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Editor's Summary

Vitamin D-Deficient Bone Showing Its Age

Vitamin D, which is sometimes called the "sunshine vitamin" because humans can synthesize it in the presence
of sunlight, has long been associated with prevention of bone disease. Vitamin D is required for proper absorption of
calcium and its uptake into bone, and a lack of vitamin D is known to cause rickets and osteomalacia——diseases in
which bone is too soft because of excessive collagenous matrix and its inadequate mineralization. Now, Busse and
co-authors provide some evidence that the reverse is also partially true, and vitamin D deficiency can result in areas
of overly dense mineralization in the bone.

To study the effects of vitamin D deficiency, Busse and colleagues used samples of bone from 30 apparently
healthy people. Half of these subjects were deficient in vitamin D, defined by low concentration of vitamin D in the
blood and altered macroscopic characteristics of the bone. Through detailed analysis of bone structure and functional
tests measuring the bones' resistance to cracking, the authors characterized the ways in which vitamin D —deficient
bone differs from normal. As expected, they found that bones from vitamin D —deficient subjects had a much thicker
layer of unmineralized osteoid coating the surface of mineralized bone. However, they also demonstrated that the
bone underneath this osteoid layer was more heavily mineralized than normal and had structural characteristics of
older and more brittle bone. They explained this phenomenon by noting that osteoclasts, cells that normally remodel
the bone, cannot get through the thick osteoid layer. As a result, the areas of bone hidden underneath the osteoid
continue to age and mineralize even as the overall bone mineral content progressively decreases.

These interesting and unexpected findings about human bone emphasize the negative consequences of vitamin
D deficiency, which is all too common, especially at northern latitudes. Additional work will be needed to translate this
knowledge into clinical practice, but the detailed understanding of human bone structure may provide some insight
into more effective ways to prevent or treat fractures in patients with vitamin D deficiency.
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BONE

Vitamin D Deficiency Induces Early Signs of Aging in
Human Bone, Increasing the Risk of Fracture

Bjorn Busse,"** Hrishikesh A. Bale,” Elizabeth A. Zimmermann,'*? Brian Panganiban,?
Holly D. Barth,>* Alessandra Carriero, Eik Vettorazzi,* Josef Zustin,” Michael Hahn,’
Joel W. Ager III,2 Klaus Piischel,® Michael Amling,” Robert O. Ritchie?*

Vitamin D deficiency is a widespread medical condition that plays a major role in human bone health. Fracture
susceptibility in the context of low vitamin D has been primarily associated with defective mineralization of
collagenous matrix (osteoid). However, bone’s fracture resistance is due to toughening mechanisms at various
hierarchical levels ranging from the nano- to the microstructure. Thus, we hypothesize that the increase in fracture
risk with vitamin D deficiency may be triggered by numerous pathological changes and may not solely derive
from the absence of mineralized bone. We found that the characteristic increase in osteoid-covered surfaces in
vitamin D-deficient bone hampers remodeling of the remaining mineralized bone tissue. Using spatially re-
solved synchrotron bone mineral density distribution analyses and spectroscopic techniques, we observed that
the bone tissue within the osteoid frame has a higher mineral content with mature collagen and mineral con-
stituents, which are characteristic of aged tissue. In situ fracture mechanics measurements and synchrotron
radiation micro-computed tomography of the crack path indicated that vitamin D deficiency increases both
the initiation and propagation of cracks by 22 to 31%. Thus, vitamin D deficiency is not simply associated with
diminished bone mass. Our analyses reveal the aged nature of the remaining mineralized bone and its greatly
decreased fracture resistance. Through a combination of characterization techniques spanning multiple size scales,
our study expands the current clinical understanding of the pathophysiology of vitamin D deficiency and helps

explain why well-balanced vitamin D levels are essential to maintain bone’s structural integrity.

INTRODUCTION

Vitamin D is widespread in nature, and one of its roles in vertebrate
animals and humans is to promote the absorption of calcium and
phosphate to enable normal mineralization of the skeleton (1, 2). Vi-
tamin D deficiency in childhood makes children prone to rickets,
where defective mineralization of growth plate cartilage and bone leads
to morphologically altered long bones, resulting in curvature and de-
formation (3, 4). In adults, vitamin D deficiency causes osteomalacia, a
condition of defective mineralization, where newly formed bone matrix
(osteoid) fails to mineralize, resulting in bone pain, muscle weakness,
and increased risk of bone deformation and fracture (I, 4).

The characteristic feature of a vitamin D deficiency is a low serum
25(OH)D; concentration, which is associated with decreases in both
serum 1,25-(OH)2D; and calcium absorption (1, 4). In turn, low serum
calcium results in increased secretion of parathyroid hormone (PTH),
which promotes the production of 1,25-(OH)2Dj; (5). As a result, serum
1,25-(OH)2Dj; concentrations return to normal but are accompanied
by higher serum concentration of PTH, indicative of secondary hyper-
parathyroidism (1, 6). Increases in serum PTH concentration have
been reported to stimulate the rate of bone turnover, causing a reorga-
nization of the bone structure (I). Thus, secondary hyperparathyroid-
ism has been accepted as the predominant factor by which vitamin D
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deficiency results in increased susceptibility to bone fractures (I, 7).
Treatment with vitamin D5 and calcium does result in substantial de-
creases in nonvertebral fractures. However, this is achieved with only
modest increases in bone mineral density (BMD) and variable serum
concentrations of PTH, which suggests that other factors play a role in
the reduced fracture risk (I, 8).

The hallmark of osteomalacia is an excessive amount of unminer-
alized collagen matrix (osteoid) (9). The cause of this pathological ac-
cumulation of osteoid is difficult to determine and may result from a
combination of an increased rate of bone formation (1, 10), low serum
calcium and phosphorus (6, 11), and/or direct effects of the excess os-
teoid on osseous cells accompanied by changes in the bone matrix,
either in the collagen or in the ground substance (2, 12).

