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Abstract

Purpose The upper tolerable intake level for vitamin D in the general population has been set at 4000 international units
(IU) daily, but considerable uncertainty remains. We summarized reported harmful effects of a daily vitamin D supplement
of 3200-4000 IU in trials lasting > 6 months.

Methods We performed a systematic review and meta-analysis of randomized controlled trials in several databases and iden-
tified 22 trials reporting safety data. Parameters of calcium metabolism, falls, hospitalization, and mortality were assessed.
Results The selected trials comprised a total number of 12,952 participants. All trials used supplemental vitamin D5. The
relative risk (RR) of hypercalcemia in the vitamin D vs. control arm was 2.21 (95%CI: 1.26-3.87; 10 studies), with a vitamin
D-induced frequency of hypercalcemia of 4 cases per 1000 individuals. Subgroup analysis in trials with > 100 and < 100
study participants revealed an RR of 2.63 (95%CI: 1.30-5.30; 7 studies) and 0.80 (95%CI: 0.24-2.62; 3 studies), respectively
(Pinteraction =0.06). Risks of falls and hospitalization were also significantly increased in the vitamin D arm with an RR of
1.25 (95%CI: 1.01-1.55; 4 studies) and 1.16 (95%CI: 1.01-1.33; 7 studies), respectively. Risks of hypercalciuria, kidney
stones, and mortality did not differ significantly between study arms. Quality assessment revealed high risk of incomplete
reporting of safety-related outcome data.

Conclusion Supplemental vitamin D doses of 3200-4000 IU/d appear to increase the risk of hypercalcemia and some other
adverse events in a small proportion of individuals, indicating that this dose is not completely safe. In future studies, rigorous
reporting of safety-related outcomes is needed when using moderately high doses of vitamin D.

Keywords Vitamin D - Hypercalcemia - Intoxication - Harmful effects - Upper tolerable intake level - Adverse events

Introduction

The concept of vitamin D safety consists of two models,
the safe tolerable upper intake level (UL) method, and the
idea of adequate, but not excessive, circulating 25-hydroxy-
vitamin D (25[OH]D) levels, the latter being the generally
accepted indicator of vitamin D status [1]. For its 2011
report, the Institute of Medicine (IOM) has performed a
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rigorous literature search and has set the UL for vitamin D
at 4000 international units (IU) daily for those aged 9 years
or older [2]. This value was primarily based on case reports
and assumed that hypercalcemia, the hallmark of vitamin D
intoxication, is unlikely to occur at daily vitamin D doses
below 10,000 IU. In addition, an uncertainty factor of 2.5
was applied for potential ethnic/racial differences in vita-
min D susceptibility and other adverse clinical consequences
that may occur at lower doses. In 2012, the European Food
Safety Authority ESFA also set the UL for vitamin D at
4000 TU/d for those aged 11 years or older [3]. This UL is
currently being re-evaluated [4].

With respect to circulating 25(OH)D, it was assumed that
even after maximal sun exposure values generally remain
below 125—-150 nmol/L [2]. The IOM also took the obser-
vation into account that 6 months of daily vitamin D sup-
plementation with 5000 IU resulted in circulating 25(OH)
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D concentrations between 100 and 150 nmol/l. In addition,
because epidemiological data also indicated an inverse
J-shaped association between 25(OH)D and morbidity and
mortality risk, the IOM classified circulating 25(OH)D con-
centration greater than 125 nmol/l as potentially harmful.
EFSA stated that studies reporting on an association between
25(0OH)D concentration and all-cause mortality or cancer
are inconsistent [3]. Likewise, the IOM stated that there
was considerable uncertainty regarding the upper adequate
25(OH)D concentration [2].

Since 2011/2012, various randomized controlled trials
(RCTs) have examined potentially beneficial effects of vita-
min D on various organs and clinical outcomes. However,
a recent systematic review and meta-analysis on long-term
supplementation of large vitamin D doses also reported
a trend for an increased risk of hypercalcemia [5]. Some
other trials, in which high doses of vitamin D were admin-
istered intermittently, reported a higher risk of falls or
fractures if circulating 25(OH)D concentrations exceeded
100-125 nmol/L [6-8]. Likewise, very recent data obtained
in individuals receiving different daily doses of vitamin D
confirmed a significantly increased risk of falls in patients
achieving circulating 25(OH)D > 100 nmol/I [9]. Addition-
ally, in patients with end-stage heart failure, a daily dose
of 4000 IU vitamin D over a 3-year period resulted in a
significantly increased risk of worsening disease, especially
in the subgroup which achieved in-study 25(OH)D concen-
trations > 100 nmol/1 [10].

Meanwhile, various trials have used daily vitamin D
doses of 4000 IU. Such an intake also occurs in a minority of
the general population, usually due to high-dose supplement
use [11]. Since habitual vitamin D intake also contributes to
total daily intake, we aimed to undertake a systematic review
and meta-analysis on adverse events of long-term daily vita-
min D supplementation of 3200-4000 IU. We focused our
search on parameters of calcium metabolism, the musculo-
skeletal system, and mortality.

