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Abstract

High-resolution peripheral quantitative computed tomography (HR-pQCT) devices can
scan extremities at bone microstructural level in vivo and are used mainly in research of
bone diseases. Two HR-pQCT scanners are commercially available to date: XtremeCT
(first generation) and XtremeCT-Il (second generation) from Scanco Medical AG
(Switzerland). Recently, we have proposed an adaptive local thresholding (AT)
technique and showed that it can improve quantification accuracy of bone
microstructural parameters, with visually less sharp cone-beam CT (CBCT) images
providing a similar accuracy than XtremeCT. The aim of this study was to evaluate
whether the AT segmentation technique could enhance the accuracy of HR-pQCT in
guantifying bone microstructural images and to assess whether the agreement between

XtremeCT and XtremeCT-II could be improved.

Nineteen radii were scanned with three scanners from Scanco Medical AG: (1)
XtremeCT at 82 um, (2) XtremeCT-Il at 60.7 um and (3) the small animal microCT
scanner VivaCT40 at 19 um voxel size. The scans were segmented applying two
different methods, once following the manufacturer guidelines with use of filtering
standard technique (FFST), and once by means of AT. Three-dimensional (3D)
morphological analysis was performed on the trabecular volume of the segmented
images using the manufacturer's standard software to calculate bone volume fraction

(BVITV), trabecular thickness (Tbh.Th), separation (Th.Sp) and number (Tb.N).
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The average accuracy of XtremeCT improved from R? = 0.76 (F¥ST) to 0.85 (AT) and
reached the same level of accuracy as XtremeCT-Il with FFST (R? = 0.86). The largest
improvements were obtained for BV/TV and Tb.Th. For XtremeCT-Il, mean accuracy

improved slightly from R? = 0.86 (FFST) to 0.89 (AT). For both segmentations and both

scanners, the standard section was guantified slightly more accurate than the

subchondral section. The agreement between the scanners was enhanced from R? =

0.89 (FTST) to 0.98 (AT).

In conclusion, AT can enhance the accuracy of XtremeCT to quantify distal radius bone
microstructural parameters close to XtremeCT-Il level and increases the agreement

between the two HR-pQCT scanners.
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1 Introduction

Imaging of bones and joints is an essential part of the investigation of diseases that
affect bone structure, such as osteoporosis and osteoarthritis [1,2]. High-resolution
peripheral computed tomography (HR-pQCT) is considered the best technique to scan
bone at high-resolution in vivo [3]. Currently, two HR-pQCT scanners are commercially
available. The first-generation HR-pQCT scanner, XtremeCT (Scanco Medical AG,
Bruttisellen, Switzerland), is able to acquire in vivo images at 82 um voxel size
(resolution < 130 um). The second generation HR-pQCT scanner, XtremeCT-Il
(Scanco), enables scanning at 60.7 um voxel size (resolution < 90 um) in vivo [4] and
provides accurate, direct assessment of bone volume fraction on the segmented images
and evaluation of trabecular microstructure via distance transform [5—7]. In contrast, the
resolution of XtremeCT is considered to be at the limit for directly quantifying bone
microstructure. Therefore, an indirect evaluation approach is applied, where trabecular
bone mineral density (BMD) is taken to predict bone volume fraction, ridge extraction is
applied to measure trabecular number (Tb.N), and a plate model is used to estimate
other trabecular measures [3,8—10]. Direct measures of bone microstructural
parameters are advantageous because they do not rely on the plate assumption and
provide results independent of trabecular BMD. Due to the indirect quantification
technique, the accuracy of the XtremeCT is lower than XtremeCT-Il, especially for
trabecular thickness (Tbh.Th) [5], and there is no good correlation between the scanners

for this parameter [11].
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Image segmentation is an essential part of the process of microstructural

measurements. The standard evaluation protocols of HR-pQCT devices are referred to

here as include-filtering-standard techniques (FFST). For XtremeCT-II, a classic
amplitude segmentation utilizing a global threshold is combined with a prior Gaussian
filter having a small kernel to decrease noise. As the resolution of XtremeCT is close to
the trabecular thickness, more advanced segmentation techniques are needed to
compensate for the partial volume effect [12] and therefore an edge-enhancing Laplace-

Hamming filtering is applied prior to a global thresholding.

