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General introduction

Bone formation is not restricted to the bones.' This counterintuitive statement
reflects an ongoing process that is actively prevented. Calcium and phosphate
have a strong tendency to precipitate. This physiologically occurs in bone, teeth
and certain parts of cartilage in the form of hydroxyapatite, a natural, stable min-
eral of calcium phosphate.” To prevent the whole human body to rapidly change
into a calcium crystal, several inhibiting systems actively prevent ectopic miner-
alization, the calcification of other tissues.” * Despite these inhibiting systems it
seems impossible to totally prevent ectopic mineralization, particularly given the
increasing human life span due to ageing. Ectopic mineralization, such as arterial
calcification, is common with ageing, and has a more rapid onset in prevalent
conditions such as diabetes mellitus and renal failure.” This calcification eventu-
ally leads to bone formation. Arterial wall tissue can change into actual bone tissue

after phenotypical change of vascular smooth muscle cells into osteoblasts. 6

Calcification-induced vascular disease

Arterial calcification and vascular disease were already present in our ancient
ancestors. Among ancient Egyptian mummies arterial calcification was common,
particularly in those who died at older ages.” Figure 1 shows a computed tomo-
graphy (CT) image of the upper legs of the Egyptian mummy Hatiay, a scribe
during the 18" Dynasty (1550-1295 BC), who died at the age of 45. Extensive

calcification in both femoral arteries are present.

Figure 1 Computed tomography of the upper legs of an Egyptian mummy showing extensive cal-
cification in the femoral arteries

Image taken from Allam AH, Thompson RC, Wann LS, et al. Atherosclerosis in ancient Egyptian
mummies: the Horus study. JACC Cardiovascular imaging 2011; 4(4): 315-27
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Chapter 1

Over the last centuries the burden of vascular disease in the developed world
strongly increased in concordance with changes in diet, lifestyle, and environmen-
tal risk factors.® Although this burden declined in recent years due to considerable
improvement in treatment and prevention, vascular disease still results in an im-

mense disease burden.®”’

Epidemiological studies consistently show that arterial calcification relates to
increased vascular risk.'” "' Since arterial calcification has an independent relation
with vascular disease and improves vascular prediction scores on top of traditional
vascular risk factors, it is no longer viewed as merely a marker of high vascular
risk."” Calcification in itself induces vascular disease. Interestingly, arterial calci-
fications can be reversible, suggesting that interfering in calcification processes
is possible."”"” Interfering in the process of arterial calcification may thus be an
important target for further vascular risk reduction. However, at the moment, no
available preventative treatment for vascular disease targets calcification processes.
Also, when targeting arterial calcification it seems important to target the actual

vascular disease inducing type of calcification.’

Based on the anatomical localization, two types of arterial calcification can be
distinguished (figure 2)."® Intimal arterial calcification (atherosclerotic calcifica-
tion), calcification of the intimal layer of the arterial wall, occurs in the end-stage
of the atherosclerotic plaque formation and may have a function in stabilizing
the plaque. Medial arterial calcification (MAC, arteriosclerotic calcification),
predominantly localized in the medial layer of the arterial wall, results in arterial
stiffening and occurs even in the absence of atherosclerotic lesions."* In this
rough distinction, all non-atherosclerotic calcification are included in the term
MAC. This includes calcification of the internal elastic lamina, traditionally a part
of the intimal layer, which also occurs in the absence of atherosclerotic lesions,
either isolated or as continuum with medial layer calcification.”*' In general it
can be stated that calcification of the intimal layer merely represents high vascular
risk through plaque formation and subsequent luminal narrowing, whereas MAC
is the type of arterial calcification that results in arterial stiffening and in itself
induces vascular disease.” ' *** MAC can thus be viewed as the vascular disease
inducing type of arterial calcification.
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General introduction

Medial arterial calcification (MAC) (Atherosclerotic) Intimal calcification

Elastinolysis

Calcification

Oxidized lipids and
macrophage infiltration

Figure 2 Distinction between intimal arterial calcification and MAC

This distinction between MAC and atherosclerotic calcification has been known
for more than a century. In 1903 dr. Monckeberg was the first to describe typical
concentric calcifications in the tunica media of peripheral arteries.”” Subsequently,
in 1908 dr. Buerger showed that this phenomenon is associated with the forma-
tion of osteoblasts and osteoclasts and even bone marrow in the arterial wall.'
During the Second World War Herman T. Blumenthal from the laboratory of
the Jewish Hospital in Washington studied the prevalence of MAC in 60 human
aortas. It was found that MAC was more prevalent than intimal changes and that
its prevalence increased with age and was higher among hypertensive subjects.”®

Since these early findings, MAC has long been viewed as innocent making it un-
surprising that little research was performed into MAC and its effects.” However,
the rise in arterial stiffness research during the last years automatically renewed
interest in MAC.” *® Novel evidence showed that MAC is not only more preva-
lent, but also more important in the pathogenesis of vascular disease, especially
of heart failure, cerebrovascular disease, and peripheral artery disease, than previ-
ously thought.>*?* A study into the histopathology of peripheral artery disease
in specimens of leg amputees, showed that 72% of the lower leg arteries contained
MAC without atherosclerotic lesions, whereas <25% contained atherosclerotic
lesions.” Another recent study in patients who were administered for cerebral
autopsy showed that in the intracranial internal carotid artery MAC (in the form
of internal elastic lamina calcification) is the predominant type of arterial calcifi-
cation in 71% of the arteries.™

Controversy on the clinical importance of MAC remains. Although MAC is now
an established contributor in the pathogenesis of vascular disease, little is known
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about the causes of MAC or about the mechanisms through which MAC leads
to vascular disease. Proposed mechanisms through which MAC induces vascular
disease include high arterial stiffness induced pulse pressure damage (water ham-
mer effects) and hemodynamic changes.” ** *® The fact that it is hard to study
the clinical consequences of MAC in living subjects probably contributes to the
controversy on the clinical importance of MAC. In clinical practice, intimal
wall disease (atherosclerosis) and MAC are often seen simultaneously. Effects of
MAC are frequently studied in common conditions associated with MAC, such
as diabetes mellitus and renal failure, conditions typically known to have a mixed
pattern of intimal and medial wall disease.” “* Arterial calcifications located in
the intracranial internal carotid, breast, and femoral arteries are generally used
for this purpose since these arterial calcifications are assumed to predominantly
consist of MAC.” ** 4! However, obviously, interference of intimal arterial wall
disease cannot be excluded. Therefore, although radiological techniques nowadays
may more efficiently differentiate between the two types of arterial calcifications,*
it remains difficult to distinguish between intimal calcifications and MAC. This is
further complicated by the fact that these two processes have a complex interplay
and might amplify each other rather than have an isolated impact.** This complex
interplay is only partly understood.”

Research in diseases with a more isolated type of MAC may provide novel insights
in the causes and clinical consequences of MAC and calcification-induced vascular
disease. In addition, etiological research into the effects of novel or established risk
factors among patients at high risk of (calcification-induced) vascular disease, may
enhance knowledge on the complex interplay between MAC and atherosclerosis,
and how these processes induce vascular disease.
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Calcification-induced vascular disease in pseudoxanthoma elasticum

A recent case. An 11-year-old girl visited the dermatologist because of
yellowish papules on the side of her neck (figure 3A). The dermatologist
recognized the yellowish papules as pseudoxanthomas, performed a skin
biopsy and diagnosed her with pseudoxanthoma elasticum (PXE). Two
years later she developed cramps, pain and heavy feelings in her legs, which
especially occurred during her soccer training or soccer matches. As a result,
she could not meet up with her teammates and had to be substituted more
often during soccer matches. She was referred to the UMC Utrecht, where
the vascular-internist suspected her of peripheral artery disease. A treadmill
test and subsequent ankle-brachial index (ABI) measurements confirmed
the diagnosis (figure 3B). An additional CT scan of the legs showed pres-
ence of some calcifications in the leg arteries. Her claudication diminished
after initiation of walking therapy. Given the frequent ophthalmological
involvement of PXE, she was referred to an ophthalmologist, even though
no ophthalmological complaints were present. Retinal imaging showed
a typical ophthalmological phenotype of PXE with peau d’orange of the

retina and angioid streaks.*
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Figure 3 A: Pseudoxanthomas on the side of the neck of an 11-year-old girl with PXE. B: Results
of treadmill test and ankle-brachial index measurements confirming the presence of peripheral
artery disease. Ankle-brachial index <0.9 is considered abnormal. Printed with permission.

This clinical case illustrates that in PXE (OMIM #264800), a rare autosomal
recessive systemic calcification disorder, arterial calcifications and vascular dis-
ease can occur at young age.”® Arterial calcifications in PXE are thought to

predominantly occur in the medial layers of medium and small sized arteries.
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Although it is clear that PXE is a rare disease, estimations of its prevalence vary
widely (1:25,000 to 1:100,000).”" PXE has a considerable morbidity, including
severe visual impairment and blindness, peripheral artery disease, ischemic stroke,
and vascular dementia.’" ** In general, it is a relatively late-onset disease with
first symptoms mostly around the age of 40 years. However, as the clinical case
illustrates, clinical expression of PXE varies widely.” Given the relatively young
age in which MAC and vascular disease occur in PXE, little interference of ath-
erosclerosis can be expected. PXE may therefore have an isolated type of MAC or
arteriosclerotic arterial wall disease, making it a potential model disease for MAC
and calcification-induced vascular disease.

Unfortunately, vascular involvement in PXE is somewhat unrecorded and poorly
understood.”” ** The clinical characteristics of PXE follow a classical triad with
skin involvement (e.g. yellowish papules or plaques), eye involvement (e.g. angioid
streaks) and vascular involvement (arterial calcification).’” > In 1940, the vascular
component was the last component that was connected to PXE completing the
triad.” Skin manifestations were first documented in 1881 by the French der-
matologist Rigal”, but it was dr. Darrier, who in 1896 first described the typical
changes in elastin fibers in a skin biopsy. > It took until 1929 when the Swedish
ophthalmologist Esther Gronblad and dermatologist Strandberg described a syn-
drome consisting of typical skin and eye manifestations.”””” The term “Darriers
disease” was substituted by the term “Gronblad-Strandberg syndrome” afterwards,
which is now preferably replaced by the term “pseudoxanthoma elasticum” (PXE).
The French dermatologist Touraine described the vascular manifestations of PXE
for the first time.” Firm proof for PXE as multi-organ or systemic disorder was
given in 1963 by dr. Goodman who made clinical and histopathological descrip-
tions of 12 patients with the PXE triad.”®

Relatively little has been added to the knowledge on the vascular phenotype of
PXE ever since. The precise vascular beds involved in PXE or the precise physi-
ological consequents of these arterial abnormalities remain unknown. Incidental
descriptions report coronary arterial disease, cerebral arterial disease and especially
peripheral artery disease (PAD).” Several case reports about brain abnormalities
(mostly white cerebral matter abnormalities) in patients with PXE exist, but it is
unclear to what extent this is part of the (vascular) phenotype of PXE.*** More-
over, although arterial calcifications in the legs are prevalent in PXE and coincide
with peripheral artery disease, the pathogenesis of peripheral artery disease in PXE
remains not well understood.® Lastly, it remains unknown whether the treatment
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of vascular disease in PXE should be different from treatment of vascular disease
in non-PXE populations.

