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Abstract The pathomechanism of male idiopathic osteo-

porosis (MIO) differs from postmenopausal osteoporosis

with regard to alterations in osteoblast activity. We evaluated

intravenous ibandronate (IBN) in 25 MIO patients with

fragility fractures in a prospective, monocentric, single-arm,

and open-label study for 24 months. The impact and changes

of sclerostin (Scl), Dickkopf-1 (DKK-1), CTX, and PINP

were examined. Additionally, volumetric cortical, trabecular

and areal bone mineral density (BMD), trabecular bone score

(TBS), and finite element analyses (FEA) were evaluated.

Compared to baseline, median Scl levels were increased after

1 month (D 121 %, p\ 0.0001) and remained elevated for

12 months. DKK-1 decreased (p\ 0.001) to a lesser extent

until month 9 with values comparable to baseline at study

endpoint. Early changes (baseline–month 1) of Scl negatively

correlated with early changes of DKK-1 (-0.72), CTX

(-0.82), and PINP (-0.55; p\ 0.005 for all). The overall

changes over the 24 months study period of Scl negatively

correlated with decreased CTX (-0.32) and DKK-1 levels

(-0.57, p\ 0.0001 for both); CTX and PINP changes

positively correlated at each time point (p\ 0.001).

Volumetric hip BMD increased by 12 and 18 %, respectively

(p\ 0.0001 for both). Cross-sectional moment of inertia and

section modulus for total hip significantly improved

(p\ 0.05 for all). Areal BMD at total hip, spine, and TBS

increased. FEA displayed an increase in bone strength both in

the hip (17 %) and vertebrae (13 %, all p\ 0.0001) at ana-

tomical sites susceptible for fragility fracture. IBN increases

Scl and improves cortical and trabecular bone strength with

early and ongoing vigorous suppression of bone resorption.

Keywords Antiresorptive agents � Ibandronate � Male

osteoporosis � Sclerostin � Bone turnover marker � Finite
element analysis

Introduction

Male idiopathic osteoporosis (MIO) is a disease of multifac-

torial etiology with a distinct genetic component. This con-

dition is characterized by low trabecular bone volume,

enlarged bonemarrow space, and increased fracture risk in the

absence of secondary causes for osteoporosis [1]. Although

the detailed pathophysiology of MIO has yet to be fully de-

fined, evidence increasingly suggests an osteoblastic defect as

the underlying cause [2]. Bone biopsies from patients with

MIO showed abnormally low matrix mineralization densities

and a deficit in osteoblasts suggesting an inherent mineral-

ization defect contributing to bone fragility [3].
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MIO was found to be associated with subclinical alter-

ations in sex-hormones as well as changes in the insulin-

like growth factor 1 (IGF-1) pathway [4–7] and alterations

in sclerostin production [2, 8, 9]. Recently, in elderly MIO

patients, extensive microstructural changes in the subcor-

tical region of the femoral neck as well as decreased tra-

becular and cortical bone volume were reported with

prevalent hip fractures compared to male patients with

osteoarthritis. These changes were caused by altered gene

expression of RUNX2 and Osterix in the osteoblast cell

lineage and decreased mineralization [10, 11].

Intravenous ibandronate (IBN) is an established first line

treatment in postmenopausal osteoporosis. IBN has been

shown to improve bone mineral density (BMD) and reduce

fragility fractures in this patient group. Furthermore, IBN

improved cortical bone structure and to a lesser extent

trabecular bone structure in osteopenic women as assessed

by HR-pQCT [12, 13].

In a recent study, levels of sclerostin and bone turnover

markers were analyzed in two trials in postmenopausal

women treated with zoledronic acid with various outcomes

on sclerostin levels [14, 15].

We evaluated the long-term effects of IBN in patients

with MIO and prevalent fragility fractures.

Hypothesis and Objectives

We tested the hypothesis that quarterly treatment with 3 mg

of intravenous IBN for 24 months in male patients with

MIO and fragility fractures would strongly increase BMD

and biomechanical properties of bone which is reflected by

serum changes of sclerostin Scl, DKK-1, CTX, and PINP.

The primary objective of this study was to investigate

changes in bone turnover markers, sclerostin, DKK-1

PINP, and CTX.

Secondary objectives included (i) monitoring changes in

cortical and trabecular volumetric hip bone mineral den-

sity, (ii) changes in hip and vertebral strength using finite

element analysis (FEA), (iii) changes in biomechanical hip

parameters assessed by vBMD, (iv) changes in areal ver-

tebral and hip bone mineral density assessed by DXA,

(v) changes in trabecular bone score (TBS), and (vi)

changes of FEA parameters and bone sites susceptible for

fragility fracture during treatment (month 24 vs. baseline).

Materials and Methods

Patients and Study Design

This was a prospective, monocentric, single-arm, and open-

label study in patients with MIO and fragility fractures who

were treated with intravenous IBN for 24 months

(TOMIBA-trial, EudraCt number 2006-006692-20). Paired

biopsy micro-CT data were previously reported [3, 11].

