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Abstract

Quantitative analyses of bone using micro-comptaetbgraphy (LCT) are routinely employed in precii
research, and virtual image reorientation to a isterst reference frame is a common processing Stkp.
purpose of this study was to quantify error introell by common reorientation algorithms in uCT-based
characterization of bone. Mouse and rat tibial ipleyaes underwent uCT scanning at a range of rémadut6-30
pm). A trabecular volume-of-interest (VOI) was maltyiselected. Image stacks were analyzed withatation,
following 45° In-Plane axial rotation, and followgrd5° Triplanar rotation. Interpolation was perfeanusing
Nearest-Neighbor, Linear, and Cubic interpolatiddsnsitometric (bone volume fraction, tissue mihdemsity,
bone mineral density) and morphometric variablegb@cular thickness, trabecular spacing, trabecularber,
structural model index) were computed for each doatton of voxel size, rotation, and interpolati@ignificant
reorientation error was measured in all parametard,was exacerbated at higher voxel sizes, wisttively low
error 6 and 12 um (max. reorientation error in B¥Mias 2.9% at 6 um, 7.7% at 12 pm and 36.5% atr8) p
Considering densitometric parameters, Linear anoicCaterpolations introduced significant error Vehnearest-
neighbor interpolation caused minimal error, andPlane rotation caused greater error than Triplanar
Morphometric error was strongly and intricately degent on the combination of rotation and interpofa
employed. Reorientation error can be eliminatedalyiding reorientation altogether or by “de-rotgtivOls
from reoriented images back to the original refeeeframe prior to analysis. When these are inféasib
reorientation error can be minimized through sidfitly high resolution scanning, careful selectioh

interpolation type, and consistent processing lafredges.
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Abbreviations

MCT — micro-computed tomography

NN — nearest-neighbor

VOI — volume-of-interest

HU — Hounsfield units



BV/TV — bone volume fraction

BMD - apparent bone mineral density
TMD - bone tissue mineral density
Th.Th — trabecular thickness

Th.Sp — trabecular spacing

Th.N — trabecular number

SMI — structure model index

1. Introduction

The quantitative determination of trabecular mombtry using micro computed tomography (LCT) is well
established. In 2010, Bouxsein and colleagues guddi consensus guidelines for the use of uCT &Badmne
microstructure [1], facilitating consistent methtmlyy and reporting of results in studies assessailgecular or
cortical bone morphometry. As part of these guitedj consistent sample preparation and sampléquosg are
deemed critical components of a high-quality imggexperiment. While every attempt should be made to
physically position all samples in a consistent nanthe degree of accuracy with which this caratigeved
may vary from study to study. As such, virtual fentation/realignment algorithms are commonly emetbto
position and orient datasets in a consistent inteference frame. This reference frame may bectiremon
anatomical planes (i.e. sagittal, coronal, axialaoother, study-dependent reference. In additiofactilitating
consistent manual contouring, virtual reorientati®@also a critical step for orientation-dependemilyses such
as 2D cortical bone assessment, the results ohwfbig. moments of inertia) are directly relateth®orientation

of the long bone.

Reorientation algorithms rely on data interpolatiorreposition an image from one discrete voxed giito
another, with the goal of preserving both shape iatehsity information. The extent of this presdiva is
dependent upon voxel size (i.e. image resolutiomge quality metrics such as signal-to-noise rg&NR), and
the type of interpolation method utilized. Whiletdarpolation method may vary between different safav

packages, three interpolation methods commonlyizaetl are nearest-neighbor (NN), linear, and cubic



interpolation (Figure 1)The extent to which these interpolation methodsothice error in the uCT-based
measurement of bone morphometry is, to date, unkndw this end, the purpose of this study was tantjty
the error introduced by three common interpolatioethods in the uCT-based assessment of trabecoter b
morphometry of mice and rats, two commonly employestiels for bone characterization, and to quairhtify
this error varies as a function of imaging resalutithe magnitude of rotation, and the number af@$ in which

rotation/reorientation occurs.

