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SUMMARY  

 

Osseointegration, also known as bone-implant contact (BIC), is an important indicator of 

overall implant fixation. It is defined as the amount of bone that directly contacts an 

implant. Currently, backscatter scanning electron microscopy (bSEM) is considered the 

most accurate way to quantify BIC. However, the samples need to be plastic embedded 

and sectioned which prohibits further mechanical tests. Micro-computed tomography 

(µCT) has been used to visualize the implant interface nondestructively, but with typical 

high resolution scanners there are significant limitations in its usefulness for assessing 

BIC, including the magnitude of metal-induced artifacts and the need for very small 

voxel sizes. New generation laboratory µCT scanners now have voxel sizes of 5 µm or 

smaller. Hence, the goal of this study was to determine whether BIC can be accurately 

quantified using a very high resolution laboratory µCT scanner.  

 

A 1.5mm diameter titanium (Ti) rod immersed in water was used to model an implant 

surrounded by tissue. Various scan parameters including voxel size, X-ray tube current, 

aluminum filtering, integration time, number of projections/180° and frame averaging 

were varied to minimize metal-induced artifacts using a very high resolution laboratory-

based scanner (Scanco 50, Wayne, PA). The metal-induced artifact was assessed by 

plotting the weighted average gray scale values in concentric voxel rings around the 

implant as a function of distance from the implant surface. A training set of six 1mm 

thick plastic embedded rat femur slabs, in which Ti implants had been placed in vivo for 

2-8 weeks, was imaged at 90kVp, 88ɛA, 1.5Õm isotropic voxel size, 1600 

projections/180° with scan duration of 3 hours(integration time=600, frame averaging=3), 
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SUMMARY (continued) 

 

2 hours (integration time=600, frame averaging=2) and 1 hour (integration time=750, 

frame averaging=1). The slabs were then prepared for bSEM by grinding the slabs to 

approximately 0.5mm thickness and polishing the surface to be imaged. The bSEM 

images (Hitachi S-3000N, 20kV, 10Pa, Variable Pressure) and µCT images were 

registered and analyzed using a line intersect method to determine BIC. Additionally the 

µCT images were analyzed using the manufacturerôs automated program which measures 

the osseointegration volume per total volume (OV/TV). The parameters in this program 

were varied, including the threshold for Ti, threshold for bone and the voxel ring in 

which bone measurements were made.  

 

Next, an independent validation set of 12 plastic embedded rat femur slabs was scanned 

using the 1 hour µCT scan duration and compared to bSEM images in the same fashion 

as the training set. The lowest artifact for the implant in water set-up was obtained with 

the 1.5µm voxel size, 0.5mm Aluminum filter, and 44µA tube current. However, the 

88µA tube current was selected for the study as the 44µA tube current led to photon 

starvation when bone samples containing implants were scanned. This set of scanning 

parameters restricted the metal artifact to the region within approximately 6µm of the 

implant interface. The images obtained by the 3 hour scan had the lowest noise level, but 

this reduction in noise had only a small effect on the BIC measurements as the strength of 

correlation between µCT and BIC values did not differ greatly for the 3 hours (r=0.854, 

p=0.03), 2 hours (r=0.878, p=0.021) and 1 hour (r=0.839, p=0.037) scans.  



 
 

xi 
 

SUMMARY (continued) 

 

The OV/TV program (r=0.725, p=0.103) was less accurate in quantifying BIC as 

compared to the line intersect method in the training set. The µCT based BIC values 

obtained for the validation set were not as highly correlated to the bSEM based BIC 

values (r=0.726, p=0.008) as in the training set. This decrease in the goodness of fit in the 

validation set was mainly due to three specimens which all had very thin rims of bone 

(uniformly less than 20µm and in some places only a few µm thick) encircling the 

implant; and very small gaps at the bone-implant interface (uniformly less than 10µm and 

in some places only a few µm in width). The nine remaining specimens in the validation 

set had a much higher correlation for µCT and bSEM based BIC(r=0.909, p=0.001).  

 

This study shows that BIC can be estimated with very high resolution µCT, which is an 

improvement from the ability with current high resolution desk top scanners. Inspection 

of the correlation graphs shows that the µCT method overestimates the bSEM BIC value. 

In addition there remains the significant challenge of resolving very small gaps or 

extremely thin rims of bone at the implant interface using µCT. If a method could be 

developed to identify these small gaps, then µCT based quantification of BIC could be 

further improved. Nevertheless, this newly validated method should prove useful in 

understanding the relative contributions of BIC and surrounding bone architecture in 

determining implant fixation. 
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1. INTRODUCTION  

 

Currently backscatter scanning electron microscopy (bSEM) is the gold standard for 

measuring Bone-Implant Contact (BIC). However this is a destructive test and we cannot 

carry out further mechanical testing on the specimens. Microcomputed Tomography 

(µCT) is currently used for 3D non destructive visualization of peri-implant bone. Hence 

the goal of this study is to test whether BIC can be accurately measured using a newer 

generation very high resolution µCT scanner.  