As a consequence of the marked reduction in mineralized bone mass
and increased amounts of osteoid, vitamin D-deficient bone represents a
complex composite structure that is highly susceptible to fracture (6, 13).
However, although correlations between osteomalacic bone and frac-
ture have been reported for vertebral and long bones (I, 14, 15), a mech-
anistic understanding of this increased fracture risk remains elusive.

The complexity of morphological/compositional changes in bone
and their effects on fracture resistance is due primarily to bone’s hier-
archical structure, which has characteristic features from near-macroscopic
to micrometer to nanometer levels. Specifically, bone evolves to its
macroscopic form (>3 mm) from a nanostructure composed of colla-
gen and mineral (<500 nm) and a microstructure of lamellae, osteocyte
lacunae (3 to 20 um), and osteons (100 to 300 um) (16, 17). Specific
aspects that contribute to its fracture resistance originate from widely
differing size scales. The intrinsic fracture resistance of bone, which
affects both the initiation and growth of cracks, results from “plastic-
ity” at the smallest architectural levels, primarily through sliding of
mineralized collagen fibrils. A larger contribution to fracture resistance
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Fig. 1. Characteristics of cases and histomorphometric assessment of
static structure indices. (A) Serum concentrations of 25(0OH)Ds are shown
in vitamin D-deficient subjects (D—) and normal controls (Nor) (P < 0.0001).
The threshold of normal vitamin D concentration (20 ug/liter) is marked
with a red line. (B) Normal (Nor) and vitamin D-deficient (D—) cohorts were
similar in age and BM. (C) Histology of normal bone, showing regular cor-
tical and cancellous bone architecture with no mineralization defects and
normal osteoid characteristics. Scale bars, 600 um. (D) Vitamin D-deficient
samples showing altered bone structure with prominent osteoid seams
(arrows) (black, mineralized bone tissue; red, bone marrow; von Kossa—
stained). Scale bars, 600 um. (E to L) Histomorphometric values of bone
from normal and vitamin D-deficient subjects (mean + SEM, n = 15). The
bar graphs show the differences in thickness of osteoid seams (P = 0.0008)
(E), the ratio of osteoid volume to bone volume (P = 0.0005) (F), the ratio of
osteoid surface to bone surface in trabecular bone (P = 0.0008) and in the
cortical bone (P < 0.0001) that is subsequently subject to the analysis of
fracture toughness (G), the cortical thickness (P = 0.048) (H), the trabecular
thickness (P = 0.031) (I), the ratio of bone volume per tissue volume and
mineralized bone volume to tissue volume (P = 0.015) (J), the trabecular
number (K), and the trabecular separation (L) between the study groups.

arises extrinsically from the interactions between the path of cracks
and the microstructure of the bone (16-18); this causes “shielding”
of the crack tip from the applied stresses via such mechanisms as crack
deflection and bridging, which affect the propagation of cracks. We
hypothesize that osseous changes caused by hypovitaminosis D and
their corresponding effect on bone fracture are the result of a simul-
taneous multiscale alteration in structure affecting both the intrinsic and
extrinsic fracture mechanisms, rather than solely an imbalance of min-
eralized and nonmineralized bone quantities.

To address this, we examined iliac crest bone cores from normal
and vitamin D-deficient individuals with surface osteoidosis, which
marks the intermediary morphologic transition between normal and
osteomalacic conditions in vitamin D deficiency and is thus a hall-
mark event in vitamin D deficiency at the bone tissue level. To eval-
uate the fracture properties of affected bone, we performed in situ
toughness tests on external iliac crest cortices (16-18) and further
examined the resulting crack paths in three dimensions (3D) through
high-resolution synchrotron radiation micro-computed tomography
(SRUCT), expressly to determine how disease-induced changes in mi-
croarchitectural features correlated with extrinsic resistance to crack
growth (16-18). Meanwhile, alterations in the mineral and collagen
structure at submicrometer scales were correlated with changes in the
intrinsic contribution to bone toughness (19-21). This combined ap-
proach was designed to examine the altered characteristics of vitamin
D-deficient bone and discern which specific hierarchical levels of bone
structure affect the nature of fracture resistance.

RESULTS

Sample characteristics

The characteristics of the human subjects whose bone cores we
analyzed are shown in Fig. 1 (also in tables S1 and S2). An accepted
25(0OH)D; serum concentration less than 20 pg/liter (I, 22, 23) and
2D bone structure characteristics classified the test subjects as normal
(Nor, n = 15) or vitamin D-deficient (D—, n = 15) (Fig. 1A). The two
groups had a similar mean age and body mass index (BMI) (Fig. 1B).
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Subjects from the control group did not show any abnormal osteoid
characteristics that would suggest mineralization defects (Fig. 1C),
whereas those in the vitamin D-deficient group showed altered osteoid
indices, with abnormally high ratios of osteoid surface per bone surface
(OS/BS > 20%) and/or osteoid thickness (mean O.Th > 12 um) (Fig. 1,
D to G) (1). The noticeable surface osteoidosis in vitamin D-deficient
subjects corresponded to an increased ratio of cortical osteoid surface
per bone surface (Ct.OS/BS > 40%) and confirmed the correct assign-
ment of the study groups (Fig. 1G).

