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a b s t r a c t

Biological tissues have a complex and heterogeneous 3D structure, which is only partially revealed by
standard histomorphometry in 2D. We here present a novel chemical compound for contrast-enhanced
microfocus computed tomography (CE-CT), a Hafnium-based Wells-Dawson polyoxometalate (Hf-POM),
which allows simultaneous 3D visualization of mineralized and non-mineralized skeletal tissues, such as
mineralized bone and bone marrow vasculature and adipocytes. We validated the novel contrast agent,
which has a neutral pH in solution, by detailed comparison with (immuno)histology on murine long
bones as blueprint, and showed that Hf-POM-based CE-CT can be used for virtual 3D histology.
Furthermore, we quantified the 3D structure of the different skeletal tissues, as well as their spatial
relation to each other, during aging and diet-induced obesity. We discovered, based on a single CE-CT
dataset per sample, clear differences between the groups in bone structure, vascular network organi-
zation, characteristics of the adipose tissue and proximity of the different tissues to each other. These
findings highlight the complementarity and added value of Hf-POM-based CE-CT compared to standard
histomorphometry. As this novel technology provides a detailed 3D simultaneous representation of the
structural organization of mineralized bone and bone marrow vasculature and adipose tissue, it will
enable to improve insight in the interactions between these three tissues in several bone pathologies and
to evaluate the in vivo performance of biomaterials for skeletal regeneration.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Histology is a highly valuable tool that contributes considerably
to a better understanding of the normal and pathological processes
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in development and disease. It has a high discriminative power at
the tissue and cellular level. However, sample preparation can be
time-consuming and labor-intensive, certainly for bone, as it needs
to be decalcified to allow certain immunostainings. In addition,
histology shows limitations when analyzing the 3D spatial in-
terrelations of different tissues and their local changes in patho-
logical conditions. These shortcomings are mainly due to restricted
sectioning orientation and often limited depth resolution. Confocal
microscopy can address some aspects, as it provides 3D visualiza-
tion of cells and tissues in thick histological sections [1,2], but the
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depth resolution is limited (~300 mm) and potential bleaching of
the fluorophores may hinder analysis of large samples.

X-ray micro- and nanofocus computed tomography (micro- and
nanoCT) can provide a solution, as it has been standardly used for
3D quantitative imaging of mineralized tissues [3e5]. This tech-
nology can also be used for soft tissue visualization, but requires the
administration of a contrast agent when phase contrast imaging is
not available. Two soft tissues that are highly connected to bone
and that are important for bone metabolism, are bone marrow
adipocytes and blood vessels. The adipocytes are considered to
contribute to systemic energy metabolism [6], can function as a
local energy reservoir and may influence hematopoiesis and
osteogenesis [7]. However, the morphological parameters of the
bone marrow adipocytes, such as the volume fraction, number and
diameter, remain difficult to quantify. The second soft tissue is the
bone vasculature, which closely interacts with bone cells. Indeed,
the blood vessels not only provide oxygen and nutrients to the bone
cells, but also osteoprogenitors that are critical for bone formation
are localized adjacent to the blood vessels [8e11]. A detailed 3D
visualization of the entire vascular network showing the complex
organization in arteries, capillaries, sinusoids and veins is however
lacking. Knowledge on the 3D morphology of the blood vessel
network can provide a better understanding of the vascular orga-
nization, the probable blood flow and their possible impact on bone
homeostasis.

Recent studies have focused on the use of X-ray opaque contrast
agents for CT imaging of soft tissues [12,13]. Most of these contrast
agents are, however, used for (in vivo) perfusion of the tissues of
interest, rather than for effectively staining the different subparts.
Indeed, several X-ray opaque contrast agents are available to image
blood vessels after perfusion [14e17]. The perfusion technique has,
however, several shortcomings including (i) the potential need for
dual energy scanning or a two-step scanning protocol when
assessing them in bone, i.e. before and after bone decalcification
[18] and (ii) the limited perfusion of the capillaries and sinusoids,
where the flow velocity is assumed to be low [16]. On the other
hand, to effectively stain soft tissues through immersion, several X-
ray opaque contrast agents are available for the following tissues:
extracellular matrix [19], cartilage [20e28], adipocytes [29e31] and
connective tissues [32,33]. Limitations of osmium tetroxide stain-
ing, which is the most commonly used staining technique for bone
marrow adipocytes [29e31], are the toxicity and the two-step
scanning protocol. In addition, most of the existing contrast
agents are destructive [34e36] or toxic, preventing subsequent
(immuno)histological assessment. Iodine potassium iodide (I2KI),
for example, stains different types of soft tissues, but causes sub-
stantial soft tissue shrinkage dependent on the concentration,
staining time and tissue structure/composition [34]. Also phos-
photungstic acid (PTA) introduces shrinkage of brain and muscle
tissue, although to a lesser extent than I2KI [35]. However, using
contrast-enhanced microCT (CE-CT) data for morphometric and
volumetric analyses requires absence of shrinkage and tissue
deformation. Also, subsequent histological analysis highly depends
on preservation of immunoreactivity. Finally, knowledge of the
tissue-specific binding mechanisms of many existing contrast
agents is limited [32,37].

