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Summary

Objective: Although knee osteoarthritis (OA) is a major public health issue causing chronic disability, there is no objective or accurate method
for measurement of the structural severity in general clinical practice. Here we have established a fully automatic program KOACAD (knee OA
computer-aided diagnosis) to quantify the major OA parameters on plain knee radiographs, validated the reproducibility and reliability, and
investigated the association of the parameters with knee pain.

Methods: KOACAD was programmed to measure joint space narrowing at medial and lateral sides, osteophyte formation, and joint angula-
tion. Anteroposterior radiographs of 1979 knees of a large-scale cohort population were analyzed by KOACAD and conventional categorical
grading systems.

Results: KOACAD automatically measured all parameters in less than 1 s without intra- or interobserver variability. All parameters, especially
medial joint space narrowing, were significantly correlated with the conventional gradings. In the parameters, osteophyte formation was as-
sociated with none of the joint space parameters, suggesting different etiologic mechanisms between them. Multivariate logistic regression
analysis after adjustment for age and confounding factors revealed that medial joint space narrowing and varus angulation of knee joints
were risk factors for the presence of pain (594/1979 knees), while neither lateral joint space nor osteophyte area was.

Conclusion: KOACAD was shown to be useful for objective, accurate, simple and easy evaluation of the radiographic knee OA severity in daily
clinical practice. This system may also serve as a surrogate measure for the development of disease-modifying drugs for OA, just as bone
mineral density does in osteoporosis.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

Due to the rapidly increasing fraction of aging people today,
osteoarthritis (OA) is now considered as a major public
health issue causing chronic disability in most developed
countries. It is estimated that up to 10% of the entire world
population, and more than 50% of those aged over 50
years, are suffering from OA1. Knee OA, affecting about
30% of those over 65 years and as often associated with
disability as heart and chronic lung diseases2,3, is charac-
terized by pathological features including joint space
narrowing, osteophyte formation, and joint angulation.
Although OA and osteoporosis are the two major skeletal
disorders with strong social impact4, OA falls far behind os-
teoporosis in the assessment of its disease severity and in
the development of disease-modifying drugs. This is mainly
due to the lack of an objective and accurate method to
*Address correspondence and reprint requests to: Dr Hiroshi
Kawaguchi, M.D., Ph.D., Sensory and Motor System Medicine,
Faculty of Medicine, The University of Tokyo, Hongo 7-3-1,
Bunkyo, Tokyo 113-8655, Japan. Tel: 81-3-3815-5411 ext. 30473;
Fax: 81-3-3818-4082; E-mail: kawaguchi-ort@h.u-tokyo.ac.jp

Received 3 January 2008; revision accepted 9 March 2008.

1300
evaluate the structural severity and thereby to assess the
efficacy of drugs as surrogate measures like bone mineral
density (BMD) in osteoporosis.

Although magnetic resonance imaging (MRI) with high
resolution has been rapidly advanced as a promising tech-
nique, it is still too laborious and expensive to perform in
general clinical practice or in population-based epidemio-
logic studies, and the interpretation remains controversial
as a primary end-point in clinical trials of the disease-
modifying drugs5e7. Biochemical markers of cartilage turn-
over are being tested to measure the disease progression;
however, their validation as a surrogate measure will
require significant additional work5,8. Hence, plain radiogra-
phy is considered the gold standard as a method that is
non-invasive, inexpensive, convenient, simple, and fast to
use in assessing OA severity. The most conventional
system to grade the radiographic severity has been the
Kellgren/Lawrence (K/L) grading9. However, this categori-
cal system is limited by incorrect assumptions that progres-
sion of distinct OA features like joint space narrowing and
osteophyte formation is linear and constant, and that their
relationships are proportional. Since the system em-
phasizes the development of osteophytes, it is unclear
how to handle knees with severe joint space narrowing
but no osteophyte formation. To overcome the problem,
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a radiographic atlas of individual features was published by
the OA Research Society International (OARSI) in 199510

