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Abstract 23 

Objective: This study characterizes collagen organization in human normal (n=6), 24 

degraded (n=6) and repair (n=22) cartilages, using polarized light (PLM) and scanning 25 

electron (SEM) microscopies. 26 

  27 

Design: Collagen organization (CO) was assessed using a recently developed PLM-CO 28 

score (Changoor et al. Osteoarthr. Cartil. 2011; 19:126-35), and zonal proportions 29 

measured. SEM images were captured from locations matched to PLM. Fibre orientations 30 

were assessed in SEM and compared to those observed in PLM. CO was also assessed in 31 

individual SEM images and combined to generate a SEM-CO score for overall collagen 32 

organization analogous to PLM-CO. Fibre diameters were measured in SEM.  33 

 34 

Results: PLM-CO and SEM-CO scores were correlated, r=0.786 (p<0.00001, n=32), 35 

after excluding two outliers. Orientation observed in PLM was validated by SEM since 36 

PLM/SEM correspondence occurred in 91.6% of samples. Proportions of the deep (DZ), 37 

transitional (TZ) and superficial (SZ) zones averaged 74.0±9.1%, 18.6±7.0%, and 38 

7.3±1.2% in normal, and 45.6±10.7%, 47.2±10.1% and 9.5±3.4% in degraded cartilage, 39 

respectively. Fibre diameters in normal cartilage increased with depth from the articular 40 

surface [55.8±9.4nm (SZ), 87.5±1.8nm (TZ) and 108.2±1.8nm (DZ)]. Fibre diameters 41 

were smaller in repair biopsies [60.4±0.7nm (SZ), 63.2±0.6nm (TZ) and 67.2±0.8nm 42 

(DZ)]. Degraded cartilage had wider fibre diameter ranges and bimodal distributions, 43 

possibly reflecting new collagen synthesis and remodelling or collagen fibre unravelling. 44 

Repair tissues revealed the potential of micro-fracture based repair procedures to produce 45 
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zonal collagen organization resembling native articular cartilage structure. Values are 46 

reported as mean±95% confidence interval. 47 

 48 

Conclusion: This detailed assessment of collagen architecture could benefit the 49 

development of cartilage repair strategies intended to recreate functional collagen 50 

architecture. 51 

  52 

Keywords: articular cartilage repair, articular cartilage degradation, histological score, 53 

collagen fibre diameter, polarized light microscopy, scanning electron microscopy 54 

 55 
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Introduction  1 

The biomechanical properties and durability of articular cartilage depend 2 

primarily on the highly organized, fibrillar collagen type II network1,2. In mature 3 

cartilage, it consists of three zones where collagen fibres are oriented tangentially to the 4 

articular surface in the superficial zone (SZ), have no predominant orientation in the 5 

transitional zone (TZ) and become aligned perpendicularly to, and finally anchored in, 6 

the calcified cartilage and subchondral bone in the deep zone (DZ)3,4. This stratified 7 

architecture results from post-natal endochondral development processes5,6. However, 8 

once this mature structure is achieved, the turnover rate of collagen becomes extremely 9 

low7,8, contributing to the limited intrinsic repair capacity of normal adult articular 10 

cartilage.  11 

Strategies for repairing focal cartilage defects include tissue-engineered 12 

constructs9, cell therapies10, scaffold-based solutions11 and surgical techniques12. These 13 

approaches engage extrinsic repair processes originating from tissue-engineered 14 

constructs, implanted cells or the subchondral bone, which may additionally interact with 15 

other joint tissues. These strategies aim to generate a lasting durable and functional repair 16 

cartilage tissue. Consequently, recreating stratified collagen architecture similar to that of 17 

native hyaline articular cartilage is paramount13,14. 18 

 Collagen organization (CO) and other structural features of the collagen network, 19 

including collagen fibre diameters, have been directly compared between normal and 20 

osteoarthritic cartilages15,16. However, relatively few reports analyze the collagen network 21 

in repair cartilage17-20 or tissue-engineered constructs21-23. More recently, quantitative 22 

analyses of stereological features (fibre anisotropy and diameter) in repair cartilage, 23 
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produced by autologous chondrocyte transplantation (ACT) in a pig model, were 24 

reported24. A qualitative polarized light microscopy (PLM) score, for rating overall CO in 25 

unstained histological sections of human repair cartilage was also recently developed in 26 

our laboratory25. Collagen structure was further explored in the present study, where the 27 

aims were to directly compare collagen network features in normal, degraded and repair 28 

cartilages and to validate the PLM-CO score. Linear PLM was used to acquire a global 29 

appreciation of CO by using the newly-developed PLM-CO score25, while scanning 30 

electron microscopy (SEM) permitted evaluation of collagen ultrastructure.  31 

 PLM exploits the optical properties of anisotropic materials such as tissues 32 

containing fibrillar collagens. In linear PLM, a polarizer filter, inserted after the light 33 

