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ABSTRACT: The biomineralization of bone remains a puzzle. During Haversian remodeling in the dense human cortical bone, 
osteoclasts excavate a tunnel that is then filled in by osteoblasts with layers of bone of varying fibril orientations, resulting in a 
lamellar motif. Such bone represents an excellent possibility to increase our understanding of bone as a material as well as bone 
biomineralization by studying spatio/temporal variations in the biomineral across an osteon. To this end, fluorescence computed 
tomography and diffraction scattering computed tomography with sub-micrometer resolution is applied to obtain position resolved 
fluorescence spectra and diffraction patterns in a 3D volume. The microstructural properties of the apatite biomineral are not homo-
geneous but depends critically on the time point at which it was laid down. This indicates that the nature of bone biomineral is highly 
dependent on the microenvironment during bone formation and remodeling. 
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Bone continues to puzzle researchers and remains far from 
understood due to its hierarchical, but complex architecture and 
the dynamic nature of bone imposed by the fact that it is a living 
biomineral replete with cells.1, 2, 3, 4, 5, 6, 7, 8, 9, 10 The main constit-
uents of bone are collagen fibrils, nano-crystalline and highly 
substituted hydroxyapatite and water.11 Additionally bone also 
contains a multitude of non-collagenous proteins and other or-
ganic molecules. The biogenic hydroxyapatite crystallizes in 
the hexagonal space group P63/m.12, 13 In humans and certain 
other animals, the dense cortical bone is remodeled by Haver-
sian remodeling to form osteons14 in a concerted process involv-
ing bone-degrading osteoclasts and bone-forming osteoblasts.15 
For unknown reasons, Haversian remodeling only occurs in 
some animals and, for example, not in rodents.5, 16, 17 During Ha-
versian remodeling, osteoclasts carve out a tunnel, which is con-
secutively filled in by osteoblasts with layers of bone with a 
winding pattern of mineralized collagen fibrils15, 18, 19 forming 
one after another from the outside inwards. This results in a 
pseudo-periodic modulation in mineral density and local stiff-
ness on the 1-10 µm scale.20 During bone formation, some os-
teoblasts are buried in the bone matrix to form the osteocyte 
lacuno-canalicular network.21, 22 The importance of Haversian 
remodeling is unclear. Osteonal bone is less stiff than the inter-
stitial bone laid down initially and several theories have been 
proposed to explain why some animal species form osteons 
while others do not.5, 23, 24 Osteons are predominantly oriented 
parallel to the bone long axis contributing to the highly aniso-
tropic macro-mechanical properties of the whole bone.25, 26, 27, 28  

It remains unclear how cellular control over biomineral for-
mation occurs, for example, how does the physico-chemical mi-
lieu at the time of biomineralization influence the forming bio-
mineral? Since osteoblasts form consecutive layers of material 
from the outside in during osteon formation, we hypothesized 
that the spatio/temporal variations in bone biomineralization 
can be followed by mapping bone biomineral structure across 
an osteon using X-ray diffraction and fluorescence. To this end, 
a resolution better than one lamella, about 1 µm, in three dimen-
sions is needed. For 2D mapping, such experiments would re-
quire equally thin specimens that are difficult to produce and 
give extremely low diffraction signals. Therefore, we employed 
fluorescence computed tomography (XRF-CT)29, 30 and diffrac-
tion scattering computed tomography (DSCT)31, 32, 33, 34, 35, 36 
with a sub-micron X-ray beam to enable measurement of X-ray 
fluorescence spectra and powder diffraction patterns, respec-
tively, within a human osteon in 3D. This revealed that bone 
biomineral crystallographic properties such as lattice parame-
ters, crystallite size, and local disorder depend on where/when 
in the osteon mineralization process the biomineral was formed. 

