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1. Background
1.1. Rickets

1.1.1. Mineral metabolism and vitamin D

Mineral homeostasis and the mineralization of bone are regulated by complicated mechanisms, in
which the parathyroid hormone (PTH) and vitamin D play a key role. The regulatory mechanisms of

the mineral homeostasis are monitored by the calcium and phosphate levels in the plasma.

PTH is produced in the parathyroid glands and the secretion of PTH is inversely related to the
calcium level of the blood. PTH acts directly on the bone cells promoting release of calcium. In the
kidneys, PTH increases the reabsorption of calcium, decreases the reabsorption of phosphate, and
stimulates the hydroxylation of 25-hydroxyvitamin D (25(OH)D) into the active dihydroxyvitamin D
(1,25(0H)2D, i.e., calcitriol). In addition, the PTH-stimulated calcitriol production increases the

intestinal reabsorption of both calcium and phosphate (Levine, 2003).

Vitamin D (i.e., vitamin D3: cholcalciferol; vitamin D2: ergocalciferol) is obtained from the diet. In
addition, vitamin D3 is synthesized in the skin when exposed to the sun. To become an active
agent, vitamin D has to be hydroxylated, initally in the liver and thereafter in the kidneys. In bone,
the di-hydroxylated vitamin D (i.e., calcitriol) activates the osteoclastogenesis by induction of the
pre-osteoblast’s production of the receptor activator of nuclear factor kB ligand (RANKL), which
interacts with the receptor RANK of the monocytic osteoclast-precursors enhancing the formation
of the mature bone resorbing osteoclast. Furthermore, calcitriol, in addition to the activation of
intestinal absorption of calcium and phosphate, induces an increased renal reabsorption of calcium
(Levine, 2003).

1.1.2. Phosphate homeostasis and FGF23
In addition to PTH and vitamin D, the hormone fibroblast growth factor 23 (FGF23) is of importance

in the regulation of bone mineralization. FGF23 is a potent phosphaturetic factor, being the
principal regulatory hormone of the phosphate homeostasis (Shimada et al., 2004). The hormone
targets organs, particularly the kidney, via an fibroblast growth factor receptor (FGFR), whereby
the renal phosphate reabsorption is decreased and the final hydroxylation of hydroxy-vitamin D
(25(OH)D) into calcitriol (1,25(0OH)2D) is down-regulated. The affinity of FGF23 to FGFR depends
on the formation of a binding between Klotho and FGF23 into a complex (Kuro-o, 2010). The
FGF23 secretion by osteocytes is regulated by mechanisms not fully revealed. The genes PHEX,

DMP1, and ENPP1 are suggested to play a modifying role in the FGF23 production (Quarles,
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2012a; Quarles, 2012b). Remarkably, FGF23 has the direct effect on bone cells despite of the fact
that the gene coding for Klotho (a co-receptor to the FGF-receptor) has not been detected in bone
(Kuro-o et al., 1997; Kuro-o, 2010). High levels of FGF23 are associated with hypophosphatemia,
phosphaturia and decreased renal formation of calcitriol (Liu et al., 2006a; Martin et al., 2011).
Without pathology, the level of serum phosphate (S-PO4) is maintained at the normal level by
feedback-mechanisms, which include PTH, FGF23, and vitamin D (Fig. 1). PTH and FGF23 have
been suggested to influence each other directly, whereby PTH induces the secretion of FGF23 and
FGF23 reduces the secretion of PTH. In addition, the hormones interact indirectly through renal
and intestinal phosphate-co-transporters, and 1a-hydroxylase. Both hormones cause a decrease in
the activity of the renal phosphate-co-transporters, which leads to a decrease in the renal
phosphate-reabsorption. Of the two hormones, only PTH enhances the formation of active vitamin
D (calcitriol) by theactivation of the 1a-hydroxylase as opposed to the inhibitory effect by FGF23.
The activated vitamin D (calcitriol) stimulates the intestinal reabsorption of phosphate by activation
of the intestinal phosphate co-transporters. Thus, the effect of FGF23 is reduced intestinal
phosphate absorption, and the effect of PTH is increased phosphate absorption. In addition, the
circulating calcitriol have opposite effects on PTH and FGF23 by negative feed-back mechanisms:
Calcitriol induces the FGF23 formation in the bone and suppresses the PTH production in the
parathyroid glands (Bergwitz & Juppner, 2010; Pettifor & Thandrayen, 2012; Bergwitz & Juppner,
2012).
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Fig 1. The regulation of phosphate metabolism by PTH and FGF23. A modification of the figures by Bergwitz and
Juppner (Bergwitz & Juppner, 2012) and Baroncelli et al.(Baroncelli et al., 2012).

The broken lines between boxes show pathways with down-regulation and solid lines show pathways with up-regulation.
The small arrows indicate increased (1) or decreased (|) level/absorption)

NaPi-2a and NaPi-2c are renal phosphate co-transporters; and PiT-2 are instestinal phosphate co-transporters

1.1.3. Definition and classification

Traditionally, rickets is defined as a disease of children caused by vitamin D deficiency, which
results in abnormal calcium and phosphorus metabolism and deficient mineralization of bone with
skeletal deformities (Simpson, 2013). The term “rickets” originates from the Old English “wrickken”,
to twist, but also refers to “rhachitis”, the Greek term for “spine” (Hochberg, 2003) . In Danish, the
disease is called “engelsk syge”. Osteomalacia is defined as a generally impaired mineralization of
the bone matrix and includes an increased bone mass opposed to, e.g., osteoporosis (Hochberg,

2003). Rickets refers specifically to changes in the mineralization of the bony growth plates, which
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widen and become disorganized and wrecked. Usually, rickets and osteomalacia occur together as
long as the growth plates are open, meaning that rickets is a disease of children and adolescents
(Rauch, 2003; Hochberg, 2003).

Due to hypertrophy of the chondrocytes and in addition a decreased apoptosis, the growth plate
cartilage forms a cup-shaped metaphysis, which results in the characteristic swelling around the
joints (e.g., the knees). In addition, a decreased growth rate and bowing of the weight-bearing

extremities are characteristics (Hochberg, 2003).

Rickets is closely linked to the vitamin D metabolism, but additional etiological factors have been
described, and according to the etiology of the disease, rickets has been classified in: |) nutritional
rickets (e.g., vitamin D deficiency), Il) absorptive rickets (e.g., malabsorption diseases), Il renal
rickets (e.g., renal insufficiency), and IV) metabolic rickets (e.g., hypophosphatemic rickets (HR))
(Hochberg, 2003).

Recently, a classification according to pathophysiology has been proposed (Table I): I) vitamin D
deficiency rickets (e.g., lack of sun exposure or inadequate D vitamin intake), 1) vitamin D
synthesis disturbances (e.g., 1-alfa-hydroxylase deficiency), Ill) calcium deficiency rickets (i.e.,
inadequate calcium intake), IV) FGF23-associated hypophosphatemic rickets (e.g., X-linked and
autosomal dominant hypophosphatemic rickets), V) non-FGF23-associated hypophosphatemic
rickets (e.g., X-linked recessive hypophosphatemic rickets). Vitamin D deficiency rickets and
calcium deficiency rickets are all acquired rickets types. FGF23-associated HR is divided into
hereditary and acquired sub-types. Non-FGF23 HR and vitamin D synthesis disturbances are

hereditary types of rickets (Beck-Nielsen, 2012).
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FGF23-associated HR

Non-FGF23-associated HR

Hereditary Acquired Hereditary
Autosomal X-linked Autosomal Autosomal Tumor-induced HR with X-linked
dominant dominant recessive recessive osteomalacia hypercalcuria recessive HR
(ADHR) (XLHR) (ARHR1) (ARHR2) (T10) (HHRH) (XLHR)
ﬁigﬁed FGF23 PHEX DMP1 ENPP1 - SLC34A3 CLCN5
Suppresses Reduces Reduces Reduces Activates renal Codes for the
activation of FGF23- FGF23- FGF23- phosphate co- chloride
renal phosphate  expression in expression in expression in - transporters channel 5
Function of co-transporters  the bone the bone the bone (NaPi-2¢ 1).
gene product (NaPi-2a and
NaPi-2c |) and
1a-hydroxylase
(calcitriol |)
Effect_ of ; Activating Inactivating Inactivating Inactivating Inactivating Inactivating
mutation in o= L L L L L
the gene mutation in mutation in mutation in mutation in - mutation in mutation in
. FGF23 PHEX DMP1 ENPP1 SLC34A3 CLCN5
involved
Enhanced Loss of PHEX Loss of DMP1- Loss of ENPP1-  Tumor-induced Suppressed Proximal renal
biological function induces  function induces function induces excessive FGF23 levels tubolopathy and
FGF23-activity increased increased increased secretion of induces Fanconi
Pathogenesis by preventing FGF23 FGF23 FGF23 FGF23 increased S- syndrome
proteolytic expression expression expression calcitriol with
cleavage of hypercalciuria
FGF23
S-PO, | ! ! ! ! | !
S-Ca N N N N N N N1
S-FGF23 N 1t N 1 N 1t N 1 N 1 N | -
S-PTH N N 1 N 1t N N |1 N | N |1
S-Calcitriol N (l) N (]) N (]) N (l) N | 0 1
U-Ca N | N | N | N | N | 1 0

Table I. Classification of hypophosphatemic rickets according to pathophysiology. Genetic and biochemical characteristics. A modification of tables by
Baroncelli et al. and Carpenter (Carpenter, 2012; Baroncelli et al., 2012).
N Normal; 1 increased; | decreased; (|) decreased relative to S-POy

NaPi-2a and NaPi-2c are renal phosphate co-transporters.
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1.1.4. Hypophosphatemic rickets

Hypophosphatemic rickets are rare diseases with an incidence of 3.9 per 100.000 live births and a
prevalence of 1:21.000 in Denmark (Beck-Nielsen et al., 2009). HR is divided into different sub-
types, based on different genetic origin, each of which is characterized by specific disturbances in
the phosphate handling (Table 1) (Drezner, 2003). A shared trait of all types is the presentation of
hypophosphatemia caused by abnormalities in the renal reabsorption of phosphate. The
phosphate depletion causes hypomineralization, softening of bone, and growth retardation. The
clinical symptoms in untreated young HR patients include enlargement of the growth plates of the
long bones, particularly wrists, knees, ankles, and the costochondral junctions of the ribs (“rachitic
rosary”), and if severe, also development of a Harrison's sulcus (i.e., inward pull of the diaphragm
on the softened ribs). Subsequently, the legs become bowed and the physical stature becomes
disproportionately reduced (Drezner, 2003; Beck-Nielsen et al., 2010). Surgical correction of the
leg deformities is a predominant incident in HR patients. In contrast, the risk of bone fractures is
reported to be low (Beck-Nielsen et al., 2010). In HR patients, the presence of a frontal bossing is
described as another skeletal deformity (Marks et al., 1965; Drezner, 2003). The experience of
joint pain is common in adult HR patients (Beck-Nielsen et al., 2010). In addition, muscular
weakness, hypotonia, and a waddling gait are common clinical signs of HR. Despite the deficits in
muscle function and a low muscle density, younger adults with HR (age < 50 years) demonstrate
only a moderate physical impairment in everyday life (Veilleux et al., 2012). Additional symptoms in
adult HR patients are the development of mineralizing enthesopathies (i.e., calcification of the
ligaments and their attachment to the bone) (Drezner, 2003; Beck-Nielsen et al., 2010).
Furthermore, the dentition may be characterized by a high number of teeth with endodontic
complications in terms of pulpal necrosis, periapical infections, and root-fillings (Chaussain-Miller et
al., 2003; Andersen et al., 2012). Apparently, that kind of dental aberration has been reported in
only the X-linked type of HR.

The most predominant type of HR is inherited in a dominant X-linked fashion, caused by mutations
in the gene encoding for the phosphate regulating endopeptidase homolog, X-linked (PHEX , MIM
300550) (XLHR, MIM 307800) (Hyp Consortium, 1995). XLHR is characterized by decreased
inhibition of the formation of FGF23 indirectly mediated by the mutated PHEX gene product.
FGF23 down regulates S-PQO, by its phosphaturetic effect and thereby, FGF23 is associated with
hypophosphatemia (Shimada et al., 2004; Liu & Quarles, 2007).

The less predominant types of HR are either FGF23-related or non-FGF23-related (Table |) (Beck-
Nielsen, 2012). The FGF23-related HR are 1) autosomal dominant HR (ADHR, MIM 193199) with
a mutation in FGF23 (MIM 605380) (ADHR Consortium, 2000), 2) autosomal recessive HR
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(ARHR1, MIM 241520) with a mutation in the gene coding for the dentine matrix protein (DMP1,
MIM600980) (Lorenz-Depiereux et al., 2006a), and 3) another form of autosomal recessive HR
(ARHR2, MIM 613312) with a mutation in ectonucleotide pyrophosphatase/phosphodiesterase 1
(ENPP1, MIM 173335) (Levy-Litan et al., 2010; Lorenz-Depiereux et al., 2010). The non-FGF23-
related HR types are characterized by hypercalciuria: 1) hereditary HR with hypercalciuria (HHRH,
MIM 241530) with mutation in the sodium-co-transporter gene (SLS34A3, MIM 609826) (Bergwitz
et al., 2006; Lorenz-Depiereux et al., 2006b) and 2) X-linked recessive HR (XLHR, MIM 300554)
with mutation in the gene coding for the chloride channel 5 (CLCN5, MIM 300008) (Brakemeier et
al., 2004; Cho et al., 2008).

The biochemical effects of all types of FGF23-associated HR are the same despite the different
genetic background, and they are all related to an increased action of FGF23: In the kidney, the
increased level suppresses the activation of the phosphate co-transporter as well as the 1a-
hydroxylase. The former leads to a decreased phosphate reabsorption in the proximal renal
tubules and a renal waste of phosphate, and the latter leads to a reduced formation of the
activated vitamin D (calcitriol). The reduced S-calcitriol reduces the intestinal reabsorption of
phosphate, which adds to the hypophosphatemia. The S-PTH and S-Ca as well as the U-Ca

remain normal in the FGF23-associated HR types (Baroncelli et al., 2012).

The non-FGF23-associated HR shares the characteristic low S-PO,4 with the other types of HR, but
shows low to normal S-FGF23. HHRH affects directly the renal phosphate co-transporters and
leads to a reduced reabsorption of phosphate. The low S-PO, and S-FGF23 lead to a
compensatory increase in plasma level of calcitriol, which causes release of minerals from bone
and the concomitant renal depletion of calcium (i.e., hypercalciuria). In most cases, skeletal
symptoms are mild and dental symptoms are absent. On the other hand, patients with HHRH may
be at the risk of renal stones or nephro-calcinosis (Lorenz-Depiereux et al., 2006b; Bergwitz &
Juppner, 2012).

1.1.5. Treatment of hypophosphatemic rickets

The current medical treatment of the X-linked dominant HR addresses the hypophosphatemia and
the decreased level of activated vitamin D (calcitriol). According to the recommendations by
Carpenter and coworkers (Carpenter et al., 2011), most children with XLHR have to be treated with
phosphate-salts and vitamin-D-derivates (i.e., calcitriol or alfacalcidol). The aim of the treatment is
to minimize skeletal deformities, improve the height, and avoid osteomalacia. Early start of
treatment is advocated. The medication needs careful biochemical monitoring because of the risk

of iatrogenic effects related to the phosphate treatment, which in high doses or not accompanied
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by additional calcitriol treatment may induce hyperparathyroidism, nephrocalcinosis and
hypercalciuria. Additional treatment with growth hormone is not recommended as a part of the
standard treatment. If severe bowing of legs persists in spite of the medical treatment, orthopedic

corrections may be indicated (Carpenter et al., 2011).

The adults with XLH are treated according to the same principle as the children with XLHR.
However, Carpenter and coworkers recommend restricting the treatment to the symptomatic
adults. The aim of the treatment is to reduce skeletal pain and to reduce the osteomalacia, and the

treatment need careful monitoring to prevent side effects (Carpenter et al., 2011).

The other and rarer types of FGF23-associated HR are on an individualized basis treated
according to the same protocol as patients with XLHR. Patients with the non-FGF23-associated
HR are treated with phosphate-salts, only, and treatment with calcitriol is contraindicated (Bergwitz
& Juppner, 2012).

The newly recognition of the central role of FGF23 in the pathogenesis of FGF23-associated HR
raises the question of a future HR-treatment with anti-FGF23 antibodies or other ways to modify
FGF23 activity. Promising treatment-studies on animals and humans are in progress (Pettifor &
Thandrayen, 2012; Baroncelli et al., 2012; Bergwitz & Juppner, 2012). In addition, future treatment
strategies may include the utilization of calcimimetics (drugs which mimics calcium and inhibits
hyperparathyroidism) or calcitonin (a thyroid hormone which stimulates calcitriol production and
lower S-FGF23) (Lee & Imel, 2013).

1.2. Bone

Bone is a specialized connective tissue, which is highly mineralized. Macroscopically, the bony
structures are divided into 1) the dense cortical bone, which forms the outer contour of the bone,
and 2) the trabecular bone, which is a sponge-like network of many highly interconnected
trabeculae. Both types of bone consist of cells and extracellular matrix. Collagen type one is the
key protein of the bone matrix. Collagen is organized in a lamellar fashion, either parallel (e.g.,
along cortical bone surfaces or inside the bony trabeculae) or concentrically around the blood
vessels embedded in the Haversian channels of the cortical bone. Hydroxyapatite crystals of
matrix is the mineralized part of the bone, with the highest proportion of mineral in the cortical bone
(90%) compared with the trabecular bone (20%) (Schett, 2012). Cells of the bone are osteoblasts,
osteocytes, and osteoclasts. Osteoblasts are the boneforming cells developed by differentiation of
the mesenchymal stem cells derived from the bone marrow (Karsenty et al., 2009). Osteocytes are

the most abundant cell type of the bone. They are derived from osteoblasts, which are entrapped
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in the bone matrix. The osteocytes form a network through filamentary interconnections, which are
located in the small canals (i.e., canaliculi) of the bone, and they have a specific function in the
inhibition of a continuous bone formation by the excretion of sclerotin (i.e., an inhibitor of bone
formation) (Knothe Tate et al., 2004; Poole et al., 2005). Osteoclasts are multi-nucleated cells,
which are capable of bone resorption. They are derived from the hematopoietic monocytic
precursor cells, and in the final stage, they become polarized and develop a ruffled border (i.e., a
highly folded plasma membrane facing the bone matrix) designed to secret proteins and ions into
the space between the osteoclast and the bone surface (Teitelbaum & Ross, 2003; Boyle et al.,
2003).

1.2.1. Bone formation

The bone formation (i.e., osteogenesis) is basically a replacement of a pre-existing connective
tissue. Two different processes of osteogenesis are observed in the embryo: 1) The
intramembraneous bone formation, in which bone tissue is laid down directly in the connective
tissue or the mesenchyme, and 2) the endochondral bone formation (i.e., cartilaginous bone
formation), in which bone tissue replaces a pre-existing cartilaginous template of the future bone.
The flat bones of the skull are examples of intramembranous bone formation, and the long bones

of the extremities are examples of endochondral ossification (Schoenwolf, 2009a).

The intramembraneous bone formation is initiated in the primitive mesenchyme, which becomes
highly vascularized and initiates an aggregation of fibroblast-like cells. The osteoblasts begin to
secret a bone matrix in numerous ossification centers, which fuse into a network forming the
sponge bone (i.e., primary spongiosa). The collagen fibers of the newly formed bone are randomly
oriented and this immature bone is described as woven bone. Later in the development, the woven
bone converts into lamellar bone with the collagen fibers organized in parallel or concentric
arrangements. The external and internal connective tissue layers of the future bone condense into

the periosteum and the endosteum, respectively (Kierszenbaum & Tres, 2011).

The endochondral bone formation is initiated by the formation of a primary ossification center at the
middle of the cartilaginous bone template (i.e., the diaphysis of the long bone). Internally, the
ossification center is characterized by chondrocyte proliferation and hypertrophy, in-growth of
blood vessels and osteo-progenitor cells from the perichondrium followed by apoptosis of the
chondrocytes and a mineralization of the matrix. The primary ossification center also includes a
periosteal collar, which is developed by the inner perichondral cells (by intramembranous bone
formation). The primary ossification center is established prenatally (i.e., in the third month of fetal
life) (Kierszenbaum & Tres, 2011).
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Postnatal, secondary centers of ossification develop in the epiphyses. Centrally in the two
epiphyses, the chondrocytes proliferate and become hypertrophic, and vessels and osteo-
progenitor cells invade from the perichondrium. In the epiphysis, the cartilage is transformed into a
sponge bone, except for the articular cartilage and a thin plate between the epiphysis and the
diaphysis (i.e., the growth plate). The osteo-progenitor cells give rise to the osteoblasts, which
initiate deposition of an osteoid layer along the cores of the calcified cartilage. Gradually, the
cartilage is replaced by bone. The growth plate retains the capacity of chondrogenesis until after
puberty and at the cessation of growth, where it ends up as the epiphyseal line (Karsenty et al.,
2009; Kierszenbaum & Tres, 2011).

In the cranium, both types of bone formation are present (Fig. 2). The cranial base (i.e., the major
part of the occipital bone, the petrous part of the temporal bone, the wings and body of the
sphenoid bone, and the ethmoid bone), a minor part of the mandible (i.e., the superior part of the
condyles and the midline symphysis area), and the small bones of the ear (i.e., stapes, malleus,
and incus) are structures of endochondral origin. All other bony structures of the cranium are of
intramembranous origin. The spine, inclusive the upper cervical column, is a structure of

endochondral origin (Moore et al., 2013).

The osteogenesis is characterized by the deposition of minerals in the bony structures (Schett,
2012). A mineral deposition may also happen in the soft tissues often as a consequence of a tissue
damage and of a local elevation of the extracellular calcium-phosphate product (Lorenzo et al.,
2011). Occasionally, the deposition is characterized as an extra-skeletal ossification, which in
some pathologies (e.g., fibrodysplasia ossificans progresiva) can be extensive (McCarthy &
Sundaram, 2005). Intracranial calcifications visible on a radiograph have been reported as an
incidental finding, which normally is described as a physiological phenomenon (Daghighi et al.,
2007; Kieffer and Gold, 1974; Saldino and Di, 1974). The ossification of the falx cerebri is,
however, a rare condition, which in some cases has been associated with pathology (Debnath et
al., 2009; Dorenbeck et al., 2002; Tubbs et al., 2006).
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Fig 2. Schematic drawing of the origin of osseous structures of the cranium and the cervical vertical column.
Green: the structures of endochondral origin; Red: the structures of intramembraneous origin;, Red/green: the nasal
bone, the mandible, and the vomer are of intramembranous origin developed upon a scaffold of cartilage (i.e., Meckel's
cartilage, the cartilaginous nasal capsule and the nasal septum) (red/green). lllustration from Gjgrup and coworkers
(Gjorup et al., 2011).

1.2.2. Bone remodeling

Bone remodeling is the replacement of newly formed and old bone by a resorption-production
sequence with the participation of the osteoclasts and the osteoblasts (Kierszenbaum & Tres,
2011; Lorenzo et al., 2011). It is a continuous process throughout the life with the purpose to keep
optimum bone strength and to keep the calcium homeostasis. In the remodeling process, the
osteoclasts are mobilized to resorb bone followed by the recruitment of osteoblasts, which lay
down the new bone (i.e., osteoid). In the cortical bone, it is a process starting inside from the
center of the old Haversian system, and in the trabecular bone, it is a process starting outside at
the surface of the bone (Kierszenbaum & Tres, 2011). Normally, the bone formation and the
resorption are coupled in a balanced situation regulated by local as well as systemic factors. One
local factor is the direct osteoblast-osteoclast interaction: The pre-osteoblasts produce both osteo-
protegerin (OPG), which has RANK receptor affinity and is an inhibitor of osteoclastogenesis, and
RANKL, which stimulates osteoclast formation. If the cells produce more OPG than RANKL, OPG
binds the available RANKL and the osteoclastogenesis is prevented causing dense bones as seen

in, i.e., osteopetrosis (Helfrich, 2003). Contrarily, if the cells produce more RANKL than OPG, the
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osteoclasts are formed and activated causing excessive bone resorption as seen, in i.e., Paget’s
disease of bone (Helfrich, 2003). Another local factor includes the immune system, in which the
different subsets of T-lymphocytes can either enhance or inhibit osteoclastogenesis. The systemic
neuro-endocrine control of bone homeostasis includes various hormonal pathways (i.e., PTH and
calcitriol, and the insulin-like growth factor (IGF)). In addition, the two systemic regulators
osteocalcin, which is produced by the osteoblasts, and the hormone leptin, produced by
adipocytes, play major roles of the bone homeostasis in the co-regulation of bone, fat, and energy
metabolism. Presumably, disturbances in the link between the adipogenesis and the osteogenesis

heavily influence the bone homeostasis (Lorenzo et al., 2011; Schett, 2012).

Bone modeling is a process of the cortical bone carried out by uncoupled osteoblasts and
osteoclasts with the purpose of creating the shape of bone during the growth (Lorenzo et al.,
2011). This is opposed to the remodeling of bone, which is a temporarily regulated process, which
throughout life, by coupling between the activations of bone resorbing and bone formation cells,
results in the balanced renewal of bone by resorption and apposition. In addition, remodeling as
opposed to modeling is more active in the trabecular bone compared to the cortical bone. The
modeling is influenced by mechanical forces, increases during the growth spurt, and ceases at the
end of the adolescent growth (Canalis, 2005; Lorenzo et al., 2011). Synonyms for the growth
dependent modeling of facial bone are “growth remodeling” (Enlow & Hans, 1996), “surface
remodeling” or simply “remodeling” of the external surfaces of the facial bones as a reaction to the
concomitant displacement of craniofacial structures (Solow, 1980). The latter is a common
terminology among Scandinavian orthodontic professionals. For example, facial growth studies
using implants have described a differentiated “remodeling” of the mandibular lower border
according to the type of mandibular rotation during growth (i.e., neutral, clockwise or counter
clockwise rotation) (Bjark, 1955; Bjark & Skieller, 1983).

In HR, disturbances in the remodeling processes have been studied in both humans and in animal
models of HR: Decades ago, histomorphometric studies in bone biopsies from children with HR
showed a decreased osteoblastic function because of a low birth rate of the basic multinuclear
remodeling unit (BMU) and a prolonged formation period of the units (Marie & Glorieux, 1981a). In
addition, an enhancement of the BMU birth rate was demonstrated when the children were treated
with phosphate and calcitriol (Marie & Glorieux, 1981b). Thus, osteoblast defects were suggested
to be of primary importance to disturbances in bone remodeling in HR patients. Later, animal
studies on HYP mice revealed impaired osteoclasts differentiation and function to impact the bone
remodeling with an increased trabecular bone volume as the result (Hayashibara et al., 2007).

Additional animal studies performed on DMP1-null mice showed that the disturbances in bone
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remodeling are related to both an altered osteoblast function and a decrease in the number of
osteoclasts (Zhang et al., 2011). In the animal models of HR, the disturbances in the bone
remodeling appear to be closely related to the low level of phosphate and the high level of FGF23
in serum. In these studies, a positive effect on bone phenotype by treating with phosphate has
been demonstrated (Lu & Feng, 2011). The current treatment strategy in HR patients
(administration of phosphate and calcitriol) does not fully normalize bone density (Cheung et al.,
2013). Treatment strategies including the use of FGF23 antagonists or antibodies might in the

future normalize bone remodeling and bone mineralization HR patients (Lee & Imel, 2013).

1.3. Craniofacial growth and development

1.3.1. Normal versus pathologic development

Growth and development are complex biologic phenomenon starting at conception and continuing
in postnatal life until the end of puberty. Prenatally, the maternal factors are dominant in regulating
the growth of the fetus. In postnatal life, a complexity of genetic, hormonal, nutritional and other
factors regulate the continuing growth and development (Westphal, 1995). The normal
development can be interrupted and lead to disorders in the morphogenesis, i.e., processes
leading to an abnormal form and/or structure of an organism or its parts (Spranger et al., 1982).
According to Spranger and coworkers (Spranger et al., 1982) and Cohen (Cohen, 1990), the
disorders of the morphogenesis are classified into four types: malformation (i.e., a defect as the
result of an intrinsically abnormal developmental process), disruption (i.e., a defect as the result of
an extrinsic breakdown of, or an interference with an originally normal developmental process),
deformation (i.e., an abnormal form, shape or position caused by mechanical forces), and
dysplasia (i.e., an abnormal organization of cells into tissue and its morphological results). The
malformations arise in the embryonic period (i.e., gestational age (GA) 0-8 weeks) at the time of
organogenesis. The deformations arise primarily in the fetal period (i.e., GA 8-38 weeks) affecting
intact structures. However, the deformations may also occur postnatal, e.g., the bowlegs in
patients with rickets. Examples of the dysplasias are osteogenesis imperfecta and Marfan
syndrome, which basically are abnormalities of the connective tissue (Spranger et al., 1982;
Cohen, 1990).

1.3.2. Prenatal development

The development of the skeletal structures is preceded by the initiation of the development of other
structures, e.g., the central nervous system (Kjaer, 1998a; Schoenwolf, 2009c). In the embryo, the
formation of the central nervous system starts with the formation of the neural plate, which at GA

18 days arises by differentiation of the ectoderm into the neuro-ectoderm and the surface
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ectoderm. Around the gestational age of four weeks, the neural plate changes into the neural tube
by a folding around the long axis (neural groove) of the germ disc. The tube closes in a “zip-like”
fashion starting in the cervico-occipital region and gradually extending cranially and caudally. The
neural crest cells are formed in-between the layer of dorsal surface ectoderm and the edges of the
neuro-ectoderm of the folded neural tube. In the mesenchyme ventral of the neural plate and tube,
the notochord develops. The formation of the notochord begins at the primitive node of the germ
disc and develops into a solid rod which grows in cranial direction defining the position of the future
vertebral bodies. The notochord plays a role in induction and patterning of early development of

structures, e.g., the vertebral bodies (Schoenwolf, 2009¢; Schoenwolf, 2009d).

The notochord and the neural tube define the initial axis of the body. In the paraxial mesenchyme,
the somites develop as transient segmented structures, which increase in number during the early
phases of the embryonic life. The somite differentiates into the myotome, the dermatome, and the
sclerotome. The sclerotomes develop into the vertebrae and the ribs: The ventral part of the
sclerotome encloses the notochord and forms the vertebral corpora, and other parts of the
sclerotome surround the neural tube initiating the formation of the later posterior arch of the
vertebrae (Schoenwolf, 2009a; Schoenwolf, 2009c).

The sclerotomes of the four most cranial somites fuse into the occipital bone of the skull. The
sclerotomes of all other somites resegmentate into two parts of, which the caudal part of one unit
fuses with the cranial part of the next unit. At the line of segmentation, nerves can pass for
innervation of the musculature, and further, the intervertebral disc develops in this area. By time,
the notochord disappears in the vertebral corpora, but remnants of the notochord differentiate into

the nucleus pulposus of the intervertebral disc (Schoenwolf, 2009a).

The notochord extends cranially in the posterior cranial base to the sella turcica region. Like the
the caudal part of the vertebral column, the development of the posterior cranial base (i.e., the
postsphenoid part of the sphenoid bone and the basilar part of the occipital bone) depends on

signaling from the notochord (Kjaer, 1998a; Lomholt et al., 2003).

In the hypophyseal placode anteriorly of the cranial end of the notochord, an adhesion evolves
between the neuro-ectoderm and the pharyngeal ectoderm. Thus, the pituary gland, which
becomes located in the sella turcica (ST), is composed of two components with different origin: the
anteriorly located adenohypophysis developed from the pharyngeal ectoderm and the posteriorly
located neurohypophysis developed from the neuro-ectoderm. In the fetal life, the region of the

developing ST is a boundary area between structures developed by notochordal induction, which
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has been described above, and structures of the face developed by anterior migration of neural
crest cells (Kjaer, 1998a; Kjaer, 2010).

From the closed neural tube, an outgrowth bilaterally of the hemispheres begins approximately on
day 35 and later on, an outgrowth dorsally of cerebellum appears in the region of
rhombencephalon. The development of the hemispheres is necessary for the formation of theca, is

illustrated by the absence of theca in fetuses with anencephaly (Kjaer et al., 1994; Kjaer, 1998a).

The basic morphology of the face is established between the 4th and 10th weeks by the
development and the fusion of five prominences: the frontonasal prominence, the two maxillary
prominences, and the two mandibular prominences associated with the first pharyngeal arches.
The mesenchyme of the prominences arises from the neural crest cells derived from the neural
crest at the cranial end of the neural tube (Schoenwolf, 2009b). The neural crest cells migrate from
different sites of the crest to specified regions or fields of the viscero-cranium and force forward the
ectoderm of the face. The process resembles the act of inflating a balloon. The expanding regions
get filled with mesenchyme and neural crest cells, which differentiate into nerves, muscles,
vessels, cartilage, and bone. Each region or field supposedly has a common genetic background
according to the starting crest site of the migrating neural crest cells The borders between the

fields have been determined in studies of a number of pathologic conditions (Kjaer, 2010).

The main fields of the cranial development are the following: 1) the cerebellar and cervical spine
field (i.e., the notochordal field), which develop by notochordal induction, 2) the theca field (i.e.,
antero-neural crest field), which depends on the development of the cerebrum (i.e., the two
hemispheres), 3) the central frontonasal field, which is developed by migration of the neural crest
cells and includes the nasal structures and the maxillary incisors, 4) the bilateral maxillary fields
(i.e., antero-median neural crest field), which are developed by the neural crest cell migration and
include the orbital structures and the maxillary premolars and canines, 5) the bilateral palatine
fields (i.e., postero-median neural crest field), which are developed by the neural crest cell
migration and include the posterior maxillary structures and the maxillary molars, and 6) the
bilateral mandibular fields (i.e., posterior neural crest field), which are developed by the neural
crest migration and include the mandibular structures and teeth (Kjaer, 1998a; Kjaer et al., 1999;
Kjaer, 2010).

In the nasofrontal field, the nasal bones develop bilaterally in the mesenchyme in close relation to
the chondral nasal capsule. The osseous structure develops directly from the mesenchymal cells
using the chondral nasal capsule as a scaffold (Sandikcioglu et al., 1994a). In the mandibular field,

Meckel’s cartilage is the initial solid structure of the field. The ossification of the mandible starts in
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the mesenchyme buccal to Meckel’s cartilage. Except for the symphysis region, the development
of the mandible is characterized by the intramembraneous ossification, which use the Meckel's
cartilage only as a scaffold. The mandibular condyle develops as a cartilagineous extension at the
posterior end of the primitive osseous mandible. The condyle grows by apposition of cartilage
distally and a concomitant endochondral bone formation at the interphase between the proximal

mandibular bone and the distal condylar cartilage (Kjaer et al., 1999).

1.3.3. Postnatal development

According to the functional matrix theory formulated by Moss (Moss & Salentijn, 1969), the
postnatal craniofacial growth is dictated by the functional demands. The enlargement of bones of
the cranium occurs in response to the increasing size of, e.g., the brain and orbit. In addition, the
growth of bones around the oro-naso-pharyngeal spaces is regarded as an adaptation to the need
of more space in the cavities for the breathing, the digestion, and other essential functions (Moss &
Salentijn, 1969).