Pyrophosphate — an important inhibitor of calcification-induced vascular
disease

Although little progress has been made in deciphering the vascular phenotype of
PXE, major steps have been made in deciphering the etiology of PXE. First, in
2000, three research groups independently showed that mutations in the ATP-
Binding Cassette Transporter C6 (ABCCG6)-gene lead to mineralization of elastic
fibers throughout the body and cause PXE.®* PXE is inherited exclusively in an
autosomal recessive manner. A dominant inheritance pattern was ruled out. * ¢
This implies that PXE patients are either homozygous or compound heterozygous

for mutations in the ABCC6-gene.

The second breakthrough came from a Dutch research group, who recently identified
inorganic pyrophosphate (PPi) as the factor that normally prevents PXE.”” ABCC6-
mutations were shown to result in inefficient mediators of ATP secretion in the liver
causing low levels of inorganic pyrophosphate (PPi).”” PPi is, as part of the previously
mentioned network of inhibiting systems, a strong inhibitor of ectopic mineraliza-
tion.””"7* The >60% decreased levels of PPi that are found in human PXE patients
may very well cause the ectopic mineralization occurring in this disease.””

For some years, PXE has been viewed as part of a spectrum of several (rare) systemic
calcification disorders that share a considerable overlap in phenotype.”*”” With the
finding of PPi as the causative factor of PXE it can be showed that these diseases also
have an overlap in pathogenesis.”® Table 1 summarizes associated genes and typical
clinical features of several calcification disorders that all have been shown to have a
deficiency in PPi or in the strictly regulated PPi/phosphate balance. Further study-
ing these rare calcification disorders, of which PXE seems to be the most prevalent,
could significantly enhance knowledge on the clinical expression of MAC.

Besides PPi, the inhibiting systems that prevent ectopic mineralization and thus
prevent calcification-induced vascular disease include the vitamin K-dependent
Matrix Gla Protein (MGP), the Klotho protein, osteoprotegerin, osteopontin, and
fetuin-A.” Increasing the concentration of ectopic mineralization inhibitors may
result in ectopic mineralization prevention and subsequent inhibition of disease
progression, even in populations without a specific calcification disorder.'” "> 7%
Given the fact that the absence of PPi is thought to be the main driver of ectopic

calcification in PXE, supplementation of PPi seems to be an obvious treatment
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of calcification-induced vascular disease. * Indeed, intraperitoneal supplementa-
tion of inorganic pyrophosphate was found to inhibit mineralization in rodent
models.*” *® However, short plasma half-life and lack of a suitable dosage form
make it an unattractive candidate for supplementation therapy in humans.*

Table 1

Disease OMIM  Gene(s) Phenotype

Pseudoxanthoma elasticam #264800 ABCC6 Calcification of skin, eyes, and
(PXE) vascular system

Generalized arterial #208000 ENPPI1, ABCC6 (Severe) arterial calcification, joint
calcification of infancy and spine ossification

(GACI)

Calcification of jointsand ~ #211800 NTS5E Vascular and joint calcification

arteries (CALJA)
Idiopathic basal ganglion #213600 SLC20A2, XPR1, Vascular and pericapillary

calcification (IBGC1) PDGFRB, PDGFB calcifications in the brain
Hutchinson-Gilford #176670 LMNA Premature aging with calcification
progeria syndrome (HGPS) of aorta and aortic valves
Hyperphosphatemic #211900 KL, GALNT3, Calcification of skin, placental
familial tumoral calcinosis FGF23 and femoral arteries, periarticular
(HFTC) tissue

Singleton-Merten syndrome #182250 IFIHI, DDX58 Arterial and aortic valve
calcification, premature loss
of secondary teeth, glaucoma,
skeletal abnormalities

Keutel syndrome #245150 MGP Arterial and cartilage calcification
Gaucher disease, type IIIC ~ #231005 GBA Arterial calcifications

Adapted from Nitschke Y, Rutsch F. Inherited Arterial Calcification Syndromes: Etiologies and Treat-
ment Concepts. Current osteoporosis reports 2017; 15(4): 255-70. OMIM: Online Mendelian Inheri-

tance in Man; an open-source online catalog of human genes and genetic disorders.

Bisphosphonates as potential treatment of calcification-induced disease

Bisphosphonates are well-established drugs for the treatment of osteoporosis and
bone metastases. In the Netherlands, about 250,000 people use bisphosphonates
and the most prescribed bisphosphonate alendronate is ranked 44 in the list of
most provided medications in the Netherlands (Dutch pharmaceutical databank,
GIPdatabank 2016). For more than 40 years, the anti-bone resorptive effects of
bisphosphonates are used to treat osteoporosis and prevent fractures.” While fre-
quently using their powerful osteoclast inhibiting effects, we seem to have forgotten
their earlier documented effects on ectopic mineralization.” After their discovery

18



General introduction

the first use of bisphosphonates was of non-medical nature. Between 1800 and
1900 bisphosphonates were used to prevent calcification of waterpipes and to
soften water.”’ Subsequently, bisphosphonates have been shown to reduce soft tis-
sue calcifications in rats even before their effect on bone resorption was known.”
In fact this is not surprising looking at the chemical structure of bisphosphonates.
Bisphosphonates are stable PPi analogues and could thus stimulate the inhibitory
effects on ectopic mineralization, such as arterial calcification.” ** Of the cur-
rently available bisphosphonates non-nitrogen containing bisphosphonates, such
as etidronate, may have the largest potential to delay ectopic mineralization given
their predominant inhibition of calcium precipitation and hydroxyapatite bind-
ing. This is different from newer, nitrogen-containing bisphosphonates, such as

alendronate, which predominantly inhibit osteoclasts.** *°

Some non-randomised and uncontrolled reports describe beneficial effects of
etidronate in patients with calcification disorders mentioned in table 1. As il-
lustrated in figure 4, in GACI etidronate treatment reduces arterial calcification.”
Also, etidronate in GACI is associated with improved survival."”® In patients
with basal ganglia calcifications or primary brain calcifications treatment with
etidronate alleviates neurological symptoms.%’ % Also, an ongoing clinical trial
(NCT01585402) is now investigating effects of etidronate treatment on ectopic

mineralization in patients with CALJA.

Prenatal At birth 6 months 24 months

Figure 4 Resolution of arterial calcifications in aortic iliac vessels in a child with GACI treated with
the etidronate. Illustration taken from Edouard et al. Eur J Pediatr 2011;170:1585-1590.
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Some small randomised controlled trials have already established beneficial ef-
fects of etidronate on MAC and arterial wall disease in renal failure, diabetes
mellitus and hypercholesterolemia patients.'* **® Also, previously performed
large bisphosphonate trials may provide indications that bisphosphonates prevent
vascular morbidity and mortality. For instance in the HORIZON trial, including
2,127 patients with a recent hip fracture, the bisphosphonate (zolendronic acid)
group had an 11 % reduction of vascular events and 31% reduction of vascular
mortality compared to placebo group.”

The finding of PPi as causative factor of ectopic mineralization and calcification-
induced disease in PXE opened up the possibilities for treatment with etidronate,
a stable PPi analogue. Therefore, the effects of bisphosphonates were studied in
PXE mice models. In ABCC6 knock-out mice etidronate but not alendronate sig-
nificantly reduced mineralization suggesting a potential effect of etidronate in the
treatment of PXE. Treatment with etidronate was also associated with alterations
in bone micro-architecture.”’ Further investigations into the effects of etidronate
in PXE mice models were performed in both young and older ABCC6 knock-
out mice. It was shown that etidronate prevents, but does not reverse ectopic
mineralization.”” The effectiveness of etidronate remains to be established in PXE
patients in a randomised, placebo-controlled trial.

Hence, bisphosphonates, in particular etidronate, have a large potential to prevent
calcification-induced vascular disease in humans. However, their effects on ectopic
mineralization and on vascular morbidity and mortality remain to be established
in randomised controlled trials, both in PXE and non-PXE populations. Probably
in non-PXE populations, diabetes mellitus and renal failure patients may benefit
most from the potential effects of bisphosphonates, since these populations have a
higher risk of MAC and vascular disease.” Etidronate has been on the market for
almost 40 years and has been frequently used. Etidronate has been shown to have
an acceptable safety profile and is easily available at low cost.”’ Safety of bisphos-
phonates in specific populations as PXE populations remains to be established.
Severe, but reversible, skeletal adverse events have been reported in patients with

GACI after long-term treatment with etidronate.'"

Objectives of this thesis

The general objectives of this thesis are to describe the clinical expression of calci-
fication-induced vascular disease in patients with PXE, to investigate the effect of
risk factors of (calcification-induced) vascular disease in high risk patients, and to
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investigate the effects of bisphosphonates as potential treatment for calcification-
induced vascular disease.

Outline of this thesis

The first part of this thesis describes calcification-induced vascular disease in
PXE patients. First, in chapter 2 we aimed to revise current estimations on the
prevalence of PXE. In chapter 3 the distribution and severity of arterial calcifica-
tion in patients with PXE is described and compared to hospital controls using
whole body CT imaging. In chapter 4 we describe histopathological findings
in two PXE patients and related these findings to CT findings. In chapter 5
we describe the physiological effects of PXE on arterial thickening and stiffening
by comprehensive arterial wall measurements in PXE patients and comparisons
with general population and diabetes mellitus patients. Chapter 6 describes the
prevalence of different types of cerebral disease in a large Dutch PXE cohort. Also,
to interpret and possibly generalize our findings outside the Dutch setting, we
evaluated the literature by means of a systematic review. In chapter 7 we aimed
to give insights in the prevalence and pathogenesis of peripheral artery disease in
PXE by establishing the prevalence of peripheral artery disease and investigating
its relation with several determinants. In chapter 8 we, in collaboration with our
French colleagues from the PXE center in Angers, report the results of femoral
angioplasties with stenting in four PXE patients in whom progressive peripheral
artery disease was present.

The second part of this thesis focuses on the relation between risk factors and
(calcification-induced) vascular disease among high risk patients. In chapter 9 the
relation between HbAlc and (recurrent) vascular events or mortality is studied
in type 2 diabetes mellitus patients and it is investigated whether this relation is
influenced by pre-existing vascular disease. In chapter 10 the relation between
inter-arm differences in systolic blood pressure and vascular events or mortality
in high vascular risk patients and the influence of pre-existing vascular disease on
this relation is studied.

The third part of this thesis investigates the effects of bisphosphonates on calcifica-
tion-induced vascular disease. In chapter 11 we performed a systematic review of
previously performed randomized controlled bisphosphonates trials that reported
on arterial calcification, arterial stiffness, vascular events, vascular mortality and
all-cause mortality and summarized the results in a meta-analysis. Subsequently
in chapter 12 we report the results of the Treatment of Ectopic Mineralization in
Pseudoxanthoma elasticum (TEMP) trial, a single-center, randomised, double-
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blind, placebo-controlled trial we conducted in the Dutch National Expertise
center for Pseudoxanthoma elasticum. The TEMP trial aimed to investigate ef-
fectiveness and safety of one year treatment with etidronate (cyclical 20 mg/kg
for two weeks every 12 weeks) on ectopic mineralization among participants with

PXE.
The main findings of this thesis are discussed in chapter 13, placing our findings

in a broader perspective and identifying challenges and opportunities for clinical
practice and future research. A summary can be found in chapter 14.

