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Summary

Background and Purpose

Osteoarthritis (OA) is the most common cause of disability in the elderly. Epidemiological

and genetic studies of OA indicate that many pre-OA disease states can be modified. However,

early diagnosis and treatment of OA is still a challenge due to the complexity of OA

progression. Accurate analysis to quantify cartilage morphology is critical for evaluating

degenerative conditions in OA. Conventionally, histology and macroscopic evaluation are the

main tools to assess the health of articular cartilage in animal models. However, they cannot

provide three-dimensional (3D) information. Although magnetic resonance imaging (MRI)

and computed tomography (CT) have provided 3D imaging to assess cartilage surface

roughness, it is difficult to extract cartilage profiles properly due to the partial volume artifact.

Arthroscopic methods rely on direct visual inspection without invading the joint surface, but

they are subjective evaluations by scoring systems and do not provide stereoscopic

information to the surgeon.

3D optical scanning technology has evolved over the last several years and can capture

millions of points per second to create point cloud data. 3D scanning does not have a partial

volume artifact, because the surface evaluation does not involve the separation of the cartilage

layer. Surface curvature analysis quantitatively evaluates how uneven a surface is and is

sensitive to abrupt variations in elevation. Therefore, applying curvature analysis to 3D

optical scanning data of joint surfaces may enable objective and quantitative evaluation of

degenerated cartilage.

Our purpose of this study was to validate a 3D method for evaluating spatiotemporal

alterations in degenerative cartilage in a rabbit OA model by analyzing their curvatures at

various stages of progression and to indicate subareas where OA degeneration occurs first.

Materials and Methods

Twelve male Japanese white rabbits (20 weeks old, 3.0-3.5 kg, 24 knees) were divided into 4

groups: 4w control, 4w OA, 8w control, and 8w OA. Anterior cruciate ligament transection

(ACLT) was performed on the left knees, and right knees were used as controls. The distal
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femurs were collected at 4 and 8 weeks postoperatively. 3D scanning, India ink staining, and

histological assessments were performed in all groups. In 3D data, the surfaces of the

condyles were divided into 8 areas. The standard deviations (SD) of mean curvatures from all

vertices of condylar surfaces and subareas were calculated by MeshLab software. The

sensitivity test of 3D scanner was performed on 3 different grades of sandpapers. One

cartilage sample was scanned for 3 times to test the precision of 3D method. The data are

presented as means with 95% confidence intervals (CIs). Statistical significance was

determined by one-way ANOVA with Tukey’s post-test. Correlations were determined by

Spearman’s rank correlation coefficient. P values smaller than 0.05 were considered

statistically significant.

Results

The sensitivity test showed that the 3D scanner has no difficulty to distinguish different

grades of roughness using sandpapers. The precision test showed a good reproducibility for

quantifying cartilage surface roughness. Regarding the site of OA change, 3D evaluation was

consistent with India ink staining. The SD of mean curvature correlated strongly with the

India ink Osteoarthritis Research Society International (OARSI) score (rs = 0.9537, P <

0.0001). In curvature histograms, the curvature distribution in OA groups was more scattered

than in control groups, and the amount of extreme curvature values in 4- and 8-week groups

was also more than in control groups. Of the 8 areas, significant OA progression in the

posterolateral part of the lateral condyle (L-PL) was observed at 4 weeks after surgery. Over

time, OA degeneration started to be observed in the anterolateral parts of medial condyles

(M-AL), the posteromedial parts of medial condyles (M-PM), and the posterolateral parts of

medial condyles (M-PL). The histology was consistent with the 3D evaluation in terms of

representative section. Correlation analysis showed that the OARSI score correlated with the

SD of mean curvature, but not strongly (rs = 0.7930, P < 0.0001).

Discussion

Our results showed that the variation in mean curvature of the surface was proportional to the

severity of cartilage degeneration assessed using other analytical techniques. In addition, the
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posterolateral part of the lateral condyle is the region that undergoes degenerative changes

first in the rabbit ACLT model. These results indicate that 3D scanning and curvature analysis

can be reproducible imaging modalities for quantifying OA severity and clarifying

pathological mechanisms.

