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(57) ABSTRACT 

The present invention provides method of generating a 3-D 
image of at least one cement bolus in relation to a bone 
comprising acquiring a plurality of fluoroscopic images of the 
bolus during or after a bone cement injection procedure. The 
method further comprises registering each fluoroscopic 
image with a CT scan image of the bone. Additionally, the 
method comprises outlining the bolus in each fluoroscopic 
image to generate a plurality of silhouettes of the bolus. The 
method also comprises projecting the silhouettes on to the CT 
scan image to generate a plurality ofback-projections. More
over, the method comprises identifYing a plurality of bolus 
voxels to generate the 3-D image of the bolus, wherein each 
bolus voxel comprises an intersection of at least two back
projections. Furthermore, a method for intra-operative imag
ing of at least one bolus ofbone cement during a bone cement 
injection procedure is disclosed. 

23 Claims, 9 Drawing Sheets 
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INTRA-OPERATIVE 3-D RECONSTRUCTION 
OF BONE CEMENT BOLl USING X-RAYS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

Not applicable. 

2 
and capable of watching for stray channels of cement and 
calculating the location of the bolus, is quite expensive and 
less available than CT. Because of the sheer number of ver
tebroplasty procedures preformed, on-site monitoring of the 
procedure is thus typically implemented via X-ray fluoros
copy, with which the operator can gain a real-time, two 
dimensional picture of the current condition inside the bone. 
This helps to visualize needle position and depth and can 
identify certain problems such as cement leakage, but does STATEMENT REGARDING FEDERALLY 

SPONSORED RESEARCH OR DEVELOPMENT 

BACKGROUND 

10 not offer much insight into the three-dimensional positioning 
and shape of the bolus. Additionally, the two dimensional 
picture does not provide any information regarding the opti
mal volume of the bolus. 

1. Field of the Invention 
This invention relates to generally to the field of three

dimensional imaging. More specifically, the invention relates 
to an intra-operative method of visualizing bali during a bone 
cement injection procedure. 

Consequently, there is a need for a simple, inexpensive, 
15 intra-operative method to monitor the 3-D position and shape 

of a bone cement bolus during a percutaneous bone cement 
injection procedure. 

2. Background of the Invention 
Percutaneous bone cement injection procedures such as 20 

vertebroplasty are currently some of the least invasive treat
ments available for bone surgery. For example, in vertebro
plasty, an operator simply injects bone cement i.e. poly(m
ethyl methacrylate) (PMMA), using a syringe passing 
through the skin, through the pedicles and into the anterior 25 

vertebral body. The bone cement forms a bolus which hardens 
to become much stiffer than bone, thus raising the strength of 
the vertebra. Success of the procedure is typically determined 
by restoration of vertebral height and removal of pain, which 
are typically unrelated to the two major types of complica- 30 

tions, cement leakage and over-reinforcement of bone. While 
fluoroscopic x-ray imaging, commonly used intra-opera
tively, can aid in the avoidance of leakage, in order to avoid 
over-reinforcement the procedure needs to be optimized such 
that less cement is required. Currently, exploration of param- 35 

eters such as bolus location and shape, important steps in 
optimization, are only explored in the research setting and 
will remain academic matters until they can easily be cost
effectively observed and controlled in the clinical setting. 

Cement volume is the single most important factor in deter- 40 

mining the strength and stiffness increase in fractured bone. 
Generally, the more cement injected, the stronger the rein
forcement, but the higher risk of complications. Aside from 
leakage, it has been found that many patients suffer fractures 
in adjacent vertebrae at a later date. This side effect may be a 45 

result of the higher stiffness of the reinforced vertebra com
pared to the surrounding vertebrae. The difference in stiffness 
may cause high stresses in the immediately superior and 
inferior bones which are often already weakened by a sys
temic condition such as with osteoporosis. Thus, the amount 50 

injected is typically limited, and alternative, less stiff materi-

BRIEF SUMMARY 

These and other needs of the art are addressed by method of 
generating a 3-D image of at least one cement bolus in rela
tion to a bone comprising acquiring a plurality of fluoroscopic 
images of the cement bolus during or after a cement injection 
procedure. The method further comprises registering each 
fluoroscopic image with aCT scan image of the bone. Addi-
tionally, the method comprises outlining the bolus in each 
fluoroscopic image to generate a plurality of silhouettes of the 
bolus. The method also comprises projecting the silhouettes 
on to the CT scan image to generate a plurality of back
projections. Moreover, the method comprises identifYing a 
plurality of bolus voxels to generate the 3-D image of the 
bolus, wherein each bolus voxel comprises an intersection of 
at least two back-projections. 