 
RESULTS AND DISCUSSION 

We measured XRF-CT and DSCT in two separate experiments 
with a 400 nm diameter X-ray beam at 16.5 keV (see Methods 
section for details). Fluorescence was measured on a thin (~30 
µm) approximately octagonal rod cut perpendicular to the os-
teon central canal, while the diffraction data were collected on 
a ~130 µm diameter pseudo-octagonal rod parallel to the osteon 
axis, see Figure 1A. The obtained fluorescence/diffraction sig-
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nals were reconstructed tomographically to obtain 3D distribu-
tions of fluorescence intensities and powder diffractograms, re-
spectively.31, 33, 34, 35, 37, 38, 39 Both experiments were conducted 
with (400 nm)3 voxel size. The fluorescence experiment cov-
ered a 46×46×126 µm3 volume (>4.2 million voxels), while the 
diffraction experiment covered 26 consecutive layers resulting 
in a total measured volume of 150×150×10.4 µm3 (>3.6 million 
voxels). 

Figures 1B-E show the main XRF-CT results. The recon-
structed Ca fluorescence intensity (Figure 1B) reveals the pres-
ence of osteocyte void spaces (lacunae) and cellular connec-
tions (canaliculi), which are rendered in 3D in Figure 1D. The 
cellular connections are only a few hundred nm wide,21, 40, 41 in-
dicating that indeed sub-micrometer resolution was achieved. 
As quantified in Figure 1E, the Ca concentration was higher 
close to the osteon central canal than in the major part of the 
osteon. It was also higher in surrounding bone (interstitial bone) 
with a clear transition at the cement line outlining the osteon 
that was even sharper when mapping fluorescence as a function 
of distance from the cement line (Figure S1, Supporting Infor-
mation). This difference reflects that the osteon does not have 
concentric circular symmetry (see below). The higher levels of 
Ca in interstitial than in osteonal bone, corresponding to  a 
higher degree of mineralization  is well-established.42 The in-
crease in Ca levels in interstitial bone is accompanied by an 
even larger relative increase in Sr levels (Figure 1B, E, S1A-B), 
which is in correspondence with 2D X-ray fluorescence studies 
showing that the concentration of Sr increases with increasing 
mineralization.43 That study also showed that Sr is heterogene-
ously accumulated among different structural units in bone.43 
The small increase in the Sr levels inside the particular osteon 
investigated in the present study approximately halfway be-
tween the central canal and the cement line suggests a hetero-
geneous uptake of Sr even within structural units. When bone 
is treated with Sr-containing drugs, Sr is incorporated into bone 

nanocrystals.44, 45, 46 The local Sr levels are thus likely a testa-
ment of the chemical composition of the mineralizing medium 
during bone formation. 

The diffraction data were analyzed by Rietveld refinement of 
each of the over 3.6 million reconstructed diffraction patterns 
(Supporting Information),47, 48, 49 which is almost two times 
more than the previous largest DSCT Rietveld scheme50 but 
with a >60 times smaller beam.  A simplified Rietveld model 
incorporating the amount of crystalline material (scale factor), 
a varying background signal, apatite lattice constants, peak full 
width half maximum (FWHM) parameters corresponding to 
needle shaped nanocrystals, and an average atomic displace-
ment parameter, Uiso, that describes the combined effect of av-
erage atomic thermal motion and disorder in the apatite lattice. 
Examples of fitted data are shown in Figure S2. 

 Note that the diffraction experiment provides information 
about the average structure in each voxel, and the parameters 
extracted such as the lattice parameters thus also represent an 
average. Variations in lattice parameters across the recon-
structed 3D volume are expected to mostly arise from differ-
ences in chemical substitutions, but it is exceedingly difficult to 
predict how in the heavily substituted bone apatite,13, 51, 52 and, 
but to a smaller extent, due to macro-strain effects from tightly 
bound or occluded biomolecules.53, 54 The width of diffraction 
peaks is determined by crystallite size and micro-strain fluctua-
tion effects as well as instrumental effects.55 The latter do not 
depend on position so any changes seen across the sample must 
stem from the finite size of the crystallites, with increasing 
broadening with decreasing crystallite size, or micro-strain fluc-
tuation effects. Micro-strain fluctuations arises from variations 
in lattice parameters within a coherently scattering crystallite 
opposed to macro-strain that arises from variations in the aver-
age lattice parameters between crystallites. The former thus 
causes peak broadening, while the latter results in a peak shift. 
Due to the hexagonal symmetry of biogenic HAP (a = b)12, 13 it 