2. Methods

2.1 Specimen Procurement and Micro Computed Tonpbgra

As part of two unrelated, institutional animal camed use committee (IACUC)-approved protocols, the
femora of ten C57BL\6 mice (aged 16 weeks) and_tamis rats (aged 16 weeks) were dissected to cdeiple
remove soft tissue. To facilitate rigid specimemiatilization, transverse cuts were made at thd lgvie third
trochanter using a tissue dissection saw. Femora rigidly mounted in a cylindrical imaging specimieolder
such that the long axis of the bone is aligned i long axis of the specimen holder. During imggiall
samples were completely immersed in room tempergbhiosphate-buffered saline (pH = 7.4). Imaging was
performed at 55 kVp, 145 pA, 300 ms integrationetimsing a uCT system (uUCT-40, Scanco Medical,
Bruttisellen, Switzerland). The imaging region empassed 1.25 mm and 2 mm of the distal femoral phgtis
in mice and rats, respectively. This region wassgsiantly selected just below the distal femoraysih and
primary spongiosa. Each sample was sequentiallgeshat 6 um, 12 pm, 18 um, 24 um, and 30 um vazess
Datasets were exported to DICOM format, importe iIMATLAB (r2015a, The Mathworks, Nattick, MA,
USA), and filtered using a Gaussian filter. Filkernels were scaled linearly according to voxeé g ensure
consistent filtering and to avoid filter-relatedifacts within the data. As such, 6 um scans widterdéd withc =
0.4, 12 um scans were filtered with= 0.2, 18 um scans were filtered with= 0.13, 24-um scans were filtered

with 6 = 0.1, and 30 um scans were filtered waith 0.08.

2.2 Image Contouring, Reorientation Algorithms, amdbecular Morphometry



To segment metaphyseal trabecular bone, manuabuamg was performed by an experienced investigator
(TM) using a three-plane viewing interface in MATBA Sequential contours were morphed using shape
averaging to yield one volume of interest (VOI) empassing only metaphyseal trabecular bone, and \6OI
each image set were saved. To simulate virtualeetation, a combination of rotations was perforradeach
sample using MATLAB: No rotation (raw data controfb® in the axial plane (In-Plane), and 45° inthhee
planes (Triplanar) (Fig. 1). Rotations were perfedusing three interpolation types: Linear, Cubicd NN
interpolation (Table 1). This combination of rotais was chosen based on extensive preliminary tige¢ion
demonstrating that the extent of interpolation edwes not depend on the magnitude of rotatiorafiant angle)
but rather on whether any rotation is performeder&fore, to reduce the dataset and simulate thadtieal
worst-case rotation, we chose a single rotationnitade of 45°. In preliminary work, we observedfeliénces
between In-Plane and Triplanar rotations and choseaclude both types in final analyses. Furthemmar is
common for image sets to require reorientationtimaonly in a single plane, most commonly the bgiane,
which is another rationale for investigating batkRlane and Triplanar reorientations. The trabeddal of each
sample was reoriented together with the samplejgustie identical rotation transform as the sampelfi
facilitating consistent analysis within the same IMO isolate the true effect of image reorientatimithout

confounding effects due to varying VOI size or fiosi.

Bone was segmented from VOIs using resolution- species-specific thresholds determined by an
experienced investigator (TM) using the histograethrod as a starting reference and qualitative adprst
thereafter. The final threshold values (6 um: 2BQQ 12 um: 2750 HU, 18 um: 2725 HU, 24 um: 2700 BU,
pm: 2675 HU) were optimized to yield consistentitiee bone volume fraction (BV/TV) values withinoba
sample across the five different voxel sizes, ustieg6 um scan as the reference scan. This wastdoni@imize
confounding threshold-dependent effects in ourlfoleta set. Trabecular morphometry was performedgus
boneJ, an open-source plug-in for ImageJ with sgv&@andard bone morphometry functions [2], ancskts
were seamlessly transferred between MATLAB and kdagsing Miji [3], a MATLAB-ImageJ java interface.

Parameters calculated included densitometric ahidmetric parameters (hereafter referred to coletyi as



densitometric) including BV/TV, apparent bone malatensity (BMD), and bone tissue mineral densityiD),

and morphometric parameters including trabecul@ktiess (Tbh.Th), trabecular spacing (Th.Sp), tralzc
number (Th.N), and structure model index (SMI) weaieulated. SMI was computed in boneJ via the étitednd
and Riuegsegger method, using a mesh smoothing fafcfo5 and a voxel resampling factor of 1 anai3Brhice

and rats, respectively.

