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A B S T R A C T

Objective: The objective of this study was to develop a reproducible and semi-automatic method based on micro
computed tomography (microCT) to analyze cartilage and bone morphology of human osteoarthritic knee joints
in spatially matching regions of interest.
Materials and methods: Tibial plateaus from randomly selected patients with advanced osteoarthritis (OA) who
underwent total knee arthroplasty surgery were microCT scanned once fresh and once after staining with
Hexabrix. The articular surface was determined manually in the first scan. Total articular surface, defect surface
and cartilage surface were computed by triangulation of the cartilage surface and the spatially corresponding
subchondral bone regions were automatically generated and the standard cortical bone and trabecular bone
morphometric indices were computed.
Results: The method to identify cartilage surface and defects was successfully validated against photographic
examinations. The microCT measurements of the cartilage defect were also verified by conventional histo-
pathology using safranin O–stained sections. Cartilage thickness and volume was significantly lower for OA
condyle compared with healthy condyle. Bone fraction, bone tissue mineral density, cortical density and tra-
becular thickness differed significantly depending on the level of cartilage damage.
Conclusion: This new microCT imaging workflow can be used for reproducible quantitative evaluation of ar-
ticular cartilage damage and the associated changes in subchondral bone morphology in osteoarthritic joints
with a relatively high throughput compared to manual contouring. This methodology can be applied to gain
better understanding of the OA disease progress in large cohorts.

1. Introduction

Osteoarthritis (OA) is the most common joint disease, causing
morbidity and disability in patients worldwide [1–6]. In OA diagnostics
the most widely used technique is still conventional x-ray [7–9]. There
have been several studies, which aimed to develop OA diagnostics using
radiography. However, conventional x-ray generally do not correlate
well with patients experienced symptoms, are not sensitive enough to
visualize early signs of changes in cartilage morphology and in essence
are strictly 2-dimensional (2D) analysis [10,11]. A systematic review
demonstrated that the relation of bone marrow lesions, synovitis and
effusion to pain was moderate to strong. There was a weak or no re-
lation of cartilage morphology or meniscal tears to pain. The relation of

cartilage morphology to radiographic OA and radiographic joint space
was found to be inconsistent [11].

Magnetic Resonance Imaging (MRI) offers several advantages as an
imaging tool compared with radiography because it can visualize car-
tilage and its pathological changes without ionizing radiation. MRI is
used in epidemiologic studies but much less in routine clinical setting,
the main reason being high cost and sometimes long waiting time for
MRI examination. The progress of OA can be followed using MRI with
semi quantitative scoring approaches such as the Whole Organ MRI
Score (WORMS), the Knee Osteoarthritis Scoring System (KOSS),
Boston Leeds Osteoarthritis Knee Score (BLOCKS) and MRI
Osteoarthritis Knee Score (MOAKS) [12,13]. A promising quantitative
approach for diagnosing OA from MRI scans is trabecular bone texture
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(TBT) analysis [14]. Texture analysis uses mathematical computations
to increase the information obtainable from images [15]. Recently,
subchondral TBT from MRI of tibia plateaus was significantly associated
with histomorphometric outcomes. TBT analysis is therefore also a
strong candidate to monitor the progression of OA in clinical studies; as
confirmed by Mac Kay et al. recently [16,17].

OA was initially thought to be isolated to morphological changes in
cartilage but is now considered a whole joint disease where the sub-
chondral bone plays an important role in pain and disease development
[18–23]. The subchondral bone is important for passive shock absorp-
tion in the joint and there is a vital interplay between the articular
cartilage and subchondral bone [24]. Structural changes in the sub-
chondral bone have an immediate effect on the overlying articular
cartilage [18,25]. Studies with systematic mapping of the tibia plateau
and the subchondral bone using micro computed tomography (mi-
croCT) in end stage OA from varying joint alignment showed significant
condylar and intra condylar differences indicating that joint alignment
has an effect on the microstructure of the subchondral bone plate
[23,26].

