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Abstract

Objective: To implement stereological principles to develop an easy applicable algorithm for unbiased and quantitative
evaluation of cartilage repair. Design: Design-unbiased sampling was performed by systematically sectioning the defect
perpendicular to the joint surface in parallel planes providing 7 to 10 hematoxylin—eosin stained histological sections.
Counting windows were systematically selected and converted into image files (40-50 per defect). The quantification was
performed by two-step point counting: (1) calculation of defect volume and (2) quantitative analysis of tissue composition.
Step 2 was performed by assigning each point to one of the following categories based on validated and easy distinguishable
morphological characteristics: (1) hyaline cartilage (rounded cells in lacunae in hyaline matrix), (2) fibrocartilage (rounded
cells in lacunae in fibrous matrix), (3) fibrous tissue (elongated cells in fibrous tissue), (4) bone, (5) scaffold material, and
(6) others. The ability to discriminate between the tissue types was determined using conventional or polarized light
microscopy, and the interobserver variability was evaluated. Results: We describe the application of the stereological
method. In the example, we assessed the defect repair tissue volume to be 4.4 mm® (CE = 0.01). The tissue fractions
were subsequently evaluated. Polarized light illumination of the slides improved discrimination between hyaline cartilage
and fibrocartilage and increased the interobserver agreement compared with conventional transmitted light. Conclusion:
We have applied a design-unbiased method for quantitative evaluation of cartilage repair, and we propose this algorithm
as a natural supplement to existing descriptive semiquantitative scoring systems. We also propose that polarized light is
effective for discrimination between hyaline cartilage and fibrocartilage.
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any of these scores has been identified as having a superior
predictive value as a prognostic factor. In addition, semi-
quantitative scores are generally believed to have poor
comparability and reproducibility compared with quantita-
tive methods.'"?

Introduction

Management of focal cartilage lesions has compelled a
variety of surgical repair methods such as microfracture and
autologous chondrocyte implantation, and novel treatment
modalities are constantly introduced. These are routinely,
and necessarily, evaluated in large animal models (viz.,
dogs, sheep, and goats) prior to introduction into the clinic,

bringing attention to the methodology employed for the
evaluation of the results, including the amount and types of
tissue filling the defects: hyaline cartilage, fibrocartilage,
and fibrous tissue.

Several histological scoring systems are available for
semiquantitative evaluation of cartilage regeneration and
repair in vitro' and in vivo,” and an algorithm for selecting
the most suitable evaluation score has been proposed.'® The
scoring systems consist of a number of subcategories, and
the score of each category is then pooled into a total score.
This gives rise to potential confounding in the interpretation
of the outcome as two histologically very different repair
tissues might have equal scores. No single subcategory in
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Quantitative methods have also been employed for the
evaluation of the amounts of various tissue types in carti-
lage defects in large animal models, based on counting the
number of grid openings, 60 um X 60 um, in the eyepiece of
a microscope containing a specific tissue type'* and by trac-
ing the area of the tissue on a digitized micrograph.'
Whereas these methods generate data amenable to paramet-
ric statistical evaluation, they do not strictly adhere to ste-
reological technique. For these reasons, an unbiased,
reproducible, quick, and purely quantitative evaluation of
the repair tissue, based on stereological principles, is a
much-needed supplement to the existing methods.

Stereological methods use two-dimensional (2D) data to
provide information about volume, surface area, length, and
number of structural components in three-dimensional (3D)
structures. The accuracy of the method and the avoidance of
bias depend on a set of prerequisites and principles that
must be followed.''® Histomorphometric analyses using
stereological principles generally consist of two steps, to
which sets of rules apply: (1) the sampling of the tissue and
(2) the method for quantitative estimation. Following tissue
sampling, a grid consisting of the selected probes is super-
imposed onto the sections. Counting of the positive events
(e.g., points hitting a structure or line intersections) can then
be performed, and the data are analyzed using appropriate
methods. Similar to other statistical principles, it is impor-
tant to note that design-unbiased stereological principles are
not verified or validated by experimental data but rather by
mathematical proofs.'® The precision of unbiased methods
will increase with repetition, whereas assumption-based
(biased) methods will tend to become more inaccurate with
repetition, because of a systematic deviation from the true
value. Hence, an accurate and simple algorithm is required
for correct and unbiased histomorphometric evaluation of
cartilage repair tissue.

