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Phenotype Presentation of Hypophosphatemic Rickets in Adults
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Abstract Hypophosphatemic rickets (HR) is a group of
rare disorders caused by excessive renal phosphate wast-
ing. The purpose of this cross-sectional study of 38 HR
patients was to characterize the phenotype of adult HR
patients. Moreover, skeletal and endodontic severity scores
were defined to assess possible gender differences in dis-
ease severity in patients with genetically verified X-linked
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HR. Compared to normal reference data, i.e., z = 0, HR
patients had significantly lower final height, with a mean
difference in z-score of —1.9 (95% CI —2.4to —1.4, P <
0.001). Compared to paired z-scores of final height,
z-scores of leg length were significantly lower and those of
sitting height were significantly higher (P < 0.001), result-
ing in disproportion as indicated by the significantly elevated
sitting height ratio, mean difference in z-score of 2.6 (95%
CI 2.1-3.1, P < 0.001). Z-scores of head circumference
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(median 1.4, range —0.4 to 5.5, P < 0.001) and z-scores of
bone mineral density (BMD) of the lumbar spine (median 1.9,
range —1.5 to 8.6, P < 0.001) were significantly elevated
compared to normal reference data. The relative risk (RR) of
fracture was reduced (RR = 0.34, 95% CI 0.20-0.57,
P < 0.001). The skeletal severity score tended to be higher in
males compared to females (P = 0.07), and no gender dif-
ference in endodontic severity was found. In conclusion, adult
HR patients were characterized by short stature and were
disproportioned. They had elevated BMD of the lumbar spine
and areduced risk of fractures. We found a tendency for males
to be more severely affected than females.

Keywords X-linked hypophosphatemic rickets -
Osteomalacia - Rickets - Bone densitometry -
Dental manifestation

Hypophosphatemic rickets (HR) is a group of diseases
sharing similar biochemical phenotypes with excessive
renal phosphate (PO4) wasting, low serum PO,, and
inappropriately low serum 1,25-dihydroxyvitamin D
(1,25 [OH],D) when the hypophosphatemia is taken into
account [1]. HR can be divided into fibroblast growth
factor 23 (FGF23)—associated HR, where a disturbance in
the regulation of the FGF23 synthesis is considered the
primary factor determining the excessive renal PO, wast-
ing, and non-FGF23-associated HR, where factors other
than FGF23 determine the excessive renal PO, wasting.
The most common inherited type is FGF23-associated
X-linked HR, caused by mutation in the PHEX gene. HR is
a rare disease, with an incidence of 3.9 per 100,000 live
births and a prevalence of 4.8 per 100,000 [2]. The disease
is usually diagnosed within the first years of life by
recognition of the clinical signs of rickets: bowing of the
weight-bearing extremities, widening of the methaphyses,
and growth failure. The diagnosis is established by a
persistently reduced renal tubular reabsorption of PO, in
the urine per milliliter glomerular filtration rate (TPO,/
GFR), low serum POy, in children elevated serum alkaline
phosphatase (ALP), and, if possible, detection of a muta-
tion in one of the genes known to cause HR [3].

Only a few studies describe HR in adults [4-8], and the
skeletal and endodontic complications associated with the
disease in adulthood are not well characterized. The dental
term endodontic refers to the diseases of the pulp and
periapical tissues. Also, diverging reports of possible gender
differences in HR patients have been published, reporting no
gender differences [9-11] or that males are more severely
affected than females [7, 8, 12-17]. With the exception of
one study of eight PHEX-positive children [11], these
studies were all based on the assumption that the patients
had X-linked HR but included no genetic analyses.

@ Springer

The aim of this study was to characterize the phenotype
of adult HR patients. Moreover, we established skeletal and
endodontic severity scores, enabling a comparison between
genders.

Materials and Methods
Study Design and Recruitment of HR Patients

This cross-sectional study of HR was performed in Den-
mark at Odense University Hospital, the Hospital of
Southwest Denmark, and the School of Dentistry, Aarhus
University, during 2006-2008. The participants with
potential HR were recruited in three different ways
(Fig. 1): (1) by register search, based on the diagnosis
codes 273.40 and E83.3 (International Statistical Classifi-
cation of Diseases, revisions 8 and 10) in the Danish
National Patient Registry in 1977-2005, with an identical
survey performed in hospital registers in the region of
Southern Denmark in 1985-2006 and in the former Aarhus
County in 1989-2006; (2) by contact with doctors known
to treat patients with HR; and (3) by screening of first-
degree relatives and symptomatic second-degree relatives
of participating HR patients.

The criteria for inclusion were hereditary and FGF23-
associated HR. The diagnostic criteria were (1) genetically
verified HR by detection of a disease-causing mutation in the
PHEX, FGF23, or DMPI gene and/or (2) biochemically
verified HR with at least one of the following: serum PO,
below normal range, low TPO,/GFR, or elevated serum
FGF23. In addition, a history of childhood rickets or sponta-
neous endodontic abscesses was required to exclude acquired
HR, e.g., tumor-induced osteomalacia. Ten previously undi-
agnosed adult patients were included from a large kindred of
HR exhibiting an X-linked dominant trait, in which the genetic
mutation has yet to be detected. From this family, four females
had no history of rickets or spontaneous endodontic abscesses,
but they all had children with verified HR.