In a previous study, we proposed an adaptive local thresholding segmentation
technique (AT) [13,14] for cone-beam computed tomography (CBCT) [15]. The current
state of the art CBCT scanners have a lower resolution (voxel size of 75 um and
resolution of < 278 um for NewTom 5G, Cefla, Italy) than HR-pQCT and the images
appear visually less sharp. Nevertheless, by applying AT on CBCT data, the reported
accuracy of quantifying bone microstructural parameters was similar to XTremeCT, with
the standard analysis techniques being used for the latter [16]. Similar results were
observed in another study on human trapezia where higher accuracy was obtained for
CBCT with AT compared to the standard Laplace-Hamming edge detecting
segmentation technique used for XtremeCT [14]. Based on these encouraging results
on CBCT images, we hypothesized that the AT technique could enhance the accuracy

of HR-pQCT in quantifying trabecular microarchitecture.
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Therefore, the aims of this study were (1) to investigate whether AT improves the
accuracy of XtremeCT and XtremeCT-Il compared with the scanner-specific standard
FFST segmentation techniques for quantification of trabecular bone microstructural
parameters in human distal radii ex vivo, considering the results of a microCT scanner
as ground truth, and (2) to assess whether the agreement between XtremeCT and
XtremeCT-Il improves when using AT instead of the standard=FST, which is of interest

for multicentreie studies.

2 Materials & methods

2.1 Sample collection and scanning

The AT technique was applied on 9 mm long sections of the human distal radius, which
is the most often investigated anatomical site with HR-pQCT [4]. The sample set and
scanning technique were described in previous work [13,16]. In short, nineteen fresh-
frozen human radii (14 females and 5 males; 8 left and 11 right) with donor age ranging
from 25 to 93 years (67.9 = 16.2 years; mean * standard deviation (SD)) were obtained
from Science Care (Phoenix, AZ, USA) with appropriate informed consent of the
donors. The distal parts of the radii were scanned with three different scanners: (1)
XtremeCT, at a voxel size of 82 um, (2) XtremeCT-Il, at a voxel size of 60.7 um and (3)
a small-animal microCT scanner (VivaCT40, Scanco Medical AG, Switzerland) at a
voxel size of 19 um (Fig. 1). MicroCT was used as the gold standard in all further
analyses. Embedding of the shaft region and custom adapters allowed reproducible and

centralized sample positioning in the different scanners. Two 9 mm section were



tlQ imaged and evaluated for each bone (Fig. 2). The first section, termed ‘subchondral
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20 section’ throughout this work, was located adjacent to the most proximal point of the
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9121  subchondral endplate and aligned perpendicular to the longitudinal axis line of the scan.
12 122 The second section, termed ‘standard section’, started directly distal to the subchondral

14 123  section and mimicked the measurement area recommended for clinical scanning

17 124 [10,16]. The subchondral region, which is in general harder to quantify accurately, has

19 125 been shown to be more representative for actual bone strength than the standard region

21126 [17,18]. This study focused on the trabecular bone regions of both sections.

g? 128 2.2 Image segmentation

29 129 Al HR-pQCT images were segmented with two different techniques (Fig. 1). First, the
g; 130 manufacturer's software (IPL, Scanco Medical AG, Briittisellen, Switzerland) was used
34 F,l to apply the FFST technique according to the standard protocols of XtremeCT and

132 XtremeCT-ll, respectively. Second, AT was used for the segmentation via an in-house

39 133 developed software implemented in C++.