The aim was to implement stereology into an easy and
quickly applied algorithm for the quantitative evaluation of
the volumes of various tissue types comprising cartilage
repair. We hypothesized that cartilage repair tissue can be
quantitatively evaluated using a design-based stereological
method based on the Cavalieri estimator'” and by assigning
tissue types into well-defined histomorphology-based cate-
gories. The stereological method based on the Cavalieri
estimator states that the volume of any object can be esti-
mated if the position of the first slice hitting the object is
random, that the slices are parallel, and that the thickness of
the slices is known.

Methods

Reparative Cartilage Example

The goat study described in this article was approved by the
Institutional Animal Care and Use Committee of the Veterans
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Figure |. Sampling of a circular defect (top left) and a
rectangular defect (top left) with a constant spacing, t, and the
nine resulting sections (bottom). Sampling of irregular shapes
can be performed similarly resulting in a number of sections
with different sizes. The location of the first section (I on the
figure) is chosen randomly to avoid bias. To ensure that the
evaluated feature is represented in varying sizes on the sections,

sectioning of rectangular defects must be performed as depicted
in the figure.
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Affairs Boston Healthcare System. The stereological method
is exemplified by evaluation of the reparative tissue in one
cylindrical chondral defect (3 mm in diameter; depth 0.7
mm) in a caprine model, 12 weeks postoperative. Because of
the thickness of caprine articular cartilage, the subchondral
bone was violated and bleeding was observed. No treatment
was applied. This stereological method could be applied to
any relevant animal model for cartilage repair, with different
treatments and follow-up times. Tissue preparation for histo-
morphometry followed standard laboratory protocols for
chemical fixation and embedment in paraffin. Sections with
a thickness of 7 pm were cut on a microtome and mounted
consecutively on microscope slides and stained with hema-
toxylin and eosin (H&E). Other tissue processing, embed-
ding, and sectioning protocols may be used as well.

Sampling Strategy

In order to limit the risk of bias, the location of the first
histological section to be analyzed should be selected at a
random start position. The goal is to analyze 7 to 10 sec-
tions through the defect site with (1) a known spacing
between respective sections and (2) the evaluated feature
(e.g., repair tissue) represented in varying sizes.'” The most
effective sampling method is depicted in Figure 1. Using



Foldager et al.

125

this method, sections distributed throughout the whole
defect are obtained. Note that the described method is not
suitable for detection of “rare events,” that is, features com-
prising less than 2% of the total region of interest. The
researcher determines the region of interest but will in most
cases be the original defect area (chondral or osteochon-
dral) depending on the outcomes needed in the selected car-
tilage repair model. The distance between the sections, ¢, is
determined by dividing the length of the sampling area
(e.g., the diameter of the circle in Fig. 1) by the number of
sections needed. For this cartilage repair example, the sec-
tions are cut perpendicular to the surface of the joint to
ensure that the size of evaluated volume on the cross sec-
tions is not overestimated.