Table 1 PICOS criteria for inclusion or exclusion of studies

Methods

This meta-analysis was planned, conducted, and reported
on the basis of a protocol that was developed in accordance
with the PRISMA statement [12]. The protocol was regis-
tered at the PROSPERO international prospective register
of systematic reviews as CRD42022349205.

Eligibility criteria

Generally, only RCTs using daily vitamin D doses of
4000 IU for at least 6 months were eligible for inclusion.
However, since dietary vitamin D intake also contributes
to total daily vitamin D intake, and we aimed at evaluating
safety of the current UL for vitamin D, we also accepted
trials using daily supplemental vitamin D doses between
3200 and 4000 IU. We included only trials performed in age
groups whose UL for vitamin D is 4000 IU, i.e., mean age
9 years or over. If calcium was given too, it had to be given
to both study arms. Studies were excluded if they had fewer
than ten participants in at least one arm or if the control
arm received a vitamin D supplement of > 400 IU. Thus, the
maximum allowance of supplemental daily vitamin D intake
was 4400 IU (baseline vitamin D dose of 400 IU to both
groups). Reporting of adverse events was a necessary condi-
tion for study eligibility, and we excluded RCTs which did
not report these parameters separately for each study arm,
with the sole exception that group-specific data presentation
was not required for reported null effects. A null effect was
only considered if the adverse event was explicitly stated.
The following parameters were assessed: hypercalcemia,
hypercalciuria, kidney stones, falls, fractures, hospitaliza-
tion, and mortality. We applied no language or time restric-
tions, and there were no limitations with regard to patient
characteristics or health status. Trials in pregnant women
were also eligible for inclusion. The Population, Interven-
tion, Comparison, Outcomes and Study (PICOS) criteria for
inclusion or exclusion of studies are summarized in Table 1.

Parameters Inclusion criteria

Exclusion criteria

Population Human individuals
Intervention

4000 IU vitamin D daily for at least 6 months

Comparison Adverse events by vitamin D vs. control
Outcome Relative risk
Study design Only randomized controlled trials

Supplementation or food fortification with 3200 to

Mean age <9 years

Non-daily administration, vitamin D dose <3200
or>4000 IU daily, vitamin D administration >400 IU to the
control group

No reporting of adverse events
No separate reporting of adverse events by study group
No control group

PICOS population, intervention, comparison, outcome, study, /U international units
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Search strategy

We performed a systematic literature search for publications
up to 31 October 2022 in several databases, such as PubMed,
Web of Science, the Cochrane Library for reports, Google
Scholar, and clinicaltrials.gov. The search terms are listed
in Supplemental Table 1. We searched for the keywords
in the titles and in the abstract, when available. Titles and
abstracts of records identified in the primary search were
screened, and all articles deemed potentially eligible for
inclusion were retrieved in full-text format. Abstracts and
unpublished results were not included. To identify additional
papers, the reference lists of included studies and published
reviews were also scanned. The search was performed inde-
pendently by three researchers (AZ, CT, and VTS). Disa-
greements were resolved after debate by consensus.

Data extraction

We performed data extraction with the use of a protocol
designed before we conducted the data searches. The fol-
lowing information was extracted: year of publication,
author, journal, country of origin, number of participants,
percentage of females, mean age, study duration, vitamin D
dose, type of control, health status, initial baseline 25(OH)D
below 50 nmol/l, and number of study participants.

Adverse events

The definition of adverse events was extracted from each
article. With respect to hypercalcemia, it was assessed
whether cut-offs of plasma calcium were provided in the
article, or non-reported laboratory cut-offs were used for
data reporting. For hypercalciuria assessment, we collected
information about whether cases were based on elevated val-
ues in spot urine, fasting urine, or 24 h urine. Kidney stones,
fractures, and falls were considered as stated in the articles.
Pregnant women were assumed to be hospitalized if delivery
became necessary in a specialized hospital, or postpartum
hospitalization became necessary. All causes of death were
eligible for inclusion in the mortality analysis.

Data synthesis

We assessed the number of individuals with an adverse
event in both the intervention and control groups. Data
are presented as relative risk (RR) of the groups with their
95% confidence interval (CI). For data analysis, we used a
fixed effects model, unless heterogeneity was proven. Het-
erogeneity was tested by the Chi-square test. The extent
of between-study heterogeneity was also assessed by 12
statistics, thereby classifying 25%, 50%, and 75% as low,
moderate, and high degrees of heterogeneity, respectively

[13]. In studies that matched the inclusion criteria but
reported zero events, the relative risk could not be calcu-
lated. To avoid overestimating the risk of hypercalcemia,
these results were nevertheless added to the calculation
of events per 1000 individuals. If more than one dosing
regimen was used in the experimental arm (e.g., 3200 and
4000 IU), the number of participants in the control arm
was divided by the number of experimental study arms.
As with drug side effects, values between 1 and 10% were
classified as frequent and values between 0.1 and 1% as
occasionally.