In this study, we aimed to develop, test and validate a novel
contrast agent for staining soft skeletal tissues that does not alter
the tissue structure or immunoreactivity (i.e. having a neutral pH in
solution), and that is to be used for ex vivo CE-CT purposes. We
therefore evaluated two different polyoxometalate (POM) formu-
lations. The first one, PTA, has been reported to visualize soft tissues
in combination with mineralized bone using microCT, and is
described to bind to fibrin, collagen, and fibers of connective tissues
[26,32,35,37]. However, PTA is one of the strongest acids among the
polyoxometalates [38] and thereby induces significant tissue
shrinkage, which strongly affects tissue integrity [19,35]. The other
POM-formulation, an Hafnium-substituted Wells-Dawson POM
(Hf-POM), has its main application as catalyst [39e41], and has not
yet been used as contrast agent for micro- or nanoCT imaging. Hf-
POM is known to be stable under physiological pH and temperature
and is used in the form of a salt, which makes it potentially less
destructive than PTA. Here, we first used Raman spectroscopy to get
a better understanding of the binding mechanisms of the two
POMs, which is crucial for correct interpretation of the CE-CT im-
ages. Next, we showed the possibility to perform immunohisto-
chemistry after staining with Hf-POM, but not with PTA, and the
strong correlation between histology and Hf-POM-based CE-CT
analysis in quantifying blood vessels and adipocytes. Moreover, we
highlighted, using murine long bones a blueprint, that Hf-POM-
based CE-CT allows quantification of the 3D morphological pa-
rameters as well as the spatial distribution of the different skeletal
tissues in relation to each other during normal bone homeostasis as
well as in aging and diet-induced obesity. Taken together, we pre-
sent a novel contrast agent for CE-CT that (i) has similar binding
mechanisms to soft tissues as PTA but has a neutral pH in solution,
(ii) is stable under physiological pH and temperature, (iii) does not
alter the tissue integrity of the stained samples, and (iv) enables
subsequent (immuno)histological processing and staining. More-
over, it allows simultaneous 3D multi-tissue visualization and
characterization of different skeletal tissues, namely mineralized
bone, bone marrow vasculature and adipose tissue, and this
without the need for perfusion of the contrast agent.

2. Materials and methods

2.1. Mice

All animal experiments were performed in accordance with the
Belgian legislation and were approved by the Ethical Committee of
the Faculty of Biomedical Sciences of the KU Leuven. Male C57Bl/
6Rj mice were obtained from Janvier SAS (France) and were used in
two studies: in a ‘validation of the contrast agents’ study to analyze
the correlation between POM-based CE-CT and histology; and in a
bone pathology study to investigate the added value of the POM-
based CE-CT compared to histomorphometry. For the validation
of the contrast agents, the two POMs were analyzed on tibias from
4-week-old mice and compared to unstained control samples
(n¼ 3 per group). In the bone pathology study, three groups were
used. 8- and 30-week-old mice (YNG and OLD respectively; n¼ 8)
were compared to analyze the effect of aging. In addition, 8-week-
old mice were fed a high fat diet (HFD) for 22 weeks (HFD, n¼ 8;
60% energy as fat, Ref No D12492, Open Source Diets, Research
Diets Inc., USA). All animals were euthanized and the tibias were
harvested, fixed in a 2% paraformaldehyde solution (Sigma Aldrich,
USA) for 16 h and stored in phosphate-buffered saline (PBS) at 4 �C.
Before POM-staining, the distal end of the bones was removed to
allow better diffusion of the contrast agent into the bone marrow
compartment.

2.2. Contrast agents

Two different POM formulations were tested, namely PTA
(H3PW12O40) and Hafnium-substituted Wells-Dawson POM
(K16[Hf(a2-P2W17O61)2]�19H2O), further referred to as PTA and Hf-
POM respectively. The Hf-POM has a net charge of �16 (the metal
ion has a þ4 charge and the polyoxometalate scaffold has a charge
of �20). PTA has a molecular weight (MW) of 2880.2 g/mol, while
the MW of the Hf-POM is 9472.73 g/mol. Consequently, in terms of
size, Hf-POM is approximately four times larger compared to PTA.
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POMs were used at following concentrations: PTA at 25 mg/ml PBS
[19] and Hf-POM at 35mg/ml PBS. For the latter, we noticed that a
concentration of 25mg/ml PBS was insufficient for proper tissue
staining, whereas 35mg/ml PBS was identified as the lowest
possible concentration for sufficient contrast difference between
the soft tissues. Samples were incubated in the staining solution
during 48 h at 4 �C while shaking gently (see Supplementary Fig. S1
for the determination of the optimal staining time).

