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ARTICLE INFO ABSTRACT

The influence of treatment with alendronate (ALN), teriparatide (TPTD) or concurrent treatment with both on
the human bone matrix mineralization has not yet been fully elucidated. For this purpose we analyzed quadruple
fluorochrome labelled transiliac bone biopsy samples (n = 66) from postmenopausal osteoporotic women with
prior and ongoing ALN (ALN-Rx arm) or without ALN (Rx-Naive arm) after 7 months treatment with cyclic or
daily TPTD or without TPTD using quantitative backscattered electron imaging and confocal scanning laser
microscopy. Additionally to the bone mineralization density distribution (BMDD) of entire cancellous and
cortical compartments, we measured the mineralization kinetics, i.e. the calcium concentration between the
younger (Ca_DL2) and older double labels (Ca_DL1), and in interstitial bone (Ca_int) in a subset of the biopsy
cohort.

We found the BMDD from the patients with prior and ongoing ALN generally shifted to higher calcium
concentrations compared to those without ALN (average degree of mineralization in cancellous bone Cn.CaMean
+ 3.1%, p < 0.001). The typical BMDD changes expected by cyclic or daily TPTD treatment due to the increased
bone turnover/formation, e.g. an increase in low mineralized bone area were not observed. Additionally, we
found no influence of treatment with ALN or TPTD or combination thereof on Ca_DL2, Ca_DL1, or Ca_int. Pooling
the information from all groups, Ca_DL1 was +5.9% (p < 0.001) higher compared to Ca_DL2, corresponding to a
mineralization rate of 0.18 wt% Ca per week during the early secondary mineralization process.

Our data suggest that the patients in the ALN-Rx arm had more highly mineralized bone matrix than those
without ALN due to their lower bone turnover. The reason for the unexpected BMDD findings in the TPTD
treated remain unknown and cannot be attributed to altered mineralization kinetics as no differences in the time
course of early secondary mineralization were observed between the treatment groups.
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1. Introduction

Antiresorptive and anabolic treatment have different effects on bone
matrix mineralization (Dempster et al., 2016a; Roschger et al., 2014).
In particular, antiresorptive treatment with bisphosphonates reduces
bone turnover/formation and increases the time for secondary miner-
alization in bone packets and reduces the amount of newly formed bone
packets. These effects together cause, on average, higher and more

homogeneously mineralized bone matrix. On the other hand, anabolic
treatment with teriparatide (TPTD) or PTH(1-84) lead to an increase in
newly formed bone packets and an increase in bone turnover which, on
average reduces bone tissue age and bone matrix mineralization den-
sity. Apart from these effects on bone matrix mineralization which are
the consequence of bone formation/turnover changes due to treatment,
the bone matrix mineralization might also be affected by changes in the
mineralization kinetics. The latter is the time course of mineral
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accumulation within newly formed bone matrix up to the final plateau
level of mineralization (primary and secondary mineralization pro-
cesses). While some information on the mineralization kinetics is
available from animal models (Fuchs et al., 2011; Fuchs et al., 2008;
Bala et al., 2010), information from human bone samples, in particular
due to treatment, is sparse so far.

Additionally to the little knowledge considering the mineralization
kinetics generally, information on overall bone matrix mineralization
after combined therapy is lacking. Clinical outcomes (including the gain
in bone mineral density or the suppression of the well-known increase
in cortical bone porosity after PTH or TPTD) indicate that combination
therapy might have a benefit over mono-therapy with either the ana-
bolic or the antiresorptive agent alone (Cosman, 2014; Seeman, 2011),
while the type of the antiresorptive or anabolic agent (Finkelstein et al.,
2010; Cosman et al., 2011) as well as the optimal sequencing of the
therapies remain discussed (Cosman et al., 2009; Muschitz et al., 2014;
Whitmarsh et al., 2015; Cosman et al., 2017).

