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A B S T R A C T

Purpose: Children with Hutchinson-Gilford progeria syndrome (HGPS), a rare premature aging disease, exhibit
extraskeletal calcifications detected by radiographic analysis and on physical examination. The aim of this study
was to describe the natural history and pathophysiology of these abnormal calcifications in HGPS, and to de-
termine whether medications and/or supplements tested in clinical trials alter their development.
Methods: Children from two successive clinical trials administering 1) lonafarnib (n=26) and 2) lona-
farnib+pravastatin+ zoledronic acid (n=37) were studied at baseline (pre-therapy), one year on therapy,
and at end-of-therapy (3.3–4.3 years after the baseline visit). Calcium supplementation (oral calcium carbonate)
was administered during the first year of the second trial and was subsequently discontinued. Information on
calcifications was obtained from physical examinations, radiographs, and serum and urinary biochemical
measures. The mineral content of two skin-derived calcifications was determined by x-ray diffraction.
Results: Extraskeletal calcifications were detected radiographically in 12/39 (31%) patients at baseline. The
odds of exhibiting calcifications increased with age (p=0.045). The odds were unaffected by receipt of lona-
farnib, pravastatin, and zoledronate therapies. However, administration of calcium carbonate supplementation,
in conjunction with all three therapeutic agents, significantly increased the odds of developing calcifications
(p=0.009), with the odds plateauing after the supplement's discontinuation. Composition analysis of calcinosis
cutis showed hydroxyapatite similar to bone. Although serum calcium, phosphorus, and parathyroid hormone
(PTH) were within normal limits at baseline and on-therapy, PTH increased significantly after lonafarnib in-
itiation (p < 0.001). Both the urinary calcium/creatinine ratio and tubular reabsorption of phosphate (TRP)
were elevated at baseline in 22/39 (56%) and 31/37 (84%) evaluable patients, respectively, with no significant
changes while on-therapy. The mean calcium×phosphorus product (Ca× Pi) was within normal limits, but
plasma magnesium decreased over both clinical trials. Fibroblast growth factor 23 (FGF23) was lower compared
to age-matched controls (p=0.03).
Conclusions: Extraskeletal calcifications increased with age in children with HGPS and were composed of hy-
droxyapatite. The urinary calcium/creatinine ratio and TRP were elevated for age while FGF23 was decreased.
Magnesium decreased and PTH increased after lonafarnib therapy which may alter the ability to mobilize cal-
cium. These findings demonstrate that children with HGPS with normal renal function and an unremarkable
Ca× Pi develop extraskeletal calcifications by an unidentified mechanism that may involve decreased plasma
magnesium and FGF23. Calcium carbonate accelerated their development and is, therefore, not recommended
for routine supplementation in these children.
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1. Introduction

There are in vitro, murine, and human studies that support a dys-
function in calcium handling in Hutchinson-Gilford progeria syndrome
(HGPS) [1–3], a rare premature aging disease characterized by early
atherosclerosis and cardiovascular death at a mean age of 14.6 years
[5]. Progerin is a mutant form of lamin A that is responsible for disease
manifestations [6,7], including calcification within atherosclerotic
plaques and cardiac valves, skeletal dysplasia, among other features
[1,2,4,8,9]. HGPS is one of a few rare inherited monogenic diseases
associated with arterial and cardiac valvular calcification.

Abnormal extraskeletal calcifications have been detected in subjects
with HGPS on standard radiographs and by dermatologic examination
[1]. The mechanisms underlying the ectopic and intravascular calcifi-
cation in HGPS are unclear. In an in vitro calcification model, it has
been shown that calcium/phosphate deposition can occur even in the
presence of normal serum calcium and phosphate concentrations [10].

The current study aimed to describe the natural history of these
findings in greater detail, explore potential underlying causal me-
chanisms, and determine whether medications and/or supplements
tested in clinical trials in children with HGPS (e.g., lonafarnib, zole-
dronic acid, pravastatin, and calcium carbonate) impacted the ap-
pearance of extraskeletal calcifications detected in these patients
(radiographically and on physical examination).

2. Methods

Participants were two years of age and older with clinically and
genetically confirmed c.1824C>T, p.Gly608Gly classic HGPS, ade-
quate organ and marrow function, and able to travel for regular study
visits. Age-matched healthy controls were enrolled for whom a blood
sample for FGF23 was obtained. Control participants had no chronic
disease and were not receiving medications known to influence bone
and mineral status. Written informed consent was obtained and the
protocols were approved by the Boston Children's Hospital Committee
on Clinical Investigation. Age-appropriate assent was also obtained
from participants ages ≥8 years. Histories, physical examinations, and
all efficacy testing were performed at Boston Children's Hospital.