2.3. Raman spectroscopy

2.3.1. Sample preparation
Raman spectroscopy was used to get a better understanding of

the binding mechanisms and to provide an indication for the
binding efficiency of the different POMs to collagen type I (Coll-I;
C7774 - Sigma Aldrich), collagen type II (Coll-II; C1188 - Sigma
Aldrich), fibrin (F5386 - Sigma Aldrich) and rat tendon. First, Raman
analysis was performed on the POM powders, proteins and rat
tendon separately to obtain reference spectra of each compound.
Then, the proteins and the rat tendon were incubated overnight in
the POM solutions, after which they were rinsed shortly in deion-
ized water (first rinsing step e to remove unbound solution) and
dried at room temperature. Raman spectroscopy on the dried
samples was performed to gain a better understanding of the
binding mechanisms between the POMs and the proteins/tendon.
Finally, the dried samples were again rinsed in deionized water
overnight (i.e. ‘second rinsing step’), followed by drying. Samples
were again analyzed by Raman spectroscopy and the difference
between the measurements before and after the second rinsing
step allowed us to get an indication of the binding affinity of the
POMs to the proteins/tendon.

2.3.2. Acquisition
Spectra were acquired with a Raman microspectrometer Lab-

RAM HR800 (HORIBA, France) [42,43]. Ten spectra were acquired
for each sample with an integration time of 60 s and two accu-
mulations. The spectral range was 300e1800 cm�1 with a resolu-
tion of 4 cm�1. All Raman spectra were processed using Labspec
software (HORIBA). A Savitzky-Golay smoothing filter (filter width:
3; polynomial order: 2) was applied on all spectra.

2.3.3. Signal processing to get an indication of the binding affinity
To get an indication of the affinity of the two POMs to the pro-

teins/tendon, we made use of the intensity ratios [44] of the peak
specific for the POMs and the peak specific for the proteins/tendon
(i.e. Amide III - 1186-1300 cm�1). The intensity of each peak was
integrated over defined Raman shift regions in the spectrum using
a sum filter. The filter calculates the intensities within the chosen
borders and the background is subtracted by taking the baseline
from the first to the second border [45]. The intensity ratios (R)
were calculated according to the following peaks: Hf-POM (933-
1002 cm�1)/Amide III (1186-1300 cm�1); PTA (957-1033 cm�1)/
Amide III (1186-1300 cm�1). The difference between the intensity
ratios before and after the second rinsing step was expressed
relative to the intensity ratio before the second rinsing step as
follows:

D ¼ Rbefore � Rafter

Rbefore
� 100

where Rbefore is the intensity ratio for the POM determined before
the second rinsing step; Rafter is the intensity ratio for the POM
determined after the second rinsing step, and D gives an indication
of the affinity of the POM. The intensities of all the peaks, as well as
the intensity ratios were calculated using the PLS toolbox (v8.2,
Eigenvector Research, Inc., USA) and a custom-developed script in
Matlab R2016b (Mathworks Inc, Natick, USA).

2.4. Contrast-enhanced high resolution microfocus computed
tomography (CE-CT) - acquisition

Samples were imaged using a Phoenix NanoTom S (GE Mea-
surement and Control Solutions, Germany) [5,46]. Because of the
relatively high X-ray attenuation of the POM-stained samples, a
diamond-coated tungsten target was applied. The system was
operated at a voltage of 70 kV and a current of 60 mA, and a 0.3mm
filter of aluminum was used to reduce beam hardening during the
acquisition. The exposure time was 500ms, and 2400 images were
acquired over 360� using the fast scan mode (frame averaging¼ 1;
image skip¼ 0) [46]. These settings allowed limitation of the
scanning time to 20min to avoid heating of the sample during
scanning. The proximal tibiae were examined at 2 mm isotropic
voxel size to assess the morphological parameters of the trabecular
bone and the bone marrow adipocytes and vasculature in the
metaphysis. During reconstruction (Datosjx, GE Measurement and
Control Solutions), we applied a beam hardening correction of 7
and a Gaussian filter of 6.

2.5. Histology

Tibias were decalcified for 2 weeks in a 0.5M EDTA/PBS solution
and embedded in paraffin. 6 mm-thick sections were stained with
hematoxylin and eosin (H&E) for visualization of the bone and
bonemarrow adipose tissue, whereas blood vessels were visualized
using CD31 immunostaining [47,48].

