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Abstract
Background: Vitamin D repletion is recommended for sec-
ondary hyperparathyroidism (SHPT) and associated vitamin 
D insufficiency (VDI) in chronic kidney disease (CKD), but op-
timal levels of serum total 25-hydroxyvitamin D remain un-
defined. Clinical practice guidelines target sufficiency, 
whereas recent data indicate that higher levels are required 
to control the elevation of intact parathyroid hormone 
(iPTH) as CKD advances. This secondary analysis of 2 ran-
domized controlled trials seeks to identify the minimum lev-
el of mean serum 25-hydroxyvitamin D required to control 
SHPT arising from VDI in stage 3 or 4 CKD. Methods: Adult 
subjects (n = 429) with SHPT, VDI, and stage 3 or 4 CKD were 
stratified by stage and treated daily with either extended-
release calcifediol (ERC) or placebo in 2 identical, parallel, 
randomized, double-blind studies. After treatment for 
26 weeks, all subjects were ranked by the level of serum to-
tal 25-hydroxyvitamin D and divided into quintiles in order 

to examine the relationships between the degree of vitamin 
D repletion and the associated changes in plasma iPTH, se-
rum bone turnover markers, calcium, phosphorus, intact fi-
broblast growth factor 23 (FGF23) and vitamin D metabo-
lites, estimated glomerular filtration rate (eGFR), and urine 
calcium:creatinine (Ca:Cr) ratio. Results: Progressive increas-
es in serum 1,25-dihydroxyvitamin D and reductions in plas-
ma iPTH and serum bone turnover markers were observed 
as mean posttreatment serum 25-hydroxyvitamin D rose 
from 13.9 ng/mL (in Quintile 1) to 92.5 ng/mL (in Quintile 5), 
irrespective of CKD stage. Mean serum calcium, phosphorus 
and FGF23, eGFR, and urine Ca:Cr ratio (collectively “safety 
parameters”) did not significantly change from Quintile 1. 
Suppression of iPTH and bone turnover markers was not ob-
served until serum 25-hydroxyvitamin D rose to at least 
50.8 ng/mL (Quintile 3). Conclusion: ERC therapy produced 
exposure-dependent reductions in plasma iPTH and bone 
turnover markers only when mean serum total 25-hydroxyvi-
tamin D reached at least 50.8 ng/mL, indicating that current 
targets for vitamin D repletion therapy in CKD are too low. 
Gradual elevation of mean serum 25-hydroxyvitamin D to 
92.5 ng/mL was not associated with significant adverse 
changes in safety parameters. © 2019 S. Karger AG, Basel
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Introduction

Secondary hyperparathyroidism (SHPT) commonly 
develops with progressive chronic kidney disease (CKD) 
and is characterized by overproduction of intact parathy-
roid hormone (iPTH) and hypertrophy of the parathy-
roid glands [1]. It is associated with low serum total 
25-hydroxyvitamin D, elevation of serum phosphorus 
and fibroblast growth factor 23 (FGF23), and decreased 
serum 1,25-dihydroxyvitamin D and calcium. Untreated, 
SHPT can lead to bone disease, increased fracture rates, 
vascular calcification, morbidity, and mortality [2].

There is a general agreement that vitamin D insuffi-
ciency (VDI) is more prevalent in CKD than in the gen-
eral population [3, 4] and a modifiable risk factor for 
SHPT that should be corrected in CKD [5–7]. Supple-
mentation with nutritional vitamin D (ergocalciferol or 
cholecalciferol) is recommended by clinical practice 
guidelines [5–7] despite its effectiveness for SHPT re-
maining unproven in randomized clinical trials (RCTs) 
[7–9]. Consensus, however, is lacking on the definition of 
vitamin D sufficiency in CKD. In 2003, the National Kid-
ney Foundation defined vitamin D sufficiency as serum 
total 25-hydroxyvitamin D concentrations of ≥30 ng/mL 
[5], and in 2011, the Endocrine Society defined it as con-
centrations between 30 and 100 ng/mL [10]. The United 
States (US) Institute of Medicine (IOM) disagreed stating 
in 2011 that “practically all persons are sufficient at serum 
25-hydroxyvitamin D levels of at least 20 ng/mL” [11]. 