In another embodiment, these and other needs in the art are 
addressed in one embodiment by a method for intra-operative 
imaging of at least one bolus of bone cement during a bone 
cement injection procedure comprising injecting at least one 
bolus of bone cement into at least one bone. The method also 
comprises acquiring a plurality of fluoroscopic images of the 
bolus at a plurality of angles. In addition, the method com
prises registering each fluoroscopic image with a CT scan 
image of the bone. Moreover, the method comprises tracing 
the bolus in each fluoroscopic image to generate a plurality of 
silhouettes of the bolus. Additionally, the method comprises 
projecting the silhouettes on to the CT scan image. Further-
more, the method comprises identifying a plurality of bolus 
voxels to generate an on-site three-dimensional image of the 
bolus, wherein each bolus voxel comprises an intersection of 
at least two back-projections and optionally, repeating the 
method based on the on-site three-dimensional image of the 
bolus. 

Because repeated CT scans create extra cost and radiation 
exposure to the patient and are not immediately available 
post-treatment, they are typically not used to monitor the 
results of vertebroplasty, rather as follow-up. The invented 
process is useful in that it can provide similar information to 
a second, post-operative CT scan both on-site and less expen
sively. The process may be used as an evaluation tool for 

als have been explored. To further reduce the amount of fill 
necessary to reinforce a vertebral body, one needs to take into 
consideration the geometry of the bolus; if stronger reinforce
ment can be achieved by alternative arrangements of the 55 

cement, less total material is necessary. In order to implement 
such measures, appropriate visualization tools are necessar
ily, because the operator must make adjustments during the 
procedure as the specific features of the treated bone influ
ence where the cement flows during injection. 

Computed tomography (CT), occasionally performed 
before the procedure, yields an accurate three-dimensional 
picture of the bone, and if post-operative, of the bone cement 
within the bone. However, CT scanners are somewhat expen
sive to use, take additional time to schedule and perform, and 65 

are not always immediately available. Fluoroscopic CT, 
while an ideal technology for the procedure being real-time 

60 researchers and physicians for estimating the shape of the 
injected bone cement after a percutaneous bone cement injec
tion procedure, and thus the effectiveness of the procedure. 
Symmetrical distribution of the bone filler material may be 
important in preventing secondary damage to the vertebral 
body. This symmetry may be easily evaluated in an inferior
superior image of the bone. Such information available intra-
operatively may prove to be invaluable to a physician. 
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other. The PMMA was then isolated from the radiograph 
(bottom left) and transformed into the CT domain (bottom 
right); 

FIG. 5 illustrates a slice of a resulting back-projected 
PMMA volume. On the left, all12 back-projections are over
laid, and the brightest central shape is the full intersection. 
The right represents the area where 10 or more of the back
projections intersect, which most accurately predicts the 
PMMA volume; 

FIG. 6 illustrates the challenges in identifYing PMMA. On 
some fluoroscopic images it was difficult to accurate discern 
the contribution of PMMA to the image from that of the 
posterior elements, and surrounding bone; 

FIG. 7 shows an original CT scan (left) and simulated 

In research, the method may provide a less expensive 
method to create finite element models, which when validated 
may provide invaluable information about the efficacy of the 
procedure, with modifications. The same process may natu
rally be used to monitor the injection of other materials as 
replacements of PMMA are explored. It may also be used to 
judge the size and shape of bone defects, either naturally or 
pathologically occurring. The method is not aimed at replac
ing CT scans where they are required, only at supplementing 
3-D imaging where CT scans are impractical. In addition, this 10 

technique may prove useful in imaging bone damage, tumors, 
and other disease in a three-dimensional model during opera
tive procedures. Updating developed 3-D models intra-opera
tively has been a long felt need for physicians working with 
surgical stereotactic navigation systems in tumor resection. 
For non-medical applications, the technique may be used for 
approximating non-symmetrical shapes hidden behind an 
enclosure. 