22



General introduction

References

10.

11.

12.

13.

14.

15.

16.

Buerger O. Bone formation in sclerotic arteries. 1908.

Kalita SJ, Bhardwaj A and Bhatt HA. Nanocrystalline calcium phosphate ceramics in biomedical engi-
neering. Materials Science and Engineering: C. 2007;27:441-449.

Evrard S, Delanaye P, Kamel S, Cristol JP and Cavalier E. Vascular calcification: from pathophysiology
to biomarkers. Clinica chimica acta; international journal of clinical chemistry. 2015;438:401-14.
Kirsch T. Biomineralization--an active or passive process? Connective tissue research. 2012;53:438-45.
Lanzer P, Boehm M, Sorribas V, Thiriet M, Janzen J, Zeller T, St Hilaire C and Shanahan C. Medial
vascular calcification revisited: review and perspectives. European heart journal. 2014;35:1515-25.
Kobolak J, Dinnyes A, Memic A, Khademhosseini A and Mobasheri A. Mesenchymal stem cells: Iden-
tification, phenotypic characterization, biological properties and potential for regenerative medicine
through biomaterial micro-engineering of their niche. Methods. 2016;99:62-68.

Allam AH, Thompson RC, Wann LS, Miyamoto MI, Nur El-Din Ael H, El-Maksoud GA, Al-Tohamy
Soliman M, Badr I, EI-Rahman Amer HA, Sutherland ML, Sutherland JD and Thomas GS. Atheroscle-
rosis in ancient Egyptian mummies: the Horus study. JACC Cardiovascular imaging. 2011;4:315-27.
Nieto FJ. Cardiovascular disease and risk factor epidemiology: a look back at the epidemic of the 20th
century. American journal of public health. 1999;89:292-4.

Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, de Ferranti SD, Floyd ], Fornage
M, Gillespie C, Isasi CR, Jimenez MC, Jordan LC, Judd SE, Lackland D, Lichtman JH, Lisabeth L,
Liu S, Longenecker CT, Mackey RH, Matsushita K, Mozaffarian D, Mussolino ME, Nasir K, Neumar
RW, Palaniappan L, Pandey DK, Thiagarajan RR, Reeves MJ, Ritchey M, Rodriguez CJ, Roth GA,
Rosamond WD, Sasson C, Towfighi A, Tsao CW, Turner MB, Virani SS, Voeks JH, Willey JZ, Wilkins
JT, Wu JH, Alger HM, Wong SS and Muntner P. Heart Disease and Stroke Statistics-2017 Update: A
Report From the American Heart Association. Circulation. 2017;135:e146-¢603.

Rennenberg R], Kessels AG, Schurgers L], van Engelshoven JM, de Leeuw PW and Kroon AA. Vascular
calcifications as a marker of increased cardiovascular risk: a meta-analysis. Vascular health and risk
management. 2009;5:185-97.

Bastos Goncalves E Voute MT, Hoeks SE, Chonchol MB, Boersma EE, Stolker R] and Verhagen HJ.
Calcification of the abdominal aorta as an independent predictor of cardiovascular events: a meta-
analysis. Heart (British Cardiac Society). 2012;98:988-94.

Madhavan MV, Tarigopula M, Mintz GS, Machara A, Stone GW and Genereux P. Coronary artery
calcification: pathogenesis and prognostic implications. Journal of the American College of Cardiology.
2014;63:1703-14.

Hendriks EJ, de Jong PA, Beulens JW, Mali WP, van der Schouw YT and Beijerinck D. Medial Arte-
rial Calcification: Active Reversible Disease in Human Breast Arteries. JACC Cardiovascular imaging.
2015;8:984-5.

Kawahara T, Nishikawa M, Kawahara C, Inazu T, Sakai K and Suzuki G. Atorvastatin, etidronate, or
both in patients at high risk for atherosclerotic aortic plaques: a randomized, controlled trial. Circula-
tion. 2013;127:2327-35.

Edouard T, Chabot G, Miro J, Buhas DC, Nitschke Y, Lapierre C, Rutsch F and Alos N. Efficacy
and safety of 2-year etidronate treatment in a child with generalized arterial calcification of infancy.
European journal of pediatrics. 2011;170:1585-1590.

Thompson B and Towler DA. Arterial calcification and bone physiology: role of the bone-vascular axis.
Nature reviews Endocrinology. 2012;8:529-43.

23




Chapter 1

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

24

Amann K. Media calcification and intima calcification are distinct entities in chronic kidney disease.
Clinical Journal of the American Society of Nephrology. 2008;3:1599-1605.

Lanzer P, Boehm M, Sorribas V, Thiriet M, Janzen J, Zeller T, St Hilaire C and Shanahan C. Medial
vascular calcification revisited: Review and perspectives. European Heart Journal. 2014;35:1515-1525.
Doherty TM, Fitzpatrick La, Inoue D, Qiao JH, Fishbein MC, Detrano RC, Shah PK and Rajavashisth
TB. Molecular, Endocrine, and Genetic Mechanisms of Arterial Calcification. Endocrine Reviews.
2004;25:629-672.

Moe SM, O’Neill KD, Duan D, Ahmed S, Chen NX, Leapman SB, Fineberg N and Kopecky K. Medial
artery calcification in ESRD patients is associated with deposition of bone matrix proteins. Kidney
International. 2002;61:638-647.

Fishbein MC and Fishbein GA. Arteriosclerosis: facts and fancy. Cardiovascular pathology : the official
journal of the Society for Cardiovascular Pathology. 2015;24:335-42.

Everhart JE, Pettitt DJ, Knowler WC, Rose FA and Bennett PH. Medial arterial calcification and its
association with mortality and complications of diabetes. Diabetologia. 1988;31:16-23.

London GM, Guerin AP, Marchais SJ, Metivier F, Pannier B and Adda H. Arterial media calcifica-
tion in end-stage renal disease: impact on all-cause and cardiovascular mortality. Nephrology, dialysis,
transplantation : official publication of the European Dialysis and Transplant Association - European
Renal Association. 2003;18:1731-40.

Niskanen L, Siitonen O, Suhonen M and Uusitupa MI. Medial artery calcification predicts cardiovascu-
lar mortality in patients with NIDDM. Diabetes care. 1994;17:1252-6.

Lehto S, Niskanen L, Suhonen M, Ronnemaa T and Laakso M. Medial artery calcification. A neglected
harbinger of cardiovascular complications in non-insulin-dependent diabetes mellitus. Arteriosclerosis,
thrombosis, and vascular biology. 1996;16:978-83.

Niederhoffer N, Lartaud-Idjouadiene I, Giummelly P, Duvivier C, Peslin R and Atkinson J. Calcification
of medial elastic fibers and aortic elasticity. Hypertension (Dallas, Tex : 1979). 1997;29:999-1006.
Ménckeberg. Uber die reine Mediaverkalkung tierExtremititenarterien nnd ihr Verhalten zur Arteri-
osklerose. 1903.

Blumenthal HT, Lansing Al and Wheeler PA. Calcification of the Media of the Human Aorta and
Its Relation to Intimal Arteriosclerosis, Ageing and Disease. The American journal of pathology.
1944;20:665-687.

Ho CY and Shanahan CM. Medial Arterial Calcification: An Overlooked Player in Peripheral Arterial
Disease. Arteriosclerosis, thrombosis, and vascular biology. 2016;36:1475-82.

O’Neill WC, Han KH, Schneider TM and Hennigar RA. Prevalence of nonatheromatous lesions in
peripheral arterial disease. Arteriosclerosis, thrombosis, and vascular biology. 2015;35:439-47.
Guzman RJ, Bian A, Shintani A and Stein CM. Association of foot ulcer with tibial artery calcification
is independent of peripheral occlusive disease in type 2 diabetes. Diabetes research and clinical practice.
2013;99:281-6.

Guzman R]J, Brinkley DM, Schumacher PM, Donahue RM, Beavers H and Qin X. Tibial artery calcifi-
cation as a marker of amputation risk in patients with peripheral arterial disease. Journal of the American
College of Cardiology. 2008;51:1967-74.

Bos D, Portegies ML, van der Lugt A, Bos MJ, Koudstaal PJ, Hofman A, Krestin GP, Franco OH,
Vernooij MW and Tkram MA. Intracranial carotid artery atherosclerosis and the risk of stroke in whites:
the Rotterdam Study. JAMA neurology. 2014;71:405-11.

Vos A, Van Hecke W, Spliet WG, Goldschmeding R, Isgum I, Kockelkoren R, Bleys RL, Mali WP, de
Jong PA and Vink A. Predominance of Nonatherosclerotic Internal Elastic Lamina Calcification in the
Intracranial Internal Carotid Artery. Stroke. 2016;47:221-3.



General introduction

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Mitchell GE Effects of central arterial aging on the structure and function of the peripheral vascu-
lature: implications for end-organ damage. Journal of applied physiology (Bethesda, Md : 1985).
2008;105:1652-60.

Palombo C and Kozakova M. Arterial stiffness, atherosclerosis and cardiovascular risk: Pathophysiologic
mechanisms and emerging clinical indications. Vascular pharmacology. 2016;77:1-7.

Chirinos JA, Khan A, Bansal N, Dries DL, Feldman HI, Ford V, Anderson AH, Kallem R, Lash JP, Ojo
A, Schreiber M, Sheridan A, Strelsin J, Teal V, Roy J, Pan Q, Go AS and Townsend RR. Arterial stiffness,
central pressures, and incident hospitalized heart failure in the chronic renal insufficiency cohort study.
Circulation Heart failure. 2014;7:709-16.

Liu IT, Wu JS, Yang YC, Huang YH, Lu FH and Chang CJ. Mild chronic kidney disease associ-
ated with greater risk of arterial stiffness in elderly adults. Journal of the American Geriatrics Society.
2013;61:1758-62.

Sedaghat S, Dawkins Arce FG, Verwoert GC, Hofman A, Tkram MA, Franco OH, Dehghan A, Wit-
teman JC and Mattace-Raso F. Association of renal function with vascular stiffness in older adults: the
Rotterdam study. Age and ageing. 2014;43:827-33.

Zhang M, Bai Y, Ye P, Luo L, Xiao W, Wu H and Liu D. Type 2 diabetes is associated with increased
pulse wave velocity measured at different sites of the arterial system but not augmentation index in a
Chinese population. Clinical cardiology. 2011;34:622-7.

Duhn V, D’Orsi ET, Johnson S, D’Orsi CJ, Adams AL and O’Neill WC. Breast Arterial Calcification:
A Marker of Medial Vascular Calcification in Chronic Kidney Disease. Clinical Journal of the American
Society of Nephrology : CJASN. 2011;6:377-382.

Van Herck JL, De Meyer GR, Martinet W, Van Hove CE, Foubert K, Theunis MH, Apers S, Bult H,
Vrints CJ and Herman AG. Impaired fibrillin-1 function promotes features of plaque instability in
apolipoprotein E-deficient mice. Circulation. 2009;120:2478-87.