The exclusion criteria were non-FGF23-associated HR,
acquired HR, and sporadic, nonhereditary HR, e.g., McCu-
ne-Albright syndrome. Patients with these differential
diagnoses were excluded by review of their medical records,
screening for mutations in the SCL34A3 gene (hereditary HR
with hypercalciuria) and the CLCN5 gene (X-linked reces-
sive HR), and biochemical evaluation. Children (aged
< 18 years) were excluded from the present study.

Genetic Analysis
Genomic DNA was extracted from full blood using a DNA

purification robot (Maxwell®; Promega, Ramcon, Birke-
roed, Denmark) and analyzed for mutations in the PHEX,
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PATIENTS IDENTIFIED BY REGISTER

PARTICIPANTS IDENTIFIED BY CONTACT

PARTICIPANTS IDENTIFIED BY
FAMILY SCREENING:

Relatives suspicious of hereditary rickets
Children: (n=6)

Adults: (n=125)

SEARCH: WITH TREATING DOCTORS:
Children (< 18y): (n=14) Diagnosed, but not recorded as HR in registers
Adults (= 18y): (n=138) Children: (n=7)
Adults: (n=17)
N=52 N=14
y

Children: (n=27)
Adults: (n=170)

ASSESSED FOR ELIGIBILITY

ELIGIBLE BUT NOT RECRUITED N=97
Children (< 18y): (n=3)
Adults (= 18y): (n=28)
Children (n) Adults (n)
¢ No response to invitation 1 3 N=11
¢ Refused to participate 2 5
\

CLINICALSTUDY
Children: (n=24)
Adults: (n=162)

TOTALRECRUITED TO

PATIENTS IDENTIFIED BY CONTACT WITH TREATING

PATIENTS RETREIVED THROUGH FAMILY SCREENING

Children (n) Adults (n)
* Notrickets 1 12

N=286
DOCTORS, EXCLUDED NOTHR:
PATIENTS RETRIEVED THROUGH REGISTER SEARCH, (Children: n = 1)
EXCLUDED NOT HR: N=1 « VDDR type 1
(Children: n =1, adults: n = 12)
Children (n) Adults (n)
* VDDRtype 1 0 7
* Not rickets 0 2 N=13
e TIO 0 2 EXCLUDED NOTHR:
¢ Rickets, malabsorption 1 0 (Children: n = 1, adults: n = 12)
® Childhood nutritional rickets 0 1 N=13
TOTALHR PATIENTS

(Children: n = 21, adults: n = 38)

Children 10 6
Adults 18 7

Registers (n) Treating doctors (1)

Family screening (1)
5
13

| N 9| HR CHILDREN EXCLUDED

N=38

TOTAL ADULT HR PATIENTS INCLUDED

DATA AVAILABLEFOR ANALYSIS: n/N
Clinical and biochemical examination:  38/38

Skeletal X-ray: 35/38
DEXA-scans: 37/38
Dental examination: ~ 36/38
Genetics: PHEX-positive: 25/38

Verified X-linked HR: 35/38

VDDR type 1, Vitamin D-dependent rickets type 1; TiO, Tumor Induced Osteomalacia

Fig. 1 Flow diagram of patient inclusion.

FGF23, DMPI, SCL34A3, and CLCNS5 genes. Polymerase
chain reaction was used, covering all introns and intron—exon
boundaries, followed by denaturing high-performance liquid

chromatography (dHPLC) analysis (WAVE 3500HT High
Sensitivity System; Transgenomic, Elancourt, France),
testing for small deletions, insertions, or point mutations in
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all exons and exon—intron boundaries of all genes. Samples
with deviating chromatographic profiles were sequenced in
both directions using the BigDye® Terminator v3.1 Cycle
Sequencing Kit and analyzed on a 3730XL DNA Analyzer
(Applied Biosystems, Foster City, CA). Sequence analysis
was performed using SeqMan software (DNA STAR, Madi-
son, WI). Mutational analysis of the PHEX and FGF23 genes
was performed by use of the primers described by Goji et al.
[18], and mutational analysis of the CLCN5 gene was per-
formed by use of the primers published by Lloyd et al. [19].
We designed primers using Primer Select Software (DNA
STAR) for mutational analysis of the DMPI, FGF23, and
SCL34A3 genes. To detect larger deletions of the PHEX and
FGF23 genes, a multiplex ligation—dependent probe ampli-
fication (MLPA) analysis was performed in patients with no
mutations detected by dHPLC. The MLPA procedure was
performed according to the manufacturer’s recommendations
(MRC-Holland, Amsterdam, The Netherlands) and run on
the 3730XL DNA analyzer using GeneMarker software
(Softgenetics, State College, PA) for the analysis.

Variables Collected

We obtained a medical history including age at presenta-
tion, previous and current treatment, endodontic compli-
cations, fractures, and surgical treatment. The following
clinical observations were obtained: height, sitting height,
leg length, arm span, head circumference, and leg defor-
mities. Sitting height ratio was calculated as sitting height
divided by height. To allow comparison between genders,
calculations of z-scores for height were done by the fol-
lowing equation:

z = (Patient’s height — mean normal reference height

for sex) / SD of reference height

Other z-scores were calculated using a corresponding
equation.

