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Abstract

Objective It is uncertain whether increasing 25-hydrox-
yvitamin D (25-D) levels in chronic kidney disease (CKD)
patients above those recommended by current guidelines
result in progressive amelioration of secondary hyper-
parathyroidism. Our objective was to identify a potential
therapeutic 25-D target which optimally lowers plasma
parathyroid hormone (PTH) without producing excessive
hypercalcemia or hyperphosphatemia in CKD.

Methods We performed a cross-sectional analysis of
14,289 unselected stage 1-5 CKD patients from US pri-
mary care and nephrology practices utilizing a laboratory-
based CKD clinical decision support service between
September 2008 and May 2012. Estimated glomerular fil-
tration rate (eGFR), plasma PTH, and serum 25-D, calci-
um, and phosphorus results were analyzed.

Results In CKD stages 3-5, progressively higher 25-D
pentiles contained progressively lower mean PTH levels.
Regression analysis of log PTH on 25-D was significant in
all CKD stages with no evidence of a decreasing effect of
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25-D to lower PTH until 25-D levels of 42-48 ng/ml.
Progressively higher 25-D concentrations were not asso-
ciated with increased rates of hypercalcemia or
hyperphosphatemia.

Conclusions We found evidence for an optimal level of
25-D above which suppression of PTH progressively di-
minishes. This level is more than twice that currently
recommended for the general population. We found no
association between these higher 25-D levels and hyper-
phosphatemia or hypercalcemia. Additional prospective
trials seem appropriate to test the idea that 25-D levels
around 40-50 ng/ml could be a safe and effective treatment
target for secondary hyperparathyroidism in CKD.

Keywords Calcium - Chronic kidney disease -
Parathyroid hormone - Phosphorus - 25-Hydroxyvitamin D

Introduction

It is well established that 25-hydroxyvitamin D (25-D)
deficiency is prevalent in chronic kidney disease (CKD)
patients [1-5], and likely exacerbates the deficiency of 1,
25-dihydroxyvitamin D (1, 25-D) [6-8]. Data suggest that
repletion of 25-D in CKD stages 3 and 4 improves levels of
1, 25-D [9] and therefore may improve gut calcium (Ca)
absorption [10] and bone histology [11], and suppress
secondary hyperparathyroidism [12]. However, the optimal
25-D treatment target in CKD is unclear.

Kidney Disease: Improving Global Outcomes (KDIGO)
guidelines recommend that “vitamin D deficiency be cor-
rected using treatment strategies for the general population
[13].” For the general population, the Institute of Medicine
(IOM) has recently concluded that increasing 25-D levels
above 20 ng/ml does not confer further benefits as judged
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by reduction of parathyroid hormone (PTH) [14]. It is
unclear whether the IOM recommendation is applicable to
patients with CKD, in whom secondary hyperparathy-
roidism is pronounced and multifactorial. The argument
against more aggressive replacement would be concern for
precipitating hypercalcemia or hyperphosphatemia.

Recent studies of treatment with nutritional vitamin D in
CKD patients suggest a reduction in PTH with increasing
levels of 25-D [9, 12, 15-25]. The majority of these studies
focused on patients in CKD stages 3 and 4 [9, 15, 16, 18—
20, 23]. However, no study has documented an optimal
level of 25-D above which further reductions in PTH be-
come minimal. We have analyzed a large, national data-
base of patients in all 5 stages of CKD, from a variety of
clinical practices, in order to identify what that optimal
level of 25-D might be, and if such a level is associated
with elevations in serum Ca or phosphorus (P). In addition,
we sought to determine if the optimal level might be CKD
stage-specific.

Materials and methods
Patients

For this cross-sectional analysis, we studied 14,289 patients
drawn from unselected US physician practices (76.9 %
nephrology, 22.8 % primary care, 0.3 % other specialty)
making use of a laboratory-based CKD clinical decision
support service (Litholink® Corporation, Chicago, IL, a
subsidiary of LabCorp®) from September 2008 through
May 2012. For each patient we selected the first complete
set of laboratory data that contained serum creatinine for
calculation of estimated glomerular filtration rate (eGFR),
serum Ca, P, and 25-D, and plasma PTH all drawn on the
same day. Only one set of labs per patient was utilized for
this analysis. PTH was analyzed using Roche Diagnostics
Operations, Inc. (Roche) reagent on a Roche Elecsys® or
COBAS® E platform. 25-D was analyzed with DiaSorin
Liaison® 25 OH Vitamin D Total reagent on the Diasorin
Liaison® instrument. Serum Ca and P were analyzed with
Roche reagent [1]. Serum creatinine was analyzed using
the kinetic Jaffe method on a Roche platform.