Histomorphometric changes of static structure indices
Vitamin D-deficient bone has a structure distinct from that of nor-
mal bone, including prominent osteoid seams (Fig. 1, C and D) with a
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substantially higher thickness than normal (Fig. 1E). Furthermore,
the ratio of osteoid volume per bone volume (OV/BV) in vitamin
D-deficient subjects is more than three times the normal (Fig. 1F), whereas
the proportion of cancellous and cortical bone surface covered by os-
teoid are both higher by more than twofold (Fig. 1G) compared to
healthy bone with normal mineralization (I, 22, 23). Thus, all vitamin
D-deficient samples demonstrated an increase in surface osteoid, a
hallmark of vitamin D deficiency, which was evident at the bone level
even in the absence of full-blown osteomalacia. The histomorphometry
also showed that the cortical and trabecular thicknesses were almost
20 and 25% lower, respectively, in the presence of vitamin D deficien-
cy (Fig. 1, H and I). The ratio of total bone volume (including osteoid
and mineralized bone) per tissue volume (BV/TV) was not significant-
ly different in the two groups, whereas the proportion of mineralized
bone volume per tissue volume (Md.BV/TV) was significantly reduced
(P = 0.015) (Fig. 1J). The trabecular number (Tb.N) (Fig. 1K) and
separation (Tb.Sp) (Fig. 1L) did not show differences between the
groups.

SRuCT assessment of bone structure

The SRUCT analysis of the external cortex revealed the Haversian ca-
nal network in the cortical compartment (Fig. 2, A and B, and table
S3). The cortical porosity (Ct.Po) was almost two times higher in the
presence of vitamin D deficiency (Fig. 2C). This difference in poros-
ity was not associated with Haversian canal density (Ha.Ca.Dn) (Fig.
2D) but correlated with a 65% increase in Haversian canal diameter
(Ha.Ca.Dm) (Fig. 2E). Consistently, the Haversian canal volume per
tissue volume (Ha.Ca.V/TV) was two times larger with vitamin D de-
ficiency (Fig. 2F). Such increases in cortical porosity and widening of
Haversian canals reflect the defective mineralization of osteoid with
surface osteoidosis.

The osteocyte lacunar morphology also contributed to the cortical
porosity (Fig. 2, G and H). Although the osteocyte lacunar density
(Ot.Lc.Dn) was similar in both cases (Fig. 2I), the osteocyte lacunar
volume (Ot.Lc.V) was 14% higher in vitamin D-deficient bone (Fig.
2]). The number of hypermineralized lacunar occlusions, a sign of im-
paired remodeling below the bone surface, was also increased in vita-
min D-deficient bone, reaching double the number seen in controls
(1.87 + 1.28 #/mm” compared to 0.85 + 0.42 #/mm? P = 0.035). An
increased osteocyte lacunar size (24-26) has been associated with cal-
cium deficiency in other clinical conditions (27) and thus represents a
further cellular connection between the observed mineralization de-
fects and the function of the mineralized bones.

Bone mineral density distribution assessed

by synchrotron radiation

The bone mineral density distribution (BMDD) and the overall weight
percentage (wt %) of calcium (Ca) in the bone were assessed via x-ray
attenuation on a 3D bone volume (BV) (Fig. 3A and table S4) within
the cortical external cortex. The mean and peak calcium weight per-
centages (Ca Mean and Ca Peak, respectively) were both 10% higher
in vitamin D-deficient bone (Fig. 3, B and C); this increase in the per-
centage of Ca is consistent with an advanced tissue age (defined as os-
teon age relative to the surrounding tissue) within the osteoid boundaries.
Further analysis of the calcium distribution supports the notion of an
advanced tissue age. Specifically, we found that the vitamin D-deficient
tissue contained less bone with a low mineral content (Ca Low) (Fig.
3D) and more bone with a high mineral content (Ca High) (Fig. 3E).
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Fig. 2. Tomographic assessment of cortical structure. (A and B) Micro-
computed tomographic images of bone show Haversian canal networks in
(A) normal (Nor) bone samples and (B) samples with vitamin D deficien-
cy (D-), where the color scale indicates the haversian canal diameter. Scale
bars, 500 um. (C to F) Measurements of porosity and Haversian canal struc-
ture in normal and vitamin D-deficient samples. Bar graphs show cortical
porosity (P = 0.047) (C), density of Haversian canals (D), diameter of Haversian
canals (P = 0.008) (E), and a ratio of Haversian canal volume to tissue volume
(P=10.037) (F). (G and H) Tomographic images demonstrate normal osteocyte
lacunae in controls (G) and larger, spherical lacunae in vitamin D-deficient
bone (scale bars, 200 um) (H), where the color scale indicates the osteocyte
lacunar volume. (I) Osteocyte lacunar density. (J) Osteocyte lacunar volume
(P = 0.047).
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Fig. 3. BMDD by SRuCT. (A) Averaged histograms from the 3D volume of
cortical bone in the external cortex indicate the extent of mineralization for
normal (Nor, black) and vitamin D-deficient (D—, red) bone. (B to F) Bar graphs
depict mean (P = 0.0009) (B) and peak (P = 0.0018) (C) calcium weight per-
centages, percentages of low mineralized (<5th percentile) bone (P < 0.0001)
(D) and highly mineralized (>95th percentile) bone (P = 0.0034) (E), and cal-
cium width (F), a measure of homogeneity (mean + SEM, n = 15). (G to J)
Microtomography slices (scale bars, 100 um) (G and H) and corresponding
bone surface plots (scale bars, 50 um) (I and J) from regions within the yellow
boxes depict mineral content and extent of mineralization in both the cement
lines (Roman numerals) and bone in normal and vitamin D-deficient samples.

Normal

Concurrently, we found that the global heterogeneity of mineralization
(Ca Width) was not significantly different between groups (Fig. 3F).
Local mineralization profiles (Fig. 3, G and H) and surface plots (Fig.
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3, I and ]) from individual tomography sections confirmed a higher
overall mineralization in both the cement lines and the mineralized
portions of vitamin D-deficient bone. A shift toward increased min-
eralization was also reported in the literature (28-30).