The cranial base lengthens by sutural growth anteriorly and by growth of the spheno-occipital
synchondrosis posteriorly. At the age of 6-7 years, the sutures close, and the anterior cranial base
becomes a relatively stable structure (Melsen, 1974). During further growth, the increasing
prominence of the frontal bone in the glabella area mainly is related to appositional surface
remodeling (i.e., modeling) of the external surfaces of the frontal bone. The spheno-occipital
synchondrosis is active until the age of 12-15 years (i.e., 12-13 years in girls and 14-15 years in
boys). The osseous closure starts in the cerebral region of the synchondrosis. The basilar part of
the occipital bone (i.e., the clivus) is subject to a displacement upward and backward in relation to
the sphenoid bone because of the differentiated closure of the spheno-occipital synchondrosis.
The displacement is compensated by relocation down because of a surface remodeling (i.e., a
modeling with an apposition of bone at the inferior surface and a resorption at the cranial surface of
the clivus) (Melsen, 1974). The ST lies centrally in the medial cranial fossa containing the pituary
gland. The depth and diameter of ST increases in the period of growth (Axelsson et al., 2004b).
The initial apposition of bone on the anterior internal wall of ST ceases around the age of 5-7 years
(i.e., 6-7 years in boys and five years in girls). In contrast, the resorption on the distal part of the
floor and the posterior wall continue in most of the growth period (Melsen, 1974; Bjgrk & Skieller,
1983). A variation of the morphology of the ST is normal in groups of healthy persons with normal
craniofacial morphology, and a classification system, which describe the deviations from the
standard type has been proposed (Axelsson et al., 2004b). The deviations are extraordinary
frequent in some pathological conditions: cleft lip and palate (Nielsen et al., 2005a; Alkofide, 2008),

Rieger syndrome (Meyer-Marcotty et al., 2008), Williams syndrome (Axelsson et al., 2004a),
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trisomy 21 (Russell & Kjaer, 1995), and solitary median maxillary central incisor (Tabatabaie et al.,
2008). A recent review has demonstrated a connection between the prenatal and postnatal
deviations in ST morphology in pathological conditions. The author states that deviations in the
anterior ST wall are associated with deviations in the frontonasal developmental field, while
deviations in the posterior wall are associated with malformations in the posterior structures, e.g.,

cerebellum (Kjaer, 2012).

The flat bones of the skull (i.e., os frontale, os parietale, os occipital, and the squamous part of os
temporale) are separated by sutures, and the skull increases in size by sutural growth. During the
normal development, the sutural growth of the flat bones is combined with an internal (i.e.,
endosteal) resorption and an external (i.e., ectocranial and endocranial) apposition of bone. This is
a bone modeling, which acts as a morphological adaptation to the displacement of the bones
during growth (Enlow & Hans, 1996), and the curvature of the bones decline (Axelsson et al.,
2003). In comparison with the growth of the viscerocranium, the postnatal growth of the skull is
limited, but the length and the diameter of the skull as well as the theca thickness increase until the
end of puberty (Axelsson et al., 2003).

The development of the maxilla is characterized by sutural growth, which lengthens, widens, and in
relation to the anterior cranial base, lowers and advances the maxilla. In addition, a modeling
resorption of the nasal floor and apposition on the palate take place. The maxillary growth ceases
around the age of 17, which is 1-2 years before the end of mandibular growth (Bjark, 1955; Bjark,
1966). The mandible develops by condylar growth, which moves the bone downwards and more or
less forward. The direction and amount of the condylar growth dictates the concomitant rotation of
the mandible (i.e., a clockwise or anti-clockwise rotation of the mandibular corpus in relation to the
anterior cranial base). The surfaces of the mandible undergo marked modeling (i.e., surface
remodeling), which is differentiated according to the type of the mandibular rotation (Bjerk, 1955;
Bjerk & Skieller, 1983).

The frontal sinus develops by the resorption of bone and appears radiological around the age of
five years (Brown et al., 1984). The final size of the frontal sinus varies considerably (Ruf &
Pancherz, 1996). The growth of the nasal bone is extensive from 2-17 years of age, and the
growth occurs both in the nasofrontal suture and appositional at the nasal tip along with a bone

modeling occurring at the superior and inferior borders (Lestrel et al., 1991).
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1.4. Craniofacial and cervical vertebral column morphology

1.4.1. Craniofacial morphology

In almost a century, standardized profile radiographs have been used for the study of craniofacial
morphology, including the study of the postnatal development of the craniofacial structures (Bjark,
1955; Solow, 1966; Bjagrk & Skieller, 1972; Bjark & Skieller, 1974; Ingerslev & Solow, 1975; Wahl,
2006; Kjaer, 2010). The use of a rigid cephalostat during radiographic exposure has become a
routine in the research clinics as well as in the orthodontic clinics. A number of different
morphological analyses have been developed for a characterization of the craniofacial morphology
and to act as a tool in the orthodontic treatment planning (Bjgrk, 1975; McNamara, 1984; Wahl,
2006). In addition, cephalometric radiographs have been used in the study of severe maxillofacial
growth anomalies often focusing on the effect of treatment, e.g., increased mandibular prognathia
with mandibular overjet or posterior inclined mandible with anterior open bite (Ellis & McNamara,
1984; Ellis et al., 1985; Nanda et al., 1987; Basciftci et al., 2003; Ruf & Pancherz, 2004; Wigal et
al., 2011; Joss et al., 2012). Further, the craniofacial morphology in pathologic conditions and
craniofacial anomalies have been analyzed using the cephalometric radiograph, e.g., in patients
with osteogenesis imperfecta (Stenvik et al., 1985; Jensen & Lund, 1997; Waltimo-Siren et al.,
2005), ectodermal dysplasia (Lexner et al., 2007), achondroplasia (Cohen et al., 1985),
cleidocranial dysplasia (Jensen & Kreiborg, 1995), Williams syndrome (Axelsson et al., 2005), or

Seckel syndrome (Kjaer et al., 2001b).

The cephalometric radiograph has also been used for the morphological as well as the metric
analysis of minor structures of the craniofacial bones: the size of the frontal sinus (Erturk, 1968;
Brown et al., 1984), the size and the morphological characteristics of ST (Kjaer et al., 1998;
Russell & Kjaer, 1999; Axelsson et al., 2004a; Axelsson et al., 2004b; Nielsen et al., 2005a;
Alkofide, 2007; Brock-Jacobsen et al., 2009), the thickness of the skull (Jacobsen et al., 2008;
Arntsen et al., 2010), the nasal bone length (Nielsen et al., 2005b; Lexner et al., 2007; Meyer-
Marcotty et al., 2008; Arntsen et al., 2009), and the dimensions of the posterior cranial fossa
(Kjaer, 1998a; Caspersen et al., 2010).

1.4.2. Craniofacial morphology in HR patients

In HR patients, previous cephalometric studies have described a number of skull abnormalities
(Appendix; Table Z). One study of eight patients reported an increased skull length, an increased
skull thickness, and an appearance with frontal bossing (Marks et al., 1965). In another study, was
published in the same period, nine HR patients showed less maxillofacial growth retardation than

retardation of stature growth. In addition, they had less retardation of the mandibular growth than of
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the maxillary growth (Tracy & Campbell, 1968) . Later, a cephalometric study of 22 Jordanian
patients with HR has reported a shortened anterior cranial base and maxilla as well as reduced
mandibular dimensions compared to a healthy age- and gender-matched control group (Al-Jundi et
al., 2009). In the same study, the cranial base was flattened and HR patients had a skeletal Class
Il malocclusion. In addition, anthropometric studies have described an increased cranial length,
decreased occipital width, and an increased head circumference in HR patients (Pronicka et al.,
2004; Beck-Nielsen et al., 2010).

Craniotabes (i.e., localized thinning of the skull) is a symptom of the vitamin D deficiency rickets
and of an increased intracranial pressure (Shaw, 2003). Except for one study (imerslund, 1951),
that symptom has not been reported in the cephalometric studies on HR patients (Appendix; Table
ZZ7). Occasionally, a premature synostosis of cranial sutures has been observed in HR patients
(Imerslund, 1951; Reilly et al., 1964; Carlsen et al., 1984; Willis & Beattie, 1997; Currarino, 2007;
Murthy, 2009). Most of the observed cases had synostosis of the sagittal suture, thus, the skull
was reported as dolichocephalic (i.e., a relatively long skull). Synostosis of more than one suture
has been reported in two HR cases ( Imerslund, 1951; Willis & Beattie, 1997). The premature
closing of sutures may induce an increase of the intracranial pressure, which is a common
symptom in patients with syndromic craniosynostosis, e.g., Crouzon syndrome (de-Jong T. et al.,
2010). According to the review by de-Jong et al (de-Jong T. et al., 2010), the maijority of reported
cases with syndromic craniosynostosis undergo a surgical expansion of the cranial vault at least
one time. In contrast, only seven previously reported HR cases had an increased intracranial
pressure with headache and/or neurological symptoms, which required a surgical expansion of the
cranial vault (IMERSLUND, 1951; Carlsen et al., 1984; Willis & Beattie, 1997; Currarino, 2007,
Murthy, 2009). In studies on HR patients, the limited number of cases with symptoms related to
cranial synostosis has been explained by a relatively late premature fusion of the sutures
compared to the time of fusion in other conditions with premature craniosynostosis (Currarino,
2007). This is supported by the results of histological studies on HYP mice (Roy et al., 1981).
Further on, Currarino (Currarino, 2007) discussed the psychosocial need for surgical correction of
craniosynostosis to improve the cranial appearance in the scaphocephalic HR patients. According
to the author, surgical expansion of the cranial vault for aesthetic reasons was not relevant in any

of the reported cases (Currarino, 2007).

The size of the posterior cranial fossa has been reported to be reduced in HR patients in
comparison with controls (Caldemeyer et al., 1995; Tubbs et al., 2004). According to previous
studies, the reduced volume of the posterior cranial fossa is related to an increased calvarial

thickness, and it might be the reason for the presence of a Chiari | malformation (CMI: an
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extension of cerebellar tissue into the spinal canal) seen in some few reported HR cases
(Caldemeyer et al., 1995; Kuether & Piatt, 1998; Tubbs et al., 2004; Currarino, 2007) (Appendix;
Table ZZ). According to a previous study on 16 HR patients (Caldemeyer et al., 1995), two of
seven patients with CMI were asymptomatic, four had headache or other unspecific subjective
symptoms, and one was objectively diagnosed with neurological symptoms. Furthermore, two of
the patients had syringomyelia (i.e., the development of a fluid-filled cyst (syrinx) within the spinal
cord), which called for a surgical intervention. However, the total number of reported HR cases with
surgical treatment in relation to CMI is limited to three (Caldemeyer et al., 1995; Kuether & Piatt,
1998) (Appendix; Table ZZ).

Studies on HYP mice (the murine model of XLHR) report cranial malformation, which include an
underdevelopment of the nasal bone (lorio et al., 1980; Mostafa et al., 1982) (Appendix; Table
ZZZ7). In contrast to the reporting of an increased cranial length in human XLHR patients, the
cranial length of the HYP mice was reduced (lorio et al., 1980; Mostafa et al., 1982; Gonzalez et
al., 1992; Lorenz-Depiereux et al., 2004). In HYP mice, the growth of the upper jaw is reported to
be more restricted than the growth of the lower jaw (lorio et al., 1979; lorio et al., 1980; Gonzalez
et al., 1992; Lorenz-Depiereux et al., 2004), which is in accordance with the findings in human
studies on HR (Tracy & Campbell, 1968; Al-Jundi et al., 2009).

1.4.3. Cervical vertebral column morphology

In most cases, the standardized profile radiograph of the skull (cephalogram) shows the upper
cervical vertebral column, which enables radiographic analyses of both cranial and cervical (C1 -
C5) structures on one radiograph. The proximity of the upper cervical column and the cranial base
is the background for the studies of the cranio-cervical junction in relation to the basilar pathology
(e.g., basilar impression) (Arponen et al., 2010; Arponen et al., 2012), as well as the posture of the
head and neck and its association with the craniofacial morphology (Solow & Tallgren, 1976;
Pirttiniemi et al., 1989; Huggare et al., 1991; Huggare & Cooke, 1994; Sandikcioglu et al., 1994b;
Huggare, 1998; Solow & Sonnesen, 1998; Sonnesen et al., 2007). The dimensions of the atlas and
their association with the craniofacial morphology have been analyzed in several studies (Huggare,
1989; Sandikcioglu et al., 1994b; Huggare, 1995; Huggare & Houghton, 1996). For example, the
vertical dimension of the atlas dorsal arch is associated with the growth direction of the mandible,
which is a factor influencing the maxillo-facial morphology and the dental occlusion (Huggare,
1989). In addition to the analyses of the dimensions and the angulation of the vertebrae, the
morphological deviations of the vertebrae (e.g., cervical vertebral anomalies (CVA)) can be visually
assessed on the cephalograms (Farman et al., 1979; Sandham, 1986). The cervical vertebral

anomalies include the posterior arch deficiencies (PAD) and the fusions (FUS), which have been
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divided into two and three subtypes, respectively (Sandham, 1986). The posterior arch deficiencies
are relatively common (Currarino et al., 1994; Sabuncuoglu et al., 2011) and it is considered a
normal variation to have FUS between C2 and C3 (14%) and PAD of C1 (5%) (Sonnesen & Kjaer,
2007b). In comparison with controls, the occurrence of CVA is a more frequent finding in a number
of syndromes and pathological conditions: craniosynostosis syndromes (e.g., Crouzon and Apert
syndrome) (Anderson et al., 1976; Hemmer et al., 1987; Moore et al., 1995; Anderson et al., 1996;
Anderson et al., 1997), Klippel Feil syndrome (Naikmasur et al., 2011), 22q11deletion syndrome
(Hultman et al., 2000; Heliovaara & Hurmerinta, 2006), cleft lip and palate (Sandham, 1986; Ugar
& Semb, 2001), mandibular hypoplasia (Sonnesen et al., 2007), and obstructive sleep apnea
(OSA) (Sonnesen et al., 2008b). In addition, the occurrence of CVA is frequent in non-syndromic
individuals with extreme skeletal malocclusions: deep bite, mandibular overjet, maxillary overjet,
and open bite (Sonnesen & Kjaer, 2007a; Sonnesen & Kjaer, 2007b; Sonnesen & Kjaer, 2008a;
Sonnesen & Kjaer, 2008b).

In HR patients, the overall growth of the vertebral column is less affected than the growth of the
legs, which results in a disproportionate stature because of a relatively normal sitting height and a
reduced length of the legs (Beck-Nielsen et al., 2010). However, enthesopathies and calcification
of the paravertebral ligaments are common in grown-up HR patients (Polisson et al., 1985; Beck-
Nielsen et al., 2010). The calcification of the paravertebral ligament has been reported in HR
patients to be the reason for a spinal cord compression, occasionally including the cervical area
(Velan et al., 2001; Soehle & Casey, 2002; Lee et al., 2012). According to our knowledge, studies
focusing the morphology of the upper cervical column in HR patients have not previously been
performed.
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1.5. Summary of introduction

¢ Hypophosphatemic rickets (HR) is a group of inherited bone diseases, characterized by
abnormal mineralization of the osseous structures because of renal waste of phosphate.
The most common type is inherited in an X-linked fashion and is associated with a PHEX
mutation.

¢ A dominant skeletal symptom is the short lower legs, which are affected by severe
deformity. The lower legs are bony structures of endochondral origin.

¢ Childhood treatment with phosphate-salts and calcitriol limits the skeletal HR symptoms.
New treatment strategies are under development.

¢ In the cranium, osseous structures of different origin are present: osseous structures of
endochondral origin, osseous structures of an intramembraneous origin, and osseous
structures of an intramembraneous origin developed upon a cartilaginous scaffold.

e Extra-skeletal calcifications occur physiological or as the consequence of a pathology.

e The prenatal development of the cranium is conducted differently according to the location
of the cranial structures in relation to the ST. Posterior or caudal of ST, the cranium (the
cerebellar and the spine field) is developed by the notochordal induction similar to the
development of other parts of the axial skeleton. Anterior of the ST, the cranial structures
develop by forward migration of the neural crest cells.

e The postnatal development of the neurocranium ceases early and is limited compared to
the development of the viscerocranium. By differentiated sutural and synchondrosal
mechanisms and by modeling (i.e., displacement and surface remodeling), the morphology
of the individual osseous structure adapts to the spatial rearrangements during the cranial
growth.

¢ In patients with HR, aberrations in the craniofacial morphology have been described.
However, the studies have been characterized by a limited sample size as well as an
inaccuracy in the diagnostic criteria of HR.

e According to our knowledge, studies focusing on the morphology of the upper cervical

column in HR patients have not been performed previously.
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2. Aims and hypotheses

2.1. Aims

The overall purpose of the present study was to analyze the morphology of the osseous structures

of the craniofacial region as well as the upper cervical column in patients with XLHR or XLH.

Irrespectively of age, the diseased study population (XLHR or XLH) is mentioned HR patients or

HR group.

The study was conducted with a focus on:

The origin of the bone development, which is divided into the intramembranous and the
endochondral (i.e., cartilaginous) bone formation
The developmental fields of the head and the upper spine

The skeletal severity of HR and its impact on the morphology

The papers | — IV were carried out with the following main aims:

To characterize the craniofacial morphology in patients with HR compared with healthy
controls. Furthermore, we assessed the possible differences in the craniofacial morphology
according to the bony origin of the cranial structures.

To characterize the size and the morphology of the frontal sinus and the nasal bone in adult
HR patients compared with adult controls, and in the comparison to focus on the bone
resorption and apposition. Furthermore, the aim was to examine the interrelationship
between the nasal bone morphology and the severity of general skeletal impact of HR.

To characterize the upper spine morphology in adult patients with HR compared with adult
controls and to study the associations between the upper spine morphology and the
craniofacial morphology. Furthermore, the aim was to assess the differences in the upper
spine morphology according to the severity of the skeletal impact of HR.

To reveal the presence of intracranial and extra-cranial calcifications on cephalograms in
adult HR patients compared with adult controls. Furthermore, the purpose was to assess
the association between the presence of cranial calcifications and a) the presence of
mineralizing enthesopathy at other extra-skeletal sites, b) the severity of the skeletal HR

impact, and c) the medical treatment during childhood.

In addition, the morphology of the ST in adult HR patients compared with controls was studied.

32



2.2. Hypotheses

The overall null-hypothesis was that in the comparison between HR patients and controls, there

was no difference in the cranial or cervical morphology.

In addition, it was hypothesized that:

In HR patients, deviations in craniofacial morphology are dominant in structures of
endonchondral bone origin opposed to structures of intramembranous bone origin;

In HR patients, deviations in the craniofacial and cervical morphology are related to the
severity of skeletal HR impact;

In HR patients, disturbances in the remodeling of bone (bone-apposition and bone-
resorption) are demonstrated by deviations in craniofacial and cervical column morphology;
A general inborn interrelationship exists between the cervical column morphology and the
craniofacial morphology;

In HR patients, extra-skeletal calcifications are visible on cephalograms in line with findings
on radiographs of other skeletal structures;

The childhood medical treatment prevents the occurrence of extra-skeletal calcifications in

HR patients.
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3. Study population

3.1. Rickets patients

A medical survey of patients with rickets was conducted during 2006-2008, thus approved by the
The Regional Scientific Ethical Committee for Vejle and Fuhnen County, now The Regional
Scientific Ethical Committee for Southern Denmark (ID: M-2678-05). The approval was extended to
include supplementary data for the present study, an investigation of the craniofacial morphology in
patients with HR compared with healthy controls. The study, on which the present thesis is based,
has been notified to The Danish Data Protection Agency, which granted the author of the thesis an
authorization for the data collection of the study (ID: 2009-41-3613).

The recruitment of patients for the medical cross-sectional study on hereditary rickets previously
has been described in detail (Beck-Nielsen et al., 2010). Briefly, the method of the original patient
inclusion was as follows: The patients were identified in the Danish National Patient Registry by a
search based on the diagnosis codes of vitamin D-resistant rickets. The patients were recruited
from Jutland and Funen. The diagnosis was confirmed by a review of the patients’ medical files. By
contacting the treating doctors, the patients with HR, who did not appear in the register, were

identified. Finally, a family screening added additional cases.

The inclusion criteria were biochemical and/or genetic verification of HR. The biochemical criteria
were one or more of the following: S-PO,4 below normal range, low renal threshold value for
reabsorption of phosphate in urine (TPO4,/GFR), or elevated S-FGF23. In all cases except three,
the diagnosis was genetically verified. In one family, the disease-causing DMP1 mutation was
identified, and in the other families and cases a number of different PHEX mutations were
identified as disease-causing (Beck-Nielsen et al., 2012). The patients with secondary rickets due
to malabsorption or tumor-induced osteomalacia (TIO), or patients with hereditary vitamin D-

dependent rickets type one (VDDR1A) were excluded.
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Patients identified by Participants identified by contact Participants identified by
register search with treating doctors family screening
Diagnosed, but not registrered as HR in registers Relatives suspecious of HR
N =52 N =14 N = 31
\ R Tad Tt el|g|b|llty /
N =97
Eligible but not recruited e N1t
No response to invitation or refused to participate v
Total recruited to medical study
N = 86

N=27 | Patients excluded, not HR
Mot rickets or not hypophosphatemic rickets

Total HR patients
N =59

Eligible but not recruited to dental or
cephalometric study N

(n)
Refused to participate 4
Failed to appear 1 W

1
(%,

N

Recruited to dental or

cephalometric study
Children 18, adults 36

N=54
Patient excluded, not Planmeca N=1 N=2 Patients excluded, no permanent testh
(n) < > (n)
Alternative radiographic equipment 1 Exclusively primary teeth erupted 2
h 4 \ 2
Total recruited to cephalometric study Total recruited to dental study
Children 17, adults 36 Children 16, adults 36
N=53 N=52

Fig. 3. Flow chart of the recruitment of the HR patients

All patients recruited for the medical survey were invited to join a clinical dental examination at The
Dental Department of Health, Aarhus University. The examination included radiographs of the
dentition as well as of the cranium. Five patients did not accept the invitation. Two patients had no
erupted permanent teeth and were excluded from a previously reported study of the permanent
dentition in HR patients, but they were included the present study (Andersen et al., 2012). One
patient was not able to show up at Aarhus University and was exposed by a radiographic
equipment not specified for the present study of the craniofacial morphology in HR patients
(Planmeca Promax®, Planmeca Oy, Helsinki, Finland). A flow chart of the recruitment procedure of
the HR patients is shown in Fig. 3. Conclusively, the HR population for the present study on the

craniofacial morphology comprised 17 males and 36 females (age range: 3—75 years) (Table Il).
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The first HR patient underwent the radiographic examination the 12th of January 2007, and the
examinations related to the studies described in the present thesis were finalized the 22th of
September 2009.

HR patients Controls
Male Female Male Female
<18 yrs 5 12 14 16
>18 yrs 12 24 23 26
Mean age (SD)’ 32.8 (21.9) 30.8 (19.2) 29.2 (18.3) 30.9 (19.0)
Age range’ 4.3-73.2 2.8-74.5 8.6-72.6 9.3-78.5

Table II. Distribution of 53 HR patients and 79 controls according to gender and age.

* Age in years

3.2. Control group

The size of the control group was based on power calculations, carried out after the recruitment of
51 HR patients (the final two HR patients were included at a later stage). The size of the control
group was determined to ensure a sufficient power (80%) to identify differences between HR
patients and controls at the 5% level of significance. The calculations were performed for six
selected measurements of the cranium. Both linear and angular measurements were chosen and
the variables were assumed to be representative for all parts of the cranium. The linear variables
were: thi-fr, the thickness of the frontal skull; thi-oc, the thickness of the occipital skull; n-opi, the
length nasion-opisthocranium, and n-na, the nasal bone length. The angular variables were: s-n-
pg, the mandibular prognathism, and s-n/tgo-gn, the mandibular inclination. The mean and the
standard deviation (SD) were calculated for each of the selected variables in the HR group. For
each variable the SD in the control group was assumed to be equal to the SD in the HR group and
an expected mean-difference (DIFF) was identified between the mean of the HR group and the
mean of the control group. The DIFF were chosen according to a subjective judgment of the
expected clinical deviations in the HR group compared with healthy controls. The results of the
power calculations are shown in Table lll together with the values used for SD, the DIFF, and the
corresponding effect size (DIFF/SD). Power calculations according to the categorical variables

were not used to determine the size of the control group.
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HR patients Controls
Variable . Expected Effect
Mean SD Power

difference®  size
thi-oc (mm) 9.1 29 2 0.61 60 0.88
thi-fr (mm) 9.2 3.3 2 0.69 60 0.96
n-opi (mm) 183 13 7 0.54 60 0.82
n-na (mm) 19 4.1 3 0.73 50 0.94
n-s-pg (degree) 79 5.1 3 0.59 50 0.85
s-n/tgo-gn 26 9.2 5 0.54 60 0.82
(degree)

Table Ill. Calculation of the size of the control group.

" Mean of the specified variable in 51 HR patients

*The expected difference in mean between HR patients and controls for the specified variable

§ The calculated number of controls to achieve the power indicated at the variable

Based on the power calculations, a control group of 60—70 individuals was estimated to give

sufficient power (power > 80%) to identify relevant differences at the 5% level of significance.

Members of the control group were recruited among the patients, the students, and the employees

at the Department of Dentistry, Aarhus University, and among the employees at the Department of

Maxillofacial Surgery, Aarhus University Hospital. In addition, already existing profile radiographs

of 30 children (age < 18 years) from two large municipal dental services (Aarhus and Odense)

were included in the control group. In adults (age = 18 years), the inclusion criteria for the control

group were: 1) Scandinavian ethnicity, 2) no chronic diseases, except for allergies, 3) a minimum

of 24 permanent teeth 4) normal, or only minor deviations from normal occlusion, 5) no history of

orthodontic treatment, and 6) no craniofacial anomaly. In children, the inclusion criteria for the

control group were: 1) Scandinavian ethnicity, 2) no chronic diseases, except for allergies, 3) no

dental agenesis or former extraction of permanent teeth 4) normal, or only minor deviations from

normal occlusion, 5) no history of orthodontic treatment, and 6) no craniofacial anomaly. PlanMeca

Promax was obligatory as the X-ray equipment and with only minor absences, the whole skull

should be visualized. In total, the control group consisted of 79 participants (Table ).

For the adult controls, the radiographic examinations were performed in the period from the 12th of

March until the 23th of October 2009.

37



4. Methods

4.1. Radiological method

Profile radiographs (lateral cephalograms) and postero-anterior radiographs (PA cephalograms)
were obtained in a standardized fashion as described by Bjark (Bjark, 1968) and Solow (Solow,
1966). Planmeca Promax® (Planmeca Oy, Helsinki, Finland) was used as the radiographic
equipment. The sensor-focus distance was 1.50 meter and the enlargement factor was 1.13.
During the exposure, the head of the patient was fixed in a rigid cephalostat, and the patients were
instructed to keep their teeth in occlusion. The head posture was adjusted to the best fit of the
borders of the sensor, and the head was not intended to be in the “natural head position”, which is
the position normally used for the study of the relationship between the facial morphology and the
head position (Solow & Tallgren, 1971; Siersbaek-Nielsen & Solow, 1982). During the exposure for
the PA cephalogram, the head was postured with the Frankfort plane horizontal. The radiographs
were taken by skilled staff-members at Section of Radiology, Department of Odontology, Health,
Aarhus University or Department of Maxillofacial Surgery, Aarhus University Hospital. It was
intended to include the whole skull of the cranium as well as the upper cervical spine (C1-C5). In

some patients, more than one radiograph was necessary to include all structures.

4.2. Analyses of the cephalograms

The analyses of the cephalograms were divided into two main groups: 1) the profile cephalometric
analyses, which included the dimensions and the angles of the craniofacial profile and the cervical
vertebral column, and 2) a visual assessment of the anatomical structures. The later included a
classification of the structures according to established standards of the morphology of ST and the

cervical vertebrae, and an assessment of the occurrence of intra- and extra-cranial calcifications.

4.2.1. Cephalometric analyses

Overall cephalometric analysis

The metric analyses of the radiographs were performed using the software for cephalometric
analysis, Pordios® (Institute of Orthodontic Computer Science, Aarhus, Denmark). For the overall
analysis of the craniofacial structures, 25 cephalometric landmarks were digitized (Fig. 4). Twenty-
seven linear and 10 angular variables were calculated by the software. The variables of the cranial
base and the facial skeleton were defined according to definitions by Bjerk (Bjerk, 1975), Solow
(Solow, 1966), and McNamara (McNamara, 1984). The variables of the neurocranium were
defined as described by Axelsson and coworkers (Axelsson et al., 2003). Furthermore, variables
describing the size and the morphology of the posterior cranial fossa were included (Caspersen et
al., 2010) (Fig. 4).
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Fig. 4. Schematic drawing of the skull with the 25 landmarks used for measuring the cephalometric variables. At

the landmarks oc, pa, and fr, both the inner and the outer contour of the theca are marked.

Cranial base

Theca

n-s-ba cranial base angle to basion thi-fr theca-thickness at frontale
n-s-ar cranial base angle to articulare thi-pa theca-thickness at parietale
s-n length of anterior cranial base thi-oc theca-thickness at occipitale
s-ba length of posterior cranial base s-n-fr angle sella-nasion-frontale
Posterior cranial fossa Maxilla
d-p height point d to point p ptm-sp length pterygomaxillare-anterior nasal spine
thi-iop theca-thickness at int. occipital protuberance ~ n-sp height nasion-anterior nasal spine
d-s-iop angle point d-sella-int. occipital protuberance  ptm/s-n heigth pterygomaxillare to nasion-sella line
s-iop length sella-int. occipital protuberance cd-ss length condylion-subspinale
s-d length sella to point d S-n-ss angle sella-nasion-subspinale
angle sella-nasion /
s-n/ptm-sp ; ,
pterygomaxillare-ant. nasal spine
Neurocranium Nasal bone & mandible
n-br length nasion- bregma n-na length of nasal bone
n-1 length nasion-bregma tgo-gn length gonion-gnathion
n-opi length nasion-opisthocranion cd-tgo height condylion-gonion
ba-br length basion-bregma n-gn height nasion-gnathion
ba-I length basion-lambda cd-pgn length condylion-prognathion
br-l length bregma-lambda $-n-pg angle sella-nasion-pogonion
s-fr length sella-frontale s-n/tgo-gn  angle sella-nasion/gonion-gnathion
s-br length sella bregma ar-tgo-gn Jaw angle articulare-gonion-gnathion
s length sella-lambda tgo-gn-ar beta angle gonion-gnathion-articulare
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Measurements of minor cranial structures

Selected craniofacial structures were subjected to detailed analyses. The height and the width of
the frontal sinus were measured by the software, according to the definitions by Brown and
coworkers. (Brown et al., 1984), Ertlrk (Erturk, 1968), and Dostalova and coworkers (Dostalova et
al., 2003) (Fig. 5A). The length of the nasal bone and the angulation of the nasal bone in relation to
the cranial base (S-N) were measured in accordance with the definition by Solow (Solow, 1966). In
addition, the size of ST was measured according to definitions by Silverman (Silverman, 1957)
(Fig. 5B).

Fig. 5. Landmarks and cephalometric variables of the frontal sinus, the nasal bone, and ST. A: 1) The frontal
sinus: Sh-SI: the absolute height of the sinus; Spo”-Sa”\: the greatest anterior-posterior width perpendicular to the axis
(Sh-Sl); Spo-Sa: the anterior-posterior width at the line S-Gla; Sh-SI*: the projection height, i.e. the distance between Sh
and SI* (i.e. the projection of Sh on S-N line). 2) The nasal bone: N-Na: the length of the bone; S-N-Na: the inclination
(degree) of the nasal bone (N-Na) in relation to the anterior cranial base (S-N). B: ST dimensions: the length ts-ds
(tuberculum sella - dorsum sella), the diameter ts-ps (the largest distance from the tuberculum sella to the posterior

wall), and the depth bs-ts/ds (the perpendicular distance from the bottom of ST to the line ts-ds)

Morphometric measurements of the nasal bone
As a separate part of the cephalometric analyses, the nasal bone morphology was assessed by
measuring the nasal bone dimensions at lines perpendicular to the axis of the nasal bone (Fig. 6).

The axis of the nasal bone was defined by the midpoint of a line N-N”* (Nmi) and Na. The point N*
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was defined as the intersection of the lower border of the nasal bone and a perpendicular line to
the line N-Na through N. N-N” was regarded as a constructed fronto-nasal suture. Perpendicular to
the nasal axis, multiple lines were constructed with a distance of three mm between the lines. The
lines were numbered 0-11: proximally, line “0” was the base line passing through N (LO-N), line
“11” was the most distal line. The intersections between the perpendicular lines and the upper and
the lower border were used as the landmarks (U1-U11 and LO-L11, respectively). The distances
from the N-Na line to the upper and the lower border, and the distances between the borders (LO-
N, L1-U1, L2-U2, etc.) were calculated by the software. In addition, the ratio between the length of
the basal line and the length of the nasal axis was calculated (base/axis: LO-N/Nmi-Na), and the
area of the polygon defined by the landmarks on the upper and the lower borders of the nasal bone
was calculated. A morphometric assessment of the nasal bone was obtained by the ratio between
the dimension of the baseline and the axis of the nasal bone (LO-N/Nmi-Na). The ratio was defined
as “low” when below 0.5 (i.e., a short and robust appearance of the nasal bone) and “high” when

above 0.5 (i.e., along and slender appearance of the nasal bone).

Fig. 6. Analysis of the morphology of the nasal bone. N-N*: line perpendicular to line N-Na. Nmi: the midpoint of
the line N-N"; Nmi-Na: the axis of the nasal bone; N-LO: the base of the nasal bone perpendicular to the axis (Nmi-
Na). Lines number 1-11 are perpendicular to the axis (Nmi-Na), with three mm interline distance, and crossing the

upper and lower border of the nasal bone in U1-U11 and L1-L11, respectively.

Measurements of atlas and axis
The dimensions of the atlas and the axis were measured according to Huggare (Huggare, 1991)
(Fig. 7).The landmarks were digitized directly on the cephalograms, and the dimensions of the

atlas and the axis were calculated by the software (Huggare, 1991).
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Fig. 7. The reference points and variables used for the analyses of the dimensions of the atlas and the axis.
Atlas: V, the height of the anterior tubercle; D1, the height of the dorsal arch; A-P, the length between the most
anterior point (A) of the tubercle and the most posterior point (P) on the dorsal arch. Axis: D2, the height of the
dorsal arch; Dens, the height of the dens from midpoint of the lower border (DL) to the uppermost point (DU). The
height measurements are perpendicular to the line A-P.