Z-scores of anthropometric data were calculated using
reference data as follows: height, Denmark [20]; sitting
height, sitting height ratio, leg length, and arm span, Den-
mark [21]; and head circumference, UK [22]. One patient
had a 10-cm surgical lengthening of the legs, and data on
height, sitting height ratio, and leg length from this patient
were omitted from analysis. Z-scores of leg deformities were
calculated by comparing to reference data, France [23]. The
following measures were obtained: genu varum, distance
between medial femoral condyles; genu valgum, distance
between medial tibial malleolus. Ranges of movement
(ROM) of the hip were assessed and when different ROM in
the right and left hips were recorded, the lowest was used.

We defined a skeletal severity score based on the pres-
ence of surgical corrections of leg deformities, severity of
leg deformities, and height reduction (Table 1). Joint pain
was graduated as follows: 0, no pain; 1, mild with no
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limitation of activities; 2, moderate with limitation of
activities; 3, severe with serious limitation of activities.

X-rays of the ankles, knees, pelvis including hips, and
lumbar spine (anterior and posterior projections) were
obtained. Osteoarthrosis of the ankles, knees, and hips and
enthesopathies, defined as bone proliferation at sites of
ligament attachments or calcification of ligaments, were
recorded. Dual-energy X-ray absorptiometric (DEXA)
scans of bone mineral density (BMD) of the lumbar spine
and hip were obtained by use of two DEXA scanners
(Delphi W and Discovery A; Hologic, Waltham, MA).

Fractures were defined as any clinical fracture and based
on self-reports. The number of fractures in each HR patient
was compared to the number of fractures experienced
by three age- and gender-matched Danish normal controls
[24]. The relative risk (RR) of fractures in patients
was compared to that of controls using incidence rate
ratios. Numbers of childbirths and cesarean sections were
recorded.

Biochemistry

In patients on current medical treatment, phosphate and
alfacalcidol treatment was paused from the evening before
the examination. After 2 hours of fasting, blood samples
were drawn and urine samples were collected. Serum sam-
ples were stored at —80°C and urine samples at —20°C until
analysis. All analyses were performed in the same run.
Serum FGF23 was analyzed by ELISA (Kainos Laborato-
ries, Tokyo, Japan) with coefficients of variation (CVs) 3.0%
and 2.0% at 14.2 and 33.6 pg/mL, respectively. We analyzed
serum 25-hydroxyvitamin D (25[OH]D;, 3) using an isotope
dilution liquid chromatography-tandem mass spectrometry
(LC-MS/MS) method. CVs for serum 25(OH)D; were 9.4%
and 8.8% at levels of 32.0 and 59.7 nmol/L and for serum
25(OH)D, 8.6% and 8.0% at levels of 23.4 and 64.4 nmol/L,
respectively [25]. Serum 1,25(OH),D was measured by
radioimmunoassay (IDS, Phoenix, AZ) with CVs of 6.8%
and 9.0% at levels of 90 and 220 pmol/L, respectively [26].
Serum bone-specific ALP activity (bone ALP) was measured
using an enzyme immunoassay (Metra BAP EIA kit; Quidel,
San Diego, CA) with CVs of 5.7% and 6.7% at levels of 41.9
and 64.8 U/L [27]. Due to different normal reference values
in males and females, z-scores were calculated to allow
comparison between genders. According to the method
described by Stark et al. [28], TPO4/GFR based on 2-hour
fasting blood and urine samples was calculated by use of the
equation

Up x Scr

TPO,/GFR = Sp — Uor

where Sp is serum POy, Up is urine POy, Scr is serum
creatinine, and Ucr is urine creatinine.
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Table 1 Definition of skeletal and endodontic severity scores

Skeletal severity score

Surgical correction of leg deformities Leg deformity/height reduction Severity Score
Yes Severe
No Leg deformity z > 2 SD or height z < —2 SD Severe
No Leg deformity z < 2 SD and height z > —2 SD Mild

Endodontic severity score

_ Numberof permanent teeth with present periapical periodontitis or endodontically treated teeth

Total number of permanent teeth

Dental Examination

All patients were offered a clinical examination in the
Department of Pediatric Dentistry, School of Dentistry,
University of Aarhus. Furthermore, a digital panoramic
radiograph was performed and examined for endodonti-
cally treated teeth and teeth with periapical bone lesions
(apical periodontitis). An endodontic severity score was
calculated as the number of permanent teeth with apical
periodontitis or previous endodontic treatment divided by
the total number of teeth (Table 1).

Grouping of Participants

Presence of enthesiopathies was limited to patients aged
40+ years. As this influenced the z-scores of BMD lumbar
spine, these data were analyzed according to age above
(n = 19) or below 40 years. Mutations in different HR
genes might variably influence anthropometric measures.
Therefore, the exact measures were reported for PHEX-
positive adults only. In the analysis on possible gender
differences, only patients with positive PHEX mutation or
established X-linked disease were included. Medical
treatment with phosphate and alfacalcidol increases serum
FGF23 [29-31]; therefore, when biochemical values were
compared between genders, only patients not treated
medically for the past 6 months were included.

