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Abstract

Summary The present study was the first prospective cohort evaluated the efficacy and safety of different doses of calcitriol
in XLH children. The results suggested that a dose of 40 ng/kg/day calcitriol, compared with 20 ng/kg/day, was more effec-
tive in relieving the rickets, with similar safety outcomes. Further investigations were expected to set more dose groups.
Introduction Dose recommended for calcitriol in X-linked hypophosphatemia (XLLH) varies in different studies. Therefore,
we aimed to compare the efficacy as well as the safety of 20 ng/kg/d and 40 ng/kg/d calcitriol in Chinese XLH pediatrics
population.

Methods A 2-year, randomized, open-label, prospective study recruited 68 XLH children, which were randomized to receive
either 40 ng/kg/day or 20 ng/kg/day calcitriol. Efficacy endpoints were the total Thacher ricket severity score (RSS) change
from baseline to month 12 and 24, the difference in serum TALP level, fasting serum phosphate level, body height Z-score,
and frequency of dental abscess. Safety assessments were done using renal ultrasound nephrocalcinosis grades (0—4), fasting
serum and 24 h urine calcium level, and the occurrence of hyperparathyroidism.

Results The decrease in the total RSS from baseline was more significant in the high-dose group at 12 (difference 0.87,
p=0.049) and 24 month (difference 1.23, p=0.011). The serum TALP level was significantly lower in the high-dose group
at 6 months. Pi level, height Z-score change, frequency of dental abscess and ratio of de novo nephrocalcinosis were com-
parable. A lower incidence of secondary hyperparathyroidism was seen in the high-dose group (p <0.0001).

Conclusion For the first time in this prospective cohort, 40 ng/kg/d calcitriol was shown to be the more effective therapy
in XLH children than the 20 ng/kg/d. Moreover, 40 ng/kg/d calcitriol was not associated with increasing adverse events.
Trial registration ClinicalTrials.gov Identifier: NCT 03,820,518.

Keywords X-linked hypophosphatemia (XLH) - Calcitriol - Phosphate - Randomized - Prospective study

Introduction

X-linked hypophosphatemia (XLH) is recognized as the
most common genetic cause for the rickets. Loss-of-function
of PHEX (phosphate-regulating endopeptidase homologue,
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X-linked) gene causes the elevated levels of Fibroblast
growth factor 23 (FGF23) [1, 2]. Most manifestations of
XLH are caused by FGF23-induced hypophosphatemia lead-
ing to downregulation of sodium-phosphate transporters in
the renal distal tubule along with the repression of serum
1,250H,D [3]. The features of XLH is more apparent in the
first or second year of life. However, early treatment for the
disease is related to the better outcomes [4, 5], and there-
fore, pharmaceutical therapy in pediatrics patients play a
key role. Since the 1980s [6], conventional therapy for XLH
have been associated with the multiple daily doses of oral
phosphate and one or more daily doses of active vitamin D
(calcitriol or alfacalcidol). Although conventional therapy
leads to variable improvement in the clinical features of

@ Springer


http://orcid.org/0000-0001-7768-5536
http://crossmark.crossref.org/dialog/?doi=10.1007/s00198-021-06221-w&domain=pdf

1386

Osteoporosis International (2022) 33:1385-1395

rickets, it is also associated with the adverse effects such as
nephrocalcinosis and hyperparathyroidism. Hence, standard-
ized drug application along with the close monitoring for
adverse events are highly warranted. The published guide-
lines recommends 20-30 ng/kg body weight daily dose of
calcitriol in XLH children [7, 8]; however,other reported
doses of calcitriol vary widely, ranging from 10 to 80 ng/
kg/day. Moreover, there is a lack of randomized controlled
trials for assessing the clinical evidence for the efficacy and
safety of calcitriol in Chinese XLH patients or any other
population. We previously reported that in the largest XLH
cohort (N=261), less than 50% had previous treatment of
oral phosphate and calcitriol, out of which 34% patients
had received irregular treatment prior the confirmation of
the diagnosis [4]. In addition, the XLH children response
to treatment varies greatly among individuals. Therefore,
systemic evaluation of the drug therapy is very essential.