Preparation of Images for the Point Counting
Process

The goal of preparing images for the point counting process
is to obtain a number of viewing windows (sections on
which something is counted; “counting-images”) in a ran-
dom and systematic manner. To ensure random sampling
and to limit the risk of bias, the first window is randomly
selected. A constant spacing between the viewing windows
will ensure a systematic sampling. A total number of 40 to
50 viewing windows are required per defect to provide an
estimate with high precision.'® Grid spacing is adjusted so
that the test point on the 7 to 9 sections with approximately
40 to 50 viewing windows will provide 100 to 200 positive
counts. The magnification must be the lowest possible that
allows for safe discrimination between positive and nonpos-
itive hits. In our example, magnification 10x was used.
Spacing between viewing windows was 0.8 mm in the hori-
zontal axis and 0.4 mm in the vertical axis. In each viewing
window, there were 9 points for counting in the total volume
estimation and 25 points for counting in the tissue composi-
tion evaluation. Spacing and number of points per viewing
window could be adjusted according to the size of the sec-
tion. Pilots may have to be performed to ensure that approxi-
mately 200 positive hits are counted for each estimate.

Commercial stereological systems that provide auto-
mated and systematic movement of the microscopic slide in
a predetermined fashion are reliable, very fast, and easy to
use. These systems are, however, expensive. There are two
inexpensive alternative methods for obtaining the same
results.

1. If the defect area on the slides is big (i.e., the num-
ber of necessary viewing windows will have a spac-
ing of at least %4 mm), the ruler in the microscope
can be used with reliable results.

2. For smaller defects, images of the whole defect
(with overlap) are obtained with the magnification
needed for the subsequent evaluation.

Figure 2. The region of interest (original defect area) is
delineated (black lines) and viewing windows are distributed
on the image. The images should be slightly rotated to avoid
bias in such layered tissues. Note that in the selection of
images for analysis it is important to avoid risk of over- and
underrepresentation of specific topographical zones. To
calculate an estimate of defect fill points hitting within the
region of interest but not hitting tissue (green arrow) must be
counted in a category named, for example, “empty.” Points
hitting outside the region of interest (red arrow) should not be
counted.

These images can easily be merged using inexpensive soft-
ware such as online image mergers or alternatively Adobe
Photomerge tool. On the merged image the viewing win-
dows can be systematically selected and saved as separate
image files in jpeg format (Fig. 2). The high magnification
ensures that they can be used for evaluation.

Point Counting

It is a prerequisite of the counting method that the sum of the
dimensions (D) of the region be analyzed, and the dimen-
sions of the “probe” should equal at least three. Thus, esti-
mation of volumes (3 D) can be performed by point counting
(i.e., a probe of zero dimensions, 0 D). Point counting can be
performed using commercial software packages such as
newCAST (Visiopharm, Hersholm, Denmark). In addition,
we suggest the use of a newly developed and free online
software, the STEPanizer.'” The manual and a practical
guide can be found at www.stepanizer.com.

Briefly, the first image file is selected and the number of
counting points per viewing window is set. Each point hit-
ting a structure is counted using the numerical pad on the
keyboard. For evaluation of cartilage repair defects the
counting is performed in two steps: (1) in the first step, low
magnification is used for the estimation of the repair tissue
volume and potentially for the calculation of tissue filling;
and (2) in the second, a higher magnification is employed to
allow for evaluation of the various tissue types. When esti-
mating the volume of the repair tissue, the points hitting any
tissue within the repair area or defect is counted as positive.
If the original articulating surface can be estimated and
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Table I. Tissue Categories.

Tissue Type Definition

Rounded cells in lacunae in
cartilage matrix

Rounded cells in lacunae in
fibrous matrix

Elongated cells in fibrous matrix

Hyaline cartilage
Fibrocartilage

Fibrous tissue

Bone Woven or lamellar bone
Scaffold material Remnants of implanted material
Others Blood vessels, bone marrow, etc.

outlined, the points hitting within the original defect area
but not hitting tissue can be assigned to a new category
“empty” (Fig. 2). This will allow for the estimation of the
amount of tissue filling the defect with a very high preci-
sion. Another method for calculating defect fill can be per-
formed by using the estimated repair tissue volume by
counting points hitting tissue within the defect area and
dividing this by the original defect volume when this is
known. For evaluation of the amount of the different tissue
types, we selected the tissue types that can be present in a
cartilage defect. These were assigned into categories as
shown in Table 1. To improve the efficiency of the count-
ing, we added simple, validated, and easily distinguishable
definitions of the different tissue types. Examples of these
tissues can be found in the supplemental data.

