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MicroCT Investigation of Bone
Erosion and Deformation in Abstract
cq The Quantum GX is a cutting-edge non-
an OSteoar thrltlc Rat MOdel invasive imaging system that represents
the latest advances in microCT technology
in resolution, speed, and data visualization. This versatile preclinical imaging system is proven for a
broad range of applications in pulmonary disease, cardiovascular disease, diabetes, orthopedics, cancer,
and dentistry, with a range of animal capabilities from mice and rats to guinea pigs and rabbits. This
Application Note will discuss the use of the Quantum GX imaging system to investigate and monitor

longitudinal bone erosion in an osteoarthritis (OA) using the standard imaging software that
is included with the system and PerkinElmer's AccuCT™ advanced automated bone analysis software.

OA is the most common form of arthritis and affects a considerable portion of the elderly
population. In the U.S., it is estimated that 27 million Americans have this chronic condition,
generally in the knees. OA occurs when the cartilage that cushions the ends of bones within

the joints gradually deteriorates, causing synovitis and joint deformation. The progressive bone
degradation that occurs in OA makes it ideal for visualization of disease development using microCT.

Many aspects of this human condition can be established in laboratory rats by injection of
monosodium iodoacetate (MIA) into the intra-articular space of the knees. After MIA injection, we
performed longitudinal microCT imaging for up to 6 weeks. Standard scans allow the simultaneous
capture of bone images for both the affected and contralateral knees, and the higher resolution images
for each joint can be generated by subsequent sub-volume reconstruction of the same dataset for
accurate volumetric measurement. Volumetric analysis of bone erosion associated with this disease
model was performed and visualized using the standard bone analysis software. Subsequently, the
image data sets were analyzed using AccuCT advanced bone analysis software. This software can
automatically identify and mask bone objects from the CT data set generated by the Quantum GX and
is capable of automatic segmentation of the affected bones, an advancement that greatly facilitates the
ease, speed and reproducibility of the analysis. With minimal human involvement, the segmentation
results are more consistent and accurate by eliminating the need for frame-by-frame review of the CT

data during the object masking process.
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MicroCT Imaging of Osteoarthritis in Rats: Model,
Method and Data Processing

To facilitate translational research of this condition and treatment
development, several clinically-relevant animal models have
been developed. In particular, a rat model has been well
established by intra-articular injection of monosodium
iodoacetate (MIA) into the knee in order to trigger synovial
inflammation and osteoarthritis in the joints."? For the microCT
imaging study, 3 mg of MIA in 50 pL sterile 0.9% saline was
injected through the patellar tendon and into the knee joint
cavity of anesthetized CD rats.

For knee imaging, the Quantum GX microCT imaging system
has a unique feature that allows the users to enhance the
image quality of a previously acquired microCT image by
performing a sub-volume reconstruction of a selected sub-
region of the raw image data. For this study, the original
acquisition used a large field of view (FOV = 72 mm, Recon 45
mm, standard 2 min scan time) to capture the lower torso and
right leg of rats (Figure 1A). The original image data was then
subjected to sub-volume reconstruction using the Quantum GX
software interface (Figure 1B). In this case, we were able to
enhance overall image quality by reducing voxel size from 90 to
30 microns (Figure 1C and D). This feature eliminates the need
for repeated imaging of the same region of interest in order to
obtain high resolution images, thus reducing both imaging
time and ionizing radiation dose to the animals throughout a
longitudinal study. Furthermore, the smaller voxel size of the
secondary reconstruction improves the 3D rendering details and
facilitates more accurate volumetric measurements.

Figure 2 summarizes the microCT 2D slice images of the joint
after MIA injection. These images were acquired as previously
described in Figure 1. The week 0 reference images represent
the normal knee joint before the MIA injection, when no visible
bone erosion or joint damage was observed. Using a standard
image visualization software, the femoral and tibial epiphyses
were represented with different colors for visual presentation
and identification. As early as two weeks after MIA injection,
although there are no obvious clinical signs of disease, the
high-resolution microCT images generated by the Quantum GX
system captured the subtle onset of bone erosion on the surface
of epiphyses. By week 6, the microCT images revealed substantial
joint deformation which closely mimics the development of
osteoarthritis in humans.