Statistical Analysis

Statistical analysis was performed using SPSS 16.0 (SPSS,
Inc., Chicago, IL) and STATA, version 11 (StataCorp,
College Station, TX). Normally distributed data were pre-
sented as means (95% CI) and skewed data, as medians
(range). Student’s t-test was used when comparing nor-
mally distributed data, and the Mann—Whitney test was
used when comparing skewed variables between groups.
Wilcoxon’s paired #-test was used when comparing paired
variables following a normal distribution, and Wilcoxon’s
signed rank test was used when comparing paired, skewed

variables. Pearson’s chi-squared test was used for analysis
of bivariate variables, and Fisher’s exact test was used
when observed frequencies were less than 5. Odds ratios
(ORs) were used when comparing binary outcomes
between groups. For categorical responses with more than
two outcomes, the OR was estimated using the proportional
odds model. For correlation analysis of skewed variables,
Spearman’s correlation coefficient (Rho) was calculated. In
order to assess gender differences in outcome, controlling
for heterogeneity between families (e.g., due to difference
in genetic background), standard random effects modeling
was applied, taking family as a random intercept [32]. Due
to small groups, this adjustment of between-family varia-
tions could not be applied when considering gender dif-
ferences in biochemical values.

Ethics

The study was approved by the Ethics Committee of
Southern Denmark (M-2678-05) and by the Danish Data
Protection Agency (2004-41-4699). Written informed con-
sent was obtained from all patients before entering the study.

Results
Patients Identified with HR

A register search identified 52 patients with potential HR
(Fig. 1). Contact with treating doctors identified further 14
patients not found by the register search as they were
entered with diagnosis codes other than 273.40 or E83.3.
Finally, family screening identified 31 relatives suspected
of having HR. Overall, 11 patients did not respond to the
invitation or refused to participate. Subsequently, 27 cases
were excluded as they did not fulfill the diagnostic inclu-
sion criteria of hereditary, FGF23-associated HR. Of the 59
patients with HR, 38 were adults. Thus, this report is based
on 38 adults with genetically and/or biochemically
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confirmed HR. They originated from 11 families com-
prising 32 patients, and in six patients HR was sporadic,
giving a total of 17 probands.

Results from the Genetic Mutation Analyses

PHEX mutations were identified in 14 of the 17 probands.
Five of the PHEX mutations have been reported previously
in the literature or entered in the PHEXdb (http://www.
phexdb.mcgill.ca/, accessed May 28, 2009). PHEX muta-
tions were also identified in all 11 family members of the nine
PHEX-positive probands. The PHEX mutation was found by
the dHPLC method in 12 of 14 probands, and in two pro-
bands with larger deletions it was identified by MLPA
analysis. Three probands were tested negative for mutation
in the PHEX, FGF23, DMP1, SCL34A3, and CLCN5 genes
by dHPLC and for larger PHEX and FGF23 deletions by
MLPA analysis. In one family, where no mutation to date has
been found, the trait was inherited in an X-linked dominant
fashion. The family is referred to as “family X and com-
prises 10 adults and six children with verified HR. A ge-
nomewide linkage scan in this family revealed strong
evidence of linkage to the PHEX locus (Lod score +-4.8), and
their disease is considered as FGF23-associated and most
probably due to a mutation in PHEX that was not detected by
either the dHPLC or the MLPA analysis. Overall, 25 patients
had a PHEX mutation identified and 10 had X-linked disease
according to the linkage scan, adding up to a total of 35
patients with verified X-linked disease.

Anthropometric Characteristics in HR Patients

Patients with HR had a significantly lower final height, with a
mean difference in z-score of —1.9 (95% CI, —2.4 to —1.4,
P < 0.001) compared to reference data, i.e.,z = 0. Compared
to paired z-scores of final height, z-scores of leg length
(median —2.7, —7.5 to —0.8) were significantly more reduced
(P < 0.001) and paired z-scores of sitting height (mean —1.1,
—3.5 to 1.7) were significantly higher (P < 0.001). Accord-
ingly, the patients appeared disproportioned, as indicated by
the significantly elevated z-scores of sitting height ratio
(mean difference 2.6, 95% CI 2.1-3.1, P < 0.001), com-
pared to reference data. The paired z-scores of height and
arm span indicated relatively short arms compared to height
(P = 0.06). The median z-scores of head circumference
(1.4, —0.4 to 5.5) were significantly elevated compared to
reference data (P < 0.001), and in 13 (34%) patients the z-
score exceeded 2 SD (Fig. 2). To calculate the possible
contribution of the deformities of the legs to the shortness
of stature, Spearman’s correlation coefficient of paired z-
scores of leg deformities and z-scores of height was cal-
culated in patients with no previous surgeries. No correla-
tion was found in the total HR group or in the group
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Height Sitting Leg  Sitting height ~ Arm Head BMD BMD
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© Outlier values more than 1.5 box lengths from the 75th percentile

Fig. 2 Z-scores of anthropometric data and BMD in adult HR
patients. HR patients had a reduced final height, short legs, and
reduced arm span compared to final height and appeared dispropor-
tioned as indicated by the elevated sitting height ratio. They had very
large head circumferences, and lumbar spine BMD was elevated, in
some cases markedly so

comprising PHEX-positives only, with Rho = —0.31,
P =0.2 and —0.11, P = 0.8, respectively. The anthropo-
metric measures, according to gender in PHEX-positive
patients, are listed in Table 2.

