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Abstract. Callus formation is a critical step for successful fracture healing. Little is known about the molecular
composition and mineral structure of the newly formed tissue in the callus. The aim was to evaluate the feasibility
of small angle x-ray scattering (SAXS) to assess mineral structure of callus and cortical bone and if it could
provide complementary information with the compositional analyses from Fourier transform infrared (FTIR)
microspectroscopy. Femurs of 12 male Sprague–Dawley rats at 9 weeks of age were fractured and fixed
with an intramedullary 1.1 mm K-wire. Fractures were treated with the combinations of bone morphogenetic
protein-7 and/or zoledronate. Rats were sacrificed after 6 weeks and both femurs were prepared for FTIR
and SAXS analysis. Significant differences were found in the molecular composition and mineral structure
between the fracture callus, fracture cortex, and control cortex. The degree of mineralization, collagen maturity,
and degree of orientation of the mineral plates were lower in the callus tissue than in the cortices. The results
indicate the feasibility of SAXS in the investigation of mineral structure of bone fracture callus and provide com-
plementary information with the composition analyzed with FTIR. Moreover, this study contributes to the limited
FTIR and SAXS data in the field. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.19.2.025003]
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1 Introduction
Callus formation is a critical step for successful fracture
healing.1 About 5% to 10% of all fractures suffer from delayed
healing or lead to a nonunion.2 Bone morphogenetic proteins
(BMPs) increase callus formation3 and have been shown to
be valuable in the treatment of fracture nonunions. BMPs,
however, increase the speed of remodeling and thereby also
induce resorption via the RANK pathway. On the other hand,
bisphosphonates can be used to reduce the resorption of bone
as they inhibit the osteoclast activity.4 These manipulations of
the modeling and remodeling may alter the quality of the form-
ing bone. To date, very little is known about the effect of BMPs
and bisphosphonates on the molecular composition and mineral
structure of the callus.

Fourier transform infrared (FTIR) microspectroscopy and
small angle x-ray scattering (SAXS) can be used to evaluate
the molecular composition and mineral structure, respectively,
of trabecular5–9 and cortical bone.5,10–13 However, the composi-
tion and mineral structure of the callus tissue during fracture
healing has received little attention.14–16

Each molecular structure has its own specific IR absorption
spectrum. When coupled to a microscope, FTIR imaging micro-
spectroscopy provides a tool for fast measurements of the spatial
composition of bone.10,17,18 Several compositional parameters
can be calculated from the bone IR spectra, e.g., degree of

mineralization, carbonate substitution, collagen maturity, crys-
tallinity, and acid phosphate substitution (APS).19–22

In SAXS, a sample is irradiated by a narrow well-collimated
x-ray beam and the intensity of x-rays scattered by the sample at
small angles is measured. In bone, the scattering is related to
bone mineral structure, i.e., the spatial arrangement of mineral
crystals and collagen fibrils. When coupled with an automated
scanning stage, spatial maps can be recorded where each pixel
contains a two-dimensional (2-D) scattering pattern.13 Several
parameters can be determined from the scattering pattern of
bone, e.g., the mineral plate thickness, predominant orientation,
and degree of orientation.8,13,23,24 Spatial distributions of these
parameters provide a good insight to the variation in mineral
structure in cortical bone and newly formed callus tissue.
Different methods have been used to determine the mineral
plate thickness. Fratzl et al. proposed a method in which a min-
eral phase fraction of 50% is assumed.8,23,24 This assumption
might not be valid for, e.g., newly formed bone where the degree
of mineralization may vary substantially. Another approach
introduced by Bünger et al. evaluates the mineral plate thickness
through an iterative curve fitting method where no assumptions
of the mineral phase fraction are needed.13 The latter was used in
this study.

This study used FTIR imaging microspectroscopy and scan-
ning SAXS to assess the molecular composition and mineral
structure of newly formed callus tissue, the adjacent cortical
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bone, and the nonfractured contralateral cortical bone, during
long bone fracture healing in a rat nonunion model. The first
aim was to evaluate the feasibility of SAXS to assess the mineral
structure of callus tissue and if it could provide complementary
information to the compositional analyses from FTIR. The
subsequent aim was to study the differences in molecular com-
position and mineral structure among fracture callus, fracture
cortex, and control cortex.

