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Context: Hypoparathyroidism is among the few hormonal insufficiency states not treated with
replacement of the missing hormone. This is the first randomized controlled study in children
comparing treatment with synthetic human PTH 1-34 and calcitriol.

Objective: The primary objective was to assess the efficacy and safety of long-term PTH 1-34 vs.
calcitriol treatment in the maintenance of normal serum calcium values and renal calcium excretion
in children with hypoparathyroidism.

Setting: The study was conducted at a clinical research center.

Subjects: Subjects included 12 children aged 5–14 yr with chronic hypoparathyroidism and without
severe renal or hepatic insufficiency.

Study Design: The study was a 3-yr randomized parallel trial comparing twice-daily calcitriol (plus
calcium and cholecalciferol in four daily doses) vs. sc PTH 1-34 treatment, with weekly or biweekly
monitoring of serum and urine calcium.

Results: Mean predose serum calcium levels were maintained at, or just below, the normal
range, and urine calcium levels remained in the normal range throughout the 3-yr study, with
no significant differences between treatment groups. Creatinine clearance, corrected for body
surface area, did not differ between groups and remained normal throughout the study.
Markers of bone turnover were mildly elevated during PTH 1-34 therapy and remained within
the normal range during calcitriol therapy. Mean bone mineral density Z-scores at the anterior-
posterior lumbar spine, femoral neck, distal radius, and whole body remained within the
normal range and did not differ between groups throughout the study. Similarly, height and
weight percentiles did not differ between treatment groups and remained normal throughout
the 3-yr follow-up.

Conclusion: We conclude that PTH 1-34 therapy is safe and effective in maintaining stable calcium
homeostasis in children with hypoparathyroidism. Additionally, PTH 1-34 treatment allowed nor-
mal skeletal development because there were no differences in bone mineral accrual, linear
growth, or weight gain between the two treatment arms over the 3-yr study period. (J Clin
Endocrinol Metab 95: 2680 –2688, 2010)
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Hypoparathyroidism is a rare pediatric disorder, asso-
ciated with low or undetectable PTH levels, which

produces abnormalities in mineral metabolism that in-
clude hypocalcemia, hyperphosphatemia, and hypomag-
nesemia. The clinical presentation may include neuromus-
cular irritability causing tetany, muscle cramping, spasms,
and seizures. In adults, the disorder is usually a compli-
cation of neck surgery or radiation. In children, the con-
dition is most often idiopathic or due to inherited disor-
ders such as autoimmune polyglandular failure syndrome
type 1 or an activating mutation in the calcium-sensing
receptor.

Children with hypoparathyroidism pose a particular
therapeutic dilemma because recurrent episodes of hy-
pocalcemia, if associated with seizures, may have adverse
effects on brain development. However, overtreatment
with calcitriol and calcium to avoid hypocalcemia may
produce hypercalciuria because of the compromised phys-
iological defenses against rising urine calcium in this dis-
order. Chronic episodic hypercalciuria, in turn, may pro-
duce nephrocalcinosis and permanent renal damage (1, 2).
Thus, vitamin D analog treatment of hypoparathyroidism
in children involves the challenge, throughout the growth
period, of adjusting treatment dosage to minimize both
symptomatic hypocalcemia and asymptomatic, but po-
tentially kidney-damaging, hypercalciuria.

As an alternative to vitamin D analogs, which are the
sole Food and Drug Administration (FDA)-approved
treatment, replacement therapy with the biologically ac-
tive amino-terminal portion of the PTH molecule has been
investigated during the past 2 decades. The initial pilot
study of this treatment involved a 2-month course of PTH
1–38 in two adolescents with autoimmune hypoparathy-
roidism (3). Subsequently, studies with synthetic PTH
1-34 in adults with hypoparathyroidism showed, first,
that once-daily PTH can maintain both serum and urine
calcium within the normal range during a 12-wk period
(4); second, that twice-daily PTH 1-34 provides effective
short-term (12 wk) treatment with a reduced total daily
dose, reduced bone turnover markers, and a decreased
incidence of bone pain compared with a once-daily regi-
men (5); and, third, that twice-daily PTH 1-34 over a 3-yr
period can maintain serum calcium at or just below nor-
mal with concurrent eucalciuria and with no change in
bone mineral density (BMD), despite mild elevation of
bone turnover markers (6).