15 post-operative scan (right). On a transverse slice of the CT 
volume, the PMMA is represented in black within the verte
bral body. The streaks through the image are artifacts result
ing from rotating the image for simple angle identification; 

FIG. 8 shows post-operative CT scans with reconstructed 
20 CT scans. Images with black backgrounds are representative 

slices of aCT scan taken afterinjectionfrom the (a) axial, (b) 
coronal, and (c) sagittal views. Adjacent to the right of each, 
with gray backgrounds, are slices taken as close as possible, 
of the same vertebra. Note that the post-operative CT scan 

The process is based upon limited-projection reconstruc
tions, where the number of projections is too few for rigorous 
tomographic calculations. The primary difference is that this 
process caters to a particular situation in which we are recon
structing the geometry of one object within another, with no 
regard to the shape of the larger object. This simplifies the 
math, and allows integration into the procedure without major 
changes to the current process. Furthermore, the present 
invention applies to bone cement injection procedures in an 
intra-operative setting. Such imaging modalities could poten
tially improve clinical outcome of the patients. The advan- 30 
tages of the present invention can be obtained without adding 
additional time to the operation. 

25 underwent a compression-fracture experiment in a separate 
study, resulting in some changes in bone features; and 

The foregoing has outlined rather broadly the features and 
technical advantages of the present invention in order that the 
detailed description of the invention that follows may be 35 

better understood. Additional features and advantages of the 
invention will be described hereinafter that form the subject 

FIG. 9 shows three-dimensional visualization of PMMA 
bolus within a single vertebra. 

NOTATION AND NOMENCLATURE 

Certain terms are used throughout the following descrip
tion and claims to refer to particular system components. This 
document does not intend to distinguish between components 
that differ in name but not function. 

In the following discussion and in the claims, the terms 
"including" and "comprising" are used in an open-ended 
fashion, and thus should be interpreted to mean "including, 
but not limited to ... ". 

"Bone cement" means any injectable material that hardens 
to form a bone fixative. 

"Bolus" means a mass of bone cement. 

of the claims of the invention. It should be appreciated by 
those skilled in the art that the conception and the specific 
embodiments disclosed may be readily utilized as a basis for 40 

modifYing or designing other structures for carrying out the 
same purposes of the present invention. It should also be 
realized by those skilled in the art that such equivalent con
structions do not depart from the spirit and scope of the 
invention as set forth in the appended claims. 

"Image registration" means the placement or re-orientation 
of two images in such a mauner as to align them with each 

45 other. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a detailed description of the preferred embodiments of 
the invention, reference will now be made to the accompany
ing drawings in which: 

"Percutaneous bone cement injection" means any mini
mally invasive procedure where bone cement is injected into 
bone through the skin. 

"Voxel" means a unit of volume corresponding to the 
50 smallest element depicted in a three-dimensional computed 

tomography (CT) image. In other words, the three-dimen
sional equivalent of a pixel. FIG. 1 a flow diagram representing an embodiment of a 

method for intra-operative imaging of at least one bolus of 
bone cement during a bone cement injection procedure; 

55 
FIG. 2 is a flow diagram representing an embodiment of a 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

method for reconstructing a 3-D image of a bolus within a 
bone; 

FIG. 3 shows fluoroscopic images of a spinal segment. The 
outlines of the PMMA were traced in the original (left), and 60 
labeled for easy identification as depicted on the right; 

FIG. 1 illustrates a flow diagram of a method 100 for 
intra-operative imaging of a bolus of bone cement during a 
bone cement injection procedure. The method 100 may ini
tially comprise the step 102 of injecting a bolus of bone 
cement into a bone. In an embodiment of the invention, the 
patient's spine and surrounding tissue may be constantly 
monitored through fluoroscopic imaging at step 103 by 
acquiring a plurality of fluoroscopic images at a plurality of 

FIG. 4 illustrates transformation from PMMA read on 
fluoroscopic image to match the CT scan. Corresponding 
features on the radiograph (top left) and CT projection (top 
right; produced by mathematically summing the pixel values 
of the volume in the given direction, a.k.a. a radon transform) 
were identified, creating a map for moving from one to the 

65 angles during the bone cement injection procedure. In pre
ferred embodiments, the bone cement injection procedure 
may comprise vertebroplasty or kyphoplasty where the bone 
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cement is injected into the vertebra. However, it is envisioned 
that the method may be used with bone cement injection 
procedures involving any bone in the body. 