Spectroscopic characterization of bone collagenous proteins
and matrix elements

In areas of mineralized bone (Fig. 4A and table S5), we used vibrational
spectroscopy to characterize the collagen and mineral structure/composition
and to further confirm the notion of advanced tissue age. Ultraviolet
(UV) Raman spectroscopy revealed changes in the amide I band of col-
lagen (Fig. 4B), indicating a change in the cross-linking environment
of the collagen, which is also characteristic of aged bone (31). Using
Fourier transform infrared (FTIR) spectroscopy (Fig. 4C), we deter-
mined that the cross-link ratio (32), which is associated with collagen ma-
turity, was 20% higher in vitamin D-deficient bone (Fig. 4D). Changes
in the carbonate-to-phosphate ratio (Fig. 4E), acid phosphate content
(Fig. 4F), and crystallinity (Fig. 4G) were also evident in osteomalacic
bone and are all consistent with a maturing mineralization pattern
(33-36).

In situ fracture tests in an environmental scanning
electron microscope

Our measurements of fracture toughness with crack resistance curves
(R curves) provided evidence as to how multiscale structural changes
caused by vitamin D deficiency in external iliac crest bone cortices can
explain fracture susceptibility. Measured R curves (Fig. 5A and table
S6) revealed a lower fracture resistance in vitamin D-deficient bone,
with a 31% decrease in crack initiation toughness, K, (Fig. 5B), and a
22% decrease in crack growth toughness (Fig. 5C).

At a larger scale, a greater contribution to fracture resistance in
bone is derived from extrinsic (crack growth) toughness (Fig. 5C). In
normal healthy bone, a major extrinsic toughening mechanism is the
deflection of cracks as they encounter the more highly mineralized ce-
ment lines (osteonal interfaces) (16-18). Our 3D x-ray tomographic
images (Fig. 5, D and E) indicate an average deflection angle of 68.3 +
11.2° in controls and an average of 48.5 + 14.3° in vitamin D-deficient
samples (P = 0.003). Such large crack path deflections are a mecha-
nism of delamination (splitting) primarily along the cement lines (Fig.
5D), which toughens normal bone by deviating the crack path from
the plane of maximum tensile stress (Fig. 5F). In this way, the stress
intensity at the crack tip decreases (typically by a factor of 2 or more)
and requires a larger applied force to further propagate the crack (18).
In vitamin D-deficient bone, conversely, the cement lines no longer
represent the most favorable crack path because of osteoidosis-induced
morphological changes in osteocyte lacunae and mineral distribution
(27, 37); essentially, the large difference in mineral content between
the cement line and bone matrix, which drives the crack deflection,
is reduced. Consequently, the deflection angle decreases by 30%, and
the cracks tend to propagate transversely across the bone and break
rather than split it (Fig. 5E), although the crack path remains tortuous
(Fig. 5G). Crack deflection along cement lines represents the most effec-
tive toughening mechanism in normal bone. The marked differences in
crack path seen in vitamin D-deficient bone severely reduce the potency
of extrinsic toughening and diminish the role of crack tip shielding,
resulting in a considerable reduction in crack growth toughness.

In addition to crack deflection, a second major toughening mech-
anism in healthy bone involves the formation of uncracked regions
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Fig. 4. Spectroscopic characterization of bone collagenous proteins
and matrix elements. (A) Vibrational spectroscopy was used to analyze
regions of interest (yellow boxes) in mineralized bone from each sample.
Scale bars, 200 um. (B) Raman spectroscopy indicated changes in the col-
lagenous environment in vitamin D deficiency, seen as differences in the
amide | peak. (C) FTIR spectra enabled characterization of the matrix proper-

along the crack path; such “uncracked ligament bridges” have a ben-
eficial effect on bone toughness because the bridges represent intact
load-bearing material that would otherwise be used to further crack
growth (Fig. 5, F and G, white arrows). Normal bone contained nearly twice
as many uncracked ligament bridges as vitamin D-deficient bone (20.1 +
2.8 compared to 9.75 * 2.0 bridges, P < 0.0001), consistent with the
pattern seen in aged bone (16). Structural changes at multiple size scales
advance the tissue age in vitamin D deficiency and impair the extrinsic
fracture resistance by limiting the toughening mechanisms of crack de-
flection and crack bridging, which are prevalent in normal bone. This
change in extrinsic resistance is a major factor in the diminished frac-
ture resistance of vitamin D-deficient bone.

DISCUSSION

Although vitamin D deficiency is known to change the bone structure
and increase the fracture risk in human cortical bone (38), this effect
has primarily been attributed to excessive osteoid formation, which
causes a decrease in mineralized bone mass. Here, we combined
mechanical measurements with histomorphometric evaluation of
bone remodeling and characterization of the mineral and collagen
components in normal and vitamin D-deficient bone to discern the
underlying fracture characteristics associated with osteoidosis. Through
this combination of techniques that analyze bone quality at multiple
scales, this study has revealed critical aspects of the pathophysiology of
vitamin D-deficient conditions.
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ties (mean + SEM, n = 15, representative spectrum shown). (D to G) The bar
graphs present (D) the 1660:1690 peak area ratio, corresponding to collagen
maturation (P = 0.039); (E) carbonate/phosphate ratio, representing carbonate
substitution for phosphate in the mineral lattice (P = 0.022); (F) acid phos-
phate content, marker of overall bone maturity (P = 0.044); and (G) crystal-
linity, representing increased crystal size and perfection (P = 0.045).