Recent studies have demonstrated that serum total 
25-hydroxyvitamin D levels well above 20 ng/mL are re-
quired to effectively treat SHPT in patients with CKD. In 
2014, one RCT demonstrated that suppression of plasma 
iPTH with extended-release calcifediol (ERC) was direct-
ly proportional to increases in serum total 25-hydroxyvi-
tamin D above 20 ng/mL in patients with estimated 
glomerular filtration rates (eGFR) of ≥25 to < 70 mL/
min/1.73 m2. Levels as high as 85 ng/mL were insufficient 
to bring mean iPTH into the normal range [12]. A large 
cross-sectional study concluded that 25-hydroxyvitamin 
D levels well above 42–48 ng/mL were required for nor-
malization of elevated PTH levels in more advanced CKD 
[13]. Data from 2 RCTs with ERC in patients with stage 3 
or 4 CKD demonstrated that serum total 25-hydroxyvita-
min D levels averaging approximately 68 ng/mL were re-
quired for effective iPTH suppression [14]. No evidence 
of increased rates of hypercalcemia or hyperphosphate-
mia with higher levels of 25-hydroxyvitamin D were ob-
served in these studies. According to the IOM [11], “there 
may be reason for concern at serum 25-hydroxyvitamin 

D levels above 50 ng/mL,” based on observational studies 
of all-cause mortality in elderly subjects [15, 16] and the 
general population [17], and on the incidence of cancer 
[18–20].

Herein, we report a secondary analysis of pooled data 
from the 2 most recent RCTs conducted with ERC in pa-
tients with stage 3 or 4 CKD [14]. This analysis focuses 
primarily on the observed changes in plasma iPTH, se-
rum bone turnover markers, and widely accepted safety 
parameters as a function of gradual, progressive increas-
es in mean serum total 25-hydroxyvitamin D well 
above 20 or 30 ng/mL and seeks to identify the minimum 
level of 25-hydroxyvitamin D required to halt SHPT pro-
gression.

Materials and Methods

Study Design
Two identical 26-week multicenter studies with randomized, 

double-blind, placebo-controlled designs enrolled a total of 429 
subjects from 89 US sites with SHPT (plasma iPTH ≥85 and 
< 500  pg/mL), stage 3 or 4 CKD (eGFR of ≥15 and < 60 mL/
min/1.73 m2), and VDI (serum total 25-hydroxyvitamin D ≥10 
and < 30 ng/mL). Other eligibility criteria included serum calcium 
≥8.4 and <9.8 mg/dL and serum phosphorus ≥2.0 and < 5.0 mg/
dL. Exclusion criteria included a spot urine calcium:creatinine 
(Ca:Cr) ratio of > 0.2, nephrotic range proteinuria (> 3 mg/mg Cr), 
and a history of parathyroidectomy for SHPT or renal transplan-
tation. Subjects were enrolled progressively from December 2012 
to January 2014 at sites of many different latitudes in order to 
minimize seasonal variation in mean baseline serum total 25-hy-
droxyvitamin D. Further details regarding these studies have been 
previously published [14, 21].

Subjects were stratified by CKD stage and were randomized in 
a 2: 1 ratio to receive a once daily 30 μg oral dose of ERC (or match-
ing placebo) for 12 weeks at bedtime followed by an additional 
14 weeks of treatment with once daily bedtime doses of either 30 
or 60 μg of ERC (or placebo). The daily dose was increased to 60 μg 
at the start of week 13 if plasma iPTH remained > 70 pg/mL (the 
upper limit of the laboratory reference range), serum total 25-hy-
droxyvitamin D was < 65 ng/mL (to reduce the risk of driving val-
ues above 100 ng/mL), and serum calcium was < 9.8 mg/dL. The 
sole primary efficacy end point was the proportion of subjects in 
the intent-to-treat (ITT) population that attained a mean decrease 
of ≥30% in plasma iPTH from pretreatment baseline in the effi-
cacy assessment period (EAP), defined as treatment weeks 20 
through 26.

Study Populations
A total of 213 subjects participated in the first of these 2 RCTs 

(141 ERC and 72 placebo) and 216 subjects in the other (144 ERC 
and 72 placebo), and 354 subjects (83%) completed the studies. 
Data from both RCTs were pooled because: (a) the studies were 
governed by a common protocol; (b) they were conducted con-
temporaneously using multiple sites within the continental US; 
(c) the subject populations were similar according to selection 
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criteria and actual baseline demographic and biochemical charac-
teristics; and (d) the changes observed in serum total 25-hy-
droxyvitamin D, serum total 1,25-dihydroxyvitamin D, and plas-
ma iPTH were similar during ERC or placebo treatment. In ag-
gregate, 222 subjects (51.7%) had stage 3 CKD (151 ERC and 71 
placebo), and 207 subjects (48.3%) had stage 4 CKD (134 ERC and 
73 placebo). 