Data analysis

Several predefined subgroup analyses were performed where
appropriate. To evaluate the effect of study duration, we con-
ducted meta-analyses by trials with a duration <12 months
and > 12 months. To explore the potential for a disease-
related effect, meta-analyses were conducted according to
heath status (healthy individuals vs. patients). Additional
meta-analyses were performed by stratified analyses accord-
ing to mean baseline 25(OH)D concentrations (<50 nmol/l
or > 50 nmol/l), different control arms (placebo vs. low-dose
vitamin D), age group (<60 or > 60 years), and number of
participants in each study arm (> 100 and <100). To deter-
mine whether a statistically significant subgroup differ-
ence was detected, the test for subgroup differences from
the Revman statistics program (see below) was used. All
data for subgroup analyses were available from the original
articles. Subgroup analysis was only performed if the num-
ber of included studies was > 10 or displayed statistically
significant heterogeneity. To investigate whether publica-
tion bias might affect the validity of the estimates, we con-
structed funnel plots of the regression of observed effect
sizes against the corresponding SEs, weighted by the inverse
of the pooled variance [14]. Study quality was assessed
(independently by AZ and CT), by according to a tool pro-
vided by the Cochrane Handbook for Systematic Reviews of
Interventions [15]. For the present meta-analysis, data were
considered incomplete if results were not presented for both
hypercalcemia and hypercalciuria risk. Additional risk of
bias was assumed in case of infrequent or unsystematic data
collection. For statistical significance, two-sided o was set at
P <0.05. All statistical analyses were conducted using Rev-
Man (Review Manager. Version 5.3.: The Nordic Cochrane
Centre. The Cochrane Collaboration. Copenhagen, 2014).
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Fig. 1 Flowchart of included

and excluded articles
(n=14,407)

Records identified

A 4

= No randomized controlled trial (n=11,318)

\4

(n=3,089)

Records screened

= No daily vitamin D dose of 3200-4000 IU (n=2,909)

A

'

= Full text articles excluded (n=157)

(n=180)

Articles considered

- No data on adverse effects (n=15)
- Short duration (n=60)
- Other publication of an included study (n=34)

- No daily vitamin D dose of 4000 IU (n=9)
- Control group > 400 IU vitamin D daily (n=9)
- Meta-analysis (n=7)

A 4

- Review (n=4)
- Study protocol (n=10)

Articles included (n=23)
= 22 trials with 23 studies - No RCT (n=1)

- Number of participants < 10 (n=1)
- Bolus administration (n=5)

Results
Included studies

In total, we identified 14,407 abstracts (Fig. 1). We excluded
11,318 abstracts, because the studies were not randomized
controlled trials, leaving 3089 records for screening. Of
these, we excluded 2909 on the basis of screening titles
and abstracts, because the vitamin D group did not receive
3200-4000 IU daily. Therefore, 180 articles were consid-
ered for systematic review by inspecting full-text articles.
Of these, we excluded additional 157 articles for different
reasons (Fig. 1). Thus, we could eventually include in our
systematic review 23 articles on 22 trials [10, 16-38]. One
trial using different dosing regimens included study arms
with 3200 IU and 4000 IU vitamin D [17, 38]. Three other
studies used a daily vitamin D supplement of 3200/3300 IU
[34-36], whereas the remaining 18 trials used a daily vita-
min D supplement of 4000 IU. Out of these 23 studies, 20
provided group-specific data on hypercalcemia, five on
hypercalciuria, seven on kidney stones, four on falls, seven
on hospitalization, and twelve on mortality. Since only one
trial reported data on fracture risk, this outcome parameter
was not included in our meta-analysis. Our search did not
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- No control (n=1)
- Varying dosing regimen (n=1)

