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The Genetic Contribution and Relevance of Knee
Cartilage Defects: Case-Control and Sib-Pair Studies 
CHANGHAI DING, FLAVIA CICUTTINI, FIONA SCOTT, JAMES STANKOVICH, HELEN COOLEY, 
and GRAEME JONES

ABSTRACT. Objective. To describe the differences in knee cartilage defects between offspring of subjects with at
least one parent with a total knee replacement for severe primary knee osteoarthritis (OA) and con-
trols; and to estimate the heritability of knee cartilage defects in sib-pairs.
Methods. Population based, case-control study of 186 matched pairs (mean age 45 yrs, range 26–61)
and sib-pair study of 128 subjects from 51 families (115 sib-pairs) within the case-control study.
Knee cartilage defect scores (0–4) and prevalence (a cartilage defect score ≥ 2) were assessed at the
patellar, tibial, and femoral sites by processing images acquired using T1 weighted fat-saturated
magnetic resonance imaging. Heritability was estimated using the SOLAR genetic analysis program.
Results. The prevalence of knee cartilage defects was surprisingly high (50% scored ≥ 2 in any site).
Compared to controls, offspring had higher knee cartilage defect scores and prevalence in
tibiofemoral (4.39 vs 4.01, p = 0.003; 41% vs 28%, p = 0.009), patellar (1.32 vs 1.10, p = 0.031;
35% vs 26%, p = 0.075), and whole (5.71 vs 5.10, p = 0.002; 57% vs 42%, p = 0.007) compartments.
These all became nonsignificant after adjustment for knee pain and radiographic OA. In the sib-pair
component, knee cartilage defects had heritability for scores and prevalence, respectively, of 38% (p
= 0.072) and 47% (p = 0.082) for tibiofemoral, 52% (p = 0.009) and 78% (p = 0.025) for patellar,
and 43% (p = 0.038) and 68% (p = 0.072) for the whole compartments. These estimates became
weaker at tibiofemoral and whole compartments after adjustment for bone size, knee pain, and radi-
ographic OA.
Conclusion. Knee cartilage defects are common, have a genetic component that is linked to the
genetic contribution to knee pain and bone size, and may have a role in the genetic pathogenesis of
knee OA. (J Rheumatol 2005;32:1937–42)
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Osteoarthritis (OA) is a slowly developing chronic disease
that has a multifactorial origin. While environmental factors
including obesity, acute joint injury, and occupational fac-
tors play important roles in its pathogenesis1, genetic factors
account for up to 65% of OA in the hands and hips, but a
smaller percentage in the knees2,3. Genetic influences are
important in endstage OA of the knees4, but they are incon-
sistently associated with knee radiographic OA (ROA)2-6.
This may be due to the 2 dimensional property of radi-

ographic measurement, the semiquantitative scoring system
for ROA, and/or inherent measurement error. Magnetic res-
onance imaging (MRI) can visualize joint structure directly
and is recognized as a valid, accurate, and reproducible tool
to measure articular cartilage volume and bone size7-12.
Recent data suggest that knee cartilage volume3,13 and bone
size3 are highly heritable in twin and sib-pair studies, and
significant differences in medial tibial bone area but not
knee cartilage volume have recently been reported between
offspring of those with severe knee OA in later life and con-
trols14. This suggests that cartilage volume is a heritable trait
but may not be relevant to the genetic pathogenesis of OA.
It may be that bone is more important in the onset of OA or
that other cartilage measures, such as cartilage defects, may
be more relevant. MRI can also accurately assess knee car-
tilage defects on both T1 and T2 weighted views15-17.

Our objectives were (1) to test the hypothesis that off-
spring of subjects with at least one parent with a total knee
replacement for severe primary knee OA have higher knee
cartilage defect scores and prevalence than age and sex
matched controls; and (2) to estimate the heritability of
knee cartilage defects in the sib-pairs within the offspring
group.
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MATERIALS AND METHODS
Subjects. The study was carried out in Southern Tasmania primarily in the
capital city of Hobart from June 2000 until December 2001. The study was
approved by the Southern Tasmanian Health and Medical Human Research
Ethics Committee and all subjects provided informed written consent.