In the present study, we made use of quadruple labelled transiliac
bone biopsy samples from postmenopausal osteoporotic patients for the
characterization of bone matrix mineralization after either anti-
resorptive or anabolic therapy or a combination of both (Dempster
et al., 2016b). These biopsy samples were obtained from women who
had been previously treated with ALN and who received ongoing ALN
plus concurrent treatment with teriparatide (TPTD) (alendronate
treatment [ALN-Rx] arm), or from women whom TPTD was adminis-
tered without prior or ongoing ALN (treatment-naive [Rx-naive] arm).
These bone biopsy samples were previously characterized by histo-
morphometry (Dempster et al., 2016b) and the studied biopsy cohort
represents a subgroup of a former study (Cosman et al., 2015) in which
TPTD was given in two different regimens either cyclically or daily in
the two aforementioned treatment arms. In the current work, the bone
biopsy samples were measured for bone mineralization density dis-
tribution (BMDD) (Roschger et al., 2008), which is an important bone
material quality influencing material stiffness (Currey, 1969) and which
has been discussed in the context of bone fragility (Turner, 2002).
Furthermore, the mineral content in areas between both younger and
older double labels was analyzed for a characterization of the early
secondary mineralization process.

2. Materials & methods

We analyzed 66 transiliac bone biopsy samples (ALN-Rx arm:
n = 37, Rx-Naive arm: n = 29) which were a subset of a previous study
for bone histomorphometry (Dempster et al., 2016b). These were ob-
tained from postmenopausal women (> 45 years old) with osteoporosis
defined by a T score < —2.5 at spine, total hip or femoral neck, ora T
score < —2 at any of these sites, with history of one or more osteo-
porosis-related fracture(s) or prevalent vertebral compression docu-
mented by spine radiographs (for clinical characteristics see Table 1).

Patients had to meet the following criteria to be included into the
study. ALN-Rx arm (patients with prior and ongoing ALN): patients had to
be on ALN at least for 1 year. Rx-Naive arm (patients without ALN):

Table 1
Clinical and histomorphometric characteristics.
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Women enrolled in the Rx-Naive cohort could not have been on any
antiresorptive agent for at least 6 months before enrollment and could
not have used a bisphosphonate for > 3 months within the prior 2 years
and could not have used any IV bisphosphonate at any time.

Within each treatment arm (ALN-Rx arm or Rx-Naive arm), volun-
teers were randomized to the biopsy before TPTD (these were the “no-
TPTD” groups in the Tables 1 and 2) or to biopsy after daily TPTD or
after cyclic TPTD. Thus, in the ALN-Rx arm, the patients remained on
ALN alone or remained on ALN and were treated in combination with
daily TPTD or with cyclic TPTD (cyclic treatment means 3 months on
daily TPTD, 3 months off TPTD). A treatment protocol diagram is
shown in the figure in Appendix A.

One transiliac bone biopsy sample was obtained from each patient
in all treatment groups. The biopsy samples from the patients who re-
ceived TPTD analyzed in this study were collected at 7 months after
starting TPTD treatment. To prepare for biopsy, all patients were given
quadruple labels: The first set of labels using tetracycline-HCI was ad-
ministered at approximately 4.5 months into the study. Four weeks
after completion of this first set of labels, a second set of labels was
administered using demeclocycline-HCI. Both sets of labels were given
in the same schedule: 3 days of tetracycline-HCI or demeclocycline-HCl,
12-day intermission, and then 3 more days of tetracycline-HCl or de-
meclocycline-HCl. Biopsy was performed 5 days after the last fluor-
ochrome label was administered. Given this labelling sequencing, the
tissue age of the bone matrix between the second (younger) set of labels
is 8 to 20 days, the tissue age of the matrix between the first (older) set
of labels is 54 to 66 days.

In the present work, we used previously assessed outcomes of bone
histomorphometry for correlation with the bone mineralization data.
All histomorphometric variables were defined and expressed according
to the recommendations of the ASBMR nomenclature committee
(Parfitt et al., 1987) and a more recent update (Dempster et al., 2013).
Mineralizing surface (MS/BS) was calculated as double-label length
plus half single-label length. If no labels were found, MS/BS were
measured as zero (Dempster et al., 2016b).

2.1. Quantitative backscatter electron imaging (qBED)

For the gBEI analysis in the scanning electron microscope, the
polymethylmethacrylate embedded block samples from the previous
histomorphometric study (Dempster et al., 2016b) were prepared to
obtain planoparallel, polished, and carbon coated surfaces. In cali-
brated gBEI images of bone (as shown in Figs. 1 and 2) the back-
scattered electron intensities/pixel grey levels are proportional to the
local percentage of calcium (Ca) in the bone material (for calibration
procedure and other details of the method see a previous work
(Roschger et al., 1998)). Briefly, for grey level calibration a carbon
sample (reference for atomic number of 6) was set to grey level 25 and
an aluminium sample (reference for atomic number 13) to grey level
225.