and a revised version in 200711. This system separately
evaluates joint space narrowing and osteophyte formation
at the medial and lateral tibiofemoral compartments on radio-
graphs; however, the grading is still limited in reproducibility
and sensitivity due to the subjective judgment of individual
observers and the categorical classification into four-grade
(0e3) scales. Although several semi-automatic methods for
objective measurement with continuous variables of joint
space or angle using computer-assisted systems have re-
cently been developed, there still remain intra- and interob-
server variabilities since initial operations like identifying
points or drawing lines must be manually performed12e16.

The present study has developed a novel computer
program, KOACAD (knee OA computer-aided diagnosis),
which for the first time has realized a fully automatic mea-
surement of major parameters of knee OA: joint space
area (JSA) and the minimum joint space width (mJSW) at
medial and lateral sides, osteophyte area, and tibiofemoral
angle (TFA) on plain anteroposterior radiographs. We
examined the reproducibility and reliability of KOACAD by
comparing it with conventional grading systems and semi-
automatic measurements.

Arthritis is the most common cause of pain in the
elderly17, and knee pain is the principal clinical symptom
of knee OA. Although much effort has been devoted toward
a definition of knee pain, the correlation with radiographic
severity of the knee OA was not as strong as one would
expect18e20. Hence, this study finally sought to identify
radiographic factors related to knee pain by examining the
association of the KOACAD parameters with the presence
of pain using a baseline database of our large-scale OA
cohort study ROAD (research on OA against disability).
Subjects and methods
SUBJECTS
The ROAD study is a nationwide OA cohort study that started in 2005,
and is constituted of four cohorts. So far, we have completed creation of
a baseline database including clinical and genomic information of 3040
participants in three cohorts in urban, mountainous, and seacoast areas.
The database includes anteroposterior and lateral radiographs of bilateral
knees of all participants. For evaluation of the KOACAD system, we used
1979 anteroposterior radiographs from 2002 knees of 1001 participants of
the urban cohort after 15 artificial knee joints and eight knees with more
than 5� flexion contracture were omitted. The study was conducted with
approval of the Institutional Review Boards (IRBs) of the University of Tokyo
and the Tokyo Metropolitan Institute of Gerontology, and all participants
provided written informed consent.
RADIOGRAPHY
Plain radiographs with standing on both legs and the knee extended were
taken with a horizontal X-ray beam unless otherwise described, using a Fuji
5000 Plus Reader on a 36� 46 cm Fuji ST-VI Computed Radiography (CR)
imaging plate (Fuji Medical Systems, Tokyo, Japan) with a 20� 30 mm rect-
angular metal plate beside it as a magnification index. Rotation of the foot
was adjusted to keep the second metatarsal bone parallel to the X-ray
beam. Images were downloaded into Digital Imaging and Communication
in Medicine (DICOM) format files with a spatial resolution of 1584� 2016
pixels (giving a pixel size of 0.01 mm) and 1024 gray levels.
IMAGE PROCESSING BY KOACAD
The KOACAD was programmed to perform the following operations auto-
matically on the digital images above using the object-oriented programming
language Cþþ [Fig. 1(A)]. Initially, correction for radiographic magnification
was performed based on the image size of the rectangular metal plate. To
reduce the image noise, the entire radiograph underwent filtering three times
with a 3� 3 square neighborhood median filter as reported previously21.
Then, the Robert’s filter was applied to extract the rough outlines of tibia
and femur, so that medial and lateral sides could be judged by the difference
of calculated widths of tibia and fibula at the level of 100 pixels above the
bottom of the image [Fig. 1(B)].

