.
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chromatographically resolved from 25(OH)D3 by most routine
LC-tandem MS methods. Although expected to be extremely
low, the 3-epi-25(0OH)D2 may be influenced by vitamin D2
supplementation as the diet also contributed to the concentra-
tion of 3-epi-25(OH)D3 in serum [40]. The absence of the
3-epimer of 25(0OH)D2 in the total 25(OH)D measurement could
result in a lower measurement of the vitamin D2-induced change
in total 25(OH)D. Although the current meta-analysis did not
confirm a difference in the vitamin D2-vitamin D3 comparison in
increasing total 25(OH)D between LC-MS/MS and other
methods (P = 0.33, data not shown), this does exclude an un-
derestimation of the efficacy of vitamin D2.

Subgroup analysis taking into account dosing
regimen

Although only studies with a frequent dosing schedule were
included in this meta-analysis, daily dosing resulted in a smaller
difference between vitamin D2 and vitamin D3 in increasing
25(0OH)D concentration than weekly dosing. This difference was
significantly different, but there were only 3 weekly dosing
studies, of which 2 had high risk of bias. In the current meta-
analyses, a total of 17 unique vitamin D2-vitamin D3 compari-
sons were included in the subgroup on daily dosing. As compared
with Balachandar et al. [5], the daily dosing subgroup included 2
more studies [9,32], and 1 was excluded [41] because the same
data were already included through another study [28]. More-
over, in the subgroup analysis of Balachandar et al. [5], weekly
dosing was combined with monthly dosing [29,42] and included
daily dosing after a single bolus dose of vitamin D [43]. This
explains the different outcomes of the current and the other
meta-analysis.

The reason for the significant difference between the sub-
groups with daily or weekly dosing studies in the current meta-
analysis might be a difference in half-life, which is shorter for
25(0OH)D2 than for 25(OH)D3 [44]. However, Jones et al. [44]
found that this difference was mainly present in Gambian people
(P = 0.0007). In the United Kingdom, the half-life was not
different (P = 0.3) [44]). The 3 weekly dosing studies were
performed in 100% [25], 58% [26], or 0% [27] Caucasian sub-
jects. Only the study of Shieh et al. [26] included black Africans
(1%), but also a few daily dosing studies did include 9% to 56%
black African people [7,30,31,36]. As the difference in half-life
of 25(0OH)D2 and 25(OH)D3 is not studied in other races, no
conclusion can be made on the role of half-life in the explanation
of the difference between the daily and weekly dosing. Compli-
ance cannot explain the difference between daily and weekly
because compliance was high and only slightly different between
treatment groups. Higher daily doses of vitamin D were used in
the weekly than daily dosing regimens (see Table 2), and the
meta-analysis of Balachandar et al. [5] suggested smaller dif-
ferences in the efficacy of vitamin D2 and vitamin D3 at lower
doses. The molecular weight of vitamin D3 is 384 whereas for
vitamin D2 it is 396, resulting in a 3% lower intake of vitamin
D2. The difference in half-life of 25(OH)D2 and 25(OH)D3,
molecular weight, but also the low-quality of the weekly dosing
studies (see Table 2 and Supplementary Table S3) may explain
the greater difference in efficacy of vitamin D2 and vitamin D3 in
the weekly dosing studies.
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Subgroup analysis taking into account baseline
25(0OH)D concentration

The efficacy of daily dosed vitamin D2 and vitamin D3 was
not significantly different in the subgroup comprised of >60% of
subjects who had a baseline 25(OH)D concentration of <50
nmol/L (P = 0.05). Often, total 25(OH)D consists of more
25(0OH)D3, due to the contribution of vitamin D3 synthesized in
skin that is absent for vitamin D2 [12]. Therefore, if the baseline
concentration of serum 25(OH)D is high, the 25(OH)D3:25(0H)
D2 ratio is high. This results in vitamin D2 supplementation both
increasing 25(0OH)D2 and decreasing 25(0OH)D3, which was also
found by others [11,28] and in the meta-analyses of Cashman
et al. [10] on UV-exposed mushrooms. The higher the baseline,
the greater the vitamin D2-induced reduction of 25(OH)D3,
which leads to a lower increase in total 25(OH)D and therefore a
larger difference in the efficacy of vitamin D2 and vitamin D3.
This might be due to induction of 24-hydroxylase leading to
catabolism of 25(OH)D3, a preferential 25-hydroxylation of
vitamin D2 upon increased intake of this vitamer, or that the
increased vitamin D2 intake may simply dilute vitamin D3 at
serum 25(OH)D and 1,25-dihydroxyvitamin D concentrations
[10]. When total 25(OH)D at baseline is low, less 25(0OH)3 is
present, and the balancing of total 25(OH)D by a vitamin
D2-induced decrease in 25(OH)D3 concentration occurs less
often. Consequently, this may lead to a smaller difference in the
efficacy of vitamin D2 and vitamin D3, which may explain our
results.