Tromp TR, Kranenburg G, Ossewaarde-van Norel ] and Spiering W. [Pseudoxanthoma elasticum: A
disorder with different manifestations]. Nederlands tijdschrift voor geneeskunde. 2016;160:D203.

Li Q, Aranyi T, Varadi A, Terry SF and Uitto ]J. Research Progress in Pseudoxanthoma Elasticum and
Related Ectopic Mineralization Disorders. The Journal of investigative dermatology. 2016;136:550-6.
Leftheriotis G, Omarjee L, Le Saux O, Henrion D, Abraham P, Prunier F, Willoteaux S and Martin L.
The vascular phenotype in Pseudoxanthoma elasticum and related disorders: contribution of a genetic
disease to the understanding of vascular calcification. Frontiers in genetics. 2013;4:4.

Mendelsohn G, Bulkley BH and Hutchins GM. Cardiovascular manifestations of Pseudoxanthoma
elasticum. Archives of pathology & laboratory medicine. 1978;102:298-302.

Leftheriotis G, Abraham P, Le Corre Y, Le Saux O, Henrion D, Ducluzeau PH, Prunier F and Martin
L. Relationship between ankle brachial index and arterial remodeling in pseudoxanthoma elasticum.
Journal of vascular surgery. 2011;54:1390-4.

Germain DP, Boutouyrie P, Laloux B and Laurent S. Arterial remodeling and stiffness in patients with
pseudoxanthoma elasticum. Arteriosclerosis, thrombosis, and vascular biology. 2003;23:836-41.
Campens L, Vanakker OM, Trachet B, Segers P, Leroy BP, De Zaeytijd J, Voet D, De Paepe A, De Backer
T and De Backer J. Characterization of cardiovascular involvement in pseudoxanthoma elasticum fami-
lies. Arteriosclerosis, thrombosis, and vascular biology. 2013;33:2646-52.

Leftheriotis G, Kauffenstein G, Hamel JF, Abraham P, Le Saux O, Willoteaux S, Henrion D and Martin
L. The contribution of arterial calcification to peripheral arterial disease in pseudoxanthoma elasticum.

PloS one. 2014;9:¢96003.

25




Chapter 1

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

26

Uitto ], Varadi A, Bercovitch L, Terry PF and Terry SE. Pseudoxanthoma elasticum: progress in research
toward treatment: summary of the 2012 PXE international research meeting. The Journal of investiga-
tive dermatology. 2013;133:1444-9.

Plomp AS, Toonstra J, Bergen AA, van Dijk MR and de Jong PT. Proposal for updating the pseudoxan-
thoma elasticum classification system and a review of the clinical findings. American journal of medical
genetics Part A. 2010;152a:1049-58.

Touraine. Lélastorrhexie systematisée. Bull Soc Dermatol Syphiligr,. 1940;47: p. 255-273.

Rigal. Observation pour servir a histoire de la chéloide diffuse xanthélasmique. Ann Dermatol Syphilol.
1881;2:491-501.

J D. Pseudoxanthoma elasticum. Monatshefte fur Praktische Dermatologie. 1896;23: p. 609-617.
Grénblad. Angioid streaks - pseudoxanthoma elasticum. Acta Ophthalmol. 1929;7:329.

Strandberg. Pseudoxanthoma Elasticum. Z Haut Geschlechtskr. 1929;31:689-94.

Goodman RM, Smith EW, Paton D, Bergman RA, Siegel CL, Ottesen OE, Shelley WM, Pusch AL and
McKusick VA. PSEUDOXANTHOMA ELASTICUM: A CLINICAL AND HISTOPATHOLOGI-
CAL STUDY. Medicine. 1963;42:297-334.

Vanakker OM, Leroy BP, Coucke P, Bercovitch LG, Uitto J, Viljoen D, Terry SE, Van Acker P, Matthys
D, Loeys B and De Paepe A. Novel clinico-molecular insights in pseudoxanthoma elasticum provide
an efficient molecular screening method and a comprehensive diagnostic flowchart. Human mutation.
2008;29:205.

Aralikatti AKV, Lee MW, Lipton ME and Kamath GG. Visual loss due to cerebral infarcts in pseudox-
anthoma elasticum [3]. Eye. 2002;16:785-786.

Bock A and Schwegler G. Intracerebral haemorrhage as first manifestation of pseudoxanthoma elasti-
cum. Clinical neurology and neurosurgery. 2008;110:262-4.

Cerrato P, Giraudo M, Baima C, Grasso M, Azzaro C, Lentini A, Perozzo P, Doveil G and Bergamasco B.
Asymptomatic white matter ischemic lesions in a patient with pseudoxanthoma elasticum [2]. ] Neurol.
2005;252:848-849.

Messis CP and Budzilovich GN. Pseudoxanthoma elasticum. Report of an autopsied case with cerebral
involvement. Neurology. 1970;20:703-9.

Renard D, Castelnovo G, Jeanjean L, Perrochia H, Brunei H and Labauge P. Teaching Neurolmage:
Microangiopathic complications in pseudoxanthoma elasticum. Neurology. 2008;71:e69.

Le Saux O, Urban Z, Tschuch C, Csiszar K, Bacchelli B, Quaglino D, Pasquali-Ronchetti I, Pope FM,
Richards A, Terry S, Bercovitch L, de Paepe A and Boyd CD. Mutations in a gene encoding an ABC
transporter cause pseudoxanthoma elasticum. Nature genetics. 2000;25:223-227.

Bergen AA, Plomp AS, Schuurman EJ, Terry S, Breuning M, Dauwerse H, Swart ], Kool M, van Soest
S, Baas F, ten Brink JB and de Jong PT. Mutations in ABCC6 cause pseudoxanthoma elasticum. Nat
Genet. 2000;25:228-31.

Ringpfeil E Lebwohl MG, Christiano AM and Uitto J. Pseudoxanthoma elasticum: mutations in the
MRP6 gene encoding a transmembrane ATP-binding cassette (ABC) transporter. Proceedings of the
National Academy of Sciences of the United States of America. 2000;97:6001-6.

Plomp AS, Hu X, de Jong PT and Bergen AA. Does autosomal dominant pseudoxanthoma elasticum
exist? American journal of medical genetics Part A. 2004;126a:403-12.

Bergen AA. Pseudoxanthoma elasticum: the end of the autosomal dominant segregation myth. The
Journal of investigative dermatology. 2006;126:704-5.

Jansen RS, Kucukosmanoglu A, de Haas M, Sapthu S, Otero JA, Hegman IE, Bergen AA, Gorgels

TG, Borst P and van de Wetering K. ABCC6 prevents ectopic mineralization seen in pseudoxanthoma



General introduction

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

elasticum by inducing cellular nucleotide release. Proceedings of the National Academy of Sciences of
the United States of America. 2013;110:20206-20211.

Fleisch H, Schibler D, Maerki ] and Frossard I. Inhibition of aortic calcification by means of pyrophos-
phate and polyphosphates. Nature. 1965;207:1300-1.

Lomashvili KA, Narisawa S, Millan JL and O’Neill WC. Vascular calcification is dependent on plasma
levels of pyrophosphate. Kidney Int. 2014;85:1351-6.

Jansen RS, Duijst S, Mahakena S, Sommer D, Szeri E, Varadi A, Plomp A, Bergen AA, Oude Elferink
RP, Borst P and van de Wetering K. ABCC6-mediated ATP secretion by the liver is the main source of
the mineralization inhibitor inorganic pyrophosphate in the systemic circulation-brief report. Arterio-
sclerosis, thrombosis, and vascular biology. 2014;34:1985-9.

Nitschke Y, Baujat G, Botschen U, Wittkampf T, du Moulin M, Stella J, Le Merrer M, Guest G, Lambot
K, Tazarourte-Pinturier ME, Chassaing N, Roche O, Feenstra I, Loechner K, Deshpande C, Garber SJ,
Chikarmane R, Steinmann B, Shahinyan T, Martorell L, Davies J, Smith WE, Kahler SG, McCulloch
M, Wraige E, Loidi L, Hohne W, Martin L, Hadj-Rabia S, Terkeltaub R and Rutsch E Generalized
arterial calcification of infancy and pseudoxanthoma elasticum can be caused by mutations in either
ENPP1 or ABCC6. American Journal of Human Genetics. 2012;90:25-39.

Li Q, Brodsky JL, Conlin LK, Pawel B, Glatz AC, Gafni RI, Schurgers L, Uitto ], Hakonarson H, Dear-
dorff MA and Levine MA. Mutations in the ABCC6 gene as a cause of generalized arterial calcification
of infancy: genotypic overlap with pseudoxanthoma elasticum. The Journal of investigative dermatology.
2014;134:658-665.

Nitschke Y and Rutsch F. Generalized arterial calcification of infancy and pseudoxanthoma elasticum:
two sides of the same coin. Frontiers in genetics. 2012;3:302.

Vanakker OM, Leroy BP, Schurgers L], Vermeer C, Coucke PJ and De Paepe A. Atypical presentation
of pseudoxanthoma elasticum with abdominal cutis laxa: evidence for a spectrum of ectopic calcification
disorders? American journal of medical genetics Part A. 2011;155a:2855-9.

Nitschke Y and Rutsch F. Inherited Arterial Calcification Syndromes: Etiologies and Treatment Con-
cepts. Current osteoporosis reports. 2017;15:255-270.

Li Q, Kingman ], Sundberg JP, Levine MA and Uitto J. Etidronate prevents, but does not reverse,
ectopic mineralization in a mouse model of pseudoxanthoma elasticum (Abcc6-/-). Oncotarget. 2016.
Li Q, Sundberg JP, Levine MA, Terry SF and Uitto ]J. The effects of bisphosphonates on ectopic soft
tissue mineralization caused by mutations in the ABCCG6 gene. Cell cycle (Georgetown, Tex). 2015:0.
Villa-Bellosta R, Rivera-Torres J, Osorio FG, Acin-Perez R, Enriquez JA, Lopez-Otin C and Andres V.
Defective extracellular pyrophosphate metabolism promotes vascular calcification in a mouse model of
Hutchinson-Gilford progeria syndrome that is ameliorated on pyrophosphate treatment. Circulation.
2013;127:2442-51.

Schurgers L], Spronk HM, Soute BA, Schiffers PM, DeMey ]G and Vermeer C. Regression of warfarin-
induced medial elastocalcinosis by high intake of vitamin K in rats. Blood. 2007;109:2823-31.

Loeb JA. Functional improvement in a patient with cerebral calcinosis using a bisphosphonate. Move-
ment disorders : official journal of the Movement Disorder Society. 1998;13:345-9.

Oliveira JR and Oliveira MFE. Primary brain calcification in patients undergoing treatment with the
biphosphanate alendronate. Scientific reports. 2016;6:22961.

Rutsch E Boyer B, Nitschke Y, Ruf N, Lorenz-Depierieux B, Wittkampf T, Weissen-Plenz G, Fischer
RJ, Mughal Z, Gregory JW, Davies JH, Loirat C, Strom TM, Schnabel D, Nurnberg P, Terkeltaub R
and Group GS. Hypophosphatemia, hyperphosphaturia, and bisphosphonate treatment are associated
with survival beyond infancy in generalized arterial calcification of infancy. CirculationCardiovascular

genetics. 2008;1:133-140.