4.2.2. Visual assessment of anatomical structures

Upper cervical vertebrae

The morphology of the upper cervical vertebrae (C1 — C5) was visually assessed according to the
classification proposed by Sandham (Sandham, 1986) as PAD or FUS. PAD was subdivided into
the partial cleft (i.e., a failure of the posterior part of the neural arch to fuse) and the dehiscence
(i.e., a failure of a part of the vertebral unit to develop) (Fig. 9, A-B). FUS was subdivided into the
fusion (i.e., a fusion of one unit with another), the block fusion (i.e., a fusion of one unit with
another, including the vertebral bodies), and the occipitalization (i.e., a assimilation of the atlas and
the occipital bone) (Fig. 9, C-D-E) (Sandham, 1986). The assessment was performed by the author
of the dissertation, and all the assessments were checked by one of the supervisors (LS) in a
blinded fashion. If any doubt regarding the assessment of the cervical vertebral column, the

vertebral column was registered as “no morphological deviations”.
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Fig. 9. Classification of the cervical vertebral anomalies (CVA). The posterior arch deficiencies (PAD) and the
fusions (FUS) of the cervical vertebrae in HR patients illustrated on radiographs: A, a partial cleft C1; B, a
dehiscence of the posterior neural arch of C3-4-5; C, a fusion of C3-4-5; D, an occipitalization; E, a fusion of C2-3.
Stars indicate the locations of PAD or FUS.

ST morphology

The morphology of ST was visually assessed and classified according to the definitions by
Axelsson and coworkers (Axelsson et al., 2004b). The contour of the ST was described as a
standard ST type according the schematic drawing reported previously (Bjerk & Skieller, 1983). In
addition to the standard ST type, five variations of normal morphology have been defined: an
oblique anterior ST wall, a ST bridging, a double contour of the ST floor, irregularities (notching) of
the posterior wall of the ST, and a pyramidal shape of the dorsum sella (Axelsson et al., 2004b)
(Fig. 8). If the ST morphology could not be categorized according to the definitions, the ST was

categorized as “unclassified”.
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Fig. 8. Classification of ST morphology according to Axelsson and coworkers (Axelsson et al., 2004b). A: the
standard ST type: B: oblique anterior ST wall; C: double contour of the ST floor; D: ST bridge; E: irregularity
(notching) in the posterior part of the ST, F: pyramidal shape of the dorsum sella.

4.2.3. Intra- and extra-cranial calcifications

The presence of diffuse and indistinct radiopacities in relation to the intracranial surface of the
frontal theca was described as intracranial calcifications. By the visual assessment of the lateral
cephalograms, the calcifications were assessed as present or absent. The localization of the
radiopacities in the transverse plane was assessed on the PA cephalogram. The nuchal ligament
attaches to the posterior surface of the occipital bone at the external occipital prominence and at
the occipital crest. By visual assessment of the cephalograms, the radiographic sign of

calcifications at the cranial end of the ligament was recorded as present or absent.

4.2.4. Reliability

The digitizing of all radiographs (N = 132) was performed by one person (the author of the thesis)
after a randomization of the radiographs in order to blind the observer to the health status (HR
patient or control) of the individuals. By random, 22 radiographs were selected for the assessment
of the intra-examiner reliability. The radiographs selected for the re-digitizing were included in the
overall randomization of the radiographs in order to blind the observer to whether the radiographs

were read before. The systematic error was estimated by calculating the differences between the
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two sets of recording, and the differences for none of the variables were significantly different from
zero (p > 0.05). For each of the cephalometric variables, the method error was calculated as
described by Dahlberg (Dahlberg, 1940), and the coefficient of reliability (R) was estimated
according to Houston (Houston, 1983). According to the overall craniofacial variables, the method
error ranged from 0.08 to 2.39 and the reliability coefficient ranged from 0.91 to 1.00. According to
the variables of the nasal bone and the frontal sinus, the method error ranged from 0.01 to 2.29
(the nasal bone) and from 0.64 to 4.38 (the frontal sinus). With the exception of the width
measurements of the nasal bone (L0-L11: 0.74 < R < 0.99), the reliability coefficient ranged from
0.92 to 0.99. According to the linear variables of the atlas and the axis, the method error ranged
from 0.17 to 0.65 and the reliability coefficient ranged from 0.82 to 0.95.

To examine the reliability of the visual assessment of the morphological characteristics of ST,
twenty-one radiographs were randomly selected. Independently, ST was classified by two

examiners and the reliability was analyzed by kappa test (K = 0.69).

The reliability of the visual assessment of the morphological characteristics of the cervical

vertebrae units has been reported previously (K = 0.82) (Sonnesen et al., 2007).

4.3. Mineralizing enthesopathies

The presence of mineralizing enthesopathy of ligaments and tendons in relation to the vertebral
column, ankles, knees, and hips was assessed from the evaluation of X-rays of the ankles, knees,
pelvis including hips and lumbar spine in 31 of the 36 HR patients by a radiologist (Dr. M.R.
Poulsen, Odense University Hospital). Similar X-rays were not available in the control group.
Mineralizing enthesopathies were defined as bone proliferation at sites of ligament attachments or
as calcification of ligaments. The total number of sites with mineralizing enthesopathy and a
grouping according to the number of sites (0-1; 2-6, and = 7) was recorded. In addition, vertebral
enthesopathy (i.e., a mineralizing enthesopathy at the collateral ligaments of the vertebral column)

was recorded as present or absent.

4.4. Medical treatment during childhood

The medical treatment history during childhood (age 0-18 years) was obtained by a review of the
medical files and confirmed by interview (Beck-Nielsen, 2012). “Continued treatment” was defined
as treatment with both calcitriol and phosphate initiated at least from age 4 years and continued
without significant interruptions until 18 years of age. “Periodical treatment” was defined as
treatment with a total duration of less than 10 years. “No treatment” was defined as treatment with

a total duration of less than one year.
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4.5. Data management

In all papers, the data were analyzed using Stata® 11.0 (StataCorp, College Station, TX). P-values

equal to or below 0.05 were considered statistically significant.

4.5.1. Paper I. Craniofacial morphology

The study included all 132 participants, and a two-sided chi-squared test was used to compare the
gender distribution in the HR group and in the control group. For each gender, the age distributions

in the two groups were compared with an unpaired t-test.

The comparison of the cephalometric measurements between the HR patients and the controls
was assessed by regression analysis. In the HR group as well as in the control group, the
cephalometric measurements were examined visually for normality using Q-Q plots and
histograms, and in both groups they were all found to be normally distributed. The cephalometric
measurements were numeric outcome variables (linear or angular measurements), and the effect
of health-status (i.e., HR or control), age and gender upon the cephalometric measurements were
assessed by linear regression analysis. The patients of the study belonged to 21 different families
with 1-13 participants in each family (1-2 in 15 families; 3-5 in four families; 7-13 in two families).
With the purpose to allow for familiar dependence, the regression estimates were adjusted for the
clustering. The analysis revealed an effect of the age, the gender, and the health-status. The
potential interactions between the effect of the age and the health-status and between the effect of

the gender and the health-status were assessed in the regression analysis.

In the presentation of the results, the cephalometric variables were grouped according to the bony
origin of the structures (Fig. 2). The means and the standard deviations were used as the

descriptive statistics.

4.5.2. Paper Il. Nasal bone and frontal sinus

Paper Il excluded children (age < 18 years), in whom the structures under investigation (the frontal
sinus and the nasal bone) develop dramatically during the growth and keep a more constant size in
the adulthood (Lestrel et al., 1991; Ruf & Pancherz, 1996). Thus, the interrelationship between the
age and the dimension in the childhood was not expected to be the same as in the adulthood, and

only adults were included in the analyses.
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The gender differences between the adult HR group and the adult control group were assessed by
the two-sided chi-squared test. For each gender, the age distributions in the two groups were

compared with the unpaired t-test.

Dimensions of the nasal bone and the frontal sinus

The comparison of the cephalometric measurements between the HR patients and the controls
was assessed by a regression analysis. In both groups, the normality of the distribution of
measurements was assessed as in paper |. The linear measurements of the nasal bone and the
frontal sinus were the outcome variables. The effect of health-status, age, and gender upon the
cephalometric measurements was assessed by linear regression analysis. To allow for familiar
dependence, the regression estimates were adjusted for clustering. The potential interactions
between the effect of the age and the health-status and between the effect of the gender and the

health-status were assessed in the regression analysis.

Morphology of the nasal bone
The morphology of the nasal bone was visualized graphically by plotting the mean distances from
the line N-Na to the nasal bone, i.e., the upper and lower border, respectively. In addition, the

morphology was expressed as the proximal width divided by the length of the nasal bone.

Correlation with the HR severity

In the group of adult HR patients, it was intended to analyze if the potential morphological deviation
of the nasal bone was correlated with the severity of the disease (i.e., the skeletal impact of HR).
Therefore, the morphometric variable of the nasal bone (ratio base/axis; LO-N/Nmi-Na) was
converted into a categorical variable by defining a low and a high ratio, ratio < 0.5 and ratio > 0.5,
respectively. Accordingly to the medical criteria, the HR patients have been classified with either
severely or mildly affected (Beck-Nielsen et al., 2010). For the present analysis, the variable was
dichotomized, i.e, the severe skeletal impact of HR was present or absent. In the group of adult HR
patients, the proportion of the high-ratio base/axis (LO-N/Nmi-Na) according to the presence of a

severe skeletal impact was compared by a two-sided chi-squared test.

4.5.3. Paper lll. Cervical spine

Dimensions of the cervical vertebrae

The linear measurements of the atlas and the axis in the adult HR patients compared with the
controls were assessed by the regression analysis. In both groups of adults, the normality of the
distribution of the measurements was assessed as in paper Il. Linear measurements of the atlas

and the axis were the outcome variables. The effect of the health status (i.e., HR patient or
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control), the age, and the gender upon the linear measurements of the atlas and the axis were
assessed by linear regression analysis. To allow for the familiar dependence, the regression
estimates were adjusted for the clustering. The potential interactions between the effect of the age
and the health-status and between the effect of the gender and the health-status were assessed in

the regression analysis.

Morphology of the cervical vertebrae
The morphological deviations of the vertebrae were analyzed by assessing the presence of FUS
and PAD in the adult participants with and without HR. The presence of FUS and PAD in the HR

patients in comparison with the controls was evaluated by the chi-squared test

Associations between the cervical column and the craniofacial structures

Associations between the upper cervical column and the craniofacial structures were assessed in
the whole group of adults (HR patients and controls). The associations between the linear
measurements of the cervical column and the cephalometric variables of the craniofacial structures
were assessed by linear regression analysis, adjusting for the effect of the health status (i.e., HR or
control), the gender, and the clustering. The association between CVA (i.e., PAD and FUS) and the
cephalometric variables of the craniofacial structures were evaluated by logistic regression
analysis, adjusting for the effect of health status (i.e., HR or control), the gender, the age, and
clustering. The potential interactions between the effect of the cephalometric variable and the

health status and the gender were assessed, respectively.

Correlation with the HR severity

It was intended to analyze if the dimensional deviations of the atlas and the axis as well as the
presence of CVA (i.e., FUS or PAD) were correlated with the severity of the disease (i.e., the
skeletal impact of HR). The variable of the skeletal severity was dichotomized, i.e., the severe
skeletal impact was present or absent. Thus, in the group of adult HR patients, the associations
between the linear variables of the cervical column and the presence of severe skeletal impact
were assessed by linear regression analysis, adjusting for the effect of the age, the gender, and
the clustering. In the group of adult HR patients, the association between the presence of CVA
(i.e., FUS or PAD) and the presence of severe skeletal impact was evaluated by the chi-squared

test.
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4.5.4. Paper IV. Intra- and extra-cranial calcifications

Prevalence of calcifications

The prevalence of HR patients with diffuse and indistinct radiopacities in relation to the intracranial
surface of the frontal theca and the prevalence of HR patients with a calcification of the nuchal
ligament were compared with the controls by the Fischer's exact test. In addition, the presence of
nuchal ligament calcifications was assessed by logistic regression analysis, adjusting for the effect

of the age, the gender, and the family clustering.

Correlation with mineralizing enthesopathy

In the group of HR patients, the associations between the presence of vertebral enthesopathies
and intracranial calcifications respectively nuchal ligament calcifications were assessed by the
Fischer's exact test. The associations between the enthesopathy grouping (total sites: 0-1, 2-6,
and 2 7) and intracranial calcifications respectively nuchal ligament calcifications were assessed by
the Fischer's exact test. Furthermore, the association between intracranial or nuchal ligament
calcifications and the total number of sites with mineralizing enthesopathy was assessed by logistic

regression analysis adjusted for the effect of age, gender, and family clustering.

Correlation with the HR severity

In the group of HR patients, the prevalence of patients with intracranial calcifications was
compared in terms of the severity of the skeletal HR impact by the Fischer's exact test. The
prevalence of the patients with calcification of the nuchal ligament was compared in terms of the

severity of the skeletal HR impact by the two-sided chi-squared test.

Correlation with medical treatment
In the group of HR patients, the prevalence of the patients with signs of intracranial calcifications
and the prevalence of the patients with signs of calcification of the nuchal ligament were compared

in terms of the childhood medical treatment by Fischer’s exact test.

4.5.5. Morphology of the ST
The prevalence of each of the specified types of ST morphology (the standard ST type and the five

normal deviations) (Axelsson et al., 2004b) in the adult HR patients was compared with the
controls by the Fischer's exact test. In addition, the presence of the standard types of ST
morphology was evaluated by logistic regression analysis, adjusting for the effect of the health

status (HR patient or control), the age, the gender, and the family clustering.

The ST dimensions in the adult HR patients compared with the controls were assessed by linear

regression analysis adjusting for the effect of the age, the gender, and the family clustering. In the
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regression analysis, the potential interactions between the effect of the age and the health status
and between the effect of the gender and the health-status were assessed. According to the
gender, the means and the standard deviation of the cephalometric variables were used as the

descriptive statistics.
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5. Results

The main results of the four papers, on which the thesis is based, are presented in this chapter. A
more detailed description of the results can be found in the four papers, which also are included as

a part of the thesis.

5.1. Paper I. Craniofacial morphology

The proportion of females in the whole HR group (i.e., the female children and adults) (68%) was
not significantly higher than in the control group (53%) (p = 0.091). Furthermore, the differences in
the mean age between the HR group and the controls were not statistically significant,

irrespectively of gender (Table II).

Tables with the cephalometric data can be viewed in the appendix of the thesis (Appendix; E-Table
I-V1). The individual table is characterized by the bony origin of the structures represented by the
cephalometric data of the table. The data are presented according to the gender and the age
categories (age < 18 years, age = 18 years). In addition, p-values from the regression analysis are
included as well as the information on significant interactions between the health status (i.e., HR
patients or controls) and the age, or between the health status and the gender. A graphic summary

of the differences between the HR patients and the controls is presented in Fig. 10.

Fig. 10. Cranial morphology of the HR patients compared with the controls. A graphic summary of the
significant differences.

a. Red dotted line: an increased thickness of the theca

b. Red lines: increased angles (n-s-ba, s-n-fr); green lines: decreased angle (d-s-iop

¢. Red arrows: increased dimensions (s-br, s-fr, n-br); green arrows: decreased dimensions (ba-I, d-p, n-na, n-sp)
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5.1.1. Endochondral-developed bone

The cranial base angle (n-s-ba and n-s-ar) was significantly increased in the HR patients compared
with the controls (p = 0.001) (Appendix; E-Table 1), which indicated a platybasia (i.e., a flat cranial
base) (Fig. 10). In contrast, no significant difference in the dimensions of the structures of the

cranial base was found.

In the posterior cranial fossa, the angle, d-s-iop, the depth, d-p, and the length, p-iop were all
significantly reduced in the HR patients, which indicated a short and a flattened posterior cranial
fossa. The thickness of the skull at the cephalometric landmark iop was significantly increased
(Appendix; E-Table 1) (Fig. 10).

5.1.2. Intramembraneous-developed bone

The dimensions of the anterior part of the neurocranium were significantly increased in the HR
patients compared with the controls. In contrast, the length of the linear variable, ba-l was

significantly reduced (Appendix; E-Table Ill) (Fig. 10).

The thickness of the theca and the frontal prominence were significantly increased in HR patients
(Appendix; E-Table 1V) (Fig. 10). The difference of the parietal thickness between the HR patients
and the controls was much larger for the males than for the females, and the difference according
to gender was significant (p = 0.020). In addition, the frontal prominence (s-n-fr) was affected by a
significant interaction between the effect of health-status and the effect of age. The prominence
decreased with increasing age in both the HR group and the control group, but the age

dependence was significantly stronger in the HR patients (p = 0.029).

The anterior maxillary height (n-sp) was significantly reduced in the HR patients (Appendix; E-
Table V) (Fig. 10). The posterior maxillary height (ptm-NL) was affected by interaction between the
effect of the health-status and the effect of age. The height increased with increasing age in both
groups, but the age dependence of the posterior maxillary height was significantly stronger in the

HR group compared to the control group (p = 0.026).

The length of the nasal bone (n-na) was significantly reduced in the HR group, but none of the
mandibular variables were significantly affected by the health-status (Appendix; E-Table VI) (Fig.
10).
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5.2. Paper Il. Nasal bone and frontal sinus

The proportion of females in the adult HR group (67%) did not significantly exceed the proportion
of females in the adult control group (53%) (p = 0.208). Irrespectively of the gender, the mean age

of the adult HR group and the adult control group was not significantly different (Table II).

5.2.1. Morphology and dimensions

Morphology of the nasal bone
The morphology of the nasal bone was illustrated by the mean distances from the line N-Na to the

upper and the lower border of the nasal bone (Fig. 11).

Females Males

oan distance from N-Ha {mm)

Mean distance from N-Na {mm)

Fig. 11. The morphology of the nasal bone in the HR patients and the controls according to the gender.

The mean distances from the line N-Na to the upper (up) and the lower (low) border of the nasal bone
measured at the perpendicular lines (No. 0-11) to the axis of the nasal bone.

* The line numbers with a significant difference in the width of the nasal bone, the HR patients in comparison with the

controls after adjustment for the effect of the gender, the age, and clustering.

In addition, the morphology of the nasal bone was expressed by the ratio base/axis. This ratio was

significantly increased in the HR patients compared with the controls (Table V).

Dimensions of the nasal bone and the frontal sinus
The height and the width of the frontal sinus were not significantly different in the adult HR patients
and the controls (p = 0.406) (Table IV).
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Males Females Adjusted
Variable Control HR Control HR colTr\E)zr;sdon
N =23 N=12 N =26 N =24 control
Frontal
_ mean SD mean SD mean SD mean SD p-value
sinus
Spor-Satr 12.67 4.42 13.16 5.17 9.96 3.36 10.07 5.52 0.815
Sh-SI* 2712 8.50 23.94 1042 26.02 947 23.63 13.60 0.406
Sh-SI 28.16 8.71 2721 1156 28.90 10.67 2559 13.94 0.517
Spo-Sa 13.89 4.94 15.18 7.1 10.49 4.96 10.09 6.21 0.863
Nasal
bone
N-Na 2712 3.97 2437 490 2524 414 2415 3.39 0.122
NNa-NS 117.72 6.08 117.03 457 11497 575 11423 6.33 0.543
base/axis 0.45 0.07 0.58 0.12 0.45 0.09 0.52 0.12 0.010
area 98.94 27.06 103.97 25.05 90.29 26.38 94.76 25.68 0.440

Table IV. Descriptive statistics (means and standard deviations) of the cephalometric measurements in the

fronto-nasal field of HR patients according to the gender and compared to the healthy controls.

p-values are from the regression analysis after adjustment for the effect of the gender, the age, and clustering

The regression analysis with the nasal bone length (N — Na) as the outcome variable, revealed a
negative regression-coefficient (B) for the effect of HR (B = -1.73; 95% CI: -4.94, 0.48), which

indicated a reduced nasal bone length in the adult HR patients. However, the coefficient did not

reach the level of statistical significance (p = 0.122) (Table V). Proximally, the width of the nasal

bone was greater in the HR patients compared with the controls. The significant differences were

restricted to the four proximal lines, the differences in the width being: LO: 1.06 (p = 0.014), L1:
1.04 (p = 0.005), L2: 0.08 (p = 0.002), and L3: 0.59 (p = 0.007).

5.2.2. Nasal bone morphology and HR severity

In HR patients with a severe skeletal impact of HR, the percentage of “high” ratio base/axis was

almost twice that in the group of the mildly affected patients (Table V).
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N Skeletal severity

Nasal
base/axis Mild Severe p-value
Low 16 9 (56%) 7 (44%)

0.056
High 20 5(25%) 15 (75%)

Table V. Relation between the skeletal severity and the ratio nasal-base/nasal-axis (N-LO/Nmi-Na) in 36 HR-
patients. The numbers and percentages in the low-ratio group compared with the high-ratio group according to the
Skeletal severity.

Low: the ratio nasal base/axis < 0.5; High: the ratio nasal base/axis > 0.5

p-value are from the chi-squared test

5.3. Paper lll. Cervical spine
5.3.1. Cervical vertebrae morphology and dimensions

Morphology of the cervical vertebrae
In the adult group of HR patients, the prevalence of FUS was large compared with the controls (p <
0.001, Table VI), and the occipitalization of axis was the dominant finding (p < 0.001) (Table VI).

HR patients Controls
n % n % p-value
PAD 6 16.7 9 18.4 NS
Partial® 2 5.6 4 8.2 NS
Dehis® 4 11.1 5 10.2 NS
FUS 14 38.9 3 6.1 < 0.001
Fus® 1 2.8 3 6.1 NS
Blo® 1 2.8 0 NS
Occ® 13 36.1 0 0 < 0.001

Table VI. Comparison of the cervical vertebral anomalies (CVA) in 36 HR patients and 49 healthy controls
according to the type of PAD and FUS.

p-value are from the chi-squared analysis; NS: p-value > 0.05

* percentage of the total number in the group

a) a partial cleft of the posterior arch; b) a dehiscence of the posterior arch; c) a fusion between C2-C3; d) a block
fusion of C3-C4-C5; e) a occipitalization, i.e. a fusion of the atlas and the cranial base

One HR patient had both a fusion of C2-C3 and an occipitalization; two controls had both PAD and FUS
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Dimensions of the cervical vertebrae
In the adult HR patients, the height and the length of the atlas and the height of the posterior arch

of the axis were large compared with the controls (p < 0.001, Table VII).

HR patients Controls Adjusted comparison
HR and control

Axis (C1) & Atlas (C2) n Mean SD n Mean SD p-value

C1 Height V 36 1210 1.38 48 1143 1.17 < 0.001

C1 Height D1 36 13.27 1.96 49 1170 1.94 < 0.001

C1 Length A-P 36 54.34 3.31 49 5281 4.44 0.001

C2 Heigth D2 36 19.58 3.39 49 16.94 2.90 < 0.001

C2 Dens 36 38.12 265 49 3896 3.09 0.392

Table VII. The dimensions (means and standard deviations (SD) in millimeters) of the atlas and the axis in
36 HR patients and 49 controls. A comparison between the groups adjusted for the effect of the gender,
the age, and clustering.

p-values are from the linear regression analysis

5.3.2. Cervical vertebral column and craniofacial structures

In the whole study group of adults (i.e., HR patients and controls), the height of the posterior arch
of the atlas (D1) and the length of the axis (A-P) were negatively correlated with the cranial base
angle (N-S-Ba) (D1: p = 0.017; A-P: p = 0.008), D1 was positively correlated with the length of the
posterior cranial base (s-ba: p = 0.009), and negatively correlated with the length of the posterior
cranial fossa (s-iop).The anterior (V) and the posterior (D1) height of the atlas were positively
correlated with the thickness of the occipital theca (V: p = 0.015; D1: p = 0.001). The height of the
posterior arch of the axis (D2) was positively correlated with the depth of the posterior cranial base
(d-s-iop: p = 0.004; p-d: p = 0.013). Furthermore, the length of the atlas was positively correlated
with the degree of mandibular prognatism (p = 0.042). The height of the posterior arch of the axis
(D2) was affected by an interaction between the effect of the sagittal jaw relation and the effect of
the health status (ss-n-sm, p = 0.003; ss-n-pg, p = 0.015). No other significant interaction was
identified.

In the whole group of adults, the only association identified between CVA (i.e., PAD or FUS) and
the craniofacial structures was a positive association between FUS and the frontal and the parietal

thickness (p = 0.034 and p = 0.003, respectively). In controls, in contrast to the HR patients, PAD
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was associated with the length of the posterior cranial fossa (s-iop, p = 0.033). In the females in
contrast to the males, FUS was associated with the occipital thickness (thi-oc, p = 0.001). But PAD
and FUS were not significantly affected by an interaction between the effect of any other

cephalometric variables and the health status or the gender, respectively.

5.3.3. Cervical vertebral column and HR severity

In the group of the adult HR patients, the length of the atlas correlated positively (p = 0.043) and
the height of the dens negatively (p = 0.008) with the severity of the skeletal HR impact (Table
VIII). In the group of the adult HR patients, the differences in the presence of CVA (i.e., PAD and

FUS) depending on the severity of skeletal HR impact were not significant.

Mild (n = 14) Severe (n=22)  Adjusted comparison
e S0 Wean sp MO sever
Height V 11.44 1.08 12.52 1.41 0.113
Height D1 12.69 1.18 13.63 2.28 0.384
Length A-P 52.74 2.53 55.36 3.39 0.043
Heigth D2 18.59 3.71 20.20 3.09 0.419
Dens 38.39 2.20 37.95 2.94 0.008

Table VIII. The length and height (in millimeters) of the atlas and the axis in 36 adult HR-patients according
to the severity of skeletal as defined by Beck-Nielsen and coworkers (Beck-Nielsen et al., 2010).
p-values are from the linear regression analysis with adjustment for the effect of the gender, the age and clustering

n is the number of patients in the specified group

5.4. Paper IV. Intra- and extra-cranial calcifications

5.4.1. Cranial calcifications

The visual assessment of the whole cephalogram revealed six of 36 HR patients (16.7%) with
major radiopaque irregularities and three controls with minor irregularities in relation to the inner

contour of the frontal bone (Fig. 12, Table IX).
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Calcification of the nuchal ligament was visible in 18 of 36 HR patients (50%) and in 10 of 44
assessed controls (23%) (p = 0.018, Table 1X). According to the comparison adjusted for the effect

of gender, age, and clustering, the difference was even more significant (p = 0.004).

HR patients Controls
Calcifications N =36 N =49
n % n % p-value
Intr.acranial 6 16.7 0 0
major
_ 0.159**
Inftracranlal 0 0 3 6.1
minor

(the nuchal ligament)

Table IX. The distribution of intra- and extra-cranial radiopacities on lateral cephalograms of 36 adult HR
patients in comparison with 49 adult controls. The radiopacities indicate calcification of intracranial
structures (major or minor) and of the nuchal ligament.

N is the total number in the group

n is the number of individuals with the specified type of radiopacity

p-values are from the Ficher’s exact test

** comparison including all signs of intracranial calcifications (major or minor)

N =44
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Fig. 12. Lateral cephalograms of the six HR patients with major radiopacities posterior to the frontal bone.
The radiopacities are situated intra-cranially and represent supposedly calcifications of dura mater
structures.

The arrows point at the radiopacities.

F: The star indicates an example of nuchal ligament calcification.

5.4.2. Cranial calcifications and HR severity

According to the severity of the skeletal impact of HR, the intracranial radiopaque irregularities was
identified in four (29%) mildly affected HR patients and in two (9%) severely affected HR patients
(p = 0.126). The calcification of the nuchal ligament was identified in four (29%) mildly affected HR
patients and in 14 (64%) severely affected HR patients (p = 0.040).

5.4.3. Extra-skeletal calcifications and childhood treatment

The six HR patients with intracranial calcifications were all untreated during childhood. However,
the occurrences of neither intracranial nor nuchal ligament calcifications were significantly
associated with childhood treatment (p = 0.226). Thirteen of 31 HR patients (42%) had at least one
site with vertebral enthesopathy. The presence of vertebral enthesopathy correlated negatively
with childhood treatment (p = 0.008).
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5.5. Sella turcica

5.5.1. ST morphology and dimensions

Morphology of the ST

Few HR patients had the standard ST type compared with the controls (p < 0.021; Table X). In six
(16.7%) HR patients and one (2%) control, ST was unclassified without the characteristics of any
of the six normal types (Axelsson et al., 2004b). The six HR patients had severe deviations and
irregularities of both the anterior and the posterior wall (Fig. 13). In two of them (Fig. 13, D & E),

the contour of ST was hardly present.

HR patients Controls

ST type* N =36 N =49

n % n % p-value
Standard ST type 19 528 38 77.6 0.021
Oblique anterior wall 0 0® 0 0 -
ST bridge 0 0° 0 O -
Double contour of floor 5 16.7° 5 10.2 0.492

Irregularities of post. part of dorsum sella 1 3.3° 3 6.4° 0.500

Pyramidal shape of dorsum sella 4 10.6° 0 0° 0.019
More than one type 1 2.8 2 41 0.615
Not classified 6 16.7 1 2.0 0.021

Table X. The distribution of the morphological types of ST in 36 HR patients in comparison with 49 controls.
N is the total number in the group

n is the number of individuals with the specified type of ST morphology

* The six normal types of ST morphology (Axelsson et al., 2004b)

p-values are from the Fischer's exact test

IN=31," N =30, and ? N = 48 for the specified variable in the group
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Fig. 13. Details of lateral cephalograms from the six HR patients with unclassified ST morphology. The
morphology fits hardly any of the normal ST types (Axelsson et al., 2004b). Totally or partly, the outlining of the ST is
diffuse and irregular.

Dimensions of the ST

The dimensions of ST in the HR patients did not significantly deviate from the dimensions of ST in
the controls irrespective of whether the regression analysis included or excluded the individuals
with the unclassified ST (Table XI). The diameter of the ST was affected negatively by the age in
the control group, but positively in the HR group. This difference was significant (p = 0.037)
however, the regression coefficients (B) of age were very close to zero (control group; 3 = -0.02;
95% ClI: -0.04 to 0.01) (HR group; B = 0.05; 95% CI: -0.01 to 0.11). The depth and the length of the
ST were not significantly affected by an interaction between the effect of health and age, and none

of the ST dimensions were affected by an interaction between the effect of health and gender.
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Males Females

HR patients Controls HR patients Controls  Adjusted comparison
N=12 N = 23 N = 24 N = 26 HR and control
mean SD mean SD mean SD mean SD p-value
Length  12.10* 152 1241 1.89 11.99° 226 1141 1.25 0.566
Diameter 13.33° 1.40 13.68% 1.23 13.94° 2.31 13.21° 1.24 0.463
Depth 10.08* 0.80 9.61 098 10.20° 1.36  9.59 1.11 0.13

Table XI. Comparison of the ST dimensions between the HR patients and the controls adjusted for the effect
of the gender, the age, and the family clustering. Means and standard deviations (SD) of the length, the diameter,
and the depth of the ST according to the group (HR patients or controls) and the gender are given.

p-values are from the linear regression analysis

2 one missing value; ° two missing values; ® three missing values; ° five missing values.

5.5.2. ST and HR severity

In the comparison according to the severity of the skeletal HR impact, four (29%) mildly affected
HR patients and 15 (68%) severely affected HR patients had the standard type of ST morphology
(p = 0.020), thus, the severity of skeletal HR impact was negatively correlated with deviations from
the standard ST morphology. Three (21%) mildly affected HR patients and three (14%) severely
affected HR patients were unclassified (p = 0.541), thus, the severity of skeletal HR impact was not

associated with a diffuse and irregular outlining of ST.
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6. Discussion

6.1. Overall scope of the study

The present dissertation is the presentation of the results from research projects carried out on the
craniofacial and the spine morphology in patients with a rare disease, X-linked HR. The study
period was the years from 2008 to 2013. The research on rare diseases calls for an
interdisciplinary collaboration between different medical disciplines and in relation to some
diseases includes also the dental profession. In addition, the networking between centers of
expertise, occansionally across the national borders, is needed to raise the number of participant in
the studies of rare diseases. This has previously been demonstrated in studies on, e.g., the
patients with cleft lip and palate (Semb et al., 2005; Shaw et al., 2005). The present work is
enabled by the collaboration between medical professionals in Southern Denmark, geneticists in
Denmark and abroad, and dental professionals at Aarhus University and Copenhagen University.
X-linked HR is an example of a rare congenital disease with documented consequences for the
dentition, i.e., a high number of non-decayed teeth with endodontic affection or periapical infection
(Andersen et al., 2012). In the present dissertation, we have focused on the osseous structures of
the cranium and the cervical spine in a population of patients with X-linked HR. The cranium and
the spine are unique and composite structures, which develop by complicated mechanisms, not
fully understood. The cranium and the spine contain the brain and other essential parts of the
central-nervous system, and the neural and the osseous development are linked closely to each
other (Kjaer, 1998a; Kjaer et al., 1999). Additional vital functions are placed in the cranium, e.g.,
the visual, the auditory, and the stomatognatic functions, and it contains the entrance of the
respiratory and the digestive system. Thus, a deviation in the morphology of the cranium or the
spine may be associated with abnormalities in vital functions or in the developmental processes of

the structures within the area or the connecting areas (Pruzansky, 1973; Cohen et al., 1985).

6.1.1. Design and composition of the study

The dissertation is composed of four papers. Paper | is an overall cephalometric analysis of all
parts of the cranium, which includes the traditional cephalometric measurements of the
maxillofacial structures as well as newly developed methods for the assessment of the theca, the
neurocranium, and the posterior cranial fossa. In the assessments, we have focused on the origin
of the bony structures, i.e., the endochondral or the intramembraneous development. In paper Il,
detailed analyses of the morphology and the size of the frontal sinus and the nasal bone has been
performed. The structures are located adjacent to the anterior cranial fossa. In the assessment, we

have focused on the processes of bone resorption and apposition. In paper Ill, the morphology and
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the dimensions of the upper cervical spine were evaluated. The associations between the cervical
spine and the craniofacial structures were assessed with a special attention paid to the posterior
cranial fossa, which belongs to the same developmental field as the cervical spine. In paper IV, the
presence of extra-skeletal calcifications in relation to the cranium was studied. The associations
between cranial calcifications and calcifications at other skeletal sites, severity of skeletal HR
impact, or childhood treatment were explored. Furthermore, the dissertation has focused on the

morphology and the dimensions of ST, a structure in the medial cranial fossa.

In general, the present study is a descriptive study of a patient group with a specific disease, i.e.,
X-linked HR. In a cross-sectional study design, the group of diseased patients was compared with
a group of healthy individuals. The existing knowledge on bone origin and the developmental fields
has been applied to the structuring of the study and to the description of the results. In addition to
the descriptive parts of the study, a number of associations have been assessed. The
assessments were addressed to the association between cervical and cranial morphology, to the
association between the cranial or cervical morphology and the severity of skeletal HR impact, to
the association between cranial and other extra-skeletal calcifications, and to the association
between extra-skeletal calcifications and the childhood treatment. The purposes of these
assessments have mainly had the character of hypothesis generation in contrast to hypothesis
confirmation (Katz et al., 2013). The assessment of the cranial and cervical morphology has had
the purpose to discover new information within the data, either to generate new hypothesis or to
comment on an existing hypothesis. Others have justified the usage of a “hunch” as the
background for an exploration of morphometric data as opposed to the utilization of a clear
hypothesis (Richtsmeier et al., 2002). One of the “hunches” of the present study was the
expectation of different deviations in the HR cranial morphology according to the bony origin of the
structures. The bones of the lower extremities, which are impacted by a severe deformation in HR
patients (Drezner, 2003; Beck-Nielsen et al., 2010), are bones of endochondral origin, thus, the
cranial bones of endochondral origin were expected to deviate more severely than cranial bone of
intramembranous origin. However, the distinction between the structures according to bony origin
might be unclear: Certain anatomical bones, e.g., the mandible and the occipital bone, are
composed of subunits of different origin, and the borders between the different subunits are not
visible at the postnatal stage (Kjaer et al., 1999; Schoenwolf, 2009b). Furthermore, certain
cephalometric variables are not restricted to one type of bony structure. For example, the angle “s-
n-ss” describes the sagittal position of the maxilla, which is a structure of intramembranous origin,
in relation to the anterior cranial base, which is a structure of endochondral origin. Furthermore, the
lines “n-br” “n-pa”, “n-I", and “n-opi” describe dimensions of the upper skull, which is composed of

the intramembranous-developed calvarial bones, but the cephalometric measurements are partially
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defined by a landmark located at the anterior end of the endochondral-developed cranial base. In
contrast, the length of the maxilla (pns-ans) or the thickness of the parietal or frontal bone describe
the dimension of structures with a purely intramembranous origin, and the dimensions and
angulation of the cranial base describe a structure of purely endochondral origin. Significant
deviations were found in variables describing structures of purely endochondral origin (e.g., ba-s-n)
as well as in variables describing structures of purely intramembranous origin. Thus, it was justified
to conclude that both types of bone were impacted in HR patients, which was in contrast to the
initial “hunch”. To fulfill the descriptive purpose of paper I, the inclusion of cephalometric variables

assessing more than one type of bony structure was justified.

