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Spectroscopic Quantitative Measurement of the
Cartilage Surface using Arthroscopy Correlates with a

Conventional Macroscopic Grading System

Shizuka Sasaki, M.D., Eiji Sasaki, M.D., Yuji Yamamoto, M.D., Yuka Kimura, M.D.,

Daisuke Chiba, M.D., Takahiro Tsushima, M.D., Eiichi Tsuda, M.D., and
Yasuyuki Ishibashi, M.D.
Purpose: To quantify the cartilage surface profile visualized during arthroscopic surgery and examine its clinical utility by
comparing the results of quantitative measurements with a conventional grading system. Methods: Fifty consecutive
patients diagnosed with knee osteoarthritis and who underwent arthroscopic surgery were included in this study. A 4 K
camera system was used, and the cartilage surface profile was visualized using the augmented reality imaging program.
The highlighted image was displayed in 2 colors: black (the worn cartilage area) and green (the part where the cartilage
thickness was maintained). The percentage of the green area was calculated using ImageJ and used as an index of cartilage
degeneration. The quantitative value was statistically compared with the International Cartilage Repair Society (ICRS)
grade as a conventional macroscopic evaluation. Results: In the quantitative measurement, the median percentage of the
green area was 60.7 at ICRS grades 0 and 1 (interquartile range [IQR], 67.3-51.0), 47.2 at grade 2 (IQR, 54.1-39.2), 36.5 at
grade 3 (IQR, 43.2-30.4), and 34.0 at grade 4 (IQR, 38.5-29.3). There was a significant difference between the macroscopic
grades, except for Grades 3 and 4. There was a significant negative correlation between macroscopic evaluation and
quantitative measurement (r ¼ �0.672, P < .001). Conclusions: The quantitative measurement of the cartilage surface
profile using the spectroscopic absorption technique was significantly correlated with the conventional macroscopic
grading system and demonstrated fair to good inter-rater and intra-rater reliabilities. Level of Evidence: Level II,
diagnostic (prospective cohort study).
steoarthritis (OA) of the knee is degenerative
Odisease of cartilage, and there is degradation of
proteoglycans followed by degradation of type 2
collagen in early-stage OA. As a result, the water con-
tent increases, and softening occurs. As it progresses
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further, morphological changes such as fibrillation and
erosion of the cartilage surface occur.1,2

Diagnostic tools for knee OA include radiography,
magnetic resonance imaging (MRI), computed tomog-
raphy (CT), and arthroscopy. These have advantages and
disadvantages regarding convenience, invasiveness,
medical economy, and the stage of OA evaluated.
Arthroscopy is the gold-standard procedure for in vivo
articular cartilage evaluation. Although this is the most
invasive technique compared to other examinations, the
most favorable advantage is that surgeons can see the
cartilage directly. Additionally, the softness or instability
of cartilage lesions can be determined by probing.
The Outerbridge classification3,4 or International

Cartilage Repair Society (ICRS) classification5 focuses
on these macroscopic changes. These classification
systems are widely used to evaluate cartilage degener-
ation or traumatic cartilage injury. However, it has been
suggested that intrarater and inter-rater reliabilities in
arthroscopic classification are not high.6

Although useful devices and techniques have made
impressive advances in arthroscopic surgery for knee
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Table 1. Demographic Data of Subjects

Age (yr) 60.0 � 8.5
Sex
Male 16
Female 34

Body mass index 25.0 � 2.9
Evaluation side
Right 24
Left 26
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disorders, quantitative evaluation of degenerative
cartilage is lacking. Johansson et al.7 applied optical
reflection spectroscopy technique to arthroscopic sur-
gery to measure cartilage thickness. Optical reflection
spectroscopy is based on the fact that cartilage and
subchondral bone have completely different absorption
characteristics when white light is incident onto the
cartilage surface, and it can estimate cartilage thickness
through the reflectance spectrum taken from the joint
surface. In recent years, this technique has been applied
in clinical settings, and it was reported that this tech-
nique was suitable for arthroscopic diagnosis.8 The
arthroscopic system can highlight and visualize the
articular surface profile in real time; however, the de-
gree of cartilage degeneration is unknown in this
arthroscopic system. If the quantitative evaluation of
cartilage degeneration can be performed easily, it also
provides valuable information from the viewpoint of
understanding the patient’s pathological condition.
Furthermore, it provides surgeons with essential
information to determine the therapeutic effect.
The purpose of this study was to quantify the cartilage

surface profile visualized during arthroscopic surgery
and examine its clinical utility by comparing the results
of quantitative measurements with the conventional
grading system. We hypothesized that the quantitative
analysis of cartilage surface profiles correlates with the
traditional arthroscopic cartilage classification.