2.3 Statistical Analyses

All statistical analyses were performed in SPS2(MBM, Armonk, NY). First, the equal variance and
normality assumptions were confirmed using Leveme& and the Shapiro-Wilk test, respectively. dataset
was surveyed for statistical outliers, of which eamere identified. The sphericity assumption waessed using
Mauchy’s test of sphericity. The change in morphiogparameters as a function of rotation type @Ruation,
45° In-Plane, and 45° Triplanar) and interpolatigpe (Linear, Cubic, Nearest Neighbor) at each /skee (6
pm, 12 um, 18 pum, 24 um, and 30 um) was assessegl thsee-way repeated measures (RM) analysis of
variance (ANOVA). To isolate the true, intrinsidezft of rotation type and interpolation type whilentrolling
for the effect of voxel size, all three factorstétion type, interpolation type, and voxel size)eveefined as
within-subject factors in the ANOVA design. Multgpcomparisons were then performed using the Bamferr
post hodest.P-values less than 0.001 were considered signifidarcent error was calculated with reference to
the non-rotated scan taken at each voxel size exXample, error in an 18 um, Linear interpolatidriplanar
rotation scan is normalized to the corresponding-mmbated 18 um scan. This normalization removes th
independent effect of voxel size on percent eroonutation, resulting in error calculations baselglg on the

effect of the reorientation algorithm.

3. Results

Generally, observed trends were similar in the raardd rat datasets. As such, only mouse data$smiex.
Full graphical absolute results and tabulated peraifferences for rat metaphyses are availablethie

Supplemental Informatior? < 0.001 can be assumed for all reported significamparisons. Voxel size had a



significant independent effect on BMD, TMD, Th.Thb.Sp, Th.N, and SMI. Rotation of any type had a
significant independent effect on BV/TV, BMD, Th.@hd Th.N. Interpolation type had a significantépendent
effect on all densitometric and morphometric paramse There was a significant three-way interactietween
voxel size, rotation, and interpolation type fol dénsitometric and morphometric parameters, initigaa

complex interrelationship between these variables.
3.1 Effect of Reorientation Type on Densitometry

Densitometric parameters were not affected by eittélane or Triplane rotation when NN interpabati
(Fig. 2C, F, I) was used. Conversely, when Lindag.(2A, D, G) or Cubic interpolation (Fig. 2B, B) were
used, both In-Plane and Triplanar rotations maskedireased measured BV/TV, BMD, and TMD, with liaife
rotation generally producing higher error than Teiyar rotation. In the majority of cases, the magte of error
for a given measurement, rotation type, and infetjpm type increased with increasing voxel sizal{gé 2).
BV/TV following In-Plane rotation was significantlyigher at all voxel sizes using both Linear (R2¢\) and
Cubic (Fig. 2B) interpolations, and significantligher following Triplanar rotation at 6 and 12 psing Linear
interpolation, and at all voxel sizes using Cubiteipolation. In-Plane rotation also resulted ign#icantly
higher BV/TV compared to Triplanar rotation at atixel sizes using both Linear and Cubic interpoladi
BV/TV had the greatest magnitude percent error coegb to other densitometric parameters (Table R)DB
following In-Plane and Triplanar rotations was d$figantly higher at all voxel sizes using both LameFig. 2D)
and Cubic (Fig. 2E) interpolation, and In-Planeatiain resulted in significantly higher BMD comparéal
Triplanar rotation at all voxel sizes using botméar and Cubic interpolations. TMD following In-Réaand
Triplanar rotations was significantly higher at B, and 18 um using Linear interpolation (Fig. 2&d
significantly higher at all voxel sizes using Cubitterpolation (Fig. 2H). In-Plane rotation resdltén
significantly higher TMD compared to Triplanar riité at 6, 12, 18, and 24 um using Linear interfjofaand at

all voxel sizes using Cubic interpolatiBt2 Effect of Reorientation Type on Morphometry



