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Background: Pseudo-vitamin D deficiency rickets (PDDR; OMIM 264700) is a rare autosomal reces-
sive disorder caused by mutations in the CYP27B1 gene, leading to an inability to synthesize
1�,25-dihydroxyvitamin D3 (calcitriol). The long-term (�1 yr) effects of calcitriol replacement treat-
ment have not been reported.

Materials and Methods: Thirty-nine patients (20 females) with PDDR received calcitriol for periods
of 2.0–26 yr. In 21 patients, data were available at diagnosis and during the first 2 yr of treatment
with calcitriol. Twenty-five patients had reached their final height at the time of this analysis.

Results: The most common presenting features were active rickets, neurological signs, and short
stature. Treatment with calcitriol resulted in the normalization of biochemical parameters and
mean lumbar spine areal bone mineral density z-scores within 3 months, whereas height z-scores
increased more gradually. As to long-term effects, adult patients who had received calcitriol before
the pubertal growth spurt (n � 11) had normal height, whereas patients who were treated with
calcitriol only after puberty (n � 14) on average were short (height z-score �2.2). Lumbar spine areal
bone mineral density z-scores were normal in all patients who had achieved final height. Nine women
had 19 pregnancies, which all were without complications. All newborns were eucalcemic at birth.

Conclusion: Treatment with calcitriol started in infancy results in short- and long-term correction
of all clinical, biochemical, and radiological abnormalities related to PDDR. (J Clin Endocrinol Metab
96: 82–89, 2011)

Vitamin D is essential for the maintenance of calcium
homeostasis and plays an important role in the

modulation of proliferation and differentiation of sev-
eral cell types (1). Vitamin D undergoes two successive
hydroxylation reactions, first in the liver in which a
hydroxyl group is added on carbon 25 by the activity of
the vitamin D-25 hydroxylase, and second, in kidneys in
which the 25-hydroxyvitamin D-1� hydroxylase (1�-
OHase) drives the addition of a hydroxyl group on car-
bon 1, leading to the formation of 1�,25-dihydroxyvi-
tamin D3 [1,25(OH)2D3], the active hormonal form of
vitamin D3.

Pseudo-vitamin D deficiency rickets (PDDR; OMIM
264700; also referred to as vitamin D hydroxylation-
deficient rickets type 1A, selective 1-�, 25-hydroxyvi-
tamin D3 deficiency, 25-hydroxycholecalciferol-1-hy-
droxylase deficiency, 1-� hydroxylase deficiency, and
vitamin D dependency type 1�) is a rare autosomal re-
cessive disease caused by mutations in the gene encoding
1�-OHase (CYP27B1), leading to an inability to syn-
thesize 1,25(OH)2D3 (2). Patients with PDDR develop
growth retardation, rickets, hypotonia, and sometimes
present with seizures (3). Apart from low circulating
levels of 1,25(OH)2D3, biochemical features include hy-
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pocalcemia and secondary hyperparathyroidism, with
normal to elevated levels of 25-hydroxyvitamin D
(25OH D) (4).

To date, close to 100 patients with PDDR have been
reported in the literature (5, 6). Although identified in
multiple ethnic groups, PDDR occurs at an unusually high
frequency in the French Canadian population of some ar-
eas of Québec due to a founder effect (7).

Many mutations in the CYP27B1 gene have been iden-
tified, including missense mutations, deletions, duplica-
tions, and splice mutations (5, 6). The two most frequently
observed mutations are a deletion of guanine at nucleotide
958 (g.958delG) in exon 2, commonly found in French
Canadian patients, and a 7-bp duplication in exon 8,
which arose independently in several populations (5). The
g.958delG mutation is predicted to result in a frame shift
leading to a premature stop codon (8). Most mutations
associated with PDDR lead to a total loss of 1�-OHase
activity when expressed in vitro (8).

Historically patients with PDDR were treated with high
doses of vitamin D (20,000–100,000 IU/d), in an attempt
to overcome 1�-OHase deficiency (9). However, after
1,25(OH)2D3 (calcitriol) became commercially available
in 1973, the treatment of choice for PDDR patients has
been replacement therapy with calcitriol (10–12). In a
mouse model of PDDR, this treatment cures rickets and
osteomalacia and restores the biomechanical properties of
bones (13). In short-term human studies, calcitriol rapidly
corrected hypocalcemia, eliminated secondary hyperpara-
thyroidism, and healed rickets (11).