 

1.1 Specific Aims  

 Specific Aim 1: To develop a µCT scan protocol to minimize the metal-induced 

artifact observed in µCT images, mainly within 10µm of the bone-implant interface. This 

is carried out by optimizing scan parameters such as the isotropic voxel size, tube current, 

Aluminum filtering, integration time and projections/180º 

 

 Specific Aim 2: To carry out a pilot study to deduce the most efficient set of scan 

parameters among three scan durations; namely 3 hours, 2 hours and 1 hour scans. This 

study involves evaluation of BIC (Bone-Implant Contact) on a training set of 6 plastic 

embedded rat femurs with µCT and bSEM. The correlation of µCT and bSEM based BIC 

measurements obtained will be used to select the µCT scan duration and parameters. 

 

 Specific Aim 3: To conduct a validation study on a larger set of 12 plastic 

embedded rat femurs. The most efficient scan duration obtained from Aim 2 will be used. 
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This experiment will help establish a validated technique for using microcomputed 

tomography to measure bone implant contact.  

 

1.2 Osseointegration 

Osseointegration is derived from the Greek word ñosteonò meaning bone and 

Latin ñintegrareò meaning to integrate. This term was defined by Albrektsson et al. in 

1981 as the direct contact between living bone and an implant at the light microscopic 

level [2]. Over time several definitions for osseointegration have been proposed to 

include functional and mechanical interface strength. Thus an alternate term, BIC is 

commonly used for its unambiguous meaning and ease of portability between studies.  

 

Foreign materials and implants can rouse the bodyôs defense mechanism resulting 

in the implant being enveloped by a poorly vascularized fibrous tissue (Fig 1.).  In 1967, 

Laing et al suggested that the thickness of the fibrous tissue coating is inversely 

proportional to the degree of acceptance of the foreign material [1]. Metals such as 

Titanium (Ti) and its alloys are preferred for implantation as they produce lower tissue 

reactions compared to other metals such as Steel, Cobalt and Aluminum [1].  

 

 

 

 

 

 

Figure 1: Principle of Osseointegration 
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1.3 Bone-Ti Metal Interface Zone 

The interface zone includes the region between the titanium oxide layer and the 

neighboring biomolecules. Protein adsorption through diffusion occurs when an implant 

comes into contact with blood. Within minutes cells begin to interact with this newly 

formed protein layer leading to osseointegration under favorable conditions [2]. The 

proteins which adsorb permanently to the surface need to retain their native structure 

such that they may be recognized by cells [2].  

 

Observations by Transmission Electron Microscopy (TEM) show that the oxide 

layer is covered by a ground substance consisting of proteoglycans and 

glycosaminoglycans with a cementing base of hyaluronic acid [2]. These proteoglycans 

provide adhesion between the oxide layer and cells and fibrils. Collagen fibrils from 

surrounding bone tissue and processes from osteocytes approach the oxide surface but are 

generally separated by about 200Å of ground substance [2].  

 

The thickness of an oxide layer which develops instantly on a freshly autoclaved 

titanium metal is typically 50Å
 
[2]. Titanium oxides are one of the most stable, 

chemically inert and corrosion resistant materials
 
[3]. Titanium oxides have the highest 

dielectric constants (Brookite Ů=78) among metal oxides and close to that of water 

(Ů=80). This leads to a very slow rate of diffusion of the Ti metal ions into surrounding 

tissue and helps minimize toxicity [2]. The oxide layer shields cells from the pure Ti 

metal and behave like ceramics in vivo [2]. The oxide layer is known to increase in 

thickness to approximately 200nm after a few years of implantation
 
[4].  
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1.4 Mechanics at the Bone-Ti  Interface 

The Youngôs modulus for titanium is 10
10 

N/m
2 

and is much higher than cortical 

and trabecular bone
 
[2]. Thus, any failure is first to be expected at the site of the bone bed 

rather than the implant which carries much higher stresses
 
[2]. Tensile failure stress for Ti 

is 3x10
8 

N/m
2 

compared to 5x10
7 

N/m
2 

for trabecular bone
 
[2]. It has been shown that 

osseointegration bond strength increases over time even after years of functional loading 

in contrast with implants that are not osseointegrated
 
[6]. During the first month after 

implantation low removal torques of 10-15Ncm were observed which increased to 

88Ncm one year after implantation
 
[5]. The bone in direct contact with the metal interface 

deforms and remodels according to Wolffôs law under applied physiologic loads.   