Morphometric parameters were significantly affedigdoth In-Plane and Triplane rotations regardédésbe
interpolation type used, and the direction and ritada of the error was strongly dependent on thelioation
of rotation and interpolation employed (Fig. 3). With densitometric measures, in the majority ofasathe
magnitude of error for a given combination of me&ament, rotation type, and interpolation type iased with
increasing voxel size — this was particularly tfae cases with higher magnitude error. Unlike demsetric
measures, NN interpolation frequently producedsiteally significant error, with magnitudes simile, and in
some cases higher than, Linear and Cubic intelipalaNumerous statistically significant comparisomsre
observed; for brevity, only statistically signifitadifferences with the highest magnitude percerdrgTable 2)
will be discussed. Error in Th.Th was greatest gisdubic interpolation (Fig. 3A-C), resulting in mificantly
increased Th.Th with mean percent differences randiom 0.9% to 9.5%. Conversely, NN interpolation
significantly decreased Th.Th, with percent errargging from -1.0% to -6.2%. Error in Th.Sp wasagest using
NN interpolation, particularly after Triplanar rdéitan (Fig. 3D-F), however all interpolation typesoguced
substantial error. Th.Sp following Triplanar rotatidecreased after NN (range: -4.4% to -11.8% earml Cubic
interpolation (range: -2.7% to -9.2% error). Compedy, Th.Sp error using Linear interpolation waghlaist
following In-Plane rotation, with increasing Th.8plues following Linear interpolation (range: 0.8869.3%
error). Error in Th.N was notably highest using €ubterpolation. Th.N increased appreciably foliogboth
Cubic (range: 0.9% to 27.1% error) and NN (range¥%dto 6.6%). SMI error increased following Lindeange:
0.2% to 10.7%) and NN interpolation (range: 3.7%2th6%) and exhibited resolution dependent changes
following Cubic interpolation (range: 3.1% to -1%}, with increasing and decreasing SMI observeligtier

and lower resolutions, respectively.

4, Discussion

Reorientation of uCT datasets is commonly emplogiadng analysis of bony tissues to facilitate ROI
selection, image registration, and computation@f@etrics such as moment of inertia, but, to dde effects of
these algorithms on densitometric and morphometrd@asurements have not been characterized. Thig stud

aimed to characterize the error produced by comyneniployed reorientation algorithms as a functidn o



interpolation type, plane of rotation, and voxekesi Our data demonstrates that both densitomenit a
morphometric parameters of bone tissues are signifiy affected by reorientation. Furthermore, riegnitude
of error for a given parameter is highly dependmmtthe interpolation type, rotation plane, andratéons of

these two variables with voxel size.

Although attempts are generally made to standahingple positioning during uCT experiments, conghjet
consistent orientation is often difficult and inddzle, and reorientation of uCT datasets prior rtalysis is
extremely common in bone research. Our data shav rtitation of any kind causes statistically siipaifit
changes to both densitometric and morphometricnpeters. The magnitude of error due to reorientatias
highly dependent on voxel size. Generally, our dadécates that high resolution imaging (6 or 12 fommice)
produced relatively low magnitude error, thoughtaier parameters such as BV/TV, Th.N, and SMI exbibi
errors of 4-9% even at these high resolutions. S¢aken at lower resolutions (24 or 30 um) coulodpce
substantial error — for example, BV/TV and Th.N36f um scans increased by an average of 36.5% athéo27
respectively, following In-Plane rotation with Cuabinterpolation. Christiansen 0000-0002-0105-64580
0002-0105-6458 [6] has previously demonstrated itiatasing voxel size has a substantial indepdneféect
on both densitometric and morphometric parameterd, our results corroborate this finding. Our datéher
shows that there is an additional, interactiveatfifehereby high voxel sizes exacerbate the ernosaxd by image
reorientation. It is important to note that theqestt errors measured in this study were calculafigtin each
voxel size, and thus these errors reflect the tedlaffect of the reorientation algorithm and riet independent
effects of voxel size characterized by Christiansgpecifically with regards to thickness calculati®aheet al
[7] recently demonstrated a “fuzzy distance tramafo(FDT) method for trabecular thickness deterrtioma
designed to address the issue of volume averaginjohe images acquired at relatively low resoligion
Compared to the commonly employed binary segmemasind direct distance transform-based thickness
computations assessed in this study, FDT represgptssible alternative in situations where sigaifi volume

averaging of trabeculae is expected. In the 2 seenpbsessed in their study, in-plane rotations iiitmar



interpolation introduced maximum errors or 3.3% dtfePb, respectively, suggesting that rotation eisatill a

consideration if FDT is used for thickness deteation.