Despite the evident rationale for PTH replacement in
hypoparathyroidism, the first clinical studies of synthetic
PTH 1-34 were for treatment and/or prevention of osteo-
porosis (7–10). The success of these studies led, in 2002,
to FDA approval of recombinant human PTH 1-34
(rhPTH 1-34, teriparatide, Forteo; Eli Lilly, Indianapolis,

IN) for the treatment of severe osteoporosis in adults.
However, due to occurrence of osteosarcomas and death
in rat toxicology studies of rhPTH 1-34 (11), the FDA-
approved product label warned against pediatric use of
rhPTH 1-34 and, despite the apparent absence of osteo-
sarcomas during a decade of marketed adult rhPTH 1-34
use, safety concerns have prompted the manufacturer not
to sponsor investigational use of rhPTH 1-34 in children.

Based on the perceived need for alternative treatment,
however, we had already initiated, in the mid-1990s, stud-
ies of synthetic PTH 1-34 replacement therapy in children
with hypoparathyroidism. Comparison of once-daily
with twice-daily PTH 1-34 over a 14-wk period yielded
results similar to those observed previously in adults (12).
The current study examined the long-term results of syn-
thetic PTH 1-34, in these same children, in a 3-yr ran-
domized, parallel trial comparing twice-daily PTH 1-34 to
twice-daily calcitriol with calcium and cholecalciferol sup-
plementation. In addition to outcome measures described
previously in adults, study of these growing children in-
cluded observations of linear growth, weight gain, and
bone mineral accrual.

Subjects and Methods

Subjects
The study was conducted at the National Institutes of Health

(NIH) Clinical Center under a protocol approved by the Insti-
tutional Review Board of the National Institute of Child Health
and Human Development and the FDA. All subjects and their
parents gave written informed consent (or assent for younger
children). Twelve children (eight males) aged 5–14 yr with
chronic hypoparathyroidism were enrolled in the study. The
baseline visit also served as the conclusion of the prior dose study
(12). Accordingly, all subjects were receiving either once-daily or
twice-daily PTH before the initiation of this study. The subjects
in this study represented 70% of the hypoparathyroid children
within the NIH intramural research program. The nonpartici-
pating children included those who were ineligible or declined to
participate.

The etiologies of hypoparathyroidism in this study were au-
toimmune polyglandular failure syndrome type 1 [brothers 1 and
8 and 6 and 11, from two different families (see Table 1)]; a
sporadic activating mutation of the calcium receptor (patient 2)
(13); and idiopathic (brothers 5 and 10 from a family with three
other affected brothers and an affected father and uncle and
siblings 7, 9, and 12 from a family with no affected parent or
grandparent). Calcium-sensing receptor mutations were
sought, and not found, in all patients with idiopathic familial
hypoparathyroidism.

Protocol
This was a randomized, parallel, open-label, 3-yr study com-

paring calcitriol (plus calcium and cholecalciferol supplementa-
tion) vs. PTH 1-34 replacement therapy. After completion of the
prior short-term study comparing once-daily vs. twice-daily
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PTH 1-34 (12), subjects were assigned randomly, in blocks of
four, to receive, at 0900 and 2100 h, either twice-daily sc PTH
1-34 (0.4 �g/kg mean initial dose) or twice-daily calcitriol (ini-
tially 0.25 �g/dose) plus combined calcium (1200 mg/d) and
cholecalciferol (800 IU/d) supplementation divided into four
daily doses. Synthetic human parathyroid hormone 1-34 (pur-
chased from Bachem Inc., Torrance, CA) was prepared at the
NIH Clinical Center for human administration as previously
described (4).