Inclusion criteria were adapted from major interventional

trials in male osteoporosis and consisted of either (1) a

femoral neck T-score of -2.0 or less and a lumbar spine T-

score of -1.0 or less or (2) a femoral neck T-score of -1.0

or less and at least one prevalent osteoporotic fracture (i.e.,

at least one vertebral fracture grade I according to the

Genant criteria or one low-trauma peripheral fracture). [3,

11, 16]. Patients were not included if they had at least one

concomitant known disease which negatively affects bone

metabolism: any systemic or local inflammatory or au-

toimmune disease, any type acute or chronic liver disease,

type 1 or type 2 diabetes mellitus, hypo- or hyperthy-

roidism, depression, alcohol intake [2 IU/day, smoking

[10 cigarettes/day, coronary heart disease, cardiomyopa-

thy, ankylosing spondylitis, osteogenesis imperfecta, de-

pression, eating disorders, chronic malnutrition or

malabsorption, hemochromatosis, chronic obstructive pul-

monary disease, Cushing’s disease, hypogonadism, body

mass index B20 kg/m2, any stage of hyperparathyroidism,

hypoparathyroidism, serum calcium or phosphate levels

outside range of normal, any stage of chronic kidney dis-

ease, immunosuppression, any medical history of malig-

noma, and/or chemotherapy/radiation therapy.

The study was performed at the St. Vincent Hospital,

Medical Department II, in Vienna, Austria in cooperation

with the Institute for Lightweight Design and Structural

Biomechanics at the University of Technology in Vienna,

Austria (finite element analysis and fall simulations).

The study was approved by the local ethics committee.

All patients were prospectively recruited; a written in-

formed consent document was signed prior to any study-

related procedures.

Study participants were treated with IBN, 3 mg/3 mL

intravenously every 3 months for 24 months. Prior to IBN

treatment, patients received vitamin D loading (i.e.,

cholecalciferol, 16,000 IU/week and calcium carbonate

500 mg/d) for 8 weeks. This procedure was continued

during the entire 24 month study period.

Serum markers of bone turnover were determined at

baseline, months 1, 3, and every 3 months thereafter until

study end. Quantitative computed tomography (QCT) and

paired transiliac biopsies were taken at baseline and study end

after 24 months. Dual Energy X-ray Absorptiometry (DXA)

scans of the total hip, femoral neck, and lumbar spine were

performed at baseline and months 6, 12, 18, and 24.

Blood Samples/Bone Turnover Marker

Blood sampling was performed between 8 and 10 a.m. after

an overnight fast. Samples were immediately centrifuged,

cooled, and stored at -70 �C for later analysis.
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The sclerostin (Scl) and Dickkopf-1 (DKK-1) levels

from serum were quantitatively determined using an

established enzyme immunoassay (EIA) kit (intra-assay

coefficient of variation (CV) is 5–6 % for sclerostin and

4–7 % for DKK-1; Biomedica, Vienna, Austria). Crosslaps

(CTX), Procollagen type 1 Amino-terminal Propeptide

(PINP), intact parathyroid hormone (PTH), and 25- hy-

droxyvitamin D (25-OH vitamin D) were measured via

chemoluminescence on the IDS-iSYS microparticle im-

munoassay system (Immunodiagnostics Systems Ltd.,

Boldon, UK). The intra-/inter-assay coefficients of varia-

tion were as follows: CTX 2.1–4.9 %; PINP 2.6–3.0 %;

PTH 1.1–3.7 %; and 25(OH) Vitamin D 5.5–7.1 %. Total

serum calcium levels were photometrically determined on

the Architect ci8200 platform (Abbott Laboratories, Abbott

Park, US-IL).

Areal BMD

Areal BMD at the hip and vertebrae was measured using a

DXA scanner (GE LUNAR iDXA, software version En-

core 13, 50,040, GE LUNAR Corporation, Madison, WI,

USA). The in vivo coefficient of variation (CV) for the

spine was 0.41 and 0.53 % for total hip. All daily quality

control procedures and DXA measurements were taken by

two well-trained IOF-ISCD certified technicians.

Trabecular Bone Score (TBS)

The DXA files of the male study population were digitally

exported; and the raw data were extracted to a specific

workstation for trabecular bone score (TBS) calculation

using TBS iNsight software (Medimaps SA, France). TBS

was calculated as mean value of the measurement for

vertebrae L1–L4 (excluding fractured vertebrae) at exactly

the same region of interest at spine BMD with the

manufactureŕs beta version for male reference values (to

date, unreleased). TBS is an index that classifies trabecular

microstructure obtained through texture patterns. Reported

in vivo precision for TBS ranges from 1.1 to 1.8 % [17].

According to reference values in postmenopausal women,

TBS values[1.300 were considered normal [18].