Calcitriol promotes the absorption of calcium and phos-
phorus in the intestines and reabsorption in the renal tubules.
It directly participates in the regulation of osteogenesis and
osteoclast activity, further improving the skeletal micro-
architecture and bone strength in the absence of phosphate
in XLH [9]. Therefore, a higher dose of calcitriol may bet-
ter improve bone rickets and promote growth in children.
On contrary, excessive use of calcitriol increases the risk of
hypercalcemia, and nephrocalcinosis. In 2018, burosumab
(a fully human monoclonal antibody against FGF23) was
approved for the treatment of X-linked hypophosphatemia,
which showed effective and promising results in children
and adults, especially a superior efficacy compared to con-
ventional therapy in phase 2 and 3 trials [10-13]. However,
an extended observation period is required prior to the
burosumab general use in XLH patients, still, it cannot be
used widely owing to its high price. Therefore, conventional
therapy remains the primary choice in China’s population.
Therefore, this prospective, randomized, open-label trial was
conducted to observe the effects of higher and lower doses
of calcitriol combined with neutral phosphate solution in the
early treatment of XLH patients.

Participants and methods
Trial design and participants

The study was a single-center, randomized, open-label, pro-
spective trial at the Department of Endocrinology, Peking
Union Medical College Hospital (PUMCH). This study
recruited patients aged 1-12 years of both sexes. Informed
consent was signed by either the parents or their guardians
of the participants.

Inclusion criteria: (1) PHEX mutation in the partici-
pant or a variant of unknown significance in the patient
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or a family member with appropriate X-linked dominant
inheritance, (2) fasting serum phosphate less than the lower
limits of the normal range, and (3) a total Thacher rickets
severity score (RSS) of at least 2.0. The RSS score (0-10.0)
was based on the X-ray findings of metaphysis at wrist and
knee, including metaphyseal lucency, metaphyseal fraying
and concavity, and physeal widening. The total score was a
sum of the two sites [14, 15].

Exclusion criteria: (1) radiological signs of epiphyseal
closure; (2) use of growth hormone within 12 months before
the first visit; (3) presence of nephrolithiasis; (4) serum par-
athyroid hormone level over 200 pg/ml (3 times over the
upper limit, which are at risk for hypercalcemia and hyper-
parathyroidism when using oral phosphate); (5) planning to
receive orthopedic surgery within the next 12 months; and
(6) the use of aluminum hydroxide, steroid, acetazolamide,
or thiazide drugs within 7 days prior to the first visit.

Procedures

Eligible participants were randomly assigned in a 1:1 ratio
to two groups. The follow-up was done at 0, 3, 6, 12, 18, and
24 months. Electronic medical records along with filled case
reports were registered for every patient during their visits.
The oral phosphate consisted mixed powder of Na,HPO,
(29 g), and KH,PO, (6.4 g) dissolved in a 1-L distilled water,
where the total phosphate content was 779 mg/dl. In both the
groups, the dose of neutral phosphate was 30 mg/kg per day,
divided into four to five doses. High-dose group: The cal-
citriol dose was 40 ng/kg per day, with a minimum dose of
0.25 pg/day (1 tablet) and a maximum of 1 pg/d (4 tablets).
Low-dose group: The dose was 20 ng/kg per day, with a min
of 0.125 pg/d (half tablet) to a maximum of 0.5 pg/day (2
tablets). In both the groups, calcitriol could be given one to
three times a day. The calcitriol dose was adjusted to 40 ng/
kg/day when the serum ALP or PTH level increased over
30%. Whereas the dose of calcitriol decreased to 20 ng/kg/
day when the serum calcium level was over the upper limit,
the 24-h urine calcium level was over 4 mg/kg, and newly
developed or worsened nephrocalcinosis appeared during the
follow-up visit. Calcium intake was controlled to 500 mg/
day for each patient.