Step 103 may further comprise acquiring fluoroscopic 
images while inserting a needle through the skin into the bone 
to guide the surgeon. During the bone cement injection, step 
103 may comprise acquiring additional fluoroscopic images 
to stop injection at the onset ofbone cement leakage out of the 
bone. In another embodiment, step 103 may comprise taking 
fluoroscopic images after injection of the bone cement. 

6 
scanner may be used. In certain embodiments, 1 mm trans
verse slices of the surgical site may be scanned. Alternatively, 
the CT scan may be a stock image of a bone taken from 
another patient. Typically, the CT scan image comprises an 
image of a vertebra. 

FIG. 2 illustrates a flow chart of the 3-D image reconstruc
tion method 200 which in some embodiments may occur at 
step 104 of method 100. The method 200 is preferably com
pletely automated through software or a computer. However, 

10 in some embodiments, one or more of the steps may be 
manually executed. The method 200 may initially comprise a 
step 202 where a plurality of fluoroscopic 2-D images of the 
bolus may be acquired at a plurality of angles as described in 
detail above. 

The orientation of the imaging system may generally be in 
the anterior-posterior (AP) and medial lateral (ML) direc
tions. In typical embodiments, the step 103 may include tak
ing fluoroscopic images of one or more angles of a bone 
during a percutaneous bone cement injection procedure. The 15 

images may be taken at any angle ranging from oo to 270°, 
preferably ranging from oo to 180°. Additionally, the images 
may be taken at any suitable angular increments. In an 
embodiment, the images may be taken at 15° increments. 
Alternatively, the angular increments may be unequally 20 

spaced. For example, 6 images may be taken at angular incre
ments at 15°, whereas the next 6 images may be taken at 
angular increments of 1 oo. Preferably, the image may be 
taken from the postero-lateral angle on one side to the pos
tero-lateral angle on the opposite side of a patient or vice- 25 

The image reconstruction method 200 may further com
prise an image registration step 203. In order to visualize the 
bone cement in the frame of a CT scan, the images may be 
transformed such that the location of a pixel on the fluoro
scopic image has a meaning in the 3-D CT space. In a verte
broplasty embodiment, the CT scan of vertebrae may be 
separated into individual spinal segments. Simulated projec-
tions may then be used to create pre-operative radiographs by 
sunnning the density along straight lines through the volume 
in each CT image. Preferably, the simulated projections are at 
matching angles to the fluoroscopic images. Thus, for each 
projection angle of a given bone, a simulated projection may versa. 

In some embodiments, no more than 3 images may be 
needed for approximating the bone filler shape inside the 
vertebral body, alternatively no more than 7 images may be 
taken, alternatively no more than 12 images may be taken. 
Preferably, less than 50 images may be taken during the 
process. In further embodiments, a plurality of bali may be 
imaged. Alternatively, the plurality ofboli may be located in 
different bones. 

In preferred embodiments, the images acquired in step 103 
may be taken by an X-ray imaging device. However, any 
device capable of imaging a bone may be used. The imaging 
device may be completely automated such that the device 
automatically takes the desired number of images at the 
appropriate angles. In certain embodiments, a user may enter 
the desired number of images or the desired angular incre
ments in to the device. Also, in additional embodiments, step 
103 may comprise using X-ray imaging, digital X-rays, intra
operative CT, open MRI, or ultrasound to acquire the images. 
One example of a commercially available device is a C-arm 
3-D rotational x-ray device. The images may be stored as a 
digital image in any suitable format such as BMP, JPEG, 
MPEG, GIF, TIFF, PNG, WMF, or PCX. Generally, the 
images may be stored on a digital workstation or a computer. 

To aid the identification of the bone cement-bone interface, 
a contrast agent may be mixed into the bone cement during 
preparation. Examples of suitable contrast agents include 
without limitation, barium sulfate, iodine based contrast 

be used to depict the pre-operative state and a fluoroscopic 
radiograph may be used to depict the postoperative state. The 
two corresponding images have different resolutions and 

30 positions, and thus the process may generally comprise an 
image registration or alignment step 203. To register each 
fluoroscopic image with the corresponding simulated projec
tion, the image registration step 203 may comprise identifY
ing a quadrilateral bounded by four features (points) of the 

35 spinal segment on each image and may additionally comprise 
translating, rotating and resealing the fluoroscopic image to 
match the simulated projection resolution and position (See 
FIG. 4). 