 

1.5 Limitations of Conventional BIC Measurement Techniques 

Light microscopy and bSEM are the conventional gold standards for measuring 

BIC. Both techniques require extensive multi step sample processing including resin 

embedding, sectioning and grinding to produce sections of desired thickness. Artifacts 

induced during any of these steps may not be easy to discern. Resin embedding carries a 

risk of incomplete polymerization or shrinkage of tissues near the interface, thereby 

creating areas of artificially low BIC. Sectioning may result in loss of tissue at the 

interface due to high stress generated by the saw. Moreover only a few sections can be 

taken for each specimen and this may not be a true representation of the complete 

osseointegration profile. Different grinding rates for the Ti metal and bone tissue may 

create an uneven surface which will later be difficult to bring into focus with microscopy. 

Even if it was possible to perfect this painstaking and time-consuming process, it would 
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still not be preferable since this is a destructive test and further mechanical testing cannot 

be carried out on the same specimens. Additionally both these techniques only provide a 

two dimensional dataset.  

 

With light microscopy it may be difficult to differentiate bone from connective 

tissue. Studies have shown that there is an overestimation of BIC for sections thicker than 

100µm compared to sections thinner than 30µm
 
[7]. Pazzaglia et al 1995 observed burr 

and notch artifacts on the metal surface which had been cut for tissue processing [8]. 

These artifacts can be reduced by further grinding, however Ti grinding often causes 

slight burring and notching which could mask thin layers of fibrous tissue at the 

interface
8
. bSEM unlike light microscopy has almost no artifacts resulting from 

superimposition of multiple tissues due to section thickness
 
[9]. The spatial resolution of 

bSEM is very high (less than 1µm) and it depends on the depth of electron penetration 

into the specimen.  

 

1.6 Principle of Microcomputed Tomography 

 A µCT scanner is a scaled down version of a conventional CT scanner and is 

meant for laboratory use on smaller specimens. CT imaging is based on the property of 

differential X-ray absorption by different materials. µCT provides a 3D non destructive 

visualization of the internal structure of an object. µCT scanners use microfocus x-ray 

tubes which allow very high spatial resolution imaging (Fig. 2). The specimen is placed 

as close to the source as possible to produce a large geometric magnification
 
[10].  
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Figure 2: A typical µCT system consists of a stationary tungsten based microfocus X-ray 

point source. A motor controlled stage is used to rotate the specimen and x-ray 

projections are captured by a detector. A cone beam system allows quick 3D 

reconstruction however it is not exact.  

 

For a homogenous object with monochromatic X-rays the relation between primary 

intensity and attenuated intensity is as follows
 
[24]: 

I = IoĀ e
-ÕÅd

 

where I is the incident intensity 

Io is the attenuated intensity 

µ is the linear attenuation coefficient 

d is the thickness of the object 

 

The projection value is the attenuation profile along the path travelled by the incident 

beam and can be defined mathematically as follows: 

P = ln Io/I 

P = ÕÅd 

where P is the projection value 
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Currently available µCT systems employ CCD detectors which convert X-rays to 

visible light [11].  X-ray projections are taken at equally spaced angles over 180°. The 

projections are recorded at discrete points on the detector array called sampling points
 

[12]. The number of samples that can be collected is limited by the number of pixels on 

the detector array
 
[12]. Current µCT systems can take 1000-3000 samples per projection. 

The number of samples recorded determines the nominal resolution of the image. 

Imaging a 7mm FOV (Field of View) region with 2000 samples produces a nominal 

resolution of 3.5µm (7000µm/2000)
 
[12]. These projections are then mathematically 

reconstructed using a convolution backprojection algorithm in the case of cone beam 

scanners
 
[12]. Other algorithms such as filtered back projection may be used in the case 

of fan beam scanners.  

 

µCT provides excellent contrast between bone and soft tissue. It is now accepted 

as a standard tool for bone research and is validated for studying 3D trabecular 

morphology, computing histomorphometric parameters and characterizing peri-implant 

bone. Commercially available µCT scanners have various settings which control the scan 

environment. The user typically has to select the tube energy, filters, voxel size, number 

of projections, integration time and frame averaging.  

 

The x-ray tube intensity (µA) and peak voltage (kVp) together make up the X-ray 

tube energy
 

[12]. The appropriate energy selected depends upon the chemical 

composition of the specimen being scanned, specimen thickness and the media 

surrounding the specimen. Selecting a higher energy allows better penetration of the 
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specimen whereas lower energy provides better contrast
 
[12].  Most scanners have inbuilt 

Aluminum or Copper filters which block low energy photons. These low energy photons 

would otherwise be predominantly absorbed by the specimen leading to beam hardening. 

Voxel size selection depends on dimensions of the structure that has to be resolved, the 

size of the specimen and the geometrical field of view.  

 

Aliasing artifacts are fine streaks or web like patterns which appear in 

reconstructed images when the sampling theoremôs conditions are not satisfied
 
[24]. To 

prevent artifacts due to aliasing it is suggested that the number of projections selected 

should be twice the number of samples selected on the detector array, to satisfy the 

sampling theorem
 
[12].  