ALN-Rx arm

Rx-Naive arm

no TPTD n = 14 Cyclic TPTD n = 14

Daily TPTD n = 9 no TPTD n = 14 Cyclic TPTD n = 7 Daily TPTD n = 8

Baseline® Age (years)® 64.0 (8.9) 68.8 (9.7)
Years from menopause” 13.1 (10.0) 21.6 (13.1)

At biopsy BMD spine (g/cmz) 0.889 (0.057) 0.863 (0.122)
BV/TV (%) 12.7 (4.7) 11.3 (3.7)
MS/BS (%) 0.64 (0.58) 1.48 (0.98)

67.0 (13.7) 61.0 (11.1) 61.4 (9.1) 65.8 (6.7)
22.0 (15.7) 14.1 (12.1) 12.4 (12.0) 16.0 (8.3)
0.926 (0.085) 0.892 (0.097) 0.845 (0.084) 0.891 (0.098)
14.8 (5.3) 13.1 (4.6) 14.3 (5.6) 13.5 (3.7)
2.22 (2.15) 3.78 (2.43) 4.70 (3.46) 6.78 (5.54)

Data represent mean (SD) of the cohort measured for BMDD. Data of the entire study cohort were published previously (Dempster et al., 2016b; Cosman et al., 2015).

@ At screening.
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Table 2

BMDD outcomes from patients.

2 Way ANOVA

Rx-Naive arm (without ALN)

ALN-Rx arm (with ALN)

factor B

interaction factor A

Rx-Naive pooled
(n = 29)

daily TPTD
(n=38)

cyclic TPTD

m=7)

no TPTD (n = 14)

ALN-Rx pooled
(n = 37)

daily TPTD
(mn=09)

cyclic TPTD

(n =14

no TPTD (n = 14)

< 0.001 n.s.
< 0.001
< 0.001

n.s.

22.13 (0.60)
22.94 (0.63)
4.07 (0.44)
5.50 (1.45)
8.23 (4.53)

22.12 (0.94)
22.92 (1.01)
4.27 (0.42)
5.66 (2.35)
9.67 (7.41)

22.23 (0.47)
23.00 (0.46)
3.96 (0.53)
5.31 (1.14)
8.12 (2.44)

22.08 (0.44)
22.91 (0.44)
4.01 (0.40)
5.52 (0.96)
7.46 (3.16)

22.81 (0.57)
23.49 (0.53)
3.58 (0.43)
4.29 (1.23)

23.21 (0.23)
23.84 (0.28)
3.47 (0.31)
3.68 (0.73)

22.82 (0.43)
23.53 (0.45)

3.57 0.27

22.54 (0.69)
23.23 (0.62)

Cn.CaMean (wt%Ca)
Cn.CaPeak (wt%Ca)

n.s.

n.s.

n.s.

n.s.

Cn.CaWidth (Awt%Ca) 3.68 (0.59)

Cn.CaLow (%mdB.Ar)
Cn.CaHigh (%mdB.Ar)
Ct.CaMean (wt%Ca)
Ct.CaPeak (wt%Ca)

< 0.001 n.s.
< 0.001
< 0.001

n.s.

4.33 (0.89)
13.32 (5.46)
22.84 (0.50)
23.48 (0.44)
3.66 (0.32)
3.52 (1.03)

4.65 (1.64)

0.042
n.s.

n.s.

13.19 (6.06)
22.83 (0.51)
23.45 (0.50)
3.62 (0.31)
3.43 (0.82)

16.86 (5.46)
23.12 (0.25)
23.71 (0.29)
3.60 (0.34)
3.06 (0.43)

10.70 (6.12)
22.62 (0.58)
23.23 (0.60)
3.57 (0.29)
3.61 (0.74)
9.90 (6.00)

n.s.