There is an urgent need to develop technologies enabling visuali-
zation of early signs of OA and contributing to understanding of the
sequence of morphological changes in joint. Promising results of ima-
ging of cartilage microarchitecture using equilibrium partitioning of an
ionic contrast agent (EPIC) in microCT were first reported in rodent
models [27]. Negatively charged contrast agent molecules diffuse into
the cartilage where glycosaminoglycan (GAG) depletion has occurred.
After equilibrium is achieved the distribution of the ionic contrast agent
is inversely related to the density of negatively charged GAGs. Sulph-
ated glycosaminoglycans (sGAG) are structurally important in articular
cartilage for maintaining its lubricant properties and loss of sGAG is an
early sign of morphological changes in the articular cartilage related to
OA [28].

MicroCT with ionic negatively charged contrast agent (EPIC
microCT) is a promising but not yet fully explored technique for ima-
ging GAG distribution in cartilage. Kokkonen et al. showed that there
was a significant difference in penetration and x-ray attenuation of the
contrast agent Hexabrix in healthy and mechanically damaged cartilage
[29]. A recent study has also shown that quantitative contrast enhanced

microCT can be used to assess the depth variation of GAG in ex vivo
articular cartilage [30,31]. Research on animals have shown accurate
measurement and cadaveric knee joint scanning using CT arthrography
(CTa) have shown promising results [32–35]. CTa has also been in-
troduced in vivo in clinical settings where a recent study showed a good
correlation between CTa and sGAG measured using ex vivo EPIC mi-
croCT [36].

Our aims with the present study were to develop a methodology to
evaluate morphology in spatially matching regions of cartilage and
subchondral bone in OA patients using microCT and EPIC microCT. To
the best of the authors´ knowledge, this has not been done previously,
probably because while both methods use the same imaging device, the
resulting images are different enough that one faces the challenges
usually associated with multimodal imaging [37], such as co-registra-
tion and co-localization of regions of interest (ROI). In particular, in the
OA context, one has to define spatially matching ROIs in the articular
surface and the subchondral bone in order to study their interactions. In
“traditional” microCT image processing, ROIs are drawn manually in
axial or sagittal slices, which for articular cartilage, is tedious and im-
precise because cartilage has similar x-ray absorption to neighboring
tissues and is not in a single plane.

To overcome this difficulty, we present a semi-automatic workflow
to analyze tibia condyles with automatic ROI generation, defects
identification, and damage mapping.

2. Materials and methods

2.1. Sample selection

Twelve tibia plateaus were retrieved from patients with advanced
OA who underwent total knee arthroplasty surgery at Sahlgrenska
University Hospital, Sweden following a procedure approved by the
Ethical committee in Gothenburg, Sweden and informed consent was
not required. The tibia plateaus where retrieved during surgery and
stored in phosphate buffer saline (PBS, Sigma Aldrich) prior to analysis.
To prevent cartilage degeneration, the PBS used throughout this study
contained protease inhibitors (1% Protease Inhibitor Cocktail Set I,
CalBiochem, San Diego, CA). Three plateaus split into six condyles were
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Fig. 1. (1) Photograph and visual assessment: immediately post-op the samples were photographed and evaluated visually by an expert. In this example, the medial
condyle shows a large deep defect down to bone (blue), while cartilage of the lateral condyle has changing aspect between internal (yellow) and external (green)
area, suggesting areas of healthier region and shallow cartilage defects. (2) The specimen is then microCT scanned. In the microCT scan the deep defect can be
identified (blue star) but potential changes in the lateral cartilage cannot. (3) In a 3D rendering of the segmented scan the deep defect can be detected from excessive
porosity on the condyle surface (blue dashed zone). (4) The specimen is finally EPIC-scanned. The defect can be observed (blue star) and variations in the Hexabrix
staining can be observed in the lateral aspect (yellow and green stars), confirming visual assessment. Note that bone is blurred by the contrast agent infiltrations and
cannot be analyzed in this scan. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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used to determine the dynamics of contrast agent Hexabrix staining in
human knee cartilage.

2.2. Macroscopic observations

Directly post-operatively, the samples were photographed (Fig. 1),
and split into medial and lateral condyles through the eminentia tibia
(to fit into a Ø7 cm microCT sample holder). The bone was washed
multiple times with PBS and stripped of soft tissue such as rests of ACL
and meniscus. An experienced surgeon visually inspected the specimens
and cartilage defects were contoured on the photos. The annotated
photos were imported into Fiji [38] where the total condyle surface
(Cond.S) and defect surface (Def.S) were extracted using measuring
tools, and Defect surface fraction (Def.S/Cond.S) was computed (see
Fig. 1).