Once the image registration step 203 is performed, the 
40 bone cement bolus may be isolated in each image, creating a 

silhouette of the bolus at each projection angle as described in 
step 204. Each radiograph may be processed using a commer
cial image analysis software package such as Analyze (Ana
lyzeDirect, Lenexa Kans.) to identify the bolus. The 2-D 

45 outline of the bolus may be traced on each image (FIG. 3). In 
typical embodiments, a combination of thresholding and 
manual outlining may be used to trace the bolus in the image. 
In other embodiments, the tracing may be completely auto
mated through use of advanced image processing techniques 

50 or algorithms. Each pixel within the outline may be tagged to 
form a silhouette of the bolus. Once formed, each of the 
silhouettes may be back-projected across the three-dimen
sional space of the CT scan as seen in step 205, creating an 
extrusion of each shape. 

The voxels which represent the bone cement may be iden-
tified in the three-dimensional space by identifYing the inter
section of the back-projections (See FIG. 5) in step 207. In 
general, the voxels in which all the projections intersect may 
be taken as the bone cement volume. Thus, if there are 12 

agents, ionic contrast agents, nonionic contrast agents, or 
combinations thereof. The effect of the contrast agent on the 55 

mechanical properties of the bone cement is negligible. The 
imaging process may be used with any type of bone cement 
material. Although PMMA is the primary material used as 
bone cement, the bone cement may comprise other materials 
such as poly(propylene fumarate), calcium phosphate, cal
cium carbonate, biodegradable polymers, hydroxyapatite, 
ceramics, antibiotics, or combinations thereof. Thus, any type 

60 projections, a voxel where all12 projections intersect may be 
designated as a bone cement voxel. However, in some 
embodiments, the voxels in which less than all the projections 
intersect may also be counted as a bolus voxel. In order to test 
the accuracy of the reconstruction, the volume of the recon-

of bone cement may be imaged using the disclosed process. 
Generally, a CT scan and the plurality of fluoroscopic 

images may be used to reconstruct the 3-D image of the bolus. 
The CT scan may comprise a pre-operative scan taken of the 
patient's own bone prior to step 102.Any suitable clinical CT 

65 structed bolus may be compared in step 209 to the amount of 
cement injected during the procedure, a known quantity. If the 
reconstructed volume is less than the actual amount of bone 
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cement injected, the number of intersecting projections 
required in order to be designated as a bolus voxel may be 
reduced in step 206. By way of example only, for an embodi
ment with 12 projections, instead of requiring a voxel in 
which all12 projections intersect, only 11 projections may be 
required. The volume may then be recalculated. In preferred 
embodiments, the number of intersecting projections that 
provides the most accurate volume reconstruction is used. 

Step 207 may comprise exporting the identified bolus vox-
els to MATLAB® (Mathworks, Nattick Mass.) or other data 10 

analysis software for re-construction of the bolus image. In 
some embodiments, an algebraic reconstruction algorithm 
(ART) may be implemented to reconstruct the image. The 
reconstructed bali may be overlaid onto the original CT scans 
and transferred back to commercial image analysis software 15 

for further analysis. The resulting image provides three-di
mensional visualization of the bolus and its position within 
the bone. 

8 
results as a visual benchmark. In each segment the central 
bone of the 3-vertebra segment fractured but the PMMA
reinforced bones remained largely intact, allowing such a 
comparison to be made. 

