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Abstract

Objective

The degradation of articular cartilage, which characterises osteoarthritis (OA), is usually

paired with excessive bone remodelling, including subchondral bone sclerosis, cysts, and

osteophyte formation. Experimental models of OA are widely used to investigate pathogen-

esis, yet few validated methodologies for assessing periarticular bone morphology exist and

quantitative measurements are limited by manual segmentation of micro-CT scans. The

aim of this work was to chart the temporal changes in periarticular bone in murine OA by

novel, automated micro-CT methods.

Methods

OA was induced by destabilisation of the medial meniscus (DMM) in 10-week old male

mice and disease assessed cross-sectionally from 1- to 20-weeks post-surgery. A novel

approach was developed to automatically segment subchondral bone compartments into

plate and trabecular bone in micro-CT scans of tibial epiphyses. Osteophyte volume, as

assessed by shape differences using 3D image registration, and by measuring total epiphy-

seal volume was performed.

Results

Significant linear and volumetric structural modifications in subchondral bone compart-

ments and osteophytes were measured from 4-weeks post-surgery and showed progres-

sive changes at all time points; by 20 weeks, medial subchondral bone plate thickness

increased by 160±19.5 μm and the medial osteophyte grew by 0.124±0.028 μm3. Excel-

lent agreement was found when automated measurements were compared with manual

assessments.
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Conclusion

Our automated methods for assessing bone changes in murine periarticular bone are rapid,

quantitative, and highly accurate, and promise to be a useful tool in future preclinical studies

of OA progression and treatment. The current approaches were developed specifically for

cross-sectional micro-CT studies but could be applied to longitudinal studies.

Introduction

Osteoarthritis (OA) is the most prevalent joint disease; an incurable and painful condition that

is a leading cause of disability worldwide. Although cartilage degradation is a hallmark of dis-

ease, OA is regarded as an ‘organ failure’, involving the whole joint [1, 2]. Many changes occur

in bone, including attrition, sclerosis, formation of osteophytes, cysts, and marrow lesions [1,

3]. Excessive bone remodelling has been linked to cartilage degeneration [4, 5] and pain [6]

from early on in disease [7], but the nature of the relationship between both tissues and how

lesions progress over time remains unclear [8, 9]. This is partly because cartilage loss fre-

quently progresses prior to development of symptoms and partly because available tools are

insensitive and do not permit early diagnosis [10]. In clinic, disease progression is mostly

assessed by radiographic scoring using semi-quantitative systems [11–13] once bone changes

are well-established, but this evaluation lacks the sensitivity to track temporal changes [14].

Furthermore, tissue is usually only available at the late stages of disease, keeping early events

poorly understood. Therefore, experimental models hold a key role, not only to help under-

stand pathogenesis and to chart temporal changes in bone and cartilage, but also to develop

strategies for early detection and therapeutic targeting [10]. The mouse model, largely due to

its being amenable to genetic modifications, is widely used in research. In the recent years,

micro-computed tomography (micro-CT) has become the gold-standard imaging modality

for bone assessment in this model, owing to excellent resolution, 3D capability, and utility in

longitudinal studies [15]. However, micro-CT lacks validated methodologies for automated

analysis of the epiphyseal subchondral bone, and mostly for structure segmentation, which is

frequently based on manual contouring of regions-of-interest [16–18]. To increase segmenta-

tion throughput, automated approaches have been proposed; mostly for compartmentalisation

of cortical and trabecular bone [19–22]. While useful, these methods often rely on thresholds,

based on the premise that cortical and trabecular bone can be differentiated by their different

grey level intensities. The choice of an appropriate threshold is, however, critical for accurate

segmentation and minor changes may cause errors [22], leading to mis-estimation of struc-

tural parameters [15]. Accuracy on compartmentalisation can be improved by combining

thresholding methods and microstructural criteria, such as thickness differences between cor-

tical and trabecular bone [23, 24]. Additionally, despite osteophytes being a well-established

feature of osteoarthritic joints, there seems to be a lack of validated methods for measuring

these bony structures. Assessment in both clinical [12] and experimental models [25] has been

often limited to semi-quantitative grading based on their size and maturity, but micro-CT

scans have been shown to have the potential to provide volumetric measurements of osteo-

phytes [26].

There is a need for sensitive, high-throughput, quantitative methodologies that can be

applied in experimental OA to chart bone changes in disease. In this work, we describe a novel

set of image analysis methods based on 3D image registration of micro-CT datasets, acquired

using an ex vivo scanner, that allows bony structures in mouse tibial epiphyses to be automati-

cally compartmentalised and quantified, improving the speed, quantitation, and reproducibility
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of existing measurements. In the present cross-sectional study, we chart the structural modifica-

tions in bone over 20 weeks following surgical joint destabilisation. We validated our findings

against manual segmentation as well as histopathology, and showed that the proposed compart-

mentalisation method can be applied to datasets obtained from rescanning our samples using

an in vivo micro-CT scanner (with lower resolution), which simulate datasets generated in lon-

gitudinal studies.

Materials and methods

Animals and surgical destabilisation of the medial meniscus

Animal work was approved by the Home Office and conducted according to the Animals

(Scientific Procedures) Act 1986. Male C57Bl/6 mice (seven groups, n = 6, 10-week old) were

purchased from Charles River (UK Ltd, Margate, UK). Six groups underwent surgical destabi-

lization of the medial meniscus (DMM) on the right knee [27], while the left joint was used as

a control (contralateral). Mice were euthanized 1-, 2-, 4-, 8-, 12- and 20-weeks post-surgery.

One group of animals was used as a non-operated healthy baseline and was sacrificed at the

time of surgery (indicated as time 0).

Micro-computed tomography imaging

Joints were disarticulated, tibiae dissected and re-hydrated in saline. Proximal tibiae were

imaged in a micro-CT scanner (SkyScan1172 X-ray microtomograph, Antwerp, Belgium)

within saline (5 μm/pixel, 50 kV, 200 μA, 1600 ms exposure, 2 frames/projection, 0.6˚ angular

step, 180˚ scan, 5.0×4.5 mm field of view, 27 minutes of acquisition time). Tomograms were

reconstructed in NRecon software (V1.6.5.2, SkyScan, Antwerp, Belgium) using an algorithm

that included ring artefact reduction, beam-hardening correction, and misalignment compen-

sation. For calibration of bone mineral density (BMD), high and low density phantoms (0.75

and 0.25 g/cm3 of calcium hydroxyapatite, respectively) were imaged using the same settings

of tibiae. Following reconstruction, the average grey level intensity within a volume-of-interest

was measured in both scans and a linear calibration was derived between the grey level inten-

sity and BMD.