2.3. MicroCT analysis

2.3.1. Baseline microCT
After removal of excess fluid, the condyles were wrapped in cling-

film and scanned in air with a cabinet cone-beam microCT scanner
(μCT100 Scanco Medical, Bruttisellen, Switzerland) operated at 70 kVp,
200 uA, 500ms; 1000 projections/180°. The slices were reconstructed
across an image matrix size of 2048×2048 voxels, with a nominal
voxel size of 36 μm, resulting in a scan volume 20mm long and
75.3×75.3 mm in the axial plane (scan time 40min).

2.3.2. EPIC microCT
After the baseline scan, the specimens were immersed in a solution

of 40% ionic CT contrast agent Hexabrix (Hexabrix 320, Guerbet AG,
Zürich CH) and 60% PBS at room temperature under slow agitation.
First, six condyles were immersed for 4, 8, 16, 24 and 33 h and then re-
scanned after each period to determine the diffusion dynamics of the
contrast agent. It was determined that 20 h was an optimal staining
time. All the following specimens were immersed in the solution once
for 20 h and scanned. The second scan, referred to as “EPIC- scan” in
reference to Palmer et al. [27], was performed with the same settings as
the baseline scan. Finally, three specimens were immersed in PBS for
48 h after EPIC-scan to desorb Hexabrix before histological processing.

2.4. Image processing

The image processing algorithms were developed with EasyIPL, a
high-level library of macros using the scanner softwares (SCANCO
Image Processing Language, IPL and HP OpenVMS Digital Command
Language, DCL).

2.4.1. Alignment and segmentation
The specimens were scanned with the cut surface flat on the holder's

bottom. The scan data was first re-oriented to work in the sagittal plane,
with medial and lateral condyle oriented left and right on the screen
respectively to facilitate image interpretation. Trabecular, cortical bone
and cartilage were segmented from the baseline scans based on their
specific x-ray absorptions and morphometry as described in Fig. 2.

2.4.2. ROIs definition
Multiple ROIs were defined: articular surface, cartilage, cartilage

defect, exposed bone, trabecular and cortical bone.
First, the articular surface was identified: each scan was Gaussian-

filtered (σ=0.5, support= 1) to reduce noise, bone segmented
(threshold=280mgHA/ccm) and the articular surface was identified
visually in 3D rendering. The contour of the articular surface was drawn
on an axial projection. Bone surface was then generated by closing the
segmented bone (d=20 voxels) and finally, the articular surface con-
tour was projected onto bone surface to obtain the articular surface ROI
(Fig. 3).

Cartilage defect was defined as the articular surface not covered by
cartilage. To generate the defect ROI, bone surface was offset by two
voxels in the Y direction and intersected with the cartilage object to
create the articular surface with cartilage object; the articular surface
with cartilage was masked off from the articular surface object to
generate the cartilage defect ROI.

2.4.3. ROI projections to create sub-ROIs
The articular surface ROI and articular surface defect ROI were

projected in the axial direction and intersected with cartilage, trabe-
cular and cortical bone (using methods as above) to define the sub-
ROIs, namely sub-cartilage/sub-defect trabecular bone, sub-cartilage/
sub-defect cortical bone, and articular cartilage (Fig. 4 and Table 1).

2.4.4. Morphometric measurements
The total articular surface (AS.S), defect surface (D.S) and cartilage

surface (C·S) were computed by triangulation of the object surface using
a marching-cubes algorithm [39]. The standard cortical bone and tra-
becular bone morphometric indices were computed using voxel
counting (BV/TV) and sphere fitting (Ct.Th, Tb.Th, Tb.Sp, etc.) [40].

