Pediatric Nephrology (2022) 37:415-422
https://doi.org/10.1007/500467-021-05228-z

ORIGINAL ARTICLE q

Check for
updates

Randomized trial of two maintenance doses of vitamin D in children
with chronic kidney disease

Shahid Nadeem'® - Vin Tangpricha® - Thomas R. Ziegler® - James E. Rhodes* - Traci Leong® - Yijin Xiang® -
Larry A. Greenbaum’

Received: 22 April 2021/ Revised: 22 June 2021 / Accepted: 8 July 2021 / Published online: 15 August 2021
© IPNA 2021

Abstract

Background Correction of nutritional vitamin deficiency is recommended in children with chronic kidney disease (CKD).
The optimal daily dose of vitamin D to achieve or maintain vitamin D sufficiency is unknown.

Methods We conducted a phase III, double-blind, randomized trial of two doses of vitamin D5 in children >9 years of age
with CKD stages 3—5 or kidney transplant recipients. Patients were randomized to 1000 IU or 4000 IU of daily vitamin
D; orally. We measured 25-hydroxvitamin D (25(OH)D) levels at baseline, 3 months and 6 months. The primary efficacy
outcome was the percentage of patients who were vitamin D replete (25(OH)D > 30 ng/mL) at 6 months.

Results Ninety-eight patients were enrolled: 49 randomized into each group. Eighty (81.6%) patients completed the study
and were analyzed. Baseline plasma 25(OH)D levels were > 30 ng/mL in 12 (35.3%) and 12 (27.3%) patients in the 1000 TU
and 4000 IU treatment groups, respectively. At 6 months, plasma 25(OH)D levels were > 30 ng/mL in 33.3% (95% CI:
18.0-51.8%) and 74.4% (95% CI: 58.8-86.5%) in the 1000 IU and 4000 IU treatment groups, respectively (p =0.0008). None
of the patients developed vitamin D toxicity or hypercalcemia.

Conclusions In children with CKD, 1000 IU of daily vitamin Dj is unlikely to achieve or maintain a plasma 25(OH)D >30 ng/
mL. In children with CKD stages 3-5, a dose of vitamin D; 4000 IU daily was effective in achieving or maintaining vitamin
D sufficiency.

Clinical Trial Registration: ClinicalTrials.gov identifier: NCT01909115

Keywords Vitamin D - Deficiency - Supplementation - Children - Chronic kidney disease

Introduction health, immune function, and prevention of autoimmune dis-

eases and certain malignancies [1, 3-7].

Vitamin D has a critical role in bone mineral metabolism [1,
2]. In addition, there is evidence that vitamin D may have an
important role in many other areas, including cardiovascular
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In patients with chronic kidney disease (CKD), there are
a variety of abnormalities in mineral metabolism that lead
to bone disease [8, 9]. Nutritional vitamin D deficiency is
widespread in the general population [7, 10] and patients
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with CKD, with prevalence rates of 60—80% in predialysis
children with CKD [3, 11-15]. Observational studies sug-
gest that vitamin D therapy may confer a significant survival
advantage for dialysis patients [16—19].

Guidelines recommend measurement of serum
25-hydroxyvitamin D (25(OH)D) in patients with CKD
stages 2 to 5 biannually or annually and correcting nutri-
tional vitamin D deficiency [20, 21]. These guidelines sug-
gest maintaining vitamin D sufficiency, defined as a 25(OH)
D level > 30 ng/mL [20, 21]. A variety of different strate-
gies have been utilized for correcting nutritional vitamin
D insufficiency or maintaining vitamin D sufficiency in
patients with CKD [5, 12, 22]. Many patients do not main-
tain 25(OH)D levels > 30 ng/mL with current strategies and
thus require resource utilization to monitor and treat vitamin
D insufficiency.

