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Abstract Generalized arterial calcification of infancy
(GACI, MIM#208000) is a rare autosomal recessive
disorder characterized by extensive calcifications in the
media of large- and medium-sized muscular arteries. Most
affected children die in early infancy because of cardiac
failure. GACI is linked to mutations in the ENPPI gene,
which encodes for an enzyme that generates inorganic
pyrophosphate (PP;), a potent inhibitor of hydroxyapatite
crystal formation. Treatment with bisphosphonates, which
are synthetic PP; analogues, has been proposed as a means
of reducing arterial calcifications in GACI patients, but no
formalized treatment approach exists. We report on the
long-term survival of a severe case of GACI linked to a
novel homozygous missense mutation c.583T/C in the
ENPP] gene, diagnosed prenatally, and treated with
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bisphosphonates. Intravenous disodium pamidronate
(three infusions at days 8, 15, and 18 of 0.25, 0.50,
and 0.50 mg/kg, respectively) was changed to oral
disodium etidronate (starting dose of 20 mg/kg daily,
50 mg die) at 3 weeks of age. Although the etidronate
dose was maintained at 50 mg daily in our patient
(corresponding to a progressive decrease from 20 to
5 mg/kg daily), the progressive resolution of arterial
calcifications seen by 3 months of age was maintained
until 2 years of age. Throughout the 2-year follow-up,
our patient developed mild hypophosphatemia, due to
renal phosphate wasting, without clinical, biochemical,
or radiological sign of rickets. Conclusion: High-dose
bisphosphonate therapy may not be necessary for an
extended period of time in children with GACI.

Keywords Bisphosphonates - ENPP1 - Generalized arterial
calcification of infancy - Hypophosphatemia

Introduction

Generalized arterial calcification of infancy (GACI,
MIM#208000) is a rare autosomal recessive disorder
characterized by extensive calcifications in the media of
large- and medium-sized muscular arteries and myointimal
proliferation leading to arterial stenoses [14]. Diagnosis is
often made prenatally or in early infancy, with variable
clinical presentations including heart failure, hypertension,
failure to thrive, or convulsions [7]. Usually this disease has
a rapid and fatal course due to vascular occlusion, leading
to myocardial infarction or congestive heart failure associated
with arterial hypertension [14]. Most affected children die in
early infancy with an estimated 85% of cases dying within
the first 6 months of life [7].
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GACI is linked to mutations in the ENPPI gene, which
encodes for ectonucleotide pyrophosphatase/phosphodies-
terase 1 (NPP1), an enzyme that generates inorganic
pyrophosphate (PP;), a potent inhibitor of hydroxyapatite
crystal formation [21]. In patients with GACI, the NPP1
enzyme is deficient [19], leading to low serum and urinary
PP; levels [22]. No genotype—phenotype correlation has
been documented in GACI [19], and a broad phenotypic
variation has been reported in siblings, who inherited
identical mutations [5, 6]. Loss-of-function ENPPI muta-
tions have also been associated with autosomal recessive
hypophosphatemic rickets [10]. Treatment with bisphospho-
nates, which are synthetic PP; analogues, given at a dose
known to cause a mineralization defect in bone, has been
proposed to reduce arterial calcifications in GACI patients
[17]. However, no formalized treatment approach exists for
patients affected by GACI, and the efficiency of the therapy
remains unclear. We report on the long-term survival of an
infant with severe GACI diagnosed prenatally and treated
with pamidronate and then etidronate.

Methods
Clinical evaluation

Height and weight measurements were converted to age-
and sex-specific z scores on the basis of reference data
published by the Centers for Disease Control and
Prevention [15].

Biochemical measurements

Serum creatinine, total calcium, phosphate, and alkaline
phosphatase, and urinary calcium, phosphate, and creatinine
were measured using colorimetric methods (Monarch®;
Instrumentation Laboratories Inc., Lexington, MA, USA).

