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SUMMARY

Osseointegration, also known as bamglant contact (BIC), is amportant 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 sampled tebe plastic embedded

and sectioned which prohibits further mechanical tests. Microputed tomography
(LCT) has been used to visualize the implant interface nondestructively, but with typical
high resolution scanners there are significant limitationgs usefulness for assessing
BIC, including the magnitude of metmduced artifacts and the need for very small
voxel sizes. New generation laboratory uCarswers now have voxel sizes ofib or
smaller. Hence, the goal of this study was to determinether BIC can be accurately

guantified using a very high resolution laboratory p&€anner

A 1.5mm diameteritanium (Ti) rod immersed in water was used to model an implant
surrounded by tissue. Various scan parameters including voxel siag, tdbe current,
aluminum filtering, integration time, number of projections/180° and frame averaging
were varied to mimhize metalinduced artifacts using a very high resolution laboratory
based scanner (Scanco 50, Wayne, PA). metatinduced artifactwas assessedy
plotting the weightd average gray scale values dancentric voxel rings around the
implant as a functiorof distance from the implant gace 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 i maged at 90k Vp, 88¢ A,

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



SUMMARY (continued)

2 houss (integration time#00, frame averagg=2) and 1 houriftegration tine=750,

frame averagingt). The slabs were then prepared for bSEM by grindngslabsto
approximately 0.5mm thickness and polishiting surface to be imagedhe bSEM

images (Hitachi S8000N, 20kV, 10Pa, Variable Pressure) and pCT images were
registered and analyzed using a line intersect method to determine BIC. Additionally the
MCTimageswr e analyzed using the manufamg urer s
the osseointegration volume petal volume (OV/TV). The parameters in this program

were varied, including the threshold for Ti, threshold for bone and the vioglirr

which bone mesurements we made.

Next, an independent validation set of 12 plastidbedded rat femur slabs was scanned
using the 1 hour pCT scan duration and compared to bSEM images in the same fashion
as the training sefThe lowest artifacfor the implant in wadr setup was obtained with

the 1.5um voxel size, 0.5mm Aluminum filter, and 44pA tube current. Howeker,

88UA tube current was selected for the study as the 44pA tube current led to photon
starvation when bone samplesntaining implantsvere scannedThis set of scanning
parameters restricted the metal artifact to the region within approximately 6um 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 BEasurements as the strength of
correlation betweepCT and BIC values did not differ greatly for the 3 reo{r=0.854,

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



SUMMARY (continued)

The OVI/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 uCT based BIC values
obtained for the validation set were not as highly correlated to the bSEM based BIC
values(r=0.726, p=0.008gs in the training sethis 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 20um and in some places only a few um thick) encircling the
implart; and very small gaps at the beingplant interface (uniformly less than 10um and

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

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

This study shows that BIC can be estimated with very high resolution uCT, which is an
improvement from the ability with current high resolution desk top scanners. Inspection
of the correlation graphs shows that the uCT method overestimates the bSEM BIC value.
In addition there remains the significant challenge of resolving very small gaps or
extremely thin rimsof bone at the implant interface using uCT. If a method could be
developed to identify these small gaps, then uCT 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 architatture

determiningmplant fixation.

Xi



1. INTRODUCTION

Currently backscatter scanning electron microscopy (bSEM) is the gold standard for
measuring Bordmplant Contact (BIC). However this is a destructive test and we cannot
carry out further mechanical testing on the specimens. Microcomputed Tomography
(LCT) is currently used for 3D non destructive visualization of-peplant bone. Hence

the goal of this study is to test whetl&IC can be accurately measured usmngewer

generatiorvery high resolutiouCT scanner

1.1 Specific Aims

Specific Aim 1:To develop a uCT scan protocol to minimize the matdlced
artifact observed in uCT images, mainly within 10um of the bomg@ant interface. This
is carried out by optimizing scan parameters such as the isotropic voxel size, tube current,

Aluminum filtering, integration time and projections/180°

Specific Aim 2:To carry out a pilot study to deduce the most efficient set of scan
parameters among three scan durations; namely 3,Hbtious and 1 hour scans. This
study involves evaluation d@IC (Bonelmplant Contacton a training set of 6 plastic
embedded rat femurs with uCT and bSEM. The correlation of uCT and bSEM based BIC

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

Specific Aim 3: To conduct avalidation studyon a larger sebf 12 plastic

embedded rat femur$he most efficient scan duration obtairiemn Aim 2 will be used.