The severity of rickets was evaluated by radiography,
laboratory examinations, and clinical symptoms. Two phy-
sicians assessed the Thacher rickets severity score (RSS)
[15] at baseline, 12 and 24 months. Body length or standing
height, weight, leg deformities, oral examination (for dental
abscess, teeth number, and appearance), vision, and hearing
tests were performed during the patient’s physical examina-
tions. The body height Z-score was also calculated at each
visit using age- and sex-matched growth charts for Chinese
children and adolescents (aged O to 18 years) [16], while
the growth velocity was calculated as cm/year. Self-reported
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daily diet and complaints of discomfort related to treatment
were recorded. Drug adherence was confirmed by the analy-
sis of urine phosphate level at each visit. Fasting laboratory
tests were obtained in the morning, 1-1.5 h after taking the
phosphate. Total alkaline phosphatase (TALP), serum phos-
phate, serum calcium, serum parathyroid hormone (PTH),
and 24-h urine calcium were assessed throughout the study.
Renal ultrasonography was performed at baseline and 12
and 24 months, and nephrocalcinosis was measured with
an ordinal scale ranging from normal (0) to stone formation
(4) [10].

Assays: Methods used for assaying the analytes are
described in details in the supplementary materials.

Outcomes

Endpoint assessments were compared inter- and intra-group.
The primary efficacy endpoint was the total RSS change
from the baseline to the 24th month, whereas the second-
ary efficacy endpoints included the total RSS change from
baseline to the 12th month. In addition, changes from base-
line in fasting serum TALP levels (time frame: baseline, 3,
6, 12, 18, and 24 months), fasting serum phosphate levels
(baseline, 3, 6, 12, 18, and 24 months), body height Z-score
(baseline, 12 and 24 months), and frequency of dental
abscess (baseline, 12 and 24 months). Safety assessments
evaluated adverse events that occurred at any time during the
study. Gastrointestinal adverse reactions, renal ultrasound
nephrocalcinosis grades (0—4), fasting serum calcium and
PTH levels were also recorded.

Statistical analysis

The study was designed such that a dose of 40 ng/kg/day
calcitriol would improve the RSS at 24 months compared to
20 ng/kg/day calcitriol. Assuming the mean total RSS values
of 4.8 and 4.0, respectively, and standard deviations of 1.5 at
24 months, a total sample size of 52 (26 in each group) could
achieve 81% power to detect a difference with a significance
level (alpha) of 0.05 using a two-sided, two-sample #-test.
Patients with at least one post-baseline visit were included
in the modified intention-to-treat (mITT) analysis for the
secondary efficacy and safety parameters. For the main effi-
cacy parameters, both mITT analysis and pre-protocol (PP)
analysis were presented. The primary endpoint was the total
RSS change from baseline. Repeated measures ANOVA was
used to analyze the group X time effect. The secondary end-
point assessment was body length/height Z-score; fasting
laboratory assays were counted as quantitative data, and
differences between groups were analyzed using Student’s
t-test or the Mann—Whitney U test. Within-group differ-
ences were analyzed with the paired-samples #-test or the
Wilcoxon signed-rank test. Categorical data were analyzed

using the chi-square test and Fisher’s exact test. Pearson cor-
relations were evaluated between the total RSS and alkaline
phosphatase activity change from baseline in both groups at
12 and 24 months. Significance was defined as a p-value less
than 0.05. All statistical analyses were computed using the
IBM SPSS statistical program (Chicago, USA) version 26.0.

Results
Participants and dose adjustment

A total of 72 children were screened (Fig. 1), of whom 68
were found eligible for participation and then randomly
assigned to high-dose (N=36) and low-dose group (N=32).
Patients were either newly diagnosed, or were recruited from
another cohort in our clinic [4]. Three patients did not fin-
ish at least one post-baseline visit (high-dose group (n=1)
and low-dose group (n=2)); therefore, their data were not
included in any analysis. In addition, 5 patients underwent
dose adjustment during the study (Supplementary Table S1).
Overall, 53 (81.5%) participants completed the 24 months
of the treatment. However, 12 (18.4%) patients did not
strictly comply with the protocol follow-up. The latest visit
points included for statistical analysis of these patients
were 12 months (one in each group), 17 months (1 in the
high-dose group), 18 months (1 in the high-dose group),
19 months (2 in the low-dose group, and 1 in the high-dose
group), 20 months (2 in the low-dose group and 1 in the
high-dose group), and 21 months (1 in each group) (Fig. 1).
The distance from the hospital was the fundamental reason
for the patients who did not follow the schedule.