2.4.5. Alignment of EPIC scans to baseline scans
The EPIC scans were aligned in space to the baseline scans, so that

the ROIs defined at baseline could be used in the EPIC space directly.
For this, bone was roughly contoured in the EPIC scans and it was used
to register the scan to baseline scan using rigid registration, with a
minimum correlation coefficient of 0.8, convergence criterion of
1× 10−5, and maximum 2000 iterations [41]. The ROIs defined in the
baseline scan could then be reported to the EPIC scan using the inverse
registration matrix. The cartilage sGAG content was estimated from the
contrast agent concentration [27]. Staining intensity distribution was
evaluated within articular cartilage by generating a histogram of the
voxels' intensity (in HU) within the cartilage ROI. Cartilage stained
fraction (normal vs low sGAG content) was evaluated by segmenting
the image (σ=2, support= 4, threshold= 4000 HU).

2.5. Histology

Tibia plateaus were sent to HistoCenter AB, Sweden for histology.
The following protocol was used to treat the samples. (1)
Decalcification: 12.5% EDTA, Sigma E5134, dissolved in deionized
water over the intended period. (2) Dehydration: Isopropanol (Histolab
02150), in increasing concentrations from 90% to 100%, final steps in
isopropanol occurred in 60 °C oven and samples were then mounted in
paraffin. (3) Cutting: 5 μm thick slices. (4) Staining: Safranin-O, which
was dissolved in distilled water. The order of the different components
of the color method: Weigert HTX, Salty liquor, Fast Green, 1% Acetic
acid, Safranin, then dehydration in 96%, 100% etOH and Xylene→
assembly.

2.6. Validation of microCT with histology

The microCT slices corresponding to histological slices were
manually determined in 3D, based on anatomical and feature land-
marks. The total cartilage thickness and stained cartilage thickness
were measured in Fiji along various vertical lines in histology and
microCT slices. The stained thickness fraction was computed.

2.7. Statistical analysis

Data is expressed as Mean ± SD unless stated otherwise. The cor-
relation between surface fraction from photographic examination and
microCT analysis was evaluated by fitting a linear model with the lm
function. Staining dynamics: a sigmoid function was fitted using
Nonlinear Least Squares. Morphometric analysis: one-way ANOVA were
performed using the aov function. Confidence levels p < 0.05 and
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p < 0.01 were considered statistically significant and highly sig-
nificant respectively. All analyses were performed in the R program-
ming language (version 3.3.3) [42].

3. Results

3.1. Comparison of EPIC method with histology

Histology slices were obtained for three condyles and the corre-
sponding microCT slices were manually determined. Safranin O stains
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Fig. 2. Workflow diagram for segmentation of cartilage, cortical and trabecular bone. The grayscale image was smoothed with a Gaussian filter to reduce noise, and
then segmented using three thresholds (σ=1, support= 2, T=−300 HU for soft tissues; σ=1, support= 2, T= 280 mgHA/ccm for trabecular bone; and σ=0.5,
support= 1, T=480 mgHA/ccm for dense bone). The thresholds values were first estimated from the histograms in representative specimens and then visually
refined by direct visual comparison of grayscale and segmented images slice by slice [23]. The segmented soft tissue and trabecular bone objects were cleaned of
noise by an opening of two voxels. Trabecular bone was excluded from the dense bone object by an opening of 1 voxel followed by a component labeling to remove
objects of< 500 voxels. The object was then closed by one voxel to create the cortical mask. The trabecular bone object was masked off of the cortical mask to
generate the trabecular mask.
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red proportionally to sGAG content. Unhealthy cartilage shows only
small areas with sGAG staining (red) indicating low amounts of pro-
teoglycans, (Fig. 5B). In contrast histology slice of the healthier lateral
condyle shows a large area with red staining sGAG (red) indicating high

amounts of proteoglycans, (Fig. 5A). Subsequently, we could notice a
progressive loss of glycosaminoglycans (sGAG content, red staining) in
unhealthy cartilage. Finally, Fig. 5C shows a cartilage defect, down to
subchondral bone. Fig. 5A–C also illustrates a qualitatively good match
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Fig. 3. Workflow diagram showing the definition of articular surface ROI by projection of a 2D contour onto bone surface. (1) Bone was rendered in 3D; (2) the
articular surface was identified and (3) it was contoured on a 2D projection of the condyle. To generate bone surface, (i) bone was segmented, (ii) closed (d=20
voxels) and (iii) offset by two voxels in Y and (iv) subtracted. (4) The articular surface contour was projected onto the bone surface to obtain (5) the articular surface
ROI.
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Fig. 4. Illustration of the various ROIs of the model. Articular surface, in dashed green is manually defined. Cartilage and defect ROIs are generated automatically and
projected into bone to generate the bone sub-ROIs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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between microCT and histology.