This experiment will help establisha validated techniquéor using microomputed

tomography to measul®mne implant contact

1.2 Osseointegration

Osseointegrations derived from theGreek wordfiosteo® meani ng bone
Latinii nrda eg0 mte ategrategThigerm was definedby Albrektssonet al in
1981 as thedirect contact betweeltiving boneand animplant at the light microscopic
level [2]. Over time several definitions fopsseointegration have been proposed
include functonal andmechanicalinterface strengthThus an alternateterm, BIC is

commonlyused for its unambiguous meaning and ease of portability between studies.

Foreignmaterials and implantsanrouset h e $defdngednmahanism resulting
in the implanteing enveloped bg poorly vascularizedibrous tissugFig 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 foremgerial [1]. Metals such as
Titanium (Ti) and its alloysare preferred for implantation as thpsoducelower tissue

readions compared to other metalsch asSteel, Cobalt and Aluminufdi].

Fibrous Tissue

Osseointegrated gt o  Non-integrated
surface : ‘

Figure 1: Principle of Osseointegration



1.3 Bone-Ti Metal Interface Zone

The interface zonencludesthe region between thétanium oxide layer and the
neighboring biomolecules. Protein adsorption through diffusion ocehen an implant
comes into contact with bloodVithin minutes cells begimo interactwith this newly
formed protein layer leading to osseointegration under favorable condif@nsThe
proteins which adsorpermanentlyto the surface need tetain their native structure

such that they may be recognized by céls

Observations by Transmission Electron Microsc¢p¥M) show that lhe oxide
layer is covered bya ground substance consisting giroteoglycans and
glycosaminoglycans with a cementibgseof hyaluronic acid2]. These proteoglycans
provide adhesion betwedhe oxide layerand cells andfibrils. Collagen fibrils from
surrounding bone tissue and preses from osbcytes approach tlexide surface but are

generally separated by about 200f ground substande].

The thickness of an oxide layathich developsnstantly on a freshly autoclaved
titanium metal is typically 58 [2]. Titanium oxidesare one of the most stable,
chemically inert and corson resistant material8]. Titanium oxides have the highest
dielectric constantsBfookite (:78) among metal oxidesind close to that of water
( U =.gMis)leads to a very slovate of diffusion ofthe Ti metal ions into surrounding
tissueand helps minimizeaoxicity [2]. The oxide layer shieldsells from the pureTi
metal and behave likeeeramicsin vivo [2]. The oxide layeris known to increasén

thickness to approximately 200nm aféefew years oimplantationf4].



1.4 Mechanics atthe BoneTi Interface

The Youngs modulus for titanium is $BN/m? and is much highethan cortical
and trabecular borj@]. Thus any failure is first to be expected at the site of the bone bed
rather than the implant which carries much higher stré2kebensile failure stress for Ti
is 3x1¢ N/m? compared to 5x10ON/m? for trabecular bong2]. It has been shown that
osseointegration bond strength increases over time even after years of functional loading
in contrast with implants that are not oss¢éegrated6]. During the first month after
implantation low removal torques of IGNcm were obsged which increased to
88Ncm one year after implantatif®]. The bone in direct contact with the metal interface

deforms and r emodel s nder@amled ghysiolagic lbads Wol f f 6's

15 Limitations of Conventional BIC Measurement Techniques

Light microscopy andSEM are the conventionayold standarslfor measuring
BIC. Both techniques require extensive multi step sample processing including resin
embedding, sectioning and grinding to produce sections of desired thickness. Artifacts
inducedduring any of these steps may not be easy to discern. Resin embedding carries a
risk of incomplete polymerization or shrinkage of tissues near the intetfaeeby
creatingareas ofartificially low BIC. Sectioning may result in loss of tissae the
interface dudo high stresgienerated by the sawloreover mly a few sections can be
taken for eachspecimenand thismay notbe atrue represerdtion of the complete
osseointegration profile. Different grinding rates for the Ti metal and hesemay
create arunevensurface which will later be difficult to bring into focus with microscopy.