Volumetric BMD

Volumetric BMD at the hip and at the lumbar spine

(reference vertebra L2) was measured with a 128 row

multidetector CT scanner (MX8000, Philips, Best,

Netherlands) with a CT slice thickness of 1.0 mm (ultra

high resolution—UHR mode). Values of density were

calibrated against the K2HPO4 standard implemented in

five phantoms (from 0 to 800 mg/cm3) dedicated to per-

form automatic error corrections of CT field

inhomogeneities as well as synchronous patient calibra-

tions of HU values toward bone density measured in mg/

cm3. The CV for total hip was 0.79 % and 0.97 for ver-

tebral body. Variables related to bone density were re-

trieved using Mindways QCT Pro Version 5.0A 3D

CTXA Hip for standard hip analysis, and Mindways QCT

Pro BIT Version 2.0 for additional vertebral analyses.

(Mindways Software, Inc., Austin, TX, USA). Non-frac-

tured vertebral bodies (reference vertebra L2) were seg-

mented by an automatic algorithm, and each patient-

related examination was cross-checked by two indepen-

dent radiologists without any knowledge of the study

protocol to ensure the identical regions of interest in the

baseline and follow-up measurements. The CTXA Hip

module allowed after exact 3D rotation of the femur for

the determination of both three-dimensional cortical and

trabecular values as well as their projected areal densities.

The outer cortical volumetric BMD thresholds were in-

dividually adapted to each scan to avoid partial-volume

effects caused by constant threshold settings. The BIT

software module was used to obtain hip variables with a

biomechanical context at the cross-sectional moment of

inertia (CSMI), section modulus, and cortical and tra-

becular variables over sectors of slices through the femur.

Both CSMI and section modulus are measures of bone

strength with regard to bending. In contrast to CSMI,

section modulus includes the distribution of bone mass,

i.e., the distance of bone mass to the center of the bone.

Finite Element Analysis (FEA)

Baseline and follow-up hip and spine UHR-QCT scans

were evaluated for FEA simulations with a recently pub-

lished model [19, 20]. The unfractured L2 vertebra was

selected for the analysis of the spine. The left hip was

selected as the reference site. For patients with previous hip

fracture, the right femur was calculated. The QCT images

were calibrated, segmented, and converted into finite ele-

ment models, using linear hexahedral elements. The initial

image resolution of 0.37 9 0.37 9 0.4 mm was resampled

to a finite element size of 2.97 9 2.97 9 3.2 mm (femur)

and 1.48 9 1.48 9 1.60 mm (vertebra). Density-depen-

dent bone material behavior was assigned to each element

based on local QCT BMD values and a published

calibration law [24]. Baseline and follow-up QCT images

of hip and spine were segmented, masked, cross-linked,

and registered. The axes of femoral neck/shaft and the

vertebral bodies were rotated to ensure the exact rotation

angle and orientation for evaluation of both measurements.

Simulated falls on the trochanter major region and uniaxial

compression forces on the vertebral head endplates were

calculated for the estimation of bone strength and resis-

tance toward virtually applied force. Relations between
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bone volume fraction (BV/TV) and material parameters as

well as the material constants were calculated.

Statistical Analyses

The study was designed to enroll approximately 25 pa-

tients. Twenty finishers would have at least 80 % power to

detect a mean within a group difference of 0.0225 g/cm2 in

areal lumbar spine BMD, assuming a standard deviation

(SD) of 0.043 g/cm2. Continuous outcome variables were

described by the median [interquartile range]. Cumulative

changes in variable values from baseline measurements up

to 24 months were tested for statistical significance using

the unpaired t test or the nonparametric Wilcoxon signed-

rank test in case of non-normally distributed differences.

When analyzing the complete time course of biochemical

markers, repeated measures ANOVA models with bias

corrections were performed. Multiple evaluations were

done using the Dunnett test, comparing the values at each

visit to the baseline measurement. The Pearson correlation

coefficients were calculated and used to describe correla-

tions between the relevant outcome variables and to eval-

uate the association between the changes in these variables.

The partial Pearson correlation coefficient was also calcu-

lated for the early changes between baseline values and

month 1. Log-transformed values were used for statistical

analyses of variables with skewed distributions.

Two-sided p values\0.05 were considered as indicating

statistical significance. The SAS software (version 9.4,

SAS Institute Inc., 2002–2012; Cary, NC, USA) was used

for data analyses.

Results

Patient Characteristics

Twenty-five patients with MIO participated in this study.

Baseline characteristics of these patients are given in

Table 1. T-scores at the lumbar spine, femoral neck, and

total hip were in the osteoporotic or osteopenic range.

Seventeen patients (68 %) had sustained at least one ver-

tebral fracture, ten (40 %) at least one non-vertebral frac-

ture, and two subjects (8 %) a hip fracture.

All investigated median serum laboratory values, sexual

hormone concentrations, and prostate-specific antigen

(PSA) were within the normal ranges. Serum markers of

bone turnover marker revealed median Scl, DKK-1, CTX,

and PINP levels within the lower normal male reference

range. After 8 weeks of loading, all vitamin D levels were

above the threshold of 30 ng/mL. (Table 1). The mean

time from fragility fracture to initiation of treatment was

8 ± 2 months.