6.1.2. Assessment of morphology

The dissertation addresses the cranial and the cervical morphology. In general, morphology is
defined as the study of the forms of things, which include the branch of biology that deals with the
form of living organisms and their parts, and the relationships between their structures (Simpson,
2013). The form is understood as the combination of size and shape (Richtsmeier et al., 2002),
and the shape of a structure has been defined as the geometric information remaining after
removal of any effect due to translation, rotation, or scale of the structure (Dryden & Mardia, 1998).
In the orthodontic profession, it is a well-established tradition to assess the craniofacial and
cervical morphology by linear and angular measurements between landmarks (Bjerk, 1975;
McNamara, 1984; Wahl, 2006). This conventional metrical approach (CMA) has been applied to
the present study in line with previous studies both within the orthodontic field (Wahl, 2006) and in
a number of other biological disciplines, e.g., phylogenetics and anthropology (Wood et al., 1991;
Wood & Lieberman, 2001). Because of the irregular and not linear outlining of the cranial bones
(and other bones), the CMA has some shortcomings in the assessment of cranial morphology,
both in the study of morphological changes during growth and in the study of morphological
deviations between groups. Thus, sophisticated morphometric alternatives have been proposed
(Lestrel, 1997; Richtsmeier et al., 2002). Relevant examples of the morphometric methods are the
Eliptical Fourier function (EFF) (Kuhl & Giardina, 1982), Procrustes™ superimposition and principal
component analysis (PCA) (Halazonetis, 2004), and the finite element scale analysis (FESA)
(Cheverud et al., 1983; Richtsmeier & Cheverud, 1986). By EFF, the morphology of, e.g., the
cranial vault (Lestrel et al., 2010), the mandible (Schmittbuhl et al., 2002; Lestrel et al., 2013), and
the nasal bone (Lestrel et al., 1991) has previously been described. The PCA has been applied to
the analysis of both the craniofacial complex as a whole (Halazonetis, 2004) and to minor cranial
structures, e.g., ST (Andredaki et al., 2007). The FESA has been applied to a number of studies on

craniofacial morphology, e.g., in patients with syndromic craniosynostosis (Apert and Crouzon
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syndrome) (Bookstein, 1987; Richtsmeier, 1987; Richtsmeier & Lele, 1990), in patients with cleft lip
and palate (Lavelle, 1988; Hammond et al., 1993; Sasaki et al., 2004), and in patients with Class I
malocclusion (Singh et al., 1997; Singh & Hay, 1999). The advantage of the morphometric
methods is the possibility to visualize the shape differences between groups and the possibility to
quantify shape objectively. Thus, shape data is operationalized to be applied to, e.g., a statistical
assessment of shape differences between groups (Lestrel, 1982; Lestrel, 1997; Richtsmeier et al.,
2002). Furthermore, the drawback of CMA in terms of many highly inter-correlated craniofacial
measurements is minimized (Solow, 1966). However, morphometric methods also have their
limitations. The data of the advanced morphometric methods are all derived statistically, and they
do not necessarily have a clear biological interpretation. The methods are statistical models, which
by different approaches describe the diversity in anatomical shape. They all represent a
simplification of the “true” shape, and the result of the analysis might rely on the chosen method
(Richtsmeier et al., 2002; Rohlf, 2003; Halazonetis, 2004). In addition, the advanced morphometric

methods demand special software.

In the present study, the morphology of cranial and cervical structures was primarily assessed by
CMA as an alternative to the advanced morphometric methods. The angular measurement of the
cranial base (ba-s-na) is independent of the dimension of the anatomic structure (the anterior and
the posterioer cranial base) thus; the angle is a simple and valid expression of the morphology of
the cranial base. In contrast, the angular measurements of the sagittal jaw relations (s-n-ss and s-
n-pg), in addition to the spatial position of the jaw, is associated with the dimension of both the
anterior cranial base (s-n) and the jaw itself (i.e., topographical inter-correlations) (Solow, 1966).
Thus, this type of angular measurement is less valid in the expression of the maxillo-facial
morphology, and it has to be interpreted in connection with an assessment of the linear dimension
of the involved structures. The shape of the cranial vault has not been directly assessed in the
study. However, the linear dimensions of the cranium (length and height) may be amalgamated
into an impression of the shape and the differences in shape with the limitation given by the lack of
a quantitative shape measurement. In addition to CMA, the morphology and characteristics of
some few structures (i.e., ST and C1-C5) were visually assessed by subjective methods, which
basically is a comparison to reference standards. The limitations by these subjective methods were
minimized by the blinded approach during the assessment and by the use of two observers
between whom the classification was discussed until agreement was achieved. If agreement could
not be achieved or if there was other uncertainties in the assessment, the structure was assessed
as “normal” or “standard”. However, the blinded approach was compromised in few cases because
some HR patients had many missing teeth in contrast to controls, which according to the inclusion

criteria for the control group had to have at least 20 teeth. Because of the limited sample size,
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recognition of some few cases with other special traits, e.g., a very thick skull was unavoidable

during the repeated assessments in the study period.

6.1.3. Study population

The papers dealt with in the present dissertation are based on a relatively high number of HR
patients compared with previous cephalometric studies on HR (Marks et al., 1965; Tracy &
Campbell, 1968; Al-Jundi et al., 2009). Furthermore, the patients of the studies have been
uniformly diagnosed, and except for three cases, the diagnosis was genetically verified (Beck-
Nielsen et al., 2010; Beck-Nielsen et al., 2012). We have not investigated whether these three HR
patients had autosomal recessive HR caused by the newly discovered mutation in ENPP1 as this
gene was not discovered at the time of the genetic evaluation. Two of the three patients were a
mother and her son. Thus, only one patient with sporadic HR and no genetic diagnosis could be
suspicious of an ENPP1 mutation. The male:female ratio was not the same in the HR group
(1:2.12) and the control group (1:1.14), however, the difference was not significant. This gender
discrepancy was in accordance with the dominant X-linked inheritance of the disease, and a
predominant female group is characteristic in the research regarding XLHR and XLH (Al-Jundi et
al., 2009; Gauche C et al., 2009).

Individuals were included in the control group according to an objective estimation of the dental
occlusion (close to normal occlusion), the number of teeth (n = 24 teeth), and the facial
appearance (no signs of craniofacial anomaly). In addition, the inclusion was based on the
individual's subjective information on their general health (no chronic diseases) and former dental
treatment (no former orthodontic treatment). The potential failure of the inclusion according to the
individuals™ subjective information was judged to be minimal. The size of the control group was
estimated by power calculations on six cephalometric variables which were assumed to be
representative of the cranial dimensions and morphology. The final size of the control group (n =
79) exceeded the estimated minimum (60-70). The youngest age group (age < 7 years of age) was
only present in the HR group. For ethical reasons, the children in the control group were only
represented by profile radiographs taken for orthodontic treatment purposes. As such radiographs
are rarely indicated in relation to the treatment of the very young children, this age group was not
represented in the control group. The statistical models were designed to analyze the effect of the
gender and the age on the influence of HR. This choice of the models aimed to compensate for the
gender and age discrepancies between the HR group and the control group. Furthermore, the
analyses in paper lI-IV included adults, only. In children opposed to adults, the dimension of many

cranial and vertebral structures increase with the age and consequently, children were excluded
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from the analysis in paper II-IV (Bjark & Skieller, 1983; Brown et al., 1984; Lestrel et al., 1991;
Axelsson et al., 2003).

6.1.4. Methods of the study

In diseases with bone pathology, it is common to assess the morphology of the osseous structures
by radiographs. The use of the lateral cephalogram, i.e., the standardized profile radiograph, is
usual in the orthodontic community in clinical settings as well as in the research of craniofacial and
cervical spine morphology and growth (Wahl, 2006). In the present study, the analysis of 3-
dimensional (3D) anatomical structures (the frontal sinus, the nasal bones, the cervical vertebrae,
and the ST) was performed on 2-dimensional (2D) radiographs, which to some extent limits the
interpretation of the results. The advantage of 2D-methods is the comparability with the previous
cephalometric studies where 2D methods have been used in the assessment of the craniofacial
structures, in example (Jensen & Kreiborg, 1995), (Ruf & Pancherz, 1996), (Lexner et al., 2007),
and (Al-Jundi et al., 2009). The difficulty of determining the deviations in the upper spine
morphology on a single lateral cephalogram has been discussed (Massengill et al., 1997; Koletsis
& Halazonetis, 2010; Bebnowski et al., 2012). These studies found that some fusions observed on
2D radiographs were likely to be “pseudo-fusions”, and a more valuable method, such as
computerized tomography (CT) or cone-beam CT (CBCT), has been recommended. However, in a
recent study of CVA in patients with obstructive sleep apnea, the agreement of the occurrence of
CVA between the lateral cephalograms and the CBCTs showed good agreement (K = 0.64)
(Sonnesen et al., 2013). Furthermore, the lateral cephalograms of the present study were obtained
before CBCT was generally used. In order to minimize false positive findings on 2D, clearly defined
criteria were set up in the present study. Thus, we expect our results based on 2D to provide useful

and reliable information regarding the morphological deviations.

The dissertation comprises radiological assessment of the bones of the cranium and the cervical
column. The radiographic picture is impacted by potential errors in the acquisition of the picture:
The positioning in the cephalostat affects not only the orientation of the structures, but also the
distortion of the picture (Cooke & Wei, 1991). In the present study, it was aimed to visualize the
whole skull. Furthermore, some of the HR patients had a very low body height (the youngest
children) or a short neck, which made them unable to stand properly in the cephalostat. Because of
the necessary positional adjustments according to these demands and circumstances, the correct
positioning in the cephalostat was compromised in some of the participants. In addition, a number
of different radiographers on different locations obtained the radiographs. However, in all

participants (HR patients and controls) the same type of equipment (Planmeca®) was used to
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obtain the radiographs, and the sources of the aquisitional errors were judged to be equal in the

two groups.

In addition to the aquisitional errors, errors exist in relation to the cephalometric measurements
(Kamoen et al., 2001; Shaw et al., 2013). The cephalometric errors are most importantly related to
the errors in the landmark identification (Baumrind & Frantz, 1971; Houston et al., 1986) The
variance in the location of the landmarks are unequal depending on the character of the anatomical
structure, at which the landmark is located, and on the quality of the radiograph at the specific
location. Each landmark has a characteristic orientation of the variance: Some landmarks have a
uniform variance in all directions (e.g., the point sella), and other landmarks vary more in one than
in other directions (e.g., the B point, supramentale, has a relative large vertical variance opposed
to horizontal variance) (Baumrind & Frantz, 1971; Broch et al., 1981; Houston et al., 1986). In the
present study, the errors according to landmark identification were found to be acceptable; the

issue is further discussed in the last paragraph of this section.

In general, landmarks on curved surfaces have a relatively great variance (Baumrind & Frantz,
1971), which in the present study might impact on the measurements of the skull. To minimize the
errors in measurements of the skull thickness, the landmarks for measurement of the thickness
was defined as the cross section between the skull contours and well-defined straight lines
crossing the contours. The straight lines were defined by the anatomical points nasion, bregma,
lambda, and basion (Axelsson et al., 2003). In general, the nasion and the basion are points with a
relatively low respectively high variance in the location of the landmark. In elder adults, the other
two points often is difficult to identify because of the totally closed sutures. Thus, the landmarks of
skull thickness measurements might be affected by a relatively high variance. However, the intra-
examiner variability of the measurements was acceptable (the random error ranged from 0.11 to
0.21 (Dahlberg, 1940)) and in line with the reported errors in a previous study (Axelsson et al.,
2003).

As an integrated part of the present study, the intra-examiner errors in landmark identification and
thereby in obtaining the cephalometric measurements were assessed on 22 radiographs, which
were randomly selected for duplicate measurements: 1) An assessment of the potential systematic
errors. Such errors were not identified, which indicated an adequate ability by the observer to
reproduce the landmark identification. 2) An assessment of the random error was calculated by the
method by Dahlberg (Dahlberg, 1940), and the errors ranged from 0.01 to 4.38, which for the
majority of variables was in line with the random errors reported in other cephalometric studies
(Kamoen et al., 2001; Axelsson et al., 2005; Sonnesen & Kjaer, 2007b). The errors of the frontal

sinus measurements were relatively large (0.64-4.38), supposedly because of the irregular double
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(or multiple) contours in the lateral aspect of this bilateral anatomical structure, which has the
largest dimension in the frontal plane. 3) An assessment of the random error in relation to the total
and biological variance by Houston's coefficient of reliability (Houston, 1983). The magnitude of
this coefficient was judged to be acceptable (0.91-1.00). In conclusion, the intra-examiner

reproducibility of the majority of cephalometric measurements was acceptable.

6.1.5. Biases of the study

The statistical analysis of the study was constructed to minimize the confounding effect of age,
gender, and family clustering. However, confounding effects in relation to the study population
might exist e.g., 1) skewness according to the physical characteristcs of the participants, 2)
skewness according to the gender, 3) differences according to childhood treatment of HR patients,

and 4) undiagnosed diseases in the control group.

1) The body height, sitting height, arm span, and leg length are reduced in HR patients compared
to standards (Drezner, 2003; Beck-Nielsen et al., 2010). It could be speculated that the general
physical measurements impact on some cranial measurements. In the present study, information
on general physical measurements was available in the HR group, only. Thus, in the analysis it
was not possible to adjust for the general physical measurements. Furthermore, previous forensic
studies did not document a correlation between cranial thickness and the individual height and
weight (Lynnerup, 2001). Thus, the biases according to physical measurements were judged to be

minimal.

2) More women than men were represented in the HR group, and the skewness according to
gender might impact on the means of the cephalometric variables, e.g., the skull thickness and the
other dimensions of the skull. Previous studies on forensic samples have addressed the question
on cranial sex dimorphism. >For example, a MRI study (i.e., a study based on Magnetic
Resonance Imaging) revealed increased skull length and height in males compared to women
(Hatipoglu et al., 2008), which is in accordance with normative cephalometric standards (Axelsson
et al., 2003). The MRI study (Hatipoglu et al., 2008) also concluded an increased calvarial diploe
thickness (i.e., the thickness of the cortical bone in between the two cortical plates of the skull) in
males compared to females. In contrast, other studies based on direct or radiographic
measurements on skull biopsies concluded a lack of sex dimorphism in the total skull thickness
and only a tendency towards increased diploetic thickness in males (Lynnerup, 2001; Lynnerup et
al., 2005). In the present study, the choice of a multiple regression in the statistical model made it

feasible to adjust for the skewness according to gender.
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3) Some patients have had medical treatment during their whole childhood, some few patients
have had sporadic treatment, and others have had no treatment (Beck-Nielsen et al., 2010). The
goal of the treatment is to minimize the rachitic softening of bones, the radiological abnormalities,
and the skeletal deformities (Carpenter et al., 2011). The treatment impacts positively the skeletal
growth and the final body height (Makitie et al., 2003). Thus, there might be an effect of treatment
also on the cranial bones and thereby the morphology of the cranium and the cervical column. In
general, we did not adjust for the treatment in the analysis of the present study. The acceptance of
this potential bias is justified by the limited sample size, which hardly could bear further stratifying
in the analysis. In paper IV, a separate analysis of the association between childhood treatment

and the occurrence of extra-skeletal calcifications has been performed.

4) In the control group, which according to the anamnestic information was healthy individuals,
undiagnosed diseases might exist. Some diseases impact on cranial structures, e.g., pitutiary
prolactinomas, which are relatively common, and which can remain asymptomatic for years
(Buurman & Saeger, 2006; Melmed et al., 2011). Pituary adenomas impacts on the size and the
morphology of the ST (Alkofide, 2001). It would have been optimal to include an endocrine
screening of all participants to exclude patients with previously undiagnosed chronic disease, e.g.,
a prolactinoma. If present, prolactinomas might have impacted on the ST morphology of the
affected individual, thus, biased the ST results of the present study. However, the controls

appeared to be healthy both objectively and subjectively, and the bias was judged to be minimal.

The present study, which is a radiological study on postnatal findings, addresses morphological
deviations according to developmental fields. The definition of cranial and cervical developmental
fields is raised in studies on foetal pathology, which is a discipline that relies on histologic studies
(Kjaer, 1998b; Kjaer et al., 1999; Kjaer, 2010). At the postnatal stage, the borders between the
developmental fields have not been revealed in detail (Kjaer, 2010). The present study addresses
potential associations between structures of the same field or between structures of different fields.
This is in line with other radiological studies on postnatal cervical or cranial morphology (Kjaer et
al., 2001a; Tabatabaie et al., 2008; Sonnesen, 2010; Molsted et al., 2010). The biological
interpretation of the associations might be uncertain, and other types of studies are needed to
confirm the existence of a biological interrelationship, e.g., by immune-histochemical studies on
mice (Sonnesen et al., 2008a). However, the present study, which is in line with other radiographic
studies on patients with a congenital disease or deformity (Axelsson et al., 2004b; Axelsson et al.,
2005; Nielsen et al., 2005a; Nielsen et al., 2005b; Molsted et al., 2010), is justified by its

contribution to the ongoing process of an understanding of normal and abnormal development.
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In the present study, the remodeling of bone as well as the mineralization of extra-skeletal
structures has been addressed. This is processes, which are executed at a cellular level, and
which only indirectly can be assessed on cranial radiographs. The interpretation of a morphological
deviation, e.g., the increased thickness of the skull, is based on previously reported histological
results on mice (Liu et al., 2006b; Liu et al., 2007; Liu et al., 2008; Lu & Feng, 2011). Thus in terms
of remodeling and modelling, the radiological results of the present study on HR have to be seen in
connection with other types of research. This is in line with radiographic studies, on e.g.,
cleidocranial dysplasia or achondroplasia (Cohen et al., 1985; Jensen & Kreiborg, 1993). In terms
of extra-skeletal mineralization, the radiographic picture is well qualified for the assessment of such
calcifications, and it has previously been applied to the diagnosis of mineralizing enthesopathies in
HR studies (Polisson et al., 1985; Carpenter et al., 2011).

The assessment of potential associations between cranial or cervical morphology and the severity
of skeletal HR impact is based on the severity definitions by Beck-Nielsen et al. (Beck-Nielsen et
al., 2010). According to the definition, a HR patient is severely impacted if the lower leg deformity
index or the body height reduction equals or exceeds a certain limit (z-value = 2SD) or if a surgical
correction of lower leg deformity have been performed. Thus, the severity assessment is equally
impacted by naturally developed symptoms as by criteria, which depend on treatment decisions.
However, it is common to demand the deviation in deformity to exceed 2SD before surgery (Beck-

Nielsen et al., 2010). In conclusion, the skeletal severity score is supposed to be valid.

6.2. Discussion paper I-IV

Selected topics from the individual papers are presented in this section. The more detailed

discussions are available in the individual paper.

6.2.1. Paper I. Craniofacial morphology

Endochondral developed bone

According to paper I, the shape of the cranial base was affected by a flattening, while the size of
the anterior as well as the posterior cranial base was unaffected. This is in agreement with earlier
findings (Al-Jundi et al., 2009). The depth of the posterior cranial fossa was reduced, but no
significant difference of the length of the fossa was seen. The differences in shape of the posterior-
inferior part of the cranium could be described as an upward compression of the structures around
foramen magnum, including a more cranial position of the inferior part of clivus (basion), which
would also add to the increased cranial base angle (n-s-ba). The reduced height of the posterior

cranial fossa indicates a reduced volumen of the fossa, and this is in agreement with the results
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from a study based on 3D imaging (computed tomographic or magnetic resonance imaging)
(Tubbs et al., 2004). A small posterior cranial fossa reduces the available room for the
development of rhombencephalon. This might be related to the occurrence of hindbrain herniation
(i.e., CMI) reported in some children with HR or the other types of rickets (Caldemeyer et al., 1995;
Tubbs et al., 2004).

The increased cranial base angle (n-s-ba) and the reduced depth of the posterior cranial base in
HR might be explained as a deformation of poorly mineralized bony structures caused by the
weight of the brain and/or the weight of the thickened skull. This would be in line with the

deformation of the lower legs in HR patients (Drezner, 2003; Beck-Nielsen et al., 2010).

Intramembranous developed bone

In HR patients compared to controls, the morphology of the skull was abnormal as the result of an
increased frontal bossing, an increased height of the anterior part of neurocranium, and a flattening
of the parietal area. The finding of an increased frontal prominence is in agreement with former
reports of frontal bossing (Marks et al., 1965; Tracy & Campbell, 1968). In addition, a significant
increase in the thickness of the skull was found; both in the parietal and the frontal part, which are

of intramembraneous origin, and in the lower occipital part, which is of endochondral origin.

The reduced length of the nasal bone is in line with the findings in studies on HYP mice (lorio et al.,
1980; Mostafa et al., 1982). The reduced length of the nasal bone has also been reported in the
patients with achondroplasia (Cohen et al., 1985), cleft lip and palate (Nielsen et al., 2005b), and
hypohidrotic ectodermal dysplasia (Lexner et al., 2007), which are inherited diseases with totally

different backgrounds.

When comparing the HR patients and the healthy controls, no significant differences in the shape,
the position, or the size of the mandible were found. This is in agreement with Tracy and Campbell
(Tracy & Campbell, 1968), but is in contrast to the findings in Jordanian children with HR (2-16
years of age) in whom reduced mandibular dimensions and a relatively prognathic mandible were
seen (Al-Jundi et al., 2009). These discrepancies might be explained by the differences in the age

range, the diagnostic criteria for inclusion of the diseased individuals, and the sample size.

6.2.2. Paper Il. Nasal bone and frontal sinus

In paper Il, certain structures, which were located in the same developmental field (i.e., the
nasofrontal field) adjacent to the anterior cranial fossa, were selected for a morphological analysis

focusing on the bone resorption and formation. The frontal sinus represents a structure, which
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develops by the resorption of bone (Brown et al., 1984), and the nasal bone represents a bony

structure, which develops by the formation of bone (Lestrel et al., 1991; Sandikcioglu ef al., 1994a).

Frontal sinus and the bone resorption

The size of the frontal sinus varied considerably in both groups (i.e., HR patients and controls), but
the differences between the groups were not statistically significant (Table 1V). These findings of
size variation are in accordance with a previous study regarding the variations in the sinus-
development in healthy children (Brown et al., 1984). In HR patients, the apparently unaffected
resorption during the development of the frontal sinus may be a sign of normal osteoclastic activity

within the frontal bone. Only three out 36 HR patients did not have a frontal sinus at all.

Nasal bone and the bone formation

The morphology of the nasal bone was abnormal because of a relative large proximal width of the
bone (Table IV and Fig. 11). Furthermore, the degree of an abnormal morphology of the nasal
bone seemed to be related to the severity of the general skeletal impact of HR (Table V).
Prenatally, the nasal bone develops directly from the mesenchymal cells using the chondral nasal
capsule as a scaffold (Sandikcioglu et al., 1994a). In the postnatal development, the proximal part
of the nasal bone is surrounded by bony structures developed by the endochondal ossification of
the former nasal capsule (i.e., structures of the ethmoid bone), but the apical part of the nasal bone
is supported by the cartilaginous nasal septum and the frontal processes of the maxilla, which is of
intramembraneous origin (Fig. 2) (Drake et al., 2013). In HR patients, the beak-like appearance of
the nasal bone reflected increased bone formation in the proximal part, which was supported by
osseous structures of endochondral origin. The morphological results might be interpreted as
disturbances in the modeling with a net gain of bone in the proximal part. Apparently, the modeling
of the apical part of the nasal bone, which is not supported by these structures, had another
character. The mechanisms behind the increased width of the proximal part of the nasal bone
might be identical with the mechanisms responsible for the increased thickness of theca, which
develops with the meninges as a scaffold. The knowledge of impaired osteoclastogenesis in
FGF23-associated HR (Lu & Feng, 2011) supports the suggestions of disturbances in the modeling
of bone, although the reason for the apparent differences according to the presence respective

absence of a supporting scaffold remains unclear.

The interpretation of the results of the paper is to some degree contradicting. In HR patients, the
unaffected frontal sinus dimensions might be interpreted as the sign of a normal osteoclastic
activity. Opposed to this, the deviation in nasal bone morphology might be the sign of disturbances
in bone modelling, which imply abnormal osteoclastic or osteoblastic activity. Recent studies

suggest primarily the osteoclastic activity as affected in HR (Lu & Feng, 2011). Some unknown
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local factors might influence the apparent differentiated osteoclastic activity. For further elucidation

of the issue, other types of studies are needed.

6.2.3. Paper Ill. Cervical spine

The focus of paper Ill was the structures of the cerebellar and cervical spine field. Primarily, the
morphology and the size of the upper cervical vertebrae were analyzed and secondly, potential

associations between the cervical and the craniofacial structures were assessed.

Morphology and dimensions of the cervical vertebrae

The increased dimensions of the atlas and the posterior arch of the axis (Table VII) may be
associated with the increased thickness of the theca, which was reported in paper | (Appendix; E-
Table IV). The increment in the dimensions of the atlas and the axis as well as the theca may
reflect disturbances in the normal balance between the osteoclastic resorption and the osteoblastic
formation of bone, which has been associated with the high levels of FGF23 in HR (Zhang et al.,
2011; Lu & Feng, 2011; Pettifor & Thandrayen, 2012).

According to the present paper, the atlas was longer and the dens were shorter in severely
affected HR patients than in less severely affected HR patients (Table VIII). The differences in the
severity of skeletal impact, depending on the subunits of the vertebral unit (e.g. vertebral body or
posterior arch), might reflect the differentiated embryological development of the vertebrae.
(Schoenwolf, 2009a). The cells of a specific region of the sclerotome (e.g., the future vertebral
body) are controlled by distinct genes, which determine the characteristics of the region
(Schoenwolf, 2009a), and it could be hypothesized, that the regional characteristics also determine

the susceptibility and reaction to a pathological condition e.g., HR.

The CVA was a relatively frequent finding in HR patients, and the FUS (39%) was more common
than the PAD (17%). Comparable differences have been reported in patients with severe skeletal
malocclusions (FUS 42-61%; PAD 6-13%) (Sonnesen & Kjaer, 2007a; Sonnesen & Kjaer, 2007b;
Sonnesen & Kjaer, 2008a; Sonnesen & Kjaer, 2008b). In the HR group, the FUS was mainly
represented by occipitalizations. In patients with cleft deformities (cleft lip, cleft palate, or
combined), CVA in total is common (22-39%) (Horswell, 1991; Lima et al., 2009), and some
studies report PAD (8-17-48%) as more frequent than FUS (0-12-38%) (Sandham, 1986; Ugar &
Semb, 2001; Lima et al., 2009). The differences in the prevalence and pattern of CVA between the

various patients groups and controls may reflect the different pathogenesis of the conditions.
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Associations between the cervical and the craniofacial structures

The finding of a significant correlation between the height of the dorsal arch of the atlas and the
length of both the posterior cranial base and the posterior cranial fossa is in accordance with a
previous study, which reported a significant correlation between the height of the dorsal arch of the
atlas and the length of the posterior cranial base in healthy adults (Huggare, 1991). In addition,
both the height of the arch and the length of the atlas correlated positively with the flexure of the
cranial base (inversely related to the cranial base angle). The significant correlations indicate a
close connection between the osseous structures of the cerebellar and the cervical spine field (Fig.
2). This finding supports the idea of a common embryological origin of the upper cervical spine and

the basilar part of the occipital bone (Kjaer, 1998a; Schoenwolf, 2009a).

A previous report on the association between the height of the posterior arch of the atlas and the
forward growth of the mandible (Huggare, 1989) is supported by the present finding of a positive
correlation between the length of the atlas and the mandibular prognatism. In contrast, the present
study found no association between FUS and the jaw relationship, which previously has been
reported in patients with a severe skeletal malocclusion (Sonnesen & Kjaer, 2007a; Sonnesen &
Kjaer, 2008a; Sonnesen & Kjaer, 2008b).The absence of an interrelationship between CVA and
the maxillo-facial morphology may be related to the fact that the participants had a fairly normal
maxillofacial morphology (Appendix; E-Table V-VI), thus, severe deviations in the maxillo-facial
morphology were not present in the study population. Oppositely, the skull thickness was affected
by severe deviations in the HR group, and a significant association was found between FUS and

the thickness of the frontal and the occipital theca.

6.2.4. Paper IV. Extra-skeletal calcifications

In paper |V, extra-skeletal calcifications were assessed in terms of intracranial and extra-cranial
calcifications in addition to mineralizing enthesopathies in relation to the ankles, the knees, the

hips, and the collateral ligaments of the vertebral column.

Intracranial and extra-cranial calcifications

Extra-cranial calcifications in the nuchal ligament were frequent findings in HR patients (Table IX).
The presence of nuchal ligament calcifications adjacent to the surface of the occipital bone adds
information to the previous reporting of a high prevalence of mineralizing enthesopathy in HR
patients (Liang et al., 2009; Polisson et al., 1985; Reid et al., 1989). However, the present study
did not show a significant association between the presence of nuchal ligament calcifications and
the presence of other sites with mineralizing enthesopathy. Previous histological examinations on

entheses (i.e., ligaments and tendons) of HYP mice have revealed an expansion of mineralizing
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fibrocartilage in the entheses, thus, rejected the idea of an osteogenic bone spur formation at the
insertion sites (Liang et al., 2009). The mineralization of these entheses has been suggested to be

due to a direct action of FGF23 on the fibrochondrocytes of the entheses (Karaplis et al., 2012).

Severity of skeletal HR impact and childhood treatment

The presence of the extra-cranial calcifications in the nuchal ligament was correlated positively
with the severity of skeletal HR impact (p = 0.040). In contrast, the intracranial calcifications and
the vertebral enthesopathies were not associated with the severity, thus, indicating different
mechanisms according to the site of the extra-skeletal calcifications. The presence of nuchal
ligament calcifications was not associated with the medical treatment during childhood. This may
be an indication of the unsufficiency in the present treatment strategy, which addresses the
improvement of osteomalacia and rachitic bone deformation. Future treatment strategies based on
a direct modification of the FGF23 activity are believed to be more effective, e.g., by restraining the
presence of mineralizing enthesopathy (Lee & Imel, 2013). This effect might include a reduction in

the atypical calcification of the nuchal ligament.

6.3. Discussion sella turcica

This part of the study focused the central part of the medial cranial fossa i.e., the ST.

Morphology of the ST

The prevalence of the standard ST type in the HR group was low compared with the control group
(Table X), but higher than the reported prevalence of the normal standard ST type in the patients
with Williams syndrome (32-42%) (Axelsson et al., 2004a), with cleft lip and palate (37%) (Alkofide,
2008), or with 2211 deletion syndrome (0-7%) (Molsted et al., 2010). According to the present
study, the prevalence of each of the other normal ST types was equal in the HR and the control
group, except for the type characterized by a pyramidal shape of the dorsum sella (Table X). The
prevalence of the five normal types ST types, which deviated from the standard ST type, was low
in the HR group (31%) compared with the reported prevalence of these ST types in the patients
with Williams syndrome (females: 59%; males: 50%; (Axelsson et al., 2004a)), with 22q11 deletion
syndrome (females: 60%; males: 61%; (Molsted et al., 2010)), or with cleft lip and palate (63%
(Alkofide, 2008)).

A number of the adult HR patients (17%) had unclassified ST, which represented deviations
exceeding the normal morphological variation (Fig. 13). In two of them (a mother and her son, Fig.
13, D & F), whom also were severely HR impacted, the outlining of ST was totally absent. In HR
patients, the poor outlining of the ST structures might to some extent be associated with a

hypomineralization of the cranial base. The hypomineralization and softening of the bones are
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some of the characteristics of HR (Hyp Consortium, 1995; Beck-Nielsen et al., 2010). Since the
hypomineralization reduces the radiopacity of the osseous structures, this might explain the absent
outlining of the ST in patients with severe HR. Thus, the cephalogram may demonstrate a
previously described paradox in the presence of both extra-skeletal calcifications (e.g., the nuchal
ligament calcifications) and bone hypomineralization (e.g., the cranial base deformation and the

poor ST outlining) in HR patients (Liang et al., 2009; Karaplis et al., 2012).

Dimensions of the ST

In the present study, the radiographic magnification (i.e., 113%) was not corrected in the results,
which mainly explains the large values of ST dimensions in the control group compared with
Norwegian standards (Axelsson et al., 2004b). In comparison with our results, the standards in an
adult Saudi population (15-26 years) were even larger, although the magnification was corrected in
that study (Alkofide, 2007). Most likely, these discrepancies in the dimensions of ST were caused
by differences in the definition of the ST landmarks by the examiners. In addition, some ethnic
differences in the ST dimensions might exist. In the literature, only a few studies of ST dimension
in patient groups with diseases or anomalies have been reported. Our finding of no significant
difference of the ST dimension in HR patients is in contrast to the reporting of the reduced ST
dimensions in the patients with Williams syndrome (Axelsson et al., 2004a) and the patients with
cleft lip and palate (Alkofide, 2008). In addition, the deviations in the ST size, depending on the
type of malocclusion, have been reported (Alkofide, 2007). An increased dimension of ST has also
been reported in four relatives with Rieger syndrome (Meyer-Marcotty et al., 2008) and in patients
with pituary adenoma or acromegaly (Alkofide, 2001; Chang et al., 2005). In the HR group
compared with the control group, more individuals had unclassified ST (p = 0.021) characterized
by a diffuse and irregular outlining of the ST. This may explain the high number of missing
measurements of ST dimension in the HR group. However, except for a tendency towards an
increased depth of the ST in HR patients (p = 0.081), the exclusion of the individuals with
unclassified ST did not reveal significant differences in the ST dimensions between the HR patients

and the controls.

