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Abstract The main hallmark of high bone mass (HBM)
disorders is increased bone mineral density, potentially
visible in conventional radiographs and quantifiable by
other radiographic methods. While one of the most com-
mon forms of HBM is CLCN7-related autosomal dominant
osteopetrosis type II (ADO 1II), there is no consensus on
diagnostic thresholds. We therefore wanted to assess
whether CLCN7-osteopetrosis patients differ from benign
HBM cases in terms of (1) bone mineral density, (2) bone
structure, and (3) microarchitectural abnormalities. 16
patients meeting the criteria of HBM (DXA T7/Z-
score > 2.5 at all sites) were included in this retrospective
study. Osteologic assessment using dual-energy X-ray
absorptiometry (DXA), high-resolution peripheral quanti-
tative computed tomography (HR-pQCT), and serum
analyses was performed. The presence of CLCN7 and/or
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other HBM gene mutations affecting bone mass were tes-
ted using a custom designed bone panel. While a DXA
threshold for ADO II could be implemented (DXA Z-
score > + 6.0), the differences in bone microarchitecture
were of lesser extent compared to the benign HBM group.
All adult patients with ADO 1II suffered from elevated
fracture rates independent from Z-score. In HR-pQCT,
structural alterations, such as bone islets were found only
inconsistently. In cases of HBM, a DXA Z-score > 6 may
be indicative for an inheritable HBM disorder, such as
ADO II. Microarchitectural bone alterations might repre-
sent local microfracture repair or accumulation of cartilage
remnants due to impaired osteoclast function, but seem not
to be correlated with fracture risk.

Keywords High bone mass - Osteopetrosis - DXA - HR-
pQCT - Bone microarchitecture - Bone islets

Introduction

Roughly 99% of young adults have a bone mineral density
(BMD) in the normal range, which is defined as + 2.5
standard deviation (SD) above or below the average peak
bone mass. Most attention is paid to the — 2.5 SD
threshold, which is crossed by a part of the population with
increasing age and serves as a definition for osteoporosis
according to the World Health Organization (WHO). Less
information is available on the upper threshold separating
benign from pathological high bone mass (HBM) condi-
tions. In previous studies, HBM has been defined as a BMD
Z-score > + 2.5 usually measured by dual-energy X-ray
absorptiometry (DXA). However, no official definition for
benign or pathological HBM is available neither from the
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International Society For Clinical Densitometry (ISCD) nor
from the WHO [1, 2].

Extreme deviations of DXA Z-score are often a sign of
rare hereditary diseases. However, it has to be considered
that several structural alterations of the bone such as
fractures [3], osteoarthritis [4], or myelofibrosis [5] may
lead to false-high BMD values. Interpreting these results,
one should also differentiate between focal and generalized
increases in bone mass [6]. Therefore, it is necessary to
measure lumbar spine, as well as total femur [6]. The
differential diagnosis of a genuine increase in bone mass
ranges from tumors or renal osteodystrophy, to herita-
ble skeletal dysplasias, among them osteopoikilosis [7],
progressive  diaphyseal dysplasia/Camurati-Engelmann
syndrome [8], and osteopetrosis [9, 10]. The latter is a
common cause of pathological high bone mass. Mutations
in the CLCN7 gene lead to the autosomal dominant
osteopetrosis type Il (ADO II), which is characterized by a
juvenile onset and a highly variable clinical course
[11, 12]. The CLCN7 gene, which is located on chromo-
some 16p13, encodes the CLC-7 chloride channel [11, 13].
This anion channel takes part in the acidification of the
resorption lacunae via the osteoclast’s ruffled border
membrane [14]. Mutations result in dysfunctional osteo-
clasts, leading to decreased resorption of mineralized car-
tilage and bone, and subsequent high bone mass in affected
individuals. Often, ADO II is diagnosed accidentally on
routine radiographic investigations. The most common
clinical manifestation are fractures of the appendicular
skeleton [10]. Less common symptoms are osteomyelitis,
visual loss, hepatosplenomegaly, and bone marrow failure
[10].