45135 The AT implementation was a simplified version of the original algorithm developed for

48 136  CBCT images [13] where two segmentations were performed in parallel and combined
49
gg 137  afterwards. As originally the first segmentation — applying a local adaptive threshold to

gg 138 obtain an accurate detailed trabecular structure — tended to be inaccurate for thick

54

55139 structures such as the cortical bone, a second segmentation used a high global
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evaluated in the current study, the second segmentation was not necessary, and the
used AT technique in this study only applied a global pre-segmentation with a low
threshold value and a subsequent local adaptive thresholding within a spherical region
having a diameter of 6 voxels. The local adapted threshold was set as the mean of
minimum and maximum values in the actual region. As no HR-pQCT-specific
parameters were available for AT, in analogy with our previous study on CBCT [16], the

value of the low global threshold was optimized in steps of 5 mg HA/ccm to maximize

the accuracy (R?) of the results of all parameters and separately for Tb.Th. No

optimalisation was done to minimize the bias or the offset. To avoid over-fitting of the

parameters, the stability of the optimisation was tested over multiple random

subsamples. This test showed that the chosen parameters were reasonable and stable

over those subsamples (data not shown). The microCT images were segmented

according to the manufacturer's standard-=FST protocol using Gaussian filtering

followed by global thresholding.

The trabecular bone compartment of the distal radius was identified automatically on the

microCT images utilizing an extended method based on the approach originally

proposed by Buie et al. [19], as described elsewhere [13]. The same VOI was selected

on the HR-pQCT images by reqistering them to the microCT-images in Amira (v6.2,
Thermo Fisher Scientific, USA). To avoid loss of resolution of the grayscale images due
to resampling, the mask of the VOI determined on the microCT images was rotated by
the inverse transformation and applied on the HR-pQCT images.
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2.3 Calculation trabecular bone microstructural parameters

For the FFST-based analysis, the microstructural parameters were calculated for all
three scanners in the trabecular volume of interest (VOI) according to the manufacturer
standard protocols using the IPL software (Scanco Medical AG, Bruttisellen,
Switzerland). Accordingly, indirect quantification was used for XTremeCT and direct
guantification was applied for both XTremeCT-1l and microCT. For AT, direct
guantification procedure of the XTremeCT-Il was used for both HR-pQCT scanners.

The evaluated parameters included bone volume fraction (BV/TV), Tb.Th, trabecular

separation (Tb.Sp) and Th.N.

2.4 Statistics

Statistical analyses were performed in Matlab R2017b (The Mathworks, USA) and R

v4.0.2 (R Foundation for Statistical Computing, Austria). Quantification accuracy was
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evaluated for each microstructural parameter by performing linear regression analyses
of XtremeCT and XtremeCT-Il against microCT; the relative offset and the coefficient of
determination (R?) were calculated. Offset was calculated as the average difference

compared to the microCT-based value. Statistical significance was evaluated at 5 and

10 % level between the dependent correlations with Williams's and Steiger's twotailed

test [20]. Normality of the distribution was checked with the one-sample Kolmogorov-

Smirnov test.

3 Results

3.1 Optimization of the AT threshold

The optimal value of the low global threshold of AT for XtremeCT was found to be 280

mg HA/ccm for Th.Th and 190 mg HA/ccm for BV/TV, Th.Sp and Th.N. For XtremeCT-

Il, the optimal AT threshold was closely the same for all bone parameters and was

therefore fixed to 240 mg HA/ccm.

3-13.2 XtremeCT

The AT-segmented images provided better quantification accuracy (R?) for all
microstructural parameters compared to the standard=FST and improved the results of
XtremeCT approaching the level of XTremeCT-Il. The mean R? of XtremeCT increased
from 0.76 (FF¥ST) to 0.85 (AT); mean R? of XTremeCT-Il FFST was = 0.86 (Fig. 32,

Table 1).

10
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This improvement was mainly due to an increased accuracy for BV/TV and Tbh.Th.

Tb.Sp and Th.N were in general similar for both segmentations (difference in R? <

0.04). The only advantage of FF¥ST was observed for Th.Sp. Both segmentation

technigues were able to guantify the standard section slightly better than the

subchondral section (Table 1).

3.23.3 XtremeCT-l|
The standard FFST technique was able to quantify bone parameters in XTremeCT-II
with high accuracy (mean R? = 0.86). AT provided slightly improved results (mean R?

0.89, Fig. 34, Table 1). For the subchondral section Th.Sp, a significant improvement

was observed with AT. The standard section was in general quantified slightly more

accurately compared to the subchondral section for both segmentations also for this

scanner.