Image Analysis 
The outline of the bolus on the fluoroscopic X -rays was, on 

some of the images, very difficult to identifY (FIG. 6). This 
was due to several reasons: 1) On all images, at the periphery 
of the PMMA on each image (where a given ray from the 
fluoroscope travels through a small amount of bone cement), 
there was very little contrast to the bone. 2) In some projec-
tions, the posterior elements (consisting of generally denser 
bone) overlap the anterior vertebral body, the area of interest, 
and were difficult to distinguish from the PMMA. 3) In some 
specimens, the contrast between the PMMA and the bone was 
generally low. The registration of the images proved more 
consistent. The chosen features were consistently identified, 
typically the corners of the vertebral bodies in each projec-

The results may be presented either on the fluoroscope 
screen or a separate display. If the treatment results are satis
factory, the physician may finish the procedure. Referring 
back to FIG. 1, the surgeon may optionally choose to inject 
more bone cement at the same or different anatomical regions 

20 tion, to within a few pixels. 

if the volume and/or position of the bone cement is not opti
mal in step 109. In further embodiments, the CT scan and the 25 

acquired shape of the bone cement bolus may be used to 
construct finite element models to estimate the bone strength. 
The finite element models may be coupled to the visualization 
process to provide biomechanical feedback in addition to 
image feedback to an operator. 30 

35 

The number of projections used may vary according to the 
efficacy of the process. Though part of the attraction of the 
process is the simplicity of the algorithm, there are more 
sophisticated limited-projection reconstruction methods that 
may be employed. In addition to using this procedure for bone 
cement injection procedures, it is envisioned that the process 
may be used for other medical applications in need for intra
operative imaging such as tumor resection, healing monitor
ing, implant fixation, etc. To further illustrate various illus
trative embodiments of the present invention, the following 40 

example is provided. 

EXAMPLE 

Six cadaveric spinal segments (T9-L4; Male, ages 63-88) 45 

from a coinciding study were analyzed. They were placed two 

Image Reconstruction 
Bali consistent with the PMMA outlines identified in the 

fluoroscopic images were successfully generated. The num
ber of intersecting projections required to achieve the correct 
PMMA volume varied between specimens (See Table 1). 

CT-Based 
Specimen Vol.@ Vol.@ Volume %Error 12 % ErrorCT 
nwnber 12 proj. 11 proj. Calculations projections images 

19.2 cc 24.9 cc 22.4 -4.00 -12.00 
2 18.9 cc 25.1 cc 22.9 -5.50 14.5 

16.8 cc 21.0 cc 15.7 -16.00 -21.50 
4 17.2 cc 20.8 cc N!A 14.0 N!A 

20.1 cc 26.3 cc 23.0 0.5 15.00 
21.6 cc 26.2 cc 23.9 8.00 19.50 

This is attributed to inconsistency in the bone cement con
trast, making the tracing of the bolus on the fluoroscopic 
images more accurate on some images than others. On four of 
the six spines analyzed, all12 projections intersected to create 
bali of the appropriate size, while on the other specimens 11 
of 12 were necessary. 

By registering the pre-operative CT scan to the digital 
radiographs and overlaying the bolus position we were able to 
show the location of the PMMA within each slice of the CT 
scan (FIG. 7) for visual inspection and comparison to post
operative CT scans (FIG. 8). Some image artifacts were pro
duced during rotation of the images, but they do not interfere 

at a time in a water bath and scanned in a clinical CT scanner 
with 1 mm transverse slices. Each specimen was then pre
pared by cutting off the Ll-L3 segment and removing the 
intervertebral discs from each end. Vertebroplasty was then 
performed on each of the six 3-level segments; every L1 and 
L3 vertebra was then injected with 10 cc of PMMA, in a 
hi-pedicular injection scheme (two discrete injections, one 
through each lateral pedicle). 

50 with estimation of bolus location or size. The fully recon
structed three-dimensional bolus within the vertebra is shown 

After treatment, each specimen was transferred to a cylin- 55 

drical container with a stand and demarcated angles. The 
container was placed on a treatment table, and a fluoroscope 
projector was placed directly above in a fixed position. By 
rotating the container in fixed increments, 12 fluoroscopic 
X-ray images were taken evenly spaced angles of 15° over a 60 

180° range, as opposite projections provide similar informa
tion. Each X-ray was saved as a digital image (bitmap) and 
transferred to the analysis computer, an SGI Octane2 with 
dual 400 MHz processors. In a separate study, each specimen 
was potted in PMMA, had the pedicles removed, and was 65 

mechanically tested to fracture after which further CT scans 
were taken. We were provided with these data to evaluate our 

in FIG. 9. By using the pre-operative CT scan and recon
structing the PMMA using fluoroscopic images, it is possible 
to estimate the location of the bone cement within the bone, 
for possible intra- and post-operative evaluation. 