Study drug dosing and administration have been previously re-
ported in detail [11,12]. Fig. 1 provides details about each clinical trial.
All trials were registered with ClinicalTrials.gov: NCT00916747,
NCT00879034, and NCT00916747. Briefly, in both trials, subjects were
prescribed the oral farnesyltransferase inhibitor, lonafarnib (Merck &
Co., Inc.), either by capsule or liquid suspension dispersed in Ora-Blend
SF or Ora-Plus (Paddock Laboratories, Inc.) every 12 ± 2 h. In Trial 1
(NCT00425607), lonafarnib monotherapy was initiated at 115mg/m2

for 4months, when doses were escalated to 150mg/m2 for a total of
24months of therapy. Subsequent to the completion of Trial 1, a three-
drug combination therapy, consisting of lonafarnib, pravastatin (Pra-
vachol, Bristol-Meyers Squibb), and zoledronic acid (Novartis, Inc.),
was initiated (henceforth, the Triple Trial). In the Triple Trial, lona-
farnib dosing was initiated at 150mg/m2. Subjects experiencing drug-
related grade 3 or 4 toxicity were dose-reduced to 115mg/m2. Once
reduced, subjects were permitted to increase the dose of lonafarnib
back to 150mg/m2 as tolerated. Oral pravastatin dosing was 5mg for
subjects weighing under 10 kg, and 10mg for subjects weighing over
10 kg, once every 24 ± 2 h. Zoledronic acid was administered in-
travenously over 30min, at baseline, months 6, 12, and 18, and at the
end-of-therapy. The initial infusion was 0.0125mg/kg body weight; all
other infusions were 0.05mg/kg body weight. Serum calcium was
measured immediately after and at 1–2 days post-infusion. Oral calcium
carbonate (500mg) and vitamin D (cholecalciferol, 1000 IU) were
supplemented daily to avoid hypocalcemia after receipt of intravenous
bisphosphonate therapy and vitamin D deficiency, respectively. Cal-
cium supplementation was discontinued after 12months. Triple Trial
medications were administered for 3.3–4.3 years.

For the FGF23 measurement, the study was approved by the
Institutional Review Board of Hasbro Children's Hospital, Providence,
RI. Healthy pediatric control subjects who matched at least one HGPS
child by age (± 6months) and gender had a blood sample drawn at
Hasbro Children's Hospital after they and/or their parents gave in-
formed assent and consent, respectively.

2.1. Radiographs

Images included a lateral view of the skull, AP/PA and lateral
images of the chest, an AP supine image of the abdomen, AP supine and
frog-leg lateral images of the pelvis, AP and lateral images of the hu-
meri, forearms, and lower legs, and a PA image of each hand. All images
were interpreted by a pediatric radiologist (RHC or MW).

2.2. Dermatologic examination and photographs

Skin examinations for calcinosis cutis were performed by a single
dermatologist (MGL). Location, size and character were noted. A se-
parate photographic consent was obtained from all participants.

Fig. 1. CONSORT (Consolidated Standards of Reporting Trials) diagram of trial
inclusion. Total treatment-naive patients completing baseline evaluations was
N=39; 25 from Lonafarnib Monotherapy trial and 13 from Triple Trial.
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2.3. Biochemical data

Serum concentrations of calcium, phosphate, alkaline phosphatase,
parathyroid hormone (PTH), magnesium, and 25-hydroxyvitamin D
(25OHD) were measured. Random urinary concentrations of calcium,
phosphorus and creatinine were also measured and urinary spot ratios
of calcium/creatinine (Ca/Cr), tubular reabsorption of phosphate
(TRP), and the calcium×phosphate product (Ca× Pi) were calculated.

2.4. FGF23

Plasma FGF23 was measured in duplicate using human FGF23 (in-
tact) ELISA kits (Quidel Corporation, CA). Data analysis was performed
via GraphPad Prism 7.