 

 

Figure 1. (A) Sketch of osteonal bone showing how the samples were oriented, (B) and (C) Reconstructed Ca (B) and Sr (C) fluorescence 
intensities in two orthogonal slices through the 3D volume. O indicates osteonal bone, C indicates position of cement line, and I indicates 
interstitial bone.  (D) 3D rendering of Ca void space showing lacunae and canalicular extrusions, (E) Ca (green) and Sr (yellow) intensity as 
a function of distance from the osteon canal relative to mean fluorescence intensity inside the osteon. All scale bars are 10 µm. 
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is not possible to distinguish peak broadening arising from size 
or micro-strain effects along the a and b directions in powder 
diffraction, thus imposing the assumption of needle shaped 
crystals; the broadening determined in the a,b-plane is therefore 
a weighted average of the broadening along these axes and it is 
not possible to establish whether crystals are in fact needle or 
platelet shaped. The average atomic displacement parameter, 
Uiso, describes a combination of several effects of ‘disorder’, 
both static and temperature dependent dynamic ones.56, 57 We 
used a single overall parameter to describe the combined aver-
age effect on all atoms. In the present study, we expect that con-
tributions from thermal vibrations are to first order the same 
throughout the bone sample, whereas the level and type of de-
fects and substitutions as well as the mineral interaction with 
the organic matrix might vary and are therefore most likely to 
be the main contributors to spatial variations in Uiso.  

The distribution of the scale factor, i.e. the amount of crystal-
line material, in a single layer in the middle of the measured 
volume is shown in Figure 2A with a 3D rendering of the whole 
measured volume in Figure 2B. Weak pseudo-periodic varia-
tions radiating from the osteon central canal as well as an ele-
vated scale factor close to the canal show that the degree of min-
eralization varies with distance from the blood vessel. The z-
averaged scale factor, i.e. the average of the scale factor along 
the osteon long axis (Figure 2C), retains these features showing 
that they are preserved from layer to layer over the 10.4 µm high 
volume. The variation between layers (Figure 2D) shows simi-
lar features to the z-averaged scale factor because of minute 
drifts in the position of lamellae along z.  Additionally, in-
creased variation along sample, lacunar and canalicular edges 
are observed due to their localized nature. This interlayer vari-
ation can stem from (1) the precision of the data, (2) edge ef-
fects, e.g. around osteocyte lacunae, and (3) biological variation 
between layers. The variation between layers (the average of the 
standard deviation along z) is compared to the in-layer variation 
(the average of the standard deviations of each layer) and the 
overall variation (the standard deviation of the entire measured 
 

 

Figure 2. Amount of crystalline material. (A) Scale factor in a mid-
dle layer of the measured volume, (B) 3D rendering of scale factor 
with 3D rendering of void space superimposed, (C) z-averaged 
scale factor, (D) Standard deviation of scale factor between layers. 
Color bar = 0-3.5×10-5 a.u. All scale bars are 20 µm 

volume) in Table S1. The between-layer variation is smaller 
than both the total variation and the in-layer variation showing 
that the scale factor is pseudo-uniform along the osteon axis. 
Other crystallographic properties such as atomic displacement 
parameter (Uiso) and diffraction peak widths also display lower 
between-layer variation (Figure S3B-G) compared to both the 
total and in-layer variation (Table S1). This continuity in the 
nanocrystal properties along the osteon axis demonstrates that 
the mineralization conditions are relatively constant along the 
forming osteon long axis over a distance of at least 10.4 µm at 
all stages of bone growth. This height corresponds roughly to 
the diameter of an osteoblast.15  

