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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.
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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-

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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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 (i.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 (Sl-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-Sl^), the absolute

height of the frontal sinus (Sh-Sl), 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), Ert€urk

(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-N^ (Nmi) and Na. The point N^ was

Table 1. Number of HR patients and controls according to
gender

HR Controls

Female Male Female Male

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

Age in years.

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 Gjørup et al. (11).
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defined as the intersection of the lower border of

the nasal bone and a perpendicular line to N-Na

through N. N-N^ 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

passing through N (L0-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 (L0-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 cal-

culated (base/axis: L0-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 (L0-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-

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-Sl); Spo-Sa: the anterior–posterior width at the line S-Gla;

Sh-Sl^: 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-L0: 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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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 (L0-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.

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: L0: 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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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

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

Variable name

Males Females

Adjusted

comparison of

HR and control

p-value

Control HR Control HR

N = 23 N = 12 N = 26 N = 24

Mean SD Mean SD Mean SD Mean SD

Frontal sinus

Spo^-Sa^ (mm) 12.67 4.42 13.16 5.17 9.96 3.36 10.07 5.52 0.815

Sh-Sl^ (mm) 27.12 8.50 23.94 10.42 26.02 9.47 23.63 13.60 0.406

Sh-Sl (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) 27.12 3.97 24.37 4.90 25.24 4.14 24.15 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 (mm2) 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.

Orthod Craniofac Res 2013;16:246–255 | 251

Gjørup et al. Frontonasal bones hypophosphatemic rickets



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

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

Females
Linea 0 1 2 3 4 5 6 7 8 9 10 11

Nb
CTR 26 26 26 26 26 26 25 20 15 7 5 1
HR 24 24 24 24 24 24 24 17 12 2 1 0

Males

Linea 0 1 2 3 4 5 6 7 8 9 10 11

Nb
CTR 23 23 23 23 23 23 22 22 19 11 5 1
HR 12 12 12 12 12 11 11 9 6 2 2 0

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. aLine number of perpendicular

lines to the nasal axis. 0 = N-L0, 1 = U1-L1, 2 = U2-L2, etc.
bN 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.
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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

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

A1
A

B

A2 A3

A4

A5
A6

B1 B2 B3

B4 B5 B6

Fig. 5. Radiographic appearance

of the nasal bone. A: Examples

from healthy controls. B: Exam-

ples from HR patients. A1: male

21 years; A2: female 40 years; A3:

male 53 years; A4: female

51 years; A5: female 39 years; A6:

female 45 years; B1: female

40 years; B2: male 23 years; B3:

male 33 years; B4: female

23 years; B5: female 49 years; B6:

female 65 years.
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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

tissue supported by cartilage during growth. Fur-

thermore, the degree of abnormal morphology

of the nasal bone tended to correlate with the

severity of the general skeletal impact of HR.

Clinical Relevance

In patients with hypophosphatemic rickets, the

abnormal morphology of the nasal bone was a

radiological sign of disturbances in bone forma-

tion. In the usage of profile cephalograms for

orthodontic treatment planning, the clinician’s

awareness of the morphology of the nasal bone

as well as other cranial structures is advocated,

as the morphology of bony structures might

reflect abnormalities in bone metabolism and

indicate a general disease, for example, hypo-

phosphatemic rickets.

Conflict of interest

The authors declare that they have no conflict of

interest.

Acknowledgements: Sven Poulsen, Department of

Dentistry, Aarhus University, is acknowledged for his

excellent support and guidance in the organization of

the study; Michael Væth, Department of Biostatistics,

Aarhus University, is acknowledged for excellent sup-

port and guidance in performing the statistical analy-

ses; Hanne Hintze, Department of Dentistry, Aarhus

University, is acknowledged for her contribution to the

collection of the X-rays. Chair-side assistant Inge Møl-

ler and radiographer Inge Juul at Department of Den-

tistry, Aarhus University, are acknowledged for their

participation in the examination of the patients. We

acknowledge the participating patients and controls.

The Danish Dental Association and The Public Health

Dentists Association are acknowledged for financial

support.

References
1. Beck-Nielsen SS, Brusgaard K,

Rasmussen LM, Brixen K,

Brock-Jacobsen B, Poulsen MR et al.

Phenotype Presentation of

Hypophosphatemic Rickets in

Adults. Calcif Tissue Int

2010;87:108–19.

2. Hyp Consortium. A gene (PEX) with

homologies to endopeptidases is

mutated in patients with X-linked

hypophosphatemic rickets. TheHYP

Consortium.Nat Genet 1995;11:130–6.

3. Shimada T, Kakitani M, Yamazaki Y,

Hasegawa H, Takeuchi Y, Fujita T

et al. Targeted ablation of FGF23

demonstrates an essential physiolog-

ical role of FGF23 in phosphate and

vitamin D metabolism. J Clin Invest

2004;113:561–8.

4. Marks SC, Lindahl RL, Bawden JW.

Dental and cephalometric findings

in vitamin D resistant rickets. J Dent

Child 1965;32:259–65.

Table 3. Relation between the skeletal severity and the
ratio nasal base/nasal axis (N-L0/Nmi-Na) in 36 HR patients.
The number (%) in the low-ratio group compared with the
high-ratio group according to the skeletal severity

Nasal

base/axis N

Skeletal severity

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.