All laboratory data were ordered for clinical manage-
ment and treatment decisions were at the discretion of the
ordering clinician. eGFR calculations were made using
the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EP]) formula and were corrected for race when
available. CKD stage was assigned based upon level of
eGFR. Because clinicians chose to enroll patients in the
Litholink® CKD program, it was assumed that the diag-
nosis of CKD was made a priori by the clinician based
upon available clinical data. No patient in stage 5
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received renal replacement therapy. Review exemption
was granted from Western Institutional Review Board,
Olympia, WA.

Analysis

Serum 25-D values were divided into pentiles using con-
ventional methods. For convenience, we have labeled the
pentiles in alphabetical order from A to E and refer to them
in that manner in Results (A <17.8 ng/ml, B 17.8-24.9 ng/
ml, C 25-31 ng/ml, D 31.1-39 ng/ml, E >39 ng/ml).
ANOVA, general linear models, univariate regression, and
comparison of group means were performed with con-
ventional statistical software (SYSTAT® Software, Inc.,
San Jose, CA). Tukey’s Honestly Significant Difference
Test was used to adjust for multiple pairwise comparisons
within ANOVA models. Because PTH distributions depart
markedly from normality [1], we log transformed PTH and
performed both the ANOVAs and regression analyses on
log transformed data. Untransformed PTH values were
plotted on a log scale for visual clarity. Significance was
taken as P < 0.05.

In order to determine the optimal 25-D level, we fitted
log transformed PTH vs 25-D using nonlinear regression.
Graphically, we inspected our data using both density-
weighted least square and LOWESS non-parametric
smoothers. Both revealed a flattening tendency of the re-
gression compared to simple linear modeling. To determine
the point at which linear regression deviated from the data,
we performed cubic nonlinear regression and estimated the
significance of the second and third order terms. We found
significance and therefore obtained the approximate points
of departure from linear using graphical interpolation from
function plotting of the linear and cubic regressions. To
sharpen the resolution, we calculated the difference func-
tion between linear and cubic, plotted the difference
function, and determined the points at which it passed
through zero. The full set of polynomial coefficients are
submitted as supplemental information (Table S1); the
graphs used for interpolation of separation points are in-
cluded as supplemental figures S1 and S2.

Results
Patients

We studied 14,289 unselected patients (52 % female;
Table 1). Mean age and all laboratory variables except
25-D varied progressively with CKD stage by linear trend
analysis (P < 0.001). As expected, Ca values were lower,
and P and plasma PTH values were higher with progressive
fall in eGFR.
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Table 1 Mean values by CKD stage

CKD stage N (% female) Age (years) eGFR 25-D (ng/ml) PTH (pg/ml) Ca (mg/dl) P (mg/dl)

1 513 (58) 49.7 £ 0.6 101.8 + 0.5 25.1 £ 0.6 37+1 9.46 £+ 0.02 348 £+ 0.02
2 1869 (50) 629 + 0.3 70.7 £ 0.2 28.8 £ 0.3 42 + 1 9.53 + 0.01 3.46 £+ 0.01
3 8096 (51) 709 + 0.1 43.1 + 0.1 30.0 = 0.1 53 +£04 9.48 + 0.01 3.56 £+ 0.01
4 3283 (54) 726 £ 0.2 23.1 £ 0.1 28.3 £ 0.2 89 £+ 1 9.36 + 0.01 3.93 £ 0.01
5 528 (57) 68.5 £ 0.6 11.2 £ 0.1 25.6 + 0.6 190 £ 9 9.11 + 0.04 4.76 £ 0.05
All 14289 (52) 69.4 + 0.1 43.0 £ 0.2 29.1 £ 0.1 64 + 0.6 9.44 4+ 0.01 3.68 £+ 0.01

Values are mean + SEM

25-D 25-hydroxyvitamin D, Ca serum calcium, P serum phosphorus

Linear trend analysis was significant (P < 0.001) for all variables except 25-D

Plasma PTH by 25-D pentile
PTH changes between CKD stages within 25-D pentile

Within each 25-D pentile, PTH values for each CKD stage
are distributed vertically in ascending order (stages 1-5).
PTH was progressively higher with advancing CKD stage
(Fig. 1). Within each pentile, all comparisons between
CKD stages were significant expect for stages 1 vs. 2, and,
in pentile E, between stages 1 and 3.