Available reports on the effect of calcitriol treatment of
PDDR included less than 10 patients and had follow-up
periods of less than 1 yr. The long-term outcome of cal-
citriol treatment in patients with PDDR has not been doc-
umented. In the present study, we present the results of 39
PDDR patients who received calcitriol for a period of
2.0–26 yr.

Patients and Methods

Patient population
The study comprises all 31 patients with a diagnosis of PDDR

who were followed up at the Shriners Hospital for Children in
Montreal as well as eight patients who were followed up at Sainte
Justine Hospital (Montréal, Québec) between 1977 and 2010.
The data of these 39 patients (20 females, 19 males) were ob-
tained by retrospective chart review. The total duration of fol-
low-up ranged from 2.0 to 33 yr (median 19 yr).

The diagnosis of PDDR was based on the presence of clinical
and radiological signs of rickets, hypocalcemia with secondary
hyperparathyroidism, and low circulating levels of 1,25(OH)2D
with normal to elevated levels of 25OH D. Sequence analyses of
the CYP27B1 gene were performed in 27 individuals and iden-

tified mutations in each patient. The remaining 12 patients were
not interested in genetic analysis.

For the purpose of the present analysis, two overlapping pa-
tient groups were distinguished. The pediatric group consisted of
patients in whom data were available at the time of diagnosis in
early childhood and during the first 2 yr of treatment with cal-
citriol. This pediatric group comprised 21 patients (seven fe-
males, 14 males). The adult group consisted of the 25 patients (14
females, 11 males) who at last follow-up were at final height.

At the time of the investigations presented here, all patients in
the adult group had received calcitriol for 3.5–26.2 yr (median
13.8 yr). Seven of these patients had exclusively been treated with
calcitriol from infancy to adulthood (adult group 1). Eighteen
older patients had initially been treated with high doses of vita-
min D (median dose 50,000 IU/d, range 5,000–100,000 IU/d)
but subsequently received calcitriol after calcitriol had become
available in Canada. In four of these patients, calcitriol was
started before they had undergone the pubertal growth spurt
(adult group 2), and in 14 patients calcitriol was commenced
after the pubertal growth spurt (adult group 3).

The study was approved by the Shriners and Sainte-Justine
Hospital Institutional Review Boards. Informed consent was ob-
tained from the legal guardians and/or patients.

Follow-up
After starting calcitriol treatment in newly diagnosed chil-

dren, serum levels of calcium, phosphate, alkaline phosphatase,
and PTH, as well as urinary calcium excretion, were evaluated
once per month for the first 3 months. Thereafter children were
seen every 4 months as long as growth continued. After the
growth period, follow-up visits occurred every 6 months. Height
and weight measurements were obtained at each visit and were
converted to age- and sex-specific z-scores on the basis of refer-
ence data published by the Centers for Disease Control and Pre-
vention (14). Renal ultrasound and ophthalmologic examina-
tions were performed every 2 yr to assess for the presence of
nephrocalcinosis and corneal calcium deposits. During preg-
nancy, serum levels of calcium, phosphate, alkaline phosphatase,
and PTH as well as urinary calcium excretion were evaluated
once every 2 months during the first two trimesters and once per
month during the third trimester.

Biochemical measurements
Serum total calcium, phosphate, and alkaline phosphatase

were measured using colorimetric methods (Monarch; Instru-
mentation Laboratories Inc., Lexington, MA). Initially, serum
PTH concentration (fragment 39–84) was determined by RIA
(15). Since 2004, another RIA was used to determine active intact
PTH (fragment 1–84) (immunoradiometric assay; Diasorin,
Stillwater, MN).

25OH D and 1,25(OH)2D were measured with RIAs (Osteo
SP; Incstar Corp., Stillwater, MN). Urinary creatinine concen-
tration was quantified colorimetrically. Patients were fasting at
the time of blood and urine sampling.