When a point lands on (i.e., “hits”) a specific tissue
within the selected repair or defect area, the point is counted
within the category (Table 1) corresponding to the tissue
type (Fig. 3). Points hitting outside the defect area are left
uncounted unless needed for calculation of tissue filling.
Following point counting in each viewing window (image),
the data are saved in a Microsoft Excel spreadsheet in which
relevant calculations can be made or the data can be
retrieved and used in other programs. If the total number of
positive counts is denoted, P, the area per point is (a/p), and
if the distance between the slides is ¢, then the volume, ¥, is
calculated as follows:

y=yp.%.;
p
The tissue fractions are calculated by dividing the positive
counts for a tissue by the total counts hitting any tissue type
within the defect.

Precision of the Method

Calculation of the precision of the estimation of the percent-
age of specific tissue types in the defect involves two fac-
tors: (1) the observer’s ability to distinguish the tissue types
based on prescribed definitions (Table 1) and (2) the preci-
sion of the stereological method.

To determine the ability of independent observers to rec-
ognize the specified tissue types, specific sections were
chosen with a fixed set of counting points. The distinction
between hyaline cartilage and fibrocartilage was based on
the classical histological difference in the fibrous appear-
ance of the matrix. The matrix of hyaline cartilage appears
“glass-like” whereas the chondrocytes in fibrocartilage are
dispersed among collagen fibers'® Reliance on immunohis-
tochemical staining of type I collagen (fibrocartilage) and
type 11 collagen (hyaline cartilage) for this distinction is
limited because (1) fibrocartilage can contain type II colla-
gen,'® (2) there are risks of false negatives and false posi-
tives with the immunohistochemical technique, and (3)
adequate experience with the technique is not widely avail-
able. Polarized light microscopy images were used to dif-
ferentiate between hyaline cartilage and fibrous cartilage
based on the birefringent appearance of distinct collagen
fibers, particularly in sections in which the distinction was
questionable using conventional transmitted light alone
(Fig. 4). The orientation of the collagen relative to the artic-
ular surface, by polarized light microscopy, in order to
determine if the hyaline cartilage had the feature (i.e., the
arcuate orientation of collagen) of articular cartilage was
not investigated. Six independent observers were then asked
to assign each point on the H&E sections to a tissue cate-
gory. All images were produced in both conventional and
polarized light.

The error variance of the Cavalieri estimator is based on
a mathematical model from Gundersen and Jensen."” The
risk of bias relies on the ability to follow the method for
systematic sampling as described above. The total variance
of the estimate of the total volume is the sum of the statisti-
cal noise effect of the estimate ) and the variance of the
area (a). For calculations of the precision of the estimate, it
is useful to make a table in which necessary values are cal-
culated (Table 2). The noise and variance can then be cal-
culated as follows:

Noise (B)=0.0724- (%j - ZPi

3-(2(8-3)—Noise)—4~

Vai’(Za) _ Z(B - P )Z_E(Pl 'B+2)

Var(Total) = Noise+ Var (Za)

b
(Tj is the average profile shape, which can be estimated
a

from the normogram found in previous work by Gundersen
and Jensen.15 The precision, or coefficient of error (CE), is
then calculated as follows:
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Figure 3. The STEPanizer counting window. H&E-stained section with superimposed counting probes (green points) and the actual
counted points (numbered yellow circles). The yellow counted points does not need to hit the actual counting probes as it is the
number of hits and not their location that is saved. Hence, these yellow points are only used to manage which points have been
counted. Note that it is the single point depicted by the arrow that represents point/pixel that is counted and not the whole cross or

center of the cross itself.