identify articles of interest for our review in languages other
than English. All studies used supplemental vitamin D5. The
characteristics of the studies are shown in Table 2. Excluded
studies are listed in Supplemental Table 2. Almost all
included studies were published after the IOM had released
its last UL (4000 IU) in 2011. The trials comprised a total
number of 12,952 individuals, 5,686 in the vitamin D arm
and 7266 in the control arm. Mean baseline 25(OH)D values
were < 50 nmol/l in 11 trials and > 50 nmol/l in 11 trials.
Of the 22 trials, 8 were performed in apparently healthy
individuals with 3 studies including pregnant women, and
14 trials included different groups of patients. Mean age
varied between 10 and 77 years. Of the 22 control groups,
16 received a placebo, one 200 IU vitamin D daily, and five
400 IU vitamin D daily. All but five groups in the vitamin D
arm received 4000 IU supplemental vitamin D daily, three
groups received 3200 IU, one 3300 IU, and one 4400 IU,
where in the latter trial, both the vitamin D and control arm
received in addition to the study medication of 4000 IU or
placebo a vitamin D dose of 400 IU. Mean habitual vitamin
D intake was reported in six trials only [17, 23, 30, 35, 37,
38], ranging from 50 [37] to 428 [35] IU daily. Three stud-
ies reported data on habitual supplement use [10, 34, 35],
ranging from 0% [10] to 68% [35].
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Vitamin D Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Arora 2015 3 188 1 175 6.2% 2.79[0.29, 26.60]
Belenchia 2013 0 21 0 23 Not estimable
Bergman 2012 0 62 0 62 Not estimable
Billington 2020 4 125 0 124 3.0% 8.93[0.49, 164.10] >
Bjorkman-Bergman 2018 0 32 0 33 Not estimable
Forno 2020 0 96 0 96 Not estimable
Gallagher 2012, 3200 1U 1 20 1 10 7.9% 0.50[0.03, 7.19]
Gallagher 2012, 4000 1U 1 20 0 10 3.9% 1.57 [0.07, 35.46]
Garg 2015 0 15 0 15 Not estimable
Hin 2017 0 97 0 95 Not estimable
Hollis 2011 0o 117 0o 111 Not estimable
Jolliffe 2022, 3200 1U 4 1515 0 2949 2.0% 17.51[0.94, 325.07] >
Litonjua 2016 0 405 0 401 Not estimable
Nausheen 2021 0 120 0 115 Not estimable
Pittas 2019 5 1211 3 1212 17.9% 1.67 [0.40, 6.96] B
Tsujita 2022 3 92 4 95 23.4% 0.77[0.18, 3.37] - ="
Virtannen 2022, 3200 IU 1 833 0 830 3.0% 2.99[0.12, 73.27]
Witte 2016 2 114 0 109 3.0% 4.78 [0.23, 98.50]
Zittermann 2009, 3300 IU 0 82 0 83 Not estimable
Zittermann 2017 10 199 5 201 29.6% 2.02[0.70, 5.80] T
Total (95% Cl) 5364 6749 100.0% 2.21[1.26, 3.87] <o
Total events 34 14
(TR 2 = = = L 12 = 09 t t t d
Heterogeneity: Chi? = 6.51, df =9 (P = 0.69); I = 0% 0.01 01 ] 10 100

Test for overall effect: Z = 2.77 (P = 0.006)

Fig.2 Effect of vitamin D on the risk of hypercalcemia. Data repre-
sent the relative risk of hypercalcemia in vitamin D vs. control with
95% confidence interval of individual studies and total effect. In the
figure, the vitamin D dose is given if less than 4000 IU daily or differ-

Synthesis of results

The synthesis of the risk of hypercalcemia is presented in
Fig. 2. Out of the 20 studies which provided data on hyper-
calcemia risk, ten studies reported no case of hypercalcemia,
neither in the vitamin D group nor in the control group. Cut-
offs of plasma calcium for hypercalcemia were 2.55 mmol/l
in four trials, 2.60 mmol/l in two trials, 2.65 in one trial,
2.70 in one trial, and 2.75 mmol/l in one trial, and were not
presented in ten trials. In the ten studies that reported at
least one case of hypercalcemia, vitamin D supplementa-
tion resulted in a significantly higher risk of hypercalcemia
with an RR of 2.21 (95%CI: 1.26-3.87). Altogether, the fre-
quency of hypercalcemia in the control and vitamin D group
was 0.21% (14 in 6749 individuals) and 0.63% (34 in 5364
individuals), respectively, resulting in a vitamin D-induced
frequency of hypercalcemia of 0.42% or 4 cases per 1000
individuals. In our meta-analysis, the P and P values of 0.69
and 0%, respectively, indicate the absence of heterogene-
ity. In line with this, subgroup analysis of vitamin D vs.
controls did not result in significant differences in hypercal-
cemia risk with respect to study duration, baseline 25(OH)
D, heath status, age at enrollment, and type of control arm
(Supplemental Fig. 1). However, subgroup analysis revealed
borderline significance in trials with> 100 and < 100 study
participants with an RR of 2.63 (95%CI: 1.30-5.30; 7 stud-
ies) and 0.80 (95%CI: 0.24-2.62; 3 studies), respectively

@ Springer

Favours vitamin D Favours control

ent dosing regimens are used. In all other cases, 4000 IU vitamin D
are supplemented. The x-axis indicates the relative risk, ranging from
0.01 to 100. Values < 1 favour vitamin D and values > 1 favour control

(Pipteraction =0-06). All ten studies that reported at least one
case of hypercalcemia achieved mean in-study 25(OH)D
concentration between 103 and 130 nmol/l, with the excep-
tion of the study by Arora et al. [20], which only achieved
83 nmol/l.

