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Introduction
Bone is a highly vascularized feedback-controlled com-

posite organ that fulfills several interconnected functions, 
including locomotion, phosphate and calcium metabolism, 
the synthesis of endocrine molecules, and hematopoiesis.1-3 
It is a dynamic tissue that is continuously being modeled 
and remodeled to maintain the integrity of the skeletal 
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ABSTRACT

Purpose: This study was performed to introduce an in vivo hybrid multimodality technique involving the co-
registration of micro-computed tomography (micro-CT) and high-resolution magnetic resonance imaging (HR-MRI) to 
concomitantly visualize and quantify mineralization and vascularization at follow-up in a rat model.
Materials and Methods: Three adult female rats were randomly assigned as test subjects, with 1 rat serving as a 
control subject. For 20 weeks, the test rats received a weekly intravenous injection of 30 μg/kg zoledronic acid, and the 
control rat was administered a similar dose of normal saline. Bilateral extraction of the lower first and second molars 
was performed after 10 weeks. All rats were scanned once every 4 weeks with both micro-CT and HR-MRI. Micro-CT 
and HR-MRI images were registered and fused in the same 3-dimensional region to quantify blood flow velocity and 
trabecular bone thickness at T0 (baseline), T4 (4 weeks), T8 (8 weeks), T12 (12 weeks), T16 (16 weeks), and T20 (20 
weeks). Histological assessment was the gold standard with which the findings were compared.
Results: The histomorphometric images at T20 aligned with the HR-MRI findings, with both test and control rats 
demonstrating reduced trabecular bone vasculature and blood vessel density. The micro-CT findings were also 
consistent with the histomorphometric changes, which revealed that the test rats had thicker trabecular bone and 
smaller marrow spaces than the control rat.
Conclusion: The combination of micro-CT and HR-MRI may be considered a powerful non-invasive novel 
technique for the longitudinal quantification of localized mineralization and vascularization. (Imaging Sci Dent 
2020; 50: 199-208)
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structure via the regulated activity of osteoblast and osteo-
clast cells.4-6 

The preferred method for the assessment of bone and 
vascular microstructure includes 2-dimensional histolog-
ical sections,7 micro-computed tomography (micro-CT) 
imaging with or without contrast agents, and laser Dop-
pler flowmetry.8-10 Histomorphology has been considered 
the gold standard for identifying and visualizing the mi-
crostructure of bone and blood vessels; however, it is an 
invasive and time-consuming procedure and is associated 
with random sampling errors.11 Similarly, micro-CT with 
or without contrast agents is a powerful non-invasive tech-
nique for the visualization of bone and vascular microstruc-
ture in 3 dimensions, but it cannot be used for hemodynam-
ic analysis.12,13 Jia et al.14 and Roche et al.15 have suggested 
the application of micro-CT with a barium sulfate contrast 
agent to characterize and quantify bone remodeling and 
blood vessel structure. However, this technique can only 
be used to easily view large vascular structures and cannot 
visualize vascularity within trabecular bone.16,17 Recently, 
high-resolution magnetic resonance imaging (HR-MRI) has 
been proposed for the quantification of vascularity at the 
micro-anatomical level, but this technique cannot be used 
to quantify the bone microstructure.18,19 

To overcome the aforementioned limitations of individ-
ual imaging modalities, various co-registered hybrid mul-
timodal imaging techniques have been suggested to offer 
more accurate and detailed insight into the physiology of 
bone and its associated vasculature compared to the assess-
ment of separate images. Methods such as the co-registra-
tion of micro-CT/micro-positron emission tomography,20,21 
micro-CT/single-photon emission computed tomography,22 
micro-CT/MRI,23 CT/MRI,24 dynamic contrast-enhanced 
CT/MRI,25 and micro-digital subtraction angiography/
MRI26 have been proposed to offer better insight into the 
physiological processes of bone remodeling, angiogenesis, 
and blood flow. However, the potential of co-registered 
intermodal imaging for the assessment of bone structure 
and microvascularization at follow-up remains unclear, 
and few studies have been conducted on bone remodel-
ing and blood flow velocity (BFV) at follow-up. Although 
histomorphometric analysis is usually considered the gold 
standard, it cannot be used to assess the evolution of bone 
changes over time unless a multifold sample of animals is 
utilized. We hypothesized that a combination of micro-CT 
and HR-MRI could provide a better understanding of the 
follow-up interaction between angiogenic and osteogenic 
pathways within a region of interest. As such, the purpose 

of this study was to introduce an in vivo hybrid multimodal 
technique with co-registered micro-CT/HR-MRI data to 
concomitantly visualize and quantify bone remodeling and 
vascularization at follow-up in a rat model.

