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Abstract

Bone mineralization density distribution (BMDD) is an important determinant of bone mechanical
properties. The most available skeletal site for access to the BMDD is the iliac crest. Compared to
cancellous bone much less information on BMDD is available for cortical bone. Hence, we
analyzed complete transiliac crest bone biopsy samples from premenopausal women (n = 73) aged
25-48 years, clinically classified as healthy, by quantitative backscattered electron imaging for
cortical (Ct.) and cancellous (Cn.) BMDD. The Ct.BMDD was characterized by the arithmetic
mean of the BMDD of the cortical plates. We found correlations between Ct. and Ch. BMDD
variables with correlation coefficients r between 0.42 and 0.73 (all p < 0.001). Additionally to this
synchronous behavior of cortical and cancellous compartments, we found that the heterogeneity of
mineralization densities (Ct.Cayigtn), as Well as the cortical porosity (Ct.Po) was larger for a lower
average degree of mineralization (Ct.Capean). Moreover, Ct.Po correlated negatively with the
percentage of highly mineralized bone areas (Ct.Capjgn) and positively with the percentage of
lowly mineralized bone areas (Ct.Cay_gy). In conclusion, the correlation of cortical with cancellous
BMDD in the iliac crest of the study cohort suggests coordinated regulation of bone turnover
between both bone compartments. Only in a few cases, there was a difference in the degree of
mineralization of >1wt % between both cortices suggesting a possible modeling situation. This
normative dataset of healthy premenopausal women will provide a reference standard by which
disease- and treatment-specific effects can be assessed at the level of cortical bone BMDD.

Keywords

Bone mineralization density distribution (BMDD); Cortical bone; lliac crest biopsy; Quantitative
backscattered electron imaging (qBEI); Premenopausal women
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Introduction

Transiliac bone biopsies are used for clinical management of patients with metabolic bone
diseases as well as to assess bone quality in clinical trials [1]. Bone quality depends on
properties of the bone matrix, such as the degree of mineralization, which influence both the
elastic behavior and the postyield behavior of the bone material [2, 3]. The increase of
mineral content with increasing age of each bone packet (BSUs) together with bone turnover
results in a characteristic mineralization density distribution (BMDD) that can be assessed
by quantitative microradiography [4, 5], quantitative synchrotron radiation micro-CT [6, 7]
or, as performed here, by quantitative backscattered electron imaging (qBEI) [8-11].
Reference data for cancellous BMDD have already been established, revealing relatively
small variations in adult cancellous bone as a function of age, sex, ethnicity, or skeletal site
[12].

There is much less information currently available on BMDD from cortical bone. The latter
is of significant clinical importance because cortical bone constitutes about 80 % of total
skeletal mass and supports most of the mechanical load applied to bone [13]. In addition,
there is increasing evidence that cortical bone remodeling plays a pivotal role in maintaining
skeletal integrity in the adult [14]. Another reason that cortical bone has not received as
much attention as cancellous bone may relate to misconceptions about bone turnover in
these two compartments [15]. Changes due to metabolic bone diseases or therapies are
thought to be more prominent in trabecular than in cortical bone. This might be related to the
fact that remodeling is a surface-based activity, and cancellous bone, with its much larger
surface, is affected to a greater extent than cortical bone. However, recent literature suggests
that for adults younger than 50 years, the surface available for remodeling is similar in
cortical and trabecular compartments in the subtrochanteric region of the femur [16].
Moreover, with ageing, the cortical surface increases significantly due to a rise in
intracortical porosity [16]. Apart from that, it has been demonstrated that treatment also
significantly affects cortical mineralization [17-22].

The goal of this study was to examine the relationships between BMDD of the cortical and
cancellous compartments (based on gBEI) within iliac crest biopsies from the same
premenopausal women.