Fibrocartilage Hyaline cartilage

Conventional T T
light

Polarized
light

Figure 4. Morphologic appearance in conventional and
polarized light microscopy of fibrocartilage and hyaline cartilage.
Cell reside in lacunae in both tissues differences are visible in the
appearance of the extracellular matrix.

CE(ZP) _ /Varz(;otal)

Tissue Discrimination and Interobserver
Variability

Six blinded investigators (PhD student to professor level includ-
ing two cartilage repair surgeons) with experience in cartilage

repair were sent a simple instruction sheet (see Supplemental
materials) along with seven different H&E-stained histological
images with counting points of the tissue types appearing in
cartilage repair. Based on the information given in the instruc-
tion sheet they evaluated the amount of different cartilage repair
tissues on seven histological images in H&E (Test 1). Two
weeks after completion of the evaluation of the H&E-stained
histological sections, an additional test was sent to the observers
with similar images stained with H&E, but obtained under
polarized light (Test 2; Fig. 5). The ability to recognize specific
tissue types in images obtained under either normal or polarized
light was calculated and presented as mean + SD.

Results

The algorithm was used to evaluate cartilage from a square
cylindrical defect as described under Materials and Methods.
In some situations it may be worthwhile to present the tissue
fractions in percentages of the total volume, but this does not
take into account the defect filling. If the aim is for a treat-
ment to facilitate hyaline cartilage, it is more advisable to
present the total volume of this tissue or the percentage of
the tissue as a fraction of the total defect size.

Tissue Recognition and Interobserver Variability

Distinguishing between hyaline cartilage and fibrocartilagi-
nous tissue proved difficult in images with only one tissue
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Table 2. Example of a Table for Calculation of the Precision of
the Estimate.

Section () p PP PP PP

| A A-A A-B A-C

2 B B-B B-C B-D

3 C c-C Cc-D C-E

4 D D-D D-E —

n E E-E — —
Sum Xp Y(R-R) X(R-Pua) D (P-Pi2)

type present (hyaline cartilage or fibrocartilage) when the
evaluation was performed under normal light. Three images
in the tests contained hyaline cartilage only, fibrocartilage
only, or both tissue types in the same image. In contrast,
evaluators were able to, with high precision, discriminate
between these two tissue types when evaluated under polar-
ized light. In these three images determination of the tissue
types under normal or polarized light lead to very different
outcomes (Fig. 5), and the use of polarized light for dis-
crimination between these tissue types may in this algo-
rithm as well as in the commonly used semiquantitative
scores be used to significantly limit the risk of bias.

Interobserver variation was generally low as reflected in
low standard deviations (SD) of the evaluated images. The
observer variability test required the observers to be able to
discriminate between tissue types and to be able to deter-
mine in which tissue type a cross was placed (Fig. 3, right),
keeping in mind that only a single pixel on the cross repre-
sents the point to be counted. SD < 25% was found with the
exception of the attempt to evaluate fibrocartilage in con-
ventional light (Fig. 5, left). These SDs reflect only 20
points counted on each image, and stereological principles
applied ensure that when more points are counted (usually
150-200 points per sample) the estimates converge toward
the true value as opposed to biased and semiquantitative
evaluation systems.

Discussion

A prior review'’ examined the features of the various cat-
egorical and numerical methods employed for the histo-
logical evaluation of the reparative tissues in cartilage
defects in animal models. That review underscored the
limitation of the many categorical methods, for which
parametric statistics are precluded from use. In this arti-
cle, we describe a simple and unbiased method for quan-
titative (numerical) evaluation of cartilage repair based
on stereology,”” a technique that has been used for decades
for the quantitative evaluation of image data from a wide
array of subjects. There have been no prior published
studies of cartilage repair that have employed a stereo-
logical approach.