2.5. Tissue samples

Mineral characterization of skin-derived calcifications was per-
formed at the Hospital for Special Surgery and Weill-Cornell Medical
College, New York, NY (laboratory of the late A. Boskey, PhD). Samples
were analyzed by X-ray diffraction, representing the gold standard
technique for phase identification from which calculation of the crystal
size of the apatite crystals can be performed in microns. Aliquots of
lyophilized fresh-frozen tissue from two patients, ground in a liquid
nitrogen-cooled freezer mill (Spex, Metuchen, NJ), were analyzed by
wide-angle X-ray diffraction using a Bruker AX-8 diffractometer
(Bruker, Madison, WI) with Cu Kα radiation, as previously described
[13]. Scans were recorded from 20° to 40° 2θ, the line-width of the 002
peak measured, and c-axis crystallite size determined based on the
standard X-ray line broadening equation as previously described [14],
using manufacturer-supplied software (AXS Toas P, version 2; Bruker).
In addition, samples were analyzed by attenuated total reflection (ATR)
Fourier transform infrared spectroscopy on a Nicolet 4700 spectro-
meter. Spectral data were acquired from 500 to 2000 cm−1, and the
mineral: matrix ratio calculated as the ratio of the integrated areas of
the phosphate absorbance (900–1200 cm−1) to the protein amide I
absorbance (1700–1600 cm−1).

2.6. Statistics

Descriptive statistics included mean, standard deviation, median,
and quartiles for continuous variables, and counts and percentages for
categorical variables. Assessments of changes over time were based on
General Estimating Equation (GEE) logistic and linear regression for
dichotomous and continuous variables, respectively. Logistic models
that assessed changes in presence of calcification were adjusted for age
and sex; linear regression models that assessed changes in continuous
variables were adjusted for age, sex, and baseline value of the con-
tinuous variable. Individual patient changes in laboratory measures

were summarized using shift tables, and significant changes were based
on the test of symmetry. Differences in plasma FGF23 between matched
HGPS children and healthy controls were assessed using a linear GEE
model that adjusted for age and sex. To account for non-normality, log-
transformed FGF23 concentration was used as the outcome. p-Values
presented are two-sided and are considered significant at the 0.05 level.
They do not reflect adjustment for multiple comparisons and should
only be interpreted descriptively. All statistical analyses were carried
out using SAS version 9.4.

3. Results

3.1. Patient demographics

Twenty-six children from 16 countries with classic HGPS enrolled in
the initial clinical study, a lonafarnib monotherapy treatment trial
(Trial 1) [12]. One child died after four months on study. The Triple
Trial was conducted serially to Trial 1, whereby 24 out of the 25 sur-
viving Trial 1 participants enrolled in the Triple Trial (during their final
study site visit for Trial 1). Within the Triple Trial, these children are
identified as “treatment-non-naïve” due to receipt of prior lonafarnib
monotherapy. In addition, 13 “treatment-naïve” children with classic
HGPS, originating from 11 countries, who had not previously received
lonafarnib were enrolled in the Triple Trial [11]. The total number of
children included in the baseline analysis is thus 39. Table 1 details
patient ages and enrollment totals.

3.2. Radiographic data

The principle data of interest were extraskeletal calcifications de-
tected radiographically and assessed longitudinally from the beginning
of the monotherapy trial to the end of the Triple Trial. Table 1 details
the extraskeletal calcifications detected in treatment-naive patients at
baseline for both clinical trials, collectively. Extraskeletal calcifications
were detected in 12/39 (31%) of patients at baseline. Of these, 8/12
(67%) had a single deposit and 10/12 (83%) were located at the distal
phalanges (Fig. 1C–D, supplemental table). Deposits were also noted at
the abdomen and tibia (Fig. 2A, B and C). At baseline, there was a
positive association between age and presence or absence of deposits
(odds ratio for presence of calcification=1.28 per year, p=0.045,
95% CI 1.01, 1.62). Thus, for each one-year increase in age, the odds of
having at least one extraskeletal calcium deposit detected radio-
graphically increased by 28%, after adjusting for sex. There was no
significant association between sex and presence or absence of deposits
at baseline (odds ratio for presence of calcification=4.70 for females,
p=0.09, 95% CI 0.79, 28.06), after adjusting for age. Although sex was
not significantly associated with presence or absence of deposits, all
analyses were adjusted for both age and sex given the importance of
these clinical variables. Fig. 3 depicts the percentage of patients with

Table 1
Prevalence of radiographic extraskeletal calcifications at baseline (pre-treatment).