2 Materials and Methods

2.1 Experimental Overview

Twelve male Sprague–Dawley rats at 9 weeks of age were
anaesthetized with ketamine HCl (75 mg∕mL, Parnell
Laboratories, Roseberry, Australia) and xylazine (10 mg∕mL,
Ilium, Smithfield, Australia).25,26 The right femurs of the rats
were osteotomized, stripped of periosteum and muscle, and
fixed with an intramedullary 1.1 mm Kirschner wire. BMP-7
was placed locally around the fracture and zoledronate (ZO)
or saline (NaCl) was injected after 2 weeks. Thus, four groups
were created (A) NaCl, (B) BMP-7þ NaCl, (C) BMP-7þ ZO,
and (D) ZO. After the operation, the rats received subcutaneous
physiologic saline and buprenorphine (Temgesic, Reckitt and
Colemann, Hull, UK) at 0.05 mg∕kg twice a day. Rats were
sacrificed after 6 weeks and both femurs, fractured (right),
and control (left) were stripped of the soft tissue, defatted,
and dehydrated in ascending series of ethanol solutions and
embedded in polymethylmethacrylate (PMMA). The experi-
mental protocol was approved by the local animal ethics com-
mittee. The experimental model results in 52% nonunions when
the femur is left untreated.25

2.2 Imaging of Callus Size

The femurs from the fracture side were imaged with a micro-CT
system (Skyscan 1172, Aartselaar, Belgium) to visualize the
fracture callus and cortex in each animal (Fig. 1). Images
were acquired with an isotropic voxel size of 36 μm using
100 kV, 100 μAwith a 0.5 mm aluminum filter, and 10 repeated
scans. Image reconstruction was performed (NRecon, Skyscan,
v. 1.5.1.4) by correcting for ring artifacts and beam hardening.
Following reconstruction, the individual fracture lines were
identified by simultaneously viewing multiple orthogonal slices
(DataViewer, Skyscan, v. 1.4). The data were used to qualita-
tively assess and evaluate the status of healing of the fractures
and the size of the calluses.

2.3 Small Angle x-ray Scattering

From the PMMA embedded specimens, 300 μm sections were
sawed (EXAKT 400 CS, Cutting Grinding System, Hamburg,
Germany). Two samples from each treatment group and one sec-
tion from each sample were measured and analyzed. SAXS mea-
surements were conducted at the I911-SAXS beamline at the
1.5 GeV ring (MAX II) of the MAX IV Laboratory (Lund
University, Lund, Sweden).27 The wavelength of the monochro-
matic radiation obtained from a Si(111) crystal was 0.91 Å and
the size of the collimated synchrotron x-ray beam at the sample
position was approximately 0.2 × 0.2 mm2. The used detector
was a MarCCD (Rayonix, L.L.C.) with a 165 mm active area
and 79 μmpixel size. It was placed at 1911 mmbehind the sample
and the exposure time to collect each SAXS pattern was 5 s.
The q-range measured at each measurement point was 0.01 to
0.30 Å−1. Bone sections were mounted in a sample holder
which was placed in a motorized x − y scanning stage to map
the sample with a step size of 0.2 mm in both directions.
About 23 mm2 areas of the sections including the fracture callus
and cortex and 10 mm2 areas of the control cortex were measured
[Fig. 2(b)].

From the anisotropic (noncircular symmetric) 2-D SAXS
intensity pattern, Iðq; θÞ, the size, shape, and orientation of the
mineral crystals were analyzed for each measurement point
[Fig. 3(a)]. Analysis of SAXS data were done by averaging the
scattering pattern over 360 deg azimuthal range8,13,23,24 after
masking of the beamstop and the area outside the detector
[Fig. 3(a)]. This results in a one-dimensional (1-D) scattering pat-
tern IðqÞ. From this pattern, themineral plate thicknesswas evalu-
ated following the approach suggested by Bünger et al.13 Shortly,
it is based on a curve fitting where the mineral crystals are
assumed to be plates with a finite thickness, T, in 1-D and infinite
size in the other 2-D. The scattering from one plate is

PðqÞ ¼ 1

q2

�
�
�
�
sinðqT∕2Þ
qT∕2

�
�
�
�
2

. (1)

Here, q ¼ ð4π∕λÞ sin fθ∕2g is the scattering vector magni-
tude, where λ is the x-ray wave length and θ is the scattering
angle. The variation of the thickness of the mineral plates is
taken into account by assuming that the thickness variation fol-
lows a Schultz–Zimm distribution DðT; TavÞ. The average scat-
tering then reads