Similar to other statistical principles, design-unbiased
stereological principles are not verified or validated by
experimental data but rather by mathematical proofs.
Whereas estimates converge toward the true value by repe-
tition in statistical methods, the accuracy of assumption-
based (biased) methods will tend to become more inaccurate
on repetition, because of a systematic deviation from the
true value.'® We showed that applying this mathematically
validated algorithm in cartilage repair evaluation provides
information about repair tissue composition with very pre-
cise estimates.

Because of nature of the method, the parameters related
to interobserver variability are limited to the identification
and distinction of tissue types. By using simple and easily
identifiable characteristics for categorization in both normal
and polarized light microscopy, we limit these risks. It is
important to note that the evaluators had experience in car-
tilage repair research and histology, but were not trained
using only the instruction sheet (see Supplemental mate-
rial). The results depicted in Figure 5 show that polarized
light illumination is superior to conventional light micros-
copy when discriminating between hyaline cartilage and
fibrocartilage. The ability to identify specific tissue types
will improve by training, as a learning curve is expected,
and the precision of the estimate would thereby increase by
training. Efficiency is a fundamental aspect of stereology.’’
This favors point-counting over other approaches such as
delineation of tissue compartments in which an indefinite
number of choices have to be made by the evaluator draw-
ing the line, which for all practical matters consists of thou-
sands of points and subsequently thousands of decisions to
be made by the observer.

The assessment of the precision of the stercological
method in cartilage repair is principally based on the metric
CE, the coefficient of error, defined as the standard devia-
tion divided by the mean. In effect, CE is a measure of how
good the estimate of a parameter by the stereological proce-
dure is. The lower the CE the higher the confidence one can
have on the precision of the method as applied to the prob-
lem at hand. In the case of estimating the tissue filling the
CE was very low, 0.01. Hence, in the provided example the
true tissue volume (v) estimated to be 4.35 mm® (v) has a
95% probability of being within the range of 4.26 to 4.44
mm’ (i.e., v + 2 x CE x V) (see Table 3). As for any other
method, the precision of the mean estimate in a group of
animals will depend on the biological variability, sample
size, and so on. Following the prerequisites in the unbiased
sampling evaluations does not require calculation of CE
values for the precision of the estimate, but it may be help-
ful to do so when applying the method for the first time. CE
values for the tissue fractions will by nature be higher than
CE for the total tissue volume. The calculation of these CE
values can be estimated, but this requires highly complex
mathematical calculations, which are outside the scope of
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Figure 5. Mean tissue composition (£SD) on three different images (bars) from the same defect based on the point-counting
evaluations from six independent and experienced observers. The three different images contained fibrocartilage only (left), hyaline
cartilage only (middle), or both hyaline cartilage and fibrocartilage (right). The histological images were evaluated first in conventional
light and then polarized light (left and right bars, respectively, on each image graph). The circles, squares, and triangles represent

the tissue fraction assessed by each observer on each image. This shows the risk of systematic wrong assessments by evaluating
fibrocartilage in conventional light compared with polarized light, because observers tend to assign points to either all hyaline cartilage

or all fibrocartilage. This is also reflected in the large SD in this graph.

Table 3. Outcome Example of the Evaluation of a Cylindrical
Chondral Defect on the Femoral Condyle in a Canine Model.

Total volume 4.35 mm*

Defect fill 88.0%

Coefficient of error, CE 0.01
Fractions mm® (%)

I. Hyaline cartilage 1.21 (27.8)

2. Fibrocartilage 2.43 (55.5)

3. Fibrous tissue 0.60 (13.7)

4. Bone 0.05 (I.1)

5. Scaffold material 0.00 (0)

6. Others 0.06 (1.4)

this article. The CE for a specific tissue type, that is, frac-
tion of tissue filling the defect, might be as high as 0.10,
meaning that the 95% confidence intervals of the would be
10 times wider than for the total volume estimate with a CE
of 0.01.