source, limits light transmitted to the specimen to a single direction of polarization that is 34 

perpendicular to the direction of light propagation. The direction of light polarization can 35 

be altered by the orientation of collagen fibres at each point in the section, an effect called 36 

birefringence26. The analyzer filter, placed after the specimen, ensures that only light with 37 

polarization modified by the specimen is passed to the eyepiece. Thus, the intensity of the 38 

resulting signal illuminates regions in the specimen capable of altering the direction of 39 

polarization, which are therefore optically active, or, equivalently, oriented, anisotropic 40 

and birefringent. In mature normal articular cartilage, PLM reveals two birefringent 41 

regions, representing the highly oriented SZ and DZ, separated by a non-birefringent, 42 

non-oriented TZ1,27-31.  43 

PLM is a versatile tool for observing global CO but it does not allow direct 44 

visualization of collagen fibres; rather, orientation is inferred from the optical 45 

characteristics of the sample26,29,31,32. Conversely, the high resolution possible with SEM 46 
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results in direct visualization of individual collagen fibres14,33. In the present study, PLM 47 

and SEM methods were used to systematically grade CO in matched regions in normal, 48 

degraded and repair cartilages. Qualitative and semi-quantitative methods were 49 

developed to accommodate the complex collagen structure observed in repair cartilage. 50 

We hypothesized that overall CO could be successfully assessed and correlated by these 51 

two methods employing different length scales of analyses, and that differences exist in 52 

zonal proportions and collagen fibre diameters among these tissue types.   53 

 54 

Materials & Methods 55 

 56 

Biopsy Classification  57 

Human knee and hip osteochondral biopsies were processed using procedures 58 

approved by the Ethics Committee at École Polytechnique Montréal. In total, 34 2mm 59 

diameter osteochondral biopsies, including normal (n=6), degraded (n=6), and repair 60 

(n=22) cartilages, were investigated. Twenty-nine biopsies were included in a related 61 

study25 and 5 are new. All biopsies were classified as normal, degraded or repair based 62 

only upon knowledge of tissue source and macroscopic appearance. Classification 63 

occurred prior to, and independent of, PLM and SEM analyses (Table 1). These 64 

designations were confirmed using adjacent Safranin-O/Fast Green/iron hematoxylin 65 

stained sections (Figure 1), since observing the extent of glycosaminoglycan content 66 

(Safranin-O staining) is useful for distinguishing tissue type, particularly between normal 67 

and degraded cartilage. 68 

 69 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
 

4 

Tissue Sources & Processing 70 

The previous publication25 contains a complete description of tissue sources and 71 

processing related to the 29 biopsies. Briefly, normal cartilage samples from donors with 72 

no history of degenerative joint disease were biopsies (n=4) and a larger osteochondral 73 

block from the medial femoral condyle (MFC) of a 24-year-old male donor (n=1) 74 

(LifeLink Tissue Bank, Tampa, FL; RTI Biologics Inc., Alachua, FL). Analyses on the 75 

osteochondral block were limited to a 2mm-wide central portion to approximate biopsy 76 

dimensions. Degraded cartilage biopsies (n=2) were obtained from tissue removed during 77 

hip arthroplasty procedures. Repair cartilage biopsies (n=22) were retrieved during 78 

standardized, second-look arthroscopies, 13 months post-treatment during a randomized 79 

clinical trial, (sponsored by BioSyntech Canada Inc., now Piramal Healthcare (Canada), 80 

Montreal, Canada), where the ability of microfracture augmented with the cartilage repair 81 

device BST-CarGel® was compared to microfracture alone for repairing focal cartilage 82 

lesions. Biopsies were fixed in 10% neutral buffered formalin (NBF), decalcified in 0.5N 83 

HCl/0.1% glutaraldehyde, paraffin embedded and sectioned at 5µm.   84 

 The 29 biopsies described above were supplemented with 5 additional femoral 85 

head biopsies, classified as either normal or degraded. The normal biopsy (n=1) was 86 

collected from the centre of a femoral head removed during treatment for femoral neck 87 

fracture. The degraded biopsies (n=4), with mild to extensive surface roughening, were 88 

collected from tissue removed during hip arthroplasties, where three were from the 89 

centres of osteoarthritic lesions and one from a region adjacent to a lesion. These five 90 

specimens were fixed in 10% NBF for a minimum of 30 days, decalcified in 10% 91 
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EDTA/0.1% (v/v) paraformaldehyde for 17.5 hours at 37°C, embedded in paraffin and 92 

sectioned at 5µm. 93 

 Sections were deparaffinized and rehydrated. Sections for PLM analysis were 94 

mounted unstained in Permount (Fisher Scientific, Hampton, NH). Adjacent sections for 95 