Interpolation type played a large role in determinithe reorientation error. Our data indicate tN&t
interpolation created considerable morphometrioretyut almost no densitometric error. NN interpiola does
not create new intensity values, but simply regassivalues from the original to the reoriented ieafhis results
in considerable geometric distortion, reflectedttsy high morphometric error. However, it results/ary little
change in the intensity distribution of the imaged subsequently in the distribution of intensitidsch meet the
bone threshold, resulting in well conserved densitivic computations as densitometry is directly potad from
bone voxel intensities and is independent of gegniedpatial arrangement. Linear interpolation gahy caused
measurable but low magnitude error in all measuntseparticularly at low voxel sizes, and may be kiest
overall choice when both densitometry and morphoyreate being computed. Cubic interpolation was tbtm
cause relatively high error in most cases, paditylin densitometric parameters (BV/TV and BMDjdathis
error was particularly exacerbated at higher vekegs. Unlike NN and Linear interpolations, Culsiterpolation
can produce intensities outside the range of neighyy voxels — this may explain why Cubic interpgma
caused the greatest alterations in densitometrasarements. In practice, it is common for VOI sibecto be
performed on reoriented images. In order to produegimally consistent data, we used a single VQlefach
original image and mapped this VOI to the reoridriteages, and thus our data does not considerfiiaet ef
interpolation type on the accuracy of manual oomated VOI selection. Generally, Cubic interpolati® known
to produce the smoothest resultant image and istémelard interpolation type in many commercialgmaditing
programs (i.e. Adobe Photoshop), with “stair-stafifacts becoming increasingly pronounced usingehir and
NN interpolation, in order. These more “qualitatiespects of reorientation error should be cargfukighed

against quantitative measurement error when sefgetreorientation algorithm in the context of eegi study.

Both In-Plane and Triplanar rotations caused stedilty significant error in most conditions. Ingstingly,
however, In-Plane rotation generally caused highieor in densitometric parameters, while Triplanatation

caused higher error in morphometric parameterss Tifference is likely due to nature of the intdgtion



algorithms employed, along with inherent differenge densitometric and morphometric measures. Asrieed
above, each interpolation algorithm is based oim8udsional proximity. During In-Plane rotation, tte®riented
and original images remain precisely aligned indkil plane, thus NN interpolation will always e& an in-
plane voxel, and out-of-plane voxels will be assiymo weight in Linear and Cubic interpolations;efifect,
perfectly In-Plane rotation results in in-plane, @iferpolation, whereas Triplanar rotation resintgterpolation
using the full 3D neighborhood of voxels. To oumiuledge, this is not a specific quality of the MAABR
implementation of these algorithms, but rather idqgahherent in the interpolation algorithms empdy We
hypothesize that attenuation data (and therebyitdemstry) is more accurately interpolated with Taipar
rotation compared to In-Plane rotation, particylat border regions, because the full 3D voxel nizighood is
incorporated into the average rather than only 2Bein-slice neighbors. Conversely, morphometry dssl
sensitive to intensity values but highly dependamtgeometry / spatial arrangement. Because morpinprise
being calculated on discretized data (implyingrarerent “stair step” at border regions), orientai®important
to consistency, particularly with high voxel siagkere the stair step is larger with respect to@nat feature
size. It is intuitive that reorientation in all 3apes (e.g. Triplanar rotation) causes more gedengdistortion and,
thereby, higher morphometric error. To ensure edrientations were computed consistently, bothlémé& and
Triplanar rotations were done utilizing 3D rotatioratrices and the MATLAB “imwarp” function. Thougiur
results are computed using the MATLAB implementaidd these 3 interpolation algorithms, we expestiits to
be similar in other softwares due to the well-definand conserved nature of the interpolation algms
employed. Certain morphometric parameters caladilatehis study (i.e. Th.N) have multiple definiti® based
on the model being assumed, and we cannot commenbw these alternative computations would change o

findings.