Surface scans make it possible to digitize the object’s surface with the scanning equipment.

Since CT and MRI generate volumetric pixels (or voxels) of the measured target to show its

internal structure, it is difficult to extract the cartilage layer sufficiently due to the partial

volume artifact. However, 3D scanning can avoid this problem, because surface imaging deals

with measurements by the 3D coordinates of points and does not involve separation of the

cartilage layer.

Comparing the conventional evaluation methods with curvature analysis, our results were

highly consistent with those of India ink, which verified the accuracy of the 3D technique,

whereas they were moderately correlated with the histology OARSI score. The OARSI score

is composed of four components: staining, structure, chondrocyte density, and clusters, while

3D scanning is a method of quantifying macrostructural alterations on the joint surface. While

histological evaluation allows detailed observation of the structure of cartilage, 3D scanning

allows structural and quantitative analysis of the entire cartilage surface.

India ink is a semi-quantitative morphological evaluation. The principle is that ink particles

are trapped in fissures on the cartilage. Early OA stage cartilage sometimes undergoes

thickening before tissue peeling, which can be detected by curvature analysis instead of India

ink staining. Moreover, the triangle mesh models obtained by 3D scanning can be uniformly

divided into subareas. Hence, a 3D scan using curvature analysis has the advantage of not

only quantitatively assessing cartilage degeneration but also allowing for subarea analysis of

the damaged cartilage compared to India ink staining.

Our results of subarea analysis showed that OA changes first occurred on the lateral femoral

condyle in the early stages and subsequently bilaterally. To our knowledge, the present study

is the first to focus on the lesions of rabbits in early OA by 3D scanning.

This study has several limitations. In optical scans, a frequent problem is the presence of

noise on the surface of the scan. In this study, we used an algebraic point set surfaces (APSS)

method to denoise. So, to some extent the noise will be decreased but not totally eliminated.
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Another limitation is that 3D scanning is currently an invasive method. Because the optical

light cannot penetrate the joint, we have to open the joint to scan the surface.

Conclusions

This study demonstrated that 3D scanning with curvature analysis can quantify the severity of

cartilage degeneration objectively and accurately during the progression of OA. Furthermore,

the L-PL was found to be the initial area where OA degeneration occurred in the rabbit ACLT

model.
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List of Abbreviations

2D two-dimensional

3D three-dimensional

ACL Anterior cruciate ligament

ACLT anterior cruciate ligament transection

APSS algebraic point set surfaces

CI confidence interval

CT computed tomography

EDTA ethylenediaminetetraacetic acid

ICRS International Cartilage Repair Society

L-AL anterolateral part of lateral condyle

L-AM anteromedial part of lateral condyle

L-PL posterolateral part of lateral condyle

L-PM posteromedial part of lateral condyle

M-AL anterolateral part of medial condyle

M-AM anteromedial part of medial condyle

M-PL posterolateral part of medial condyle

M-PM posteromedial part of medial condyle

MLS moving least-squares

MRI magnetic resonance imaging

OA osteoarthritis

OARSI Osteoarthritis Research Society International

PBS phosphate buffered saline

SD standard deviations
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Introduction

Osteoarthritis (OA) is the most common cause of disability in the elderly (Thomas et al, 2017,

pp. 491-496). The main characteristics are narrowing of the joint space width, sclerosis of the

subchondral bone, and the presence of osteophytes (Mezlini-Gharsallah et al, 2018, pp.

2380-2391). Epidemiological and genetic studies of OA indicate that many pre-OA disease

states can be modified (Chu et al, 2012, p. 212). However, early diagnosis and treatment of

OA is still a challenge due to the complexity and length of the disease process that is

influenced by mechanical, biological, and structural factors (Chu et al, 2018, pp. 891-897).