Volumetric BMD Hip

Biomechanical bone parameters were evaluated by QCT at

baseline and month 24. During this period, cortical and

trabecular volumetric hip BMD increased by 12 and 18 %,

respectively (p\ 0.0001 for both; Fig. 1; Table 2). Con-

currently, average trabecular vertebral vBMD increased by

18 % (p\ 0.05). After 24 months of IBN therapy, CSMI

and section modulus for total and for cortical hip were

significantly increased (p\ 0.05 for all values; Table 2).

Cross-sectional area of cortical total hip structures (after

exclusion of trabecular structures) improved (?4.3 %,

p\ 0.001), but not so for CSA of total hip (?2.1 %,

p = 0.138).

Bone Turnover Markers

One month after the first IBN infusion, median sclerostin

levels increased by D ? 121 % (p\ 0.0001) and linearly

decreased thereafter (Fig. 2). Compared to baseline, Scl

concentration continued to be higher throughout the

24 month study period, with a non-significant 16 % in-

crease at month 24 versus baseline (Table 2). DKK-1

levels declined and remained low for 6 months after the

first IBN injection (p\ 0.0001 vs. baseline) and then in-

creased to serum values comparable to baseline (D 21 %,

p = n.s.).

Within 1 month of the initiation of IBN therapy, values

of serum CTX (D - 60 %, p\ 0.001) and to lesser extent

PINP (D - 28 %, p\ 0.05) decreased and remained at a

lower level throughout the study (Fig. 2). After 24 months

of IBN therapy, median CTX and PINP concentrations

were significantly lower compared to baseline of 48 and

60 %, respectively (p\ 0.0001 and p\ 0.001; Table 2).

Calcium, albumin-adjusted calcium, iPTH, 25(OH) vi-

tamin D, and alkaline phosphatase levels decreased during

the study. These changes were not significant and values

remained within the normal range. Likewise, phosphate

levels slightly increased. In addition, there were no changes

in testosterone and SHBG levels during the study (Table 2).

Correlations Between Bone Turnover Markers

Partial correlations and cumulative correlations between

bone turnover markers were calculated for early changes

(baseline–month 1) as well as for changes from baseline

over the entire study period. Partial correlation analysis of

changes from baseline to week 4 revealed a significant

negative correlation between Scl in one case and CTX and

PINP in the other, -0.83 and -0.56, respectively

(p\ 0.0001 and p = 0.0032). DKK-1 negatively corre-

lated with Scl (-0.72, p\ 0.0001) and positively corre-

lated with CTX (0.63, p = 0.0006), but not with PINP.
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Table 1 Baseline

characteristics of the study

population prior to the first IBN

injection (N = 25)

Study population (N = 25) Normal range

Age (years) 52.1 [44.1; 57.4]

BMI 24.1 [22.4; 27.3]

Prevalent fractures, n (%)

At least 1 vertebral fracture 17 (68 %)

At least 1 non-vertebral fracture 10 (40 %)

At least 1 hip fracture 2 (8 %)

Areal BMD (g/cm2)

Lumbar spine 0.898 [0.867; 0.947]

Femoral neck 0.769 [0.739; 0.824]

Total hip 0.780 [0.744; 0.841]

T-scores

Lumbar spine -2.4 [-2.8; -1.8]

Femoral neck -2.1 [-2.3; -2.7]

Total hip -2.3 [-1.7; -2.8]

Trabecular bone score (TBS) 1.235 [1.156; 1.249]

Volumetric BMD (mg/cm3)

Average cortical hip BMD 477.2 [425.3; 513.5]

Average trabecular hip BMD 92.1 [86.8; 105.2]

Average trabecular vertebral BMD 85.3 [69.1; 96.4]