Surface heat maps of subchondral bone thickness

To visualise and localise changes in subchondral bone, we generated planar heat maps of thick-

ness on the top surface of tibial epiphyses and extracted profiles. Micro-CT coronal views were

exported to ImageJ (US National Institutes of Health, Bethesda, Maryland, USA) to calculate

the volumetric thickness [28]. Using Matlab (R2011b, The MathWorks Inc., Natick, MA,

USA), colour-coded maps were generated by projecting the thickness of the epiphyseal top

edge onto a plane. To directly estimate the amplitude of the changes, but not for quantitative

purposes (which are served by the volumetric analysis described below), profiles were com-

puted along the medial-lateral planes in fixed-size regions (750 μm in height) that included

most of the load-bearing regions and according to a methodology we previously described

[29].

3D image registration

To ensure consistency in the volumetric analysis of subchondral bone and to allow for subse-

quent shape comparisons between pairs of tibiae, we applied 3D image registration to the

micro-CT scans (Fig 1A). In this approach, the DMM tibia was aligned to a template position,

used to correct for the inherent differences in specimen orientation during imaging, while the
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contralateral was co-aligned to the corresponding ipsilateral (step 1 in Fig 1A). In this way, the

subsequent selection of volumes-of-interest for analysis was not only consistent between pairs

of tibiae, but also among animals. Scans were binarized by means of global thresholding calcu-

lated using Otsu’s method [30] by which the value of 60 (in a scale ranging between 0 and 255)

was found to be optimal. Meshes were generated (CTAnalyzer, V1.13.5.1, Skyscan, Antwerp,

Belgium) and fed into the Image Registration Toolkit (IRTK, Ixico Ltd., UK), which is fully

documented at https://biomedia.doc.ic.ac.uk/software/irtk/. This open-source toolkit is com-

posed of libraries and command-line tools for image processing and analysis (https://www.

doc.ic.ac.uk/~dr/software/usage.html). Different types of registration can be performed,

including rigid surface registration between two input meshes (https://www.doc.ic.ac.uk/~dr/

software/usage.html#srreg). Briefly, this tool estimates, for each point in the target mesh, the

Fig 1. Flowchart of the automated image analysis method for subchondral bone partition into plate and

trabecular bone and volumetric quantifications. In the first stage (A), 3D image registration was applied to micro-CT

scans of DMM tibiae for alignment to a template position, while the contralateral was co-aligned with the correspondent

ipsilateral (step 1 in A). Prior compartmentalisation and volumetric analysis (B), meshes were voxelized into stacks of

images (step 2 in A). Volume partition was performed based on macro-porosity differences, generating two colour-coded

volumes-of-interest for each aspect of the tibial plateau (medial and lateral), green for subchondral bone plate and red for

trabecular bone (step 1 in B). Using these mappings, the original volumes-of-interest were extracted for quantitative

analysis of each compartment (step 2 in B). The top view of the 3D model of the tibial epiphysis shows the dimensions and

location of the mappings across the load-bearing areas and the dashed line demarcates the medial and lateral aspects of

the plateau.

https://doi.org/10.1371/journal.pone.0174294.g001
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closest location in the source mesh, resulting in two sets of corresponding points. In an itera-

tive process, it then calculates the least squares fit for the distance between corresponding

points, and estimates a matrix of transformation, T [31]. The estimated transformation is then

applied to transform the target mesh, using the surface transformation tool (https://www.doc.

ic.ac.uk/~dr/software/usage.html#transformation), which utilizes the nearest neighbour inter-

polation method to produce a registered mesh aligned to the source. Meshes outputted by the

registration tools were voxelized from stereolithography (.stl) format in Matlab (www.

mathworks.com/matlabcentral/fileexchange/27390-mesh-voxelisation), resulting in stacks of

registered images (in bitmap format) whose resolution was the same as the original scans (step

2 in Fig 1A).

Automated analysis of subchondral bone

We performed analysis of individual subchondral bone compartments using a bespoke

method developed in Matlab that compartmentalises and quantifies epiphyseal bone (Fig 1B).

Upon binarization using Otsu’s method [30], morphological image processing (opening and

closing operations) using a disk-shaped kernel was applied to remove any remaining noise

from thresholding. For volume partitioning into plate and trabecular bone, the middle coronal

plane was selected, the proximal edge of the tibial plate surface detected, and its medial and lat-

eral extremes determined. The centre of each aspect of the plateau was estimated based on

fixed widths from these two extremes and expanded by 500 μm. Following the calculation of

mapping locations, two fixed-size regions (500 μm in width by 350 μm in height) were placed

by line drawing in each portion of the plateau. Subchondral bone was subdivided into plate

and trabecular bone based on macro-porosity; this criterion was chosen based on the knowl-

edge of bone macrostructure which is either cortical, a compact structure with low porosity, or

trabecular, a lattice-type and highly porous structure [32]. Furthermore, the degree of bone

porosity is commonly used as visual criterion to segment CT data. Our algorithm determined

line-wise, and through the 350 μm of depth, the proportion of foreground (bone) to back-

ground (pores) pixels, which gives a measurement of bone volume fraction. The transition

between compartments occurred when the measurement of bone volume fraction was less

than 90% and a different colour-coding was assigned to each compartment: green for the plate

(macro-porosity < 10%) and red for trabecular bone (macro-porosity� 10%). To constrain

the volumes-of-interest to the tibial load-bearing areas, mappings were extended over 750 μm

along the anterior-posterior axis (375 μm anterior and 375 μm posterior from the middle coro-

nal plane initially selected) (illustrated in the 3D model shown in Fig 1B). After mapping, the

volumes enclosed by the masks were segmented and volumetric parameters calculated. For the

subchondral bone plate, the total volume of the compartment, thickness, and BMD were mea-

sured. For trabecular bone, the total volume of the compartment, bone volume fraction, mea-

sured as the ratio between the bone content and the total volume of the compartment (BV/TV,

expressed in percentage), and BMD were calculated (step 2 in Fig 1B).