Although the present invention and its advantages have 
been described in detail, it should be understood that various 
changes, substitutions and alterations may be made herein 
without departing from the spirit and scope of the invention as 
defined by the appended claims. 

What is claimed is: 
1. A method of generating a 3-D image of at least one 

cement bolus in relation to a bone comprising: 
a) acquiring a plurality of fluoroscopic images of the 

cement bolus during or after a cement injection proce
dure; 
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b) registering each fluoroscopic image with a CT scan 
image of the bone; 

c) outlining the bolus in each fluoroscopic image to gener
ate a plurality of silhouettes of the bolus; 

d) projecting the silhouettes on to the CT scan image to 
generate a plurality of back-projections; and 

e) identifying a plurality of bolus voxels to generate the 
3-D image of the bolus, wherein each bolus voxel com
prises an intersection of at least two back-projections. 

10 
16. A method for intra-operative imaging of at least one 

bolus of bone cement during a bone cement injection proce
dure comprising: 

a) injecting at least one bolus of bone cement into at least 
one bone; 

b) acquiring a plurality of fluoroscopic images of the bolus 
at a plurality of angles; 

c) registering each fluoroscopic image with a CT scan 
image of the bone; 

2. The method of claim 1 wherein step b) further comprises 10 

acquiring the plurality of fluoroscopic images of the bolus 
using a C-arm X-ray device. 

d) tracing the bolus in each fluoroscopic image to generate 
a plurality of silhouettes of the bolus; 

e) projecting the silhouettes on to the CT scan image to 
form a plurality of back-projections; 3. The method of claim 1 wherein step b) comprises acquir

ing the plurality of fluoroscopic images at evenly spaced 
angles. 

4. The method of claim 1 wherein step b) comprises acquir
ing the plurality of fluoroscopic images at unevenly spaced 
angles. 

15 

f) identifYing a plurality of bolus voxels to generate an 
on-site three-dimensional image of the bolus, wherein 
each bolus voxel comprises an intersection of at least 
two back-projections; and 

5. The method of claim 1 wherein step b) comprises acquir
ing the plurality of fluoroscopic image at 15° angular incre- 20 

ments. 

g) optionally, repeating steps a)-c) based on the three
dimensional image of the bolus. 

17. The method of claim 16, further comprising mixing an 
amount of contrast agent in the bone cement sufficient to 
allow it to be visualized. 6. The method of claim 1 wherein step c) comprises a 

combination of thresholding and manual outlining. 
7. The method of claim 1 wherein steps b)-e) are com

pletely automated. 
8. The method of claim 1 wherein each bolus voxel com

prises the intersection of all the back-projections. 
9. The method of claim 1 wherein each bolus voxel com

prises the intersection ofless than all the back-projections. 
10. The method of claim 1 wherein step e) further com

prises applying an algebraic reconstruction algorithm to 
reconstruct the 3-D image. 

11. The method of claim 1 wherein the bone cement injec
tion procedure comprises vertebroplasty or kyphoplasty. 

12. The method of claim 1 wherein the plurality of fluoro
scopic images comprises no more than 12 images. 

13. The method according to claim 1 wherein the CT scan 
image comprises a pre-operative CT image of the bone. 

14. The method of claim 1 wherein the CT scan image 
comprises a stock CT image of the bone. 

15. The method of claim 1 further comprising repeating 
steps a )-d) for a plurality of bali. 

18. The method of claim 17 wherein the contrast agent 
comprises barium sulfate, an iodine-based contrast agent, an 

25 ionic contrast agent, a nonionic contrast agent, or combina
tions thereof. 

19. The method of claim 16 wherein the bone cement 
comprises PMMA, calcium phosphate, poly(propylene 
fumarate), hydroxyapatite, ceramics, biodegradable poly-

30 mers, or combinations thereof. 
20. The method of claim 16 wherein step b) is performed 

during or after step a). 
21. The method according to claim 16, further comprising 

taking a pre-operative CT scan of the bone to generate the CT 
35 scan image prior to step a). 

22. The method of claim 16 wherein step c) is carried out on 
a computer. 

23. The method of claim 16 further comprising performing 
finite element analysis on the three-dimensional image of the 

40 bolus. 

* * * * * 
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