22.21 (0.66)
23.07 (0.62)
4.24 (0.61)
5.50 (2.07)
8.97 (5.01)

22.34 (0.77)
23.30 (0.67)
4.33 (0.37)
5.83 (2.62)

22.33 (0.68)
23.14 (0.67)
4.41 (0.69)
5.46 (1.97)

22.08 (0.61)
22.91 (0.56)
4.09 (0.67)
5.35 (1.94)
6.90 (3.70)

0.014 0.043

< 0.001
< 0.001

n.s.

n.s.

n.s.

Ct.CaWidth (Awt%Ca)
Ct.CaLow (%mdB.Ar)

n.s.

n.s.

0.037 0.011

n.s.

11.43 (6.32)

10.35 (4.78)

12.04 (5.34)

14.96 (3.49)

12.15 (5.05)

Ct.CaHigh (%mdB.Ar)

no TPTD vs. cyclic TPTD vs. daily TPTD.

* Post hoc Tukey tests following Two-Way ANOVA revealed significant difference (p < 0.05) between daily TPTD versus no TPTD.

ALN vs. without ALN, Factor B

Data are mean (SD). Factor A
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Fig. 1. qBEI images and BMDD. Entire cross-sectional area of the transiliac
biopsy sample which was used for the assessment of BMDD from cancellous and
cortical compartments separately (top). Examples of cancellous BMDD from 3
patients each of ALN-Rx and from Rx-Naive arm (bottom).

2.1.1. Bone mineralization density distribution (BMDD)

The grey level histograms derived from qBEI images of bone tissue
represent frequency distributions of pixels with a certain Ca content, in
weight%, referred to as the bone mineralization density distribution
(BMDD). The entire bone tissue area was recorded in a series of images
about 2 mm X 2.5 mm covering the entire sectioned area of the bone
biopsy sample (Fig. 1) using a Zeiss DSM 962 instrument (Zeiss,
Oberkochen, Germany) equipped with a four-quadrant semiconductor
backscatter electron detector. The instrument was operated at the fol-
lowing parameters: 20 kV accelerating voltage for the beam electrons,
110 pA probe current, 15 mm working distance, 50 X nominal mag-
nification corresponding to a pixel resolution of 3.6 pm and a scan
speed of 100 s per frame. The BMDD was obtained from cancellous
(Cn.) and cortical (Ct.) bone separately (Fig. 1) (Roschger et al., 2008;
Roschger et al., 2003; Misof et al., 2014) and characterized by five
parameters: The weighted mean Ca-concentration of the bone area
(CaMean), the peak position of the histogram (CaPeak, indicating the
most frequently measured Ca concentration), the full width at half
maximum of the distribution (CaWidth, describing the heterogeneity in
matrix mineralization), the percentage of bone areas having a Ca-con-
centration lower than 17.68 wt% Ca (CaLow), and the percentage of
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Fig. 2. Combination of CLSM and qBEI images. Measurement procedure shown in an example of an osteon: (a) CLSM image in reflection mode for the identification
of the sample surface, (b) CLSM image of the two sets of double labels, (c) qBEI image, and (d) matched images.

bone areas having a Ca-concentration higher than 25.30 wt% Ca (Ca-
High, corresponding to fully mineralized bone areas, mainly interstitial
bone).

2.1.2. Mineral content at bone forming sites - Combination of qBEI with
confocal scanning laser microscopy (CLSM)

For the visualisation of quadruple labels we imaged our block
samples prior to carbon coating in a Confocal Laser Scanning
Microscope (Leica TCS SP5, Leica Microsystems CMS GmbH, Wetzlar,
Germany) using a laser light of 405 nm for fluorescence excitation and a
20 X object lens (pixel resolution of 0.76 um). For the exact matching of
the gBEI with the CLSM images the focal plane of the CLSM had to be
adjusted close to the bone sample surface. This was accomplished by
identification of the sample surface with the reflected light signal
(Fig. 2a) recorded in parallel with the fluorescence light (Fig. 2b). The
bone areas with quadruple labels were then imaged using a Zeiss Supra
40 instrument (Zeiss, Oberkochen Germany) equipped with a four-
quadrant semiconductor backscatter electron detector and operated at
the following instrumental parameters: 20 kV accelerating voltage for
the beam electrons, about 280 pA probe current, 10 mm working dis-
tance, 130X (or higher) nominal magnification corresponding to a

pixel resolution of at least 0.88 pm, and a scan speed of 100 s per frame
(Fig. 2¢). By matching the CLSM images (Fig. 2b) with the qBEI images,
the sites of the fluorescence labels were overlaid exactly onto the qBEI
images (Fig. 2d).