Even if it was possible to pect this painstaking and tim@nsumingprocess, it would



still not be preferable since this is a destructive test and furteehanical testingannot
be carried out on the same specimehdditionally both hese techniquesnly provide a

two dimensionatataset

With light microscopy it may be difficult to differentiate bone from connectiv
tissue. Studies have shown that there is\@restimation of BIC for sectiortsicker than
10Qum compared teections thinner thanOpim [7]. Pazzaglia et al 1998bservedourr
and notchartifacts on themetal surfacewhich had been cut for tissygocessing8].
These artifacts can be reduced by further grindingowever Ti grinding often causes
slight burring and notching which could mask thiayers of fibrous tissue at the
interfac®. bSEM unlike light microscopy has almost no artifacts resulting from
superimposition of multiple tissues due to sectionkimesq9]. Thespatialresolution of
bSEMis very high (less thadipm) andit depends on the depth of electron penetration

into thespecimen

1.6 Principle of Microcomputed Tomography

A uCT scanner is a scaled down version of a conventional CT scanders
meant for laboratory use on smaller specimé@iimagingis based on the property of
differential X-ray absorption by different materialsCT provides a 3D non destructive
visualization of the internal structure of an objgoCT scannes use microfocus-ray
tubes which allow very high spatial resolutiormaging (Fig. 2). The specimen is placed

as close to the source as possible to produce a large geometric magn[fi€tion



MICROFOCUS gg
X-RAY TUBE
SPECIMEN
STAGE

DETECTOR

Figure 2 A typical uCTsystemconsists of a stationatyngsten based microfocusray
point source A motor controlledstage is used to rotate the specinard xray
projections are captured by a detectdr. cone beam systenallows quick 3D
reconstructiorhowever it is not exact.
For a homogenousbject with monochromatic Xays the relation between primary
intensity andattenuated intensity &s followg24]:

| = 1,A¢°"¢
wherel is the incident intensity
lois the attenuated intensity

W is the linear attenuation coefficient

dis the thickness of the object

The projection value ishe attenuation profile along the path travelleg the incident
beam and can be defined mathematically as fotlows

P=Inl

P=0OAd

where P is the projection value



Currently available pCT systenesnploy CCD detectors which convertrays to
visible light [11]. X-ray projections are takest equally spaced angles ov&BO°. The
projections are recorded at discrete points on the detector caltay sampling points
[12]. The number of samplethat can beollected islimited by the number of pixels on
the detector arrgjl2]. Curent uCT systems can take 168000 samples per projection.
The number of samples recorded determines the nominal resolution of the image.
Imaging a 7mm FOV (Field o¥iew) region with 2000 samples produces a nominal
resolution of 3.5um(7000um/2000)[12]. These projections are then mathematically
reconstructed using a convolution backprojection algorithm in the case of cone beam
scanner$l2]. Other algorithms such as filtered back projection may be used in the case

of fan beam scanners.

MCT provides excellent contrast between bone and soft tissisendiv accepted
as astandard dol for bone researctand is validated for studyng 3D trabecular
morphology, computindnistomorphometric parameteasnd characterizing pernplant
bone Commercially available pCTcanners have variowsttingswhich controlthe scan
environment The user typically has teelectthe tube energy, filters, veksize, number

of projections, integration time and frame averaging.

The xray tube intensity (A) and peak voltage (kVp) together make up thea}
tube energy[12]. The appropriate energy selecteddepend upon the chemical
composition of the specimen being scanned, specimen thickness tl@dnedia

surrounding the specimeiseleting a higher energyallows better penetration of the



specimen whereas lower energy prositletter contradil2]. Mostscanners have inbuilt
Aluminum or Coppefilters which block low energy photons. These lovwergy photons
would otherwise b@redominantlyabsorbed by the specimen leading to beam hardening.
Voxel size selection depends dimensions of thetructure thahasto be resolvedthe

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 thedéreanditions are not satisfigd4]. To
preventartifactsdue to aliasingt is suggestedhat the number of projections selected
should be twice the number of sampksdected on the detector arrap satisfy the

sampling theorerfi2].

Integration time is the amount of time theceived signais averaged in the
detector.Frame averaging involves imaging each ectipn several times and using the
averagdor reconstructionSelecting a high integration time can saturate the detector and
cause artifactsvhile using a low integration time can cause photanvation and recte
the signalto-noise ratio (SNR) In general increasing the wmber of projections,
integration time and frame averagialjimprove image quality but also directly increase

scan timg12].