Accurate analysis of cartilage morphology is critical for evaluating the degenerative

conditions in OA. Conventionally, histology and India ink staining are the main tools to assess

the health of articular cartilage in animal models. However, histology is destructive,

time-consuming and represents only two-dimensional (2D) data on cross-sections; India ink

staining is a semi-quantitative macroscopic examination, and the images acquired are also 2D.

Recently, magnetic resonance imaging (MRI) and computed tomography (CT) have provided

three-dimensional (3D) imaging to assess cartilage surface characteristics, such as roughness,

which is a marker of early OA (Newton et al, 2017, pp. 2755-2764; Maerz et al, 2016, pp.

290-298). However, due to the partial volume artifact in MRI and CT, it is difficult to extract

cartilage profiles perfectly, especially the cartilage of small animals. Arthroscopic methods

rely on direct visual inspection without invading the joint surface, but they are subjective

evaluations by scoring systems such as the International Cartilage Repair Society (ICRS)

system (Kleemann et al, 2005, pp. 958-963), and they lack objectivity and do not provide

stereoscopic information to the surgeon.

3D optical scanning technology has evolved over the last several years and can capture

millions of points per second to create point cloud data (KUŞ, 2009, pp. 1967-1979). The

process works by a detector traversing an object and collecting data on its shape and texture

(Rubio et al, 2019, pp. 359-368). The resolution of 3D scans can be up to 18 μm, which is

equal to or greater than that of MRI and CT. More importantly, 3D scanning does not have a

partial volume artifact, because the surface evaluation does not involve the separation of the

cartilage layer. Surface curvature analysis, which is mainly used in earth science and

mechanical engineering (Lai et al, 2014, pp. 229-237; Korzeniowska and Korup, 2016; Patton
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et al, 2018, p. 3329; Gauthier et al, 2017, pp. 67-83), quantitatively evaluates how uneven a

surface is and is sensitive to abrupt variations in elevation. Applying curvature analysis to 3D

optical scanning data of joint surfaces may enable objective and quantitative evaluation of

degenerated cartilage.

Our hypothesis is that quantitative evaluation of cartilage degeneration is possible by

automatic calculation of the curvature distribution on the articular cartilage surface derived

from a high-resolution 3D optical scanning data. We demonstrate the utility of this 3D method

to detect cartilage degeneration in a rabbit OA model during different stages of progression

and to indicate subareas where OA degeneration occurs first.

Methods

Animals and Surgical Procedures

All animal procedures used in this study were approved by the Institutional Animal Care and

Use Committee of Hokkaido University (approval number: 19-0141). Twelve male Japanese

white rabbits (20 weeks old, 3.0-3.5 kg, 24 knees), which were obtained from Sankyo Labo

Service Corporation (Tokyo, Japan), were divided into 4 groups: 4w control, 4w OA, 8w

control, and 8w OA group. Six knees/group were considered sufficient to determine group

differences. Anterior cruciate ligament transection (ACLT)-induced instability OA modeling

was performed as previously shown (Takahashi et al, 2009, pp. 2372-2380); this procedure

induces cartilage lesions similar to those observed in humans with OA. Under intravenous

anesthesia (50 mg/kg) with sodium pentobarbital, inhalation anesthesia with isoflurane, and

local anesthesia with 1% lidocaine, a medial parapatellar approach was used to release the

joint capsule and to perform an ACLT on the left knee (Figure 1). The right knees were used

as controls without any operation. After closing the incision layer-by-layer with 3-0 sutures,

all animals were allowed to move freely. At 4 weeks or 8 weeks after surgery, the rabbits were

euthanatized by intravenous injection of overdosed pentobarbital.
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Figure 1. The result after ACLT surgery. The white arrow showed that the anterior cruciate

ligament (ACL) was completely cut off.