Next, to determine the region of interest (ROI) including the tibiofemoral
joint space, a vertical neighborhood difference filter was applied to identify
points with high absolute values of difference of scales. The center of all
the points was then calculated, and 480� 200 pixels of a rectangle with
the center was decided as the ROI [Fig. 1(C)]. Within the ROI, the outline
of femoral condyle was designated as the upper rim of the joint space by ver-
tical filtering with the 3� 3 square neighborhood difference filter [Fig. 1(D)].
The two ends were determined using a Canny’s filter to remove the noise
of lines22, and vertical lines from the ends were designated as the outside
rims of the joint space. Outlines of anterior and posterior margins of the tibial
plateau were drawn similarly to that of the femoral condyle, and the middle
line between the two outlines was designated as the lower rim of the joint
space [Fig. 1(E)]. Then, a straight regression line for the lower rim outline
was drawn, and their intersections were designated as the inside rims
[Fig. 1(F)]. The medial and lateral JSAs were determined as the areas sur-
rounded by the upper, lower, inside, and outside rims above [Fig. 1(G)].
The medial and lateral mJSWs were further determined as the minimum ver-
tical distances in the respective JSA [Fig. 1(H)].

To measure osteophyte area and TFA, the medial and lateral outlines of
femur and tibia were drawn by the 3� 3 square horizontal neighborhood dif-
ference filter and Canny’s filter as described above. Then, the inflection
points for the outlines were calculated. The medial outline of the tibia from
the inflection point was drawn upward to the joint level [Fig. 1(I)], and the
area that was medially prominent over the smoothly extended outline was
designated as the osteophyte area [Fig. 1(J)]. For TFA, a middle line
between the medial and lateral outlines of the femur from the top of the
image to the inflection points was drawn [Fig. 1(K)], and the straight regres-
sion line was determined to be the axis of the femur. Similarly, the straight
regression line of the middle line of the tibia from the bottom to the inflection
points was designated as the axis of the tibia. The lateral angle between the
two axis lines was calculated as TFA [Fig. 1(L)].
ANALYSES
To decide the ideal conditions for the taking of radiographs for the KOA-
CAD analysis, we initially evaluated the reproducibility of the six parameters
by an intraclass coefficient of correlation (ICC) on radiographs of 20 individ-
uals taken at a 2-week interval with various knee flexion angles (0, 10, 20,
and 30�) and X-ray beam angulations (0, 5, 10, and 15�).

Conventional gradings by the K/L system and the OARSI radiographic atlas
were performed by experienced orthopedists on 50 radiographs randomly
selected from the 1979 radiographs above, and intra- and interobserver vari-
abilities were evaluated by k values. The KOACAD parameters were also eval-
uated by semi-automatic measurement by a conventional computer-assisted
program (Quick Grain Standard, Inotech, Hiroshima, Japan) after drawing of
the outlines of femur and tibia by the orthopedists, and intra- and interobserver
ICCs of each parameter were compared with those of KOACAD.

Correlations of the KOACAD parameters with the K/L grading (0e4) were
examined by Spearman’s correlation test on the entire 1979 radiographs.
Correlations with the OARSI grading (0e3) were similarly examined for five
common parameters: the KOACAD mJSW and JSA at the medial and lateral
sides were compared with the OARSI joint space narrowing grades at the
respective sides, and the KOACAD osteophyte area with the OARSI osteo-
phyte grade of the medial tibial plateau. Since there was no radiograph of
OARSI grade 3 of lateral joint space narrowing, correlations of the KOACAD
lateral JSA and lateral mJSW were examined with the OARSI grade 0e2.

Correlations among the KOACAD parameters were analyzed using Pear-
son’s correlation test, and parameters with correlation value of more than 0.5
were defined as confounding factors.

For the assessment of factors associated with symptomatic knee pain,
age and the six KOACAD parameters were compared between knees with
and without pain by Student’s t test on the 1979 radiographs. Logistic regres-
sion analyses were used to estimate odds ratio (OR) and the associated
95% confidence interval (CI). Final multivariate logistic models were created
through stepwise elimination of variables of interest from univariate analysis
after adjustment for age and confounding factors.