Because bone is constantly reorganized to adapt to its mechanical
and biological environment, we used a histomorphometric assessment
to investigate the bone’s remodeling status in vitamin D deficiency.
Vitamin D deficiency is known to increase the rate of bone turnover
to maintain normal calcium levels within the body, producing osteoid
that is never mineralized because of the overall calcium imbalance.
The deterioration in mechanical properties caused by vitamin D defi-
ciency is associated with a larger amount of osteoid collecting on the
osseous surfaces and impairing resorption below the bone surface, as
confirmed by the accumulation of nonremodeled hypermineralized
osteocyte lacunae (39). The mineralized bone framed by osteoid seams
cannot be resorbed by osteoclasts through the usual channels (40) and
is therefore forced to age at the tissue level. In this context, we report
an increased degree of mineralization owing to prolonged secondary
mineralization in vitamin D-deficient bone. In addition, BMDD and
FTIR analyses provide evidence of mature mineral crystals and colla-
gen molecules present within the bone. This conclusion may seem to
contradict the reported decreases in mineral content associated with
higher osteoid volume and/or undermineralization in vitamin D-deficient
bone. However, in most instances, previous conclusions have been based
on osteodensitometric (1), ash weight (41), or other spatially limited
measurements, which have the disadvantage of not being able to differ-
entiate between the effect of bone mass versus bone mineralization (42).
Our current measurements provide 3D spatially resolved BMDDs
to differentiate changes in mineralization, independent of overall
bone mass, and show that the mineral content may indeed increase
with vitamin D deficiency, suggestive of an advanced tissue age. This
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Fig. 5. Mechanical properties and nature of fracture in external iliac crest cortices. (A) In vitro frac-
ture toughness R curves for human cortical bone in normal (Nor) and vitamin D-deficient (D-) samples.
(B and C) From the R curves, the bar graphs depict (B) initiation toughness (P = 0.046) and (C) crack growth
toughness (P = 0.049) (mean + SEM, n = 10). (D) 3D reconstruction of the crack path via SRuCT shows
pronounced crack deflection by splitting along the interfaces of the osteons in normal bone accompanied
by the usual formation of crack bridges. Scale bar, 200 um. (E) In vitamin D-deficient samples, the crack
takes a tortuous breaking path across the osteons between the highly mineralized bone and cement lines.
Scale bar, 200 um. This trajectory minimizes the formation of “uncracked ligament” bridges. (F and G)
Images of the crack path during toughness measurements in the environmental scanning electron micro-
scope are shown for normal (F) and vitamin D-deficient (G) bone. The white arrows indicate the formation
(F) and absence (G) of uncracked ligament bridges, a major toughening mechanism.

conclusion is in agreement with previous kinetic, histologic, and his-
tomorphometric studies, where a higher mineral content and/or sclerotic
changes have been reported in osteomalacic conditions in both humans
and animals (28, 30, 43).
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We suggest that local tissue aging is a
key cause of increased fracture risk in vi-
tamin D-deficient osteomalacia, con-
trary to previous beliefs that the increased
osteoid volume was the main contributor
associated with weakening of the bones.
In general, osteoclast precursors (bone-
resorbing cells) have been reported to at-
tach only to mineralized tissue (40), and
thus, the increased osteoid at the internal
bone surfaces (such as cancellous surfaces
and Haversian canals) may result in less
contact surface for osteoclasts to main-
tain the remodeling process. Tunneling
resorption has been previously observed
as an alternative pathway for osteoclasts
to remove calcified matrix from the in-
ner surface of osteoid, but this resorption
pattern has only been reported in severe
cases of osteomalacia (OS/BS > 60 to 80%)
(44) and was not observed in our study
group (mean OS/BS = 40%). Consequent-
ly, the bone within the osteoid frames
has the characteristics of higher tissue age
because it is largely excluded from the re-
modeling process. Frost has previously
proposed that in osteomalacia, the total
amount of bone-forming and mineraliz-
ing sites may actually be greater than in
normal bone, whereas the rate of miner-
alization of individual osteons is reduced
(45). Because those osteons mineralize
slowly, the increase in the number of simul-
taneously mineralizing osteons may be
so great as to actually increase the total
rate of mineralization (30, 45). In this
paradoxical situation, osteomalacia (de-
fective mineralization) is actually asso-
ciated with an increase in the rate of total
mineral deposited in the bones. This agrees
with the findings of Dempster and co-
workers (28), who showed that individu-
al mineralization clusters in the osteoid
and adjacent sites at the edge of mineral-
ized bone matrix were formed much ear-
lier than in normal conditions in the setting
of an osteomalacia model. Moreover, the
bone in rachitic/osteomalacic conditions
was found to be older and more highly min-
eralized than in control patients with nor-
mal vitamin D levels (28). Consequently,
bone-forming sites with lower mineral
content are absent in vitamin D deficien-
cy because of prolonged osteon life spans

and decreased osteoblast activity (45). Meanwhile, those osteons/bone
packets that are already mineralized continue to increase their mineral
content during secondary mineralization, leaving the tissue within the
osteoid frame with an effective higher tissue age. This change can be
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detected at the matrix level by FTIR analyses, where both the higher
amide I vibration and the cross-link ratio of vitamin D-deficient bone
indicate an aging collagen (20, 31, 36, 46). Likewise, in the mineral, we
found an increase in carbonate content, which is an essential pre-
requisite to reach a degree of mineralization (that is, increased Ca/P
ratio or increased Ca weight percent) greater than the normal apatitic
value (28). Thus, we find evidence that impaired remodeling asso-
ciated with vitamin D deficiency implies an advanced tissue age of
the mineral and collagen components of bone, which is also evident
in spatially resolved FTIR mappings (fig. S1).

Changes in toughness in normal compared to vitamin D-deficient
bone originate from morphological changes in structure that influence
how the material absorbs energy during deformation and subcritical
fracture. A decrease in initiation toughness results from a decrease in
the intrinsic resistance to fracture associated with structural changes at
the smallest dimensions. In particular, aging at the tissue level in vi-
tamin D-deficient bone restricts deformation at the submicrometer
scale, where bone primarily deforms because of fibrillar sliding (spe-
cifically, increased cross-linking in the collagen limits its deformabil-
ity) (17). This diminished plasticity in vitamin D-deficient bone leads
directly to a lower intrinsic toughness, identical to that seen with aged
human bone (16, 17). Porosity also increases with vitamin D deficien-
cy through an increase in Haversian canal size and osteocyte lacunar
volume. Although the influence of porosity on the crack path is diffi-
cult to determine, it may contribute to the deterioration in fracture tough-
ness in addition to the changes in mineralization. However, we believe
that tissue aging has a predominant effect on the bone’s ability to ab-
sorb energy by restricting its plasticity, as evidenced by the 31% de-
crease in crack initiation toughness in vitamin D-deficient bone with
surface osteoidosis. Additionally, at higher scales, the mechanisms that
toughen bone by altering the path of a growing crack are severely cur-
tailed in vitamin D-deficient bone. This alteration causes the bone to
break rather than split, and consequently degrades the crack growth
toughness of vitamin D-deficient bone by ~22%.

