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A B S T R A C T   

Identification of bone erosions and quantification of erosion volume is important for rheumatoid arthritis 
diagnosis, and can add important information to evaluate disease progression and treatment effects. High- 
resolution peripheral quantitative computed tomography (HR-pQCT) is well suited for this purpose, however 
analysis methods are not widely available. The purpose of this study was to develop an open-source software tool 
for the identification and quantification of bone erosions using images acquired by HR-pQCT. The collection of 
modules, Bone Analysis Modules (BAM) – Erosion, implements previously published erosion analysis techniques 
as modules in 3D Slicer, an open-source image processing and visualization tool. BAM includes a module to 
automatically identify cortical interruptions, from which erosions are manually selected, and a hybrid module 
that combines morphological and level set operations to quantify the volume of bone erosions. HR-pQCT images 
of the second and third metacarpophalangeal (MCP) joints were acquired in patients with RA (XtremeCT, n = 14, 
XtremeCTII, n = 22). The number of cortical interruptions detected by BAM-Erosion agreed strongly with the 
previously published cortical interruption detection algorithm for both XtremeCT (r2 = 0.85) and XtremeCTII (r2 

= 0.87). Erosion volume assessment by BAM-Erosion agreed strongly (r2 = 0.95) with the Medical Image 
Analysis Framework. BAM-Erosion provides an open-source erosion analysis tool that produces comparable re-
sults to previously published algorithms, with improved options for visualization. The strength of the tool is that 
it implements multiple image processing algorithms for erosion analysis on a single, widely available, open- 
source platform that can accommodate future updates.   

1. Introduction 

Rheumatoid arthritis (RA) patients can develop irreversible 

structural joint damage, including bone erosions, as a result of inflam-
matory processes [1]. Erosions are characterized by an interruption in 
the cortical bone (i.e., discontinuities in the cortical bone that extend 
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from the periosteum to the marrow) accompanied by underlying 
trabecular bone loss [1,2], and are associated with disease severity as 
well as declines in physical function [3,4]. In clinical practice, erosions 
are assessed with conventional radiographs or ultrasound. For research 
and clinical trials, magnetic resonance imaging (MRI) and computed 
tomography (CT) have improved the sensitivity to detect smaller ero-
sions; however the most sensitive modality to detect and monitor lon-
gitudinal change of erosion is high-resolution peripheral quantitative 
computed tomography (HR-pQCT) [5–9]. 

Erosions are a subset of cortical interruptions. Cortical interruptions, 
defined as a break in cortical bone with underlying trabecular bone loss, 
are a frequent observation with high resolution imaging [9]. They are 
present in greater quantities [10] and more frequently show significant 
changes in volume [11] in RA patients than in healthy controls. Not all 
cortical interruptions, are considered pathological interruptions (i.e., 
erosions). Some cortical interruptions represent physiological vascular 
channels [12] and are presumed to be linear in shape to differentiate 
them from erosions [13]. These vascular channels are hypothesized to 
allow for osteoclastic-mediated joint destruction and the later appear-
ance of erosions [14–16]. Erosions are more specific for RA patients than 
cortical interruptions, but they also constitute a feature of age-related 
structural change in healthy participants [17]. Therefore, a clinical de-
cision is still required to determine whether an erosion is related to RA. 

Recently several software tools have been developed for the identi-
fication and quantification of cortical erosions and cortical interruption. 
Peters et al. designed a precise algorithm to automatically detect cortical 
interruptions (CIDA) with underlying trabecular bone loss [18,19]. The 
algorithm is currently implemented in the proprietary Image Processing 
Language (IPL), commercially available through the HR-pQCT scanner 
manufacturer (Scanco Medical AG). In this software environment, it is 
challenging to visualize interruptions in all three planes, and therefore 

assess which interruptions correspond to true pathologic erosions. 
Another approach is pursued by MIAF (Medical Image Analysis 

Framework), whereby an operator places a seed point where they 
identify an erosion. Then an automated 3D segmentation is used to 
determine shape and volume of the erosion. If necessary an operator can 
correct the segmentation [20,21]. MIAF replaces an earlier manual 
approach to estimate erosion volume as a half-ellipsoid based on the 
maximum width and depth [7,13,22,23]. While CIDA and MIAF are 
proprietary, access to MIAF is further limited as it is neither in the public 
domain or commercially available. 

