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Abstract

Sources of Error and Improved Assessment of Trabecular Bone Structure Using In
Vivo High-Resolution Peripheral Quantitative Computed Tomography (HR-pQCT)

Miki Sode

HR-pQCT enables noninvasive in vivo characterization of trabecular bone structure
at peripheral sites. It can be a powerful tool for assessment of skeletal status and
monitoring effect of therapy. The overall objective of this dissertation is two-fold: (i) to
characterize errors in the indices describing trabecular structure introduced by partial
volume averaging (PVA) and motion artifacts, and (ii) to develop a quantitative technique
for estimating error introduced by motion image degradation and a regional analysis
technique to account for the inherit spatial heterogeneity of bone structure at the distal
radius and tibia.

The first study quantified the degree of error introduced to the topological indices of
trabecular bone structure by PVA at in vivo resolution of 82 um. The error in structure
model index increased with resampled spatial resolution in a structure-type dependent
manner. Connectivity density and degree of anisotropy were constantly underestimated at
82 pm.

The second study proposed a non-subjective technique for measuring subject
motion, in which the parallelized projection images at 0° and 180° were compared using
sum of squared intensity difference (SSD). SSD correlated strongly to motion-induced error
in density, cortical geometric, and trabecular structural indices at the distal radius and tibia.

The third study characterized spatial variability in trabecular structure at the distal

radius and tibia by subdividing the cross-section to eight subregions. In addition to
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substantial regional variations, the subregions with pronounced gender and age effects
were identified.

The fourth study applied subregional analysis to a placebo-controlled randomized
pilot study. Significant treatment effects on cortical geometry in the lateral quadrant of the
distal radius and the posterior quadrant of the distal tibia were detected in subjects treated
with an anti-fracture therapy (alendronate) for 2 years, which was not detected by
conventional global analysis.

The results of this work provide a basis for understanding errors in trabecular
indices derived from HR-pQCT images as well as a frame-work for quantitative motion
detection and regional analysis. The results also serve as a guideline for standardizing
protocols across studies, scanners, and study centers, to promote HR-pQCT as an effective

tool for assessing skeletal status in research and clinical studies.

vii



Table of Contents

Chapter 1 — INTrodUCLION. ... e e 1
R L/ (o] 7= 1 0 ) o U 1

[I. DiSSErtation AIMS ... bbb bbb b 1
[II. Bioengineering CoONtriDULIONS. ..o ettt seesessseesse s sessseesse s st sessssssasans 2
[V. Chapter OrganiZation. .. cecereeseesseeseessesssessseesesssssessesssesssssssesssessssssse s s st s s 2
Chapter 2 — BaCKZIOUNd.....ccouocummmimiminississssisssssssssssssssssssssssssssssssss st sssssssssssssssssssssssassssssssassssssssns 3
R 10 o 3

I 00 4o § 0 1] {0 () o 00 o 4

2. MOTPROLOZY ittt esse bbbt e ss s es ARk R R e 4

3. Material PrOPETTIES. o ceccereeeeesreeseesseese s e bt sessse s ss bbb bbb s b e bt 7

4. BONE A0APTATION coeureitectreeeete ettt essessses st e s s bs bbb s b es R R bbb 9

[, TMAGING Of DOMIE ettt ss s bbb s b s s s bbb 15
[II. Characterization of bone using HR-PQUCT .....ocneriemienreenmeereeineeeseesseessesssessssssessessse s sesssesssesssees 21
IV. Artifacts associated with in vivo imaging of trabecular bone using HR-pQCT................ 26
REFERENCES ... eeeeeeseetses s seesssees e ss s essssassessss s seess s s ss s s s sas s sssessssssssss s ssssssasssssenes 32

Chapter 3 - Resolution Dependence of the Non-metric Trabecular Structure Indices41

[ INTRODUCTION woouieeueeeuseersseeesssesessseessssesssssesssssssssssesssssesssssessssssssssssssssesssssesssssesssssesssssesssssesssssesssssssssns 41
II. MATERIALS AND METHODS ...oieiiereemsesssssesssessssessssesssssssssssssssssssssesssssesssssssssssesssssesssssesssssssssns 42
1. SIMUIATIONS woreecrcereereeesee e s R s s 42
2. HR-PQCT PrOtOCOIS..cceieceereeeeesreesseessessseessessessessesssssssesssssssesssessssssss st s ss s ssssssse s s 45
3. StatiStiCAl ANALYSIS ciuirereeecereieeesreesseesseesesse s iese st sessse s sessse bbb s b e s 46
TI1. RESULTS cooeetueeesueeessseessseessseessssessssessssssessssesssssesssssesssssesssssesssssesssssssssssessssssssssesssssesssssessssmesssssessssessssssssns 50
1. SIMUIATIONS wreececereereresee e s e R 50
2. HR-PQCT PrOtOCOIS..ccuieceereeuseesseesserssesssessssssessessssssesssesssesssesssessssssss st s ss s ssssssse s s 51
V. DISCUSSION ..oooueeuseeesseessseessssessssessssssessssesssssesssssesssssesssssesssssessssesssssssssssesssssesssssesssssesssssesssssesssssesssssssssns 54
REFERENCES.......oteteeeteeesseesssseesssesssssessssssessssesssssesssssssssssesss s sssssessss s ssssssssssesssssesssssesssssesssasesssssssssssssans 59

Chapter 4 - Quantitative Characterization of Motion Artifact in the HR-pQCT Images

of Distal Radius and Tibia ... 62
[ INTRODUCTION ..ouieuieeseesseeesseessseessesssseessseessessssessssasssessssessssesssssssssssssassssessssssssessssassssssssessasessssessssssssenes 62
I, METHODS ..oereeeeeeeeeeesseeessesessessssesssessssesssseessessssessssasssesssses e ssses s st seesssessssasssssssessasessasessssesssenes 64
IIT. RESULTS cotectreeeeeesseeeseessseessessssessssesssessssessssesssessssessssasssessssessssessssessssssasessssesssessssassssasssssssssssasessasessssesssenes 71

viii



IV, DISCUSSION .ottt st sssss bbb bbb bbb bbb s bbb b s 74
REFERENCES ...ttt st bbb bbb bbb b b bbb s 78

Chapter 5 - Regional Variations of Gender-Specific and Age-Related Differences in

Trabecular Bone Structure of the Distal Radius and Tibia ........cousmiisnans 80

[, INTRODUCTION wcoureeuiereesseresseesseessesssesssssesssssssessssessssssssessssessssessssssssssssssessessssessssesssssssssssssessassssasssssenes 80

II. MATERIALS AND METHODS ....oieerrereesseeesseesssses s sssesssssssssssssssssesssssssessssssssssssssssssesssssssssssssenes 82
III, RESULTS coeeereeteeeseesmsesseeessesssseessesssss s sessssassessssasssesss s sssssssssesss s sessssessssesssmsssssssmsesssssssassessenes 86

1. ReZIONAl VATTAtIONIS ciuuiereeeeeectreeseesseeseessesssesssse s ese e sess s ss s ssse s s s bbb 87

2. Gender-specific regional Variations ... sssssesssssssssssssssessssssssens 88

3. Age-related VAriatiOnS ..o e reeeeseeseeseeseseseseesesssessse s s b s s s a bbb 89

IV, DISCUSSION ceeurreuieneeseetseeseetseesseessesssebsse s b s ebes s sesasses s sss s eSS R eSS E R R bbb aees 95
REFERENCES ... scoeereesecrmeeteesseess s ssess e ssses s ssss s ss e sssass s s s s s s ssses s ssses s sssssmsessans 100
Chapter 6 - Clinical Application of Subregional Analysis.......ccounnmmmnmsnnsnsnnn. 105
[, INTRODUCTION .cooierereesseeesseesssessssesssesssesssssssssssssessssessssesssessssesssssssssssssssssssssssesssessssessssessssssssessasessans 105

II. MATERIALS AND METHODS ....criereereeseeesseeesseesssss s sssessssssssssssssssssesssssssesssssssssesssssssssssassssans 107

L. SUDJECES ottt ettt et s e es s bbb R AR e 107

2. HR-pQCT iMage aCqUISITION c.eueuereeereereeresresseseesseesessessessessssssessessessessessssssssssessessesssssssssssssessensen 108

3. HR-PQOCT QNALYSIS.iuierrererreereenreseereessessessessessessesssessessesssessessessssssessessesssessesssssssssessessssssesssssssssessssens 110

4. STAtiSTICAL ANALYSIS cuureueeereeeeeereeseesreesse i seesse st sesssesssesssssssessse s bbb s ss s st 112

III, RESULTS coeereeteeeseeemeessseesseessseesssess e sssss s ssssssssessssaessesss s s ssss s e ssssssessssessssesssssssssssasessans 112
IV. DISCUSSION woueeeemeeemseerseesseeessessssessssessssssssesssssssssssssessssessssesssessssessssessssssssssssssesssssssessssessssesssssssessasessans 116
REFERENCES ... scoeereesecrmeeteesseess s ssess e ssses s ssss s ss e sssass s s s s s s ssses s ssses s sssssmsessans 120
Chapter 7 — CONCIUSION ..o sssss s ss s s s nsms s s e ms s nn s s 123
Publishing AGreement ... sss s s sss s sssas s 125

ix



List of Tables

Table 2.1 The typical effective x-ray dose during an examination using the clinically used
MOAALTIES [B0, 61 eueeurieereeseeureesrernseesserseesesesssesssesssssssessssesse s ssse bbb st s s e b s s e bbb 16

Table 3.1 The reference values for Tb.Th and the non-metric indices (SMI, Conn.D and DA)
(mean * SD) for each specimen used in the simulation study, calculated from the uCT
images at the original (reference) reSOIULION. ...t 49

Table 3.2 The average values of Tb.Th, non-metric indices (SMI, Conn.D, and DA) (mean *
SD), and the correlation coefficients (r2) of non-metric indices for trabecular bone cores
of human distal tibia obtained from the reference uCT images (16 um), the uCT images
resampled at 82 pm, and the HR-pQCT images acquired at 82 pm. ....cc.ccoeereeereereeenerereesnenns 53

Table 4.1 Number of samples in each grade Pair ... ssessssesenas 69

Table 4.2 Correlations (Spearman’s p) between the similarity measures of the projection
images with motion artifacts and the percent errors in the densitometric, cortical
geometric and trabecular structure indices at the distal radius and tibia due to motion
1 2 ot o3P 74

Table 4.3 Regression analyses between the similarity measures of the projection images
with motion artifacts and the percent errors in Ct.vBMD, Ct.Th, BV/TV, and Tb.N at the
distal radius due to MOtiON AIrtifaCtS. . e s seas 74

Table 4.4 Regression analyses between the similarity measures of the projection images
with motion artifacts and the percent errors in Ct.vBMD, Ct.Th, BV/TV, and Tb.N at the
distal tibia due to MOtiON ArtifactS. ..t ss s 74

Table 5.1 General description of the population - mean * SD of age, height, weight, BMD,
and HR-pQCT-derived bone density indices at the distal radius and tibia for women and

Table 5.2 Comparisons of the mean values for BV/TV and Tb.N between young and elderly

women and men in each region at the distal radius and tibia.......c.ccoomnninrennennenneneeene. 91
Table 5.3 Spearman’s correlation coefficients for the trabecular structure indices and age in
each region for women (N = 93) and men (N = 53] cnnennineenenseesseesesssessseeseessessessseens 93
Table 6.1 Study patient CharacCteriStiCS ...t ssssse st sess s sssessse s seees 114



List of Figures

Figure 2.1 Schematic of a 1ong bone (fEMUTI). ...ttt snees 4

Figure 2.2 (left) The coronal cross-section of the proximal femur showing a highly
trabecularized epiphysis and thick cortical shell of the diaphysis. (Courtesy of
Smithsonian National Museum of Natural HiStOTY.) .. eeerneenneneeessessessseessesssesssessesssessees 5

Figure 2.3 (right) The coronal cross-section of a human vertebra showing its highly
trabecularized interior. (Courtesy of American Medical AsSOcCiation.) .....ueeeereerneeereenns 5

Figure 2.4 (Left) The schematic of cortical bone structure (From M Nordin and VH Frankel:
Basic Biomechanics of the Musculoskeletal System, 2nd edition. Philadelphia, Lea G
Febtger, 1989) [18]. (Right) A cross-section of Haversian systems (osteons) (from
Gray’s ANatomy; FIUTE 77) [19]. . eoreeseerneinseessessessseessesssessse s sssss st sessssssssssssssssssssssssssssanees 6

Figure 2.5 A typical stress-strain curve showing yield behavior for nonferrous alloys [24].
Elastic modulus E is the slope of the linear regime (point 1 to 2) where the material
deforms linearly without causing permanent damage. The deformation in the plastic
regime (point 3 to 4) is not reversible due to microdamage. The transition between the
linear and plastic regimes is the YIeld. ... ssessseees 8

Figure 2.6 Stress-strain curve under compressive loading (left) and tensile loading (right)
for bone. (Adapted from Wendlova 2008 [29]) ..oemenreermernmeenmeensessesesessesssssssssssesssssssssssesssssssseses 9

Figure 2.7 The activity of basic multicellular unit for the duration of a complete cycle of
trabecular bone turnover process (Adopted from Favus 2003 and Eriksen et al 1994 [4,
34 ] creeerueeerueee s s s RRR RS RERR RS EERRRRERAREERRARRERRERRERRERRERRERRERR 11

Figure 2.8 The relationship between bone mineral content and tissue-level toughness. The
optimal toughness is achieved when bone is 64-66% (by weight) mineralized (Adapted
FTOIIN [4, A1) coeeeeereereee st esse e s e s s bbb bR s bbb AR e 12

Figure 2.9 Scanning Electron Microscope images of normal (left) and osteoporotic (right)
trabecular bone architecture at the third lumbar vertebrae. © Tim Arnett, University
College London (Retrieved July 19 2010 from
http://www.brsoc.org.uk/gallery/images/191@.jPg). .crmrerrreenmerreeermesneesseessemsseessessssessesssessseens 14

Figure 2.10 Age-related changes in trabecular bone structure indices at the distal radius in
women (open circles with dashed line) and men (closed circles with solid line).
(Adapted from Khosla 2006 [56]) .cocereuremmreeneenseessesssssssssessssssssesssesssssssssssssssesssssssssssssssssssssssssns 14

Figure 2.11 Vertebral compressive strength declines gradually with age but sharply after
age 50 for women (left). This is reflected on high incidence of vertebral fracture (right).
(Adapted from Bouxsein et al 2006 [58]). .uuerereermernmeemernrerneersseseessessesssesssesssesssesssssssessssssssssssnns 15

Figure 2.12 The standard location for HR-pQCT image acquisition and measurement, with
respect to the reference landmarks at the distal radius (left) and tibia (right) (Courtesy
OF ALJ.BUTZNATAL). .ottt et sssee e se s bbb s bbb 19

Figure 2.13 Two commonly used in vivo CT systems (A) a multi-detector computed
tomography by GE for the whole body and (B) HR-pQCT for the peripheral sites and (C)
ex vivo CT system for specimens, desktop pCT, their calibration phantoms and their
COrreSpoNding GraySCale IMAZES. ..o rereereenreireesse e seessess s sssessse s st s b s s sessssssse s sas 20

Xi



Figure 2.14 Comparing the visual appearance and the structure indices of two distinctly
different trabecular bone section at the femoral head of a 67 years old male: (left)
thicker and more plate-like trabecular structure in the superior region, and (right)
thinner and more rod-like trabecular structure in the inferior region. ........ceeeenreneeene. 24

Figure 2.15 Conceptual drawing of a) distance transformation (DT) by fitting the maximal
sphere to measure the local trabecular thickness [114] and b) triangulation (TRI)
method by fitting triangles on the surface of a trabecula [108]. ..cocneereereeneeseereeseeseeneens 26

Figure 2.16 With the limited nominal resolution of HR-pQCT at 82 um, the grayscale image
of human distal tibia (b) is highly pixilated due to the severe partial volume averaging
effect compared to the matching section imaged using uCT at the nominal resolution of
16 pm (a). (Adapted from Sode et al 2008 [67]) .cveereererrmerrmerseerreesseesssssessseessesssesssesssesssssssssssenns 27

Figure 2.17 (left) Representative reconstructed HR-pQCT image of the distal radius with
severe motion artifacts. Characteristic horizontal streak is visible, the cortex is
disrupted, and trabeculae are BIUITEd. ... sss s sess s ssssessesasessseens 29

Figure 2.18 (right) Representative grayscale image of the human distal tibia showing the
heterogeneous nature of trabecular structure and its distribution across the cross-
LT o] 1 0 ) 29

Figure 2.19 The representative grayscale images of a cylinder with uniform density with
(A) and without (B) beam hardening artifacts (corrected by a BH correction algorithm).
The corresponding line profiles (C) show characteristic cupping effect at the center
(Adapted from Van de Casteel, 2004 [136]). As the x-ray beams pass through the thick
cortex parallel to the streaks, the low energy x-rays were preferentially attenuated.
Darker streaks between the tibia and fibula resulted (D).....comeneeeeeeseeseeseens 30

Figure 3.1 The representative uCT three-dimensional images (4 mm cubic sections (a, d, g)
and a murine tibia section) and the visually matched cross-sectional images of the
specimens used in this study: a bovine proximal femur and tibia (b, e) imaged at 16 um
and (c, f) resampled to 153 um; a human distal tibia (h) imaged at 34 um and (i)
resampled to 153 um; a murine tibia (k) imaged at 9 um and (1) resampled to 72 um. At
the lowest resampled resolutions, images are highly pixelated, approximating the
details Of trabecular SEIUCTUTE. ... sss s sess s sassenas 48

Figure 3.2 The representative visually matched grayscale cross-sectional images (top) and
three-dimensional images (bottom) of human distal tibia imaged using a) uCT at 16um,
and b) HR-pQCT at 82 um (equivalent to relative resolution of 1.73 pixels/Tb.Th). The
image is highly pixelated causing severe approximation of the fine trabecular structure
iN the HR-PQUT IMAZE. ..ccrieurerureererreeserseesseseesseessesssssssesssssssessssssse sttt sesssess s s ssssssss s sanssns 49

Figure 3.3 The changes in the non-metric indices (a, ¢, and e) and in their correlation (r2)
with the reference resolution (b, d, and f) against relative resolution. The Conn.D for
murine tibia is out of the plotted range thus not shown here. The lines are simply
coNNECting the data POINES. ..t ss s bbb ss s s 52

Figure 3.4 The linear regression analyses on the non-metric indices for trabecular bone
core of human distal tibia to determine the correlations between the measurements
calculated from two sets of images obtained differently: (a-c) the HR-pQCT images and
the pCT images at reference resolution (16 pum) and (d-f) the resampled pCT images
and the HR-pQCT images both at 82 LM ...t ssessesssesssesssesssessssessessessssens 53

xii



Figure 3.5 The linear regression analyses and the Bland-Altman plots on the SMI for
trabecular bone core of human distal tibia calculated from two sets of images obtained
differently: (a-b) The HR-pQCT images and the pCT images at reference resolution (16
um) and (c-d) the resampled pCT images and the HR-pQCT images both at 82 pm. The
measurements are grouped by the structure type at threshold SMI = 1.5. The
predominantly plate-like structure (SMI < 1.5) is represented by a filled square and the
predominantly rod-like structure (SMI > 1.5) by an open circle. The linear regression
analysis determines the correlations and the Bland-Altman plots qualitatively compare
the measurements obtained from tWo datasets. ... 54

Figure 4.1 Image quality grading guideline suggested by the manufacturer and
representative reconstructed grayscale image of the distal radius for each grade......... 64

Figure 4.2 Comparison of the same radius image with grade 1 motion (left) and grade 5
motion (right). From the top: the reconstructed images, parallelized projection images
at 0°, flipped parallelized projection images at 180°, and the difference between image
of the two. For grade 5, the flipped parallelized projection image at 180° is shifted to
the right with respect to the parallelized projection image at 0°. This offset is also
apparent in the difference image with more defined edges of the projected bone
(000 1110 1D B 68

Figure 4.3 Schematic drawing explaining the analysis process. Two parallelized projection
images at 0° and at 180° were constructed from the contiguous 78 raw projections
each. The 180° image was flipped and compared to the 0° image using the SSD and NCC.
For the ideal case where there is no motion, the difference image between the two
parallelized projection images should be zero. The disorder in the difference image was
MEASUTEA USINE E. oottt ettt et st s e ss s s b s s 68

Figure 4.4 Variability of the similarity measures with respect to the image quality grade of
HR-pQCT images at the distal radius (red) and tibia (blue).2p < 0.05; > p < 0.01;¢p <
0.001; dp < 0.0001 with respect to the quality grade 1 (with no visible motion)
determined by the (Siegel) TUKEY tESt et sesssessseeseisessssssssssssesssssssesssssssssassssssens 72

Figure 4.5 Scatter plots to show the correlations between the selected density, cortical
geometry and trabecular structure parameters (Ct.vBMD, Ct.Th, BV/TV, and Th.N) and
the similarity measures (SSD, NCC, and E). ..o ineneeenseiecesesssesssesssessssssssssssssssessssssenns 73

Figure 5.1 Representative HR-pQCT images of cross-sections of human distal left radius
(top) and tibiae (bottom) with low Tb.1/N.SD (more homogenously distributed) (left)
and high Tbh.1/N.SD (more heterogeneous distributed) (right). Notice that not only the
distribution but also the thickness of trabeculae varies from subregion to subregion. 81

Figure 5.2 The region definitions at the distal radius (left) and tibia (right) used in this
study. A total of 8 subregions were defined at each slice as follows. The trabecular
compartment was divided into two concentric circular regions (inner and outer
subregions) where the area of inner subregion was 60% of the entire trabecular region.
The trabecular compartment was further divided into angular quadrants based on the
defined reference line (dashed). The major axis of the cross-section was used as a
reference for radius, and the quadrants were placed 45° to it. The line connecting the
centroids of the tibia and fibula cross-sections was used as a reference for tibia, and
quadrants Were Placed 0° £0 QL. . ereereeseeserreesessess s s sesssessseesse s sss s ss s ss s 85

Figure 5.3 The mean percent difference from the global means in each subregion for each
structure index for elderly women at the distal radius (top) and tibia (bottom). Similar
patterns were observed for elderly men and young adults. Significant difference from

xiii



the global mean with ap < 0.005; bp < 0.001 determined by multivariate RMANOVA and
POST-NOC CONEIAST LEST. .. euieueeereeureesseeseiseesesese s sssss e sssees s s s bbb bbb b s et 94

Figure 5.4 The mean percent difference in the trabecular structure indices for elderly
women (N = 13) compared to elderly men (N = 9) in each subregion at the distal radius
(top) and tibia (bottom). Significant difference from elderly men with ap < 0.05; bp <
0.01 ¢p < 0.001 using Mann—WHhitney U tESt. ....cuerereerreereeseeserseessssssssssssesssssssesssssssessssssseens 94