2.6. Contrast-enhanced high resolution microfocus computed
tomography (CE-CT) e image processing and analysis

2.6.1. Validation of the contrast agents e comparison between CE-
CT and (immuno)histology

To validate whether the POM staining visualizes blood vessels
and adipocytes correctly, we thoroughly compared these structures
as detected on the histological sections versus corresponding CE-CT
images. To this end, we used DataViewer (BrukerMicroCT, Belgium)
for the reorientation of the CE-CT datasets and an in-house devel-
oped MatLab tool for the reconstruction of the CE-CT image at the
same cutting angle as the histological section [49]. After a visual
evaluation of the features of interest (i.e. blood vessels or adipo-
cytes) in the histological sections compared to the corresponding
CE-CT images, a region of interest (ROI) was selected in each 2D
section, in which the number of blood vessels (on CD31 stained
sections) or adipocytes (on H&E stained sections) was counted.

2.6.2. Bone pathology study - morphological assessment of
mineralized bone

For the assessment of the trabecular bone morphology in the
metaphysis of the tibias, CTAn (Bruker MicroCT) was used. 500
images (covering 1mm height) were selected starting at the
growth plate level. This specific region was chosen to allow
simultaneous evaluation of the changes in the bone, bone marrow
adipose tissue and vasculature, and to have an unbiased view on
the interrelation of these different tissues. On the 500 images, a
volume of interest (VOI) was selected which includes the trabecular
bone, but not the cortical bone. Then, using automatic 3D Otsu
segmentation, the images were binarized, and noise was removed
by a closing operation and a double despeckling step [46]. Using 3D
analysis, the trabecular bone volume in the total VOI (BV/TV - %)
and the trabecular number (Tb.N. emm�1), thickness (Tb.Th. - mm)
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and separation (Tb.Sp. - mm) were quantified. The 3D thickness
distribution is based on the model-independent technique from
Hildebrand and Ruegsegger [50]. CTVox (Bruker MicroCT) was used
for 3D visualization of the binarized images of the bone.
2.6.3. Bone pathology study - morphological assessment of
adipocytes and vasculature

The bone marrow adipocytes and vasculature were assessed in
the same VOI as where the trabecular bone morphology was
measured. The medullar open volume (MV) was calculated as the
VOI minus the volume of trabecular bone. Manual global thresh-
olding was used to segment the adipocytes, the blood vessels and
the remaining (hematopoietic) tissue. The threshold values were
chosen at the intersection of two neighboring peaks, as indicated in
Supplementary Fig. S2. Although both the adipocytes (hydropho-
bic) and the blood vessels (only containing few red blood cells)
were not stained by the Hf-POM, they had distinct grey-levels
(Supplementary Fig. S2), and thus could be segmented separately.
First, a binarization of the adipocytes was performed, and indi-
vidual adipocytes touching neighboring ones were separated using
an opening operation (round kernel, radius 1, 3D space). Then,
noise was removed by a closing and a double despeckling step.
Based on 3D analysis, the adipocyte density (#/mm3 MV) and vol-
ume fraction in the MV (%) were determined. Since adipocytes are
sphere-shaped, the thickness, measured as described above [50],
reflects the true diameter of the adipocytes, and thus allowed us to
determine the adipocyte diameter (mm) distribution.

To quantify the blood vessels, the original grey-scale images
were reloaded, but the VOI was replaced by an adapted VOI, being
the previous VOI minus the dilated (2 voxels) binary phase of the
adipocytes to eliminate partial volume effect artefacts. Subse-
quently, the images were binarized for the blood vessels, and two
closing operations were performed (round kernel, radius 4 and 6
respectively, 3D space) with an intermediate despeckling step
(removal of white speckles, 3D space, less than 1050 voxels). Finally,
a last despeckling step (removal of white speckles, 3D space, less
than 5500 voxels) was performed to remove non-connected blood
vessels (<5% of the total blood vessel volume) that were present
due to the limited spatial image resolution. 3D analysis allowed
calculating the blood vessel number (mm�1), thickness (mm) dis-
tribution and volume fraction in the MV (%). 3D visualization of the
adipocytes and blood vessels was performed using CTVox (Bruker
MicroCT).
2.6.4. Branching analysis vascular network
To analyze the 3D branching of the bone marrow vasculature,

BoneJ was used [51e53]. Briefly, the binarized images of the bone
Fig. 1. Reference Raman spectra of the POMs, proteins and tendon. (A) Raman spectra of
of 900e1050 cm�1.
marrow vasculature were loaded into Fiji [54] and topology-
preserving medial axis skeletons were generated using the ‘Skel-
eton 3D’ plugin [52,53]. The ‘Analyze skeleton’ plugin allowed
calculating the total number of branches and the mean branch
length (mm).
2.7. Statistical analysis

Analysis of normality of the data was performed by using the
Shapiro-Wilk test and the potential presence of outliers was eval-
uated using the Dixon test. Equality of variances was assumed
when the F-test revealed values of p> .05. For the comparison be-
tween histology and CE-CT, a paired t-test was applied. For the 3D
analysis, the HFD group and YNG group were both independently
compared to OLD animals by using a two-tailed unpaired t-test
with equal or unequal variance depending on the F-test. All sta-
tistical analyses were performed using Microsoft Excel, AnaStats
and/or GraphPad Prism.
3. Results and discussion