The ITT population included all subjects (n = 429) who were 
randomized to study drug. Subjects in the ITT population had a 
mean age of 66 years (range 25–85), 50% were male, 65% White, 
32% African-American or Black, 21% Hispanic, and 3% other. The 
most common causes of CKD were diabetes and hypertension, and 
the mean eGFR was 31 mL/min/1.73 m2. The per-protocol (PP) 
population included all subjects (n = 356) who did not have a ma-
jor protocol deviation and for whom at least 2 serum total 25-hy-
droxyvitamin D and 2 plasma iPTH determinations were included 
in the calculated baseline value and in the EAP, defined as treat-
ment weeks 20 through 26. Demographic and baseline data for the 
PP population are summarized in Table 1, grouped by CKD stage. 
Only analyses of the PP population are reported here as they yield-
ed results that did not differ materially from those based on analy-
ses of the ITT population, and because the number of subjects re-
mained constant across the 26-week treatment period. Sixty-two 
ITT subjects were excluded because they discontinued treatment 
prior to the EAP, and 11 for major protocol violations: receipt of 

prohibited concomitant medication (n = 4); failure to meet all se-
lection criteria (n = 3); dosing compliance < 80% (n = 3); and pre-
mature unblinding (n = 1).

Laboratory and Clinical Procedures
Blood and spot urine samples were collected at weekly or bi-

weekly intervals and analyzed during the applicable stability win-
dows (documented in validation reports) at PPD Global Central 
Labs (Highland Heights, KY, USA). Plasma iPTH levels were de-
termined by two-site sandwich electrochemiluminescence (Roche 
Elecsys; reference range 15–65 pg/mL; %CV 2.7). Serum total 
25-hydroxyvitamin D was determined by chemiluminescence (Di-
aSorin), and serum total 1,25-dihydroxyvitamin D was deter-
mined by radioimmunoassay (IDS). Serum 25-hydroxyvitamin D3 
(lower limit of quantitation: 5.00 ng/mL; %CV of 0.82–1.84 with-
in-run, 2.01–4.26% between-run) and 24,25-dihydroxyvitamin D3 
(lower limit of quantitation: 0.52 ng/mL; %CV 2.18–4.60 within-
run, 3.79–9.29 between-run) were determined by LC–MS (Syneos) 
for the purpose of calculating the vitamin D metabolite ratio 
(VMR), calculated as serum 24,25-dihydroxyvitamin D3/serum 
total 25-hydroxyvitamin D3 * 100. Serum (rather than plasma) in-
tact FGF23 levels were determined by enzyme-linked immunosor-
bent assay (Millipore; reference range 0–50 pg/mL; %CV 10.6) 
because of better recovery and long-term stability during valida-
tion. Serum collagen type 1 C-telopeptide (CTx-1) was measured 

Table 1. Demographic and baseline data for PP subjects grouped by CKD stage

CKD 3, mean (SE) CKD 4, mean (SE) Total

Number of subjects 185 171 356
Male 98 91 189
Female 87 80 167

Baseline eGFR 38.5 (0.6) 23.7 (0.4)3 31.4 (0.5)
Weight, kg 98.7 (1.8) 96.8 (1.9) 97.8 (1.3)
BMI, kg/m2 35.1 (0.6) 34.2 (0.6) 34.7 (0.4)
Age, years 65.4 (0.8) 65.3 (0.9) 65.4 (0.6)
Serum total 25(OH)D, ng/mL 19.9 (0.4) 19.2 (0.4) 19.6 (0.3)
Serum total 1,25(OH)2D, pg/mL 39.7 (1.0) 29.9 (1.0)3 34.5 (0.7)
Serum 24,25(OH)2D3, ng/mL 1.09 (0.04) 1.02 (0.03) 1.05 (0.02)
Plasma iPTH, pg/mL 129.5 (3.0) 160.1 (4.9)3 144.2 (2.9)
Serum total alkaline phosphatase, U/L 92.4 (2.1) 94.2 (2.5) 93.2 (1.6)
Serum BSAP, U/L 36.8 (1.3) 39.3 (1.5) 38.0 (1.0)
Serum CTx-1, pg/mL 602 (24) 841 (32)3 717.6 (20.8)
Serum P1NP, ng/mL 86.1 (3.5) 110.5 (5.5)2 98.0 (3.3)
Serum calcium, mg/dL 9.3 (0.03) 9.2 (0.03)1 9.3 (0.02)
Serum phosphorus, mg/dL 3.6 (0.04) 3.9 (0.04)3 3.7 (0.03)
Serum FGF-23, pg/mL 38.2 (3.2) 42.0 (4.0) 40.3 (2.6)
Urine Ca:Cr ratio, g/g creatine 0.046 (0.005) 0.031 (0.003)1 0.039 (0.003)