1.7 Previous Studies on BIC measurement using Microcomputefiomoqgraphy

In 1982, Seitz and Ruegsegger were the fiossuse computed tomography to

study osseointegratianThe specimenscannedwas an excisedhumanfemur with a



titanium prosthesismplanted without acrylic cemenThey developedn algorithm to
reducemetal artifactsand visualize bone in close proximity to the implant. However the
voxel size of 235um was tocoase to accuratelguantify osseointegratignespecially

compared to lighinicroscopy commonly used at that tifa8].

Feldkamp et atlevisedthe firstuCT scannein 1986 using amicrofocus xray
tube with a focal spot size o60um The resolution otheir systemrangel from 100
125pm[10]. In 1994 the first uCT scannergecameavailablecommerciallyand in 1999
Sannerbyet al attemptedo visualize bone growth close to Ti implants uding Skyscan
1072 scanneiOnly three specimenserescanned with veel sizes ranging from 4.4pm
to 11pn and a 3D image wasnathematicallyreconstructed14]. The need for

guantitative evaluatioof BIC was noted.

In 200Q Sakae et al describeattificial concentric circles appearing in uCT
images due to thiarge attenuationf x-rays by Ti compared to bon&€hey pointed out
that the absorption edge for Ti2Zs#97Aand theabsorptionedge for Ca is 3.070AThey
theorized that Y selectingwavelengthsbetween 2.497A and 3.0704he difference in

absorptiorbetween bone and Ti could be redudedreby removing artifac{d5].

Oosterwyck et al,in 2000, qualitatively comparedhistology and pCT for
characterization of bone surrounding an implaifbey observed good similarities
between the two techniques and notedphesenceof bright spots at théone implant

interface[16]. The need forfurther quantitative studiesvas mentned They scanned
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using theSkyscan 1071CT scannerin 2003, Kiba et al utilized standard histgy and

a SMX- 225CT uCT scannerto visualize bone at the implant periphery. They did not
perceive any metal artifacts and stated that the biomglant interface could be
distinguished with high contrasising pCT [17]. However they noted that further

guantitave examinations were required.

Park et al, 2004were the first group who attempted to dalie uCT for
measuring  osseointegrationby comparing with standard histomorphometry
guantitatively Their results showed that the two techniques veggaificantly linearly
correlated However they did not comment on metal artifacts observed by previous
researchers who used the same scanner, the SkyscanMifvtheir voxel size of 15.95
pm, in theorythey canmeasure boneeliably only 16 pm away from thenterface due to
partial vdume effects Practically measuring bone in the first three pixel rows next to
the implant is difficult because of metal artifaf22]. The relation they obtained was
HM = 1.131MCT + 0.025 where HM is the histomorphometry based BIC, and MCT if
the uCT based BICThis relation indicates that MCT technique underestimates the BIC

value[18].

In 2005, Stoppiecst al carried out a study to determine the efficacy of a uCT
system forvisualization of bone structure around Ti implants. They scanned eight
femoral condyles with Ti metal implants usitige Philips HOMX 161uCT scanneand
then prepared these samples for standard histolldugy reported that bone trabeculae

were clearly visible on the uCT slicesowever thg observeda region of noise about
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60um thick surrounding the implafi9]. Thesefindings were similar tothe resilts
obtainedby Rebaudi et al in 2004vho observed a 45umhick artifact zonesurrounding
an implanf20]. The variationin the thickness of the artifact zone could &#gributedto

different sized implants used in these studies.

Butz et a) in 2006 studied the accuracy of uCT based 3D profiling of bone
implant integration.Even though pCT scans were carried asing the Scanco 40
scannemwith a voxel size of8um, no significant correlation was found with histology

based BIdn theregion of intereswithin 24pmof the bonemplantinterfacg21].

In 2012,Liu et al, published resultsf the accuracy oinautomated uCT program
to measure BIdn a rat modelusing the Scanco 40 scann@hey observed a metal
artifact zone extending to 48uawayfrom the implant interfaceTher most important
conclusion was that bone had to be measured within 15um of the implant interface to
obtain accuate BIC measuremeniid2]. For this to be possible the vox@fe had to be
much smaller than the 16um theyeds and the metal artifact had to be restrained as

much as possible.