PavðqÞ ¼
R
∞
0 T2PðqÞDðT; TavÞdTR

∞
0 T2DðT; TavÞdT

: (2)

Equation (1) represents the single particle scattering func-
tion. In bone, the mineral content is high and we also need
to take into account the spatial arrangement of mineral platelets,
through a structure factor. Bünger et al.13 suggested a structure
factor that includes both short range and long range interparticle
correlations. To describe the short range repulsive interactions,
they considered the random phase approximation (RPA), where
the effective RPA structure factor can be written as

SRPAðqÞ ¼
1

1þ νPavðqÞ
; (3)

where ν is an adjustable parameter depends on the strength of
the interactions and that typically increases with increasing
concentrations. In addition, the increasing scattering intensity

Fig. 1 Micro-CT images reveal the state of healing of the bone frac-
tures after 6 weeks in (a) NaCl, (b) BMP-7þ NaCl, (c) BMP-7þ ZO,
and (d) ZO treatment groups. The images were used to qualitatively
assess callus size and healing state.
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at lower q suggests a long range fractal arrangement of the min-
eral particles that is described by

SfracðqÞ ¼ 1þ Aq−α; (4)

where α is the fractal dimension of the fluctuations. The total
intensity IðqÞ, i.e., model curve, is then given by

IðqÞ ¼ CSfracðqÞSRPAðqÞPavðqÞ; (5)

where C is a variable scale factor that depends on the sample
thickness, the mineral content, and the scattering contrast.
Finally, the model curve [Eq. (5)] is fitted to the measured
IðqÞ data by iterative weighted nonlinear least squares adjusting
the mineral plate thickness T, the width of the mineral plate
thickness distribution, the RPA ν value, α and A, and C. The
model curves were fitted by automated custom-made scripts
using MATLAB (MATLAB R2011b, The MathWorks, Inc.,
Natick, Massachusetts).

Predominant orientation and degree of orientation were
determined by calculating the q-averaged scattering intensity
as a function of azimuthal angle χ [Fig. 3(b)]. Predominant ori-
entation was calculated as Ψþ 90 deg, where Ψ is the angle χ,
where the intensity reaches its maximum.8,28 Gaussian curves
were fitted to both peaks [Fig. 3(b)]. Degree of orientation ϕ
was calculated as

φ ¼ A1

A0 þ A1

; (6)

where A1 is the area under the two Gaussian curves and A0 is the
background area.8 Thus, ϕ gets values between 0 and 1, where 0
means that there is no predominant orientation within the plane
of the section and 1 means that all mineral crystals are aligned

perfectly in the same directions. These parameters were calcu-
lated for each measurement point (Fig. 4). A threshold of
the integrated intensity of the 1-D scattering pattern IðqÞ was
used to mask the background (PMMA) and each analyzed
area contained the whole measured cortex or callus.

2.4 Fourier Transform Infrared Microspectroscopy

Three-micrometers thick longitudinal sections of bone were
cut (Polycut S, Reichert-Jung, Germany) from the PMMA
plugs, and placed on ZnSe windows. Three samples of each
treatment group and two sections of each sample from the con-
trol cortex, fracture cortex, and callus tissue were measured and
analyzed. Analysis of bone composition was conducted with
a PerkinElmer Instrument (Spectrum Spotlight 300, Perkin
Elmer Inc., Wellesley, Massachusetts) in transmission mode.
A 25 μm spatial resolution and spectral resolution of 4 cm−1

with eight repeated scans per pixels were used. The background
spectrum was recorded on a clean area of the ZnSe window by
using the same measurement parameters but with an average of
75 scans. Data were collected at the wavenumber range of 2000
to 800 cm−1. Areal measurements (∼30 mm2) were performed
on the fractured femurs, including both the cortex and callus
[Fig. 2(c)], and on the control cortex of the intact femur. In addi-
tion, one areal measurement of only PMMAwas measured and
averaged. The bone spectra were normalized by using the aver-
aged PMMA spectrum.29 Subsequently, the PMMA spectrum
was subtracted from the bone spectra.

From the preprocessed bone spectra, the areas of linearly
baseline corrected amide I (1720 to 1585 cm−1), phosphate

Fig. 2 Images from the different techniques used in this study: (a) micro-CT, (b) small angle x-ray scat-
tering (SAXS, x-ray absorbance map), and (c) Fourier transform infrared (FTIR). In the micro-CT image,
the measurement area (white box) of FTIR and SAXS measurements is indicated. The yellow and red
boxes inside the white box indicate the callus and the cortex, respectively.