Validations

We validated our method by comparing measurements in automated and manually-drawn

volumes-of-interest. In the scans from non-operated baseline animals (10-week old, n = 6),

compartments in both right and left tibiae were manually segmented into subchondral bone

plate and trabecular bone (CTAnalyzer). The same extend across the anterior-posterior planes

was analysed and microstructural parameters (subchondral bone plate volume and thickness,

and trabecular total volume, bone volume, and BV/TV) were measured using the routines

from the automated methodology.
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Furthermore, in our cross-sectional study, we have analysed subchondral bone compart-

ments with and without pre-alignment by 3D rigid registration to compare the variability of

measurements in both alignment conditions.

Applicability to lower resolution scans to simulate datasets from

longitudinal studies

To test the applicability of the compartmentalisation method to lower resolution scans, such as

the ones obtained from in vivo scanners, a group of undissected hind limbs from cadaveric

mice (male C57Bl/6, 10-week old, n = 5) was scanned using an in vivo scanner (Quantum FX,

PerkinElmer, USA). Scans were acquired at an isotropic voxel size of 10 μm (70 kV, 160 μA,

5.0×5.0 mm field of view, 3 minutes of acquisition time) and reconstructed using the manufac-

turer built-in software. Subsequently, tibiae were finely dissected and re-imaged in the ex vivo
scanner using the methodology described above. We tuned the bespoke compartmentalisation

method to accommodate for the pixel resolution of the in vivo scanner (increasing from a pixel

size of 5 to 10 μm); extension of the mappings and criterion for subchondral bone compart-

mentalisation were kept unaltered.

Osteophyte quantification using 3D image registration

To identify and quantify medial osteophytes, we implemented a method in Matlab based on

3D image registration. Upon co-alignment of DMM/contralateral pairs of tibiae using the

methodology described above, binarized stacks of images underwent image processing. This

included morphological operations (closing and dilation) using a disk-shaped kernel followed

by cavity filling. Whole structure filling was justified by prior knowledge of the DMM model

in which osteophytes are observed as an outgrowing protrusion. Internal differences in bone

structure are not relevant in this assessment; only size and shape differences between healthy

contralateral and operated tibiae. To determine the volumetric differences between pairs of

tibiae, image subtraction was applied. Medial differences were subsequently enclosed in a

fixed-size volume-of-interest and quantified as a volumetric shape difference caused by the

osteophyte. To help visualising shape differences, we colour-coded the DMM tibiae in red and

the correspondent contralateral in green, and therefore, the overlap between structures would

be coloured yellow, except for any structure that differed from the healthy shape. For valida-

tion, we manually segmented osteophytes from micro-CT coronal views (CTAnalyzer) and

calculated their volume upon cavity filling.

Osteophyte quantification using epiphyseal volume

We used whole epiphyseal volume as a surrogate measurement of the expansion caused by

osteophytes. To do so, tibial epiphyses were manually segmented from micro-CT coronal

views (CTAnalyzer) and following image processing procedures, which included Gaussian fil-

tering (σ = 2), morphological operations (closing and dilation) using a disk-shaped kernel, and

cavity filling, the total volume was quantified.

Histopathology

For articular cartilage scoring, tibiae were decalcified, dehydrated, and coronally embedded in

paraffin. Sections were taken at regular spacing across the samples (80 μm between each level

in a total of twelve levels) and stained using Safranin-O. Medial and lateral aspects of the tibial

plateau were subsequently graded depending on the degree of cartilage damage according to a

scoring system previously detailed [33, 34] that was modified from the semi-quantitative
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system originally defined by Glasson et al. [35]. The final score for each aspect of the plateau

was obtained from the sum of the scores of all levels.

Statistical analysis

Statistics were computed using GraphPad Prism 7.02 (San Diego, CA, USA). Data was

expressed as mean ± 95% confidence intervals and verified for normality using Shapiro-Wilk

tests. For the cross-sectional study, two-way analysis of variance (ANOVA) followed by post
hoc multiple comparison tests using Bonferroni correction were used to determine statistical

differences among groups. The effect of time on bone changes within each compartment was

determined by comparisons between the measurements in healthy baseline mice (time 0) with

the subsequent time points upon surgery (represented in the graphs by the symbol �). The

effect of the DMM surgery was determined by comparisons between operated vs. contralateral

tibiae at each time point (represented in the graphs by the symbol #). The same approach was

used to study differences in whole epiphyseal volume over time. The percentage difference of

contralateral epiphyseal volume was tested by one-way ANOVA followed by multiple compar-

ison tests using Bonferroni correction to determine differences between measurements in

healthy baseline and subsequent time points. The same statistical tests were applied to study

differences in automated osteophyte measurements obtained by 3D registration. Two-way

ANOVA followed by multiple comparison tests using Bonferroni correction was applied to

determine statistical differences between automated and manual measurements of osteophyte

volume from 2-weeks post-DMM. Since histopathology scores of articular cartilage did not fol-

low normal distributions, non-parametric analyses by Kruskal-Wallis tests followed by Dunn’s

multiple comparison tests were applied to determine statistical differences between scores at

1-week post-DMM and the subsequent time points for each aspect of the plateau.

To validate our automated methods, we determined the parametric correlation (Pearson

correlation coefficient, r) between the measurements obtained by manual and automated seg-

mentation, assessed long-term precision error by calculating the root mean square (RMS)

error from the residuals of the linear regression, and the precision error of repeated measure-

ments by the coefficient of variation (CV). The CV was calculated as the ratio between the

standard deviation to the mean of the measurements, and expressed in percentage [36].

The agreement between automated and manual segmentation of subchondral bone

compartments and osteophyte was studied by Bland-Altman plots, where the difference

between the measurements was plotted against the average, according to the original graphical

approach [36]. The mean, expressing the bias of the measurements, and limits of agreement

for each microstructural parameter are reported. Linear regressions of the differences were

further plotted to investigate proportional differences between the methods [37].

Non-parametric correlation analysis (Spearman correlation coefficient, r’) was used to

study the association among lesions in subchondral bone, osteophyte formation and articular

cartilage degradation. Values were considered statistically different at �P<0.05, ��P<0.01,
���P<0.001 and ����P<0.0001 (symbols � and # represent the same level of significance).

Results

Automated subchondral bone compartmentalisation is accurate and

reproducible

We validated our method by comparing quantifications using automated mappings and man-

ual segmentation in non-operated baseline animals (Table 1). Using parametric correlation

analysis, we found good agreement between measurements using both methods, thus
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indicating correct and reproducible subchondral bone compartmentalisation into plate and

trabecular bone. Significant correlations were found for all microstructural parameters except

for the medial trabecular total volume (p = 0.088), despite the moderate correlation coefficient.