A P-value of <0.05 for analysis of safety variables was considered signif-
icant. Data analyses were performed using SAS version 9.0 (SAS Institute
Inc., NC, USA).
Results
REPRODUCIBILITY OF KOACAD PARAMETERS BY KNEE

FLEXION ANGLES AND X-RAY BEAM ANGULATIONS
The KOACAD system could automatically measure the
six parameters on an anteroposterior knee radiograph in



Fig. 1. Schema of image processing by KOACAD. (A) A digitized knee radiograph as a DICOM file. (B) Filterings to reduce the image noise and
to extract outlines of tibia and femur. (C) ROI and the center including the tibiofemoral joint space. (D) An outline of femoral condyle (blue line) as
the upper and outside rims of the joint space. (E) Outlines of anterior and posterior margins of the tibial plateau (green lines), and the middle line
between the two outlines (red line) as the lower rim of the joint space. (F) A straight regression line (black line) for the lower rim line, and their
intersections as the inside rims. (G) Medial and lateral JSAs (white areas) surrounded by the upper, lower, inside, and outside rims. (H) Medial
and lateral mJSWs (brown lines) as the minimum vertical distances in the JSAs. (I) Medial outline (blue line) of the tibia drawn from the calcu-
lated inflection point upward to the joint level. (J) Osteophyte area (red area) that is medially prominent over the smoothly extended outline of the
tibia. (K) Medial and lateral outlines (blue lines) of the femur and tibia from the edges of the image to the inflection points, and the middle lines
(purple lines). (L) TFA as the lateral angle between the straight regression lines (black lines) of the middle lines above in the femur and tibia.
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less than 1 s without any manual operation. To decide the
ideal conditions of taking radiographs for the KOACAD
analysis, we first examined the reproducibility of the para-
meters measured on radiographs of 20 individuals taken
at a 2-week interval with various knee flexion angles and
X-ray beam angulations (Table I). The reproducibility of all
parameters was highly maintained with 0� of the knee flex-
ion angle (ICC¼ 0.88e0.99), which became lower as the
angle was increased. It was also maintained with 0 and
5� of X-ray beam angulations (ICC¼ 0.87e0.99), while it
was not determined in most of the radiographs with 10
and 15� due to overlap of femoral condyle and tibial plateau.
Hence, we decided to take radiographs with the knee
extended and a horizontal X-ray beam for the KOACAD
measurement.
COMPARISON OF KOACAD WITH CONVENTIONAL SYSTEMS
We measured the six parameters by KOACAD more than
twice on 1979 radiographs, and confirmed that all parame-
ters were unchanged independent of observer or time mea-
sured (all ICC¼ 1.0). Contrarily, when we examined the
intra- and interobserver variabilities of the conventional cat-
egorical grading systems on 50 randomly selected radio-
graphs, the intra- and interobserver variabilities were high
by the K/L system (k value¼ 0.84 and 0.76) and the OARSI
radiographic atlas (k� 0.75 and �0.65) (Supplementary
Table S1). In addition, the intra- and interobserver ICCs of
semi-automatic measurements using a conventional
computer-assisted procedure of the parameters were less
than 0.7 and 0.6, respectively, for joint space parameters
and osteophyte area, and were less than 0.8 for TFA, indi-
cating that even this computer-assisted system is robust
with respect to variability in lines drawn by observers for
the computer to analyze (Supplementary Table S1).