1 Significantly different from CKD 3 subjects, p < 0.05.
2 Significantly different from CKD 3 subjects, p < 0.001.
3 Significantly different from CKD 3 subjects, p < 0.0001.
PP, per-protocol; BMI, body mass index; iPTH, intact parathyroid hormone; Ca:Cr, calcium:creatinine; eGFR, 

estimated glomerular filtration rate; CKD, chronic kidney disease; FGF23, fibroblast growth factor 23; BSAP, 
bone-specific alkaline phosphatase; CTx-1, C-terminal collagen crosslinks; P1NP, procollagen I amino-terminal 
propeptide.
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by electrochemiluminescence (Roche Cobas; reference range 
0–856 pg/mL; %CV 1.4). Intact procollagen type 1 N-terminal pro-
peptide (P1NP) was determined by chemiluminescence immuno-
assay (Roche Cobas; reference range 13.8–88 ng/mL; %CV 5.0), an 
assay which measures monomers that potentially accumulate in 
CKD patients, leading to falsely elevated results. Bone-specific al-
kaline phosphatase was determined by ELISA (Quidel; reference 
range 14.9–42.4 U/L, %CV 7.7), an assay which measures activity 
rather than mass. Total alkaline phosphatase was measured by 
enzymatic assay (Roche Cobas; reference range 43–115 U/L; 
%CV  2.0). Other parameters were determined by standard proce-
dures. Serum calcium values were corrected for low albumin.

Results

Analyses by CKD Stage
Changes from pretreatment baseline in mean serum 

total 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D 
and plasma iPTH in response to treatment with ERC or 
placebo were examined by CKD stage both midway 
through the study (at treatment weeks 8–12) and at the 
EAP (treatment weeks 20–26). ERC increased mean se-
rum 25-hydroxyvitamin D similarly versus placebo (p < 
0.0001) in both CKD stages at mid-study and at the EAP 
(Fig.  1a). ERC also increased mean serum 1,25-dihy-
droxyvitamin D and reduced mean plasma iPTH simi-
larly versus placebo (p < 0.05 to 0.0001) in both CKD stag-
es at mid-study and at the EAP (Fig. 1b, c). Values for 
serum 1,25-dihydroxyvitamin D and plasma iPTH were 
expressed as percentages of baseline since subjects with 
stage 3 CKD had different mean baseline values than sub-
jects with stage 4 CKD (Table 1). Given the lack of stage-
specific responses for these 3 key parameters, all further 
analyses were completed without regard to CKD stage.

Analyses by Posttreatment  
25-Hydroxyvitamin D Quintile
All subjects, whether treated with ERC or placebo, 

were subsequently ranked by mean posttreatment (EAP) 
serum total 25-hydroxyvitamin D levels and divided into 
quintiles, with Quintile 1 being defined as subjects with 
the lowest levels and Quintiles 2–5 as those with progres-
sively higher levels. The mean (SE) posttreatment 25-hy-
droxyvitamin D values in each quintile are noted at the 
top of Table 2 where the demographic and baseline char-
acteristics of the PP subjects are summarized (by quintile) 
and at the left in Table 3. Means for Quintiles 2–5 were all 
significantly greater than the corresponding mean for 
Quintile 1 (p < 0.0001). The proportions of subjects treat-
ed with placebo in Quintiles 1 and 2 were 96 and 76%, 
respectively. There were no placebo subjects in Quintiles 

3–5. Data from Quintiles 2–5 were compared to those 
from Quintile 1 by one-way ANOVA with subsequent 
Bonferroni’s correction. Mean (SE) serum total 25-hy-
droxyvitamin D at baseline ranged from 16.1 (0.6) to 21.7 
(0.6) ng/mL (p < 0.05) within the individual quintiles. Sig-
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Fig. 1. Changes in serum 25-hydroxyvitamin D, 1,25-dihydroxyvi-
tamin D, and plasma iPTH by treatment group and CKD stage. 
Mean (SE) data from PP subjects at pretreatment baseline (week 
0), weeks 8–12 and weeks 20–26 were analyzed by treatment group 
and CKD stage. Differences between active and corresponding pla-
cebo groups or between CKD stages were calculated by t test. a 
Serum total 25-hydroxyvitamin D (25-OH-D). b Serum total 
1,25-dihydroxyvitamin D (1,25[OH]2D). c Plasma iPTH. ¶ Signif-
icantly different from corresponding placebo group, p < 0.05; 
¶¶ Significantly different from corresponding placebo group, p < 
0.01; ¶¶¶¶  Significantly different from corresponding placebo 
group, p < 0.0001.
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nificant variations between quintiles at baseline were also 
apparent for mean body weight, body mass index, and 
age, as noted, but no differences were detected for mean 
eGFR or for mean serum and urine parameters associated 
with mineral and bone metabolism.