Figure 3A-G show z-averaged values of the crystallographic 
parameters along with their dependence on distance to the os-
teon central canal. Banding and/or pseudo-periodic variation ra-
diating from the central canal is observed in several of the pa-
rameters, most prominently the scale factor (Figure 3A) and Uiso 
(Figure 3B) that have similar periods of ~5 µm. Both the 
amount of crystalline material and the local disorder in the crys-
tals thus vary with a period that matches the reported lamellar 
thickness of 3-7 µm in osteons.19, 58 The scale factor and Uiso 
correlate positively (Figure 3H) with a Pearson correlation co-
efficient of 0.60 showing that the crystals are more disordered 
in places with a  high degree of mineralization. The observed 
periodic variation in the amount of crystalline material (scale 
factor) is in agreement with the work by Gupta et al. showing 
lamellar level modulation of both mineral content and mechan-
ical properties.20 The observed banding of the scale factor and 
Uiso is not concentric about the osteon central canal, which ex-
plains why the periodicity is smeared out for distances larger 
than ~40 µm. Consequently, the bone remodeling event result-
ing in the investigated osteon must either have been initiated by 
osteoclasts drilling out a non-circular channel, or the rate of 
bone deposition by osteoblasts was not preserved along the 
edge of the osteon. Several structural parameters, e.g. the scale 
factor and  Uiso exhibit some banding in the standard deviation 
between measured layers (Figure S3A and B, respectively), be-
cause of small drifts in the position of lamellae along the osteon 
axis or small local variations in the material laid down at the 
same time.  

The bone close to the osteon central canal contains crystals 
that are fundamentally different from the crystals in the remain-
der of the osteon as evidenced by all the extracted crystal pa-
rameters. To guide the eye, a white dashed line in the distance 
plots (Figure 3) marks a distance of 12.3 µm from the canal. 
High scale factor values close to the osteon central canal match 
the increased Ca levels in the region of the sample investigated 
by XRF-CT suggesting that the canal-associated region in oste-
ons is generally more highly mineralized compared to non-ca-
nal-associated osteonal bone. Uiso also shows a distinct band of 
lower values near the osteon central canal corresponding to a 
lower degree of crystal disorder.  

Figure 3C and D show unit cell c/a and unit cell volume, re-
spectively. Both values are lower in the region near the central 
canal, implicating a shortened unit cell c-axis. Differences in 
unit cell volumes are usually associated with differences in 
chemical composition in solid solutions like the heavily substi-
tuted bioapatite. The fact that bands of constant unit cell vol-
umes are observed, especially close to the canal, suggests that 
the composition of the mineral was constant during the for-
mation of each band. The mineral in the bone close to the osteon 
central canal is thus differently substituted compared to mineral 
located further away from the canal.  



4 

Differences in diffraction peak widths are associated with ef-
fects of both crystallite size and micro-strain fluctuations. The 
broader the peak, the smaller and/or more strained the crystal-
lites.55 Here, we do not separate the two effects, but report the 
FWHM (Γ) of diffraction peaks broadened by size/strain along 
the a (b) and c axes in Figure 3E and F, respectively. Peak 
broadening from both directions increases close to the osteon 
central canal reflecting that the crystallites in this region are 

smaller and/or more strained compared to the crystallites lo-
cated further away from the canal. This could indicate that the 
more recently formed crystals near the canal are still growing, 
but could also be a result of altered matrix composition in this 
region of bone (see below) that may affect how the crystallites 
are strained.53, 54 Both Γa,b and Γc display distinct banding 
around the canal, but are not spatially correlated. However, 
there is a spatial correlation between the bands with high values 
of Γa,b or Γc and the regions of high inter-layer variation along 

 