We then examined the correlations of the KOACAD
parameters with the K/L and OARSI gradings on the 1979
radiographs (Table II). All parameters were significantly cor-
related with the K/L grading (P< 0.0001); with medial JSA,
medial mJSW, and TFA being most strongly correlated with
it. Five common parameters showed good correlation
between KOACAD and OARSI grading (P< 0.0001), and
medial JSA and medial mJSW also showed most of the
strong correlations.
Table
Reproducibility of KOACAD parameters measured on radiographs of

angulatio

Knee flexion angle (() 0

KOACAD parameters (ICC)
Medial JSA (mm2) 0.88
Lateral JSA (mm2) 0.92
Medial mJSW (mm) 0.96
Lateral mJSW (mm) 0.95
Osteophyte area (mm2) 0.99
TFA (() 0.94

X-ray beam angulation (() 0

KOACAD parameters (ICC)
Medial JSA (mm2) 0.88
Lateral JSA (mm2) 0.92
Medial mJSW (mm) 0.96
Lateral mJSW (mm) 0.95
Osteophyte area (mm2) 0.99
TFA (() 0.94

Reproducibility of six parameters was evaluated by an ICC on radiograp

due to overlap of femur and tibia.
CORRELATIONS AMONG THE KOACAD PARAMETERS
Although all KOACAD parameters are known to be
affected as OA progresses, the changes are neither propor-
tional nor is the relationship constant. We therefore exam-
ined the correlations among the parameters on the 1979
radiographs by Pearson’s correlation test (Table III). As
expected, correlation values were more than 0.5 between
medial JSA and medial mJSW, and between lateral JSA
and lateral mJSW, indicating that these are confounding
factors for each other. More interestingly, although osteo-
phyte area was measured at the medial tibia, it was signif-
icantly associated with neither medial JSA nor mJSW,
suggesting different etiologic mechanisms between osteo-
phyte formation and joint destruction. Furthermore, JSA
and mJSW at the lateral side were positively correlated
with those at the medial side, and TFA was strongly associ-
ated with decreased mJSWs not only at the medial side but
also at the lateral side. This implies that there is a back-
ground generally affecting the whole joint for OA progres-
sion rather than the medial-lateral shift of loading axis of
mechanical stress within the joint.
CORRELATIONS OF THE KOACAD PARAMETERS WITH

KNEE PAIN
To further identify radiographic factors associated with
knee pain using the KOACAD system in the 1979 radio-
graphs, we compared the parameters between groups
with (594 knees) and without (1385 knees) knee pain (Table
IV). Although age was comparable, all parameters were
significantly different between the two groups. Especially,
medial JSA and medial mJSW were lower and TFA was
higher in the group with pain than that without pain. Univar-
iate logistic regression analysis after adjustment for age
revealed that female sex (OR¼ 1.64; 95% CI¼ 1.47e1.84),
medial JSA (1.16; 1.05e1.27), medial mJSW (1.66;
1.49e1.87), and TFA (1.07; 1.03e1.10) were significantly
associated with the presence of pain.

Considering that medial mJSW and medial JSA, as well
as lateral mJSW and lateral JSA, were found to be con-
founders for each other (Pearson’s correlation value> 0.5;
Table III), we performed a multivariate analysis after adjust-
ment for age and confounding factors in both genders
I
an individual with various knee flexion angles and X-ray beam
ns

10 20 30

0.77 0.74 0.74
0.87 0.73 0.73
0.92 0.90 0.78
0.86 0.88 0.80
0.91 0.79 0.81
0.93 0.86 0.86

5 10 15

0.87 ND
(17/20)

ND
(20/20)0.92

0.96
0.95
0.99
0.93

hs of 20 individuals taken at a 2-week interval. ND: not determined



Table II
Correlations of the KOACAD parameters with the K/L and OARSI gradings

0 1 2 3 4 R2

K/L grading
Number 162 625 956 205 31
Medial JSA (mm2) 112.4� 1.8 97.0� 0.9 91.1� 0.7 83.2� 1.9 52.4� 5.4 �0.29
Lateral JSA (mm2) 114.3� 2.0 110.6� 1.1 107.2� 0.9 105.3� 1.9 106.2� 6.1 �0.09
Medial mJSW (mm) 3.9� 0.1 3.4� 0.0 3.1� 0.0 2.5� 0.1 1.5� 0.2 �0.41
Lateral mJSW (mm) 4.7� 0.1 4.4� 0.0 4.3� 0.1 4.2� 0.1 4.2� 0.3 �0.11
Osteophyte area (mm2) 2.7� 1.4 2.0� 0.2 3.2� 0.2 7.9� 1.3 10.9� 4.2 0.15
TFA (() 175.7� 0.2 176.2� 0.1 177.4� 0.1 179.6� 0.3 184.2� 1.2 0.31