3.1. Binding mechanisms and affinity e Raman spectroscopy

To obtain simultaneous 3D visualization of the different tissue
components of the bone without interfering with subsequent
immunohistochemistry, we evaluated two different POM formu-
lations. For correct interpretation of the CE-CT images, more insight
into the binding mechanisms and the binding efficiency of the
different POMs is crucial. To this end, we used Raman spectroscopy.
Fig. 1 shows the reference Raman spectra of the two POMs, the
three proteins and the rat tendon in the spectral window of
400e1800 cm� 1. The main peaks of Hf-POM and PTAwere found at
964 and 978 cm�1, and 989 and 1007 cm�1, respectively. These
peaks were assigned to the symmetric and asymmetric vibrations
of the tungsten-to-oxygen double bond [55,56]: vs and vas W]O.
The two Raman spectra also had characteristic bands in the 300-
900 cm�1 range, but no assignment was found in literature. The
Raman spectrum of PTA was in agreement with published data
[57]; the peak at 917 cm�1 was assigned to asymmetric stretching
vibration of W-Oc-W (Oc is the corner sharing bridging oxygen
atom; W is tungsten) [55]. The reference Raman spectra of Coll-I,
Coll-II, fibrin and rat tendon were in agreement with previous
studies [58e61].

To get a better understanding of the binding mechanisms of the
POMs, Raman spectroscopy was performed after overnight incu-
bation of the proteins and rat tendon in the two different POMs. The
Raman spectra of the Hf-POM-stained Coll-I revealed a
Hf-POM, PTA, Coll-I, Coll-II, fibrin and rat tendon and (B) a zoom of (A) within the range



Fig. 2. Raman spectra of Hf-POM-stained and PTA-stained proteins and tendon. Raman spectra of (A) Hf-POM-stained Coll-I, Coll-II, fibrin and rat tendon and of (B) PTA-stained
Coll-I, Coll-II, fibrin and rat tendon. Phenyl.¼ Phenylalanine.
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combination of peaks that were assigned to the Hf-POM (966 and
978 cm�1) and to the Coll-I (Phenylalanine 1001 cm�1, Amide III
1247 and 1270 cm�1, dCH2 1450 cm�1, and Amide I 1670 cm�1)
(Fig. 2A). Comparisonwith reference Raman spectra of Hf-POM and
Coll-I (Fig. 1) showed no shift in characteristic peaks of Hf-POM and
Coll-I. Similar results were obtained for Hf-POM-stained Coll-II,
fibrin and tendon (Fig. 2A).

The Raman spectra of PTA-stained Coll I or tendon showed
peaks that were assigned to PTA (989 and 1007 cm�1) and Coll-I or
tendon (Fig. 2B), with no shifts in these characteristic peaks. Raman
spectra of the PTA-stained Coll-II showed peaks of Coll-II and PTA,
which were not shifted, but also an additional peak at 981 cm�1

(Fig. 2B). Also for PTA-stained fibrin, new peaks were observed (967
and 979 cm�1) that did not match with the reference spectra
(Fig. 2B).

Since the positions of the characteristic peaks of the Hf-POM,
the proteins and the rat tendon were not modified after staining,
two main conclusions are drawn: (i) the Hf-POM-staining does not
alter the chemical structure of the proteins or the rat tendon and (ii)
the bonds between the Hf-POM and the proteins or tendon are
electrostatic. These conclusions are supported by a previous study
on POMs and the protein sex determining region Y-box 2 (SOX2)
[62]. Similar conclusions are drawn for PTA-stained Coll-I and
tendon. However, in case of PTA-stained Coll-II and fibrin, new
unidentified peaks appeared after PTA-staining, indicating a
possible alteration of the chemical structure of the proteins or of
PTA, or the formation of a new compound.

Finally, we obtained an indication of the affinity of the two
POMs by determining the relative differences in intensity ratio (D)
between the POM-specific peak and the protein/tendon-specific
peak before and after the second rinsing step (Table 1). Hf-POM
showed a decrease in D of �11% for the tendon, going to �37% for
Coll-II, which indicates that the relative amount of Hf-POM fixed to
Table 1
Indication of the affinity of the POMs. Difference in the intensity ratios (D) be-
tween the POM-specific peak and the protein/tendon-specific peak before and after
the second rinsing step.