It is important to differentiate osteopetrosis from benign
HBM, which is not associated with increased fracture risk,
and from other disorders, which may indicate different
specific treatment options. Gregson and colleagues pro-
vided an algorithm for the clinical management of patients
with increased DXA-derived BMD values [6]. This algo-
rithm considers the increase’s distribution (focalized vs.
generalized) and clinical findings such as medical and
family history, blood tests, radiographs, and other imaging
to elucidate the underlying cause [6]. As a final procedure,
the authors ultimately suggest genetic analysis in order to
rule out or to diagnose genetic disorders. However, it is not
clear which increase in BMD is a clear sign for ADO II.

A recent case report examined the microarchitecture in
two ADO II patients by performing high-resolution
peripheral quantitative computed tomography (HR-pQCT)
[15]. In addition to increases in bone structural parameters,
islets of dense bone were identified resulting in a great
heterogeneity within bone microarchitecture. It was
hypothesized that this might contribute to the known
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elevated fracture rates. However, the significance of these
findings is not clear due to the low number of participants.

We performed this study in order to find out whether
there is a threshold in DXA scans which makes an
underlying monogenetic bone disorder, such as ADO I,
very likely compared to benign HBM. Furthermore, we
examined if dense bone islets are present in all ADO II
patients and if they are associated with fractures. Addi-
tionally, we determined which parameters of bone
microarchitecture correlate with the increased BMD in
ADO 1I and if they are helpful in identifying ADO II
patients.

Methods
Participants and Study Design

Our medical database was searched retrospectively for
cases meeting the inclusion criterion of a DXA Z-
score > 2.5 at all sites in the years 2014-2017 and sub-
sequent genetic analysis. A total of 16 individuals (3 male,
13 female, age range 7-79 years) with a high bone mass
phenotype could be identified. All patients were referred to
our specialized osteologic outpatient clinic in order to
examine the high bone mass phenotype further, which was
initially suspected from skeletal anomalies in plain radio-
graphs and CT scans or pathologic fractures. Sex, age,
height, and medical history were recorded. Regarding their
medical history, we paid special attention to known
symptoms of osteopetrosis like fractures, musculoskeletal
pain, and neurologic symptoms. In order to characterize the
inheritance mechanism, pedigrees were drawn for related
patients. Based on the genetic analysis, two groups were
established and compared to another. The CLCN7 mutated
cases (n = 8) included one family with three affected
individuals (family A: cases A.1, A.4, A.5), one affected
woman (B.1), one other family with three individuals
(family C: cases C.1, C.2, C.3), and one adolescent (D.1).
The other eight patients (H.1-H.8) did not show any
genetic variants associated with a high bone mass pheno-
type and were therefore classified as benign HBM cases.
The unaffected individuals of family A (cases A.2. and
A.3, normal BMD) were tested negatively for CLCN7 and
served for a clinical comparison to the affected family
members. However, they were not included in the HBM
group.

All examinations were performed for clinical indica-
tions; yet informed consent was obtained from all patients.
The presented data was analyzed in a retrospective study
design.
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Genetic Analysis

All 25 exons of the CLCN7 gene (chromosome 16p13)
were amplified by PCR including flanking intronic
sequences and subsequently sequenced by the Sanger
method. In cases of absence of a CLCN7 mutation, all
known genes leading to skeletal dysplasias with high bone
mass including SOST, TCIRG1, TGFBI1, OSTM1, SNXI0,
TNFSF11, TNFRSF11A, ANKH, LEMD3, FAM20C, LRPS,
and CTSK were tested by next generation sequencing
(NGS) using a custom designed bone mass gene panel
(Sure Select, Agilent). Sequencing was performed on a
MiSeq machine (Illumina, San Diego, CA, USA). Bioin-
formatic analysis comprised variant calling using ANNO-
VAR and variant filtering and interpretation by GeneTalk
and PhenIX [16, 17]. The pathogenicity of the prioritized
variants was analyzed using MutationTaster, Polyphen, and
SIFT [18-20].