Materials and Methods

Study Cohort

We studied complete transiliac biopsy samples from a cohort of 73 premenopausal,
clinically classified as healthy women (aged 25-48 years, mean + SD = 35.2 + 6.6 years).
Details of the study cohort have been reported previously [23, 24]. The subjects were
studied for histomorphometry [23] or were controls in a study on female with idiopathic
osteoporosis [24, 25]. Briefly, all subjects had a detailed history, physical, and biochemical
evaluation. Screening laboratory evaluation included blood counts, routine biochemistries,
urine analysis, thyroid function tests, estradiol, and follicle stimulation hormone (FSH)
determinations [23]. Pregnant women and women suffering from malignancy, eating
disorders, endocrine, hepatic, renal, or other chronic diseases such as rheumatoid arthritis
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were excluded. The controls had normal BMD by DXA (T-score greater than or equal to
-1.0 or Z-score greater than or equal to —1.0) and no history of adult low-trauma fractures
[24]. Our study cohort was normal in terms of cancellous bone mineralization; the weighted
mean degree of mineralization (Capgean = 22.05 £ 0.54 wt%, mean = SD) was similar to that
established previously as reference BMDD for healthy adult bone with a Capgean = 22.20 +
0.45 wt%, and all n = 73 individual Cn.Capjean Values were within the interval mean + 3 SD
of this normal reference cohort [12].

Quantitative Backscattered Electron Imaging (qBEI)

Backscattered electron images display an atomic Z number contrast of the target material.
The higher the average Z number, the brighter the pixel gray level (GL) in the image (see
Fig. 1a—c). When the contributions of topographic and channeling contrast are negligible,
the image GLs can be calibrated using reference materials with known Z numbers [9, 10, 26,
27]. The fact that bone is composed of an organic and a mineral phase allows us to transfer
the GLs to wt% mineral and/or wt% Ca values, assuming no other heavy elements are
present. For this purpose, a standardization line was recorded having the endpoints organic
phase (osteoid, with normally an average Z number ~6) corresponding to 0 wt% Ca and
mineral phase (hydroxyapatite, with an average Z number ~14) corresponding to 39.86 wt%
Ca. The assumption that for mineralized bone tissue the mineral phase can be properly
approximated by hydroxyapatite was confirmed by corresponding EDX measurements of Ca
content on bone tissue areas with different Ca content. The Ca values obtained lay directly
on the standardization line [10]. Only large alterations of the organic phase Z number (e.g.,
by increased concentrations of S or P) or in mineral phase Z number (e.g., severe deviations
from ideal stoichiometric hydroxyapatite having 1.67 atom % Ca/P ratio due to mixture with
other Ca-phosphate phases, or enhanced carbonation or incorporation of Mg) would require
an adaptation of the standardization line [28]. An extreme example. where the Z number of
the mineral phase is significantly altered is the incorporation of Sr (Z = 38) ions into the
hydroxyapatite crystals during Sr-ranelate treatment. Here, the GLs mimic a false (higher)
Ca content (due to the increased average Z number of the mineral phase) and therefore
cannot be interpreted as Ca content without adapting the calibration line [29]. Furthermore,
porosity in the submicron range mimics a lower mineral content in the organic bone matrix,
because these pores are typically filled with PMMA and, thus, counted as organic matrix.