The calcitriol dose calculated with the body weight
was significantly higher in the high-dose group at base-
line (p <0.0001), 12 months (p <0.0001), and 24 months
(» <0.0001) than in the low-dose group (Supplementary
Table S2). The radio of calcitriol for three times a day from
the beginning of the study was 9.2% (6/65). The baseline
clinical characteristics and demographics of the two groups
were found to be comparable (Table 1). Children had an
average age of 6.12+2.83 years at the time of enrolment,
with 53.8% girls” population. Overall, 87.6% of the patients
had received conventional treatment for a mean of 2.25 years
before starting the study, while eight patients did not receive
any drug therapy before the enrolment. The sex- and age-
specific Z-score for height was —2.06 + 1.05, which indi-
cated short stature in XLH. In total, patients had active
rickets at growth plate sites (total RSS score >2) with an
average score of 5.13, where one of the patients scored as
high as 10. Significant symptoms related to rickets included
weakness (58.5%) and bone pain (58.5%). Overall, 25.5%
of patients reported occasional abscesses, 27.5% reported
frequent tooth abscesses, while 47.1% of patients did not
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Fig. 1 Study profile. Of the 4
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experience any abscesses. At baseline, the serum alkaline
phosphatase concentration was 537.9 + 127.6 U/L; the
median serum phosphate concentration was 0.83 mmol/L,
the serum 1,25(OH),D concentration was 39.1 +23.2 pg/
mL, and the serum PTH level in 23.8% (15/63) of patients
was above the normal range (12-68 pg/mL).

Efficacy

At 12 months, in the low-dose group, the total RSS improved
from baseline in 35.3% (6/17) of patients. In the high-dose
group, total RSS improvement seen in 57.1% (16/28) of
patients. At 24 months, the total RSS improvement from
baseline was observed in 61.1% (11/18) patients, where the
ratio was 80.0% (20/25) of patients in the high-dose group.
For the primary efficacy endpoint, the total RSS in the high-
dose group at 24 months was decreased markedly from
baseline compared with the low-dose group [mean change
from baseline — 1-82 (SE 0-32) versus — 0-58 (SE 0-33),
respectively; difference 1.23, p=0.011 (Fig. 2A)]. Similar
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results were observed for the mITT analysis (Supplementary
Table S3). For total RSS change from baseline to 12 months,
the difference in the high-dose group was still more apparent
[mean change from baseline — 1.03(SE 0.28) vs. —0-17(SE
0-31), respectively; difference 0.87, p =0.049, Fig. 2A].
Total RSS significantly decreased at 12 and 24 months
compared with baseline score (4.77+1.71 and 4.53 +1.64
vs. 5.91 +1.84 at baseline, p=0.001, p <0.0001) (Fig. 2B),
while no such differences were observed in the low-dose
group. A mild correlation was found between change in
total RSS with alkaline phosphatase activity from baseline
to 24 months (r=0.35, p=0.024) (Fig. 2D). A negative cor-
relation was observed between the changes in RSS and ALP
for the low-dose group.