Assessing Skeletal Severity Score and Pain Score

The skeletal severity score was 1.6 (1-2). One or more
surgical corrections of the leg deformities by osteotomy
were performed in 18 (47%) of the HR patients. The joint
pain score was 1.4 (0-3), where pain in the knees was
reported by 23 (61%), followed by painful ankles and hip
pain in 19 (50%) and 15 (40%), respectively. Only four
patients, all aged 40+ years, reported severe pain with
serious limitation of activities (score 3). There was no
difference in the joint pain score when comparing HR
patients aged less than 40 years with patients aged 40+
years, pain scores 1.2 (0-2) and 1.6 (0-3), respectively.
ROM of the hip was assessed in 37 patients, and all had an
internal rotation below the normal 40 degrees. In 14 (38%),
no internal rotation of at least one hip was present. Limited
flexion (below 140 degrees) was present in 36 (97%), and
extension below 15 degrees was seen in 18 (49%), of
whom eight (44%) had no extension in both hips. Patients
aged 40+ years with decreased ROM had significantly
lower ROM of internal rotation (P < 0.001), flexion
(P = 0.03), and extension (P = 0.04) compared to patients
younger than 40 years.

Presence of Arthrosis and Enthesiopathies

Skeletal X-rays were obtained in 35 adult patients. Radio-
logic signs of arthrosis were present in at least one hip,
knee, or ankle in nine (26%), nine (26%), and four (11%) of
the HR patients, respectively. Arthrosis of at least one of the
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Table 2 Anthropometric measurements in PHEX-positive adult males and females

Males Females Ref.
Mean Reference Mean Reference
(95% CI) mean (SD) (95% CI) mean (SD)
n 8 17
Age (years) 38.2 (21.5-55.5)* 33.3 (20.8-74.0)*
Height (cm) 166.4 (155.7-176.8)* 179.0 (6.3) 156.4 (143.2-171.0)* 166.6 (5.3) [20]
Sitting height (cm) 93.7 (89.3-100.8)* 96.5 (2.8) 86.7 (83.4-94.6)* 89.6 (3.0) [21]
Sitting height ratio 0.56 (0.54-0.57) 0.52 (0.01) 0.56 (0.54-0.60) 0.53 (0.01) [21]
Arm span (cm) 173.4 (144.0-196.5) 189.7 (5.8) 158.4 (140.9-176.7) 169.4 (5.5) [21]
Leg length (cm) 73.8 (66.4-81.3) 88.3 (4.8) 67.8 (58.7-76.4) 79.7 (3.7) [21]
Head circumference (cm) 59.5 (56.5-64.5)* 56.8 (1.4) 56.5 (54.0-59.5)* 54.5 (1.4) [22]

* median (range)

above-mentioned joints was present in four (25%) of the 16
patients less than 40 years of age and in 11 (58%) of the 19
patients 404 years of age (P = 0.05). Enthesiopathies and
calcification of the collateral ligaments between the verte-
brae were seen only in patients aged 40 years or more and
were present in 16 (84%) in that age group.

BMD in HR Patients

The median z-score of lumbar spine BMD (L2-L4) was 1.9
(—1.5 to 8.6) and mean z-score of hip BMD was 0.9 (—2.1
to 5.1) (Fig. 2). Patients aged less than 40 years had sig-
nificantly lower median lumbar spine z-score compared to
patients aged 40+ years, 0.5 (—1.5to 4.2) and 3.9 (—1.0 to
8.6), respectively (P < 0.01). There was no statistical dif-
ference in the mean z-scores of the hip comparing patients
aged below and above 40 years, 0.8 (—2.1 to 5.1) and 1.0
(—1.7 to 2.9), respectively. A significant positive correla-
tion was found between the z-scores for the lumbar spine
and hip (Rho = 0.61, P < 0.001). The difference regarding
z-scores in L2-L4 and hip was significantly larger in
patients with enthesiopathies of the lumbar spine compared
to patients without (median 2.9, —0.3 to 5.3, and 0.3, —3.4
to 3.5; P < 0.01).

Risk of Fracture

Overall, seven (18%) of the HR patients had experienced a
fracture. Three patients suffered one fracture, three patients
suffered two fractures, and one patient suffered five frac-
tures. The RR of fracture among HR patients compared
with controls was 0.34 (95% CI 0.20-0.57, P < 0.001).
Patients from family X had not experienced any fractures,
giving a reduced RR of fractures of 0.00 (95% CI 0.00-
0.00, P < 0.001). In PHEX-positive patients, the RR of
fractures was 0.46 (95% CI 0.26-0.81, P < 0.01).