Fig. 3 (a) Typical SAXS two-dimensional-scattering spectrum of
bone with the detector edges and beamstop masked away. (b) Q-
averaged scattering intensity as a function of the scattering angle χ.

Fig. 4 Point-by-point measured SAXS maps of (a) fracture callus and
cortex and (b) control cortex. In each pixel, the colormap indicates the
mineral plate thickness (nm), the line orientation indicates the orien-
tation of the crystals, and the length of the line indicates the degree of
orientation of the crystals.
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(1200 to 900 cm−1), and carbonate (890 to 850 cm−1) peaks
were calculated.17,19–21 These peak areas were used to determine
the mineral/matrix (phosphate/amide I) and carbonate/phos-
phate ratios. Mineral/matrix ratio is an indicator of the degree
of mineralization, whereas carbonate/phosphate ratio describes
the carbonate substitution.19 Collagen maturity and crystallinity
of the hydroxyapatite (HA) crystals were evaluated through sec-
ond derivative peak fitting. The ratio of areas of the subpeaks
under the amide I peak at 1660 and 1690 cm−1 was used to
describe the collagen maturity (collagen cross-linking ratio—
XLR),21 whereas the ratio of areas of the subpeaks at 1030
and 1020 cm−1 under the phosphate peak was used as an indi-
cator of crystallinity,20 i.e., the size and perfection of HA crys-
tals. APS, which is associated with new mineral deposition, was
determined as a ratio of intensities at 1127 and 1096 cm−1.22

The total absorption of the background corrected (PMMA sub-
tracted) spectra was used for masking out the bone and each
analyzed area contained the whole measured cortex or callus.
All preprocessing and analyses of the FTIR and SAXS data
were performed using MATLAB (MATLAB R2011b, The
MathWorks, Inc., Natick, Massachusetts).

2.5 Statistics

Micro-CT images were only evaluated qualitatively due to the
small number of samples per group. Wilcoxon signed rank test
was used to compare the molecular composition and mineral
structure between paired samples (each rat) from the control cor-
tex, fracture cortex, and fracture callus. For this test, all the rats
were pooled into one group. Paired t-test was performed by
comparing all the data points from the callus tissue and the
cortices in the same animal.30

3 Results
Based on the micro-CT images, only small amounts of callus
tissue were found in the NaCl group. Some mineralized callus
tissue was forming between the fracture ends but union was not
completed [Fig. 1(a)]. All fractures in the BMP-7 groups were
judged to be completely healed based on the micro-CT images
[Figs. 1(b) and 1(c)]. Callus size was larger in BMPþ ZO group
than in other groups (Fig. 1).

Based on the FTIR data with all samples pooled, the mineral/
matrix ratio [Fig. 5(a)] and XLR [Fig. 5(c)] were significantly
lower in fracture callus than in fracture cortex (p < 0.01 and
p < 0.05, respectively) and control cortex (p < 0.05 and
p < 0.01, respectively), whereas crystallinity [Fig. 5(d)] of the
control cortex was significantly lower than that in the fracture
cortex and callus (p < 0.01 in both). APS [Fig. 5(e)] was sig-
nificantly higher in the fracture callus compared to control and
fracture cortices (p < 0.05 and p < 0.01, respectively).

When comparing all data points within one animal in each
sample, the mineral/matrix ratio was lower in the callus tissue
than in the cortices (p < 0.01) [Table 1 and Fig. 5(a)].
Carbonate/phosphate ratio was significantly higher in callus tis-
sue compared to cortices in all samples in the NaClþ BMP-7

and ZO groups (p < 0.01) [Table 1 and Fig. 5(b)], but not in the
other two groups. XLR was significantly lower in callus tissue
compared to cortices in all the individual samples from all treat-
ment groups [Table 1 and Fig. 5(c)]. Significantly higher crys-
tallinity values were observed in fracture callus compared to
cortices in the NaCl and ZO groups (p < 0.01), but not in
the BMP-7 or BMP-7þ ZO treated samples [Table 1 and
Fig. 5(d)]. APS was significantly higher in callus tissue than
in fracture cortex in all samples from all treatment groups
(p < 0.01) [Table 1 and Fig. 5(e)].