Severity of skeletal impact

According to the present study, the severely affected HR patients were more likely to have the
standard ST type compared with the mildly affected HR patients (p = 0.020), but the presence of
unclassified ST was not different in the two HR groups (p = 0.541). Thus, an increase in the
severity of the skeletal HR impact is not necessarily reflected in the presence of deviations in the

ST morphology.
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7. Conclusions
7.1 Paper |

In HR patients in comparison with controls
o the cranial base was flattened and the depth of the posterior cranial fossa was reduced
e the thickness of the skull was increased
e the dimensions of the anterior part of the neurocranium were increased
¢ the nasal bone length and the anterior maxillary height were reduced
¢ the cranial structures of endochondral origin as well as the structures of intramembraneous

origin were affected

7.2. Paper Il

In adult HR patients in comparison with controls
¢ the size of the frontal sinus was unaffected, which might suggest a normal ability of bone
resorption within the frontal bone
¢ the morphology of the nasal bone was abnormal, which might suggest a disturbance in the
bone formation during the growth
e the disturbances in the nasal bone modeling were mainly expressed in the proximal part
supported by osseous structures of endochondral origin
In adult HR patients
¢ the degree of an abnormal morphology of the nasal bone tended to correlate with the

severity of the general skeletal impact of HR

7.3. Paper Il

In adult HR patients in comparison with controls
e the dimensions of the atlas and the axis were increased
o the prevalence of fusions of the upper vertical vertebrae was increased
In the total study population of adults
¢ the upper spine dimensions were associated with the craniofacial dimensions, primarily in
relation to the posterior cranial fossa, which indicated an association between the
structures within the cerebellar and cervical spine field

In adult HR patients
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¢ the dimensions of the atlas and the dens were associated with the severity of skeletal
impact of HR

7.4. Paper IV

In adult HR patients in comparison with controls
¢ the calcifications in the extra-cranial nuchal ligament were prevalent

¢ the intracranial calcifications were more evident

In adult HR patients
¢ the nuchal ligament calcifications were not associated with mineralizing enthesopathy at
other extra-skeletal sites
e the nuchal ligament calcifications were positively correlated with the severity of skeletal HR
impact
¢ the medical treatment during childhood was negatively correlated with vertebral
enthesopathies, but not associated with the presence of neither intracranial nor nuchal

ligament calcifications

7.5. Sella turcica

In adult HR patients in comparison with controls
¢ the deviation from the standard ST morphology was prevalent
e the dimension of ST was unaffected

In adult HR patients

e the deviation from the standard ST morphology was negatively correlated with the severity
of skeletal HR impact
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8. Future perspectives

The present study was a study on the craniofacial and the cervical spine morphology in patients
with a rare disease, X-linked HR. The characteristics of the cranium and the cervical spine
reflected developmental disturbances and general pathological traits of HR, e.g., deviations in
bone remodeling and the presence of extra-skeletal calcifications. The assessment of associations
between the general disease and the craniofacial, cervical or dental characteristics implied
collaboration between dental and medical professionals. Thus, the collaboration between
researchers of the dental profession and researchers of the medical profession is beneficial in
studies of rare diseases with potential impact on cranium or dentition. A continuation of such types

of interdisciplinary collaboration is warranted also in future studies.

The present radiological study was based on 2D radiographic methods. In future radiological
studies of the craniofacial morphology in rare diseases, an increased use of 3D radiographic
methods (e.g., CBCT) is anticipated. The 3D imaging is based on volumetric data, and supposedly,
CBCT may give additional information on the morphology of the osseous structures of the cranium
and the cervical spine. On the other hand, 3D radiographic techniques are more “expensive” in
terms of the potential radiation hazards as well as the financial costs. The benefits in comparison
with the use of 2D imaging techniques should be considered carefully according to the purpose of

the study.

The present finding of cranial calcifications in HR patients calls for supplementary studies, in which
other diagnostic methods would be of relevance, e.g., MRI. In addition, the use of MRI could add to
the information on the morphology of both the ST and the pituitary glands located in the ST.
Furthermore, the present finding of morphological deviations in the posterior cranial fossa and
previous reports on CMI in HR patients (Caldemeyer et al., 1995; Currarino, 2007) calls for further
exploration, e.g., by MRI.

During the phase of recruitment of patients for the present study on XLHR and XLH, other types of
hereditary rickets have been located. Thus, descriptive studies of craniofacial and dental
characteristics of a very rare condition, 1-alfa-hydroxylase deficiency rickets (VDDR type 1) have
been founded during the current study, and such studies are of our interest. The potential
deviations in the craniofacial and the cervical spine morphology of VDDR1 patients might be
different from those in HR patients or from other types of inherited rickets. Such differences have to
be expected because of the differences in the genetic background and in the pathophysiology
depending on the type of rickets. The analyses of VDDR1 patients, identified during the recruitment

of the HR patients, are in progress.
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The scientific discussions in relation to both the present study and the other rickets study of our
research group have also increased our interest on the acquired types of rickets. The acquired
types (vitamin D deficiency or the lack of sun exposure) are conditions, which usually are treated
by the intake of vitamin D. Despite treatment, it has previously been described that dental
aberration persists as enamel hypoplasia in individuals with a childhood history of vitamin D
deficiency rickets (Pindborg, 1970). It could be of interest in future clinical studies to explore in
detail the effect of vitamin D deficiency rickets on the dentition, and to reveal if additional

aberrations are present in the craniofacial structures.

The present radiological study on HR patients suggests deviations in the formation or the function
of the osteoclasts and thereby in the remodeling of bone. The morphological effect of remodeling
processes of the osseous structures could be further elucidated in future radiological studies on
patients with other congenital diseases, which impact on the bone formation and function. For
example, osteopetrosis is a rare congenital disease, which is characterized by disturbances in the
formation or the function of the osteoclasts. In contrast to HR, a general excess of bone formation
is a characteristic of osteopetrosis. Thus, detailed analyses of the cranial morphology in
osteopetrosis might provide additional information on the knowledge of bone remodeling

processes.

The present study described the cerebellar and cervical spine field with a focus on the
embryological development of the structures. Apparently, symptoms in relation to morphological
deviations in the cervico-cranial junction were rare. Previous studies on patients with osteogenesis
imperfecta (Ol) have had a particular focus on this area and reported on basilar impression and
various symptoms (e.g., CMI) (Arponen et al., 2012). Ol is another rare disease, which affects the
bone and the dentition. In Ol, the mineralization of bone is basically normal, but the disease is
characterized by structural deviations of the bone (i.e., bone dysplasia with collagen deficiencies).
Thus, it could be of interest to compare HR and Ol according to the cervico-cranial junction and to
explore the presence or absence of symptoms in relation to the morphological deviations in the

respective groups.

A metabolic bone disease might affect the patient’s quality of life, and it could be speculated, that
craniofacial and oral symptoms may have an impact on quality of life. During the collection of data
for the present study of HR patients, the patients have filled questionnaires on oral health related

quality of life. Analysis and reporting of these data has been planned.
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9. English summary

The present PhD dissertation is a radiological study of the cranial and the cervical spine
morphology in patients with hypophophatemic rickets (HR) compared with healthy controls. HR is a
rare congenital disease, which is characterized by a renal waste of phosphate and a

hypomineralization of the bone.

The dissertation comprises four papers, and the papers had the following aims:

I.  To characterize the overall craniofacial morphology in patients with HR compared with
healthy controls and to assess the possible differences in the craniofacial morphology
according to the bony origin of the craniofacial structures

Il.  To characterize the size and the morphology of the frontal sinus and the nasal bone in adult
HR patients compared with healthy controls, and to focus on the processes of bone
resorption and apposition

Ill.  To characterize the upper spine morphology in HR patients compared with controls and to
analyze the associations between the spine morphology and the craniofacial morphology.
Furthermore, the aim was to assess differences in the spine morphology according to the
severity of the skeletal impact of HR

IV.  To reveal the presence of intracranial and extra-cranial calcifications on cephalograms in
adult HR patients compared with adult controls. Furthermore, the purpose was to assess
the association between the presence of cranial calcifications and a) the presence of
mineralizing enthesopathy at other extra-skeletal sites, b) the severity of the skeletal HR
impact, and c) the medical treatment during childhood.

In addition, the morphology of the ST in adult HR patients compared with controls was studied.

In total, 53 HR patients (mean age 31.5 (SD 19.9), range 3-75 years) and 79 healthy individuals
(mean age 30.1 (SD 18.6), range 9-79 years) were included. Lateral cephalograms were obtained
from all participants. The cephalograms underwent cephalometric analyses and a visual

assessment of the cranial and the cervical structures of interest.

In paper | (n = 132), the cephalometric measurements of the cranial base, the posterior cranial
fossa, the neurocranium, the theca, the maxilla, the mandible, and the nasal bone were obtained.
In the HR patients, the cranial base was flattened (p = 0.001) and the depth of the posterior cranial
fossa was decreased (p < 0.001). The anterior height of the cranium, the angle sella-nasion-
frontale, and the thickness of theca were increased (p < 0.05, p = 0.028, p < 0.25, respectively).

The length of the nasal bone and the height of the maxilla were reduced (p = 0.023 and p = 0.003,
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respectively). The cranial structures of endochondral origin as well as the structures of

intramembraneous origin were affected in the HR patients.

In paper Il, adult HR patients (n = 36) and controls (n = 49) were included only. In HR patients, the
size of the frontal sinus was unaffected (p > 0.406). The proximal width of the nasal bone, and the
ratio between the proximal width and the axial length of the nasal bone was increased in HR-
patients compared with controls (p<0.05), which indicated a deviation in the nasal bone
morphology of HR patients.

The unaffected size of the frontal sinus indicated a normal ability of bone resorption within the
bone. The morphology of the nasal bone was abnormal, which may indicate a disturbance in the
bone formation during growth. The disturbances in the nasal bone modeling were mainly
expressed in the proximal part supported by structures of endochondral origin. The degree of an
abnormal morphology of the nasal bone tended to correlate positively with the severity of the

general skeletal impact of HR.

In paper lll, the radiographic dimensions of the atlas and the axis were measured and the cervical
vertebral anomalies (posterior arch deficiencies or fusions) were visually assessed in the same
study group as in paper Il. The height and the length of the atlas and the height of the posterior
arch of the axis were large in the HR patients compared with the controls (p < 0.001), and more HR
patients had fusions (32%) compared with the controls (11%) (p = 0.003). In the whole group of
adults (n = 85), the height of the posterior arch of the atlas and the length of the axis correlated
negatively with the cranial base angle (p = 0.017 and p = 0.008, respectively), and the vertical
dimensions of the atlas correlated positively with the thickness of the occipital skull (p < 0.015).
The length of the atlas was positively correlated with the mandibular prognatism (s-n-pg) (p =
0.042). The presence of fusions was correlated positively with the frontal and parietal skull
thickness (p = 0.034 and p = 0.003, respectively). In HR patients, the length of the atlas correlated
positively (p = 0.043), and the height of the dens correlated negatively (p = 0.008) with the severe
skeletal HR impact. In conclusion, the dimensions of the atlas and the axis and the prevalence of
fusions were increased in the HR patients. In the total study group, the upper spine dimensions
were associated with the craniofacial dimensions, primarily in relation to the posterior cranial fossa,

which indicated an association between the structures within the cerebellar and cervical spine field.

In paper IV, The study population was the same as in paper Il and Ill. A high number of HR
patients (17%) had manifest radiological signs of intracranial calcifications, which to the same
degree not was present in the controls. The nuchal ligament had radiological signs of calcifications
in 50% of HR patients and in 27% of controls (p = 0.009). The presence calcifications in the nuchal

ligament was correlated positively with a severe skeletal HR impact (p = 0.006). Forty-two percent
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of HR patients had vertebral enthesopathies. The medical treatment during childhood was

negatively correlated with vertebral enthesopathies (p = 0.008)

The morphology of the ST was visually assessed and classified according to six normal ST types
(one standard type and five normal deviations). The prevalence of patients with the standard ST
type was low in the HR group (53%) compared with the control group (78%) (p = 0.021). The size
of ST was unaffected (p = 0.13). An increase in the severity of the skeletal impact of HR was not

necessarily reflected in the presence of deviations in the ST morphology.

Final conclusion: In HR patients in comparison with healthy controls, certain differences in the
cranial and the cervical spine morphology existed, and the differences were present in osseous
structures of intramembranous origin as well as in structures of endochondral origin. In HR
patients, the deviations in cranial and cervical spine morphology might have reflected irregularities
in the bone remodeling. The dimensions of the atlas and the axis were associated with certain
cranial measurements primarily of structures in the cerebellar and spine developmental field.
Calcifications in the nuchal ligament were common in HR patients. The deviations in the cranial
and the cervical spine morphology and the presence of nuchal ligament calcifications could to
some extent be related to the severity of the general skeletal HR impact. The medical treatment

during childhood was negatively correlated with vertebral enthesopathies.
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10. Dansk sammenfatning

Denne ph.d.-afhandling er en radiologisk undersggelse af kraniets og halshvirvelsgjlens morfologi

pa patienter med hypofosfataemisk rakitis (HR) sammenlignet med raske kontrolpersoner (KTR).

HR er en sjeelden, medfedt sygdom, som er kendetegnet ved fosfattab via nyrerne og en deraf

folgende hypomineralisering af knogle.

Afhandlinger er baseret pa 4 artikler (I-1V), der havde til formal:

at karakterisere den overordnede kraniofaciale morfologi pa HR patienter sammenlignet
med KTR og at vurdere eventuelle forskelle i den kraniofaciale morfologi afhaengigt at den
enkelte knoglestrukturs oss@se oprindelse

at karakterisere pandehulens og naesebenets morfologi og starrelse hos voksne HR
patienter sammenlignet med voksne KTR og i analysen at have et seerligt fokus pa
resorptions- og appositions-processer i knoglen

at karakterisere halshvirvelsgjlens morfologi pa voksne HR patienter sammenlignet med
voksne KTR samt at analysere mulige sammenhange mellem halshvirvelsgjlens og
kraniets morfologi. Endvidere var det formalet at vurdere forskelle i halshvirvelsgjlens
morfologi afheengigt af alvorlighedsgraden af den generelle skeletale pavirkning ved HR
at pavise radiologiske tegn pa intra- og ekstra-kranielle forkalkninger pa kraniergntgen
(cephalogrammer) af vokne HR patienter sammenlignet med voksne KTR. | HR gruppen,
var det endvidere formalet at vurdere associationer mellem tilstedevaerelsen af disse
kranielle forkalkninger og 1) tilstedeveerelsen af forkalket entesopati ved andre skelet-
lokalisationer, 2) alvorlighedsgraden af den generelle skeletale pavirkning ved HR og 3)

medicinsk behandling i barndommen.

Desuden blev sella turcicas (ST) morfologi og starrelse hos voksne HR patienter sammenlignet

med voksne KTR studeret.

| undersagelsen er inkluderet 53 HR patienter (gennemsnitsalder 31,5 (SD 19,9), range 3-75 ar) og

79 KTR (gennemsnitsalder 30,1 (SD 18,6), range 9-79 ar). P4 alle deltagerne er der optaget et

profil rantgenbillede. Profilrgntgenbillederne blev gjort til genstand for cephalometriske analyser

samt en visuel vurdering af specifikke kranie- og halshvirvel-strukturer.

| artikel I (n = 132) gennemfartes cephalometriske opmalinger pa kraniebasis, den posteriore

kraniefossa, neurokraniet, kranieskallen (theca), maxillen, mandiblen og nasebenet. Kraniebasis

var affladet (p = 0,001) og dybden af den posteriore kraniefossa var reduceret (p<0.001) hos HR

patienter i forhold KTR. Den anteriore hgjde af neurokranium, vinklen sella-nasion-frontale og
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theca tykkelse var forgget (p < 0,05; p = 0,028; p < 0,25). Laengden af naesebenet (p = 0,023) og
hgjde af maxillen (p = 0,003) var reduceret. Oss@se kraniestrukturer af sdvel endochondral som af

intramemembrangs oprindelse kan veere pavirket hos patienter med HR.

| artikel Il inkluderedes alene voksne HR patienter (n = 36) og voksne KTR (n = 49). Pandehulens
starrelse var ikke pavirket hos HR patienter i forhold til KTR (p > 0,406). Naesebenets proksimale
bredde og forholdet mellem denne bredde og laengden pa naesebenets akse var forgget hos HR
patienter i forhold til KTR (p < 0.05), hvilket indikerede en afvigende naesebens-morfologi hos HR
patienter. Den upavirkede starrelse af pandehulen indikerede en normal evne til intern
knogleresorption. Naesebenets morfologi var ikke normal, hvilket kunne indikere forstyrrelser i
knogledannelsen under naesebenets vaekst. Disse forstyrrelser manifesterede sig hovedsageligt i
den proksimale del, der er stattet af strukturer af endochondral oprindelse. Graden af afvigende
naesebensmorfologi synes at veere positivt korreleret med alvorlighedsgraden af den generelle

skeletale HR pavirkning.

| artikel Il anvendtes den samme studiepopulation som i artikel Il. Pa profilrantgenbillederne
opmaltes dimensionerne af atlas og axis og ved en visuel vurdering blev det afdaekket, om der var
radiologiske tegn pa anomalier i relation til de @verste 5 halshvirvler (fusioner eller hvirvelbue
dehiscencer). Atlas hgjde og leengde samt hgjden pa axis hvirvelbue var foraget hos HR patienter i
forhold til KTR (p < 0,001), og flere HR patienter (32%) end KTR (11%) havde fusioner (p = 0,003).
| den samlede gruppe af voksne (n = 85) var hgjden af atlas hvirvelbue og laeengden af axis
negativt korrelerede med kraniebasis vinklen (p = 0,017 hhv. p = 0,008), og atlas vertikale
dimensioner var positivt korrelerede med den occipitale theca tykkelse (p < 0,015). Atlas laengde
var positivt korreleret med den mandibuleere prognati (angle s-n-pg) (p = 0,042). Forekomsten af
fusioner var positivt korrelerede med tykkelsen af kranie theca frontalt og parietalt (hhv. p = 0.034
and p = 0.003). Hos HR patienter var atlas laengde positivt korreleret (p = 0,043) og dens hgjde
negativt korreleret (p = 0,008) med alvorlighedsgraden af den generelle skeletale HR pavirkning.
Det konkluderedes, at atlas og axis dimensioner samt forekomsten af fusioner i halshvirvelsgjlen
var forgget i gruppen af HR patienter. | den samlede gruppe var der en sammenhaeng mellem
hvirvellegemernes dimensioner og de kranio-faciale dimensioner, hvilket var tydeligst i forhold til
den posteriore kraniefossa. Dette indikerer en saerlig taeet sammenhasng mellem de ossgse

strukturer indenfor det faelles cerebellare og spinale udviklingsfelt.

| artikel IV anvendtes den samme studiepopulation som i artikel 1l og lll. Det blev vurderet, om der
pa rentgenbillederne var tegn pa intra- eller extra-kranielle forkalkninger. | alt 17% af HR patienter
havde radiologiske tegn pa intrakranielle forkalkninger, hvilket ikke i samme grad var tilfaeldet hos

KTR. | det nuchale ligament var der radiologiske tegn pa forkalkninger hos 50% af HR patienterne
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0og 27% af KTR (p = 0,009). Tilstedevaerelsen af forkalkninger i det nuchale ligament var positivt
korreleret med alvorlighedsgraden af den generelle skeletale HR pavirkning (p = 0,006). | alt 42%
af HR patienterne havde vertebrale entesopatier, Forekomsten af vertebrale entesopatier var

negativt korreleret med medicinsk behandling i barndommen (p = 0.008).

ST morfologien blev visuelt vurderet og klassificeret i forhold til 6 normale ST typer (1 standard
type og 5 normal-afvigelser fra standarden). Forekomsten af standard ST typen var lav i HR
gruppen (53%) sammenlignet med KTR gruppen (78%) (p = 0,021). ST dimensionerne var
upavirkede hos HR patienter i forhold til KTR (p = 0.13). Der var ikke en entydig sammenhang
mellem afvigelser i ST morfologi og alvorlighedsgraden af den generelle skeletale pavirkning ved
HR.

Afsluttende konklusion. Ved en sammenligning af HR patienter i forhold til raske KTR kunne der
konstateres visse afvigelser i savel kraniets som halshvirvelsgjlens morfologi, og at disse
afvigelser manifesterede sig uafhaengigt af den ossgse oprindelse af en given struktur.
Afvigelserne i kraniets og halshvirvelsgjlens morfologi antydede forstyrrelser i knogle-
remodelerings-processer hos HR patienter. Atlas og axis dimensioner syntes at have en seerlig
sammenhaeng med morfologien af de @vrige strukturer i den kranielle del af det cerebellare og
spinale udviklingsfelt. Forkalkninger i det nuchale ligament var hyppigt forekommende hos HR
patienter. Afvigelser i kraniets og halshvirvelsgjlens morfologi samt tilstedeveerelsen af
forkalkninger i det nuchale ligament korrelerer til en vis grad med alvorlighedsgraden af den
generelle skeletale HR pavirkning. Medicinsk behandling i labet af barndommen korrelerer negativt

med forekomsten af vertebrale entesopatier.
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Appendix

Tables on reviews of studies on cranial morphology in HR patients or in HYP mice:

e Table Z. A review of cephalometric and anthropometric studies on cranial morphology in
HR patients

e Table ZZ. A review of studies on cranial synostosis and other cranial deviations in HR
patients

e Table ZZZ. A review of studies on cranial morphology in HYP mice.

Tables on descriptive statistics of cephalometric variables in HR patients compared with healthy

controls:

e E-TABLE I. Descriptive statistics (means and standard deviations) of cephalometric
measurements of the cranial-base

e E-TABLE II. Descriptive statistics (means and standard deviations) of cephalometric
measurements of the posterior cranial fossa

e E-TABLE IlIl. Descriptive statistics (means and standard deviations) of cephalometric
measurements of the neurocranium

e E-TABLE IV. Descriptive statistics (means and standard deviations) of cephalometric
measurements of the cranial theca

e E-TABLE V. Descriptive statistics (means and standard deviations) of cephalometric
measurements of the maxilla

e E-TABLE VI. Descriptive statistics (means and standard deviations) of cephalometric

measurements of the nasal-bone and the mandible.

105



Tabel Z. A review of cephalometric and anthropometric studies on cranial morphology in HR patients, including study characteristics and

main results.

Study Method & HR patients Age Comparison Cranium or head' Face height® Jaw length/ Frontal ~ Theca Cbrzgleal Other findings
design® measurement type® Female/Male® group® group® sagital position” bossing'  thick. angle®
Length  Circumference Total  Upper Maxilla Mandible
Albright et al. Case
19379 roport 2D ceph ™M <18 - +(1M) - - - - - - 1
Marks et al. Case “Abnormal skull”
1965 series 2D ceph 9 <18 Reference data 1 - - - - X 1 - (8 cases)
Tracy & Case
Campbell, series 2D ceph 6F/3M <18 Reference data - - 1 l ) - -
1968
, Tomography of Thickening of
%’XI;”QV etal. scearlisees petrous bone & 2D 11 ? 11 Controls 1(2) - - - - - 1(9) R petrous bone
ceph
Pronicka et al. Case- ) <18 ’ F:1
2004 control Anthropometric 57F/25M > 18 Family members 1 M: o - - - - -
Al-Jundi et al. Case- Matched
2009 control 2D ceph 15F/TM <18 controls ) - - ! - ) )
S;aac;(-gl(ﬁlgen g)istfc;l Anthropometric 25F/13M =18 Reference data - - - - - - - -

Arrows indicate an increase (1), a decrease ( |), or unaffected («) parameter in HR patients. “x” indicates a positive finding

@ Design of the study: Case report, case series, or cross-sectional case-control studies

® Method of the study: 2D cephalometry/profile radiographs, 3D CT scanning, MRI scanning, clinical photos or anthropometric measurements.

°HR patients in the study: number of females/number of males

dAge group: below or above 18 years of age

®The comparison group: reference data (i.e., normative cephalometric or anthropometric data), age and gender matched control group, or another type of control group

fLength and circumference of the neurocranium/the head

9The total face height and the upper face height

"The length or the sagittal position of the maxilla and of the mandible
"Extraordinary prominence of the forehead

I Thickness of the theca/the cranial vault

“Deviations in the size of the cranial base angle (basion-sella-nasion)
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Tabel ZZ. A review of studies on cranial synostosis and other cranial deviations in HR patients, including study characteristics and main

results.

Method &

Posterior

Study measurement HR patients Aged Cranial Frontalf Cranial cMmI” Theca cranial fossa Cranial bkase Other findings
i ooa c e H ie9 i ! A
design typeb Female/Male group length Bossing Synostosis thickness' volumen' angle
Case <18 Sagittal (1F) Intracranial pressure 1
Immerslund, 1951 report 2D ceph 1F/1M > 18 1 (1F) - Multiple(1M) - | local - 1 (1F) (1 case)
Reilly et al. 1964 Case 2D ceph 26 <18 - - X (8) - - - -
series
Stickler et al. 1970 S%fffs Photos 27F/16M <18 13) X (3) Sagtittal (3) - - - -
Case . Intracranial pressure 1
Carlsen et al. 1984 report 2D ceph 1™ <18 - - Sagittal (1M) - 1(1) - - (1 case)
Caldemeyer et al. Case <18 Suboccipital craniectomy &
1995a series MRI 10F/6M =18 ) ) ) x(7) 1O L) ) laminectomy (2 cases)
Caldemeyer et al. Case Optical canal narrowing.
1995b report 3D CT scan ™ <18 ) ) ) ) ) Extra-skeletal calcifications
Willis & Beattie, Case 2D scan or 8F/6M <18 } } Sagittal (2M) } } ) } Intracranial pressure 1
1997 series 3D CT scan Multiple (1M) (3 cases)
Case Suboccipital craniectomy &
Kuther et al. 1998 report MRI ™ <18 x (1) laminectomy (1 cases)
Case- MRI or "
Tubbs et al. 2004 control 3D CT scan 19 <18 X (2) 1
Case Sagittal (7F) Intracranial pressure 1
Currarino, 2007 : 2 D ceph (MRI) 28 <18 1**(10) x (few) Sagittal (5M) x (1) - - - (1 case)
series :
Multiple (1M)
Case . Intracranial pressure 1
Murthy, 2009 report 3D CT scan 1™ <18 1 Sagittal (1M) (1 case)

oy

Arrows indicate an increase (1), a decrease (|), or unaffected (<) parameter in HR patients. “x” indicates a positive finding
@ Design of the study: Case report, case series, or cross-sectional case-control studies

® Method of the study: 2D cephalometry/profile radiographs, 3D CT scanning, MRI scanning, clinical photos or anthropometric measurements.
°HR patients in the study: number of females/number of males.

dAge group: below or above 18 years of age

©Length of the neurocranium.

fExtraordinary prominence of the forehead.

9 Premature cranial synostosis: the sagittal suture or other sutures

" Chiari Malformation type |, a tonsillar herniation of the cerebellum into the spinal canal.

'Thickness of the theca/the cranial vault

IThe size of the posterior cranial fossa: Volumetric deviations or deviation in depth of the fossa

“Deviations in the size of the cranial base angle (basion-sella-nasion)

* Both vitamin-D-deficiency rickets and inherited types of rickets are included

** Cephalic index < 75, which indicate dolichocephaly. (cephalic index = (max internal width / max internal length) x 100)
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Table ZZZ. A review of studies on cranial morphology in HYP mice, including study characteristics and main results.

Study Method & HYP mice Age Wild type Cranium or head' Jaw length/ Nose Occipital Cranial Other findings
) measurement . q o ) L g h -] -
design type” Female/Male (weeks) Female/Male’ sagittal position. length bossing synostosis
. Total Upper
Length Width height height Upper Lower
. Case * Hypocalcification
lorio et al. 1979 control 2D ceph ™ 13 ™ - - - - 1 ) - X - of bone and teeth
lorio et al. 1980 Case Direct 10F/10M * 13 10F/10M ! N o - ! ! | - -
control
Case . .

Roy et al. 1981 control Histological M *# 1-13 M - - - - - - - - Coronal

longitudinal specimens

ongitudina
Mostafa et al Case Deformation of
1982 ’ control 2D ceph 1M * 6,9, and 12 20M l - - l - | l - - frontonasal

longitudinal suture
Shetty & Meyer, contal Direct F* hyp/+ # 10 ?F L < “ - ! “ L - ;
1991 longitudinal F* hyp/hyp # ! - ! ! ! !
Gonzales et al. Case I 11F/11M* l > > ) L P | ## _ _
1992 control Direct 11 FAAM*™ 10 TF/11M l o 14 | - |
Lorenz- o
Depiereux et al. Case Direct GM*,** 12 6M ! ! - - e < < - -
2004 control 6M l o l - l

Arrows indicate an increase (1), a decrease (|), or unaffected (<) parameter in HYP mice. “x” indicates a positive finding
2 Design of the study: Cross-sectional case-control study or a modified longitudinal study

® Method of the study: 2D cephalometry/profile radiographs, direct measurements on the cranium with a caliper, or histological assessment on specimens of the mice head.
°HYP mice in the study: number of females/number of males.

d Age in weeks at the time of sacrifice of the mice

°Wild type mice: the number of normal wild type mice, females and males.

fLength, width, total height, and the upper height of the cranium/the head

9The length or the sagittal position of the upper jaw and of the lower jaw.

"The length of the nose

i Extraordinary prominence of the occipital part of the cranium

I Premature cranial synostosis

*) HYP mice with genetic background C57BL/6J Females homozygotic (hyp/hyp) or heterozygotic (hyp/+)

**) HYP mice with genetic background B6C3H

***) HYP mice with Hyp-2J, an intrageneic deletions in the mouse Phex gene, hypophosphatemia-2 Jackson.

****) HYP mice with Hyp-Duk, an intrageneic deletions in the mouse Phex gene, hypophosphatemia-Duke

#) The number of HYP mice was not reported

##) Significant deviation only in males

?) The number not specified
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E-TABLE I. Descriptive statistics (means and standard deviations) of cephalometric measurements of the cranial-base; bony structures of

endochondral origin.

Adjusted
comparison of

HR Control HR Control HR and control
Agein yrs (p-value)
mean SD N mean SD N mean SD N mean SD
<18 5 135.6 4.6 14 128.5 4.7 12 137.0 5.1 16 131.7 4.3 "
n-s-ba 0.001
218 12 132.7 5.6 23 128.3 5.0 24 133.8 5.7 26 132.5 5.7
<18 5 130.8 4.3 14 121.6 5.0 12 130.7 5.3 16 125.0 4.9 .
n-s-ar < 0.001
=18 12 129.1 6.1 23 122.9 5.1 24 129.2 6.1 26 125.7 5.9
s <18 5 74.0 7.9 14 75.3 4.1 12 69.4 4.4 16 71.9 2.5 0.111
218 12 79.7 4.6 23 80.6 3.3 24 74.8 3.8 26 76.2 2.9 ’
s-ba <18 5 43.5 4.9 14 46.2 3.6 12 41.5 4.2 16 43.7 2.5 0125
218 12 48.8 3.6 23 49.5 2.8 24 45.5 2.8 26 457 2.7 )

N: numbers of assessable measurements for the variable

P-values are from the regression analysis after adjustment for the effect of gender, age, and clustering, but with no interaction term

* Significant interaction between gender and health-status (i.e., HR or control), (p-value < 0.050)
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E-TABLE Il. Descriptive statistics (means and standard deviations) of cephalometric measurements of the posterior cranial fossa; bony

structures of endochondral origin.

Males Females Adjusted
HR Control HR Control ﬁggﬂﬁrf:n”tr%fl
Agein yr (p-value)
mean SD N mean SD N mean SD N mean SD
dp <18 5 26.7 4.4 14 35.5 4.7 12 30.7 2.8 16 34.5 3.1 <0.001
218 12 304 59 20 36.8 3.4 24 30.0 3.5 25 35.3 3.6
thiiop <18 5 11.9 3.2 14 9.5 2.7 12 11.1 3.2 16 9.4 14 0.002
=18 12 16.4 3.9 20 12.7 2.3 24 13.6 3.1 25 12.3 25
d-s-iop <18 5 18.0 3.9 14 251 3.9 12 23.4 3.5 16 25.7 3.4 <0.001
218 12 19.8 3.5 20 25.2 2.7 24 21.2 2.8 25 25.7 3.3
s-iop <18 5 109.0 7.9 14 107.3 45 12 103.4 3.7 16 103.0 4.0 0.239
218 12 110.4 7.2 20 108.2 5.2 24 106.6 4.8 25 105.6 4.8
od <18 5 87.4 6.5 14 84.0 3.1 12 78.1 6.3 16 80.1 4.0 0095
218 12 89.6 5.8 23 86.4 3.3 24 83.5 4.6 26 81.7 3.5

N: numbers of assessable measurements for the variable

P-values are from the regression analysis after adjustment for the effect of gender, age, and clustering, but with no interaction term
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E-TABLE lll. Descriptive statistics (means and standard deviations) of cephalometric measurements of the neurocranium; bony structures

of intramembranous origin.

Males Females Adjusted
HR Control HR Control li%rgﬁzncsgnntr%fl
Agein yr (p-value)

N mean SD N mean SD N mean SD N mean SD

n-br <18 4 143.7 13.2 11 124.5 5.1 11 123.1 71 11 122.9 5.2 0.011
218 8 137.2 11 23 134.5 5.7 18 128.4 3.9 25 126.4 3.6

n-l <18 5 212.5 19.1 14 205.7 10.7 12 193.8 10.0 16 197.8 7.2 0.203
=218 12 217.0 11.2 19 210.5 57 24 204.7 8.0 25 203.2 5.2

n-opi <18 5 214.3 19.5 14 208.3 111 12 196.4 10.9 16 200.7 6.3 0.255
=18 12 219.5 11.1 17 214.6 5.8 24 208.5 8.2 21 206.7 4.8

ba-br <18 4 160.5 7.6 11 155.9 6.6 11 147.3 5.8 11 148.5 41 0.773
=18 8 160.3 5.0 23 162.3 7.2 18 155.8 3.3 25 153.9 6.5

ba-| <18 5 132.3 6.5 14 137.7 8.7 12 125.2 8.3 16 132.1 51 0.003
218 12 134.4 6.9 19 137.3 6.2 24 131.7 44 25 132.6 5.4

br-| <18 4 152.0 17.9 11 143.0 8.6 11 136.5 9.6 11 135.5 8.4 0.089
=218 8 147.5 13.7 19 142.6 7.0 18 143.9 8.7 24 138.5 7.7

ofr <18 4 109.2 9.4 11 100.4 6.0 11 100.2 4.3 11 97.5 3.9 0.050
218 8 105.3 5.9 23 104.8 4.4 18 102.8 3.4 25 101.4 3.9

s-br <18 4 123.6 6.1 11 1131 54 11 112.6 3.7 11 109.9 3.3 0.030
=18 8 118.1 6.2 23 117.5 6.3 18 114.7 3.5 25 112.6 4.4

ol <18 5 142.2 11.3 14 136.8 8.3 12 130.8 71 16 132.8 4.9 0058
=18 12 1421 9.1 19 135.6 5.2 24 136.0 6.1 25 133.7 5.2

N: numbers of assessable measurements for the variable

P-values are from the regression analysis after adjustment for the effect of gender, age, and clustering, but with no interaction term
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E-TABLE IV. Descriptive statistics (means and standard deviations) of cephalometric measurements of the cranial theca; bony structures

of mainly intramembranous origin.