This procedure allowed to record mineralization profiles following a
straight line perpendicular to the mineralization front, from the young
osteoid into mature bone (see line-profile in Fig. 3a and b). Further it
enabled to measure the mean Ca content (in wt%) at sites of three
different tissue ages: The bone area between the second set of labels
(traced by yellow line, Fig. 3c) represented the mineral content of
newly formed, young bone material (Ca_DL2) and between the first set
of labels (traced by turquois line, Fig. 3c) represented the mineral
content of older bone material (Ca_DL1). Additionally, the Ca content in
highly mineralized, non-labelled bone packets (traced by pink line,
Fig. 3c) was analyzed representing interstitial bone (Ca_int) with the
highest mineral content (plateau level) in the bone sample. The ana-
lyzed median (25th; 75th percentiles) area between double labels was
2284.5 (1319.9; 4450.8) um?>. Altogether 335 areas between double
labels were analyzed (about 16 areas per each sample), thus a total area
of 0.77 mm? was analyzed for Ca_DL2 or Ca_DL1. For information about
the mineral content of interstitial bone, the median (25th; 75th
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Fig. 3. Information deduced from the mat-
ched images: (a) Region of the mineraliza-
tion profile (shown in (b)) indicated by the
dotted line. (b) Line profile demonstrating
the increase in mineral content with in-
creasing distance from the mineralization
front (arrows show the site of the labels).
(c) traced areas for Ca_DL2 (younger set of
double labels, shown in yellow), Ca_DL1
(older set of double labels, shown in tur-
quois), and traced area for Ca_int (in-
dicative for older, highly mineralized in-
terstitial bone, indicated in pink). (d)
Analysis of mineralization kinetics: Mean

1st set
(older)

(b)

0 25 50
14.3

28.6
distance from mineralization front

Ca_DL2, CaDL1, and Ca.int for each
sample. Circles indicate ALN-Rx arm, tri-
angles Rx-Naive arm, black indicates ALN-
Rx Control or Rx-Naive Control, white in-
dicates cyclic TPTD or daily TPTD.
#p < 0,001 versus Ca_DL2, **#p < 0.001
versus Ca_DL1.

75 100
429 57.3

125 (pixel)
71.5 (um)

percentiles) area was 2553.4 (1116.8; 5761.5) umz. Overall 129 areas
of interstitial bone were measured (about 6 areas per each sample)
which represents in total an area of 0.33 mm? for information about
Ca_int.

This analysis at specific bone sites of known mineralized tissue age
was done in samples chosen by highest MS/BS of the respective group
(ensuring sufficient numbers of quadruple labels for analysis) from the
Rx-ALN arm: n = 4 ALN-Rx Control, n = 4 ALN-Rx cyclic TPTD,n = 2
ALN-Rx daily TPTD; and Rx-Naive arm: n = 4 Rx-Naive Control, n = 4
Rx-Naive cyclic TPTD, and n = 3 Rx-Naive daily TPTD. All image
evaluations were performed using ImageJ software (version 1.50f; NIH,
Bethesda, MD, USA) (Schneider et al., 2012) by applying custom made
routines.

2.2. Statistical analysis

Statistical analysis was performed using SigmaStat for Windows
Version 4.0 (SPSS Inc.). Comparison of the BMDD parameters was
performed using two-way ANOVA comparison with factor A = ALN
treatment (ALN vs. No-ALN, i.e. ALN-Rx treatment arm pooled versus
Rx-Naive treatment arm pooled) and factor B = No-TPTD/cyclic-
TPTD/daily-TPTD (i.e. comparison of ALN and Rx-Naive pooled with
ALN-Rx cyclic TPTD and Rx-Naive cyclic TPTD pooled with ALN-Rx
daily TPTD and Rx-Naive daily TPTD pooled) and subsequent Tukey
post hoc tests. For characterization of mineralization kinetics, Ca_DL2,
Ca_DL1, and Ca_int were averaged for each patient. Comparison of
Ca_DL2, Ca_DL1, and Ca_int among the treatment groups is based on
two-way ANOVA with factor A = ALN treatment and factor B = TPTD
treatment (No-TPTD vs. TPTD, i.e. comparison between ALN and Rx-
Naive pooled with ALN-Rx cyclic TPTD, ALN-Rx daily TPTD, Rx-Naive
cyclic TPTD, and Rx-Naive daily TPTD pooled). Two-way ANOVA used