The RMS errors, obtained from linear regression analysis, indicated that the automated

method has good accuracy; in subchondral bone plate volume measurements, we found that

errors were limited to 2.6% and 4.2% of the average values (measured automatically) for

medial and lateral aspects of the plateau, respectively, while in the thickness measurements

these were 5.6% and 2.4% of the averages. In the trabecular compartment, RMS errors were

also limited to small percentages of the averages; in total volume, we found errors of 4.0% and

3.1% in the medial and lateral aspects, respectively, 6.1% and 4.1% in the bone volume, and

6.0% and 3.0% in the BV/TV measurements. In general, the %CV in automated measurements

was lower than the one obtained by manual segmentation, although in both cases variation lev-

els were very similar (average %CV of 7.7% using both segmentation methodologies).

Fig 2 displays Bland-Altman analyses, where the difference between automatically and

manually obtained measurements were plotted against the averages. In general, good agree-

ment was found between methodologies for all microstructural parameters. In subchondral

bone plate volume, the bias was -0.0014 mm3, while in the thickness, the bias was 3.8 μm (2.8%

and 3.0% of the average values, respectively). These biases had a trend to increase with the

measured average value, but the coefficient of determination was limited to r2 = 0.018 (p =

0.54) for the volume measurement, and r2 = 0.018 (p = 0.53) for the thickness measurement,

which indicated a negligible proportional relationship within the measurement range of inter-

est. In trabecular bone, the bias in total volume measurement was 0.0022 mm3, 0.0010 mm3 in

bone volume (2.7% and 2.2% of the average values, respectively) and -0.01% in BV/TV, which

we can consider negligible. The bone volume bias had a trend to decrease with the measured

average value, while the total volume had a trend to increase with the average. Also in these

measurements, the coefficients of determination of the differences, r2 = 0.070 (p = 0.21) for the

Table 1. Mean and standard deviation (SD), Pearson correlation coefficients, root mean square (RMS) errors and coefficients of variation (%CV) of

the measurements in manually and automatically segmented subchondral bone compartments.

Microstructural parameter Mean ± SD Pearson r RMS error Coefficient of Variation

(%)

Automated Manual Automated Manual

Subchondral bone plate volume (mm3) Medial 0.0546±0.0072 0.0564±0.0055 0.97**** 0.0014 13.2 9.8

Lateral 0.0431±0.0043 0.0440±0.0040 0.92**** 0.0018 10.0 10.0

Subchondral bone plate thickness (μm) Medial 143.3±11.8 138.9±12.2 0.78** 8.0 8.3 8.8

Lateral 112.9±7.9 110.9±9.3 0.92**** 2.7 7.0 8.4

Trabecular total volume (mm3) Medial 0.0744±0.0062 0.0728±0.0033 0.51 0.0030 8.4 4.5

Lateral 0.0871±0.0039 0.0843±0.0041 0.78** 0.0027 4.4 4.9

Trabecular bone volume (mm3) Medial 0.0495±0.0030 0.0486±0.0044 0.76** 0.0030 6.1 9.0

Lateral 0.0420±0.0019 0.0410±0.0024 0.73** 0.0017 4.6 5.9

Trabecular BV/TV (%) Medial 67.0±5.5 66.7±5.8 0.78** 3.8 8.2 8.7

Lateral 48.3±3.1 48.7±3.2 0.91**** 1.4 6.5 6.6

Subchondral bone plate volume, thickness, and trabecular total volume, bone volume, and BV/TV measured in the medial and lateral aspects of the tibial

plateau upon automated and manual compartmentalisation were paired and analysed. The mean and standard deviation (SD) of each parameter is

reported as well as the Pearson’s correlation coefficient (r) obtained from parametric analysis (**P<0.01 and ****P<0.0001). The RMS error obtained from

linear regression analysis and the %CV in both cases are also reported (n = 12 in which medial/lateral aspects of the plateau in right and left legs were

pooled together).

https://doi.org/10.1371/journal.pone.0174294.t001
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bone volume, and r2 = 0.103 (p = 0.13) for the total volume, indicated negligible proportional

relationships within the ranges of interest of the measurements.

Furthermore, pre-alignment of the micro-CT scans using 3D image registration reduced

the %CV of the automated measurements in subchondral bone compartments (S1 Table), thus

indicating that its application increased method robustness.

Heat maps of subchondral bone thickness can distinguish DMM and

contralateral tibiae over time from 2-weeks post-surgery

Fig 3A shows representative surface heat maps of subchondral bone thickness from the tibiae

of DMM-operated and contralateral joints in the weeks following surgery. Fig 3B and 3C dis-

play thickness profiles from medial to lateral planes through the load bearing areas of tibiae.

At healthy baseline and 1-week post-surgery, no differences between contralateral (left) and

DMM (right) tibiae were found; maps and profiles were similar with maximum values of

thickness of ~175 μm located in the centre of the medial and lateral aspects of the plateau.

However, from 2-weeks post-surgery, medial subchondral bone thickening in destabilised

joints became apparent (colour-coding changing from orange, corresponding to a thickness

ranging between ~150–175 μm, towards white, corresponding to a thickness ranging between

~275–300 μm). Greatest changes were seen in the load-bearing area of the medial compart-

ment, and the lateral compartment was relatively spared. Interestingly, from 4-weeks onwards,

thickening of subchondral bone within the medial compartment in the contralateral joint was

also visible (~50 μm, indicated by dashed arrow in Fig 3B), although this was less marked than

Fig 2. Bland-Altman plots to determine the agreement between the measurements in automatically and manually segmented subchondral

bone compartments. The difference between measurements using automated and manual segmentation was plotted against the average for the

subchondral bone plate (A) volume and (B) thickness, and trabecular (C) total volume, (D) bone volume and (E) BV/TV, (n = 24 in which the measurements

in the medial and lateral aspects of the plateau for both right and left legs were pooled together). The mean (solid line) and the 95% limits of agreement

(-1.96SD, +1.96SD, indicated by the area shaded in blue between the dashed lines) for each microstructural parameter are reported in the plots.

https://doi.org/10.1371/journal.pone.0174294.g002
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in the destabilised joint (~135 μm, indicated by dashed arrow in Fig 3C). Osteophytes were evi-

dent at the medial margin of destabilised joints (blue arrows in Fig 3A); the newly formed

structure was poorly ossified at 2-weeks and had low thickness (~30 μm), whereas at later

stages was ossified (~75 μm) and extended along the epiphyseal margin. Furthermore, the

thickness peak in DMM-operated appeared to shift laterally (towards the right side of Fig 3C)

as the medial osteophyte increased its volume.