SEM were post-fixed in 2% glutaraldehyde/0.1M sodium cacodylate for 10 minutes, then 96 

rinsed and stored in distilled water for a minimum of 10 minutes prior to being 97 

transferred to an adhesive carbon tab mounted on an aluminum sample stub (Cedarlane 98 

Laboratories Ltd., Burlington, Canada). Sections were dried manually with compressed 99 

air and a uniform layer of gold applied (Agar manual sputter coater, Marivac Inc., 100 

Montréal, Canada). SEM images were captured in conventional high-vacuum mode on a 101 

Quanta FEG 200 ESEM (FEI Company, Hillsboro, OR) at 20kV and a working distance 102 

of 5mm. Additional adjacent sections were stained with Safranin-O/Fast Green/iron 103 

hematoxylin or immunostained for collagen type II34. 104 

 105 

PLM Analyses 106 

Collagen organization was evaluated using the PLM-CO score, consisting of a 0-5 107 

ordinal scale that rates the extent that CO resembles the zonal structure observed in 108 

young adult hyaline articular cartilage (score of 5) versus completely disorganized 109 

architecture (score of 0)25. Scoring was performed on blinded sections by three 110 

independent trained readers at a polarization light microscope, whose scores were 111 

averaged. PLM-CO scores for 28 biopsies were previously used to assess inter-reader 112 

reliability25, although scores for only a subset of these [normal (n=5), degraded (n=2) and 113 

repair (n=4)] were previously reported25. In the present study, all PLM-CO scores were 114 
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incorporated into a new analysis to assess correlation with an analogous SEM assessment 115 

(described below). 116 

Collagen orientation was labelled (PLM-OL) in each region of interest (ROI) as 117 

either vertical, horizontal, oblique, multiple, or non-oriented (Figure 2) by viewing 118 

sections at the microscope and rotating with respect to the fixed crossed polarizers. ROIs 119 

were defined as either a single zone (superficial, transitional, deep), or an area of 120 

birefringent or non-birefringent tissue. Orientation was referenced to the subchondral 121 

bone-cartilage interface.  122 

 Thicknesses of ROIs and total cartilage were measured on digital PLM images 123 

using a customized Bioquant template (Bioquant Osteo II v.8.40.20, Nashville, TN). 124 

PLM images were captured with a camera (Hitachi HV-F22 Progressive Scan Colour 3-125 

CCD) mounted on the microscope. Image processing included extracting the green plane 126 

from the original RGB image, equalizing to improve contrast, and deconvoluting to 127 

sharpen edges (Northern Eclipse v7.0, Empix Imaging Inc., Mississauga, Canada). 128 

Birefringence characteristics, judged by the reader, were used to distinguish boundaries 129 

between ROIs. Average thickness was calculated from a minimum of seven, equally-130 

spaced line measurements per ROI. Total cartilage thickness was determined 131 

independently in a similar manner. For each biopsy, average ROI thicknesses were 132 

summed and compared to the independently-measured average total cartilage thickness. 133 

If they differed by less than 10% ROI thickness measurements were accepted. 134 

 135 

 136 

 137 
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SEM Analyses   138 

Low magnification (80x) SEM images were annotated with ROIs observed in 139 

PLM and sites for high magnification imaging identified (Figure 3). These sites were 140 

placed at regular intervals to ensure systematic sampling of collagen orientation. High 141 

magnification images (80,000x), averaging (±95% CI) 16±2 images per sample, were 142 

captured at each pre-defined site and used to determine collagen orientation (SEM-OL), 143 

overall collagen organization (Cumulative SEM-CO), and to measure fibre diameters 144 

(Table 1). These methods were developed and tested during separate unpublished 145 

validation studies, which were reviewed by an independent quality assurance unit. 146 

Collagen orientation labels (SEM-OL) describe the predominant orientation in 147 

each image (Figure 4). To assess whether the collection of SEM images captured for each 148 

ROI reflected the global orientation observed in PLM, SEM-OL were compared to PLM-149 

OL. A correspondence score, from 0-2, was assigned, where a score of 2 signified that 150 

SEM confirmed the orientation identified by PLM, 0 signified that it did not, and a score 151 

of 1 was intermediate. A correspondence score of 2 was assigned when SEM-OL 152 

matched PLM-OL in more than two-thirds of SEM images, a score of 1 if this criteria 153 

was satisfied by one-third to two-thirds of images, and 0 when less than one-third of 154 

SEM-OL agreed with PLM-OL. For example, in a panel of 9 SEM images, a score of 2 155 

applied when at least 7 images matched PLM, a score of 1 when 4-6 images reflected 156 