Serum Total 1,25-Dihydroxyvitamin D
Mean (SE) posttreatment serum total 1,25-dihy-

droxyvitamin D increased progressively across the quin-
tiles from 34.3 (1.3) pg/mL in Quintile 1 to 48.5 (2.1) pg/
mL in Quintile 5. Means for Quintiles 2–5 were all sig-
nificantly greater than the mean for Quintile 1 (p < 0.01).

Serum 24,25-Dihydroxyvitamin D3 and VMR
Mean (SE) posttreatment serum 24,25-dihydroxyvi-

tamin D3 increased progressively from 0.7 (0.04) in 
Quintile 1 to 5.6 (0.27) ng/mL in Quintile 5. Values dif-
fered from Quintile 1 for only for the 2 highest quintiles 
(p < 0.05). Mean (SE) posttreatment VMR rose progres-
sively from 3.6 (0.22) for Quintile 1 to 4.8 (0.22) in 
Quintile 4 but remained stable thereafter at 4.7 (0.19) in 
Quintile 5.

Plasma iPTH
Mean (SE) plasma iPTH trended upward during treat-

ment in Quintiles 1 and 2, which included mostly placebo 
subjects, but decreased (p < 0.05) progressively in the 3 
higher quintiles (Table 3; Fig. 2a). Mean posttreatment 
iPTH was 166 (10) pg/mL in Quintile 1 and was signifi-
cantly lower (p < 0.001) in Quintiles 3–5, reaching 115 (6), 
101 (5), and 97 (5) pg/mL, respectively (Fig. 2b). The ob-
served reductions in iPTH appeared to attenuate as mean 
serum total 25-hydroxyvitamin D approached the highest 
level. The proportion of subjects who attained a mean de-
crease of ≥30% in plasma iPTH from pretreatment base-
line in the EAP was 8.5% in Quintiles 1 and 2 and then 
increased in a linear fashion to 27.8% in Quintile 3, 42.3% 
in Quintile 4, and 57.7% in Quintile 5 (Fig. 3).

Serum Bone Turnover Markers
Changes in mean (SE) serum CTx-1, P1NP, bone-spe-

cific alkaline phosphatase, and total alkaline phosphatase 
within a given quintile with treatment duration and 
across quintiles at the end of treatment were similar to 
those observed for plasma iPTH (Fig. 2a, b). Mean post-

Table 2. Demographic and baseline data for PP subjects grouped by posttreatment 25-hydroxyvitamin D Quintile

Quintile 1 
25(OH)D 
13.9 (0.4), ng/mL,
mean (SE)

Quintile 2 
25(OH)D 
26.2 (0.6), ng/mL,
mean (SE)

Quintile 3
25(OH)D 
50.8 (0.8), ng/mL,
mean (SE)

Quintile 4 
25(OH)D 
68.9 (0.6), ng/mL,
mean (SE)

Quintile 5
25(OH)D 
92.5 (1.4), ng/mL,
mean (SE)

Number of subjects 71 71 72 71 71
Male 34 41 49 27 27
Female 37 30 23 44 44

Baseline eGFR 31.5 (1.0) 33.0 (1.4) 32.0 (1.3) 30.5 (1.1) 29.9 (1.2)
Weight, kg 96.5 (2.7) 101.2 (3.0) 105.9 (3.1) 96.2 (2.7) 89.0 (2.5)3, 6

BMI, kg/m2 34.6 (0.9) 35.3 (1.0) 36.5 (1.0) 34.4 (0.8) 32.5 (0.9)5

Age, years 63.4 (1.3) 63.0 (1.5) 64.9 (1.2) 67.0 (1.3) 68.5 (1.0)3

Serum total 25(OH)D, ng/mL 16.1 (0.6) 21.7 (0.6)2 18.5 (0.6)1, 4 20.8 (0.6)2 20.7 (0.6)2

Serum total 1,25(OH)2D, pg/mL 33.4 (1.6) 38.3 (1.8) 33.9 (1.6) 34.0 (1.6) 35.4 (1.5)
Serum 24,25(OH)2D3, ng/mL 0.8 (0.07) 1.1 (0.05) 0.9 (0.05) 1.0 (0.06) 1.2 (0.07)2