OARSI grading
Medial JSA (mm2) (n) 105.9� 0.9 (602) 89.8� 0.7 (953) 90.0� 1.3 (317) 65.4� 2.2 (107) �0.34
Lateral JSA (mm2) (n) 109.6� 0.6 (1926) 87.7� 4.2 (38) 61.7� 7.3 (15) e (0) �0.16
Medial mJSW (mm) (n) 3.6� 0.0 (602) 3.1� 0.0 (953) 2.7� 0.0 (317) 1.8� 0.1 (107) �0.45
Lateral mJSW (mm) (n) 4.3� 0.0 (1926) 3.3� 0.2 (38) 2.5� 0.3 (15) e (0) �0.19
Osteophyte area (mm2) (n) 2.0� 0.2 (1212) 2.8� 0.4 (421) 4.7� 0.6 (215) 14.7� 0.7 (131) 0.25

Analyses were performed by Spearman’s correlation test on 1979 radiographs, and data are expressed by means� S.E.M. (all

P-values< 0.0001).
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(Table V). It was found that low medial mJSW and high TFA
were associated with the presence of pain, while neither
lateral mJSW nor osteophyte area was.
Discussion

In the present study, we established a fully automatic
computer-assisted program, KOACAD that can quantitate
the major features of knee OA on plain radiographs. This
system has achieved objective, accurate, simple and easy
assessment of the structural severity of knee OA without
any manual operation in general clinical practice or in pop-
ulation-based epidemiologic studies. The system could also
accurately evaluate distinct features of knee OA like joint
space narrowing, osteophyte formation, and joint angulation
in one sitting. By applying this system to the baseline data in
the ROAD study, medial joint space narrowing and varus
angulation, though neither lateral joint space narrowing
nor osteophyte formation, was shown to be associated
with symptomatic knee pain.

Independent measurement of the parameters by KOA-
CAD enabled us to examine the correlation of distinct fea-
tures of OA, which may lead to better understanding of
the OA pathophysiology. For example, a lack of association
between osteophyte formation and joint space narrowing
indicates independent backgrounds of the two representa-
tive features of knee OA. A previous prospective study us-
ing a famous OA cohort, the Chingford study, has reported
that there was no association between the two features23.
Although the authors described in the paper that this might
possibly be due to inaccurate and subjective measurement
on radiographs, the present KOACAD analysis has
Table I
Correlations among the K

Medial JSA Lateral JSA Me

Medial JSA 1.00
Lateral JSA 0.22 (<0.0001) 1.00
Medial mJSW 0.70 (<0.0001) 0.13 (0.0008) 1.0
Lateral mJSW 0.18 (<0.0001) 0.72 (<0.0001) 0.2
Osteophyte area 0.02 (NS) �0.13 (0.0006) 0.0
TFA �0.08 (0.03) 0.03 (NS) �0.2

Analyses were performed by Pearson’s correlation test on 1979 radiog

P-values in the parentheses. NS: not significant (P> 0.05).
confirmed the reliability by accurate and objective measure-
ment. A recent cross-sectional study has also shown that
osteophyte formation was unrelated not only to joint space
narrowing on plain radiographs, but also to cartilage loss
measured by quantitative MRI24. Furthermore, by creating
an OA model through induction of instability in mouse
knee joints, we have identified a cartilage specific molecule,
carminerin, that regulates osteophyte formation without af-
fecting cartilage destruction during the OA progression25,26.
Further clinical and basic research will disclose the distinct
backgrounds of the two OA features. The correlation analy-
sis among the parameters also revealed that joint space
narrowing at medial and lateral sides was positively corre-
lated, indicating an etiologic mechanism that affects the
whole joint. Although this does not necessarily deny the
mechanistic contribution of medial-lateral shift of the loading
axis within the joint to the OA progression, the limitation of
efficacy of a valgus knee brace, lateral wedged insole, or
valgus high tibial osteotomy for medial compartment OA
of the knee may at least partly be explained by the result.

