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Abstract Familial Hypocalciuric Hypercalcaemia (FHH)
Type 1 is caused by an inactivating mutation in the cal-
cium-sensing receptor (CASR) gene resulting in elevated
plasma calcium levels. We investigated whether FHH is
associated with change in bone density and structure. We
compared 50 FHH patients with age- and gender-matched
population-based controls (mean age 56 years, 69 %
females). We assessed areal BMD (aBMD) by DXA-scans
and total, cortical, and trabecular volumetric BMD
(vBMD) as well as bone geometry by quantitative com-
puted tomography (QCT) and High-Resolution peripheral-
QCT (HR-pQCT). Compared with controls, FHH females
had a higher total and trabecular hip vBMD and a lower
cortical vBMD and hip bone volume. Areal BMD and
HRpQCT indices did not differ except an increased tra-
becular thickness and an increased vBMD at the transition
zone between cancellous and cortical bone in of the tibia in
FHH. Finite element analyses showed no differences in
bone strength. Multiple regression analyses revealed cor-
relations between vBMD and P-Ca”* levels but not with
P-PTH. Overall, bone health does not seem to be impaired
in patients with FHH. In FHH females, bone volume is
decreased, with a lower trabecular volume but a higher
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vBMD, whereas cortical vBMD is decreased in the hip.
This may be due to either an impaired endosteal resorption
or corticalization of trabecular bone. The smaller total bone
volume suggests an impaired periosteal accrual, but bone
strength is not impaired. The findings of more pronounced
changes in females may suggest an interaction between sex
hormones and the activity of the CaSR on bone.

Keywords Hypercalcemia - Parathyroid hormone - Bone
density - HRpQCT - DXA - Familial hypocalciuric
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Introduction

Familial Hypocalciuric Hypercalcemia (FHH) is a rare
autosomal dominant inherited calcium metabolic disorder.
The condition is most often due to an inactivating variant
in the calcium-sensing receptor (CASR) gene (FHH Type
1) causing lifelong mild to moderate hypercalcemia with
inappropriately high-normal or elevated PTH levels [1].
Recently, similar phenotypes have been shown to be
attributable to mutations in the G-protein subunit all
(GNAI1I) gene (FHH type 2) and adaptor protein 2 sigma 1
(AP2S1) gene (FHH Type 3) with loci placed on chro-
mosome 19p and 19q, respectively [2, 3]. In most studies,
patients with FHH have been reported to have only few or
no symptoms [4, 5].

Physiologically, calcium homeostasis and bone remod-
eling are closely related hence the importance of studying
the skeleton in FHH in detail. A study in knockout mice
has shown that CaSR has a critical role for skeleton
development [6]. Previously, three minor cross-sectional
studies did not demonstrate changes in areal bone mineral
density (aBMD) as assessed by dual- energy X-ray
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absorptiometry (DXA) scans in patients with FHH [7-9],
although a slightly increased bone turnover in FHH has
been reported by some investigators [8, 10]. In the previous
cross-sectional study from our group, aBMD was normal in
FHH patients as assessed by z scores calculated according
to a reference population. Nevertheless, an enhanced phe-
notypic expression of the studied CASR variants in terms of
increasing hypercalcemia was associated with higher
aBMD at the lumbar spine and hip [11]. This finding is in
accordance with data reported by Theman et al. [12] on
patients with an activating mutation in the CASR (autoso-
mal dominant hypocalcemia [ADH]) in whom bone min-
eralization may be reduced. However, a meta-analysis of
genome wide association data did not link the CASR to
aBMD or risk of osteoporotic fractures [13].

The hyperparathyroid hypercalcemia in patients with
FHH is similar to the biochemical characteristics in
patients with mild primary hyperparathyroidism (PHPT)
[14]. In PHPT, aBMD is decreased at multiple sites with
predominance at the forearm as measured by DXA [15].
Furthermore Hansen et al. [16] recently reported that
female patients with PHPT have negative alteration of
geometry, volumetric density, and microarchitecture in
radius, but not in tibia as measured by high-resolution
peripheral quantitative computed tomography (HR-pQCT)
scans. In the case of FHH, parathyroidectomy is inappro-
priate, as it does not cure FHH-associated hypercalcemia
[14]. Since we have no treatment for FHH, it is important
to assess whether this life-long inherited disorder has any
skeletal consequences for the patients. To the best of our
knowledge, no data are available on volumetric BMD
(VBMD) or bone structure in FHH. In order to investigate
possible effects of the CaSR on bone, we performed DXA
and 3-dimensional (3-D) scanning techniques (QCT- and
HR-pQCT-scans) in patients diagnosed with FHH.