 

Integration time is the amount of time the received signal is averaged in the 

detector. Frame averaging involves imaging each projection several times and using the 

average for reconstruction. Selecting a high integration time can saturate the detector and 

cause artifacts while using a low integration time can cause photon starvation and reduce 

the signal-to-noise ratio (SNR). In general, increasing the number of projections, 

integration time and frame averaging all improve image quality but also directly increase 

scan time
 
[12]. 

 

1.7 Previous Studies on BIC measurement using Microcomputed Tomography  

 In 1982, Seitz and Ruegsegger were the first to use computed tomography to 

study osseointegration. The specimen scanned was an excised human femur with a 
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titanium prosthesis implanted without acrylic cement. They developed an algorithm to 

reduce metal artifacts and visualize bone in close proximity to the implant. However the 

voxel size of 235µm was too coarse to accurately quantify osseointegration, especially 

compared to light microscopy commonly used at that time
 
[13].  

 

 Feldkamp et al devised the first µCT scanner in 1986, using a microfocus x-ray 

tube with a focal spot size of 50µm. The resolution of their system ranged from 100-

125µm
 
[10]. In 1994, the first µCT scanners became available commercially and in 1999 

Sannerby et al attempted to visualize bone growth close to Ti implants using the Skyscan 

1072 scanner. Only three specimens were scanned with voxel sizes ranging from 4.4µm 

to 11µm and a 3D image was mathematically reconstructed
 

[14]. The need for 

quantitative evaluation of BIC was noted.  

 

 In 2000, Sakae et al described artificial concentric circles appearing in µCT 

images due to the large attenuation of x-rays by Ti compared to bone. They pointed out 

that the absorption edge for Ti is 2.497Å and the absorption edge for Ca is 3.070Å. They 

theorized that by selecting wavelengths between 2.497Å and 3.070Å, the difference in 

absorption between bone and Ti could be reduced, thereby removing artifacts
 
[15]. 

 

 Oosterwyck et al, in 2000, qualitatively compared histology and µCT for 

characterization of bone surrounding an implant. They observed good similarities 

between the two techniques and noted the presence of bright spots at the bone implant 

interface
 
[16]. The need for further quantitative studies was mentioned. They scanned 
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using the Skyscan 1072 µCT scanner. In 2003, Kiba et al utilized standard histology and 

a SMX- 225CT µCT scanner to visualize bone at the implant periphery. They did not 

perceive any metal artifacts and stated that the bone-implant interface could be 

distinguished with high contrast using µCT
 
[17]. However they noted that further 

quantitave examinations were required.  

 

 Park et al, 2004, were the first group who attempted to validate µCT for 

measuring osseointegration by comparing with standard histomorphometry 

quantitatively. Their results showed that the two techniques were significantly linearly 

correlated. However they did not comment on metal artifacts observed by previous 

researchers who used the same scanner, the Skyscan 1072. With their voxel size of 15.95 

µm, in theory they can measure bone reliably only 16 µm away from the interface due to 

partial volume effects.  Practically, measuring bone in the first three pixel rows next to 

the implant is difficult because of metal artifacts
 
[22].  The relation they obtained was 

HM = 1.131MCT + 0.025 where HM is the histomorphometry based BIC, and MCT if 

the µCT based BIC. This relation indicates that MCT technique underestimates the BIC 

value
 
[18].  

 

 In 2005, Stoppie et al carried out a study to determine the efficacy of a µCT 

system for visualization of bone structure around Ti implants. They scanned eight 

femoral condyles with Ti metal implants using the Philips HOMX 161 µCT scanner and 

then prepared these samples for standard histology. They reported that bone trabeculae 

were clearly visible on the µCT slices. However they observed a region of noise about 
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60µm thick surrounding the implant
 
[19]. These findings were similar to the results 

obtained by Rebaudi et al in 2004, who observed a 45µm thick artifact zone surrounding 

an implant
 
[20]. The variation in the thickness of the artifact zone could be attributed to 

different sized implants used in these studies.   

 

 Butz et al, in 2006, studied the accuracy of µCT based 3D profiling of bone 

implant integration. Even though µCT scans were carried out using the Scanco 40 

scanner with a voxel size of 8µm, no significant correlation was found with histology 

based BIC in the region of interest within 24µm of the bone-implant interface
 
[21].  

 

 In 2012, Liu et al, published results of the accuracy of an automated µCT program 

to measure BIC in a rat model using the Scanco 40 scanner. They observed a metal 

artifact zone extending to 48µm away from the implant interface. Their most important 

conclusion was that bone had to be measured within 15µm of the implant interface to 

obtain accurate BIC measurements
 
[22]. For this to be possible the voxel size had to be 

much smaller than the 16µm they used, and the metal artifact had to be restrained as 

much as possible.   