The GL histograms derived from the calibrated backscattered electron images of bone tissue
provide information about the frequency distribution of pixel-sized bone areas with a certain
average atomic Z number/Ca content. These distributions have to be considered as an
approximation to the true distribution, as the counting statistics (inherent to the stochastic
process of electron backscattering and detection) lead to the broadening of the distribution
width [30, 31]. Experimental gBEI conditions of high signal to noise ratios (improved
counting statistics), achieved by a higher probe current and/or longer acquisition time, can
considerably reduce this artifact [30, 31]. However, the occurrence of increases in beam
damage to the bone tissue sample make a compromise between signal-to-noise ratio and
alteration in GLs due to beam damage effects necessary. The conditions in the present
experiment were chosen such that artifacts due to the counting statistics were negligible with
the lowest possible probe current to avoid beam damage.
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For qBEI analysis, the undecalcified iliac bone samples were embedded in PMMA, and the
resulting block samples were further prepared by grinding and polishing in order to obtain a
smooth surface. Subsequently, the sample surface was carbon-coated prior to gBEl in a
digital scanning electron microscope (DSM 962, Zeiss, Oberkochen, Germany). Digital GL-
calibrated images from the samples were taken using the following microscope settings: an
accelerating voltage of 20 kV, a probe current of 110 + 0.4 pA measured with a Faraday cup
connected to a pico ampere meter, and a working distance of 15 mm. Backscattered
electrons were collected by a four-quadrant semiconductor backscattered electron detector.
The distance of the sample surface to the detector surface was 13.5 mm. The sensitive area
of the ring detector had an outer diameter of 23.1 mm and an inner hole of 7 mm in
diameter. The entire bone tissue area (trabecular and cortical compartments) was recorded in
a series of images with a 50x nominal magnification corresponding to a scanned bone area
of about 2 x 2.5 mm. This magnification was chosen as we wanted to achieve a spatial pixel
resolution of 4 um. Further, the working distance of 15 mm was chosen to fulfill the
condition that the backscattered electron detection field within the image area is completely
uniform. The limitation to a pixel resolution of 4 um means that all inhomogeneities in
mineralization within the bone material (induced by collagen fibrils arrangement, osteocytic
lacuna canaliculi, etc.) at a smaller size scale (below 4 microns) are binned in one gray level
of a pixel. A scan speed of 100 s per frame was used (Fig 1b, ¢). Employing carbon (Z = 6)
and aluminum (Z = 13) as reference materials the contrast and brightness control of the
DSM was adjusted in such way that the histogram peak of the carbon target was located at
25+ 1 GL index and that of aluminum at 225 + 1 GL index. GL histograms obtained form
of cancellous and cortical bone separately with a bin width of one GL step were further
transformed to wt% Ca values resulting in wt% Ca histograms (so called bone
mineralization density distribution, BMDD) with a bin width of 0.17 wt% Ca (Fig. 1d).
Further details of the applied gBEI methodology, including its precision, have been
published previously [10-12, 26, 30, 31]. We used five BMDD parameters to characterize
the BMDD curves (see Table 1). Since we had no information about which was the exterior
and interior cortices, a single BMDD dataset representing both cortices was generated. Two
approaches were tested: (1) pooling the cortical plates into a single cortical compartment for
each sample and determining the BMDD (Ct.tor); 2) evaluating the BMDD of the two
cortical plates (designated arbitrarily C1 and C2 in Fig. 1a) separately and then calculating
the arithmetic mean (Ct.) for each sample.

Determination of Cortical Porosity of Mineralized Tissue (Ct.Po)

The calibrated digital images of the cortical area (50x magnification) like in Fig. 1b were
analyzed quantitatively for cortical area, width and porosity using customized evaluation
routines within NIH-image software version 1.63 (Wayne Rasband, National Institutes of
Health, Bethesda, MD). On the basis of 4 pm pixel resolution, the two cortices were each
separately isolated from the trabecular compartment of the biopsy by following a line, where
the compact bone character was changing to a cancellous one (as indicated in Fig. 1a). This
represents a semi-conservative approach as described by Borah et al. [32]. The cortical
porosity of mineralized tissue was obtained from both cortical plates separately by dividing
the entire void area representing the Haversian and VVolkmann’s canals by the entire cortical
tissue area. VVoids in the size range greater than 120 um? were included (i.e., features of the
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size of osteocyte lacunae or smaller were excluded) for this measurement. The arithmetic
mean of the separate cortices was used to represent cortical porosity (Ct.Po) of the sample.

Statistical Analysis

Results

Comparison

Statistical analysis was performed using SigmaStat for Windows Version 2.03 (SPSS Inc.).
Correlations of the cortical BMDD parameters, with corresponding cancellous BMDD
parameters, or with cortical porosity (Ct.Po) were tested by Spearman rank order
correlations. Statistically significant correlations were considered at p < 0.05.

