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1 | INTRODUCTION

Trabecular bone is a porous tissue found in the epiphyses of long,
short, and irregular bones (Keaveny et al., 2001). Although the struc-
ture of trabecular bone is partially genetically determined (Loewen
et al., 2016; Paternoster et al., 2013; Turner et al., 2000), (re)modeling
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Abstract

The “gold standard” for the assessment of trabecular bone structure is high-
resolution micro-CT. In this technical note, we test the influence of initial scan resolu-
tion and post hoc downsampling on the quantitative and qualitative analysis of tra-
becular bone in a Gorilla tibia. We analyzed trabecular morphology in the right distal
tibia of one Gorilla gorilla individual to investigate the impact of variation in voxel size
on measured trabecular variables. For each version of the micro-CT volume, trabecu-
lar bone was segmented using the medical image analysis method. Holistic morpho-
metric analysis was then used to analyze bone volume (BV/TV), anisotropy (DA),
trabecular thickness (Tb.Th), spacing (Tb.Sp), and number (Tb.N). Increasing voxel size
during initial scanning was found to have a strong impact on DA and Tb.Th measures,
while BV/TV, Tb.Sp, and Tb.N were found to be less sensitive to variations in initial
scan resolution. All tested parameters were not substantially influenced by downsam-
pling up to 90 um resolution. Color maps of BV/TV and DA also retained their distri-
bution up to 90 um. This study is the first to examine the effect of variation in micro-
CT voxel size on the analysis of trabecular bone structure using whole epiphysis
approaches. Our results indicate that microstructural variables may be measured for
most trabecular parameters up to a voxel size of 90 um for both scan and down-
sampled resolutions. Moreover, if only BV/TV, Th.Sp or Tb.N is measured, even larger

voxel sizes might be used without substantially affecting the results.
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anisotropy, bone volume, resolution, trabecular bone, trabecular number, trabecular spacing,
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is at its peak during growth and gradually declines into adulthood
(Glatt et al., 2007; Halloran et al, 2002; Saers et al, 2020;
Seeman, 2003; Su et al., 2013). Trabecular bone tissue is thought to
respond to biomechanical forces and functionally adapt to its mechan-
ical environment (Ruff et al., 2006). In places where incurred load is

lower, there is thought to be a reduction in the amount of trabecular
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bone, resulting in a weaker structure (Schulte et al., 2013). Conversely,

in places where stress is higher, there should be an increase in trabec-
ular tissue, resulting in a stronger bone structure (Barak et al., 2011;
Pontzer et al., 2006; Schulte et al., 2013; Sinclair et al., 2013). These
changes in trabecular bone architecture can include the thickness of
trabecular struts, their spacing, and their orientation. Therefore, analy-
sis of trabecular structure can provide insights into the biomechanical
loads incurred by bones during life. It can be used to understand the
skeletal morphology of living taxa and reconstruct behavior in fossil
taxa (Kivell, 2016; Komza, & Skinner, 2019; Ryan & Shaw, 2012; Saers
et al,, 2020).

The traditional method of analyzing trabecular structure in 3D is
to quantify trabecular bone in a volume of interest (VOI). The main
advantage of the VOI method is that it allows for the extraction and
quantification of a portion of a complex structure from a much larger
micro-CT data set. However, defining a homologous VOI, both its size
and location, is far from straightforward, especially across taxa and/or
an ontogenetic series where there can be substantial differences in
both size and morphology (Gross et al., 2014; Kivell et al., 2011;
Lazenby et al., 2011). Moreover, the region of trabecular structure
that differs most amongst the study sample could be outside of the
VOI region when determined a priori. More recently, several studies
have placed multiple VOlIs throughout an anatomical region, revealing
the presence of regional differences in trabecular bone structsure
(DeSilva & Devlin, 2012; Griffin, 2018; Su et al., 2013). Some studies
used geometric morphometrics (GM), where sliding semilandmarks are
used to define homologous locations across surfaces in order to place
multiple VOlIs, to assess trabecular variation beneath the articular sur-
faces of the talus and distal femur (Sylvester & Terhune, 2017), in the
metacarpals (e.g., Dunmore et al., 2019; Dunmore, Bardo, Skinner, &
Kivell, Dunmore, Bardo, et al., 2020) and in the proximal femur
(Georgiou et al., 2020). Furthermore, a method originally developed
for finite-element material-mapping (Pahr & Zysset, 2009), has been
adapted for analyses of high-resolution trabecular bone across pri-
mates (Gross et al., 2014; Tsegai et al., 2013). Holistic morphometric
analysis (HMA) quantifies trabecular morphology through the entire
epiphysis rather than in one or a few sub-surface VOlIs. Recently,
Bachmann et al. (2022), developed HMA with a canonical holistic
approach (cHMA), which allows for statistical comparisons of
trabecular patterns between groups, free of a priori subsampling, by
calculating mean models that contain homologous spatial units of
analysis.