To overcome limitations in accessibility, we developed an open- 
source tool, Bone Analysis Module (BAM) – Erosion. Using Python and 
several of its image processing libraries as a language, we translated the 
CIDA and MIAF algorithms and integrated them as a module in 3D Slicer 
[24], a customizable image computing platform. Our new module 
currently performs the following functions using HR-pQCT images: 1) to 
identify cortical interruptions and underlying trabecular bone loss based 
on Peters et al.'s automatic method [18,19], 2) to quantify erosion vol-
ume in erosions identified by an operator by a hybrid technique 
involving morphological and level set operations, similar to the MIAF 
method, and 3) image registration to track longitudinal changes in 
erosion volume. In this study we quantified the agreement of BAM – 
Erosion with CIDA for assessment of the number and size of cortical 
interruptions, and MIAF for assessment of erosion volume. 

2. Methods 

2.1. Study design 

Image data were obtained from single time points of previously 
published longitudinal studies which were approved by the Conjoint 

Fig. 1. Representation of the steps implemented by the erosion segmentation algorithm to mimic semi-automated erosion analysis performed with MIAF.  
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Health Research Ethics Board at the University of Calgary (REB15-0582 
and REB 13-0743) [5,25]. All participants provided written informed 
consent prior to participation. For comparison of the cortical interrup-
tion detection algorithms, scans of the metacarpophalangeal (MCP) 
joints by first generation HR-pQCT (XtremeCT, Scanco Medical, Brütti-
sellen, Switzerland) were selected from a study of patients (n = 14) who 
had experienced inflammatory arthritis symptoms for less than one year 
[13]. 

To evaluate the performance of the cortical interruption detection 
algorithm with second generation HR-pQCT (XtremeCT II, Scanco 
Medical) as well as erosion volume analysis, MCP scans from 22 par-
ticipants were selected from a study of RA patients who had inadequate 
response to previous treatments and were undergoing new biologic 
disease-modifying antirheumatic drug therapies [14]. Of these 22, 17 
with confirmed erosions were utilized for a comparison of erosion vol-
ume quantification algorithms [14]. For the erosion volume analysis, 
erosions were identified according to the Study grouP for xtrEme 
Computed Tomography in RA (SPECTRA) definition: a cortical inter-
ruption that spans at least two consecutive slices, in at least two 
orthogonal planes with underlying trabecular bone loss, and is non- 
linear in shape [13]. Erosion volume quantification was conducted by 
the same operator (SCB) for both BAM-Erosion and MIAF. 

2.2. HR-pQCT image acquisition 

Briefly, in both datasets, HR-pQCT scans of the 2nd and 3rd MCP 
joints of the participant's dominant hand were acquired, as per the 
SPECTRA measurement protocol [2]. Standard image acquisition pa-
rameters were used to acquire 3 image stacks: a 27.0 mm long region for 
XtremeCT (XCT, 59.4 kVp, 900 mA, 100 ms integration time, 82.0 μm 
nominal isotropic resolution) or a 30.6 mm long region on XtremeCTII 
(XCTII, 68 kVp, 1470 mA, 43 ms integration time, 60.7 μm nominal 
isotropic resolution). All scans were evaluated for motion using the 

manufacturer's standard scoring system from 1 to 5, scans with a stack 
that included a score > 3 were excluded [26]. For this analysis, scans 
were additionally excluded where cortical interruptions were mis- 
identified because of a stack shift artifact. 

2.3. HR-pQCT image pre-processing 

Image preprocessing was performed for CIDA and BAM-Erosion, in 
which extraction of the 2nd or 3rd MCP joint was conducted using Image 
Processing Language (IPL v5.42). Bone masks were generated by iden-
tifying the outer, periosteal surface of the 2nd and 3rd metacarpal and 
phalangeal bones using an automated method [27,28]. 

2.4. Bone analysis module — erosion 

The new open-source analysis package, self-titled Bone Analysis 
Module – Erosion (BAM-Erosion) was written in Python (v. 3.6.7) using 
VTK (v. 9.0.1), ITK (v. 5.2.1), SimpleITK (v. 2.0.2), and installed as a 
module in 3D Slicer (v. 4.11.20210226) [24,29–31]. The package is 
publicly available [dataset](Zenodo: 10.5281/zenodo.6841889) [32] 
and updates can be downloaded at: https://github.com/ManskeLab/Bo 
ne_Analysis_Modules. A file converter module is included to convert all 
native Scanco images and masks forms (AIMs and ISQs) to formats 
support by 3D Slicer, including MetaImage (MHA) and Neuroimaging 
Informatics Technology Initiative (NIfTI). For the purposes of these 
analyses, we converted the images to MHA. The BAM module was tested 
on multiple operating systems (Mac, Windows, and Linux) to ensure 
compatibility. 