Figure 5.5 The mean percent difference in the trabecular structure indices for elderly
women (N = 13) compared to young women (N = 17) in each subregion at the distal
radius (top) and tibia (bottom). Significant difference from young women with ap <
0.05;bp < 0.01 ¢p < 0.001 using Mann-Whitney U teSt.......ccmmmrnmeenmernmerrmesseesssesseeseessesssessseens 95

Figure 6.1 Summary of regional variations for elderly women (65-79 years old) and age-
related regional variations at the distal radius and tibia for women. In the subregion
with most pronounced age-related effect, not only the trabecular sturcutre indices are
strongly correlated to age, but also BV/TV is significantly lower for elderly women
compared to young women (20-29 years 0ld) [14] .. eneneennenseessesseesssssssessssssesssesnes 107

Figure 6.2 The standard location for HR-pQCT image acquisition and measurement, with
respect to the reference landmarks at the distal radius (A) and tibia (B) (Courtesy of A
BUIZRATAL). ettt ss s b s bbb s e baes 109

Figure 6.3 Definition for region-based analyses shown for the radius (left) and tibia (right).
Each subregion was denoted by a two letter acronym two based on location: I or O for
inner or outer subregions, respectively; and M, P, L, or A for medial, posterior, lateral
ANd ANLETIOL, TESPECHIVELY. wirurieerieriereieetrseisecesees et sets s ses e bbbt s s e sa b asebaes 112

Figure 6.4 Line-plot of the mean % change in Ct.vBMD, Ct.Th, and Tb.N at the distal radius
and tibia for the ALN-treated group (filled circle) and the placebo group (open square)
after 12- and 24-months compared to baseline. (Adapted from Burghardt et al 2010).
Overlayed in gray are the results of subregional analysis: for the lateral quadrant and
the IL subregion for the cortical and trabecular parameters of the radius, respectively,
and the posterior quadrant and the OP subregion of the distal tibia, respectively
(Figure 6.3).3p < 0.05,bp < 0.01, ¢p < 0.001, dp < 0.0001 with respect to baseline; “p <

0.05,"p <0.01,p < 0.001, °p < 0.0001 ALN VS. PBO...cooirrnmrermmrermrermrsssemsssesssssessssessssessssssssnees 115
Figure 6.5 Mean percent differences in Tb.vBMD, Tbh.N and Ct.Th at each subregion of the

distal radius and tibia at 24-months compared to baseline for each group. ap < 0.05; bp
<0.01; ¢p < 0.001; dp < 0.0001; otherwise, not SigNIfiCant......oomenreerseereeereceseesseeseeseennes 115

Figure 6.6 The summary of the regions with a significant treatment effect (p < 0.05) in
selected trabecular and cortical parameters after 24 months (highlighted in light gray),
determined by RMANOVA with time as a repeated MEASUTE. ......cccoverreereeereerrecereeseessenseenes 116

Xiv



Chapter 1 - Introduction

I. Motivation

Trabecular bone contributes to the mechanical integrity of the whole bone, thereby
important for fracture resistance. Its intricate structure dynamically changes throughout
life in response to cellular and mechanical stimuli. Noninvasive imaging tools such as high-
resolution peripheral quantitative computed tomography (HR-pQCT) can be used to assess
skeletal status and monitor the effect of interventions. A number of indices have been
introduced and shown to be effective in characterizing trabecular structure. Artifacts
inherent in the measurement protocols such as partial volume averaging and motion
artifacts still limit the accuracy and reproducibility of the measurement. The conventional
global averaging approach may obscure the spatially heterogeneous nature of trabecular
structure at the distal radius and tibia. Thorough characterization of the impact on
trabecular structure measurements caused by these artifacts is an essential step for any
meaningful interpretation of the data and guides improvements in assessment of trabecular

structure.

II. Dissertation Aims
The objective of this dissertation is two-fold:

1) To characterize two sources of error — namely, partial volume averaging and motion
artifact- that are associated with assessment of trabecular bone structure indices from
HR-pQCT images at the distal radius and tibia.

2) To develop two techniques for improved assessment of trabecular bone structure

indices using HR-pQCT - a non-subjective quantitative technique to estimating error



introduced by motion image degradation and a regional analysis technique to account

for the inherit spatial heterogeneity of bone structure at the distal radius and tibia.

III. Bioengineering Contributions
The primary contributions of this dissertation study are:

3) Quantification of the degree of error introduced to the non-metric indices (structure
model index, connectivity density and degree of anisotropy) for trabecular bone
structure in relation to varying nominal resolutions (10 to 82 pm).

4) Development of a quantitative approach for detecting motion artifacts during HR-pQCT
image acquisition.

5) Development of regional analysis that accounts for spatial heterogeneity of the

trabecular structure at the distal radius and tibia.

IV. Chapter Organization

Chapter 1 provides a background of the complex nature of bone, including its
function, composition, structure, material properties, as well as its development, adaptation
and maintenance. It also introduces techniques for imaging and characterization of bone
using x-ray based imaging modalities, and highlights known associated artifacts. Chapter 2
discusses limited imaging resolution and its effect on the accuracy of the non-metric
structural index calculation. Chapter 3 proposes a quantitative approach for detecting
motion artifacts in HR-pQCT images. Chapter 4 develops a regional analysis of trabecular
bone structure to reflect its heterogeneous nature. In Chapter 5, regional analysis is applied
to a representative clinical study to demonstrate how it can be utilized. Finally Chapter 6

summarizes the presented work, and provides directions for future work.



Chapter 2 - Background

I. Bone

There are 206 bones in the adult human skeleton. Each bone has a unique form that
is adapted to a specific function. Bone is a living organ that is continuously remodeled to
adapt to its environment.

Bone serves both mechanical and physiological functions. Physiologically, bone is a
source of essential minerals such as calcium, as well as growth factors and cytokines [1],
thereby plays a significant role in regulation of metabolic homeostasis and provides a niche
environment for hematopoiesis [2, 3]. Mechanically, bone provides protection by encasing
vital organs. The skeleton also provides support, allows motion, and plays a key role in
locomotion - providing not only its basic shape and support to the body, but also anchor
points and levers for other soft tissues, such as muscle. This thesis is written predominantly
in the context of the mechanical function of bone.

In order to support the body against gravity and withstand mechanical impact, bone
should be strong and resilient. At the same time, to facilitate locomotion, it needs to be
lightweight. Bone meets these mechanical challenges through a combination of its material
and structural properties. Its composition and the organization of microstructures give rise
to the tissue level material properties. In addition, morphology and the organization of
macrostructures give rise to the apparent mechanical properties. These multi-level
properties are reviewed in the following section. Characterization of bone morphology and
structure is a frequent research objective for assessment of the overall mechanical integrity

of the whole bone.



1. Composition

Bone is a composite material composed mainly of inorganic minerals such as
calcium hydroxyapatite (Ca10(PO4)s(OH)2) (50-70 % by weight), organic molecules such as
Type I collagen (20-40 %), water (5-10 %), and lipids (<3 %) [4, 5]. Bone composition
varies with age, anatomic location, diet, and health [4]. In a bone matrix, the mineral phase
is embedded in the collagen network. The mineral phase contributes greatly to the material
and mechanical properties particularly to rigidity [6-10]. Bone becomes more mineralized
as it matures. Stiffness and strength increase exponentially with the mineral content, more
than with an equal-density increase in bone volume [11]. Metabolically, bones contribute to
mineral homeostasis by serving as a source of calcium, phosphate and magnesium. Collagen
forms a network in bone matrix by cross-linking and provides ductility by absorbing energy
of applied external forces, thereby contributing to mechanical toughness [4, 12] and tensile
strength [13, 14]. Water is found mostly in pore spaces. Water plays a role in cell signaling
as well as iron-, nutrient- and waste-transport between cells. Mechanically, water also

contributes to the viscoelastic character of bone [15-17].

2. Morphology

The proximal ends of a long bone

are called epiphyses and are slightly Medullary cavity e

Compact bone
broadened. The articular cartilage covers \
the exterior. The shaft of a long bone is

called the diaphysis and its cross-sectional .

Epiphysis

shape is a hollow cylinder (tube) with a
Figure 2.1 Schematic of a long bone (femur).
wall of compact bone and medullary cavity

filled with marrow (Figure 2.1). Both the exterior and interior surfaces (called periosteal

and endosteal surfaces, respectively) are covered by a thin layer of connective tissue called



periosteum and endosteum, respectively. The former is a fibrocollagenous layer containing
stem cells and serves as neurovascular supply, while the latter is a layer of stem cells and
inactive bone forming cells called bone lining cells.

There are two morphological forms of bone - cortical (compact) and trabecular
(spongy or cancellous) (Figure 2.2 and Figure 2.3). The cortical bone comprises the
exterior while the trabecular compartment is in the interior of the bone. Overall, in the
human skeleton, 85% of bone is cortical and 15% is trabecular by weight with a locally
varying ratio depending on site [4] - for instance, the diaphysis of a long bone is a hollow
cylinder of cortical bone (Figure 2.2) while a vertebral body is highly trabecular with a thin

cortical shell (Figure 2.3).

Figure 2.2 (left) The coronal cross-section
of the proximal femur showing a highly
trabecularized epiphysis and thick cortical j
shell of the diaphysis. (Courtesy of ‘A ‘
Smithsonian National Museum of Natural ‘
History.)

Cortical

Cancellous

Figure 2.3 (right) The coronal cross-
section of a human vertebra showing its
highly trabecularized interior. (Courtesy of
American Medical Association.)

The two morphologies serve different functions. Cortical bone is dense and
comprised of lengthwise columns called the Haversian system or osteons (Figure 2.4). Each
osteon consists of mineralized collagen fibrils called lamellae arranged concentrically
around neurovascular canals called Haversian canals. They run parallel to the length of the
bone, connect to canals running perpendicularly between the periosteal and endosteal
surfaces supplying blood called Volkmann’s canals. Interstitial lamellae, which are the

remnants of old osteons, fill the area between current osteons. Outer circumferential



lamellae form a sheet-like structure at the periphery of the cortical bone interfacing the
periosteum. Within pits called lacunae of the lamellae, bone cells called osteocytes are
found, entrapped themselves as they secrete bone matrix to construct osteonal structure.
Osteocytes are interconnected by their cytoplasmic extensions through thin canals called
canaliculi. Cortical thickness varies from 1 to 5 mm depending on the site. Cortical bone

provides structural support to the body and protection to the internal tissues of a bone.

- »’-"_‘;\ S
) . X
1
W
Circumferential Tl
lamellae "
Haversian — Osteon —
systems
Cement line
Interstitial - B
lamellae
Trabeculae - . “
Periosteum Haversian Canal /
e Osteocyte Canaliculi
canals
7 Blood vessels
Endosteum ——
Volkmann's g:osmteal of
canals
blood vessels

Figure 2.4 (Left) The schematic of cortical bone structure (From M Nordin and VH Frankel: Basic
Biomechanics of the Musculoskeletal System, 2nd edition. Philadelphia, Lea G Febtger, 1989) [18]. (Right) A
cross-section of Haversian systems (osteons) (from Gray’s Anatomy; Figure 77) [19].

Trabecular bone is a porous structure with an intricate network of trabeculae. Each
trabecula ranges from 100-150 um thick, spaced 500-1000 um on average, depending on
the site [20, 21]. It has nearly 10 times the surface area compared to cortical bone. Due to its
proximity to bone marrow, its primary function is metabolic in nature. In fact, trabecular
bone is 8 times more metabolically active than cortical bone [22]. Trabecular bone is
responsive to several factors, including metabolic factors, hormonal balance, daily

mechanical loading patterns, and drug therapies. By virtue of its structure, trabecular bone



also contributes mechanically by dispersing applied loads as seen at the head of the femur

(Figure 2.2).

3. Material properties

Prior to the discussion of bone’s material properties, some related terms must be
defined. Material properties are intrinsic mechanical properties due to tissue composition
and microstructure. The mechanical response of a material under a certain loading
condition is generally represented using a stress-strain curve (Figure 2.5). This plots stress
as a function of deformation per applied load (strain). In a linear regime, the material
deforms linearly under load, absorbing applied energy without causing permanent damage.
The slope of this linear portion is called the modulus of elasticity (Young’s modules, E), and
is a measure of specific resistance to strain against a deforming force. In a plastic regime,
the stress-strain curve starts to bend as applied force causes deformation that is no longer
reversible upon unloading due to microdamage. Yield is the transitional point between
linear and plastic regimes. The amount of strain that the material can sustain without
structural failure determines its brittleness/ductility — the more strain the material can
sustain in this plastic phase, the more ductile it is. The yield strain and stress of mature
cortical bone in compression are approximately 6800 pe and 130 MPa, respectively [4, 23].
Ultimate strength is the maximum stress the material can withstand without structural
failure (fracture). The ultimate strain and stress of mature cortical bone in compression are
approximately 15000 pe and 200 MPa, respectively [4]. Finally, toughness refers to the area
under the whole stress-strain curve. Mechanically, it signifies the amount of energy
deposition the material can withstand. Ductility determines toughness more than strength
or stiffness, because ductile bone can withstand higher strain, which contributes more to

area under the stress-strain curve.



A Figure 2.5 A typical stress-strain curve
showing yield behavior for nonferrous alloys
[24]. Elastic modulus E is the slope of the
linear regime (point 1 to 2) where the material
deforms linearly without causing permanent
damage. The deformation in the plastic regime

l (point 3 to 4) is not reversible due to

1 microdamage. The transition between the

linear and plastic regimes is the yield.

o=P/A

\

0.2% e=l/L

Bone is a viscoelastic material, where both elastic and strength properties are
dependent on the rate and duration of the applied load. Figure 2.6 shows stress-strain
curves under compressive and tensile loading. Bone is also an anisotropic material, and its
mechanical response therefore differs depending on the relative orientation of the
microstructure and applied load [25]. For example, bone is 40% stiffer in the longitudinal
direction compared to the transverse direction [26]; the Young's modulus of bone depends
the mode and direction of the applied load - it ranges from 11.5 GPa (transverse direction)
to 17.0 GPa (longitudinal) for the femur cortical bone on average [26-28]. The material
properties of bone tissue are similar for both cortical and trabecular compartments [26],
although their dramatic geometric and structural differences add complexity to, and

contribute differently to, the overall mechanical properties.
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Figure 2.6 Stress-strain curve under compressive loading (left) and tensile loading (right) for bone. (Adapted
from Wendlova 2008 [29])

4. Bone adaptation

Bone is a living organ that continuously remodels itself to adapt to its environment.
As assessment of skeletal status are often an objective of the quantification of trabecular
structure, the following section reviews bone adaptation mechanism. As aging is a
predominant factor for alteration of bone properties, the majority of research and clinical
studies on trabecular bone are related to aging, such as age-related osteoporosis and
evaluations of its interventions. The following section, therefore, also reviews age-related

alteration in bone.

Cells involved

There are three cell types involved in bone modeling, remodeling and
adaptation/maintenance: osteoblasts, osteoclasts, and osteocytes. These cells are derived
from two cell lineages: Osteoblasts and osteocytes originate from osteoprogenitor cells
while osteoclasts originate from hematopoetic progenitor cells [30]. Osteoblasts are
responsible for the production of new bone matrix. Osteoclasts are multinucleated cells
responsible for bone resorption. While osteoblasts and osteoclasts are found on the surface
of bone, osteocytes are embedded in the bone matrix. Osteocytes are terminally
differentiated osteoblasts that are surrounded by the matrix. They are capable of

production as well as resorption of the surrounding matrix to a limited extent. In addition,



they play a major role in mechanosensing and transduction thereby facilitating bone

maintenance/remodeling through the activation of osteoblasts and osteoclasts [31, 32].

Bone remodeling and adaptation

Bone remodeling is an essential process for adaptation and maintenance and serves
the mechanical and metabolic functions of bone. Mechanically, sustaining the structural
integrity is important for fracture prevention. For example, microcracks in bones trigger
bone remodeling [33]. It is also necessary to adjust material and structural properties to
withstand changing mechanical demands. Osteocytes embedded in the bone matrix are said
to be responsible for mechanosensing — their processes in the lacno-canaleculer network
senses the alteration in fluid pressure, stretch, or strain by the external force, resulting in
sending a signal to initiate bone remodeling. Metabolically, calcium, phosphate and other
minerals should be replenished constantly to maintain the mineral homeostasis. In
response to changing local biochemical environment bones can adjust, the amount and type
of minerals as well.

Bone remodeling occurs in four steps — activation, resorption, reversal and
formation — involving the basic multicellular unit (BMU), which is comprised of osteoblasts
and osteoclasts (Figure 2.7). During the activation phase, mono-nucleated osteoclast
precursor cells are recruited. After fusion of several mono-nucleated cells, osteoclasts
mature and start resorbing bone matrix by lowering the pH of the matrix with the secreted
acid and enzymes. During the formation phase, osteoblasts secrete a collagenous organic
matrix and then regulate its mineralization. After bone formation, 30-50% of osteoblasts
are either entrapped in the matrix and become osteocytes. They can also enter the
quiescent phase on the surface and coat the newly formed bone matrix as bone-lining cells

[4]. It is this balance between bone formation and resorption turnover rate) that maintains
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the basic shape of the bone suitable for the local environment. Since bone surfaces are

subject to constant turnover, bone is less mineralized at the surface.

A
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Aging affects both material and structural properties of bone throughout a lifespan,
the. Bone turnover rate is positive (favoring bone formation) during growth. After skeletal
maturation, the bone formation rate matches the resorption rate. Bone turnover rate then
turns negative (favoring bone resorption). The onset of age-related changes appears in
midlife or later in cortical compartment but as early as in young adulthood in trabecular
compartment [35, 36].

The consequential age-related change in the composition is elevated mineralization,
reduced collagen content, and microdamage accumulation [37, 38]. As a result, material
properties at the tissue level become stiffer (higher E) but more brittle (shorter plastic
phase, thus smaller area under the strain-stress curve) [39, 40]. In the apparent level, the
mechanical integrity is reduced with microdamage accumulation and the alteration of local
stress distribution due to resorption cavities, which are particularly detrimental in the
trabecular region when coupled with high strain. Upon menopause, women experience

accelerated bone loss due to an estrogen deficiency.
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RELATIONSHIP OF MINERALIZATION TO TOUGHNESS

A Figure 2.8 The relationship between bone mineral

content and tissue-level toughness. The optimal
toughness is achieved when bone is 64-66% (by

YOUNG'S MODULUS weight) mineralized (Adapted from [4, 41]).
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Age-related changes appear in midlife or later in the cortical compartment, while
they appear as early as young adulthood in the trabecular compartment [35, 36]. These
changes are attributed to the intricate structure of trabecular bone. In the cortex, thickness
decreases and porosity increases. In the trabecular compartment, trabeculae become
thinner, and plate-like structures become perforated and more rod-like, often resulting in
disruption and loss of connectivity (Figure 2.9). The combined effects on the apparent
mechanical properties are a 7-12% per decade decrease in elastic modulus and a 2-5%
decrease in cortical bone strength and a 8-10% decrease in trabecular bone strength [4, 42,
43].

Age-related changes in trabeculae vary depending on site [44]. For example, the
onset of age-related decline in cortical bone mineral density (BMD; mg/cm3) and
concurrent increase in cortical porosity is latent by approximately a decade (in 50s to 60s)
at the distal radius compared to the tibia (in 40s to 50s) [44, 45]. Similarly, in the trabecular
compartment of the distal radius, the onset of trabecular bone volume loss occurs around
midlife. Although trabeculae thicken slightly before age 50, the number drops dramatically
after midlife for both women and men. At the distal tibia, on the other hand, the onset of
bone loss is as early as in young adulthood [36, 44, 46, 47], accompanied by steady decline

in the thickness and number of trabeculae for both genders [48].
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Age-related changes in trabeculae also vary depending on gender [35, 44, 46].
Decrease in volumetric BMD at the lumber spine and femoral neck is greater in women than
in men (-55% vs. -46%, respectively; p < 0.001) but similar at the peripheral sites (-24%
and -26%, respectively; not significant) [35], for instance. This gender difference in age-
related decrease in trabecular vBMD is attributed to differing mechanisms — bone loss
occurs by trabecular disruption for women (as evident in fewer numbers of trabeculae for
women especially escalated upon menopause in (Figure 2.10 B) but by trabecular thinning
for men (Figure 2.10 C) [46, 49]. Perforation starts with horizontal trabeculae, increasing
the degree of anisotropy as a result [50-52]. Loss of trabecular connectivity is indeed
detrimental, increasing fracture risk more than by thinning [53-55]. These gender
differences in age-related changes in middle-age to elderly adults are strongly associated
with sex steroids, particularly bio estradiol levels [56]. In fact, estrogen deficiencies upon
menopause shortens the lifespan of osteoblasts but extends the lifespan of osteoclasts [57],
causing bone formation/remodeling balance to be more negative in addition to other age-
related effects. As a result, bone resorption is favored and resorption pits deepen, leading to
disruption of trabeculae in women.

Given the same amount of external loading, more stress is imposed on the bone;
therefore, the risk of fracture increases with age. In fact, the annual incidence of age-related
osteoporotic fracture is over 1.5 million in the United States, with hip and vertebrae
fractures being the most prevalent. The level of stress that women’s vertebrae can
withstand decreases with age (-43% vs. -31% in men between 20 and 90 years old; p =
0.008) [58]. This is reflected in the high incidence of vertebral fracture among women [59]

(Figure 2.11).
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Figure 2.9 Scanning Electron Microscope images of normal (left) and osteoporotic (right) trabecular bone
architecture at the third lumbar vertebrae. © Tim Arnett, University College London (Retrieved July 19 2010

from http://www.brsoc.org.uk/gallery/images/19lg.jpg).
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Figure 2.10 Age-related changes in trabecular bone structure indices at the distal radius in women
(open circles with dashed line) and men (closed circles with solid line). (Adapted from Khosla 2006

[56])
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Figure 2.11 Vertebral compressive strength declines gradually with age but sharply after age 50 for women
(left). This is reflected on high incidence of vertebral fracture (right). (Adapted from Bouxsein et al 2006 [58]).

II. Imaging of bone

The major modes for imaging bone are all x-ray based imaging technologies, such as
radiography, dual x-ray energy absorptiometry (DXA), and computed tomography (CT).
Photons interact with tissues as they penetrate through the body. Some are absorbed,
causing attenuation, and others are scattered in the process. The attenuated x-ray energy
depends on the quantity and intrinsic densities of substances it penetrated during its path.
As 45% of bone is mineral phase, the attenuation profile of bone is substantially different
from that of the surrounding soft tissue. Essentially this x-ray attenuation contrast between
bone and soft tissue results in x-ray based image.

While x-ray imaging technology has revolutionized clinical practice by allowing
visualization of internal organs non-invasively, it is not free of risks. Exposure to ionizing
radiation (Table 1.1) is the major concern associated with x-ray imaging technology,
especially for vital organs, and for children and pregnant women, as it may increase the

lifetime cancer risk and cause developmental defects.
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Table 2.1 The typical effective x-ray dose during an examination using the clinically used modalities [60, 61].