For accurate and reproducible assessment of tibiofe-
moral joint space on plain radiographs, a variety of radio-
graphic methods have been developed. Several reports
have claimed that positioning of the knee with several
angles of flexion provides more accurate joint space mea-
surement than conventional extended knees due to super-
imposition of the anterior and posterior margins of the
tibial plateau13,27,28. Among the reports, angulation of the
X-ray beam and rotation of the foot were different, and
some of them included fluoroscopic assistance for the
adjustment of margins of the tibial plateau. Despite these
efforts, none of the radiographic protocols has realized
high reproducibility or sensitivity for long-term longitudinal
II
OACAD parameters

dial mJSW Lateral mJSW Osteopyte area TFA

0
2 (<0.0001) 1.00
4 (NS) �0.13 (NS) 1.00
1 (<0.0001) �0.19 (<0.0001) �0.02 (NS) 1.00

raphs, and data are expressed as Pearson’s correlation values and



Table IV
Differences of age and the KOACAD parameters between knees

with and without pain

Pain (þ) Pain (�) P-value

Participants
(men/women)

594 (124/470) 1385 (575/810)

Age (years) 76.8� 4.7 77.0� 4.4 NS

Parameters
Medial JSA (mm2) 88.0� 1.0 95.7� 0.7 <0.0001
Lateral JSA (mm2) 105.9� 1.1 110.2� 0.7 0.0013
Medial mJSW (mm) 2.9� 1.0 3.3� 1.2 <0.0001
Lateral mJSW (mm) 4.3� 0.1 4.4� 0.0 0.0044
Osteophyte area (mm2) 4.8� 5.4 2.9� 7.0 0.0002
TFA (() 177.9� 3.3 176.9� 4.3 <0.0001

Analyses were performed on 1979 radiographs, and data are ex-

pressed by means� S.E.M. P-values were determined by Student’s

t test. NS: not significant (P> 0.05).
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studies27,29. And, first of all, since these methods increase
the cost and require the technician to be specifically trained,
they are unlikely to be applicable in general clinical practice
or population-based epidemiologic studies. Meanwhile, the
conventional standing extended view knee radiographs that
the KOACAD system adopted are known to be sensitive to
change if the tibial plateau is adequately aligned30. To over-
come variability of the tibiofemoral joint space by the posi-
tioning of the knee and the angulation of the X-ray beam
causing the misalignment of the anterior and posterior mar-
gins of the tibial plateau, the KOACAD system for the first
time designated the middle line between outlines of anterior
and posterior margins of the tibial plateau as the lower rim
of the radiographic joint space. In fact, reproducibility of all
KOACAD parameters was highly maintained with 0� knee
flexion and 0e5� X-ray angulation (Table I). This, however,
indicates that OA patients with flexion contracture of the
knee cannot be appropriately assessed by the KOACAD
system, so that patients with more than 5� flexion contrac-
ture were excluded from the present study.