Coll-I Coll-II Fibrin Rat tendon Average

Hf-POM �36% �37% �29% �11% �28± 12%
PTA �27% / / �28% �28± 0.70%
the tendon or Coll-II decreased after washing with 11% and 37%
respectively. For PTA, we could only obtain an indication of the
affinity to tendon and to Coll-I, since the characteristic peaks of PTA
disappeared for PTA-stained Coll-II and fibrin. Based on these re-
sults, we could conclude that no major difference was observed in
the affinity of the two POMs for tendon and Coll-I. However, PTA
does alter the chemical structure of fibrin and Coll-II, confirming its
destructive character.
3.2. Validation of the contrast agents e comparison between CE-CT
and (immuno)histology

After having obtained a better insight into the binding mecha-
nisms of the different POMs, we assessed whether the use of POMs
still allowed histological analysis after CE-CT analysis, as the pos-
sibility to use several methodologies on one sample would be an
important advantage. To this end, we used murine long bones as
blueprint. We first stained tibias with one of the two POMs and
scanned them using CE-CT (Fig. 3A and D). Importantly, for CE-CT
no specific sample preparation, such as decalcification, was
required. After CE-CT imaging, samples were decalcified,
embedded and sectioned, followed by CD31 immunostaining to
visualize blood vessels (Fig. 3B) or H&E staining to visualize adi-
pocytes (Fig. 3E). PTA staining prohibited CD31 staining and
resulted in faint H&E staining (data not shown), while the Hf-POM
allowed excellent CD31 and H&E staining, comparable to unstained
control samples. These data indicate that Hf-POM can be used as a
novel CE-CT contrast agent for biological tissues that is moreover
non-destructive and allows histological evaluation afterwards.

Because of the non-destructive character of Hf-POM, a one-on-
one quantitative comparison between the CE-CT images (Fig. 3A
and D) and the corresponding histological sections (Fig. 3B and E)
was possible. The number of blood vessels (Fig. 3C) and adipocytes
(Fig. 3F) quantified in the two types of images was highly compa-
rable, resulting in a strong correlation between Hf-POM-based CE-
CT and histology (Spearman correlation of 0.8 and 0.9 for adipocyte
number and blood vessel number, respectively). Moreover, visual
evaluation of the corresponding images of Hf-POM-based CE-CT
and histology showed that both technologies detected the same
morphology and distribution of the blood vessels (Fig. 3G and H)
and adipocytes (Fig. 3I and J), further emphasizing the accuracy and
validity of the CE-CT analysis.



Fig. 3. Validation of Hf-POM-based CE-CT by comparison to histology. (A) Coronal CE-CT image of a tibia stained by Hf-POM, and (B) the corresponding immuno-histological
CD31-stained section visualizing blood vessels. BV¼ blood vessels. Scale bars¼ 250 mm. (C) Quantitation of the blood vessel density (#/mm2) in the CD31-stained histological
sections and the corresponding CE-CT images within the white ROIs (n¼ 3; 6 sections per sample). Data are represented as average þ standard deviation (SD). A paired t-test was
used for statistical analysis. (D) Coronal CE-CT image of a tibia stained by Hf-POM, and (E) the corresponding H&E-stained section. AC¼ adipocytes. Scale bars¼ 250 mm. (F)
Quantitation of the adipocyte density (#/mm2) in the H&E-stained histological sections (white dots) and the corresponding CE-CT images (dark dots) within the white ROIs (n¼ 3; 6
sections per sample). Data are represented as average þ SD. A paired t-test was used for statistical analysis. (G and H) are zooms of A and B respectively; and (I and J) zooms of C and
D respectively, with the colored arrows indicating corresponding structures in both images. Scale bars¼ 100 mm.
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3.3. Bone pathology study - 3D morphological quantification of the
different skeletal tissues in long bones

After determining the accuracy and validity of Hf-POM-based
CE-CT, we next investigated whether its use provided unique in-
formation, including insight in cell-specific characteristics,
intertissue relationships and regional 3D analyses, which would
highlight the added value of this technique. To this end, we per-
formed 3D image analysis of the CE-CT datasets in mousemodels of
two well-established bone pathologies, namely aging and diet-
induced obesity, which are claimed to affect not only bone mass
but also its vascularity and adiposity [46,63,64].
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3.3.1. Morphological assessment of the trabecular bone
Because there is no need to decalcify the bone before CE-CT

imaging, we were able to assess the 3D morphology of the miner-
alized bone within the Hf-POM-based CE-CT datasets and thus we
investigated the changes in trabecular bone morphology in
response to aging or a high fat diet. Although aging did not result in
decreased BV/TV (Fig. 4A), 30-week-old mice had significantly less
(Fig. 4D), but thicker trabeculae (Fig. 4) that were more separated
from each other (Fig. 4C) compared to the 8-week-old mice. This
age-induced trabecular bone phenotype corresponds well with the
reported age-related skeletal changes [65,66]. On the other hand,
the HFD-fed mice had significantly less (Fig. 4D) and wider spread
(Fig. 4C) trabeculae, resulting in significantly decreased BV/TV
(Fig. 4A). Similar effects of HFD on BV/TV and trabecular number
were described in earlier studies [63,67e71], although the response
in trabecular thickness varied between studies, possibly due to
different sites of analysis [46,63,64,71].
3.3.2. Morphological assessment of the bone marrow adipocytes
Apart from bone, we analyzed, within the same datasets,