As early as 6 months, the alkaline phosphatase activ-
ity was significantly lowered in the high-dose group than
the low-dose group (Fig. 3A). The mean changes in ALP
level from baseline were 1.47%, 4.2%, 14.5%, 16.8%, and
17.0% in the low-dose group at 3, 6, 12, 18, and 24 months,
respectively, while the mean changes in the high-dose group
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Table 1 Baseline demographics
Total N=65 Low-dose group N=30 High-dose group N=35 P value
Female, N (%) 35(53.8) 21(70) 14(40)
Age when enrolled 6.12+2.83 6.58+2.69 5.72+2.92 0.459
Height
cm 106.52+17.02 109.8+15.92 103.71+17.65 0.453
SDS* -2.065+1.05 -1.98+1.12 -2.02+0.96 0.453
Weight
Kg 19(15,24.25) 20.1(17.75,27.25) 18.0(14.0,23.0) 0.115
SDS* -0.604(-0.907,0.459) -0.44(-0.87, 0.72) -0.62(-1.44,0.21) 0.498
Treatment before enrolled
N (%) 57(87.6) 28(93.3) 29(82.8)
Years 2.25(0.979,3.749) 2.77(1.60,4.20) 1.17(0.58,3.39) 0.161
Previous orthopedic surgery 6(9%) 13%) 5(14.2%)
Symptoms and signs, N (%)
weakness 38(58.5%) 16(53.30%) 22(62.9%)
bone pain 38(58.5%) 19(63.30%) 19(54.3%)
leg deformity® 53(81.5%) 22(76.7%) 30(85.7%)
periodontal abscess ©
negative 24(47.1%) 11(55%) 13(41.9%)
occasional 13(25.5%) 4(20%) 9(29%)
frequent 14(27.5%) 5(125%) 9(29%)
Ca (mmol/L)? 2.42+0.08 2.44+0.076 2.4+0.088 0.478
Pi (mmol/L) ¢ 0.83(0.77,0.92) 0.835(0.77,0.95) 0.82(0.77,0.86) 0.469
TALP (U/L)¢ 537.9+127.6 566.5+118.14 512.8+132.0 0.093
Cr (umol/L)? 30.02+7.39 30.55+7.56 29.56+7.33 0.885
T250HD (ng/ml)? 25.05(21,36.37) 25.7(21.35,35.25) 23.8(20.65,36.45) 0.71
1,25(OH)2D3 (pg/ml)d 39.1£23.2 43.51+25.21 36.30+£22.28 0.452
PTH (pg/ml)® 38.5(28.8,62.9) 37.95(26.27,52.45) 41.80(29.40,86.55) 0.325
24h-UCa (mmol/L)? 0.74(0.327,1.525) 0.67(0.35,1.24) 0.9(0.3,2) 0.434
Thacher rickets severity score® 5.13(1.75) 4.91(1.54) 5.32(1.91) 0.362
N=60 N=28 N=32

*Data are mean + SD, median (IQR) or N (%)
Ca calcium; Pi phosphate; TALP total alkaline phosphatase; Cr creatinine; T250HD total 25-hydroxyvitamin D; 1, 25(OH)2D3 1,25-Dihydrox-

yvitamin D; PTH parathyroid hormone; U-Ca urinary calcium

Standing height Z-score and body weight Z-score adjusted for sex and age

®Knee varus and valgus

Self-reported frequency of tooth abscess

4Normal range in PUMCH: calcium 2.13-2.7mmol/L; phosphate in age and sex groups:1-5 1.45-2.1mmol/L, 6- 12 1.2-1.9mmol/L;upper limit
of ALP in age and sex groups: males- 1 to 10 years 335U/L, 10 to 13 years 417U/L; females- 1 to 10 years 335U/L, 10-13 years 417U/L; S-Cr
18-69umol/L; T-250HD 8-50ng/ml;1,25(0OH)2D3 19.6-54.3 pg/mL; PTH 12-68pg/mL

®Total Thacher rickets severity score

fdifference between the two groups

were —4.1%,—4.5%, 6.3%, 2.4%, and 4.5%, respectively.
The differences between the two groups were not statisti-
cally significant.

Phosphate level was significantly increased from base-
line to 24 months in both groups [(in the high-dose group,
0.93 (0.77, 1.24) mmol/L at month 24 versus 0.83 (0.56,
1.44) mmol/L at baseline, p=0.001)]; [in the low-dose

group, 0.83 (0.75, 1.28) mmol/L at month 24 versus 0.83
(0.59, 1.24)mmol/L at baseline, p=0.013] (Fig. 3B).In the
high-dose group, phosphate level also increased from base-
line to 12 month [0.88 (0.69, 1.24) mmol/L, p <0.01] and
18 months [0.88 (0.65, 1.3) mmol/L, p <0.01]. No difference
was observed in the fasting phosphate levels from baseline at
any time of the study for the two groups. We compared the
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Fig.2 A, B, C, D Improvement in rickets severity score. Data
in panels of A and B are shown in mean + standard deviation. A
Mean change of total RSS change from baseline of the two groups
at months 12 and 24; “p < 0.05 based on the comparison between
treatment groups using the repeated measurement ANOVA model. B
RSS change with treatment within groups. #p < 0.01, ##p < 0.0001
based on the comparison from baseline in the mean difference using

serum phosphate level/the upper limit of the age group both
at baseline and month 24. At month 24, 68.4% (13/19) of
patients in the low-dose group had phosphate values above
the normal range; the ratio in the high-dose group was 81.8%
(27/33). The difference between the two groups was signifi-
cant (p=0.003).
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baseline month 12 month 24
wrist 4 wrist 2.5 wrist 2
knee 2 knee 1 knee 1
total 6 total 3.5 total 3

the paired-sample T test at months 12 and 24. Radiographs in fig-
ure panel C show rickets score improvement in a 3-year-old girl in
the high-dose group from baseline to month 24. From total Thacher
severity score of 6 (wrist 4, knee 2) to 3 (wrist 2, knee 1) at month
24. D A mild correlation between RSS and ALP change from base-
line to month 24 in the high-dose group