Dual-energy x-ray absorptiometry
Dual-energy x-ray absorptiometry was performed in the an-

terior-posterior direction at the lumbar spine (L1-L4) using a
Hologic QDR 2000W or 4500 device (Hologic Inc., Waltham,
MA). Areal bone mineral density (BMD) results of children were
converted to age- and sex-specific z-scores using Canadian ref-
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erence data (16, 17). For adults, reference data provided by the
manufacturer were used. An estimate of three-dimensional BMD
(volumetric BMD, unit milligrams per cubic centimeter) was de-
rived as described by Carter et al. (18).

Sequence analysis of the CYP27B1 gene
Total genomic DNA was isolated from peripheral blood using

the QIAamp DNA blood midi kit (QIAGEN Inc., Mississauga,
Ontario, Canada). The coding regions of the CYP27B1 gene,
including the exon-intron boundaries, were amplified by PCR
using primers previously described (8). The sequencing reac-
tion was performed using a BigDye Terminator cycle sequenc-
ing kit (Applied Biosystems, Foster City, CA). The nucleotide
sequence was determined using an Applied Biosystems 3100
DNA sequencer.

Sequence traces were aligned with the GenBank reference
sequences of the CYP27B1 genomic DNA (AF027152).
Mutations were numbered following the convention
(http://www.hgvs.org/mutnomen/recs.html), which starts with the
translation initiator methionine as amino acid �1, and the A of the
ATG codon as nucleotide �1.

Statistical analysis
Raw results were transformed to age- and sex-specific

z-scores from the average result in the reference population using
the published reference data cited in the description of measure-
ment techniques. The expected mean result of these transformed
values in a healthy population is 0. The significance of the dif-
ference from 0 was calculated by the one-sample t test.

Differences between the groups were tested for significance
using the Mann-Whitney U test for pairwise group comparisons
and Kruskal-Wallis test for comparisons between more than two
groups. Bonferroni’s adjustment was used to adjust for multiple
testing. Wilcoxon test was used to analyze changes during treat-
ment. All tests were two tailed and throughout the study P � 0.05

was considered significant. These calculations were performed
using the SPSS software, version 11.5 for Windows (SPSS Inc.,
Chicago, IL).

Results

Mutations in the CYP27B1 gene
Homozygous or compound heterozygous mutations

were found in all 27 patients who had sequence analysis of
the CYP27B1 gene (Supplemental Table 1). Eighteen pa-
tients were homozygous for the g.958delG frame shift in
exon 2. One patient was homozygous for the g.3392-3398
duplication in exon 8. All other patients were compound
heterozygous. Among these, four patients were compound
heterozygous for the g.958delG frame shift and the g.3392-
3398 duplication. Compared with the mutations previously
published, five new mutations were found (g.913G�C,
g.1609delC, g.3311A�G, g.3430G�A, g.3902G�C). The
clinical presentation of the four patients with missense mu-
tations (patients 5, 12, 16, and 19) was indistinguishable
from that of the patients with frame shift mutations.

Pretreatment results in young children
One baby (patient 1, Table 1) was assessed at the age of

1 month in the absence of any symptoms because a sibling
was affected with PDDR. This infant had a height of 56.7
cm (z-score �0.8), a weight of 4.95 kg (z-score �0.9), and
there were no clinical or radiological signs of rickets. Nor-
mal results were found for serum levels of total calcium

TABLE 1. Clinical characteristics in the pediatric group at diagnosis

Patient Gender Age (yr) Presenting signs and symptoms Height (z-score)
1 M 0.1 None (detected by biochemical screening) 0.8
2 M 0.5 Hypocalcemic seizure 2.0
3 M 0.6 Dyspnea secondary to ribs fractures �2.1
4 F 0.8 Hypocalcemic seizure ND
5 M 0.9 Decreased growth velocity, hepatosplenomegaly, anemia �2.4
6 M 1.0 Muscle weakness ND
7 M 1.0 Hypocalcemic seizure, motor delay (not sitting) �2.0
8 M 1.1 Motor delay, not walking, muscle weakness �2.7
9 F 1.1 Motor delay, not walking �0.4