Skeletal Status

In order to characterize bone turnover, blood samples were
drawn from every participant and biochemical analysis was
performed of the following parameters: calcium (Ca),
phosphate (P), osteocalcin (OC), 25-hydroxyvitamin D
(25-OH-D3), bone alkaline phosphatase (BAP), parathyroid
hormone (PTH), deoxypyridinoline (DPD), creatinine
kinase (CK), and fibroblast growth factor 23 (FGF-23).

Areal bone mineral density (aBMD) was assessed in all
cases by performing dual-energy X-ray absorptiometry
(DXA; Lunar iDXA; GE Healthcare; Madison, WI, USA)
of the lumbar spine and both femoral necks. In Cases A.1
and B.1 aBMD was evaluated at lumbar spine only because
osteosynthesis due to pathological femoral fractures had
been performed. Results are given as aBMD (absolute
values, g/cm?) and Z-score in order to enable comparisons
between the cases as four children were enrolled in the
study.

Radiographs of the lumbar spine, hand, and pelvis were
taken of cases A.1, A.4, A.5, and additionally of the lumber
spine and hand of the healthy family members A.2 and A.3.

For further analysis of the skeletal status, seven CLCN7
patients and eight benign HBM cases underwent high-
resolution peripheral quantitative computed tomography
(HR-pQCT; XtremeCT, Scanco Medical, Briittisellen,
Switzerland) in order to evaluate bone microarchitecture.
Therefore, scans of the non-dominant distal radius and
distal tibia were performed. In case of a previous fracture
on the desired site, the opposite extremity was scanned.
Scout views were used to set reference lines at the junction
of the medial and distal thirds of the distal radius and at the
level of the tibial plafond as described previously [21]. In
children growth plates were excluded as suggested by

Burrows and colleagues [22]. Results were compared to the
50th centile of site-, age-, and sex-specific reference values
[23]. The differences were calculated and presented
graphically in %. Furthermore, three-dimensional recon-
structions of the scanned area were calculated for each
CLCN7 case and examined with regard to anomalies of
bone microarchitecture. Representative 2D images were
saved and presented for every CLCN7 case.

To verify the histologic characteristics of CLCN7 related
osteopetrosis, a diagnostic iliac crest bone biopsy was
obtained from case C.1 following the protocol by Bordier
and colleagues [24]. The extracted material was fixed in
3.7% formaldehyde, dehydrated in ascending concentra-
tions of ethanol, and embedded in methyl methacrylate.
Undecalcified sections were cut on a Microtec rotation
microtome (CVT 4060E; Micro Tec, Walldorf, Germany)
with a thickness of 5 pm and routinely stained with tolu-
idine blue, trichrome Masson-Goldner, von Kossa/van
Gieson. Histomorphometric evaluation was carried out
using Osteomeasure histomorphometry software (Osteo-
metrics, Atlanta, GA, USA). The performed analysis and
nomenclature of histomorphometric parameters conform
with the ASBMR standards [25]. Results were compared
with sex- and age-specific reference values from the liter-
ature [26] as well as 5 sex- and age-specific controls from
our database (mean age 42.2 + 3.2).

Measurement of bone mineral density distribution
(BMDD) was performed by quantitative backscattered
electron imaging (qBEI; LEO 435 VP; LEO Electron
Microscopy Ltd., Cambridge, England, UK) as described
previously [27]. Four images were taken (magnification
100x) and analyzed using Image J (v.1.42, National Insti-
tutes of Health, Bethesda, MD, USA). Ca mean was
determined by transformation of the greyscale values as
described by our group [27]. Results were compared to a
sex- and age-specific control of our database.

Statistical Analysis

Results are given as absolute values or mean £ SD if
appropriate. Significance of the presented data was ana-
lyzed using the two-tailed Student’s ¢ test for unpaired data
(Excel for Mac 2011, Microsoft, v.14.0.0). Level of sig-
nificance is defined as p < 0.05. Additionally, Receiver
Operating Characteristic (ROC) curve analysis was per-
formed to find the optimal DXA Z-score threshold with the
highest sensitivity but lowest false-positive rate.
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Results
Basic Genetic and Skeletal Characterization