At baseline, the mean height Z-score was —2.14 +1.05
in the low-dose group and —-2.17 + 1.03 in the high-
dose group. At month 12, the mean size Z-score was
-2.00+£0.97 in the low-dose group and -2.11 +1.06
in the high-dose group. At month 24, the mean height
Z-score was —1.92+0.94 in the low-dose group and
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Fig.3 Secondary efficacy endpoints (A, B, C, D). Panels of A and B
are shown in median (min, max). Data in panel C is shown in mean
+ standard deviation. Panel D is shown in percentage. ‘p < 0.05, “p
< 0.01 based on the on the comparison between treatment groups
using Wilcoxon signed-rank test in (A). *p < 0.05, #p < 0.01 based
on the comparison from baseline in the mean difference using Mann—
Whitney U test in (B). a, b, and ¢ were paired-sample T test in (C). a
(p=0.021) was the comparison of height Z score of month 24 in the
low-dose group from baseline. b (p=0.002) and ¢ (p=0.017) the com-

—-1.96 + 1.04 in the high-dose group. Thus, the mean
height Z-score at month 24 compared to baseline
was significantly elevated in both groups (p =0.021;
p=0.002), and the mean score was considerably higher
in the high-dose group (p =0.017) alone than the high
Z-score group at 12 months (Fig. 3C). The mean height
Z-score at 12 months compared to the baseline was not
significantly different in any group.

A total of 51 patients (low-dose group (N=20) and high-
dose group (N=31)) had baseline information on dental
abscesses (Fig. 3D). By the end of 24 months, 17/51 (33.3%)
patients did not experience at least one dental abscess (8/19
in the low-dose group and 9/32 in the high-dose group).
At 12 months, ratios of 15.8% (3/19), 26.3% (5/19), and
10.5% (2/19) in the low-dose group reported no change or
a decreased or increased frequency of tooth abscess, while

parison of height Z score of month 24 in the high-dose group from
baseline and month 12. Tooth abscess frequency change from base-
line in the low-dose group at month 12 (A, B, C, D) and at month
24 (B, C, D). 19 patients in the low-dose group and 30 in the high-
dose group tooth abscess frequency change from baseline in the high-
dose group at 12 months (B, C, D) and at 24 months (D). Ratio of
patients without tooth abscess during the whole study was counted as
no change group

Table 2: Adverse events

Assessment Group
Change in nephrocalcinosis score Low dose group High
dose
group
Increased by 1 point 1(6) 2(9)
Increased by >1 point 0 0
Decreased by 1 point 0 2(9)
Decreased by >1 point 0 0
Secondary hyperparathyroidism 9(30) (20)

*Data is in number(percentage). Adverse events are recorded at any
time during the study. PTH level over 68pg/ml at any post-baseline
assessment is counted as secondary hyperparathyroidism. Other
symptoms are self-reported.
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Fig.4 Serum calcium and urine calcium level (A, B, C). Panels of
A and B are shown in median (min, max). No difference in serum
calcium was observed (A). *p < 0.05 based on the on the compari-
son between treatment groups using Wilcoxon signed-rank test in
(B). 24h-UCa was higher in the high-dose group at month 24. C PTH
level was lower in the high-dose group since month 18

the ratios in the high-dose group were 13.3% (4/30), 43.3%
(13/30), and 10.0% (3/30), respectively. At 24 months,
the ratios were 10% (2/20), 40% (8/20), and 10% (2/20) in
the low-dose group and 25.8% (8/31), 32.2% (10/31), and
12.9% (4/31) in the high-dose group. There were no sig-
nificant differences observed between the two groups in any
assessment.