Biochemical markers and serum values

Calcium (mmol/L) 2.33 [2.21; 2.42] 2.10–2.58

Phosphate (mmol/L) 1.04 [0.90; 1.19] 0.60–1.55

iPTH (pg/mL) 29.4 [24.4; 36.8] 15.0–68.3

25(OH) vitamin D3 (ng/mL) 48.0 [42.2; 57.0] [30

PINP (lg/L) 39.7 [24.2; 65.8] 27.7–127.6

CTX (ng/ml) 0.44 [0.34; 0.49] 0.115–0.748

Sclerostin (pmol/L) 22.8 [21.0; 27.3] 18.8–45.9*

Dickkopf-1 (pmol/L) 30.0 [20.2; 35.0] 40–129

Alkaline phosphatase (IU/L) 75.0 [59.0; 87.0] 0.40–4.00

TSH (lU/mL) 1.02 [0.69; 1.69] 0.70–1.30

Creatinine (mg(dL) 0.79 [0.77; 0.86] \100

Glucose (mg/dL) 85 [71; 89] \6

HbA1c (%) 5.3 [4.9; 5.6] \5

hs-CRP (mg/L) 1.2 [0.7; 1.9] \7.1

Uric acid (mg/dL) 4.7 [4.0; 5.6] 6.1–8.1

Serum protein (g/dL) 7.2 [6.4; 7.6] \35

ASAT (IU/L) 26 [22, 31] \45

ALAT (IU/L) 33 [25, 39] \60

GGT (IU/L) 45 [34; 53] 2.10–2.58

Sexual hormones and tumor marker

Testosterone (lg/L) 4.44 [3.66; 5.41] 2.4–6.3

SHBG (mmol/L) 43.4 [35.6; 47.2] 13–55

PSA (ng/mL) 0.84 [0.66:1.24] 0.1–1.75

Unless otherwise stated median values including 25th and 75th percentiles are shown

BMI body mass index, BMD bone mineral density, iPTH intact parathyroid hormone, PINP propeptide of

type I procollagen, CTX serum type 1 collagen cross-linked C-telopeptide, TSH thyroid stimulating hor-

mone, ASAT aspartate aminotransferase, ALAT alanine aminotransferase, GGT gamma-glutamyl-trans-

ferase, SHBG sex hormone-binding protein, PSA prostate-specific antigen

* Normal range as given in [40] and [41]
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Patients with a strong reduction in CTX and/or PINP

tended to have a much more pronounced increase in Scl

levels, though the correlation was stronger for CTX com-

pared to PINP. No correlation was detected between iPTH

and Scl, but a negative correlation was observed between

iPTH and PINP (-0.52; p = 0.007). In addition, CTX and

PINP correlated both at month 1 and after 24 months (0.59

and 0.51, p\ 0.005, respectively).

Over the entire study period, an ongoing significant

negative correlation between Scl and CTX was still pre-

sent, but at a much lower level (-0.32, p\ 0.0001) when

compared the early correlations. Scl negatively correlated

with DKK-1 (-0.57, p\ 0.0001), but correlations between

Scl and PINP, and PINP and iPTH were no longer sig-

nificant (Table 3).

Finite Element Analysis (FEA)

FEA of the UHR-QCT scans showed an increase in bone

strength both at hip and vertebrae of 17 % (p\ 0.001 for

both; Table 2). Correspondingly, bone volume fraction

(BT/TV) increased at hip and vertebrae by 13 and 8 %,

respectively (both p\ 0.0001; Table 2).

These findings are illustrated by force–displacement

curves and bone damage images in Fig. 2. Force–dis-

placement curves of both hip and vertebra were steeper

after 24 months (blue line) compared to baseline (red line),

corresponding to an increase in bone strength. A simulation

of osteoporotic fragility fracture indicated damaged regions

(red squares) at the femoral neck and trochanter major

when strained. In the case of a validated simulated lateral
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Fig. 1 Median concentration (25:75 % quartile) of fasting serum

bone turnover markers. a sclerostin; b Dickkopf-1 (DKK-1); c serum
type 1 collagen cross-linked C-telopeptide (CTX); d intact amino-

terminal propeptide of type I procollagen (PINP). Repeated measures

(ANOVA); *p\ 0.0001 versus baseline; #p\ 0.001 versus base-

line; �p\ 0.005 versus baseline
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fall model, the hip would break at these typical fracture

sites. Similar outcomes were observed for compression

simulations at the reference vertebral body. After

24 months, these regions showed increased biomechanical

bone strength in the FEA model (increases in blue squares

with decreases in red squares) compared to baseline.

Areal BMD and Trabecular Bone Score (TBS)

Compared to baseline, areal BMD at the lumbar spine and total

hipwas significantly higher at month 24: lumbar spine?3.4 %

(p = 0.0002) and total hip ?4.1 % (p\0.0001; Table 2).

The TBS increased significantly from 1.235 at baseline

to 1.289 at month 24 (p = 0.0130; Table 2). At study end,

the 75th percentile, i.e., the upper 25 % of patients, was

1.341, a score above the lower normal limit of TBS scores

(normal TBS[ 1.300).

Safety and Tolerability

Ibandronate infusions were generally well tolerated by

the patients. Five patients developed mild flu-like symp-

toms after the first injection and three patients after the

second injection. During the 24 month study period, one

new non-vertebral fragility fracture occurred. Neither

alterations in creatinine levels nor hyper- or hypocal-

caemia or hyperparathyroidism were observed during the

study.