Calcitriol and PTH 1-34 dose adjustments were permitted as
indicated clinically throughout the study, with the dose of PTH
1-34 being adjusted in increments or decrements of approxi-
mately 15% to maintain urine and serum calcium within the
normal range. Both serum calcium and 24-h urine calcium were
measured daily during an initial 1-wk inpatient admission, once
weekly during the next 2 months, and biweekly thereafter. For
several subjects, weekly collections continued if they experienced
recurrent symptoms of hypocalcemia or intermittent episodes of
malabsorption. Blood and urine samples were sent to the NIH by
overnight express mail.

Dietary intake of calcium ranged from 700 to 1600 mg of
elemental calcium based on dietary history and results of a food
frequency questionnaire obtained at each clinic visit. Except for
magnesium supplementation in all but two patients, no study
participant received phosphate binders, diuretics, or other med-
ications that affected serum calcium, magnesium, or phosphorus
levels.

Clinical monitoring
Subjects were seen in the NIH Clinical Center outpatient

clinic every 6 months. During this 3-d visit, patients provided two
24-h urine and two blood samples. Blood samples were obtained
approximately 10–11 h after their medication doses, usually
before the morning dose. Food frequency and symptom ques-
tionnaires were completed by patients with the assistance of their
parents at each clinic visit.

Study end points
The primary outcome measures were serum and urine cal-

cium levels. Secondary outcome measures were serum phospho-
rus, magnesium, 1,25-dihydroxyvitamin D3, 25-hydroxyvita-
min D3, and serum and urine markers of bone turnover.
Additional secondary outcome measures included kidney func-
tion (creatinine clearance corrected for body surface area), linear
growth (calculated from heights which were the average of three
Harpenden stadiometer measurements), body weight, and
BMD. BMD measurements of the spine, forearm, hip, and whole
body were performed on a QDR 2000 scanner using dual-energy
x-ray absorptiometry (Hologic, Inc., Bedford MA). Height and
weight percentiles were determined according to Centers for Dis-
ease Control and Prevention reference data (14). BMD and con-
tent Z-scores were based on standards generated by the Bone
Mineral Density in Childhood Study (15).

The serum calcium, phosphorus, and magnesium levels de-
termined for each patient at different time points throughout the
study were the average of six values obtained within a 2-month
period, with two of the values being obtained on consecutive
days at a scheduled 6-month NIH clinic visit. Most of the levels
represent predose morning values, with a few representing pre-
dose evening values to accommodate patient schedules. The cor-
responding urine values are also the mean of six determinationsTA
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obtained on the same days. All blood and urine samples were
measured at the NIH Clinical Center except for serum 25-hy-
droxy- and 1,25-dihydroxyvitamin D3, serum osteocalcin, and
urine pyridinoline and deoxypyridinoline, which were measured
at Quest Diagnostics (San Juan Capistrano, CA).

Statistical methods
Data were assessed first for treatment effect across time using

mixed models for repeated measures, and second for trend over
time as determined by slopes with the use of one-sample t tests.
Continuous data were compared between groups by two-sample
t test, and categorical data were analyzed by �2 or Fisher’s exact
tests, as appropriate. P � 0.05 were considered statistically sig-
nificant. The Bonferroni adjustment for multiple comparisons
was applied to comparisons at specific time points, with only the
adjusted P values being reported. Data are mean � SD except in
figures, where mean � SE is presented. All data were analyzed
using SAS version 9.1 (SAS Institute Inc., Cary, NC).

Adverse events
Subjects completed a symptom questionnaire at each NIH

follow-up visit. Tracked symptoms included numbness, spasms,
muscle weakness, joint pain, fatigue, bone pain, and depression.
Subjects were asked to rate the severity and duration of each
symptom.

Results

Baseline characteristics of the PTH 1-34 treatment group
(n � 7, ages 7–14 yr, five males) did not differ significantly
from the calcitriol treatment group (n � 5, ages 5–12 yr,
three males, Table 1). Of the 14 subjects in the prior short-
term study of once-daily vs. twice-daily PTH 1-34 (12),
two were not included in analyses of this study: one had