Studies of trabecular bone architecture often analyze scans with
different resolutions across the studied species and/or individuals
(Cazenave et al., 2019; Georgiou et al., 2018; Lukova et al., 2024;
Sylvester & Terhune, 2017). This can be due to collection of micro-CT
scans by different researchers with different protocols, due to speci-
men size limiting resolution on different CT systems, or scans may be
downsampled (i.e., process of reducing the resolution or dimensions
of a digital image by decreasing the number of pixels in the image)
after collection due to the computational limitations of processing
large datasets. Previous studies have shown that downsampling can
impact the accuracy and precision of measurements of trabecular
architecture. For example, trabecular thickness (Tb.Th) (Isaksson

et al., 2011; Kothari et al., 1998; Majumdar et al., 1996; Muller et al.,
1996; Sode et al., 2008) or measures of anisotropy can be highly sen-
sitive to voxel size (Isaksson et al., 2011; Kothari et al., 1998; Sode
et al.,, 2008). In general, it is expected that lower resolutions (the lower
resolution the larger voxel size) create blur in the scan images making
some features hard to segment and may lead to loss of thin trabecu-
lag, that is, if the feature is smaller than the voxel size it may well be
averaged out in favor of another phase such as background (partial
volume averaging). Majumdar et al. (1996) showed that Tb.Th tends
to be increasingly overestimated at lower resolutions when analyzing
magnetic resonance (MR) and micro-CT images. Similarly, Miller et al.
(1996) found that trabecular spacing and number can be precisely
measured at resolutions up to 175 um, however, Tb.Th required a
much higher resolution for accurate assessment. Moreover, Isaksson
et al. (2011), using micro-CT scans, found that with decreasing resolu-
tion, the originally detected differences between normal and osteopo-
rotic groups diminished. Kim et al. (2004) used three different
scanning and voxel sizes a high-resolution voxel size (21 um), a com-
monly used intermediate voxel size (50 um), and a voxel size applica-
ble to scans of whole human vertebral bodies (110 um) to examine
the effect of voxel size on stereological measures of human trabecular
bone. They found that the error in stereological parameters ranged
from 0.1% to 102% depending on the voxel size analyzed. Peyrin et al.
(1998) examined a series of vertebral samples with voxel sizes of 1.4,
6.7, and 14 um. They concluded that voxel sizes as large as 14 um pro-
vide a reasonably accurate measurement of trabecular architecture.
Christiansen (2016) investigated micro-CT scans of mouse trabecular
bone measures with voxel sixes at 6-30 um. They demonstrated that
voxel size strongly affects connectivity density and Tb.Th. All these
studies suggest that high resolution scans should be used, when possi-
ble, to accurately measure trabecular bone microstructure.

In this study, we test the impact of (1) scanning the same specimen
at different resolutions and (2) downsampling a high-resolution scan of
this specimen to lower resolutions using a whole-epiphysis approach.
The trabecular variables tested include bone volume fraction (BV/TV),
degree of anisotropy (DA), Th.Th, trabecular spacing (Tb.Sp), and tra-
becular number (Th.N). We also assess the impact of scan resolution
and downsampling on material maps of BV/TV and DA, which are some
of the most biomechanically informative aspects of trabecular architec-
ture and are widely reported in the literature (Goldstein et al., 1993;
Odgaard et al., 1997; Van Rietbergen et al., 1998).

2 | MATERIALS AND METHODS

The study sample of micro-CT scans of varying resolutions was cre-
ated from scans of a complete right distal tibia of a Gorilla gorilla indi-
vidual from Cameroon, curated at the Powell-Cotton Museum in
Birchington-on-Sea, UK.

The specimen was scanned using a Diondo D1 scanner at the
Imaging Centre for Life Sciences at the University of Kent
(Canterbury, UK). The scan parameters included an acceleration volt-
age of 130 kV, a tube current of 130 YA and a 1.0 mm aluminium fil-
ter. Images were reconstructed as 16-bit TIFF stacks.

85UB017 SUOWIIOD BA a1 3(ealdde aup Ag peusenob ae sspolie YO ‘8sh JO s3I 10} ARIq1T 8UIIUO AB|IAN UO (SUOIPUOD-PUR-SLLBI/LIOD"AB|IM A RIq U1 [UO//:SANY) SUORIPUOD PUe SWiB | 81 88S *[7202/60/y2] U0 Afelqiauliuo A8|iM * (ouleAnde) sqnopesy - uuewiyoeg uensedes Aq €206z edfe/z00T 0T/10p/woo A3 1M Akeiq i puluo//sdny woly papeojumod ‘0 ‘T69.2692



LUKOVA ET AL.

e W LE Y| 2o

()

45 um 60 um

90 um 110 pm

30 um

(d) 60 um 90 um

FIGURE 1

120 um 150 um 180 pm 210 pum

(a) Surface of the studied distal tibia region (anterior view); (b) unsegmented (raw) and overlapping segmented high-resolution scan

(in distal view) with voxel size of 30 um used as the baseline scan; (c) serial unsegmented and overlapping segmented images of the same distal
tibia (in distal view) scanned under the lower resolution with four different voxel sizes of 45, 60, 90, and 110 um; (d) the baseline scan

downsampled to voxel size of 60, 90, 120, 150, 180, and 210 um.