In the five studies providing data on hypercalciuria, the
risk was non-significantly higher in vitamin D-supple-
mented individuals than in controls (Fig. 3) with an RR of
1.40 (95%CI: 0.91-2.17). Cut-offs for hypercalciuria were
based on 24 h urinary calcium > 7.5 mmol/l, > 7.5 mmol/
day if body weight was <75 kg or> 0.1 mmol/kg body
weight/day if body weight was > 75 kg, > 0.1 mmol/kg
body weight/day, and fasting urinary calcium/creatinine
ratio> 0.375 in one trial each. Four trials did not pro-
vide group-specific data on hypercalciuria, although the
number of cases was greater than zero. Regarding kidney
stones, the RR of 1.09 (95%CI: 0.66—1.82) was similar
for the vitamin D vs. control group (Fig. 4). Four studies
reported data on the risk of falls (Fig. 5) with a signifi-
cantly higher risk in the vitamin D-supplemented vs. the
control group (RR 1.25, 95%CI: 1.01-1.25). Vitamin D
supplementation also increased the risk of hospitalization
(Fig. 6) with an RR of 1.16 (95%CI: 1.01-1.33). Mortal-
ity risk was similar in the vitamin D and control groups
(Fig. 7) with an RR of 1.07 (95%CI: 0.75-1.52). Accord-
ing to the Chi-square test, there was no statistically signifi-
cant evidence of heterogeneity for risk of hypercalciuria,
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Vitamin D Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Billington 2020 28 125 21 124 742% 1.32[0.80, 2.20]
Gallagher 2012, 3200 IU 6 20 2 10 9.4% 1.50[0.37, 6.14] -
Gallagher 2012, 4000 1U 6 20 2 10 9.4% 1.50[0.37, 6.14] -1
Garg 2015 3 15 1 15 3.5% 3.00 [0.35, 25.68]
Pittas 2019 1 1211 1 1212 3.5% 1.00 [0.06, 15.98]
Total (95% CI) 1391 1371 100.0% 1.40 [0.91, 2.17] @
Total events 44 27
Heterogeneity: Chi? = 0.61, df = 4 (P = 0.96); I>= 0% '0'01 0{1 1 1'0 100‘

Test for overall effect: Z=1.52 (P =0.13)

Fig. 3 Effect of vitamin D on the risk of hypercalciuria. Data repre-
sent the relative risk of hypercalciuria in vitamin D vs. control with
95% confidence interval of individual studies and total effect. In the
figure, the vitamin D dose is given if less than 4000 IU daily or differ-

Favours vitamin D  Favours control

ent dosing regimens are used. In all other cases, 4000 IU vitamin D
are supplemented. The x-axis indicates the relative risk, ranging from
0.01 to 100. Values < 1 favour vitamin D and values > 1 favour control

Vitamin D Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI

Billington 2020 1 125 0 124 1.8% 2.98[0.12, 72.36]

Castro 2014 0 201 0 207 Not estimable

Gallagher 2012, 3200 IU 0 20 0 10 Not estimable

Gallagher 2012, 4000 IU 0 20 0 10 Not estimable

Jolliffe 2022, 3200 |U 1 1515 0 2949 1.2% 5.84[0.24, 143.22] »
Pittas 2019 21 1211 20 1212 71.8% 1.05[0.57, 1.93]

Virtannen 2022, 3200 IU 6 833 7 830 252% 0.85[0.29, 2.53]

Total (95% ClI) 3925 5342 100.0% 1.09 [0.66, 1.82]

Total events 29 27
Heterogeneity: Chi? = 1.65, df = 3 (P = 0.65); I> = 0%
Test for overall effect: Z=0.35 (P = 0.73)

Fig.4 Effect of vitamin D on the risk of kidney stones. Data repre-
sent the relative risk of kidney stones in vitamin D vs. control with
95% confidence interval of individual studies and total effect. In the
figure, the vitamin D dose is given if less than 4000 IU daily or differ-

0.01 0.1 1 10 100
Favours vitamin D Favours control

ent dosing regimens are used. In all other cases, 4000 IU vitamin D
are supplemented. The x-axis indicates the relative risk, ranging from
0.01 to 100. Values < 1 favour vitamin D and values > 1 favour control

Vitamin D Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Appel 2021 41 69 123 256 73.1% 1.24 [0.98, 1.56]
Billington 2020 12 125 5 124 7.0% 2.38[0.86, 6.56] b
Smith 2017, 3200 IU 5 18 5 9 9.3% 0.50 [0.19, 1.29] -
Smith 2017, 4000 IU 13 17 6 10 10.6% 1.27 [0.72, 2.26] T
Total (95% CI) 229 399 100.0% 1.25[1.01, 1.55] 2
Total events 71 139

e Chi2 = - - .12 = 499 ; t t {
Heterogeneity: Chi2 =5.17, df = 3 (P = 0.16); I = 42% 0.01 01 1 10 100

Test for overall effect: Z =2.08 (P = 0.04)