2.5. Automated cortical interruption detection and underlying trabecular 
bone loss 

The image processing pipeline was the same for CIDA and BAM. In 
order to use the same size of the structuring elements of morphological 
operators, the number of voxels of the elements was adjusted for scanner 
generation. Briefly, IPL-generated periosteal bone masks were applied. 
For XCT images, the mineralized bone was extracted using the manu-
facturer's standard evaluation protocol, which uses a Laplace-Hamming 
filter (laplace epsilon 0.5, cut off frequency 0.4, threshold 400). For 
XCTII images, the mineralized bone was segmented following standard 
gaussian filter (σ = 0.8) and thresholding (686 HU). The endosteal 
surface was defined as the surface with a constant distance of 0.3 mm (4 
voxels in XCT, and 5 voxels XCTII) from the periosteal surface. BAM 
identifies cortical interruptions of at least 0.4 mm in diameter (5 voxels 
in XCT, and 7 voxels in XCTII) that are connected to both the periosteal 
and endosteal surfaces. For images of different spatial resolution, BAM- 
Erosion allows for adjustment of the parameter settings for distance 
between periosteal and endosteal surfaces and minimum diameter of 
cortical interruptions. 

To determine the underlying trabecular bone loss at each cortical 
interruption (i.e., the cortical interruption volume, which may include 
vascular channels), the voids in the bone are first labeled as separate 
objects. Each void is eroded by a user specified distance (0.4 mm) to 
remove connectivity with the inner trabecular bone. Afterwards, the 
voids are matched to the corresponding cortical interruptions using a 
connectivity filter, then restored to their original size through dilation. 
This procedure identifies the subset of cortical interruptions and elimi-
nates those that are not accompanied by underlying trabecular bone 
loss. 

The number of cortical interruptions in each joint from the first 
dataset was determined by both the BAM-Erosion and CIDA. We addi-
tionally compared the volume of underlying trabecular bone loss for 
interruptions that were similarly identified by both algorithms. For the 
purposes of comparison in this study, all input parameters were held 
constant for both methods. 

Table 1 
The number of cortical interruptions and interruption volume observed using 
CIDA and BAM-Erosion on first (XCT) and second (XCTII) generation HR-pQCT 
scanners. The sample size (n) indicates the number of bones included for each 
scanner.   

XCT XCTII 

CIDA BAM- 
erosion 

CIDA BAM- 
erosion 

Cortical Interruptions 
(median, IQR, count) 

3 (2–5) 3 (1.75–5) 4 (2–6) 3 (2–5) 

Interruption volume (mean, 
SD, mm3) 

2.08 
(3.31) 

2.01 
(2.84) 

1.68 
(2.83) 

1.70 
(3.17) 

Demographics 
Male:female (n, %) 5:9 (36 %: 64 %) 5:17 (23 %:77 %) 
Age (mean, SD, years) 48 (14) 53 (13) 
Disease duration (mean, SD, 

years) 
3.1 (5.0) 11 (9) 

BMI (mean, SD, kg/m2) 25.4 (6.6) 26.4 (4.5 %) 
History of steroid exposure (n, 

%) 
7 (50 %) 19 (86 %) 

History of biologic DMARD 
exposure (n, %) 

3 (21 %) 22 (100 %)  

Radiographic status (vdHSS Erosion score [37]) 
2nd & 3rd MCP (median, 

range) 
0 (0–0) 0 (0–5) 

All joints (median, range) 0 (0− 13) 12 (0–191) 
n 48a (11 MC2, 13 MC3, 

12 P2, 12 P3) 
58a (11 MC2, 12 P2, 17 
MC3, 18P3)  

a For XCT, 7 bones were excluded due to motion artifact, 1 due to stack arti-
fact. For XCTII, 6 bones were excluded due to motion artifact, 24 due to stack 
artifact. BMI = body mass index, MC2 = 2nd metacarpal, MC3 = 3rd metacarpal, 
P2 = 2nd phalange, P3 = 3rd phalange, vdHSS = van der Heijde modified Sharp 
score [37]. 
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2.6. Semi-automated erosion volume quantification 

Erosions from 17 participants (corresponding to 39 bones), previ-
ously evaluated in MIAF, were selected for comparison against BAM- 
Erosion. Seed points were visually matched to confirm selection of the 
same erosions in both analyses. The same operator (SCB) manually 
corrected erosions in both software packages. Analyses and manual 
corrections with each package were conducted independently, approx-
imately 2 years apart. Erosion volume of these manually identified 
erosions was defined as the voxel count of the resulting segmentation 
multiplied by the voxel volume. 