3D Scanning Procedures

Femurs were collected and fixed in 4% formaldehyde for 48 h and then removed to phosphate

buffered saline (PBS). A total of 24 scans from 24 samples were acquired using a 3D

structured light scanner (Steinbichler Comet 5, Neubeuern, Germany), which includes two

parts, an 11 megapixel camera (resolution, 18 μm) and a white light fringe projector. The

projector is used to project structured light patterns on the object to be scanned, and the

camera is used to acquire images of the object under structured lighting (Rocchini et al, 2001,

pp. 299-308) (Figure 2A). The femurs were put on a rotation table, and the scanner remained

static while the femurs were turning (Figure 2B). Therefore, detailed surface information was

obtained from different views. These data were then merged to create a 3D model (triangle

mesh model) by COMETplus software (Steinbichler). The time of image acquisition for one

sample was less than 5 min. This process was performed by an experienced operator.

ProjectorCamera

Scanned object

A

B

Figure 2. (A) The principle of 3D optical scanning. (B) The procedure of 3D scanning of the
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distal femur.

Roughness Evaluation by Curvature Analysis

The curvature is intuitively interpreted as the deviation between a curve and a straight line in

2D, or between a surface and a plane in 3D (Gauthier et al, 2017, pp. 67-83). In 2D, the

curvature κ of a curve at any point is defined as the reciprocal of the osculating circle radius r

at that point. In 3D, the curvature value changes depending when the direction of the normal

plane at a point changes on the surface, but what we need are principal curvatures, which are

the maximum curvatures (κ1) and minimum curvature (κ2). Mean curvature (H) is defined as

the mean value of the principal curvatures, H = (κ1+κ2)/2. To determine the mean curvature (H)

in the triangle mesh model of a cartilage surface, we used algebraic point set surfaces (APSS)

to fit a higher order algebraic surface on the triangle mesh model (Guennebaud and Gross,

2007, p. 23-es), then calculated mean curvature (H) values of each vertex on the surface by

MeshLab software (Cignoni et al, 2008, pp. 129-136). This approach locally fits an algebraic

sphere in the moving least-squares (MLS) manner to the set of vertices included in the local

neighborhood of a mesh vertex. The local neighborhood itself is a small spherical area

centered at the vertex with a radius so-called the filter scale. The curvature of the fitted

algebraic sphere can be intuitively controlled by the filter scale values by the user. The higher

the filter scale value, the larger the neighborhood of the vertex for which the sphere is fitted

and the curvature is calculated (Gallay et al, 2016, pp. 1827-1849). If the scale is too large,

areas of high sampling density will be smoothed excessively, while numerical instabilities

occur in sparsely sampled regions if the scale is too small (Pauly et al, 2003, pp. 641-650). We

tested several filter scale settings and finally used a scale of 2 mm, which depicted textures of

cartilage surfaces accurately, such as convex and concave areas.

According to previous studies (Korzeniowska and Korup, 2016; Patton et al, 2018, p. 3329),

we defined the roughness index (Sc) based on the standard deviation (SD) of mean curvature

(H) from all vertices of a condylar surface 3D model at the given scale. Sc is defined as:

�� =
1

�−1 �=1

�
�� − �

2
� (1)

where n is the number of vertices of the surface.
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For curvature analysis of compartments, we divided the cartilage surface into 8 areas in the

3D curvature visualization. In 3D meshes, medial and lateral condyles have 4 edges

respectively. First, we found the midpoint of each side, then connected the dots to partition the

medial and lateral condyle into 4 parts respectively. Finally, each part was chosen individually,

and curvature analysis was performed as above.

To test the sensitivity of the 3D scanner, we scanned three different grades of sandpaper, #400,

#240, and #120 (2 cm × 2 cm, King Lion, Saitama, Japan) and calculated SDs of mean

curvature as above to figure out whether the 3D scanner can distinguish their difference.

To test the precision of the 3D scanner, we scanned one distal femur for three times and

calculated the coefficient of variation (CV) of SDs of mean curvature.

Macroscopic Cartilage Assessment

India ink is a macroscopic evaluation in which the ink is trapped in fissures on the articular

cartilage surface. Femoral condyles were covered with a solution of India ink in PBS (1:5).

Excess ink solution was gently absorbed by a gauze that was premoistened with PBS.

Subsequently, all samples were photographed and assessed using the Osteoarthritis Research

Society International (OARSI) grading system (Table 1) (Laverty et al, 2010, pp. S53-65).