10 M 1.2 Motor delay, not walking ND
11 M 1.3 Motor delay, not walking, pain during mobilization �1.9
12 M 1.4 Motor delay, not walking (seizure at 10 months without examination) �3.2
13 M 1.4 Motor delay, not walking, decreased growth velocity �2.8
14 M 1.5 Motor delay, not walking, with stagnation at 15 months �1.9
15 M 1.6 Motor delay, not walking �1.7
16 F 1.7 Motor delay, not walking, decreased growth velocity �4.0
17 M 1.8 Short stature �3.4
18 F 1.8 Motor delay, not walking �2.3
19 F 2.0 Motor delay, not walking, decreased growth velocity �2.9
20 F 2.1 Motor delay (muscle biopsy performed) �3.2
21 F 2.6 Motor delay, not walking, with stagnation at 18 months �4.3

ND, Not documented; M, male; F, female.
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(2.31 mmol/liter), phosphorus (2.49 mmol/liter), alkaline
phosphatase (263 U/liter), and 25OH D (107 nmol/liter).
However, the serum 1,25(OH)2D level was low (12 pmol/
liter), thus establishing the diagnosis of PDDR. This was
subsequently confirmed by finding a homozygous
g.958delG deletion in the CYP27B1 gene.

The other 20 patients in the pediatric group were symp-
tomatic at the time of the first evaluation. The majority of
patients presented with neurological signs, such as delayed
gross motor development and hypotonia (n � 14) or hy-
pocalcemic seizures (n � 3) (Table 1). Clinical and radio-
logical signs of active rickets were found in all of these 20
children. Twelve of the 17 patients (70%) with a docu-
mented pretreatment height had short stature (height z-
score at or below �2.0), and only two children had a
height z-score above �1.

The pretreatment median height and weight z-scores of
the 20 symptomatic children were significantly below the
average values expected for healthy children (Table 2).
Evaluation of pretreatment growth curves, available in 13
children, revealed that growth trajectories started to cross
the percentile curves in a downward direction at a median
age of 9 months (range 5–21 months). Age at presentation
was negatively associated with height z-score (R2 � 0.48,
P � 0.002) (Fig. 1).

At the time of the pretreatment evaluation, all 20 of
these children had hypocalcemia and high alkaline phos-
phatase levels. Serum phosphorus levels, documented in
14 children, were variable, with low values (�1.23 mmol/
liter) in five children. Baseline PTH levels, documented in
nine children, were very high (on average 8-fold above the
upper limit of the assay specific reference range; range 2.8-
to 17-fold), indicating secondary hyperparathyroidism. In
12 patients, baseline serum levels of 1,25(OH)2D were not
available because they had initially been diagnosed at an-
other hospital. Baseline lumbar spine areal BMD, docu-
mented in five children, was very low with a median z-
score of �5.2 (range �6.4 to �3.2).

Evolution during the first 2 yr of calcitriol
treatment in newly diagnosed children

Calcitriol solution was started on an outpatient basis at
a dose of 1.0 �g/d, given in two doses of 0.5 �g. Subse-
quently the calcitriol dose was modified according to the
results of biochemical analyses. The aims of the treatment
were to achieve normocalcemia, to maintain PTH levels
within normal limits, and to avoid hypercalciuria. After 3
months of treatment, the median daily calcitriol dose was
0.50 �g/d (range 0.2–1.0 �g). Median daily calcitriol
doses were 0.25 �g after 1 yr (range 0.1–1.0 �g) and 0.25
�g after 2 yr (range 0.1–0.5 �g) of treatment.

Treatment with calcitriol resulted in the normalization
of serum levels of calcium, phosphate, alkaline phospha-
tase, and PTH within 3 months. In the five patients with
available bone densitometry data, lumbar spine areal
BMD z-scores increased markedly in the first 3 months of
treatment and then remained stable (Fig. 2). In the 12
patients with a documented pretreatment height, height
z-scores increased more gradually.

The onset of walking had been documented in eight
children who at the time of referral (median age of 18
months, range 12–24) had never walked. In these children,
the median duration for walking after starting calcitriol
treatment was 3 months (range 2–6 months).