Fig. 5 FTIR compositional analyses of (a) mineral/matrix ratio, (b) carbonate/phosphate ratio, (c) colla-
gen cross-linking ratio, (d) crystallinity, and (e) acid phosphate substitution in control cortex, fracture
cortex, and fracture callus for all samples together and in different treatment groups. Nonparametric
Wilcoxon signed rank test for all samples: ap < 0.01 and bp < 0.05.
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Based on the SAXS data with all samples pooled, the fracture
cortex had a lower mineral plate thickness than the control cor-
tex and the callus tissue [Fig. 6(a)]. The difference between the
fracture cortex and callus tissue was significant (p < 0.05). The
predominant orientation was significantly different in the callus
tissue compared to the fracture and control cortices (p < 0.05, in
both) [Fig. 6(b)]. The predominant orientation of the mineral
crystals in the cortices was clearly along the long bone axis,
whereas the orientation was more random in the calluses.
Degree of orientation was higher in control cortex than in the
fracture cortex and callus (p < 0.05 in both) [Fig. 6(c)].

When comparing all data points within one animal, the min-
eral plate thickness was significantly higher in callus tissue than
in the fracture cortex in BMP-7þ ZO and ZO treated groups
[Table 1 and Fig. 6(a)]. In NaCl and NaClþ BMP-7 treated
samples, no systematic differences between callus tissue and
fracture cortex were observed. The mineral plate thickness
was significantly higher in control cortex than in callus tissue

in samples in NaCl and ZO groups. Significantly higher
predominant orientation values were evident in callus tissue
compared to cortices in all samples (p < 0.01) [Table 1 and
Fig. 6(b)]. Additionally, the degree of orientation was signifi-
cantly higher in cortices than in callus tissue (p < 0.01) in all
samples regardless of the treatment [Table 1 and Fig. 6(c)].

4 Discussion
In this study, we demonstrate that FTIR and SAXS combined
can be used to identify the differences in composition and min-
eral structure between the newly formed callus tissue and cort-
ical bone tissue. Moreover, we initiated an investigation of the
effect of treatment with BMPs and bisphosphonates on the com-
position and mineral structure of newly formed callus tissue.

FTIR has been widely used to evaluate the composition of
bone. However, studies on composition of newly formed frac-
ture callus bone are limited.14,15 Yang et al. used FTIR to study
the composition of callus and cortex during fracture healing in
wild type and interleukin-6 knockout mice.14 They found a
higher mineral/matrix ratio in the cortex compared to callus
whereas crystallinity did not differ between the callus and cor-
tex. The authors did not report other FTIR parameters. Their
finding regarding the mineral/matrix ratio is consistent with
our study. However, in contrast to their results, we found a
higher crystallinity in the callus and fracture cortex compared
to control cortex. The difference might originate from the differ-
ent analysis methods, as they calculated the crystallinity from
the intensity ratio in the spectra whereas we used the peak fitting
method. Ouyang et al. studied the effects of estrogen and estro-
gen deficiency in fracture callus in rat femurs.15 They found a
lower mineral/matrix ratio, higher carbonate/phosphate ratio,
lower XLR, and slightly reduced crystallinity in the fracture cal-
lus when compared to the fracture cortex at a distance from the
fracture site in the estrogen deficient rats. After 8 weeks from the
start of the treatment, the estrogen sufficient rats showed similar
mineral/matrix ratio and crystallinity as the estrogen deficient
rats, and a slightly higher XLR and lower carbonate/phosphate
ratio near the fracture. These results are generally consistent
with the data presented in this study. However, they did not
report statistical significance. APS is associated with new min-
eral deposition22,31,32 and high amount of APS has been shown

Table 1 Comparison of composition and mineral structure parame-
ters in callus tissue and fracture cortex when comparing all data
points within one animal. Significantly decreased (↓), increased (↑),
or no systematic change (–) in values from all samples are indicated,
when callus tissue is compared to fracture cortex tissue. Alterations in
mineral/matrix ratio (M/M), carbonate/phosphate ratio (C/P), collagen
maturity (XLR), crystallinity (Cryst), acid phosphate substitution
(APS), mineral plate thickness (T), orientation, and degree of orien-
tation (DoO) are indicated.