The score of one sample is the sum of medial and lateral condyles, ranging from 2 to 14, and

was acquired by two independent and blinded observers. The scores obtained from the two

observers were averaged. Correlation analysis was performed between India ink scores and

curvature analysis to validate the accuracy of 3D scanning.

Table 1. Macroscopic scoring system for assessment of cartilage changes in ACLT rabbit OA

model (Laverty et al, 2010, pp. S53-65)

1: Intact surface: surface normal in appearance and does not retain India ink

2: 0mm < Fissures ≤ 4mm

3: 4mm < Fissures ≤ 8mm

4: 8mm ≤ Fissures

5: 0mm < Full depth erosion ≤ 2mm
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6: 2mm < Full depth erosion ≤ 5mm

7: 5mm < Full depth erosion

Histological Assessment

Followed by 3D scanning and India ink, the distal femurs were decalcified with 10%

ethylenediaminetetraacetic acid (EDTA) and then embedded in paraffin. A 5-μm-thick sagittal

section was cut from the most severe lesions. Sections were stained with Safranin O-fast

green to detect the presence of proteoglycan. The severity of cartilage degeneration was

assessed semi-quantitatively using the OARSI scoring system (Table 2) (Laverty et al, 2010,

pp. S53-65). The scores were also determined by two independent blinded observers and

averaged. Correlation analysis was performed between histology scores and curvature

analysis to show the relationship between microscopic and macroscopic methods.

Table 2. Histological assessment of articular cartilage changes in the ACLT rabbit model of

OA (Laverty et al, 2010, pp. S53-65)

Safranin O-fast green staining

0 = uniform staining throughout articular cartilage

1 = loss of staining in superficial zone of hyaline cartilage <50% the length of the

condyle or plateau

2 = loss of staining in superficial zone of hyaline cartilage ≥50% the length of the

condyle or plateau

3 = loss of staining in the upper 2/3’s of hyaline cartilage <50% the length of the

condyle or plateau

4 = loss of staining in the in the upper 2/3’s hyaline cartilage ≥50% the length of the

condyle or plateau

5 = loss of staining in all the hyaline cartilage <50% the length of the condyle or

plateau

6 = loss of staining in all the hyaline cartilage ≥50% the length of the condyle or

plateau
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Structure

0 = normal

1 = surface irregularities

2 = fissures in <50% surface

3 = fissures in ≥50% surface

4 = erosion 1/3 hyaline cartilage <50% surface

5 = erosion 1/3 hyaline cartilage ≥50% surface

6 = erosion 2/3 hyaline cartilage <50% surface

7 = erosion 2/3 hyaline cartilage ≥50% surface

8 = Full depth erosion hyaline cartilage <50% surface

9 = Full depth erosion hyaline cartilage ≥50% surface

10 = Full depth erosion hyaline and calcified cartilage to the subchondral bone <50%

surface

11 = Full depth erosion hyaline and calcified cartilage to the subchondral bone ≥50%

surface

Chondrocyte density

0 = no decrease in cells

1 = focal decrease in cells

2 = multifocal decrease in cells

3 = multifocal confluent decrease in cells

4 = Diffuse decrease in cells

Cluster formation

0 = normal

1 = <4 clusters

2 = ≥4 but <8 clusters

3 = ≥8 clusters

Statistical Analysis

The data are presented as means with 95% confidence intervals (CIs). Data were considered
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independently with the assumption of a Gaussian distribution. Statistical significance was

determined by one-way ANOVA with Tukey’s post-test. Correlations were determined by

Spearman’s rank correlation coefficient. P values smaller than 0.05 were considered

statistically significant. All analyses were performed using GraphPad Prism 6 (version 6.02,

CA, USA).

Results

Sensitivity and Precision Test

The SDs of mean curvature were 1.099, 2.640, and 5.597 m-1 in #400, #240, and #120

sandpaper, and the curvature distribution was wider with increased roughness (Figure 3). The

result showed that the 3D scanner has no difficulty to distinguish their difference. The

precision of this method was equal to 6.61%, which was shown in Table 3.