BAM-Erosion uses a hybrid technique that combines morphological 
and level set operations to segment and quantify erosions. First, the 
periosteal surface is segmented (Fig. 1b) in a similar manner to MIAF 
(de-noise, threshold followed by morphological operations) [20]. This 
approach inherits the seed-based semi-automatic approach from MIAF; 

the operator places a seed point inside each erosion (Fig. 1c). 
In BAM-Erosion a number of image filters are applied sequentially to 

segment the erosions. In particular, a Gaussian filter with a user speci-
fied sigma value de-noises the image (Fig. 1d); a threshold filter selects 
the cortical interruptions and the trabecular voids within the periosteal 
surface (Fig. 1e); a distance transformation filter selects the segmented 
regions that are wider than a user-specified diameter (Fig. 1f); a con-
nectivity filter (Fig. 1h) is applied in between morphological erosion 
(Fig. 1g) and dilation (Fig. 1i) to remove undesired trabecular voids that 
are not connected to the seed points; and a level set region growing filter 
further expands the erosion segmentation (Fig. 1j) using the squared 
distance map of the erosion segmentation as the speed function. The 
additional morphological (remove connections between voids in 
trabecular bone) and connectivity filter (maintain only voids connected 
to the seed point) were added to prevent the voids from leaking too far 
into the trabecular bone, and to minimize the number of manual 

Fig. 2. Cortical interruption detection algorithm for XCT. (A) Regression plot comparing the number of cortical interruptions observed with the CIDA and BAM- 
Erosion implementations. Solid line indicates regression line, dashed blue line indicates the line of unity. (B) Bland-Altman plot comparing the differences be-
tween CIDA and BAM-Erosion implementations in the number of cortical interruptions for each joint. The mean difference is shown as a solid black line and 95 % 
limits of agreement are shown in dashed black lines. n = 48 bones from 14 RA participants for counts of cortical interruption. (C) Regression plot comparing cortical 
interruption volume between implementations. (D) Bland-Altman plot comparing in cortical interruption volume between implementations. n = 66 interruptions 
from 12 participants for cortical interruption volume. Where location of interruptions was not congruent between CIDA and BAM-Erosion, volumes were not 
compared. Thus, fewer participants and interruptions were included in the volume analysis. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

M. Zhao et al.                                                                                                                                                                                                                                   



Bone 165 (2022) 116571

5

corrections. BAM-Erosion uses 3D Slicer's built-in drawing tools, 
allowing for manual correction of the resulting segmentation. 

In MIAF, erosion segmentation applies a level set algorithm directly 
to the manually positioned seed point without the need to set any further 
parameters. If required, leakage of the erosion into the trabecular bone is 
prevented by morphological operations based on ultimate erosion and 
skeletonization by influence zones [20]. A variety of sophisticated 3D 
editing tools is available to the operator [33]. 

While not quantitatively evaluated here, BAM-Erosion includes a 
module for automated image registration. This module is an imple-
mentation of the registration method from SimpleITK. Similar to the 3D 
registration used in MIAF, the image registration ensures the original 
cortical surface, which is destroyed by the erosion, is as similar as 
possible in both images in order to accurately determine the change in 
erosion volume over time [34]. 

2.7. Statistical analysis 

For visual comparison, cortical interruptions and erosion masks 
output from each software implementation were overlaid in 3D Slicer. 
Data organization, analysis and visualization were completed in R (v. 
4.0.2) and R Studio (v. 1.3.1093). The number of cortical interruptions 
per joint and the volume of individual erosions were described as me-
dian (interquartile range [IQR]). Bland-Altman and correlations plots 
were used to describe agreement between methods. Root-mean square 
standard deviation (RMSSD) was calculated for comparison with pre-
viously reported precision errors [35]. Significance was set at an alpha 
level of 0.05. 