Table 2 Median absolute and percentile changes in serum and bone parameters (25th and 75th percentile) between baseline and study end at

24 months (N = 25)

Baseline Month 24 Cumulative median

absolute (%) changes

over the entire study period

p value

Serum values

CTX (ng/mL) 0.44 [0.34; 0.49] 0.22 [0.14; 0.31] -0.18 (-48.4) \0.0001

PINP (lg/L) 39.7 [24.2; 65.8] 18.58 [13.5; 24.2] -22.0 (-59.8) \0.001

Sclerostin (pmol/L) 22.8 [21.0; 27.3] 28.0 [21.2; 31.5] 3.8 (15.7) 0.958

Dickkopf-1 (pmol/L) 30.0 [20.2; 35.0] 38.1 [31.3; 45.7] 7.4 (21.4) 0.908

iPTH (pg/mL) 29.4 [24.4; 36.8] 28.4 [25.5; 35.7] 0 0.455

Calcium (mmol/L) 2.33 [2.21; 2.42] 2.26 [2.19; 2.38] -0.06 (-2.6) 0.567

Phosphate (mmol/L) 1.04 [0.90; 1.19] 0.99 [0.90; 1.16] 0.04 (3.9) 0.999

25(OH) vitamin D3 (ng/mL) 48.0 [42.2; 57.0] 40.6 [33.6; 50.6] -6.5 (-14.3) 0.567

Alkaline phosphatase (IU/L) 75.0 [59.0; 87.0] 63.0 [49.0; 74.1] -12.0 (-17.4) 0.463

QCT scans ? volumetric BMD (mg/cm3)

Average cortical hip BMD 477.2 [425.3; 513.5] 595.5 [575.2; 616.7] 120.12 (12) \0.0001

Average trabecular hip BMD 92.1 [86.8; 105.2] 137.3 [128.7; 149.8] 41.19 (18.4) \0.0001

Average trabecular vertebral BMD 85.3 [69.1; 96.4] 94.2 [78.9; 102.7] 8.9 (17.6) 0.0347

CSMI total hip (cm4) 1.253 [1.148; 1.319] 1.340 [1.226; 1.409] 0.087 (6.9) 0.027

CSMI cortical hip (cm4) 1.144 [1.009; 1.234] 1.236 [1.074; 1.320] 0.092 (8.0) \0.001

Section Modulus total hip (cm3) 0.664 [0.549; 0.740] 0.723 [0.675; 0.775] 0.057 (8.8) \0.001

Section Modulus cortical hip (cm3) 0.608 [0.514; 0.686] 0.656 [0.551; 0.729] 0.048 (7.8) 0.014

CSA total hip (cm2) 9.59 [9.31; 10.14] 9.79 [9.67; 10.19] 0.19 (2.1) 0.138

CSA total cortical hip (cm2) 2.56 [2.18; 2.75] 2.67 [2.29; 2.87] 0.12 (4.3) \0.001

DXA scans ? areal BMD (g/cm2)

Lumbar spine 0.898 [0.867; 0.947] 0.933 [0.898; 1.024] 0.031 (3.4) 0.0002

Total hip 0.780 [0.744; 0.841] 0.831 [0.771; 0.845] 0.033 (4.1) \0.0001

CSA total hip (mm2) 151 [134; 162] 155 [135; 164] 4 (2.7) 0.158

CSMI total hip (mm4) 12.758 [11.236; 13.216] 12.956 [12.136; 13.403] 195 (2.4) 0.371

TBS 1.235 [1.156; 1.249] 1.289 [1.255; 1.341] 0.054 (4.8) 0.0130

Finite element analysis

Hip strength (MPa) 2379 [1692; 2390] 2581 [1979; 2854] 202.9 (17.1) \0.001

Vertebral strength (MPa) 2822 [2055; 3423] 3414 [2915; 3986] 582.6 (17.3) \0.001

Total BV/TV hip (%) 19.7 [17.8; 21.6] 22.1 [20.5; 22.1] 2.4 (13) \0.0001

Total BV/TV vertebrae (%) 14.5 [12.3; 14.8] 15.9 [14.8; 16.6] 1.4 (8.1) \0.0001

CSMI cross-sectional moment of inertia, CSA cross-sectional area, TBS trabecular bone score
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Discussion

This was a prospective study in male patients with idio-

pathic osteoporosis and prevalent fragility fractures treated

with quarterly IBN injections for 24 months. To date,

scarce data are available for treatment of MIO with IBN,

particularly with regard to changes of serum Scl and DKK-

1 levels. Using non-invasive diagnostic measures, we were

able to show marked improvements in hip and vertebral

BMD and biomechanical properties at typical fracture sites

in IBN-treated patients with MIO.

We observed an increase of Scl levels with a peak after

1 month followed by a constant decline during the first

12 months without changes in the second year of treatment.

In contrast, DKK-1 levels were significantly decreased

after 4 weeks with a continuous decline until month 6 and

Fig. 2 Force–displacement

curves (top—month 24) and

baseline images (lower

graphs—baseline) of hip (a) and
vertebra (b) in a representative

patient. In the respective lower

figures, red squares indicate

damaged regions which will

potentially break when under

strain (Color figure online)
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an increase to levels comparable to baseline at the end of

the first year of treatment. Scl and DKK-1 levels were

negatively correlated at each time point, but the correla-

tions were weaker at study endpoint compared to the early

phases of this study.