 

  Vandeweghe et al, in 2013, compared osseointegration values obtained by µCT 

and histology using the Scanco 40 scanner. They implanted Ti screws in rabbit femurs for 

2 to 4 weeks and reported that no significant differences were obtained between histology 

and  µCT for BIC values obtained at 2 weeks (p=0.594) and 4 weeks (p=0.058)
 
[23]. 

They used 36µm voxel size, 55kVp tube voltage and 200msec integration time even 
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though the Scanco 40 has the capability to scan with 70kVp tube voltage, 300msec 

integration time and 8µm voxel size. They did not observe or attempt to tackle any 

limiting µCT artifacts identified by other authors
19,20,21,22 

. 

 

 In this study, an attempt to minimize metal artifacts and assess BIC using a very 

high resolution µCT scanner will be made. Hence, the development of a validated 

technique to measure BIC using µCT may become possible. This would eliminate the 

need for destructive tests such as bSEM to be performed to measure BIC.  
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2. METHODS AND MATERIALS  

 

2.1 Specific Aim 1 

 To develop a µCT scan protocol to minimize the metal-induced artifact observed 

in µCT images, mainly within 10µm of the bone-implant interface. This is carried out by 

optimizing scan parameters such as the isotropic voxel size, tube current, Aluminum 

filtering, integration time and projections/180º 

  

 2.1.1  Ti r od model 

   A 1.5mm diameter solid commercially pure Ti rod (99.6% purity, 

Goodfellow Cambridge Ltd., PA, USA) was scanned in water to examine the extent of 

the Ti-induced artifact. This model emulates an implant surrounded by soft tissue. The Ti 

rod was centered in the sample holder tube using a custom made plastic disc with an 

aperture. It was stabilized in the sample holder tube using radiolucent foam (Fig. 3).  

 

 

 

 

 

 

 

 

 

Figure 3: Ti rod immersed in water and positioned in the sample holder tube.   

 

Ti rod  

foam  

plastic disc  
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2.1.2 µCT Scan Parameter Selection   

The Scanco 50 allows selection of various scan parameters which need to be 

defined in a control file before scans are started. These parameters include the X-ray tube 

voltage and current, voxel size, filter, integration time and frame average, number of 

samples and projections/180°, number of detector lines, field of view and binning. The 

optimal values for all parameters were first assumed based on manufacturer guidelines 

and theoretical knowledge. The tube voltage was set to 90kVp, which is the maximum 

possible for this scanner. A 14mm sample holder tube was selected for all trials with the 

Ti rod model because scans of actual bone specimens need to be made in this size tube.  

 

µCT scans of the Ti rod model were carried out by varying a scan parameter 

through almost all available scanner settings, while keeping other parameters and 

conditions constant (Table 1). For example, to optimize the X-ray tube current, the 

optimal voxel size and integration time were assumed to be 2µm and 800msec 

respectively. Next, the Ti rod was scanned at the same position, with four tube currents - 

44µA, 88µA, 155µA and 200µA. These scans were carried out without repositioning the 

rod. The tube current that induced the lowest artifact in the images was used in further 

scans to select the remaining scan parameters. 

 

 

 

 

 

 

 

 

 

Table 1: Values tested for each scan parameter.  

Scan Parameter Values Tested 
X-ray Tube Current 44µA, 88µA, 155µA, 200µA 
Filter 0.1mm Al, 0.5mm Al 
Voxel Size 1.5µm, 2µm, 2.5µm, 3.5µm 
Number of Projections/180° 1000, 1500, 2000 

Integration Time 300msec, 750msec, 1200msec 

Frame Average 1,5 
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2.1.3 Artifact G raphs  

 The TIFF images obtained from the µCT scanner were analyzed using ImageJ 

software. First the correct scale was set and the implant boundary was highlighted using 

the magic wand tool. The boundary was enlarged such that we defined a 1 pixel thick 

ring surrounding the implant. The average gray value of the pixels in this ring was 

calculated.  

 

 

 

 

 

 

 

 

Figure 4: (A) Illustrates the cross section of the Ti rod with the boundary highlighted in 

yellow. The gray values are computed in concentric rings surrounding the implant. (B) 

This plots the gray level obtained for each ring against the distance from the interface. 

 

The above process was repeated to compute the gray values for consecutive rings 

(Fig. 4A). A graph of the gray value obtained for each ring was plotted against the 

distance of that ring from the boundary (Fig. 4B).  Ideally, the gray value should step 

down at the interface from the value for Ti to the value of water. However, the graph is 

shifted due to falsely elevated gray values induced because of the presence of metal. The 

hatched area in Fig. 4b represents the extent of the metal-induced artifact. Such graphs 

 
 

A 
B 
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were plotted for all the scan parameters tested, and the parameters which resulted in the 

lowest artifact were selected. A total of 18 combinations of scan conditions were 

examined and visual inspection of the graphs were used to define the best set of imaging 

parameters.  