Fig. 3. Sensitivity test by sandpapers. The #400 was the finest sandpaper and the #120 was the

coarsest one (upper pictures). A trend shown in bottom pictures suggested increasing

curvature distribution with increasing surface roughness.

Table 3. The precision of 3D scanning with curvature analysis method on condyle surface

SD of Mean

curvature

(First time)

SD of mean

curvature

(Second time)

SD of mean

curvature

(Third time)

Mean Standard

deviation

(SD)

Coefficient of

variation (CV)
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1.048 m-1 1.194 m-1 1.104 m-1 1.115 m-1 0.074 m-1 6.61%

3D Evaluation and India Ink Staining

In terms of the location of OA changes, 3D evaluation was consistent with India ink staining

(Figure 4).

Fig. 4. The pictures above show 3D visualization of the location of convex and concave areas

of the cartilage. The areas in the circles show OA lesions in both 3D images and India ink

photos. Scale bar is 5 mm.

We selected the condyle surfaces to show the curvature distribution. In the 3D curvature

visualization (top row in Figure 5), because the surface of rough areas becomes convex and

concave, the color becomes warmer and colder accordingly. In the curvature histograms

(bottom row in Figure 5), the curvature distribution in OA groups was more scattered than in

control groups. The India ink OARSI score shared the same tendency as the 3D evaluation of

condyle cartilage surfaces (Figure 6A and 6B). The OARSI scores were 2.417 [95% CI:

1.901-2.933], 5.083 [95% CI: 3.823-6.343], 2.583 [95% CI: 1.970-3.197], and 6.333 [95% CI:

5.616-7.050] (n = 6) in the 4w control, 4w OA, 8w control, and 8w OA groups, respectively.

The SDs of mean curvature were 0.942 [95% CI: 0.612-1.271], 2.521 [95% CI: 1.778-3.263],

1.066 [95% CI: 0.531-1.600], and 3.478 m-1 [95% CI: 2.810-4.146] (n = 6) in the 4w control,

4w OA, 8w control, and 8w OA groups, respectively. There were significant differences
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between 4w control and 4w OA, and 8w control and 8w OA in OARSI scores and SD of

mean curvature analysis. There was also a significant difference between 4w OA and 8w OA

groups in curvature analysis. The result of validation is shown in Figure 6D, and the SD of

mean curvature correlated strongly with India ink OARSI score (rs = 0.9537, P < 0.0001).

Fig. 5. The lower pictures show the distribution of curvature values based on the 3D imaging

above. The curvature distribution in the OA groups was more scattered than in control groups,

and the amount of extreme curvature values in 4- and 8-week groups was also more than in

control groups.

Fig. 6. India ink score, histology score, and SD of mean curvature were increased with

advanced OA (A-C). The SD of mean curvature correlated strongly with the India ink OARSI



17

score (D). The SD of mean curvature correlated with the histology OARSI score, but not

strongly (E).

To examine where OA degeneration occurred first, we divided condyles into 8 areas. The

segmentation is based on the midpoints of 4 sides (Figure 7). Of the 8 areas, significant OA

progression in the posterolateral parts of lateral condyles (L-PL) was observed at 4 weeks

after surgery (Figure 8). Over time, OA degeneration started to be observed in the

anterolateral parts of medial condyles (M-AL), the posteromedial parts of medial condyles

(M-PM), and the posterolateral parts of medial condyles (M-PL) (Figure 8).

Fig. 7. Analysis of sub-compartments. L: Lateral condyle, M: Medial condyle, AL:

Anterolateral part, AM: Anteromedial part, PL: Posterolateral part, PM: Posteromedial part.



18

Fig. 8. Condyle surfaces were divided into 8 areas (upper pictures). In very early OA,

cartilage degeneration occurred in the L-PL area. In advanced OA, OA changes began to

appear in M-AL, M-PM, and M-PL areas.