In eight patients from four families, genetic analysis
revealed mutations in the CLCN7 gene (c.857G > A
(p-Arg286Glu), c.1773G > TA (p-.Lys591Asn),
c.2272T > C (p.Phe758Leu), and ¢.296A > G (p.Tyr99-
Tys)) consistent with the diagnosis ADO II (Fig. la—c).
While p.Arg286Glu [28], p.Phe758Leu [29], and
p.Tyr99Tys [30] have been reported previously,
p-Lys591Asn has not been described before; however, it
was ranked to be highly pathogenic. Six of these cases had
one or more fractures in their medical history. Only two
young children, 8 and 9 years of age respectively, did not
suffer from any fractures so far. Additionally, Case A.1l
suffered from rheumatoid arthritis and recurrent inflam-
mation of the jawbone, while case B.1 had also been pre-
viously diagnosed with rheumatoid arthritis. Case D.1
presented with 15 fractures, osteomyelitis, bone pain, and
slipped capital femoral epiphysis (SCFE). For clinical and
fracture history see Fig. 1a.

Within the benign HBM group, only two individuals had
suffered form traumatic fractures (one scaphoid and one
vertebral body fracture). None of the cases were taking any
medication or had any diseases with relevance to bone
mass or metabolism (i.e., steroids).

Laboratory results for bone turnover showed increased
DPD levels (Fig. 1d) in cases A.1 and B.1. CK and FGF-23
levels were available for cases C.1, C.3, and D.1 only. CK
activity was increased in those patients, while FGF-23
appeared within the reference range (Fig. 1d).

Radiographs were taken for affected individuals from
family A (cases Al, A4, AS), as well as for 2 unaffected
family members (A.2, A.3). The images revealed charac-
teristic signs of ADO like “rugger jersey” spine (Fig. 2a)
and a generalized increased bone density, especially visible
in metacarpals (Fig. 2b) and iliac wings (Fig. 2c). The
husband (A.2; M, 45 years) and a 3rd child (A.3; M, 15
years) were healthy and showed a normal skeletal
appearance. Case A.l underwent surgery due to patholog-
ical bilateral femur fractures, which is a characteristic for
ADO 1I.

In order to histologically confirm the bone phenotype of
ADO I, an iliac crest biopsy was obtained in case A.1. The
analysis revealed a high bone mass and large, flat-shaped
osteoclasts with increased numbers of nuclei, and charac-
teristic cartilage remnants (Fig. 3a, b). Histomorphometry
showed an increase in bone volume (BV/TV), trabecular
number (Tb.N), and trabecular thickness (Tb.Th) compared
to five sex- and age-matched controls from our control
collective, as well as to sex- and age-specific reference
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values from the literature [26] (Fig. 3c). Trabecular sepa-
ration was reduced consecutively. Osteoclast number
(N.Oc/B.pm) and osteoclast surface (Oc.S/BS) were
increased.

BMDD analysis revealed higher mineralized trabeculae
with highly mineralized islets compared to a healthy con-
trols (Fig. 3d) and a matching increase of BMDD param-
eters, additionally compared to reference data from the
literature (Fig. 3e).

DXA Z-Score Threshold for ADO II

The performed DXA scans revealed increased BMD in
patients with ADO 1I resulting in high Z-scores at the
lumbar spine (L1-4, mean: 11.2 £ 3.0), total femur left
(TF L, mean: 11.9 £ 2.8) and right (TF R, mean:
10.8 & 1.7) (Fig. 4a). DXA-derived images of an ADO II
patient show the characteristic sclerosis of the vertebral
endplates (“rugger jersey” spine/sandwich vertebrae) and
iliac wings with a possible stenosis of the intramedullary
canal of the femur. A comparable image of a benign HBM
patient revealed a more evenly distributed sclerosis of the
vertebral bodies and the femur (Fig. 4b). The eight benign
HBM cases, who did not have any mutation in the CLCN7
gene or any other gene related to HBM like SOST or LRP5
(Supplemental Table), revealed significantly lower mean Z-
scores within this group for lumbar spine, total femur left
and right of 4.7 £ 1.7 (p < 0.05), 3.5 £ 1.1 (p < 0.001)
and 3.7 £ 1.3, respectively (p < 0.001, Fig. 4c). Receiver
operating characteristic (ROC) curve analysis revealed a
DXA Z-score of +6.0 as an appropriate threshold in dif-
ferentiating between ADO II and benign HBM cases.