Vandeweghe et al, in 2013, compared osseointegration values obtained by uCT
and histology using the Scanco 40 scanhiey implanted Ti screws in rabbit femurs for
2 to 4 weeks anckported that no significant differences were obtained between histology
and pCT for BIC values obtainedt 2 weeks (p=0.594) and 4 weeks (p=0.028].

They used 36p voxel size 55kVp tube voltageand 200msec ntegration time even
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though theScanco 40has the capability to scan wi7OkVp tube voltage, 30fsec
integration time and 8um voxel siz&hey did not observe or attempt to tackle any

limiting PCT artifactsidentified byother authors2%422

In this study, an attempt to minimize megatifacts and assess BIC using a very
high resolution uCT scanner will be maddence, the development of a validated
technique to measure BIC using uHCT may become possible. This would eliminate the

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

2.1 Specific Aim 1

To develop gICT scan protocol to minimize the metfabluced artifact observed
in uCT imagesmainly within 10um of the bonémplant interface. This is carried out by
optimizing scan parameters such as the isotropic voxel size, tube current, Aluminum

filtering, integration timeand projections/180°

2.1.1 Tirod model
A 1.5mm diametersolid commercially pureTi rod (99.6% purity,
Goodfellow Cambridge Ltd., PA, USAyas scanned in watéo examine the extent of
the Trinduced artifactThis model emulates an implant surrounded by soft tiS&ue Ti
rod was centered in th@ample holdetube using a custom madeplastic disc withan

apeture. It wasstabilized in thesample holder tube usimgdiolucenfoam (Fig. 3).

F

< Tirod
foam

<—— plastic disc

-

%

Figure 3 Ti rod immersed in water and positioned in the sample holder tube.
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2.1.2 uCT Scan Parameter Selection

The Scanco 5@llows selection ofvarious scan parameters whioeedto be
defined in a control fildefore scans agarted These parametemscludethe X-ray tube
voltage and current, voxel size, filter, integration time and frame average, number of
samples and projections/180fumber of detectorries, field of view and binninglhe
optimal values forall parameters werérst assumed baseoh manufacturer guidelines
andtheoreticalknowledge The tube voltage waset to90kVp, which is the maximum
possible for this scannehA 14mm sample holder tube was selected for all trials with the

Ti rod modelbecause scans of actual bone specimens need to be made in this size tube

MCT scans of the Ti rod model were carrieat by varying ascanparameter
through almost all availablescannersettings, while keepingther parameters and
conditions constant(Table 1. For example, d optimize the Xray tube current, the
optimal voxel size and integratiotime were assumed to be 2um aB@0msec
respectivelyNext, the Ti rod was scannedt the sam@osition,with four tube currents
44A, 88uA, 155pA and®00pA These scans were carried euthout repositioning the
rod. The tube currenthat inducedhe lowest difact in the imagesvas used in further

scando selectheremaining scan parameters.

Scan Parameter Values Tested

X-ray Tube Current 44uA, 88IA, 155A, 20QuA

Filter 0.1mm Al, 0.5mm Al

Voxel Size 1.5um, 2um, 2.5um, 3.5um
Number of Projections/180° 1000, 1500, 2000

Integration Time 300msec, 750msec, 1200msec
Frame Average 1,5

Table 1 Valuestested for each scan parameter.
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2.1.3 Artifact G raphs

The TIFF images obtained dm the puCT scanner wem@nalyzedusing ImageJ
software Firstthe correct scale waset andhe implant boundary wakighlightedusing
the magic wand toolThe boundarywas enlargedsuch that wedefineda 1 pixel thick

ring surroundingthe impknt. The average grayalue of the pixelsin this ring wa

calculated.

== |deal Case
== Observed Graph

Gray Level

> B

Distance from interface (um)

Figure 4 (A) lllustrates thecross section of the Ti rod with th®undary highlighted in
yellow. The gray values are computed in concentric rings surrounding the im{i@ant.