Previous studies on BP, raloxifene, or denosumab in

postmenopausal women with different durations of

treatment (ranging from 3 to 27 months) demonstrated an

early increase of, or no association with, circulating Scl

levels. [14, 17, 21, 22]. A preclinical study on murine os-

teoclasts revealed that osteoclast precursor cells receiving

denosumab, which are primarily not affected by BP in-

duced apoptosis, were able to secrete Scl leading to in-

creased serum levels [23].

Fig. 2 continued
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Zoledronic acid is known to reduce both Scl and DKK-1

in postmenopausal osteoporosis, but this effect was not

shown for diverse oral BP, suggesting different potencies

or affinities to bone responsible for these differing results

[15, 24]. However, when Scl and DKK-1 were used in a

comparable study population, levels increased during

yearly zoledronic acid treatment, while in patients treated

weekly with intramuscular clodronate, only Scl increased

and DKK-1 remained stable [25].

We recently published an osteoblast dysfunction with

reduced WNT10B, RUNX2, RANKL, and SOST expres-

sion as the most likely pathomechanism of MIO, but it

cannot be specified that the IBN observed changes of

sclerostin and DKK-1 can be solely explained by osteoblast

dysfunction [2]. While the effect on bone resorption is

mediated by connexin43 (Cx43) modulation of osteopro-

tegerin, the mechanisms by which Cx43 affects the func-

tion of bone forming cells and the secretion of diverse

specific serum markers still need to be clarified. Direct

autonomous osteoblast activity, which is chiefly regulated

by Scl, and paracrine mechanisms via osteocytes, has been

suggested. Several in vitro studies have also shown a direct

stimulating effect of BP on osteoblast and osteocyte ac-

tivity and consecutive changes in Scl levels. [26–28].

Although BP bind with high affinity to bone mineral, there

is a continuous release of low levels of the drug, which

results in a constant supply of BP at low concentrations.

This maintains a Cx43 dependent osteoblast and osteocyte

viability and activity beyond mere osteoclast influence,

regardless of the type of BP [29, 30].

The key role of Scl produced primarily by osteocytes as

a major mediator of the molecular mechanisms involved in

the process of adaptive bone remodeling is reported by the

majority of studies. Bone remodeling is mediated by al-

tered sclerostin levels through different expressions of

RANKL, OPG, and likely FGF23, which are also secreted

by osteocytes. Antiresorptive treatment may be responsible

for dynamic RANKL/OPG ratios, leading either to osteo-

cyte-mediated early bone formation or prolonged resorp-

tion at a later point [31].

Although compelling evidence exists for the involve-

ment of Scl in the homeostasis of the growing and adult

skeleton, limited data exist on the postnatal role of DKK-1.

Since DKK-1 is secreted in different tissues and states, the

observed changes of this serum marker should not be in-

terpreted without focusing on other markers of bone

metabolism. The decrease of DKK-1 levels in the early

phase with its nadir after 6 months is transient, and the

Table 3 Partial correlation analysis (baseline–month 1) and cumulative correlation analysis over the entire study period (baseline–month 24)

between changes of serum bone marker and volumetric BMD

Partial correlation baseline to month 1

Sclerostin DKK-1 CTX PINP iPTH

Sclerostin 1

DKK-1 20.723 p\ 0.0001 1

CTX 20.829 p\ 0.0001 0.627 p = 0.0006 1

PINP 20.555 p = 0.0032 0.312 p = 0.1202 0.587 p = 0.0016 1

iPTH 0.237 p = 0.243 0.003 p = 0.987 -0.084 p = 0.680 20.517 p = 0.007 1

Cumulative correlations of changes baseline–month 24

Sclerostin DKK-1 CTX PINP iPTH BV/TV

hip

BV/TV

vertebra

Sclerostin 1

DKK-1 20.567
p\ 0.0001

1

CTX 20.320
p\ 0.0001

0.139 p = 0.067 1

PINP -0.142

p = 0.060

-0.039

p = 0.603

0.512 p\ 0.001 1

iPTH -0.087

p = 0.249

0.122 p = 0.106 -0.087

p = 0.248

20.172
p = 0.023

1

BV/TV hip 0.163 p = 0.425 0.137 p = 0.503 20.653
p = 0.0003

20.732
p\ 0.0001

0.346

p = 0.084

1

BV/TV

vertebra

0.117 p = 0.570 0.352 p = 0.078 20.668
p = 0.0002

20.413
p = 0.036

0.386

p = 0.052

n.d. 1

Significant findings are bold; n.d. not determined
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promising correlations at early time points could lead to an

over interpretation. This is also supported by stronger

correlations of Scl and bone turnover markers of resorption

and formation compared to DKK-1 in this and other studies

[32, 33].

Using paired biopsies, we recently demonstrated in the

same cohort of MIO patients that mineralization improved

within 24 months of IBN therapy [11].