27




Chapter 1

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

28

Jansen RS, Duijst S, Mahakena S, Sommer D, Szeri E Varadi A, Plomp A, Bergen AA, Oude Elferink
RP, Borst P and van de Wetering K. ABCC6-mediated ATP secretion by the liver is the main source of
the mineralization inhibitor inorganic pyrophosphate in the systemic circulation-brief report. Arterio-
sclerosis, Thrombosis, and Vascular Biology. 2014;34:1985-1989.

O’Neill WC, Lomashvili KA, Malluche HH, Faugere MC and Riser BL. Treatment with pyrophosphate
inhibits uremic vascular calcification. Kidney international. 2011;79:512-517.

Riser BL, Barreto FC, Rezg R, Valaitis PW, Cook CS, White JA, Gass JH, Maizel J, Louvet L, Drueke
TB, Holmes CJ and Massy ZA. Daily peritoneal administration of sodium pyrophosphate in a dialysis
solution prevents the development of vascular calcification in a mouse model of uraemia. Nephrology,
dialysis, transplantation : official publication of the European Dialysis and Transplant Association -
European Renal Association. 2011;26:3349-3357.

Orriss IR, Arnett TR and Russell RG. Pyrophosphate: a key inhibitor of mineralisation. Current opinion
in pharmacology. 2016;28:57-68.

Russell RG. Bisphosphonates: the first 40 years. Bone. 2011;49:2-19.

Moore SN, Tanner SB and Schoenecker JG. Bisphosphonates: from softening water to treating PXE.
Cell cycle (Georgetown, Tex). 2015;14:1354-5.

Schenk R, Merz WA, Muhlbauer R, Russell RG and Fleisch H. Effect of ethane-1-hydroxy-1,1-
diphosphonate (EHDP) and dichloromethylene diphosphonate (Cl 2 MDP) on the calcification and
resorption of cartilage and bone in the tibial epiphysis and metaphysis of rats. Calcified tissue research.
1973;11:196-214.

Elmariah S, Delaney JA, O’Brien KD, Budoft M], Vogel-Claussen ], Fuster V, Kronmal RA and Halperin
JL. Bisphosphonate Use and Prevalence of Valvular and Vascular Calcification in Women MESA (The
Multi-Ethnic Study of Atherosclerosis). Journal of the American College of Cardiology. 2010;56:1752-9.
Elmariah S, Delaney JAC, Brien KD, Budoff M], Vogel-Claussen J, Fuster V, Kronmal RA and Halperin
JL. Bisphosphonate Use and Prevalence of Valvular and Vascular Calcification in Women. Journal of the
American College of Cardiology. 2010;56:1752.

Drake MT, Clarke BL and Khosla S. Bisphosphonates: mechanism of action and role in clinical practice.
Mayo Clinic proceedings. 2008;83:1032-45.

Hashiba H, Aizawa S, Tamura K and Kogo H. Inhibition of the progression of aortic calcification by
etidronate treatment in hemodialysis patients: long-term effects. Ther Apher Dial. 2006;10:59-64.
Ariyoshi T, Eishi K, Sakamoto I, Matsukuma S and Odate T. Effect of etidronic acid on arterial calcifica-
tion in dialysis patients. Clinical drug investigation. 2006;26:215-22.

Koshiyama H, Nakamura Y, Tanaka S and Minamikawa J. Decrease in carotid intima-media thickness
after 1-year therapy with etidronate for osteopenia associated with type 2 diabetes. J Clin Endocrinol
Metab. 2000;85:2793-6.

Lyles KW, Colon-Emeric CS, Magaziner JS, Adachi JD, Pieper CF, Mautalen C, Hyldstrup L, Recknor
C, Nordsletten L, Moore KA, Lavecchia C, Zhang J, Mesenbrink P, Hodgson PK, Abrams K, Orloff JJ,
Horowitz Z, Eriksen EF, Boonen S and Trial HRE Zoledronic acid and clinical fractures and mortality
after hip fracture. N Engl ] Med. 2007;357:1799-1809.

Otero JE, Gottesman GS, McAlister WH, Mumm S, Madson KL, Kiffer-Moreira T, Sheen C, Millan
JL, Ericson KL and Whyte MP. Severe skeletal toxicity from protracted etidronate therapy for general-
ized arterial calcification of infancy. Journal of bone and mineral rescarch : the official journal of the
American Society for Bone and Mineral Research. 2013;28:419-30.









PART ONE

Calcification-induced vascular disease in
pseudoxanthoma elasticum






CHAPTER 2

The prevalence of Pseudoxanthoma Elasticum:
Revised estimations based on genotyping in a
high vascular risk cohort.

Guido Kranenburg
Annette F. Baas

Pim A. de Jong
Folkert W. Asselbergs
Frank L.J. Visseren
Wilko Spiering

on behalf of the SMART studygroup

Submitted



Chapter 2

Abstract

Background - Pseudoxanthoma elasticum (PXE), an autosomal recessive systemic
calcification disorder, is caused by mutations in the ABCC6-gene and associated
with severe visual impairment and peripheral arterial disease. Given the progress
in development of a treatment for PXE, more precise estimations of its prevalence
are warranted.

Methods - We genotyped the four most common ABCC6 mutations (¢.3421C>T,
c.4182delG, ¢.3775delT, ¢.2787+1G>T) together responsible for half of the PXE
cases in the Dutch population, in a Dutch high vascular risk cohort (n=7,893).
The obtained allele frequencies were used to estimate the prevalence of PXE using
the Hardy-Weinberg equilibrium.

Results - The allele frequency of ABCC6 mutations was 0.30% for ¢.3421C>T,
0.08% for c.4182delG, 0.03% for c.3775delT and 0.01% for c¢.2787+1G>T. The
prevalence of PXE based upon the allele frequencies of these four mutations was
estimated as 1 per 56,000 (95%CI 1 in 35,000 - 97,000).

Conclusion - The prevalence of PXE is at least 1 per 56,000 meaning that there
would be at least 307 affected individuals in the Netherlands. Since this estimate
is based on mutations responsible for half of the PXE cases, the actual prevalence

will be higher.
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Introduction

Pseudoxanthoma elasticum (PXE, OMIM #264800), an autosomal recessive
systemic calcification disorder, is characterized by skin (yellowish papules or
plaques), eye (angioid streaks) and vascular involvement (arterial calcification).
PXE has a considerable morbidity, including severe visual impairment and blind-
ness, peripheral arterial disease, and ischemic stroke.' Patients are homozygous or
compound heterozygous for mutations in the ATP-Binding Cassette Transporter
C6 (ABCCG)-gene.” A dominant inheritance pattern has been ruled out. ** Al-
though it is clear that PXE is a rare disease, estimations of its prevalence vary
widely (between 1 per 25,000 and 1 per 100,000)." >

Given the current scientific progress in developing a therapy for PXE,” more
precise estimations of its prevalence are warranted in order to be able to trace all
patients. It has been shown that there is no excess in carriers of the most com-
mon ABCCG6 mutation (R1141X, ¢.3421C>T) among Caucasians with vascular
disease.® Thus, a cohort including patients with high vascular risk can be used to
estimate the prevalence of PXE in the general population.

In this study, we aimed to revise previous estimations of the prevalence of PXE
using genotyping of the four most common ABCC6 mutations in the Dutch
population in a large Dutch high vascular risk cohort

Material and methods

The four most frequent mutations in ABCC6 in the Dutch population (c.3421C>T,
c.4182delG, c.3775delT, ¢.2787+1G>T) were identified based on allele frequen-
cies in our nationwide Dutch PXE cohort (table 1). Data from 170 consecutive
PXE patients with available DNA information and a confirmed clinical diagnosis

were used for this purpose.” These mutations are together responsible for about
half of the PXE cases.

In order to estimate the prevalence in the general Dutch population, we genotyped
these mutations in available blood samples of patients enrolled in a Dutch high
vascular risk cohort (n=7,893), the Second Manifestations of ARTerial disease
(SMART) study, a prospective single-center cohort study performed in the Uni-
versity Medical Center Utrecht. Patients eligible for inclusion had manifestations
of vascular disease (coronary artery disease, cerebrovascular disease, peripheral
artery disease, or abdominal aneurysm) or vascular risk factors (hypertension,
diabetes and dyslipidemia). More detailed information about the design of the
SMART cohort has been described previously.'’
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DNA was isolated from 10 mL of EDTA (citrate)-augmented blood stored at
-80 °C, and amplified with polymerase chain reaction (PCR). Genotyping was
performed for the four ABCC6-mutations, using the Kompetitive Allele Specific
PCR (KASP™) genotyping system (Hoddesdon, England).

The Hardy-Weinberg equilibrium was used to estimate the prevalence of PXE
using the allele frequencies for each of these four mutations in ABCC6. 95% CI
were obtained using bootstrap methods with 5,000 repeats.

Results

The frequency of ABCCG6 carriers was 0.60% (47/7,804) for ¢.3421C>T, 0.17%
(13/7,798) for c.4182delG, 0.05% (4/7,798) for c.3775delT and 0.03% (2/7,832)
for c.2787+1G>T (table 1). Using these frequencies, the prevalence of PXE was
estimated as 1 per 56,000 (95%CI 1 per 35,000 - 97,000, supplemental table 1).

Table 1 Carrier frequencies ABCC6 mutations and estimated prevalence of PXE

Carrier frequency high

Allele frequency PXE vascular risk cohort
ABCC6 mutation Type of mutation cohort (n=170) (n=7,893)
c.3421C5T Stop-gain 26.47% (90 / 340) 0.60% (47 / 7,804)
c.4182delG Frameshift 9.12% (31 / 340) 0.17% (13 / 7,798)
c.3775delT Small deletion 7.35% (25 / 340) 0.05% (4 / 7,853)
c.2787+1G>T Splice 6.18% (21 / 340) 0.03% (2 /7,832)
Estimated PXE prevalence:

1:56,000 (95%CI 1:35,000 - 97,000)

Allele frequency was based on upon frequencies from PXE patients with available DNA information
in our PXE cohort (n=170). Carrier frequency was based on frequencies in the SMART, high vascular
risk cohort (n=8,063). PXE prevalence estimation was based on the Hardy-Weinberg equilibrium and

all possible combinations of these four mutations.

Discussion

Based upon genotyping of the four most common mutations in ABCCG in a high
vascular risk cohort, we estimate the prevalence of PXE to be 1 per 56,000. We
assume that our estimation is applicable to the general population, since the fre-
quency of the most common mutation in ABCC6 among Caucasians (R1141X,
¢.3421C>T) was shown not to be different between patients with and without (a
high risk of) vascular disease.”
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The identified allele frequencies in this study are higher than allele frequencies in
available data from non-Finnish European individuals in the Genome Aggregra-
tion Database (gnomAD, http://gnomad.broadinstitute.org/, supplemental table
2). The gnomAD database provides data on genomes of unrelated individuals
sequenced as part of various disease-specific and population genetic studies."
However, the fact that this database consists of aggregated and primarily non-
Dutch populations makes it an unattractive candidate to use in order to estimate

the general population prevalence of PXE, particularly for the Dutch setting.