PTH changes across 25-D pentiles within CKD stage

Within stages 3, 4, and 5, all differences between 25-D
pentiles were significant except for the following: pentiles
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Fig. 1 Plasma PTH by 25-hydroxyvitamin D pentile and CKD stage.
PTH values (y-axis) are mean £ SEM. Dashed horizontal line is at
65 pg/ml, the upper limit of the PTH reference interval. Dashed lines
connect symbols within CKD stage for ease of visualization.
Horizontal gray bars are a visual guide to PTH values by CKD
stage within 25-D pentile. Statistical analyses are in “Results”

B vs C and D vs E in stage 3, D vs E in stage 4, and in stage
5,BvsCand D, CvsD, and D vs E (Fig. 1). Within stage
2, pentile A differed from C, D, and E. In stage 1, there
were no significant differences between 25-D pentiles.
With advancing CKD stage, progressively higher 25-D
pentiles contained progressively lower mean PTH values.
Adjustment of PTH levels for Ca did not alter the results
(data not shown).

Regression of PTH on 25-D by CKD Stage
Linear regression analysis

The variations of mean PTH values within 25-D pentiles
imply that PTH should show significant regression on
25-D levels generally and within CKD stage. This con-
jecture is supported by regression analysis (Fig. 2). In all
5 CKD stages, the regression coefficient for log PTH on
25-D differed significantly from zero (Fig. 2, compare
regression equations across panels). The magnitude of the
regression coefficient was, in general, lower with de-
scending CKD stage. Stages 4 and 5 did not differ from
each other, but both differed from stages 1 through 3 as
noted by the lack of overlap of 95 % confidence limits
(CI). Stages 1 through 3 did not differ from each other.
Stages 1 and 2 were plotted in one panel (Fig. 2, lower
right panel). The regression y-intercepts all differed sig-
nificantly; 95 % CI did not overlap between any of the
adjacent stages. This is the analytical homolog of the
observation that PTH differences between CKD stages
are the largest in the lowest 25-D pentile (pentile A,
Fig. 1).

Polynomial regression analysis

In addition to the linear smoother on each panel of Fig. 2,
we have plotted a locally weighted scatterplot smoother
that responds to the point density in the vertical plane as
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Fig. 2 Regression of log plasma PTH vs 25-D by CKD Stage. Values
for the intercept (o) and slope (f3) are shown on the individual panels
(95 % CI in parentheses), along with the least-squares linear
regression line. Nonparametric locally weighted scatterplot

one sweeps from left to right along the horizontal plane.
Simple inspection reveals an obvious deviation from lin-
earity of PTH as 25-D levels increase above 40 ng/ml. In
order to analyze this departure quantitatively, we per-
formed cubic polynomial regression and tested for the
significance of the second and third order coefficients. In
general, these were significant (detailed in Supplemental
Table S1). Therefore, we calculated the separation point
between linear and cubic regression using graphical inter-
polation (“Methods”, supplemental figures S1 and S2).
Values (ng/ml) were: 42, 42, 46, 48, and 48 for stages 1-5,
respectively.

@ Springer

[ [ [ [ | [
Stage 4:0=2.018 (2.000, 2.040)
1,000 — B_—o 0061 (~0.0068, —0.0054)
E
(@]
o
I
|_
o
s 100
e
(/2]
©
o
0 10 20 30 40 5 60 70
25-Vitamin D (ng/ml)
| [ [ [ [ [
Stage 2:0=1.666 (1.643, 1.689)
1,000 — B=-0.0035 (~0.0042, ~0.0028)
Stage 1:0=1.584 (1.544, 1.624)
T—E‘ B=—0.0025 (~0.0040, ~0.0011)
ES)
e
I
I_
o R
s 100 .-
e
()
©
o
ol

0 10 20 30 40 5 60 70
25-Vitamin D (ng/ml)

(LOWESS) smoothers are overlayed. Upward departure of the
LOWESS smoother suggests the log linear regression is not an ideal
fit to the underlying data. Lines for stages 1 and 2 lie one below the
other, respectively, in the bottom right panel