3. Results 

3.1. BAM-Erosion compared to CIDA: cortical interruptions 

The XCT dataset used for the analysis of cortical interruptions came 
from patients (mean age 48 (SD 14) years, 64 % female) who had a mean 
disease duration of 3.1 (SD 5.0) years (Table 1). The median number of 
cortical interruptions per bone was 3 (IQR 2-5) for CIDA and 3 (IQR 
1.75-5) for BAM-Erosion (Table 1). The number of cortical interruptions 

per joint was strongly correlated between the two implementations (r2 

= 0.85, p < 0.001, Fig. 2). 
Bland-Altman plots demonstrate good agreement between imple-

mentations. On average BAM- Erosion detected 0.72 fewer interruptions 
per bone than CIDA, with a 95 % limit of agreement of 3.1 interruptions; 
and a RMSSD of 1.34. An example of a cortical interruption is shown in 
Fig. 3. The mean underlying interruption volume was 2.08 (SD 3.31) 
mm3 for CIDA and 2.01 (SD 2.84) mm3 for BAM-Erosion. Again, results 
were strongly correlated between the two implementations (r2 = 0.96, p 
< 0.001). On average, interruption volumes measured by BAM-Erosion 
were 0.07 mm3 smaller than measured by CIDA with a 95 % limit of 
agreement of 1.47 mm3 and a RMSSD of 0.53 mm3 (Fig. 2). 

The XCTII dataset used for the same analysis came from 22 patients 
(mean age 53 (SD 13) years, 77 % female) who had a mean disease 
duration of 11 (SD 9) years (Table 1). The median number of cortical 
interruptions per bone was 4 (IQR 2 to 6) for CIDA and 3 (IQR 2 to 5) for 
BAM-Erosion (Table 1). The number of cortical interruptions was 
strongly correlated between the two implementations (r2 = 0.87, p <
0.001, Fig. 4). On average BAM-Erosion detected 0.91 fewer in-
terruptions per bone than CIDA, with a 95 % limit of agreement of 2.36 
and RMSSD of 1.06 interruptions/bone. The mean underlying inter-
ruption volume was 1.68 (SD 2.83) mm3 for CIDA and 1.70 SD (3.17) 
mm3 for BAM-Erosion. Again, they were highly correlated (r2 = 0.93, p 
< 0.001). On average, BAM-Erosion found interruption volumes 0.03 
mm3 larger than CIDA with a 95 % limit of agreement of 1.74 mm3. An 
example of the bone loss detected by CIDA and BAM-Erosion is shown in 
Fig. 5. 

An additional finding was that cortical interruption detection was 
highly sensitive to the bone mask generated during pre-processing. 
Masks were generated with an automated algorithm in CIDA and visu-
alized in the axial plane using the Scanco platform to confirm and cor-
rect if necessary. However, upon later visualization in the coronal and 
sagittal planes in 3D Slicer, we noted that many of the masks did not 
accurately capture bone surfaces in these planes and led to erroneous 
detection of cortical interruptions (Supplementary Fig. 1). 

Fig. 3. Visualization of cortical interruption and underlying trabecular bone loss detected by CIDA and BAM-Erosion in an XCT image of the 2nd metacarpal.  
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3.2. BAM-erosion compared to MIAF: erosion volume 

HR-pQCT images included in the erosion volume analysis came from 
17 RA patients with confirmed erosions. Thirty-nine erosions from 18 
joints were included in the analysis. 

The median volume of the erosions was 6.7 (IQR 2.2 to 26.1) mm3 for 
MIAF and 6.5 (IQR 1.6 to 19.7) mm3 for BAM-Erosion. The erosion 
volume assessed by BAM-Erosion strongly correlated with MIAF (r2 =

0.95, p < 0.001, Fig. 6). Excluding erosions with the two highest vol-
umes reduced the correlation coefficient to r2 = 0.83 (p < 0.001). The 
mean difference between the erosion volume with MIAF and BAM- 
Erosion was 2.3 mm3, the RMSSD was 4.3 mm3, with a 95 % limit of 
agreement of 14.2 mm3. Qualitatively, there were differences in how 
each implementation defined the virtual cortical surface (Fig. 5) and 
extension of the erosion into the trabecular bone (Supplementary Fig. 2). 

3.3. Image registration 

We qualitatively evaluated the performance of the image registration 
module. The module was able to align follow-up images to the baseline 
image space. The module provides several visualization options (Sup-
plementary Fig. 3) to confirm the alignment of the images. 