Subjects and Methods
Design and Participants

In a cross-sectional study, we compared 50 FHH patients
with 51 gender- and aged-matched population-based con-
trols aged 18-85 years. All studied subjects were Cauca-
sians. The design of the study has previously been reported
[5]. In brief, we excluded patients and controls with major
medical or social problems suspected to influence study
outcome including: impaired renal function (plasma creati-
nine >125 pmol/l), malignancies, untreated intestinal mal-
absorption (including active pancreatitis), chronic disabling
disease, or prior hospital admission due to chronic drug or
alcohol abuse. In addition, we excluded pregnant women and
patients treated with drugs known to affect the CaSR
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(lithium, strontium, or cinacalcet) as well as subjects diag-
nosed with calcium metabolic diseases except osteoporosis.

Patients

At the out-patient clinic of our hospital, we had information
on 82 patients with genetically verified FHH in terms of
inactivating mutations in CASR (FHH type 1). The diagnosis
was supported by documented hypercalcemia, low renal
calcium excretion, inappropriately high PTH, and verified
parents or offspring with hypercalcemia when available.
One patient had hypercalcemia, elevated PTH, and an off-
spring with hypercalcemia, but mutation analysis only
showed a p.R990G variant in the CASR gene, which is now
considered to be a common variant not associated with FHH
[17, 18]. The patient has not yet been studied for mutations
in other possible genes. Sixty-six were known by earlier
studies by our group, whereas 16 had been identified since
our last work-up on FHH [11]. Two had died, and one had
emigrated, leaving 79 potential patients to be recruited
among whom 50 patients with FHH were included in the
present study.

Controls

From the Danish Civil Registrations System, we retrieved a
list of randomly selected control subjects aged 18-85 and
residing in the county of Aarhus, Denmark. For each FHH
patient, an invitation was sent to between five and ten
gender-matched controls of similar age (£2 years). In parts
of the investigations, we were forced to exclude results for
specific reasons such as motion infarcts in HRpQCT-scans.
In those instances, we match two controls for one FHH but
still according to the matching criteria.

All participants gave verbal and written informed con-
sent. We asked participants to fill in a questionnaire con-
cerning their state of health. Variables covered by the
questionnaire are shown in Table 1. We assessed daily total
calcium intake according to reported dietary intakes of
milk, cheese, milk products, and use of calcium supple-
ments [19]. We measured height and body weight in light
indoor clothing using the same equipment for each par-
ticipant (Seca, Sa-med, Kvistgaard, Denmark). We con-
ducted the study according to the Declaration of Helsinki
II. The study was approved by The Central Denmark
Region Committees on Health Research Ethics (#M-2010-
0296) and notified to The Danish Data Protection Agency
(#2011-41-5733).

Biochemistry

Blood samples were collected in the morning after an
overnight fast and following 1 h of bed-rest. In addition,
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Table 1 Characteristics of Variable Controls FHH p value
patients with familiar
hypocalciuric hypercalcaemia Number (N) 51 50
gﬁgl:‘nd their matched Age (range) 56 (23-82) 56 (23-82) 0.96
Gender
Female N (%) 35 (68.6°%) 34 (68.0 %)
Age, years 57.4 (15.7) 57.2 (15.9) -
Male N (%) 16 (31.4 %) 16 (32.0 %)
Age, years 52.5 (15.8) 52.5 (15.8) -
Anthropometrics
Height, cm 170.1 (8.4) 168.7 (8.6) 0.43
Weight, kg 77.0 (14.0) 75.7 (16.7) 0.66
Body mass index, kg/m2 26.6 (4.4) 26.4 (4.7) 0.84
Use of drugs (%) 28 (54.9) 28 (56.0) 0.69
Anti-osteoporotic drugs, N (%) 4 (7.8) 4 (8.0) >0.99
Calcium and Vitamin D intake
Use of vitamin-D supplements, N (%) 35 (68.6) 28 (56.0) 0.31
Vitamin-D intake from supplement, ug/day 7.5 (0.0; 20.0) 5.0 (0.0; 24) 0.54
User of calcium supplements, N (%) 23 (45.1) 13 (26.0) 0.09
Calcium intake from supplements, mg/day 0 (0; 400) 0 (0; 400) 0.83

Dietary calcium intake, mg/day
Total calcium intake, mg/day®
Smoking (%)

Former smoker

Number (V) with percentages
(%), mean £+ SD, or median
with Interquartile (25; 75 %)

range Current smoker

* Dietary calcium plus calcium
intake from supplement (mg/
day)

Women

Menopausal (%)

1,000 (800; 1,300)
1,250 (970; 1,750)