In this investigation, we simulated image reoriéiotaby capturing properly aligned original imagesl then
performing prescribed rotations on them. This wasetto enable VOI placement 1) on original scand,2) on a
consistent reference frame to limit variability WOl placement. It is worth noting that in most pieal

applications, the reverse is the case: a misaligmedje is captured and subsequently rotated tdergoro a



desired view. However, we would assert that thedddnterpolating, and not the specific beginnimgfieg
orientation of the scan, drive reorientation erfhis is supported by our preliminary analysis, eihindicated
that the angle of rotation did not meaningfully sopthe magnitude or direction of reorientatioroerirhus, it
seems reasonable to conclude that our results viavd been similar if the scans had been acquifeakis and
then reoriented. As all of our VOIs were acquiredpooperly aligned scans, we cannot comment oextent to
which VOI placement on misaligned images affectlyamis of trabecular bone, nor on the relative nitage of
reorientation-caused and VOI placement-caused .eWia analyzed only trabecular bone in this studg an
therefore can only surmise as to how these resaltslate to analysis of cortical bone. However, analysis of
trabecular bone showed that error due to rotatias lighly dependent on resolution. Specificallgrientation
error was exacerbated when resolution was insafficielative to feature size. Since cortical bangéenerally
thicker than trabecular bone, it presumably folldivat any image acquisition and analysis stratemsidered

sufficient for analysis of trabecular bone in aggivmodel should be sufficient for cortical analysis

Regardless of the interpolation type and planetattion, reorientation produced statistically sfigaint error
in bone densitometry and morphometry. However, witfficiently image high resolution, the magnituafethis
error is generally small and may be acceptable fearticular study if expected differences betwstedy groups
are large enough. Reorientation error in a giverystmay be further minimized by selecting the appaie
interpolation type. In studies assessing only demstry NN interpolation is recommended, whereasear
interpolation is recommended if both densitometng anorphometry are being computed. If maximal image
smoothness is desired, Cubic interpolation canrbeleyed; however care should be taken to ensuficieunt
resolution to limit reorientation error, particljain densitometric data. Investigators seekingaially avoid
reorientation error should attempt to circumverg tteed for reorientation through rigorous samplstjgming
during scanning. If this is not possible, an al&ire approach is to capture the image, reorienirttage for VOI
selection and save the transformation used, mgnoiadutomatically select the VOI on the reorieritedge, and
then “de-rotate” the VOI back onto to the originalage using the inverse transformation (Figure Tjis

approach is more labor intensive, however it presithultiple advantages: quantitative analysis eapdrformed



on the original image and thus avoid reorientatamror, while manual or automatic VOI selection daa
performed on the reoriented image and thus enabbdanmal consistency, and interpolation type can then
selected to ensure maximal visual image qualithevt consideration of reorientation error. We hpravided a
MATLAB implementation of this strategy, which isalable on the MATLAB File Exchange. Finally, if age
reorientation is utilized at all in a study, it sta be utilized for all samples, regardless of hketthey are
positioned correctly initially, and should be dam&ng a consistent algorithm to ensure consistartpolation

type and planes of rotation to ensure that any émtoioduced is consistent throughout all samples.

5. FigureLegends

Figure 1. Trabecular volumes derived from image stacks withotation (Left), following a 45° axial in-plane

rotation (Middle), and following a 45° rotation &l 3 planes (Right).

Figure 2. Effect of reorientation and interpolation type oorie volume fraction (A-C), bone mineral density (D-
F), and tissue mineral density (G-1) of mouse miegapal trabecular bone at different resolutionsdehotes
significant difference between No Rotation and lare rotation at P < 0.001. * denotes significaritfekence
between No Rotation and Triplanar rotation at P €@1. ¥ denotes significant difference betweenlam® and
Triplanar rotations at P < 0.001. Error bars represt the 95% confidence interval, calculated usihg t

Cousineau-Moray correction for repeated measure$[4

Figure 3. Effect of reorientation and interpolation type @aliecular thickness (A-C), trabecular spacing (D-F)
and trabecular number (G-1), and structure modaleér (SMI) (J-L) of mouse metaphyseal trabeculareban
different resolutions. # denotes significant difece between No Rotation and In-Plane rotation at@®001. *
denotes significant difference between No Rotadiodh Triplanar rotation at P < 0.001.  denotes sfigant
difference between In-Plane and Triplanar rotatiatsP < 0.001. Error bars represent the 95% conficke

interval, calculated using the Cousineau-Moray eation for repeated measures [4, 5].