Frequency of Cesarean Section and Spinal Stenosis

The 25 HR women had a total of 36 pregnancies, and in three
women (representing five of the 36 deliveries [14%]) a
cesarean section was performed. Two patients had a history
of symptomatic spinal stenosis, diagnosed at age 46 years
and 72 years, respectively. One underwent decompression
by laminectomy, and in the other patient, the symptoms
subsided and surgical treatment was withheld.

Dental Findings

The endodontic severity score was greater than 2 SD over
the normal age-matched reference [33] in 26 (72%) of the
36 patients studied. A significantly milder endodontic
severity score was found among patients of less than
40 years of age compared to patients aged 40+ years
(median 0.11, 0.0-0.71, and 0.41, 0.0-0.88; P < 0.01).

Gender Differences

Overall, 35 patients (11 males and 24 females, giving a
male-to-female ratio of 1:2.2) had verified X-linked dis-
ease, of whom 25 were PHEX-positive and 10 were from
family X (Table 3). No age difference was found between
males and females (P = 0.9). There were no significant
differences according to gender in anthropometric mea-
sures. The OR of males having severe skeletal affection
(skeletal severity score = 2) compared to females was 8.2
(95% CI 0.8-80, P = 0.07). The OR of males having one
or more osteotomies performed compared to females was
3.5 95% CI 0.8-16, P = 0.10). The z-scores of leg
deformity were not different between genders (P = 0.6).
Comparison of biochemical findings between males
(n = 7) and females (n = 15) not treated during the past
6 months revealed no statistically significant differences.
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Table 3 Gender differences in adults with X-linked HR

Males, mean (95% CI) Females, mean (95% CI) OR (95% CI) P
n 11 24
Age (years), median (range) 43.5 (18.7-66.6) 39.8 (20.8-74.0) 0.9
Anthropometric data (z-scores)
Height —1.9 (2.7 to —1.1) —2.0 (—2.6to —1.4) 0.8
Sitting height —0.9 (—1.6 to —0.3) —0.7 (—1.1 to —0.2) 0.5
Sitting height ratio 3.0 (2.3-3.9) 2.8 (2.1-3.5) 0.4
Arm span —23 (=35t —1.1) —2.1 (=3.0to —1.1) 0.7
Leg length —3.1 (—3.8t0 —2.4) —3.1 (3.7 to —2.4) 0.9
Head circumference 1.8 (1.0-2.5) 1.6 (1.0-3.2) 0.7
Skeletal severity
Skeletal severity score 1.8 (1-2) 1.5 (1-2) 8.2 (0.8-80) 0.07
Correcting surgery LL?* 64% 33% 3.5 (0.8-16) 0.10
Deformity LL (z-score) 1.9 (1.1-2.7) 1.7 (1.1-2.4) 0.6
DEXA (z-score)
BMD lumbar spine 1.6 (0.6-2.5) 0.6 (—0.1 to 1.3) 0.09
BMD hip 2.6 (1.14.1) 2.0 (1.0-3.1) 0.5
Dental severity
Endodontic severity score 0.33 (0.18-0.48) 0.23 (0.12-0.34) 0.2
Childhood treatment® (age 3—18 years)
Continuously 27% 25% 0.5 (0.1-1.9) 0.3
Periodically (total duration <10 years) 27% 4%
Never treated during childhood 45% 71%
Untreated for 6 months
Yes 64% 63% 1.0 (0.2-4.1) 0.9
No 36% 38%
Untreated for 6 months Males Females Reference range
n 7 15
Biochemical values, median (range)
Serum PTH® (pmol/L) 5.0 (3.4-7.8) 3.6 (1.8-13.5) 1.1-6.9 0.3
Serum PO, (mmol/L) 0.72 (0.64-0.88) 0.84 (0.57-1.04) 0.78-1.58 0.3
Serum FGF23 (pg/mL) 71 (46-103) 54 (39-117) 10-50 0.13
TPO,/GFR (mmol/L) 0.57 (0.53-0.67) 0.69 (0.39-0.84) 0.78-1.58 0.19
Serum bone ALP (z-score) 3.3 (—0.3t05.0) 0.6 (—1.4 to 6.6) —2.0 to 2.0 0.5
Serum 25(OH)D;,_ 3 (nmol/L) 46 (30-110) 63 (12-90) 50-160 0.9
Serum 1,25(OH),D (pmol/L) 85 (65-174) 103 (32-165) 60-180 0.5

All data (except for biochemical values) are adjusted for between family variations

2 LL, lower limbs; ® Childhood treatment, phosphate and alfacalcidol; © PTH, Parethyreoid hormone

Endodontic examination was performed in 10 males and 23
females with X-linked HR. The endodontic severity score
was not different between genders.