Figure 3. Maps of z-averaged crystallographic parameters and their development as a function of distance to the osteon canal (white dashed 
line marking 12.3 µm). (A) Scale factor, (B) Uiso, (C) Unit cell c/a, (D) Unit cell V, (E) peak FWHM along the a (b) axis (Γa,b ), (F) peak 
FWHM along the c axis (Γc), (G) Integrated background signal (Int. Background) including dependence on distance to the nearest lacunar 
surface with the white dotted line marking the approximate transition between osteocyte associated bone matrix and "normal“ bone matrix, 
(H) Correlation between Uiso and scale factor: data points (gray dots), linear fit with Pearson correlation coefficient of ρ = 0.60 (solid white 
line) and 95 % prediction intervals (dotted white lines). Color bar is the same as in Figure 2 with the range for the individual parameter 
matching the y-axes in the distance plots. All scale bars are 20 µm 
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the osteon axis (up to 15% and 25% in Γa,b and Γc, respectively) 
(Figure S3E and F). This speaks to a local variation in the bone 
material when layers of bone are laid down in the forming os-
teon. Note that the model assumes that the crystals are needle 
shaped, as it is not possible to distinguish differences along the 
a and b axes due to the hexagonal symmetry of apatite. Any 
differences in the real a and b axes will thus be averaged. Much 
debate exist on this matter, some studies indicating needle 
shaped crystals59, 60, 61 and others plate shaped crystals,62, 63 with 
recent results suggesting that the mineral particles are plate 
shaped aggregates of needle shaped crystals.1 We stress that the 
present data cannot distinguish between the possible morphol-
ogies due to the hexagonal symmetry of apatite. Nevertheless 
the conclusions made above remain  valid irrespective of the 
actual crystallite shape. 

The integrated scattering background of the diffraction data 
can be used as a proxy for the distribution of organic or amor-
phous matter (Figure 3G). A clear band is seen in the canal-
associated part of the osteon. In addition, volumes of lower in-
tegrated background signal surround the osteocyte lacunae with 
the integrated background increasing gradually with distance 
from the lacunar surface (Figure 3G). This signifies that the 
bone matrix closely associated with the cellular network is dif-
ferent compared to “normal” bone matrix.11, 64 By linear fitting 
of the two regions observed in the plot, we find that this effect 
extends approximately 8.3 µm from the lacunar surface indicat-
ing that osteocyte associated bone matrix makes up a significant 
fraction of the total bone volume. Bach-Gansmo et al. deter-
mined mean lacunar volumes and densities in human iliac crest 
cortical bone in men of 549 µm3 and 15.2×103 mm-3, respec-
tively,65 which corresponds to less than 1% lacunar porosity of 
the bone volume (V/V). However, the fraction of bone matrix 
affected by the osteocytes is large: approximating the lacunae 
as spheres and adding the 8.3 µm lacuna-associated bone to the 
lacunar radius indicates that 15% of the bone volume is affected 
by osteocyte lacunae. Furthermore, shadows reminiscent of 
canaliculi can be seen in the inter-layer variation of the back-
ground and scale factor along the osteon axis (Figure S3G) be-
cause the canaliculi, a few hundred nanometers in diameter, will 
only intersect a few layers in the same in-plane position of the 
measured volume. They will give rise to lower diffraction/back-
ground signals compared to mineralized bone material and thus 
an increased inter-layer variation in the scale factor and back-
ground, respectively. 

To investigate the generality of the above observations, crys-
tallographic information of additional osteons was collected by 
2D scanning of a large area of a ~25 µm thick bone slice. The 
results of Rietveld analysis on this 2D section are shown in Fig-
ure S4 and discussed in the supporting information. 

The present findings of varying biomineral characteristics in 
osteonal bone suggest local variations in the biomineralization 
process. Several factors are known to influence and control the 
mineralization of bone such as non-collagenous proteins,66, 67 
polysaccharides, and citrate.68  In situ and ex situ characteriza-
tion of apatite crystallization has shown that nano-crystalline 
apatite can form from a citrate-amorphous calcium phosphate 
precursor during desorption of citrate,47, 69, 70 while solid-state 
NMR studies revealed that mineral platelet particles in bone are 
separated by citrate bridges71, 72 and/or polysaccharides.68, 73 The 
presence of a zone around the osteon central canal with different 
biomineral crystallographic properties may be related to the in-
creased presence of non-collagenous protein fragments that are 
rich in the ASARM motif, e.g. osteopontin. These proteins are 