3D Visualization of Bone Erosion in the MIA
Osteoarthritis Model

In the previous section, Figure 2 demonstrated the use of high-
resolution 2D slices of Quantum GX microCT data to detect
subtle changes during disease progress. The microCT dataset
can also be viewed in 3D for a more comprehensive view of
bone surface erosion and for subsequent quantitative analysis
of the affected joints. The visualization software provided as an
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Figure 1: In this study, the rat knees were imaged on the Quantum GX microCT system with
astandard 2 min scan which entails a physical FOV of 72 mm and a software reconstruction
of 45 mm. (A) Image of a normal ratknee. After acquisition, the 3D image was reconstructed
using the standard Quantum GX system acquisition software. Subsequently, a smaller region
ofinterest (ROI, green box) was selected for further sub-volume reconstruction. (B) The sub-
volume reconstruction provides a more detailed view of the region of interest (knee bones).
(CandD) 2D slice views of the knee before (C) and after sub-volume reconstruction (D). The
sub-volume reconstruction procedure enhanced image quality and detail by reducingimage
voxel size from 90 to 30 microns.

option with the Quantum GX can be used to manually segment
bones of interest and assign pseudocolors for visualization. The
segmentation process involves careful review of each 2D image
frame in the image stack to identify the target areas. To facilitate
the process, the software provides several tools such as the Wall
tool and Separation tool to help the users identify and separate
different 3D bone segments. Nevertheless, in order to obtain
accurate 3D objects, it typically requires careful manual review of
each frame in the target region.

Figure 3 summarizes the 3D segmentation images of the epiphyses
after MIA injection. The 3D renderings clearly demonstrate
widespread bone erosion and destruction as a result of MIA
injection. Within two weeks after MIA injection, pitting on the
epiphysis bones surface was evident, which gradually progressed
to more severe bone deformation by week 6.



Bone and Joint Destruction in MIA Osteoarthritis Model
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Figure 2: After MIA injection into the intra-articular space of a CD rat knee, longitudinal microCT imaging was performed bi-weekly for up to 6 weeks to non-invasively monitor knee bone erosion
and destruction. The top row of images are the 2D slice views of the rat knee acquired at week 0, 2, 4 and 6. The bottom row of images are the bone segmentation results using standard visualization
software, where the femoral and tibial epiphyses were marked in green and yellow respectively. Week 0 image represents the normal condition, and no damage in the knee bones was observed
before MIA injection. Starting 2 weeks after MIA injection, the CT images revealed gradual bone surface erosion in both femoral (green) and tibial (yellow) epiphyses. Bone erosion (red) is clearly
remarkable 6 weeks after MIA injection.

3D Visualization of Bone Erosion in the MIA Knees
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Figure 3: Bone erosion and joint destruction in MIA rat knees can be visualized in 3D using standard software. In this set of images, microCT datasets acquired at different time points after MIA
injection were subjected to a manual segmentation process in order to identify the femoral (green) and tibial (yellow) epiphyses. 3D rendering of the microCT datasets clearly demonstrate bone
erosion and destruction. Surface pitting was observed at the early time point (week 2), and significant deformation of the epiphyses was clearly visible at the later time point (week 6).



Quantitative Volumetric Analysis of the 3D Objects

3D volumetric analysis was then performed in order to
guantitatively measure bone erosion in the MIA OA model.
Using a manual segmentation protocol, 3D objects of the

femoral epiphysis was extracted throughout the course of study.

In this rat OA model, femoral epiphyses show erosion and
deformation as result of chronic inflammation. The 3D object
view feature of the software provides researchers a useful
visualization tool for direct assessment and comparison of
the disease model. Figure 4A shows the extracted 3D objects
of femoral epiphyses derived from Figure 3, and Figure 4B
illustrates the volumetric analysis results of the study. The
data clearly indicate a continuous decline in bone volume as
osteoarthritis progresses, in agreement with the observed
progressive surface pitting and irregularities through week 6.

AccuCT Advanced microCT Bone Analysis Software

Automated Segmentation

The current 3D object segmentation and extraction workflow
relies on manual segmentation by the user. The tool set provides
several useful semi-automatic functions, such as Wall and Object
Separator, to facilitate the user in identifying and extracting the
3D objects of interest. Well-trained operators can take advantage
of these tools to obtain 3D objects with great precision.
Nevertheless, the process requires manual review and typically

involves frame-by-frame validation and correction (if necessary)
of the selected voxels. As a result, this manual segmentation
process is time-consuming and is subject to human error for
reproducibility.>+> Different operators may produce slightly
different segmentation results and analyses, adding an aspect
of subjectivity to the quantification.