TABLE 1  Segmentation parameters.
Resolution Trabecular Trabecular thickness/ Grid Number of Probability
Method (um) thickness (mm)* resolution (mm/pum) size (px) classes filter
Baseline scan 30 0.27 9.0 10 2 None
Downsampled 60 0.28 4.7 5 2 None
Downsampled 90 0.31 34 5 2 None
Downsampled 120 0.33 2.8 5 2 None
Downsampled 150 0.35 1.9 5 2 None
Downsampled 180 0.37 20 5 2 None
Downsampled 210 0.37 1.8 5 2 None
Rescanned 45 0.40 8.9 10 2 None
Rescanned 60 0.32 53 10 2 None
Rescanned 90 0.39 4.3 5 2 None
Rescanned 110 0.45 4.1 5 2 None

*Measured in a 2D cross-section.

Two samples were created to test the impact of voxel resolution
on the measurement and visualization of trabecular architecture. In
the first, the tibia was rescanned four additional times to produce vol-
umes with voxel sizes of 45, 60, 90, and 110 um (Figure 1c). To create
the second sample, a scan with a voxel size of 30 um was down-
sampled to 60, 90, 120, 150, 180, and 210 um (Figure 1d). Downsam-
pling was conducted in medtool v4.5 (www.dr-pahr.at/medtool) using
whole-integer factors only to avoid aliasing (for more details on alias-
ing, see for example, He et al., 2021; Tward & Siewerdsen, 2009; Yen
et al., 1999; Zbijewski & Beekman, 2003). For example, when

downsampling 30 to 60 um eight (2%) voxels are averaged and from
30 to 90 pum 27 (3%) voxels are averaged.

All images were segmented into a binary phase of background
and bone using the MIA-clustering algorithm (Dunmore et al., 2018).
This method requires the definition of a grid size, which was selected
by measuring the thickness of the thickest trabeculae in a 2D cross-
section using Avizo to determine their width in pixels. The grid size
was then set a few voxels larger then this measurement to ensure that
the local segmentation focused on features within the phase of inter-

est (Table 1) (Dunmore et al., 2018). Two classes were used for all
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FIGURE 2 Workflow of medtool processing steps (posterior view). (a) Original micro-CT scan; (b) results of the MIA binary segmentation
process; (c) OuterMask; (d) InnerMask; (e) ThickMask; (f) MaskSeglin; (g) MaskSegOut; (h) MaskSeg; (i) finite element model of the cortical (pink) and
trabecular (blue) area; (j) BV/TV representation. BV/TV, bone volume.

scans (Table 1). To assess if the same volume of bone was segmented
in each image stack, we measured segmented BV/TV for each scan in
Avizo 6.3 (Visualization Science Group, SAS). Each segmented image
was then used for further analysis of trabecular parameters (Figure 2).

The external and inner volumes of all images were defined using
medtool v4.5 (www.dr-pahr.at/medtool) and taken from each other to
produce the thick cortical bone shell, following published protocols
(Gross et al., 2014; Pahr & Zysset, 2009; Tsegai et al., 2013). The
binary images (in which bone voxels can be classified as 1 and
non-bone voxels as 0) from MIA (Figure 2b) were used as inputs for
medtool. The primary structure in the image was identified with a
grayscale value of one (white voxels). Subsequently, any floating vox-
els that were not contiguous with the bone were set to zero or black.
Morphological filters in medtool were then applied to fill the bone,
thereby isolating the external and internal edges of the cortical bone
in 3D. This process resulted in a mask delineating the internal BV/TV
and outer cortical bone. During the bone filling process, small pores
within the cortical bone were identified and filled based on the size of
the kernel radius. This method ensured that the fine porosity of the
cortical bone was preserved, while moderate gaps indicative of genu-
ine variations in trabecular shape or separation were maintained. For
this, a ray-casting method was used. Subsequently, closing, and open-
ing operations were performed to fill in the gaps in the bone structure,
resulting in the creation of the OuterMask (Figure 2c). To identify tra-
becular spaces, the same ray casting process was employed, but with
a starting point at the edge of the OuterMask instead of the image
edge. Rays terminated upon encountering air voxels rather than bone
voxels. Closing and opening operations were then applied to fill in
areas where rays had traversed directly through trabeculae, thus clos-
ing voids in the InnerMask (Figure 2d). The OuterMask delineated the
overall geometry of the entire bone by detecting its outer contour

using rays. Conversely, the InnerMask served a similar purpose to the
OuterMask, but specifically defined the 3D geometric boundaries of
the trabecular bone region within the entire bone structure. Once
both masks were completed, medtool subtracted the InnerMask from
the OuterMask and created a “ThickMask” (Figure 2e), which specifi-
cally represented the thickness of the cortical bone. Following the cre-
ation of InnerMask, OuterMask, and ThickMask, medtool generated
three final volumes for subsequent analysis. MaskSegin (Figure 2f)
represented the trabecular bone and internal spaces. It was derived
from OuterMask with ThickMask removed, focusing solely on the tra-
becular bone and internal spaces. MaskSegOut (Figure 2g) represented
the cortical bone, including its pores. It was derived from InnerMask
with OuterMask removed, isolating only the cortical bone. MaskSeg
(Figure 2h) represented all elements including cortical bone, pores, tra-
beculae, and internal spaces. MaskSeg was created by combining
MaskSegln and MaskSegOut.