Discussion

The 38 HR patients studied were characterized by short
stature, and they appeared disproportioned. Often, pain in
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the joints was reported, and arthrosis was demonstrated
especially in patients aged 404 years. HR patients were not
prone to fractures, and they had an elevated lumbar BMD,
sometimes markedly so. They experienced severe end-
odontic problems in terms of apical periodontitis, and
several of their permanent teeth were root-filled. We
demonstrated a tendency of males to be skeletally more
severely affected compared to females, while the end-
odontic severity was equal between genders.
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Methods of graduation of the skeletal severity among
HR children have been proposed by Cho et al. [11]. Their
graduation was based on a not further specified “need for
orthopedic surgery.” In adults a graduation of skeletal
severity upon history of osteotomies and mild or severe
bowing of the legs has been proposed but with no definition
of mild or severe bowing of the legs [34, 35]. Furthermore,
this graduation was applied to the entire family according
to the most severely affected family member. Our skeletal
severity score is based on the most conspicuous objective
findings in HR patients: history of surgical correction of leg
deformities, present deformities of the legs, and height
reduction. This skeletal severity score takes into account
that a deformity of the lower legs exceeding 2 SD is of a
severity where surgical correction might be indicated but
not necessarily performed. Due to the observation of a
great intrafamiliar variance in severity (data not shown),
we find it most correct to apply this skeletal severity score
to individuals and not to families.

Anthropometric measures among HR patients were
overtly different from reference data. HR patients were
short of stature and appeared disproportioned, as indicated
by the elevated z-score of sitting height ratio caused by the
z-score of sitting height being significantly higher than the
paired z-score of leg length. Some of the reduction of leg
length might be ascribed to deformities of the legs, but even
in patients with a z-score of deformities of less than 2, the
same significant association was seen. In accordance with
the conclusions drawn by McNair and Stickler [36], we
found no correlation between paired z-scores of leg defor-
mities and z-scores of height. Their arm span was shorter
than normal, indicated by relatively short arms compared to
height. HR patients had elevated z-scores of head circum-
ference. It is well known that the skull undergoes mainly
membranous ossification. Since the skull grows abnormally
more and the rest of the skeleton grows significantly less
than normal, we suggest that the influence of HR upon the
growth of bones is partly determined by membranous or
endochondral ossification, respectively. Thus, our data
indicate that the long bones of the legs as well as the arms
are more severely growth-retarded than the axial skeleton
and that increased growth is seen in the skull.

In HR adults, pain in the knees, ankles, and hips was
frequent but severe pain was reported only by patients aged
40+ years. Pain in the same joints was also reported
among HR patients from New Zealand [7]. These joints are
all affected by a changed anatomical strain due to the
deformities of the legs, and we also found a high per-
centage of arthrosis in these joints in HR patients. Espe-
cially ROM of the internal rotation of the hip was reduced
in all HR adult patients, also reported in 10 of 13 adult HR
patients by Reid et al. [7], and decreased further in patients
aged 40+ years.

The z-scores of lumbar spine and hip BMD were ele-
vated compared to Hologic reference data, most pro-
nounced for the lumbar spine. Higher lumbar BMD has
previously been demonstrated in two other studies [7, 14].
The HR patients in our study with very high BMD of L2—
L4 were primarily aged 40+ years, and the majority had
enthesiopathies of the spine visualized by X-ray. Z-scores
of L2-1L4 exceeding 2 SD were also seen in four patients
aged less than 40 years and with no enthesiopathies dem-
onstrated on X-ray. These findings indicate that the high
lumbar spine BMD is not solely caused by extraskeletal
calcifications. A histologic study of adult patients with HR
revealed an elevated trabecular calcified volume, elevated
trabecular osteoid volume, and osteoid seam thickness
[37]. In some cases, we found a significant discrepancy
between the extremely elevated z-score of L2-1.4 and the
more moderate elevation of z-score of the hip. Since the
ratio of trabecular bone to cortical bone is higher in the
lumbar spine compared to the hip, the elevated z-score of
L2-1.4 might reflect an overabundance of partially miner-
alized osteoid or an increased trabecular bone mass in
addition to the presence of extraskeletal calcifications.

The percentage of HR patients suffering from fractures
in our study (18%) was lower compared to a German study
[4], where 39% of the patients suffered from one or more
fractures. Their median age was 29 years, which was lower
compared to the patients in our study; thus, the higher
percentage of the German patients experiencing a fracture
could not be ascribed to a prolonged risk time. Patients
from family X did not experience any fractures, and among
the PHEX-positive patients the percentage experiencing
fractures was 24%, still considerably lower compared to
the German HR patients. We calculated a lower RR of
fractures in HR patients. Using the estimates by Marshall
et al. [38] based on the observed spine BMD of +1.9 z-
scores, the expected RR of any fracture was
1571 = 0.46, i.e., within the range observed. Much of the
decrease in the risk of fractures may, thus, be ascribed to
the increased BMD.

In nutritional rickets, the pelvis might become narrowed,
causing difficulty in vaginal delivery [39, 40]. A high
frequency of cesarean section in 15 of 22 deliveries (68%)
was described among HR women in New Zealand; how-
ever, only two of the cesarean sections were reported to be
attributed to the presence of HR [7]. Nine HR woman from
the United States had 31 children, all delivered vaginally
[5]. In our study population, the percentage of cesarean
section in deliveries in HR women was 14%. These
deliveries took place during the time period 1946-2006
(median year 1992). In comparison, the overall percentage
of cesarean section in Denmark in 1991 was 12% [41]. Our
data support that HR women do not suffer from delivery
complications due to contracted pelvis.
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Several case reports have described spinal stenosis due
to extraskeletal ossifications in HR patients [42-45].
Symptomatic spinal stenosis was a rare complication, seen
in two HR patients in our study, both aged 40+ years.