TABLE 2. Results in symptomatic children with PDDR at the time of diagnosis (n � 20)

n Median (range) Reference range
Number (female/male) 20 20 (7/13)
Age (yr) 19 1.4 (0.5; 2.6)
Height (z-score) 17 �2.4 (�4.3; 2.0)a

Weight (z-score) 16 �1.9 (�3.8; 1.3)a

Total calcium (mmol/liter) 17 1.66 (1.20; 2.18) 2.25–2.63
Phosphate (mmol/liter) 14 1.31 (0.59; 2.60) 1.23–1.62
Alkaline phosphatase (IU/liter) 15 2514 (833; 3867) �300
25OH D (nmol/liter) 11 86 (35; 184) 34–91
1,25(OH)2D (pmol/liter) 8 8 (3; 14) 65–134

a P � 0.0001 for comparison with 0 by one-sample t test.

FIG. 1. Height z-score according to age at time of diagnosis in young
children with PDDR.
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Evolution of calcitriol doses from childhood to
adulthood

The evolution of calcitriol doses from 4 to 17 yr of age
was available in seven patients (one female, six males).
After the initial adjustments described in the previous sec-
tion, calcitriol doses were increased as needed to maintain
PTH levels within normal limits. In the period from 4 to 9
yr of age, the median daily calcitriol dose increased from
0.25 to 0.50 �g. From 11 to 15 yr of age, median calcitriol
doses increased from 0.50 to 0.75 �g/d.

Long-term outcome in adults
During calcitriol treatment, 25OH D serum levels

were normal in all 17 adult patients with available data
(median of 101 nmol/liter, range 50 –145 nmol/liter),
and 1,25(OH)2D levels were normal in 12 of 15 adult
patients (median 101 pmol/liter, range 72–163 pmol/
liter; normal range 65–134 pmol/liter) and slightly low
in the three remaining patients (57, 58, and 61
pmol/liter).

The height of adult patients varied with treatment
history and was significantly associated with the age at
which calcitriol treatment was started (R2 � 0.57, P �
0.0001) (Fig. 3). Patients who received calcitriol only
after the pubertal growth spurt (group 3) were signifi-
cantly shorter than patients who were treated with cal-
citriol since infancy (group 1) or patients who initially
were treated with high doses of vitamin D but then
started calcitriol treatment before the pubertal growth
spurt (group 2, Table 3). In group 3, height was signif-
icantly lower than in the general population (P �
0.001), whereas average height in the other two groups
was as expected for a healthy population. Lumbar spine
areal BMD z-scores were normal in all adult patients,
regardless of treatment history.

There was no evidence of increased bone fragility. Frac-
ture history at the time of the last follow-up (available in
22 patients; median age 45.4 yr; range 18.4–063.9 yr)
revealed that three patients had sustained fractures (wrist,
humerus, and metatarsal bone) while receiving calcitriol,

but these fractures occurred after significant trauma and
healed normally.

Severe enamel hypoplasia was documented in 13 of 16
adult patients of groups 2 and 3 (81%), necessitating den-
tal extraction in 10 patients. In group 1, two of five (40%)
patients had some enamel hypoplasia but had not required
dental extraction.

Screening for potential adverse events of hypercalcemia
revealed that one patient (4% of the study population) had
mild corneal calcium deposits, and four patients (16%)
had mild nephrocalcinosis on renal ultrasound. The me-
dian urinary calcium to creatinine ratio of the 236 urine
tests that were performed in the patients with nephrocal-
cinosis (0.37 mmol/mmol) was similar to the median uri-
nary calcium to creatinine ratio of the 1068 urine test that
were performed in the patients without nephrocalcinosis
(0.34 mmol/mmol).

Except for moderate arterial hypertension in two pa-
tients, there was no history of other serious health disor-
ders in the group of adult patients.

Pregnancies in women with PDDR
Nine women with PDDR had a total of 19 documented

pregnancies (Supplemental Table 2). During pregnancy,
doses of calcitriol were adjusted according to the results of
biochemical analyses (obtained every 4 wk) to maintain
serum calcium levels within normal limits. Thus, calcitriol
doses were increased during 12 of the 19 pregnancies.
After delivery, calcitriol treatment was continued at
prepregnancy doses. All these pregnancies were without
complications. In particular, there was no case of intra-
uterine growth retardation and all newborns were nor-
mocalcemic at birth.

FIG. 2. Evolution of height (in 12 patients) and areal BMD of the
lumbar spine (in five patients) during the first 2 yr of treatment with
calcitriol in young children with PDDR.