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

The above process waspeated to compute the gray values for consecutive rings
(Fig. 4A). A graph of the grayalue obtained for each ring wadotted against the
distanceof that ringfrom the boundary(Fig. 4B). Ideally, the gray value should step
down at the interfacérom the value for Ti to the value of watétowever, the graph is
shifted due to falselylevated gray values inducégcause othe presence of metalhe

hatchedareain Fig. 4b representshe extent of themetatinduced artifactSuch graphs
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wereplotted for all the scan parameters tested, anganametersvhich resiltedin the
lowest artifact wee 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 dedutiee most efficient set of scan parameters
among three scan durations; namely 3 Bo@r hous and 1 hour scans. This study
involves evaluation ofBIC (Bonelmplant Contact)on a training set of 6 plastic
embedded rat femurs with uCT and bSEM. The corerati uCT and bSEM based BIC

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

2.2.1 pCT scanning

Six Imm thick plastic embedded rat femur slabs which Ti implants
(2.5mm diameterhad been placeth vivo for 4 to 12 weekswere selectedfrom a
previously approved IACUC studyhesesectionswere scanned usingCT (Scanco 50,
Wayne, PA with 90kVp, 88uA and 1.5punmsotropicvoxel size.Eachslabwas scanned
with three scan durationeamely 3 hows (integration ime=600msec, frame averag®)s=
2 hous (integration tme=600msec, frame v@rage2) and 1 hour (integration
time=750msec, frame averag&jFscan The mid 0.5 to 0.77mm of eaclabwas scanned
perpendicular to the long axis of the implamtd 180 slices weresconstructed. The
output image sizevas 4642 by1642. The 3 howsy 2 hours and 1 hour scans wecarried
out consecutively without repositioning thialss The slabsvere positioned tightly in the

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

The slabsvereprepared for bSEM by grinding to approximately 0.5mm thickness
using a Beuhler grinder (Phoenix 4000, Lake Blutf). The slabswere taped onto a
plastic slide and fixed onto a metallic rotating he@ldere was no lad applied to the
headwhich rotatedat approximately 15@m. The sections were irrigated withater
during grinding.First a 55um grinding disc was ustdlowed byan8um grinding disc.
Each sectiorwas ground for approximately I&inutes. he thicknes®f the specimen
was checkedising a caliperevery 90 second# ensure thathe correct amount of
material wagemovedand that theslabwas in placeAfter the slabswere ground to the
desired0.5mmthickness they were polised using a softrident polishing cloth witha

3um damondsuspensioirrigation fluid.

2.2.3 bSEM scanning

The slabswere imagedusing backscatteBEM (Hitachi S3000N, Northridge,
CA) at 20kV, 10Pa undevariable pressure modé&€he backscatter detector waserted
and heworking distancewas adjusted tabout 16.6mm tdocus the image. file contrast
and brightness was tuned by observing waeveform monitor and the stigmatisn was
alsocorrected The vacuum level was adjustedediiminatecharging.The magnification
factor was set to 50yielding a pixel size o2.8umby 3.72um The image size obtained
was 1280 by 960 with pixel aspect ratio of 1.3Be 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 methoavasused 6 compute BIC orthe imagesobtained using
HCT and bSEMA circular test gridwith 48 evenly distributed test lin@adiating from
the centerwascentered on the implant in eathageusingAdobe Photoshop (San Jose,

CA) software(Fig. 5.

A test line was evaluated as positive if there was presence of bone at the
intersection othetest line and surface of the implaBiC was defineds the number of
positive intersectiondivided by the total number of test lineBIC obtainedusing this
method with48 lines was highly correlated withsing either 72 lines or 96 lines,

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

e : T S test line

\
\ O\
/

Figure 5 A test stenciplaced over a digital imags illustrated Herethe stencil has 48
lines with 3positive interactions for bone. Hence in this case the BIC would be 6.25%
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2.25 OV/TV Analysis

The CT images werealsoanalyzed folosseointegration volume per totalume
using an automated program pred by the scanner manufacturéhe crosssectional
area of the Ti rod was verified bgflectedlight microscopy and the threshoid the
OVITV programwhich resulted in the most @erateimplant cross sectionarea was
selected A Gaussan filter (sigma=0.8, support2) was applied to the images prior to
calculationof OV/TV. The firstthreevoxel rings surrounding the implantere ignored
in the calculatiorof OV/TV, to avoidpartial volume effects and metal artifad®Vv/TV
was defined as theumber of bone voxelsn the next three voxel rings divided by the

total number of voxels.