1,000 (750; 1,250) 0.74
1,050 (763; 1,575) 0.28

24 (47.1) 19 (38.0) 0.43
9 (17.6) 13 (26.0) 0.34
23 (65.7) 23 (68.0) 0.61

participants collected a 24-h urine sample. Samples were
analyzed or stored at —80° C until analysis. We measured
plasma and urinary levels of calcium, creatinine, phos-
phate, magnesium, and albumin by standard laboratory
methods using Roche/Hitachi Cobas c-systems (Cobas ¢
501). To reduce analytical variation, we analyzed plasma
levels of PTH and 25-hydroxyvitamin D (250HD) from
patients and controls in a single batch. Plasma total calcium
(P-Ca) was corrected for individual variations in plasma
albumin according to the equation: adjusted P-Ca (mmol/
1) = 1.14 x (0.700 — plasma albumin (mmol/l)) + P-Ca
(mmol/l) [20]. Plasma 250HD was analyzed by isotope
dilution liquid chromatography-tandem mass spectrometry
(LC-MS/MC) [21]. This method quantifies both 25(OH)-
D2 and 25(0OH)-D3. Calibrators traceable to NIST SRM
972 (Chromsystems, Miinich, Germany) were used. Coef-
ficients of Variance (CV) values (%) for 25(OH)D3 were
6.4 and 9.1 % at levels of 66.5 and 21.1 nmol/L, respec-
tively, and for 25(OH)D2, the CV values were 8.8 and
9.4 % at levels of 41.2 and 25.3 nmol/L, respectively. We
measured plasma intact PTH by a 2°-generation assay
using Cobas e601 immunoassay analyzers (Roche Diag-
nostics, Basel, Switzerland). The lower limit of detection of

the assay is 0.127 pmol/L, with a total imprecision (CV, %)
of 3.3 and 2.7 % at PTH levels of 3.7 and 26.6 pmol/L,
respectively.

Genetics

FHH patients were characterized by molecular genetic
analysis of the CASR gene as previously described [18,
22]. Sequences were aligned to GenBank reference
sequence NM_000388.2. Findings were confirmed in the
second analysis on separately drawn blood. The nomen-
clature of the sequence variants follows the current
guidelines [23].

DXA

We performed Dual-energy X-ray Absorptiometry (DXA)
using a Hologic Discovery scanner (Hologic, Inc., Wal-
tham MA, USA) assessing areal BMD (aBMD) at the
lumbar spine (L1-L4), the total hip, the forearm, and whole
body. The coefficient of variation (CV %) was 1.5 % for
the lumbar spine, 2.1 % for the femoral neck, and for the
ultradistal radius 1.9 % [24].
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OCT

Bone volume and density were measured by a quantitative
computed tomography (QCT) scan performed at the lum-
bar spine (L1 to L2) and hip. The scans were performed
using a spiral CT scanner (Philips Brilliance 40 multide-
tector helical CT scanner, Phillips, Eindhoven, Nether-
lands). Scans were performed using a dose modulation tool
(Z-DOM, Phillips) at voltage 120 kV with an effective
radiation dose of approximately 0.6 to 1 milli Sievert
(mSv) for the lumbar spine and 1.8-2.3 mSv for the hip.
Rotation time was 1 second at the spine and 0.5 s at the hip.
Field of view was 400 mm, and collimation was
64 x 0.625. Thickness and spacing of slices were both
3 mm. We determined volumetric bone mineral density
(vBMD) at the lumbar spine (L1 to L2) and at the hip
analyzing data with QCT PRO 3D Volumetric Spine and
Hip BMD CTXA System using Bone Investigational Tool
(BIT)-kit (Mindways Software Inc, Austin, Texas, USA)
compared to a solid state CT calibration phantom (Model
3, Mindways Software) which was scanned together with
the participants. Size and position were determined by
software algorithms except scans with inaccurate posi-
tioning in which manual handling was performed [25].

HR-pQCT

We assessed volumetric BMD (vBMD) and bone geometry
using a high-resolution peripheral quantitative computed
tomography (HR-pQCT) scanner (Scanco Medical AG,
Bruiittisellen, Switzerland). The scans were performed at
the nondominant forearm (distal radius) and the ipsilateral
distal tibia. If a participant had a previous fracture corre-
sponding to the nondominant side, we performed the scans
on the opposite side. Scans were conducted as manufac-
turer’s default protocol for in vivo imaging implying 110
slices with an isotropic resolution of 82 um beginning
9.5 mm and 22.5 mm from the endplate at the distal radius
and distal tibia, respectively. Scans were performed in
proximal direction ending with a 9.02 mm axial 3D rep-
resentation of the bone. The quality of all scans was
inspected visually by two independent investigators (NFBJ
and LRe). Scans with severe or extreme motion artifacts
were excluded [26, 27]. The analyses consisted of seg-
mentation in cortical and trabecular regions [28, 29]. In a
few scans, it was necessary to correct manually. Archi-
tectural parameters (Cortical Thickness (Ct.Th [mm]),
Trabecular Thickness (Tb.Th [mm]) Number of Trabeculae
(Tb.N [mm™']), Trabecular separation (Tb.Sp [mm)]),
Trabecular Bone Volume fraction (Tb BV/TV [%]), and
Standard Deviation of Trabecular Number (Tb.N.SD
[mm]) were assessed with an automated segmentation
algorithm based on a dual threshold method [30-33]. Bone
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strength in terms of bone Stiffness [kN/mm] and Failure
load [N] was analyzed using a finite element analysis
(FEA) [34]. In brief, voxels representing bone were con-
verted into equally-sized eight-node brick elements
resulting in models with approximately 2 and 5 million
elements for radius and tibia models, respectively. All bone
materials were given a Young’s modulus of 10 GPa and a
Poisson’s ratio of 0.3. Boundary conditions represent a
high friction compression test. From the models, estimated
stiffness was calculated along with an estimate of failure
load, based on the assumption that bone failure occurs if
>2 % of the elements are strained beyond 0.7 % strain.
Model solving was performed with Scanco FEA software
v1.15 using unmatched images.