Also, some of the identified ABCC6 mutations may be (more) specific to the
Dutch population.'” > A founder effect has been shown to exist in the Dutch
PXE population.'? No sufficient data was available in Dutch general population
databases as the Genome of the Netherlands (GoNL)'* and the Rotterdam Study
cohort.”” Therefore, the allele frequencies of the most common ABCC6 mutations
determined in the SMART high vascular risk cohort currently provide the most
valuable information to estimate the prevalence of PXE in the Dutch general
population.

Our estimation underestimates the actual prevalence of PXE. We did not take
into account all possible mutations in ABCC6, but genotyped the most common
mutations among Caucasians which are responsible for half of all PXE cases (table
1).'® Also, mutations in other genes as the ENPPI genes may cause PXE as well."
Thus, the actual prevalence of PXE will be higher.

In conclusion, the prevalence of PXE is at least 1 per 56,000 meaning that there
would be at least 307 affected individuals in the Netherlands. Since this estimate
is based on mutations responsible for half of the PXE cases, the actual prevalence

will be higher.
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Appendix

Supplemental table 1 Calculation of the PXE prevalence

ABCC6 mutation Allele Unaffected Carrier Affected
c.3421C>T a AA AaoraA aa
c.4182delG b BB Bb or bB bb
c.3775delT c CC CcorcC cc
c.2787+1G>T d DD Dd or dD dd
Frequency
Carrier (SMART high vascular risk cohort) Allele frequency*
Aa or aA 0.60% (47 / 7,804) a=0.003011276
Bb or bB 0.17% (13 /7,798) b=0.000833547
Ccor cC 0.05% (4 /7,853) c=0.0002546797
Dd or dD 0.03% (2 /7,832) d=0.0001276813

* Calculated using the Hardy-Weinberg equilibrium. No homozygous mutations were found in the

SMART high vascular risk cohort

Possible combinations Frequency
aa 9.07*107-06
bb 6.95%101-07
cc 6.49*107-08
dd 1.63*107-08
ab 2.51*101-06
ba 2.51*107-06
ac 7.67*107-07
ca 7.67*107-07
ad 3.84*107-07
da 3.84*107-07
be 2.12*107-07
cb 2.12*107-07
bd 1.06*107-07
db 1.06*107-07

1.78%107-05
Total affected

(1:56,000)
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Supplemental table 2 Allele frequencies in SMART and gnomAD

Allele frequency gnomAD
ABCC6 mutation Allele frequency SMART (European, non-Finnish)
c.3421C>T 0.301128% 0.275300%
c.4182delG 0.083355% 0.010370%
¢.3775delT 0.025468% 0.004176%
c.2787+1G>T 0.012768% 0.022920%

42






L]
.-‘ » -
- -
-
&
- -
LT .
E i » . SN -
o - 2 -’ - .
" re
.‘. ol -
- B o 4
- - i
"_- - av e '“:- e
:5.. - ." » - 3
’ ’) X
e s ;-‘I\.‘ - - {4 =
'3 L - .
. T s s
> | Tl
o - i - .
Ny A
P . & - .
. .
-
.}d - -
S - - &
.' - '- " .-
» . s
P e g i) o >
e
L
.
.
. "
-
~ s
- .
L - »
- - . -
3 .
- -
. .
g .
L
-
- .
Ld : b
8. w
difs
.
o . L
'
‘e
" -
. .
- ’
“:‘l: o i
. o AL
- o g
-

e

s .
- - T L] ’
e o .
wy '\-": o
“ A
Ll - .
. L] L
. .
7%
1 . -
. - - :
A T3 0 el ' o
o r..' .
- v o v
o SN : .
- . . % .'
Ea
: or - -
wih "0 4 - s
"‘ '...
& -
- .
- F—-
J e el
. » - . o AN
ST - - il
st P 'tn - -
- 5 - ‘b '-.".A—
.m‘;—ma Q ;
Y .
- 5 y b- .,
- Nes
- - - .
L
. L
w
-
- . » »
. 7 \ -
2 &
e
.
~ il
’
-
s » ¢ . ’ .
o ,’.. -
. » - ot
4 | -
» - F -
o > 2 -
{ - - - 5 L
»,roac
- v . 0 . e
- - L] =
% .
- : »
- "
- - .'
. -
b= A e ol s
PR | SO ; -
- 8 - ¥ B T -
- -4 5 . -.‘ .
- o

-
i
A
: |
{
N
g .
- L -
- -9
-
-
- 5
w
. »
k]
e
.
. 3
.
-
{
.
"]
.
34

o 3~
St
o"‘ '_':.'.



CHAPTER 3

Prevalence and severity of arterial
calcifications in pseudoxanthoma elasticum
(PXE) compared to hospital controls. Novel
insights in the vascular phenotype of PXE

Guido Kranenburg
Pim A. de Jong
Willem P.Th. M. Mali
Mohamed Attrach
Frank L.]J. Visseren
Wilko Spiering

Atherosclerosis 256 (2017) 7el4



Chapter 3

Abstract

Background and aims — Pseudoxanthoma elasticum (PXE) is a monogenetic dis-
order with progressive calcifications of the skin, the Bruch’s membrane in the eyes
and the arterial wall. Vascular disease is considered to be very prevalent, but the
whole-body distribution of arterial calcifications in PXE is unknown. We aimed
to systematically investigate arterial calcifications in PXE.

Methods — We included 104 PXE patients from the Dutch PXE cohort and 93
hospital controls. All subjects underwent full-body low-dose CT scans without
contrast. To investigate the prevalence and severity of arterial calcification per
arterial location, the CT scans were scored using a reproducible semi-quantitative
scale with four calcification categories (interobserver kappa 0.54-0.99).

Results — PXE patients (38/104 males) were 54 + 13 years and controls (45/93
males) 54 + 16 years old. Arterial calcifications were significantly more common
in PXE patients in the intracranial internal carotid artery (75% vs. 44%), the ar-
teries of the arms (20% vs. 3%), the femoral-popliteal arteries (74% vs. 44%) and
the subpopliteal arteries (84% vs. 38%). In these arteries the calcification scores
also indicated more severe calcification. No significant differences in prevalence of
arterial calcification were observed in other arterial beds such as the coronary ar-
teries (45% vs. 43%, p-value=0.776), the carotid arteries (52% vs 46%, p=0.476)
and the abdominal aorta (71% vs. 63%, p-value=0.287). Analyses using patients
younger than 55 years only, showed similar differences in prevalence of arterial
calcifications between PXE patients and controls with most pronounced calcifica-
tions in the arteries of the lower legs (67% vs. 8%). Similar patterns were observed
in those without concomitant diabetes or renal dysfunction.

Conclusions — In PXE a vascular phenotype can be identified with a distribution
of arterial calcifications that is clearly distinct from hospital controls and involves
arterial calcifications in the legs, the intracranial internal carotid artery and the
arteries of the arms.
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Introduction

The process of arterial calcification is actively regulated by several inhibitory
pathways which suggests that the body is actively preventing the occurrence of
arterial calcification.' Although much is known about the biology of arterial
calcification as well as the prognostic value of arterial calcification, it is unclear
whether prevention or treatment of arterial calcification is of any benefit. * Arte-
rial calcification seems to be reversible and it has been shown that treatment can
prevent or even reverse the arterial calcification process. >’ Monogenetic disorders
might provide novel insights into the cause of arterial calcification and may reveal
potential treatment targets.

Pseudoxanthoma elasticum (PXE, OMIM #264800) is a rare monogenetic disease

810 which leads to calcification of the

caused by mutations in the ABCC6 gene
skin, the eyes and the arterial walls. ''""> The prevalence of PXE is not precisely
known but is estimated to be around 1:25,000-50,000. Recently, major steps
have been made in unraveling the etiology of PXE by the discovery that the
ABCCG6 mutations result in inefficient mediators of ATP secretion in the liver.
This results in low levels of inorganic pyrophosphate leading to progressive ectopic

calcification. '

Several incidental descriptions of PXE patients report prevalent cardiovascular
manifestations including coronary arterial disease, cerebral arterial disease and, in
particular, peripheral artery disease (PAD). ' These vascular problems occur due
to progressive arterial wall calcification. ' However, descriptions of the arterial
calcification phenotype in PXE are restricted to descriptions of arterial calcifica-
tions in the legs in relation to peripheral arterial disease in these patients. ' It is
unclear how arterial calcifications are distributed in the rest of the body in PXE
patients and how this arterial calcification pattern differs from control patients.

Hence, the goal of the present study was to describe the distribution and severity
of arterial calcification in patients with PXE in comparison with hospital controls

using whole body computed tomography (CT) imaging.
Methods

PXE patients

For the present study, clinical data of 104 consecutive adult patients with con-
firmed PXE, who visited the University Medical Center Utrecht (UMCU), the

Netherlands, were studied. For all patients a systematic diagnostic screening pro-
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gram was performed which included a genetic, dermatological, ophthalmological
and vascular screening. The diagnosis of PXE was based on the revised criteria of
Plomp et al."” The vascular screening included a low-dose (<3 mSv) full-body CT
scan without contrast, performed on CT scanner Brilliance 64 (Philips, Cleveland,
Ohio) (for more detailed information on the CT settings see the supplement).
Other variables, blood pressure, (current) smoking, renal function and the pres-
ence of diabetes were collected in the systematic screening and used for the present
study. Renal function was estimated using glomerular renal filtration rate (¢GFR)
based upon the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
formula and renal failure was defined as an eGFR <30 mL/min/1.73m?. Diabetes
mellitus was defined as a history of diabetes mellitus in the medical files or the use
of glucose-lowering agents.

Control patients

In order to compare the distribution and severity of arterial calcification, a hospi-
tal control group was used. To ensure comparability, only patients who underwent
scans using a similar low-dose and full-body protocol as the PXE patients were se-
lected (supplement). These low-dose CT images were available from fluorodeoxy-
glucose (FDG) positron emission tomography/computed tomography (PET-CT)
scans. All patients who underwent these kinds of scans in our hospital between
June 2011 and November 2015 were used as hospital controls. Only patients
with a suspicion of vasculitis or endocarditis were excluded.26% of the hospital
controls underwent this scan for melanoma staging, 68% because of fever with
unknown origin and 6% for a suspicion of malignancy. The variables sex, age,
blood pressure, (current) smoking, renal function and the presence of diabetes
were derived from the medical files in all control patients as long as these variables
were available within 6 months before or after the CT scan.