2.2.6 Statistical Analysis and Correlation

Microsoft Excel andSPSS (Version 15, Chicago) foftwarepackages werased
for plotting and analyzing dataThe Pearsah soefficient between variables and paired
sample T test wereperformed using SPSS. The average BIC vau& uCT slices,
12um apart was correlatevith the BIC obtained from theorresponding bSEM image
Further the uCT based BIC value was correlated thigttorresponding OV/TV valuéA

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

2.3 Specific Aim 3

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

The most efficient scan duration obtairfeaim Aim 2 will be used. This experiment will



20

help establish a validated technique for using microcomputed tomography to measure

bone implant cotact.

2.3.1 uCT and bSEM scanning

12 plasticembedded rat femwwlabswith Ti implants (1.5mm diameter) placed in
vivo for 4-12 weekswere taken from a previously approved IACUC stullge slabs
were scanned usinglCT with the 1 hour scan duratioiffhe slabs were the ground
polished and scanned using bSEd% described in th&im 2. The pCT and bSEM
imagesobtainedwere registered and analyzed using the line intersect method. SPSS was
used to calculate theePa r scorrelat®n coefficienbetween the uCT based BIC values

and bSEM based BIC values
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3. RESULTS

3.1 Initial Scan Parameters

Experiments tominimize the observed metal artifacend optimize scan
parametersuch aghe X-ray tube current, filteringisotropic voxel sizeintegation time

and projections/18Qvere performed.

3.1.1 X-ray Tube Current

The tube voltage was set 89kVp anda 2um wxel size was used with
800mseantegration time A lower tube currentesults ina smaller effective xay tube

focal spotsize which in turn produces better spatial resolution.

Gray V alue

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Distance from interface (um)

Figure 8 The artifacts induced with the 44pA, 88pA, 155pA &UDA tube current are
plotted
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The minimum gray valuér bone was 85 (see horizontal line in Fig. Bhe 44pAand

88lA tube currerg resulted in thehe lowestartifacss (note position ofvertical lines in

Fig. 6). The 88uA tube current was chosen because the 44uA tube cratessidohoton
starvationwhen a implant surrounded by cortichbnewas scanm Photon starvation

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

low. To avoid such artifacthe 88uA tube current was selected for furtbeans

3.1.2 Filter

The Ti rod model was scanned with a 2um voxel size at 90kVp, 88uA and
800msec integration tim&he 0.5mm Al filter induced loweartifact compared to the
0.1mm Al filter and was selected for further tegksg. 7). A 0.1mm Cu filter was also
tested with eigher tube current of 2@@. However the Cu filter resulted in blurring of

the Tiwater interfacé€Fig. 8 and henceéhe Cufilter wasnot usedfor furtherscans

240 -
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Distance from interface (um)

Figure 7 The graplplots showthe artifactinducedby the 0.Inmand 0.5mm Al filter.
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Al 0.5mm Cu0.1mm

Figure 8 The uCT imagesof the cross section of the Tod model imagedusing the
0.5mmAl (right) and 0.1mnCu (left) filters are shown The scans were carried out at
90kVp tube voltage, 200pA tube current and 750msec integratien

3.1.3 Isotropic voxel size
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Figure 9 The artifacts induced by the 1.5um, 2um, 2.5um and 3.5um voxel size are
plotted.
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The Ti rod model was snaed with90kVp tube voltage, 88uA tube current and
750msec integration time. The 1.5um voxel simbuced thdowest artifact(Fig. 9 and
was selected for further testinghe field of view for these scans wsetto 7mm to limit
the size of the imagegeneratedThe 1.5um voxel size generates an image size of 4642
by 4642 which is very large compared to the 2048048 file sizes typically generated

for mediumresolution imaging.

3.1.4 Number of Projections/180°

These scans were carried out with 90kVp tubkage, 88uA tube current, 750

msec integration time and 1.5um voxel size. Thegie no quantitave difference observed
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Figure 10 The artifact induced by the 1000, 1500 and 2000 projecticeuss are plotted
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in scanning with 200@rojections comparkto 1000 projections (Fid.0). However the
subjective image quality was better witte higher number of projections. The number of
projections selected directly affects total scan time, and scanning withp2@@@tions

doubles thesan time We selected 1600 projections with 3400 samples.