 

2.2 Specific Aim 2 

 To carry out a pilot study to deduce the most efficient set of scan parameters 

among three scan durations; namely 3 hours, 2 hours and 1 hour scans. This study 

involves evaluation of BIC (Bone-Implant Contact) on a training set of 6 plastic 

embedded rat femurs with µCT and bSEM. The correlation of µCT and bSEM based BIC 

measurements obtained will be used to select the µCT scan duration and parameters.  

 

2.2.1 µCT scanning 

  Six 1mm thick plastic embedded rat femur slabs, in which Ti implants 

(1.5mm diameter) had been placed in vivo for 4 to 12 weeks were selected from a 

previously approved IACUC study. These sections were scanned using µCT (Scanco 50, 

Wayne, PA) with 90kVp, 88µA and 1.5µm isotropic voxel size. Each slab was scanned 

with three scan durations, namely 3 hours (integration time=600msec, frame average=3), 

2 hours (integration time=600msec, frame average=2) and 1 hour (integration 

time=750msec, frame average=1) scan. The mid 0.5 to 0.77mm of each slab was scanned 

perpendicular to the long axis of the implant and 180 slices were reconstructed. The 

output image size was 4642 by 4642. The 3 hours, 2 hours and 1 hour scans were carried 

out consecutively without repositioning the slabs. The slabs were positioned tightly in the 

sample holder tube to avoid motion artifacts.  
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2.2.2 Grinding and Polishing 

 The slabs were prepared for bSEM by grinding to approximately 0.5mm thickness 

using a Beuhler grinder (Phoenix 4000, Lake Bluff, IL). The slabs were taped onto a 

plastic slide and fixed onto a metallic rotating head. There was no load applied to the 

head which rotated at approximately 150rpm. The sections were irrigated with water 

during grinding. First a 55µm grinding disc was used followed by an 8µm grinding disc. 

Each section was ground for approximately 15 minutes. The thickness of the specimen 

was checked using a caliper every 90 seconds to ensure that the correct amount of 

material was removed and that the slab was in place. After the slabs were ground to the 

desired 0.5mm thickness, they were polished using a soft trident polishing cloth with a 

3µm diamond suspension irrigation fluid.  

 

2.2.3 bSEM scanning 

 The slabs were imaged using backscatter SEM (Hitachi S-3000N, Northridge, 

CA) at 20kV, 10Pa under variable pressure mode. The backscatter detector was inserted 

and the working distance was adjusted to about 16.6mm to focus the image. The contrast 

and brightness was tuned by observing the waveform monitor and the stigmatism was 

also corrected. The vacuum level was adjusted to eliminate charging. The magnification 

factor was set to 50X yielding a pixel size of 2.8µm by 3.72µm. The image size obtained 

was 1280 by 960 with pixel aspect ratio of 1.33. The images were captured with a scale 

bar and exported as TIFF files.  
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2.2.4 Line Intersect Method 

 A line intersect method was used to compute BIC on the images obtained using 

µCT and bSEM. A circular test grid with 48 evenly distributed test lines radiating from 

the center was centered on the implant in each image using Adobe Photoshop (San Jose, 

CA) software (Fig. 5).  

 

A test line was evaluated as positive if there was presence of bone at the 

intersection of the test line and surface of the implant. BIC was defined as the number of 

positive intersections divided by the total number of test lines.  BIC obtained using this 

method with 48 lines was highly correlated with using either 72 lines or 96 lines, 

indicating that sampling with 48 test lines was a sufficient sampling intensity. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: A test stencil placed over a digital image is illustrated. Here the stencil has 48 

lines with 3 positive interactions for bone. Hence in this case the BIC would be 6.25% 

 

 

Ti 

test line 

bone 
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2.2.5 OV/TV Analysis 

 The µCT images were also analyzed for osseointegration volume per total volume 

using an automated program provided by the scanner manufacturer. The cross-sectional 

area of the Ti rod was verified by reflected light microscopy and the threshold in the 

OV/TV program which resulted in the most accurate implant cross sectional area was 

selected. A Gaussian filter (sigma=0.8, support=2) was applied to the images prior to 

calculation of OV/TV. The first three voxel rings surrounding the implant were ignored 

in the calculation of OV/TV, to avoid partial volume effects and metal artifacts. OV/TV 

was defined as the number of bone voxels, in the next three voxel rings divided by the 

total number of voxels.  

 

2.2.6 Statistical Analysis and Correlation 

 Microsoft Excel and SPSS (Version 15, Chicago, Il) software packages were used 

for plotting and analyzing data.  The Pearsonôs coefficient between variables and paired 

sample T tests were performed using SPSS. The average BIC value of 3 µCT slices, 

12µm apart was correlated with the BIC obtained from the corresponding bSEM image. 