Females Adjusted f
comparison o
HR Control HR Control HR and control
Ageinyr (p-value)
N mean SD N mean SD N mean SD N mean SD
thi-fr <18 4 8.9 1.0 11 6.2 1.9 1 7.2 1.7 1 5.8 1.5 <0.001
218 8 11.3 1.6 23 7.8 1.6 18 10.8 2.8 25 8.3 1.5
thi-pa <18 4 9.7 1.6 11 7.7 2.2 11 71 1.8 11 7.4 1.5 0.025%
>18 8 10.7 1.2 19 9.1 2.2 18 9.7 2.3 24 8.9 1.5
thi-oc* <18 5 52 2.1 14 3.5 1.0 12 3.9 0.9 16 4.1 0.9 0.004
218 12 7.3 4.1 19 4.6 0.9 24 6.2 2.0 25 4.6 1.5
<18 4 88.1 6.2 11 87.8 2.4 11 92.7 4.6 1" 88.1 3.1 -
s-n-fr 0.028
>18 8 85.6 3.6 23 85.0 3.0 18 88.9 2.2 25 87.4 3.3

N: numbers of assessable measurements for the variable

P-values are from the regression analysis after adjustment for the effect of gender, age, and clustering, but with no interaction term

* The occipital theca is of endochondral origin

** Significant interaction between gender and health-status (i.e., HR or control)

*** Significant interaction between age and health-status (i.e., HR or control)
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E-TABLE V. Descriptive statistics (means and standard deviations) of cephalometric measurements of the maxilla; bony structures of

intramembranous origin.

ptm-sp

n-sp

ptm/s-n

cd-ss

S-N-Ss

s-n/ptm-sp

Males Females Adjusted
HR Control HR Control comparison of
) HR and control
Ageinyr
N mean SD N mean SD N mean SD N mean SD (p-value)
<18 5 55.2 5.0 14 55.9 4.3 12 53.2 4.7 16 55.1 2.5 0.361
=18 12 62.7 4.1 23 62.2 34 24 58.1 2.5 26 594 2.6
<18 5 491 58 14 53.9 5.7 12 46.4 6.7 16 51.0 3.3 0.003
>18 12 57.8 34 23 58.2 3.3 24 53.0 34 26 54.5 2.6
<18 5 42.8 6.5 14 48.9 3.0 12 42.0 54 16 455 2.9 0.177*
=18 12 53.2 3.3 23 53.2 3.0 24 48.8 2.5 26 48.9 2.5
<18 5 93.3 8.2 14 92.2 6.2 12 89.4 9.2 16 89.9 3.2 0.201
218 12 104.9 6.4 23 101.8 5.0 24 97.9 4.6 26 96.9 34
<18 5 78.9 3.2 14 81.2 3.8 12 82.1 3.8 16 81.5 3.8 0.966
=18 12 82.2 4.0 23 83.1 4.4 24 82.9 3.6 26 82.2 3.0
<18 5 8.1 4.9 14 6.3 4.0 12 7.3 3.0 16 7.7 2.8 0.492
>18 12 5.6 3.0 23 6.0 3.0 24 5.7 41 26 7.0 2.7

N: numbers of assessable measurements for the variable

P-values are from the regression analysis after adjustment for the effect of gender, age, and clustering, but with no interaction term

** Significant interaction between age and health-status (i.e., HR or control)
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E-TABLE VI. Descriptive statistics (means and standard deviations) of cephalometric measurements of the nasal-bone and the mandible;

bony structures of intramembranous origin developed upon a cartilaginous scaffold.

Males Females Adjusted f
comparison o
HR Control HR Control HR and control
Agein yr (p-value)
mean SD N mean SD N mean SD N mean SD
<18 5 223 4.2 14 247 4.0 12 21.7 4.2 16 24.9 3.1
n-na 0.023
=18 12 23.3 5.2 23 26.2 3.8 24 23.3 3.5 26 243 4.2
<18 5 71.9 12.5 14 75.3 4.6 12 66.2 9.8 16 72.8 3.6
tgo-gn 0.236
218 12 85.8 5.4 23 85.2 5.1 24 79.3 53 26 79.7 4.4
<18 5 58.3 12.3 14 60.0 8.2 12 55.6 9.6 16 57.0 5.0
cd-tgo 0.119
=18 12 77.2 5.9 23 74.8 51 24 70.2 6.0 26 65.8 4.6
n-gn <18 5 123.9 11.9 14 126.0 10.7 12 116.2 13.0 16 117.7 6.0 0.118
=18 12 143.3 5.9 23 137.9 71 24 131.3 6.7 26 128.3 6.2 '
<18 5 118.3 18.2 14 1224 9.6 12 111.2 15.3 16 1154 45
cd-pgn 0.369
=18 12 142.0 7.5 23 136.5 5.8 24 130.0 59 26 127.6 4.9
<18 5 74.9 71 14 78.5 2.3 12 75.5 5.6 16 78.2 29
s-n-pg 0.293
218 12 81.0 3.6 23 81.7 4.6 24 80.0 4.0 26 79.5 3.0
<18 5 35.2 8.5 14 34.6 2.8 12 35.3 7.7 16 32.3 4.6
s-n/tgo-gn 0.818
=18 12 27.7 54 23 26.2 7.2 24 29.3 71 26 30.6 6.4
<18 5 127.0 6.7 14 125.2 3.5 12 126.9 7.4 16 121.9 4.5
ar-tgo-gn 0.264
=18 12 118.4 4.6 23 116.3 7.9 24 119.4 8.8 26 119.8 6.7
<18 5 19.4 3.1 14 19.7 21 12 19.9 2.8 16 20.8 2.4
tgo-gn-ar 0.708
=18 12 24.6 2.6 23 25.2 3.3 24 23.6 4.0 26 22.5 3.1

N: numbers of assessable measurements for the variable

P-values are from the regression analysis after adjustment for the effect of gender, age, and clustering, but with no interaction term
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Hypophosphatemic rickets (HR) are diseases characterized by
deficient mineralization of bone due to abnormal renal wasting
of phosphate. Deformation of bony structures of cartilaginous
origin has been described as a major characteristic in patients
with HR, but little is known about the impact on bony structures
of intramembranous origin. The aim of the present study was to
describe the osseous morphology of the craniofacial structures in
patients with HR compared to healthy controls, and to inves-
tigate the impact of different bone origin on the osseous mor-
phology. Fifty-three patients with HR (17 males, 36 females),
aged 3—74 yrs, were included. Fifty HR patients had dominant X-
linked disease, and in three patients no mutations were identi-
fied. A total of 79 healthy individuals (37 males, 42 females), aged
6—79 yrs, with normal occlusion served as controls. Significant
cephalometric differences were found between HR patients and
controls. In HR patients, the cranial base was flattened and the
depth of the posterior cranial fossa was decreased. The anterior
height of the cranium, the angle nasion-sella-frontale, and
the thickness of theca were increased. The length of the nasal
bone and the height of the maxilla were reduced. In contrast, the
vertical as well as the sagittal relation between the jaws were
unaffected in HR patients compared to controls. In conclusion,
we found that the cranial structures of cartilaginous origin as
well as the structures of intramembraneous origin were affected
in patients with HR. © 2011 Wiley Periodicals, Inc.

Key words: hypophosphatemic rickets; skull; cephalometry;
osteogenesis

INTRODUCTION

Hypophosphatemic rickets (HR) are rare diseases characterized by
deficient mineralization of the bones due to abnormal renal wasting

© 2011 Wiley Periodicals, Inc.

How to Cite this Article:

Gjorup H, Kjer I, Sonnesen L, Haubek D,
Beck-Nielsen SS, Hintze H, Poulsen S. 2011.
Craniofacial morphology in patients with
hypophosphatemic rickets: A cephalometric
study focusing on differences between bone of
cartilaginous and intramembranous origin.

Am ] Med Genet Part A 155:2654—2660.

of phosphate. Its prevalence has recently been estimated to 4.8 per
100,000 children in Denmark [Beck-Nielsen et al., 2009]. The most
predominant type of HR is inherited in a dominant X-linked
fashion, and caused by mutations in the gene encoding for the
phosphate regulating endopeptidase homolog, X-linked (PHEX)
[Hyp Consortium, 1995]. Less predominant types of HR include
autosomal dominant HR, caused by a mutation in the gene
encoding for fibroblast growth factor 23 (FGF23), autosomal
recessive HR, caused by a mutation in the gene encoding for dentin
matrix acidic phosphoprotein 1 (DMPI), or a mutation in the
sodium—phosphate cotransporter gene (SLC34A3) [Gauche et al.,

Additional supporting information may be found in the online version of
this article.
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2009], or by a mutation in the gene encoding for ecto-nucleotide
pyrophosphatase/phosphodiesterase 1 (ENPPI) [Levy-Litan et al.,
2010]. In addition, a recessive X-linked type, caused by a mutation
in the gene encoding for chloride chanel 5 (CLCN5), has been
described [Bolino et al., 1993].

The main clinical signs of HR are identical to the signs of
nutritional rickets: General growth retardation and deformation
of the extremities, e.g., bowing of the lower limbs [Winters et al.,
1958; Beck-Nielsen et al., 2010], i.e., mainly affection of the bony
structures of cartilaginous origin. In addition, dental symptoms
with pulpal necrosis and periapical ostitis are frequent signs of HR
[Seow, 2003; Pereira et al., 2004; Baroncelli et al., 2006; Beck-
Nielsen et al., 2010].

Previous studies have described craniotabes, (i.e., presence of
areas of thinning and softening of the skull bones) and frontal
bossing in HR [Marks et al., 1965; Tracy and Campbell, 1968], as
well as an increased risk of sagittal craniosynostosis with dolicho-
cephaly [Currarino, 2007]. Recently, a cephalometric study of 22
Jordanian patients with HR described a shortened anterior cranial
base and maxilla as well as reduced mandibular dimensions com-
pared to a healthy age- and gender-matched control group. The
cranial base was flattened and HR patients had a skeletal Class III
malocclusion [Al-Jundi et al., 2009]. In addition, anthropometric
studies have described an increased cranial length and occipital
width as well as increased head circumference in HR patients
[Pronicka et al., 2004; Beck-Nielsen et al., 2010]. Animal studies
on mice with HR report malformation of the HR-affected cranium,
as well as underdevelopment of the nasal bone [Iorio et al., 1980;
Mostafa et al., 1982].

The previous cephalometric studies on HR patients are based on
a limited numbers of individuals, e.g., nine rickets patients in the
studies by Marks et al. [1965], and Tracy and Campbell [1968]. The
HR diagnosis in these studies was not genetically verified as a genetic
diagnosis was unavailable at that time. Furthermore, previous
studies have not evaluated the affection of HR on the different
origins of the craniofacial bone (i.e., cartilaginous versus intra-
membraneous bone).

The aim of this study was to characterize the craniofacial
morphology in patients with genetically or biochemically verified
HR compared to healthy controls. Furthermore, we assessed the
possible differences in the craniofacial morphology according to the
bony origin of the cranial structures.

A total of 53 children and adults with HR participated in this study
(TableI). One male and four females were under age seven. The HR
patients were recruited from a cross-sectional study on HR patients
of whom six refused to participate in the cephalometric examina-
tion. The patients in this study belonged to 21 different families with
1-13 participants from each family (1-2 in 15 families; 3—5 in 4
families; 7—13 in 2 families). A detailed description of patient
recruitment has previously been published [Beck-Nielsen et al.,
2010]. The HR diagnosis was determined by biochemical criteria
and in all, except three cases, also genetically verified. In addition,

2655
HR Control

Male Female Male Female
<18 years 5 12 14 16
>18 years 12 24 23 26
Mean age* 32.8 30.8 29.2 309
(SD) age* (21.9) (19.2) (18.3) (19.0)
Age range* 4.3-73.2 2.8—74.5 8.6—72.6 9.3—78.5
*Age in years.

ahistory of childhood rickets was required. The biochemical criteria
were at least one of the following: (1) serum phosphate below
normal range, (2) low renal threshold value for reabsorption of
phosphate in the urine, or (3) elevated FGF23 in serum. The genetic
criterion was detection of a disease-causing mutation in PHEX,
FGF23, or DMPI. All participants (except the three cases without
genetical verification) had a PHEX mutation (37 cases) or had
strong evidence of linkage to PHEX (one family with 13
participants). Details of the genetic and the biochemical analyses
have been reported earlier [Beck-Nielsen et al., 2010].

Based on power calculations, a control group of 60—70 individ-
uals was estimated to give sufficient power (80%) to identify
relevant differences at the 5% level of significance. The calculations
were performed on six selected cephalometric variables, which were
assumed to be representative of all parts of the cranium. All
recruited HR patients (53 individuals) provided the basis for the
power calculations.

The control group consisted of 49 healthy adults (>18 years),
recruited among patients, students, and employees at the School of
Dentistry, Aarhus University, and among employees at Department
of Maxillofacial Surgery, Aarhus University Hospital. In addition,
already existing profile radiographs of 30 children (<18 years) from
two large municipal dental services (Aarhus and Odense) were
included as controls. The inclusion criteria for the control group
were: (1) Scandinavian ethnicity, (2) no chronic diseases except for
allergies, (3) for adults: A minimum of 24 permanent teeth; for
children: No dental agenesis or extractions of permanent teeth, (4)
normal, or only minor deviations from normal occlusion, (5) no
history of orthodontic treatment, and (6) no craniofacial anomaly.
In Table I, the distribution of the 79 healthy individuals according
toageand gender is reported. In the control group, children under 7
years of age were excluded.

Standardized profile radiographs were obtained as described by
Solow [1966], using the digital radiographic equipment Planmeca
Promax© (Planmeca Oy, Helsinki, Finland). The sensor-focus
distance was 1.50m and the enlargement factor 1.13. During
exposure, the head of the patient was fixed in a rigid cephalostat,
and the patients were instructed to keep the teeth in occlusion.
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The head posture was adjusted to the best fit of the borders of the
SEnsor.

The analysis of the radiographs was performed using software
for cephalometric analysis, Pordios® (Institute of Orthodontic
Computer Science, Aarhus, Denmark). Twenty-five cephalometric
landmarks were digitized (Fig. 1). The digitizing of all radiographs
was performed by the first author after randomization of the
radiographs in order to blind the observer to the health status of
the individuals. Twenty-seven linear and 10 angular variables were
calculated by the software (Table II). The variables of the cranial
base and the facial skeleton were defined according to definitions by
Bjork [1975], Solow [1966], and McNamara [1984]. The variables
of the neurocranium were defined as described by Axelsson et al.
[2003]. In addition, recently defined variables describing the size
and morphology of the posterior cranial fossa were included
[Caspersen et al., 2010].

In order to test the intra-examiner reliability, 22 randomly selected
radiographs were digitized twice by the first author. The radio-
graphs selected for re-digitizing were included in the overall
randomization of radiographs in order to blind the observer to
whether the radiographs were read before. The systematic error was
estimated by calculating the differences between the two sets of
recording, and the differences for none of the variables were
significantly different from zero (P> 0.1). For each of the cepha-
lometric variables, the random error was calculated as described by
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FIG. 1. Schematic drawing of the skull with the 25 landmarks used
for measuring the cephalometric variables. At the landmarks oc,
pa, and fr, both the inner and the outer contour of the theca are
marked. The landmarks and the variables are defined according to
Bjork [1975], Axelsson et al. [2003], and Caspersen et al. [2010].
The cephalometric variables are described in Table II.
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Cranial base
n-s-ba cranial base angle to basion
n-s-ar cranial base angle to articulare

s-n length of anterior cranial base

s-ba length of posterior cranial base
Posterior cranial fossa
d-p height point d to point p
thi-iop theca-thickness at internal occipital
protuberance
d-s-iop angle point d-sella to internal occipital
protuberance
s-iop length sella to internal occipital
protuberance
s-d length sella to point d
Neurocranium
n-br length nasion-bregma

n-| length nasion-bregma

n-opi length nasion-opisthocranion
ba-br length basion-bregma
ba-l length basion-lambda

br- length bregma-lambda

s-fr length sella-frontale
s-br length sella bregma
s-| length sella-lambda
Theca
thi-fr theca-thickness at frontale
thi-pa theca-thickness at parietale
thi-oc theca-thickness at occipitale
s-n-fr angle sella-nasion-frontale
Maxilla
ptm-sp length pterygomaxillare to anterior
nasal spine
n-sp height nasion to anterior nasal spine
ptm/s-n heigth pterygomaxillare to
nasion-sella line
cd-ss length condylion to subspinale
S-n-ss angle sella-nasion-subspinale
s-n/ptm-sp Angle selle-nasion/pterygomaxillare-

anterior nasal spine
Nasal bone & mandible

n-na length of nasal bone

tgo-gn length gonion to gnathion

cd-tgo height condylion to gonion

n-gn height nasion to gnathion

cd-pgn length condylion to prognathion
s-n-pg angle sella-nasion-pogonion
s-n/tgo-gn angle sella-nasion/gonion-gnathion
ar-tgo-gn jaw angle articulare-gonion-gnathion
tgo-gn-ar beta angle gonion-gnathion-articulare

Dahlberg [1940] and ranged from 0.08 to 2.39. The coefficient of
reliability was estimated according to Houston [1983] and ranged
from 0.91 in the case of the angular variable, d-s-iop, and to 1.00 in
case of the length of the linear variables, n-gn, s-fr, s-br, n-opi,
and n-1.
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Irrespective of age, the gender distribution in HR group and in
control group was compared by two-sided chi-square test. For each
gender, the age distributions in the two groups were compared with
unpaired ¢-test. In both the HR group and the control group, the
cephalometric measurements were examined visually for normality
using Q—Q plots and histograms, and in both groups they were all
found to be normally distributed. The effect of health-status (i.e.,
HR or control), age and gender upon the cephalometric measure-
ments was assessed by linear regression analyses. To allow for
familiar dependence, the regression estimates were adjusted for
clustering. The analyses revealed an effect of age, gender, and
health-status. Thus, the cephalometric data are presented according
to gender and age categories (<18 years, >18 years). Potential
interactions between the effect of age and health-status and between
the effect of gender and health-status were assessed in the regression
analyses.

In the analysis, the cephalometric variables were grouped
according to bony origin of the structures (Fig. 2). Means and
standard deviations were used as descriptive statistics and P-values
equal to or below 0.05 were considered statistically significant.

The data were analyzed using Stata® 11.0 (StataCorp, College
Station, TX). Output by Stata® from the regression analyses are
provided in the Appendix I—see online supporting information for
the manuscript.

The proportion of females in the HR group (68%) was not
significantly higher than in the control group (53%) (P=0.091).
Further, the differences in mean age between HR group and
controls were not statistically significant, irrespective of gender
(Table I).

Supplementary Tables with the cephalometric data (eTables I-VI)
can be viewed in the manuscript’s supporting information
available through the Wiley Online Library at http://onlinelibrary.
wiley.com. The data are presented according to gender and age
categories (<18 years, >18 years). In addition, P-values from the
regression analyses are included as well as information on signifi-
cantinteractions between health (HR patient or control) and age, or
between health and gender.

Both cranial base angles (n-s-ba and n-s-ar) were significantly
increased in the HR group compared to the control group
(P=0.001) (eTable I—see supporting information online). In
contrast, no significant differences in size of structures in the cranial
base were found. A borderline significant interaction between the
effect of health-status and the effect of gender was seen for both
cranial base angles (P=0.057, P=0.053). The difference of cranial
base angle between the HR group and the control group was larger
for males than for females (eTable I—see supporting information
online).

In the posterior cranial fossa, the angle, d-s-iop, the depth, d-p,
and the length, p-iop were all significantly reduced in HR patients.
The thickness of the skull at the cephalometric landmark iop was
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FIG. 2. Drawing of the skull with the bony origin of craniofacial
structures marked schematically. The cranial base, the upper part
of the nasal septum, and the caudal part of the occipital bone are
cartilaginous developed (green). The nasal bone, the mandible,
and vomer are of intramembranous origin developed upon a
scaffold of cartilage (Meckel’s cartilage, cartilaginous nasal
capsule and septum) (red/green). All other cranial structures are
intramembranous developed (red) [Kjaer et al., 1999]. [Color
figure can be seen in the online version of this article, available at
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN) 1552-4833]

significantly increased (eTable II—see supporting information
online).

In the neurocranium the following lengths were significantly
increased in the HR patients: n-br, s-fr, s-br, and at a lower level
of significance also s-1. The length of the linear variable, ba-1 was
significantly reduced (eTable III—see supporting information
online). A borderline significant interaction between the effect of
health-status and the effect of gender was seen for the length, n-br
(P=0.051). The difference of the length, n-br between the HR
group and the control group was much larger for males than for
females.

The thickness of theca and the frontal prominence were sig-
nificantly increased in the HR group (eTable IV—see supporting
information online). A significant interaction between the effect of
health-status and the effect of gender was seen for the parietal
thickness (P=0.020). The difference of the parietal thickness
between HR patients and controls was much larger for males
than for females. In addition, the frontal prominence (s-n-fr)
was affected by a significant interaction between the effect of
health-status and the effect of age. The prominence decreased
with increasing age in both HR and control group, but the age
dependence was significantly stronger in HR group (P=0.029).
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The anterior maxillary height (n-sp) was significantly reduced
in the HR group, but none of the other maxillary variables
were significantly affected compared to the control group
(eTable V—see supporting information online). Posterior maxil-
lary height (ptm-NL) was affected by interaction between the effect
of health-status and the effect of age. The height increased with
increasing age in both groups, but the age dependence of the
posterior maxillary height was significantly stronger in HR group
compared to control group (P=0.026).

The length of the nasal bone (n-na) was significantly reduced in
the HR group, but none of the mandibular variables were
significantly affected by health-status (eTable VI—see supporting
information online).

The results of the present study show that HR, in comparison with
healthy controls, affects bony structures both of cartilaginous and of
intramembraneous origin. Bony structures of cartilaginous origin
seem primarily to be affected by differences in shape, i.e., defor-
mation, while some structures of intra-membranous origin were
found to be affected by differences in size (Fig. 3).

The present study is based on a higher number of patients with
HR in comparison with other studies [Marks et al., 1965; Tracy and
Campbell, 1968; Al-Jundi et al., 2009]. Furthermore, the genetic as
well as the biochemical profile of the diseased individuals fulfilled
well-defined diagnostic criteria of HR [Beck-Nielsen et al., 2010].
The diagnosis of HR in three patients was not genetically verified
but they remained included as they fulfilled the biochemical
inclusion criteria. We have not investigated whether these three
HR patients had autosomal recessive HR caused by the newly
discovered mutation in ENPPI as this gene was not discovered
at the time of genetic evaluation. Two of these three patients were a
mother and her son, only one patient with sporadic HR and no
genetic diagnosis could be suspicious of an ENPPI mutation. The
male:female ratio was not the same in the HR (1:2.12) and the
control (1:1.14) groups, however the difference was not significant.
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This gender discrepancy was in accordance with the dominant
X-linked inheritance of the disease, and a predominant female
group is characteristic in research regarding HR [Al-Jundi et al.,
2009; Gaucheetal., 2009]. The youngest age group (<7 years of age)
was only present in the HR group. For ethical reasons, the children
in the control group were only represented by profile radiographs
taken for orthodontic treatment purposes. As such radiographs are
rarely indicated in relation to the treatment of the very young
children, this age group was not represented in the control group.
The statistical models were designed to analyze the effect of gender
and age on the influence of HR. This choice of models aimed to
compensate for the gender and age discrepancies between the HR
group and the control group.

Except for the parietal thickness of theca, the influence of gender
on the craniofacial morphology was almost the same in HR patients
asin healthy controls. This is in agreement with the conclusion from
the medical survey of our HR patients: Compared to females, males
tended to be skeletally and biochemically more severely affected, but
the differences did not reach statistical significance [Beck-Nielsen
et al., 2010].

The shape of the cranial base was affected by flattening, while the
size of the anterior as well as the posterior cranial base was
unaffected. This is in agreement with earlier findings [Al-Jundi
et al., 2009]. The depth of the posterior cranial fossa was reduced,
but no significant difference of the anterior—posterior length of the
fossa was seen. The differences in shape of the posterior-inferior
part of the cranium could be described as an upward compression of
the structures around foramen magnum, including a more cranial
position of the inferior part of clivus (basion) which would also add
to the increased cranial base angle (n-s-ba). The reduced height of
the posterior cranial fossa indicates a reduced volumen of the
fossa, and this is in agreement with results from a study based
on three-dimensional imaging (computed tomographic or mag-
netic resonance imaging) [Tubbs et al., 2004]. A small posterior

FIG. 3. Cranial morphology of HR patients compared to controls. A graphic summary of the significant differences. a: Increased thickness of theca,
red dotted line. b: Increased angles (n-s-ba, s-n-fr), red lines; decreased angle (d-s-iop), green lines. c: Increased dimensions (s-br, s-fr, n-br), red
arrows; decreased dimensions (ba-l, d-p, n-na, n-sp), green arrows. [Color figure can be seen in the online version of this article, available at http://

onlinelibrary.wiley.com/journal/10.1002/(ISSN)1552-4833]
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cranial fossa reduces the available room for the development of
rhombencephalon. This might be related to the increased preva-
lence of hindbrain herniation (Chiari I malformation) reported in
children with HR and other types of rickets [ Caldemeyer et al., 1995;
Tubbs et al., 2004].

Spranger et al. [1982] mentions the bowed legs of patients with
nutritional rickets as an example of a deformation (i.e., an abnormal
form, shape, or position of a part of the body caused by mechanical
forces). In a similar way, the increased cranial base angle (n-s-ba)
and the reduced depth of the posterior cranial base in HR might be
explained as a deformation of poorly mineralized bony structures
caused by the weight of the brain and/or the weight of the thickened
skull. The same interpretation has been proposed in relation to
patients with osteogenesis imperfecta (OI) which is a dysplasia (i.e.,
an abnormal organization of cells into tissue and its morphological
result) of connective tissue and which affects all bony structures.
In the severe types of OI as well as in patients with HR, the
cranial base angle is increased but the size of the cranial base
is unaffected [Waltimo-Siren et al., 2005]. Achondroplasia is a
cartilaginous dysplasia affecting the formation of bony structures
of cartilaginous origin. In this condition, both shape and size of
the cranial base are affected, the length of the posterior cranial
base being reduced in addition to a reduced cranial base angle
[Cohen et al., 1985]. The affection of the cartilaginous developed
cranial base seems to be a deformation, i.e., abnormal form, in
both HR, i.e., deficient bone mineralization, and in OI, i.e.,
connective tissue dysplasia. In contrast, achondroplasia, i.e.,
cartilaginous dysplasia, seems to have greater impact upon the
formation of the cranial base, affecting both shape and size of the
structure.

In HR patients compared to controls, the morphology of the skull
was abnormal as the result of an increased frontal bossing, an
increased height of the anterior part of neurocranium, and a
flattening of the parietal area. The finding of increased frontal
prominence is in agreement with former reports of frontal bossing
[Marks et al., 1965; Tracy and Campbell, 1968]. In addition, a
significant increase in the thickness of the skull was found; both in
the parietal and frontal part, both being of intramembraneous
origin, and in the lower occipital part, which is of cartilaginous
origin. The morphological differences found in the neurocranium
in HR patients could be described partly as deformation and partly
as a different size of bony structures. The total neurocranium
lengths (n-1, n-opi) were not affected, which is in contrast to the
results from anthropological studies where increased head circum-
ference has been reported [Pronicka et al., 2004; Beck-Nielsen et al.,
2010] and to the reporting of an increased risk of sagittal
craniosynostosis with dolichocephaly [Currarino, 2007]. Profile
radiographs are only suitable for reporting two-dimensional,
sagittal dimensions, and differences in transverse dimensions of
the skull, which have not been assessed in the present study, might
explain this disagreement. Furthermore, the anthropological meas-
urement of the head circumference includes the increased frontal
prominence, which was not included in the cranial lengths used in
this study.
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The reduced anterior maxillary height might indicate some
affection of the sutural growth between the maxilla and the cranial
base. Similarly, reduced posterior height was found in younger
individuals, but this finding disappeared with increasing age.
Otherwise, the intramembranous developed maxilla was not
affected in its sagittal position or in the anterior-posterior size of
the bony structure.

The reduced length of the nasal bone, which is of intramembra-
neous origin, is an interesting finding. The nasal bone length was
not related to gender or age. This is remarkable, since the remaining
linear measurements of the craniofacial structures, were greatest
among males and increased by age. Animal studies have shown the
same affection of the nasal bone in HYP mice, a murine homologue
of the PHEX-mutation in human [Mostafa et al., 1982; Iorio et al.,
1980]. The reduced length of the nasal bone has also been reported
in patients with achondroplasia [Cohen et al., 1985], cleft lip and
palate [Nielsen et al., 2005], and hypohidrotic ectodermal dysplasia
[Lexner et al., 2007]. Achondroplasia and HR are diseases of
different origin, but they both affect the development of the
cartilaginous developed long bones. In addition, both conditions
are characterized by reduced length of the nasal bone, which is of
intramembraneous origin. This might be related to a primary
affection of the cartilaginous nasal capsule, which is the scaffold
of the nasal bone.

When comparing HR patients and healthy controls, no signifi-
cant differences in shape, position, or size of the mandible were
found. This is in agreement with Tracy and Campbell [1968] but in
contrast to the findings in Jordanian children with HR (2—16 years
of age) in whom reduced mandibular dimensions and a relatively
prognathic mandible was seen [Al-Jundi et al, 2009]. These
discrepancies might be explained by the differences in age range,
the diagnostic criteria for inclusion of the diseased individuals, and
the sample size. According to our study, Meckel cartilage apparently
does not disturb the adjacent bone formation of the mandible which
is in contrast to the suggested impact of the cartilaginous nasal
capsule on the development of the nasal bone. The same findings are
reported in patients with achondroplasia. The early (prenatal)
disappearance of Meckel cartilage might explain the normal
mandible in both achondroplasia and HR [Cohen et al., 1985].

In patients with HR, the craniofacial bones of cartilaginous as well as
of intramembranous origin are affected. The cranial base, which is
of cartilagineous origin, was flattened and the depth of the posterior
cranial fossa was reduced. This is suggested to be the result of
deformation similarly to the deformation of the long bones in HR
patients. The neurocranium, which is of intramembraneous origin,
was expanded anteriorly with increased height and frontal
bossing. In addition, the thickness of the skull was increased and
this for both the upper part, which is of intramembranous
origin, and the lower part, being of cartilaginous origin. The
thickened skull indicates interference with the bone-remodeling
processes in patients with HR and needs further elucidation. The
nasal bone was reduced in length, but not influenced by gender or
age. The size and morphology of the nasal bone needs further
investigation.
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Structured Abstract

Objectives — To characterize the size and the morphology of the frontal
sinus (i.e., structure evolved by bone resorption) and the nasal bone (i.e.,
structure evolved by bone formation) in adults with hypophosphatemic
rickets (HR) compared with controls.

Setting and sample population — Thirty-six patients with HR (12 males
and 24 females) aged 21-74 years were included. The control group com-
prised 49 healthy individuals (23 males and 26 females) aged 20-79 years.
Material and methods — Profile cephalograms were obtained and the fol-
lowing measurements were included: height and width of the frontal
sinus; length, width, and area of the nasal bone. The morphology of the
nasal bone was assessed. Linear regression analyses were used to com-
pare HR patients with controls.

Results — In HR patients, the size of the frontal sinus was unaffected
(p = 0.406 to p = 0.862). The proximal width of the nasal bone, and the
ratio between the proximal width and the axial length of the nasal bone
were increased in HR patients (p < 0.05).

Conclusions — The size of the frontal sinus was unaffected, indicating a
normal ability of bone resorption within the bone. The morphology of the
nasal bone was abnormal indicating a disturbance in bone formation
during growth. The disturbances in nasal bone modeling were mainly
expressed in the proximal part supported by structures of cartilaginous
origin.

Key words: bone formation; bone resorption; frontal sinus; hypophos-
phatemic rickets; nasal bone



Introduction

Hypophosphatemic rickets (HR) is a rare disease
characterized by insufficient mineralization of
the bones due to abnormal renal wasting of
phosphate (1). The most predominant type of
HR is inherited in a dominant X-linked fashion,
caused by mutations in the gene encoding for
the phosphate-regulating endopeptidase homo-
log, X-linked (PHEX, MIM 300550) (XLHR, MIM
307800) (2). XLHR is a fibroblast-growth-factor-
23 (FGF23)-associated HR, and FGF23 is a potent
phosphaturetic factor, being the principal regula-
tory hormone of the phosphate homeostasis. In
addition, FGF23 is suggested to have a direct
effect on bone cells (3).

The skeletal symptoms of HR include impact
upon cranial bones in humans (1, 4-8), and in ani-
mals (9, 10). In a cephalometric study, including
53 individuals with X-linked HR, we recently
reported an increased thickness of the theca com-
pared with controls (11). During normal develop-
ment of the skull, the sutural growth of the flat
bones is combined with internal (i.e., endosteal)
resorption and external (i.e.,, ectocranial and
endocranial) apposition of bone (12). The
increased thickness of theca in the HR patients
indicates a disturbance in the bone modeling of
the skull, but the former study (11) did not reveal
if it was a matter of excess bone formation (appo-
sition) or lack of bone resorption. Generally, high
levels of FGF23 cause hypophosphatemia, and
impair bone modeling (i.e., the reshaping of bone
by the independent action of osteoblasts and oste-
oclasts during the development of bony struc-
tures) as well as bone remodeling (i.e., resorption
of bone tissue and simultaneous deposition of
new bone by coupling between bone cells), and
based on animal models of HR, the disturbances
in bone modeling and remodeling might be
explained by both an alteration in osteoblast func-
tion and a reduced number of osteoclasts (13).

All anatomical structures in a developmental
field are evolved from the same origin (14). In a
specific developmental field (e.g., the nasofrontal
field), the morphology of some osseous structures
may evolve primarily by bone resorption and oth-
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ers primarily by apposition. In the nasofrontal
field, the frontal sinus is a structure not present in
newborns. The frontal sinus develops by resorp-
tion of bone and appears radiographically around
the age of five (15). The final size of the frontal
sinus varies considerably (16). The growth of the
nasal bone is extensive from 2-17 years of age,
and the growth occurs both in the nasofrontal
suture and appositional at the nasal tip along
with a bone modeling occurring at the superior
and the inferior borders (17). Thus, in this study,
the frontal sinus and the nasal bone were chosen
as the structures for studying bone resorption
and formation, respectively.

Focusing on bone resorption and apposition,
the aim was to analyze the size of the frontal
sinus and evaluate the morphology and the size
of the nasal bone, in patients with XLHR com-
pared with healthy controls. Furthermore, the
aim was to examine the interrelationship
between the nasal bone morphology and the
severity of general skeletal impact of HR.

Materials and methods
Study population

A total of 36 adults (age > 18 years.) with X-linked
HR participated in this study. The HR diagnosis
was based on biochemical analyses and was
genetically verified (1). In three cases, the genetic
verification was not possible. According to the cri-
teria of skeletal impact of HR defined by Beck-
Nielsen et al. (1), the skeletal impact in 14 HR
patients was categorized as ‘mild’, and in 22
patients as ‘severe’ impact. The control group
consisted of 49 healthy adults with a minimum of
24 permanent teeth and with a neutral occlusion
or only minor deviations of the morphological
occlusion. In both groups, the distribution
according to gender was tabulated (Table 1).