We hypothesized that a higher proportion of children
with CKD stages 3—-5 would achieve or maintain 25(OH)D
levels > 30 ng/mL on 4000 IU daily of vitamin D compared
to 1000 IU daily. We tested this hypothesis in a phase III,
single-center, controlled, double-blind, randomized trial.

Methods

We conducted a phase III, single-center, controlled, double-
blind, randomized trial comparing 1000 IU with 4000 IU
of vitamin D; per day to determine the proportion of chil-
dren with CKD stages 3—-5 who have vitamin D sufficiency
(ClinicalTrials.gov identifier: NCT01909115). The study
was funded by a Children’s Healthcare of Atlanta Friends
Grant. The Institutional Review Boards of Emory University
and Children’s Healthcare of Atlanta approved this study.
Patients were recruited from the CKD, transplant, peritoneal
dialysis and hemodialysis clinics at Children’s Healthcare of
Atlanta. The total treatment period was 6 months, with visits
at baseline, 3 months and 6 months.

The inclusion criteria were age 9-21 years, estimated
glomerular filtration rate (¢eGFR) <60 mL/min/1.73 m? or
recipient of a kidney transplant, and ability to swallow pills.
The eGFR was determined by the modified Schwartz for-
mula [23]. The exclusion criteria were liver failure, malab-
sorption, current calcium level > 10.5 mg/dL, hypercalcemia
(serum calcium > 11 mg/dL) during the preceding 6 months,
current treatment with a medication that may affect vitamin
D metabolism (e.g., phenobarbital, phenytoin, rifampin),
history of hypervitaminosis D (25(OH)D > 100 ng/mL),
on 2000 IU or more of daily vitamin D or completion of a
course of high dose vitamin D in the preceding 2 months.
We obtained informed written consent from the caregiver or
the patient (if > 18 years old) and assent when appropriate.

Patients were allocated in equal proportions to the two
treatment arms using a permuted block randomization
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procedure with variable block sizes of 4, 6, and 8. The
sequence was created by the study statistician and shared
only with the research pharmacist, who distributed vitamin
D to the patient. The vitamin D; (Bio-Tech Pharmacal, Fay-
etteville, Arkansas, USA) was repackaged into containers
of identical size. The vitamin D; capsules were of slightly
different size, but none of the study personnel opened the
containers, and the patients were blinded to this size differ-
ence. Patients were asked to stop taking their current vita-
min D supplement or vitamin D-containing multivitamins
if applicable.

Blood samples for measurement of 25(OH)D were
obtained at each study visit. Plasma was stored at —80 C
until measurement. Plasma 25(OH)D was measured in a
laboratory that participated in the vitamin D external qual-
ity assessment schema (DEQAS) using the Immunodiag-
nostic Systems iSYS automated chemiluminescent system
(Gaithersburg, MD). The inter assay CVs of the 25(OH)D
measurements in the range of 25(OH)D values for this study
was 9.0-9.3% per the manufacturer.

Serum creatinine, calcium, phosphorus, parathyroid hor-
mone, and albumin concentrations were measured in the
clinical laboratory. Corrected calcium concentration was
calculated using the following formula: corrected calcium
(mg/dL) = measured calcium (mg/dL) + 0.8 X [4-measured
albumin (g/dL)]. Demographic information, weight and
height were obtained from the chart.

The primary outcome was the percentage of patients
who were 25-D replete at the 6-month evaluation (defined
as a 25(OH)D level > 30 ng/ml). Secondary outcomes were
the percentage of patients who were 25(OH)D replete at
3 months, change in 25(OH)D at 3 and 6 months between
the groups, and side effects, including hypercalcemia and
hypervitaminosis D.

Statistical analysis

We estimated that 70% in the group receiving 4000 IU of
vitamin D and 30% in the group receiving 1000 IU of vita-
min D would have a 25(OH)D level > 30 ng/mL at 6 months.
A sample size of 36 patients in each arm using a two-sided z
test with alpha=0.05 has a power of 90% to detect a differ-
ence. Our sample size allowed for 10% drop out.