Ca DL2 Ca_DL1

Ca_int

Shapiro-Wilk and Brown-Forsythe test for assumptions concerning
normality and equal variance, respectively. Pairwise comparison of
Ca_DL2 and Ca_DL1 is based on paired t-test. Correlation analyses are
based on Pearson product moment (PPM) correlation. Two-sided
p < 0.05 was considered significant.

3. Results

3.1. BMDD of total cancellous or cortical compartment: comparison by
treatment

Two-Way ANOVA comparison for Cn. BMDD or Ct. BMDD is sum-
marized in Table 2. No significant interaction between the two studied
factors could be observed (factor A = ALN treatment and factor
B = No-TPTD/cyclicTPTD/dailyTPTD) for any BMDD parameter.
Comparison for Factor A showed significant differences for all BMDD-
parameters. CaMean (+3.1% and +2.8%, in Cn. and Ct. bone, re-
spectively, both p < 0.001), CaPeak (+2.4%, p < 0.001 and +1.6%,
p < 0.05) and CaHigh (+60%, p < 0.001 and +34%, p < 0.05) were
increased and CaWidth (—12% and —15%, both p < 0.001) and
Calow (—22% and —38%, both p < 0.001) were decreased in the
ALN-Rx treatment arm compared to the naive-Rx arm (see Table 2).
Factor B showed weak significant differences for CaHigh (in both can-
cellous and cortical bone) and for CaPeak in cortical bone. Tukey post
hoc comparison revealed that the latter were higher in daily TPTD
compared to those without TPTD. Typical effects of TPTD treatment
like an increase in CaWidth and CaLow were not observed, despite the
increase in bone formation (i.e. increase in MS/BS) by TPTD (Table 1).
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3.2. Mineral content at bone forming sites — characterization of early
secondary mineralization

The mineralization profile from the young osteoid into mature bone
(line-profile in Fig. 3a and b) shows that with increasing distance from
the mineralization front (i.e. with increasing age of the matrix) the first
increase in Ca concentration is steep (corresponding to the primary
mineralization phase) which is followed by a flatter increase (corre-
sponding to the secondary mineralization phase). By using the time
information based on the position of the labels with respect to the line
profile (Fig. 3b) it can be seen that bone between both sets of labels is
already in the state of secondary mineralization, thus the primary mi-
neralization process is already complete after 5 days once the miner-
alization has started (which is the time period from the last label to the
biopsy procedure).

For quantitative characterization of the time course of Ca accumu-
lation in the bone matrix, we assessed the mean Ca content at sites of
defined tissue age between the younger or older double labels, re-
spectively (Ca_DL2 and Ca_DL1). The mineralization kinetics are re-
flected by the increase in mineral content from the younger (corre-
sponding to 8-20 days old matrix) Ca_DL2 to the older set of double
labels (corresponding to bone matrix aged 54-66 days) Ca_DL1 and
further to Ca_int in interstitial bone (Fig. 3c and d). Two-way ANOVA
revealed that neither Ca_DL2 nor Ca_DL1 or Ca_int were influenced by
ALN and/or TPTD. Thus, data from all treatment groups were pooled
for general information on early secondary mineralization in post-
menopausal osteoporosis. The mean mineral content in Ca_DL2 was
19.64 + 0.68 wt% Ca (mean * SD), Ca_DL1 was 20.80 * 0.51 wt%
Ca (corresponding to an average increase of +5.9% or 1.16 = 0.63 wt
% Ca within 46 days [mid of first double label until mid of second
double label] during the early secondary mineralization). Ca_int was
24.98 * 0.59 wt% Ca corresponding to an increase of +20.1% com-
pared to Ca_DL1. Pairwise comparison of Ca_DL2 with Ca_DL1 revealed
a significant difference: Ca_DL1 was higher than Ca_DL2 (p < 0.001),
whereas Ca_int was higher than Ca_DL1 (p < 0.001).