Further the µCT based BIC value was correlated with the corresponding OV/TV value. A 

p=0.05 significance level was used for all statistical tests.  

 

2.3 Specific Aim 3 

 To conduct a validation study on a larger set of 12 plastic embedded rat femurs. 

The most efficient scan duration obtained from Aim 2 will  be used. This experiment will 
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help establish a validated technique for using microcomputed tomography to measure 

bone implant contact.  

 

2.3.1 µCT and bSEM scanning 

 12 plastic-embedded rat femur slabs with Ti implants (1.5mm diameter) placed in 

vivo for 4-12 weeks were taken from a previously approved IACUC study. The slabs 

were scanned using µCT with the 1 hour scan duration. The slabs were the ground, 

polished and scanned using bSEM, as described in the Aim 2. The µCT and bSEM 

images obtained were registered and analyzed using the line intersect method. SPSS was 

used to calculate the Pearsonôs correlation coefficient between the µCT based BIC values 

and bSEM based BIC values.  
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3. RESULTS 

 

3.1 Initial Scan Parameters  

 Experiments to minimize the observed metal artifacts and optimize scan 

parameters such as the X-ray tube current, filtering, isotropic voxel size, integration time 

and projections/180º were performed.  

 

 3.1.1 X-ray Tube Current  

The tube voltage was set to 90kVp and a 2µm voxel size was used with 

800msec integration time. A lower tube current results in a smaller effective x-ray tube 

focal spot size which in turn produces better spatial resolution.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6: The artifacts induced with the 44µA, 88µA, 155µA and 200µA tube current are 

plotted 
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The minimum gray value for bone was 85 (see horizontal line in Fig. 6). The 44µA and 

88µA tube currents resulted in the the lowest artifacts (note position of vertical lines in 

Fig. 6). The 88µA tube current was chosen because the 44µA tube current caused photon 

starvation when an implant surrounded by cortical bone was scanned. Photon starvation 

refers to noise induced reconstructions when the signal received by the detector is too 

low. To avoid such artifacts the 88µA tube current was selected for further scans.  

 

3.1.2 Filter  

 The Ti rod model was scanned with a 2µm voxel size at 90kVp, 88µA and 

800msec integration time. The 0.5mm Al filter induced lower artifact compared to the 

0.1mm Al filter and was selected for further tests (Fig. 7). A 0.1mm Cu filter was also 

tested with a higher tube current of 200µA. However the Cu filter resulted in blurring of 

the Ti-water interface (Fig. 8) and hence the Cu filter was not used for further scans.   

 

 

 

 

 

 

 

 

 

 

Figure 7: The graph plots show the artifact induced by the 0.1mm and 0.5mm Al filter. 
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Figure 8: The µCT images of the cross section of the Ti rod model imaged using the 

0.5mm Al  (right) and 0.1mm Cu (left) filters are shown. The scans were carried out at 

90kVp tube voltage, 200µA tube current and 750msec integration time. 

 

3.1.3 Isotropic voxel size 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: The artifacts induced by the 1.5µm, 2µm, 2.5µm and 3.5µm voxel size are 

plotted. 
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 The Ti rod model was scanned with 90kVp tube voltage, 88µA tube current and 

750msec integration time. The 1.5µm voxel size induced the lowest artifact (Fig. 9) and 

was selected for further testing. The field of view for these scans was set to 7mm to limit 

the size of the images generated. The 1.5µm voxel size generates an image size of 4642 

by 4642 which is very large compared to the 2048 by 2048 file sizes typically generated 

for medium resolution imaging.  

 

3.1.4 Number of Projections/180° 

 These scans were carried out with 90kVp tube voltage, 88µA tube current, 750 

msec integration time and 1.5µm voxel size. There was no quantitave difference observed 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: The artifact induced by the 1000, 1500 and 2000 projections scans are plotted  
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in scanning with 2000 projections compared to 1000 projections (Fig. 10). However the 

subjective image quality was better with the higher number of projections. The number of 

projections selected directly affects total scan time, and scanning with 2000 projections 

doubles the scan time. We selected 1600 projections with 3400 samples.  

 

3.1.5 Integration Time 

 The integration time was tested with 90kVp tube voltage, 88µA tube current and 

1.5µm voxel size. In this case there was no quantitative difference observed by doubling 

or tripling the integration time (Fig. 11). Selecting a higher integration time lowers the 

possibility of photon starvation. For the 3 hours and 2 hours scan 600msec integration 

time was selected, and for the 1 hour scan 750msec integration time was selected. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 11: The artifacts induced by the 300msec, 750msec and 1200msec integration 

time are plotted.  
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3.1.6 Frame Average 

 The frame average was tested with 90kVp tube voltage, 88µA tube current, 

2.5µm voxel size and 300msec integration time. No quantitative differences were 

observed by increasing the frame average value from 1 to 5 (Fig. 12). A frame average 

value of 3, 2 and 1 was selected respectively for the 3 hours scan, 2 hours scan and 1 hour 

scan.  