PLM, and a score of 0 if less than 3 agreed with PLM. 157 

The SEM collagen organization score (Cumulative SEM-CO) was used to gauge 158 

the extent that overall CO resembled that of hyaline cartilage; an assessment analogous to 159 

the PLM-CO score25. First, each ROI identified in PLM (Figure 3), was assigned to either 160 
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SZ, TZ or DZ based on its location within the sample. For example, an ROI adjacent to 161 

subchondral bone was assigned to the DZ, while an ROI at the articulating surface was 162 

assigned to the SZ. The orientation in each SEM image was then scored (SEM-CO), 163 

based on the orientation expected for that particular zone, on an ordinal scale of 0-2 164 

(Table 2). Appropriate orientation scored 2 while inappropriate orientation scored 0, with 165 

1 being intermediate. Scoring was performed independently by three trained readers, then 166 

averaged for each zone, and finally averaged scores were summed to produce a single 167 

Cumulative SEM-CO score per biopsy. Reader training involved demonstrating how to 168 

assign orientations and SEM-CO scores by comparing against a bank of example images.  169 

Collagen fibre diameters were measured using XT Docu v.3.2 (Soft Imaging 170 

System GmbH, FEI Company, Hillsboro, OR). Calibration was performed from 10x to 171 

200,000x magnifications with NIST-traceable MRS-4 patterns (Geller Microanalytical 172 

Laboratory, Boston, MA). An average of 12±1 fibres were measured per image with an 173 

average of 16±2 images collected per sample. 174 

 175 

Statistical Analysis 176 

Shapiro-Wilk tests for normality indicated a mixture of normal (PLM-CO, 177 

p>0.05) and non-normal (Cumulative SEM-CO, p<0.05) distributions. Correlation 178 

coefficients between the PLM-CO and SEM-CO scores were calculated. Outliers, defined 179 

as residuals greater than 2 standard deviations, were removed depending on Cook’s 180 

distances, which evaluate the influence of individual data points on the regression model, 181 

and upon close examination of the data35. Sensitivity testing was performed by running 182 

an equivalent non-parametric test, the Spearman rank order correlation, for comparison. 183 
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Zonal distributions of fibre diameter measurements were examined using histograms. 184 

Analyses were performed using Statistica v.9 (StatSoft Inc., Tulsa, OK). 185 

 186 

Results 187 

 188 

SEM confirms collagen orientation observed in PLM 189 

SEM-OL verified that global fibre orientations observed in PLM reflected 190 

collagen ultrastructure. SEM-OL/PLM-OL correspondence was confirmed in 91.6% of 191 

ROIs (76 of 83 ROIs) assessed from 28 biopsies, which received scores of 1 or 2. The 192 

remaining 8.4% (7 ROIs) received scores of 0, reflecting disagreement between PLM and 193 

SEM, and consisted mainly of regions with PLM-OL of multiple. The restricted field of 194 

view of the SEM images, where one 80,000x image covers a 3.42 x 2.96 µm2 area, did 195 

not always capture global orientation in regions where mixtures of oriented and non-196 

oriented tissue were present.  197 

  198 

PLM-CO and SEM-CO scores are moderately correlated 199 

The Cumulative SEM-CO score was linearly correlated to the average PLM-CO 200 

score, r=0.681 (p=0.00001, R2=0.463, n=34). Two outliers were identified with residuals 201 

greater than two standard deviations and large Cook’s distances compared to other data 202 

points, indicating a greater than average influence on the regression model. Outlier 203 

exclusion improved the correlation to r=0.786 (p<0.00001, R2=0.618, n=32) (Figure 5). 204 

Variability observed between the scores emphasizes differences in their respective 205 

approaches. This is exemplified by both outliers, which were repair cartilage with 206 
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irregular tissue characteristics compared to the majority of biopsies. Outlier A (PLM-207 

CO=0.33, Cumulative SEM-CO=5.29) was unusual because mixed mesenchymal tissue 208 

occupied greater than 50% of the biopsy width near the subchondral bone-cartilage 209 

interface. A narrow vertically-oriented DZ was visible but deemed insufficient for 210 

anchoring repair cartilage to subchondral bone, resulting in a low PLM-CO score. The 211 

elevated Cumulative SEM-CO score arose because additional zones above the DZ were 212 

included, whereas in the PLM-CO score they are excluded by definition when the DZ is 213 

inadequate. Outlier B (PLM-CO=2.00, Cumulative SEM-CO=0.97) consisted of multiple 214 

fragmented pieces but received a relatively high PLM-CO score because the DZ occupied 215 

the full thickness of repair tissue attached to subchondral bone. The lower SEM-CO score 216 

reflected DZ orientation that deviated from vertical. Outlier B occurs because of length 217 

scale differences, where SEM could resolve vertical and oblique orientations while global 218 

orientation (PLM) was best described as vertical.    219 

Results obtained from the Spearman rank order correlation were concurrent with 220 

parametric testing. Significant (p<0.05) correlations between CO methods were detected, 221 

where r=0.527 (n=34) or r=0.617 (n=32) when outliers were removed. 222 

 223 

Zonal proportions 224 

Values are reported as mean with uncertainty expressed by 95% confidence 225 

intervals (CI): mean (lower limit, upper limit). 226 

Normal cartilage biopsies (n=6), consisting of 5 from central MFCs and 1 from 227 

the central region of a femoral head, had zonal proportions ranging from 58-87% [74.0% 228 
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(64.9%, 83.1%)] in the DZ, 8-31% [18.6% (11.6%, 25.6%)] in the TZ, and 5-10% [7.3% 229 