The CGAL (Computational Geometry Algorithms Library, https://
www.cgal.org) 4.9 mesher was then applied to the InnerMask and Out-
erMask to create a tetrahedral mesh of both the trabecular volumes
(Figure 2i). This mesh was created for each resolution separately and
all meshes were later used for data visualization. Each mesh under-
went optimization through a series of iterative processes to achieve a
smooth boundary, ensuring there were no overlaps or holes between
the tetrahedra. Tetrahedra were chosen over hexahedra because their
geometry results in a smoother boundary, minimizing the loss of tra-
becular architectural information (Alberich-Bayarri et al., 2008;
Muiller, & Riiegsegger, 1996; Ulrich et al., 1999). To gather material
property data, a 3D grid with 2.5 mm cells was placed as a bounding
box over the MaskSegin. Subsequently, a 5 mm sampling sphere
moved between the grid nodes across the entire bounding box, itera-

tively measuring trabecular parameters. By aligning the finite element
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mesh with the nodes of the sampling sphere, each of the trabecular
parameters was interpolated onto the mesh. When all these steps
were taken, HMA was completed, and trabecular parameters were
measured within the bone. Trabecular parameters were measured by
the mia-multi module in medtool. Medtool outputted quantitative
data as well as options for the quantitative visualization of the data.
These interpolated meshes are visualized in Paraview 4.8.2 (Ahrens
et al., 2006) (Figure 2j).

The measure of BV/TV is the proportion of trabecular bone of
the total volume in each region and was calculated as the ratio
of bone voxels to non-bone voxels within the masked volume of each
sampling sphere (VOI). DA in 3D was calculated using the mean-
intercept-length method (Odgaard et al., 1997; Whitehouse, 1974).
The value of DA is zero if the minor and major eigenvectors are of
equal magnitude (i.e., isotropic), and is one if the minor and major
eigenvectors are maximally different (i.e., anisotropic). A value
between 0 and 1 is produced via the formula 1-(min. eigenvalue/max.
eigenvalue) (Kivell et al., 2011). To calculate Tb.Th, medtool computed
the distance map of the bone voxels of the MaskSegin (Figure 2f) and
extracted the distance ridge from which the average distance was cal-
culated. Tb.Sp was calculated in a similar way by inverting bone and
background labels. Th.N was calculated using Th.Th and Th.Sp via the
formula 1/(Tb.Th + Tb.Sp).

Boxplots and histograms summarizing the data distribution of
each variable were generated directly from all VOIs of each respective
scan. Shapiro-Wilk tests were used to assess normality and Levene's
tests were used to assess equality of variance of each trabecular vari-
able (Tables S1-S5 and Figure S4). Kruskal-Wallis and Dunn's post
hoc tests were used to test if the means of a specific parameter dif-
fered significantly between datasets. The differences were tested
between all combinations of groups within the downsampled images
and then separately within the rescanned images. All statistical ana-
lyses were conducted in R v3.4.1 and plots were generated using the
ggplot2 package (R Core Team, 2017; Wickham, 2016).

3 | RESULTS

3.1 | Total bone volume

The total segmented BV/TV for the 30 um scan is 28,082 mm°®
(Table 2). When downsampling, the segmented BV/TV remains similar
until 210 um, at which point there is a reduction of 0.7%
(27,897 mm?3) (Table 2). Rescanning the specimen results in a stepped
increase at 45 (1.5%) and 60 (2.1%) um, with the segmented volume
then remaining similar in scans at 90 and 110 um (Table 2).

3.2 | Bone volume fraction

Distributions of BV/TV values for each VOI of the background grid in
the baseline scan, downsampled volumes and rescanned volumes are

presented in Figure 3. The variance of BV/TV values remains

e W LEY_| 2o

TABLE 2 Segmented bone volume for all tested CT scans.

Voxel
size Segmented bone
(um) Technique volume (mm3)

Segmented bone
volume change (%)

30 Baseline 28,082 0.00

micro-CT

scan
60 Downsampled 28,037 -0.16
90 28,058 —0.09
120 27,985 —-0.35
150 28,061 —0.08
180 28,118 0.13
210 27,897 —0.66
45 Rescanned 28,505 1.51
60 28,674 211
90 28,682 2.14
110 28,700 2.20

relatively similar for all scans and any outliers represent the elements
with both lowest and highest BV/TV values. When downsampling,
there appears to be a slight decrease in median BV/TV values com-
pared to the baseline scan (Figure 3a), however, the distributions
strongly overlap. When rescanned at 45 pum, the median BV/TV is
similar, but then increases slightly at voxel sizes of 60, 90, and
110 pm. Similarly, histograms of BV/TV values from each VOI show
that the general data distribution pattern remains stable and not nor-
mally distributed across all voxel sizes using both downsampled and
rescanned images (Figure 3b,c; Table S1). Table 3 shows that the
mean BV/TV values (of the VOI's) gradually decrease with downsam-
pling (reaching 12.1% at 210 um). Rescanning at 45 um results in a
mean BV/TV decrease (0.64%), while there are increases in mean
BV/TV at 60 (8.06%), 90 (3.87%), and 110 um (5.81%) compared to
the baseline scan (Table 3).

The Kruskal-Wallis test shows a statistically significant difference
in BV/TV within the downsampled and (separately) within the
scanned images (Table 4). Additionally, a Dunn's post hoc test was
performed to further explore these differences. The post hoc tests
indicate that there are significant differences in BV/TV within all com-
binations of downsampled and scanned images (Table S6).