whether Hf-POM-based CE-CT analysis allowed the characteriza-
tion and quantification of the bone marrow adipocytes, given the
fact that single adipocytes could be detected with high contrast and
spatial resolution as shown in the validation of the contrast agents.
Hf-POM-based CE-CT analysis showed clear differences in the bone
marrowadipose tissue between the three groups (Fig. 5AeC). Aging
induced a significant increase in the bone marrow adipocyte vol-
ume fraction (8.9-fold; Fig. 5D), adipose density (5.3-fold; Fig. 5F)
and average adipocyte diameter (1.6-fold; Fig. 5E). This effect
Fig. 4. Quantitative morphological assessment of the trabecular bone. CE-CT-based (using
and HFD groups. n¼ 7 e 8 per group. *p< .05, **p < .01, and ***p< .001. Data are represen
independently compared to OLD animals by using a two-tailed unpaired t-test.
corresponds well with the literature, reporting an aging-associated
increase in the bone marrow adiposity [72,73]. Different frommost
published data, we were now also able, because of the high spatial
and contrast resolution of our images, to quantify the morpholog-
ical parameters of individual adipocytes, such as the true adipocyte
diameter and its distribution (measured in 3D). We observed that
aging resulted in a significant increase in the average adipocyte
diameter.

Feeding mice a high fat diet during 22 weeks further increased
the volume fraction of adipocytes (4.4-fold; Fig. 5C), as has been
previously reported [73e75]. However, we now show that this
higher value is mostly due to an increase in the average adipocyte
diameter (1.4-fold; Fig. 5E) rather than in the density of adipocytes
(Fig. 5F).
3.3.3. Morphological assessment of the bone marrow
vascularization

Next, we observed that Hf-POM-based CE-CT analysis allowed
3D visualization, with high contrast and spatial resolution and
within the same datasets, of the entire vascular network in the
medullar space. Moreover, Hf-POM-based CE-CT analysis revealed
clear differences in the bonemarrow vasculature between the three
groups (Fig. 6AeC). Although aging did not have a significant effect
on the general morphological parameters of the blood vessels, such
as the blood vessel volume fraction (Fig. 6D), the average blood
vessel thickness (Fig. 6E) or the blood vessel number (Fig. 6F), it
altered the 3D spatial organization and the branching of the blood
vessel network (Fig. 6AeB). More specifically, the average branch
length decreased significantly with aging (1.3-fold; Fig. 6H).
Hf-POM) analysis of the (A) BV/TV, (B) Tb.Th., (C) Tb.Sp. and (D) Tb.N. for the YNG, OLD
ted in a box plot as median±min/max. The HFD group and YNG group were both



Fig. 5. Quantitative morphological assessment of the bone marrow adipocytes. Representative 3D visualization, using Hf-POM-based CE-CT, of the adipocytes in the bone
marrow compartment of the tibial metaphysis (1.2mm height) of (A) YNG, (B) OLD and (C) HFD mice. Scale bars¼ 250 mm. Quantification of the (D) volume fraction of the adi-
pocytes in the MV, (E) average adipocyte diameter and (F) adipocyte density for the YNG, OLD and HFD groups. n¼ 7 e 8 per group. **p< .01, and ***p< .001. Data are represented in a
box plot as median±min/max. The HFD group and YNG group were both independently compared to OLD animals by using a two-tailed unpaired t-test.
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Importantly, this effect can only be detected by 3D imaging tech-
niques such as CE-CT, as standard histology is mostly limited to 2D
analysis and thus precludes full 3D branching analysis of the entire
blood vessel network.

The high fat diet did not alter the bone marrow blood vessel
volume fraction (Fig. 6D) manifestly, but it did increase the average
blood vessel thickness (2.7-fold; Fig. 6E) and decrease the blood
vessel number (3.9-fold; Fig. 6F) significantly. The distribution of
the blood vessel thickness (Fig. 6I), measured in 3D, showed that
the HFD group had a larger contribution of thicker blood vessels
compared to the OLD group. Moreover, the high fat diet affected
also the blood vessel network organization and branching
(Fig. 6BeC). The average branch length increased significantly (1.2-
fold; Fig. 6H), going together with a significant decrease in the
number of branches (3.7-fold; Fig. 6G).
3.4. Bone pathology study - spatial relation between the different
skeletal tissues within long bones

The novel contrast agent allowed 3D visualization, in one CE-CT
dataset, of different skeletal tissues, namelymineralized bone, bone
marrow adipocytes and bone marrow vasculature. Therefore, these
different tissues could not only be analyzed individually, but also
their spatial distribution, in 3D, within the tibial metaphysis as well
as their relation to each other could be assessed. Fig. 7AeC presents
the three different skeletal tissues and their spatial distribution.
The adipocytes in the OLD and HFD group were not uniformly
dispersed in the metaphysis, but mostly located in the medial area,
with an additional tendency towards the lateral side in the HFD
group. These data indicate that Hf-POM CE-CT can assess local
changes in the bone marrow adipose tissue, which are not always
easy to detect using histology.