Stereological principles cover a wide range of specific
methods commonly applied in other specialties such as neu-
rology, psychiatry, nephrology, cardiology, dermatology,
pulmonology, and bacteriology.”**” In orthopedics, histo-
morphometry has long been used for evaluation of bone
biopsies in osteomalcia and osteoporosis and arthritis as
well as gold standard in regenerative approaches.** In car-
tilage repair, stereology has recently been used to quantify
specific aspects of the repair process such as subchondral
blood vessels, collagen volume and fibril surface density,
and cellular composition in chitosan implant.>*>* In osteo-
porosis, histomorphometric parameters such as the bone

volume/total volume fraction and trabecular thickness pre-
dicts fracture risk and outcome after implant fixation.
Prognostic factors in cartilage repair encounter parameters
such as defect type and location,’®’ patient age,”’** and
prior treatment.” Histomorphometric parameters as posi-
tive or negative outcome predictors in cartilage repair have
yet to be determined. These might include the degree of fill-
ing of a defect with reparative tissue regardless of tissue
types, tissue composition, and the heterogeneity of distribu-
tion. The proposed method for evaluating cartilage repair is
dynamic in the sense that other subcategories such as chon-
drocyte clustering and cellularity can easily be introduced
and evaluated for their outcome predictability.
Stereological approaches for cartilage evaluation are not
limited to histological sections. Prior studies have applied
these principles for evaluation of cartilage thickness after
periacetabular osteotomy using magnetic resonance imag-
ing.***! Using this imaging modality for stereological anal-
ysis, the same set of prerequisites as described here must be
applied in order to obtain an unbiased estimates.
Semiquantitative scoring systems are beneficial in pro-
viding standardized ways for qualitative histology, but their
specificity and reproducibility (especially for selected sub-
categories) are considered rather low. A previous study
showed that even trained pathologists in a side-by-side
comparison were not able to detect a reduction in cell num-
ber by one third."" Implementation of semiquantitative
scores is often limited by the evaluation of only a few sec-
tions through the defect center*” or at selected locations,*
indicating that these would represent the morphology of the
entire defect. This omission of unbiased sampling may be a
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potential source of bias despite a comprehensive evaluation
of the selected sections.

The use of a quantitative evaluation alone is limited by
lack of the descriptive qualitative information, which may
be obtained using descriptive semiquantitative scores.
Hence, these two types of modalities will intuitively supple-
ment each other very well. Immunohistochemical analyses
provide information of the distribution of target proteins,
which, if sampled correctly according to the aforemen-
tioned descriptions, also candidates for histomorphometric
analysis, though staining inconsistencies and other issues
related to immunohistochemical complicates this method.

A limitation of this study is that the stereological method
was not demonstrated in a longitudinal investigation evalu-
ating the changes with time in the percentages of the vari-
ous tissue types comprising the reparative tissue induced by
a particular cartilage repair method. In this article, the ste-
reological method was applied to the reparative tissue in an
untreated cartilage defect 12 weeks postoperative. The
method, however, is validated as a stereological tool,
regardless of the relative amounts of the various tissue types
filling the lesion, and is therefore time independent. The
objective of the article was to demonstrate the application
of the stereological method, and this could be done at any
one time point after a cartilage repair procedure.

The current article demonstrates that a stereological pro-
cedure can be implemented as an easily applied and design-
unbiased method for rapid and precise quantification of
tissue types in cartilage repair in histological images. The
method can be used to assess the amount of tissue filling a
defect as well as fractionating tissue compositions. The for-
mer can also be applied to images from other imaging
modalities, including magnetic resonance imaging.
Polarized light microscopy is effective in discrimination
between hyaline cartilage and fibrocartilage in evaluation
of cartilage repair outcome, thus limiting potential bias in
the evaluation. A truly quantitative evaluation method
improves the opportunity for statistical intergroup evalua-
tions and comparisons of outcome between laboratories.
We propose that this algorithm offers a natural supplement
to existing descriptive semiquantitative scoring systems for
evaluation of outcome in cartilage repair.
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