Bone Islets and Their Relation to Fractures in HR-
pQCT

HR-pQCT was available for seven of the eight ADO II
patients. Analysis of the two-dimensional slices and
reconstructed three-dimensional models revealed dense
bone islets in cases B.1, C.2, and D.1 from three different
families (Fig. 5a, b). All three cases had multiple fractures
in the past. Comparable alterations in bone microarchi-
tecture could neither be detected in the remaining CLCN7
mutated adults (cases A.1 and C.1, Fig. 5a) nor in the two
affected children (cases A.4, A.5, Fig. 5b). Whereas cases
A.4 and A.5 did not suffer from fractures, cases A.1 and
C.1 showed a minimum of one fracture in their medical
history. Interestingly case C.1 (mother) did not show dense
bone islets while her son (case C.2), carrying the same
mutation, presented with apparent abnormalities in bone
microarchitecture including bone islets. Analysis of two-
dimensional HR-pQCT images of two healthy individuals
(A.2 and A.3) showed a less dense trabecular pattern than
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a Case: AA1 A4 A5 B.1 C.A C.2 C.3 D.1
Sex: F F M F F M F M
Age: 45y 8y 9y 67y 67y 37y Ty 12y
. 124.0 cm 127.0cm 123.0 cm 138.0cm
Height: 165.0 cm (22"P) (10 P) 168.9 cm 162.0 cm 184.5 cm (501 P) (4 P)
bilateral 15 peri
subtrochan- - perl-
teric femur # ankle joint pheral #,
Clinical . #, bilateral fibula #, osteo-
History: fe#;n Zriﬂl'?:#aﬂ no events no events femur #, coceyx # clavicle # MT 4+5# myelitis,
’ ’ RA SCFE,
RA, osteo- :
myelitis bone pain
DNA -
Level c.857G>A c.1773G>T c.2272T>C c.296A>G
fg\’/ﬁ'” . p.Arg286Glu p.Lys591Asn p.Phe758Leu p.Tyr99Cys
State: heterozygous
Diagnosis: ADO Il
b A1, 45y A2, 45y Cc
|J__| A.3, 15y ‘ A4, 8y i A5, 9y
d Case: A1 A4 A.5 B.1 C.A C.2 D.1 Reference Values
Ca (mmol/l) 2.4 2.2 2.3 24 2.4 2.4 2.2 2.13-263
P (mmol/l) 1.1 (+)1.6 1.5 (+)1.6 1.0 1.2 (+)1.7 0.77 - 1.50
Osteocalcin (ug/l) 8.9 41.1 39.8 23.8 25.3 20.0 34.6 5.4 -59.1
25(0OH)D3 (ug/l) 33.0 37.3 (-)23.6 (-)16.6 (-)25.6 36.5 (-)21.8 =30
BAP (ug/l) 8.4 (+)31.5 (+)414 19.6 11.6 13.7 71.5* 52-244
PTH (ng/l) 19.5 40.6 (+)934 76.7 (+)179 17 -84.9
DPD (nmol/mmol) (+)10.0 19.0* 20.0* (+)9.0 6.0 5.0 15* F:3-7;M:2-5
CK (Un) (+)177 (+)219 (+) 289 F:<139; M: 173
FGF-23 (kRU/I) 66.0 80.0 52.3 26 - 110

Fig. 1 Overview of eight individuals with ADO II: a clinical
characterization; b pedigree of family A; ¢ pedigree of family C;
d blood test results: (4) and (—) indicating deviation from reference

values. RA rheumatoid arthritis, F female, M male, yr years, #
fracture, SCFE slipped capital femoral epiphysis, MT metatarsal
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a A1 (F, 45y) A.2 (M, 45y)

A.3 (M, 15y)

A4 (F, 11y)

A.4 (F, 8y)

T

Fig. 2 Radiographic examination of family A reveals characteristic
signs in three family members being diagnosed with ADO II (cases
A.1, A4, A5) but not in the two healthy controls (A.2, A.3): a lateral

the affected patients and no bone islets (images not
included).