Variable Male (n=16) Female (n= 23) All (n= 39)

Age (years) Mean ± SD (n) 6.81 ± 4.29 (16) 5.74 ± 3.24 (23) 6.18 ± 3.69 (39)
Median (IQR) 8.00 (3.00, 9.50) 5.00 (3.00, 8.00) 6.00 (3.00, 8.00)

Calcium deposit seen on X-ray, n (%) Yes 3 (19) 9 (39) 12 (31)
No 13 (81) 14 (61) 27 (69)

Number of Ca deposits, n (%) 0 13 (81) 14 (61) 27 (69)
1 2 (13) 6 (26) 8 (20.5)
2 0 (0) 3 (13) 3 (8)
3 1 (6) 0 (0) 1 (2.5)

Area of largest Ca deposit (mm2) for positive patients Mean ± sd (n) 46.3 ± 70.7 (3) 7.6 ± 6.8 (9) 17.3 ± 35.4 (12)
Median (IQR) 7.0 (4.0, 128.0) 6.00 (3.6, 8.2) 6.50 (3.8, 8.9)

Location of largest Ca deposit for positive patients (n (%)) Tuft 2 (12.5) 8 (35) 10 (26)
Abdomen 0 (0) 1 (4) 1 (2.5)
Tibia 1 (6) 0 (0) 1 (2.5)
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calcium deposits detected radiographically at baseline for each clinical
trial, followed by the percentage at each trial visit. There was no sig-
nificant change during Trial 1. During the Triple Trial, there was a
significant increase in frequency of calcifications during year 1, when
calcium supplementation was incorporated into the treatment regimen
(p=0.009). From year 1 of the Triple Trial to the end of the Triple
Trial, calcium supplementation had been discontinued, and the rate of
increase plateaued.

3.3. Cutaneous calcifications

Overall, calcinosis cutis was noted at the distal digits, heel, trunk,
upper and lower leg, chest and abdomen, with a predilection for distal
digits (Fig. 2). Within the lonafarnib monotherapy trial at the baseline
visit, 2/26 (8%) participants with calcifications were noted to have
cutaneous calcifications on physical examination, with three additional
patients developing this finding at the 1-year study and one at end-of
study examination, for a positive study total of 4 of the 26 participants
(15%). During the Triple Trial, one additional patient was positive for
cutaneous calcifications at baseline, after one year of therapy, and

Fig. 2. Photographs and radiographs of calcifications in children with HGPS.
A) Radiograph: PA chest; B) lateral chest and C) tufts of digits (arrows); D) photograph: calcifications at tuft of digit; and E) calcified lesion at the lateral knee.
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another three at the end-of-study examination, for a positive study total
of 9 participants (24%). There was no association between cutaneous
calcinosis and age (p=0.30) or sex (p=0.94) at baseline. Although
one child exhibited more extensive involvement (i.e., larger and more
extensive areas of ectopic calcification, see Fig. 2F–G) than others, the
median size of calcifications was 3mm2 (range 3–36mm2).

3.4. Calcinosis Cutis Composition Analysis

To investigate the composition of the calcinosis cutis, two samples
were analyzed. The x-ray diffraction data showed that there was bone-
like hydroxyapatite in both (Fig. 4). The apatite was similar in size and
crystallinity (crystal size and perfection) to bone hydroxyapatite, in the
range of 10–30 nm in the c-axis direction [15]. Further, the FTIR-de-
termined mineral matrix ratios for the two samples, 9.7:1 and 7.8:1,
were also in the range of that of biological bone tissue.

3.5. Biochemical data

3.5.1. Evaluations in untreated patients
Serum and urinary factors relevant to bone formation were ex-

amined at baseline before treatment initiation. Thirty-eight of 39 pa-
tients submitted serum samples for the items evaluated in Table 2.
Additionally, PTH and TRP were evaluated in 37/39 patients.

Descriptive statistics, including fractions of patients in the abnormal
range for these factors, are presented in Table 2. Mean serum calcium,
phosphorus, magnesium, PTH, and Ca×Pi were within normal limits.
However, mean values for both urinary Ca/Cr and TRP were higher
than the normal range for age. In addition 31/39 (79%) and 22/37
(59%) patients exhibited high urinary Ca/Cr and TRP, respectively.

3.5.2. Mean values with treatment
Changes in mean values between study site visits were assessed in

response to different treatment regimens (Table 3).

3.5.3. Calcium, phosphorus, and Ca× Pi product
Serum total calcium, phosphorus, and the Ca×Pi product did not

change during the lonafarnib monotherapy trial. However, concentra-
tions of all decreased significantly during year one of the Triple Trial
(calcium−0.35mg/dL, phosphorus −0.52mg/dL, and Ca×Pi −6.91;
all p < 0.001) and did not change significantly from year 1 to end-of-
study. Of note, the mean Ca×Pi product never exceeded a high
threshold (elevated>60) over the course of both trials.

3.5.4. PTH
PTH significantly increased from baseline to year 1 of the lonafarnib

monotherapy trial (+18.39, p < 0.001). A similar increase occurred
during year one of the Triple Trial (+16.88, p < 0.001).