Materials and Methods
The experimental protocol was approved by the Ethical 

Committee for Animal Experimentation of KU Leuven in 
Leuven, Belgium (reference no. P264/2015) and was car-
ried out in accordance with the UK Animals (Scientific 
Procedures) Act of 1986 and the EU Directive 2010/63/EU 
for animal experiments.

A sample of 4 female Wistar rats (200-250 g; aged 12 
weeks) was obtained. Three adult female rats were ran-
domly assigned as test subjects, and 1 rat was assigned as 
a control subject. For 20 weeks, the test rats received an 
intravenous injection of zoledronic acid (ZA; 30 μg/kg per 
week), while the control rat was intravenously adminis-
tered normal saline (30 μg/kg per week). At the end of the 
10th week, bilateral extraction of the lower first and second 
molars was performed in each rat under general anesthesia 

(1.5%-2% isoflurane in 100% oxygen) to simulate a bis-
phosphonate-related osteonecrosis of the jaw (BRONJ)-as-
sociated bone defect.27,28 Based on the genetic differences 
between humans and rodents, a 10-week ZA delivery peri-
od with the mentioned dosage frequency along with tooth 
extraction is known to be capable of effectively replicating 
a BRONJ-associated bone defect.29 ZA was delivered for 
an additional 10 weeks after tooth extraction so that fol-
low-up changes in the region of the bone defect could be 
observed.

Micro-CT acquisition
The rats were anesthetized by placing them in an an-

esthesia induction chamber, to which isoflurane inhala-
tion anesthesia was delivered at a rate of 5 cc/minute for 
3-5 minutes. Following anesthesia, each rat was scanned 
by placing it on a stable platform with a gas mask on its 
nose to avoid movement, and a cylindrical plastic holder 
was applied to immobilize the head. The trabecular bone 
changes were observed by scanning all rats once every 4 
weeks (T0: baseline, T4: 4 weeks, T8: 8 weeks, T12: 12 
weeks, T16: 16 weeks, T20: 20 weeks) with a dedicated in 
vivo micro-CT scanner (SkyScan 1076; Bruker microCT, 
Kontich, Belgium), operating at 80 kV and 120 μA with a 
1-mm aluminum filter and a scanning time of approximate-
ly 11 minutes. Furthermore, an averaging frame of 6° was 
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applied along with a 220° arc of rotation around the verti-
cal axis with a rotation step of 0.8°. With the same settings, 
bone mineral density phantoms of 0.25 g/cm3 and 0.75 g/
cm3 were scanned to perform bone mineral density calibra-
tion with respect to the attenuation values. The rats were 
scanned once every 4 weeks to keep the scanning protocol 
timing consistent and to minimize the impact of radiation 
on the bone tissue microstructure. Additionally, scanning 
was carried out 2 weeks after tooth extraction rather than 
immediately to allow for soft tissue healing over the sim-
ulated defect. Following image acquisition, 3-dimensional 

(3D) datasets with an isotropic voxel size of 35 μm3 were 
reconstructed without smoothening and were processed us-
ing NRecon software (version 1.6.10.4; Bruker microCT). 
A beam hardening correction of 30% was applied for im-
age conversion.

HR-MRI acquisition
HR-MRI scanning was performed at the same time 

points as micro-CT imaging and under a similar anesthet-
ic protocol. To observe the vascular changes, T2-weight-
ed HR-MRI images were acquired utilizing a Biospec 
9.4-T small-animal MRI scanner with high resolution 

(59 ×59 ×59 μm; HR-MRI) (Bruker Biospin, Ettlingen, 
Germany) with a 20-cm horizontal bore and an actively 
shielded gradient insert. A cross-coil setup was applied, 
consisting of a horizontal radio-frequency coil (transmit/re-
ceive coil, 7.2-cm diameter; Bruker Biospin) and a rat head 
surface receiving coil (Rapid Biomedical, Rimpar, Ger-
many). Magnetic resonance angiography (MRA) was per-
formed with a time-of-flight (TOF) 2-dimensional sequence 

(echo time: 3.5 ms, repetition time: 18 ms, slice thickness: 
1 mm, matrix size: 256×256, slices: 60, and FOV: 40×26 

mm), resulting in in-plane resolution 3D T2-weighted ana-
tomical MRI and MRA.