The study has a few limitations. First, because this study is based
on a cross-sectional design, we cannot follow the characteristics within
the same individual during periods of vitamin D deficiency or observe
the onset of vitamin D deficiency. Human bone tissue has an under-
lying wide intraindividual heterogeneity; therefore, the limited number
of samples may underrepresent the variety of specific bone tissue char-
acteristics. The external cortices taken from iliac crest bone cores were
small; larger samples would have allowed us to monitor crack growth
at longer crack extensions, where extrinsic crack wake effects have a
larger effect on the toughness. Additionally, in many clinical cases, the
effects of osteomalacia and osteoporosis can become inseparable and
reinforce each other; however, our control and study group showed
unchanged bone volume per tissue volume and an increased accumu-
lation of osteoid, which are both hallmarks of vitamin D deficiency.

In summary, we discovered a vicious circle: At first, a state of sec-
ondary hyperparathyroidism caused by vitamin D deficiency promotes
high bone turnover on mineralized surfaces; mineralized surfaces are
thus remodeled at high speed, but the newly deposited osteoid remains
unmineralized. As the ratio of osteoid surface per bone surface in-
creases, the corresponding bone surface that can participate in remod-
eling progressively decreases. Consequently, as the osteoid increases,
the calcium balance becomes more and more endangered, but the
tissue within the osteoid frame cannot be resorbed and thus is subject
to aging. Vitamin D deficiency thus creates a paradox. The mineral-
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ized tissue ages despite an endocrine state that promotes high turnover
and resorption of old bone. Because of the coating of the bone with
resorption-resistant osteoid, vitamin D deficiency causes aging of the
tissue and compromises its structural integrity and resistance to frac-
ture. Through the characterization of human bone samples, our study
reveals critical aspects of the pathophysiology of vitamin D deficiency.
In particular, the spatially resolved analyses of bone quality expand the
understanding of tissue-level characteristics of vitamin D deficiency
and their contribution to fracture risk. Well-balanced vitamin D levels
are essential to maintain bone’s structural integrity.

MATERIALS AND METHODS

Study design and cohort

A cohort of control and vitamin D-deficient samples was chosen from
a collection of Bordier bone cores taken at the Department of Forensic
Medicine, University Medical Center Hamburg-Eppendorf, Germany
(9, 47), for a multiscale characterization of bone quality through a suite
of experiments. This cross-sectional study was approved by the Med-
ical Association Ethics Committee of the State of Hamburg (OB-024/05)
and Lawrence Berkeley National Laboratory (BUA-120).

Subjects were, independent of sex (15 females and 15 males), ar-
ranged into two groups: Those with a 25(OH)D; serum concentration less
than 20 pg/liter (1, 22, 23) were dassified as vitamin D-deficient (n = 15),
whereas those with greater than 20 pg/liter were classified as normal (n =
15). Because all specimens were taken during full autopsy, all individuals
suffering from cancer, renal disease, primary hyperparathyroidism, and
Paget’s disease or showing any other circumstances, such as immobi-
lization or hospitalization, that could lead to secondary bone disease
were excluded from the study (9, 42). The different circumstances leading
to death were motor vehicle or train accidents, assaults, suicides, and oth-
er unnatural or unexpected causes. In all cases, bone specimens were ob-
tained within 48 hours of death to minimize the postmortem autolysis.

From this group of control and vitamin D-deficient samples, a co-
hort was chosen for mechanical property measurements. Sample size
was only selected to assess the primary endpoint, which was here the
fracture mechanics experiment. Previous data from fracture experi-
ments were used to estimate the number of samples needed to inves-
tigate toughness changes (31); a sample size of n = 10 was found to be
sufficient for the desired fracture mechanics tests in this study. Blind-
ing was not feasible for this study because of evident macroscopic dif-
ferences in the bone samples from the two study groups.

For the toughness measurements, all bone cores had to fulfill specific
requirements to create standardized samples with no damage or prep-
aration artifacts, to ensure a valid comparison. Thus, all samples (external
iliac crest cortices) used for this testing were required to have dimensions
of about 12 mm in length and larger than 1.3 mm in width to guarantee
a general accordance with the American Society for Testing and Materials
Standard ASTM E1820. In addition, only samples without preparation
artifacts or damage sustained during biopsy obtainment, grinding, cutting
procedures, etc., were used to avoid any nonbiological sources of error in
biomechanical testing. After these requirements were fulfilled, we iden-
tified 30 applicable samples (15 females and 15 males) for this study.

Laboratory analysis of 25-hydroxyvitamin D
Blood samples were taken on the day of the autopsy. The blood was
centrifuged the same day, and the collected serum was stored at —80°C
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for further analysis. Serum concentrations of 25(OH)D; were measured
for all cases at the Department of Clinical Chemistry, University Med-
ical Center Hamburg-Eppendorf, Germany, with a radioimmunoassay
(DiaSorin) with an interassay coefficient of variation between 8.2 and
11%. The limit of detection for this method is 1.5 mg/liter. Unlike
PTH or calcium, 25(0OH)D; was found to be stable for at least 10 days
postmortem (9).