Transiliac bone biopsy samples (longitudinal section) typically comprise cancellous bone
enclosed by two cortices, which can be different in width as displayed in Fig 1a. Moreover,
the BMDDs of the separate cortical plates (C1 and C2) may in principle exhibit differences
in BMDD (Fig. 1d and BMDD parameters in Table 1).

of BMDD in the Two Cortices

BMDD curves were obtained for each cortex separately, as well as after pooling them
(Ct.ro7). In Table 1, we compare the average of the BMDD parameters when the cortices
are analyzed separately to that when pooling the two into a single cortical compartment.
Except for the width of the BMDD curve, there was hardly any difference. Cayigih needs
additional consideration: In cases where the separate BMDD curves of C1 and C2 have
similar Cayyign but remarkably different Capgay; adding the two BMDD curves (which is
what effectively happens when the cortices are pooled) results in larger Cayyigi, than in the
individual curves. This is demonstrated in Fig. 2, where the difference in Cayigth, as
evaluated by the two methods (ACawigth), is plotted as a function of the difference in Capgai
between the two cortices (ACapgak). It is clearly visible that when the two cortices have a
similar calcium content (typically ACapgak Smaller than 1 wt%) the width of the peak is the
same whether the cortices are pooled or not (ACayyiqtn close to zero). At ACapgyi above 1 wt
% Ca, ACayigih displayed a distinct increasing trend, showing that the two cortices are
better considered separately. Consequently, we exclusively used the two cortical
compartments (Ct.) method (arithmetic means of the two cortices) for all following
evaluations.

Correlation Ct.BMDD Versus Cn.BMDD

One of our main interests was to study whether there is a relationship between the BMDDs
of the cortical compartment and those of the cancellous compartment in the transiliac bone
samples. Thus, the BMDD parameter values of each subject were plotted pairwise (Ct. vs.

Cn.) and correlation analysis revealed significant relationships between all Ct. BMDD and
Cn. BMDD parameters for our cohort (Table 2; Fig. 3).

Correlation CaMean Versus CaWidth

Additionally to the degree of mineralization (Capean), the heterogeneity of mineralization
density (Cawigtn) is an important determinant of bone material quality. When the
heterogeneity of mineralization densities Ct.Cayigin and Cn. Cayyiqth Was plotted versus the
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corresponding average mineral content Ct.Capean and Cn.Capgean, respectively (black and
gray symbols, respectively, Fig. 4); significantly negative correlations between Ct. Cayidth
and Ct.Capean (for cortical bone) as well as between Cn. Cayyigih and Cn.Capgean (cancellous
bone) were found (linear regression r = —0.58 for cortical and r = —0.46 for cancellous bone,
both p < 0.001). The 95 % confidence intervals show that for lower Cappean, the width of the
distribution (the heterogeneity of mineralization) is greater in the cortex, while the
regression lines overlap for higher Capean in the cortical and the trabecular compartment,
suggesting similar Cawyigth in the latter case.

Correlation Ct.BMDD Versus Ct.Po

A further important parameter for the cortical mechanical competence is the cortical
porosity. Consequently, we analyzed the relationship between cortical mineralization pattern
(Ct.BMDD) and cortical porosity (Ct.Po). Significant correlations between Ct. BMDD and
Ct.Po were found for all BMDD parameters in our cohort (Table 2). In particular, there was
a negative correlation between degree of mineralization and cortical porosity.

Discussion

We have presented significant correlations of bone mineralization density distribution
(BMDD) data from cortical bone with those from cancellous bone and with cortical porosity
as measured by gBEI of complete transiliac bone biopsies obtained from healthy
premenopausal women. This correlation occurs within a normal population classified as
healthy by clinical evaluation, BMD (DXA) and lack of fractures. However, the mean
calcium content in the matrix varied for our cohort within a Z-score between -3 and +3
based on the BMDD normal distribution [12]. Thus, based on BMDD alone, we cannot
distinguish between normal and abnormal mineralization in single individuals. For example,
some of the individuals have a Capjean Value close to 21 wt% which is the typical range for
postmenopausal osteoporosis [33]. Another interesting observation is that for a minority of
subjects (about 10 of the studied individuals, Fig. 2), the cortices had a sufficiently different
Calcium content to assume a different (re)modeling rate on the two sides of the iliac crest.