254 | Orthod Craniofac Res 2013;16:246–255

Gjørup et al. Frontonasal bones hypophosphatemic rickets



5. Tracy WE, Campbell RA. Dentofacial

development in children with vita-

min D resistant rickets. J Am Dent

Assoc 1968;76:1026–31.

6. Currarino G. Sagittal synostosis in X-

linked hypophosphatemic rickets

and related diseases. Pediatr Radiol

2007;37:805–12.

7. Al-Jundi SH, Dabous IM, Al-Jamal

GA. Craniofacial morphology in

patients with hypophosphataemic

vitamin-D-resistant rickets: a cepha-

lometric study. J Oral Rehabil

2009;36:483–90.

8. Pronicka E, Popowska E, Rowinska

E, Arasimowicz E, Syczewska M, Jur-

kiewicz D et al. Anthropometric

characteristics of X-linked hypo-

phosphatemia. Am J Med Genet A

2004;126A:141–9.

9. Iorio RJ, Murray G, Meyer RA Jr.

Craniometric measurements of cra-

niofacial malformations in mice with

X-linked, dominant hypophosphat-

emia (vitamin D-resistant rickets).

Teratology 1980;22:291–8.

10. Mostafa YA, El-Mangoury NH,

Meyer RA Jr, Iorio RJ. Deficient nasal

bone growth in the X-linked hypo-

phosphataemic (HYP) mouse and its

implication in craniofacial growth.

Arch Oral Biol 1982;27:311–7.

11. Gjorup H, Kjaer I, Sonnesen L, Ha-

ubek D, Beck-Nielsen SS, Hintze H

et al. Craniofacial morphology in

patients with hypophosphatemic

rickets: a cephalometric study focus-

ing on differences between bone of

cartilaginous and intramembranous

origin. Am J Med Genet A

2011;155A:2654–60.

12. Enlow DH, Hans MG. The neurocra-

nium. In: Enlow DH, Hans MG, edi-

tor. . Facial Growth. Handbook in

Facial Growth. Philadelphia: Saun-

ders; 1996. pp. 99–110.

13. Lu Y, Feng JQ. FGF23 in skeletal

modeling and remodeling. Curr

Osteoporos Rep 2011;9:103–8.

14. Kjaer I. Orthodontics and foetal

pathology: a personal view on cra-

niofacial patterning. Eur J Orthod

2010;32:140–7.

15. Brown WA, Molleson TI, Chinn S.

Enlargement of the frontal sinus.

Ann Hum Biol 1984;11:221–6.

16. Ruf S, Pancherz H. Development of

the frontal sinus in relation to

somatic and skeletal maturity. A

cephalometric roentgenographic

study at puberty. Eur J Orthod

1996;18:491–7.

17. Lestrell PE, Engstrom C, Chaconas

SJ. A longitudinal study of the

human nasal bone in Norma Later-

alis: size and shape considerations.

In: Dixon AD, Sarnat BG, Hoyte

DAN, editors. Fundamentals of Bone

Growth: Methodology and Applica-

tions. London: CRC Press. Inc.; 1991.

pp. 547–64.

18. Solow B. The Pattern of Craniofacial

Associations [Thesis]. Copenhagen:

The Royal Dental College; 1966.

19. Erturk N. Teleroentgen studies on

the development of the frontal

sinus. Fortschr Kieferorthop

1968;29:245–8.

20. Dostalova S, Sonka K, Smahel Z,

Weiss V, Marek J. Cephalometric

assessment of cranial abnormalities

in patients with acromegaly. J Cra-

niomaxillofac Surg 2003;31:80–7.

21. Dahlberg G. Statistical Methods for

Medical and Biological Students. Lon-

don: Georges Allen and Unwin; 1940.

22. Houston WJB. The analysis of errors

in orthodontic measurements. Am

J Orthodont 1983;83:382–90.

23. Jensen BL, Kreiborg S. Craniofacial

growth in cleidocranial dysplasia–a

roentgencephalometric study. J Cra-

niofac Genet Dev Biol 1995;15:35–43.

24. Lexner MO, Bardow A, Bjorn-Jorgen-

sen J, Hertz JM, Almer L, Kreiborg S.

Anthropometric and cephalometric

measurements in X-linked hypohid-

rotic ectodermal dysplasia. Orthod

Craniofac Res 2007;10:203–15.

25. Feng X, McDonald JM. Disorders of

boneremodeling. Ann Rev Pathol

Mech Dis 2011;6:121–45.

26. Sandikcioglu M, Molsted K, Kjaer I.

The prenatal development of the

human nasal and vomeral bones.

J Craniofac Genet Dev Biol

1994;14:124–34.

27. Cohen MM Jr, Walker GF, Phillips C.

A morphometric analysis of the cra-

niofacial configuration in achondro-

plasia. J Craniofac Genet Dev Biol

Suppl 1985;1:139–65.

28. Nielsen BW, Molsted K, Skovgaard

LT, Kjaer I. Cross-sectional study of

the length of the nasal bone in cleft

lip and palate subjects. Cleft Palate

Craniofac J 2005;42:417–22.

Orthod Craniofac Res 2013;16:246–255 | 255

Gjørup et al. Frontonasal bones hypophosphatemic rickets



Copyright of Orthodontics & Craniofacial Research is the property of Wiley-Blackwell and
its content may not be copied or emailed to multiple sites or posted to a listserv without the
copyright holder's express written permission. However, users may print, download, or email
articles for individual use.