Plasma iPTH, pg/mL 157.0 (8.1) 140.6 (5.7) 142.3 (6.8) 134.5 (4.4) 146.7 (6.9)
Serum total alkaline phosphatase, U/L 97.8 (3.4) 85.9 (2.7) 93.7 (3.8) 94.4 (3.9) 94.4 (4.3)
Serum BSAP, U/L 40.8 (2.2) 35.0 (1.8) 35.5 (1.7) 39.3 (2.5) 39.4 (2.6)
Serum CTX-1, pg/mL 724 (49) 731 (53) 684 (41) 721 (44) 728 (46)
Serum P1NP, ng/mL 96.7 (6.3) 103.0 (10.7) 100.5 (6.6) 92.2 (5.9) 97.4 (6.4)
Serum calcium, mg/dL 9.3 (0.03) 9.2 (0.03) 9.3 (0.04) 9.2 (0.03) 9.2 (0.03)
Serum phosphorus, mg/dL 3.7 (0.06) 3.7 (0.07) 3.8 (0.06) 3.7 (0.07) 3.8 (0.07)
Serum FGF-23, pg/mL 34.7 (3.8) 44.1 (5.2) 45.4 (10.1) 36.1 (3.2) 43.1 (5.3)
Urine Ca:Cr ratio, g/g creatinine 0.038 (0.006) 0.045 (0.009) 0.036 (0.006) 0.039 (0.006) 0.037 (0.006)

1 Significantly different from Quintile 1, p < 0.05.
2 Significantly different from Quintile 1, p < 0.001.
3 Significantly different from Quintile 2, p < 0.05.
4 Significantly different from Quintile 2, p < 0.01.
5 Significantly different from Quintile 3, p < 0.05.
6 Significantly different from Quintile 3, p < 0.001.
PP, per-protocol; BMI, body mass index; iPTH, intact parathyroid hormone; Ca:Cr, calcium:creatinine; eGFR, estimated glomerular filtration rate; FGF23, 

fibroblast growth factor 23; BSAP, bone-specific alkaline phosphatase; CTx-1, C-terminal collagen crosslinks; P1NP, procollagen I amino-terminal propeptide.
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treatment values were within the laboratory normal rang-
es for all quintiles except for P1NP, which remained ele-
vated in Quintiles 1–3.

Safety Parameters
Mean (SE) posttreatment levels of serum calcium and 

phosphorus were 9.3 (0.05) and 3.8 (0.06) mg/dL, respec-
tively, in Quintile 1 and trended slightly upward across 
the other 4 quintiles, reaching 9.45 (0.03) and 4.0 (0.07) 
mg/dL, respectively, in Quintile 5. Mean (SE) posttreat-
ment values for eGFR and the urine Ca:Cr ratio varied 
without apparent trends among the 5 quintiles between 
27.8 (1.1) and 32.3 (1.6) mL/min/1.73 m2, and 0.03 (0.004) 
to 0.04 (0.006), respectively. Mean (SE) posttreatment 
levels of serum intact FGF23 in Quintiles 1–5 were 51.7 
(9.6), 63.3 (16.1), 50.6 (8.7), 44.9 (7.5), and 62.8 (7.9) 
pg/ mL, respectively. No significant differences were ob-
served between Quintile 1 and any of the higher quintiles 
(p = NS) for these 5 parameters.

Discussion/Conclusion

This post hoc analysis of pooled data from 2 identical 
26-week prospective, multicenter randomized, double-
blind, placebo-controlled studies conducted with ERC in 
patients with stage 3 or 4 CKD showed that mean reduc-
tions in plasma iPTH and serum bone turnover markers 
were proportional to increases in mean serum total 25-hy-
droxyvitamin D and independent of CKD stage. These 
findings support the conclusion that ERC suppresses el-
evated iPTH and bone turnover markers by gradually 
raising the circulating level of 25-hydroxyvitamin D. 
They further show that reducing iPTH and bone turnover 
markers in CKD patients requires mean serum 25-hy-
droxyvitamin D levels of at least 50.8 ng/mL, well above 
the targets in clinical practice guidelines of 20 or 30 ng/
mL [5, 10, 11], and suggest that normalization of iPTH, if 
desired, requires even higher levels than those evaluated 
here. Higher levels of serum 25-hydroxyvitamin D are 
readily achieved with ERC treatment and proportional to 
the administered dose [12]. iPTH normalization, how-
ever, may not be achievable in view of the apparent at-
tenuation in mean iPTH reduction at the highest level of 
mean serum total 25-hydroxyvitamin D (92.5 ng/mL) ex-
amined herein. This attenuation may be overcome with 
longer treatment or it may offer both protection from 
iPTH oversuppression and an indication of the appropri-
ate target for iPTH reduction in patients with stages 3–4 
CKD.Ta
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It is currently unknown whether normalization of 
iPTH is an appropriate goal of vitamin D repletion ther-
apy given that the optimal iPTH level in patients with 
stage 3 or 4 CKD remains undefined. The updated KDIGO 
CKD-mineral and bone disorder guideline (7) suggests 
that modest increases in PTH represent an appropriate 
adaptive response to declining kidney function and that 
overly aggressively use of vitamin D receptor (VDR) ac-
tivators increases the risk of adynamic bone disease. 
Therefore, reducing iPTH toward or into the normal 
range needs to be carefully evaluated in future studies.