Subchondral bone sclerosis replaces trabecular bone in the medial

compartment following DMM surgery

Our method consistently partitioned epiphyseal subchondral bone into plate and trabecular

bone compartments (Fig 4A) and allowed automated and high-throughput screening of sub-

chondral bone changes. We applied it across all the experimental groups at different time

points post-DMM (Fig 4B) and mappings showed plate thickening in medial DMM tibiae.

This appeared to involve a progressive enlargement of the cortical compartment (colour-

Fig 3. Heat maps and profiles of subchondral bone thickness obtained by micro-CT over OA temporal progression. (A)

Representative pairs of contralateral (left) and DMM-operated (right) tibial top surfaces at baseline, 1-, 2-, 4- and 12-weeks post-

DMM, showing progressive subchondral bone thickening in the medial compartment of DMM tibiae, where colour-coding changed

from orange (~150 μm) at 1-week towards white (~300 μm) at 12-weeks. Blue arrows in DMM maps indicate the presence of medial

osteophytes and dashed white lines delimit the location where medial to lateral profiles were extracted for both contralateral (B) and

DMM-operated (C) tibiae. In destabilised joints (C), the peak thickness in the medial compartment was continuously increased from

baseline to 20-weeks post-DMM (increment of ~135 μm, indicated by the dashed arrow) while in contralateral (B) this difference

was less marked (~50 μm, indicated by the dashed arrow). The superimposition of all profiles in the lateral compartment suggested

that no changes occurred in this area.

https://doi.org/10.1371/journal.pone.0174294.g003
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coded in green) at the expenses of the trabecular compartment (colour-coded in red). The

lateral side remained unaltered, an observation consistent with thickness maps and profiles

(Fig 3).

We found medial plate sclerosis in DMM tibiae compared to contralateral as early as

4-weeks post-surgery. Increased volume (p = 0.031, Fig 5A) and thickness (p = 0.012, Fig 5B)

were observed and measurements continued to increase up to 20-weeks. Medial DMM mea-

surements were also significantly elevated from healthy baseline (0-weeks) as early as 2-weeks

post-surgery (p = 0.016 for plate volume, Fig 5A, and p = 0.0007 for plate thickness, Fig 5B).

On average, we observed an increase of 160 μm in plate thickness, from baseline to 20-weeks,

p<0.0001, which was in good agreement with the thickness profiles (dashed arrow in Fig 3C).

A dynamic response was evident in the medial contralateral joint (as indicated by the thickness

profiles, Fig 3B) with significant plate thickening (average increase of 74 μm, p = 0.004, for

Fig 4. Automated compartmentalisation of epiphyseal subchondral bone over OA temporal progression.

(A) Middle coronal view of a 3D model showing epiphyseal compartmentalisation into subchondral bone plate

(colour-coded in green) and trabecular bone (colour-coded in red) in the medial and lateral aspects of the tibial

plateau, demarcated by the dashed line. (B) Representative coronal views of the mappings (500 μm in width by

350 μm in depth) at 1-, 2-, 4-, 12- and 20-weeks post-DMM, for both contralateral and DMM tibiae.

https://doi.org/10.1371/journal.pone.0174294.g004
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baseline vs. 20-weeks, Fig 5B). No changes were observed on the lateral side of DMM-operated

and measurements remained steady (average measurements of 0.040 mm3 of volume and

Fig 5. Microstructural assessment of subchondral bone compartments. Subchondral bone plate (A) volume and (B) thickness, and

trabecular (C) total volume and (D) BV/TV, (E) subchondral bone plate BMD, and (F) trabecular BMD within the automated volumes-of-interest

of medial and lateral aspects of the plateau for DMM-operated and contralateral tibiae (n = 6, * denotes comparisons between measurements

in the non-operated baseline (time 0) with subsequent time points post-surgery, while # denotes comparisons between DMM-operated vs.

contralateral aspects of tibial plateau at the same time point, obtained by two-way ANOVA followed by post hoc multiple comparison tests using

Bonferroni correction). *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 (both * and # symbols denote the same levels of significance).

https://doi.org/10.1371/journal.pone.0174294.g005
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110 μm of thickness, p = 0.77 and p>0.99, for 0- vs. 20-weeks measurements of volume and

thickness, respectively, Fig 5A and 5B). Due to medial plate sclerosis in destabilised joints, the

cortical compartment expanded (average increment of 0.057 mm3 in volume from 0- to

20-weeks, p<0.0001, Fig 5A) leading to an opposite behaviour in the trabecular bone compart-

ment, whose volume decreased from 0.074 (0.067, 0.081) mm3 at baseline to 0.014 (0.003,

0.024) mm3 at 20-weeks post-surgery (Fig 5C). We also found elevated trabecular BV/TV in

the medial compartment at 4-weeks post-DMM compared with contralateral (p = 0.02) and at

1-week post-DMM compared with baseline (p = 0.03), while lateral measurements remained

unaltered (Fig 5D). Despite plate sclerosis (Fig 5A and 5B) and trabecular bone remodelling

(Fig 5D), we found no differences in BMD between operated and non-operated joints in either

of the compartments (Fig 5E and 5F); these were only noted within compartments at early and

late time points of disease.

Methodology is applicable to lower resolution scans

To evaluate the applicability of our methodology in lower resolution scans and, potentially in

longitudinal studies, we scanned samples using an in vivo micro-CT scanner (which has lower

resolution compared to the ex vivo scanner) and evaluated how the accuracy of our automated

analysis was affected by these lower resolution datasets compared with our standard higher

resolution datasets (Table 2). Overall, we found that the segmentation of subchondral bone

compartments was highly correlated irrespective of resolution despite overestimating volumes

and lengths in the lower resolution datasets (data in the supporting information S1 Dataset).