Transiliac crest bone cores

The transiliac crest bone cores were taken at the standard site for bone
biopsies, 20 mm below the iliac crest and 20 mm behind the antero-
superior iliac spine, as initially described by Bordier et al. (48). The
samples consisted of outer and inner cortices and the intervening can-
cellous bone. Specimens were fixed in 3.7% formaldehyde for 3 days,
dehydrated, and embedded undecalcified in methyl methacrylate (9, 42).
The sections for histology and FTIR were removed with a rotation
microtome (microTec, Techno-Med GmbH) from the whole bone
core; then, one external cortex was removed with a saw for mechanical
testing and tomography.

Histology

After microtome preparations, 4-mm sections were stained with tolui-
dine blue, trichrome Goldner, and a combination of the von Kossa
and van Gieson methods, thereby staining mineralized bone matrix
black and nonmineralized osteoid red for 2D histomorphometry (9, 42).

2D histomorphometry

Histologic and histomorphometric analyses were performed on tra-
becular bone with a Zeiss microscope (Carl Zeiss Vision GmbH) and
the semiautomatic image-analyzing computer programs OsteoMeasure
(OsteoMetrics Inc.) and Bioquant (Bioquant Image Analysis Inc.)
according to the American Society for Bone and Mineral Research
guidelines (49).

3D histomorphometry by SRuCT

External cortical bone specimens from the Bordier bone cores were
assessed by microtomography. Regions of interest contained exclusive-
ly cortical bone without the subcortical compartment (50). SRuCT was
performed at the Advanced Light Source (ALS) (beamline 8.3.2) at the
Lawrence Berkeley National Laboratory on previously tested R curve
specimens to ensure that radiation damage did not affect the me-
chanical properties (19). The R curve tests were stopped before com-
plete failure of the samples such that the initiated crack path could be
preserved.

Stiff adhesive putty (3M 860 Adhesive Putty, 3M Corp.) was used
to position the samples upright onto a sample holder. Initial coarse
centering of the sample was achieved on an offline microscope-
assisted centering stage before placement on the microtomography
sample stage. Microtomography scans were conducted at 17 keV with
monochromatic x-rays from a four-crystal monochromator at a
minimum sample-to-detector distance of 50 mm and a 600-ms expo-
sure at a 1.8 um/pixel spatial resolution covering 3.8 mm of the sample’s
length centered around the crack path. The proximal sample-to-detector
distance reduced phase-contrast artifacts. Tomography slices were re-
constructed with Octopus (Octopus v8, IIC UGent) from 1440 expo-
sures acquired over 180° sample rotation in 0.125° angular increments
and visualized in Avizo 6.1 (Visualization Sciences Group Inc.). Re-
constructed 16-bit grayscale image data sets consisted of 2150 slices
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each with 1000 x 1000 pixels. Quantitative analyses of the morpholog-
ical features in the bone specimens were computed with the quantifi-
cation software package BoneJ (51) within the image analysis software
ImageJ (52). Before quantification in Bone], the data sets were pro-
cessed by masking the grayscale values of the sample background
and Haversian canal cavities and binarizing the data based on gray-
scale thresholds pertaining to osteocyte lacunae and Haversian canals,
respectively.

All external cortices were imaged with synchrotron microtomogra-
phy after mechanical testing. A roughly 0.5-mm® area around the
crack tip was used to obtain BMDD information on a 3D volume
from each bone sample. Grayscale values of the reconstructed data
set directly represented the x-ray mass attenuation coefficients, which
were converted to a weight percentage of calcium content at a given
spatial location within the 3D volume based on the following formula:

My = Et: VV[“m,i

where (1, is the mass attenuation (or absorption) coefficient and W; is
the weight fraction of the ith component in a multicomponent ma-
terial containing i constituent components. Quantitative measurements
of the BMDD of each specimen were determined from histograms
constructed with grayscale values of all the pixels enclosed in the min-
eralized bone volume, excluding the volumes occupied by osteocyte
lacunae and Haversian canals. Different parameters of BMDD were
determined from the 3D histogram data (21).

Raman spectroscopy

Coplanar polished external cortices were assessed by deep UV Raman
spectroscopy. The method has been previously published in detail
elsewhere (20). A continuous wave, intracavity-doubled argon ion la-
ser operating at 244 nm was used as the excitation source for the UV
Raman spectroscopy. To avoid damaging the cortical bone matrix, the
samples were kept spinning continuously, whereas the excitation
source had a ~500-pm spot on the sample surface. Reported data were
obtained at 30 cm™" instrument resolution. Spectral calibration was per-
formed with the known Raman line positions of cyclohexane. Five spectra
were acquired and averaged for each bone sample. A small linear
background was defined by the signal at 500 and 2000 cm™" and sub-
tracted. Spectra were normalized to the height of the CH, wag peak at
1460 cm™" and smoothed with a nine-point running average.

FTIR spectroscopy

FTIR spectroscopy was performed at the ALS (beamline 1.4.3) to
assess the degree of enzymatic cross-linking in the collagen and the
mineral characteristics (19). Because the bulk material is not suitable
for the FTIR technique, parallel 5-um-thick sections from the Bordier
bone cores were prepared for FTIR analysis in transmission mode.
These were embedded in polymethyl methacrylate (PMMA) and then
processed to undecalcified histological slices. The sections were left
unstained and fixed with dispersion binder on a custom-made alumi-
num sheet for microanalysis. All FTIR spectroscopy data were ob-
tained from three regions of interest within mineralized bone with a
conventional Globar IR source at the ALS. Image spectroscopy con-
sisted of a source, a sample handling unit, and a focal plane array detector
on an IR microscope. The recorded spectra were taken in transmission
mode with 128 scans and had a spectral resolution of 4 cm™' and a
spot size of <150 um. OMNIC software (Thermo Fischer Scientific)
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was used for data processing. After subtraction of PMMA, spectra were
curve-fit with a commercially available software package (PeakFit,
Systat Software). The initial position and type (Gaussian) of under-
lying bands were determined through second derivative and difference
spectroscopy. The following parameters (34, 36, 51) were calculated:
The cross-link ratio is the relative percent area ratio of two subbands
at 1660 and 1690 cm™; the carbonate-to-phosphate ratio (carbonate
substitution for phosphate in the mineral lattice) is defined as the ratio
of the integrated area of the carbonate peak (850 to 890 cm™) to the
phosphate area (900 to 1200 cm™'); the acid phosphate content
(marker of overall bone maturity) is the percent area ratio of the
1106 and 960 cm™" subbands; and the crystallinity (increased crystal
size and perfection) is the area ratio of phosphate subbands at 1030
and 1020 cm™.