Optimal levels of serum total 25-hydroxyvitamin D for 
controlling SHPT in predialysis CKD patients also re-
main undefined. Previous studies have documented sim-
ilar low levels of serum 25-hydroxyvitamin D levels in 
patients with stage 3 or 4 CKD, consistent with the data 
presented herein [22, 23]. Observational studies have 
shown that morbidity and mortality are increased in CKD 
patients with low serum 25-hydroxyvitamin D concen-
trations [24–28], and a recent prospective study suggest-
ed that increasing mean serum 25-hydroxyvitamin D in 

CKD patients to 94 ng/mL had a beneficial effect on car-
diovascular parameters such as reducing pulse wave ve-
locity [29]. Few other studies have examined the effects of 
25-hydroxyvitamin D at levels substantially above 30 ng/
mL in CKD patients. A cross-sectional study [13] con-
cluded that PTH levels in patients with stages 1–5 CKD 
progressively declined as serum 25-hydroxyvitamin D in-
creased above 30 ng/mL and that 25-hydroxyvitamin D 
levels well above 42–48 ng/mL would be required for 
iPTH normalization in the more advanced CKD. Data 
from 3 prospective controlled studies [12, 14], including 
the 2 presented herein, support higher serum total 25-hy-
droxyvitamin D targets in patients with stage 3 or 4 CKD. 

Of concern is the purported safety risk which the IOM 
has associated with serum total 25-hydroxyvitamin D lev-
els above 50 ng/mL [11] and speculations by others that 
the vitamin D toxicity can be encountered at levels of 100 
or 150 ng/mL [30, 31]. Elevated serum calcium (hypercal-
cemia) is the first sign of vitamin D toxicity. Severe hy-
percalcemia involving serum calcium levels far above 
normal can cause cardiac arrest and death. More moder-
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ate elevations in serum calcium levels, if allowed to persist 
for long periods, can lead to calcification of soft tissues, 
including kidneys and the vasculature [32], which can 
eventually be fatal. Clearly, massive doses of immediate-
release cholecalciferol, ergocalciferol, or calcifediol can 
produce severe hypercalcemia, hyperphosphatemia, and 
related mortality in man and animals, but the clinical 
threshold of toxicity remains poorly characterized. High 
serum levels of calcifediol or total 25-hydroxyvitamin D 
have been demonstrated to exert mass action effects on 
the VDR, mimicking the actions of 1,25-hydroxyvitamin 
D [33]. However, calcifediol has a low affinity for the 
VDR, estimated to be 500–1,000-fold lower than that of 
calcitriol [34, 35]. As a consequence, physiological con-
centrations of calcifediol exert little, if any, biological ac-
tions. Early signs that high serum calcifediol is exerting a 
mass action effect are suppression of CYP27B1 expres-
sion in the kidney, and the concomitant observation that 
serum total 1,25-dihydroxyvitamin D levels have been 
suppressed [36, 37]. These signs are not observed in ro-
dent models until serum total 25-hydroxyvitamin D is el-
evated to > 400 ng/mL [33, 37]. Previous studies with ERC 
have shown that the mean terminal elimination half-life 
of serum calcifediol is shorter (11 days in healthy volun-

teers and 25–50 days in patients with stage 3 or 4 CKD 
[21]) than those of cholecalciferol or ergocalciferol [38], 
thereby reducing the risk of toxicity. 