403938373635343332313029282726252423222120
0

SAMPLE 1 CRYSTAL SIZE= 21.1 nm
SAMPLE 2 CRYSTAL SIZE= 28.4 nm

Degrees two theta

Fig. 4. X-ray diffraction data from two cutaneous samples from patients with HGPS. Crystal size was calculated from the line broadening of the 002 reflection, which
is noted with the vertical line at 26° 2θ.

Table 2
Prevalence of biochemical abnormalities at baseline (pre-treatment).

Variable Mean ± SD
(n)

Normal range Patients with abnormally high valuesa N (%)

Calcium (mg/dL) 10.09 ± 0.35 (38) <18 y.o.= 8.0–10.5
>18 y.o.= 8.4–10.5

2 (5)

Phosphorus (mg/dL) 4.99 ± 0.52 (38) 1–13 y.o.= 3.0–5.7
>13 y.o.= 2.7–4.9

2 (5)

Mg 2.25 ± 0.16 (38) 1.5–2.5 2 (5)
Ca×Pi 50.44 ± 6.21 (38) 60 3 (8)
PTH (pg/mL) 13.51 ± 8.83 (37) 10.0–65.0 0 (0)
Alkaline phosphatase (IU/L) 149.9 ± 57.1 (38) 0–3 y= 110–400;

3 y–10 y=100–320;
10 y–13 y female=60–335;
13 y–15 y female=50–165;
> 15 y female= 30–120;
10 y–13 y male=40–360;
13 y–18 y male=70–390

1 (3)

TRP (%) 93.65 ± 3.64 (37) 78–91% 31 (84)
Urinary Ca/Cr 0.38 ± 0.25 (39) ≥5 y.o. < 0.2;

< 5 y.o. < 0.5
22 (56)

a Serum for these studies was not obtained for 1/39 patients. PTH and TRP were not determined for one additional patient.
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3.5.5. Alkaline phosphatase
There was an increase in alkaline phosphatase during year 1 of the

lonafarnib monotherapy trial (+14.0 IU/L, p=0.002), but a significant
decrease during year 1 of the Triple Trial (−33.7,< 0.001).

3.5.6. Magnesium
Magnesium significantly decreased over the course of both trials. In

the monotherapy trial, the change was −0.11 at one year, p < 0.001
and −0.09 at end of study, p=0.002. During the Triple Trial, the
change was −0.09 at 1 year, p < 0.001 and 0.01 at end of study,
p=0.79.

3.5.6.1. Comparisons between patients with and without extraskeletal
calcifications. At all trial visits, there were no significant differences
in levels of serum creatinine, calcium, phosphorous, alkaline
phosphatase, PTH, TRP, and Ca×Pi product between those patients
with versus without detected extraskeletal calcifications (all p > 0.05).

3.5.7. Tubular reabsorption of phosphate (TRP) and urinary Ca/Cr
TRP was calculated at baseline and end of study for Trial 1 and at all

site visits for the Triple Trial. During Trial 1, there was a trend towards
a decrease in mean TRP (p=0.07), However, there were no significant
changes noted during the Triple Trial.

3.5.8. FGF23
Intact FGF23 was measured at baseline of Trial 1 and compared

with pediatric reference levels. Median (IQR) FGF23 was 30.4 (24.3,

40.7) RU/mL for HGPS (N=22) and 48.1 (37.6, 92.2) RU/mL for
healthy controls (N= 12). FGF23 concentrations were significantly
lower in children with HGPS when compared to a cohort of unaffected
children (p=0.03; Fig. 5).

4. Discussion

Calcium dysfunction has been previously understudied in HGPS and
may underlie the skeletal abnormalities, as well as excessive vascular
calcification seen in affected patients [1,2,8,9]. A better understanding
of the cutaneous and radiologic abnormalities associated with HGPS
and improved insight into the biology of the pathogenic molecule,
progerin, will advance care for these children. Extraskeletal calcifica-
tions noted on both radiographs and physical examination increased
with age. Additionally, a significant increase in the odds of developing
these calcifications was noted after administration of daily oral calcium
carbonate; this observation plateaued after its discontinuation. Serum
variables that were monitored over the course of the trials showed a
decrease in ionized calcium and the Ca×Pi product, consistent with
vigorous bone mineralization in these children, and an increase in PTH
coincident with the decrease in calcium. Since these patients were re-
ceiving calcium supplementation with pharmacologic agents, a de-
crease or suppression of PTH was expected, and a decrease was seen
over the course of both trials. These data are consistent with a re-
organization of bone structure in HGPS after receipt of therapies, as is
reflected in the dramatic improvement in bone structure noted on
peripheral quantitative tomography assessments, reported previously in

Table 3
Changes in biochemical data with clinical trial therapy.