Generally, BMDD is dependent on two processes: the bone turnover rate (the average tissue
age) and the mineralization kinetics of the newly formed bone matrix (the speed of mineral
deposition during mineralization) [34]. Provided that the mineralization kinetics is not
altered, a higher bone turnover rate will shift the BMDD to lower mineralization density and
vice versa. It is therefore interesting that the mean mineralization density (reflecting average
tissue age) was generally in similar range for cortical and cancellous bone and was
significantly correlated (Fig. 3). Noteworthy, local differences in bone turnover between
endosteal, intracortical, and periosteal cortical sites have been reported [35-39]. As
endosteal and periosteal bone formation are low once skeletal growth is completed [38], the
Capean data in the present study cohort of adult women are mainly reflecting intracortical
remodeling. In previous studies using a microradiographic method, lower cortical
mineralization density compared to cancellous bone has been reported in the adult ilium [4-
6, 20]. However, the previous studies may not have included both cortices of the iliac crest
as we did in this investigation. In children, lower mineralization densities in cortical
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compared to trabecular bone as measured by gBEI have been described in the iliac crest [40,
41] which could be attributed to higher bone formation (bone modeling) during lateral
growth of the iliac crest [42, 43]. As mentioned above, the range of the degree of
mineralization was similar for cortical and cancellous bone in the studied samples from adult
individuals. However, there is evidence for a larger variation in the degree of mineralization
in cortical versus cancellous bone when considering the total skeleton [44-47].

The significant correlations of BMDD parameters between cortical and cancellous bone of
this healthy premenopausal women cohort suggest that generally bone turnover rates of
cortical and cancellous bone are co-regulated in individuals. Further studies will be needed
to demonstrate whether the correlation of Ct. versus Cn.Capean is valid throughout the entire
age range of healthy male and female adults. Similarly, future studies will be necessary to
determine whether this relationship may be different in diseased bone or after the skeleton
has been exposed to therapeutic agents such as bisphosphonates or teriparatide.

In addition to the degree of mineralization, the heterogeneity of mineralization (Cawigth) 1S
important when monitoring the effects with bisphosphonate or teriparatide treatment [11]
and has come into focus, in particular, in cortical bone [48]. The data from the iliac crest
biopsies from the present work suggest that at higher average degree of mineralization, the
heterogeneity of mineralization densities is similar to those from cancellous bone; however,
at lower average degree of mineralization, a larger heterogeneity of mineralization densities
exists in cortical bone (Fig. 4). Interestingly, for male patients with idiopathic osteoporosis
who had generally relatively low average mineral content of bone, the cortical Cayyjqin Was
also observed to be larger than that of cancellous bone in the iliac crest [49]. In another
work, a higher negative kurtosis of the mineralization distribution of cancellous versus
cortical bone in the iliac crest was found indicating a larger width of the distribution in
cortical bone [19].

The correlations found between cortical BMDD parameters and cortical porosity (Ct.Po)
indicate that the higher the porosity, the lower the average degree and the greater are the
variation of mineralization densities (Cawigin) and the proportion of low mineralized bone
areas (Cay ). These observations are consistent with the fact that bone remodeling is higher
when Ct.Po is higher. In this context, Boyde and colleagues reported the mean
mineralization density to be inversely correlated with the percentage of active osteons in
cortical bone of the iliac crest from young women with endometriosis [19]. However, it is
unknown if this correlation is also valid for older individuals with higher Ct.Po [50], for
children with large differences in osteon morphology [51], and for patients with
pathologically increased porosity at other skeletal sites [52].

Conclusion

Our work showed that BMDD in the cortices of a transiliac biopsy generally correlates with
the corresponding values in the trabecular compartment, which suggest a co-regulation of
remodeling in these two bone types, at least within the iliac crest. A separate evaluation of
the two cortices seems preferable as it may, in some cases, yield additional information. The
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presented data might serve as a basis for comparison of cortical bone of iliac crest from
patients with abnormal skeletal metabolism as well as for monitoring treatment effects.
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Fig. 1.
a Overview backscattered electron image, x12 nominal magnification, of a transiliac bone