Calcium and phosphorus
Serum Ca within 25-D pentile across CKD stage

In the lowest 25-D pentile (A), serum Ca levels in stages 4
and 5 differed from all other stages, and from each other
(Fig. 3, left panel). The next lowest 25-D pentile (B) was
the same except that Ca values no longer differed between
stages 1 and 4. In pentiles C and D, differences were
present only between stages 2-5 and 3-5, and 2—4 and 34,
respectively. Within the highest pentile (E), Ca values did
not differ between any CKD stage. All mean Ca values in
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Fig. 3 Serum calcium and serum phosphorus by 25-hydroxyvitamin D pentile and CKD stage. Symbols and dashed lines as in Fig. 1. Statistical

analyses are in “Results”

this figure remained within the reference range for the
laboratory (8.6—10.2 mg/dl).

Serum Ca within CKD stage across 25-D pentiles

Within stages 3-5, serum Ca in the lowest pentile (A) dif-
fered from pentiles C-E, and pentiles B and C differed
within stages 4 and 5. Within stages 1 and 2, serum Ca
levels did not differ between pentiles. As is apparent vi-
sually, serum Ca levels were lower with decreasing 25-D
level and increasing CKD stage.

Occurrence of hypercalcemia

Hypercalcemia (serum Ca >10.2 mg/dl) occurred within
5-8 % of samples within each of the 25-D pentiles and
CKD stages (not shown). Overall percentages of hypercal-
cemia for stages 1-5 were 4.7, 6.8, 6.6, 6.4, and 6.8, re-
spectively. Values were not heterogeneous between 25-D
pentiles except in stage 4, X* = 10.5, P = 0.033. In stage 4,
the heterogeneity arose from high values in the pentiles C
and E (8.2 and 7.9 %, respectively). There was no evidence
of heterogeneity between CKD stages within individual
25-D pentiles. Put another way, we found no evidence to
suggest that increasing values of 25-D were associated with
significant increase in the frequency of hypercalcemia.

Serum P

Values differed by CKD stage within all five pentiles
(Fig. 3, right panel): stages 4 and 5 differed from all other

stages; stage 3 differed from stage 2 in pentile A but
otherwise stages 1-3 did not differ from one another.
Serum P did not differ by 25-D pentile except within CKD
stage 5 (pentile A differed from pentile E).

Occurrence of hyperphosphatemia

The frequency of hyperphosphatemia (P > 4.6 mg/dl,
stages 1-4; P > 5.5 mg/dl, stage 5) increased with ad-
vancing CKD stage (1.3, 1.6, 5.1, 5.3, and 8.4 %, respec-
tively). We found no heterogeneity in the prevalence of
hyperphosphatemia across 25-D pentiles within CKD stage
(Fig. 3). Within 25-D pentile by CKD stage, we found the
expected heterogeneity created by the high P values in
stages 4 and 5. As in the case of Ca, we found no evidence
for worsening hyperphosphatemia with increasing 25-D
levels.

Discussion

In normal individuals, 25-D deficiency is associated with
elevated PTH [26]. 25-D deficiency is the rule in patients
with CKD in the United States, and this is doubtless one
factor in their secondary hyperparathyroidism [27]. How-
ever, the relationship between 25-D and PTH in CKD is
complicated by the impaired conversion of 25-D to 1,25-D
that results from reduced glomerular filtration rate, eleva-
tions of serum P and fibroblast growth factor 23 (FGF-23),
and perhaps other mechanisms [28]. Nonetheless, correc-
tion of 25-D deficiency is recommended as an important
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Fig. 4 Relationship between log plasma PTH and 25-D in prior
published studies compared to the linear regression values obtained in
the present study. Correspondence between numbers on the figure and
manuscript references: /-Ref [15], 2-Ref [16], 3-Ref [9], 4-Ref [17],
5-Ref [18], 6-Ref [19], 7-Ref [20], 8-Ref [21], 10-Ref [23], 11-Ref

initial step in treatment of elevated PTH in CKD although
the optimal target level for 25-D in CKD is unclear [13],
and may not be the same as in healthy individuals.