Statistically Approaches

We assessed differences between groups using y* test for
categorical variables and a two-sample ¢ test or Mann-
Whitney U test for continuous variables, as appropriate after
testing for normal distributions. General linear regression
model was used to adjust for differences between groups.
Correlations between variables were tested by bivariate
correlation analysis (Pearson’s or Spearman’s correlation
coefficients, as appropriate) and by multiple linear regres-
sion analysis calculating partial correlation coefficients (7).
Results are reported as mean = SD or as median with
interquartile range (25 and 75 % percentiles) as appropriate
according to the distribution of data. A p value <0.05 was
considered statistically significant. Statistical analyses were
performed using the Statistical Package for Social Sciences
(SPSS 20.0) for Windows (IBM, Armonk, NY, USA).

Results
Characteristics and Biochemistry

Characteristics of the FHH patients and their matched
controls are shown in Table 1. Our participants had a mean
age of 56 years. Sixty-nine percent was females. The
groups did not differ in height (p = 0.43), weight
(p = 0.66), or BMI (p = 0.84). Use of calcium supplement
was borderline significantly more common among controls
than in the FHH group (p = 0.09), but total intake of
calcium did not differ between groups (Table 1).
Compared with the controls, patients with FHH had
significant higher plasma levels of calcium, magnesium,
and PTH, whereas calcium/creatinine clearance ratio
(CCCL) and plasma phosphate levels were lower
(Table 2). Hypophosphatemia was more frequent in FHH
males (n =7 [44 %]) than control male (n =1 [6 %];
p = 0.04) but not in female (Table 2). Renal tubular
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Table 2 Biochemistry, Parameter Reference interval ~ Control FHH p value

Mean =+ SD, or median with

interquartile (25; 75 percentils) Plasma (N) 50 50

range Albumin (mmol/l) 34-48 3743 38 +2 0.11
Creatinine (pmol/l) 45-105 70 £ 15 69 £ 13 0.93
Creatinine clearance (ml/min) >90 123.2 £ 39.1 117.5 £ 31.5 0.44
Calcium creatinine clearance ratio 0.010 £ 0.005 0.008 £ 0.004 <0.01
Calcium, total (mmol/l) 2.20-2.55 2.33 + 0.09 2.69 + 0.20 <0.001
Calcium ionized (mmol/l) 1.18-1.32 1.24 + 0.03 145 + 0.12 <0.001
Calcium, albumin adj (mmol/l) 2.50 £ 0.1 2.84 £ 0.2 <0.001
Magnesium (mmol/l) 0.70-1.10 0.83 + 0.07 0.90 + 0.05 <0.001
Phosphate (mmol /1) 0.71-1.53 1.03 £ 0.16 0.87 £ 0.15 <0.001

Hypophosphatemia, male n (%)* 1(6) 7 (44) 0.04
Hypophosphatemia, female n (%)° 103 2 (6) >0.99
TmP/GFR (mmol/l) 0.9-1.4 0.922 £ 0.218 0.732 £ 0.198 <0.001
250HD (nmol/l) 50-150 51.9 + 24.7 515+ 214 0.92
PTH (pmol/l) 1.6-6.9 3.9 (3.2;4.8) 4.7 (3.7;6.4) 0.01
Urine (N) 47 46

Creatinine (mmol/24 h) 8-22 12 £ 42 11.7 £ 3.8 0.66
Calcium (mmol/24 h) 2.0-9.0 41 +22 34+ 1.8 0.09

) Magnesium (mmol/24 h) 2.0-12.0 43+ 14 38+ 13 0.13

1 <0.76 mmol/l
Phosphate (mmol/24 h) 8-63 26.5 + 10.2 26.7 + 10.1 0.91

® <0.71 mmol/l

maximum reabsorption rate of phosphate to glomerular
filtration rate (TmP/GRF) was lower in FHH subjects
(p < 0.001). Plasma 250HD levels did not differ between
groups (Table 2).