Bone Microarchitecture in ADO II and HBM Cases

Analysis of bone microarchitecture assessed by HR-pQCT
of seven ADO II patients and six benign HBM cases
revealed a significantly higher trabecular number (Tb.N) at
the tibia for patients with ADO II (p < 0.05). We found a
significantly higher cortical BMD (Ct.BMD) at the tibia in
benign HBM compared to ADO II cases (p < 0.05). The
other parameters did not show significant differences
(Fig. 5¢).
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radiograph of the lumbar spine showing a “rugger jersey” spine; b AP
radiographs of the hand with sclerosis of phalanges; ¢ AP radiographs
of the pelvis with a “bone within bone” appearance of the iliac wings

Discussion

It is well known that patients with ADO II have an overall
increased BMD assessed by DXA [10, 15, 31] whereas
HR-pQCT data are available for only two patients with
marked elevations of structural parameters in bone
microarchitecture [15]. Furthermore, it is not clear if their
application provides additional information and might be
beneficial in discriminating different high bone mass phe-
notypes. Therefore, we compared eight ADO II patients
with eight benign HBM cases in order to identify signifi-
cant differences in BMD and bone microarchitecture. We
here provide important additional data on the bone
microarchitecture in ADO II patients and suggest a BMD
threshold, which may be used as a criterion for this disease.
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a Control
b pEe
.
#oSue o Ty
.-u —
Control

d A1

Ca wt-%

jow I

Fig. 3 Histomorphometry and BMDD analysis for case A.1 (left) and
a healthy control (right): a sections stained by von Kossa/van Gieson
demonstrating high bone mass in case A.l; b, toluidine blue-stained
sections showing characteristic enlarged, multinuclear osteoclasts in
case A.l (black arrow), asterisks indicating cartilage remnants;
¢ histomorphometry data given as mean =+ standard deviation (SD)
compared to 5 healthy controls and reference data from the literature

All ADO 1I patients demonstrated DXA Z-scores > 6.2 at
all sites (Fig. 4a). Since previous studies revealed compa-
rable results regarding DXA Z-score values [10, 15, 31],
we suggest a DXA Z-score of +6.0 as a possible threshold
above which the diagnosis of a clinically relevant ADO II
is highly likely (Fig. 4c).

Regarding this threshold two aspects need to be further
discussed. First, Waguespack et al. found that approxi-
mately 30% of CLCN7 mutation carriers do not develop the
classical signs of ADO II. These individuals had only an
average DXA Z-score between + 1 and + 2 [10]. With the
strict threshold suggested here, these individuals would not
be detected. Second, next to the cohort of CLCN7 cases
analyzed in this study, other HBM mutations such as SOST
or LRPS5 need to be considered as major differential diag-
nosis [32].

In benign HBM cases, the DXA Z-scores were signifi-
cantly lower (Fig. 4c) and ranged from + 1.8 to + 8.2 at

| high

C A1 Control (n=5) Reference®
BV/TV (+)49.0 21.5 (+14.8) 17.1 (27.2)
Tb.N (+)25 1.9 (0.3) 1.24 (£0.23)
Tb.Th (+) 196.0 118.7 (+81.0) 134 (+33)
Tb.Sp (-)203.9 428.9 (+101.9) 697 (+171)
OV/BV 0.4 2.0 (+1.0) 1.6 (+1.1)
0.Th 44 6.5 (+2.9) 7.8 (+2.9)
0s/BS 8.3 16.2 (+6.7) 11.1 (£7.6)
0Oc.S/BS (+)10.0 0.1 (x0.3) n/a
Ob.S/BS 1.1 1.3 (¢1.0) n/a
N.Ob/B.Pm (+)43 1.1 (21.0) n/a
N.Oc/B.Pm *#)1.1 0.1 (£0.2) n/a

e A1 Control Reference?®
CaMean [wt%] (+)26.9 22.1 22.20 (£0.45)
CaPeak [wt%)] (+)26.6 226 22.94 (+0.39)
StdDev [wt%] 3.8 28 n/a
CaLow [%] 1.3 24 4.93 (+1.57)
CaHigh [%] (+)11.9 0.03 5.55 (+ 3.32)
gmtrfz' of 218.9 2128 nla
Mean Size of Ot 30.1 335 n/a