Baseline lonafarnib
monotherapy
Mean ± SD (n)

Lonafarnib
monotherapy 1 year
Mean ± SD (n)

Lonafarnib
monotherapy 2 years
Mean ± SD (n)

Baseline Triple Trial
Mean ± SD (n)

Triple Therapy with
calcium supplement
(1 year)
Mean ± SD (n)

Triple Therapy only
(2–4 years)
Mean ± SD (n)

Calcium (mg/dL) 9.98 ± 0.32 (25) 10.23 ± 2.13 (25) 9.89 ± 0.47 (25) 10.05 ± 0.46 (37) 9.69 ± 0.47 (35) 9.67 ± 0.44 (32)
Change from prior

column (p valuea)
– 0.25 ± 2.12

(0.55)
[24]

−0.34 ± 2.11
(0.40)
[25]

– −0.35 ± 0.43
(< 0.001)
[35]

−0.04 ± 0.57
(0.67)
[32]

Phosphorus (mg/dL) 4.97 ± 0.56 (25) 4.96 ± 0.63 (25) 4.48 ± 1.13 (25) 4.78 ± 0.65 (37) 4.23 ± 0.71 (35) 4.35 ± 0.63 (32)
Change from prior

column (p valuea)
– −0.01 ± 0.61

(0.94)
[24]

−0.49 ± 1.23
(0.06)
[25]

– −0.52 ± 0.77
(< 0.001)
[35]

0.21 ± 0.61
(0.14)
[32]

Ca×Pi 49.68 ± 6.29 (25) 51.02 ± 13.99 (25) 44.16 ± 11.13 (25) 48.05 ± 7.19 (37) 40.86 ± 6.36 (35) 42.09 ± 6.91 (32)
Change from prior

column (p valuea)
– 1.32 ± 14.33

(0.64)
[24]

−6.86 ± 17.54
(0.06)
[25]

– −6.91 ± 8.26
(< 0.001)
[35]

1.99 ± 6.74
(0.22)
[32]

PTH (pg/mL) 12.22 ± 6.18 (25) 29.57 ± 17.83 (24) 22.09 ± 15.82 (25) 19.54 ± 14.66 (36) 35.69 ± 28.06 (35) 33.45 ± 21.29 (30)
Change from prior

column (p valuea)
– 18.39 ± 16.73

(< 0.001)
[23]

−8.03 ± 23.76
(0.14)
[24]

– 16.88 ± 23.91
(< 0.001)
[34]

−0.31 ± 31.41
(0.77)
[30]

Magnesium (mg/dL) 2.30 ± 0.17 (25) 2.20 ± 0.20 (25) 2.10 ± 0.19 (25) 2.12 ± 0.17 (37) 2.03 ± 0.14 (35) 2.04 ± 0.19
(32)

Change from prior
column (p valuea)

– −0.11 ± 0.15
(< 0.001)
[24]

−0.09 ± 0.16
(0.002)
[25]

– −0.09 ± 0.13
(< 0.001)
[35]

0.01 ± 0.15
(0.79)
[32]

Alkaline phosphatase
(IU/L)

143.5 ± 46.9 (25) 154.1 ± 46.1 (25) 153.0 ± 41.9 (25) 156.2 ± 54.7 (37) 122.6 ± 35.6 (35) 127.4 ± 38.1 (32)

Change from prior
column (p valuea)

– 14.0 ± 21.8
(0.002)
[24]

−1.1 ± 21.6
(0.94)
[25]

– −33.7 ± 50.2
(< 0.001)
[35]

2.0 ± 31.6
(0.66)
[32]

TRP (%) 94.57 ± 2.70 (25) ND 91.16 ± 9.98 (22) 91.36 ± 8.41 (34) 92.30 ± 8.31 (35) 91.17 ± 8.76 (28)
Change from prior

column (p valuea)
– – −3.43 ± 9.62

(0.07)
[22]

– 1.24 ± 12.44
(0.75)
[33]

−1.11 ± 10.03
(0.62)
[28]

Urinary Ca/Cr 0.38 ± 0.22 (26) 0.48 ± 0.31 (25) 0.48 ± 0.40 (25) 0.45 ± 0.37 (37) 0.56 ± 0.44 (35) 0.61 ± 0.39 (27)
Change from prior

column (p valuea)
– 0.11 ± 0.31

(0.05)
[25]

