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ABSTRACT

Background. Secondary hyperparathyroidism (SHPT) is a common and major complication in chronic kidney disease (CKD),
reflecting the increase of parathyroid hormone (PTH) in response to reduced vitamin D signalling and hypocalcaemia. This
meta-analysis evaluated the impact of nutritional vitamin D (NVD) (cholecalciferol or ergocalciferol) on SHPT-related
biomarkers.

Methods. A systematic literature search was performed in PubMed to identify relevant randomized control trials to be
included in the meta-analysis. Fixed- and random-effects models were used to pool study-level results. Effects were studied
within NVD study arms and relative to control groups (placebo/no treatment); the former in order to identify the effect of
actively altering biomarkers levels.

Results. Reductions in PTH from supplementation with NVD were small when observed within the NVD study arms
(pooled reduction: 10.5 pg/mL) and larger when compared with placebo/no treatment (pooled reduction: 49.7 pg/mL). NVD
supplementation increased levels of 25-hydroxyvitamin D [25(0OH)D] in both analyses (increase within NVD study arm:
20.6 ng/mlL, increase versus placebo/no treatment: 26.9 ng/mL). While small and statistically non-significant changes in
phosphate and fibroblast growth factor 23 were observed, NVD supplementation caused calcium levels to increase when
compared with placebo/no treatment (increase: 0.23 mg/dL).

Conclusions. Our results suggest that supplementation with NVD can be used to increase 25(0H)D to a certain extent,
while the potential of NVD to actively reduce PTH in non-dialysis-CKD patients with SHPT is limited.
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INTRODUCTION

Secondary hyperparathyroidism (SHPT) is a common and major
complication in chronic kidney disease (CKD), and is frequent in
both patients with non-dialysis CKD (ND-CKD) and patients
requiring dialysis [1, 2]. SHPT is characterized by the increase of
parathyroid hormone (PTH) in response to reduced vitamin D
signalling and hypocalcaemia induced by phosphate retention
and/or fibroblast growth factor 23 (FGF23) increase as a conse-
quence of decreasing kidney function. Prolonged parathyroid
gland stimulation leads to parathyroid hyperplasia with a pro-
gressive decrease in number and sensitivity of the vitamin D,
calcium-sensing and FGF23 receptors, ultimately resulting in se-
vere and uncontrolled SHPT. If left untreated, SHPT can cause
bone and cardiovascular disease and result in increased rates of
fractures, vascular calcification, morbidity and mortality in CKD
patients [3-5]. SHPT has also been associated with a faster CKD
progression [5].

The mainstays of early treatment of SHPT are the reduction
of PTH by limiting phosphate load and an increase in vitamin D,
while at the same time trying to avoid adverse changes in
parameters such as calcium, phosphate and FGF23. Phosphate
load and low levels of calcifediol [25-hydroxyvitamin D, hereaf-
ter 25(OH)D] and calcitriol [1,25-dihydroxyvitamin D, hereafter
1,25(0OH)2D] are considered critical factors in the onset and pro-
gression of SHPT [1, 6] and the prevalence of vitamin D insuffi-
ciency or deficiency is higher among patients with kidney
disease compared with the general population [7-9].

25(0OH)D is hydroxylated to 1,25(0H)2D by the enzyme 1x-hy-
droxylase (CYP27B1) in several tissues in addition to the kidney.
The 1,25(0H)2D synthesized in extrarenal tissues mainly per-
forms autocrine or paracrine cell-specific roles. Furthermore,
in contrast to that originating from the kidney, extrarenal pro-
duction of 1,25(0OH)2D does not significantly contribute to the
circulating pool of 1,25(0H)2D [6, 8-10].