inhibitors of apatite formation in vitro while their roles in vivo 
remain incompletely understood.74 Their presence may stabilize 
metastable states during crystallization.75 Knockout of osteo-
pontin results in increased degrees of mineralization and crys-
tallinity but not to macroscopic skeletal deformities.76 Osteo-
pontin is localized at mineralization foci during early stages of 
biomineralization77 and breakdown of osteopontin and similar 
proteins is an important step in the mineralization of especially 
perilacunar, pericanalicular and peri-canal bone. This process is 
regulated by PHEX and defects therein results in crosslinked 
hypophosphatemia.64, 78 When PHEX is inactive, unmineralized 
halos appear, indicating that breakdown of osteopontin, and 
thus mineralization inhibiting properties, is an essential step in 
biomineralization of these compartments. The lower diffraction 
background signal around osteocyte lacunae observed herein 
reflects that the composition of the non-crystalline bone matrix 
is indeed different in the osteocyte-associated bone. The signif-
icant changes in mineral microstructure with smaller crystallite 
sizes around the blood vessel, is consistent with crystallite 
growth inhibition by ASARM (e.g. osteopontin) protein frag-
ments of the forming crystals. Crystallite growth inhibition 
would result in smaller crystals while the total amount of crys-
talline material will be dependent on multiple factors including 
the overall Ca-influx during the crystallization process.  This 
reflects that bone biomineralization is locally controlled by the 
expression of proteins and is the first testament of this local con-
trol on the formed biomineral. 

 
CONCLUSIONS 
 In conclusion, we used XRF-CT and DSCT to reveal spa-

tio/temporal variations in bone biomineralization. During Ha-
versian remodeling a tunnel is carved out by osteoclasts, and 
osteoblasts subsequently fill in the tunnel with layers of bone18, 

19 resulting in a lamellar motif. As the bone is then mineralized, 
it is commonly believed that the crystallographic c-axis will 
conform to the orientation of the fibrils,79 but that the bio-
mineral is otherwise the same throughout the bone. Here, we 
have shown, however, that the nature of the mineral varies 
across the osteon in terms of crystal composition, disorder, and 
crystallite size and/or microstrain. Surprisingly, this variation is 
not stochastic but occurs in bands corresponding to layers of 
bone laid down at the same point in time. Hence, it is likely that 
the variation observed is a reflection of the microenvironment 
during bone mineralization and that the processing of minerali-
zation controlling proteins are reflected in the local biomineral 
properties. Bone biomineral thus varies in crystallographic and 
chemical properties dependent on the local environment during 
bone remodeling.  

 
METHODS 

Sample preparation. Samples of osteonal bone were taken 
near the mid-diaphysis of a human femur from a young male 
donor. To ensure that fluorescence signals were not affected by 
sample self-absorption and that diffraction signals were suffi-
ciently intense, two samples were made (Figure 1A): One bone 
rod was prepared for DSCT (the XRD sample) and one for flu-
orescence tomography (the XRF sample). Both rods were made 
from bone cross sections cut perpendicular to the bone long axis 
and polished to a thickness of ~80 µm for the XRD sample and 
~30 µm for the XRF sample by dry manual polishing using fine 
grain (5 µm) polishing paper. The XRD rod was cut with a 
standard razor blade from a suitable osteon to obtain an 80 µm 
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high octagon with one of the sides coinciding with the osteon 
central canal and a diameter of ~130 µm corresponding approx-
imately to the osteon radius (Figure 1A). The XRF sample was 
prepared from another suitable osteon by a combination of razor 
blade cutting and focused ion beam milling (Versa 3D, FEI, 
Eindhoven, the Netherlands). This resulted in an octagonal rod 
with a diagonal of ~30 µm and a length of ~120 µm starting 
from the osteon central canal (Figure 1A). In addition, a thin 
bone section was prepared for 2D scans with a thickness of ~25 
µm.  