Decreased resolution mostly affected trabecular bone measurements, which did not correlate

well for both medial and lateral bone volume and lateral BV/TV (p = 0.25, p = 0.59, and

p = 0.88, respectively). This is, however, an expected effected due to the small dimensions of

trabeculae in mouse bone, which are more prone to errors in structural measurements using

lower resolution scans. Furthermore, most of the %CV increased with the increment in voxel

size (average %CV of 16.0% at 5 μm/pixel and 22.8% at 10 μm/pixel resolution). The RMS

errors in subchondral bone plate volume measurements were 11.6% and 7.8% of the average

Table 2. Mean and standard deviation (SD), Pearson correlation coefficients, root mean square (RMS) errors and coefficients of variation (%CV) of

the measurements in subchondral bone compartments imaged at 5 and 10 μm/pixel resolution.

Microstructural parameter Mean ± SD Pearson r RMS error CV (%)

5 μm/pixel 10 μm/pixel 5 μm/pixel 10 μm/pixel

Subchondral bone plate volume (mm3) Medial 0.0606±0.0170 0.0825±0.0259 0.85** 0.0096 28.1 33.5

Lateral 0.0352±0.0051 0.0412±0.0051 0.81** 0.0032 14.6 16.2

Subchondral bone plate thickness (μm) Medial 161.6±46.1 210.7±68.9 0.84** 26.3 28.5 32.0

Lateral 91.3±13.9 100.5±13.7 0.81** 8.6 15.2 17.4

Trabecular total volume (mm3) Medial 0.0688±0.0172 0.0485±0.0258 0.84** 0.0099 25.1 53.3

Lateral 0.0952±0.0052 0.0898±0.0051 0.81** 0.0032 5.5 5.7

Trabecular bone volume (mm3) Medial 0.0505±0.0060 0.0394±0.0167 0.40 0.0058 11.9 42.5

Lateral 0.0505±0.0027 0.0585±0.0039 -0.19 0.0028 5.3 6.7

Trabecular BV/TV (%) Medial 76.2±12.9 85.1±9.2 0.94**** 4.8 17.0 9.6

Lateral 53.3±4.5 65.3±5.0 0.05 4.8 8.5 11.6

Subchondral bone plate volume, thickness, and trabecular total volume, bone volume, and BV/TV of the medial and lateral aspects of the tibial plateau

quantified in 5 and 10 μm/pixel scans were paired and analysed. The mean and standard deviation (SD) of each parameter is reported as well as the

Pearson’s correlation coefficient (r) obtained from parametric analysis (**P<0.01 and ****P<0.0001). The RMS error obtained from linear regression

analysis and the %CV for both resolutions are also reported (n = 10 in which medial/lateral aspects of the plateau in right and left legs were pooled together).

https://doi.org/10.1371/journal.pone.0174294.t002
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values (measured at 10 μm/pixel resolution) for medial and lateral aspects of the plateau,

respectively, while in the thickness measurements these were 12.5% and 8.6% of the averages.

In the trabecular compartment, RMS errors in total volume were 20.4% and 3.6% in the medial

and lateral aspects, respectively, 14.7% and 4.8% in the bone volume, and 5.6% and 7.3% in

BV/TV measurements.

Shape comparisons based on 3D registration enable osteophyte

quantification

We used paired shape comparisons between DMM and contralateral tibiae to automatically seg-

ment and quantify osteophytes (Fig 6A). Medial osteophytes in DMM-operated were consis-

tently found after 2-weeks using this method (Fig 6B); while at 1-week post-DMM, they were

imperceptible. Quantifications showed two phases of growth (Fig 6C); at the early stages (1- to

4-weeks) where volume increment was rapid (0.019 (-0.002, 0.041) mm3 at 1-week to 0.095

(0.063, 0.127) mm3 at 4-weeks, p = 0.02) and a second slower at later stages (0.101 (0.053, 0.149)

mm3 at 8-weeks to 0.165 (0.120, 0.211) mm3 at 20-weeks, p = 0.15). We validated the automated

measurements using manual segmentation (line plot in grey, Fig 6C) and excellent agreement

was found between the two methodologies. However, the %CV of automated measurements

(28.3%) was found to be higher than the one in manual measurements (14.2%); the average

RMS error was found to be 0.024 mm3. Bland-Altman analysis confirmed the good agreement

between segmentation methodologies (Fig 6D). We found a bias of -0.021 mm3 (17.8% of the

average value) in osteophyte measurement and this had a trend to increase with the measured

average value. Nevertheless, the coefficient of determination associated with the difference (r2 =

0.075, p = 0.11) indicated a negligible proportional relationship between variables.

Epiphyseal volume provides a surrogate measurement of osteophyte

formation

We asked whether whole epiphyseal volume could be used as a surrogate measurement to

assess osteophyte volume. Representative top views of 2- and 12-weeks post-DMM epiphyses

show the expansion (highlighted by arrows and shaded regions-of-interest, Fig 7A) due to new

bone formation on the medial border of the plateau, whereas the non-operated contralateral

(12-weeks post-surgery) was unaltered. DMM epiphyses were significantly expanded from

4-weeks post-surgery compared with healthy baseline and this trend further increased up to

20-weeks (Fig 7B). While at 4-weeks post-surgery we observed a DMM epiphyseal expansion

of +19.7% compared with baseline (p = 0.0004, Fig 7B), at 20-weeks post-surgery this incre-

ment was up to +38.9% (p<0.0001, 7B). An increase in contralateral epiphyseal volume was

also observed from 8-weeks post-surgery (expansion of +33.3% from baseline to 20-weeks,

p<0.0001, Fig 7B), which caused a progressive decrease in the difference between DMM-oper-

ated/contralateral epiphyseal volume (Fig 7C). Significant expansion of DMM-operated epiph-

ysis was found compared with contralateral at 4-weeks post-surgery (+5.7%, p = 0.025, Fig

7C), and further increased at 8-weeks post-surgery (+9.4%, p = 0.004). However, while at

12-weeks significant expansion (+7.5%, p = 0.035) was still observed, there were no differences

in DMM epiphyseal volume at 20-weeks post-surgery (+2.1, p = 0.76).

Histopathology also revealed early chondrophytes at 1-week post-DMM

Grading of articular cartilage lesions by histological scoring (Fig 6E) revealed OA progression

confined to the medial compartment of destabilised joints. Histology (leftmost images in Fig

6B) also revealed very early chondrophytes (non-calcified osteophyte precursors) in the medial
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margin at 1-week post-DMM and no osteophytes were visible at any time point in contralat-

eral tibiae.