Fourier transform
infrared—composition

Small angle x-ray
scattering—mineral

structure

Group M/M C/P XLR Cryst APS T Orientation DoO

NaCl ↓ — ↓ ↑ ↑ — ↑ ↓

BMP-7þNaCl ↓ ↑ ↓ — ↑ — ↑ ↓

BMP-7þ ZO ↓ — ↓ — ↑ ↑ ↑ ↓

ZO ↓ — ↓ ↑ ↑ ↑ ↑ ↓

Fig. 6 SAXS analyses of (a) mineral plate thickness, (b) predominant orientation, and (c) degree of ori-
entation in control cortex, fracture cortex, and fracture callus for all samples together and in different
treatment groups. Nonparametric Wilcoxon signed rank test for all samples: ap < 0.05.
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to indicate areas of new bone formation.33,34 However, it has not
been reported earlier in fracture callus tissue. Our results showed
a higher APS in the fracture callus compared to the cortices,
which seem highly reasonable.

The mineral plate thickness has traditionally been evaluated
using a method by Fratzl et al.8,9,23,24,35,36 It is based on a two-
phase assumption, in which the mineral plate thickness is deter-
mined from the ratio of the integrated intensity and the Porod
constant. Further, it is assumed that the fraction of mineral phase
is 50%. This approach has been successful when a relatively
constant mineral phase fraction could have been assumed in
bone. The calculated mineral plate thickness increases with
increasing mineral phase fraction. Thus, the method may under-
estimate the mineral plate thickness if the real mineral phase
fraction >0.5, and in new formed bone with a lower mineral
phase fraction, it might overestimate it. Moreover, the mineral
fraction has been found to vary within dentin.37 Similar variation
could be expected also in bone. Bünger et al. introduced a curve
fitting method in which assumption of the fraction of the mineral
phase is not needed,13 which may be more accurate especially
when determining the mineral plate thickness in bones with
clearly different degrees of mineralization.

SAXS has been used to determine the mineral structure of
trabecular5,8,9 and cortical bone.5,13 However, fracture callus tis-
sue has received only minor attention in SAXS studies. Liu et al.
evaluated the mineral plate thicknesses in fracture callus and
fracture cortex in sheep undergoing fracture healing.16 Using
the method proposed by Fratzl et al., they found a lower mineral
plate thickness in fracture callus than in fracture cortex after
2 to 6 weeks, but no difference at 9 weeks after the fracture.
Our study evaluated the healing after 6 weeks in a rat model.
That is roughly comparable to 9 weeks healing time in a
sheep model. In the present study, the mineral plate thickness
tended to be higher in control cortex compared to the fracture
cortex and callus, however, no significant differences were
observed. Hypothetically, with a higher number of samples
this may reach a significantly higher mineral plate thickness
in control cortex than in fracture cortex and callus even at
this stage of fracture healing.

The number of studies combining measurements of compo-
sition and mineral structure of bone in the same samples is
highly limited. Pleshko-Camacho et al. used FTIR and SAXS
to study the composition and mineral structure of cortical
and trabecular bone of one L-4 vertebra of a 14-month-old
girl.5 They mapped the trabeculae with both techniques and
compared the results between trabecular and cortical bone.
They also compared the parameter outcome from the two tech-
niques. They found that the total mineral content and mineral/
matrix ratio were lower in trabecular bone than in cortical bone,
whereas mineral plate thickness and degree of orientation were
lower in cortical bone than in trabecular bone. Trabecular bone
has a more irregular orientation than in cortical bone, and in
some stages of fracture healing, callus tissue can be described
to be of trabecular-like. Therefore, we compare these findings to
those in the present study. We also found a higher mineral/
matrix ratio in cortical bone than in callus. Degree of orientation
was lower in callus tissue than in cortex. In the study by
Pleshko-Camacho et al.,5 they also found a significant correla-
tion between crystallinity, determined from IR spectra, and
mineral plate thickness, determined by SAXS. In our study, no
correlation was found. However, this is not surprising, since
crystallinity is suggested to be related to the HA crystal length.20

Thickness of the crystals is different from their length and may
thus diverge from crystallinity without contradiction.