Histological Assessment

The histological evaluation showed more microscopic details in the most degenerated area of

the condyles. The Safranin-O staining OARSI scores were 1.92 [95% CI: 0.79-4.62], 10.17

[95% CI: 5.91-14.43], 2.58 [95% CI: 0.47-5.63], and 12.00 [95% CI: 7.84-16.16] (n = 6) in

the 4w control, 4w OA, 8w control, and 8w OA groups, respectively. There were significant

differences between 4w control and 4w OA, and 8w control and 8w OA groups (Figure 6C).

However, there was no significant difference between the 4w OA and 8w OA groups. The

histology results were consistent with the 3D evaluation in terms of local areas (Figure 9).

Correlation analysis showed that the OARSI score correlated with the SD of mean curvature,

but not strongly (rs = 0.7930, P < 0.0001) (Figure 6E).
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Fig. 9. Representative 3D images and sagittal histological sections of condyles. The dotted

line shows the location of sectioning. The 3D map reflects the degenerative changes well

compared with the microscopic view in 4w and 8w OA groups, while the control cartilage

shows a smooth surface in both 3D images and histological results.

Discussion

In this study, we applied 3D scanning to observe cartilage morphology and curvature analysis

to quantify the severity of OA changes. In order to analyze and identify the areas where OA

degeneration occurred after the ACL transection, surface morphological analysis was also

performed by dividing the joint surface into several areas. Our results showed that the

variation in mean curvature of the surface was proportional to the severity of cartilage

degeneration assessed using other analytical techniques. In addition, the posterolateral part of

the lateral condyle (L-PL) is the region that undergoes degenerative changes first in the rabbit

ACLT model. These results indicate that 3D scanning and curvature analysis can be

reproducible imaging modalities for quantifying OA severity and clarifying pathological

mechanisms.

Surface scans make it possible to digitize the object’s surface with the scanning equipment.

The non-contact structured 3D scanning device projects fringes on the subject being scanned

and calculates the distance from the scanner to its surface by examining the edges of each line

in this pattern, then the 3D-coordinates of numerous points on the surface are calculated

through advanced software algorithms (Shivshankar, Chinmay and Pradeep, 2013, pp.
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3748-3757). Since CT and MRI generate volumetric pixels (or voxels) of the measured target

to show its internal structure (Geng, 2011, pp. 128-160), it is difficult to extract the cartilage

layer sufficiently due to the partial volume artifact. However, 3D scanning can avoid this

problem, because surface imaging deals with measurements by the 3D coordinates of points

and does not involve separation of the cartilage layer.

As the degenerative changes of OA cartilage progress, the surface of the cartilage becomes

rougher in most cases (Newton et al, 2017, pp. 2755-2764). Based on previous studies

(Korzeniowska and Korup, 2016; Patton et al, 2018, p. 3329), we have introduced the

standard deviation (SD) of mean curvature as a roughness index. By the sensitivity test using

sandpapers, the result suggested that our method could detect different grades of roughness. In

the scanning of cartilage, our results show that the SD of mean curvature is in direct

proportion to the severity of cartilage degeneration, suggesting that 3D methods can quantify

cartilage lesions. Meanwhile, the precision test showed a good reproducibility for testing the

cartilage surface roughness. Comparing the conventional evaluation methods with curvature

analysis, our results were highly consistent with those of India ink, which verified the

accuracy of the 3D technique, whereas they were moderately correlated with the histology

OARSI score. The OARSI score is composed of four components: staining, structure,

chondrocyte density, and clusters, while 3D scanning is a method of quantifying

macrostructural alterations on the joint surface. Furthermore, while 3D scanning and India ink

evaluate the entire articular surface, histological evaluation evaluates one or several planes.

These differences are possibly why the SD of mean curvature was consistent with India ink,

but not strongly correlated with the histology OARSI score. While histological evaluation

allows detailed observation of the structure of cartilage, 3D scanning allows structural and

quantitative analysis of the entire cartilage surface.

As a semi-quantitative morphological evaluation, India ink staining can emphasize

degenerative lesions by providing contrast with surrounding normal cartilage. The principle of

this method is that ink particles are either absorbed to the articular surface or trapped in

fissures extending from the articular surface into the cartilage (Chang et al, 1997, pp.