Typical effective
Modality | Anatomical site ~ dose (mSV)
. Chest 0.1
X-ray (radiography) Extremities (hand, foot) 0.005
Head 2.0
T Chest 7.0
Cardiac CT Angiogram Heart ~13
Mammography Breast 0.36
DXA Whole body 0.001
HR-pQCT | Extremities (Wrist, Ankle) 0.003
Dental (panoramic) Teeth 0.01
Naturally occurring background Whole body 1-3
radiation (per year)

Non-x-ray based imaging modalities, such as magnetic resonance (MR) imaging,
positron emission tomography (PET), and ultrasound are also available for specialized
needs. Discussions on MR, PET and ultrasound are beyond the scope of this dissertation. In
the following section, 3 types of CT systems used for characterizing trabecular bone

structure, namely, CT, HR-pQCT, and pCT are reviewed.

Computed tomography (CT)

In computed tomography, the x-ray source and the detector rotate about the subject
taking multiple projection images. The three-dimensional (volumetric) image is
computationally reconstructed from the series of raw two-dimensional images. Several
generations of CT were introduced as x-ray beam and detector configurations evolved.
Currently available clinical CT scanners (Figure 2.13 A) have a cone-beam configuration
with a multi-row areal detector for expedited image acquisition. Newer generation CT
scanners have faster scan times owing to the improvements in x-ray source, detector and
computer. CT is widely used clinically for cardiovascular, brain, gastrointestinal, as well as
musculoskeletal evaluations. A contrast agent can be administered intravenously for

angiographic studies.
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Density values can be obtained quantitatively from grayscale values of a CT image
(called quantitative CT, QCT) [62, 63]. Grayscale of the image can be calibrated by a
calibration phantom contains cylinders of hydroxyapatite (HA)-resin mixtures with
different concentrations. Attenuation values are converted to equivalent HA densities (mg
HA/cm3) using a linear relationship based on the attenuation values of the cylinders in a
phantom.

The nominal resolution achievable by a whole body clinical CT is 0.25 to 0.50 mm.
Its field of view is 40 cm. While the spatial resolution may be inferior to that of radiographs,
the contrast resolution is superior in CT (it can detect more subtle variation in attenuation
of x-rays). Other advantages include volumetric image acquisition, shorter acquisition time
for large volume coverage, allowing digital image processing and digital storage.

For research purposes, CT scanners are available with various resolutions such as
high-resolution peripheral QCT (HR-pQCT) (Figure 2.13 B), peripheral QCT (pQCT), pCT
(Figure 2.13 C), and synchrotron radiation pCT (SRpCT), in the order of decreasing
attainable nominal resolution.

1.1. HR-pQCT

HR-pQCT can achieve a nominal resolution of 82 pm (Figure 2.13 B), which enable
in vivo assessment of trabecular bone structure at peripheral sites (specifically at the distal
radius and tibia). In the recent years, use of HR-pQCT in skeletal research is rising. The
accuracy for density, cortical geometry, trabecular structure parameters calculated from
HR-pQCT images have been validated against the values from calibration phantom [64],
DXA, and pCT measurements [65-68]. The in vivo reproducibility for these parameters has
been assessed [69-73] to be CVims = < 1% and < 4.5% for the densitometric measures and
trabecular structure indices, respectively [71]. Biomechanical parameters using micro finite

element (UFE) analysis have also been tested against mechanically-tested values [65, 74,
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75]. Population-based age-related changes in density, cortical geometry, trabecular
structure parameters at the distal radius and tibia have been assessed using HR-pQCT [35,
44, 45, 56, 69, 76-79]. The predictive power of HR-pQCT-obtained trabecular structure
indices for disease [69] and fracture status [80-85] has been demonstrated; the efficacy of
osteoporosis drugs have also been monitored this modality [86, 87]. Collectively, HR-pQCT
has been establishing its potential as a powerful noninvasive tool for assessing skeletal
status and related research studies.

The in vivo HR-pQCT scanner (XtremeCT, Scanco Medical, Briittisellen, Switzerland)
(Figure 2.13 B), used in our laboratory, is a cone-beam CT system with 18.6° fan angle and
3.0° cone angle. It is equipped with the x-ray source potential at 60 kVp with a current of
900 pA. A two-dimensional detector containing a 3072 x 256 CCD elements is used to
acquire 750 projections over 180° at a 100 ms integration time at each angular position.
The 12.6 mm field of view is reconstructed across a 1536 x 1536 matrix using a modified
Feldkamp algorithm, yielding 82 pum isotropic voxels. Image acquisition time is 3 minutes
per scan. The effective dose is < 3 uSV per measurement [88].

Attenuation values are converted to equivalent hydroxyapatite density (mg
HA/cm3) using a linear relationship based on a phantom containing cylinders of HA-resin
mixtures with five different concentrations (0, 100, 200, 400, and 800 mg HA/cm3) (QRM,
Moehrendorf, Germany) (Figure 2.13 B). For quality control, the linear attenuation values
of the phantom are monitored daily.

Prior to image acquisition, the subject’s forearm and lower leg are positioned in the
thumb-up and toe-up positions, respectively. They are immobilized in corresponding
carbon-fiber molds, and fixed to the scanner to minimize motion during acquisition. A 9.02-
mm-long section (110 slices) of the radius and tibia is imaged starting at 9.5 mm and 22.5

mm proximal to the distal endplate, respectively, extending proximally (Figure 2.12).
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Figure 2.12 The standard location for HR-pQCT image acquisition and measurement, with respect to the
reference landmarks at the distal radius (left) and tibia (right) (Courtesy of A.J.Burghardt).

1.2. uCT

The nominal resolution of pCT (Figure 2.13 C) is as small as 6 um. In order to
achieve such high spatial resolution, the size of the object being scanned is limited. Both
specimen scanners and in-vivo scanners are available. For the former closed system, a
specimen is limited and must fit within 38 mm in diameter and 80 mm in length. Bone
biopsies are often imaged using a uCT system, for example. The latter is an open system,
basically a miniature version of a clinical whole body CT for humans, and used for live
sedated small animals. Similar to the other CT systems, the attenuation values are converted
to the density values according to the linear relationship between grayscale values and the
cylinders of HA-resin mixtures of known concentrations of the calibration phantom (Figure

2.13 C). These values are monitored daily for quality control purposes.
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A. Multi-detector CT (GE)
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m_llll‘“‘

B. HR-pQCT (XtremeCT, Scanco Medical)

C. Desktop puCT (uCT40, Scanco Medical)

Figure 2.13 Two commonly used in vivo CT systems (A) a multi-detector computed tomography by GE for the whole
body and (B) HR-pQCT for the peripheral sites and (C) ex vivo CT system for specimens, desktop uCT, their calibration
phantoms and their corresponding grayscale images.
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III. Characterization of bone using HR-pQCT

Accurate assessment of bone quality is a key component for determining the health
status of bone, as well as for prevention, prognosis and diagnosis of disease affecting bone.
The strength of bone is determined by the quality and quantity of mineralized skeletal bone
tissue, and provides crucial information in predicting fracture risk. The quality of bone is
determined by the combination of features such as mineralization, architecture, turnover,
collagen cross-link and damage accumulation [89]. This section introduces density, cortical
geometry and trabecular structural indices routinely obtained from HR-pQCT images, as

well as the ways in which they are commonly characterized.

Density

X-ray-based imaging modalities create images based on the differences in
attenuation values of matter in x-ray paths. Attenuation in the skeleton depends on density,
which is predominated by the mineral phase of bone. Areal bone mineral density (aBMD)
[g/cm?] measured using dual x-ray energy absorptiometry (DXA) is currently used for the
routine diagnosis of osteoporosis. DXA-measured aBMD is highly correlated to
biomechanically-tested maximum compressive vertebrae strength [7, 90-92]. Clinically,
women without fractures have a significantly higher aBMD at their spine and hip compared
to those with fractures [93]. Notice, however, aBMD is a projected/areal measurement, and
it reflects both the mineral content (degree of mineralization) as well as the volume (the
amount of mineralized tissue) [94], therefore, the size and geometry of the bone and
trabecular bone structure are ignored.

The raw image of attenuation values can be calibrated by acquiring images with a
density phantom (as described previously) and converted to display quantitative density

information. The volumetric bone mineral density (vBMD)[g/cm3], calculated as the mean
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density of all voxels within a volume of interest (VOI), is assessed quantitatively in this
manner.

Densitometric indices explain 70% of bone strength [89]. For example, every
standard deviation decrease in trabecular vBMD at the distal radius, distal tibia, or vertebra
is associated with ~1.5 times increase in fracture prevalence, independent from aBMD [84,
95, 96]. However, the remaining 30% is unexplained and fracture risk increases
independent of reduction in BMD with age [97]. The four- to five-fold decrease in strength
at the spine from the age of 20 to 80 years also cannot be explained by the two-fold
decrease in trabecular apparent BMD [52] either. This is partly attributed to the fact that
BMD alone cannot account for all bone fragility in many individuals. For instance, alteration
in intrinsic material properties caused by some clinical conditions such as aging,

corticosteroid use, osteogenesis imperfecta, and diabetes may not be fully reflected in BMD

[4].

Cortical geometry

Cortical thickness (Ct.Th) and cortical area (Ct.Ar) are calculated using an annular
model approximation: Ct.Th = Ct.Ar/T(Iper+Tmed), Where rper and rmeq are the periosteal and
medullary radii, respectively. Since it is difficult to define the trabecular and cortical
boundary (endosteal surface), rper = 'med, the denominator is effectively 2mrpe. Cortical area
(Ct.Ar) is directly related to bone’s ability to withstand an applied load, as expressed in
stress = force/area. With age, in the diaphysis of the long bone, Ct.Ar increases but Ct.Th
decreases as periosteal expansion increased rper. Micro-finite element (pFE)-estimated
failure load at the distal radius is highly associated with Ct.Th (r = 0.69) [80, 81].
Accordingly, decrease in Ct.Th increases the risk of wrist fractures significantly (with the

odds ratio = 4.0 to 5.4) [80, 98].
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Trabecular structure

Trabecular structure is a mixture of plate-and rod-like structure of various
thickness oriented in various direction (Figure 2.14). A variety of indices describing the
structural features have been introduced - from tissue volume and metric indices such as
thickness and distribution, to topological features (non-metric indices).
1.3. Metric indices

The bone volume fraction (BV/TV) is a measure of the amount of bone. BV/TV is
highly correlated to the mechanical properties of trabecular bone [99-101] as they are
greatly influenced by the volume as well as the degree of mineralization. The trabecular
number (Tb.N) is a measure of the number of trabeculae and the trabecular thickness
(Tb.Th) is the mean thickness of trabeculae within a unit volume. The vertical trabeculae
are about 30% thicker than the horizontal struts at vertebrae [102]. With the same amount
of bone volume reduction, the impact/reductions on both the modulus and strength is
greater by the reduction in Tb.N compared to by the reduction in Tb.Th [53-55]. While
Tb.Th can be recovered with therapeutical interventions, reductions in Tb.N cannot be
reversed once a trabecula is lost [103-106]. Trabecular separation or spacing (Tb.Sp) refers
to the average distance between individual trabeculae within a unit volume. With age, the
trabecular compartment loses bone volume through trabecular thinning, followed by
perforation, resulting in scarcity with sporadic remnants [107].
1.4. Non-metric indices

The structure model index (SMI), which is derived from surface convexity, has been
proposed as a feature by which to classify the trabecular bone structure type — specifically,
the degree to which the structural elements resemble plate-like or rod-like geometries. A

rod-like trabecular bone structure is characteristic of osteoporotic patients [108] and is
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strongly correlated with bone strength [101]. The degree of trabecular connectivity,
measured by connectivity density (Conn.D), also provides valuable information, since loss of
connectivity has a substantial impact on structural integrity and results in an elevated
fracture risk [38, 53, 109]. The degree of anisotropy (DA) is a measure of directional
variation of a structure. Though not directly correlated with the mechanical properties of
bone, DA provides insight into the directional dependence of bone strength [38, 110]. With

age, trabecular bone is known to become more rod-like [111], with connectivity being lost

by disruption of thin horizontal trabeculae, and increasingly anisotropic [50-52].

BVTV =032 SMI=0.1 (plate-like) SV TV =009 SMI =23 (rod-like)
Tb.N = 175 - Tb.N = 1.14

DA=2.1 DA=16
Tb.Th=0.20 mm Conn.D = 6.66/mm’ Tb.Th=10.13 mm Conn.D = 3.1/mm’
Tb.Sp =0.52 mm ’ ’ Tb.N = 0.87 mm onn. S

Figure 2.14 Comparing the visual appearance and the structure indices of two distinctly different trabecular
bone section at the femoral head of a 67 years old male: (left) thicker and more plate-like trabecular structure
in the superior region, and (right) thinner and more rod-like trabecular structure in the inferior region.

1.5. Calculation of trabecular structural indices

Trabecular structures contribute greatly to the mechanical integrity of the whole
bone. Each structural feature uniquely contributes to the overall mechanical property,
however. Therefore, the accurate characterization of these indices cannot be overlooked.

At an 82-um isotropic voxel size achieved using HR-pQCT, the average human
trabeculae only spans 1 to 2 voxels in diameter. Due to significant partial volume effects,
this relatively low resolution confounds the thresholding process and limits the accuracy of

structural indices. Therefore, calculation of the trabecular structural indices from the HR-
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pQCT images employs a hybrid approach combining the histomorphometric method and
the distance transformation (DT) and ridge analysis (Figure 2.15). Calculation of the
trabecular densitometric and structural indices from HR-pQCT images has been described
and validated previously [69, 71, 73, 112, 113]. First, the bone volume fraction (BV/TV) is
derived from trabecular volumetric BMD assuming the fully mineralized trabecular bone
has a density of 1200 mg HA/cm3. The mineralized phase is extracted by applying a Laplace-
Hamming filter followed by a fixed global threshold, which results in binary representation
of trabecular bone. A mean axis transformation is performed on the binary image of
trabeculae to find trabecular ridges, followed by the distance transform (DT), where the
maximal sphere is filled in the material of interest (bone or marrow space), to create a map
of mean distance between ridges [114, 115]. The trabecular number (Tb.N, mm-1) is
calculated directly as an average distance between ridges [70, 73, 108]. Trabecular
thickness (App.Tb.Th, mm) and separation (App.Tb.Sp, mm) are derived from Tb.N as
App.Tb.Th = (BV/TV) / Tb.N, and App.Tb.Sp = (1 - BV/TV) / Tb.N.

Finally the standard deviation of trabecular spacing (Tb.1/N.SD, um) is taken as a
measure of heterogeneity in trabeculae distribution [115]. These trabecular structural
indices are calculated for the entire trabecular compartment (the global means). The
reproducibility of the trabecular structure indices obtained from in vivo HR-pQCT images is
<1.5% [87].

Due to its limited resolution, the non-metric indices are not routinely assessed from
HR-pQCT images as a part of standard patient analysis protocol. The triangulation (TRI)
method can facilitate the assessment of the trabecular bone volume by fitting triangles on
the surface and consequently tetrahedrons in the volume three-dimensionally [108]
(Figure 2.15). The structure model index (SMI) is calculated from bone volume (BV) and

surface area (BS) obtained using the TRI method: SMI =6 - (BV - dBS/dr) / BS2.
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The mean intercept length (MIL) that is plotted as a radius from the origin at the
angle of measurement generates the surface of an ellipsoid in three-dimension. A ratio of
maximum to minimum eigenvalues of the MIL tensor is used to calculate degree of
anisotropy (DA) [110, 116, 117]. Connectivity density is derived from the Euler

characteristic of a three-dimensional structure [109].

A. B.

Figure 2.15 Conceptual drawing of a) distance transformation (DT) by fitting the maximal sphere to measure
the local trabecular thickness [114] and b) triangulation (TRI) method by fitting triangles on the surface of a
trabecula [108].

As these features are interrelated, the intricate structure of trabecular bone can only
be described collectively. For instance, the predictive power for the mechanical property
often improves by combining multiple trabecular structure indices in a model [66, 101, 116,

118], especially in the case of low BV/TV [119] which is typical for osteoporotic bone.

IV. Artifacts associated with in vivo imaging of trabecular bone using HR-pQCT
Errors caused by various associated artifacts must be thoroughly characterized for
accurate and reproducible characterization of trabecular bone structure from HR-pQCT

images. Three artifacts commonly seen in computed tomography include partial volume
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effects, motion artifacts, and beam hardening effects. Although it is not a source of error per
se, averaging over the volume of interest poses a problem. For instance, difference between
thicker trabeculae along the direction of external load and thinner orthogonal trabeculae is

averaged.

Partial volume effect

Although a nominal resolution of 82 pm can be achieved using HR-pQCT for
noninvasive in vivo assessment of trabecular bone, that resolution is still inusfficient - the
average human trabeculae only spans 1-2 voxels at this resolution, giving rise to significant
partial volume effects (Figure 2.16) that confound the thresholding process and limit the
accuracy of structure indices calculation. The degree of error introduced to metric
structural indices by the partial volume effect at this resolution has been previously
quantified [120, 121]. The partial volume effect is particularly severe for trabeculae with
low BV/TV (< 0.15) [122], which is frequently observed for individuals with osteoporosis.
In such a case, the variance in the measurement increases [123] and thresholding becomes
critical [122, 124] as a voxel taken away by thresholding accounts for a relatively large
percentage of the volume [122]. As a result, the accuracy of Tb.Th is compromised, while
Tb.N and Tb.Sp remain relatively unaffected at limited resolutions [120, 122, 125, 126].

Chapter 2 addresses the effect of resolution on non-metric indices.

a. “CT at 16 Hm b HR_pQCT at 82 Hm Figure 2.16 With the limited

nominal resolution of HR-pQCT at
82 pm, the grayscale image of
human distal tibia (b) is highly
pixilated due to the severe partial
volume averaging effect compared
to the matching section imaged
using puCT at the nominal
resolution of 16 um (a). (Adapted
from Sode et al 2008 [67])
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Motion artifacts

Motion artifacts have been a problem for image acquisition and processing for all
radiological devices on live subjects, from cardiograms [127, 128] to computer-assisted
surgery [129]. Although it takes less than 3 minutes to acquire HR-pQCT image during the
standard patient protocol, motion artifacts are commonly seen in the images, particularly at
the radius [71] (Figure 2.17). The resulting image quality is severely compromised, which
confounds the accuracy and reproducibility of measurements, especially for structural
indices of trabecular bone [71]. These indices are suspected to be more prone to error due
to motion artifacts compared to densitometric indices [71], as trabeculae only span 1-3
pixels and subject to partial volume averaging and thresholding. The degree of error
introduced to HR-pQCT-obtained density, cortical geometry, and trabecular structure
measurements due to motion artifacts, however, has not been quantified. Such information
is useful for more realistic calculation for the statistical power of a study design. It also
contributes in establishing a standardized procedure for handling HR-pQCT images with
motion artifacts that are based on empirical data. The lack of a standardized procedure also
prohibits comprehensive comparisons across studies.

When severe motion artifacts are detected, it is often necessary to repeat the image
acquisition, exposing the subject to more radiation. The manufacturer has provided a
grading system according to the apparent severity of the motion artifact in the image. While
this system can distinguish the worst image quality (grade 4 or 5) from the best quality
(grade 1 or 2), the discriminatory power is not linear or reliable [130].

In chapter 3, the motion artifact in the in vivo HR-pQCT images of the distal radius
and tibia is quantified using three similarity measures to compare the parallelized

projection images at 0° and at 180°.
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Figure 2.17 (left) Representative
reconstructed HR-pQCT image of the
distal radius with severe motion artifacts.
Characteristic horizontal streak is visible,
the cortex is disrupted, and trabeculae are
blurred.

Figure 2.18 (right) Representative
grayscale image of the human distal tibia
showing the heterogeneous nature of
trabecular structure and its distribution
across the cross-section.

Beam Hardening

Beam hardening (BH) is an artifact arising from the polychromatic nature of an x-
ray beam. It is caused by the lower energy x-rays being preferentially attenuated by dense
(such as bone) and/or thick material, thereby skewing the penetrated x-ray beam towards
higher energy. It results in an inaccuracy in attenuation profile with a characteristic cupping
shape - higher attenuation at the edges but depressed at the center of a profile of a
homogeneous object with uniform thickness [131]. It has the effect of compromising the
accuracies of density measurement and thresholding. To account for the artifact, filters on
the beam as well as correction algorithms during reconstruction are implemented in CT
systems, including HR-pQCT. These countermeasures, however, only reduce the effect but
cannot eliminate it completely [64, 132-135]. In HR-pQCT, Sekhon et al [64] found that
error in trabecular volumetric BMD depends on both cortical thickness and apparent
trabecular density, and can be up to 41% at radius and the tibia, respectively.
Overestimation in BV/TV and Tb.Th results. Artifacts caused by beam hardening are not
within the scope of this dissertation.

A. With BH effect B. With BH correction C. Line profiles
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Line profiles through reconstruction data of a plexiglas cylinder
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Figure 2.19 The representative grayscale
images of a cylinder with uniform density
with (A) and without (B) beam hardening
artifacts (corrected by a BH correction
algorithm). The corresponding line
profiles (C) show characteristic cupping
effect at the center (Adapted from Van de
Casteel, 2004 [136]). As the x-ray beams
pass through the thick cortex parallel to
the streaks, the low energy x-rays were
preferentially attenuated. Darker streaks
between the tibia and fibula resulted (D).

Global analysis

Trabecular density and structure can vary substantially across axial sections of the
distal radius and tibia (Figure 2.18) [137, 138]. The indices describing trabecular bone
structure calculated from HR-pQCT images are conventionally reported as average values
for the entire trabecular compartment of interest, however. This global analysis therefore
obscures the inherent regional differences in trabecular compartment. A standard deviation
only indicates the degree to which a structure index is spatially heterogeneous for the entire
trabecular region but does not characterize the variation from subregion to subregion.
Therefore, a procedure to account for this regional variation may provide complementary
information to the global analysis. In addition, it may reveal the information related to the
underlying biomechanical conditions refleted by the intrinsic structural heterogeneity of

trabecular bone. In chapter 4, the regional analysis is applied to a normative dataset to reveal
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substantial regional differences that are obscured by the conventional approach. In Chapter
5, regional analysis is applied to a clinical dataset to further demonstrate its utility in

revealing the treatment effect regionally.
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Chapter 3 - Resolution Dependence of the Non-metric

Trabecular Structure Indices

I. INTRODUCTION

Recent advances in non-invasive imaging techniques, such as high-resolution
magnetic resonance imaging (HR-MRI) and peripheral quantitative computed tomography
(HR-pQCT), allow in vivo assessment of trabecular bone structure indices. Structural indices
that describe three-dimensional trabecular bone have been routinely assessed in ex vivo
samples using images obtained by micro-computed tomography (uWCT). Assessment of
trabecular microstructure has been attempted using multi-detector-row computed
tomography at an in-plane resolution of 250 um and a slice thickness of 500 um [1]. With
the emergence of HR-MRI and HR-pQCT, in vivo nominal resolutions of approximately 150
um in-plane with a 400-um slice thickness and an 82-um isotropic voxel size, can be
achieved. At these resolutions, the average human trabeculae only spans 1 - 2 voxels in
diameter, giving rise to significant partial volume effects that confound the thresholding
process and limit the accuracy of structural indices. While the effects of resolution on
conventional structure indices such as BV/TV, Tb.Th, Tb.N, and Tb.Sp has been investigated
for different modalities [2-5], the effects of resolution on non-metric indices, such as SMI,
Conn.D, and DA have not been rigorously evaluated. A more detailed investigation on the
dependence of non-metric indices on resolution is needed to determine their applicability
for in vivo imaging of trabecular bone structure.