FIG. 1. Mean � SEM mineral values in blood and 24-h urine collections measured in children receiving PTH 1-34 (PTH) vs. calcitriol, calcium, and
cholecalciferol (vitamin D3) for treatment of hypoparathyroidism.
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recently turned 18 yr old and entered the similarly de-
signed long-term adult study (6), and one was randomized
to the calcitriol arm of this study but discontinued before
any data were collected because of the anticipated incon-
venience of study procedures. Additionally, three subjects
from one family [subject 7 (PTH group) and subjects 9 and
12 (calcitriol group)] discontinued midway through the
study (after 1.5 yr) due to the inconvenience of travel to
NIH. At baseline, all but two subjects (subjects 3 and 8)
required magnesium supplementation. Furthermore, be-
fore randomization, five subjects (subjects 4, 5, 8, 9, 11)
were receiving short-term twice-daily PTH; two (subjects
4, 5) were randomized to continue this PTH treatment
regimen during the 3-yr study. Seven subjects were receiv-
ing once-daily PTH (subjects 1, 2, 3, 6, 7, 10, 12); five were
randomized to the twice-daily PTH treatment arm during
the long-term study (subjects 1, 2, 3, 6, 7).

Dose
Mean � SD PTH 1-34 dose over the 3-yr study was

0.6 � 0.5 �g/kg (approximately 27 �g/dose) and mean �
SD calcitriol dose was 0.009 � 0.004 �g/kg (approxi-
mately 0.3 �g/dose), each administered twice daily.
Mean � SD magnesium supplement was 272 � 175 mg/d
for PTH 1-34 subjects and 296 � 197 mg/d for calcitriol
subjects. Calcium carbonate (300 mg) combined with
cholecalciferol (200 IU) was given as a pill four times daily.

Primary end points
Mean � SD serum calcium levels showed no differences

across time or between treatments (1.96 � 0.04 vs. 1.99 �
0.05 mmol/liter for the PTH 1-34 and calcitriol groups,
respectively, Fig. 1) and remained at or just below the
normal range throughout the study. Mean � SD urine cal-
cium excretion also showed no difference across time or be-
tween treatments, whether expressed in millimoles per day
(Fig. 1) or in milligrams per kilogram body weight per day
(4.9 � 0.8 vs. 4.4 � 1.1 mg/kg � d for the PTH 1-34 and
calcitriol groups, respectively, P � 0.73) and were within the
upper half of the normal range throughout the study.

Secondary end points

Phosphorus, magnesium, and vitamin D
Mean � SD serum phosphorus levels showed no differ-

ence between treatments (1.79 � 0.09 vs. 2.02 � 0.11 for
the PTH 1-34 and calcitriol groups, respectively, P � 0.13,
Fig. 1) and remained above the normal range throughout
the study. In the PTH 1-34 group, however, there was a
significant downward trend over time (P � 0.01), with
mean serum phosphorus level at 3 yr only slightly above
normal. Mean � SD urine phosphorus levels did not differ
across time or by treatment group whether expressed as

millimoles per day (Fig. 1) or as milligrams per kilogram
body weight per day (15.9 � 1.7 vs. 10.9 � 2.2 mg/kg � d
for the PTH 1-34 and calcitriol groups, respectively, P �
0.10). In the calcitriol group, however, there was a signif-
icant downward trend over time in urine phosphorus level
(P � 0.05), with values at the lower limit of normal at the
2- and 3-yr time points.

Mean � SD serum magnesium levels were similar across
time and between treatments (0.68 � 0.02 vs. 0.75 � 0.03
mmol/liter for the PTH 1-34 and calcitriol groups, respec-
tively, P � 0.06, Fig. 1) but were lower in the PTH group
at 2 and 2.5 yr (0.67 � 0.02 vs. 0.78 � 0.03 mmol/liter,
P � 0.05, and 0.67 � 0.02 vs. 0.82 � 0.01 mmol/liter, P �
0.05, respectively). Mean � SD urine magnesium levels were
at or above the upper limit of the normal range throughout
the study (Fig. 1), with no difference across time or between
treatments (2.6 � 0.4 vs. 2.3 � 0.5 mg/kg � d for the PTH
1-34 and calcitriol groups, respectively).