Structural changes in subchondral were not significantly correlated to the

severity of cartilage lesions at individual time points

Structural changes in subchondral bone and osteophyte volume were not significantly corre-

lated to the severity of cartilage lesions at individual time points. However, some clear direct

Fig 6. Osteophyte quantification using shape comparisons based on 3D image registration. (A) Middle

coronal view of a 3D model showing registration of DMM (colour-coded in red) to contralateral (colour-coded in

green) tibia leading to superimposition between structures (colour-coded in yellow). The dashed line demarcates

the medial and lateral aspects of the plateau. (B) Representative coronal views of registered DMM/contralateral

tibiae showing osteophytes as a medial outgrowing protrusion (highlighted by dashed boxes), which were well

validated by histopathology. Progressive articular cartilage damage is indicated by arrows. (C) Osteophyte

volume measure either by automated or manual segmentation (n = 5, *P<0.05, **P<0.01 and ***P<0.001,

computed by one-way ANOVA followed by multiple comparison tests using Bonferroni correction to determine

differences between measurements in healthy baseline and subsequent time points post-surgery). (D) Bland-

Altman plot to determine the agreement between the measurements in automatically and manually segmented

osteophytes. The difference between measurements using automated and manual segmentation was plotted

against the average (n = 35, with the measurements of all time points upon DMM pooled together). The mean

(solid line) and the 95% limits of agreement (-1.96SD, +1.96SD, indicated by the area shaded in blue between

the dashed lines) are reported in the plot. (E) Articular cartilage summed histopathology scores in medial and

lateral aspects of the plateau for DMM and contralateral tibiae (n = 5, **P<0.01 and ***P<0.001 by non-

parametric Kruskal-Wallis tests followed by post hoc Dunn’s multiple comparisons tests to determine statistical

differences between scores at 1-week post-DMM and the subsequent time points for each aspect of the

plateau).

https://doi.org/10.1371/journal.pone.0174294.g006
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relationships were found between subchondral plate thickness and cartilage score at 4- and

12-weeks post-surgery and between trabecular BV/TV and cartilage score at 1- and 4-weeks

(Table 3). Osteophyte volume had a strong linear relationship with articular cartilage score,

Fig 7. Osteophyte quantification using epiphyseal volume. (A) Top views of tibial epiphyses showing

medial expansion caused by osteophytes in DMM-operated (arrows and shaded regions-of-interest)

compared with an unaltered contralateral (12-weeks post-surgery). At 2-weeks, the osteophyte appeared

incomplete, while at 12-weeks broaden the articular surface. (B) Epiphyseal volume over time for DMM and

contralateral tibiae (n = 5, * denotes comparisons between measurements in the non-operated baseline with

subsequent time points post-surgery while # denotes comparisons between DMM-operated vs. contralateral

tibiae at the same time point, obtained by two-way ANOVA followed by multiple comparison tests using

Bonferroni correction). #P<0.05, **P<0.01 and ****P<0.0001. (C) Difference between epiphyseal volume of

DMM-operated and contralateral tibiae over time expressed as a percentage difference (n = 5, *P<0.05,

**P<0.01 and ***P<0.001, computed by one-way ANOVA followed by multiple comparison tests using

Bonferroni correction to determine statistical differences between measurements in healthy baseline and

subsequent time points).

https://doi.org/10.1371/journal.pone.0174294.g007

Table 3. Non-parametric correlations between lesion progression in subchondral bone compartments, osteophyte formation and articular carti-

lage score.

Time point

(weeks)

Subchondral bone plate thickness vs. articular

cartilage score (Spearman r’)

Trabecular BV/TV vs. articular

cartilage score (Spearman r’)

Osteophyte volume vs. articular

cartilage score (Spearman r’)

1 0.44 0.62

2 0.55 0.20 -0.21

4 0.80 0.70 -0.20

8 -0.40 0.40 0.50

12 0.67 0.21 0.32

20 0.21 0.31 0.82

Subchondral bone plate thickness, trabecular BV/TV, osteophyte volume and articular cartilage score were linearly crossed using non-parametric

correlation analysis to determine the association among alterations in subchondral bone microstructure, articular cartilage score and osteophyte formation.

Data were analysed in the following pairs: subchondral bone plate thickness vs. articular cartilage score, trabecular BV/TV vs. articular cartilage score, and

osteophyte volume vs. articular cartilage score. The non-parametric correlation coefficient (Spearman r’) for each correlation is reported (n = 5)

https://doi.org/10.1371/journal.pone.0174294.t003
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but only at 20-weeks post-surgery. This can however, be a power issue, since correlations at

individual time points were obtained from a relatively small sample size (n = 5). Therefore, we

have studied global correlation plots between subchondral bone plate thickness and articular

cartilage score, trabecular BV/TV and articular cartilage score, and osteophyte volume and

articular cartilage score in the medial aspect of DMM tibiae including all time points post-sur-

gery. Non-parametric correlation analyses have shown significant correlations in the three sit-

uations; r’ = 0.78, p<0.0001, for subchondral bone plate thickness vs. articular cartilage score,

r’ = 0.37, p = 0.04, for trabecular BV/TV vs. articular cartilage score and r’ = 0.57, p = 0.006, for

osteophyte volume vs. articular cartilage score. Consequently, this indicated that severity of

lesion progression in subchondral bone, osteophyte formation and articular cartilage was

indeed globally associated over time.

Discussion

In this work, we present an automated epiphyseal analysis for characterization of bone changes

in experimental OA. Although we confined joint analysis to tibiae, histology has shown that

lesions in this model are prevalent in the medial tibial epiphysis [27] and consequently, assess-

ment in tibiae should provide a representative measure of OA changes in the whole joint. On

the tibial surface, we generated planar heat maps of subchondral bone thickness to locate the

areas of major alterations. From these data, progressive sclerosis was exclusively observed in

the medial compartment of operated joints. This supported previous evidence that lesions are

time-dependent and confined to load-bearing areas or sites of trauma [38]. Nevertheless, it has

been suggested that the cortical plate and trabecular bone have different involvement in OA