The objective of this study was two-fold: 1) to characterize dependence of three

non-metric indices, namely SMI, Conn.D and DA of a trabecular bone structure to the spatial
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resolution of CT images, and 2) to determine their applicability for assessing trabecular
bone structure to the in vivo imaging. To achieve the first objective, three non-metric indices
were calculated for specimens with varying plate-like and rod-like structures and sizes from
resampled pCT images across a range of spatial resolutions (Part 1 Simulations). To achieve
the second objective, the impact of resolution on three non-metric indices was evaluated for

the clinical HR-pQCT images by comparing against the uCT reference measurements (Part 2

HR-pQCT protocol).

II. MATERIALS AND METHODS
1. Simulations

To determine whether the non-metric indices of a trabecular bone are affected by
the spatial resolution of CT images, the values calculated for specimens with varying plate-
like and rod-like structures from resampled pCT images were compared to the reference

values at a range of spatial resolution.

Specimens

To represent various trabecular structure sizes and types (i.e. spanning rod, plate,
and mixed structures), the following four specimen groups were used in the simulation part
of this study: bovine proximal femur and tibia, human radius, and murine proximal tibia.
Seven bovine proximal femur cores and eight bovine proximal tibia cores, 8 mm in diameter
and 10 mm in length, were obtained. The cores were repeatedly sonicated (Branson 2510,
Branson Ultrasonic Corporation, Denbury, CT, USA) in a mild detergent (10% Terg-A-Zyme
solution, Aclonox, White Plains, NY, USA) bath for defatting prior to immersion in water in
preparation for imaging. Fifteen cubes from human radius with a side length of 12 mm were
extracted from fifteen cadavers (eight males and seven females, aged 72.8 + 10.8 years), 10

mm proximal to the distal endplate. The cubes were fixed with marrow intact for imaging.
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Left tibiae (n = 14) from 12-week old mice were isolated and cleaned of adherent tissue.
The bones were then defatted by sequential extraction in ethanol and diethyl ether using a

Soxhlet apparatus and dried overnight at 90°C.

Micro-computed tomography Acquisition

The bovine proximal femur and bovine proximal tibia specimens were imaged with
an isotropic voxel size of 16 um in a commercial micro-tomography system (uCT 40, Scanco
Medical AG, Bassersdorf, Switzerland). The following settings were used for acquisition:
source voltage 55 kVp, tube current 144 pA, and matrix size of 1024 x 1024. The human
radius and murine tibia were imaged in a uCT 20 (Scanco MedicalAG) system at voxel sizes

of 34 ym and 9 um respectively. Data acquisition was performed as described previously
[6].

Analysis

For structural evaluation purposes, volumes of interest comprising trabecular bone
were manually identified for each specimen. A central 5.12 mm cubic section for both
bovine femur and tibia cores and an 8.8 mm cubic section for the human radius cubes were
extracted from the center of each volume. The full trabecular compartment of murine tibia,
defined by semi-automatically drawn contours at the endocortical boundary was used,
spanning 1 mm distally from the growth plate. All subsequent image-processing steps were
conducted using the Image Processing Language (IPL, Scanco Medical AG) on a dual-Alpha
OpenVMS workstation (DS20E, Hewlett Packard Inc.).

To examine the effect of voxel size on SMI, Conn.D, and DA, the original grayscale
images were resampled isotropically to a range of lower voxels: Human radii were
resampled to isotropic voxel sizes of 34, 59, 82 and 153 pm; murine tibiae to voxel sizes of
18, 27, 36, 54 and 72 pm; and both bovine proximal femur and tibia cores to voxel sizes of

16, 34, 82, 153 pm. Representative three-dimensional images and grayscale cross-sectional
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images of each specimen type are shown in Figure 3.1 at their original resolutions and at
the corresponding lowest tested resolution. The nominal resolutions of 82 uym and 153 pm
are comparable to the in vivo in-plane resolutions of HR-pQCT imaging and clinical magnetic
resonance imaging, respectively. Similarly, 72 pm is comparable to the low-end resolution
mode for common in vivo small animal uCT.

A fixed global threshold was used to segment the bone phase prior to the structure
indices calculations. A grayscale value was visually selected, so that the resulting binary
image best represented the original grayscale image. This process was done on each sample
group and at each resampled voxel size.

The non-metric indices and Tb.Th were obtained from the resulting binary images
generated at each resampled voxel size. As described by Hildebrand and Rueggsegger [7],
the SMI values were calculated from the tetrahedrons enclosed in the triangulated surface
representation of the volume data. The distance transformation method, where maximal
spheres are filled into the object of interest, was applied to obtain Tb.Th, Conn.D was
calculated using the Conn-Euler method as described in Odgaard et al [8] and DA was
calculated as the ratio of the minor and major principal components of the mean intercept
length ellipsoid determined using a projected surface method [9].

The non-metric indices obtained from the images reconstructed at the original voxel
size were taken as the reference values and listed in Table 3.1. The values obtained from
the resampled images were compared to these reference values to evaluate the effect of
resolution on the non-metric indices calculation. To account for differences in trabecular
thickness across different species and anatomical sites, the nominal resolution was
normalized by the reference Tb.Th, the group average value calculated at the reference

resolution of each sample (Table 3.1). This relative resolution is a measure of number of
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pixels assigned to an average trabecula. All results are presented in term of this relative

resolution.

2. HR-pQCT Protocols

To determine the applicability of the non-metric indices for trabecular bone
structure to in vivo imaging, the non-metric indices were calculated for trabecular bone
cores of human distal tibia from the images obtained using HR-pQCT and compared to uCT

reference measurements.

Specimens

Sixteen trabecular bone cores (10 mm in diameter, 15 mm in length) were obtained
from the distal tibiae of 5 human donors post mortem (three males and two females, aged
62.6 = 10.4 years). The tissue was acquired from a national tissue bank (National Disease
Research Interchange, Philadelphia, PA). The cores were extracted approximately 10 mm
away from the joint line, defatted and immersed in distilled water, as described above, prior

to HR-pQCT and uCT imaging.

Micro-computed tomography and HR-pQCT acquisition

The human distal tibia core specimens were imaged by pCT at 16 um resolution as
described above for the bovine samples. Additionally, the samples were imaged with a
clinical HR-pQCT system (XtremeCT, Scanco Medical AG, Bassersdorf, Switzerland) using
the standard in vivo protocol described in previous patient studies [10, 11]. In short, the x-
ray source potential was 60 kVp with a current of 900 pA. A 2D 3072 x 256 element CCD
detector was used to acquire 750 projections at a 100 ms integration time per rotation. The

12.6 mm field of view was reconstructed across a 1536 x 1536 matrix, yielding 82 pm
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voxels. The full length of each core was covered by the automatic acquisition of two adjacent

image stacks, spanning 9.05 mm each.

Analysis

A concentric cylindrical volume of interest with an 8 mm diameter was manually
defined for each distal tibia core sample. Representative grayscale images of human distal
tibia core are shown in Figure 3.2 at 16 um using uCT and at 82 um using HR-pQCT. The
original grayscale uCT images of human distal tibiae were processed in the following
manner: noise was reduced by applying Gaussian filter (o = 1.0, support = 1) and the image
was binarized using a visually selected, fixed global threshold described previously [12, 13].
Since resampling effectively removes high frequency noise, a smoothing step was not
performed for the resampled images prior to discretization. The resulting images were then
binarized in the same manner as described for the 16pm images. Calculation of the
structural indices for HR-pQCT was based on the segmentation scheme provided by the
manufacturer for in vivo analyses. A Laplace-Hamming filter was applied to the original
grayscale images to provide smoothing and edge enhancement. Next, the smoothed image
was normalized to a fixed maximum intensity. Finally, a fixed global threshold was used to
extract the bone phase in the same manner. The SMI, Conn.D, and DA were calculated from

the binary images for each of the previous cases.

3. Statistical Analysis

In the simulation study, the significance of differences in the SMI, Conn.D, and DA for
each specimen with respect to the relative resolution was tested by a single-factor repeated
measure analysis of variance. If significance is found, then a paired t-test was applied to
isolate the significant differences against the reference value. In addition, the coefficient of

determination (r2) between values obtained at each resampled resolution and at the
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reference relative resolution was calculated to measure the degree of agreement. In the HR-
pQCT protocol study, the non-metric indices for human distal tibia cores obtained from the
HR-pQCT images and the pCT images resampled at 82 pm were both compared to the
reference values. A regression analysis was performed and the linear equations and
coefficients of determination (r2) were obtained for each case. The significance in difference
was tested using a paired t-test with a = 0.05. For the SMI, a Bland-Altman plot was

assessed for qualitative comparison against the values obtained at the reference resolution.
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Figure 3.1 The representative uCT three-dimensional images (4 mm cubic sections (a, d, g) and a murine tibia
section) and the visually matched cross-sectional images of the specimens used in this study: a bovine proximal
femur and tibia (b, e) imaged at 16 wm and (c, f) resampled to 153 um; a human distal tibia (h) imaged at 34 um
and (i) resampled to 153 um; a murine tibia (k) imaged at 9 um and (1) resampled to 72 um. At the lowest
resampled resolutions, images are highly pixelated, approximating the details of trabecular structure.
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Table 3.1 The reference values for Tb.Th and the non-metric indices (SMI, Conn.D and DA) (mean * SD) for each
specimen used in the simulation study, calculated from the pCT images at the original (reference) resolution.

Bovine Bovine prox. Human Murine
Index prox. femur tibia radius tibia
N 7 8 15 14
Original lnomlnal 16 16 34 9
resolution [um]
Relative resolution
[Pixels/Tb.Th] 11.1 12.2 4.3 6.1
Ref. Tb.Th [um] 177.5+7.2 1959+148 1473+182 549%6.6
SMI 0.20+0.36 0.76 +0.62 2.26+040 132%0.5
Conn.D [mm-3] 4.92+1.59 3.48+0.80 190+£097 24635
DA 2.12+0.31 1.80 + 0.43 1.73+0.14 1.91+0.1

The reference Th.Th at the original nominal resolution was used to calculate the relative resolution.

a. uCT at 16 um

b. HR-pQCT at 82 pm

Figure 3.2 The representative visually matched grayscale cross-sectional images (top) and three-dimensional
images (bottom) of human distal tibia imaged using a) uCT at 16um, and b) HR-pQCT at 82 um (equivalent to
relative resolution of 1.73 pixels/Tb.Th). The image is highly pixelated causing severe approximation of the fine

trabecular structure in the HR-pQCT image.
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III. RESULTS
1. Simulations

Among the four specimen types, human radius cubes had the most rod-like
trabecular structure while the bovine proximal femora had the most plate-like trabecular
structure. The bovine bones (both tibiae and femora) and the human tibiae were similar in
trabecular thickness; the murine tibiae were roughly one-third the size of the other
specimens. As is evident in representative grayscale images shown in Figure 3.1, the details
of the trabecular structures are lost and the images are highly pixilated at a low resolution.

The SMI increasingly deviated from the reference values in response to decreased
relative resolution (Figure 3.3a); however, the degrees varied depending on a structure
type. More rod-like structures among the tested specimens, human distal radii and murine
tibiae became significantly different (p < 0.001) from the corresponding reference values at
around 3 pixels/Tb.Th (Figure 3.3a). For example, at 6.1 pixels/Tb.Th, the SMI of the
murine tibiae was 1.3 on average (Table 3.1), meaning a mixture of plate-like and rod-like
structures. However, as the relative resolution degraded down to 0.8 pixel/Tb.Th, its SMI
became 2.4, a more rod-like structure (Figure 3.3a). At this low relative resolution, the
details were lost and the trabecular structure became more like clusters (Figure 3.1).
Consequently the r2 value for the murine tibiae dropped to 0.76 (Figure 3.3b).

RMANOVA and paired t-tests revealed significant decreases in Conn.D with a
decrease in relative resolution for all tested specimens (all p < 0.001) (Figure 3.3c). The
degree of decrease in Conn.D varied from 28% (bovine tibiae) to 76% (murine tibiae)
depending on specimen type. The correlations to the reference values, decreased
dramatically for bovine proximal femur and murine tibia as the relative resolution

decreased (Figure 3.3d).
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The observed deviations of DA from the reference values ranged up to -11%
(murine tibiae) (Figure 3.3¢e). The correlations to the reference values started weakening at
a notably higher relative resolution than SMI (Figure 3.3f). For instance, although no
significant deviation from the reference value was detected for murine tibiae (Figure 3.3e),

the correlation to the reference value dropped dramatically down to r2 = 0.01 (Figure 3.3f).

2. HR-pQCT Protocols

The non-metric indices for trabecular bone cores of human distal tibia calculated
from the images at 82 um correlated well (r2 > 0.75) with the reference values obtained
from the pCT images at 16 pm, whether images were resampled from the uCT images or
acquired using HR-pQCT (Table 3.2). However, the errors in absolute values were observed
(Figure 3.4a-c and Table 3.2). As observed in the simulation study, the accuracy of SMI was
structure-type dependent (Figure 3.5) (see Discussions). Despite their excellent
correlations to the reference values, the Conn.D obtained from the resample images and the
HR-pQCT images were significantly underestimated (p < 0.001) by 16% and 31%,
respectively (Table 3.1). Similarly, the DA obtained from the HR-pQCT images was

significantly underestimated (p < 0.001) by 10% (Table 3.2).
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Figure 3.3 The changes in the non-metric indices (a, ¢, and e) and in their correlation (r2) with the reference
resolution (b, d, and f) against relative resolution. The Conn.D for murine tibia is out of the plotted range thus
not shown here. The lines are simply connecting the data points.
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Figure 3.4 The linear regression analyses on the non-metric indices for trabecular bone core of human distal
tibia to determine the correlations between the measurements calculated from two sets of images obtained
differently: (a-c) the HR-pQCT images and the uCT images at reference resolution (16 pm) and (d-f) the
resampled uCT images and the HR-pQCT images both at 82 pm.

Table 3.2 The average values of Tb.Th, non-metric indices (SMI, Conn.D, and DA) (mean * SD), and the
correlation coefficients (r2) of non-metric indices for trabecular bone cores of human distal tibia obtained from
the reference uCT images (16 pm), the pCT images resampled at 82 um, and the HR-pQCT images acquired at 82

wm.
Mean = SD r
uCT at 16um uCT at 82
Index uCT Vs. nCT ?816 um (resampli
uCT at8 um  HR-pQCT uCT at 82 um ) VS.
! HR- T 2
at 16 um (resampled)  at 82 um (resampled) pQCT at 82 ym HR-pQCT at
Ref. Tb.Th [um] 146.5+£23.1 175.7+21.1 232.4+22.4 - - -
SMI
Overall 124+042 1.61+£062 1.13+£0.72 0.94%** 0.90™ 0.95%**
More plate-like
1.04£0. 1.32+£04 J7+0.54 93 %* .82% .90**
(SMI<1.5) 04 +0.35 32+0.49 0.77+£0.5 0.93 0.8 0.90
More rod-like
67+0. 24+0. 92+0. 3% .60™ 974
(SMI > 1.5) 1.67+0.13 2.24+0.33 1.92+0.31 0.73 0.60 0.97
Conn.D [mm™] 4.16+1.14 3.48+1.08 2.87+0.87 0.81** 0.75%* 0.98**
DA 224+£027 228+0.30 2.02+0.28 0.89™ 0.93** 0.90%*

The reference Tb.Th was used to calculate the relative resolution.
*p <0.01;** p <0.001; s not significant (p > 0.05)
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Figure 3.5 The linear regression analyses and the Bland-Altman plots on the SMI for trabecular bone core of
human distal tibia calculated from two sets of images obtained differently: (a-b) The HR-pQCT images and the
UCT images at reference resolution (16 um) and (c-d) the resampled pCT images and the HR-pQCT images both
at 82 um. The measurements are grouped by the structure type at threshold SMI = 1.5. The predominantly plate-
like structure (SMI < 1.5) is represented by a filled square and the predominantly rod-like structure (SMI > 1.5)
by an open circle. The linear regression analysis determines the correlations and the Bland-Altman plots
qualitatively compare the measurements obtained from two datasets.

IV. DISCUSSION

In this study, we found that three non-metric indices of trabecular bone structure
were affected by the spatial resolution of CT images. Specifically, the SMI values we
obtained from resampled pCT images for bone specimens with a range of morphologies
increasingly deviated from the reference values as the relative resolution decreased (Figure
3.3a), and its magnitude varied depending on the structure type, whether plate-like or rod-

like. Similarly in a more clinically relevant context, the SMI of human trabecular bone from
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the distal tibia obtained at the in vivo resolution (82 um) was structure-type dependent: the
magnitude of deviation from the reference value increased as the SMI increased (Figure
3.5b). Both Conn.D and DA of the specimens obtained from their resampled pCT images
decreased as the relative resolution decreased (Figure 3.3c and e), and those of human
distal tibia obtained from the HR-pQCT images were significantly lower than the
corresponding pCT reference values (Table 3.2).

Considering the applicability of SMI to the in vivo imaging such as using HR-pQCT,
the challenges are two-fold. First, the current in vivo relative resolution is limited to ~2
pixels/trabecula on average for the distal radius and tibia. Ito et al [1] reported that even
with images obtained using multi-detector-row CT at a spatial resolution of 250 x 250 x 500
um, fractured and non-fractured vertebrae were distinguishable (p < 0.0001). However, the
in-plane relative resolution was only 1.4 pixels/Tb.Th at this resolution. Our results show
that the reliability of the measurement at this relative resolution is questionable (Figure
3.3b). Therefore, we speculate that the observed discriminatory power of the SMI by Ito et
al [1] is driven primarily by bone volume rather than by its true topology at this resolution.
The question on the minimal relative resolution required for the reasonable accuracy and
reliability of SMI is not trivial to answer as discussed here.

From the simulation study, we found that the accuracy of the SMI with respect to
relative resolution is structure-type dependent: a plate-like structure is less sensitive to
resolution degradation and consequent partial volume averaging than a rod-like structure
is. A possible explanation for this difference lies in the definition, SMI = (BV-dBS/dr)/BSz2. A
plate-like structure has minimal change in surface curvature (dBS/dr = 0), making it robust
against pixelation. On the contrary, a rod-like structure has more curved surface (high
dBS/dr), as well as inherent low bone volume fraction (BV/TV) and high surface-to-volume

ratio (BS/BV), together making it more prone to greater partial volume effect. As a result, a
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rod-like structure is increasingly misrepresented as the relative resolution decreases
(Figure 3.1).

Second, in a clinically relevant context, the observed structure-type dependence of
SMI at a low relative resolution (particularly 1 - 2 pixels/Tb.Th achievable by HR-pQCT)
implies that the errors are different not only between anatomical sites (e.g. radius and tibia)
but also between two trabecular bones with different structure types at the same
anatomical site. For example, although determined from the HR-pQCT images at the same
resolution (82 pm), radius specimens in MacNeil and Boyd [14] were highly rod-like (SMI =
3.0 + 0.8) and the SMI correlated poorly (r2 = 0.075) with the reference value; on the other
hand, human distal tibia in the current study had a mixture of plate-like and rod-like
structures (SMI = 1.2 + 0.4) and correlated strongly (rz2 = 0.90) with the pCT-obtained
reference value (Table 3.2)

In addition, the difference in errors between specimens with different structure
types at the same anatomical site can be a problem in clinical studies. To illustrate this
inter-specimen difference of errors in the SMI at the in vivo resolution, human distal tibia
samples were grouped by the structure type at a threshold SMI of 1.5, as seen in Figure 3.5.
Although SMI obtained from the HR-pQCT images had no significant error compared to the
reference value overall (Figure 3.2), SMI of the predominantly plate-like structure (SMI <
1.5) was 26% lower than the reference value on average, while that of the predominantly
rod-like structure (SMI > 1.5) was 14 % higher (Figure 3.5a and b). In other words, a
structure type assessed by the SMI may be exaggerated beyond the true trabecular
structure type when obtained from images at the in vivo resolution.

Although the Conn.D for trabecular bone cores of human distal tibia obtained from the
HR-pQCT images at the in vivo resolution was significantly underestimated, it correlated well

with the pCT reference value (> = 0.75, p < 0.001) (Table 3.2). Hence, this result supports the
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suggestion of obtaining Conn.D from the HR-pQCT images at 82 um [14]. However, in the
simulation study, the correlation with the reference value dramatically decreased with the relative
resolution for some specimens (Figure 3.3d), in agreement with the previous studies [15, 16].
From these results, the resolution dependence of Conn.D may be affected by site dependent
differences. In addition, Conn.D alone cannot be a measure of bone quality [17] due to its weak
correlations with mechanical properties and other metrics [18]. Thus it must be used in
conjunction with other metrics and micro finite element analysis [14].

Among the three tested non-metric trabecular structure indices, the DA showed no
significant difference from the reference value throughout the tested relative resolutions for all
specimens. In addition, the strong correlation with the reference value (I* = 0.71) was also
maintained except for murine tibiae (Figure 3.3f). The underlying mechanism is that isotropic
resampling averages equally in all directions, thereby effectively leaving the ratio constant [15].
While the DA of human distal tibiae obtained from the HR-pQCT images at the clinical in vivo
resolution had an excellent correlation (r* = 0.93) in this study, MacNeil and Boyd [14] reported
weaker correlation for human distal radii (r2 =0.67).

Two limitations in the methods used in this study are worth noting. First, even
though thresholding is crucial in segmenting the bone phase for the calculation of non-
metric indices, selecting an optimal threshold value is not trivial. Although commonly used,
a manual threshold selection, such as the global fixed threshold method used in this study,
can be increasingly subjective, especially as relative resolution decreases. As a result, non-
negligible systematic errors are introduced in the structure measure calculations. An
automatic, non-subjective thresholding method, however, did not relieve the challenge in
selecting the optimal threshold for images at such a low relative resolution - the non-metric
indices calculated from the images segmented using adaptive-iterative threshold method

[19], showed similar deviation patterns from the reference values and had similar or lower
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correlations to the reference values especially at a low relative resolution below 3
pixels/Tb.Th (data not shown).

Second, neither resampling pCT images at a lower resolution nor ex vivo imaging
represents the image quality actually acquired in an in vivo scenario. By resampling, the
noise is effectively reduced, resulting in under-representation of the impact of resolution on
the non-metric indices than in in vivo imaging using HR-pQCT acquired at the same
resolution [15] (Figure 3.5d). However, resampling facilitated accurate comparison
between exactly matched volumes of interest [16]. Similarly, ex vivo imaging disregards the
artifacts typically associated with in vivo imaging conditions such as lower signal-to-noise
ratio due to greater surrounding bone and soft tissue volumes, increased beam hardening,
and artifacts related to patient motion. Nonetheless, ex vivo imaging was necessary in this
study for obtaining the uCT reference values and for the resampling simulations.