Lower degree of mineralization (mineral/matrix ratio), colla-
gen maturity, and degree of orientation of the mineral crystals
and higher APS are indicators of new, immature, and less organ-
ized bone. As expected, this was found in our study when the
callus tissue was compared with the cortices. Also, the larger
spread of angles in the callus tissue reflects the disordered nature
of the forming bone. This would be expected, since the orien-
tation of the collagen fibers18 and mineral crystals38,39 in cortical
lamellar bone are oriented primarily in the direction of the long
axis of the bone, i.e., the main loading direction. During bone
healing, new bone formation occurs primarily through endo-
chondral ossification resulting in quick formation of immature
and less organized bone. Some calcified cartilage in the callus
area could still be present at this stage of fracture healing,40 but
the classification would require histology not available in this
study. From the compositional data, the separation of woven
bone and calcified cartilage is difficult, or even impossible.
Immature bone has a more random orientation, which is
reflected by the orientation parameters. With time, this immature
and less organized bone tissue remodels into lamellar bone with
a more organized structure, and finally, the cortex is restored. In
our study, only one time point of 6 weeks was chosen. In our
previous studies, this time point has corresponded to bridging of
the fracture but not yet full remodeling.25,26,30 The amount of
unremodeled callus depends both on the chosen time point
and on the treatment given to the rats, which in this case was
different combinations of BMP-7 and the bisphoshponate
zolendronate. Based on the findings from our previous studies
using the same open fracture healing model and time point,26 we
assume that no or very little calcified cartilage remains in the
callus areas. To confirm this, histological assessment would
be necessary, which unfortunately was not available. In the
NaCl group, the calluses were smaller compared to, e.g.,
BMP-treated calluses. This seems to be reflected in the orien-
tation parameters, where the NaCl treated samples showed more
similar orientation to the cortical bone compared to the large
callus formations in the BMP-treated calluses.

When comparing all data points within one animal, signifi-
cant differences were found between the callus tissue and the
cortices. These differences were identified in some treatment
groups, but not all. In all treatment groups, the mineral/matrix
ratio, collagen maturity, and degree of orientation of the mineral
plates were lower in the callus tissue than in the cortices.
Additionally, the APS and orientation were higher in callus tis-
sue than in the cortices in all samples and groups. However,
when comparing the treatments in this manner, some differences
between the treatments could also be detected. In BMP-7þ ZO

and ZO treated samples, the mineral plate thickness was higher
in callus tissue than in the fracture cortex. Also, crystallinity was
higher in callus tissue compared to the fracture cortex in ZO
treated samples. It might be postulated, that since bisphospho-
nates inhibit osteoclast activity and since the degree of bone
resorption decreases, the mineral crystals are allowed to grow
more freely and become larger, which could be seen in increas-
ing mineral plate thickness and crystallinity.

We found that union was not achieved in the NaCl group,
despite some sparse bone formation in the gap area. On the
contrary, all samples in the BMP-7þ ZO groups were judged
to be completely healed. These findings are consistent with
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our previous studies using the same animal model with larger
number of animals per group.25,26,40

In this study, the most noticeable limitation is the small num-
ber of samples. However, the current results are encouraging and
suggest clear and significant differences in composition and
mineral structure between the control cortex and fracture callus.
Small number of samples is generally used in SAXS studies of
bone.5,8,13,16 For example, Pleshko-Camacho et al. had one sam-
ple in their study,5 whereas Rinnerthaler et al. used two samples8

and in a more recent study Bünger et al. has 12 samples divided
into four treatment groups.13 In the study by Liu et al., the callus
tissue of four different aged sheep was investigated using
SAXS.16 The main reason for the small number of samples is
that the measurements are time consuming and that synchrotron
beam time is highly limited. Another limitation is the spatial
resolution of the SAXS scanning, which was 200 μm in this
study. A more focused beam would allow better spatial resolu-
tion, which in turn would be beneficial when measuring the fine
structured callus tissue. Additionally, the data were averaged
over the sample thickness. The optimal thickness of SAXS sam-
ples ranges from below 100 up to 600 μm.24 The thickness in
this study was 300 μm and although it is somewhat thicker than
the beam size used (200 μm), it is still within these limits.

5 Conclusion
The current study contributes to the highly limited data on FTIR
and SAXS on fracture healing and hard callus development and
discusses important aspects of the use of SAXS on the newly
formed bone. The methods indeed provide complementary
information. Although FTIR enables reporting of the composi-
tion, the SAXS data enable assessment of mineral plate orien-
tation and thickness, as well as the orientation of the collagen
fibers. In conclusion, significant differences were found in the
molecular composition and mineral structure between the frac-
ture callus, fracture cortex, and control cortex. These techniques
may also prove to be useful for the evaluation of effects of thera-
pies on fracture healing. Taken together, the results indicate that
SAXS is feasible when evaluating the mineral structure of the
bone fracture callus and highlight the complementary nature of
the two techniques.
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