0.02 ± 0.46
(0.92)
[25]

– 0.10 ± 0.57
(0.25)
[35]

0.06 ± 0.50
(0.39)
[27]

ND=not determined.
a p-Values based on GEE model adjusting for baseline, age and sex; number of patients included in changes from prior column include only patients with data at

both examinations.
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both trials [2,11,12].
The calcinosis cutis tissue samples obtained from two children with

progeria were particularly informative. Each revealed hydroxyapatite
to be present, and the crystals were almost identical in size and crys-
tallinity to bone hydroxyapatite. The proportion of mineral in the or-
ganic matrix was slightly higher than healthy trabecular bone in chil-
dren and adults (9.7:1 and 7.8:1), but not as high as that seen in the
dystrophic calcifications of myositis ossificans or tumoral calcinosis,
each where mineral/matrix ratios can be as high as 20:1 [16,17]. The
observation that the mineral derived cutaneous calcifications are bone-
like suggests that the formation is cell-mediated rather than physio-
chemical (i.e., that stemming from an elevated Ca×Pi). Our data
showing a normal mean Ca×Pi product is also consistent with that
conclusion.

A number of comparator diseases displaying extraskeletal calcifi-
cations are informative for the study of HGPS. Patients with scler-
oderma, a more common diagnosis than HGPS, frequently exhibit cu-
taneous calcifications [18]. In one study, hydroxyapatite was the only
crystalline material identified in skin lesions from these patients.
However, hydroxyapatite was the minor component and most samples
contained>50% organic (vs. osteogenic) material. Another com-
parator is Werner syndrome (WS), an adult premature aging disorder
caused by mutations in the WRN gene, a member of the RecQ DNA
helicase family [19]. WS and HGPS share some progeroid features in-
cluding atherosclerosis. Soft-tissue calcification seen on radiographs,
especially in the Achilles tendon, and/or dermal calcifications, is a
common WS disease manifestation. Similar to our findings in children
with HGPS, patients with WS exhibit normal serum calcium, phosphate,
and PTH concentrations. One study showed that overexpression of Pit-
1, a transmembrane type III Na-Pi cotransporter, may play a key role in
the formation of soft tissue calcification WS. Lastly, hyperphosphatemic
familial tumoral calcinosis (hFTC) is a rare disorder of phosphate me-
tabolism defined by hyperphosphatemia and ectopic calcifications [20].
These patients have recessive mutations in genes involved in phosphate
metabolism: FGF23, GALNTs, and α-Klotho. The mutations result in
inadequate FGF23 secretion or resistance to FGF23 activation at the
fibroblast growth factor receptor — α-Klotho complex. These patients

may have an increased TRP, but unlike HGPS, exhibit increased pro-
duction of 1,25-dihydroxyvitamin D and hyperphosphatemia. While
ectopic calcifications in HGPS are generally painless, in hFTC, the le-
sions can be painful and debilitating.

The radiographic features of HGPS bear a striking resemblance to
tumoral calcinosis, a rare familial condition characterized by painless,
periarticular, subcutaneous or soft tissue calcified masses [21]. Patients
with tumoral calcinosis often present with systemic signs of increased
inflammation (e.g., increased C-reactive protein levels). Interestingly,
children with HGPS do not have evidence of increased inflammation
despite the radiographic similarity [4,22]. Also, unlike our cohort with
HGPS, hyperphosphatemia is typically seen with tumoral calcinosis,
due to decreased action of FGF23 resulting in increased renal phosphate
reabsorption. There is a markedly increased Ca×Pi product which
leads to the characteristic tissue calcifications that were not seen in our
current cohort of children with HGPS [21].

Fibrodysplasia ossificans progressiva is a rare disorder in which
endochondral bone formation occurs in muscles, tendons, ligaments,
and other connective tissue [23]. The ectopic bone can form plate-like
bridges that restrict movement. This autosomal dominant condition can
be caused by mutations in the gene encoding the BMP receptor ACVR1,
and biochemical assessments interestingly are often normal. Given that
ACVR1 has emerged as a therapeutic target to inhibit BMP signaling
and ACVR1 inhibitors are currently in development [24], future in-
vestigation of whether ACVR1 is associated with abnormal calcification
in HGPS is of interest.