Methods

Standardized profile radiographs were obtained
as described by Solow (18), using the digital radio-
graphic equipment Planmeca Promax® (Planmeca
Oy, Helsinki, Finland). The sensor-focus distance
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Table 1. Number of HR patients and controls according to
gender

HR Controls
Female Male Female Male
N 24 12 26 23

Mean age 41.2 (14.6) 42.4(18.7) 42.3 (15.4) 39.5 (15.9)
(SD)

Age range 21.0-745 18.8-732 23.0-745 20.7-72.6

Age in years.

was 1.50 m and the enlargement factor 1.13. Dur-
ing exposure, the head of the patient was fixed in
a rigid cephalostat, and the participants were
instructed to keep their teeth in occlusion. The
head posture was adjusted to the best fit of the
borders of the X-ray sensor.

The analysis of the radiographs was performed
using software for cephalometric analysis, Por-
dios® (Institute of Orthodontic Computer Sci-
ence, Aarhus, Denmark). The first author
performed the digitizing of all the radiographs
after randomization in order to blind the obser-
ver to the health status of the individuals.

The structures which had to be analyzed (.e.,
the frontal sinus and the nasal bone) were both
located in the nasofrontal developmental field
(Fig. 1).

Cephalometric analysis, the frontal sinus

The landmarks for the analysis of the frontal sinus
were as follows: Sella (S), the midpoint of the sella
turcica; Nasion (N), the most anterior point of the
nasofrontal suture; Glabella (Gla), the most prom-
inent point above the supraorbital ridge; the most
inferior (Sl), and the most superior (Sh) points of
the contour of the frontal sinus. In addition, pos-
terior (Spo”) and anterior (Sa”*) landmarks were
defined on the contour of the sinus at the level of
the greatest transverse dimension perpendicular
to the axis of the frontal sinus (SI-Sh). Posterior
(Spo) and anterior (Sa) landmarks were defined as
the intersection between the line S-Gla and the
contour of the frontal sinus (Fig. 2).

The projection height of the frontal sinus per-
pendicular to the line S-N (Sh-SI»), the absolute
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Fig. 1. Drawing of the fronto-nasal field. The bony origins of
osseous structures are marked schematically. The cranial
base and the upper part of the nasal septum are cartilaginous
developed (green). The nasal bone and vomer are structures
of intramembranous origin developed upon a scaffold of car-
tilage (the cartilaginous nasal capsule and the nasal septum)
(red/green). Only the proximal part of the nasal bone is sup-
ported by structures of cartilaginous origin. The other bony
structures are intramembranous developed (red) (14). The
drawing shows the fronto-nasal field as a section of Fig. 2 in
the former report by Gjerup et al. (11).

height of the frontal sinus (Sh-SI), the width of
sinus (Spo”-Sa”; Spo-Sa), and the angle S-N-Gla
were calculated by the software in accordance
with the definitions by Brown et al. (15), Erturk
(19), and Dostalova et al. (20).

Cephalometric analysis, the nasal bone

The main landmarks for the analysis of the nasal
bone were as follows: Sella (S); Nasion (N); and
Nasal-apex (Na): the most anterior point of the
nasal bone (Fig. 3). The length of the nasal bone
and the angulation of the nasal bone in relation to
the cranial base (S-N) were measured in accor-
dance with the definition by Solow (18). The nasal
bone morphology was assessed by measuring the
transversal dimensions of the nasal bone by lines
perpendicular to the axis of the nasal bone. The
axis of the nasal bone was defined by the midpoint
of a line N-NA (Nmi) and Na. The point NA was



defined as the intersection of the lower border of
the nasal bone and a perpendicular line to N-Na
through N. N-NA was regarded as a constructed
fronto-nasal suture. Perpendicular to the nasal
axis, lines were constructed with a distance of
3 mm between lines. The lines were numbered
from 0 to 11: proximally, line ‘0’ was the baseline

Fig. 2. Landmarks and cephalometric variables. The frontal
sinus: Sh-Sl: the absolute height of the sinus; Spo”-Sa: the
greatest anterior-posterior width perpendicular to the axis
(Sh-SD); Spo-Sa: the anterior-posterior width at the line S-Gla;
Sh-SIA: the projection height, that is, the distance between
Sh and Sl (i.e., the projection of Sh on S-N line). The nasal
bone: N-Na: the length of the bone; S-N-Na: the inclination
(degree) of the nasal bone (N-Na) in relation to the anterior
cranial base (S-N).

Fig. 3. Analysis of the morpho-
logy of the nasal bone. N-N: line
perpendicular to line N-Na. Nmi:
the midpoint of the line N-N#;
Nmi-Na: the axis of the nasal
bone; N-LO: the base of the nasal
bone perpendicular to the axis
(Nmi-Na). Line numbers 1-11 are
perpendicular to the axis (Nmi-
Na), with 3-mm interline dis-
tance, and crossing the upper and
lower border of the nasal bone in
U1-U11 and L1-L11, respectively.
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passing through N (LO-N) and distally, line ‘11’
was near the apex of the nasal bone (Na). The
intersections between the perpendicular line and
the upper and lower border were used as land-
marks (U1-U11 and L0-L11, respectively). The dis-
tances from the N-Na line to the upper and lower
border, and the transversal dimensions (LO-N, L1-
Ul, L2-U2, etc.) were calculated by the software.
In addition, the ratio between the length of the
basal line and the length of the nasal axis was cal-
culated (base/axis: LO-N/Nmi-Na), and the area of
the polygon defined by the multiple landmarks on
the upper and the lower borders of the nasal bone
was calculated. The ratio (LO-N / Nmi-Na) was
defined as ‘low’ when below 0.5 and ‘high’ when
above 0.5.

Reliability

To test the intra-examiner reliability, the first
author digitized 22 randomly selected radio-
graphs twice. The radiographs selected for redigi-
tizing were included in the overall randomization
of radiographs in order to blind the observer to
whether the radiographs were read before. Except
for three of the 11 variables describing the trans-
versal dimension of the nasal bone, the differ-
ences for none of the variables were significantly
different from zero (p > 0.05). For each of the
cephalometric variables, the random error (S) was
calculated as described by Dahlberg (21). S ran-

Orthod Craniofac Res 2013;16:246-255 | 249



Gjorup et al. Frontonasal bones hypophosphatemic rickets

ged from 0.01 to 2.29 in the case of variables of
the nasal bone and from 0.64 to 4.38 in the case of
variables of the frontal sinus. The coefficient of
reliability (R) was estimated according to Houston
(22). In the case of variables describing the trans-
verse dimensions of the nasal bone, R ranged
from 0.74 to 0.97, and in the case of the other vari-
ables, R ranged from 0.92 to 0.99.

Statistical analyses

Irrespective of age, the gender distribution in HR
group and in control group was compared by
the two-sided chi-squared test. For each gender,
the age distribution in the two groups was com-
pared with the unpaired t-test. In both the HR
group and the control group, the cephalometric
measurements underwent a visual examination
for normality using Q-Q plots and histograms,
and a normal distribution was found in both
groups. The effect of the health status (i.e., HR
or control), age, and gender upon the cephalo-
metric measurements was assessed by a linear
regression analysis. To allow for familiar depen-
dence, the regression estimates were adjusted
for clustering. Potential interactions between the
effect of the age and the health status and
between the effect of the gender and the health
status were assessed in the regression analysis.

The cephalometric data are presented accord-
ing to the gender. Means and standard devia-
tions were used as descriptive statistics and p-
values equal to or below 0.05 were considered
statistically significant.

The proportion of high-ratio base/axis (LO-N/
Nmi-Na) according to skeletal severity impact
was compared by a two-sided chi-squared test.

Data analysis was performed using stata® 11.0
(StataCorp, College Station, TX, USA).

Ethics

The study was approved by the Regional Scienti-
fic Ethical Committees for Southern Denmark
(M-2678-05) and by the Danish Data Protection
Agency (2009-41-3613). Written informed con-
sent was obtained from all patients before enter-
ing the study.
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Results

The distribution of the participants according to
the health (HR patients and controls) and the
gender is presented in Table 1. The proportion
of females in the HR group (67%) did not signifi-
cantly exceed the proportion of females in the
control group (53%) (p = 0.208). Irrespective of
gender, the mean age of the HR group and the
control group was not significantly different.

The height and width of the frontal sinus were
not significantly different in HR patients and
controls (p = 0.406 to p = 0.863) (Table 2). Five
HR patients (13.9%) and 3 controls (6.1%) had
no visible frontal sinus, but this difference was
not statistically significant (p = 0.116). According
to the regression analysis, the cephalometric
variables of the frontal sinus were not signifi-
cantly affected by age.

Hypophosphatemic rickets patients showed, in
comparison with controls, a tendency toward a
reduced mean length of the nasal bone and an
increased mean area of the nasal bone was
found, but this did not reach a significant level
(Table 2). Regression analysis with the nasal
bone length (N — Na) as outcome variable,
revealed a negative regression-coefficient for the
effect of HR (coefficient = —1.73; 95% CI: —4.94,
0.48), which indicated a reduced nasal bone
length in HR patients. Proximal, the width of the
nasal bone was greater in HR patients compared
with controls. The significant differences were
restricted to the four proximal lines, the differ-
ences in width being: LO: 1.06 (p = 0.014), L1:
1.04 (p =0.005), L2: 0.081 (p =0.002), and L3:
0.59 (p =0.007). The morphology of the nasal
bone was illustrated by the mean distances from
the line N-Na to the upper and the lower border
of the nasal bone (Fig. 4). In addition, examples
of the radiographic appearance of the nasal bone
in HR patients and in controls have been
depicted (Fig. 5). According to the regression
analysis, the cephalometric variables of the nasal
bone were not significantly affected by age.

The morphology of the nasal bone was
expressed by the ratio base/axis. This ratio was
significantly increased in HR patients compared
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Table 2. Descriptive statistics (means and standard deviations) of cephalometric measurements in the fronto-nasal field of
HR patients according to gender and compared with healthy controls

Males Females
Control HR Control HR Adjusted
N = 23 N =12 N = 26 N = 24 comparison of
HR and control
Variable name Mean SD Mean SD Mean SD Mean SD p-value
Frontal sinus
SpoA-San (mm) 12.67 4.42 13.16 517 9.96 3.36 10.07 5.52 0.815
Sh-SIA (mm) 2712 8.50 23.94 10.42 26.02 9.47 23.63 13.60 0.406
Sh-SI (mm) 28.16 8.71 27.21 11.56 28.90 10.67 25.59 13.94 0.517
Spo-Sa (mm) 13.89 4,94 15.18 7.11 10.49 4.96 10.09 6.21 0.863
Nasal bone
N_Na (mm) 2712 3.97 24.37 4.90 25.24 4.14 2415 3.39 0.122
NNa_NS (degree) 117.72 6.08 117.03 4.57 114.97 5.75 114.23 6.33 0.543
Base/axis (ratio) 0.45 0.07 0.58 0.12 0.45 0.09 0.52 0.12 0.010*
Nasal area (mm?) 98.94 27.06 103.97 25.05 90.29 26.38 94.76 25.68 0.440

p-values are from the regression analysis after adjustment for the effect of gender, age, and clustering.

*p-value <0.05.

with controls (Table 2). In HR patients with
severe skeletal impact, the percentage of ‘high’
ratio base/axis was almost twice that of the
mildly affected group (Table 3).

Discussion

Detailed analyses of nasal bone morphology
have not previously been extensively reported in
the literature. In this study, we report abnormal
nasal bone morphology (eaglebeak-like) in HR
patients, primarily because of an increased prox-
imal width of the nasal bone.

Despite the rarity of the HR disease, the number
of patients was relatively high and the number
equals or exceeds the number of patients
included in previous cephalometric HR studies (4,
5, 7). Furthermore, the patients of our study have
been uniformly diagnosed, and except for three
cases, the diagnosis was genetically verified. In
the group of patients with HR, the male:female
ratio was 1:2, which was in accordance with the
X-linked inheritance of the disease, but not signif-
icantly different from the apparently equal gender
distribution in the control group (Table 1). In the

analyses of the study, we adjusted for the poten-
tial effect of the gender. The analysis of 3-dimen-
sional (3D) anatomical structures (the frontal
sinus and the nasal bones) was performed on 2-
dimensional (2D) radiographs, which to some
extent limits the interpretation of the results. The
advantage of 2D-methods is the comparability
with previous studies where 2D methods tradi-
tionally have been used in cephalometric studies
of craniofacial structures [e.g., Jensen and Krei-
borg (23), Ruf and Pancherz (16), Lexner et al.
(24), Al-Jundi et al. (7)].

The frontal sinus and bone resorption

In this study, the size of the frontal sinus varied
considerably in both groups (i.e., HR patients
and controls), but the differences between the
groups were not statistically significant (Table 2).
These findings of size variation are in accor-
dance with a previous study regarding variations
in sinus development in healthy children (15). In
HR patients, the unaffected resorption during
development of the frontal sinus indicates a nor-
mal osteoclast formation and function within
the frontal bone. Only three of 36 HR patients
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Fig. 4. Morphology of the nasal bone in HR patients and
controls (ctr) according to gender. Mean distances from the
line N-Na to the upper (up) and the lower (low) border of
the nasal bone measured at perpendicular lines (No. 0-11) to
the axis of the nasal bone. *Line number of perpendicular
lines to the nasal axis. 0 = N-LO, 1 = Ul-L1, 2 = U2-L2, etc.
PN are numbers of assessable measurements for the variable.
*Line numbers with significant difference in width of nasal
bone, HR patients in comparison with controls adjusted for
the effect of gender, age, and clustering.

did not have a frontal sinus at all. In contrast,
patients with cleidocranial dysplasia (CCD, MIM
119600) generally have a missing or hypoplastic
frontal sinus (23). This indicates an impaired
osteoclast function in CCD although a runt-
related transcription factor 2 gene (RUNX2, MIM
600211) association with osteoclast function has
not yet been reported.

In adults in contrast to growing children, the
effect of age upon the size of osseous structures,
for example, the frontal sinus, was supposed to
be the same in all age groups of this study. This

might be in contradiction with the knowledge
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on post-menopausal osteoporosis in women and
the age-related bone loss in both men and
women which induce increasing bone loss with
increasing age, especially in women. However,
the post-menopausal and the age-related remod-
eling primarily impact the internal trabecular
bone (25). Thus, it can be justified to include all
age groups in this study of macroscopic dimen-
sions of bony structures.

The nasal bone and bone formation

According to this study, the morphology of the
nasal bone in HR patients was abnormal
because of an extensive proximal width of the
bone (Table 2, Figs 4 and 5). Further, the degree
of abnormal morphology of the nasal bone
seemed to be related to the severity of the gen-
eral skeletal impact of HR (Table 3). The age had
no or minimal impact on the size and the mor-
phology of the nasal bone. This indicates that
the changes in morphology occur primarily dur-
ing early childhood or even earlier in fetal devel-
opment. Prenatally, the nasal bone develops
bilaterally in the mesenchyme in close relation
to the chondral nasal capsule. The osseous
structure develops directly from the mesenchy-
mal cells using the chondral nasal capsule as a
scaffold (26). Later in the post-natal develop-
ment, the proximal part of the nasal bone
remains surrounded by bony structures of carti-
laginous origin (i.e., structures of the ethmoid
bone), but the apical part of the nasal bone
develops without the support from bony struc-
tures of cartilaginous origin (Fig. 1). In the adult
HR patients, the mean nasal bone length was
reduced in both genders in comparison with
controls, although the difference did not reach
the level of statistical significance (Table 2). In
our former report, which included children (11),
the nasal bone length was significantly reduced,
and the same has been reported in an animal
study (10). It remains unanswered, if the signifi-
cant difference in the former report was caused
by an inaccuracy in the statistical analysis not
adjusting for the different dimensional effects of
the age depending on the age group (e.g., grow-
ing children vs. mature adults). More likely, the



Fig. 5. Radiographic appearance
of the nasal bone. A: Examples
from healthy controls. B: Exam-
ples from HR patients. Al: male
21 years; A2: female 40 years; A3:
male 53 years; A4: female
51 years; A5: female 39 years; A6:
female 45 years; Bl: female
40 years; B2: male 23 years; B3:
male 33 years; B4: female
23 years; B5: female 49 years; B6:
female 65 years.

non-significant difference in the nasal bone
length was caused by the reduced sample size of
the present report, which was indicated by the
negative regression-coefficient for the effect of
HR and the 95% confidence interval hardly
exceeding zero. In other diseases, a reduced size
of the nasal bone has been reported, for exam-
ple, in 51 patients with achondroplasia in whom
the reduced size has been related to abnormali-
ties in the cartilaginous developed nasal septum
(27). The reporting of a reduced length of the
nasal bone in 20 patients with cleft lip indicates
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alternative, intrinsic, and non-cartilaginous
related factors of importance in the development
of the nasal bone (28). In HR patients, the eagle-
beak-like appearance of the nasal bone reflected
increased bone formation in the proximal part,
which was supported by structures of cartilagi-
nous origin, and the morphological results could
be interpreted as disturbances in modeling with
a net gain of bone in the proximal part. Altera-
tions in some unknown signaling from the carti-
laginous scaffold might explain the disturbances

in bone modeling of the proximal part, which
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Table 3. Relation between the skeletal severity and the
ratio nasal base/nasal axis (N-LO/Nmi-Na) in 36 HR patients.
The number (%) in the low-ratio group compared with the
high-ratio group according to the skeletal severity

Skeletal severity

Nasal

base/axis N Mild Severe p-value
Low 16 9 (56) 7 (44) 0.056
High 20 5 (25) 15 (75)

Low: ratio base/axis <0.5; High: ratio base/axis >0.5.
p-value from chi-squared test.

develops supported by the scaffold. Apparently,
the modeling of the apical part of the nasal
bone, which is not supported by these struc-
tures, had another character. The mechanisms
behind the increased width of the proximal part
of the nasal bone might be identical with the
mechanisms responsible for the increased thick-
ness of the theca, which develops with the
meninges as a scaffold. The knowledge of
impaired osteoclastogenesis in FGF23-associated
HR (13) supports the suggestions of disturbances
in the modeling of bone, although the reason for
the apparent differences according to the pres-
ence of a supporting scaffold remains unclear.

Conclusions

In comparison with healthy controls, the size of
the frontal sinus was unaffected in HR patients,
indicating normal ability of the osteoclasts to
perform internal resorption of the frontal bone.
The morphology of the nasal bone was abnor-
mal (eaglebeak-like appearance) which indicated
an overall impact upon bone formation, and the
increased width of the proximal part was an
indication of impaired bone modeling in bony
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SUMMARY

BACKGROUND/OBJECTIVES: The aim of this study was to describe upper spine morphology in adult patients
with hypophosphatemic rickets (HR) compared with controls to assess differences in spine morphology in
terms of severity of skeletal impact and to study associations between spine morphology and craniofacial
morphology.

MATERIAL/METHODS: The study population comprised 36 HR patients and 49 controls. The atlas and axis
dimensions were measured on cephalograms, and the differences between the groups were estimated
by regression analysis. The upper spine morphology was visually assessed to estimate the prevalence of
cervical vertebral anomalies.

RESULTS: The dimensions of the atlas and the axis were larger in HR patients than in controls (P < 0.001),
and fusions (FUS) occurred more often in HR patients (39%) than in controls (6%; P< 0.001). In HR patients,
the length of the atlas correlated positively (P = 0.008) and the height of the dens correlated negatively
(P =0.043) with the severity of skeletal impact.The height of the posterior arch of the atlas and the length
of the axis correlated negatively with the cranial base angle (P < 0.017), and the vertical dimensions of the
atlas correlated positively with the thickness of the occipital skull (P < 0.015). The length of the atlas cor-
related positively with mandibular prognathism (P=0.042). FUS correlated positively with the frontal and
parietal thickness (P = 0.034 and P = 0.003, respectively).

CONCLUSIONS: The dimension of the atlas and the axis and the prevalence of the FUS were increased in HR
patients compared with controls. Upper spine dimensions were associated with craniofacial dimensions,

primarily in relation to the posterior cranial fossa.

Introduction

Hypophosphatemic rickets (HR) is a rare disease charac-
terized by insufficient mineralization of the bones due to
abnormal renal wasting of phosphate (Beck-Nielsen ef al.,
2010). The predominant type of HR is inherited in a domi-
nant X-linked fashion, and it is caused by mutations in the
gene encoding for the phosphate-regulating endopeptidase
homolog, X-linked (PHEX, MIM 300550; XLHR, MIM
307800; Hyp Consortium, 1995; Beck-Nielsen et al., 2012).
A recent cephalometric study of 53 individuals with
X-linked HR showed an affection of cranial bones of enchon-
dral and of intramembranous origin. In comparison with con-
trols, the cranial base angle was increased and the depth of
the posterior cranial fossa was reduced. This was suggested to
be the result of bone deformation. In contrast, the maxilla and
the mandible were unaffected (Gjorup et al., 2011).
Cephalograms are used routinely by orthodontists to
analyse craniofacial structures. Such cephalograms also

depict the upper cervical vertebrae (C). The cervical
vertebrae belong to the cerebellar and cervical spine field
(Kjaer et al., 1994; Kjaer, 1999; Lomholt et al., 2003;
Kjaer, 2010). Cervical vertebral anomalies (CVA) include
posterior arch deficiencies (PAD) and fusions (FUS;
Farman et al., 1979; Sandham, 1986). The presence of
FUS between C2 and C3 (14%) and PAD of C1 (5%) are
considered normal morphological variations (Sonnesen
and Kjaer, 2007b). In comparison with controls, the
occurrence of CVA is, however, more frequent in a number
of syndromes and pathological conditions such as cleft
palate (Sandham, 1986; Ugar and Semb, 2001), mandibular
hypoplasia (Sonnesen et al., 2007), and obstructive sleeping
apnea (Sonnesen ef al., 2008). In addition, the occurrence of
CVA is frequent in non-syndromic individuals with extreme
skeletal malocclusions such as deep bite, mandibular
overjet, maxillary overjet, and open bite (Sonnesen and
Kjaer, 2007a,b; Sonnesen and Kjaer, 2008a,b). Furthermore,
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the vertical dimension of the dorsal arch of the atlas is
associated with the growth direction of the mandible, which
is a factor that influences the maxillofacial morphology and
dental occlusion (Huggare, 1989; Huggare, 1991).

According to the scientific community, it is unknown if
the morphology and the dimensions of the upper cervical
vertebrae are affected in patients with HR. Morphological
deviations observed in the bony structures of the cranial
part of the cerebellar and cervical spine field in HR patients
have given rise to the hypothesis that additional deviations
may exist in the morphology and dimensions of the upper
cervical vertebrae (Caspersen et al., 2010). It has also been
hypothesized that the severity of the general skeletal impact
in HR patients may be reflected in the degree of such mor-
phological alterations. Furthermore, the existence of a rela-
tionship between the morphology of the cervical vertebrae
and the craniofacial morphology has been hypothesized.

The aim of this study was to characterize the size and
morphology of the upper cervical vertebrae in adult patients
with HR compared with healthy controls and to elucidate
if the upper spine morphology was related to the sever-
ity of the skeletal impact in these patients. The study also
explored the relationship between the morphology of the
cervical vertebrae and 1. the dimensions of the posterior
cranial fossa, 2. the maxillofacial morphology, and 3. the
thickness of theca.

Materials and methods
Study population

The study population included a control group of 49 healthy
individuals and a group of 36 patients with HR in whom
X-linked disease was verified in 33 cases (Beck-Nielsen
et al., 2012; Table 1). The recruitment and diagnostic meth-
ods of the HR patients have been described in detail in a
previous report (Gjerup et al., 2011).

The size of the control group was based on power calcu-
lations after the recruitment of all HR patients as previously
described (Gjerup et al., 2011). It was estimated to yield
sufficient power (80%) to identify relevant differences at the
5% level of significance. The controls were recruited among
patients, students, and employees at Aarhus University and

Table 1 Number and age (yrs) of hypophosphatemic rickets
(HR) patients and controls according to gender.

HR patients Controls
Females Males Females Males
N 24 12 26 23
Mean age 41.2 (14.6) 42.4 (18.7) 423 (15.4) 39.5(15.9)
(SD)
Age range 21.0-74.5 18.8-73.2 23.0-74.5 20.7-72.6

H. GJORUP ET AL.

Aarhus University Hospital, Denmark. The inclusion cri-
teria for the control group were 1. Scandinavian ethnicity,
2. no chronic diseases except for allergies, 3. a minimum
of 24 permanent teeth, 4. normal, or only minor deviations
from normal occlusion, 5. no history of orthodontic treat-
ment, and 6. no craniofacial anomaly.

The analyses of this study were based on adult partici-
pants (n = 85; Table 1). According to the definition of skele-
tal severity score by Beck-Nielsen et al. (2010), the skeletal
impact was categorized as ‘mild’ in 14 HR patients and as
‘severe’ in 22 HR patients.

Methods

Measurements of osseous structures in the cerebellar and
cervical spine field (Figure 1), visual assessment of the
upper five cervical vertebrae (C1-C5), measurements of
the cranial base as well as the position of the maxilla and
the mandible in relation to the cranial base, and the thick-
ness of theca were evaluated on standardized lateral cepha-
lograms. The cephalograms were obtained with the digital
radiographic equipment Planmeca Promax© (Planmeca Oy,
Helsinki, Finland). All radiographs included the upper five
cervical vertebrae (C1-C5). The sensor-focus distance was
1.50 m and the enlargement factor was 1.13. During expo-
sure, the participant’s head was fixed in a rigid cephalostat,
and the participant was instructed to keep the teeth in occlu-
sion. The head posture was adjusted to the best fit of the
borders of the X-ray sensor.

The analysis of the cephalograms was performed using
software for cephalometric analysis, Pordios® (Institute of
Orthodontic Computer Science, Aarhus, Denmark). The
digitizing of all radiographs was performed by HG after ran-
domization of the radiographs in order to blind the observer
to the status of the individuals (i.e. HR patients or controls).

Cervical vertebrae: size and morphology

The landmarks of the atlas and the axis were defined according
to Huggare (1991) (Figure 2). The landmarks were digitized
directly on the cephalograms, and the dimensions of the atlas
and the axis were calculated accordingly (Huggare, 1991).

Deviations in the morphology of the upper cervical
vertebrae (C1-C5) were visually assessed as a PAD, which
was subclassified as ‘partial clefting’ or ‘dehiscence’, or
a FUS, which was subclassified as ‘fusion’ (Fus), ‘block
fusion’” (Blo), or ‘occipitalization’ (Occ) (Sandham,
1986; Figure 3). The assessment was performed by HG
according to the following criteria: 1. All the assessments
were checked by LS in a blinded fashion. 2. When more
than one cephalogram was available in one participant,
the morphological deviations had to be present on all
cephalograms. 3. Ifthere was any doubt about the assessment
of the cervical vertebral column, the vertebral column was
registered as ‘no morphological deviations’.
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Figure 1 Schematic illustration of the cerebellar and cervical spine field
(Kjaer et al., 1994; Kjaer et al., 1999; Kjaer, 2010). A modified version of
the illustration by Kjaer (2010).

Figure 2 Reference points and variables of the atlas and the axis. Atlas: V,
the height of the anterior tubercle; D1, the height of the dorsal arch; A-P, the
length of the atlas. Axis: D2, the height of the dorsal arch; DU-DL, the height
of the dens.

Craniofacial structures: size and morphology

The cephalometric measurements of the posterior cranial
fossa, the maxillofacial region (i.e. the maxilla and the
mandible), and the theca comprised six linear and six angu-
lar variables, which were calculated by the software after
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digitizing of the cephalometric landmarks (Figure 4). The
variables were defined according to definitions by Solow
(1966), Bjork (1975), Axelsson et al. (2003), and Caspersen
etal. (2010).

Reliability

The reliability of the variables describing the craniofacial
measurements and the size of the atlas and the axis was
assessed in 22 randomly selected radiographs digitized
twice by HG. The radiographs selected for re-digitizing
were included in the overall randomization of radiographs.
For each of the linear measurements of the atlas and the
axis, no systematic error was found. The method error
ranged from 0.03 to 0.83 (Dahlberg, 1940), and the reliabil-
ity coefficient ranged from 0.97 to 0.99 (Houston, 1983).
The reliability of the craniofacial measurements has previ-
ously been reported (Gjorup et al., 2011). The reliability of
the visual assessment of the morphological characteristics
of the cervical vertebrae has also previously been reported
(x=0.82; Sonnesen et al., 2007).

Statistical analyses

A two-sided chi-square test was used to compare the gender
distribution in the HR group and the control group. For
each gender, the age distributions in the two groups were
compared with unpaired z-test.

Measurements of the atlas and the axis according to health
status (i.e. HR patient or control) were compared by linear
regression analysis adjusted for the effect of age and gender.
To allow for familiar dependence, the regression estimates
were adjusted for clustering. Potential interactions between
the effect of age and health status and between the effect
of gender and health status were assessed. The presence of
FUS and PAD in HR patients in comparison with controls
was evaluated by chi-squared test for the whole group of
participants with and without HR.

In the group of HR patients, the associations between the
linear variables of the cervical column and the severity of the
skeletal impact were assessed by linear regression analysis
with adjustment for the effect of age, gender, and clustering.
In addition, the association between the categorical variables
of the cervical column and the severity of the skeletal impact
was evaluated by chi-squared test.

In the whole group of participants (i.e. HR patients and
controls), associations between the linear measurements
of the cervical column and the cephalometric variables of
the craniofacial structures were assessed by linear regres-
sion analysis with adjustment for the effect of health, gen-
der, and clustering. In the same group, the association
between CVA and the cephalometric variables of craniofa-
cial structures were evaluated by logistic regression analysis
with adjustment for the effect of health, gender, age, and
clustering. Potential interactions between the effect of the
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Figure 3 Posterior arch deficiences (PAD) and fusions (FUS) of the cervical vertebrae in hypophosphatemic rickets patients illustrated on radiographs:
A, partial cleft of C1; B, dehiscence of the posterior arch of C3-4-5; C, fusion of C3-4-5; D, occipitalization; E, fusion of C2-3. Stars indicate the location

of PAD and FUS.

cephalometric variable and health and gender, respectively,
were assessed.

The data were analysed using Stata® 11.0 (StataCorp,
College Station, Texas, USA). P values equal to or below
0.05 were considered statistically significant.

Results

The proportion of females was not higher in the HR group
(67%) than in the control group (53%; P = 0.208). The
mean age in the HR group [41.6 (standard deviation 2.6)

years] did not significantly deviate from that of the con-
trol group [41.0 (standard deviation 2.2) years; Table 1].

Cervical vertebrae and craniofacial structures: HR
patients versus controls

The height and the length of the atlas and the height of the
posterior arch of the axis were larger in HR patients than
in controls (P < 0.001; Table 2). In addition to the adjusted
comparison, Table 2 presents descriptive statistics (i.e. means
and standard deviation) according to status (HR patients or
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Figure 4 Craniofacial variables: n-s-ba, cranial base angle; s-ba, length
of the posterior cranial base; thi-oc, occipital thickness of the theca; thi-pa,
parietal thickness of the theca; thi-fr, frontal thickness of the theca; d-s-
iop, angle point d-sella-internal occipital protuberance; s-iop, length of the
posterior cranial fossa; d-p, height of the posterior cranial fossa; s-n-ss,
maxillary prognathism; s-n-pg, mandibular prognathism; ss-n-sm, ANB-
angle; and ss-n-pg, sagittal jaw relation.

Table 2 Dimensions [means and standard deviations (SD) in
millimetres] of atlas and axis in 36 hypophosphatemic rickets
(HR) patients and 49 controls.

Adjusted
comparison

HR versus
control

HR patients Controls

n Mean SD n Mean SD P value

Axis  Height V 36 12,10 1.38 48 1143 1.17 <0.001
Height DI~ 36 1327 196 49 11.70 1.94 <0.001
Length A-P 36 5434 331 49 5281 444 0.001

Atlas Height D2 36 19.58 3.39 49 1694 290 <0.001
Dens 36 38.12 265 49 3896 3.09 0.392
DU-DL

Comparison between groups adjusted for the effect of gender, age, and
clustering. P value, linear regression analysis.

controls). In HR patients, the cranial base angle was increased,
the depth of the posterior cranial fossa was decreased, and the
thickness of the occipital and the frontal theca was increased
compared with controls (P < 0.038; Table 3).

The prevalence of FUS was increased in HR patients
compared with controls and occipitalization of the axis was
the dominant finding (P < 0.001; Table 4).
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Associations between cervical vertebral column and
severity of skeletal impact in HR

The length of the atlas was positively (P = 0.043) and the
height of the dens was negatively (P = 0.008) associated
with the severity of skeletal impact in HR patients (Table 5).
No significant associations between CVA (i.e. FUS or
PAD) and the severity of skeletal impact were found in HR
patients.

Associations between cervical vertebral column and
craniofacial structures

In the whole group of HR patients and controls, the height
of the posterior arch of the atlas (D1) and the length of the
axis (A-P) correlated negatively with the cranial base angle
(n-s-ba; D1: P = 0.017; A-P: P = 0.008); D1 correlated
positively with the length of the posterior cranial base (s-ba:
P = 0.009) and negatively with the length of the posterior
cranial fossa (s-iop: P = 0.037; Table 6). The anterior (V)
and posterior height of the atlas (D1) correlated positively
with the thickness of the occipital theca (V: P = 0.015; D1:
P =0.001; Table 6). The height of the posterior arch of the
axis (D2) was correlated positively with the depth of the
posterior cranial base (d-s-iop: P = 0.004; P-d: P = 0.013;
Table 6). Furthermore, the length of the atlas correlated
positively with the degree of mandibular prognathism (P =
0.042; Table 3). The height of the posterior arch of the axis
(D2) was affected by the interaction between the effect of
the sagittal jaw relation and the effect of health (ss-n-sm, P
= 0.003; ss-n-pg, P = 0.015); and a significant correlation
between the height of the axis (D2) and the sagittal jaw
relation was present only in healthy controls.

In the whole group of HR patients and controls, the only
association identified between the CVA and the craniofa-
cial structures was that of a positive association between
the FUS and the frontal and parietal thickness (P = 0.034
and P = 0.003, respectively). In controls as opposed to
HR patients, PAD was associated with the length of the
posterior cranial fossa (s-iop, P = 0.033). In females as
opposed to males, FUS was associated with the occipital
thickness (thi-oc, P = 0.001). Neither PAD nor FUS were
significantly affected by the interaction between the effect
of any other cephalometric variable and health or gender,
respectively.

Discussion

This radiological study has revealed increased dimensions
of the atlas and the posterior arch of the axis as well as
more occipitalizations in HR patients compared with con-
trols. In HR patients, the vertebral dimensions were related
to the severity of the skeletal impact. This study also dem-
onstrated an association between the dimensions of the
upper cervical vertebrae and the dimensions of the poste-
rior cranial fossa.

102 ‘2T Afenuer uo selreIqIT A1SBAIUN SNYIRY / JBXRI01|qIg SBISBAIUN SNYeY e /610'Sfeulno(pioyxo-ole//:dny wolj pspeojumoq


http://ejo.oxfordjournals.org/
http://ejo.oxfordjournals.org/

Page 6 of 9

H. GJORUP ET AL.

Table 3 Craniofacial measurements [means and standard deviations (SD) in millimetres or degrees] in 36 hypophosphatemic rickets
(HR) patients and 49 controls. d-p, height of the posterior cranial fossa; d-s-iop, angle point d-sella-internal occipital protuberance;
n-s-ba, cranial base angle; s-ba, length of the posterior cranial base; s-iop, length of the posterior cranial fossa; s-n-ss, maxillary
prognathism; s-n-pg, mandibular prognathism; ss-n-sm, ANB-angle; and ss-n-pg, sagittal jaw relation; thi-oc, occipital thickness of the
theca; thi-fr, frontal thickness of the theca; thi-pa, parietal thickness of the theca.