Safety
Hyperparathyroidism related to treatment was observed

in both groups (Table 2). A total of 16 (26.1%) patients, 9
(30%) patients in the low-dose group, and 7 (20%) patients in

@ Springer

the high-dose group developed de novo hyperparathyroidism
during the study period. The ratio of secondary hyperpar-
athyroidism in the low-dose group was significantly higher
than that in the high-dose group (p <0.0001). PTH level was
much lower in the high-dose group at 18 months (Fig. 4C).
No hypercalcemia and hyperparathyroidism occurred in
either of the group. Changes in serum calcium were mini-
mal in both the groups, with no significant difference found
between the groups (Fig. 4A) except for one patient in the
high-dose group. In this patient, the serum calcium level
was 2.7 mmol/L at month 24, while the PTH level was in the
normal range (19.3 pg/ml). At month 24, the urinary calcium
(mg/kg/24 h) of the high-dose group was 2.36 (1.32, 4.22),
higher than that in the low-dose group (mg/kg/24 h): 1.04
(0.58, 1.68), (p=0.016). There was no statistical difference
in 24 h urinary calcium levels between the two groups at any
other visit (Fig. 4B).

Baseline renal ultrasound was available for the 37
(56.9%) patients. A total of 70.2% (26/37) patients showed
no sign of nephrocalcinosis in renal ultrasound (grade 0),
while 5.4% (2/37), 8.1% (3/37), 8.1% (3/37), and 8.1%
(3/37) patients had grades 1-3 nephrocalcinosis. A total
of 3 patients had a high grade of nephrocalcinosis, and 2
patients in the high-dose group showed decreased grade
of nephrocalcinosis. The percentages of newly developed
nephrocalcinosis between the two groups had no signifi-
cant differences (Table 2). Diarrhea or any other gastroin-
testinal discomfort was not reported in either of the group
throughout the study.

Discussion

Although XLH has been recognized for decades, due to the
disease’s rarity and the diversity of clinical manifestations,
diagnosis is often delayed, and therefore treatment can be
challenging [8]. This present study conducted the first pro-
spective study on large cohort to explore the efficacy as well
as the safety of high-/low-dose calcitriol combined with neu-
tral phosphorus in treating children with XLH.

At baseline, patients in these two groups shared same
severity of rickets and other clinical features. Although
more girls were included in the low-dose group than in the
high-dose group (70% vs. 40%), patients were enrolled and
assigned randomly with no sexual preference. All patients
reported good drug adherence during the entire study.
Notably, at the time of enrolment, participant’s baseline
total RSS (5.13 +1.75) was much higher than the previ-
ous study, although a majority (87.6%) of patients were
previously treated. In a prior study, mean total RSS scores
of 1.8 and 3.0 were reported by Carpenter et al. and Imel,
E. A. et al., respectively [10, 13]. As treatment initiation
at early infancy (< 1.0 year) results in improved outcomes
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in patients with XLH [5], we assumed that the relatively
late diagnosis and treatment in our cohort (median age
of 2.19), might have contributed to the relatively severe
disease burden.

The ALP levels are reported marker reflecting the bone
mineralization status in rickets. A previous study has
reported decreased ALP concentrations to the upper limit
of normal in one year for the conventional therapy [17]. We
observed that the ALP level in the high-dose group was sig-
nificantly lower than the low-dose group after 6 months of
treatment. In the 24th month, the average ALP level in the
high-dose group almost comparable to the normal range.
In line with Thacher et al., who reported an improvement
in RSS correlated with decreased serum ALP (r=0.47) in
5- to 12-year-old patients [15], our study has also observed
a mild correlation at 24 months. However, the ALP activ-
ity had an increase in the low-dose group, which was not
found in the previous study [13]. This might be due to the
insufficient efficacy of low-dose calcitriol for improving the
rickets severity. Besides, the control of the ALP level in the
high-dose group were far from satisfactory, which also might
be a limitation of the conventional therapy.