Dual-energy X-ray absorptiometry

Areal bone mineral density (aBMD) was measured by
dual-energy X-ray absorptiometry (DXA) performed at
the lumbar spine (L2-L4) using a Lunar Prodigy device
(GE Healthcare). These results were converted to age-
and sex-specific z scores using normal reference data
obtained from a cross-sectional study performed at the
CHU Sainte-Justine [1].

ENPPI mutational analysis
After informed consent was obtained from the parents,

DNA from the patient and her parents was analysed at Dr
Rutsch's lab at Miinster University Children's Hospital,
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Miinster, Germany. All 25 exons of ENPPI and their
flanking splice sites were amplified from genomic DNA
and sequenced conventionally as previously described [2].

Case report

A 32-week gestation female fetus was diagnosed with
pericardial effusion and diffuse arterial calcification involving
the aorta and the pulmonary, iliac, and carotid arteries on
prenatal ultrasonographic examination and fetal MRI. Her
parents were healthy and nonconsanguineous. The mother had
one first trimester miscarriage, and family history was
unremarkable for bone metabolic diseases.

The baby was born by vaginal delivery at 36 4/7 weeks
gestation with a birth weight of 2,750 g (SDS 0.9) and a
birth length of 44 cm (SDS —1.7). Apgar scores were 9 and
10 at 5 and 10 min. At birth, no femoral pulse was palpable.
Her blood pressure values varied widely at birth and were
first noted in the normal range at day 6 (80/42 mmHg).
Secondary to pericardial effusion, she developed mild
respiratory distress in the first hours of life and required
pericardial fluid drainage on day 3 and respiratory support
for 6 days. On day 7, radiological evaluation confirmed
diffuse arterial calcifications without involvement of
cerebral vasculature (Fig. 1).

ENPPI sequence analysis revealed the presence of the
novel missense mutation ¢.583T/C on both alleles leading
to the amino acid substitution p.C195R. Both parents were
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Fig. 1 Three-dimensional reconstruction of computerized tomogra-
phy scan on day 7 showing diffuse arterial calcification that involved
main and branch pulmonary arteries, thoracic and descending aorta,
subclavian, humeral, superior mesenteric, iliac, and femoral arteries
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shown to be heterozygous for the mutation. This mutation
is thought to be most likely pathogenic because the cysteine
residue at position 195 is highly conserved across species.

Evolution

Because of the disease severity and initial enteral feeding
intolerance, intravenous disodium pamidronate (three infu-
sions of 0.25, 0.50, and 0.50 mg/kg at days 8, 15, and 18,
respectively) was firstly initiated. Following the first adminis-
tration, mild asymptomatic hypocalcemia (minimum serum
levels of calcium, 1.74 mmol/l) was corrected within 48 h with
calcium supplementation, and no acute-phase inflammatory
reaction was noted. This treatment was followed by oral
disodium etidronate (starting dose of 20 mg/kg daily, 50 mg
die) at 3 weeks of age when oral feeding was well tolerated.
The child was discharged from the hospital at 4 weeks of age.
Owing to digestive intolerance, the etidronate dose was kept at
50 mg daily without adjustment for weight during the 2-year
follow-up (corresponding to a progressive decrease from 20 to
5 mg/kg daily).

Follow-up included three monthly clinical evaluation
and assessment of mineral homeostasis, six monthly DXA
and cardiac ultrasonography, and annual X-rays of the
wrists and knees. Using a low-dose radiation pediatric
thoracoabdominal computer tomography (CT) protocol
(1.5 mSv of total radiation dose per scan), CT studies were
performed every 6 months during the first year of life to
better assess the changes in calcification and to ensure the
safety of the patient under the rapid decrease in etidronate
treatment regimen over the first year (Table 1).

On physical examination, the femoral pulses became
palpable at 2 months of age and were considered normal at
3 months. On CT scans, arterial calcifications decreased by
6 months and completely disappeared by 1 year of age
(Fig. 2). Mild hyperechogenicity of the ascending aortic
and main pulmonary arterial walls without cardiac involve-
ment was still present on the last cardiac ultrasonography at
2 years of age.