3.33.4 Agreement between XtremeCT and XtremeCT-ll

The agreement between the bone microstructure parameters of both scanners
increased by using AT (mean R? = 0.98) instead of FFST (mean R? = 0.89, Fig. 45,

Table 2). This was mainly due to the-the significantly improved quantification of Th.Th.

11
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4 Discussion

This study demonstrated that the accuracy of HR-pQCT for quantification of bone
microstructural parameters could be enhanced when using an adaptive segmentation
technique. These improvements were achieved without altering the hardware or

scanning protocols of the scanners.

With this modified segmentation technique, it was possible to enhance the accuracy of
the XtremeCT for microstructural evaluation in the distal radius from a mean R? of 0.76
(FFST) to 0.85 (AT). Considering that the mean R? for XtremeCT-Il with FFST was 0.86,
this implies that the modified segmentation is able to enhance the accuracy of
XtremeCT closely to the level of XtremeCT-Il. In more detail, AT improved the accuracy
of BV/TV and Th.Th. The two other parameters, namely Tb.Sp and Th.N did not
improve for XtremeCT, which is not surprising, as FFST already provided an accuracy
similar to that of XtremeCT-Il (R? is 0.04 smaller at most). At the same time, by using

the AT segmentation technique, it became possible to evaluate the bone microstructural

12
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parameters based on XtremeCT images using the direct method, which has as

advantage of being independent of trabecular BMD [5].

For XtremeCT-Il, the accuracy obtained for the bone microstructural parameters with
the standard FFST segmentation was already high (average R? = 0.89 and 0.83 for the
standard and subchondral section, respectively). Compared to FFST, AT provided a
slight increase in the correlations to 0.91 and 0.87, respectively. Here, the main

improvement was obtained for the parameters Th.Th and Th.Sp.

To be able to compare results in multicentreie studies between sites having different
HR-pQCT generations, it is important to ensure agreement between different scanners.
Manske et al. demonstrated that XtremeCT and XtremeCT-Il scanners provided highly
comparable results for bone microstructural parameters except Th.Th (R? = 0.51) [11].
Their findings are well in line with the similar results obtained for the standard FFST
segmentation in the current study. However, when AT was used, the overall agreement
between the two scanners increased from R? = 0.91 to 0.98 and from 0.87 to 0.98 for
the subchondral and standard sections, respectively. The largest improvement was

achieved for Th.Th, with a correlation coefficient becoming significant higher, 0.95 and

0.93 with AT instead of 0.62 and 0.74 with FFST for the subchondral and standard

sections, respectively.

13
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The improvement of AT for XtremeCT-Il was apparently small. However, the main
advantage is not the marginal enhancement when using the second generation HR-
pQCT scanner with the high-resolution setting, but rather the possibility of delivering
almost similarly accurate bone microstructural parameters based on a lower resolution

image, allowing to decrease scanning time and radiation dosage-and-seanning-time,

e.g. using the XTremeCT protocol of the XTremeCT-Il scanner. The latter is particularly

interesting to alleviate motion artefacts and improve clinical studies where the current

scanning time renders the clinical acquisition of large regions challenging.

Indeed, XtremeCT-Il delivered sharp images and high accuracy for bone morphology
and therefore the lack of substantial enhancement is not a surprising outcome.
However, a larger improvement may be obtained for other anatomical locations such as
the knee joint, scanning and segmentation of which are more challenging due to both
larger scattering from larger dimensions and stronger partial volume effects because of
thinner trabeculae. We hypothesize that for these body parts the benefits of using AT

would be more pronounced for XtremeCT-Il images as well.

It is important to note that both XTremeCT and XTremeCT-Il have a bias and an offset

and that values should be corrected to get realistic absolute values. Those bias and

offset will however also depend on the used gold standard [21]. Understanding the

slope and bias is relatively complex because these depend on multiple factors. For

Th.Sp, we observed a very high slope for the standard section (> 1.41) for both

14
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segmentations. This is because bones with high Th.Sp tend to have small trabeculae

which are not detected by HR-pOQCT with either segmentation techniques. For Th.Th the

adaptive thresholding has a low slope. The reason behind this is probably that small

trabeculae are more heavily overestimated than thicker trabeculae. ST had a slope

closer to 1, but the offset was higher for XTremeCT-Il and the correlation was lower.