Areal Bone Mineral Density (aBMD) and Body
Composition by DXA Scanning (Table 3)

Comparing the FHH group with the controls, aBMD and
body composition did not differ between groups. Exclusion
of participants on treatment with anti-osteoporotic drugs
(n = 4 in both groups) did not change results. Neither did
stratification by gender reveal significant differences
between group, although aBMD at the trochanter was bor-
derline significantly higher in FHH females (0.681 +
0.099 g/cm?) compared with their controls (0.635 +
0.102 g/cm?; p = 0.07). After excluding female who used
anti-osteoporotic drugs, the difference became statistical
significant (0.690 % 0.095 g/cm? vs. 0.639 4 0.104 g/cm?,
p < 0.05). Bone area as assessed by DXA did not differ
between groups although there was a tendency towards a
smaller bone area in trochanter and radius in FHH patients
(data not shown). Stratification by gender revealed that FHH
females had a significantly smaller bone area at the tro-
chanter (11.0 + 0.9 cm? vs. 11.5 + 1.3 cm?, p = 0.04).
Within the entire group of participants, plasma ionized
calcium (P-Ca”) levels were correlated with aBMD at the
total hip (r = 0.206, p = 0.04) and at the trochanteric
region (r = 0.299, p < 0.01). This was not changed by

adjusting for P-PTH, 250HD, BMI, gender, and age (data
not shown). Plasma PTH was correlated with aBMD at the
trochanteric region (r = 0.234, p = 0.02). However, after
adjustments for P—Caz+, 250HD, BMI, gender, and age,
this was no longer significant (p = 0.74).

Hip and Spine Volumetric BMD (vBMD) by QCT
Scanning (Table 4)

Analyses at the entire group showed only minor differences
between group except that FHH patients had a significantly
higher trabecular vBMD (p < 0.01) and a lower trabecular
bone volume (p = 0.03) at the total hip. Stratification by
gender showed no differences between FHH males and
their matched controls, whereas FHH females differed
significantly from their controls in a large number of
measurements. Accordingly, FHH females had a signifi-
cantly higher vVBMD with a lower bone volume at the total
hip (Table 4) as well as at the different sub-regions of the
hip (data not shown). Stratification by bone compartments
showed a significantly lower cortical vBMD, whereas tra-
becular vBMD was significantly higher at the hip in
females with FHH compared with the controls. Cortical
bone volume did not differ between groups, but trabecular
bone volume was lower in FHH females. Stratification by
menopausal status showed a similar pattern in both pre-
and postmenopausal females (data not shown). The results
were unchanged after excluding those who were on treat-
ment with anti-osteoporotic drugs.
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Table 3 Areal bone mineral

Parameter Control FHH P value
density (aBMD) and body (N = 51) (N = 50)
composition by DXA
(mean + SD) Spine
Lumbar spine, g/cm? 0.969 £ 0.131 0.960 £ 0.136 0.73
Hip
Total, g/cm? 0.895 + 0.132 0.919 £+ 0.133 0.37
Femoral neck, g/cm? 0.766 £ 0.126 0.774 £ 0.12 0.75
Trochanter, g/cm? 0.666 £+ 0.108 0.703 £ 0.114 0.09
Intertrochanter, g/cm? 1.064 £ 0.152 1.083 £+ 0.152 0.54
Wards, g/cm? 0.592 £+ 0.15 0.583 & 0.146 0.85
Foream
Total, g/cm? 0.524 4 0.085 0.523 4 0.083 0.98
Upper third, g/cm? 0.668 &+ 0.103 0.66 £ 0.101 0.67
Mid third, g/cm?® 0.542 4 0.089 0.544 4+ 0.086 0.92
Ultradistal, g/cm® 0.376 &+ 0.073 0.38 £ 0.07 0.76
Subtotal body composition
aBMD, g/cm? 0.950 £+ 0.112 0.955 + 0.13 0.83
BMC, g 1791 + 342 1757 + 389 0.64
Total mass, g 72299 + 13606 71095 £ 16415 0.69
Lean mass®, g 47096 £ 9948 47071 £ 10648 0.99
Fat mass, g 25202 £ 7590 24024 + 8974 0.48
Whole body composition
aBMD, g/cm? 1.093 £ 0.114 1.070 £ 0.123 0.34
BMC, g 2309 + 397 2205 + 429 0.22
Total mass, g 77069 £ 14112 75770 £ 16910 0.67
Lean mass®, g 50613 + 10313 50513 £ 11019 0.96
i Fat mass, g 26339 + 7633 25155 + 9034 0.48
BMC bone mineral content
Fat, % 3417 329 £ 6.7 0.39

4 Without bone

Significant correlations between P-Ca®™ and vBMD
were found at the total hip (r = 0.259, p = 0.02), the
trochanteric (r = 0.324, p < 0.01), and at the intertro-
chanteric region (r = 0.217, p < 0.05), but not at the
femoral neck (r = 0.164, p = 0.14), or at the lumbar spine
(r = 0.86, p = 0.43). After adjusting for P-PTH, 250HD,
BMI, gender, and age, the association was only significant
at the trochanteric region (r, = 0.242, p = 0.04). P-PTH
was correlated with vBMD at the trochanteric region
(r =0.242, p = 0.03). However, after adjusting for
P-Ca2+, 250HD, BMI, gender, and age, the association
was no longer significant (r, = 0.033, p = 0.78).