FIG. 3. Final height according to age of onset of calcitriol treatment in
adult patients with PDDR. Group 1, Exclusively treated with calcitriol.
Group 2, Initially treated with high doses of vitamin D but started
calcitriol before the pubertal growth spurt. Group 3, Initially treated
with high doses of vitamin D but started calcitriol after the pubertal
growth spurt.
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Discussion

Here we describe the largest cohort of PDDR patients that
has been reported until now. Most patients were initially
brought to medical attention as infants with neurological
symptoms, especially delayed walking. This may be re-
lated to the importance of vitamin D for muscle strength
and highlights the fact that the diagnosis of rickets should
be considered in infants with developmental delay (19).

The distribution of presenting signs and symptoms
seems to differ somewhat between PDDR and vitamin D
deficiency rickets. Compared with the patients with vita-
min D deficiency rickets reported by Ladhani et al. (20),
our patients with PDDR presented more frequently with
short stature (70% in patients with PDDR vs. 3% in pa-
tients with vitamin D deficiency rickets), motor delay (70
vs. 3%), and clinical signs of rickets (100 vs. 70%). In
contrast, infants with PDDR seem to present with seizures
less frequently than patients with vitamin D deficiency
rickets (15 vs. 25%).

Contrary to patients with severe vitamin D deficiency
who can present within the first 6 months of age (20), none
of the PDDR patients described here were symptomatic
before the age of 6 months. This is unlikely to be due to the
presence of maternal 1,25(OH)2D3 in the circulation of
the infant because 1,25(OH)2D3 does not cross the feto-
placental barrier (21). Indeed, the infant who was diag-
nosed with PDDR at the age of 1 month had a serum low
level of 1,25(OH)2D and a positive CYP27B1 sequencing
result but did not have any clinical or radiological signs of
rickets. This indicates that 1,25(OH)2D is not critical for
mineral ion homeostasis and growth plate mineralization

in the first months of life. Similarly, 1�-OHase deficient
mice appear normal from birth until weaning (22).

After the start of calcitriol treatment, biochemical pa-
rameters quickly normalized, as previously described (11).
A new observation is that lumbar spine areal BMD also
normalized within 3 months. A similar increase in areal
BMD has been reported in children and adults who were
treated for vitamin D deficiency (23). The rapidity of the
increase in areal BMD suggests that the treatment initially
led to the mineralization of preexisting unmineralized os-
teoid rather than the production of new bone matrix. The
height deficit persisted longer than the low areal BMD, but
after 2 yr of calcitriol treatment, height was also normal-
izedandremained sountil adulthood. It is noteworthy that
even those patients who received calcitriol only after
puberty had normal areal BMD, even though their av-
erage height was low. It thus appears that having low
levels of 1,25(OH)2D3 during childhood is compatible
with achieving a normal peak bone mass.

Although essentially expressed throughout the nephron,
1�-OHase activity is also detected in chondrocytes and
osteoblasts. It has been hypothesized that local production
of 1,25(OH)2D3 could play an important autocrine and
paracrine role in endochondral ossification and chondro-
cyte development (24). Indeed, observations in mice sug-
gest that chondrocyte-specific inactivation of Cyp27b1 or
the vitamin D receptor leads to abnormalities in endo-
chondral bone development (25, 26). These mouse data
are somewhat at odds with the present observations in
humans. It can be assumed that in our patients both the
systemic and the local production of 1,25(OH)2D were
disrupted due to CYP27B1 mutations but systemic treat-

TABLE 3. Auxological, biochemical, and radiological data of adult patients with PDDR