[39] and should be evaluated separately [40]. Segmentation of cortical and trabecular bone in

the tibial epiphysis has been previously performed by manual contouring [16–18], which is

time-consuming and subjective. Automated approaches for compartmentalisation proposed

in literature rely mostly on thresholds [19–23], a critical parameter in micro-CT segmentation,

and are prone to error [15]. For increased robustness, segmentation methods should also con-

sider microstructural criteria, such as thickness differences between cortical and trabecular

bone [23, 24]. Our method relies on the degree of macro-porosity, used to classify bone struc-

ture at the macroscopic level [32], to distinguish between cortical and trabecular bone and

therefore, has the strength of being threshold independent in the differentiation between com-

partments. We confined volumes-of-interest to the load bearing regions of the tibial plateau

where consistent increases in subchondral bone thickness were observed by our planar heat

maps. To improve the robustness of the measurements, we applied 3D registration to co-align

pairs of DMM/contralateral tibiae prior to analysis. This methodology has demonstrated accu-

rate longitudinal monitoring of bone resorption and apposition [41] and improved sensitivity

and reproducibility of micro-architectural quantifications [42, 43]. In our study, it reduced

the variability of the measurements, suggesting that the robustness of the method was also

improved. Furthermore, we used the paired alignment to determine shape differences between

DMM and contralateral tibiae. Shape comparisons have been previously proposed as a poten-

tial imaging biomarker of pathology progression in clinical studies [44–46], while in experi-

mental models, and also using alignment by 3D registration, they have demonstrated the

ability to track and quantify osteophytes [47]. In our method, we considered that outer shape

and size differences between DMM and contralateral tibiae were caused by osteophytes, a valid

assumption when comparing pairs of bones from the same animal. Not only did this method

demonstrate high accuracy in detecting osteophytes (from 2-weeks post-surgery), but also

demonstrated robustness by the strong agreement with manual segmentation and histology.

We further proposed epiphyseal volume as a surrogate measurement of osteophyte growth,
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since osteophytes broaden the articular surface [48]. Early epiphyseal expansion (from

4-weeks post-surgery) was detected by this semi-automated method, thus demonstrating its

potential for early osteophyte measurement.

The application of our quantitative methodologies to experimental OA showed very early

development of subchondral bone changes and osteophyte formation. These alterations were

confined to the medial tibial epiphysis, an observation consistent with the model validation

[27] and microstructural studies [16]. Our results support the notion that osteophyte forma-

tion might be triggered by load imbalance due to increased laxity [16] and acts to restabilise

the joint [48]. This explanation is also supported by clinical evidence in which osteophyte

removal increased joint instability [49]. In the subchondral bone compartments, we found

plate thickening and increased trabecular bone mass as early as 4-weeks post-operatively com-

pared with contralateral. Furthermore, measurements in the plate were elevated compared

with baseline from 2-weeks post-surgery, while trabecular BV/TV showed changes from

1-week post-surgery. While plate thickness continuously increased over time compared with

the correspondent contralateral, no changes were detected in trabecular bone after 4-weeks.

Mappings showed remodelling of this compartment into compact bone, resulting in almost

complete absence of trabeculae at the late stages. We also found changes in the medial com-

partment of contralateral joints, an observation consistent with Poulet et al. [50] using a load-

ing model. These findings emphasise the limitations of using the contralateral joint as a

control, a caveat that has also been documented in surgical models [51]. Furthermore, when

we measured epiphyseal volume, we also observed significant expansion in contralateral tibiae

despite the absence of any osteophytes. Skeletal growth might cause this expansion; increase in

bone mass and longitudinal growth are known to occur after mice reach sexual maturity [52]

and, in the C57Bl/6 strain, long bone lengthening has been reported to occur until six months

of age [53]. Nevertheless, we cannot exclude that the expansion detected represents a change

in animal gait as reported by Poulet et al. [50]. Indeed, altered biomechanical loading, detected

by incapacitance testing, has been reported in the DMM model as a consequence of the painful

behaviour developed at the late stages of disease (11-weeks post-surgery) [34]. This seems to

be consistent with our study, in which we observed contralateral epiphyseal expansion particu-

larly at later stages of disease. Nevertheless, in the absence of gait and incapacitance data for

our cross-sectional study, we can only hypothesize on these findings.

Early subchondral bone changes reported in the mouse include mostly subchondral bone

plate thinning, decreased bone mineral density and loss of trabecular bone mass [17, 25].

Additionally, in different animal models, including the mouse, thickening has been described

as a late event in which sclerosis is preceded by resorption [54, 55], but we were not able to rep-

licate these findings. This might be due to the nature of the DMM model that induces very

mild, slow-progressing lesions which might are not associated to significant inflammation but

alter the mechanical loading of the joint [51, 56]. This would explain why the bone response

appear consistent with bone overloading only without an inflammatory, resorption-inducing

phase. Alternatively, this might be due to insufficient sensitivity of micro-CT imaging com-

pared to histomorphometry in detecting transient, minor changes in bone turnover that might

be significant at cellular level, but not as clear in terms of bone mass.

Our results demonstrate that, using highly sensitive 3D imaging, structural changes in sub-

chondral bone and osteophyte formation can be detected from 2-weeks post-surgery com-

pared with healthy mice and 4-weeks post-surgery compared with contralateral, both time

points where conventional articular cartilage degradation scoring (achieved by histology) was

unable to detect significant pathological changes. The temporal progression of articular carti-

lage score in the current study is, however, consistent with the temporal progression of struc-

tural changes in hyaline cartilage assessed in 3D by contrast enhanced micro-CT in our
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previous study, where significant structural changes in articular cartilage thickness where

observed from 4-weeks post-surgery [29]. Our results suggest a temporal sequence of detect-

able structural changes in bone occurring before measurable degradation (by conventional his-

topathology scoring) in cartilage, but, in no way, they implicate that cell activation and macro/

nano-scale tissue remodelling in the two tissues follow the same temporal order. Nonetheless,

the present study indicates that early alterations in subchondral bone are quantifiable and

could be used to monitor progression of disease in in vivo studies.

Conclusions

The methods described in the current report provide a robust, high-throughput, platform for

the quantitative assessment of epiphyseal bone changes in experimental OA. In our cross-sec-

tional study, we demonstrated that progressive structural changes in subchondral bone and

osteophyte formation are detectable as early as 4-weeks after DMM surgery, despite articular

cartilage score did not show significant changes until 12 weeks post-DMM surgery. Our auto-

mated quantitative imaging methods will allow to sensitively and rapidly measure disease pro-

gression on periarticular bone in a range of experimental models of murine OA, with the

possibility of extending its use to longitudinal studies using in vivo micro-CT scanners.
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