While there are reports suggesting an increase in atherosclerotic
plaque formation and subsequent cardiovascular events in the elderly
after receipt of calcium and vitamin D supplementation [25–27], many
whom were also receiving a bisphosphonate for osteoporosis and a
statin for hypercholesterolemia, a recent large study (i.e., 502,637 men
and women aged 40 to 69 years) found this association not to be upheld
[28]. In that population based cohort from the UK, supplementation
with calcium/vitamin D was self-reported and the association with in-
cident ischemic heart disease, myocardial infarction, and subsequent
death was not found. However, because young patients with HGPS may
have abnormalities in calcium handling, the assumption of caution from

Fig. 5. Serum FGF23 concentrations in children with progeria compared to healthy control subjects. Each circle represents one control participant and each square, a
child with HGPS. Long line is median; shorter lines are 25th and 75th percentiles.
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the earlier reports suggesting the link between calcium supplementa-
tion and cardiovascular events would be the most prudent position at
this time until more information is available in these children.

Although there are published articles supporting the use of in-
travenous bisphosphonates to decrease calcifications, the current study
does not support zoledronate having this effect in children with HGPS
[29]. During year 1 of the Triple trial, rates of extraskeletal calcification
increased. However, these rates subsequently plateaued after oral cal-
cium carbonate supplementation was discontinued. We surmise that
supplementation with calcium carbonate, given prophylactically to
avoid hypocalcemia in the face of bisphosphonate therapy and to
augment bone health, may have been partly responsible for the in-
creased extraskeletal calcifications noted. This supplementation, a
seemingly benign intervention to augment nutrition, may have further
aggravated calcium dysfunction in children with HGPS, thus leading to
an acceleration of calcifications (radiographically and cutaneously).
Given this potential concern, careful provision of calcium via dietary
means is likely the safest intake strategy for these young patients.

During both trials, serum magnesium levels decreased with treat-
ment. Magnesium is an inhibitor of ectopic calcification [30]. De-
creased magnesium is also associated with an increased propensity to
form hydroxyapatite in vivo [31]. Therefore, given that our subjects
with HGPS had a normal Ca× Pi product and renal function, the de-
velopment of extraskeletal calcifications may involve decreased plasma
magnesium. In this regard, magnesium is a well-known inhibitor of
ectopic mineralization and increased dietary magnesium is known to
suppress ectopic calcifications in murine models of Pseudoxanthoma
elasticum (PXE), a monogenic calcification disorder [32].

Limitations merit consideration. A number of potential factors were
not assessed that could be part of the mechanistic underpinnings of the
calcium dysfunction in these children. Examples include the potential
role of bone morphogenetic proteins 2 and -7 (BMP-2 and -7), both
integrally involved with osteoblast differentiation, and bone formation
and repair [33]. Quantitating isoforms in plasma from these patients
could help determine whether the calcifications occur through a con-
nection between pyrophosphate (PPi) and the BMP pathways. Defective
synthesis of pyrophosphate has also been proposed as a risk factor for
vascular calcification [3]. Studies of other disorders suggest that a
disturbed serum phosphate/pyrophosphate ratio is a major force trig-
gering arterial and cardiac valve calcification [34], the specifics of
which are not yet understood in HGPS. Additional hormones that play
into the Pi/PPi balance include FGF23 and tissue nonspecific alkaline
phosphatase (TNAP) [35,36]. We found serum FGF23 to be low in our
cohort, a finding that merits further study in the face of normal serum
phosphorus concentrations. TNAP levels are elevated in an HGPS mouse
model [3] and should be explored in future studies of children with
HGPS. Lastly, future studies should consider the potential relationship
between extraskeletal calcifications and cardiovascular disease in
HGPS, as well as whether phalangeal calcifications are associated with
less severe clinical consequences versus those at other sites.

In summary, our data suggest that the development of extraskeletal
calcifications in HGPS is an age-related phenomenon, with these lesions
increasing as these children get older which triggers the osteogenic
changes that are involved in the formation of a well-organized, calcified
crystalline structure [10]. Even a seemingly benign maneuver such as
low-dose oral calcium carbonate supplementation appeared to offset
the metabolic balance in these patients. This supplementation is also
likely not needed as we now understand that nutritional deficiency is
not typically a problem in these children [2,12]. After discontinuing
calcium supplementation, no hypocalcemia or other adverse effects of
bisphosphonates were seen and the rate of development of extraskeletal
calcifications plateaued. However, as all participants were also re-
ceiving bisphosphonate and statin therapy, the independent effect of
calcium carbonate could not be evaluated. The downward trend of
magnesium noted during both trials is noteworthy as it may suggest a
mechanism by which patients with HGPS have a propensity to calcify.

An enhanced understanding of bone and mineral status in these patients
will lead to more evidence-based clinical recommendations for patients
with this ultra-rare disease.
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