Additionally, the synchrotron source at the ALS (beamline 5.4.1)
was used to collect a map of the FTIR spectra in regions of interest. A
15 x 15-um aperture was used to collect spectra at 5-um steps. The
recorded spectra were taken in transmission mode with 128 scans and
had a spectral resolution of 4 cm™". In the FTIR maps, an additional
parameter, termed “mineral maturity,” was assessed. The mineral ma-
turity is a parameter recently described by Farlay et al. as the ratio of
well-crystallized apatite to poorly crystallized apatite and defined as
the area ratio of the 1030 to 1110 cm™" subbands. The mineral matu-
rity is a measure of tissue age (35).

In situ fracture toughness testing

The external cortical bone was removed from the iliac crest human
bone cores with a low speed saw. The external cortices were then pol-
ished to their final dimensions with successive grit to a final polish
with 5-um diamond solution. A sharp micro-notch (representing
the worst-case flaw) was introduced into the rectangular sample with
a low-speed saw, such that the orientation of the osteons was perpen-
dicular to the notch. The root of the saw-cut notch was polished with
a razor blade that was irrigated with 0.5-um diamond solution to a
final reproducible crack tip radius of roughly 10 pm. The samples were
hydrated in 25°C Hanks’ balanced salt solution for at least 12 hours
before testing.

The hydrated biopsy samples were subjected to three-point
bending in a Gatan Microtest mechanical testing stage at a displace-
ment rate of 0.1 mm/min. The testing was performed in a Hitachi
S-4300SE/N environmental scanning electron microscope (Hitachi
America), such that crack propagation could be observed while simulta-
neously measuring the toughness. Images were taken during testing in
backscattered electron mode in a vacuum of 35 Pa and a voltage of 25 kV.

During testing, images were taken as the crack extended stably, and
the corresponding load value was recorded. In this way, the toughness
of the bone was measured as a function of crack extension (the crack
growth resistance or R curve), in general accordance with the Amer-
ican Society for Testing and Materials Standard ASTM E1820 (52).
The stress intensity was calculated as follows:

PS

= Wf(ai/W)

where P; and g; are the instantaneous applied load and crack length; S
is the length of the loading support span in three-point bending; B and
W are the sample thickness and width, respectively; and fla/W) is a
dimensionless function of crack size and sample geometry, which is
tabulated in the standard (52).

i
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Because crack deflection is a major toughening mechanism in this
orientation, the stress intensity values were corrected by the average
deflection angle in each specimen measured via 3D SRuCT. Thus,
the globally applied mode I stress intensity, K, was converted to the
local mode I, k;, and mode I, k,, stress intensities at the crack tip by
the following relationship for in-plane tilted cracks:

k] =day (G)Kl + alz(B)Kn
kz = dj (G)Kl + azz(e)K”

where a;(6) are mathematical functions dependent on the angle of
crack deflection, 0 (53). The local stress intensities were then con-
verted to an effective stress intensity by the following relationship:

Ker = /K + k3

The resulting R curve provides an assessment of the fracture
toughness in the presence of subcritical crack growth because it quan-
tifies the crack driving force, that is, the stress intensity K as a function
of crack extension (Aa). The value of K at Aa — 0 provides a measure
of the crack initiation toughness, K,, whereas the slope of the R curve
can be used to characterize the crack growth toughness.

The samples’ size is critical to the validity of the fracture mechanics
test. To determine whether plane strain conditions exist, the sample
thickness, B, should meet the condition B > 2.5 (K/oy)? where K is
the toughness of the material and oy is the yield stress. On the basis
of the average initiation toughness value measured here of roughly
0.72 MPaVm and the average yield stress of bone of around 100 MPa,
the thickness should be greater than 0.13 mm. Thus, the sample thick-
nesses ensured plane strain conditions.

For the K calculation to be valid, the in-plane sample dimensions
(that is, crack length and sample width) must be greater than the
plastic zone size, ry. For plane strain conditions, the plastic zone size
can be estimated as r, = 1/6 (K/Gy)z. For our case, the plastic zone size
is r, = 0.003 mm, which is a few orders of magnitude smaller than the
average width and the average crack length. This represents a condi-
tion of “small-scale yielding,” which implies that the K-field approach
to characterize the fracture toughness with these specimen sizes is
completely valid.

Statistical analysis

Results are presented as means + SEM. Statistical analysis was per-
formed with OriginPro 8 (OriginLab Inc.). To test for differences be-
tween the study groups, we used the unpaired two-sided ¢ test on the
normally distributed data. Normal distribution of the data was tested
with Kolmogorov-Smirnov test. P values <0.05 were considered sta-
tistically significant.

SUPPLEMENTARY MATERIALS
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Fig. S1. FTIR spectroscopy mapping.

Table S1. Characterization of study subjects.

Table S2. Histomorphometric assessment of static structure indices.

Table S3. Tomographic assessment of cortical structure.

Table S4. BMDD by SRuCT.

Table S5. Spectroscopic characterization of bone collagenous proteins and matrix
elements.

Table S6. Mechanical properties and nature of fracture in external iliac crest cortices.
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