Statistical significance was set at p <0.05. For descrip-
tive analysis, continuous data were presented as mean
(standard deviation) and categorical data were presented as
frequency (percentage). Differences in demographic data
between the two treatment arms were assessed using #-tests
for continuous data and chi-squared tests (or Fisher’s exact
test when appropriate) for categorical data. At each time
point, the treatment group differences were examined using
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chi-squared tests for vitamin D status and t-test for 25(OH)
D level and corrected calcium level.

For categorical efficacy response measures of 6 months
vitamin D status compared between two treatment groups,
a 2-sided Cochran—Mantel-Haenszel test was used, control-
ling for the baseline vitamin D status. To further understand
the association between the change in outcome over time and
by treatment, we fitted two linear mixed regression models
for outcome 25(OH)D level and corrected calcium as contin-
uous dependent variables, respectively. The model contained
fixed effects for measurement time points and treatment, as
well as random intercept for each individual to accommodate
repeated measurements. We also assessed the interaction
between treatment and follow-up time in the longitudinal
model to examine whether the difference between treatment
changes over time. Statistical analysis and graphics display
were performed using R (R version 4.0.2).

The high dose (4000 IU) in this study is the upper limit
of dosing recommended by the Institute of Medicine for
patients 9 or older [24]. Serum calcium, phosphorus, and
albumin (to calculate corrected total calcium level) con-
centrations were measured at each visit to monitor for vita-
min D toxicity. In addition, we measured 25(OH)D level at
3 months to screen for hypervitaminosis D. The study pro-
tocol dictated that patients who developed clinical or labora-
tory evidence of vitamin D toxicity should to be withdrawn
from the study.

Results

Ninety-eight subjects were recruited and randomized (49
per treatment arm). We over-enrolled the study due to a
higher than expected dropout rate. Eighty (81.6%) patients
completed the study and were included in the data analysis.
There were 18 patients who did not complete the study, with
13 patients from the 1000 IU group and 5 patients from the
4000 IU group (Fig. 1). None of the 18 patients had follow-
up 25(OH)D levels measured.

The analyzed study population had a mean age of
14.5 years and of which 29 were females (36.2%). There
were 36 (45%) African American and 31 (38.8%) Cauca-
sian patients (Table 1). The most common etiologies of
CKD were congenital anomalies of the kidney and urinary
tract (40%) and glomerular disease (35%). The mean base-
line 25(OH)D level was 26.8 ng/mL (SD: 10.1 ng/mL),
and 24 (30.8%) of the subjects were vitamin D sufficient
at baseline, with a 25(OH)D level of > 30 ng/mL. At base-
line, 12 (35.3%) and 12 (27.3%) patients in the 1000 IU and
4000 IU groups had 25(OH)D level > 30 ng/mL, respectively
(p=0.607). There were no statistically significant baseline
differences in the demographic and laboratory characteris-
tics between the two groups.

The primary outcome, the percentage of patients with
25(0OH)D >30 ng/mL at 6 months, was present in 12 (33.3%
(CI: 18.0-51.8%)) and 33 (74.4% (CI: 58.8-86.5%)) patients
in the 1000 IU and 4000 IU treatment groups, respec-
tively (Fig. 2; p=0.0008). At 3 months, 25(OH)D levels
were > 30 ng/ml in 40% (CI: 22.7-59.4%) and 75% (CI:
57.8-87.9%) of the patients in the 1000 IU and 4000 IU
treatment groups, respectively (Fig. 2; p=0.009). When

Fig.1 Patient Flowchart. [U
indicates international unit;
vitamin D3, cholecalciferol

98 patients enrolled and

randomly assigned

of daily vitamin D3)

49 allocated to group A (1000 U

49 allocated to group B (4000 IU
of daily vitamin D3)

13 withdrawn (12 lost to
follow-up, 1 consent
withdrawn)

5 withdrawn (4 lost to
follow-up, 1 consent
withdrawn)