Adjusted comparison

HR patients Controls HR versus control
n Mean SD n Mean SD P value
Cranial base n-s-ba (degree) 24 133.79 5.68 26 132.52 5.73 0.038
s-ba (mm) 24 45.48 2.84 26 45.70 2.65 0.548
Posterior cranial base d-p (mm) 24 30.03 3.50 25 35.30 3.55 <0.001
d-s-iop (degree) 24 21.17 2.79 25 25.74 3.33 <0.001
s-iop (mm) 24 106.56 4.83 25 105.56 4.78 0.256
Theca thi-oc (mm) 24 6.21 1.99 25 4.64 1.46 0.010
thi-pa (mm) 18 9.68 2.25 24 8.93 1.51 0.052
thi-fr (mm) 18 10.83 2.79 25 8.28 1.46 <0.001
Maxilla and mandible s-n-ss (degree) 24 82.89 3.56 26 82.16 3.02 0.883
s-n-pg (degree) 24 80.01 3.98 26 79.48 2.98 0.922
ss-n-sm (degree) 24 2.88 2.84 26 2.68 2.05 0.792
ss-n-pg (degree) 24 4.09 2.21 26 3.59 1.73 0.922

Comparison between groups adjusted for the effect of gender, age and clustering. P value, linear regression analysis.

Table 4 Distribution of cervical vertebral anomalies in 36
hypophosphatemic rickets (HR) patients and 49 healthy controls
according to type of posterior arch deficiencies (PAD) and
fusions (FUS).

Table 5 Length and height (in millimetres) of atlas and axis in
36 adult hypophosphatemic rickets patients according to severity
of skeletal impact as defined by Beck-Nielsen ef al. (2010). SD,
standard deviation.

HR patients Controls Chi?

n % n % P value
PAD 6 16.7 9 18.4 NS
Partial* 2 5.6 4 8.2 NS
Dehis** 4 11.1 5 10.2 NS
FUS 14 38.9 3 6.1 <0.001
Fus*** 1 2.8 3 6.1 NS
Blo##*** 1 2.8 0 0 NS
OccHsk 13 36.1 0 0 <0.001

Chi-squared test comparing controls and HR patients. One HR patient
had both fusion of C2-C3 and occipitalization; two controls had both PAD
and FUS.

% is the percentage of the total number in the group.

*Partial cleft of posterior arch; **dehiscence of posterior arch; *** fusion
between C2-C3; **** block fusion of C3-C4-C5; ***** occipitalization,
i.e. fusion of atlas and cranial base; NS, not significant: P value > 0.05.

The number of HR patients in this study was relatively
high in spite of the fact that HR is a rare disease, and we
included more patients than previous cephalometric HR
studies (Marks et al., 1965; Tracy and Campbell, 1968;
Al-Jundi et al., 2009). Another strength of this study is
its clearly defined diagnostic criteria of HR and the detec-
tion of a disease-causing gene mutation in 33 of the 36 HR

Adjusted
comparison
Mild (n = 14) Severe (n = 22) Mild versus
severe
Mean SD Mean SD P value
Height V 11.44 1.08 12.52 1.41 0.113
Height D1 12.69 1.18 13.63 2.28 0.384
Length A-P 52.74 2.53 55.36 3.39 0.043
Height D2 18.59 3.71 20.20 3.09 0.419
Dens 38.39 2.20 37.95 2.94 0.008

P values, linear regression analysis with adjustment for the effect of
gender, age, and clustering.

patients. We did not match controls according to gender
and age during recruitment. However, the age and gender
differences between the two groups were not significant
and potential inaccuracies were adjusted for in the statisti-
cal analysis. Thus, the control group was considered to be
appropriate for this study.

The analyses of the cervical structures were performed
on two-dimensional (2D) radiographs. The difficulty of
determining deviations in the upper spine morphology on
the basis of a single lateral cephalogram has previously
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Table 6 Analysis of associations between linear variables of the cervical column (C1 and C2) and cephalometric variables of the
cerebellar and cervical spine field in 36 hypophosphatemic rickets (HR) patients and 49 controls. d-p, height of the posterior cranial
fossa; d-s-iop, angle point d-sella-internal occipital protuberance; n-s-ba, cranial base angle; s-ba, length of the posterior cranial base;
s-iop, length of the posterior cranial fossa; thi-oc, occipital thickness of the theca.

C1 and C2 (mm) s-ba (mm) n-s-ba (degree) thi-oc (mm) d-s-iop (degree) d-p (mm) s-iop (mm)

Co P Co P Co P Co P Co P Co P
Height V 0.01 0.755 —0.01 0.554 0.10 0.015 0.05 0.123 0.03 0.382 —0.01 0.551
Height D1 0.16 0.009 —0.06 0.017 0.30 0.001 0.11 0.071 0.06 0.23* —-0.07 0.037
Length A-P 0.20 0.118 —0.14 0.008 —0.02 0.95* 0.20 0.092 0.15 0.072 —0.03 0.705
Height D2 0.15 0.158 —0.07 0.159 0.30 0.240 0.23 0.004 0.18 0.013 0.03 0.653
Dens —0.03 0.772 —0.02 0.628 0.12 0.445 0.14 0.057 0.11 0.062 0.05 0.301

P values, linear regression analysis of the association between cervical column variables and cephalometric variables with adjustment for the effect of

health, gender, and clustering.

Co, regression coefficient of the cephalometric variable in relation to the cervical column variable.
*Significant interaction between the cephalometric variable and health (HR patient or control).

been discussed (Massengill ef al., 1997; Koletsis and
Halazonetis, 2010; Bebnowski ef al., 2012). These stud-
ies found that some FUS observed on 2D radiographs were
likely to be ‘pseudo-FUS’, and they therefore recommended
to use a more reliable method such as computed tomogra-
phy (CT) or cone-beam CT (CBCT). However, in a recent
study of CVA in patients with obstructive sleeping apnea,
the agreement between the occurrence of CVA as deter-
mined by lateral cephalograms and CBCTs was good (k =
0.64; Sonnesen et al., 2013). In this study, the lateral cepha-
lograms were obtained before CBCT was generally used.
In order to minimize false-positive findings on 2D, clearly
defined criteria were set up in this study. We, therefore,
expect that our 2D results provide useful and reliable results
about dimensional and morphological deviations.

The increased dimensions of the atlas and the poste-
rior arch of the axis may be associated with the increased
thickness of the theca, which has been reported previously
(Gjerup et al., 2011). The increment in size of the atlas and
the axis as well as the theca may reflect disturbances in the
normal balance between bone resorption and bone forma-
tion. Calcification of ligaments is common in adult HR
patients (Polisson et al., 1985; Beck-Nielsen et al., 2010),
and this kind of calcification might also be the result of dis-
turbances in bone cell functioning.

In this study, the length of the atlas and the height of the
dens were related to HR severity. Thus, the atlas was longer
and the dens were shorter in severely than in less severely
affected HR patients (Table 5). The differences in the
severity of skeletal impact depending on the subunits of the
vertebral unit (e.g. vertebral body or posterior arch) might
reflect the differentiated development of the vertebrae,
which originate from the embryological sclerotomes. The
cells of a specific region of the sclerotome (e.g. the future
vertebral body that surround the notochord) are controlled
by distinct genes, which determine the characteristics of the

region (Schoenwolf, 2009), and it could be hypothesized that
the regional characteristics also determine the susceptibility
and reaction to pathological conditions like HR.

CVA was a relatively frequent finding in HR patients,
and FUS (39%) was more common than PAD (17%).
Comparable differences have been reported in patients
with severe skeletal malocclusions (FUS 42-61%; PAD
6—13%; Sonnesen and Kjaer, 2007a,b; Sonnesen and Kjaer,
2008a,b). In patients with cleft deformities (cleft lip, cleft
palate, or combined), whose maxillofacial morphology is
severely affected, PAD (8-17%) was more frequent than
FUS (0-12%; Sandham, 1986; Ugar and Semb, 2001). The
differences in the prevalence and pattern of CVA may reflect
the different pathogenesis of the conditions.

The analyses of the correlations between the dimensions
of the upper cervical column and the cranial structures
included all participants (HR patients and controls). Except
from one pair of variables (D1/P-D), no significant inter-
actions between cephalometric variables and health status
were found in the statistical analyses. This indicated that
the same interrelationship existed between the variables
irrespective of participant’s health status. This finding of a
significant correlation between the height of the dorsal arch
of the atlas and the length of both the posterior cranial base
and the posterior cranial fossa is in accordance with a previ-
ous study, which reported a significant correlation between
the height of the dorsal arch of the atlas and the length of
the posterior cranial base in healthy adults (Huggare, 1991).
In addition, both the height of the arch and the length of
the atlas correlated positively with the flexure of the cranial
base (inversely related to the cranial base angle). These pos-
itive correlations indicate a close connection between the
osseous structures of the cerebellar and the cervical spine
field (Figure 1). This finding supports the idea of a common
embryological origin initiated by notochordal induction of
sclerotome formation in the somites, which develop into the
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cervical spine and the osseous structures of the posterior
cranial fossa (Kjaer, 1998).

A previous report on the association between the height
of the posterior arch of the atlas and the forward growth
of the mandible (Huggare, 1989) is supported by our find-
ing of the positive correlation between the length of the
atlas and the mandibular prognathism. In contrast, this
study found no association between FUS and jaw rela-
tionship, which has been reported in patients with skel-
etal malocclusions (Sonnesen and Kjaer, 2007a; Sonnesen
and Kjaer, 2008a,b). It has been suggested that a probable
interrelationship between the upper spine morphology
and the maxillofacial morphology is rooted in the neural
tube origin of the neural crest cells, which migrate ante-
riorly from the neural tube region to become involved in
the development of the foetal face (Kjaer, 1998; Sonnesen
and Kjaer, 2007a,b; Sonnesen and Kjaer, 2008a,b). In this
study, the absence of an interrelationship between CVA
and maxillofacial morphology may be related to the fact
that the participants had a fairly normal maxillofacial
morphology (Table 3), and thus, severe deviations in max-
illofacial morphology were not present in the study popu-
lation. A previous study based on human skulls concluded
that occipitalizations were associated with deviations in
the neighbouring structures (i.e. the cerebellar region)
and not with deviations in the maxillofacial morphology
(Caspersen et al., 2010). In this study, a high number of
HR patients had occipitalizations, but no associations were
found between FUS and deviations in neither the neigh-
bouring nor the maxillofacial structures. In contrast, a
significant association was found between FUS and the
thickness of the frontal and the occipital theca.

The results of this study illustrate the importance of
awareness of all structures of the cephalogram when it is
used by orthodontists for routine cephalometric analyses.
Cephalograms depict the upper cervical vertebrae, and
CVA or a deviating dimension of the vertebrae in addition
to other symptoms may indicate general pathology, e.g.
HR.

Conclusions

The dimensions of the atlas and the axis were increased
in HR patients compared with healthy controls, and HR
patients had a high prevalence of FUS of the upper spine.
Dimensions of the atlas and the axis were also associ-
ated with the severity of skeletal impact in HR patients.
Furthermore, the analyses of the whole study population
revealed associations between upper spine morphology and
craniofacial morphology mainly in the form of an associa-
tion with the morphology of the cranial part of the cerebel-
lar and cervical spine field. This may indicate an association
between dysmorphological traits of osseous structures
belonging to the same developmental field.
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Extra-skeletal calcifications in rickets

Structured abstract

Obijectives - The purpose was to: 1) explore radiological signs of intracranial calcifications and of
nuchal ligament calcifications in adult patients with hypophosphatemic rickets (HR) compared with
controls, 2) correlate signs of cranial calcifications in HR patients with the presence of other extra-
cranial enthesopathies, to the severity of skeletal HR impact, and to medical treatment during
childhood.

Setting and Sample Population - Lateral and postero-anterior cephalograms from 36 adult HR
patients and 49 adult controls and X-rays from spine, pelvis, knees and ankles from 31of the 36 HR
patients were included.

Methods - Radiological signs of intracranial calcifications and of nuchal-ligament-calcifications in
HR patients were compared with controls by Fischer’s exact test. In HR patients, the presence of
cranial calcifications was correlated to the presence of other enthesopathies, to the severity of
skeletal HR impact, and to medical treatment by Fischer's exact or chi-squared test.

Results - Six (17%) HR patients revealed major signs of intracranial calcifications. Nuchal ligament
calcifications were common in HR patients compared with controls (p=0.018). Enthesopathy was
present at 0-24 sites per HR patient (median 2). Intracranial calcifications trended to correlate
positively with vertebral enthesopathies (p=0.059). Nuchal calcifications correlated positively with
the severity of skeletal HR impact (p=0.040). Vertebral enthesopathies correlated negatively with
medical treatment (p=0.008).

Conclusion - On lateral cephalograms, more HR patients than controls showed nuchal ligament
calcifications, and some HR patients showed intracranial calcifications. Severely affected HR
patients often had nuchal ligament calcifications. Medically treated HR patients had few vertebral

enthesopathies.
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Clinical relevance

The finding of unusual calcifications in relation to the cranium calls for attention by clinicians
obtaining cephalograms. These findings may indicate a pathological condition and, in addition to a
number of other diseases, HR should be considered. Future studies to assess these findings in other
metabolic bone diseases, e.g., nutritional rickets, other subtypes of hereditary rickets, or

osteogenesis imperfecta, are warranted.
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Introduction

Hypophosphatemic rickets (HR) is a rare disease characterized by an insufficient mineralization of
the bones due to abnormal renal phosphate wasting (1). The most predominant type of HR is
inherited in a dominant X-linked fashion caused by mutations in the gene encoding for the
phosphate regulating endopeptidase homolog, X-linked (PHEX, MIM 300550) (XLHR, MIM
307800) (2). Less predominant types of HR include autosomal dominant HR caused by a mutation
in the gene encoding for fibroblast growth factor 23 (FGF23, MIM 605380) (ADHR, MIM 193100)
(3) and autosomal recessive HR caused by a mutation in the gene encoding for dentin matrix acidic
phosphoprotein 1 (DMP1, MIM 600980) (ARHR, MIM 241520) (4). XLHR, ADHR, and ARHR
are fibroblast-growth-factor-23 (FGF23)-associated HR. FGF23 is a potent phosphaturetic factor,
being the principal regulatory hormone of the phosphate homeostasis. In addition, FGF23 is
suggested to have a direct effect on the bone cells (5).

HR affects the cranium in humans (1, 6-10), and in HYP mice (the murine model of XLH)
(11, 12). Furthermore, HR patients have dental abnormalities (13-15), and endodontically affected
teeth are common in adults with HR (16). In addition to skeletal and dental affection, mineralizing
enthesopathy (i.e., the calcification of joint capsules, tendons, and ligament insertions) has been
reported in HR patients (1, 17, 18). In animal models of HR, a mineralizing enthesopathy has also
been demonstrated where it appears as an expansion of mineralizing fibrocartilage in the tendons
and the ligaments (19, 20).

A recent cephalometric study on 53 individuals with X-linked HR showed a different
morphology of the cranial base compared to controls, and that the skull thickness was increased
(21). Another study based on profile radiographs (i.e., cephalograms) of adults from the same HR
population focused on the dimensions and the morphology of selected osseous structures adjacent to

the anterior cranial fossa. Deviations in the morphology and the dimensions of the nasal bone were
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described (22). A succeeding study of the same adult population focused on the osseous structures
adjacent to the posterior cranial fossa and revealed deviations in the morphology and the
dimensions of the upper cervical vertebrae (23).

On cranial radiographs, intracranial calcifications are generally reported as incidental
findings, normally described as a physiological phenomenon (24-26). The potential sites of
calcification include the fibrous dura mater sheets, which include the falx cerebri. Extensive
calcification of the falx cerebri is a rare condition, which in some cases has been associated with
pathology (27-29). In addition to intracranial structures, the lateral cephalogram includes a number
of extra-cranial structures related to the cranium, e.g., the attachment site of the nuchal ligament.
The nuchal ligament, which is the uppermost ligament of the spine, attaches to the posterior surface
of the occipital bone at the external occipital protuberance and the occipital crest. In the present
study, it is hypothesized that extraordinary calcification of both the extra-skeletal nuchal ligament
and intracranial fibrous structures (e.g., the dura mater) are present in HR patients, which would be
in line with the previously reported calcification of other fibrous structures (i.e., mineralizing
enthesopathy) in these patients (1, 17, 18).

The primary purpose of the present study was to reveal the presence of intracranial and extra-
cranial calcifications on cephalograms in adult HR patients compared with adult controls. The
second purpose was to assess the association between the presence of intra- and extra-cranial
calcifications and a) the presence of mineralizing enthesopathy at other extra-skeletal sites, b) the

severity of skeletal HR impact, and c¢) the medical treatment during childhood.

Material and methods

Study population and radiographic material
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The study population comprised a HR group of 36 adult patients with HR (age>18 yrs.) and a
control group of 49 healthy adults (Table 1). A detailed description of the recruitment of the
participants has previously been published (1, 21, 23). In the HR group, the diagnosis of HR was
confirmed biochemically, and the diagnosis was genetically verified in 33 of the 36 HR patients
(92%) (30).

The study material comprised standardized profile radiographs (lateral cephalograms) and
standardized postero-anterior radiographs (PA cephalograms) of the cranium. Lateral cephalograms
were obtained in all participants, and PA cephalograms were obtained in all participants except in
two HR patients and two controls. The radiographs were obtained as described by Solow (31) with
minor modifications according to the digital radiographic equipment. The equipment was Planmeca
Promax® (Planmeca Oy, Helsinki, Finland). The sensor-focus distance was 1.50 meter and the
enlargement factor 1.13. During the exposure, the head of the patient was fixed in a rigid
cephalostat, and the participants were instructed to keep their teeth in occlusion. During the
exposure for the lateral cephalogram, the head posture was adjusted to the best fit of the borders of
the X-ray sensor. During the exposure for the PA cephalogram, the head was postured with the
Frankfort plane horizontal.

In addition, X-rays of the ankles, knees, pelvis, including the hips, and the lumbar spine
(postero-anterior projections) were obtained in 31 of the 36 HR patients. Similar X-rays were not
available in the control group.

Intracranial and extra-cranial calcifications

According to intra- and extra-cranial calcifications, the lateral cephalograms underwent visual
assessment to reveal unusual radiopacities, which indicate a calcification of intracranial or extra-
cranial structures. This assessment was performed by the first author in a blinded fashion according

to the information on group (HR or control group). Diffuse and indistinct radiopacities above the
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anterior cranial base and close to the inside of the frontal bone were recorded as present or absent.
The radiopacities were sub-classified as minor or major based on a subjective assessment of their
extent and clearness. In patients with radiopacities present on the lateral cephalogram, a
supplementary assessment was performed on the PA cephalogram to locate the radiopacities in the
transverse plane. On the PA cephalogram, the radiopacities were characterized as 1) widespread in
the neurocranium on both sides of the midline, 2) localized on one side of the midline, or 3)
localized in the midline. Unusual radiopacities at the cranial end of the nuchal ligament indicated an
extra-cranial calcification of the ligament. The radiopacities were recorded as present or absent.

The presence of mineralizing enthesopathy of ligaments and tendons in relation to the
vertebral column, the ankles, the knees, and the hips was assessed from the evaluation of X-rays of
the structures. This assessment was performed by the author MRP. Mineralizing enthesopathies
were defined as bone proliferation at sites of ligament attachments or calcification of ligaments. The
total number of sites with mineralizing enthesopathy and a grouping according to the number of
sites (0-1; 2-6, and >7) was recorded. In addition, vertebral enthesopathy (i.e., a mineralizing
enthesopathy of the collateral ligaments of the vertebral column) was recorded as present or absent.
Medical treatment during childhood
The medical treatment history during childhood (age 0-18 years) was obtained by a review of the
medical files and confirmed by interview. “Continued treatment” was defined as treatment with
both calcitriol and phosphate initiated at least from 4 years of age and continued without significant
interruptions until 18 years of age. “Periodical treatment” was defined as treatment with a total
duration of less than 10 years. “No treatment” was defined as treatment with a total duration of less
than one year.

The study was approved by The Regional Scientific Ethical Committee of Southern Denmark

(ID: M-2678-05).
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Statistical analysis

Concerning study population, the gender distribution in the HR group and in the control group was
compared by the two-sided chi-squared test. For each gender, the age distribution in the two groups
was compared with the unpaired t-test.

The prevalence of the HR patients with intracranial calcifications was compared with controls
by the Fischer’s exact test. The prevalence of the HR patients with nuchal ligament calcifications
was compared with controls by the Fischer’s exact test and by the logistic regression analysis
adjusted for the effect of age, gender, and family clustering.

In the group of HR patients, the associations between the presence of vertebral enthesopathies
and intracranial calcifications respectively nuchal ligament calcifications were assessed by the
Fischer's exact test. The associations between the enthesopathy grouping (total sites: 0-1, 2-6, and
>7) and intracranial calcifications respectively nuchal ligament calcifications were assessed by the
Fischer's exact test. Furthermore, the associations between intracranial or nuchal ligament
calcifications and the total number of sites with mineralizing enthesopathy were assessed by logistic
regression analysis adjusted for the effect of age, gender, and family clustering.

In the group of HR patients, the prevalence of the patients with intracranial calcifications was
compared in terms of the severity of the skeletal HR impact by the Fischer’s exact test. The
prevalence of patients with nuchal ligament calcifications and the prevalence of patients with
vertebral enthesopathies were compared in terms of the severity of skeletal HR impact by the two-
sided chi-squared test.

In the group of HR patients, the prevalence of patients with signs of intracranial calcifications
and the prevalence of patients with signs of nuchal ligament calcifications were compared in terms

of the childhood medical treatment by Fischer’s exact test.



Extra-skeletal calcifications in rickets

Data analysis was performed using Stata® 11.0 (StataCorp, College Station, TX). P-values

equal to or below 0.05 were considered statistically significant.

Results

Study population

With regards to age and gender, no significant differences were found between the HR group and

the control group (Table 1).

Intracranial and extra-cranial calcifications

The visual assessment of the lateral cephalograms revealed major intracranial radiopacities in six of

36 HR patients (16.7%), and minor radiopacities in three of 49 controls (6.1%) (Fig. 1-3 and Table

2). A supplementary assessment of the PA cephalograms was possible in five of the six HR patients

with radiopacities visible on the lateral cephalograms. The assessment revealed three cases with

widespread diffuse radiopacities on both sides of the midline (Fig. 2A, 2D, and 2F). The PA

cephalograms of the three controls with radiopacities present on the lateral cephalograms did not

provide additional information regarding the location of the radiopacities in the transversal plane.
Calcification of the nuchal ligament was visible in 18 of 36 HR patients (50%) and in 10 of 44

controls (23%) (Fig. 4 and Table 2). According to the comparison adjusted for the effect of the

gender, the age, and the clustering, this difference between the groups was significant (p=0.018).

The nuchal ligament calcifications were present in only one of the six HR patients with intracranial

radiopacities (Table 3).

Mineralizing enthesopathy

The total number of sites with mineralizing enthesopathy was 0-24 sites per HR patient (median 2;

0-1: 12 patients; 2-6: 9 patients; >7: 10 patients). Thirteen of 31 HR patients (42%) had at least one

site with vertebral enthesopathy.
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In exception of one patient, all patients with intracranial calcifications had vertebral
enthesopathy (Table 3), but this association was not statistically significant (p=0.059, Table 4).
According to the regression analysis, the total number of sites with mineralizing enthesopathy was
associated with the presence of intracranial calcifications (p=0.018). The presence of nuchal
ligament calcifications was not significantly associated with mineralizing enthesopathy at other
skeletal sites (Table 4).

Severity of skeletal impact

According to the definition by Beck-Nielsen and coworkers (1), the skeletal impact was categorized
as “mild” in 14 HR patients and “severe” in 22 of the HR patients in this study. The intracranial
radiopacities were identified in four of 14 mildly affected (28.9%) and in two of 22 severely
affected HR patients (9.1%). The calcification of the nuchal ligament was identified in four of 14
mildly affected (29%) and in 14 of 22 severely affected HR patients (64%). The vertebral
enthesopathy was identified in four of 13 mildly affected (30.8%) and in nine of 18 severely
affected HR patients (50%). According to the statistical analysis, the severity of skeletal impact was
associated with nuchal ligament calcification (p=0.040), but not with intracranial calcifications
(p=0.181) or vertebral enthesopathy (p=0.284).

Medical treatment

In the group of 36 adult HR patients, 12 patients (33%) had continuous; two patients (6%) had
sporadic, and 22 patients (61%) had no treatment during childhood.

The six HR patients with intracranial calcifications were all untreated during childhood (Table
3). However, the occurrence of neither intracranial nor nuchal ligament calcifications was
significantly associated with childhood treatment (p>0.226). This was in contrast to the presence of

vertebral enthesopathy, which correlated negatively with childhood treatment (p=0.008) (Table 5).
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Discussion

According to the present radiographic study, calcifications in the nuchal ligament were common in
HR patients, and the presence of the nuchal ligament calcifications was positively correlated with
the severity of skeletal HR impact. In addition, radiological signs of intracranial calcifications were
revealed in some HR patients, all being non-treated during childhood. The intracranial calcifications
showed a tendency to be correlated with mineralizing enthesopathy at other skeletal sites.
Furthermore, the presence of vertebral enthesopathies was negatively correlated with childhood
treatment. These findings are new and not previously described in the literature.

Intra- and extra-cranial calcifications

On the lateral cephalograms, radiological signs of intracranial calcifications were a dominant
finding in six of the 36 HR patients (17%). In contrast, only three of 49 controls (6%) showed signs
of intracranial calcifications, and the signs were discrete. In three of the six HR patients (50%) (Fig.
3A, 3D, and 3F), the supplementary assessment of the frontal cephalograms revealed widespread
and diffuse radiopacities inside the neurocranium on both sides of the midline. Sporadic cases with
calcification of the falx cerebri or of other parts of the meninges have previously been reported in
otherwise healthy patients, as well as in a patient with a tertiary hyperparathyroidism (27-29).
According to the PA cephalograms of the previously mentioned three HR patients (Fig. 3A, 3D, and
3F), the radiopacities were not located in the midline. Thus, they did not represent calcification of
the falx cerebri. Instead, they indicated calcification of the dura mater or atypical osteoid formation
on the inside of the frontal bone. Five of six HR patients (83%) with signs of intracranial
calcifications did not show signs of nuchal ligament calcifications (Table 3). In contrast, there was a
tendency towards a positive correlation between the presence of intracranial calcifications and the
presence of mineralizing enthesopathy at other skeletal sites (Table 4). This might indicate different

mechanisms behind the intracranial and the nuchal ligament calcifications.
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Extra-cranial calcifications in the nuchal ligament were frequent findings in HR patients
(Table 2). The presence of nuchal ligament calcifications adjacent to the surface of the occipital
bone adds information to the previous reporting of a high prevalence of mineralizing enthesopathy
in HR patients (17-19). However, the present study did not show a significant association between
the presence of nuchal ligament calcifications and the presence of other sites with mineralizing
enthesopathy. Previous HYP mice studies have revealed mineralizing fibrocartilage in ligaments
and tendons, and it has been suggested to be due to a direct action of FGF23 on the
fibrochondrocytes (19, 20) . Thus, it could be hypothesized that the present nuchal ligament
calcifications represent mineralized fibrocartilage produced by fibrochondrocytes due to a direct
FGF23-action.

Severity of skeletal impact and childhood treatment

The presence of the extra-cranial calcifications in the nuchal ligament was correlated positively
with the severity of skeletal HR impact (p=0.040), whereas the intracranial calcifications and the
vertebral enthesopathy were not (p>0.181). This difference is an additional indication of different
mechanisms behind the formation of intracranial, nuchal ligament, and other extra-skeletal
calcifications. The positive correlation between childhood treatment and the absence of vertebral
enthesopathy might be interpreted as a positive effect of the current treatment method (p>0.008;
Table 5). In contrast, the presences of intracranial calcifications or nuchal ligament calcifications
were not associated with childhood treatment (Table 5). This may be an indication of shortcomings
or insufficient strategy in the current treatment approach. Future treatment strategies based on a
direct modification of the FGF23-activity are believed to be more effective, e.g., by restraining the
presence of mineralizing enthesopathy (32). This effect might include a reduction in the atypical

calcification of the nuchal ligament as well as calcification of ligaments at other skeletal sites.
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According to a previous cephalometric study, the cranial base is flattened in HR patients (21).
This may be seen as a deformation of hypomineralized cranial bone in line with the deformation of
the lower extremities, which is one of the characteristics of HR (1, 2). Thus, the cephalogram may
demonstrate the previously described paradox in the presence of both extra-skeletal calcifications
(e.g., nuchal ligament calcifications) and bone hypomineralization (e.g., cranial base deformation)
in HR patients (19, 20).

In studies on rare diseases, it is an ever-standing challenge to achieve a reasonable sample
size. The previously published cephalometric HR studies included up to 22 HR patients (6, 7, 9).
The present study, which include 36 patients, add further to the total number of reported HR cases
dealing with an assessment of cranial deviations. Furthermore, this study was strengthened by
clearly defined diagnostic criteria of HR, in addition to the detection of a disease-causing gene

mutation in 33 of the 36 HR patients (92%).

Conclusions

Calcifications of the nuchal ligament were common in HR patients, but they were not associated
with mineralizing enthesopathy at other extra-skeletal sites. Some HR patients showed evidence of
intracranial calcifications, supposedly in the dura mater. The presence of the intracranial
calcifications showed a trend towards a positive correlation with other types of mineralizing
enthesopathy. The nuchal ligament calcifications were positively correlated with the severity of the
skeletal HR impact. The medical treatment during childhood was associated with the presence of

vertebral enthesopathy, but not with intracranial or nuchal ligament calcifications.
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Fig. 1. Lateral cephalograms of the six HR patients with major radiopacities posterior to the frontal
bone. The radiopacities are situated intra-cranially and represent supposedly calcifications of dura

mater structures. The arrows point at the radiopacities.

Fig. 2. PA cephalograms of five of the six HR patients depicted in Fig. 1. Radiographs A, D, and F:

The radiopacities are widespread in the neurocranium on both sides of the midline. Radiograph B

and E: The radiopacities are not visible.

Fig. 3. Lateral cephalograms of the three controls with minor radiopacities posterior to the frontal

bone. The radiopacities are situated intra-cranially. The arrows point at the radiopacities.

Fig. 4. Lateral cephalograms of HR patients with examples of the radiopacities, which are described

as nuchal ligament calcifications. The arrows point at the radiopacities.
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Table 1. The number and the age in years according to the group (HR patients

or controls) and the gender

HR patients Controls
Females Males Females Males
N 24 12 26 23
Mean age (SD) 41.2 (14.6) 42.4 (18.7) 42.3 (15.4) 39.5(15.9)
Age range 21.0-74.5 18.8-73.2 23.0-74.5 20.7-72.6

20



Extra-skeletal calcifications in rickets

Table 2. The distribution of intra- and extra-cranial radiopacities on
lateral cephalograms of 36 adult HR patients in comparison with 49
adult controls

HR patients Controls
‘ . N=36 N=49
Calcifications
n % n %o p
E;Fiiranial 6 16.7 0 0
jor 0.159™
Inj[racramal 0 0 3 6.1
minor
Extra-cranial 18 50 102 23 0.018

(the nuchal ligament)

N is the total number in the group
n is the number of individuals with the specified type of radiopacity
" p-values, Ficher’s exact test

comparison including major and minor signs of intracranial calcifications

IN=44.
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Table 3. Characteristics regarding gender, age, treatment, skeletal severity, nuchal ligament
calcifications, and vertebral enthesopathy in the six HR patients and the three controls with
intracranial calcifications in relation to the inside of the frontal bone

Subject Gender Age Treatment Skeletal  Intracranial Nuchal Vertebral
yIs 0-18 yrs*  severity’ calcification® calcification® enthesopathy®

1A f 53.7 0 X XX 0 X

1B f 74.5 0 X XX 0 0

HR 1C f 65.5 0 XX XX 0 X
patients 1E f 48.8 0 X XX 0 X
1D f 43.2 0 X XX 0 X

IF m 67.5 0 XX XX X X

3A m 30.9 - - X 0 -

Controls 3B f 78.5 - - X 0 -
3C m 27.9 - - X 0 -

Subject refers to cephalograms depicted in Fig. 1 and Fig. 3

* Treatment with phosphate and activated vitamin D in childhood. “0” no treatment

® The severity of the skeletal impact in HR patients (Beck-Nielsen et al., 2010). “x” mild affection, “xx”
severe affection

¢ The presence of intracranial radiopacities: “0” none, “x” minor, “xx” major

4The presence of nuchal ligament calcifications is marked with “x”

¢ The presence of one or more sites with mineralizing enthesopathy of the collateral ligaments of the

vertebral column.

22



Extra-skeletal calcifications in rickets

Table 4. The association between intracranial or nuchal ligament calcifications and the
presence of mineralizing enthesopathies related to other sites of the skeleton in 31 of 36 adult

HR patients
Intracranial calcifications Nuchal ligament calcifications
Yes No p* Yes No p*
N=6 N=25 N=15 N=16
Enthesopathy
vertebral 5 (85%) 8 (32%) 0.059 6 (40%) 7 (44%) >0.999
(n=13)
Enthesopathy
all”™”
0-1(n=12)  1(17%) 11 (44%) 6 (40%) 6 (38%)
2-6 (n=9)  1(17%) 8 (32%) 0-220 4 (27%) 5 (31%) ~0-999
[0.018] [0.289]
>7(@m=10) 4 (67%) 6 (24%) 5 (33%) 5 (31%)

Values are number and percentage of patients in the group with the specified type of mineralizing
enthesopathy

N is the total number in the group

" p-values in Ficher's exact test. The values in brackets are p-value from logistic regression
analysis with the assessment of the association between intracranial or nuchal ligament
calcifications and the total number of sites with mineralizing enthesopathies adjusted for the effect
of age, gender, and family clustering

" One or more sites of the vertebral column with mineralizing enthesopathy (n is the number of HR
patients with this assessment)

™ All extra-skeletal sites with mineralizing enthesopathy grouped according to the number of sites

(n is the number of HR patients in the group).

23



Extra-skeletal calcifications in rickets

Table 5. The association between the medical treatment in childhood (3-18 years of age) and
intracranial calcifications, nuchal ligament calcifications, or vertebral enthesopathy in 36
adult HR patients

Intracranial Nuchal ligament Vertebral
calcifications calcifications enthesopathy***
Treatment” Yes No p** Yes No p** Yes No p**
N=6  N=30 N=18 N=18 N=13 N=18
6
No (n=22) 16 (53) 9(50) 13(72) 12(92) 8 (44)
(100)
Periodic 0.226 0.376
0 2(7) 1 (6) 1 (6) 0.008
(n=2)
Yes (n=12) 0 12 (40) 8 (44%) 4(22) 1(8) 10(56)

N is the total number in the group

Figures are absolute numbers in the group, and percentages are given in parentheses

" The treatment characteristics (phosphate and activated vitamin D): “no treatment”, “periodic
treatment”, or “yes”, i.e., continuous treatment during childhood

- p-values in Fischer’s exact test

" Radiographs of the vertebral column were obtained in 31 patients. Five assessments were

missing.
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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