It is important to note that this study focused only on enhancing the segmentation
technique, hence the creation of the gray-value images was not adapted; these were
inherently sharper for XtremeCT-Il compared to XtremeCT. In a previous study on
CBCT images, we have demonstrated that other factors including treatment of the raw
projection data, reconstruction and beam hardening correction influence the accuracy
significantly. However, investigation of these aspects was out of the scope of the

present study.

Burghardt et al. have proposed an adaptive thresholding technique [22], which however

is different from AT proposed in this study. They reported high correlations for all

segmentations approaches and analysis techniques which was probably due to the

chosen samples, i.e., bone cores from the proximal femur and their results therefore

cannot be directly compared with ours. The main drawback of the segmentation

technique of Burghardt et al. is that it is relatively complicated, and a lot of parameters

should be tuned, which is not the case for our proposed adaptive thresholding technigue

relying on two parameters.

15
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Limitations of this study include the modest sample size that may not allow

generalization of the findings for a larger population. In this study is assumed that the

bias and slope are constant and hence, R? can be used as accuracy measurement.

Larger datasets are needed to confirm this assumption. The thresholds in AT were

optimized for the distal radius sections; however, this is also the case for the current
standardFFST segmentation of the HR-pQCT scanners. Future studies should
investigate the optimal settings for larger sample sets and other anatomical locations.
The analyses in this study were limited to trabecular parameters only. Finally, the bones
were scanned ex vivo and hence the influence of motion artefacts and other detrimental

effects arising from surrounding bones and other materials were not considered.

5 Conclusion

The adaptive local thresholding technique can enhance the accuracy of XtremeCT to

guantify trabecular bone microstructural parameters close to the XtremeCT-Il level for
distal radius sections ex vivo. It increases the agreement between the two HR-pQCT

scanners, which is important for direct comparison of data collected in multicentreie

studies. For both segmentations and both scanners, the standard section was quantified

slightly more compared to the subchondral section.
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7 Figures

Figure 1: Overview of the methodology in the current study. First, the radii were
scanned with the microCT scanner VivaCT40 (Scanco Medical AG, Switzerland) and
with both HR-pQCT scanners (XtremeCT and XtremeCT-Il, Scanco Medical AG,
Switzerland). All scans were reconstructed with the manufacturer's software. The
microCT images were segmented as advised by the manufacturer. The HR-pQCT
images were segmented twice; once with_the filterinrg-standard technique (FFST)
applying standard segmentation provided by the manufacturer, and once with adaptive

local thresholding technique (AT).

Figure 2: Scatter plots and Bland Altman plots between MicroCT and XtremeCT for the

standard region for (a) bone volume fraction (BV/TV), (b) trabecular thickness (Tb.Th),

(c) trabecular separation (Th.Sp) and (d) trabecular number (Tb.N). The XtremeCT
images were segmented twice: once with the standard software recommended by the
manufacturer, referred to as FFST, and once with the proposed segmentation technique
in this study — adaptive local thresholding — referred to as AT. The solid line on the

scatter plot indicates a perfect match with y=x.

Figure 3: Scatter plots and Bland Altman plots between MicroCT and XtremeCT-II for

the standard region for (a) bone volume fraction (BV/TV), (b) trabecular thickness

(Tb.Th), (c) trabecular separation (Th.Sp) and (d) trabecular number (Tb.N). The

XtremeCT-Il images were segmented twice: once with the standard software
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recommended by the manufacturer, referred to as FFST, and once with the proposed
segmentation technique in this study — adaptive local thresholding — referred to as AT.

The solid line on the scatter plot indicates a perfect match with y=x.

Figure 4: Scatter plots and Bland Altman plots between XtremeCT-Il and XtremeCT for
(a) bone volume fraction (BV/TV), (b) trabecular thickness (Tb.Th), (c) trabecular
separation (Tb.Sp) and (d) trabecular number (Tb.N). The HR-pQCT images were
segmented twice: once with the standard software recommended by the manufacturer,
referred to as FFST, and once with the proposed segmentation technique in this study —
adaptive local thresholding — referred to as AT. The solid line on the scatter plot

indicates a perfect match with y=x.