Throughout the 2-year follow-up, our patient developed
mild hypophosphatemia due to renal phosphate wasting,
without clinical, biochemical, or radiological sign of rickets
(Table 1). Areal bone mineral densitometry of the lumbar
spine remained in the normal range (Table 1). We plan to
maintain etidronate at the same dose and to discontinue this
therapy at 3 years of age.

Discussion

In this article, we report a severe case of GACI diagnosed
prenatally and successfully treated with pamidronate and

Table 1 Evolution of auxological, biochemical, and radiological data under etidronate treatment

6 months 9 months 12 months 18 months 24 months

3 months

At birth

5.0 4.7

—0.6

5.5
-0.5

ND

12

Dose of etidronate (mg/kg/day)

-0.9

-0.7

-1.0

=27

-1.7

Height (z score)

486 (124-341) 323 (124-341) 308 (124-341) 265 (108-317) 259 (108-317)
1.3 (1.4-2.9) 1.0 (1.2-2.2)

78 (48-406)

1.4 (1.4-2.9)
1.33 (1.10-1.36)

Serum alkaline phosphatase (IU/1)

1.0 (1.2-2.2)
1.30 (1.20-1.38)

1.3 (1.4-2.9)

1.30 (1.20-1.38)

1.6 (1.4-2.9)

1.4 (1.4-2.9)

Serum inorganic phosphorus (mmol/l)

1.29 (1.20-1.38)
1.1 (1.3-6.8)

1.26 (1.20-1.38)
3.6 (1.3-6.8)

1.4 (1.20-1.38)
4.5 (1.3-6.8)

ND

1.46 (1.20-1.38)
<0.3 (1.3-6.8)

ND

Serum ionized calcium (mmol/l)

0.8 (1.3-6.8)
0.9 (1.15-2.6)

0.494
0.2

1.4 (1.3-6.8)

0.7 (1.3-6.8)

ND

Serum parathyroid hormone (pmol/l)

TmpGFR (mmol/1)

1.3 (1.15-2.6) 1.1 (1.15-2.6) 0.9 (1.15-2.6)
0.429 0.432
0.5 -0.1

ND

0.387
0.7

0.304

-0.2

0.277
-0.3

LS-aBMD (g/cm?)

ND

LS-aBMD (z score)

Age-dependent normal values are indicated in brackets. To convert from millimoles per liter (international units) to milligrams per deciliter (conventional units), divide by 0.25 for calcium and by

0.323 for phosphorus

ND not documented, LS-aBMD areal bone mineral densitometry of the lumbar spine, 7TmpGFR renal tubular reabsorption of phosphate per glomerular filtration rate

#Oral disodium etidronate started at 3 weeks of age at a dose of 20 mg/kg daily (50 mg die)
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At birth

Prenatal

6 months 24 months

Fig. 2 Resolution of arterial calcifications prenatally, at birth, 6, 12, and 24 months of age

then etidronate, which was kept at the same dose of 50 mg
daily from the neonatal period to 2 years of age. The
efficacy of bisphosphonates as compared to the spontaneous
evolution of the disease is difficult to evaluate. Long-term
survival has been reported in patients receiving no specific
antimineralization therapy [8, 11, 24, 26], suggesting that
spontaneous resolution of calcifications may also occur. In a
retrospective study, bisphosphonate therapy was associated
with survival in 11 of 17 treated patients, compared to 8 of
26 untreated patients [20]. However, no information about
the severity of the disease in these two groups of patients
was available. Patients with GACI who survived the first
6 months had a better prognosis [20]. Presentation in utero,
as seen in our patient, may represent a more severe form of
GACI, associated with a higher incidence of aortic calcifi-
cation and mortality [25]. However, the diagnosis of faint
calcifications of the aorta presenting as increased echoge-
nicity of the vessel wall may be missed in prenatal
ultrasound studies. Also, fetuses might die in utero before
the diagnosis can be established.