However, histomorphometric analysis of the biopsies

did not show significant changes in trabecular volume (BV/

TV), thickness, or number. Rather, we found significant

improvement or even normalization of TBS during IBN

therapy in the same study cohort.

Enhanced mineralization is likely to be the reason for

the effects seen in the paired transiliac bone biopsies after

24 months at an anatomical bone site, which does not re-

flect mechanical strain [11]. However, IBN exerts antire-

sorptive effects throughout the whole skeleton and our data

confirm these positive effects in MIO patients regardless of

the weight-bearing or non-weight-bearing bone sites. Sev-

eral studies have investigated the effects of oral and in-

travenous IBN compared to calcium/vitamin D only in

male populations. Improvements of geometrical pa-

rameters, a reduction of bone turnover marker, and a re-

duction of fragility fracture risk were only reported for IBN

[34–36].

Most studies on male osteoporosis focused on changes

in areal BMD as a surrogate parameter of enhanced bone

strength [37, 38]. Intravenous IBN also enhanced changes

in trabecular bone structures, cortical bone, and hip

geometrical parameters as previously reported for monthly

oral IBN in men with low aBMD measured by DXA [34].

Voxel-based FEA models of the proximal femur and ver-

tebral body showed promising strength increases during the

24 months of treatment. Similar improvements of femoral

and vertebral strength were recently published in post-

menopausal women with osteoporosis treated with deno-

sumab over 36 months [39]. In general, increases in bone

strength and density showed similar trends at both the fe-

mur and the vertebral body. The even strain of the vertebral

body and BMD increased in both trabecular and cortical

hip compartments correspond well with an increase in

strength, BMD, and BV/TV. The strain situation in the

lateral fall configuration of the femur is inhomogeneous

and involves tension/compression combined with bending

and shears forces. Furthermore, fractures mainly occur at

the neck or trochanteric region, and the strain bearing ca-

pacity of the weakest part finally determines strength.

Thus, for the proximal femur—and especially in the ana-

lyzed lateral fall scenario—the location where new bone is

formed or where BMD is increased by the treatment has a

crucial effect on strength increase. Since fractures at

baseline and follow-up occurred at the same position, a

strength increase is achieved by local density changes at

the hip or vertebral body, which seem more important than

general changes.

Direct interrelations between serum markers of bone

metabolism and bone architecture play an important role

for bone strength and low fracture risk. Recent literature

indicates a direct relationship between circulating Scl

levels and age as well as positive correlations between Scl

levels with trabecular density, number and thickness in

both genders. Especially in non-osteoporotic young men

(age B 43 years), higher Scl levels are associated with

higher aBMD and better bone microarchitecture assessed

by HR-pQCT. Even stronger correlations of Scl in levels

and trabecular bone structure were confirmed for males at

the age of 63 years or older. The frequency of prevalent

fractures was lower for these subjects with Scl levels in the

higher quartiles compared to the lowest quartile, suggesting

a lower fracture risk in men with higher sclerostin levels.

Positive correlations between changes in a biochemical

marker and improvement of biomechanical properties

support the use of markers as a potential surrogate of bone

strength in teriparatide-treated male GIO patients [15, 22,

40–42]. In this study population, median baseline Scl levels

of 22.8 pmol/L were in the lowest quartile of healthy age-

comparable female and male individuals suggesting low

bone strength. The increase of Scl and the decrease of CTX

levels caused by ibandronate treatment resulted in low

bone turnover and in improvements of vBMD as well as

biomechanical strength in MIO patients.

Limitations

Non-invasive measurements of bone microarchitecture

with high-resolution peripheral QCT (HR-pQCT) were not

obtained. However, TBS and QCT parameters indicated

improvements in cortical and trabecular properties during

the study period. There is always concern that improve-

ments of geometrical parameters measured by DXA or

QCT are likely due to enhanced mineralization or beam

hardening, but both non-invasive methods are well estab-

lished in clinical routine. Additional bone biopsies after

4 weeks of IBN therapy would have been useful to in-

vestigate the effects of the observed changes. However,

patients are unlikely to agree to this biopsy. Furthermore,

there is no mouse model available yet to confirm our

findings at tissue levels at different time points of IBN

treatment, and there are doubts that systemic serum bone

marker reflects the microenvironment of bone tissue.

To prove the impact of changes in BTMs and their re-

spective correlations, a control group would be useful.

However, this was not considered due to the severity of

osteoporosis (each patient had sustained at least one

fragility fracture).
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There is always a potential bias in an open-label clinical

trial. Since each IBN dose was administered by the in-

vestigators, we believe that this effect is unlikely to affect

the evaluation of BMD and biochemical values.

Conclusion

Our results suggest that in MIO patients the treatment with

quarterly intravenous IBN reduces bone resorption and

improves cortical and trabecular bone strength. These

changes result in improvements of biomechanical proper-

ties of cortical and trabecular bone sites susceptible to

fragility fractures and are associated with an early and

ongoing increase of serum Scl and temporarily reduced

DKK-1 levels.
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