Registration of HR-MRI and micro-CT images
The HR-MRI 3D reconstructed images were spatially 

aligned with the micro-CT images in the same 3D space 
using Amira software (version 6.3.0; Thermo Fisher Scien-
tific, Merignac, France). Manual registration was applied 
to visualize the vascular and skeletal structures in longitu-
dinal (Fig. 1A), coronal (Fig. 1B), and inferior (Fig. 1C) 3D 
views. Thereafter, the micro-CT and HR-MR images were 
fused in Synapse 3D® software (Fujifilm Medical, Tokyo, 
Japan) (Fig. 2) for quantification of rat jawbone remodeling 
and vascularization. For fusion, a suitable region of interest 

(ROI) was defined to enable the calculation of vascularity 
as close as possible to the affected bone. Fusion was car-
ried out separately for each rat at each time point.

Bone morphometric analysis
Following fusion, the micro-CT images were trans-

formed using CT-Analyzer® software (Bruker microCT) 
for the calculation of morphometric parameters at all-time 
points. No blurring of the images due to breathing were ob-
served. A volume of interest (VOI) was manually selected 
to include mandibular alveolar bone bilaterally at the api-
cal region of the first and second molar of each rat while 
excluding the root surface and mandibular canal (Figs. 3A 
and B). Later, segmentation within the selected VOI was 
performed using a global automatic threshold algorithm. 
The trabecular thickness (Tb.Th; mm) was semi-automat-
ically calculated at all time points before (Figs. 3C and D) 
and after (Figs. 3E and F) extraction.

BFV analysis
For the quantification of vascular changes, fused mi-

cro-CT images and TOF-MRA were used to estimate the 
relative BFV in the rat mandible as suggested by Huang 
et al.30 The closest artery and its branch connected to the 

Fig. 1. Registered high-resolution magnetic resonance images and micro-computed tomography images allowing accurate projection of the 
available blood vessels onto the jaw bone. A. Longitudinal view. B. Coronal view. C. Inferior view.

A	 B	 C
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extraction site were selected, and the BFV was measured 
using the MRA images in 3D Synapse software (Figs. 4A-
C). BFV estimation was attained by calculating the dis-

placement of blood between 2 consecutive images and 
determining the blood velocity using the fused images. An 
ROI consisting of the closest artery and its branch connect-

Fig. 2. Combination of micro-computed tomography and high-resolution magnetic resonance imaging (HR-MRI) scans. A. Three-dimen-
sional (3D) sagittal view. B. 3D coronal view (posterior). C. Sample of imaging fusion (c1) hard tissue from micro-CT imaging and (c2) 
soft tissue from HR-MRI. (c3) Imaging fusion of c1 and c2.

A	 B

C

Fig. 3. Example of trabecular bone thickness changes in a test rat. A. Volume of interest (VOI) at the periapical region of the first and sec-
ond molar. B. VOI following tooth extraction. C, D. Trabecular bone changes before tooth extraction (at 4 weeks). E, F. Trabecular bone 
changes after tooth extraction (at 12 weeks). Bone is shown in light blue, while bone space is shown in red in B, C, E, and F.

A	 B

C	 D	 E	 F
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ed to the extraction site with dimensions of 1 ×1 pixels 
was selected to calculate the average velocity in the sagittal 
and coronal sections. The gray-level image intensity values 
of the artery’s interior, acquired from the TOF-MRA ROIs, 
were used to estimate the relative BFV. The relative veloc-
ity values were then linearly fitted to the reference values. 
All measurements were converted to pixels/s. A single ex-
perienced observer performed the image registration and 
evaluation at all time points (from T0 to T20). The calculat-
ed BFV distribution was visualized using color-coding on 
the fused images.