3.2. Staining dynamics

Staining followed a sigmoid curve and reached a plateau around 18-
20 h (Fig. 5D). The data was fitted with a sigmoid function (plain line)
A= a (1− b e−t/c), where A= absorption; t= time; a, b, c are nu-
merical parameters (best fit: a= 3.03 cm−1, b= 0.76, c= 7.09 h) in
good agreement with the original findings from Palmer et al. [27].

3.3. Validations

Defect surface fraction from photographic examination vs microCT
analysis correlated significantly with microCT defect fraction
(r2= 0.83, p < 0.001). Similarly, the cartilage thickness fraction in
histology correlated significantly with cartilage stained fraction mea-
sured with EPIC microCT (r2= 0.83, p < 0.011) (Fig. 6A).

3.4. Bone morphometry

Bone was categorized in three sub-regions: bone under intact car-
tilage (condyles without defect), bone under damaged cartilage (con-
dyle with a full depth defect) and exposed bone under full-depth defect.
Bone fraction (BV/TV), Trabecular thickness (Tb.Th), Tissue Mineral
Density (TMD), Cortical Mineral Tissue Density (Ct.TMD) and
Trabecular Tissue Mineral Density (Tb.TMD) were significantly affected
by overlying cartilage status (p < 0.05); but cortical thickness (Ct.Th)
was not (Fig. 6B).

3.5. Cartilage morphometry

In total, 23 condyles were analyzed; 13 had a cartilage defect down
to bone and 10 were without a defect. Twelve of the defects (92%) were
found in the medial condyle and one in the lateral condyle. The dis-
tribution of defect surface (in % of condyle surface) was bimodal with
60% of the condyles showing only small defects (< 20% of total con-
dyle surface) and 30% showing large defects (> 35%). Cartilage
thickness was significantly higher in intact condyles (p= 0.029).
Hexabrix absorption seemed lower in intact condyles, but the difference
was not statistically significant (Fig. 7A). Fig. 7B illustrates the dis-
tribution of cartilage thickness over all analyzed condyles.

4. Discussion

With an increasing incidence of OA there is today an urgent need for
imaging techniques capable of capturing morphological changes of the
cartilage and the subchondral bone as a whole. This should enable a
better understanding of the cross talk between bone and cartilage
during the progression of the disease. This study presents a new
methodology for generating spatially matching ROIs in cartilage and
bone. The methodology was applied to the medial and lateral tibia
condyles of 12 patients with end-stage knee OA and varus joint align-
ment. A complete mapping of the cartilage surface and the

microstructure of the underlying bone was obtained by combining na-
tive microCT scans and scans after immersing the samples in a solution
of ionic CT contrast agent Hexabrix 320. The optimal staining time was
determined to be 20 h to obtain an equilibrium and optimal visualiza-
tion of the cartilage and by that the GAG content which negatively
correlates with Hexabrix content [36]. Medial condyles with excessive
damage were compared to lateral condyles with healthier cartilage and
less or no macroscopically visual cartilage injuries. Significant differ-
ence (p < 0.05) was found in the condyles when comparing regions of
bone under intact cartilage, bone under damage cartilage without full
depth defect and exposed bone under defect in the morphometric
measurements of bone fraction, bone tissue mineral density, cortical
bone tissue mineral density and trabecular thickness. Subchondral bone
changes and trabecular bone loss as early post-traumatic OA signs have
been seen in earlier studies with in vivo HR-pQCT scans of patients who
underwent ACL reconstruction [43,44].

The accuracy of EPIC microCT images of the cartilage health were
verified by conventional histopathology using safranin O–stained sec-
tions. Previous studies have shown a good correlation between histo-
pathological findings and images created using contrast enhanced
microCT where pathological changes in articular cartilage and sub-
chondral bone were clearly visualized [45]. Similarly we saw in our
study a significant positive correlation between the cartilage thickness
fraction measured in histology compared to the one measured with
EPIC microCT.