In conclusion, we found that three non-metric indices of trabecular bone structure
are affected by the spatial resolution of CT images. Most notably, the SMI deviated from the
high-resolution puCT reference value depending on the structure type, whether plate-like or
rod-like. The other two indices, the Conn.D and DA were both underestimated at an in vivo
resolution (82 um). It is not trivial to determine absolute threshold for validity of these non-
metric indices without considering a specific study design (e.g. relative resolution, the size
of the treatment effect to detect, and specimen type). The results of this study provide an

upper bound for the accuracy of the non-metric indices under limited resolution scenarios.
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Chapter 4 - Quantitative Characterization of Motion
Artifact in the HR-pQCT Images of Distal

Radius and Tibia

I. INTRODUCTION

An increasing number of research and clinical studies using high-resolution
peripheral quantitative computed tomography (HR-pQCT) have been reported for the
noninvasive in vivo assessment of trabecular bone structure at peripheral sites. The
accuracy for estimating density, cortical geometry, trabecular structure, and mechanical
parameters (using micro finite element modeling) has been validated against the
corresponding gold-standard measurements [1-6]. The in vivo reproducibility for the
densitometric measures and trabecular structure indices are CVims = < 1% and < 4.5%,
respectively [3].

Motion artifacts, however, are confounding factor for the accuracy and
reproducibility of these measurements. Although it only takes < 3 minutes for image
acquisition during standard patient protocols, motion artifacts are commonly seen in the
images (Figure 4.1), especially at the radius [3]. Patient movements typical during HR-
pQCT image acquisition include tremor, twitch/spasm, and displacement. These motions
are unpredictable (unlike periodic breathing during cardiogram) and difficult to monitor.

The severely degraded image quality associated with the motion artifact. It
introduces substantial error in the accuracy and reproducibility of measurements obtained
from the images. Indices that describe trabecular structure are suspected to be more prone
to such errors compared with densitometric indices [3], because trabeculae only span 1-3

pixels and are is subject to partial volume averaging and thresholding. The degree of error
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in density, cortical geometry, and trabecular structure measurements from HR-pQCT by
motion artifacts has not previously been quantified. This information is essential for
predicting the error caused by the detected degree of motion. It also contributes to
preventing the subject from being exposed to additional radiation upon repeating the
acquisition. In an effort to provide a guideline for grading image quality, the manufacturer
has provided a grading system according to the apparent severity of the motion artifact in
the image (Figure 4.1). The criteria for grading, however, are highly subjective and are not
based on a quantitative measurement. While this image quality grading system can
distinguish the worst image quality (grade 4 or 5) from the best quality (grade 1 or 2), the
discriminatory power was not linear or reliable [7].

A non-subjective, standardized procedure for repeating the acquisition based on
empirical data and that allows immediate decision-making in a clinical setting is necessary.
The objective of this study is three-fold: (1) to develop a non-subjective technique to
quantify subject motion during an HR-pQCT acquisition, (2) to establish an optimal metric
for estimating the error in density and structure measures due to motion degradation, and
(3) to define parameter-specific relationships between the optimal metric and expected

precision error.
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Figure 4.1 Image quality grading guideline suggested by the manufacturer and representative reconstructed
grayscale image of the distal radius for each grade.

II. METHODS

Motion artifact is a problem for image acquisition and procedure using any
radiological devices on a live subject, from cardiogram [8, 9] to computer-assisted surgery
[10]. In the effort to control for motion artifacts, restraining fixtures are used, the patient
motion is monitored, and the detected motion is corrected for using a post-processing
algorithm. For computed tomography, as three-dimensional image volume is reconstructed
from a series of projection images (sinograms) collected over 180° and a certain integration
time, the majority of motion leaves distinct traces in the sinogram data. The sinogram
thereby includes the temporal and spatial information of the motion. Therefore, many
attempts for detecting and correcting motion artifacts have been focused on the sinogram
space. The object contour, fiducial markers [11], or anatomical landmarks are traced in the
sinogram space, and the deviation from the idealized sinusoidal line is assumed to be due to
subject motion.

In this study, as a non-subjective technique for quantifying the subject motion
during an HR-pQCT image acquisition, the parallelized projection image at the 0° and 180°

were compared using three commonly used similarity measures, namely sum of squared
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intensity difference (SSD), normalized cross correlation (NCC), and the entropy (E) of the
difference image. Figure 4.3 summarizes the workflow for measuring the amount of motion

during a single acquisition quantitatively.

Parallelization

Two parallel projection images at 0° and 180° must be constructed from the raw
cone-beam projection using the manufacturer-provided algorithm prior to the calculations
of the similarity measures. The in vivo HR-pQCT scanner (XtremeCT, Scanco Medical,
Briittisellen, Switzerland) used in this study was a cone-beam CT system with 18.6° fan
angle and 3.0° cone angle. To construct the parallel projection at 0° and 180°, therefore, the
beams extracted from the contiguous 78 projections spanning adjacent +9.32° degrees each
were used (Figure 4.3). The resulting parallel projection image at each angle, therefore,
contained both spatial and temporal information collected over this range. The resulting
images correspond to the palmer and dorsal projections for the radius, and the medial and
lateral projections for the tibia (Figure 4.3). Next, the dark and flat field intensities were
corrected in each image. The parallel projection image at 180° was then flipped with respect
to the detector center to match and to be compared to the parallel projection image at 0°
(Figure 4.3). If there was absolutely no motion, this flipped 180° parallel projection image
should match the parallel projection image at 0°. Any difference between these two parallel
projection images were, therefore, assumed to be the result of patient motion during the
acquisition primarily. Finally, a fixed threshold was applied to the parallel projection image
at 0°, to identify the region containing bone along the long axis of the detector. On average,
this bone region spanned 528 pixels and 598 pixels out of 1536 pixels for the radius and
tibia, respectively. The similarity measures were calculated in the same region of both

images.
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Similarity measures

Similarity measures are metrics that assess the degree to which two images are
comparable, and they have been the essential part of motion detection and image
registration. These include sum or mean of squared intensity difference, cross correlation,
ratio image uniformity, and mutual information. The former three metrics are intensity-
based methods, therefore, work better for images from the same modality as the image
intensity is the same [12]. SSD and NCC have successfully been used to compare projection
images in sinogram-based motion detection [13], therefore, selected to be used in this
study. Let f be the fixed image (the projection image at 0°) and g be the moving image (the

projection image at 180°). The SSD and NCC are given by:

Nf.—g.2
SSD = Ji_oif
o Ei( 7 )
and

Ejv (f: &)

133

where N is the number of voxels and f; and g; are the intensity values of the ith voxel.

NCC =-

The greater the value, the larger the difference between the 0° and 180° projection images.
Consequently, the proportional degree of motion artifact in the resulting reconstructed
images is expected. Although entropy (E) of the difference image is not commonly used for

motion detection or image registration, it is a measure the disorder. E was calculated by:
E ==Y p(h)-log(p(h))
where p(h) is the histogram counts of the difference image, h, of the projection

image at 0° (f) and 180° (g). The greater the disorder in the difference image, the larger the

difference between the 0° and 180° projection images (Figure 4.2).
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All similarity measures were normalized by the mean value of the respective
measure for all images with grade 1 at the respective site (no visible motion), in order to
contrast between similarity measures. Only the similarity measures of the image with worse
grade of a pair were included, as no a priori knowledge of the degree of motion artifact in
the reconstructed image is available in a clinical setting. Similarity measure calculations

were implemented using Matlab (Mathworks, Natick, MA).

Dataset

All datasets with repeated acquisitions of the same site acquired during a single
exam collected for various studies conducted in our laboratory over the past 5 years were
retrospectively evaluated. Two trained observers independently graded all the images
according to the manufacturer-suggested image quality grading system (Figure 4.1). In
case of disagreement, a consensus grade was decided mutually. For this study, all exams
with pairs that include at least one grade 1 image (no visible motion) were included. A total
of 54 pairs of HR-pQCT images of the distal radius (N=33) and tibia (N=21) acquired for 51
women (age =59 + 14 yr) and 3 men (46 = 2 yr) resulted. The number of pairs in each grade
combination is summarized in Table 4.1. All subjects gave written informed consent prior
to participation to each study. The protocol was approved by the University of California,

San Francisco Committee on Human Research.
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Figure 4.2 Comparison of the same radius image with grade 1 motion (left) and grade 5 motion (right). From
the top: the reconstructed images, parallelized projection images at 0°, flipped parallelized projection images at
180°, and the difference between image of the two. For grade 5, the flipped parallelized projection image at 180°

is shifted to the right with respect to the parallelized projection image at 0°. This offset is also apparent in the
difference image with more defined edges of the projected bone contour.
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Figure 4.3 Schematic drawing explaining the analysis process. Two parallelized projection images at 0° and at
180° were constructed from the contiguous 78 raw projections each. The 180° image was flipped and compared
to the 0° image using the SSD and NCC. For the ideal case where there is no motion, the difference image

between the two parallelized projection images should be zero. The disorder in the difference image was
measured using E.
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Table 4.1 Number of samples in each grade pair

Pairs o
Total REGINE Tibia

1-1 7 3 4

1-2 18 12 6

1-3 18 11 7

1-4 7 5 2

1-5 4 2 2
TOTAL 54 33 21

HR-pQCT image acquisition

Subjects were imaged at least twice in a clinical HR-pQCT system (XtremeCT, Scanco
Medical AG, Briittisellen, Switzerland) using the manufacturer’s standard in vivo protocol
[3, 14-18]. Each subject’s forearm and lower leg were positioned in the thumb-up and toe-
up positions, respectively. They were then immobilized in corresponding carbon-fiber
molds, and fixed to the scanner to minimize motion during acquisition. A 9.02-mm-long
section (110 slices) of the radius and tibia was imaged starting at 9.5 mm and 22.5 mm
proximal to the distal endplate, respectively, extending proximally. The non-dominant side
was scanned unless there was a history of fracture, in which case, the contra-lateral side
was scanned.

The x-ray source potential was 60 kVp with a current of 900 pA. A two-dimensional
detector containing 3072 x 256 CCD elements was used to acquire 750 projections over 180
degrees with at a 100 ms integration time per angular position. The 12.6 cm field of view
was reconstructed across a 1536 x 1536 matrix, yielding 82 pm isotropic voxels. Image
acquisition time was 3 minutes per scan. Images were immediately reviewed for motion
artifacts in a single low-resolution reconstructed image for checking motion artifacts.
Acquisition was repeated if obvious artifacts were detected. The effective dose was 3 pSv

per measurement.
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Attenuation values were converted to equivalent hydroxyapatite density (mg
HA/cm3) using a linear relationship based on a phantom containing cylinders of HA-resin
mixtures with five different concentrations (0, 100, 200, 400, and 800 mg HA/cm3) (QRM,
Moehrendorf, Germany). For quality control, the linear attenuation values of the phantom

were monitored daily.

HR-pQCT image analysis

The images were segmented and processed in accordance with the standard
patient-style analysis protocol using Image Processing Language (Scanco Medical AG,
Briittisellen, Switzerland) as described elsewhere [3, 14-18]. First, a semi-automated edge-
defining algorithm was applied to the original grayscale image to contour the periosteal
surface. The total volumetric bone mineral density (vBMD) was calculated within this
contour. The cortical and trabecular regions were segmented automatically by the analysis
protocol as described in detail by Laib et al [19]. Cortical and trabecular volumetric BMDs
(CtwvBMD and Tb.vBMD, respectively) were calculated as the mean density within the
segmented corresponding volume of interest. Cortical thickness (Ct.Th) and cortical area
(Ct.Ar) were calculated using an annular model approximation [20].

Calculation of the trabecular densitometric and structural indices from HR-pQCT images
has been described [19], validated [2, 21, 22] and employed in a number of recent studies [3, 14-
16, 18, 23, 24]. Trabecular bone volume fraction (BV/TV) is derived from Tb.vBMD
assuming fully mineralized bone to have 1200 mg/cc HA. In addition, trabecular number
(Tb.N), -thickness (Tb.Th), and -separation (Tb.Sp) were calculated. The reproducibility of
the trabecular structure indices obtained from in vivo HR-pQCT images is < 5.8% at the
radius and <1.5% at the tibia [16]. The percent difference in the cortical and trabecular
densitometric, geometric, and structure indices were calculated between the images with

and without motion artifact as the error introduced by the motion artifact.
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Statistical Analysis

The Shapiro-Wilk W test was used to test the normality of the data. As most
similarity measures and the bone indices were not normally distributed, non-parametric
methods were employed. First, to put it in a perspective, the variability of the similarity
measures were compared against the quality grade system proposed by the manufacturer.
To further contrast between each grade, Wilcoxon/Kruskal-Wallis (WKW) tests and post
hoc (Siegel) Turkey HSD tests were applied. To identify an optimal metric for estimating the
error in density and structure measures due to motion degradation, Spearman’s p was
calculated for their association. A positive correlation indicates that the larger the value of a
similarity measure, the proportionally larger the expected error in a calculated index, and
vice versa. Furthermore, to establish the relationship between the degree of absolute
percent error in an index of interest and the similarity measures, multiple linear regression
analyses were performed. From the slopes and intercepts, the expected error can be
extrapolated. The significance was set at a = 0.05 unless otherwise stated. All statistical

tests were performed using JMP (version 7.0, SAS Institute Inc., Cary, NC).

III. RESULTS

Figure 4.4 displays the variability of the similarity measures of the parallel
projection images with respect to the image quality grade of the reconstructed HR-pQCT
images at the distal radius and tibia. WKW tests indicated that the mean values of sum of
squared intensity difference (SSD) and normalized cross correlation (NCC) increased with
the image quality grade for both radius and tibia (p < 0.001), but not entropy (E). Tukey-
Kramer HSD test further revealed that the mean values of the similarity measures for the
images graded higher than 3 were significantly higher compared to that of the images

graded 1 regardless for both SSD and NCC and at both sites (p < 0.01 for radius and p <
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0.001 for tibia) (Figure 4.4). While the mean values of the SSD and NCC for the images with
adjacent grades (e.g. 1 and 2, 2 and 3, and 3 and 4), were not significantly different;
however, the mean values for the images graded 5 were significantly higher than those for
the images graded 3 and 4.
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Figure 4.4 Variability of the similarity measures with respect to the image quality grade of HR-pQCT images at
the distal radius (red) and tibia (blue).2p < 0.05; b p < 0.01; ¢p < 0.001; d p < 0.0001 with respect to the quality
grade 1 (with no visible motion) determined by the (Siegel) Tukey test.

In general, with increasing motion artifacts as measured by SSD and NCC, the
CtvBMD and CtTh were increasingly underestimated, and BV/TV and Tb.N were
increasingly overestimated (Figure 4.5). In addition, both SSD and NCC were negatively
correlated to the errors in Ct.Ar, Tot.vBMD, Tb.Th, and Tb.Sp (increasingly underestimated
with increasing motion artifacts), and positively correlated to Tb.vBMD (increasingly
overestimated) (Table 4.2). No significant correlation was found between any similarity
measure and Ct.Ar, Tot.vBMD at the radius and Th.vBMD and BV /TV at the tibia. The degree
of correlations was similar between the two measures. E did not correlate with the error in
any indices, except negatively correlated to Tot.vBMD, Tb.vBMD, and BV/TV at the radius
only. The correlations were comparable between the radius and tibia in their density
parameters, but stronger at the distal tibia in the cortical geometry and trabecular structure
parameters (e.g. in the trabecular structure parameters, |p| = 0.76-0.83 and p < 0.001 vs.
0.38-0.55 and p < 0.05 at the radius).

Table 4.3 and Table 4.4 summarize the results of the linear regression analyses

between the similarity measures and the absolute percent errors introduced to Ct.vBMD,
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Ct.Th, BV/TV, and Tb.N at distal radius and tibia, respectively. The slopes and intercepts for
NCC were four orders of magnitude larger than SSD. This showcases the difference in their
dynamics ranges — while a change in SSD indicates a proportional degree of error in a
calculated index, a small increase in SSD indicates a large error. For example, if the value of
NCC increased 1.5x the mean value for the images graded 1 (no visible motion), the error in
Ct.vBMD would increase from 0.5% to 0.8%, whereas the same degree of increase in error
can be achieved by NCC changing by 1/200 (Table 4.3). Among the three parameters, the
largest slope was for Th.N at both sites regardless of the similarity measure. This indicates
that the errors in the Tb.N are more sensitive to the changes in the values of the similarity

measures, thus to the motion artifacts.
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Figure 4.5 Scatter plots to show the correlations between the selected density, cortical geometry and
trabecular structure parameters (Ct.vBMD, Ct.Th, BV/TV, and Th.N) and the similarity measures (SSD, NCC,
and E).
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Table 4.2 Correlations (Spearman’s p) between the similarity measures of the projection images with motion
artifacts and the percent errors in the densitometric, cortical geometric and trabecular structure indices at the
distal radius and tibia due to motion artifacts.

%A %A %A o 0 o o o o
Tot.vBMD CtvBMD Tb.vBMD oA Ct.Th oA CtAr |%A BV/TV oA Tb.N oA Tb.Th 0A Tb.Sp

Rad | Tib | Rad | Tib | Rad |Tib| Rad | Tib [Rad| Tib | Rad |Tib|Rad | Tib | Rad | Tib | Rad | Tib
SSD| NS |-0.482(-0.51b|-0.56"| 0.53> | NS [-0.372|-0.62b| NS |-0.59%|0.51> | NS | 0.53b [ 0.83¢ |-0.382|-0.81¢|-0.55¢(-0.81¢
NCC| NS |-0.61%(-0.58¢(-0.622|0.51> | NS |-0.392|-0.64>| NS |-0.62b|0.50b | NS |0.51b [ 0.78¢ |-0.382(-0.77¢ [-0.54b|-0.76¢
E|-0.52>| NS NS NS |-0.52°| NS | NS NS NS NS |-0.58¢| NS | NS NS NS NS NS NS

N.B.2p<0.05;bp<0.01;cp<0.001; dp < 0.0001; NS, not significant.

Table 4.3 Regression analyses between the similarity measures of the
projection images with motion artifacts and the percent errors in Ct.vBMD,
Ct.Th, BV/TV, and Tb.N at the distal radius due to motion artifacts.

%A Ct.vBMD %A Ct.Th %A BV/TV %A Tb.N
Slope |Intercept| Slope | Intercept| Slope | Intercept| Slope |Intercept
SSD| 0.58¢| -0.10 |0.96¢| -0.02 |1.14c| -0.44 |2.64b| 557
NCC| 8474 847 |1189d| 1190 |[1650¢| 1651 |3649¢| 3657

E|-38.4b| 39.3 |[-54.4b| 56.1 |-79.4c| 80.9 NS NS

N.B.2p <0.05;p<0.01;¢p <0.001; dp <0.0001; otherwise, not significant.

Table 4.4 Regression analyses between the similarity measures of the
projection images with motion artifacts and the percent errors in
Ct.vBMD, Ct.Th, BV/TV, and Tb.N at the distal tibia due to motion artifacts.

%A Ct.vBMD %A Ct.Th %A BV/TV %A Tb.N
Slope|Intercept| Slope |Intercept|Slope | Intercept| Slope | Intercept
S§SD|0.394| -0.03 |0.85¢| 0.09 |0.44c| -0.02 |3.15¢| 4.36
NCC|5914| 592 |15054| 1506 |[815d| 815 |5006c| 5014

E| NS NS NS NS NS NS NS NS

N.B.2p<0.05;p<0.01;cp<0.001; dp < 0.0001; otherwise, not significant.

IV. DISCUSSION

In this study, we proposed a non-subjective, standardized procedure for repeating
the HR-pQCT acquisition, where the parallelized projection images at the 0° and 180° were
compared using three similarity measures - namely, SSD, NCC, and E. SSD and NCC were
significantly correlated to the percent errors in the densitometric, cortical geometric, and
trabecular structural indices at the distal radius and tibia calculated from the reconstructed
HR-pQCT images. Both were particularly sensitive to the errors in the trabecular structure

indices, and at the distal tibia. E only correlated to Tot.vBMD, Tb.BMD, and BV/TV in the
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radius. While the SSD was proportionally correlated to the errors in the calculated indices,
the dynamic range for NCC was four orders of magnitude larger than that of SSD. Therefore,
SSD is the most suitable similarity measure for comparing the parallelized projection
images at 0° and 180° as a quantitative metric for motion artifacts in the reconstructed HR-
pQCT image.

It has been demonstrated that SSD can differentiate the sinograms with and without
motion with low probability for false detection [13]. It is also robust against the object form
in the (projection) image, the geometry of the CT system, and beam hardening effect [13].
For instance, a 4.5% change in Ct.Th at the distal tibia for postmenopausal women after
being on alendronate treatment for 24 months was reported [25]. Deducting from our
linear regression results, such degree of error is expected from the images with 5 times the
mean SSD value of the images with no visible motion artifacts. It also compares to the
degree of error in Ct.Th calculated from the reconstructed image with a grade-5-level
motion.

The size of the object being scanned may impact signal to noise ratios, and hence
affect the performance of the proposed method. Multiple regression analyses with analyzed
bone area included improved the correlation between SSD and the errors in the Ct.vBMD
and Ct.Th significantly (both p < 0.05), but not for the errors in the trabecular structure
indices. Therefore, controlling for the analyzed area is suggested when predicting the error
in Ct.vBMD and Ct.Th using SSD as the similarity measure.

There are several limitations worth noting. The fact that HR-pQCT image acquisition
does not cover full 360° means that only the 0° image and the flipped 180° images can be
compared. Although the raw cone-beam projection images were parallelized the temporal
and spatial information contained in the 78 projections each were utilized to construct the

0° image and 180° image, it accounts for 20% of the entire sinogram (Figure 4.3). The
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information contained in the remaining 80% is not fully utilized. For example, if the arm or
leg twitched and came back to the exact same spatial location within this interval, it will be
undetected when comparing the 0° and 180° images; yet the motion artifact may be visible
in the reconstructed image.

It is suspected that the proposed method is most sensitive to a permanent in-plane
horizontal translational movement (wall-to-wall movement). Its sensitivity for other types
of subject movement, however, may be limited. An out-of-plane movement (pull-in or -out
of the scanner), in-plane vertical translational movement (towards or away from the
floor/ceiling) of sub-millimeter level, and rotational displacement of few degrees occurred
during the acquisition may not cause as dramatic difference in the 180° image from the 0°
image. Rotational motion, however, may cause larger error in the trabecular structure
indices compared to the translational motion as reported by Gomberg et al [26]. The
correlation between the degree of error in the index of interest and the degree of motion
must also be elucidated. A future study, therefore, should evaluate the sensitivity of the
proposed method in detecting both rotational and translational movements in a controlled
manner.