4. Discussion 

In this study we assessed the performance of a newly developed tool 
to detect cortical interruptions and measure the volume of erosions in 
HR-pQCT images. The new tool, BAM-Erosions is available as a module 
of 3D Slicer. Overall, there was good agreement between BAM-Erosion 
and existing tools for cortical interruption detection and erosion vol-
ume assessment. The cortical interruption volume accounts for discon-
tinuities in the cortex that might be vascular channels or pathological 
erosions, whereas the erosion volume only accounts for a subset of 
cortical interruptions that were identified as pathological erosions. 

Fig. 4. Cortical break interruption algorithm for XCTII. (A) Regression plot comparing the number of cortical interruptions observed with the CIDA and BAM-Erosion 
implementations. Solid line indicates regression line, dashed blue line indicates the line of unity. (B) Bland-Altman plot comparing the differences between CIDA and 
BAM-Erosion implementations in the number of cortical interruptions for each joint. The mean difference is shown as a solid black line and 95 % limits of agreement 
are shown in dashed black lines. n = 58 bones from 22 RA participants. (C) Regression plot comparing cortical interruption volume between implementations. (D) 
Bland-Altman plot comparing in cortical interruption volume between implementations. n = 105 interruptions from 22 participants. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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BAM-Erosion has the advantages of (1) combining currently available 
erosion analyses in one tool (2) being developed in an open-source 
environment (python libraries and 3D Slicer), and (3) providing excel-
lent visualization options already available in 3D Slicer. As Bland- 
Altman plots illustrated no dependence of cortical interruption or 
erosion volume on size, the results should be applicable to any patient 
population with erosions. Further, the BAM-Erosion modules can be 
modified and new functions added, as new algorithms (e.g., fully auto-
mated erosion analysis) or additional steps (e.g., joint space width) are 
developed. 

For cortical interruption detection, the two automated 

implementations BAM-Erosion and CIDA showed good agreement in the 
number of cortical interruptions per joint. The number of interruptions 
(3 vs. 3.1) and the RMSSD was similar (1.2) to a previously reported 
scan-rescan reproducibility study (1.5) [18]. However, both imple-
mentations are highly sensitive to motion and stack artifacts. Nonethe-
less, future studies may need to manually discard erroneous cortical 
interruptions, implement algorithms to automatically detect the pres-
ence of the stack artifact or acquire data with overlapping stacks [36]. 

This study also compared erosion volume quantification between 
BAM-Erosion and MIAF, through the manual placement of erosion seed 
points. Although only two erosions fell outside the 95 % limits of 

Fig. 5. Visualization of cortical break interruption volume and erosion volume in an XCTII image of the 2nd metacarpal.  

Fig. 6. Regression plot (A) comparing the erosion volume assessed with MIAF and BAM-Erosion. Bland-Altman plot (B) comparing the differences in erosion volume 
assessed with MIAF and BAM-Erosion. The mean difference is shown as a solid black line and 95 % limits of agreement are shown in dashed black lines. n = 39 
erosions from 17 RA participants which came from 5 P2, 25 MC2, 3 P3, and 6 MC4 bones. 
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agreement, the RMSSD (4.3 mm3) was higher than previously reported 
intra-rater precision errors for MIAF (0.49 to 2.52 mm3) [5,20]. When 
defining the borders of an erosion, BAM-Erosion and MIAF use different 
concepts which, not surprisingly, results in different erosion volumes 
(Supplementary Fig. 2). The differences can be attributed to several 
sources. (1) Different segmentation approaches, in which MIAF, as 
opposed to BAM-Erosion, virtually restores the cortical surface (Fig. 6). 
(2) A difference in the method to determine the extension of the erosion 
in the trabecular bone. These results highlight the lack of consensus on 
how to define the extension of an erosion in the trabecular bone 
compartment, which can be further complicated in larger erosions of 
irregular shape. (3) Finally, while the analyses with BAM-Erosion and 
MIAF were performed by the same operator (SCB), they were acquired 2 
years apart and manual corrections may have been inconsistent between 
the two analyses. Despite the differences between BAM-Erosion and 
MIAF, the high correlation of erosion volume indicates that difference 
may be relatively small on average, and illustrate important challenges 
in the assessment of erosions from HR-pQCT images. While we did not 
compare BAM-Erosion and MIAF in the XCT dataset, the sources of error 
would remain the same, and are not dependent on voxel size, thus we 
expect similar performance of BAM-Erosion on XCT scans. 