biopsy from a healthy premenopausal women (age 29 years) containing entire cortical and
cancellous bone area (this overview image was not acquired under gBEI settings but
working distance was 32 mm; brightness and contrast setting were arbitrary). Demarcation
between cortical and cancellous compartments is indicated by the dotted white lines. Two of
the images used for BMDD analyses (acquired under the qBEI settings described in the
“Materials and Methods” section) are shown in b cortical, and ¢ cancellous bone area x50
magnification. d The BMDD curves of cortical plates cortex 1 (C1) and cortex 2 (C2)
separately (designation to C1 and C2 arbitrarily) and of cancellous bone (Cn) obtained from
the biopsy sample shown above. In the histogram, the data points are interconnected by
lines, without showing the data points themselves
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Relation of the difference in BMDD width (ACayyigin) Obtained from the single cortical
compartment and two cortical compartment method (Ct.to1 Cawidth — Ct. Cawigtn) in
relation to the differences of the BMDD peak position (ACapeak) Of the individual cortical
plates C1 and C2: the plot shows that only at larger ACapeak (about >1 wt% Ca) differences
for Cawigth might become relevant between Ct.tot and Ct. method. Please note that the data
were obtained for the entire cohort (n = 73 samples) but many of the data points overlap due
to the fact that both Cayyigih and Capeak Can take only discrete values as given by the bin

width of the BMDD
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Fig. 3.

The relationship between cortical (Ct.) and cancellous (Cn.) Capjean in the iliac crest from
healthy premenopausal women (n = 73). The straight solid line indicates the regression line
(r=0.62, p<0.001)
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Fig. 4.

Cgrrelation of heterogeneity of mineralization (Cayigi) With the average mineralization
density (Capean): @ Negative correlation for both cortical, and cancellous compartments of
the iliac crest in healthy premenopausal women was found. Linear regression lines (both p <
0.001) and 95 % confidence intervals are shown, solid black line and black symbols for
cortical bone, light gray line and symbols for cancellous bone. Notably, the two regression
lines are separated for lower and coincidence for higher Capean
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Cortical BMDD parameters from n = 73 premenopausal healthy women

Table 1

Page 17

Total cortex Arithmetic mean of two cortices :
(pooled into one compartment Ct.ro7)  (Ct.) Absolute difference between C1 and C2
Ct.Capean  22.07 (0.56) 22.10 (0.55) 0.66 [0.27; 0.99]
[wt%e]
Ct.Capea 22.84 (0.55) 22.86 (0.53) 0.69 [0.35; 0.91]
[wt%6]
Ct. Cawigty 3.81[3.64; 4.33] 3.73[3.53; 4.27] 0.35[0.17; 0.52]
[Awt%)
Ct.Cay gw 5.49 (1.86) 5.47 (1.85) 1.54 [0.58; 2.61]
[% B.Ar]
CtCapign  5.74[3.64; 8.56] 5.72 [3.91; 8.49] 2.98 [1.28; 6.12]
[% B.Ar]

Data are mean (SD) or median [25 %; 75 %]

CaMean the weighted mean Ca-concentration of the bone area, Capggk the peak position of the histogram, indicating the most frequently

measured calcium concentration, Cawjdth the full width at half maximum of the distribution, describing the variation in mineralization density,
Cay_ow the percentage of lowly mineralized bone (<17.68 wt% Ca—the calcium concentration at the 5th percentile of our reference BMDD for
cancellous bone of adults [12]); CaHigh the percentage of highly mineralized bone areas (>25.30 wt% Ca—the calcium concentration the at the
95th percentile the reference BMDD for cancellous bone of adults [12])
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Table 2

Correlation of Ct.BMDD parameters with corresponding Cn.BMDD parameter and Ct.Po

Correlationswith

Cn.BMDD parameter

Mean Ct.Po

Ct.Cayean Wt% Ca)  0.62, p<0.001
Ct.Capeak (W1% Ca) 0.73, p< 0.001
Ct. Cayyian (Awt% Ca)  0.59, p < 0.001
Ct.Cag oy (%B.Ar) 0.42, p< 0.001
Ct.Cayign (%B.Ar) 0.73, p<0.001

-0.35, p=0.003
-0.32, p=0.006
0.26, p=0.03
0.31, p=0.007
-0.25,p=0.03

Data show correlation coefficient (Spearman rank order correlations) and p value
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