Subjects were selected from 2 sources. Half the subjects were the adult
children of subjects who had a knee replacement performed for primary
knee OA at any Hobart hospital (both public and private) in the years 1996-
2000. This diagnosis was confirmed by reference to the medical records of
the orthopedic surgeon and the original radiograph where possible. Of the
186 offspring, family structure was as follows: one offspring per family, 58;
2 offspring per family, 34; 3 offspring per family, 10; 4 offspring per fam-
ily, 6; and 6 offspring per family, one. The other half were randomly select-
ed controls without this history or a parent history of knee OA. These were
selected by computer generated random numbers from the most recent ver-
sion of the electoral roll (2000). Controls were individually matched to
cases by sex and 5-year age bands. Subjects from either group were exclud-
ed on the basis of contraindication to MRI (including pacemaker, aneurysm
clips, cochlear implants, fragments of metal within the body, infusion
pumps, and claustrophobia), while controls were included as cases if they
had a parent who had received a knee replacement for OA.

Anthropometric data. Weight was measured to the nearest 0.1 kg (shoes,
socks, and bulky clothing removed) using a single pair of electronic scales
(Seca Delta Model 707) that were calibrated using a known weight at the
beginning of each clinic. Height was measured to the nearest 0.1 cm (shoes
and socks removed) using a stadiometer. Body mass index (BMI; kg/m2)
was calculated. Knee pain was assessed by questionnaire and was defined
as pain for > 24 hours in the last 12 months or daily pain on more than 30
days in the last year. Objective measures of physical activity included
measurement of muscle strength by dynamometry at the lower limb
(involving both legs simultaneously). The subject was instructed in each
technique prior to testing and each measure was performed twice. The
devices were calibrated by suspending known weights at regular intervals.
Repeatability estimates (Cronbach’s α) were 0.91.

Radiographs. A standing anteroposterior semiflexed view of the right knee
was performed in all subjects. The angle was kept to 10°–15° by a purpose-
built goniometer. The tube to film and tube to tibial plateau angle was 90°.
Daily quality control was performed on equipment. Radiographs were then
assessed utilizing the OA Research Society International atlas18. Each of
the following was assessed: medial joint space narrowing (0–3), lateral
joint space narrowing (0–3), medial osteophytes (femoral and tibial com-
bined; 0–3), and lateral osteophytes (femoral and tibial combined; 0–3).
Each score was arrived at by consensus with 2 readers (GJ, FS) simultane-
ously assessing the radiograph with immediate reference to the atlas.
Reproducibility was assessed in 50 radiographs 2 weeks apart, and yielded
an intraclass correlation coefficient (ICC) of 0.99 for osteophytes and 0.98
for joint space narrowing9,12.

Cartilage defect assessment. An MRI scan of the right knee was performed.
Knees were imaged in the sagittal plane on a 1.5 T whole body MR unit
(Picker) with use of a commercial transmit-receive extremity coil. The fol-
lowing image sequence was used: a T1 weighted fat saturation 3-D gradi-
ent recall acquisition in the steady state; flip angle 55°; repetition time 58
ms; echo time 12 ms; field of view 16 cm; 60 partitions; 512 × 512 matrix;
acquisition time 11 min 56 s; one acquisition. Sagittal images were
obtained at a partition thickness of 1.5 mm and an in-plane resolution of
0.31 × 0.31 (512 × 512 pixels). The image data were transferred to the
workstation. The cartilage defects were graded on MR images by 2 readers
(CD and HC) with a modification of the previous classification system15-17

at medial tibial, medial femoral, lateral tibial, lateral femoral, and patellar
sites (Figure 1). The following scoring system was used: grade 0, normal
cartilage; grade 1, focal blistering and intracartilaginous low signal intensi-
ty area with an intact surface or layer is that adjacent to subchondral bone;
grade 2, irregularities on the surface or adjacent to subchondral bone and
loss of thickness of < 50%; grade 3, deep ulceration with loss of thickness

≥ 50%; grade 4, full-thickness chondral wear with exposure of subchon-
dral bone. We found that many defects were deep, i.e., extending to sub-
chondral bone but not involving the articular surface, so we included these
changes in the classification system. A cartilage defect had also to be pres-
ent in at least 2 consecutive slices. The cartilage was considered to be nor-
mal if the band of intermediate signal intensity had a uniform thickness.
The cartilage defects were regraded 1 month later and the average scores of
cartilage defects at tibiofemoral (0–16), patellar (0–4), and total compart-
ments (0–20) were used for analysis in this study. A prevalent cartilage
defect was defined as a cartilage defect score ≥ 2 at any site of that com-
partment. Intraobserver reliability in the whole sample (expressed as ICC)
was 0.92 for the tibiofemoral compartment, 0.94 for the patellar, and 0.94
for the whole compartments. Interobserver reliability was assessed in 50
individual MR images and yielded an ICC of 0.89 for the tibiofemoral com-
partment, 0.93 for the patellar, and 0.93 for the whole compartments.