3.1.5 Integration Time

The integration time was tested with 90kVp tube voltage AS&ybe currentand
1.5pum voxel sizeln this casehtere was n@uantitativedifference observed by doubling
or tripling the irtegration time (Fig. 1)1 Selecting a higher integration time lowers the
possibility of photon starvatiorzor the 3 hours and 2 hours scan 600msec integration

time was selected, and for the 1 hour scain¥dec integration time was selected.
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Figure 11 The artifacs induced ly the 300msec, 750msec and 12@@c integration
time are plotted
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3.16 Frame Average

The frame average was tested with 90kVp tube voltageA 88jpe current,
2.5um voxel size and300msec integration time. No quantitative differences were
observed by increasing the frame average vatua 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.

@120 4 ——Frame Average=1

100 A —Frame Average=5

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Distance from interface (um)

Figure 12 The artifact induced by the frame average value of 1 andHoisn

3.2 Correlation of uCT based BIC with bSEM based BIC

Experiments to select the most efficient scan duration among the § Bdwus
and lhour CT scars were performedThe bSEM based BIC values and uCT based BIC
values obtainedrelistedin Table 2 The strength of correlation did not diffgreatly for

the 1hour (Fig.13), 2 hous (Fig. 14) and 3 hows (Fig. 15) scans. Theubjective image
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quality of the 3 hars scanwas the best (Figl6). 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.

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

Table 2 uCT based BlQboneimplant contactyalues obtained for the 3 hourhdur
and 1 hour scan durations; and the bSH¥ckscatter scanning electron microscopy)
based BIC values.
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Figure 13 The bSEM and uCbasedIC correlation for the 1 hour uCT scan duration.



28

1 -
0.9 -
r=0.878
0.8 1 p=0.021
S 0.7 - y=0.5096x+ 0.0708
=]
S
O 0.6 -
o
. ¢
T 05
£ 04
s ] 4
[¥¥]
9 0.3 A
0.2 -
L 2
0.1 - *
L 2
0 L] L} L] L} L} L] L} L] L} 1
0 01 0.2 03 04 05 06 0.7 08 09 1
MCT based BIC values (2 hour scan)

Figure ¥: The bSEM and uCT based BIC correlation tioe 2 hourgtCT scan duration.
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Figure B: The bSEM and uCT based BIC correlation for the 3 8p@T scan duration.
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3 hour 2 hour 1 hour

Figure 16 The uCT cross section images obtained for the 3sh@ihous and 1 hour
scan.

3.3 Correlation of uCT basedOV/TV with bSEM based BIC

Experiments to test theutanated OV/TV program to predict BIC were

performed.Theparameters for the OV/TV program including the threshold f@nti the
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Figure 17 TheTi cross sectional area df77mm? was obtained with a Ti threshold



thresholdfor bone were optimized. The cross sectional area of the Ti rod was measured

by light microscopy and found to be 1.77fm threshold of 800 was selected for Ti
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since thisproducedthe most accurate measurement of tressrsectional Ti area (Fig.

17). All the bone measurements were made 4.5um to 9um away from the ini{@daee

rows 46, inclusive) Subsequently the bone threshold values were varied from 250 to

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

bSEM based BI values. A bone threshold of 32@d thestrongest correlation (Fig.

18D).
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Figure 18 (A) The correlatiorperformed with bongéhreshold of 250. (B) The correlation

was performed with a bone threshold of 2{) The correlation performed withl@one
thresholdof 300. (D The correlation performed withone thresholdf 325 (E) The
correlation performed with bone thresholaf 350. (F The correlation performed with
bone thresholaf 400.The threshold for Ti for all cases was 800.
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3.4 Validation Study of uCT based BIC assessment

Experiments tovalidate uCT based BIC measurements were carried out using an
independent data sefith the imaging parameters defined in the Aim 2 training Blee¢
HCT and bSEM based BIC values obtained are listed in Tabl€h8&. strength of

correlation betweemuCT and bSEM based BIC values was weaker compared to the
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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
boneimplant interface (ig. 20). Theremaining ninespecinens of the validation set had

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

Table 3 uCT and corresponding bSEM based Bl@lues for the 12 slabs in the

validationset.

bSEM based BIC MCT 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 othe bSEManduCT basedIC valuesfor the validation set.

Figure 20 Right (panel A)shows uCT image and the correspondirfigjVSimage (panel
B). Small gaps lesat the interface are not visible in the uCT images. Scales R@0um
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Figure 2.: The bSEM and uCT based BIC correlation for the 9 specimens of the
validation setvhich did not have thin rims of bone or small gaps at the interface.