Group 1 Group 2 Group 3

Pn Value (range) n Value (range) n Value (range)
Number (female/male) 7 7 (1/6) 4 4 (4/0) 14 14 (9/5)
Age (yr) 7 20.0 (17.0; 27.0) 4 20.5 (18.0; 26.0) 14 31.0 (24.0; 45.0)a,b 0.0009
Age of onset of calcitriol treatment (yr) 7 1.0 (0.1; 1.6) 4 7.0 (4.0; 10.0) 14 23.0 (12.0; 31.0) 0.0001
Duration of calcitriol treatment (yr) 7 19.1 (15.2–26.2) 4 14.8 (11.2–18.2) 14 11.0 (3.5–24.1)a 0.0025
Dose of calcitriol treatment (�g/d) 7 0.75 (0.75; 1.00) 3 1.25 (0.50; 1.50) 14 0.5 (0.50; 1.00) 0.24
Height (z-score) 7 �0.3 (�0.9; 1.0) 4 �1.3 (�1.6; 0.9) 14 �2.2 (�5.5; �0.9)a 0.0008
Weight (z-score) 7 0.5 (�1.4; 1.4) 4 1.0 (0.43; 2.18) 14 �1.3 (�3.0; 1.4)a,b 0.011
Total calcium (mmol/liter) (Norm: 2.25–2.63) 7 2.37 (2.29; 2.50) 4 2.33 (2.26; 2.55) 12 2.32 (2.10; 2.45) 0.39
Phosphate (mmol/liter) (Norm: 1.23–1.62) 7 1.24 (0.87; 1.36) 4 1.07 (0.75; 1.22) 12 0.87 (0.74; 1.13)a 0.008
Alkaline phosphatase (UI/liter) (Norm: �300) 7 86 (47; 130) 4 85 (39; 158) 12 61 (35; 103) 0.36
PTH (% normal maximal value) 7 82 (42; 166) 3 90 (50; 90) 11 60 (50; 150) 0.99
Urinary calcium/creatinine ratio 7 0.4 (0.1; 0.7) 4 0.3 (0.1; 0.6) 11 0.5 (0.1; 1.1) 0.50
LS volumetric BMD (Z score) 7 �1.1 (�1.9; 2.7) 3 0.9 (0.0; 3.0) 14 0.4 (�0.9; 2.3) 0.42

P values were calculated using the Kruskal-Wallis test. Group 1 was exclusively treated with calcitriol. Group 2 was initially treated with high doses
of vitamin D but started calcitriol before the pubertal growth spurt. Group 3 was initially treated with high doses of vitamin D but started calcitriol
after the pubertal growth spurt. Norm, Normal.
a Significantly different between groups 1 and 3.
b Significantly different between groups 2 and 3.
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ment with calcitriol nevertheless led to a normal growth
rate and normal areal BMD. Despite careful follow-up
over many years, no skeletal abnormalities were observed
in patients with PDDR who had received calcitriol since
infancy. It thus seems that in humans local production of
1,25(OH)2D in bone or growth cartilage cells is not crit-
ically important for skeletal development and homeosta-
sis, even though subclinical growth plate abnormalities
could evidently not be excluded in our patients.

Female mice that are deficient in 1�-OHase (and that
do not receive calcitriol) have uterine hypoplasia and ab-
sent corpora lutea and thus are infertile (22). The 1�-
OHase gene is expressed in human endometrial stromal
cells with a significant increase in early pregnancy, sug-
gesting a potential role of local production of 1,25(OH)2D
in pregnancy establishment or maintenance (27). In our
study, female pubertal development seemed to be normal,
and 19 pregnancies were documented in nine of the 13
women who were above 20 yr of age. It therefore appears
that local production of 1,25(OH)2D in female reproduc-
tive organs is not critical for fertility because systemic sup-
plementation was sufficient to achieve fertility.

The pregnancies that occurred in the women of the
present cohort were without any complications, and all new-
borns were normocalcemic at birth. This indicates that the
approach of determining calcium levels every 4 wk during
pregnancy and to increase calcitriol doses as needed to main-
tain normocalcemia was a successful strategy.

Treatment with calcitriol was well tolerated in our pop-
ulation, with a low rate of adverse events that might be
attributable to hypercalcemia. In particular, mild nephro-
calcinosis was observed in 16% of the patients described
here, whereas about 80% of patients with hypophos-
phatemic rickets receiving calcitriol have been reported to
develop nephrocalcinosis (28). The risk of nephrocalcino-
sis may be lower in patients with PDDR because phos-
phate excretion is normal, whereas phosphate excretion is
elevated hypophosphatemic rickets.

Conclusion
Treatment with calcitriol started in infancy results in

short- and long-term correction of all clinical, biochemi-
cal, and radiological abnormalities related to PDDR,
without serious adverse events.
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