Systematic scoring of full-body CT scans

A semi-quantitative scoring system was designed to capture the distribution and
severity of arterial calcification. The categories in this scoring system included
no calcification, mild calcification, moderate calcification and severe calcifica-
tion. The designed semi-quantitative severity scale was used for the scoring of
the extent of vascular calcification per pre-specified arterial bed. These included:
the intracranial internal carotid arteries (IICA), the extracranial carotid arteries
(ECA), the vertebral arteries, the coronary arteries, the aortic and mitral valve,
the thoracic and abdominal aorta, the three mesenteric arteries including side
branches as the splenic artery, the arm arteries including brachial, ulnar and radial
arteries, the internal iliac arteries, the external iliac arteries, the femoral-popliteal
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arteries and the subpopliteal arteries including the arteries in the foot. For all
pre-specified locations, the sum of the calcifications in the arterial bed was used
to assess the severity of calcification. So, although the arterial calcification tends
to occur fairly symmetrical, for paired right and left arteries the sum of right and
left was used and for the coronary arteries the sum of the coronaries was used. The
categories were defined as ‘no calcification’ in case of absence of calcification, ‘mild
calcification’ in case of 1 or 2 small calcifications, ‘moderate calcification’ in case
of 3-5 small calcifications and ‘severe calcification’ in case of more than 5 small
calcifications or at least one large calcification on the CT slides of the artery. The
origo of the brachiocepahlic arteries was excluded as it can be debated whether
these are aortic or side branches.

Calcifications of the cardiac valves were subdivided in aortic valve calcifications
and mitral valve calcifications. Mitral annular calcifications were not scored. Valve
calcification could either be assessed as no calcification, mild calcification (one
single affected leaflet with spotty calcification), moderate calcification (one leaflet
with moderate/severe calcification)or severe calcification (multiple leaflets with
calcification). The presence of a valve prosthesis was recorded and in case of a valve
prosthesis no scoring of the extent of calcification of this valve was performed.

Inter-observer agreement of the designed arterial calcification severity scoring
system was good or almost perfect for all arterial beds except for the mesenteric
arteries, where the agreement between the observers was reasonable (supplemental
table 1). The inter-observer agreement of our scoring system was based upon the
systematic scoring of 25 random scans by two board certified radiologists and the
inter-observer agreement was quantified by the weighted kappa per arterial bed. '*
One of the two radiologists scored the full number of CT scans in random order
blinded for clinical data, including PXE diagnosis.

Data analyses

Descriptive statistics were used to present baseline characteristics (age, sex, renal
function, BMI, systolic and diastolic blood pressure). Baseline characteristics
were compared between PXE and controls using independent sample t-tests for
normally distributed variables. For categorical variables Chi-square statistics were
used to calculate p-values for differences between the PXE and control group.

Frequencies and percentages of the extent of calcification group for each arterial
bed were calculated and compared between PXE and controls using Chi-square
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statistics. Furthermore, stratified analyses were performed in youngest and oldest
50% of the participants of both groups.

To account for possible differences in arterial calcification patterns between PXE
patients and control patients due to a potential misbalance between the two
groups in the prevalence of diabetes and renal failure, sensitivity analyses were
performed excluding participants with renal failure and/or diabetes mellitus from
both groups. After exclusion of patients with concomitant diabetes or renal failure
from both groups the differences in arterial calcification prevalence and severity
per arterial bed were investigated. In addition, to adjust for potential confounders,
multivariable adjustment was performed using logistic regression models for each
arterial bed with presence of calcification as outcome. Adjustment took place for
age, gender, eGFR, systolic blood pressure, BMI, current smoking and diabetes
mellitus.

Statistical analyses were conducted using SPSS version 21 and R version 3.1.3.

Ethical committee approval

Given the retrospective use of routine care data no formal approval of this study
was required as stated by the Medical Ethics Committee of the UMC Utrecht and
informed consent was waived for anonymous analysis of the data (IRB number

15/446-C).

Results

Baseline characteristics PXE patients and control patients

The mean age of the PXE patients was 54 (+13) years and for controls this was 54
(£16) years (p=0.884) (Table 1). Diabetes mellitus was present in 4% of the PXE
group versus 8% in the control group (p=0.261). None of the PXE patients had
renal failure while six (7%) controls had renal failure (p=0.009). Body mass index
(BMI) was similar between PXE patients and controls (p=0.865). Higher levels of
blood pressure were observed in PXE patients compared to the hospital controls.
Systolic blood pressure was 137 (+23) mmHg in PXE patients and 130 (+21)
mmHg in control patients (p=0.062). Levels of diastolic blood pressure were 80
(+12) mmHg and 76 (+12) mmHg, respectively (p=0.009).
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Table 1 Baseline characteristics of PXE patients compared to hospital controls

PXE patients Control patients

(n=104) (n=93) p-value
Sex (male) 39 (38%) 42 (45%) 0.275
Age 54+ 13 54 + 16 0.884
Systolic blood pressure - mmHg 137 + 23 130 + 21 0.062
Diastolic blood pressure - mmHg 80+ 12 76 £12 0.009
BMI - kg/m? 259 £ 4.6 26.0 + 6.4 0.865
Current smoking 16 (16%) 19 (20%) 0.220
Diabetes mellitus 4 (4%) 7 (8%) 0.261
eGFR <30 mL/min/1.73m? 0 (0%) 6 (7%) 0.009
Reason for full body CT
PXE 103 (100%) 0 (0%) NA
Fever of unknown origin 0 (0%) 63 (68%) NA
Follow-up for melanoma 0 (0%) 24 (26%) NA
Suspected malignity 0 (0%) 6 (6%) NA

Data are reported as the mean + SD or n (%). BMI, body mass index; eGFR, estimated glomerular
filtration rate based on Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula.
P-values were calculated using Chi-Square statistics for categorical variables. For continuous variables

with a normal distribution indendent sample t-test were used.

Prevalence and severity of arterial calcification

In PXE patients calcification was significantly more prevalent in the IICA
(75% vs. 44%, p<0.001), the arteries of the arms (20% vs. 3%, p<0.001), the
femoral-popliteal arteries (74% vs. 44%, p<0.001) and the subpopliteal arter-
ies (84% vs. 38%, p<0.001) compared to control patients. In control patients
calcifications were significantly more prevalent in the external iliac arteries (30%
vs 16%, p<0.001, Table 2) compared to PXE patients. No significant differences
in prevalence of arterial calcification were observed in other arterial beds such as
the coronary arteries (45% vs. 43%, p=0.776), the ECA (52% vs 46%, p=0.4706)
and the abdominal aorta (71% vs. 63%, p=0.287). After multivariable adjustment
for potential confounders, significant differences in prevalence of calcification
were still observed in the IICA (p<0.001), the arteries of the arms (p<0.001),
the femoral-popliteal arteries (p<0.001) and the subpopliteal arteries (p<0.001).
No significant differences were observed in the external iliac arteries (p=0.186)
(supplemental table 2).
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Table 2 Presence of arterial calcification in PXE patients compared to control patients

PXE patients Control patients

Presence of arterial calcification (n=104) (n=93) p-value
Intracranial internal carotid arteries 78 (75%) 41 (44%) <0.001
Extracranial carotid arteries 47 (45%) 40 (43%) 0.776
Vertebral arteries 19 (17%) 9 (10%) 0.148
Coronary arteries 54 (52%) 43 (46%) 0.476
Aortic valve* 17 (16%) 16 (17%) 1.000
Mitral valve 1 (1%) 1 (1%) 0.102
Arm arteries 21 (20%) 3 (3%) <0.001
Thoracic aorta 50 (48%) 52 (56%) 0.318
Abdominal aorta 74 (71%) 59 (63%) 0.287
Mesenteric arteries 28 (27%) 24 (26%) 0.873
Internal iliac arteries 58 (56%) 48 (52%) 0.570
External iliac arteries 17 (16%) 28 (30%) 0.027
Femoral-popliteal arteries 77 (74%) 41 (44%) <0.001
Subpopliteal arteries 87 (84%) 35 (38%) <0.001

p-values were calculated using Chi square tests for categorial variables *in the control patients 4
patients had an aortic valve prothesis.

Similar differences were observed in the severity of arterial calcification. Severe
calcification was significantly more prevalent in PXE patients compared to con-
trols in the IICA (36% vs 19%, p<0.001), femoral-popliteal arteries (51% vs
31%, p<0.001) and subpopliteal arteries (61% vs 24%, p<0.001). In the hospital
controls, significant more severe calcification was observed for the thoracic aorta,
the mesenteric arteries and the external iliac arteries (figure 1).

Severity of calcification in patients < 55 years of age

In the 51 youngest PXE patients included in the cohort (under 55 years) the mean
age was 44 (+11), while the mean age of 48 older PXE patients was 64 (+6). For
control patients this was 41 (+9) and 68 (£8), respectively. In PXE patients under
55 years arterial calcifications were also significantly more prevalent in the IICA
(57% vs. 22%), the femoral-popliteal arteries (53% vs. 17%) and the subpopliteal
arteries (67% vs. 8%) (figure 1). Also severe calcifications were more prevalent in
younger PXE patients compared to younger control patients in the IICA (24%
vs 0%), the femoral-popliteal arteries (27% vs 0%) and the subpopliteal arteries
(37% vs 2%).
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A. Calcification in PXE group (n=103) versus control group (n=93)
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B. Calcification in young PXE group (n=51) versus control group (n=48)
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C. Calcification in PXE group (n=100) versus control group (n=80), excluding DM
and renal failure
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Figure 1 Severity of arterial calcifications in PXE patients compared to control patients.

*

p PXE group; c control group; * significant difference (Chi-square tests); DM Diabetes Mellitus;
IICA intracranial internal carotid arteries; ECA extracranial internal carotid arteries; IIA internal iliac
arteries; EIA external iliac arteries; Fem-pop femoral-popliteal arteries; Subpop subpopliteal arteries.
Mild calcification lor 2 small calcification; Moderate calcification 3-5 small calcifications or 1 big cal-
cification accompanied with up to 2 little calcifications; Severe calcification Multiple calcifications or

extensive calcification * in the control patients 4 patients had an aortic valve prosthesis.
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Sensitivity analyses excluding patients with renal failure and/or diabetes mellitus

In sensitivity analyses excluding patients with renal failure and diabetes mellitus
similar arterial calcification patterns for PXE patients (n=100), compared to
control patients (n=80) were observed involving significantly more calcification
compared to control patients in the IICA, the arm arteries, the femoral-popliteal
arteries and the subpopliteal arteries of PXE patients. In control patients signifi-
cantly more prevalent and more severe arterial calcification compared to control
patients in the external iliac arteries was observed (Figure 1).

Discussion

In the present study we systematically investigated the differences in arterial
calcification phenotype between PXE patients and hospital controls. We used full-
body CT scans and a reproducible scoring system to score the presence and sever-
ity of arterial calcification in different arterial beds. In PXE patients, prevalence
and severity of arterial calcifications were much higher in the intracranial internal
carotid arteries, the arm arteries and the arteries of the legs even in younger PXE
patients. These findings provide novel insights into the vascular phenotype of this
disease and show that the intracranial internal carotid artery, the arm arteries and
the arteries of the legs are the predominant places of arterial calcification in PXE.