Tibia and Radius Structural Analysis by HR-pQCT
(Table 5)

Due to motion artifacts causing poor quality, 13 scans (11
FHH patients) of the radius and two scans of tibia (one
FHH) were excluded. One control was excluded due to a
cyst in the scanned field. After those exclusions, it was not
possible to match all participants leaving two (one FHH)
not included in analysis.
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At the distal tibia, both the total area and the trabecular

area were reduced in FHH compared with controls
(p = 0.03). The difference was only significant in females,
although a similar tendency was present in males. Tb.Th
was higher in the FHH group (p = 0.04), but other vari-
ables of volumetric density and indices of bone geometry
did not differ significantly between groups. If patients
receiving anti-osteoporotic drugs were excluded from
analyses, Tb.Th no longer differed significantly between
groups (p = 0.08), whereas other results were unchanged
(data not shown).

At the distal radius, vBMD was higher in FHH subjects
in trabecular bone (p = 0.04) and at the transition zone
between cortical and trabecular bone (meta-trabecular
bone) (p = 0.01). Analysis of microarchitecture showed
that FHH subjects had increased Tb.Th (p = 0.03) and Tb
BV/TV (p = 0.04). After exclusion of patients receiving
anti-osteoporotic drugs, the differences in trabecular
vBMD and Tb BV/TV no longer reached statistical sig-
nificance (p = 0.06) (data not shown). Stratification by
gender showed that FHH male had increased Tb.Th
(p = 0.03), and FHH female had higher vBMD at meta-
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Table 4 vBMD Assessed by QCT, Median With Interquartile [25 %; 75 %] Range

Female

Male

All

Parameter

FHH (26) P Value

Controls (31)

P value

FHH (14)

Controls (15)

FHH (40) P value

Controls (46)

Lumbar spine

0.26

142 (111; 169)

124 (83; 160)

>0.99
0.

135 (95; 172)
133 (86; 170)
134 (90; 171)

129 (105; 164)
135 (94; 171)

30
52

0.

139 (108; 168)
138 (95; 169)
136 (99; 168)

129 (92; 161)

L1, g/em®

0.41
0.31

139 (108; 172)

127 (79; 160)
122 (81; 160)

68
88

0.

131 (90; 167)
126 (90; 160)

L2, g/em®

0. 141 (110; 171)

131 (106; 167)

0.40

Averages (L1 + L2), g/em®

Total hip

Integral

<0.01

312 (289; 349)

276 (236; 312)

0.43

305 (250; 361)
37.5 (30.5; 40)

325 (282; 356)
37.2 (32;41.2)

05

0.

312 (271; 352)

285 (258; 334)

vBMD, mg/cm3
Mass, g

0.31
<0.01

26.4 (23.9; 31.2)

25.8 (22.7; 29.2)

0.48

0.64
0.

29.2 (24.2; 32.6)

28.6 (23.6; 34.2)

83.5 (76.5; 93.7)

>0.99 98.7 (83.8; 105.3)

116.1 (106.9; 125.5)

116.2 (106.7; 137.4)

09

92.1 (81.5; 111.9)

100.8 (89.5; 114.4)

3
Volume, cm

Cortical

0.04
0.16

835 (797, 895)

874 (836; 957)

0.91
0.51
0.

828 (779; 920)

828 (804; 885)
233 (19.1; 25.7)

0.10
0.61
0.55

834 (793; 900)

860 (818; 919)

vBMD, mg/cm®
Mass, g

16.0 (12.9; 18.5)

15.5 (12.2; 17.2)
17.3 (12.6; 21)

21.5 (16.2; 25.9)
26.1 (17.4; 32.8)

17.4 (13.6; 21.3)

17.1 (12.8; 20.2)
20 (14.2; 24.4)

0.12

19.4 (14.9; 21.9)

57

26.4 (22.1; 32.1)

20.5 (15.4; 27.3)

Volume, cm®

Trabecular

0.001

0.8
<0.01

173 (152; 183)
10.9 (10.3; 11.9)

142 (125; 167)
10.9 (10; 12.3)
78.5 (65; 92.6)

87

0.

162 (134; 191)

<0.01 172 (149; 181)

169 (149; 188)

150 (128; 172)

vBMD, mg/cm?
Mass, g

1

>0.99
0.9

14.2 (13.3; 15.5)

14 (12.8; 16.7)
90.4 (76.7; 106.3)

1

0.8

11.6 (10.7; 14)

12.1 (10.2; 13.8)

66.1 (59.1; 72.4)

1

88.6 (77.1; 107.2)

0.03

71.0 (61.6; 86.4)

79.5 (70.3; 97.1)

Volume, cm®

trabecular bone (p = 0.02). Furthermore, similar to the
findings at the tibia, both total area and trabecular area at
the radius tended to be lower in the FHH group compared
with controls although only statistical significant in females
(p = 0.04). Those results were unchanged after exclusion
of patients receiving anti-osteoporotic drugs except that
average vBMD at the distal radius in FHH female was
higher (p < 0.05) (data not shown). There were no differ-
ences between males regarding bone area or vBMD.