Defining ROIs in articular cartilage surface manually, and in parti-
cular of cartilage defects, is often excessively simplified, for example
van Tiel et al. used rectangular ROIs [36], otherwise it becomes overly
time consuming or imprecise. To overcome this limitation, we devel-
oped a semi-automatic method for ROI generation where, after the
articular surface is identified and contoured in a single image, it is
automatically projected onto the subchondral bone and all eight sub-
ROIs are generated. The precision of the automatic defect detection in
microCT images was validated against analysis of post-operative pho-
tographs. Correlation between microCT and photographic defect sur-
face was very good, despite variations in photographic measurements
that may come from the convex surface of the plateaus.

Early onset of cartilage degradation is seen in young patients de-
veloping post-traumatic OA after ligament tears such as ACL injury.
Evidence suggests that subchondral bone changes and oedema play a
pivotal role in disease development and can be observed even prior to
development of degradation in the articular cartilage. A recent study
examining the subchondral bone plate and cartilage thickness with MRI
and HR-pQCT [44] in young female patients with ACL reconstructed
knees showed significant thickening of the subchondral bone plate in
areas where significant differences in cartilage thickness were not de-
tected [46,47]. Using the automatically generated ROIs in our sample of
tibial plateaus, spatial variations in bone morphometry could be sig-
nificantly associated with spatial variations of OA stages. Subchondral
bone morphometry under apparently intact cartilage differed sig-
nificantly between condyle with defects and condyles without defects,
suggesting that morphometric changes occurred already before carti-
lage defects reach full-depth.

Table 1
List of ROIs used, description and rationales.

ROI name Description Rationale/Usage

Articular surface The manually drawn articular surface All following ROIs are limited to this ROI in X and Y
Subchondral bone Bone below the articular cartilage Osteoarthritis is also a bone disease
Cartilage Existing cartilage within articular surface This ROI is also used in the registered EPIC scan
Sub-cartilage cortical bone Cortical bone below existing cartilage Exposed bone can be grinded by the joint movement
Sub-cartilage trabecular bone Trabecular bone below existing cartilage Subject to higher load
Defect Surface of bone within articular surface but not covered by cartilage The defect size shows the advance of the disease
Sub-defect cortical bone Cortical bone below defect Thickening of this bone may be a sign of early OA
Sub-defect trabecular bone Trabecular bone below defect Bone “protected” by cartilage is subject to less load
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Finally, it was recently shown that cartilage at the posterior aspect
of the medial condyle may be frequently (89%) preserved in advanced
grades of OA [48]. Accordingly, we categorized the position of the
defect in ten unfragmented specimens with defects, as anterior, cen-
tered or posterior, based on the center of the defect relative to the
center of the condyle. Five defects were centered; four were anterior
and only one posterior (90% of posterior cartilage was preserved).

Our study had several limitations. First of all, only 12 patients, all
with medial OA were examined since the main aim was to test and
validate the new imaging methodology. The low number of specimens
used and the homogeneity of the specimens (all varus knee end stage

OA) makes it hard to draw any wide conclusions for the whole OA
population, especially for early stage OA. Second, depending on how
advanced the OA was, there were variations in the tibial surgical cut-
ting which lead to a variation in specimen thickness. This may not affect
the analysis of cartilage but affects the thickness of the subchondral
bone analyzed. Third, the articular surface was manually drawn and
sometimes on fragmented specimens somewhat hard to define. The
manual drawing gives room for some imperfection when it comes to
specimens damaged during surgery.
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tology and EPIC microCT: (A) A “healthy”
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microCT, one was used for histology
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5. Conclusion

In conclusion, this study introduces and illustrates a new workflow
for the analysis of microCT scans of human knee joints, in which spa-
tially matching ROIs are semi-automatically generated in cartilage and
subchondral bone, based on cartilage damage. The workflow can be
used to correlate spatially the degree of OA damage to subchondral
bone quality. In the future, this workflow could be ported to in vivo
HRpQCT or MRI scans analysis to identify early changes in the sub-
chondral bone morphology prior to OA development, and could

hopefully help establish biomarkers for the detection of early de-
gradational changes, especially in young patients for whom there are
many more joint preservation treatment alternatives before a total knee
arthroplasty.
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