Material and Methods
Fifty consecutive patients diagnosed with medial early

or definitive knee OA and who underwent arthroscopy
during the surgery of medial opening wedge high tibial
osteotomy in our department between 2018 and 2020
were included in this study (Table 1). This study was
approved by the institutional review board.
Two orthopaedic surgeons (S.S. and E.S.) performed

arthroscopic surgeries with 25 cases each. A 4 K camera
system (Synergy UHD4TM; Arthrex, Naples, FL) was
used for all the surgeries. White balance was adjusted
using white surgical gauze at the beginning of the
surgery. A pneumatic tourniquet was used in all cases
and was placed on the patient’s proximal thigh. The
cartilage surface was observed from the lateral infra-
patellar portal using a 30� angle arthroscope in a
bloodless environment.
The BioOptico (Arthrex) augmented-reality imaging

program mode was used to analyze the articular surface
profile quantitatively. This mode is based on the prin-
ciple that light absorption differs between cartilage and
subchondral bone and spectroscopically evaluates the
thickness of the cartilage.7 Arthroscopy was performed
with the knee flexed at 90�, but the flexion angle and
the scope rotation were adjusted so that the light
emitted from the arthroscope shone on the cartilage
surface as vertically as possible during surgery. The data
obtained from the augmented-reality imaging program
is highlighted in real time. The highlighted image is
displayed in 2 colors, black and green. The concave part
(the part where the cartilage is worn) and the part with
relatively thick cartilage compared to the surrounding
part in the evaluation area are highlighted in black and
green, respectively. The cartilage surface (where the
macroscopic assessment was performed) was captured
at 4 points (medial femoral condyle, medial tibial
plateau, lateral femoral condyle, and lateral tibial
plateau), and the cartilage surface profile was measured
using Image J (National Institutes of Health, Bethesda,
MD). The central part of the highlighted area was
extracted with the largest square. The color image split
an RGB image (red, green, and blue) into three 8-bit
grayscale images containing the original image’s red,
green, and blue components. The auto thresholding
was performed in the grayscale image containing the
green component using Image J’s IsoData method. The
IsoData method divided the image into object and
background by taking an initial threshold. Next, the
averages of the pixels below and above the threshold
were computed. The threshold was incremented, and
this process was repeated until the threshold was larger
than the composite average.9 After the green part was
distinguished from the black part by the auto thresh-
olding procedure, the percentage of the total area of the
green part was measured (Fig 1).
The severity of cartilage degeneration at the medial

femoral condyle, medial tibial plateau, lateral femoral
condyle, and lateral tibial plateau was macroscopically
evaluated using the ICRS grading system.5 In this study,
grading was performed without probing to evaluate the
cartilage surface profile, and each evaluation site was
divided into 4 groups (grades 0-1, 2, 3, and 4).
The results of the quantitative analysis were tested

using the Shapiro-Wilk test, and a normal distribution
was not observed (P < .001). The correlation between
the macroscopic evaluation and quantitative analysis
was examined using Spearman’s rank correlation co-
efficient. The differences in the results of the quantita-
tive analysis for each grade of macroscopic evaluation
were compared using the Kruskal-Wallis test and the
Dunn-Bonferroni post hoc test. To achieve 80% statis-
tical power with an alpha of 0.05, power analysis
revealed that a minimum of 18 values would be



Fig 1. The quantitative measurement of cartilage surface profile. (A) Medial femoral condyle of the right knee from the lateral
infrapatellar portal. (B, C) The cartilage surface profile was visualized, and the central part (yellow square) was extracted from
the captured still image. (D) The color image split an RGB image (red, green, and blue) into 8-bit grayscale images containing the
original image’s red, green, and blue components. (E) The auto thresholding was performed in the grayscale image containing
green components divided into objects and background. (F) The percentage of the total area of the green part was measured.
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required to detect the correlation between the results of
the macroscopic evaluation and quantitative analysis.
In this analysis, the calculated effect size was 1.000. All
statistical analyses were performed using SPSS version
27.0 (IBM Corp., Armonk, NY), and a P value <.05 was
considered statistically significant.