The strengths of the proposed approach for detecting the subject movement during
HR-pQCT image acquisition are that it is (1) quantitative (non-subjective) and (2) practical
and implementable for a clinical use. From the empirical relationship between the similarity
measures and the errors in the calculated indices this study has provided, the expected
error in the index of interest can be calculated. Such information is also important for more
realistic statistical power calculation. It also provides a basis for establishing a threshold in
which to accept or reject an image or to include or exclude a measurement that fits the
specific study design. Since it is non-subjective, a decision for repeating the acquisition can

be standardized across operator, scanner, and sites for a large-scale study. The clear
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definition of the acceptance/rejection criteria saves the subject from unnecessary radiation
exposure. It also allows comprehensive comparison across different study results. The use
of raw sinograms allows an immediate response in case a motion artifact is suspected
without waiting for the reconstruction process to complete.

In conclusion, the technique for detecting the subject movement during HR-pQCT
image acquisition that is proposed has the potential for improving both research and

clinical studies using this modality.

77



REFERENCES

[1]

Liu XS, Zhang XH, Sekhon KK, Adam MF, McMahon D], Bilezikian ]JP, Shane E, Guo XE.
High-Resolution Peripheral Quantitative Computed Tomography Can Assess
Microstructural and Mechanical Properties of Human Distal Tibial Bone. ] Bone
Miner Res 2009.

MacNeil JA, Boyd SK. Accuracy of high-resolution peripheral quantitative computed
tomography for measurement of bone quality. Med Eng Phys 2007; 29: 1096-105.

MacNeil JA, Boyd SK. Improved reproducibility of high-resolution peripheral
quantitative computed tomography for measurement of bone quality. Med Eng Phys
2008; 30: 792-9.

Sekhon K, Kazakia GJ], Burghardt A], Hermannsson B, Majumdar S. Accuracy of
volumetric bone mineral density measurement in high-resolution peripheral
quantitative computed tomography. Bone 2009; 45: 473-9.

Sode M, Burghardt A], Nissenson RA, Majumdar S. Resolution dependence of the
non-metric trabecular structure indices. Bone 2008; 42: 728-36.

Varga P, Zysset PK. Assessment of volume fraction and fabric in the distal radius
using HR-pQCT. Bone 2009; 45: 909-17.

Pialat ]B, Burghardt A], Sode M, Link TM, Majumdar S. Motion Artifacts in High-
Resolution Peripheral Quantitative Computed-Tomography of Wrist and Ankle:
Usefulness of Visual Grading to assess Image Quality. In: ASBMR 2010 Annual
Meeting. Tronto, ON, Canada; 2010.

Horiguchi ], Fukuda H, Yamamoto H, Hirai N, Alam F, Kakizawa H, Hieda M,
Tachikake T, Marukawa K, Ito K. The impact of motion artifacts on the
reproducibility of repeated coronary artery calcium measurements. Eur Radiol
2007; 17: 81-6.

Lu W, Parikh P], Hubenschmidt JP, Politte DG, Whiting BR, Bradley JD, Mutic S, Low
DA. Reduction of motion blurring artifacts using respiratory gated CT in sinogram
space: a quantitative evaluation. Med Phys 2005; 32: 3295-304.

Marmulla R, Muhling J. The influence of computed tomography motion artifacts on
computer-assisted surgery. ] Oral Maxillofac Surg 2006; 64: 466-70.

Pauchard Y, Boyd SK. Landmark based compensation of patient motion artifacts in
computed tomography. In: Jiang H, Ehsan S, editors.: SPIE; 2008. p. 69133C.

Hajnal ]V, Saeed N, Soar EJ, Oatridge A, Young IR, Bydder GM. A Registration and
Interpolation Procedure for Subvoxel Matching of Serially Acquired MR Images.
Journal of Computer Assisted Tomography 1995; 19: 289-296.

Ens S, Muller ], Kratz B, Buzug TM, European c, th. Sinogram-Based Motion Detection
in Transmission Computed Tomography. 2008.

Boutroy S, Bouxsein ML, Munoz F, Delmas PD. In vivo assessment of trabecular bone
microarchitecture by high-resolution peripheral quantitative computed
tomography. ] Clin Endocrinol Metab 2005; 90: 6508-15.

Dalzell N, Kaptoge S, Morris N, Berthier A, Koller B, Braak L, van Rietbergen B, Reeve
J. Bone micro-architecture and determinants of strength in the radius and tibia: age-

78



[17]

[22]

[23]

[26]

related changes in a population-based study of normal adults measured with high-
resolution pQCT. Osteoporos Int 2009; 20: 1683-94.

Kazakia GJ, Hyun B, Burghardt A], Krug R, Newitt DC, de Papp AE, Link TM,
Majumdar S. In vivo determination of bone structure in postmenopausal women: a
comparison of HR-pQCT and high-field MR imaging. ] Bone Miner Res 2008; 23: 463-
74.

Melton L], 3rd, Riggs BL, van Lenthe GH, Achenbach S], Muller R, Bouxsein ML, Amin
S, Atkinson EJ, Khosla S. Contribution of in vivo structural measurements and
load/strength ratios to the determination of forearm fracture risk in
postmenopausal women. ] Bone Miner Res 2007; 22: 1442-8.

Vico L, Zouch M, Amirouche A, Frére D, Laroche N, Koller B, Laib A, Thomas T,
Alexandre C. High-Resolution pQCT Analysis at the Distal Radius and Tibia
Discriminates Patients With Recent Wrist and Femoral Neck Fractures. Journal of
Bone and Mineral Research 2008; 23: 1741-1750.

Laib A, Hauselmann HJ, Ruegsegger P. In vivo high resolution 3D-QCT of the human
forearm. Technol Health Care 1998; 6: 329-37.

Davis KA, Burghardt AJ, Link TM, Majumdar S. The effects of geometric and
threshold definitions on cortical bone metrics assessed by in vivo high-resolution
peripheral quantitative computed tomography. Calcif Tissue Int 2007; 81: 364-71.

Laib A, Ruegsegger P. Calibration of trabecular bone structure measurements of in
vivo three-dimensional peripheral quantitative computed tomography with 28-
microm-resolution microcomputed tomography. Bone 1999; 24: 35-9.

Muller R, Hildebrand T, Hauselmann H]J, Ruegsegger P. In vivo reproducibility of
three-dimensional structural properties of noninvasive bone biopsies using 3D-
pQCT.] Bone Miner Res 1996; 11: 1745-50.

Khosla S, Riggs BL, Atkinson EJ, Oberg AL, McDaniel L], Holets M, Peterson JM,
Melton L], 3rd. Effects of sex and age on bone microstructure at the ultradistal
radius: a population-based noninvasive in vivo assessment. ] Bone Miner Res 2006;
21:124-31.

Sornay-Rendu E, Boutroy S, Munoz F, Delmas PD. Alterations of cortical and
trabecular architecture are associated with fractures in postmenopausal women,
partially independent of decreased BMD measured by DXA: the OFELY study. ] Bone
Miner Res 2007; 22: 425-33.

Burghardt AJ], Kazakia G], Sode M, de Papp AE, Link TM, Majumdar S. A longitudinal
HR-pQCT study of alendronate treatment in post-menopausal women with low bone
density: Relations between density, cortical and trabecular micro-architecture,
biomechanics, and bone turnover. ] Bone Miner Res 2010.

Gomberg BR, Wehrli FW, Vasilic B, Weening RH, Saha PK, Song HK, Wright AC.
Reproducibility and error sources of micro-MRI-based trabecular bone structural
parameters of the distal radius and tibia. Bone 2004; 35: 266-76.

79



Chapter 5 - Regional Variations of Gender-Specific and
Age-Related Differences in Trabecular Bone

Structure of the Distal Radius and Tibia

I. INTRODUCTION

Density and structural indices of trabecular bone derived from HR-pQCT images are
usually reported as average values for the entire trabecular compartment of interest. In
practice, their measurements can vary substantially throughout cross-sections of the distal
radius and tibia (Figure 5.1). In fact, Lai et al imaged cores of trabecular bone using pCT
and found that the trabecular bone in the posterior region of the distal tibia exhibits
significantly higher BMD, BV/TV, Tb.N, Tb.Th, and degree of anisotropy, as well as lower
Th.Sp and structure model index compared to the anterior region (all p < 0.01) [1]. This is
most likely the result of adaptation to the habitual loading pattern [1], because the posterior
part of the distal tibia is subject to substantial compressive and shear forces from the
ground reaction and internal muscle forces during gait [2, 3]. These regional differences are
obscured by global averaging of the entire trabecular compartment. The standard deviation
of trabecular separation (denoted either as Th.1/N.SD or Tb.Sp.SD) is often regarded as a
measure of heterogeneity in trabecular bone distribution. While this indicates the degree to
which the structure is heterogeneous across the entire trabecular region, it does not
provide spatial information.

Regional analysis, by subdividing the HR-pQCT images of the radius and tibia cross-
section, provides complementary information about how the intrinsic structural

heterogeneity of trabecular structure is related to the underlying biomechanical conditions.
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We hypothesize that trabecular bone structure varies spatially in the distal radius and tibia,
and that the degree of gender- and age-related differences vary depending on the region.
The objective of this study is to use in vivo HR-pQCT to investigate regional variations in

trabecular structure at the distal radius and tibia and its differences due to gender and age.

More homogeneous More heterogeneous

RADIUS

Tb.1/N.SD=0.110mm 5 Tb.1/N.SD =1.128 mm

Male; 44 years old |, | Female; 58 years old

TIBIA

Tb.1/N.SD =0.110 mm Tb.1/N.SD = 0.984 mm
Male; 25 years old Female; 60 years old

Figure 5.1 Representative HR-pQCT images of cross-sections of human distal left radius (top) and tibiae
(bottom) with low Tbh.1/N.SD (more homogenously distributed) (left) and high Tb.1/N.SD (more
heterogeneous distributed) (right). Notice that not only the distribution but also the thickness of trabeculae
varies from subregion to subregion.
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II. MATERIALS AND METHODS

Subjects

Healthy volunteers aged between 20 to 78 years - 93 women (mean age 48.1 + 15.8
yr) and 53 men (mean age 44.7 + 16.7 yr) - were recruited through public fliers posted
locally as a part of ongoing effort to build a normative database. Subjects with no known
disease conditions or who had received no chronic treatment that may affect bone
metabolism were enrolled. All subjects gave written informed consent prior to
participation. Out of 93 women, 43 were postmenopausal, who had complete cessation of
menses for at least six months prior to entrance into the study. Among a total of 79
individuals with DXA measurements (54 women and 25 men), 15 women and 10 men were
classified as osteopenic (-1 < T-score < -2.5 at either L1-L4 or total femur), and 7 women
and 3 men were classified as osteoporotic (T-score < -2.5). 46% of the subjects were Asian,
followed by 46% Caucasian, reflecting the ethnic composition of San Francisco Bay Area.
The study protocol was approved by the University of California San Francisco Committee

on Human Research.

HR-pQCT Image Acquisition

The distal radius and tibia of each subject were imaged using an in vivo HR-pQCT
scanner (XtremeCT, Scanco Medical, Briittisellen, Switzerland). HR-pQCT image acquisitions
were performed by a total of 5 operators over the 3-year course of the study. Each subject’s
forearm and lower leg were immobilized in corresponding carbon-fiber molds, and fixed to
the scanner to minimize motion during acquisition. A 9-mm-long section of the radius and
tibia was imaged 9.5 mm and 22.5 mm proximal to the distal endplate, respectively. The
non-dominant side was scanned unless there was a history of fracture, in which case, the

contra-lateral side was scanned. The x-ray source potential was 60 kVp with a current of
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900 pA. A two-dimensional detector containing 3072 x 256 CCD elements was used to
acquire 750 projections at a 100 ms integration time per projection. The 12.6 mm field of
view was reconstructed across a 1536 x 1536 matrix, yielding 82 pm isotropic voxels.
Image acquisition time was 3 minutes per scan. Images were immediately reviewed for
motion artifacts and repeated if obvious artifacts were detected. Five radius images were
excluded due to motion artifacts despite repeated acquisition. The final dataset consisted of
142 radius and 146 tibiae images. The effective dose was < 3 uSV per measurement [4].
Attenuation values were converted to equivalent hydroxyapatite density (mg
HA/cm3) using a linear relationship based on a phantom containing cylinders of HA-resin
mixtures with five different concentrations (0, 100, 200, 400, and 800 mg HA/cm3) (QRM,
Moehrendorf, Germany). For quality control, the linear attenuation values of the phantom

were monitored daily.

Analysis

The images were segmented and processed in accordance to the standard patient-
style analysis protocol using the Image Processing Language (Scanco Medical AG,
Briittisellen, Switzerland) as described elsewhere [5-12]. First, a semi-automated edge-
defining algorithm was applied to the original grayscale image to contour the periosteal
surface. The cortical and trabecular regions were segmented automatically by the analysis
protocol as described in detail by Laib et al [9]. The following process for defining
subregions was performed on the trabecular mask automatically using Matlab at every slice.
The trabecular compartment was first divided into two concentric circular regions (inner
and outer subregions), where the area of the inner subregion was 60% of the entire
trabecular region. This was consistent with the definition of inner and outer subregions

where density measurements were obtained as a part of the standard patient analysis [12,
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13]. Furthermore, the inner and outer trabecular compartments were divided into angular
quadrants at each slice based on the defined reference line. For the radius, the major axis of
the radius cross-section (the longest diameter through the centroid) was used as a
reference, as the angle between the major axis of the radius and a line connecting the
centroids of the radius and ulna cross-sections moved substantially within a scanned span
(~ 3° for radius as opposed to 0.5° for tibia). The quadrants were placed 45° to the
reference line. For the tibia, a line connecting the centroids of the tibia and fibula cross-
sections was used as a reference. The quadrants were placed 0° to the reference line. A total
of 8 subregions resulted, as shown in Figure 5.2. Each subregion is denoted in a
combination of two letters based on anatomic location - I and O denote inner and outer
subregions, respectively; and M, P, L, and A denote medial, posterior, lateral and anterior,
respectively.

Calculation of the trabecular densitometric and structural indices from HR-pQCT
images has been described [9], validated [14-16] and employed in many studies [5-8, 10-
12]. In addition to the trabecular bone volume fraction (BV/TV), number (Th.N), thickness
(Tb.Th), separation (Tb.Sp), standard for the patient analysis, the standard deviation of
trabecular separation (Tb.1/N.SD, um) was taken as a measure of heterogeneity in
trabecular distribution [17]. These trabecular structural indices were calculated for the
entire trabecular compartment (the global means), as well as for the inner, outer, and all 8
subregions. The reproducibility of the trabecular structure indices obtained from in vivo

HR-pQCT images is < 5.8% at the radius and <1.5% at the tibia [7].
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Radius

Fibula

Figure 5.2 The region definitions at the distal radius (left) and tibia (right) used in this study. A total of 8
subregions were defined at each slice as follows. The trabecular compartment was divided into two
concentric circular regions (inner and outer subregions) where the area of inner subregion was 60% of the
entire trabecular region. The trabecular compartment was further divided into angular quadrants based on
the defined reference line (dashed). The major axis of the cross-section was used as a reference for radius,
and the quadrants were placed 45° to it. The line connecting the centroids of the tibia and fibula cross-
sections was used as a reference for tibia, and quadrants were placed 0° to it.

Statistical analysis

Our dataset contained 125 left and 17 right radii and 125 left and 21 right tibiae but
no significant difference in any of the structural indices was detected between the right and
left limbs, therefore, they were pooled. The Shapiro-Wilk W test was used to test the
normality of the data. As some indices (especially Tb.Sp and Tb.1/N.SD) were not normally
distributed, non-parametric methods were employed for all statistical analyses.

To test the significance of differences in the calculated structural indices in each
subregion compared to the global means calculated for the entire trabecular compartment,
as well as between 8 subregions, multivariate analysis of variance with the subregion as a
repeated measure (RMANOVA) was performed for young and elderly women and men. To
identify subregions with significantly different values, post-hoc contrast tests with
significance level of o = 0.005 were performed in order to control for the experiment-wise

probability of making a Type I error. The significance of differences in the structural indices
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between women and men as well as between young and elderly adults in each region were
determined using Mann-Whitney U test with a = 0.05. To examine the age-related changes
in the trabecular structure indices in each region, linear regression analyses were
performed for women and men of all ages. The Spearman’s coefficient, p, was obtained for
the correlation. Age-related changes in trabecular structure were compared in two subsets
of the population: young adults aged 20-29 years and elderly adults aged 65-79 years. This
age categorization was used in order to be consistent with previously published work by
Khosla et al. and to provide a basis for comparison [8]. The significance of differences in the
structural indices between young and elderly adults was determined using Mann-Whitney U
test with a = 0.05. All statistical tests were performed using JMP (version 7.0, SAS Institute

Inc., Cary, NC).

III. RESULTS

Regional analysis was performed on HR-pQCT images of the distal radius and tibia
of 146 healthy individuals (93 women and 53 men). Table 5.1 summarizes the general
description of the entire study population, as well as of the subsets (young and elderly
women and men), including DXA-derived anthropometric data (height and weight), HR-
pQCT-derived standard density measurements (vBMD, Tb.vBMD for the entire trabecular

region, and the inner and outer subregions).
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Table 5.1 General description of the population - mean * SD of age, height, weight, BMD, and HR-pQCT-derived
bone density indices at the distal radius and tibia for women and men.

Women Men Wvs. M
(all ages)
Young Elderly Young Elderly o) i
AllAges 50 29yrs) (65-79yrs) A28 (20.29yrs) (65-79yrs) 0 diff
ANTHRO-
POMETRIC
DATA*
N 53 7 11 25 5 4
Height [cm] 161.1+6.8 161.8+5.0 156.1+7.0 175.7+75 1824+33 168.0+4.9 -8¢
Weight [kg] 64.1+13.7 55.6+56 60.0+144 79.0+156 824+139 71.2+1638 -19¢
RADIUS
N 87 15 11 55 12
Age [years] 49+ 16 26+3 72+ 4 46+ 16 25+3 70+3 -9
vBMD 314.3+62.3 345.2+309 284.4+49.6 332.6+51.0 345.4+43.7 306.6+44.9 -5
[mg HA/cm3]
Tb.vBMD 150.4+37.1 162.1+34.0 136.2+31.0 183.8+36.5 205.8+32.1 160.7+17.4 -18¢
[mg HA/cm3]
Tb.vBMDinn 108.8+38.7 120.5+36.8 94.9+30.7 145.8+38.8 169.8+33.6 120.5+17.3 -24¢
[mg HA/cm3]
ABvSMDous 2104 £36.2 221.9+30.8 195.6 +35.1 239.0+35.0 257.8+30.8 219.0+20.2 -11c
[mg HA/cm3]
TIBIA
N 93 17 13 53 13
Age [years] 48+ 16 27+3 71+ 4 45+ 17 25+3 70+3 +11
vBMD 296 £+60 337.4+45.7 2473+548 3179555 360.5+45.0 279.5+405 -7a
[mg HA/cm3]
Tb.vBMD 155.6 +37.8 174.7 +29.7 130.6 +33.8 184.6+42.1 221.2+35.3 152.7+26.6 -16¢
[mg HA/cm3]
Tb.vBMDinn 110.6 +38.2 127.6 +30.7 86.8+33.6 140.2+43.3 176.2+37.0 102.7 +24.7 -21c
[mg HA/cm3]
AB:VEMDou: 221.8+39.4 243.8+31.3 195.1+36.8 250.0+42.3 287.5+351 226.5+31.3 -11c
[mg HA/cm3]

*N.B. Anthropometric data are obtained using Lunar Prodigy (GE Healthcare), and available only for a subset of

the population

Significant difference in mean values with ap < 0.05; b p < 0.01; ¢p < 0.001, determined by Mann-Whitney U test.

1. Regional variations

Table 5.2 shows the mean values for BV/TV and Tb.N for young and elderly women
and men in each region at the distal radius and tibia. Trabecular structure in the inner
subregion had lower BV/TV, Tb.N, Tb.Th, and higher Tb.Sp and Tb.1/N.SD compared to the

outer trabecular subregion at both distal radius and tibia regardless of gender and age. The
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mean values for BV/TV and Tb.Th in the outer subregion were approximately twice as the
value of the inner subregion at both distal radius and tibia for elderly adults (e.g. BV/TV =
0.163 + 0.028 in the outer subregion vs. 0.078 + 0.023 in the inner subregion at the radius
for elderly women; p < 0.001). Tb.N and Tb.1/N.SD, however, were not significantly
different between the inner and outer subregion at both distal radius and tibia regardless of
gender and age group.

Figure 5.3 displays the mean percent differences from the global means in each
subregion for all measured parameters for elderly women at their distal radius and tibia. In
elderly women, BV/TV ranged from -40% in the IL subregion to +57% in the OP subregion
with respect to the global mean at the distal radius, and from -59% in the IL subregion to
+100% in the OM subregion at the distal tibia. Low BV/TV, Tb.N, and Tb.Th and high Tb.Sp
and Tb.1/N.SD were found in the lateral subregions at the distal radius and in both IL and IA
subregions at the distal tibia. In contrast, high BV/TV, Tb.N, and Tb.Th and low Tb.Sp and
Tbh.1/N.SD were found in the OA subregion at the radius and in both OM and OP subregions
at the distal tibia. These trends were spatially similar but with slightly reduced magnitudes

at both radius and tibia for young adults and for men.

2. Gender-specific regional variations

In general, women tended to have lower BV/TV, Tb.N and Tb.Th and higher Th.Sp
and Th.1/N.SD (e.g. globally, in elderly women, BV/TV, Tb.N and Tb.Th were 15%, 10%, and
7% lower, than elderly men and Tb.Sp and Tb.1/N.SD were 15% and 28% higher,
respectively, at the distal radius (p = NS except for BV/TV (p < 0.05) (Table 5.2); with
similar to smaller magnitudes at the distal tibia). Gender differences in trabecular structure

were stronger between young women and men compared to elderly adults at both distal
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radius and tibia. The differences in Tb.N, Tb.Sp and Tb.1/N.SD were not significant except
between young women and men at the distal tibia.

Figure 5.4 displays the mean percent differences in the trabecular structure indices
for elderly women compared to elderly men in each subregion at the distal radius and tibia.
Some regions showed larger differences in trabecular structure between women and men
compared to the other regions. For instance, at the distal radius, while BV/TV was 15%
lower for elderly women globally (p = 0.048), it was 28% lower in the IA subregion (p <
0.05) but only 6% lower in the OP subregion (p = NS). Similarly at the distal tibia, while
BV/TV tended to be lower for elderly women by 14% globally (p = NS), it was 29% lower in
the IA subregion (p < 0.05) but only 0.2% lower in the IP subregion (p = NS) (Table 5.2 and

Figure 5.4).