357-372). Early OA stage cartilage sometimes undergoes thickening (matrix hypertrophy or

swelling) before tissue peeling (Buck et al, 2010, pp. 329-335), which can be detected by
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curvature analysis instead of India ink staining. In addition, the 3D curvature visualization is

rendered in a vector graphics format. Obtained 3D images can be magnified to show tiny

surface texture changes without distortion compared with India ink. Moreover, the triangle

mesh models obtained by 3D scanning can be uniformly divided into subareas. Hence, a 3D

scan using curvature analysis has the advantage of not only quantitatively assessing cartilage

degeneration but also allowing for subarea analysis of the damaged cartilage compared to

India ink staining.

Subarea analysis revealed significant OA progression in the L-PL at 4 weeks after surgery. In

addition, significant OA progression occurred in the M-AL, M-PM, and M-PL at 8 weeks

after surgery. Previous studies have reported that femoral condylar cartilage injury causes

degenerative changes evenly on both sides, or degenerative changes predominantly medially

(Chang et al, 1997, pp. 357-372; Mäkelä et al, 2014, pp. 869-878; Batiste et al, 2004, pp.

986-996; Yoshioka et al, 1996, pp. 87-98). However, our results showed that OA changes first

occurred on the lateral femoral condyle in the early stages and subsequently bilaterally. These

results were possible because 3D curvature analysis does not evaluate the worst place in each

area but evaluates the entire joint surface, and it can detect not only the fissure but thickening

areas that cannot be examined by conventional methods. Li et al (2006, pp. 1826-1834)

reported that the contact points shift both posteriorly and laterally on the surface of the tibial

plateau after ACL injury in humans. Although there are differences between rabbits and

humans, our result is consistent with previous reports showing that OA changes after ACLT

are mainly concentrated on the posterolateral side of the femur. Ojanen et al (2020, p. 109450)

demonstrated that cell morphology and cell deformation are altered in lateral femoral condyle

cartilage of a rabbit ACLT model in the early stage, which may account for why L-PL is

vulnerable to OA. To our knowledge, the present study is the first to focus on the OA lesions

of rabbits in early OA by 3D scanning.

This study has several limitations. In optical scans, a frequent problem is the presence of

noise on the surface of the scan. MLS-based methods are major point cloud denoising

approaches. In this study, we used an APSS, which is an extension of an MLS-based method,

to robustly generate a smooth surface. So, to some extent the noise will be decreased but not

totally eliminated. Future work should focus on developing the quality of the input point set.



22

Another limitation is that 3D scanning is currently an invasive method. Because the optical

light cannot penetrate the joint, we have to open the joint to scan the surface. Although

technical progression will be required, the combination of the arthroscope with 3D devices

can minimize surgical intervention in the future. Nevertheless, our results demonstrated that

the SD of the mean curvature of the knee cartilage surface as acquired by 3D scanning with a

mathematical algorithm is in direct proportion to the severity of OA degeneration. This

accurate and quantitative method is a promising approach for evaluating cartilage surfaces.

Conclusion

1. 3D scanning with curvature analysis has no difficulty to distinguish different grades of

roughness and shows a good reproducibility for testing the cartilage surface roughness.

2. 3D scanner can capture the textures of joint surfaces accurately in a time-saving way.

3. This method is able to quantify the severity of cartilage degeneration objectively in early

stage OA.

4. L-PL is the area where OA degeneration occurs first, which is useful for further analysis of

the biochemical and biomechanical mechanisms of OA.

This 3D method provides a promising approach for macroscopic evaluation of cartilage

surface. For the further research, this method will be applied to evaluate cartilage surface

roughness of human ex vivo to establish a scoring system. The ultimate purpose is clinic

application. Even though technological improvements are needed, the combination of the

arthroscopy with 3D devices is able to provide a stereoscopic information to the surgeon for

quantifying the OA severity comprehensively and objectively.
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