Data collection. Transmission X-ray diffraction and X-ray 
fluorescence datasets were collected at the hard x-ray micro 
probe endstation of the P06 beamline at PETRA-III, DESY, 
Hamburg, Germany.80, 81 The X-ray energy was selected as 16.5 
keV and Kirkpatrick-Baez mirrors were used to focus the beam 
to 400×400 nm2. The fluorescence signal was recorded with a 
Maia 384-C X-ray fluorescence detector placed ~1 mm up-
stream of the sample with an exposure time of 15 ms.82 The dif-
fraction signal was recorded in the q-range from 4.7 – 52.0 nm-

1 with an Eiger 4M detector (Dectris, Baden-Daettwill, Switzer-
land) placed 13.3 cm downstream from the sample and with an 
exposure time of 50 ms. The sample-to-detector distance and 
detector tilt of the diffraction detector were calibrated with a 
LaB6 standard sample. 2D projections were built by translation 
of the samples through the beam in steps of 400 nm to cover an 
area of 46 µm × 126 µm (horizontal × vertical) for the XRF 
sample and an area of 150 µm × 10.4 µm (horizontal × vertical) 
for the XRD sample including air on both sides of the samples. 
Full tomographic datasets were assembled by repeating the 
translational pattern for a number of viewing angles in a se-
quence determined by the golden angle method.83 For the XRF 
sample, 104 projections were measured resulting in a total of 
>3.8 million fluorescence spectra, and for the XRD sample, 270 
projections were measured resulting in a total of >2.6 million 
diffraction patterns. Additionally, 2D XRD maps covering sev-
eral osteons were measured on a thin bone slice mounted with 
the bone long axis parallel to the beam. 

Reconstruction. The fluorescence spectra were fitted with the 
GeoPIXE-software package (CSIRO, c/o CMSE, Clayton VIC, 
Australia)84, 85 followed by individual reconstruction of the fit-
ted intensity of each element of interest using filtered back pro-
jection with a Hann filter. Prior to reconstruction, the 2D detec-
tor images of the diffraction rings were convoluted with a 2D 
Gaussian filter to reduce detector discretization induced noise 
and azimuthally integrated into 1D diffractograms using in 
house Matlab scripts (R2017b, MathWorks, Natick, MA). A re-
construction was performed in each 2θ bin using filtered back 
projection with a Hann filter to obtain a full diffractogram in 
every volume element from within the sample (> 3.6 million 
voxels). 

Rietveld refinements. The resulting position resolved diffrac-
tograms were Rietveld refined individually in the software Mul-
tiRef,47, 48, 49 which is a Matlab interface to GSAS86 that allows 
setting up automatic refinements in an intelligent way. MultiRef 
runs several refinement passes across vast datasets with the 
model being updated automatically according to user settings 
between each refinement pass based on the results of the previ-
ous run. The same starting model was used in all points based 
on manual refinement of a representative data point starting 
from a HAP model. The refinements were set up in five passes, 
each one adding more complexity to the model. In the first pass, 
only the scale factor and the background coefficients were re-

fined using a six coefficients Chebyshev polynomial descrip-
tion of the background. For the second pass, only voxels likely 
to contain HAP, as evaluated by the level of the scale factor 
compared to the estimated standard deviation of the scale factor, 
were included. In this pass, preferred orientation described by a 
10th order spherical harmonics function was added to the model 
and refined. In the third pass, the lattice parameters were al-
lowed to vary. Voxels containing HAP, as evaluated by the size 
of the scale factor, were refined in a 4th cycle where refinement 
of profile parameters were added to the model and the refine-
ment stabilized by Marquardt dampening. The peak profiles 
were modelled by a pseudo-Voigt profile function including a 
Lorentzian strain broadening parameter and two parameters de-
scribing the anisotropic crystal shape of HAP in bone that was 
taken to be needle shaped with the c-axis being the anisotropic 
axis. Atomic displacement parameters (Uiso) were added in the 
last refinements pass with the constraint that their magnitude 
should be equal for all atoms. 

Data analysis. All results were evaluated as a function of dis-
tance to the osteon central canal by calculating the distance 
transform to the canal surface. This was done in 3D for the re-
constructed fluorescence signals, while the distance transform 
was calculated for each layer separately for the XRD sample. 
The canal surface outside of the XRD sample was estimated in 
each layer with a circle fitted to the measured part of the surface. 
The distance binning was kept equal to the voxel size, i.e. 400 
nm. The crystallographic parameters were additionally evalu-
ated as a function of the distance to the nearest lacuna surface. 
Correlations between crystallographic parameters were 
checked to test that the level of freedom in the applied Rietveld 
model was appropriate.  
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