To address deficiency of vitamin D in the CKD population,
existing clinical guidelines recommend supplementation with
nutritional vitamin D (NVD), i.e. cholecalciferol or ergocalciferol,
although clinical benefits from such supplementation have not
been verified, especially in patients with ND-CKD for the treat-
ment of e.g. SHPT [11, 12]. At the same time, routine use of ac-
tive vitamin D and active vitamin D analogues is no longer
recommended in earlier stages of CKD after having been shown
to increase calcium, phosphate and FGF23, and increase the risk
of hypercalcaemia in recent trials [11, 13, 14]. Instead, these
agents should be reserved for severe and progressive SHPT in
CKD Stages 4-5 [11].

Definition of an effective treatment strategy of SHPT in ND-
CKD, starting from NVD, is further complicated by several fac-
tors: (i) there is no consensus on vitamin D status assessment
and what constitutes adequate or toxic levels of vitamin D in
ND-CKD patients; (ii) there is no agreement about target levels
of PTH in ND-CKD; and (iii) the interrelationship between PTH
and vitamin D is not fully understood [11, 12].

The pathways involved in the PTH-lowering effect of NVD
supplementation are unclear. Parathyroid glands have been
shown to express la-hydroxylase, so suggesting a possible auto-
crine mechanism where circulating 25(0H)D can be converted
to 1,25(OH)2D within parathyroid cells which in turn binds

locally to the vitamin D receptor [15]. However, it is unknown
whether the level of lo-hydroxylase activity in parathyroid
glands is able to produce adequate amounts of 1,25(0H)2D to af-
fect PTH secretion.

New evidence suggests that the increases in 25(0H)D levels
able to induce meaningful reductions in PTH in ND-CKD are
higher than previously thought. In a secondary analysis of two
large randomized controlled trials (RCTs), Strugnell et al. [16]
identified a 50.8 ng/mL threshold of 25(0OH)D for significant PTH
reductions while observing that gradual elevation of 25(0OH)D to
92.5ng/mL was not associated with significant adverse changes
in safety parameters. In a large sampled cross-sectional study,
Ennis et al. [17] found indications that optimal levels of 25(OH)D
were in a similar range.

A recent study indicates that the potential of NVD supple-
mentation to lower high PTH may be limited in CKD patients
[18]. The authors found that PTH reductions in patients receiv-
ing supplementation with cholecalciferol were minor, but that
these reductions appeared substantial when compared with the
placebo group, in which PTH levels increased over the study
period.

In this analysis, we re-assess the topic of NVD supplementa-
tion to target SHPT in ND-CKD by synthesizing results from the
growing body of evidence from RCTs using meta-analytic meth-
ods. Specifically, the objective of this analysis was to investigate
the effectiveness of NVD supplementation to actively lower PTH
and raise vitamin D in ND-CKD patients with elevated PTH lev-
els. To be able to distinguish between an actual decrease of PTH
and relative lower levels we measured the effects of NVD sup-
plementation on PTH and 25(0OH)D in two ways: as changes be-
fore versus after NVD supplementation limited to the patients
that received NVD (without comparison with a control group)
and as changes in biomarker levels compared with control
groups comprising placebo or untreated patients.

Secondary objectives included investigating the ability of
NVD to raise levels of 25(OH)D above clinically meaningful
thresholds and evaluating the effects of supplementation with
NVD on the safety-related biomarkers calcium, phosphate and
FGF23.

MATERIALS AND METHODS

Study selection and data extraction

To identify articles for inclusion in the meta-analysis, a system-
atic literature review was conducted in PubMed according to
Preferred Reporting Items for Systematic reviews and Meta-
Analyses (PRISMA) guidelines [19]. A publication was included
in the meta-analysis if it presented results from an RCT that
evaluated one or both of the NVD supplements ergocalciferol
and cholecalciferol, and had a study population of at least 20
adult (18+ years) patients with documented ND-CKD. All stages
of the study selection and data extraction were performed inde-
pendently by two reviewers.

The main results extracted from the included studies
were changes in absolute values of the biomarkers PTH,
25(0OH)D, calcium, phosphate and FGF23 from start to end of the
study periods for the patient groups in the study. We contacted
authors of publications where results were reported as median
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and interquartile ranges (IQRs) to obtain corresponding mean
and standard deviations (SDs). Still, median results for PTH
from two publications had to be used [20, 21]. The IQRs reported
in these publications were converted to SDs by dividing the
range of the IQRs by 1.35 [22].