In the current study, PTH concentrations in stages 3—5
were progressively lower in ascending 25-D pentiles. We
found a significant inverse log linear regression of PTH on
25-D in all 5 CKD stages which confirms and extends the
pentile analysis. We found evidence of a plateau in this
regression beyond a 25-D level of about 4248 ng/ml in all
5 CKD stages. We did not find evidence for increased rates
of hypercalcemia or hyperphosphatemia with higher 25-D
levels in any stage. Of interest, mean P values were lowest
in the highest 25-D pentile in stage 5. This may be an
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[24], 12-Ref [25]. For comparison, we calculated the regression of log
plasma PTH on 25-D using the mean 25-D values of the individual
prior studies (dashed lines) and compared them to the regressions
from the present study (solid lines)

artifact of differential treatment with phosphate binders,
but raises the question of possible effects of 25-D supple-
mentation on phosphate balance, a topic best addressed
with a dedicated trial.

In general, PTH is taken as a reporter for adequacy of
25-D: 25-D levels beyond which PTH does not further fall
are considered optimal [14]. It would appear from this
large data set that this point can be identified reasonably for
both patients with normal kidney function and those with
CKD.

Several recent studies have tested the efficacy of 25-D
replacement on suppression of PTH in CKD [9, 12, 15-25].
In each study, patients with 25-D deficiency (values less
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than 30 ng/ml) were treated with either ergocalciferol or
cholecalciferol for varying lengths of time, and the changes
in 25-D and PTH determined. Although the results varied,
repletion tended to raise 25-D concentrations, and in many
cases also decreased PTH. This effect was demonstrated
mainly in patients with stages 3 and 4 CKD; stages 2 and 5
were seldom included [15, 17, 21, 22, 24, 25]. Hypercal-
cemia and hyperphosphatemia occurred infrequently with
25-D repletion [9, 17, 20, 23, 25]. Comparable studies in
dialysis patients were confounded by the simultaneous use
of vitamin D receptor agonists [29, 30].

The few studies that measured 1,25-D levels found an
increase with 25-D repletion, however the relationship
between change in 25-D and either 1,25-D or PTH was
inconsistent [9, 17, 19, 25]. Furthermore, the 25-D levels
achieved in most of these studies were less than 40 ng/ml,
thus it is unclear if achieving higher levels would have had
greater impact on PTH suppression. None of these studies
was designed to determine if there is an optimal level of
25-D above which no further PTH suppression will occur,
or hypercalcemia or hyperphosphatemia become evident.
Likewise, it is unclear from the studies if the effect of 25-D
is present in CKD stages 1, 2 and 5.

One way to place our study in the larger perspective of
the other 12 studies is to over plot published mean results
on our log linear regression figures for PTH vs. 25-D
(Fig. 4). For comparison, we calculated the regression of
log plasma PTH vs 25-D using the mean values from each
of the individual prior studies. Intercepts and regression
coefficients are shown on the panels and can be compared
with those of Fig. 2. PTH values in prior studies were all
generally higher than in ours for any given level of 25-D.
Linear regression analysis shows a significant increase of
the intercept terms for stages 3 and 4 in prior studies vs.
ours. Data are too few for conclusions about the other
stages. Possibly the higher PTH values reflect assay dif-
ferences. Of course, our cross-sectional analysis of diverse
patients differs in design from these other studies, which
were evaluating a response to therapy.

The slope of log PTH on 25-D also differed, being more
negative in past studies than in ours for patients in stage 3
(Fig. 4, compare slope coefficients to those of Fig. 2). None
of the other stages had significant slopes; values did not
differ significantly from 0. We have done our analysis only
on mean values not having access to the full data sets from
these studies. With complete data sets differences in slopes
could be estimated with much higher precision. A recent
meta-analysis of observational studies and trials also con-
cluded that 25-D repletion led to significant decreases in
PTH in CKD, but could not differentiate effects by stage
[12].

Limitations of the present study are cross-sectional de-
sign and lack of information concerning diseases other than

CKD which can influence mineral metabolism, ethnicity,
medication use, and diet. For this reason we cannot deter-
mine why, for example, some patients in stages 1-3 had
hypercalcemia or hyperphosphatemia. Likewise, we did not
perform an external validation study. Even so, we can detect
very significant regression of log PTH on 25-D and find
evidence for an optimal 25-D level around 42-28 ng/ml
above which further reduction of PTH diminishes. We find
no evidence for significant hypercalcemia or hyperphos-
phatemia in higher 25-D pentiles, in accord with past
studies. Missing to-date is a large scale prospective vitamin
D trial to more accurately determine the optimal 25-D target
level. Even at present it would seem the current 20 ng/ml
recommendation from the IOM appears too low for CKD,
even if it is indeed suitable for the general population.
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