36 patients completed the study
and entered in primary analysis

44 patients completed the study
and entered in primary analysis
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Table 1 Demographics

and baseline laboratory
characteristics of analyzed
patients stratified by randomized

treatment group
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Overall 1000 TU 4000 TU P-value

(N=280) (N=36) (N=44)
Demographics
Age (years) 14.47 (2.76) 14.81 (2.74) 14.18 (2.78) 0.314
Weight * (Kg) 52.29 (22.74) 52.72 (23.42) 51.93 (22.44) 0.879
BMI ? (Kg/m?) 21.89 (6.29) 22.02 (6.49) 21.78 (6.19) 0.866
Sex (%) ° 0.252
Female 29 (36.2) 16 (44.4) 13 (29.5)
Male 51 (63.7) 20 (55.6) 31 (70.5)
Race (%) ° 0.553
African American 36 (45.0) 17 (47.2) 19 (43.2)
Indian/Native Alaskan 5(6.2) 1(2.8) 49.1)
Asian American 3(3.8) 2(5.6) 1(2.3)
Biracial 2(2.5) 1(2.8) 1(2.3)
White 31 (38.8) 15 (41.7) 16 (36.4)
Other 3(3.8) 0(0.0) 3(6.8)
Ethnicity (%) ® 0.763
Hispanic 13 (16.2) 5(13.9) 8 (18.2)
Non-Hispanic 67 (83.8) 31 (86.1) 36 (81.8)
Lab Results
Patient Status 0.993
CKD stage 3 13 (16.2) 5(13.9) 8(18.2)
CKD stage 4 7(8.8) 3(8.3) 4(9.1)
CKD stage 5 4(5.0) 2 (5.6) 2 (4.5)
Dialysis 13 (16.2) 6 (16.7) 7(15.9)
Transplant 43 (53.8) 20 (55.6) 23 (52.3)
SCr * (mg/dL) 3.34 (4.13) 3.01 (3.45) 3.60 (4.64) 0.529
eGFR (mL/min/1.73m?) ? 45.03 (31.19) 48.37 (34.18) 42.31 (28.62) 0.391
Calcium ** (mg/dL) 9.27 (0.50) 9.30 (0.45) 9.25 (0.54) 0.652
Albumin ** (g/dL) 4.09 (0.43) 4.09 (0.40) 4.10 (0.45) 0.867
Corrected Calcium ** (mg/dL) 9.20 (0.49) 9.23 (0.38) 9.17 (0.57) 0.565
Phosphorus #* “(mg/dL) 4.85 (1.44) 4.69 (1.30) 4.98 (1.55) 0.396
Intact PTH ** (pg/mL) 277.63 (412.54) 278.05 (354.45) 277.23 (465.98) 0.994
25(0OH)D ¥ (ng/mL) 26.80 (10.13) 27.74 (10.67) 26.07 (9.74) 0.474
25(0H)D status (%) ° 0.607
<30 ng/mL 54 (69.2) 22 (64.7) 32 (72.7)
>30 ng/mL 24 (30.8) 12 (35.3) 12 (27.3)
Baseline Supplements
Multivitamin (%) ® 0.795
NO 60 (75.0) 26 (72.2) 34 (77.3)
YES 20 (25.0) 10 (27.8) 10 (22.7)
Vitamin D(%) ° 0.666
NO 65 (81.2) 28 (77.8) 37 (84.1)
YES 15 (18.8) 8(22.2) 7 (15.9)

25(OH)D, 25-hydroxyvitamin D; BMI, body mass index; CKD, chronic kidney disease; dL, deciliters;
eGFR, estimated glomerular filtration rate; Ht, height; IU, international unit; Kg, kilograms; Lab, labora-
tory; m?, meter square; mg, milligrams; mL, milliliters; ng, nanograms; N, number; pg, picograms; PTH,
parathyroid hormone; SCr, serum creatinine; SD, standard deviation

4Continuous variables were presented as mean (SD) and the p-value was calculated by two sample #-tests