Digital images by computed radiographic techniques offer
several advantages compared with conventional analog
film-screen radiography, and are increasingly available in
routine patient management because they allow image
enhancement, quantification, archiving, transmission,
simultaneous access to the image at multiple sites, and
reduction in radiation dose31. Although this study used
digitized images as the DICOM file, we have confirmed
that images digitized from analog radiographs by general
image scanners could be used for the KOACAD analysis
with perfect reproducibility (ICC¼ 1.0). In addition, since
KOACAD is programmed based on a personal computer,
and not on a massive workstation, it can be used anywhere,
even away from clinics.
Table V
Multivariate logistic regression analysis for OR and 95% CI of the

KOACAD parameters for knee pain

Men (699) Women (1280)

OR 95% CI OR 95% CI

Medial mJSW 1.46 1.16e1.90 1.41 1.23e1.63
Lateral mJSW 0.99 0.79e1.23 1.10 0.98e1.24
Osteophyte area 0.99 0.96e1.04 0.99 0.98e1.00
TFA 1.07 1.01e1.13 1.07 1.03e1.10

Data were calculated by stepwise logistic regression analysis

after adjustment for age and confounding factors on 1979

radiographs.
The relationship between the radiographic findings and
the symptomatic pain in knee joints remains controversial,
but at least the severity of radiographic OA is not linearly
correlated with that of pain18e20. Although the present mul-
tivariate analysis was able to detect significant associations
of knee pain with low medial mJSW and high TFA, they
were not strong (Table V). This may be due to the compli-
cated mechanism underlying the pain. Although articular
cartilage is viewed as a major target tissue of OA, knee
pain may arise from a number of different structures like
joint capsule, ligaments, menisci, bursae, and the bone
marrow. Pathological structures caused by OA may contrib-
ute to pain indirectly. For example, inflammatory synovitis
and associated capillaries are innervated by pain fibers
and may be affected in OA32. Furthermore, previous MRI
surveys among patients with radiographic knee OA showed
that knee pain was due not only to OA-related disorders, but
also to spontaneous osteonecrosis and bone marrow
edema around the knee joint33e35. A limitation of the KOA-
CAD system is that these periarticular disorders are not in-
cluded in the parameters but are best shown by MRI, which
might possibly lead to failures in the treatment of knee pain.

Another limitation of this study is a lack of longitudinal in-
vestigation to validate the sensitivity of the KOACAD system.
One criticism has been that plain radiographs are insensitive
to change over time, and that even a small radiographic
change is associated with substantial cartilage loss36. Nev-
ertheless, the current recommendations suggest that clinical
studies of knee OA should include a structural measure of
OA severity5,28. This emphasizes the need for further refine-
ment in the definition of radiographic outcomes in prospec-
tive clinical trials. Recent longitudinal studies using
quantitative MRI have shown that subjects with knee OA
lose 5% of their tibial cartilage volume per year37,38 and
that the cartilage loss is correlated with worsening of symp-
toms and portends knee replacement20,39. Although the car-
tilage loss detected by quantitative MRI is much greater than
that detected in plain radiographs, the MRI-based cartilage
volume correlates with the change of radiographic features
to some extent40,41. Since the KOACAD system can provide
continuous measures of parameters of OA severity, it is pos-
sible that the system is as sensitive to change over time as
quantitative MRI. Also, the association between knee pain
and radiographic features cannot be appropriately assessed
in a cross-sectional survey, but should be evaluated over
a defined period of time, as indicated by previous
reports42,43. Our baseline survey in the ROAD study has
included quantitative MRI on a group of randomly selected
participants. In 2008e2010, we are planning a second sur-
vey including the KOACAD radiographic analysis on more
than 3000 participants and the quantitative MRI on a portion
of these. Comparison of the KOACAD parameters and the
MRI findings will validate the sensitivity of the KOACAD
system over time, and lead to further understanding of the
association between knee pain and radiographic features.

In conclusion, we have established a fully automatic
computer-assisted program, KOACAD, to quantify knee
OA severity on plain radiographs, and validated its high re-
producibility and reliability in a cross-sectional study. This
system may not only be useful for objective evaluation of
knee OA patients in daily clinical practice or in population-
based epidemiologic studies, but also act as a proper surro-
gate measure for the development of disease-modifying
drugs for OA. We hope in the future that this system will
be prevalently used worldwide to lead to international crite-
ria for diagnosis and treatment of knee OA, just like BMD in
osteoporosis.
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