To understand if any of these outliers are spatially organized, and
thus potentially affecting functional interpretations, we visualized the
BV/TV distribution throughout the distal tibia for the baseline scan
and all downsampled and rescanned volumes. Figure 4 shows the col-
ourmaps, that is, interpolations of the values from the VOI's discussed
above, of BV/TV distribution. Compared to the baseline scan
(Figure 4a), the general pattern of BV/TV distribution is maintained in
all downsampled images, up to a voxel size of 210 um (Figure 4b).
In this volume the region of highest BV/TV (in red) extends further
above the malleolus and is more concentrated in the malleolar groove
and, in the mid-coronal view, the region of highest BV/TV is concen-

trated more laterally and BV/TV is lower in the malleolar region
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FIGURE 3 (a) Boxplots of the grid BV/TV values for each voxel size for the baseline scan (red), the downsampled data (yellow) and for the
specimen scanned at different resolution (blue); (b) histogram of the grid BV/TV values for each voxel size for the baseline scan (red line) and the
downsampled data; (c) histogram of the grid BV/TV values for each voxel size for the baseline scan (red line) and for the specimen scanned at

different resolution. BV/TV, bone volume.

TABLE 3 The mean and SD values of all tested trabecular parameters.

Voxel Mean Mean

size (um) Technique BV/TV (SD) DA (SD)

30 Baseline micro-CT 0.313(0.105) 0.470 (0.112)

scan

60 Downsampled 0.301 (0.098) 0.498 (0.117)
90 0.302 (0.099) 0.479 (0.116)
120 0.299 (0.095) 0.421 (0.105)
150 0.293 (0.091) 0.353 (0.092)
180 0.284 (0.087) 0.296 (0.079)
210 0.275 (0.086) 0.261 (0.074)
45 Rescanned 0.311(0.101) 0.488 (0.114)
60 0.335 (0.094) 0.481(0.114)
90 0.322(0.128) 0.420 (0.102)
110 0.328 (0.107) 0.391(0.102)

*Number of intrenal grid nodes on which each VOl is centred.

(Figure 4b). The BV/TV concentration on the posterior side of the
malleolus, as well as anteriorly and posteriorly on the articular surface,
is also higher at the downsampled voxel size of 210 um (see the distal
view Figure 4b). Rescanning at 60 um presents a broadly similar pat-
tern of BV/TV on each surface and in the mid-coronal cross
section (Figure 4c). However, after rescanning at 90 and 110 um the
distribution pattern is less consistent. The high BV/TV concentration
along the malleolar region and under the articular surface is lost (see

mid-coronal view in Figure 4c).

3.3 | Degree of anisotropy

Downsampling from the baseline to 60 and 90 um does not result in
a large change in DA values; however, there is a marked reduction in
DA when downsampling between 120 and 210 um (Figure 5). Simi-
larly, rescanning at 45 and 60 pm does not result in a change in DA,

Mean Th. Mean Th. Mean Th. N of grid
Th (SD) Sp (SD) N (SD) nodes*

0.272(0.081) 0.759 (0.267) 1.001 (0.154) 734,423

0.291 (0.078) 0.786 (0.786) 0.954 (0.136) 648,989
0.316 (0.080) 0.802 (0.252) 0.916 (0.124) 646,690
0.338 (0.076) 0.818 (0.247) 0.885 (0.118) 683,156
0.370 (0.072) 0.846 (0.244) 0.840 (0.108) 535,414
0.404 (0.061) 0.873 (0.242) 0.799 (0.101) 527,357
0.446 (0.048) 0.905 (0.240) 0.754 (0.093) 573,089
0.295 (0.085) 0.783 (0.264) 0.954 (0.140) 699,828
0.336 (0.092) 0.777 (0.254) 0.918 (0.119) 668,455
0.427(0.112) 0.921(0.278) 0.768 (0.121) 682,908
0.442(0.116) 0.859 (0.249) 0.781 (0.087) 583,379

but DA drops to a greater degree in scans at 90 and 110 um. The
general DA data distribution for the baseline scan is not normally dis-
tributed and overlaps across all scan voxel sizes (Figure 5b;
Table S3), even in the downsampled voxel size of 90 um (Figure 5b).
However, the data moves towards an apparent positively skewed
distribution pattern when downsampled to 120-210 pm (Figure 5b;
Table S2). Table 3 shows that mean DA values are closest to the
baseline scan at downsampled voxel sizes of 60 and 90 um and the
lowest mean DA values drop 44.5% from the baseline scan at
210 pum. The mean DA values are close to the baseline in rescans at
45 and 60 um, while there is a 19.9% drop in DA when rescanned at
110 um (Table 3).

The Kruskal-Wallis test shows a statistically significant difference
in DA within the downsampled and scanned images (Table 4). Addi-
tionally, the Dunn's post hoc test indicates that there are significant
differences in DA within all combinations of downsampled and
scanned images (Table S6).
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TABLE 4 The Kruskal-Wallis test for BV/TV, DA, Th.Th, and Tb.
Sp grid values within downsampled and scanned images.

Technique Df Chi-squared p-value
BV/TV

Downsampling 6 11,400 <0.001

Scanning 4 6025 <0.001
DA

Downsampling 399,906 <0.001

Scanning 4 95,682 <0.001
Th.Th

Downsampling 6 16,247 <0.001

Scanning 4 7770 <0.001
Th.Sp

Downsampling 6 1907 <0.001

Scanning 4 864 <0.001
Th.N

Downsampling 6 6100 <0.001

Scanning 4 3352 <0.001

Note: Significance bold value represents a = 0.05.