Fig.5 Effect of vitamin D on the risk of falls. Data represent the rela-
tive risk of falls in vitamin D vs. control with 95% confidence interval
of individual studies and total effect. In the figure, the vitamin D dose
is given if less than 4000 IU daily or different dosing regimens are

falls, hospitalization, or death (Figs. 3—7). However, the 12
value of 42% indicates moderate heterogeneity regarding
the risk of falls. In the four studies which were included

Favours vitamin D Favours control

used. In all other cases, 4000 IU vitamin D are supplemented. The
x-axis indicates the relative risk, ranging from 0.01 to 100. Values < 1
favour vitamin D and values > 1 favour control

in the meta-analysis on falls and the seven studies which
were included in the meta-analysis on hospitalization, the
vitamin D-induced frequency was 2.7% or 27 cases per
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Vitamin D Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Appel 2021 12 69 23 256 3.6% 1.94 [1.02, 3.69]
Forno 2020 8 96 6 9% 2.2% 1.33[0.48, 3.70] 1
Hollis 2011 11 117 12 111 4.6% 0.87 [0.40, 1.89] -
Jolliffe 2022, 3200 IU 97 1515 164 2949 41.6% 1.15[0.90, 1.47] -
Litonjua 2016 11 405 7 401 2.6% 1.56 [0.61, 3.97] -1
Tsujita 2022 7 92 10 95  3.7% 0.72[0.29, 1.82] 1
Zittermann 2017 126 199 112 201 41.6% 1.14[0.97, 1.34] E
Total (95% CI) 2493 4109 100.0% 1.16 [1.01, 1.33]
Total events 272 334
Heterogeneity: Chiz = 4.47, df =6 (P = 0.61); > = 0% Io_o ] of p H 1=0 p 00=

Test for overall effect: Z=2.13 (P = 0.03)

Fig. 6 Effect of vitamin D on the risk of hospitalization. Data repre-
sent the relative risk of hospitalization in vitamin D vs. control with
95% confidence interval of individual studies and total effect. In the
figure, the vitamin D dose is given if less than 4000 IU daily or differ-

Favours vitamin D Favours control

ent dosing regimens are used. In all other cases, 4000 IU vitamin D
are supplemented. The x-axis indicates the relative risk, ranging from
0.01 to 100. Values < 1 favour vitamin D and values > 1 favour control

Vitamin D Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Appel 2021 1 69 3 256 24% 1.24[0.13, 11.70]
Bergman 2012 0 62 0 62 Not estimable
Billington 2020 0 125 0 124 Not estimable
Bjorkman-Bergman 2018 0 32 0 33 Not estimable
Garg 2015 0 15 0 15 Not estimable
Hin 2017 0 97 0 95 Not estimable
Jolliffe 2022, 3200 IU 2 1515 4 2949 52% 0.97 [0.18, 5.31]
Munoz-Aguirre 2015 0 52 0 52 Not estimable
Pittas 2019 5 1211 5 1212 9.6% 1.00 [0.29, 3.45] D
Tsujita 2022 2 92 0 95 0.9% 5.16[0.25, 106.07] >
Virtannen 2022, 3200 1U 5 833 7 830 13.4% 0.71[0.23, 2.23] L
Zittermann 2017 39 199 36 201 68.5% 1.09[0.73, 1.65]
Total (95% CI) 4302 5924 100.0% 1.07 [0.75, 1.52]
Total events 54 55
Heterogeneity: Chi? = 1.58, df = 5 (P = 0.90); I?= 0% 50_0 1 of p : 1=0 p 00!

Test for overall effect: Z=0.38 (P =0.71)

Fig. 7 Effect of vitamin D on the risk of mortality. Data represent
the relative risk of mortality in vitamin D vs. control with 95% confi-
dence interval of individual studies and total effect. In the figure, the
vitamin D dose is given if less than 4000 IU daily or different dosing

1000 individuals and 3.0% or 30 cases per 1000 individu-
als, respectively.

Sensitivity analysis

In sensitivity analyses, we excluded the trial by Zittermann
et al. [9], because of an extraordinary high number of
adverse events. However, results did not change substan-
tially regarding the RR for hypercalcemia (2.29; 95%CI:
1.18-4.43), hospitalization (1.18, 95%CI: 0.96-1.44), or
death (1.02; 95%CI: 0.52-2.00). Likewise, exclusion of
the study arm of 3200 IU by Smith et al. [36] did not
change hospitalization risk substantially (1.33, 95%CI:
1.07-1.66).
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Favours vitamin D Favours control

regimens are used. In all other cases, 4000 IU vitamin D are supple-
mented. The x-axis indicates the relative risk, ranging from 0.01 to
100. Values < 1 favour vitamin D and values > 1 favour control

Publication bias and study quality

Inspection of the funnel plots of included trials did not pro-
vide evidence of publication bias for any of the outcomes
considered (Supplementary Figs. 2-7). Regarding study
quality, results are presented in Supplementary Fig. 8. In the
majority of trials, risk of incomplete assessment of safety-
related outcomes was high.