Consistent with the previous study, improvement of
height Z-score was observed at 24 months in both groups
(Fig. 3C) [18, 19], whereas no difference was observed
between the groups. Low dentin mineralization, abnormal
pulp, and periodontitis are common the abnormalities asso-
ciated with the X-linked hypophosphatemia, though severity
might vary among the patients. Previous reports have sug-
gested that conventional therapy can improve the dentin min-
eralization as well as decreases the risk of dental abscesses
and severe periodontal disease over the years [20, 21]. In
the present study, the frequency of dental abscesses was
measured by three degrees. Interestingly, the ratio of aggra-
vated dental abscesses was higher in the high-dose group at
24 month, though the ratio could not be correlated with the
improvement of rickets or the correction of the serum phos-
phate. As dental development and abnormalities acquired in
utero may alter the response of dental anomalies in children,
more extended observation is required for the proper expla-
nation of such incidences.

In safety events, conventional treatment with phosphate
supplementation and active vitamin D might increase
calcinuria risk and promote nephrocalcinosis in 60% of
children with XLH [22]. In our study, the percentage was
much low, where both treatment groups shared a simi-
lar ratio of de novo nephrocalcinosis. Additionally, uri-
nary calcium at 24 h was also not different between the
two groups. Hyperparathyroidism is another commonly
reported adverse event observed in adult and pediatric
XLH patients during conventional treatment [23, 24].
Recently, a retrospective study reported an 81.8% second-
ary hyperparathyroidism ratio in 44 XLH children [25].

In addition, we previously reported elevated serum PTH
levels in 59.2% of XLH patients (N=61/103) [4]. In the
current study, some patients in both groups developed
secondary hyperparathyroidism; however, serum PTH
levels varied among these patients. Six patients (4 in the
high-dose group) had continuously excessive PTH levels,
and the others had intermittently elevated PTH levels. No
patients had hypercalcemia and hyperparathyroidism. It
could be specifically related to oral phosphate, since a
recent study demonstrated that phosphate directly regu-
lates PTH secretion through calcium-sensing receptors
on parathyroid cells [26]. To understand this further, we
compared PTH value in patients who have or have not
demonstrated increased serum phosphate values (Sup-
plementary Table S4). Although PTH levels were higher,
no significance observed in patients with increasing Pi
value. We previously published that higher PTH level
were more persistent in the hypophosphatemic patients
than the control group after the oral phosphate loading
test [27, 28]. Thus, it was reasonable to correlate the
occurrence of hyperparathyroidism with oral phosphate
usage, as we presumed that in hypophosphatemic patients,
parathyroid might react more sensitively to the phosphate
load. Nevertheless, hyperparathyroidism prevalence can
be reversed by a higher compensation of 1,25(0OH),D.

The present study had several limitations. First, the
trial was open-label; thus, the adjustment upon the occur-
rence adverse drug reactions was done. It was done to
ensure the therapeutic effect and avoid further aggravated
adverse reactions. Moreover, to make the results reli-
able, two different physicians independently assessed the
rickets severity score, and a central laboratory assessed
pharmacodynamic measures. Another limitation was that
we did not compare the FGF23 level before and after
the treatment, which might be one of the reasons for
increasing level of the serum FGF23, which may further
diminish therapeutic effect or contribute to the compli-
cations of therapy. It is well established that calcitriol
increases osteoblastic production and the serum levels
of FGF23, even in healthy individuals [29-31]. How-
ever, in our previous study, which included 261 Chinese
XLH patients, serum iFGF23 levels did not correlate
with serum phosphate/upper limit ratio, age at which
disease symptom developed, height SDS, or RSS [4].
This result could provide us with evidence that might be
helpful to interpret the severity of the disease from the
level of FGF23. Further studies are expected to validate
and interpret these findings. As we used fixed dose of
phosphate in both groups, more systematic evaluation on
both conventional drugs could not be performed. Further
studies are required on varied drug doses to provide more
robust evidence.
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Conclusion

For the first time, the current study compared the different
doses of calcitriol in a relatively large cohort of Chinese
XLH patients. The higher doses of calcitriol (40 ng/kg/day)
in the treatment of children with XLH tend to have better
efficacy within the acceptable safety. This study provides
evidence-based medical evidence for the optimal therapeutic
dose of calcitriol for treating children with XLH. Moreo-
ver, the study results can be used as an essential theoretical
support for clinical guidelines and consensus in this field.
Further studies are required on the larger sample size and
extended follow-up time for validating the findings of this
study.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00198-021-06221-w.
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