Figure 6 shows colourmaps of the DA distribution throughout the
distal tibia for the baseline scan and all downsampled and rescanned
volumes. The DA colourmaps are more impacted by voxel sizes com-
pared to the BV/TV distribution maps. Compared to the baseline scan
(Figure 6a), the general pattern of DA distribution is consistent in all
downsampled images until the voxel size of 120 um (Figure éb). The
general DA distribution pattern is visible even at the downsampled
voxel size of 150 um. However, in this volume the low DA (blue color)
starts to be concentrated randomly above the articular surface where
high DA is found in higher resolution scans (see mid-coronal view in
Figure 6c). This is even more apparent in the larger voxel sizes of
180 and 210 um. The general DA distribution pattern of the baseline
scan disappears completely at a voxel size of 210 um and high DA is
inconsistently concentrated throughout the distal tibia (Figure 6b).
Rescanning at 60 um presents a broadly similar pattern of DA on each
surface and in the cross-section (Figure 6c). However, after rescan-
ning at 90 and 110 um the distribution pattern becomes less consis-
tent. The high DA values are lost laterally above the articular surface
at a rescanning voxel size of 90 um and medially above the malleolus

at a voxel size of 110 um (see mid-coronal view in Figure 6c).

3.4 | Trabecular thickness, spacing, and number

Distributions of Tbh.Th, Tb.Sp, and Tb.N values for each VOI of the
background grid for the baseline scan, downsampled, and rescanned
volumes are presented in Figure 7. Voxel size changes in both rescan-
ning and downsampling images has the strongest effect on the quanti-
fication of Tb.Th and a weaker effect on the quantification of Th.Sp
and Tb.N (Figure 7). The outliers represent the elements with the low-
est/highest Tb.Th (Figure 7a), Th.Sp (Figure 7b), and Th.N (Figure 7c).

e WILEY_| 7'

In both downsampled and rescanned images, median values of Th.Th

and Th.Sp increase gradually, while median values of Th.N decrease
gradually across all voxel sizes compared to baseline scan (Figure 7).
When scanning at different resolutions, the Tb.Sp range remains
approximately the same up to a voxel size of 60 um compared to the
baseline scan (Figure 7b), however, the distributions overlap across all
voxel sizes.

Table 3 shows that mean Tb.Th values gradually increase with
increasing voxel size in both downsampled (reaching 64.0% at
210 pm) and rescanned (reaching 62.5% at 110 um) images. The mean
Th.Sp values are unstable with increasing voxel size in both down-
sampled (reaching highest increase 194.4% at 60 um and highest
decrease 11.1% at 210 um) and rescanned (reaching highest increase
4.1% at 90 um and highest decrease 6.7% at 110 um) images com-
pared to the baseline scan (Table 3). The mean Tb.N values gradually
decrease with increasing voxel size in downsampled (reaching 24.7%
at 210 um) images compared to the baseline scan (Table 3). Mean Th.
N drops off 23.3% at a rescanned voxel size of 90 um compared to
the baseline scan and increases again at 110 um (reaching 1.7%) com-
pared to the 90 um scan (Table 3).

The Kruskal-Wallis test shows a statistically significant difference
in Tb.Th, Th.Sp, and Tb.N within the downsampled and scanned
images (Table 4). Additionally, the Dunn's post hoc test indicates that
there are significant differences in Th.Th, Th.Sp, and Th.N within most
combinations of downsampled and scanned images (Table S7). There
are no significant differences in Tb.Sp between the downsampled
60 and 90 um datasets or between scanned voxel sizes of 45 and
90 um. Moreover, there is no significant difference in Tb.N between
scanned voxel sizes of 60 and 110 um (Table S7).

Colourmaps of the Th.Th, Tb.Sp, and Tb.N distribution are pre-
sented as supporting information (Figures $1-S3). Compared to the
baseline scan, the general pattern of the Tb.Th distribution is consis-
tent when downsampled to 150 um and rescanned at 45 um
(Figure S1). Tb.Th values are higher in the malleolus and under the
articular surface and lower above the articular surface when down-
sampled to 210 um (see the cross-section mid-coronal view in the
Figure S1b). Th.Th values are lower across the entire distal tibia at
rescanned voxel sizes of 90 and 110 um (Figure Sic). The general pat-
tern of the Tb.Sp distribution is consistent for all images up to a voxel
size of 60 um (Figure S2). The Tb.Sp values are lower in the malleolus
and under the articular surface when rescanned at 90 um compared
to the baseline scan (Figure S2c). The Tb.Sp values in the malleolus
are higher at 110 um compared to the baseline scan (see the mid-
coronal view in Figure S2c). The general pattern of Th.N distribution is
consistent when downsampled to 150 um and rescanned at 110 um
(Figure S3). However, in both cases, high Th.N values above the artic-
ular surface are spread more broadly across all voxel sizes compared
to the baseline scan (see the mid-coronal view in the Figure S3).