Results
In the macroscopic evaluation, grades 0 and 1 were

observed at 68 sites, grade 2 at 46 sites, grade 3 at 54
sites, and grade 4 at 32 sites (Table 2). In the quan-
titative measurement, the median percentage of the
green area was 60.7 at grades 0 and 1 (interquartile
Table 2. The Results of the Quantitative and Macroscopic Evalua

Interna

Grade 0 and 1

Medial femoral condyle 4
Medial tibial plateau 1
Lateral femoral condyle 48
Lateral tibial plateau 15
Percentage of green area (IQR) 60.7 (67.3 - 51.0) 47.2

IQR, interquartile range.
range [IQR], 67.3-51.0), 47.2 at grade 2 (IQR, 54.1-
39.2), 36.5 at grade 3 (IQR, 43.2-30.4), and 34.0 at
grade 4 (IQR, 38.5-29.3). There was a significant
difference in the macroscopic grades, except between
grades 3 and 4 (Fig 2). There was a significant
negative correlation between the macroscopic evalu-
ation and quantitative measurement (r ¼ �0.672,
P < .001).
The intra-rater reliability was 0.95 (95% confidence

interval [CI), 0.90-0.97; P < .001) in the macroscopic
evaluation, and 0.84 (95% CI, 0.71-0.91; P < .001) in
the quantitative measurement. The inter-rater reli-
ability was 0.84 (95% CI, 0.58-0.92; P < .001) in the
tion

tional Cartilage Repair Society classification

Grade 2 Grade 3 Grade 4

4 21 21
19 19 11
2 0 0

21 14 0
(54.1 - 39.2) 36.5 (43.2 - 30.4) 34.0 (38.5 - 29.3)



Fig 2. The quantitative measurement results in each Inter-
national Cartilage Repair Society grade (*P < .05). There was
a significant difference except between grades 3 and 4.
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macroscopic evaluation, and 0.77 (95% CI, 0.68-0.83)
in the quantitative measurement.
Discussion
The most important finding of this study was that the

intraoperative arthroscopic articular cartilage surface
profile evaluation using the spectroscopic absorption
technique demonstrated a significant correlation with
the conventional macroscopic grading system. The
diagnostic tools for knee OA include radiography, CT,
MRI, and arthroscopy. Radiography is the most
frequently used conventional imaging technique.
Although the Kellgren-Lawrence grade is a typical
radiographic grading system, it is limited to diagnosing
relatively progressive knee OA because the criteria for
diagnosis are joint space narrowing or osteophyte for-
mation. Conventionally, CT has been used to evaluate
the subchondral bone and osteophyte formation. In
recent years, contrast-enhanced CT (CECT) has made it
possible to quantify cartilage and subchondral bone
thickness.10,11 Proteoglycan (PG), the main component
of the cartilage matrix, becomes negatively charged. In
CECT examination, the loss of negatively charged PGs
can be detected using an anionic contrast agent. Myller
et al.10 reported that the results of the CECT evaluation
were significantly correlated with the ICRS grade.
MRI is a noninvasive examination in terms of radia-

tion exposure compared to radiography or CT. MRI can
detect changes in the articular cartilage and the
meniscus, ligament, or other soft tissue. Several new
MRI techniques have been developed recently. For
example, the T1r mapping technique, which can detect
the decrease in PG content from the extracellular
matrix12-14, and the T2 mapping technique, which can
detect changes in collagen alignment or water con-
tent,15,16 are useful for quantitative analysis of early
articular cartilage degeneration. MRI is one of the most
objective, reproducible, and noninvasive evaluation for
cartilage degeneration. However, from the viewpoint of
evaluating the outcome of surgical treatment, post-
operative evaluation may be affected by metal
artifacts.17

Although arthroscopy is the only direct evaluation
method for cartilage profiles, it is the most invasive
procedure compared to other imaging techniques. In
recent years, regenerative medicine for cartilage injury
or degenerative cartilage has been developed, and the
frequency of arthroscopic cartilage evaluation by
second-look arthroscopy to determine therapeutic effi-
cacy might increase. However, in arthroscopic evalua-
tion, only the elasticity by probing and macroscopic
properties of the cartilage can be evaluated using a
grading system, and quantitative evaluation is difficult.
Johansson et al.7 evaluated the accuracy of cartilage

thickness measurements using spectroscopic measure-
ments in an arthroscopic camera. They measured the
human knee cartilage thickness obtained from total
knee arthroplasty patients by ex vivo arthroscopy and
compared thickness values using 3 methods (needle
penetration, spiral CT, and geometric measurement).
They concluded that the lowest mean errors in the
range of 0.28 to 0.30 mm were expected. Recently, this
technology has been applied in clinical setting. Mako-
vicka et al.8 reported the usefulness of clinically visu-
alizing cartilage thickness using the same device as in
this study; however, they did not quantify the extent of
degeneration.
This study revealed a significant correlation between