PCategorical variables were presented as N (column %) and the p-value was calculated by chi-square tests/

Fisher exact tests

“Missing data (number of patients): Calcium (1), albumin (1), phosphorus (4), PTH (12), 25(OH)D (2)
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according to the study group. The raw mean 25-vitamin D level (95%
confidence interval) of patients are shown at each time point. 25(OH)

comparing 25(OH)D status between 6 months and baseline,
there is significant difference between treatments using the
Cochran—Mantel-Haenszel test (p =0.001). Stratifying
by the baseline status, the estimated common odds ratio
of achieving vitamin D repletion with the 4000 IU versus
1000 IU (95% CI) is 5.25 (1.94-14.22).

The 4000 IU treatment group had significantly higher
25(0OH)D levels at each visit post-baseline (Fig. 3). The lin-
ear mixed regression model for 25(OH)D revealed the signif-
icant difference in 25(OH)D levels at 3 months and 6 months
between the treatment groups after taking the change of out-
come over time into consideration (Table 2). The patients
receiving 1000 IU had an increase of 1.10 ng/mL (95% CIL:
-4.39-6.59, p=0.695) and 2.02 ng/mL (95% CI: -3.32-7.35,
p=0.459) in 25(OH)D after 3 and 6 months, respectively.

40.84 (34.41-47.28)

Treatment group

-=~ Treatment group randomized to 1000 1U
-2 Treatment group randomized to 4000 |U

6 Months

min D level >30 ng/mL) are shown at each time point. Note: chi-
square test was used. *** Represents p-value <0.001; ** Represents
p-value <0.01

40.05 (35.77-44.34)
Treatment Group

& Treatment group randomized to 1000 1U
& Treatment group randomized to 4000 1U

6 Months

D indicates 25-hydroxyvitamin D. Note: Two sample #-test was used.
**% Represents p-value < 0.001; ** Represents p-value <0.01

Table2 The linear mixed model predicted mean difference in
25-hydroxyvitamin D between treatment groups over time

Difference  Standard Error 95% Confidence P-value
Interval
Lower Upper
Baseline -1.57 2.87 -7.20 4.05 0.584
Month 3 12.33 3.09 6.28 18.39  <0.001
Month 6  10.50 291 4.80 16.20  <0.001

A higher increase was observed among patients receiving
4000 TU where it was 15.01 ng/mL (95% CI: 10.08-19.93,
p<0.001) and 14.08 ng/mL (95% CI: 9.42-18.75, p <0.001)
at 3 and 6 months, respectively (Fig. 3).
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There is no significant difference of corrected calcium
level between treatment groups observed at any visit post
baseline. We removed the interaction between treatment
and follow-up time due to insignificance in linear mixed
regression model for corrected calcium, indicating that the
change of corrected calcium across time was not signifi-
cantly different between the two groups, with an increase
of 0.14 mg/dL (95% CI: -0.10-0.38, p=0.250) and 0.02
(95% CI: -0.31-0.25, p=0.868) after 3 and 6 months,
respectively. The corrected calcium levels were 0.05 mg/
dL higher on average for patients in the 4000 IU treatment
group compared to those in the 1000 IU group (95% CI:
-0.18-0.28, p=0.687). We performed a safety check at the
3-month visit, and none of the patients developed a 25(OH)
D level > 100 ng/mL.

Discussion

In this phase III, single-center, controlled, double-blind, ran-
domized trial, we found that a daily dose of 4000 IU vitamin
D; resulted in a higher proportion of children with CKD
stages 3—5 who had 25(OH)D level in the sufficiency range
at 6 months compared to a daily dose of 1000 IU vitamin
D;. Our study also suggests that a daily dose of 4000 IU of
vitamin Dj is safe in children with CKD because none of the
patients in our study developed vitamin D toxicity (25(OH)
D level > 100 ng/mL) or hypercalcemia. This study is unique
as it has the largest cohort of children with CKD undergoing
a randomized controlled trial using two different daily doses
of vitamin D therapy.