It was previously known that calcifications are common and severe in leg arteries of
PXE patients, but it was not known whether these calcifications were more com-
mon than in the general population.” One can assume that the higher prevalence
of arterial calcification in the legs of PXE patients eventually leads to symptomatic
peripheral arterial disease (PAD). The prevalence of PAD, defined by an ankle
brachial index below 0.9, in PXE patients is approximately 44%. '” This is remark-
ably high compared to the general population, where, even in patients between
85 and 89 years old, the prevalence of PAD is 18%." The importance of arterial
calcification in the pathogenesis of PAD is illustrated by the fact that in ampu-
tated legs from patients with PAD the majority of the arteries show medial wall
calcification without atherosclerotic changes.” It can be assumed that the higher
prevalence of arterial calcification in the legs of PXE patients eventually leads to
symptomatic peripheral arterial disease (PAD), but the mechanisms behind this
relation are not totally clarified yet. Arterial stiffening of the arterial walls in the
legs due to the calcification might be an important mechanism that can explain
the relation between leg calcifications and occurrence of PAD in PXE, but one
would expect a high ABI instead of low ABI as described in PXE."*' It is also
possible that the calcifications of the medial wall eventually progress to the intimal
wall leading to stenosis and thrombotic changes contributing to the occurrence of
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PAD which would be more consistent with the physiological measures. Although
we did not systematically compare the PXE calcifications to those of patients with
renal failure of diabetes mellitus, we are under the impression that in PXE the
calcifications are less continuous and less often fully circular. This may also explain
the low ABI as observed in PXE patients compared to diabetes patients where
high ABI values have commonly been described.”

The observed calcification of the IICA may explain some of the suspected brain
involvement in PXE. This brain involvement in PXE is characterized by frequent
occurrence of cerebrovascular events and cerebral small vessel disease. > ** In gen-
eral, calcifications in the IICA are predominantly nonatherosclerotic and mostly
located around the internal elastic lamina. * Calcification of the IICA is known to
be an important predictor for cerebrovascular disease and is associated with small
vessel disease.”® Therefore, it is conceivable that the observed calcification of IICA
contributes to the brain involvement in PXE. Intracranial carotid artery calcifica-
tion may lead to brain disease through stiffening of the intracranial carotid arteries
leading to abnormally high pulsatile stress in cerebral microvessels.”’

This study describes the patterns of arterial calcification in PXE. In figure 2
examples of CT-images are shown which summarizes this typical arterial calci-
fication pattern observed in PXE with involvement of arteries of the legs (2A),
intracranial internal carotid arteries (2B) and arteries of the arm (2C). Analyses
in the youngest patients indicated that the progressive arterial calcification seems
to start in the leg arteries where the most distal arteries are affected first. On the
opposite side of the arterial system, calcification of the intracranial carotid artery
is also frequently observed, even in patients younger than 55 years. Based on these
findings one should always consider a rare diagnosis as PXE when in the general
population calcifications of the (distal) leg arteries or the IICA are observed at
a young age. A striking but less frequent feature of arterial calcification in PXE
seems to be the calcification of the arm arteries, which occur in 20% of the PXE
patients in this study. Calcification of the arm arteries in patients without renal
failure or diabetes mellitus is extremely rare and could be pathognomonic for
PXE. The fact that calcification in the arm arteries is strongly related to risk of
death, at least in patients with diabetes and renal failure, illustrates the potential
prognostic importance of the observation of calcification of arm arteries.”
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Figure 2 Arterial calcification phenotype of pseudoxanthoma elasticum.

A. Severe calcifications of the femoral and subpopliteal arteries as seen on a CT-scan in a PXE patient.
B. Severe calcifications of the intracranial internal carotid arteries. C. Severe calcifications of the arm

arteries.

PXE is part of a spectrum of disorders which are associated with progressive
arterial calcification. * The diseases in this spectrum include generalized arterial
calcification of infancy (GACI, OMIM #208000), the Arterial Calcifications due
to Deficiency in CD73 (ACDC) syndrome (OMIM #211800), the Hutchinson-
Gilford progeria syndrome (HGPS, OMIM #176670) and the Fahr’s syndrome
or idiopathic basal ganglia calcification (OMIM #213600). These diseases share
a similar pathophysiological background which involves the phosphate and py-
rophosphate homeostasis. Interestingly, although pyrophosphate has a systemic
effect, arterial calcification patterns differ between these diseases.

Both in ABCC6-knockout mice as in human PXE patients lower levels of inorganic
pyrophosphate have been found. ***° The predominant arterial beds we identified
in PXE are not similar to reports of arterial calcification in the generalized arterial
calcification of infancy (GACI, OMIM #208000), while the pathophysiology
of this disease is very similar to PXE. In fact, this disease, associated with low
levels of pyrophosphate due to mutations in the ENPPI gene, is considered as a
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severe entity of the same clinical spectrum as PXE. °'** The GACI syndrome is, in
contrast to our findings in PXE patients, associated with progressive aortic calcifi-
cation. ” In PXE patients in our cohort aortic calcification did occur, however no
differences were found when compared with the control group.

On the other hand, our findings seem to be similar to clinical observations in
patients with the Arterial Calcifications due to Deficiency in CD73 (ACDC)
syndrome (OMIM #211800), a monogenetic calcification disorder linked with
phosphate and pyrophosphate homeostasis caused by mutations in the NT5E
gene. In these patients severe progressive arterial calcifications in the lower ex-
tremities were observed, data on the arms and intracranial carotid arteries are
lacking. **

In the Hutchinson-Gilford progeria syndrome (HGPS, OMIM #176670), caused
by heterozygous mutations in the LMNA-gene, the pyrophosphate metabolism
plays an important pathophysiological role. ** Calcifications of the aorta and the
aortic valves are described in HGPS, whereas aortic calcification was not more

prevalent in PXE patients compared to control patients in our cohort. ***

Interestingly, in contrast to PXE and the aforementioned progressive arterial
calcification diseases, the Fahr’s syndrome or idiopathic basal ganglia calcification
(OMIM #213600), caused by a heterozygous mutation in the SLC20A2-gene,
seems to have a unique distinct distribution of arterial calcification. This monoge-
netic disease, also linked to phosphate metabolism, ** is associated with dementia
and Parkinsonism and extensive calcification of both the small and large vessels of

the brain and calcium deposits in the basal ganglia, thalamus and cerebellum. **

This study identified a distribution of arterial calcification in PXE, which was
clearly distinct from hospital controls. The fact that the observed prevalent arterial
calcifications in the legs and the intracranial carotid arteries in PXE coincide with
a high prevalence of peripheral arterial disease and brain disorders illustrates the
potential importance of arterial calcification in the pathogenesis of cardiovascular
manifestations of this disease, but also contributes to the general hypothesis that
arterial calcification increases cardiovascular risk. Future studies should describe
the exact nature of arterial calcification in PXE, for instance by combining histo-
logical and radiological data. Arterial calcification in PXE starts at a young age,
whereas in the general population arterial calcification and arterial stiffening oc-
curs slowly with ageing.41 Therefore, PXE might provide a vascular model for the
ageing population. The use of new imaging techniques that are able to visualize the
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process of arterial calcification at a very early stage in these rare diseases, such as
PET-CT scan with radioactive sodium fluoride (NaF'®) could further contribute
to the understanding and therapeutically target finding of cardiovascular burden
caused by arterial calcification. ** The NaF'* PET-CT can supply clinical trials
with an early marker of the arterial calcification process.

The strengths of this study are that all patients underwent an extensive screening
resulting in complete and extensive data. Limitations of this study include the use
of hospital controls which obviously is a diseased control group with relatively
high prevalence of disorders linked to arterial calcification such as vascular disease,
renal failure and diabetes mellitus. In our opinion, sensitivity analyses excluding
patients with renal disease and diabetes mellitus in both groups sufficiently ac-
counted for this limitation, as the two groups were comparable in other aspects
linked to arterial calcification such as age. In this study we compared calcification
in pre-specified arterial beds only, whereas PXE is known to be associated with
calcification of other tissues that cannot be visualized on the full-body CT scan.
For instance, it is known that in PXE calcification of the testicles and testicular
microlithiasis occur.”” Another limitation is the fact that blinding for the pres-
ence of PXE of the radiologist who scored all CT images was not ensured for all
patients as in some patients PXE related calcification of the skin was visible. This
is probably of minor consequence for our conclusions, as the reproducibility of
this scoring system was very good based upon the scoring of another independent
radiologist who was not aware of the research question.

In conclusion, we identified a vascular phenotype of PXE with a distribution of
arterial calcifications that was clearly distinct from hospital controls and involved
arterial calcifications in the legs, the intracranial internal carotid artery and the
arteries of the arms.
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Appendix

Detailed information on CT scanner
In this study the CT scanner Brilliance 64 of Philips (Cleveland, Ohio) was used.

The estimated effective dose for an average adult is <3 mSv
<80 kg 100 kVp, 40 mAs, iDOSE4

>80 kg 120 kVp, 40 mAs iDOSE4

Collimation 64*0.625

Recons 1 mm slices at 0.7 mm increment

Axial 5 mm slices at 4 mm increment

Coronal 3 mm slices at 3 mm increment

Sagital 3 mm slices at 3 mm increment
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Supplemental table 1 Inter-observer agreement per vascular location

Weighted Cohen’s kappa Interpretation

Carotis Siphon
Carotid arteries
Vertebral arteries
Coronary arteries
Aortic valve

Mitralis valve
Thoracic aorta

Arm arteries
Mesenteric arteries
Abdominal aorta
Internal iliac arteries
External iliac arteries
Femoral-popliteal arties
Subpoplitial arteries

0.70
0.74
0.80
0.91
0.54
NA

0.68
0.92
0.58
0.93
0.77
0.72
0.99
0.92

Reasonable/Good agreement

Reasonable/Good agreement

Almost perfect agreement
Almost perfect agreement

Reasonable agreement

NA

Reasonable/Good agreement

Almost perfect agreement

Reasonable agreement

Almost perfect agreement

Reasonable/Good agreement

Reasonable/Good agreement

Almost perfect agreement

Almost perfect agreement

Weighted Cohen’s kappa 0 - 0.20 slight agreement; 0.21-0.40 moderate agreement; 0.41-0.60 reason-

able agreement; 0.61-0.80 reasonable to good agreementt; 0.81-1.00 almost perfect agreement; NA

not applicable, both observers scored no calcification in the mitral valve

Supplemental Table 2 Presence of vascular calcification in PXE patients compared to control pa-

tients multivariable adjusted

PXE patients Control patients

(n=104) (n=93) p-value
Presence of arterial calcification
Intracranial internal carotid arteries 78 (75%) 41 (44%) <0.001
Extracranial carotid arteries 47 (45%) 40 (43%) 0.701
Vertebral arteries 19 (17%) 9 (10%) 0.221
Coronary arteries 54 (52%) 43 (46%) 0.618
Aortic valve* 17 (16%) 16 (17%) 1.000
Mitral valve 1 (1%) 1 (1%) 0.107
Arm arteries 21 (20%) 3 (3%) <0.001
Thoracic aorta 50 (48%) 52 (56%) 0.191
Abdominal aorta 74 (71%) 59 (63%) 0.490
Mesenteric arteries 28 (27%) 24 (26%) 0.475
Internal iliac arteries 58 (56%) 48 (52%) 0.861
External iliac arteries 17 (16%) 28 (30%) 0.186
Femoral-popliteal arties 77 (74%) 41 (44%) <0.001
Subpopliteal arteries 87 (84%) 35 (38%) <0.001

p-values are based upon the Wald test statistic from logistic regression model with multivariate adjust-

ment for: eGFR, systolic blood pressure, BMI, current smoking diabetes mellitus, age and gender
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