Mean � SD serum 1,25-dihydroxyvitamin D3 levels did
not differ between treatments (60 � 6 vs. 47 � 7 pg/ml for
the PTH 1-34 and calcitriol groups, respectively, P � 0.20,
Fig. 2). However, a significant upward trend over time was
observed in the PTH-treated but not the calcitriol-treated

FIG. 2. Mean � SEM serum vitamin D levels measured in children
receiving PTH 1-34 (PTH) vs. calcitriol, calcium, and cholecalciferol for
treatment of hypoparathyroidism.
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patients (P � 0.05). Mean � SD 25-hydroxyvitamin D3
levels were consistently lower in the PTH-treated patients
(23 � 1 vs. 34 � 2 ng/ml for the PTH 1-34 and calcitriol
groups, respectively, P � 0.01, Fig. 2), which most likely
reflects the supplemental cholecalciferol administered
(in combination with calcium) to the calcitriol-treated
patients.

Kidney function
Mean � SD creatinine clearance, corrected for body sur-

face area, did not differ across time or between treatments
(105 � 8 vs. 108 � 10 ml/min per 1.7 m2 for the PTH 1-34
and calcitriol groups, respectively).

Markers of bone turnover
Except for serum alkaline phosphatase, in which a

weak upward trend (P � 0.05, Fig. 3) in PTH-treated
subjects but no overall difference compared with calcit-
riol-treated subjects was observed, mean � SD markers of
bone remodeling were significantly higher in the PTH-
treated group (155 � 30 vs. 36 � 36 ng/ml for serum
osteocalcin, P � 0.05; 152 � 14 vs. 52 � 18 nmol/mmol
creatinine for urine deoxypyridinoline, P � 0.01; 397 �
28 vs. 193 � 35 nmol/mmol creatinine for urine pyridino-
line, P � 0.01, Fig. 4). Additionally, statistically signifi-
cant differences between treatment groups were seen at
1.5, 2, and 2.5 yr for urine deoxypyridinoline and at 1 and
1.5 yr for urine pyridinoline.

Bone density
BMD Z-score did not differ across time or between

treatment groups at the anterior-posterior (A/P) lumbar
spine, femoral neck, total femur (data not shown), distal
third of the radius, or whole body (Figs. 4 and 5), with the
exception of a significant downward trend over time at the
distal radius of the PTH 1-34 group (P � 0.05, Fig. 5). As
expected for growing children, BMD increased at all sites
for both treatment groups, and these upward trends over
time were statistically significant at all sites for the cal-
citriol group (P � 0.05, except for P � 0.01 for the
whole body BMD, Fig. 5) and at the total femur (data
not shown) and whole body for the PTH 1-34 group
(P � 0.05, Fig. 5).

Bone mineral content (BMC) Z-score did not differ
across time or between treatment groups at the A/P lumbar
spine or whole body (Fig. 5). As expected for growing
children, BMC showed consistent upward trends for both
treatment groups, which were statistically significant for
the PTH 1-34 group at the A/P lumbar spine (P � 0.05, Fig.
4), the whole body (P � 0.01, Fig. 5), and the calcitriol
group at the A/P lumbar spine and whole body (P � 0.05,
Figs. 4 and 5).

Growth
Mean � SD height percentile did not differ across time

or between treatment groups (47 � 13 vs. 53 � 15 for the
PTH 1-34 and calcitriol groups, respectively, P � 0.76),

FIG. 3. Mean � SEM bone turnover markers in blood and 24-h urine collections in children with hypoparathyroidism treated with PTH 1-34 (PTH)
vs. calcitriol, calcium, and cholecalciferol.
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indicating normal linear growth of both groups through-
out the study. Likewise, mean � SD weight percentile
showed no significant differences over time or between
treatment groups (54 � 13 vs. 63 � 15 for the PTH 1-34
and calcitriol groups, respectively, P � 0.68).

Adverse events
Analysis of symptom occurrence at any time during the

follow-up showed no significant differences between
groups. Serious adverse events included hypocalcemia on
two occasions in patient 2. This subject had chronically
low serum calcium levels due to calcium-sensing receptor
activating mutation, and both episodes were characterized
by worsened, symptomatic hypocalcemia associated with
flu-like symptoms and fever. Both episodes resolved with
an outpatient iv calcium infusion. Two other patients were
hospitalized for complications of autoimmune polyglan-
dular failure syndrome type 1 (patients 4 and 8) not as-
sociated with abnormal calcium levels. During study year
three, there was a single report of bone pain (subject 7,
Table 1) from one child receiving PTH. There were no
seizures or intensive care unit admissions in any subject.