Discussion

Our meta-analysis indicates that compared with pla-
cebo or low-dose (400 IU/d) vitamin D, a supplement of
3200-4000 IU vitamin D daily results in significantly higher
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risks of hypercalcemia (RR=2.21, 95%CI: 1.26-3.87),
falls (RR=1.25, 95%CI: 1.01-1.25), and hospitalization
(RR=1.16, 95%CI: 1.01-1.33). However, data also indi-
cate that the risk of kidney stones and mortality is not sig-
nificantly affected by a daily vitamin D dose of 4000 IU.
Nevertheless, it is also noteworthy that in many trials, the
quality of reporting adverse events was poor and several tri-
als did not address the risk of important adverse events at all.

Since in our meta-analysis, 4 cases of hypercalcemia
per 1000 individuals were vitamin D-induced, hypercalce-
mia at a daily dose of 3200-4000 IU has to be considered
an occasional adverse event. In 2011, the IOM stated that
the toxicity of hypercalcemia becomes evident at vitamin
D intakes above 25,000 IU/day, corresponding to a serum
250HD level of about 500 nmol/L [2]. This assumption is
in general agreement with our finding that > 99.5% of study
participants did not develop vitamin D-induced hypercal-
cemia during administration of 3200-4000 IU daily. Four
earlier meta-analyses reported data of hypercalcemia risk
from vitamin D supplementation trials [5, 39-41], with
mean relative risks being 36% [39], 57% [40], 54% [41],
and 93% [5] higher than in controls. Only the meta-analysis
with the highest number of included trials (n =37) reported
significantly higher hypercalcemia risk by vitamin D supple-
mentation [41], whereas the meta-analysis with the highest
RR of hypercalcemia for the vitamin D group [5] reported
only borderline significance, based on 10 trials. In both
meta-analyses [5, 41], more than 50% of the included tri-
als used intermittent high vitamin D doses or daily doses
beyond 4000 IU. Therefore, it is an important finding of
the present meta-analysis that daily supplemental doses
of 3200-4000 IU vitamin D increase hypercalcemia risk
slightly, yet significantly. The vast majority of trials report-
ing cases of hypercalcemia achieved mean in-study 25(OH)
D concentrations at the upper end of the range, which is
still considered adequate (100—125 nmol/1). However, our
data support the assumption that this upper range may be
not completely safe, but individual participant data meta-
analyses would be required to evaluate the safety of certain
25(0OH)D cut-offs. Subgroup analysis indicates that small
studies obviously underestimated the risk of hypercalcemia.
Because of the small number of included small studies in
our subgroup analysis and in accordance with the Cochrane
Manual for Meta-Analyses, a borderline significant result
such as our P value of 0.06, instead of the conventional value
of 0.05, can be considered statistically significant [42]. In
ten other studies, most of which also were small studies
(< 100 participants per study arm), the hypercalcemia inci-
dence of 4/1000 was probably too low to cause any case
of hypercalcemia. The situation seems to be similar to that
of drugs, where occasional or rare adverse events are often
not detected until phase IV (post-marketing) studies, based
on large datasets, are performed. Therefore, further large

studies may clarify the dose-response effect of vitamin D
on the risk of hypercalcemia. Another issue is that usually
fasting blood samples are used to measure plasma calcium
concentrations. The IOM has stated that hypercalcemia is
the consequence of increased calcium resorption from bone
[2], which would also translate into elevated fasting plasma
calcium concentrations. However, 4000 IU vitamin D daily
may rarely induce toxic effects on bone, but may increase
prandial or postprandial serum calcium more pronounc-
edly than fasting plasma calcium, since 4000 IU vitamin
D increases intestinal calcium absorption rate significantly
(by about 6-7%) [43]. Therefore, the real effect of 4000 IU
vitamin D on plasma calcium may be underestimated when
measuring fasting calcium levels. In line with this assump-
tion, some studies also reported a significant mean in-study
increase in plasma calcium in the vitamin D arm without
exceeding the cut-off of hypercalcemia [10, 26, 44]. The
clinical importance of small elevations in serum calcium is
highlighted by findings that heart failure incidence increases
progressively from a serum calcium of 2.25 mmol/L up to
2.75 mmol/L [45] and genetically predicted lifelong higher
concentrations of serum calcium may shorten life expec-
tancy and increase cardiovascular disease (CVD) risk [46].