Moreover, in HFD-fed mice the number of adipocytes in close
vicinity to the bone (<8 mm) was decreased, whereas more adipo-
cytes were located at larger distance from the bone (>64 mm;
Fig. 7D). Aging did not alter the spatial distribution of adipocytes
relative to the bone compared to the YNG group, even though the
number of adipocytes was significantly larger. On the other hand,
aging increased the average distance between the bone and the
blood vessels significantly (Fig. 7E), whereas the high fat diet had
no additional effect on this parameter.

To conclude, we summarized in Table 2 the benefits and dis-
advantages of histomorphometry and Hf-POM-based CE-CT, with
respect to visualization and morphological quantification of
mineralized bone, bone marrow adipocytes and vasculature. First,
we would like to underscore that both techniques are highly
complementary for assessing biological tissues. Histological anal-
ysis can provide (sub)cellular information when using cell-specific
stains (TRAP for osteoclasts, osterix for skeletal cells, sclerostin for
osteocytes, etc.) and imaging the histological sections at high
spatial resolution. On the other hand, Hf-POM-based CE-CT analysis
is less labor intensive, time-consuming and destructive compared
to histomorphometry. Most importantly, it provides 3D visualiza-
tionwithin the same dataset of the three skeletal tissues and allows
analysis of their spatial relation.
4. Conclusions

In this study, we aimed to develop and validate a novel
contrast agent for CE-CT, i.e. Hf-POM. We first gained a better



Fig. 6. Quantitative morphological assessment of the bone marrow vasculature. Representative 3D visualization, using Hf-POM-based CE-CT, of the blood vessel network in the
bone marrow compartment of the tibial metaphysis of (A) YNG, (B) OLD and (C) HFD mice. Scale bars¼ 250 mm. Quantification of the (D) volume fraction of the blood vessels in the
MV, (E) average blood vessel thickness, (F) blood vessel density, (G) total number of branches, (H) average branch length and (I) distribution of the blood vessel thickness for the
YNG, OLD and HFD groups. n¼ 7 e 8 per group. *p< .05 and **p < .01. Apart from graph (I), all data are represented in a box plot as median±min/max. The HFD group and YNG group
were both independently compared to OLD animals by using a two-tailed unpaired t-test.
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understanding of the binding mechanisms and affinity of the Hf-
POM, and we assessed its non-destructiveness and its potential
for soft tissue staining in murine long bones as blueprint. Our
data shows that this new contrast agent allows 3D multi-tissue
CE-CT imaging, without the need for perfusion, and can thus be
used for virtual 3D histology. More specifically, Hf-POM-based
CE-CT can reveal and characterize, in a single dataset, the 3D
structure of different skeletal tissues (i.e. mineralized bone, ad-
ipocytes and blood vessels). Since it provides additional data to
standard histomorphometry, with more spatial information, CE-
CT can offer novel insights in the complex mechanisms of
normal bone development and bone pathologies and will thus be
highly valuable for in vivo screening of biomaterials for skeletal
regeneration.



Fig. 7. Spatial relation of the different skeletal tissues within long bones. Representative 3D visualization, using Hf-POM-based CE-CT, of the trabecular bone (white), blood
vessel network (orange) and adipocytes (yellow) in the tibial metaphysis of (A) YNG, (B) OLD and (C) HFD mice. 3D scale bars indicated in the image. CE-CT based histogram of the
distance between (D) the adipocytes and the trabecular bone and (E) the blood vessels and the trabecular bone for the YNG, OLD and HFD groups Scale bars¼ 250 mm. Statistical
comparison was made between YNG and OLD, and between OLD and HFD. *p< .05, **p< .01 and ***p< .001. Data are represented as mean þ SD. The HFD group and YNG group were
both independently compared to OLD animals by using a two-tailed unpaired t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Table 2
Benefits and disadvantages of histomorphometry and Hf-POM-based CE-CT.

Histomorphometry Hf-POM-based CE-CT

Dimension of analysis 2D or 2Dþ (serial sectioning or thick
sections)

2D and 3D

Level of analysis Subcellular, cellular and tissue level Cellular and tissue level
Type of analysis Quantitative and spatial

(2Dþ connectivity and distribution)
Quantitative and spatial (3D connectivity and distribution; interrelation and
local distribution of the skeletal tissues)

Number of stainings needed to visualize bone,
adipocytes and blood vessels

2e3 1

Duration of sample preparation, acquisition and
analysis

4-5 weeks 2D analysis: 2 days 3D analysis: 1 week

G. Kerckhofs et al. / Biomaterials 159 (2018) 1e1210
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