This study shows important challenges in the assessment of erosions 
from HR-pQCT images. Despite excellent spatial resolution and the 
ability to determine erosion volume with much higher accuracy than 
other in vivo imaging modalities, currently, expert knowledge is 
required for all techniques to decide which erosions are pathologic. 
However, identification of a cortical interruption as an erosion has 
acceptable (81 %) but not perfect agreement between expert readers 
[23]. Manual identification of the erosions can be more tolerant against 
motion artifacts if they don't affect the local environment of the erosion 
to be segmented. Further, vascular channels (i.e., interruptions not 
considered to be erosions) identified in histologic specimens demon-
strate complex shapes that may not be captured by the SPECTRA defi-
nition [12] and have been implicated in osteoclastic activity and 
synovial hyperplasia with exposure to inflammation in animal models of 
arthritis suggesting that they may also be relevant to pathogenesis 
[14–16]. Nonetheless, fully automated analyses remain a challenge. 
Finally, we did not compare erosion metrics with clinical outcomes here. 
The ease of this analysis tool should enable future studies with larger 
sample sizes to investigate the association of erosions and cortical in-
terruptions with prognostic and patient-reported outcomes. 

In summary, the newly-developed, open-source, BAM-Erosion mod-
ule, and its incorporation into an accessible platform (3D Slicer) enables 
the rapid and effective assessment of cortical interruptions and erosion 
volumes. In addition to good agreements with previously established 
algorithms, the main advantage of BAM-Erosion is its accessibility. This 
module will enable the opportunity, with experts and new researchers, 
to collaboratively develop more specific and automated techniques for 
erosion analysis and other bone morphological tools. Thus, the acces-
sibility of BAM-Erosion may lead to efforts that will not only better 
identify cortical interruptions that are associated with bone damage but 
identify those associated with erosions or bone changes that may 
contribute disease progression. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bone.2022.116571. 

CRediT authorship contribution statement 

Conceptualization: JJT, MTK, KSS, YP, SLM. Data curation: MZ, RY, 
JJT, SCB, CB, SLM. Software development: MZ, MTK, RY, MP, JvdB, KE, 
BvR, KSS, YP. Formal analysis: MZ, SCB, SLM. Writing – Original Draft: 
MZ, SLM. Writing – Review and Editing – all authors. Funding acquisi-
tion: CB, SLM. 

Funding 

The work was supported by The Arthritis Society (025850, STAR-18- 
0189), Natural Sciences and Engineering Research Council (Canada) 
(SLM – Discovery Grant; MTK – Salary Award), and Canadian Institutes 
of Health Research (JJT – Salary Award). Cheryl Barnabe: Canada 
Research Chair in Rheumatoid Arthritis and Autoimmune Diseases. 

Declaration of competing interest 

Bert van Rietbergen is a consultant for Scanco Medical AG. All other 
authors have stated no conflicts of interest. 

Data availability 

Open source software developed for this manuscript has been posted 
to Zenodo (https://doi.org/10.5281/zenodo.6841889). Software up-
dates will be available at https://github. 
com/ManskeLab/Bone_Analysis_Modules. All other data will be made 
available upon reasonable request. 

Acknowledgements 

Serena Bonaretti and the Study grouP for xtrEme Computed To-
mography in Rheumatoid Arthritis (SPECTRA) including Andrew Bur-
ghardt, Dr. Stephanie Finzel and Dr. Lai-Shan Tam for input on software 
development. 

References 

[1] G. Schett, E. Gravallese, Bone erosion in rheumatoid arthritis: mechanisms, 
diagnosis and treatment, Nat. Rev. Rheumatol. 8 (11) (2012) 656–664. 

[2] C. Barnabe, L. Feehan, High-resolution peripheral quantitative computed 
tomography imaging protocol for metacarpophalangeal joints in inflammatory 
arthritis: the SPECTRA collaboration, J. Rheumatol. 39 (7) (2012) 1494–1495. 
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[9] C.M. Stach, M. Bäuerle, M. Englbrecht, G. Kronke, K. Engelke, B. Manger, et al., 
Periarticular bone structure in rheumatoid arthritis patients and healthy 
individuals assessed by high-resolution computed tomography, Arthritis Rheum. 
62 (2) (2010) 330–339. 