(6.1%, 8.5%)] in the SZ.  230 

Zonal proportions were altered in degraded cartilage where the DZ, TZ, and SZ 231 

occupied 33-59% [45.6% (34.8%, 56.3%), n=4], 36-59% [47.2 (37.1%, 57.4%), n=4], 232 

and 5-17% [9.5% (6.1%, 13.0%), n=6], respectively. In 2 of 6 biopsies, no distinction 233 

could be made between the transitional and deep zones17 and thus they were measured 234 

together. Both had predominantly vertical orientation in PLM, although non–uniform, 235 

with darkened areas indicating pericellular degradation (Figure 1).  236 

The variable organization of the repair cartilage tissues prevented representative 237 

zonal proportions from being calculated for this group as a whole.  238 

 239 

Collagen fibre diameters 240 

Histograms of collagen fibre diameters illustrate characteristics related to tissue 241 

type (Figure 6). In normal cartilage, a pattern of increasing diameter with depth from the 242 

articular surface was observed. Fibres in repair cartilage were smaller in diameter on 243 

average with narrower ranges in the TZ and DZ. Diameters in degraded cartilage 244 

exhibited a wider range compared to either normal or repair. Evidence of a bimodal 245 

distribution was present in 3 of 6 degraded biopsies.  246 
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Discussion 247 

This study provides a detailed comparison of collagen structure in normal, 248 

degraded and repair cartilages that could contribute to developing repair procedures 249 

capable of recreating functional collagen architecture. Characterizing normal collagen 250 

structure establishes a benchmark against which repair cartilage can be compared, and 251 

analyses of degraded cartilage identifies structural features that would ideally be avoided. 252 

Both study hypotheses were supported; overall CO was successfully assessed at different 253 

length scales, and different cartilage types exhibited separate zonal proportions and fibre 254 

diameter profiles. 255 

 256 

Validation of the PLM-CO score using SEM  257 

PLM-CO and Cumulative SEM-CO evaluated collagen organization at different 258 

length scales and were correlated (r=0.786), thereby demonstrating internal consistency 259 

between these methods (Figure 5). Discrepancies between the two methods were 260 

associated with the highly localized nature of the SEM images. In principle, either 261 

approach is appropriate, however, while SEM is a powerful tool for observing 262 

ultrastructural details in biological samples at a submicrometric level, it requires 263 

specialized equipment and sample preparation methods, and is labour intensive. In 264 

contrast, PLM can be performed on unstained histological sections that can be examined 265 

promptly on a light microscope equipped with polarization filters. 266 

PLM relies on inferences about orientation based on the optical properties of 267 

fibrillar collagen and does not directly identify collagen fibres. We found a high PLM-268 

OL/SEM-OL correspondence (91.6%) establishing that the global orientations observed 269 
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in PLM reflected the actual orientation of collagen fibres, as described previously28,31,36. 270 

Thus, the PLM-CO score could reasonably be incorporated into routine histological 271 

assessment of repair cartilage without adding significantly to study costs.  272 

 273 

Features of Normal Articular Cartilage  274 

Normal articular cartilage received PLM-CO scores from 3-5 (maximum 5) and 275 

SEM-CO scores greater than 4 (maximum 6) (Figure 5). PLM revealed smooth texture 276 

with visible cell lacunae25 (Figure 1) and SEM illustrated expected zonal orientations 277 

(Figure 3).  278 

Proportions of total thickness, averaging 74% (DZ), 19% (TZ) and 7% (SZ) were 279 

similar to the approximate percentages for human knee cartilage of 63% (DZ), 26% (TZ) 280 

and 9% (SZ) reported by Kurkijarvi et al.37, and coincide with the ranges (average±SD) 281 

of 75.4±11.4% (DZ), 19.5±10.1% (TZ), and 5.2±2.2% (SZ) reported by Nissi et al.38.  282 

Similarly, the pattern of fibre diameters increasing with depth from the articular 283 

surface (Figure 6) is consistent with previous reports in humans16,39,40 and animals4,24,27,41. 284 

Absolute diameters of collagen are more difficult to compare because they vary with 285 

anatomical location and measurement technique.  286 

 287 

Features of Degraded Articular Cartilage 288 

PLM-CO of degraded cartilage were between 2-3 and all samples exhibited a 289 

patchy texture, resulting from a loss of pericellular birefringence, and decreased Safranin-290 