3. Age-related variations

Table 5.3 shows the correlations between the trabecular structure indices and age
in each subregion for both women and men. In general, at both distal radius and tibia,
BV/TV, Tb.N and Tb.Th correlated negatively with age while Tb.Sp and Tb.1/N.SD
correlated positively. Trabecular structure in some regions had stronger and more
significant correlations with age compared to the other regions. At the distal radius, the
correlations tended to be stronger in the posterior and lateral subregions for women (|p| <
0.47) and in the posterior subregions for men (|p| < 0.56), but weaker in the OA subregion
for both women and men (|p| = 0.01-0.12; all p = NS) (Table 5.3). At the distal tibia, the
correlations between trabecular structure and age were stronger in the IA subregion for
women and IL subregion for men (|p| = 0.22-0.59; all p < 0.03), but weaker in the outer

subregions for both women and men (|p| = 0.05-0.44) (Table 5.3).

89



In order to further illustrate the difference in regional variation of trabecular bone
structure between young and elderly adults, Figure 5.5 maps the mean percent difference
in the trabecular structure indices for elderly women compared to young women in each
subregion at the distal radius and tibia. In general, elderly adults had lower BV/TV, Tb.N
and Tb.Th and higher Tb.Sp and Tb.1/N.SD compared to young adults. Elderly adults had
larger ranges of BV/TV and Tb.Th compared to young adults at both radius and tibia. For
instance at the distal radius, BV/TV ranged from -40% in the IL subregion to +57% in the
OP subregion with respect to the global mean for elderly women (Figure 5.3), while it
ranged from -33% to +48% in the respective subregions for young women. The ranges of
other indices remained comparable between elderly and young adults. Trabecular structure
at some regions showed larger differences between young and elderly adults. At the distal
radius, while BV/TV tended to be lower for elderly women by 16% globally (p = NS), it was
24% lower in the IP and IL subregions (p < 0.05 and NS, respectively) but 3% higher in the
OA subregion (p = NS) compared to young women (Table 5.2 and Figure 5.5). At the distal
tibia, while BV/TV was 25% lower for elderly women globally (p < 0.001), it was 42% lower
in the IA subregion (p < 0.001) but only 15% lower in the OM subregion compared to young
women (p < 0.01) (Table 5.2 and Figure 5.5). Similar patterns and degrees of differences in
other trabecular structure indices between young and elderly adults were observed at both

radius and tibia (Figure 5.5).
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Table 5.2 Comparisons of the mean values for BV/TV and Tb.N between young and elderly women and men in
each region at the distal radius and tibia.

Women Men Women vs. Men
Evs.Y Evs.Y Young Elderly
+
BV/TV 1] Mean + 5D Differences Mean + SD Differences  (20-29yo0) (65-79 yo)
Young Elderly Abs. % Young Elderly Abs. % Abs. %  Abs. %
RADIUS
N 15 11 12 9

Global 0.135+0.0280.114 +0.026 -0.021 -16 0.172+0.027 0.135+0.014 -0.037 -22b -0.036 -21> -0.020 -152

Inner 0.099 £ 0.0300.078 £ 0.023 -0.021 -21 0.140+0.029 0.099 +0.016 -0.041 -29> -0.041 -29* -0.021 -21
Outer 0.184 +0.0250.163 £ 0.028 -0.021 -12 0.214 £0.0250.181+0.019 -0.032 -15* -0.030 -142 -0.019 -102
Subregion IM 0.100 + 0.0310.081 + 0.021 -0.019 -19 0.140+0.0330.108 +0.021 -0.032 -232 -0.040 -29* -0.027 -252
IP 0.114 + 0.0350.087 £ 0.029 -0.027 -24= 0.158 +0.0280.099 + 0.029 -0.059 -38> -0.045 -28> -0.012 -12

IL 0.095+0.0320.072 £ 0.033 -0.023 -24 0.134+0.0320.090 +0.015 -0.045 -33¢ -0.039 -292 -0.018 -20
IA 0.083 £0.0300.070 £ 0.021 -0.013 -15 0.119+0.026 0.096 + 0.024 -0.023 -19 -0.036 -31> -0.026 -282
OM 0.185+0.0270.172 +0.021 -0.013 -7 0.217+0.0310.199+0.027 -0.018 -8 -0.032 -15> -0.027 -142

OP 0.219 £ 0.0280.179 £ 0.039 -0.040 -182 0.248+0.023 0.191 +0.030 -0.057 -23b -0.029 -122 -0.012 -6

OL 0.172+0.0300.141 +0.043 -0.030 -18 0.200+0.027 0.158 +0.020 -0.042 -21> -0.029 -14 -0.017 -11

OA 0.166 +0.0220.170 + 0.022 +0.004 +3 0.192+0.0240.185+0.018 -0.007 -4 -0.026 -14> -0.015 -8

TIBIA
N 17 13 12 9

Global 0.146 +0.0250.109 £ 0.028 -0.036 -25¢ 0.184 +0.029 0.127 +0.022 -0.057 -31¢ -0.020 -15» -0.018 -14

Inner 0.107 +0.0250.073 £ 0.028 -0.034 -32b 0.147 +0.0300.086 + 0.021 -0.061 -42¢ -0.029 -21> -0.013 -15

Outer 0.202 £ 0.026 0.162 + 0.031 -0.040 -20¢ 0.238 £0.0300.188 £0.026 -0.050 -21>» -0.018 -82 -0.027 -14
Subregion IM 0.140 + 0.027 0.104 £ 0.026 -0.036 -26b 0.171+0.0300.113£0.023 -0.058 -34c -0.018 -11= -0.009 -8
IP 0.103 +0.0350.080 £ 0.030 -0.023 -22 0.144 +0.0370.080 £ 0.029 -0.063 -44b> -0.029 -222 -0.000 =0

IL 0.082 +0.0300.050 +£ 0.036 -0.032 -392 0.129 +0.0350.067 + 0.029 -0.062 -48> -0.037 -312 -0.017 -25
IA 0.100 + 0.026 0.058 £ 0.031 -0.042 -42¢ 0.146 +0.032 0.082 £ 0.018 -0.064 -44c -0.035 -26> -0.024 -292

OM 0.249 £0.023 0.211 £ 0.032 -0.038 -15> 0.269 £ 0.036 0.227 £ 0.026 -0.042 -152 -0.001 0.5 -0.016 -7

OP 0.190 + 0.0380.159 £ 0.030 -0.032 -172 0.229+0.0320.176 + 0.035 -0.053 -23> -0.021 -10= -0.017 -10
OL 0.172 £ 0.0360.139 + 0.038 -0.033 -192 0.221 £0.0320.169 £ 0.031 -0.052 -24> -0.032 -16> -0.030 -182
0A 0.191 £0.0310.138 £ 0.038 -0.052 -27¢ 0.233 £0.0320.180 £ 0.030 -0.054 -23> -0.025 -122 -0.041 -23a
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Women Men Women vs. Men
Tb.N Evs.Y Evs.Y Young Elderly
[1/mm)] Mean + SD Differences Mean + SD Differences  (20-29yo) (65-79 yo)
Young Elderly Abs. % Young Elderly Abs. % Abs. % Abs. %
RADIUS
N 15 11 12 9
Global 1.88+0.30 1.68+0.26 -0.20 -11 2.03+0.23 1.87+0.26 -0.16 -8 -0.145 -7 -0.189 -10
Inner 1.83+0.33 1.62+0.26 -0.22 -122 199+0.23 1.79+0.27 -019 -10 -0.158 -8 -0.179 -10
Outer 195%0.26 1.77+0.28 -0.18 -9 2.07+0.24 196+0.24 -011 -5 -0.120 -6 -0.193 -10
SubregionIM 1.88+0.32 1.67+0.25 -0.21 -11= 2.06+x0.24 190+032 -0.16 -8 -0.182 -9 -0.226 -12
[P 190+0.34 1.77+0.27 -0.14 -7 2.04+0.23 180+0.27 -0.24 -12 -0.141 -7 -0.034 -2
IL 1.77+0.36 1.55+0.36 -0.21 -12 192+0.25 1.72+0.24 -0.21 -11 -0.157 -8 -0.166 -10
A 1.75+0.32 1.54+0.24 -021 -12 1.88+0.23 172035 -0.16 -8 -0.124 -7 -0.176 -10
OM 2.06+0.29 193+0.25 -0.14 -7 220+£0.28 215+0.30 -0.05 -2 -0.137 -6 -0.219 -10
OP 2.06+0.23 190+0.32 -0.16 -8 2.11+£019 195+0.24 -015 -7 -0.044 -2 -0.053 -3
OL 1.88+0.29 1.65+0.39 -0.23 -12 2.00+0.24 1.84+0.22 -0.16 -8 -0.121 -6 -0.189 -10
OA 1.83+0.28 1.80+0.26 -0.03 -1 197+0.26 196+0.28 -0.01 -1 -0.146 -7 -0.162 -8
TIBIA
N 17 13 12 9
Global 1.77+0.23 1.52+0.31 -0.25 -14= 2.17+0.412 1.61+0.18 -0.56 -26> -0.396 -18= -0.083 -5
Inner 1.68+0.25 1.41+0.31 -0.27 -162 2.10+0.432 1.46+0.19 -0.64 -30> -0.422 -20= -0.049 -3
Outer 1.94+0.19 1.73+0.32 -0.21 -11= 2.29+0.37= 1.89+0.18 -040 -18> -0.347 -15= -0.156 -8
SubregionIM 1.76 +0.23 1.54+0.30 -0.22 -12 210+042 155+0.16 -0.56 -26* -0.346 -17 -0.009 -1
I[P 1.73+£0.26 1.54+0.35 -0.18 -11 2.21+0.392 1.56+0.22 -0.65 -29> -0.485 -22> -0.019 -1
IL 1.65+0.28 136+0.36 -0.29 -18 2.11+0.452 1.42+0.25 -0.69 -33> -0.457 -22= -0.056 -4
[A 1.60+0.29 1.28+0.28 -0.33 -20> 2.01+047 136%+0.19 -0.64 -32> -0.403 -20 -0.089 -7
OM 198+0.15 1.87+032 -011 -6 2.24+0.38 196+0.13 -0.28 -13= -0.256 -11= -0.081 -4
OP 199+0.22 185+032 -0.14 -7 245+0.372 2.03+0.19 -042 -17> -0.461 -19> -0.178 -9
OL 191+0.25 1.67+0.37 -0.24 -13 233+0.37» 1.86+0.23 -0.47 -20> -0.420 -18* -0.190 -10
OA 190+0.24 1.60+0.35 -0.30 -162 2.17+0.37 1.74+0.18 -0.43 -20> -0.268 -12 -0.138 -8

Significant difference in mean values with ap < 0.05; bp < 0.01; ¢p < 0.001 using Mann-Whitney U test.

For graphical display of the differences in all examined structural indices at each region for elderly women
compared to elderly men, see Figure 5.4. Similarly, for graphical display of the difference in structural indices at
each region for elderly women compared to young women, see Figure 5.5.
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Table 5.3 Spearman’s correlation coefficients for the trabecular structure indices and age in each region for

women (N =93) and men (N = 53).

Spearman’s BV/TV Tb.N Tb.Th Th.Sp Tb.1/N.SD
P Women Men Women Men Women Men Women Men Women Men
RADIUS
Global -0.33> -0.52¢ -0.21 -0.19 -0.30> -0.35> 0.242 0.292 0.21 0.272
Inner -0.30b -0.51¢ -0.24a -0.22 -0.29b -0.44c 0.252 0.292 0.212 0.282
Outer -0.37¢ -0.44c¢ -0.15 -0.13 -0.28> -0.322 0.19 0.24 0.13 0.20
Subregion IM -0.232 -0.40> -0.19 -0.20 -0.19 -0.35> 0.21 0.26 0.17 0.25
I[P -0.35¢ -0.56¢ -0.17 -0.22 -0.39¢ -0.53¢ 0.21 0.36> 0.21 0.302
IL -0.33b -0.50¢ -0.232 -0.23 -0.34b> -0.46¢ 0.252 0.30a 0.18 0.30a
IA -0.14 -0.35> -0.21 -0.17 -0.09 -0.292 0.20 0.22 0.16 0.22
OM -0.24a -0.27= -0.09 -0.11 -0.15 -0.18 0.12 0.18 0.06 0.16
OP -0.43¢ -0.56¢ -0.11 -0.15 -0.47¢ -0.47¢ 0.19 0.322 0.06 0.23
OL -0.41¢ -0.46¢ -0.21 -0.16 -0.37¢ -0.38> 0.262 0.30a 0.212 0.282
OA 0.05 -0.12 0.02 -0.03 0.01 -0.12 -0.02 0.06 -0.08 0.11
TIBIA
Global -0.42¢ -0.61¢ -0.202 -0.51¢ -0.38¢ -0.17 0.242 0.56¢ 0.242 0.55¢
Inner -0.39¢ -0.62¢ -0.212 -0.53¢ -0.43¢ -0.37b> 0.24a 0.57¢ 0.232 0.54¢
Outer -0.43¢ -0.53¢ -0.17 -0.44> -0.30b -0.14 0.222 0.50¢ 0.17 0.51¢
Subregion IM -0.39¢ -0.54¢ -0.17 -0.48¢ -0.38¢ -0.23 0.22a 0.52¢ 0.20 0.50¢
[P -0.28> -0.58¢ -0.13 -0.51¢ -0.31b -0.37> 0.16 0.57¢ 0.17 0.54¢
IL -0.33b -0.59¢ -0.222 -0.53¢ -0.35¢ -0.42> 0.232 0.54c¢ 0.22a 0.53¢
[A -0.40¢ -0.57¢ -0.262 -0.48¢ -0.39¢ -0.32a 0.28> 0.50c 0.252 0.48¢
OM -0.35¢ -0.41> -0.10 -0.36> -0.32b -0.16 0.15 0.42b> 0.05 0.44c
OP -0.33b -0.46¢ -0.10 -0.42b -0.30b> -0.17 0.14 0.49¢ 0.19 0.51c¢
OL -0.30> -0.54¢ -0.17 -0.45¢ -0.222 -0.15 0.20 0.52¢ 0.19 0.52¢
OA -0.42¢ -0.53¢ -0.212 -0.42b -0.30> -0.12 0.252 0.50¢ 0.12 0.49c

Significant correlation with age (p) withap < 0.05;bp <0.01; and ¢ p < 0.001.
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Figure 5.3 The mean percent difference from the global means in each subregion for each structure index for
elderly women at the distal radius (top) and tibia (bottom). Similar patterns were observed for elderly men
and young adults. Significant difference from the global mean with ap < 0.005; bp < 0.001 determined by
multivariate RMANOVA and post-hoc contrast test.
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Figure 5.4 The mean percent difference in the trabecular structure indices for elderly women (N = 13)
compared to elderly men (N = 9) in each subregion at the distal radius (top) and tibia (bottom). Significant
difference from elderly men with ap < 0.05; bp < 0.01 ¢p < 0.001 using Mann-Whitney U test.
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Figure 5.5 The mean percent difference in the trabecular structure indices for elderly women (N = 13)
compared to young women (N = 17) in each subregion at the distal radius (top) and tibia (bottom). Significant
difference from young women with ap < 0.05; bp < 0.01 ¢p < 0.001 using Mann-Whitney U test.

IV. Discussion

The results of this study highlight the substantial regional variability of trabecular
bone structure in the distal radius and tibia, which is obscured by the conventional analysis
that reports only the global average value and the standard deviation across the entire
trabecular compartment. BV/TV, Tb.N, Tb.Th, Tb.Sp, and Tb.1/N.SD were examined
regionally from the HR-pQCT images of the distal radius and tibia of 146 healthy individuals
aged from 20-79 years. Our major findings are (1) trabecular bone structure varies
dramatically across the cross-section at the distal radius and tibia (e.g. -40% to +57% and -
59% to +100% of the global means in BV/TV at the distal radius and tibia, respectively, for
elderly women), (2) the gender differences in trabecular structure are more prominent in
the IA subregion at the radius as well as tibia compared to the other regions or the global
mean differences, and (3) the age-related differences are more prominent in the IP
subregion for the radius and in both IL and IA subregions for the tibia compared to the

other regions or the global mean differences.
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The cross-sectional variations between the subregions observed in this study were
substantially larger than the longitudinal variations along the 9-mm span of the scanning
section at the distal radius and tibia [18]. For example for elderly women at the distal
radius, Tb.N varied from 8% less than the global value (in the IL subregion) to 16% more (in
the OM subregion), with the net mean difference of 0.39 mm-; at the distal tibia, Tb.N
varied from 16% less than the global value (in the IA subregion) to 24% more (in the OM
subregion) with the net mean difference of 0.59 mm-1. The difference in the global mean of
Th.N between the proximal and distal ends of the scanning section, however, is roughly 0.05
mm-! [18] and 0.17-0.23 mm-! at the distal radius and tibia, respectively [18, 19]. One
implication of this result is the importance of a careful and standardized procedure for
selecting a region to take virtual bone biopsy [20, 21] for meaningful comparison across
cross-section and between subjects. Assuming bone status of a larger region from that of its
smaller subregion using may introduce a confounding sampling error.

One possible explanation for the observed regional variability is the local
biomechanical environment, particularly for the tibia as it is a site that is habitually loaded.
During gait, the peak force is experienced at the heel [22]. Consequently, substantial
compressive and shear forces are imposed on the medial and posterior part of the distal
tibia due to the ground reaction force as well as internal muscle forces [2, 3, 23]. Wolff’s law
dictates that the bone mass and structure adapt to the mechanical loading patterns it is
under [24-28]. In addition, trabecular structural indices correlate well with the tissue-level
mechanical property [29-33]. As trabecular compartment carries 35-71% of axial loads at
this distal section [31], trabecular bone structure is, therefore, expected to have adapted to
meet the local biomechanical environment. Indeed, the OM and OP subregions featured
greater trabecular bone volume with more numerous, thicker trabeculae with reduced

separation and heterogeneity (Figure 5.3). It also coincides with the area of high
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compressive strength measured using osteopenetrometer [34], as well as the most frequent
sites for stress fracture among runners [35-38].

The results of regional analysis can provide additional information that was
obscured using the conventional global approach. For example, for fall that typically results
in a Colles’ fracture, the ground reaction force results in a considerable dorsal and lateral
compressive to the distal radius [39]. Consequently, strain energy density is elevated at the
medial and posterior (dorsal) regions [33]. Coincidentally, the results of this study revealed
that trabeculae in the IM and IP subregions are structural vulnerable, particularly for
women and elderly adults. Indeed, fracture initiation is observed at these regions under
simulated axial and off-axis loading [40], respectively. In combination with fall kinetics
measurements, regional analysis can bring underlying local bone property, thereby
contributed in elucidating the fracture risk as well as developing preventive strategy.

This study contributed in understanding of the age-related alteration in bone
structure by providing spatial and anatomical information. Because the inner trabecular
subregion has substantially lower BV/TV and Tb.Th compared to the global mean values
regardless of gender, age group or site (Table 5.2 and Figure 5.3), it is not a surprise that
the age-related deterioration of trabecular structure is more apparent in this region than
the outer subregion. The effect is particularly severe for women, as reduced estrogen levels
upon menopause leads to loss of bone mass by decreases in BV/TV, Tb.Th, and Th.N as well
as an increase in Tb.Sp [41-47]. Our results are consistent with pronounced bone
deterioration in the inner subregion observed in ovariectomized rats [48, 49]. For men, on
the other hand, age-related alterations in trabecular structure were site-dependent,
partially in agreement with Khosla et al [8]. At the distal radius, the age-related decrease in
BV/TV was driven by strong overall trabecular thinning particularly in the IP and IL

subregions. At the distal tibia, on the other hand, it was driven by trabecular disruption
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evenly across the trabecular compartment. In fact, there exists disagreement in the
literature with regard to the age-related alteration in trabecular bone structure at the distal
radius and tibia for men: Mueller et al [19, 50] reported significant negative correlations
with age for both Tb.N and Tb.Th at the distal radius; Dalzell et al [6] reported a lack of
correlation with age for any trabecular structure indices at either site. These discrepancies
may be attributed to the complex hormonal interplay involving estrogen [51-53], serum
bioavailable estradiol [45], and IGF-I levels [44]. The study design such as in vivo versus ex
vivo images, use of a prototype HR-pQCT [19], and the difference in the study populations,
along with many other factors likely contribute to the significant variability in the measures.
Clearly, further investigation on the gender difference in age-related changes of trabecular
structure at the distal tibia and radius is called for.

There are some limitations in the study design that are worth mentioning. First, the
definition of regions employed in this study was arbitrary. However, it was systematic,
consistent with anatomical coordinate system, and unaffected by patient positioning. The
measurement location was set with a fixed distance (9.2 mm for radius and 22.5 mm for
tibia) from the endplate consistent with the standard in vivo protocol regardless of bone
length. These locations are known to have variable proportions of cortical and trabecular
bone [54] and load sharing [31] for both radius and tibia. As cortical bone is an integral
part, regional variations in cortical density and structure are expected. In fact, substantial
regional variations in cortical vBMD along the shaft of the tibia measured by the pQCT have
been reported [55, 56]. Thorough investigation of the regional variation in cortical vBMD,
thickness, and area, as well as regional variation in load sharing using finite element
analysis on the same dataset using HR-pQCT are currently in progress. In addition,
acquiring images at the fixed distance from the endplate disregards individual body size,

which has a substantial effect on bone property [5, 57]. Sekhon et al [58] reported
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substantial errors in density measures calculated from HR-pQCT images, related to the
cortical geometry and trabecular density. This may be due to beam hardening and scatter.
Such effect may confound region-wise comparisons, though this is likely limited to
differences between inner and outer sub-regions. The cross-sectional study design in a
multi-ethnic population with relatively small sample sizes may compromise the statistical
power. In the future, regional differences in age-related changes of trabecular structure at
the distal radius and tibia need to be examined in a larger cross-sectional and a longitudinal
studies.

In conclusion, this study has provided a basis for understanding the regional
variation in trabecular bone structure at the distal radius and tibia. Knowing such intrinsic
variability in trabecular structure is critical in interpreting data. But the conventional global
analysis may obscure regional differences. Similarly, assuming bone status of a larger region
from that of its smaller subregion using virtual bone biopsy [21] may introduce a
confounding sampling error. Therefore, a combined approach that investigates entire
region, each subregion, and the cortical compartment may offer more complete information.
Applying the proposed regional analysis can provide additional spatial and anatomical

information to understanding of the bone status.
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Chapter 6 - Clinical Application of Subregional Analysis

I. INTRODUCTION

Osteoporosis is a skeletal disorder manifested by compromised bone strength and
resulting in an increased risk of fracture that currently affects more than 10 million people
in the United States [1]. Osteoporosis is currently diagnosed based on the areal bone
mineral density (aBMD) obtained using dual x-ray absorptiometry (DXA). The fact that it
explains up to 70% of bone strength and cannot account for all osteoporotic fractures
highlights the multifactorial and complex nature of fracture risk assessment. DXA-obtained
aBMD is in fact limited as both detailed three-dimensional geometry as well as trabecular
structure information are obscured. Due to its large surface area available for turnover,
trabecular bone structure is expected to be more responsive to the changes in the local
environment. Moreover, by combining information on trabecular structure with
densitometric measurements, an increased proportion of bone strength can be explained
[2-5]. Therefore, trabecular structure has received research interests, such as for
monitoring progression of bone related disease as well as evaluating the efficacy of
therapeutic interventions. Using high-resolution peripheral quantitative computed
tomography (HR-pQCT), a nominal resolution of 82 pm can be achieved in vivo, enabling the
assessment of 3D trabecular microarchitecture noninvasively. Its discriminatory power for
fracture risks has been shown at various sites [6-9], raising its potential as an effective tool
for research clinical use.