Estimated bone strength in terms of stiffness and failure
load did not differ significantly either at the radius or the
tibia.

In radius, P-Ca®" levels were correlated significantly
with meta-trabecular vBMD (» = 0,236, p = 0.04) and
borderline with trabecular vBMD (r = 0,192, p = 0.09).
This was not changed by adjusting for P-PTH, 250HD,
BMI, gender, and age (r, = 0.256, p < 0.03) (r, = 0,226,
p = 0.05), respectively. However, there were no significant
correlations with P-PTH. In tibia, no significant correla-
tions were found either with P-Ca*" or P-PTH.

Discussion

In accordance with the previous studies, aBMD as assessed
by DXA did not differ between FHH patients and their
matched controls, except a higher aBMD at the trochan-
teric region in female with FHH [9, 11]. Moreover,
3-dimensional scanning techniques revealed distinct char-
acteristics in female patients with FHH, including a smaller
hip bone volume as assessed by QCT scans and a smaller
cross-sectional bone area as assessed by HR-pQCT scans.
At the hip, the total vBMD was higher in FHH females
compared with controls, which was attributable to a higher
trabecular vBMD, whereas cortical vBMD tended to be
lower. No differences were encountered between males
with FHH and their matched controls.

The findings of higher vBMD at trabecular bone and at
the transition zone between cortical and trabecular bone in
the distal radius may point towards an explanation of the
findings at the hip. QCT scans of the hip are performed at a
lower resolution than HR-pQCT scans, and the separation
between cortical and trabecular bone is based on a
threshold value differentiating the two bone compartments
from one another. Due to a higher density of trabecular
bone, the transition zone between cortical and trabecular
bone may be calculated as cortical bone when measure-
ments are performed by QCT scans. Accordingly, our
results do not necessarily imply altered bone geometry in
terms of an altered relative distribution of cortical and
trabecular bone in females with FHH.

Since FHH is a life-long condition, our findings of a
smaller bone area, smaller trabecular bone volume, without
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g o a < © o differences in cortical bone volume may be a result of
v|sz22 2s changed bone remodeling due to impaired periosteal
e apposition with reduced trabecularization of cortical bone
IS and reduced endocortical expansion [35]. In this situation,
§_ § ; - o the result will be smaller bone area and smaller trabecular
=] i i area as we found.
z 85 o 5 Alternatively, our findings rpay be explained by a cor-
El s s s ~ o ticalization of trabecular bone, i.e., that the trabecular bone
5 close to cortical bone is apportioned as cortical bone when
§ analyzing the QCT scans. This may also explain our find-
% % E oz ings of a lower cortical density in female with FHH.
o |= S 5 S " : Although the trabecular bone accounted for as cortical
% ‘;; j 2 § =+ g bone is relatively dense, it is less dense than the rest of the
L B = @ cortical compartment, and cortical bone density may on
o averages seems to be decreased. Nevertheless, an alterna-
E E § S § i tive explanation for the lower cortical density in FHH
females is their increased PTH levels, as PTH is known to
g g § © 2 increase cortical porosity [36]. Our data do not exclude
j : j : i such physiological effects of PTH of cortical bone in FHH
|8 eq S even though the correlations between PTH and bone indi-
El3° 3 =& ces were marginal. Micro-CT scans and histomorphometric
PR _ analyses of bone biopsies are needed to further improve our
333 <o understanding of bone indices in patients with FHH.
L1z A H FHH and PHPT have biochemical similarities in terms
|22 €% of hypercalcemia and elevated PTH levels. PHPT is asso-
ciated with deleterious effects on bone. In addition to a
;;f o < o - o decreased aBMD, HR-pQCT scans of patients with PHPT
w828 22 have shown altered bone geometry in trabecular and cor-
tical bone at the radius [16]. In PHPT, cortical area and
= thickness are reduced along with a reduced volumetric
% § ; S density. Moreover, trabecular density and number are
j : s « i reduced, whereas trabecular spacing is increased. In con-
z|leag He trast, we found higher Tb.Th and higher trabecular vBMD
1232 £3 in the distal radius in FHH patients compared to matched
healthy controls. This may point towards a physiological
g effect of the CaSR on bone. In FHH, the relative insensi-
E_ g g g tivity of the CaSR to P-Ca®" levels may prevent potential
- j : = ﬁ i harmful effects on bone of hyperparathyroid hypercalce-
_ g § E g o5 mia. 2In multiple regression analyses, we studied whether
<l0 ]| S S S © @ P-Ca*" correlated to vBMD, as P-Ca’* was considered as a
o proxy for the insensitivity of the CaSR to calcium levels.
g We found that positive correlations between P-Ca®* and
_ 2 vBMD suggesting an inverse association between the
g § sensitivity of the CaSR and bone density. However, both
g % osteoblasts and osteoclasts express the CaSR [37]. Hence,
g % é inactivating variants in the CASR may affect bone
g g < remodeling and bone growth per se, independent of con-
3 § E F comitant changes P-PTH.
E 5 s 8 & § S The CaSR is expressed by the long bone’s growth plate,
§ 55 ﬁ & < E and the CaSR has been shown to be involved in the growth
" 51332 4,: g § E of bone. CASR knockout mice have been shown to exhibit
= E|EESEZE growth retardation, whereas activation of CaSR in the
= g 4 growth plate accelerates bone growth [38, 39]. Our findings
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of a smaller bone volume at the hip as well as a smaller
bone area at the distal extremities support the interaction of
the CaSR on bone growth. It may be of interest to inves-
tigate whether bone volume is increased in patients with a
CASR activating mutation.