the quantitative values and the results of the macro-
scopic grading system. In addition, when comparing the
quantitative values between macroscopic grades, the
difference was apparent in the lower-grade groups.
Therefore this quantitative measurement may be useful
for detecting early degenerative changes or minor
cartilage damage. Considering this result, the quanti-
tative values from this system might be affected by the
amount of cartilage remaining in the case of advanced
arthritis, whereas the irregularity of the surface became
severe according to the grade progression. Clinically
applying the results of this study may determine the
therapeutic efficacy of around knee osteotomy in pa-
tients with relatively early OA or regenerative therapy.
In this study, the inter-rater reliability was 0.84 (95%

CI, 0.58-0.92; P < .001) in the macroscopic grading
system was 0.77 (95% CI, 0.68-0.83; P < .001) in the
quantitative measurement. The previous literature
demonstrated low inter-rater reliability of macroscopic
grading system. Brismar et al.6 examined the reliability
of the macroscopic evaluation of knee OA using
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videotaped arthroscopies, and the inter-rater reliability
was 0.43 to 0.49, and the inter-rater reliability was 0.42
to 0.66 in the arthroscopic classification. In this study, it
seemed that relatively high reliability was obtained
because 2 experienced orthopaedic knee surgeons
evaluated it.
In contrast, quantitative CT and MRI have the ad-

vantages of high objectiveness and reproducibility.
Gupta et al.12 and Waldenmeier et al.16 reported that
inter-rater and intrarater reliability of MRI assessment
was >0.9, indicating excellent reproducibility. Howev-
er, the accuracy of these quantitative imaging tech-
nique in assessing the postoperative outcome of various
knee surgeries, including those with implants, is un-
clear. Arthroscopic evaluation has no risk of being
affected by metal artifacts, and this is one of the ad-
vantages superior to conventional quantitative imaging
evaluation. Furthermore, regenerative medicine for
cartilage injury and osteoarthritis has been developed in
recent years. There is a possibility that the therapeutic
efficacy cannot be determined only by the grading
system based on the macroscopic assessment that has
been conventionally used. Although this study
demonstrated that the reliability of the quantitative
measurement of the cartilage surface profile was
slightly inferior to that of conventional macroscopic
assessment, it was useful in quantifying cartilage
degeneration.

Limitations
A limitation of this study was that the measured

quantitative value might change depending on the
angle at which the light of the arthroscope hits the
cartilage surface. Therefore there is a risk that the re-
sults will vary depending on the location of the created
portal. In addition, most subjects were patients with
medial knee OA, and quantitative measurements were
performed only from the lateral infrapatellar portal.
Theoretically, although it is desirable to shine light
perpendicularly to the cartilage surface, evaluating all
lesions in a clinical setting is impossible. To standardize
the procedure, quantitative and macroscopic evalua-
tions were limited to those within the observable range
from the lateral infrapatellar portal in this study. The
effect of portal location on quantitative measurement
was unclear from the results of this study; however, it
seemed that it is important to shine light from the same
portal at the same angle as much as possible when
comparing results for the same case (i.e., assessment of
therapeutic efficacy).
Second, it is difficult to evaluate cases with extensive

cartilage defects because this system visualizes the
shape of the cartilage surface. There were individual
differences in the amount of cartilage remaining or the
profile of the remaining cartilage in grade 4 cases. In the
quantitative measurement in this study, the remaining
cartilage around the cartilage defect was measured in
patients with extensive cartilage defects. This was
considered the reason there was no significant differ-
ence between the results of grades 3 and 4 in the
quantitative measurement.
Third, it is unclear how the data of this study related

to the results of established conventional imaging
technique such as CT and MRI. Unfortunately, it was
not possible to perform these quantitative image eval-
uations in this series. In the future, if the relationship
between quantitative arthroscopic evaluation and
quantitative image evaluation is clarified, the true
usefulness of this device may be established.
Fourth, the data for the patellofemoral joint could not

be presented in this study. Because this system needs to
shine a light on the evaluation area as vertically as
possible, a 30� angle arthroscope was not possible to
highlight the degenerative area in some cases. To assess
the patellofemoral joint, it may be necessary to use a
70� arthroscope or to consider portal position.
Conclusion
The quantitative measurement of the cartilage surface

profile using the spectroscopic absorption technique
was significantly correlated with the conventional
macroscopic grading system and demonstrated fair to
good inter-rater and intrarater reliabilities.
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