In an effort to streamline the analysis workflow, and to improve
repeatability and reproducibility, a microCT analytical tool for
automatic segmentation®” was developed. The users can instruct
the software to automatically identify and extract 3D bone
subjects with a few adjustments of settings, such as sensitivity
and minimal voxel size, that are numerically specified to ensure
true reproducibility. The new workflow in AccuCT is more efficient
and can be easily standardized for training and incorporation into
analysis protocols. Figure 5 outlines the general workflow using
the normal week 0 microCT dataset as an example. In addition to
the bones, the imported 3D image commonly contains soft tissue
(muscle, fat, tendons, ligaments and organs) or small food
particles in the Gl tract (Figure 5A). With a simple click of

a button, the AccuCT software can identify bones by filtering out
soft tissue and small dense objects that do not meet the minimal
voxel criteria (Figure 5B). The software then can automatically
separate connected bones and generate a segmentation map by
assigning a unique color to each bone fragment (Figure 5C).

3D Visualization of Bone Erosion in the MIA Knees
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Figure4: (A) 3D object rendering of the MIA femoral epiphyses at various time points using the standard analysis software. No bone erosion was observed at week 0. Starting 2 weeks after MIA
injection, progressive surface erosion and eventual bone deformation were clear visible. (B) Volumetric measurements of epiphyses using the segmentation software. The MIA injection resulted

in gradual bone loss as revealed by quantitative and volumetric analysis of the epiphyses in affected knees.



Bone Segmentation Workflow

Input of 3D voxel file Identify bones Separate bones

Figure 5: The microCT imaging tool can assist 3D segmentation of the bone imaging data by automatically identifying and separating bone segments in the region of interest. The general workflow
involves: (A) Input of the 3D voxel data or acquired by the Quantum GX. AccuCT software can accept 3D data formats such as vox and .dcm files. (B) The software is capable of identifying

bones in the dataset and excluding objects that do not meet the selection criteria (e.g. Intensity range and minimal voxel size). (C) The software can then proceed to separate the bone segments
automatically.

Comparative 3D Segmentation microCT software tool Manual segmentation

To validate the accuracy of the
automated microCT imaging tool,
3D object of femoral epiphysis from
a normal rat knee was masked and
extracted and compared with the
results generated using the manual
software. Figure 6A shows the same
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Figure 6: (A) The 3D rendering of the a normal rat femoral epiphysis using either AccuCT bone analysis visualization tool (left) or
the standard software (right). (B) Quantitative comparison of the volumetric measurements of the bone using these two software
tools. The yellow arrows indicate areas of incorrect 3D rendering as a result of errors introduced during the manual frame-by-frame
segmentation process.



Volumetric Measurement

Our advanced software tool can be
useful for visualization and measurement
of particular 3D objects in the 3D
microCT dataset. To demonstrate
that, the software tool was used to
visually and quantitatively compare the
3D femoral epiphyses in the MIA
osteoarthritis rats. The top panels of
Figure 7A show the 3D rendering

of the knee bones before (week 0)
and after (week 6) the MIA injection,
and the lower panels show the auto-
segmentation results generated by
the new software tool. The femoral
epiphyses (red) can be easily selected
and volumetrically analyzed using
the built-in tools of the software.
The results are consistent with the
measurements obtained by the
standard software (Figure 4B,
Figure 7B), and both methods
show a 10-11% decrease in femoral
epiphysis volume by week 6.
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Figure 7: (A) Using the microCT imaging software tool, the 3D volumes of the femoral epiphyses in MIA rats can be extracted for
volumetric measurement. Top panels show the 3D rendering of knee bones at week 0 and week 6. Lower panels show the automatic
segmentation results using AccuCT software tool. The red areas indicate the femoral epiphyses in the MIA rat. (B) volumetric
measurements of the bones.

Conclusions

This Application Note provides Quantum GX users with a The standard imaging software which comes with the system
quick overview of its potential use for osteoarthritis research. has several visualization tools for bone segment identification
PerkinElmer’s Quantum GX microCT system is well suited to and 3D object extraction. In addition, it provides tools for
visualize bone degradation and deformation in the MIA rat 3D volumetric analysis of bone erosion and deformation occur
osteoarthritis model. This microCT imaging system provides in this osteoarthritis model. Finally, we also demonstrate the
high-resolution images at an X-ray dose low enough for use of AccuCT microCT bone analysis software for automated
longitudinal imaging of disease progression. The sub-volume segmentation and object extraction which may greatly facilitate
reconstruction feature further enhances image quality the analysis process. The software’s automated segmentation
without introducing additional radiation dose to the animal tool reduces possible human errors during manual object

or additional imaging time. masking and thus improves overall consistency and accuracy

of segmentation results.
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