Alendronate is among a class of anti-resorptive drugs called bisphosphonates
commonly used for treating osteoporosis. Anti-resorptive agents decrease bone turnover
rate by inhibiting bone resorption via promoting osteoclast apoptosis [10].

Bisphosphonates increase BMD at the spine and hip [11, 12], however, only account for a
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small percentage (~20%) of reduction in vertebral fracture risk [11, 13]. Moreover,
alendronate-induced increases in DXA-aBMD at clinically relevant sites including the wrist
at 2.5 years have been found to be associated with a decrease in biochemical markers for
bone turnover at 6 month [12].

As exhibited in the previous chapter, substantial variability in trabecular bone
structure across the cross-section at the distal end of radius and tibia is evident [14]. For
instance for elderly women, bone volume fraction (BV/TV) and trabecular number (Tbh.N)
were 40% and 8% less in the inner-lateral (IL) subregion of the distal radius, respectively,
and 59% and 12% less in the IL subregion of the tibia, respectively, compared to the global
mean values (calculated for the entire trabecular compartment). Furthermore, the age-
related differences are more prominent in the inner-posterior (IP) subregion for the radius
and in both the IL and inner-anterior (IA) subregions for the tibia, compared to the other
regions or the global mean differences between young and elderly adults [14] (Figure 6.1).
Therefore, the conventional analysis that examines only the global mean value may
overlook such regional variations in trabecular bone structure, thereby obscures the
changes that may have more clinical relevance. Subregional analysis may show differences
with greater magnitude between the treatment and placebo groups at a specific region, or
may allow earlier detection of therapy-induced changes compared to the global analysis.

To examine the potency of subregional analysis in a clinical study, it was applied to a
double-blinded, placebo-controlled randomized pilot study that explored the association
between biochemical marker for bone turnover and changes in bone geometric,
microarchitectural and biomechanical properties in post-menopausal osteopenic women at
the distal radius and tibia using HR-pQCT. The goal of the original longitudinal study was
two-fold: 1) to compare the densitometric, geometric, micro-architectural, and

biomechanical (determined by micro-finite element analysis, pFEA) indices between the
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subjects treated with alendronate for 2 years and placebo, 2) to correlate the baseline
values of the bone structure with the changes in bone turnover biomarkers as well as in
biomechanical indices [15]. This chapter focuses on subregional analysis of the former, the
comparison of the densitometric, geometric, and micro-architectural indices between the
subjects treated with alendronate for 2 years and placebo. We hypothesize that regions with
low bone mass, such as the IL subregion of both the distal radius and tibia, may be more
sensitive to alendronate-induced changes in the cortical and trabecular densitometric and
structural indices.

Regional variations Age-related variations

RADIUS
A Numerous thick Few thin
M trabeculae trabeculae Least Most
arranged arranged pronounced pronounced
P homogeneously, sporadically
TIBIA

N.B. Not drawn to scale.
Relative size of tibia and
radius is arbitrary.

Figure 6.1 Summary of regional variations for elderly women (65-79 years old) and age-related regional
variations at the distal radius and tibia for women. In the subregion with most pronounced age-related effect,
not only the trabecular sturcutre indices are strongly correlated to age, but also BV/TV is significantly lower for
elderly women compared to young women (20-29 years old) [14].

II. MATERIALS AND METHODS
1. Subjects
A total of 53 early post-menopausal osteopenic women, ranging from 45 to 65 years

old (average age was 55.6 years old), participated in this longitudinal study. They were

post-menopausal for at least a year but no more than 6 years. Their bone status
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(osteopenia) was determined by t-score (ranged -1.1 to -2.5) of DXA-obtained aBMD values
at either the lumber spine, the total proximal femur, trochanter, or neck, according to the
world health organization (WHO) criteria [16]. Twenty-six women were randomly assigned
to the treatment group (70 mg alendronate once weekly and daily 2800 IU of vitamin D3
and OScal+D (1000 mg calcium + 400 IU vitamin D3)) and 27 women into placebo (daily
2800 IU vitamin D3 and OScal+D) groups.

Exclusion criteria were a history of fracture after age 50; any disease condition that
could play a significant role in the development of osteoporosis (e.g. idiopathic
osteoporosis, immobilization, hyperthyroidism) or those which may affect bone metabolism
(e.g. alcoholism or chronic drug use, chronic gastrointestinal disease, renal or hepatic
impairment); receiving chronic treatment that is known to affect bone turnover rate (e.g.
antacids, adrenal or anabolic steroids, anticonvulsants or anticoagulants, thiazides,
pharmacological doses of Vitamin A or D supplements), and estrogen usage in the past 6
months; a history of fluoride, calcitonin, or tamoxifen use. Those failing to meet DXA, QCT,
HR-pQCT, and magnetic resonance imaging (MRI) safety guidelines (e.g. a metal implant,
pacemaker, claustrophobia) were excluded as well. All subjects gave written informed
consent prior to participation. The study protocol was approved by the University of

California San Francisco Committee on Human Research.

2. HR-pQCT image acquisition

Subjects were imaged in a clinical HR-pQCT system (XtremeCT, Scanco Medical AG,
Briittisellen, Switzerland) using the manufacturer’s standard in vivo protocol described in
previous patient studies [7-9, 17-20]. Each subject’s forearm and lower leg were
immobilized in corresponding carbon-fiber molds, and fixed to the scanner to minimize
motion during acquisition. A 9.02-mm-long section (110 slices) of the radius and tibia was

imaged. The imaged section starts at 9.5 mm and 22.5 mm proximal to the distal endplate,

108



respectively, and extends proximally. The non-dominant side was scanned unless there was
a history of fracture, in which case, the contra-lateral side was scanned. The x-ray source
potential was 60 kVp with a current of 900 pA. A two-dimensional detector containing 3072
x 256 CCD elements was used to acquire 750 projections over 180 degrees with a 100 ms
integration time per angular position. The 12.6 cm field of view was reconstructed across a
1536 x 1536 matrix, yielding 82 um isotropic voxels. Image acquisition time was 3 minutes
per scan. Images were immediately reviewed for motion artifacts and repeated if obvious
artifacts were detected. The effective dose was 3 uSv per measurement [21].

Attenuation values were converted to equivalent hydroxyapatite (HA) density (mg
HA/cm3) by deriving a linear relationship measured from the scan of a phantom containing
cylinders of HA-resin mixtures with five different concentrations (0, 100, 200, 400, and 800

mg HA/cm3) (QRM, Mohrendorf, Germany). For quality control, the linear attenuation

values of the phantom were monitored daily.

225 mm —

«—

Figure 6.2 The standard location for HR-pQCT image acquisition and measurement, with respect to the
reference landmarks at the distal radius (A) and tibia (B) (Courtesy of A Burghardt).
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3. HR-pQCT analysis

Image Registration

Only a common volume of interest, identified using software provided by the
manufacturer, between baseline, 12-month, and 24-month measurements was analyzed.
The periosteal cross-sectional area (CSA) was calculated on a slice-by-slice basis for each
time point. Cross-correlation was used to determine an optimal offset between the
measurements to match the CSA between scans. As a result, the volume of interest (VOI)
was generally less than the full 110 slices acquired (average = 103 slices). All subsequent

analyses of HR-pQCT data were applied to the common VOL.

HR-pQCT Image Analysis (Standard patient style analysis)

The images were segmented and processed in accordance to the standard patient-
style analysis protocol using Image Processing Language (Scanco Medical AG, Briittisellen,
Switzerland) as described elsewhere [7-9, 17-20]. First, a semi-automated edge-defining
algorithm was applied to the original grayscale image to contour the periosteal surface. The
total volumetric bone mineral density (vBMD) was calculated within this contour. The
cortical and trabecular regions were segmented automatically by the analysis protocol as
described in detail by Laib et al [22]. In brief, the trabecular compartment was smoothed
out by applying a 3D Gaussian operator first, followed by a fixed threshold (16% of the
positive integer space). As a result, cortex was separated from background. Cortical
volumetric BMD (Ct.vBMD) was calculated as the mean density within this segmented
cortical VOI; cortical thickness (Ct.Th) and cortical area (Ct.Ar) were calculated using an
annular model approximation [23].

Calculation of the trabecular densitometric and structural indices from HR-pQCT
images has been described in the previous chapters as well as elsewhere [22], validated

[24-26] and employed in many studies [7-9, 17-20, 27]. First, bone volume fraction (BV/TV)
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was derived from trabecular volumetric BMD (Tb.vBMD) and assuming the fully
mineralized trabecular bone has a density of 1200 mg HA/cm3. The mineralized phase was
extracted by applying a Laplace-Hamming filter followed by a fixed global threshold (40%
of the positive integer space), which resulted in binary representation of trabecular bone
[28]. In addition to the BV/TV, trabecular number (Tb.N), thickness (Tb.Th), separation
(Tb.Sp), standard for the patient analysis, the standard deviation of trabecular separation
(Tb.1/N.SD, um) was taken as a measure of heterogeneity in trabecular distribution [29].
The reproducibility of the trabecular structure indices obtained from in vivo HR-pQCT

images is < 5.8% at the radius and <1.5% at the tibia [19].

Subregional analysis

In addition to the standard patient-style evaluation, which results in a global
average value for the entire volume, the following process for defining subregions was
performed automatically using an algorithm developed in house. The trabecular
compartment was divided into two concentric regions (inner and outer subregions), where
the area of the inner subregion was 60% of the entire trabecular region. The volume was
further divided into axial quadrants. In the leg, a line connecting the axial centroids of the
tibia and fibula and its orthogonal compliment defined approximately medial-
lateral/anterior-posterior quadrants. In the forearm, the major and minor axes of the axial
cross section of the radius defined medial-lateral/anterior-posterior quadrants. A total of 4
cortical quadrants and 8 trabecular subregions resulted, as shown in Figure 6.3. Mean
cortical and trabecular densitometric and micro-architectural indices were computed for

each individual subregion.
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Figure 6.3 Definition for region-
based analyses shown for the
radius (left) and tibia (right). Each
subregion was denoted by a two
letter acronym two based on
location: I or O for inner or outer
subregions, respectively; and M, P,
L, or A for medial, posterior,
lateral and anterior, respectively.

4. Statistical Analysis

Results were summarized and the percentage differences from baseline values were
presented for the treated (ALN) and placebo (PBO) groups. The significance of the
differences in mean values due to time and treatment was assessed using a two-way
analysis of variance with repeated measures on time (RMANOVA) with a = 0.05. A
significance level of p < 0.05 was considered statistically significant. All statistical tests were

performed using JMP (version 7.0, SAS Institute Inc., Cary NC).

III. RESULTS

Twenty subjects in the ALN-treated group and 13 in placebo group remained at the
end of the two-year study. Baseline age, months since menopause, and total hip and spine T-
scores were not significantly different between the baseline and 24-month groups (Table
5.1).

Figure 6.4 illustrates the percent global and selected regional changes in Ct.vBMD,
Ct.Th and Tb.N at the distal radius and tibia at 12- and 24-months with respect to the
baseline values for each group. Figure 6.5 displays the mean percent regional changes in

Tb.vBMD, Tb.N and Ct.Th at the distal radius and tibia at 24-months with respect to the
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baseline values. Figure 6.6 summarizes the regions with significant treatment effect at 24-
months.

In the distal radius, no significant longitudinal or treatment effect was detected
globally, except in the total and trabecular BMD at 12 months (Figure 6.4). Total and
trabecular BMD were unchanged in the ALN-treated group at 12- or 24-months while they
significantly declined by 3% in the placebo group at 12-months (p < 0.05) compared to
baseline (data not shown). Subregional analysis, on the other hand, revealed significant
treatment effects mainly in the lateral quadrant (p < 0.05) (Figure 6.6) — at 24-months,
trabecular BMD increased by 5% in the ALN group but 3% in PBO in the IL subregion (both
p = NS); similarly, it remained unchanged in the ALN group but decreased by 3% in the PBO
group in the outer-posterior (OP) subregion (Figure 6.5), resulting in significant difference
between the groups (p < 0.05). Significant treatment effects in Ct.Th and Ct.Ar as well as in
Tb.N and Tb.Sp were detected in the lateral quadrant (Figure 6.4 and Figure 6.6). For
instance, at 24 months, Ct.Th in the lateral quadrant decreased 10% from the baseline value
in the placebo group (p < 0.01), but it was maintained in the ALN-treated group (-2%, p =
NS); similarly, Tb.N in the lateral quadrant decreased 2 to 4% in the placebo group after 24
months, but it increased by 3 to 4% in the ALN-treated group (p = NS except for p < 0.05 in
the IL region) (Figure 6.5).

In the distal tibia, in the cortical compartment, ALN treatment maintained Ct.vBMD
and increased Ct.Th (Figure 6.4) and Ct.Ar. Globally, while Ct.vBMD decreased to 1.5% of
the baseline value in the placebo group at 12-months (p < 0.01), it was maintained in the
ALN-treated group throughout (p = NS) (Figure 6.4). Subregional analysis revealed that
this significant treatment effect in Ct.vBMD was in fact focal in the posterior quadrant (p <
0.05) (Figure 6.6), as the increase in the ALN-treated group and the decrease in the PBO-

group were large compared to the other regions (data not shown). Tibial geometry was
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altered by ALN treatment - globally, both Ct.Th and CtAr increased 2% and 3%,
respectively, after 12- and 24-months (all p < 0.05) while they remained unchanged for the
placebo group (Figure 6.4). Subregional analysis detected this significant treatment effects
to be focal in the posterior quadrant (Figure 6.6), and larger than the effects observed
globally - at 24 months, Ct.Th and Ct.Ar were 5% and 4% larger, respectively, compared to
the baseline values in this region due to ALN treatment (p < 0.05), while they were both 2%
smaller (all p = NS) in the placebo group (Figure 6.5). In the trabecular compartment,
globally, neither longitudinal or treatment effect was detected (Figure 6.4). Subregional
analysis, however, detected significant treatment effect in Tb.vBMD in the IL subregion only
(Figure 6.6) - it increased by 4% compared to baseline in the ALN group (p < 0.05) while

decreased by 2% in the PBO group (Figure 6.5).

Table 6.1 Study patient characteristics

Baseline 24-months
PBO (N=27) ALN (N=26) PBO (N=13) ALN (N=20)
Age [yrs] 55.4+3.3 55.8+3.9 56.4+2.4 56.1+4.1
Total Hip T-score  -0.8 £ 0.6 -0.8+£0.6 -0.8+£0.5 -0.7+£0.7
Lumbar Spine T-score  -1.0 + 0.7 -1.2+£0.7 -1.1+£0.7 -1.1+£0.7
Months since menopause 31.5+17.8 30.5+17.4 33.5%+18.6 32.0+16.6

N.B. No statistically significant differences between PBO and ALN at baseline or 24 months
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Figure 6.4 Line-plot of the mean % change in Ct.vBMD, Ct.Th, and Tb.N at the distal radius and tibia for the
ALN-treated group (filled circle) and the placebo group (open square) after 12- and 24-months compared to
baseline. (Adapted from Burghardt et al 2010). Overlayed in gray are the results of subregional analysis: for the
lateral quadrant and the IL subregion for the cortical and trabecular parameters of the radius, respectively, and
the posterior quadrant and the OP subregion of the distal tibia, respectively (Figure 6.3).3p < 0.05,bp < 0.01, ¢p

<0.001, dp < 0.0001 with respect to baseline; “p < 0.05,*p < 0.01,*p < 0.001, °p < 0.0001 ALN vs. PBO.

A Tb.vBMD Tbh.N Ct.Th

M= I g ALN PBO

%o

+6%"
Yo

0% 2%
19/

101/ % 19
- el

-10% 0 +10% wrt. Baseline N.B. Not drawn to scale.

Figure 6.5 Mean percent differences in Tb.vBMD, Tb.N and Ct.Th at each subregion of the distal radius and
tibia at 24-months compared to baseline for each group. 2p < 0.05; bp < 0.01; ¢p < 0.001; dp < 0.0001;
otherwise, not significant.
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Figure 6.6 The summary of the regions with a significant treatment effect (p < 0.05) in selected trabecular and
cortical parameters after 24 months (highlighted in light gray), determined by RMANOVA with time as a
repeated measure.

IV. DISCUSSION

The effects of alendronate treatment on cortical and trabecular bone at the distal
radius and tibia were assessed by HR-pQCT globally as well as regionally in this longitudinal
study. With alendronate treatment, vBMD was maintained at the radius and significantly
increased at the tibia over 24 months, compared to the placebo group, supporting the
reports from the previous studies on anti-resorptive drugs [11, 12].

This study is novel not only for investigating alendronate effects in cortical
geometric and trabecular structure in detail for the first time, but also for applying
subregional analysis in addition to the conventional global analysis for more complete
information. At the distal radius, while no treatment effect in the density (except in

Tb.vBMD at 24 months), cortical geometric, and trabecular structure parameters was
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detected globally after 12- or 24-months, subregional analysis detected the significant
treatment effects mainly in the lateral quadrant. At the distal tibia, in addition to the global
significant treatment effects in the density and cortical geometry parameters, subregional
analysis further revealed that the effects were predominantly at the posterior quadrant.
This result highlights the strength subregional analysis: the sensitivity to detect localized
treatment effects that may be obscured by the global analysis.

The lateral quadrant at the distal radius and tibia where the substantial treatment
effect in the trabecular bone structure was detected (Figure 6.6) feature markedly thin and
scarce trabeculae for elderly female (Figure 6.1) [14]. Similarly, the lateral quadrant of the
distal radius and the posterior quadrant of the distal tibia where significant treatment
effects on cortical geometric parameter were detected (Figure 6.6) also feature anecdotally
thin cortex. Therefore, our hypothesis that treatment effect was pronounced in the region
with low bone mass was true. There are few potential explanations for this observation.
First, biologically, low bone mass implies more surface area available for bone resorption to
take place. Therefore, anti-resorptive effect of alendronate is more noticeable. Second,
because of the intrinsically low values and high variance in density, cortical geometry and
trabecular structure parameters, a change due to alendronate may be amplified. Therefore
the observed significant longitudinal and treatment effects should be interpreted carefully.
Biomechanically, bone in the region with high load (e.g. primarily on the medial and
posterior part of the distal tibia) is expected to remain mechanically intact. In fact,
trabecular structure in the outer-medial (OM) subregion not only features higher BV/TV
and Tb.N compared to the global values for elderly women, but also is not affected by age
[14]. Indeed, no significant longitudinal or treatment effect was detected in any of the tested

parameters at the distal tibia in this study (data not shown).
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There are several limitations worth mentioning. The small number of subjects may
have confounded the statistical power. As the reproducibility for cortical geometry and
trabecular structure indices are not as high compared to densitometric indices, the
significance in difference observed in this study requires careful interpretation. Note that
our results are consistent with the results of 12-month longitudinal study on
postmenopausal women with alendronate and denosumab combined treatment [30]. The
determination of the common VOI between baseline and follow-up scans based on 2D
periosteal cross-sectional area matching is less accurate than the three-dimensional
registration [20], and may have introduced an error as it does not account for potential
periosteal apposition; to our best knowledge, significant periosteal expansion has not been
reported with the clinical dose of alendronate previously [31], however. The changes in
BV/TV and Ct.Th may have been overestimated as alendronate has been found to increase
tissue mineralization by as much as 10% [23, 32]. Although Tb.vBMD measurement from
HR-pQCT images is affected by the geometry [33], its effect is negligible for longitudinal
changes.

In this chapter, subregional analysis was applied to a double-blinded, placebo-
controlled randomized pilot study for characterizing the cortical geometric and trabecular
micro-architectural response to alendronate in postmenopausal women with low bone
density using noninvasive HR-pQCT imaging. Subregional analysis revealed the significant
treatment and longitudinal effects in the distal radius where the conventional global
analysis did not show; it also revealed that the effects were more pronounced and focal in
the lateral subregion of the distal tibia. The region with significant effects coincided with
low bone mass, which is relevant considering the local biomechanical environment as well

as the effects of the intervention. The results of this study displayed the potency of
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subregional analysis for providing additional and valuable information that supplement the

conventional global analysis that may be more relevant for a clinical study.
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Chapter 7 - Conclusion

Taking advantage of its 82 pm nominal resolution, characterization of trabecular
bone structure from in vivo high-resolution peripheral quantitative computed tomography
(HR-pQCT) images has become a part of the assessment of skeletal status. In this
dissertation, two sources of error associated with assessment of trabecular bone structure
from HR-pQCT images, namely errors from the partial volume effect on non-metric indices
and motion artifact errors, were characterized. Furthermore, a quantitative motion
detection technique and regional analysis were proposed for improving assessment of
trabecular bone structure.

In summary, three non-metric indices of trabecular bone structure - structure
model index (SMI), connectivity density (Conn.D) and degree of anisotropy (DA) - were
affected by the spatial resolution of CT images. The SMI deviated from the high-resolution
UCT reference value depending on the structure type, whether plate-like or rod-like. The
Conn.D and DA were both underestimated at an in vivo HR-pQCT resolution (82 pm)
(Chapter 2). Using the proposed motion detection technique, the strong correlations were
detected between the motion-induced error in density and trabecular structure indices and
the motion estimate (Chapter 3).

Regional analysis where trabecular structure indices were calculated in 8 regions
was proposed (Chapter 4). Substantial regional variability in trabecular bone structure
across the cross-section at the distal radius and tibia was revealed. Gender differences were
more prominent in the inner-lateral (IA) subregion at the distal radius but not as
pronounced in the tibia. Age-related differences were more prominent in the inner-

posterior (IP) subregion for the radius and in both inner-lateral (IL) and IA subregions for
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the tibia. Furthermore, regional analysis was applied to a longitudinal, double-blind,
placebo-controlled randomized study to test the efficacy of alendronate treatment over 24
months (Chapter 5). While no treatment effect was detected globally after 12- or 24-
months, subregional analysis detected the significant treatment effects mainly in the lateral
quadrant of the distal radius. It also revealed that the significant treatment effects were
indeed driven by treatment in the posterior quadrant.

In conclusion, the results of studies in this dissertation have provided a basis for
understanding associated errors in trabecular structural indices derived from HR-pQCT
images. Furthermore, the proposed quantitative motion detection technique and regional
analysis can be utilized in assessing trabecular bone structure using HR-pQCT. While there
exist other sources of error worth addressing (e.g. beam hardening) as well as room for
improvements (e.g. better motion correction and more robust beam hardening correction),
the results of this work can be used as a guideline for establishing a standardized protocol
across studies, scanners, and study centers. Collectively, this dissertation work helps
advance the use of HR-pQCT as an effective tool for assessing skeletal status in research and

clinical studies.
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