Discussion

Within the context of a closely monitored research study,
with 3-yr follow-up of a small number of hypoparathyroid

children, the current results establish that PTH 1-34 and
calcitriol treatment are similar in maintaining normal se-
rum and urine calcium, kidney function, bone mineral
accrual, and linear growth. These observations are novel
because there are no prior long-term studies comparing
PTH and vitamin D treatment in such children.

Neither of the two treatments restored normal mineral
homeostasis because serum calcium was slightly below the
normal range during both treatments, and serum phos-
phorus was consistently above normal in both treatment
groups. Additionally, most patients required magnesium
supplementation to maintain serum magnesium within
the low normal range, with high normal or slightly ele-
vated urine magnesium levels.

As in the previous study in adults (6), bone turnover
markers were at the upper limit of normal or elevated in
the PTH-treated patients, but this difference was not as-
sociated with a difference in bone mineral accrual or linear
growth, which appeared to proceed normally in both
treatment groups. This observation is especially impor-
tant, given the FDA warning against the use in children of
rhPTH 1-34 (Forteo; Eli Lilly) because of 2-yr carcinoge-
nicity studies yielding osteosarcoma in rats (11). These
studies, performed at supraphysiological dosage through-
out the lifetime of rats with normal parathyroid function,
have raised safety concerns regarding long-term PTH 1-34
use that resulted in the product label warning against its

FIG. 4. Mean � SEM spine BMD and BMC in children receiving PTH 1-34 (PTH) vs. calcitriol, calcium, and cholecalciferol for treatment of
hypoparathyroidism.
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noninvestigational use in children. Additionally, the ob-
servation of chronically elevated bone biomarkers, in the
current 3-yr study of twice-daily administration, high-
lights the importance of continued careful investigation of
this regimen and of the desirability of developing a more
physiological regimen of PTH replacement.

Limitations of this study include the small sample size
and relatively short duration of treatment in a lifelong
disorder. The recruitment of hypoparathyroid children
was likely biased, to some degree, toward a population
who are more difficult to manage or less satisfied with
their conventional therapy. Because few serious adverse
events were observed, which were largely unrelated to
treatment, we cannot compare the likelihood of events
such as tetany or seizures due to undertreatment or hy-
percalcemic crisis due to overtreatment. Likewise, this
study provides no insight into whether the theoretical ad-

vantage of PTH 1-34 in reducing urine calcium will or will
not translate over a longer period into a reduced frequency
of nephrocalcinosis or decline in kidney function. Lastly,
the efficacy findings in this closely monitored research
study in highly motivated families may not translate into
real-world effectiveness in less closely monitored patients
or less motivated families.

Looking forward at this early stage in the development
of replacement therapy for hypoparathyroidism, we are
left with many unanswered questions, not dissimilar from
those involving insulin replacement for diabetes many de-
cades ago. Can the efficacy of the current rapid-acting
PTH 1-34 formulation be improved by more frequent
daily injections or continuous sc infusion as with the in-
sulin pump in diabetes? Can stable, long-acting formula-
tions of PTH be developed that, like newer basal insulin
formulations, would provide 24-h control of calcium me-

FIG. 5. Mean � SEM whole-body and radius BMD and BMC in children receiving PTH 1-34 (PTH) vs. calcitriol, calcium, and cholecalciferol for
treatment of hypoparathyroidism.
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tabolism with a once-daily dose? Would vitamin D3 sup-
plementation in PTH-treated patients, by raising 25-hy-
droxyvitamin D3 levels, improve the consistency of PTH
1-34 efficacy or allow similar efficacy with a lower dose?
Although the current results are encouraging, these or
other refinements of this therapy will be required before
the abnormal mineral homeostasis of these patients is nor-
malized and the quality of their lives fully restored.
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