Histological analysis
Histological assessment was the gold standard with 

which the findings were compared. All rats were sacrificed 
immediately after the T20 micro-CT and HR-MRI scans. 
Following euthanasia of all rats with an overdose of gen-
eral anesthesia (1.5%-2% isoflurane in 100% oxygen), the 
mandibles were harvested, fixed in buffered formalin (pH 
7.4), and embedded in paraffin blocks. The bone samples 
were decalcified under controlled slow oscillations in a 1:1 
solution of 4% formic acid and 10% neutral buffered form-
aldehyde at a pH of 7.4 for 4 days; following demineraliza-
tion, the samples were rinsed with distilled water. A single 
6-μm section of each sample parallel to the mandibular 
body (Fig. 5A) was stained with hematoxylin solution (Gill 
III; Leica Microsystems, Diegem, Belgium) and 1% aque-
ous eosin solution (Leica Microsystems). The histological 
sections were manually registered and spatially aligned 
with the corresponding reconstructed micro-CT and HR-
MRI images for evaluation of the same region of interest.28 
Thereafter, histological assessment of blood vessels was 

performed using a light microscope (Axio Imager M2; Carl 
Zeiss Microscopy, Jena, Germany). 

The data obtained in this study were analyzed with IBM 
SPSS Statistics version 22 (IBM Corp., Armonk, NY, 
USA). The Mann-Whitney U test was applied to compare 
the control and test rats, as the data were not normally dis-
tributed. When interpreting the results, 0.05 was utilized as 
the level of significance.

Results 
The rats in the study demonstrated good hemostasis fol-

lowing surgery and a normal recovery from anesthesia. In 
all cases, micro-CT revealed broken apical root remnants 
after extraction due to the presence of divergence and 
broadening in the apical root portion. However, complete 
and normal mucosal healing was observed at approxi-
mately 2 weeks in all rats without any visible infection.

The micro-CT component of the registered micro-CT/
HR-MRI data showed an increase in Tb.Th from baseline 
to T20 in both the test and control rats (Fig. 5B). How-
ever, this difference lacked significance at all time points 

(P>0.05). The micro-CT findings were consistent with the 
histomorphometric analysis at T20, which revealed thicker 
trabecular bone and smaller marrow spaces in the test rats 
than in the control rat (Figs. 5C and D). Additionally, the 
registered HR-MRI component and 3D reconstruction of 
blood vessels showed a reduction in test-rat BFV (Fig. 5E) 
and bone vascularity (Figs. 5F and G) at the same region 
of interest relative to the control rat at follow-up. Although 
an increase in BFV was observed before tooth extraction, 
both control and test rats showed a decrease in BFV at 

Fig. 4. Calculation of relative blood flow velocity using dedicated 3-dimensional software. A. Superimposed time-of-flight magnetic reso-
nance angiography (TOF-MRA) and micro-computed tomography (micro-CT) images. The base image is a micro-CT scan, and the fused 
image is a TOF-MRA scan. B, C. The arrows denote the artery and its part connected to the tooth extraction site, while arrowheads denote 
the mandibular trabecular bone, coded in blue.

A	 B	 C
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Fig. 5. Vascular and trabecular changes. A. Three-dimensional (3D) representation of the cutting direction for histological sectioning (green 
line: cutting plane). B. Graphical representation of changes in trabecular bone thickness in the test rats and control rat. C, D. Thicker tra-
becular bone and smaller marrow spaces in the micro-CT scan and histological section in a test rat compared to the control rat at T20. E. 
Graphical representation of BFV changes in control and test rats. F. 3D vascular changes in the control rat. G. 3D vascular changes in a test 
rat. BFV: blood flow velocity, Tb.Th: trabecular bone thickness, T0: baseline, T4: (4 weeks), T8: 8 weeks, T12: 12 weeks, T16: 16 weeks, 
and T20: 20 weeks. Bar: 1000 μm.

A

B

C D

E

F

G
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follow-up. The difference between the left and right man-
dibular BFV values in each rat was insignificant at all 
time points (P>0.05). The histomorphometric images at 
T20 were also in accordance with the HR-MRI findings, 
as they demonstrated reduced trabecular bone vasculature 
and blood vessel density in both test and control rats and 
thereby confirmed the reduction in BFV. Histomorphomet-
ric analysis further revealed the presence of normal and 
healthy blood vessels in the control rat (Figs. 6A and B), 
whereas inflamed and smaller blood vessels were observed 
in the test rats (Figs. 6C and D). These findings were also 
consistent with the HR-MRI images, which revealed a 
greater reduction in BFV in the test rats than in the control 
rat based on the presence of less dense blood vessels.