Significant correlations between Ca DLl and CaDL2 (PPM
R = 0.46, p < 0.05) (Fig. 4a), between Ca DL1 and Ca_int (PPM
R = 0.46, p < 0.05) (Fig. 4b), and between the difference of Ca_DL1
and Ca_DL2 with Ca_int (PPM R = 0.53, p < 0.05) were found while no
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significant correlation could be observed between Ca_int and Ca_DL2
(PPM p > 0.05). Furthermore, no significant correlation between
Ca_DL2 or Ca_DL1 or the difference of both with histomorphometric
indices of bone formation (mineralizing surface per bone surface, mi-
neral apposition rate, bone formation rate per bone surface) could be
observed (all PPM p > 0.05) (Fig. 4c and d).

4. Discussion

In this work, we present the first data on bone matrix mineralization
from patients after combination of ongoing antiresorptive with con-
current anabolic therapy. This biopsy cohort was previously studied by
histomorphometry, which gave evidence for the stimulation of bone
turnover/formation by both cyclic and daily TPTD in patients with
ongoing ALN treatment, as well as in patients on mono-therapy with
cyclic or daily TPTD (Dempster et al., 2016b). The general differences
found now in BMDD between the ALN-Rx and Rx-naive treatment arm
were in line with the typical changes in antiresorptive treatment (in-
crease in CaMean, CaPeak and CaHigh, decrease in CaWidth and
CaLow) reported in numerous previous studies (Roschger et al., 2014;
Boivin and Meunier, 2002). In contrast none of the expected typical
BMDD changes occurring during anabolic treatment with TPTD or PTH
(decrease in CaMean, increase in CaWidth or at least an increase in
CaLow due to enhanced bone formation) (Dempster et al., 2016a; Misof
et al., 2003; Paschalis et al., 2005; Misof et al., 2010; Misof et al., 2016)
could be observed in our cohort.

Additionally to the BMDD, we took advantage of the quadruple
labelling of these biopsy samples for the characterization of the mi-
neralization kinetics. The latter represents the time course of mineral
accumulation within the newly formed matrix up to the plateau level of
mineralization and is additionally to turnover a determinant of the
BMDD (Roschger et al., 2008). In the present work, we analyzed the
mineral content in the bone matrix of individual forming bone packets
(bone structural units) at different well-defined mineralized tissue ages.
Further, we also measured highly mineralized (oldest) interstitial bone
(Ca_int) for information on the plateau-level of mineralization. In line
with our previous observation (Roschger et al., 2008), we found that
the rapid phase of primary mineralization was completed just before
the occurrence of the second set of double labels. Thus Ca_DL2

Fig. 4. Correlation between Ca_DL2,
° Ca_DL1_Ca_int and mineralizing surface per
bone surface (MS/BS). (a) The mineral
content between the first set of labels
(Ca_DL1) plotted versus the mineral con-

i tent between the second set of labels
° Ca_DL2. (b) The mineral content of inter-
stitial bone Ca_int plotted versus Ca_DL1.
(c) Ca_DL2 and (d) Ca_DL1 plotted versus
MS/BS.
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represented the Ca-content at the onset of the secondary mineralization
phase at mineralized tissue age interval of 8 to 20 days, while Ca_DL1
represented the progress in mineral accumulation during the early
secondary mineralization phase at a mineralized tissue age interval of
54 to 66 days.

The comparison of the time course of matrix mineralization between
both treatment arms revealed no significant differences. This suggests
that neither ALN nor TPTD interfered with the mineralization process.
These data are limited by the small sample size studied. However, they
are, consistent with the previous work by Fuchs and colleagues who
studied the rate of secondary mineralization in rabbits and reported
that bisphosphonates do not alter the secondary mineralization process
(Fuchs et al., 2011). Less is known about potential effects of TPTD on
the mineralization kinetics. A Raman microspectroscopy study reported
TPTD effects on bone material properties in patients who were pre-
treated with different types of bisphosphonates. However, neither time
course of mineralization nor combination treatment were addressed in
the latter work (Gamsjaeger et al., 2011).