Outcomes

The main treatment outcomes in this study were changes in ab-
solute values of the biomarkers PTH and 25(0OH)D.

Treatment outcomes were measured in two different ways.
First, the outcomes were measured as the change in biomarker
values from baseline to end of study within the study arm re-
ceiving NVD (‘difference within the NVD study arm’). When
expressed this way, biomarker changes in control groups did
not have an influence on the results, aiming to capture the po-
tential of NVD to actively increase or decrease the biomarkers in
patients receiving supplementation. Second, the outcomes
were measured as the difference in biomarker values at base-
line and end of the study in the study arms receiving NVD rela-
tive to the study arms receiving placebo treatment or no
treatment (‘difference versus placebo/no treatment’). When de-
fined this way, changes in biomarker levels in both the NVD
study arms and the placebo/no treatment arms contributed to
the measured effect.

The ability of NVD to raise levels of 25(0OH)D above certain
thresholds was assessed using the end-of-study 25(0H)D levels
in the NVD study arms.

Values for PTH and FGF23 were transformed to picograms
per millilitre (pg/mL), 25(0OH)D to nanograms per millilitre (ng/
mL), and calcium and phosphate to milligrams per decilitre

(mg/dL).

Quuality of evidence

The quality of the evidence for the outcomes on PTH and
25(0OH)D was assessed to be of high, moderate, low or very low
quality using the methodology of the Grades of
Recommendation, Assessment, Development and Evaluation
(GRADE) Working Group [23].

Statistical analysis

Fixed- and random-effects models were used to combine study-
level results into overall, pooled effects. Inverse variance
weighting was applied in the fixed-effects model and the
weighting of study level results in the random-effects model
was based on the DerSimonian and Laird method.

Sensitivity analyses were performed where studies with a
high assessed risk of bias and publications reporting results
other than mean measures were excluded. Meta-regressions us-
ing variables related to patient and study characteristics were
performed to explore possible sources of heterogeneity in the
results. All analyses were performed in Stata version 16.

RESULTS

Study selection and patient characteristics

The initial search was conducted on 3 January 2019 and yielded
a total of 952 hits. Fourteen of the identified studies fulfilled the
inclusion criteria and evaluated at least one NVD, and were
hence included in the meta-analysis. Figure 1 shows the step-
wise identification of publications for the meta-analysis.
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Of the 14 studies, 7 included a placebo group [18, 21, 24-28]
and two included a control group receiving no treatment [29,
30]. The five remaining studies [20, 31-34] included only study
arms that received an active intervention, and no study arms
receiving placebo-treatment or no treatment. Thus, they were
excluded from the analyses where the outcome was compared
with placebo/no treatment. One study [25] reported all results
as geometric means. Only median values were available for PTH
in two studies [20, 21]. Table 1 presents characteristics for the
included studies and patient groups.

Quality of evidence

The outcome of changes in PTH within the NVD study arms was
assessed to be of moderate quality, due to the large number of
studies available for inclusion and moderate levels of heteroge-
neity in the study level results. The two outcomes of change in
PTH versus placebo/no treatment and the outcome of change in
25(0OH)D within the NVD study arms were assessed to be of low
quality, given a moderate number of available studies and sub-
stantial amounts of heterogeneity in the study level results, re-
spectively. Finally, the outcome of changes in 25(0OH)D versus
placebo/no treatment was evaluated to be of very low quality
because of the moderate number of articles available for inclu-
sion and the substantial levels of heterogeneity in study-level
results. Funnel plots for the four outcomes are shown in
Supplementary data, Figure S1 in the Supplementary Materials.