Discussion
The high mineralization of human jaw bone is linked to 

its local vascularity.31 Furthermore, the skeletal vascula-

ture plays an important role in providing nutrients to bone, 
and any alteration in vascularization can directly influence 
skeletal metabolic activity and remodeling.32 Bone disor-
ders such as osteoporosis, rheumatoid arthritis, BRONJ, 
and other skeletal disorders are known to create imbalance 
in the remodeling process, thereby influencing the struc-
tural and functional integrity of bone and blood vessels33. 
Therefore, in the present study, a multimodal imaging tech-
nique involving a combination of micro-CT and HR-MRI 
was utilized for the 3D visualization, quantification, and 
longitudinal monitoring of bone remodeling and BFV in a 
BRONJ-like defect. To the best of our knowledge, a multi-
modal technique that can effectively and concomitantly as-
sess bone remodeling and vascularity at follow-up has not 
yet been reported.

Previous studies have demonstrated the estimation of 
vascularization via perfusion imaging involving HR-MRI 
and dynamic contrast imaging techniques.34-36 However, 
the disadvantages of perfusion imaging include the confu-

Fig. 6. Histomorphometric analysis of the blood vessels in the region of interest. A. Normal blood vessels observed in the control rat. B. 
Magnification of the red square in A. C. Inflamed and defective blood vessel revealed in the test rat. D. Magnification of the red square in C. 
Red arrow: blood vessel.

A	 B

C	 D
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sion or omission of microstructure resulting from low spa-
tial resolution. Additionally, numerous micro-CT protocols 
involving vascular contrast agents have also been applied 
to assess blood vessels, but they cannot be used to accu-
rately assess the microvasculature.14,28 Therefore, in this 
study, we utilized HR-MRI, which allows assessment of 
vascular structures and BFV at the microscopic level with-
out the need for histological sectioning and staining.37 As 
part of this technique, we evaluated the vascularity changes 
utilizing TOF-MRA, which is a common method for clini-
cal blood vessel examination and blood flow imaging. The 
utilization of HR-MRI for the microanatomical and neu-
rovascular assessment of the mandibular incisive canal,38 
nasopalatine canal, and superior and inferior genial spinal 
foramina39,40 has been extensively reported. The combina-
tion of HR-MRI with micro-CT as a gold standard for bone 
morphometry allowed for the accurate determination of 
trabecular structural changes and BFV in the same region 
of interest.

Batise et al.41 co-registered HR-MRI and micro-CT data-
sets in an ex vivo rabbit anterior cruciate ligament transec-
tion model and confirmed the successful application of this 
method in accurately quantifying the localized changes in 
both soft and hard tissue. However, the authors failed to 
quantify changes at follow-up. Other studies have involved 
the co-registration of micro-CT and MRI datasets for the 
assessment of bone and vascular changes; however, the ap-
plication of MRI is limited based on low spatial resolution 
and the inability to provide detailed information related to 
microvascular structures in animal studies.23,24 In contrast, 
our methodology allowed accurate quantification of both 
bone microstructure and blood vessels in the test and con-
trol rats at follow-up, suggesting that a combination of HR-
MRI and micro-CT may provide a reasonable means to 
monitor the localized progression of ONJ in a preclinical 
rat model. 

The combination of different imaging modalities pro-
vided localization and distinction of mineralization and 
vascularization in the mandible. The changes in trabecular 
bone and vascularity were assessed in the same ROI, and 
our findings associated with bone remodeling were consis-
tent with the results of the histomorphometric analysis. We 
observed localized mineralization and a reduction in vascu-
larization with smaller marrow spaces and narrow canals, 
which were in accordance with the previous findings.28,42,43

It should be mentioned that based on the small sample 
size, significant evidence regarding the interaction of bone 
vascularization and remodeling could not be found. Further 

prospective studies utilizing a similar methodology should 
thus be carried out with a larger sample size to confirm our 
findings. It is also recommended to explore the potential of 
adding a contrast medium, so as to focus on possible ben-
eficial effects for co-registered imaging of vascularization 
and bone remodeling. 

In conclusion, the combination of micro-CT and HR-
MRI may be considered a powerful non-invasive tool for 
the longitudinal concomitant quantification of bone remod-
eling and vascularization. The present protocol should be 
further applied and validated with an integrated animal ex-
perimental design. 

Conflicts of Interest: None
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