[10] M. Peters, A. van Tubergen, A. Scharmga, A. Driessen, B. van Rietbergen, 
D. Loeffen, et al., Assessment of cortical interruptions in the finger joints of patients 
with rheumatoid arthritis using HR-pQCT, radiography, and MRI, J. Bone Miner. 
Res. Off. J. Am. Soc. Bone Miner. Res. 33 (9) (2018) 1676–1685. 

[11] M. Peters, J.P. van den Bergh, P. Geusens, A. Scharmga, D. Loeffen, R. Weijers, et 
al., Prospective follow-up of cortical interruptions, bone density, and micro- 
structure detected on HR-pQCT: a study in patients with rheumatoid arthritis and 
healthy subjects, Calcif. Tissue International. 8 (11) (2019) 611–656. 

[12] A. Scharmga, K.K. Keller, M. Peters, A. van Tubergen, J.P. van den Bergh, B. van 
Rietbergen, et al., Vascular channels in metacarpophalangeal joints: a comparative 
histologic and high-resolution imaging study, Sci. Rep. 7 (1) (2017) 8966–8968. 

[13] C. Barnabe, D. Toepfer, H. Marotte, E.-M. Hauge, A. Scharmga, R. Kocijan, et al., 
Definition for rheumatoid arthritis erosions imaged with high resolution peripheral 

M. Zhao et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.bone.2022.116571
https://doi.org/10.1016/j.bone.2022.116571
https://doi.org/10.5281/zenodo.6841889
http://github.com/ManskeLab/Bone_Analysis_Modules
http://github.com/ManskeLab/Bone_Analysis_Modules
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240953008305
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240953008305
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209241000454346
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209241000454346
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209241000454346
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240952591665
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240952591665
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240952591665
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240952591665
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240952584561
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240952584561
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240952584561
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240952584561
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240952577655
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240952577655
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240952577655
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240952577655
https://doi.org/10.1093/rheumatology/keab446
https://doi.org/10.1093/rheumatology/keab446
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240948206768
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240948206768
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240948206768
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209241000357434
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209241000357434
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209241000357434
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209241000357434
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240948196610
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240948196610
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240948196610
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240948196610
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240948183366
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240948183366
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240948183366
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240948183366
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209241001498500
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209241001498500
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209241001498500
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209241001498500
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240959227566
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240959227566
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240959227566
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240959216540
http://refhub.elsevier.com/S8756-3282(22)00248-4/rf202209240959216540


Bone 165 (2022) 116571

9

quantitative computed tomography and interreader reliability for detection and 
measurement, J. Rheumatol. 43 (10) (2016) 1935–1940. 

[14] D.A. Binks, E.M. Gravallese, D. Bergin, R.J. Hodgson, A.L. Tan, M.M. Matzelle, et 
al., Role of vascular channels as a novel mechanism for subchondral bone damage 
at cruciate ligament entheses in osteoarthritis and inflammatory arthritis, Ann. 
Rheum. Dis. 74 (1) (2015) 196–203. 

[15] G. Schett, M. Stolina, B. Bolon, S. Middleton, M. Adlam, H. Brown, et al., Analysis 
of the kinetics of osteoclastogenesis in arthritic rats, Arthritis Rheumatism. 52 (10) 
(2005) 3192–3201. 

[16] L. Marinova-Mutafchieva, R.O. Williams, K. Funa, R.N. Maini, N.J. Zvaifler, 
Inflammation is preceded by tumor necrosis factor-dependent infiltration of 
mesenchymal cells in experimental arthritis, Arthritis Rheumatism. 46 (2) (2002) 
507–513. 

[17] A. Berlin, D. Simon, K. Tascilar, C. Figueiredo, S. Bayat, S. Finzel, et al., The ageing 
joint-standard age- and sex-related values of bone erosions and osteophytes in the 
hand joints of healthy individuals, in: Osteoarthritis and Cartilage, OARS, 
Osteoarthritis Research Society, 2019. 

[18] M. Peters, J. de Jong, A. Scharmga, A. van Tubergen, P. Geusens, D. Loeffen, et al., 
An automated algorithm for the detection of cortical interruptions and its 
underlying loss of trabecular bone; a reproducibility study, BMC Med. Imaging 18 
(1) (2018) 13. 

[19] M. Peters, A. Scharmga, J. de Jong, A. van Tubergen, P. Geusens, J.J. Arts, et al., 
An automated algorithm for the detection of cortical interruptions on high 
resolution peripheral quantitative computed tomography images of finger joints, 
PLoS One 12 (4) (2017), e0175829. 
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