O staining in the interterritorial matrix (Figure 1). In 5 of 6 degraded biopsies, SEM-CO 291 

were higher than what might be expected based on the regression line (Figure 5). Zonal 292 
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proportions were altered compared to normal, often with the DZ reduced and the TZ 293 

increased. 294 

These features of degraded cartilage can be attributed to matrix alterations 295 

associated with early osteoarthritis, where enzymatic degradation mediated by 296 

chondrocytes leads to a disordered, non-birefringent, collagen architecture in the 297 

pericellular matrix42,43. Decreased crosslinking or interconnectedness in the interterritorial 298 

matrix reduces proteoglycan retention, resulting in decreased Safranin-O staining, 299 

although fibres generally remain radially oriented44 (Figure 3). Proteoglycan depletion, 300 

commonly detected in softened cartilage, may have enhanced the appearance of collagen 301 

fibres in SEM, resulting in higher SEM-CO scores (Figures 3 & 5).  302 

The bimodal distribution of fibre diameters (Figure 6) and the larger diameter 303 

range present in degraded cartilage compared to normal have not been previously 304 

reported, although the general ultrastructure of osteoarthritic cartilage has been 305 

described15,16,39,40,45. The novel observation of a population of smaller fibres suggests 306 

remodelling processes or collagen fibre unravelling may be occurring. While the turnover 307 

rate in healthy adult cartilage is extremely low7,8, chondrocytes in injured cartilage can 308 

increase synthesis of extracellular matrix components8,46,47. Recently, improved SEM 309 

protocols have provided evidence of collagen fibres disassembling into prototypic fibrils 310 

in osteoarthritic cartilage45.  311 

 312 

Features of Repair Cartilage 313 

Repair cartilage demonstrated greater variability and complexity in organization 314 

and spanned the full range of CO scores (Figure 5). Several biopsies received PLM-CO 315 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
 

15 

above 2, indicating the ability of microfracture-based cartilage repair procedures to 316 

produce repair tissue with multi-zonal architecture one year post-treatment. Considering 317 

the SEM analyses, this study provides the first ultrastructural evidence of collagen fibres 318 

in repair cartilage approximating the stratified organization observed in native cartilage.   319 

 Our study is the first to report collagen fibre diameters from human repair 320 

cartilage. They ranged from approximately 25-130nm and contained smaller fibres than 321 

normal cartilage (Figure 6). However, evidence of the pattern of larger fibres in the DZ 322 

that diminish near the articular surface was detected in 5 out of 11 multi-zonal repair 323 

biopsies. Fibre diameters of repair cartilage produced by ACT in an immature pig model 324 

ranged from 20-80nm 1 year post-op, with occasional fibres greater than 100nm24. A 325 

similar range was reported in tissue produced in a chondrocyte-polymer construct 326 

cultured with calf chondrocytes after 6 weeks under optimized bioreactor conditions23. In 327 

these studies, measurements were made throughout the cartilage depth and were 328 

comparable to controls, which were both immature animal models23, 24. Thus, our study is 329 

the first to demonstrate that microfracture-based cartilage repair procedures could 330 

reproduce zone dependent collagen fibre diameters. 331 

 The importance of recreating collagen structure in repair cartilage was 332 

acknowledged in recent reviews13,14 because it is recognized as a critical factor for 333 

biomechanical function and durability of articular cartilage.  Understanding the biological 334 

processes that lead to the characteristic anisotropy of mature cartilage is important for 335 

achieving this goal5,13 as is having the ability to evaluate CO in a way that allows 336 

comparisons between repair strategies. To date, cartilage repair studies describing CO, 337 

produced by ACT or microfracture in humans or animals, have employed PLM to 338 
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describe general tissue morphology, or to illustrate collagen anchoring repair tissue to 339 

subchondral bone, but have not detailed different levels of CO17-19,48-50. The PLM-CO 340 

score25, which was validated in the present study, provides a means of systematically 341 

assessing CO in repair tissues and could facilitate comparisons among repair strategies.   342 

 343 

Technical Considerations & Limitations 344 

The variable nature of collagen structure in repair cartilage prompted the 345 

development of semi-quantitative approaches for measuring zone proportions and 346 

comparing fibre orientations. These methods were more flexible than rigorous 347 

quantitative PLM approaches20 yet were applied by multiple readers with high 348 

reproducibility (data not shown) and provided a meaningful assessment of collagen 349 

structure in various cartilage types.  350 

Similarly, sample preparation methods for SEM were developed for compatibility 351 

with human repair biopsies. We believe this is the first report describing SEM imaging of 352 

standard histological sections of articular cartilage. The fragility of these sections to 353 

electron beam exposure precluded removing non-collagenous components, which may 354 

have contributed to the smooth, lamellar SZ appearance (Figure 3) by masking fibrillar 355 

structure. Critical point drying was not used as it can obscure collagen fibre appearance 356 

compared to air-drying51.  357 

The close proximity of PLM-CO and SEM-CO scores between normal and 358 

degraded biopsies emphasizes the continuous nature of cartilage degeneration, suggesting 359 

that zonal organization alone may be insufficient to distinguish mildly degenerated 360 

cartilage from normal. Variability was due to the tissue sources, cadaveric knees or 361 
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osteoarthritic femoral heads, where the extent of degradation could not be controlled. 362 