Typical dental abnormalities in HR patients are end-
odontic complications such as apical periodontitis and
numerous spontaneous endodontic abscesses not preceded
by decay or trauma to the teeth [46]. As a consequence, the
number of endodontically treated teeth is commonly
reported to be high in HR patients [46-50]. This is sub-
stantiated in our study, in spite of the fact that the reference
material used for comparison is considered more sensitive
for diagnosing apical periodontitis. Histologically, the
dentin appear poorly mineralized, with irregular areas of
globular dentin [50]. In addition, the endodontic pulps are
enlarged, significantly more in males compared to females
[16], and sometimes the pulp horns extend to the dentin-
oenamel junction [51]. Once abrasion of the enamel has
exposed the dentin tubules, the poorly mineralized dentin is
a weak barrier to protect the dental pulp from infection by
invading bacteria [46]. Formation of incomplete fractures
of the enamel (infractions) may contribute to this [51]. In
our study, patients aged less than 40 years had a signifi-
cantly lower endodontic severity score compared to
patients aged 404 years. This might be due to several
factors; half of the adults aged less than 40 years had
received medical treatment throughout childhood com-
pared to none of the patients aged 40+ years. A close to
normal mineralization of the dentin in patients treated with
phosphate and alfacalcidol since early childhood has been
demonstrated histologically, indicating a treatment effect
[52]. Another explanation may be that attrition increases
with increasing age.

The male-to-female ratio of 1:2.2 reflects the inheritance
of an X-linked disease. The locus on the X chromosome
(Xp22.1-p22.2) to which the PHEX gene is mapped
undergoes random X-chromosome inactivation [53].
Therefore, a gene dosage effect causing milder disease in
females would be expected, but diverging results have been
published. Several studies report no gender differences.
Reid et al. [7] reported no differences between adult HR
males and females regarding renal PO, reabsorption, serum
PO,, and height. Moreover, no difference in bone mass was
seen [10]. In a study of children with HR, no gender dif-
ferences in height, serum PO,4, or TPO4/GFR were found
[9]. One study of eight PHEX-positive HR children
revealed no difference in skeletal or endodontic severity or
in serum POy [11]. Studies in the HYP mouse (a murine
homologue of PHEX gene mutation in humans) revealed
no gene dosage effect on the mineralization defect [53].
Some studies have found males to be more affected than
females. Rosenthall [14] described a higher lumbar BMD
z-score in males, Hardy et al. [8] described more severe
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radiological disease manifestation in males, a tendency
also described by Frymoyer and Hodgkin [12]. A lower
TPO4/GFR in males has been described by Glorieux and
Scriver [17]. We found no gender differences in anthro-
pometric measures. The skeletal severity score tended to be
greater in males compared to females, but this did not reach
statistical significance. Osteotomies tended to be performed
more often in males compared to females, and since no
gender difference was seen in deformities of the legs,
females probably avoided surgery, primarily because this
was not indicated. There was a tendency of males to have
higher BMD of the lumbar spine compared to females.
There were no gender differences in the endodontic
severity score or the biochemical measures. Since no data
pointed toward females being more severely diseased
compared to males, it is presumed that the weak statistical
strength found in males being skeletally more severely
affected compared to females is due to our small sample
size. In addition, nonsymptomatic female patients may not
be diagnosed and, therefore, not included in this study.

The cross-sectional design of this study gives rise to
limitations in the evaluation of possible effects of medical
treatment. It does not take differences in disease severity at
time of treatment start into account, whereby those treated
might be those more severely diseased. In addition, the
never-treated patients were significantly older compared to
treated patients, providing a higher risk time for e.g., the
development of dental abscesses. The dental data obtained
in this study will be published in detail separately.

Our study is the first to provide data according to gender
in a large cohort of adult patients with verified X-linked
HR. With the exception of one small study in children, the
existing literature states that the studied cohort of HR
patients had X-linked HR yet without demonstration of a
corresponding disease-causing mutation in the PHEX gene.
Often, the assumption of X-linked HR was based on a trait
with X-linked inheritance and a female-to-male ratio
greater than 1; but even though male-to-male transmission
is not present, it does not exclude the possibility of the
autosomal dominant trait of the FGF23 mutation. The three
patients where X-linked HR was not proven might carry a
PHEX mutation not detected by the dHLPC or MLPA
genetic mutational analysis, excluding them from the
comparison of severity between genders.

This study reports phenotype characteristics of patients
either previously diagnosed with HR or diagnosed through
family screening, some of whom displayed very few
symptoms. It is likely that even milder cases escaped our
attention, and thus, this and other studies presumably
reflect the more severe cases of HR.

Adult HR patients were characterized by short stature and
appeared disproportioned. They had elevated BMD, espe-
cially of the lumbar spine, and complications in terms of
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arthralgia. Arthrosis and endodontic problems were increas-
ingly present with increasing age. HR patients had a reduced
risk of fractures, and HR females had the same rate of cesarean
section as the background population. Males tended to be
skeletally more severely affected compared to females.
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