4 | DISCUSSION

This study investigated the impact of voxel size (in downsampled and
rescanned micro-CT volumes) on the quantification of trabecular bone

85UB017 SUOWIIOD BA a1 3(ealdde aup Ag peusenob ae sspolie YO ‘8sh JO s3I 10} ARIq1T 8UIIUO AB|IAN UO (SUOIPUOD-PUR-SLLBI/LIOD"AB|IM A RIq U1 [UO//:SANY) SUORIPUOD PUe SWiB | 81 88S *[7202/60/y2] U0 Afelqiauliuo A8|iM * (ouleAnde) sqnopesy - uuewiyoeg uensedes Aq €206z edfe/z00T 0T/10p/woo A3 1M Akeiq i puluo//sdny woly papeojumod ‘0 ‘T69.2692



AMERICAN JOURNAL OF
ZEIRWIREN ...

voxel size 30 pm

@ Dbaseline
N

BV/TV
0.635

0520
0405
Eo.zm
0.177
0.063

downsampled
voxel size 150 pm voxel size 90 pm

voxel size 210 pm

(b)

posterior anterior medial mid-coronal view distal

voxel size 60 um voxel size 45 um

scanned

voxel size 90 um

voxel size 110 um

(C) posterior anterior medial mid-coronal view distal

FIGURE 4 Distal tibia model of BV/TV distribution of tested Gorilla individual for baseline scan (a), downsampled voxel sizes of 90, 150, and
210 um (b), and scan voxel sizes of 45-110 um (c). Vertical lines through the medial view show where the slices are positions for the cross-
section mid-coronal view. Dark red represents the highest and dark blue the lowest BV/TV values. All colourmaps were scaled to baseline scan
data range. BV/TV, bone volume.
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(a) Boxplots of the grid DA values for each voxel size for the baseline scan (red), the downsampled data (yellow) and for the

specimen scanned at the different resolution (blue); (b) histogram of the grid DA values for each voxel size for the baseline scan (red line) and the
downsampled data; (c) histogram of the grid DA values for each voxel size for the baseline scan (red line) and for the specimen scanned at

different resolution. DA, degree of anisotropy.

morphology of the distal tibia of a G. gorilla individual. Rescanning was
found to have a stronger effect on DA and Th.Th, while BV/TV, Tb.Sp,
and Tb.N remained relatively constant across all tested voxel sizes.
Downsampling was found to have less of an effect on trabecular
parameters compared to rescanning. However, a strong impact on tra-
becular parameters when downsampling was found in DA and Th.Th,
while BV/TV, Th.Sp, and Th.N were less sensitive to increasing voxel
sizes.

Quantification of the total BV/TV after segmentation demon-
strated differences in the number of bone voxels segmented in each
protocol. This BV/TV changed more for rescanned voxel sizes com-
pared to downsampled voxel sizes. However, the differences were
below 5% compared to the baseline scan across all scans. When the
baseline scan was downsampled to larger voxel sizes, the total seg-
mented BV/TV decreased gradually. However, the opposite pattern
was found in rescanned images where the total segmented BV/TV
gradually increased with larger voxel sizes. Changes in total seg-
mented BV/TV within the rescanned images often represented funda-
mental differences that could also be observed on visual inspection of
the voxel data. With the lowest scanned resolution, a more substantial
difference in volume was found, and the trabecular structure captured
is less comparable to that at higher scan resolutions. However, for the
results of the downsampled images, where the data captured was
based on the voxel set acquired at a higher resolution, there was less
divergence in BV/TV from the baseline scan.

Our results for Tb.Th and Th.Sp imply that while the trabecular
spacing remains relatively stable, Tb.Th increases at larger voxel sizes.
Because Tbh.Sp is higher than Tb.Th, it is less sensitive to scanning/
downsampling at tested resolutions. This might suggest that the thick-
ness of the trabeculae is overestimated, that is, trabeculae are seg-
mented as thicker, in very low-resolution scans. Another explanation
could be that small trabeculae are lost during the downsampling/
rescanning to larger voxels and thus the distribution of the thickness
changes more rapidly than it is the case for Th.Sp. Partial volume aver-
aging occurs when the boundaries of small structures within an image

intersect multiple pixels or voxels. This can lead to a blurring effect,
where the intensity values of different tissues or structures are aver-
aged within the pixels or voxels. This can compromise the spatial reso-
lution of the image and make it difficult to accurately delineate the
small structures or detect fine details (Chakeres, 1984; Plewes &
Dean, 1981). Downsampling/rescanning to larger voxel sizes can
exacerbate the effects of partial volume averaging, especially if the
original image already contains small structures that are near the limit
of resolution. Thus, when an image is downsampled/rescanned, the
smaller structures may be spread across even fewer pixels or voxels,
increasing the degree of averaging, and further blurring the image,
that is, downsampling/rescanning can amplify the problem of partial
volume averaging by reducing the number of pixels or voxels available
to represent small structures within an image (Chakeres, 1984;
Conradi et al., 2010; Plewes & Dean, 1981). Thus, it is possible that in
the end only the largest trabeculae persist, giving the impression that
the average Th.Th is as large as the maximum of the initial Tb.Th.
Moreover, this partial volume averaging could also explain how
BV/TV remains constant despite trabeculae getting thicker
(on average). It must be emphasized that the trabecular parameters
are measured on the segmented images and thus, the changes in the
segmented images are another source of potential error in the mea-
surement of trabecular parameters. As mentioned above, MIA is a
voxel-size dependent segmentation method (Dunmore et al., 2018).
Although we used the same protocol for each bone segmentation,
ultimately any segmentation algorithm is limited by the size of the
voxels it is classifying.