[26], n/a data not available; d backscattered electron images revealing
inhomogenously distributed, highly mineralized bone in case A.l,
mean calcium content represented by bright and dark areas, indicating
high and low mineralization, respectively; e qBEI data of an ADO II
patient (case A.l) compared to a healthy control and reference data
from the literature [39]; n/a data not available

all sites. The maximum DXA Z-score of + 8.2 was
detected at the lumbar spine, possibly a false-high result
due to degenerative alterations of the spine. Therefore, it
can be stated that DXA Z-scores of > + 2.5 should be
referred to as high bone mass with here initially only a low
risk of a pathological condition. From a DXA Z-
score > + 4, the likelihood for complications and an
underlying genetic cause rises significantly [6]. Above a Z-
score of + 6.0, which on the basis of the normal distri-
bution of BMD can be expected in 1:1.000.000 individuals,
a pathological bone condition (i.e., monogenetic) is very
likely according to our data. This graduated approach may
be helpful in the diagnostic algorithm, as only 3% of HBM
conditions may occur due to a monogenetic disorder [32].

Beside skull and pelvis, the lumbar spine is one of the
most common sides affected by osteopetrosis. Given the
knowledge of characteristic signs of ADO II, such as
“rugger jersey” spine or a “bone within bone” appearance,
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a
A1 A4 A.5 B.1 CA C.2 C.3 D.1
BMD z BMD z BMD z BMD BMD z BMD z BMD z BMD z
L14 2016 6.2 1.454 8.9 2,052 156 2495 120 = 2749 147 2375 9.6 1.421 95 2.342 13.0
TFL * * 1.466 87 2.058 14.9 * 2412 134 2203 9.4 1.452 12.4 * *
TFR * * 1.455 8.6 1.884 12.9 * 2328 123 2232 8.9 1411 1.8 1.937 10.0
b Cc
* *% *%
16 1 1 1
14
12
o 10
3
n 8
}
N 6
4
2
0
ADOII bHBM ADOII bHBM  ADOII bHBM
| T | L1-4 TFL TFR

Fig. 4 Assessment of BMD using DXA: a absolute BMD values and
Z-score in eight ADO II cases; b representative DXA—derived
images of lumbar spine and left femur: CLCN7 case (left) with a
characteristic “rugger jersey” spine and a “bone within bone”
appearance of femur and pelvis; benign HBM (bHBM) case (right)

DXA-derived images may provide additional diagnostic
information in order to identify individuals with ADO II
among patients with elevated Z-Scores (Fig. 4b). Com-
pared to common radiographs or computed tomography,
these tools also require a smaller radiation dose and should
therefore be considered a higher priority in the diagnostic
algorithm, especially if children are involved. Additionally,
analysis of creatine kinase (CK) in three cases revealed
elevated serum levels (Fig. 1d). This elevation is charac-
teristic for osteopetrosis patients in general and is caused
by the brain isoenzyme BB-CK [33].

Arruda and colleagues hypothesized that dense bone
islets, which they observed in two ADO II patients by HR-
pQCT, may contribute to the known high fracture rates in
these patients [15]. The HR-pQCT analysis of seven ADO
II patients in this study revealed that these islets were
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presenting with a more evenly distributed increase in bone density;
¢ comparison of mean Z-scores in eight ADO II patients and eight
benign HBM cases; asterisks indicating significant differences; L/-4
lumbar spine, TF L total femur left and TF R total femur right

present in only three cases, however, fractures had been
observed in all examined patients, except the children
(cases A.4 and A.5). Regarding this, it has to be taken into
account that the clinical manifestation of this disease
becomes more apparent over time so that adults have a
higher risk to sustain fractures [10]. Even for the same
mutation within one family (Fig. 1c), we could not find a
consistent appearance of bone islets. While case C.2
showed a significant heterogeneity, his mother (case C.1)
did not reveal any similar alterations. Based on our data,
the dense bone islets seem to have a higher prevalence in
patients with ADO II, but may not be obligatory. Conse-
quently, their role in the explanation of the high fracture
rates tends to be of lesser importance.