 

 

 

 

 

 

 

 

 

 

 

Figure 12: The artifact induced by the frame average value of 1 and 5 is shown. 

 

3.2 Correlation of µCT based BIC with bSEM based BIC  

Experiments to select the most efficient scan duration among the 3 hours, 2 hours 

and 1 hour µCT scans were performed. The bSEM based BIC values and µCT based BIC 

values obtained are listed in Table 2. The strength of correlation did not differ greatly for 

the 1 hour (Fig. 13), 2 hours (Fig. 14) and 3 hours (Fig. 15) scans. The subjective image 
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quality of the 3 hours scan was the best (Fig. 16). However this did not lead to any 

significant improvement in the prediction of BIC, hence the 1 hour scan duration was 

selected for subsequent tests.  

 

 

 

 

 

 

 

 

 

 

Table 2: µCT based BIC (bone-implant contact) values obtained for the 3 hour, 2 hour 

and 1 hour scan durations; and the bSEM (backscatter scanning electron microscopy) 

based BIC values.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: The bSEM and µCT based BIC correlation for the 1 hour µCT scan duration. 

BIC (3 hours) BIC (2 hours) BIC (1 hour)  BIC (bSEM) 

0.215 0.152 0.125 0.125 

0.951 0.986 0.986 0.520 

0.458 0.409 0.451 0.395 

0.562 0.395 0.298 0.375 

0.277 0.118 0.145 0.0625 

0.5 0.333 0.354 0.166 
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Figure 14: The bSEM and µCT based BIC correlation for the 2 hours µCT scan duration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: The bSEM and µCT based BIC correlation for the 3 hours µCT scan duration. 
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Figure 16: The µCT cross section images obtained for the 3 hours, 2 hours and 1 hour 

scan. 

 

3.3 Correlation of µCT based OV/TV with bSEM based BIC 

 Experiments to test the automated OV/TV program to predict BIC were 

performed. The parameters for the OV/TV program including the threshold for Ti and the 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

 

 

 

Figure 17: The Ti cross sectional area of 1.77mm
2
 was obtained with a Ti threshold  
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threshold for bone were optimized. The cross sectional area of the Ti rod was measured 

by light microscopy and found to be 1.77mm
2
. A threshold of 800 was selected for Ti 

since this produced the most accurate measurement of the cross sectional Ti area (Fig. 

17). All the bone measurements were made 4.5µm to 9µm away from the interface (voxel 

rows 4-6, inclusive). Subsequently the bone threshold values were varied from 250 to 

400.  The OV/TV based BIC values obtained for each bone threshold was correlated with 

bSEM based BIC values. A bone threshold of 325 had the strongest correlation (Fig. 

18D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: (A) The correlation performed with bone threshold of 250. (B) The correlation 

was performed with a bone threshold of 275. (C) The correlation performed with a bone 

threshold of 300. (D) The correlation performed with bone threshold of 325. (E) The 

correlation performed with a bone threshold of 350. (F) The correlation performed with 

bone threshold of 400. The threshold for Ti for all cases was 800. 
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3.4  Validation Study of µCT based BIC assessment 

 Experiments to validate µCT based BIC measurements were carried out using an 

independent data set with the imaging parameters defined in the Aim 2 training set. The 

µCT and bSEM based BIC values obtained are listed in Table 3. The strength of 

correlation between µCT and bSEM based BIC values was weaker compared to the 

  

  

C D 
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training set (Fig. 19). The decreased strength of correlation in the validation set was 

mainly due to 3 specimens which all had very thin rims of bone or very small gaps at the 

bone-implant interface (Fig. 20). The remaining nine specimens of the validation set had 

a very strong correlation for the µCT and bSEM based BIC values (Fig. 21). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3: µCT and corresponding bSEM based BIC values for the 12 slabs in the 

validation set. 

 

 

 

 

 

bSEM based BIC µCT based BIC 

0 0.062477 

0.541667 0.590267 

0.520833 0.645833 

0.5625 0.416633 

0.395833 0.215233 

0.458333 0.930556 

0.729167 0.895833 

0.875 0.895833 

0.8125 0.895833 

0.583333 0.944444 

0.541667 0.902733 

0.625 0.486067 
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Figure 19: Correlaton of the bSEM and µCT based BIC values for the validation set. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Right (panel A) shows µCT image and the corresponding SEM image (panel 

B). Small gaps less at the interface are not visible in the µCT images. Scale bar is 100µm 
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Figure 21: The bSEM and µCT based BIC correlation for the 9 specimens of the 

validation set which did not have thin rims of bone or small gaps at the interface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