Subgroup analysis taking into account BMI

BMI was a significant modifier in the daily dosed vitamin D2-
vitamin D3 comparisons; subjects with overweight or obesity
showed no differences between vitamin D2 and vitamin D3 in
raising 25(OH)D. In addition, BMI reduced heterogeneity to zero
in both subgroups. However, information on BMI was only
available in 13/17 daily dosed comparisons. Other subgroups,
based on race, age, sex, and latitude of vitamin D, also showed a
significant difference in the vitamin D2-vitamin D3 comparison
in raising 25(OH)D. The subgroups with the lowest nonsignifi-
cant SMD, consisting of fewer Caucasian, more older or female
subjects, or subjects living at latitude of <45°N appeared to
consist mainly of subjects with a high BMI. This indicates that
BMI seems a stronger modifier than race, age, sex, or latitude of
vitamin D. An explanation might be that a higher BMI can lead to
lower baseline 25(OH)D concentrations [21,45], which is itself is
associated with a greater response to vitamin D supplement [6,
19]. As described earlier, high baseline vitamin D status may
differently affect vitamin D2 and vitamin D3 efficacy, which
might be absent in subjects with a high BMI. In addition, the
modifying nature of BMI may be explained by the relatively
lower affinity of D binding protein to vitamin D2 and 25(OH)D2
[1], which makes them more accessible to extravascular tissues.
In contrast to our meta-analysis, Hammami et al. [9] studied
both D vitamins and found that BMI was a significant inverse
response predictor to vitamin D2 but not vitamin D3. However,
this was the case only during the first 4 wk of 20-wk treatment,
and in the current analyses, the studies in the subgroup with
subjects predominantly with overweight or obesity all lasted 11
wk or longer. Previously, for both vitamin D2 and vitamin D3, a
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negative association was found between the 25(OH)D response
and BMI [6,46]; the response depended on both BMI and base-
line vitamin D concentration [6]. Whether there is a difference in
body fat distribution between vitamin D2 and vitamin D3 needs
further study. However, a lower baseline 25(OH)D and thus a
lower 25(OH)D3:25(0OH)D2 ratio and vitamin D2-induced
reduction of 25(0OH)D3 concentration could, at least partly,
explain the differences in subgroups based on BMI, as all studies
conducted predominantly in subjects with overweight or obesity
also consisted predominantly of subjects who had baseline
25(0OH)D concentration of <50 nmol/L (see Table 4).

Strengths and limitations of meta-analysis

Besides the systematic reviewing process, the strength of the
current study is its focus on daily dosing studies excluding bolus
dosing. A large number of unique vitamin D2-vitamin D3 com-
parisons are included that allowed analyses of heterogeneity and
therefore provided important insights in the targeting and
application of vitamin D. Compliance was good in all studies.
The main limitation is lack of access to individual data, and
therefore, an individual data analysis was not possible. A sub-
group analysis with many subgroups might lead to false-positive
results, therefore all subgroup analyses were already pre-
specified in PROSPERO (CRD42021272674) before the start of
the analyses. The subgroup analyses might be affected by pub-
lication bias because most subgroups contain <10 vitamin D2-
vitamin D3 comparisons. Some data are missing, e.g., the
percentage of participants with baseline <50 nmol/L 25(OH)D
was not described or provided on request for 5 of 17 vitamin D2-
vitamin D3 comparisons. As shown in Figure 4, 13 of the 17
vitamin D2-vitamin D3 comparisons reported BMI. Assuming
that the 4 studies not describing BMI [7,28,32,38] mainly
included subjects with a healthy weight, the outcome remained
the same (P value of difference < 0.00001), although heteroge-
neity increased from 0% to 30% in the subgroup with studies
predominantly composed of subjects with a healthy weight.
When omitting the study with an average BMI of 25.3 [9], i.e,,
just above 25, the outcome also remained the same (P value of
difference < 0.0001). This suggests the modifying character of
BMI is quite robust. Other missing potentially modifying factors
affecting vitamin D metabolism are the intake of protein, B vi-
tamins [12], and magnesium [47]. Magnesium affects the
metabolism of vitamin D2 and vitamin D3 differently at higher
vitamin D status [48] and therefore is worth studying when
comparing vitamin D2 with vitamin D3.

Conclusion

Vitamin D3 leads to a greater increase of serum 25(OH)D than
vitamin D2, even if limited to daily dose studies, but vitamin D2
and vitamin D3 had similar positive impacts on their corre-
sponding 25(OH)D hydroxylated forms. BMI and baseline
25(0OH)D concentration should be considered when comparing
the effect of daily vitamin D2 and vitamin D3 supplementation
on total serum 25-hydroxyvitamin D concentration. Further
investigation is needed to determine whether the possible
interference of BMI in the comparison of D2 and D3 is (partially)
independent from baseline 25(OH)D.
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