Figure 4. Schematic illustration of image de-rotation. A nligaed image (1) is captured and subsequently

reoriented (2). VOI contouring is performed on theriented image (3), and the VOI is then de-raddtealign



with the original image (4). A MATLAB implementatiof this strategy is available on the MATLAB File

Exchange.

Table 1. Description of thethree commonly employed interpolation types foritdigimage processing
characterized in this study. 1D illustrations derstvate determination of interpolated values (remeli lying

between known data points (black dots) using eaigrpolation type.

Table 2. Percent error of mouse metaphyseal data based »al gize, rotation type, and interpolation typet®a
shown as mean with 95% confidence interval. Percéfférences for reoriented scans were calculateth w

reference to the corresponding non-rotated scathatsame voxel size.
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Table 1. Description of thethree commonly employed interpolation types foritdigimage processing
characterized in this study. 1D illustrations derstvate determination of interpolated values (remeli lying

between known data points (black dots) using eaigrpolation type.

. . 3D Sampling - .
Interpolation 1D lllustration Neighborhood Description of 3D Implementation
The value of the closest neighboring voxel is amsigNN
Nearest-Neighbor 2x2x2 inteprolation can only produce exact values presemieighboring

voxels.
Trilinear Interpolation. A weighted average of thaxel

Linear 232x2 neighborhood is computed, with linear weightingdtions in each
dimension. Linear interpolation can only producéues within the
range of neighboring voxel values.
Tricubic convolution. Interpolation is performedmug a convolution

Cubic Axdxad kernel implementation of cubic curve fitting. Cubigve fitting can

potentially produce values outside the range ofhleoring voxel
values.




Table 2. Percent error of mouse metaphyseal data based xel gize, rotation type, and interpolation type t®a

shown as mean with 95% confidence interval.

reference to the corresponding non-rotated scathatsame voxel size.

Interp. Rotation Res. (um)

BVTV

BMD

TMD

TbTh

Perdiferences for reoriented scans were calculatéih w

ThSp

Tb

Linear In-Plane

Tri-Plane

6
12
18
24
30

6
12
18
24
30

1.1%[0.9, 1.3]
2.8% [2.4,3.2]
3.3% [2.7, 4.0]

4.1%[2.7,5.4]

5.4% [3.5, 7.4]

0.6% [0.4, 0.8]
1.9%[1.5, 2.3]
1.6%[0.9, 2.4]

1.3%[-0.2, 2.8]

2.2%[-0.1, 4.5]

0.8%[0.7, 1.0]
1.8%[1.5, 2.1]
2.6%[2.2, 3.0]
3.5%[3.0,3.9]
4.7%[4.1,5.3]
0.4%10.3, 0.6]
1.0%1[0.7, 1.3]
1.4%11.0, 1.8]
1.9%[1.4, 2.3]
2.8%[2.1, 3.5]

-0.7% [-0.9, -0.6]
-1.5%[-1.7, -1.3]
-1.1%[-1.3, -0.8]
0.1% [-0.2, 0.4]
0.7%[0.2, 1.1]
-1.0%[-1.1, -0.8]
2.0% [-2.3, -1.8]
-1.6%[-1.9, -1.3]
-0.1% [-0.4, 0.2]
0.4% [-0.2, 1.0]

1.6% [1.5, 1.8]
2.2%12.0, 2.3]
2.8%[2.6, 3.1]
3.6%[3.0,4.2]
4.5%[3.5,5.4]
1.4%(1.2, 1.5]
2.1%[1.7, 2.4]
2.9%[2.5, 3.2]
3.4%[2.6,4.2]
4.3%[3.0, 5.6]

0.8% [0.7, 1.0]
0.7% [0.5, 0.9]
3.6%[2.0, 5.2]

5.8% [4.0, 7.7]

9.3%[5.9, 12.6]

-1.8% [-2.0, -1.6]
2.4%[-2.6, -2.2]

-0.8%[-2.7, 1.1]

1.7%[-2.1, 5.5]

3.7%[-0.3, 7.8]