However, other features were associated with degraded cartilage, including loss of 363 

pericellular orientation and altered zonal proportions. Bimodal fibre diameter profiles 364 

were not observed in 3 biopsies likely because of the range of degradative changes 365 

present. Nonetheless, assessing birefringence characteristics is important because it 366 

permits an appreciation of collagen orientation, which is not possible with conventional 367 

histological methods. 368 

 369 

Conclusions 370 

Characterization of the collagen network provides important data about this 371 

critical cartilage feature essential to successful biomechanical function and durability. 372 

Normal cartilage was multi-zonal with proportions averaging 74% (DZ), 19% (TZ) and 373 

7% (SZ), and fibre diameters averaging 108.2 (106.4, 109.9) nm (DZ) and decreasing to 374 

87.5 (85.8, 89.3) nm (TZ) and 55.8 (46.4, 65.2) nm (SZ). Degraded cartilage had altered 375 

zonal proportions, approximately 46% (DZ), 47% (TZ) and 10% (SZ), loss of pericellular 376 

birefringence, and evidence of bimodal fibre diameter distributions possibly indicating 377 

remodelling or collagen fibre disassembly. Repair biopsies revealed that microfracture-378 

based repair procedures are capable of producing stratified collagen architecture that 379 

approximates normal cartilage, although fibres were thinner than normal 1-year post-380 

treatment. The PLM-CO score was validated using systematically-sampled SEM images 381 

and offers a simple method for assessing CO that reflects genuine collagen ultrastructure. 382 

The PLM-CO score can assist investigators in their efforts towards recreating the 383 
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specialized collagen network of articular cartilage, which is an important endpoint for 384 

cartilage repair procedures. 385 
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List of Figures  582 

 583 

Figure 1: Histological images for (a-c) normal (PLM-CO score=3.67, Cumulative SEM-584 

CO score=5.04) and (d-f) degraded (PLM-CO score=3.33, Cumulative SEM-CO 585 

score=2.93) cartilage. An example (g-i) of high quality repair cartilage that received a 586 

PLM-CO score of 3.00 and Cumulative SEM-CO score of 4.72. Images are from 587 

consecutive sections and are Safranin-O/Fast Green/iron hematoxylin stained (a, d, g), 588 

collagen type II immunostained (b, e, h) or unstained and viewed in polarized light (c, f, 589 

i). The PLM-CO score ranges from 0 to 5 and the Cumulative SEM-CO score ranges 590 

from 0 to 6. The image in (c) was published previously25. 591 

 592 

Figure 2: Labels used to describe collagen orientation observed in PLM (PLM-OL) with 593 

examples. Orientations are referenced to the subchondral bone (SB)-cartilage interface. 594 

Arrows indicate the direction of the section with respect to the analyzer filter, where 595 

sections A, B & D were at 45° and sections C & E were at 90°. (A) Vertically oriented 596 

tissue, identified by the bracket, is perpendicular to the subchondral bone visible at the 597 

bottom of the image. (B) Horizontally oriented tissue is present above the dotted line. (C) 598 

Oblique cartilage emanating from subchondral bone becomes birefringent only at 90° 599 

indicating that fibres are at approximately 45° to the subchondral bone interface. (D) 600 

Non-oriented tissue is illustrated in the region bounded by dotted lines. Birefringent 601 

tissue can be observed at the bottom of the image. (E) An example of a region with 602 

multiple orientations, where the (*) indicates birefringent, predominantly vertically 603 

oriented tissue and the (>) indicates non-oriented tissue. ROIs are defined as either a 604 
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single zone (superficial, transitional, deep), or an area of birefringent or non-birefringent 605 

tissue. Scale bars are 250 µm. 606 

 607 

Figure 3: Examples of SEM images for normal, repair and degraded cartilages from the 608 

superficial, transitional and deep zones. The top row contains the low magnification (80x) 609 

SEM images (scale bars are 500 µm) with the non-calcified tissue outlined in white and 610 

surrounded by carbon substrate. Zones are identified (SZ, TZ, DZ), as well as the sites 611 

where high magnification images were captured (�). Subsequent rows contain one high 612 

magnification (80 000x) image per zone per cartilage type and the location from which 613 

each image was captured is identified by (�) on the corresponding low magnification 614 

image. Scale bars are 500 µm and 500 nm for low and high magnification images 615 

respectively.  616 

 617 

Figure 4: Reference SEM images illustrating the collagen fibre orientations used to 618 

assign collagen orientation labels (SEM-OL). The orientation labels Vertical (A), 619 