It has long been known that the higher 25(OH)D values
observed in summer when compared to winter are also asso-
ciated with significantly higher urinary calcium excretion,
despite similar dietary calcium intakes in both seasons [47].
Unfortunately, many vitamin D trials do not routinely col-
lect urine samples. This can explain the smaller number of
reports on hypercalciuria than on hypercalcemia in earlier
meta-analyses [5, 41] and also in our meta-analysis. Gener-
ally, the non-significantly higher risk of hypercalciuria in
the vitamin D arm of our analysis is in line with earlier data
of an increased risk of hypercalciuria by vitamin D supple-
mentation [5, 41]. From a pathophysiological point of view,
it appears logical that, in the event of vitamin D toxicity,
hypercalcemia is preceded by hypercalciuria. Nevertheless,
data also indicate that even 4000 IU daily are safe regarding
kidney stones. Although high 25(OH)D levels must be con-
sidered as a risk factor for kidney stones [48], the etiology of
kidney stones is complex. High fluid intake and consumption
of fruits and foods high in fiber are important preventive
factors [49, 50]. Notably, urinary calcium excretion is also
strongly and positively related to urinary sodium excretion,
and thus with dietary salt intake [51]. As supported by our
results, there seems to be no simple association between
vitamin D status and risk of kidney stones.

The higher risk of falls in the vitamin D-supplemented
study participants should be discussed with caution, because
results are based on a few trials only. However, our analysis
indicates this risk to be a frequent complication. Results
are in line with results indicating an increased risk of falls
at circulating 25(OH)D of 100 nmol/l and above [6, 9]. We
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can only speculate that higher plasma calcium concentra-
tions in patients receiving 4000 IU daily than in controls,
as reported in some studies [10, 26], may also affect neuro-
muscular activity and thus the risk of falls. The higher risk
of hospitalization in the vitamin D group may at least in part
be the result of a higher risk of adverse events, such as falls
or CVD worsening [6, 9, 10]. Obviously, however, this did
not translate into an increased mortality, probably because
some of the causes for hospitalization were not life-threat-
ening or because of the high quality of the health system
in high-income countries, being able to prevent premature
death in many cases. Although the UL concept has been
developed for the general population, non-classical safety-
related outcomes of vitamin D usually related to diseased
individuals, such as falls, hospitalization, and death, should
also be considered in future trials, given the high percentage
of older and multimorbid individuals in aging societies. We
are well aware that our meta-analysis was not designed to
assess potential benefits of moderately high-dose vitamin D
supplementation, but the overall adverse effects regarding
some clinical outcomes strongly argue against the use of
such vitamin D dosages in clinical routine. We do, how-
ever, acknowledge that certain patient characteristics might
justify such high vitamin D doses as, e.g., in patients with
malabsorption and/or osteomalacia, but in such rare cases, a
frequent monitoring of 25(OH)D concentrations and param-
eters of calcium metabolism is strongly advised.

Our analysis has some limitations. First, a major issue is
the incomplete reporting of adverse events in many included
trials. Since hypercalcemia is considered the general indi-
cator of vitamin D toxicity, other potential adverse events
such as the risk of falls and hospitalization may have been
underestimated to date. However, it is also noteworthy that
falls were exclusively reported in studies of individuals with
a mean age of 60 years or older [29, 33, 37]. Hospitaliza-
tions were only reported in pregnant women [15, 24], dis-
eased individuals [28, 31, 36], and elderly people [33]. For
healthy and younger males or non-pregnant women, and
thus for an important target group of the UL, these adverse
events may not be relevant. Second, data availability was
particularly low for the risk of falls and fractures, which
may at least in part be explained by the inclusion of healthy,
young, and middle-aged, and male individuals. Even with
respect to hypercalcemia, however, several trials did not
address this issue at all. Third, different cut-offs have been
used for characterization of hypercalcemia, ranging from
2.55 to 2.75 mmol/l. This can have a profound effect on
the frequency of reported cases of hypercalcemia and may,
in case of low cut-offs, mask causal associations of sup-
plemental vitamin D with CVD or kidney diseases. It is
also a drawback that we used aggregate data and not indi-
vidual participant data for our meta-analyses. Finally, in all
trials using 4000 IU vitamin D daily, the UL was slightly

@ Springer

exceeded because of additional, but unreported habitual
vitamin D intake by foods and supplements, and this has to
be considered.

In conclusion, supplemental daily vitamin D doses of
3200-4000 IU appear to increase the risk of hypercalce-
mia and some other adverse events in a small proportion
of individuals, indicating that this dose is not completely
safe. Thus, more than a decade after publication of the 2011
IOM report uncertainty regarding the safety of a daily dose
of 4000 IU still remains. Our data indicate that, similar to
phase IV drug studies, large numbers of individuals need to
be studied to capture occasional or even rare adverse events.
Therefore, there is an urgent need for a rigorous reporting
of safety-related outcomes in vitamin D supplementation
or fortification trials, at least if moderately high vitamin D
doses are used. This is all the more important as during
recent years, the intake of 4000 IU daily has continuously
increased [11], and some nonofficial organizations recom-
mend an intake of even 5000 IU vitamin D daily and more
[52]. Finally, regarding the risks of falls and hospitalization,
UL values, which are considered for the healthy general pop-
ulation, should not be adopted a priori in the clinical setting.
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