Results on PTH

When estimated as the difference from baseline to end of study
within the NVD study arm, the pooled difference in PTH in the
NVD study arms was —10.5 pg/mL [95% confidence interval (CI)
—16.3 to —4.7] from the fixed-effects model and —12.8pg/mL
(95% CI —21.5 to —4.1) from the random-effects model (Figure 2).
When instead compared versus placebo/no treatment, the
pooled difference in PTH was larger: —49.7 pg/mL (95% CI —70.2
to —29.3) from the fixed-effects model and —52.4 pg/mL (95% CI
—85.3 to —19.6) from the random-effects model (Figure 3).

Results on 25(0H)D

The pooled increase in 25(0H)D in within the NVD-study arms
was 20.6ng/mL (95% CI 19.6-21.7) from the fixed-effects model
and 25.8ng/mL (95% CI 20.3-31.4) from the random-effects
model (Figure 4). The pooled increases in 25(0H)D were similar
when compared versus placebo/no treatment, with a pooled in-
crease of 26.8ng/mL (95% CI 24.4-29.3) from the fixed-effects
model and 27.8ng/mL (95% CI 18.1-37.4) from the random-
effects model (Figure 5). When compared with placebo/no treat-
ment, the sizes of study level results on 25(0H)D varied consid-
erably, ranging from 8.9 ng/mL [30] to 55.4 ng/mL [28]. At the end
of the study periods, the average levels of 25(0H)D in the NVD
study arms was >30ng/mL in all but two studies [30, 34] and
>50ng/mL in five of the included studies [18, 21, 28, 29, 31]
(Supplementary data, Table S1 in the Supplementary Materials).

Sensitivity analyses and meta-regressions

Sensitivity analyses that excluded publications with a high
assessed risk of bias and publications reporting non-mean
results (median or geometric mean) showed similar results as
for the main analyses (Supplementary data, Figures S2-S5).
Meta-regression indicated that PTH reductions are larger
in studies where baseline values of 25(0OH)D are lower, with a
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Selection process of the |
systematic literature review

44 articles included in
systematic literature review

14 articles that
evaluated NVD

952 articles identified
and screened

885 articles excluded

67 full-text articles
assessed for eligibility

23 full-text articles excluded:

* Relevant results from trial reported in
other articles (n = 12)

« Insufficiently large patient group (n = 4)

» Non-relevant patient group (n = 4)

* No relevant results reported (n = 3)

30 articles excluded that did not
evaluate NVD

Articles utilized | l
in meta-analysis

9 articles included in
analyses of changes
versus placebo/no
treatment

FIGURE 1: Study selection.

1ng/mL increase in baseline 25(0H)D corresponding with an
approximate 1.9pg/mL lower reduction in PTH (Panel b of
Supplementary data, Figure S6; P=0.035). Meta-regressions us-
ing the other covariates mean age, percent of female partici-
pants, baseline values of eGFR, baseline values of PTH, assessed
risk of bias and study length yielded no definite conclusion as to
whether any of these characteristics explain the heterogeneity
found in the study level results (Supplementary data, Figures S6
and S7).

Results on calcium, phosphate and FGF23

Supplementation with NVD significantly increased levels of cal-
cium versus placebo/no treatment, with a pooled increase of
0.23mg/dL (95% CI 0.12-0.34¢mg/dL) from the fixed-effects
model and 0.24mg/dL (95% CI 0.08-0.40mg/dL) from the
random-effects model (Supplementary data, Figure S8). Versus
placebo/no treatment, there were no statistically significant
effects found on levels of phosphate or FGF23 (Supplementary
data, Figures S9 and S10) from supplementation with NVD.
Incidence rates of hypercalcaemia and hyperphosphataemia
were rarely reported in the included publications and were low
when reported.

DISCUSSION

We performed a meta-analysis on the effects of supplementa-
tion with NVD on several biomarkers in patients with ND-CKD,
using evidence identified in a systematic review of RCTs. The
results showed that supplementation with the NVD cholecalcif-
erol and ergocalciferol caused only marginal PTH reductions in
the NVD study arms. Differences in PTH were more pronounced

I

14 articles included in

analyses of changes

within the NVD study
arms

when compared with changes in study arms receiving placebo
treatment or no treatment, as PTH in the comparison groups of-
ten increased further. This indicates that NVD might be effec-
tive in preventing further increases in PTH but less effective in
reducing PTH in patients with significantly increased levels.