Bisphosphonates are well-established drugs for the
treatment of bone diseases associated with excessive bone
resorption. However, as synthetic PP; analogues, these
compounds were first shown to prevent the experimentally
induced calcification of many soft tissues, including blood
vessels, as well as to inhibit mineralization of ectopic bone
and normal calcified tissues such as bone and cartilage [23].
The earliest clinical application of etidronate included its
use in fibrodysplasia ossificans progressiva [3]. Although
usually not recommended for use in children owing to the
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risk of rickets, etidronate by its ability to inhibit mineral-
ization and its moderate antiresorptive effects on bone
seems to be the best choice of treatment for GACI. Of the
21 children reported in the literature with GACI, who were
treated with bisphosphonates, 13 children received etidro-
nate at a usual dose of 20 mg/kg daily [5, 17, 20, 27, 28] as
was done in our patient. Other bisphosphonate compounds
with more bone antiresorptive activity (such as risedronate
or pamidronate) were also effective [5, 17]. The mecha-
nisms by which bisphosphonates influence GACI are
uncertain. In vitro studies have shown that bisphosphonates
accumulate within vessel walls suggesting that these drugs
may have a direct effect on calcification [31]. Bisphospho-
nates might also influence arterial smooth muscle differen-
tiation and phenotype plasticity [9]. Duration and doses of
bisphosphonate treatment remain unclear. Based on the
literature, calcifications disappear between 4 months and
2 years of therapy and do not reappear after biphosphonate
treatment has been stopped [7, 12, 29]. In our patient,
although etidronate dose was maintained at 50 mg daily, the
progressive resolution of arterial calcifications seen by
3 months of age was maintained until 2 years of age. Higher
phosphate levels, probably due to low glomerular filtration
rate and subsequent retention of phosphate, are found in
healthy newborns and infants [4, 13]. These higher levels
may lead to an increased risk of arterial calcification in
young patients with NPP1 deficiency during the first months
of life, which could subsequently decline with age thereafter.
Consequently, the full bisphosphonate dose may not be
necessary for a long period of time.
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Possible adverse effects of etidronate, such as rickets,
may be dose dependent and were not observed in our
patient during the 2-year follow-up. Short- to long-term use
of intravenous bisphosphonates in children with osteogen-
esis imperfecta seems to be safe and well tolerated [18].
Data on oral use of etidronate are more limited. The
appearance of rickets has been described in children
affected with GACI [29] and pulmonary alveolar micro-
lithiasis [16] treated with etidronate. Although long-term
treatment with etidronate did not lead to other adverse
effects, the long-term safety remains to be determined in
children. Our patient developed mild hypophosphatemia
without rickets, due to renal phosphate wasting, as
previously described in children with GACI not treated
with biphosphonates [10]. Loss-of-function ENPP] muta-
tions have also been associated with autosomal recessive
hypophosphatemic rickets [10]. The phosphaturia observed
in patients with ENPP] mutations may involve fibroblast
growth factor 23 (FGF23), a key regulator of phosphate
reabsorption [30]. Indeed, it has been reported that patients
with ENPP] mutations show FGF23 levels above the
normal range or inappropriately high in the context of low
phosphate serum levels [10]. This suggests that NPP1 could
negatively regulate the synthesis and/or secretion of
FGF23. Interestingly, hypophosphatemia may lead to a
counteractive effect on the phenotype of GACI [21]
suggesting an as yet elusive mechanism that balances
arterial calcification with bone mineralization. This factor
may as well have contributed to the favorable clinical
course in our patient.

Conclusion

In this child with GACI, although the etidronate dose
was maintained at 50 mg daily (corresponding to a
progressive decrease from 20 to 5 mg/kg daily), the
progressive resolution of arterial calcifications seen by
3 months was maintained until 2 years of age without
signs of mineralization defects of bone.
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