Similarly to the state of FHH, the calcium “set-point”
may be increased by treatment with lithium, causing a state
of mild hyperparathyroid hypercalcemia with a reduced
renal calcium excretion [40]. Apparently, lithium acts as
calcilytic drug rendering the CaSR to be less sensitive to
calcium concentrations, i.e., an effect similar to the state of
FHH [41]. In contrast to patients with hyperparathyroid
hypercalcemia due to PHPT, lithium therapy does not seem
to compromise bone health, as an increased aBMD and a
decreased risk of fractures have been reported in patients on
treatment with lithium [42, 43]. Interestingly, in a cross-
sectional study, comparing patients on treatment with lith-
ium with matched controls, an increased aBMD was found
only in females but not in males [42]. In this study, female on
treatment with lithium had higher estradiol levels compared
with their matched controls. Moreover, lithium was shown to
cause hyperestrogenism in female rats, whereas androgen
levels were decreased in male rats [44]. In our study, alter-
ations in bone density and geometry were more pronounced
in females than males. The CaSR is widely expressed by
different tissues, including ovary cells, suggesting that the
CaSR protein may affect secretion and function of sex hor-
mones [45]. Experiments performed in the MCF-7 breast
cancer cell line indicate that CaSR has a modulating effect of
the estrogen receptor alpha [46, 47]. Further studies should
aim to determine whether FHH is associated with alteration
in the levels of sex hormones and potential interactions
between sex hormones and CASR variants.

Our findings of lower plasma phosphate levels in FHH
patients compared with their matched controls are in
agreement with the well-known effect of CaSR on renal
phosphate handling [48]. In the proximal tubule, the CaSR
is known to inhibit PTH stimulated phosphate reabsorption,
and FHH is accordingly associated with lower plasma
levels of phosphate.

Strengths and Limitations to Study

The strength of the present study is the uniform program
applied to all participants. Furthermore, the participants are
well-matched regarding gender, age, and ethnicity. A fur-
ther strength is that our controls were recruited randomly
from the general background population. In most circum-
stances, patient and controls were investigated within
3 weeks avoiding seasonal variations in 25-OHD. All
investigations were carried out by trained personnel.
Regarding FHH patients, all except one had genetically
verified variants in the CASR gene explaining their

@ Springer

hypercalcemia. The controls may contribute some uncer-
tainty because recruitment of volunteer causes selection
bias. In our population, few were on treatment with anti-
osteoporotic drugs, but excluding those did not alter our
findings to any major degree. Some of our results showed
only borderline significant differences. We are not able to
determine whether this is due to lack of statistical power due
to a relatively small sample size or should be interpreted in
terms of a lack of physiological effects of the inactivating
mutation on measured indices. Moreover, we cannot
exclude that some borderline p values might have occur by
chance due to numerous tests performed. However, it has to
be acknowledged that FHH is a rare condition. Accordingly,
an appropriate sample size for all measured indices is dif-
ficult to obtain. Our cohort of FHH patients is probably one
of the largest available, but further studies in similar cohorts
are warranted in order to substantiate our findings. Unfor-
tunately, we did not measure estrogen- and androgen-status
or biochemical markers of bone turnover, and our study
does, therefore, not allow for conclusions on effects of FHH
on bone turnover or potential interactions between levels of
sex hormones and mutations in the CaSR.

Conclusion

In conclusion, our data showed discrete effects of an
inactivating mutation in the CASR gene in female FHH
subjects in terms of a smaller bone volume with an
increased trabecular bone density at the hip and at the distal
radius. Differences were not present in males, suggesting
an interaction between sex hormones and the activity of the
CaSR on bone. Finite element analyses did not show
changes in estimated bone strength. Overall, our findings
support that bone health does not seem to be impaired in
patients with FHH.
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