Supplementation with cholecalciferol and ergocalciferol
raised levels of 25(0OH)D in all analyses, but large variations in
the sizes of the study level effects make precise gauging of a
true overall effect size difficult. Analyses of end-of-study values
of 25(0OH)D indicate that NVD can likely be used to raise 25(0H)D
>30ng/mL, while there is limited potential to raise 25(0H)D
above the approximate threshold of 50 ng/mL, which might be
necessary for clinically meaningful PTH responses in CKD
patients as suggested by Strugnell et al. [16] and Ennis et al. [17].
Indeed, there are studies showing that increasing 25(OH)D
levels above such thresholds can be achieved by providing calci-
fediol in a slow and gradual manner, which can be achieved
with an extended-release formulation of calcifediol (ERC). ERC
is indicated for the treatment of SHPT in CKD Stages 3 and 4
patients and vitamin D insufficiency or deficiency and has been
shown to gradually raise serum 25(OH)D, resulting in progres-
sive but physiologically controlled increases in serum levels of
1,25(0OH)2D and sustained reductions in PTH levels without
signs of any clinically relevant increases in serum phosphate
and calcium [11, 16, 35].

Additional analyses showed statistically significant
increases in calcium from supplementation with NVD versus
placebo/no treatment. The observed effects on phosphate
and FGF23 were minimal and incidences of hypercalcaemia
and hyperphosphataemia were very low, corroborating the
findings of limited toxicity from high levels of 25(OH)D in
Strugnell et al. [16].
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FIGURE 2: Changes in PTH (pg/mL) from baseline to end of study in the NVD study arms. ES, effect size.
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FIGURE 3: Changes in PTH (pg/mL) from NVD supplementation versus placebo/no treatment. WMD, weighted mean difference.

Previous meta-analyses on vitamin D supplementation in
CKD were not planned to study solely ND-CKD patients and
lacked sufficient statistical power from RCTs to draw any strong
conclusions for the cohort of patients with ND-CKD. Kandula

et al. [35] included six observational studies and two RCTs that
reported results for patients with ND-CKD. The pooled results
from the observational evidence in patients with ND-CKD show
an increase of 19ng/mL in 25(0H)D and a 26 pg/mL reduction in
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FIGURE 4: Changes in 25(0H)D (ng/mL) from baseline to end of study in the NVD study arms, ES, effect size.
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FIGURE 5: Changes in 25(0OH)D (ng/mL) from NVD supplementation versus placebo/no treatment. WMD, weighted mean difference.
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PTH from supplementation with NVD, while the pooled results
from the two RCTs comprising ND-CKD patients are not
reported separately.

In a more recent meta-analysis, Agarwal and Georgianos [36]
identified four RCTs that evaluated vitamin D supplementation
in ND-CKD. In an erratum to the original article, the authors
present statistically significant pooled increases in 25(0OH)D
ranging from 12 to 21 ng/mL (depending on the model used) and
statistically significant lowering of PTH when compared with
placebo ranging from —62 to —58 pg/mL from supplementation
with NVD. Nonetheless, the substantial heterogeneity in study-
level effects and the low number of studies and patients in-
cluded in the analysis lead the authors to conclude that recom-
mendations to use NVD in ND-CKD are not justified based on
their evidence.

While confirming the conclusions that vitamin D supple-
mentation can increase levels of 25(0H)D compared with pla-
cebo or no treatment as presented in Kandula et al. [35] and
Agarwal and Georgianos [36], the present meta-analysis pro-
vides evidence that levels of 25(OH)D tend to increase in
patients receiving NVD supplementation, eliminating potential
concerns that previously published results are driven by reduc-
tions in 25(OH)D in comparator groups.