As the measured secondary mineralization parameters Ca_DL2,
Ca_DL1 and Ca_int were not influenced by ALN and/or TPTD we pooled
the data from all for general information about early secondary mi-
neralization parameters in postmenopausal osteoporosis. This might be
useful for comparison in future analyses of secondary mineralization in
standard labelled bone biopsy samples (having one set of double la-
bels). Due to the quadruple labelling we could also calculate the early
secondary mineralization rate being 0.18 wt% Ca per week. Assuming
that this mineralization rate remains constant, the plateau value of
mineral content (Ca_int) would be reached already within 23 weeks
(~6 months). However, more likely the mineralization rate is gradually
decreases with time to zero, when the plateau level of Ca_int is reached.
Thus a much older tissue age in Ca_int has to be expected. This slowing
down of secondary mineralization rate has been explicitly demon-
strated in animal models where the plateau mineralization was
achieved in ~55 weeks in rabbits (Fuchs et al., 2008) and ~90 weeks in
ewes (Bala et al., 2010).

Our correlation analyses of individual Ca_DL2 with Ca_DL1 values
showed that a lower initial mineralization level seems to be compen-
sated by a somewhat higher initial mineralization rate. Noteworthy,
neither the mineral content at the two studied tissue ages nor the rate of
early secondary mineralization was correlated with bone turnover in-
dices by histomorphometry. This suggests that the fundamental pro-
cesses of bone matrix mineralization are independent of the number of
bone multicellular units, which are active in an individual.

As our analysis of the mineralization kinetics did not give evidence
for differences between those treated with TPTD compared to those
without TPTD, our results cannot contribute to the explanation why we
could not observe the typical BMDD effect in the TPTD treated. A
reason for the latter lack of typical TPTD effects in the BMDD might be
that the rather short duration of TPTD administration of 7 months
which is comparable to the duration of about one bone remodelling
cycle only (Kenkre and Bassett, 2018). It should be noted that the even
higher typical degree of mineralization and increased portion of highly
mineralized bone area after daily TPTD treatment is an aberrant finding
which is in contrast to all of our previous studies reporting effects of
anabolic treatment on bone mineralization (Dempster et al., 2016a;
Misof et al., 2003; Misof et al., 2010; Misof et al., 2016). As the peak
calcium concentration represents mainly the bulk bone material, it is
unlikely that this is an effect of 7 months treatment. It seems more
likely that the patients of this study group had already highly increased
bone matrix mineralization before administration of TPTD. However,
the reason for these potentially increased baseline levels remain un-
known.

Our study has some limitations. The design did not provide a group
with concurrently started ALN and TPTD. Thus, in the ALN-Rx arm
TPTD was given to patients who had already decreased bone turnover
by the previous ALN treatment. Therefore concurrent start with ALN
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and TPTD might have a different effect on BMDD. However, as ALN is
the first line therapy in postmenopausal osteoporosis, treatment with
TPTD in patients already treated with ALN comparable to our study
design might be the more typical situation. Furthermore, the total
number of analyzed biopsy samples was rather high, the sample size
within each of the study groups was modest. In particular, for the
analysis of the calcium content between the double labels, the presence
of the latter was the prerequisite, which was not the case in a relatively
high number of ALN treated samples. Thus for this analysis only about a
third of the total number of samples was studied which limits the power
of detecting differences. On the other hand, the availability of two
double labels in human bone samples is rare and therefore the reported
information on the time course of mineralization is unique.
Furthermore, considering the short time period of treatment, a paired
biopsy design might have been more successful to demonstrate eventual
changes in BMDD due to TPTD treatment. Paired biopsy samples might
have been also an advantage for finding differences in the mineraliza-
tion kinetics due to treatment.

In conclusion, we could for the first time follow the time course of
mineral content with tissue age in human bone after ALN, TPTD or
concurrent treatment with both using the information from the two sets
of double fluorescence labels. We found no evidence that any of the
studied types of treatment altered the time course of secondary mi-
neralization in bone. Considering the BMDD outcomes, we could ob-
serve a generally higher degree of mineralization in the patients who
received prior and ongoing ALN reflecting the lower bone turnover in
these individuals compared to those without ALN treatment. However,
7 months of cyclic or daily TPTD treatment seemed to be too short to
cause the expected typical effects on the BMDD in a non-paired biopsy
study cohort.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bonr.2020.100253.
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