In our study, 69.2% of children had 25(OH)D insuffi-
ciency/deficiency at baseline. The prevalence of 25-D defi-
ciency in adults with CKD 2-4 has been reported at 71-82%
and is closely related to CKD stage [10]. There are limited
data in children with CKD, but a prevalence of 39-83% has
been reported in children with CKD, although differences
by CKD stage have been described [11-15].

While the 1000 IU group had only minimal improvement
in 25(OH)D levels at the 3- and 6-month visits, patients
receiving 4000 IU had a significant increase in 25-D level
at 3 months. However, no further increase in 25(OH)D level
was noted at 6 months. It is unclear why there is no further
increase in the mean 25(OH)D level from the 3-month to
the 6-month visits in the 4000 IU group. It is possible that
patients achieved a steady-state by 3 months, with degrada-
tion equaling intake. Alternatively, it is possible that adher-
ence waned, potentially limiting ongoing increases.

There are few studies comparing different daily main-
tenance doses of vitamin D in children with CKD. Kari
et al. [22] performed an uncontrolled vitamin D5 supple-
mentation trial in vitamin D deficient (25(OH)D <30 ng/
ml) children with CKD stages 2—5 using a daily dose of
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2000 IU for 6 months and achieved a repletion rate of
only 11%. This supports our results and suggests that
doses > 2000 IU daily are needed.

There is also a randomized double-blinded, placebo-
controlled study in vitamin D deficient children with CKD
stages 2—4 using a dosing strategy per National Kidney
Foundation’s 2008 K/DOQI guidelines in the treatment
group [5]. They used intensive replacement therapy
(based on 25(OH)D level) using vitamin D2 during the
first 3 months followed by maintenance dose of 2000 IU
daily for the next 3 months. Sixteen of 20 (80%) children
achieved 25(OH)D levels in the normal range after inten-
sive replacement treatment (month 3), whereas only 12 of
20 (60%) children continued to have normal 25(OH)D lev-
els after maintenance treatment. In this study, it was more
difficult to achieve and maintain normal 25(OH)D levels
in CKD stages 3—4 compared with stage 2. This study also
supports our findings, suggesting that doses greater than
2000 IU are needed in children with CKD.

A recent study that compared intensive therapy of
3000 IU daily of vitamin D; with higher weekly and
monthly doses for 3 months in patients with CKD stages
2-4 noted a median 25(OH)D level of 44.3 (interquartile
range, 34.9, 59.2) at 3 months in the 3000 IU daily group
[25]. This study achieved a comparable 25(OH)D level to
our study, where the mean 25(OH)D level at 6 months was
40.8 ng/mL (95% CI: 34.4-47.2) in the 4000 IU group.
Our study had 45% African Americans, while the above
study was performed in South Asia, where there is likely
more sun exposure and probably more endogenous vita-
min D production in the skin. This might explain why the
above study achieved a comparable repletion rate to our
population with a lower daily dose of 3000 IU.

Our study has several limitations. Our dropout rate was
18.4%, which was higher than the 10% that we anticipated.
However, we enrolled more patients than recommended
by the power analysis and were thus still able to achieve
statistically significant results. The majority of our patients
were transplant recipients. We did not have sufficient
patients to achieve statistical significance when analyzing
different CKD patient groups, but the responses in dialysis,
transplant and pre-dialysis patients were quite similar. This
was also a single center study and thus the results may
not be generalizable to other populations, especially given
variations in sun exposure, skin pigmentation and diet.

We believe that our study and the extant literature sug-
gests that maintenance doses of vitamin D; <2000 IU
daily are likely to be inadequate in the majority of children
with CKD. Our study supports a starting dose of 4000 TU
of vitamin Dj for correcting and maintaining normal levels
of vitamin D in children with CKD, though monitoring to
assure adequate levels is still necessary.
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