Our result suggests that the BV/TV, Tb.Sp, and Tb.N can be
measured with reasonable precision up to 210 um, as can DA and
Th.Th up to 90 um, when downsampling. In contrast, the mean of
BV/TV, DA, Th.Sp, and Th.N increases from 90 um when rescan-
ning. We found Tb.Th to be the most sensitive to voxel size
changes, where the mean increased for scans above 45 um. This is
visible especially when looking at the colourmaps of the distribu-
tion patterns of all studied parameters. The discrepancies might be
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FIGURE 6 Distal tibia model of DA distribution of tested Gorilla individual for baseline scan (a), downsampled voxel sizes of 90, 150, and
210 um (b), and scan voxel sizes of 45-110 um (c). Vertical lines through the medial view show where the slices are positions for the cross-
section mid-coronal view. Dark red represents the highest and dark blue the lowest DA values. All colourmaps were scaled to baseline scan data
range. DA, degree of anisotropy.

due to the inconsistencies in the definition of the InnerMask as (in voxels) of the fill algorithm were adjusted for each resolution, so
medtool uses morphological filters this is influenced by resolution definition of the OuterMask and InnerMask was kept as consistent
due to kernel size. However, the morphological filter kernel sizes as possible.
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FIGURE 7 Boxplots of the grid Tb.Th (a), Th.Sp (b), and Th.N (c) values for each voxel size for the baseline scan (red), the downsampled data
(yellow) and for the specimen scanned at the different resolution (blue). Tb.Sp, spacing;Tb.Th, trabecular thickness.

Previous studies of the impact of CT and micro-CT resolution on
quantification of trabecular structure observed dependence of trabec-
ular bone parameters on voxel size, consistent with our results. Isaks-
son et al. (2011) found BV/TV to be less dependent on the voxel sizes
compared to DA, Tb.Sp, and Th.N which were more sensitive to
changes in voxel sizes. Similarly, Kim et al. (2004) found mean Tb.Th.
and Tb.Sp to increase and Th.N to decrease with larger voxel sizes
which is again consistent with our results. However, they also found
mean BV/TV to increase significantly with larger voxel sizes (Kim
et al., 2004), which is not consistent with our results. Nevertheless, as
supported by our study, Christiansen (2016) found mean BV/TV to be
rather consistent within the voxel sizes and Th.Th to be strongly
affected by changes in voxel size. Overall, other studies that tested all
or some of other trabecular parameters such as Th.Th, Tb.Sp, and Tb.
N have reported higher dependency on voxel size in all these parame-
ters especially compared to BV/TV, and also compared to DA if
included in the study (Isaksson et al., 2011; Kim et al., 2004; Kothari
et al, 1998; Majumdar et al., 1996; Maquer et al., 2015; Miiller
et al., 1996; Peyrin et al., 1998; Sode et al., 2008; Stauber et al., 2006;
Tabor, 2004).

This study is the first to show the effect of micro-CT voxel size

using a whole-bone mapping approach to analyze trabecular bone

morphology. Although this study only included a single specimen, and
was not extended to other anatomical sites, we recommend using
high-resolution if possible. To speed up trabecular analysis, down-
sampled images rather than low-resolution scans could be used for
certain trabecular parameters. This is especially important if DA and
Tbh.Th are quantified. Our results suggest that trabecular structure
may be more precisely measured by quantifying most trabecular
parameters up to voxel size of 90 um (excluding Th.Th). Moreover,
BV/TV, Tb.Sp, and Th.N are more robust and can be quantified at
even larger voxel sizes with a greater degree of certainty than the
other parameters, which are more sensitive to voxel size changes.
Though it was beyond the scope of this study, there are addi-
tional factors, such as segmentation method and/or the use of multi-
ple micro-CT scanners for sample acquisition that have the potential
to impact quantification of trabecular architecture and may warrant
future investigation. It is also possible that the effect of voxel size on
trabecular bone is different for regions with higher or lower trabecular
BV/TV fraction. Thus, including trabecular bone from taxa that differ
in mean BV/TV, as well as BV/TV range, is an important future direc-
tion. For example, large primates, such as Gorilla, tend to have robust
trabecular bone network to support their larger body mass. In con-

trast, small primates generally exhibit relatively less trabecular bone
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structures compared to larger primates as their smaller body size

results in lower mechanical loads on their bones, reducing the need
for extensive trabecular bone networks (Ryan & Shaw, 2013; Saparin
et al., 2011). Based on our results, it might be expected that relatively
less trabecular bone structure would be more sensitive to the
resolution changes. This could potentially lead to less sensitivity to
the resolution changes in BV/TV and potentially other parameters as
micro-CT scanning is generally more effective at detecting more grac-
ile structures compared to less gracile structures (e.g., Pyka
et al.,, 2014; Vasarhelyi et al., 2020). Overall, this diversity in sample
selection would help address potential sensitivity to resolution
changes, particularly in smaller/less more gracile structures, which
may lead to a reduction in trabecular network visibility and subse-

quently affect measured trabecular parameters.
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