In fact, possible reasons for this appearance in HR-
pQCT could be wide-ranging and may correlate with
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Fig. 5 Analysis of bone microarchitecture by HR-pQCT of radius HBM (bHBM) cases; results given in % of the 50th centile of age-,

and tibia: a reconstructed images of four adult ADO II cases with site- and sex-specific reference values (RV) [23]; Tb.N trabecular
(B.1, C.2) and without (A.1, C.1) visible structural alterations; number, Th.Th trabecular thickness, Ct.Th cortical thickness, Ct. BMD
b reconstructed images of three children with ADO II (A.4, A.5, D.1) cortical bone mineral density; asterisk indicating significant differ-
revealing dense bone islets only in case D.1; ¢ comparison of ences between CLCN7 and benign HBM cases

structural parameters in seven individuals with ADO II and six benign
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typical features on the microscopic level: (1) microfrac-
tures of trabecular bone may lead to the development and
consecutive accumulation of microcallus formations
(MCFs) [34]; (2) impaired bone remodeling due to dys-
functional osteoclasts could lead to higher mineralized
bone and brittleness resulting in an increased risk of frac-
tures [35]; (3) dysfunctional osteoclasts may cause an
impaired endochondral ossification with mineralized car-
tilage, which cannot be resorbed and replaced by mature
bone matrix [36]. These features can be detected in histo-
logic sections of murine [37, 38] and human biopsies
(Fig. 3b, d). Regarding the latter, osteoclastic dysfunction
could lead to an accumulation of cartilage remnants in
certain areas, possibly resulting in dense bone islets seen in
HR-pQCT images. A further clarification of such islets
would require a bone biopsy in order to examine the
underlying pathology.

With regard to the significant differences of the per-
formed DXA scans between benign HBM and ADO II
patients, we expected similar findings in the analysis of
bone microarchitecture by HR-pQCT. Surprisingly, hardly
any significant differences were discovered. Only the tra-
becular number (Tb.N) at the tibia, but not at the radius,
was significantly increased in patients with ADO II
(Fig. 5¢). The observed elevation of aBMD in DXA scans
might be caused by the increased trabecular number and
the highly mineralized cancellous bone that was also
detected by qBEI. Based on our results, the application of
HR-pQCT is helpful in detecting high bone mass pheno-
types, but appears to be of lesser importance in the diag-
nostic clarification of a an existing ADO II.

As a limitation, the sample size of this study may not be
statistically sufficient in order to establish a diagnostic
threshold. Furthermore, the included individuals represent
a highly selected cohort as some cases were referred to our
outpatient clinic due to clinical and radiological features.
Therefore, our data should be confirmed in a wider popu-
lation including individuals solely detected by high bone
mass on DXA. However, in consideration of previously
published findings, our data represent a significant advance
in the understanding and management of high bone mass
disorders. Further studies may lead to an adjustment of the
DXA threshold by providing additional data from a larger
patient collective.

Taken together, our results showed marked elevations of
BMD and inconsistent increases of structural parameters of
bone microarchitecture in patients with ADO II. The
comparison with benign HBM cases revealed significant
higher DXA Z-scores in the ADO II patients leading to a
threshold of 4 6.0 (Z-score) at any site, which may enable
clinicians to identify affected individuals by DXA mea-
surements. As an additional consequence, we suggest a
DXA Z-score of > 4 2.5 as a definition for high bone
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mass in consideration of an increasing likelihood for a
pathological condition at DXA Z-scores > + 4.0. The
application of HR-pQCT is able to detect high bone mass
phenotypes but may not be beneficial in the further diag-
nostic distinction of the underlying diseases. High fracture
risk is the most common clinical manifestation in patients
with ADO II. The recently discovered dense bone islets
may not be obligatory but contribute to the existing
heterogeneity of bone and may therefore play a role in the
development of fractures. Our data provides additional
information of the high bone mass phenotype in patients
with ADO II and therefore improves the clinical assess-
ment of HBM.
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