8 Tables
Table 1: Relative 0Offset, bias, slope and coefficient of determination (R?) of the linear

regression analyses shown for XtremeCT and XtremeCT-Il with respect to microCT.

The offset was calculated as the average difference compared to the microCT-based

value. The offsetis-expressed-as-percentage of the- mean-microCT value-Two

segmentations techniques were used for both XtremeCT and XtremeCT-II: the standard

software recommended by the manufacturer — referred to as FFST — and the proposed
segmentation technique in this study — adaptive local thresholding — referred to as AT.

** Significant at 5%. * Significant at 10%
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Table 2: Agreement between XtremeCT and XtremeCT-II for the standardfittering

technique (FFST) applying standard segmentation as advised by the manufacturer, and

for the segmentation technique proposed in this study using adaptive local thresholding

(AT).** Significant at 5%. * Significant at 10%
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Table 1 Click here to access/download;Table(s);Table1.pdf =

ST AT
Rel offset Bias Slope R? Rel offset Bias Slope R?
BV/TV -27.75 -1.65 0.83 0.88 17.92 -2.18  1.32 0.93
Tb.Th -43.12 -0.05 0.94 0.45** | 56.72 0.12 0.73 0.86**
Subchrondal Tb.Sp -6.30 -0.16  1.17 0.82 7.22 -0.03 1.12 0.78
Tb.N -4.44 0.04 0.93 0.75 -6.13 0.12 0.85 0.75
Average -20.40 0.73 18.93 0.83
BV/TV -20.74 -0.45 0.83 0.86 12.67 -0.64 1.18 0.94
Tb.Th -43.02 -0.08 1.14 0.58* | 54.29 0.12 0.73 0.81%*
Standard Tb.Sp -0.25 -0.40 1.50 0.88 -2.57 -0.23 141 0.86
Tb.N -7.43 -0.13  1.03 0.86 -10.19 0.00 0.90 0.84
Average -17.86 13.55 0.86

Rel offset Bias Slope R? Rel offset Bias Slope R?
BV/TV 7.85 -5.84 1.46 0.96 4.79 -1.52  1.15 0.97
Tb.Th 44.59 0.04 1.15 0.84 26.06 0.09 0.62 0.89
Subchrondal Tb.Sp 15.90 -0.07 1.26 0.75** | 8.13 -0.07  1.18 0.84**
Tb.N -14.45 0.07 081 0.75 -8.13 0.09 0.85 0.78
Average 13.47 0.83 7.71 0.87
BV/TV 9.47 -1.84 1.25 0.94 4.60 -0.05 1.05 0.97
Tb.Th 42.36 0.04 1.12 0.85 25.71 0.10 0.54 0.89
Standard Tb.Sp 18.47 -0.31  1.58 0.88 17.65 -0.30 1.50 0.89
Tb.N -15.81 -0.06  0.90 0.88 -11.11 -0.06 0.94 0.87
Average 13.62 0.89 9.21 0.91

Table 1
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Table 2

Click here to access/download;Table(s);Table2.pdf *

ST AT
BV/TV 0.92%%  0.99%
Tb.Th 0.62*%*  0.95%*
Subchondral Tb.Sp 0.97%F  0.99%*
Tb.N 0.98*  0.99*
Average 0.87 0.98
BV/TV 0.93**  0.99**
Tb.Th 0.74**  0.93%*
Standard Tb.Sp 0.99%*  1.00**
Tb.N 0.99 0.99
Average 0.91 0.98
Average all | 0.89 0.98

Table 2
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Scanning radius
and reconstruction

VivaCT 40, Scanco XTremeCT-II, Scanco XTremeCT, Scanco
microCT HR-pQCT HR-pQCT

Segmentation
Standard segmentation Standard segmentation
XTremeCT-II and vivaCT Adaptive local thresholding XTremeCT-I
Gaussian filtering & Low global threshold & Laplace-Hamming filtering &
global thresholding for all segmented voxels global thresholding

1. local thresholding in a globe
2. voxel is kept if grayvalue > mean

VivaCT 40 ST XTremeCT-II ST XTremeCT-I1I AT XTremeCT AT XTremeCT ST
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