~0.5% [0
0.6% [C
0.5% [0
0.5% [
0.9% [4

0.7% [4
-0.1% [4

1.2% [4

2.0% [2
2.0% [£

Cubic In-Plane

Tri-Plane

6
12
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24
30

6
12
18
24
30

2.9% [2.4, 3.5]
7.7%[6.2, 9.1]
14.4% [12.1, 16.7]
25.4% [22.2, 28.5]
36.5% [32.0, 41.0]
1.8%[1.2, 2.4]
5.9% [4.3, 7.5]
11.9% [9.3, 14.4]
22.1% [18.8, 25.4]
32.2% [27.4, 37.0]

2.7%[2.3, 3.1]
6.1%[5.1, 7.1]
9.5% [8.2, 10.7]
12.9% [11.5, 14.2]
17.8% [16.0, 19.7]
1.5%[1.1, 1.9]
4.0%[2.9, 5.0]
6.3% [4.9, 7.6]
8.6% [7.2, 9.9]
12.6% [10.5, 14.7]

0.7% [0.6, 0.8]
1.7%[1.5, 1.9]
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7.1%[6.2, 7.9]
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1.9% [1.7, 2.2]
4.6%[3.9,5.2]
8.5% [7.5, 9.6]

12.7%[11.1, 14.2]

1.4% [1.2, 1.6]
2.4%[2.2, 2.7]
3.3% [2.5, 4.0]
4.8%[3.7,5.8]
7.5% [5.9, 9.0]
0.9%[0.7, 1.1]
2.2%[1.6, 2.7]
3.6%[2.7, 4.5]
5.6% [4.0, 7.1]

9.5% [7.3, 11.6]

0.4% [0.3, 0.5]

0.6% [0.4, 0.8]
0.4% [-0.8, 1.6]
-1.0%[-3.1, 1.0]
-1.1%[-4.3, 2.0]
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2.9% [-3.4, -2.4]
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9.2%[-11.7, -6.7]

1.5% [1
5.1%[3
10.8% [8
19.7% [1
27.1% [2
0.9% [C
3.7%[1
8.0% [5
15.7% [1
20.8% [1

NN In-Plane

Tri-Plane

6 0.003% [-0.013, 0.019] 0.008% [-0.002, 0.019] 0.002% [-0.005, 0.009] -2.488% [-2.604,
-0.008% [-0.065, 0.048]-0.004% [-0.028, 0.019]-0.009% [-0.042, 0.025]-2.835% [-2.936,
-0.045% [-0.228, 0.137]-0.023% [-0.097, 0.050]-0.009% [-0.077, 0.059]-2.609% [-2.829,
0.334% [-0.004, 0.673] 0.118% [0.010, 0.227] -0.005% [-0.087, 0.076]-1.427% [-2.065,
0.009% [-0.348, 0.365] -0.013% [-0.125, 0.098] 0.003% [-0.124, 0.129] -1.012% [-1.612,
-0.004% [-0.011, 0.003]-0.002% [-0.006, 0.001] 0.001% [-0.003, 0.006] -4.064% [-4.194,
0.004% [-0.022, 0.031] 0.009% [-0.002, 0.020] 0.008% [0.003, 0.013] -6.023% [-6.277,
0.009% [-0.047, 0.065] 0.000% [-0.018, 0.018] -0.005% [-0.026, 0.016]-6.173% [-6.446,
-0.001% [-0.126, 0.125]-0.006% [-0.042, 0.030] 0.001% [-0.026, 0.027] -5.969% [-6.552,
30 0.086% [-0.031, 0.204] 0.021% [-0.002, 0.044] -0.009% [-0.053, 0.035]-4.701% [-5.468,

12
18
24
30

6
12
18
24

2.372]
-2.735]
-2.388]
-0.788]
-0.412]
-3.933]
5.770]
-5.900]

-5.385] -10.6% [-14.3, -6.8]
-3.933] -11.8% [-14.4, -9.1]

1.2%[1.2, -1.1]
-1.9%[-2.1, -1.8]
-1.2%1[-1.9, -0.6]
0.5% [-1.9, 2.8]
0.2% [-2.1, 2.5]
-4.4% [-4.6, -4.2]
6.1%[-6.4, -5.7]
7.5%[-8.6, -6.4]

2.6% [2
2.9% [2
2.6% [2
1.8% [1
1.0% [C
4.2% [4
6.4% [€
6.6% [€
6.4% [
5.0% [4
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Figure 1 .
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