Horizontal (B), and Oblique (C), with reference to the horizontal cartilage-bone interface, 620 

were assigned if the majority of fibres were predominantly in one of these directions. 621 

Non-oriented (D) was used to label images where no predominant orientation existed. 622 

Multiple indicated that either (E) tissue of several different orientations were present or 623 

(F) that oriented and non-oriented tissue were present in the same images.  Scale bars are 624 

500 nm. 625 

 626 
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Figure 5: Scatterplot of the Cumulative SEM-CO score vs. PLM-CO score with linear 627 

regression and 95% confidence intervals with outliers removed (n=32). Data points are 628 

normal (�), degraded (�), or repair (�) cartilages. Outliers are identified as A & B. 629 

PLM-CO scores for 11 of 29 biopsies were reported  previously25 and are used here to 630 

demonstrate a linear relationship between PLM and SEM methods for evaluating 631 

collagen organization. 632 

 633 

Figure 6: Representative histograms of collagen fibre diameters from SZ, TZ & DZ of 634 

(A) normal, (B) degraded and (C) repair cartilage tissues. (D) Summary of fibre diameter 635 

measurements for 6 normal, 6 degraded, and 22 repair biopsies. Measurements were 636 

pooled for each tissue type and numbers reported as average (AVG), 95% confidence 637 

interval (95% CI), minimum (MIN), maximum (MAX), and total number of fibres (N) 638 

per zone. 639 

 640 
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List of Tables 641 

Table 1: Summary of assessments made with PLM and SEM methods. ROIs are defined 642 

as either a single zone (superficial, transitional, deep), or an area of birefringent or non-643 

birefringent tissue. All scores were developed and tested during separate unpublished 644 

validation studies, which were reviewed by an independent quality assurance unit. 645 

 646 

Table 2: The SEM collagen organization (SEM-CO) score for individual images. SEM-647 

CO scores assess whether the orientation observed in an individual SEM image reflects 648 

the orientation expected for the zone from which it originated. The SEM-CO were 649 

averaged per zone and added to produce a Cumulative SEM-CO score reflecting overall 650 

collagen organization. 651 

 652 
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Score  Description Measurement  Scale 

PLM-CO 
Qualitative assessment of overall 

collagen organization using a 
published PLM score25 

View unstained 5µm 
sections at the 

microscope in linear 
polarized light 

Ordinal : 0-5 
Average calculated from 

scores of 3 readers. 
Complete scoring criteria 
described in Changoor et 

al.25  

PLM-OL 
Predominant orientation in each 

ROI identified 

View unstained 5µm 
sections at the 

microscope in linear 
polarized light 

1 of 5 orientation labels  
(Figure 2). 

SEM-CO 
Observed orientation compared 
to that expected based on the 

zone where the image was taken 

High-magnification 
SEM images are scored 

individually 

Ordinal : 0-2 
(Table 2) 

Cumulative 
SEM-CO 

SEM–CO scores averaged for 
each zone, then the averages 

summed over 3 zones 
Mathematical 

Continuous score:  
0-6 

SEM-OL 
Predominant orientation 

observed in each SEM image 

High-magnification 
SEM images are 

labelled individually. 

1 of 5 orientation labels 
(Figure 4) 

PLM-OL/ 
SEM-OL 

Correspondence 

Correspondence between 
orientations observed in PLM 

and SEM 

For each ROI, PLM-OL 
is compared to the panel 
of SEM images labelled 

with SEM-OL 

Ordinal : 0-2  
2=SEM/PLM agreement 

1=partial agreement 
0=no agreement 

Zone 
proportions 

Measurements of zone 
thicknesses and total cartilage 

thickness 

PLM images measured 
using software 

(Bioquant Osteo II) 

Zonal percentages as a 
proportion of total 
cartilage thickness 

Fibre diameters 
Measurements of  
fibre diameters 

An average of 12±1 
fibres measured in each 

high-magnification 
SEM image using 

software (XT-Docu) 

Histograms of fibre 
diameters by zone 
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SEM-CO score Superficial Zone Transitional Zone Deep Zone 

2 
Horizontal (±30°) orientation or 

smooth lamellar structure 

Non-oriented, or 
multiple orientations 

present. 

Vertical (±30°) 
orientation 

1 
Partially horizontal with other 

orientations present 

Oriented tissue that is 
neither horizontal nor 

vertical. 

Partially vertical with 
other orientations 

present 

0 
Disorganized, vertical or 

multiple orientations 
Vertical or horizontal 

orientation 
Disorganized, horizontal 
or multiple orientations 
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