Concerning the effects of NVD on levels of PTH, our findings
indicate statistically significant reductions in PTH from NVD
supplementation in all analyses. Nonetheless, our dual analy-
ses of effects as compared with placebo/no treatment and of the
effects in the NVD study arms show that only a small part of the
difference versus placebo/no treatment can be attributed to PTH
decreases in patients receiving NVD. The analyses of changes in
PTH within the NVD study arms show a statistically significant
but low reduction in PTH, which might be of limited benefit for
patients that suffer from elevated levels of PTH or SHPT. The
benefits from supplementation with NVD on PTH levels may
therefore be interpreted as stemming largely from an avoidance
of further elevations in PTH levels, rather than actively lowering
PTH. Supplementation with NVD might consequently be of
more use to patients that are early in the development of SHPT,
while being limited in efficacy for patients with more advanced
SHPT and elevated levels of PTH. In a recent study, Westerberg
et al. [18] reached a similar conclusion after observing marginal
PTH reductions from NVD supplementation and increases in
PTH in placebo-treated patients. In their study, however, base-
line values of PTH and share of patients in CKD Stage 4 were
higher in the placebo arm than in the NVD arm (P-value be-
tween groups =0.09 for both PTH and CKD stage distribution),
indicating that patients in the placebo-arm had more pro-
gressed SHPT at baseline and were prone to additional PTH
increases. Additionally, a meta-regression indicated that PTH
reductions are larger in studies where baseline values of
25(OH)D are lower, seemingly reflecting a lack of impact from
NVD on PTH in patients with less severe vitamin D insuffi-
ciency. The results from this meta-regression should be inter-
preted with some caution, however, as the correlation is driven
to a large degree by two studies with a high risk of bias [25, 30]
and two studies with a moderate risk of bias [27, 28].

The present analysis is not without limitations. At the study
level, limitations stem from a combination of occasional lack of
transparency in study designs, non-blinding of treatment allo-
cation and non-standard reporting of effects, reducing the reli-
ability of the pooled effects. For this reason, sensitivity analyses
were performed using a subset of more comparable and higher-
quality studies, which gave no indication that low-quality and
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potentially incomparable effect estimates distort the overall
results.

Additionally, large variations in effect sizes at the study level
caused moderate to high levels of heterogeneity in all out-
comes, thereby making it difficult to draw any conclusions on
what the true effect sizes may be. To investigate this heteroge-
neity, meta-regressions were performed using a broad set of
covariates relating patients and study characteristics, but
yielded no conclusive results on what underlying characteris-
tics may cause the heterogeneous results. As such, uncertainty
regarding the variation in effect sizes remains. Furthermore, in-
vestigation of any long-term effects is prohibited by the rela-
tively short study durations (average approximate 6 months) in
the included studies. Measures of uncertainty are also inherent
in the biomarker outcomes analysed in this study, e.g. due to
seasonal variability and variation over test assays. In particular,
PTH is known to have a wide variance within patients over rela-
tively short time spans. Therefore, repeated measurements at
the end-of-studies might yield a more reliable effect measure.
To our knowledge, however, the effects of NVD on the bio-
markers are evaluated by a single measurement in the included
studies, which could contribute to the heterogeneity observed
in the study-level results.

This meta-analysis presents, to the best of our knowledge,
the most comprehensive evidence to date regarding the effects
from supplementation with NVD on the biomarkers PTH and
25(0OH)D in ND-CKD patients based on the randomized clinical
evidence. Our novel approach of separating the effects com-
pared with study arms receiving placebo or no treatment and
the effects within the NVD study arms shines a new light on the
underlying mechanisms of vitamin D supplementation in ND-
CKD. Our results suggest that supplementation with NVD in
patients with ND-CKD is probably useful in raising low levels of
25(0OH)D. However, the increase in 25(0OH)D levels is often not
sufficiently large to induce PTH-lowering effects and to mean-
ingfully reduce levels of PTH in patients with SHPT.
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