The present studies show that gradual elevation of 
mean serum total 25-hydroxyvitamin D with ERC to lev-
els as high as 92.5 ng/mL over a 26-week period had no 
adverse effects on mean serum calcium, phosphorus, 
FGF23, eGFR, VMR, or the urine Ca:Cr ratio and did not 
increase mean serum 1,25-dihydroxyvitamin D above the 
ULN (62 pg/mL). Extension of these studies to 52 weeks 
of ERC treatment [14] demonstrated no increased risks 
related to these parameters. One observational study has 
suggested a J-shaped association between serum 25-hy-
droxyvitamin D levels and all-cause mortality [39], while 
another study has shown an increased hazard ratio only 
at low levels of serum 25-hydroyvitamin D [40]. In the 
present studies, a positive correlation was observed be-
tween serum total 25-hydroxyvitamin D and 1,25-dihy-
droxyvitamin D, but no correlation was observed be-
tween serum total 25-hydroxyvitamin D and serum cal-
cium or phosphorus. The few episodes of hypercalcemia, 
observed in 2% of subjects treated with ERC, appeared 
unrelated to serum total 25-hydroxyvitamin D, as previ-
ously described [14]. The safety of serum total 25-hy-
droxyvitamin D levels above the range of 30–100 ng/mL, 
which has been approved for ERC by the US Food and 
Drug Administration, is unknown and is under investiga-
tion in further studies with ERC in CKD and other disease 
populations. 

Data from the present studies also showed that in-
creasing 25-hydroxyvitamin D exposures not only atten-
uated the progressive rise in serum bone turnover mark-
ers but also actually reduced the levels of these markers, 
suggesting improved control of high turnover bone dis-
ease and a reduction in the risk of related adverse sequel-
ae. Bone degradation and resulting fractures are a signif-
icant source of morbidity and mortality in CKD patients 
with SHPT [41]. Even mildly elevated PTH has recently 
been demonstrated to produce significant changes in 
bone architecture and reduce BMD at the spine [42]. Poor 
bone health has been strongly associated with vascular 
calcification and the associated high rates of cardiovascu-
lar morbidity and mortality in CKD [43] fostering con-
siderable interest in improving bone health and reducing 
health care costs by diagnosing and correcting the bone 
disease in patients with kidney disease.

Surprisingly, ERC treatment had similar effects in pa-
tients with either stage 3 or 4 CKD on serum total 25-hy-
droxyvitamin D and 1,25-dihydroxyvitamin D and on 
plasma iPTH. This finding goes against conventional wis-
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dom that calcifediol is less likely to be converted to 
1,25-dihydroxyvitamin D3 as CKD advances, due to de-
clining expression of CYP27B1 in the residual kidneys. 
However, calcifediol can be activated extrarenally by 
CYP27B1 in parathyroid and many other tissues [44, 45]. 
Extrarenal hormone production depends on sufficient 
circulating levels of 25-hydroxyvitamin D and may be en-
abled by levels well above 20–30 ng/mL. The present find-
ings indicate that (a) there is adequate renal CYP27B1 
activity in predialysis patients to activate 25-hydroxyvita-
min D and/or that (b) 25-hydroxyvitamin D is activated 
by CYP27B1 expressed outside the kidneys and released 
into circulation. It has been previously demonstrated that 
serum levels of 1,25-dihydroxyvitamin D rise in response 
to administered calcifediol in anephric patients [44]. It is 
plausible, therefore, that ERC raises serum total 25-hy-
droxyvitamin D to high enough levels to enable sufficient 
extrarenal 1,25-dihydroxyvitamin D production for PTH 
control. Additional studies are underway with ERC to as-
certain the extent and regulation of extrarenal activation, 
which is poorly understood in CKD patients. While se-
rum 24,25-dihydroxyvitamin D3 levels increased with 
ERC treatment, the VMR rose only moderately, suggest-
ing that there was no substantial induction of CYP24A1.

In conclusion, pooled data from 2 large prospective 
RCTs demonstrated that ERC safely increased 25-hy-
droxyvitamin D exposures in patients with stage 3 or 4 
CKD to levels well above those recommended in current 
clinical practice guidelines. Mean levels of serum total 
25-hydroxyvitamin D of at least 50.8 ng/mL were associ-
ated with proportional increases in serum 1,25-hy-
droxyvitamin D and decreases in plasma iPTH and serum 
bone turnover markers, and not associated with adverse 
changes in mean serum calcium, phosphorus, FGF23, 
eGFR or the urine Ca:Cr ratio. Elevation of mean serum 

total 25-hydroxyvitamin D to 92.5 ng/mL was insufficient 
to normalize plasma iPTH, suggesting that higher expo-
sures may be needed to optimally treat SHPT in stage 3 
or 4 CKD.
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