Knee bone size measurement. Knee tibial plateau bone area and patellar
bone volume were determined as described7-10,12,14 with coefficients of
variation in our hands of 2.2% to 2.6%7.

Statistical methods. A combination of paired t tests for scores, McNemar
tests for prevalence, and conditional logistic regression was used for
analysis of this matched dataset. Since the scores were not normally dis-
tributed, we replaced the scores by ranks, although both methods had sim-
ilar results. To check whether relatedness of subjects was biasing the over-
all results, a stratified analysis restricted to one randomly selected off-
spring per family and their matched control was also performed. To further
check robustness of standard errors, random effects models were utilized.
A p value < 0.05 (2 tailed) or a 95% confidence interval not including the
null point were regarded as statistically significant. All statistical analyses
were performed on SPSS version 10.0 for Windows (SPSS Inc., Chicago,
IL, USA).

A variance components analysis was performed to estimate heritabili-
ties of cartilage defect traits at tibiofemoral, patellar, and total compart-
ments from 51 families representing 115 sib-pairs from within the offspring
group. Using the SOLAR software package19, trait variance was modeled
as a mixture of genetic variance (attributed to many genes with small, addi-
tive effects) and random variance (due to random environmental variations
not correlated between subjects within families). Then the estimated heri-
tability was defined as the proportion of genetic variance in the model with
the maximum likelihood. Heritability estimates are high when intrafamily
variation in trait scores is low compared to interfamily variation. By ana-
lyzing the covariance in trait scores between all pairs of relatives in a fam-
ily simultaneously, SOLAR can be used to estimate heritabilities and stan-
dard errors in families of arbitrary complexity, including the families in our
study with more than 2 siblings. To assess whether the estimated heritabil-
ities differed from zero, a null model with only the random variance term
was also fitted. All models were fitted after first adjusting trait scores with-
in SOLAR for various combinations of covariates (1) age, sex, BMI, and
lower limb muscle strength; (2) previous factors and bone size; (3) previ-
ous factors and knee pain; and (4) previous factors and radiographic OA
scores. SOLAR controls for these covariates by adding them as regression
terms to the genetic random effects model, as is done in linear regression
modeling. A p value of < 0.05 was regarded as statistically significant.

RESULTS
There were 372 subjects (214 women, 158 men) comprising
186 offspring and 186 age and sex matched controls. The
response rate was 71% for the offspring and 40% for the
controls. This was a young sample, with an average age of
45 years (range 26–61). A total of 128 subjects from 51 fam-
ilies within the offspring representing 115 sib-pairs with an
average age of 45 years (61 men, 67 women) took part in the
heritability estimation (response rate 71%). Characteristics
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of the subjects are presented in Table 1. Radiographic OA
was uncommon and mild in both groups.

Table 2 documents the differences in cartilage defect
scores and prevalence between offspring and controls.
Cartilage defect scores and prevalence in the tibiofemoral,
patellar, and whole compartments were significantly higher
in offspring compared to controls (all p < 0.05 except for
prevalent patellar defects). These results were largely iden-
tical if analysis was restricted to one offspring per family
(data not shown). After adjustment for BMI and lower-limb
muscle strength, the differences in severity and prevalence

in all compartments remained, and these decreased but still
remained significant in tibiofemoral and whole compart-
ments after further adjustment for bone size (Table 3).
However, these became nonsignificant after further adjust-
ment for knee pain and ROA scores (Table 3). Results were
largely unchanged after adjustment for past knee injury and
if random effect models were utilized (data not shown).

Table 4 documents the heritabilities for knee cartilage
defects. The heritabilities for knee cartilage defect scores
were significant for the patellar (52%, p = 0.009) and total
compartments (43%, p = 0.038), and of borderline signifi-

1939Ding, et al: Genetics of knee cartilage defects

Figure 1. Sagittal T1 weighted fat-saturated 3-D MR images show: (A) Normal lateral tibial and femoral cartilage, but carti-
lage defect of grade 4 (arrow) at patellar site. (B) Normal patellar cartilage, but cartilage defects of grade 1 at lateral tibial (up
arrow) and femoral (down arrow) sites. (C) Cartilage defects of grade 2 at lateral tibial (up arrow) and femoral (down arrow)
sites and cartilage defect of grade 3 (right arrow) at patellar site. (D) Cartilage defects of grade 4 at medial tibial (up arrow) and
grade 3 at femoral (down arrow) sites.
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cance in tibiofemoral compartment (38%, p = 0.072) after
adjustment for age, sex, BMI, and lower-limb muscle
strength. The heritabilities for prevalent knee cartilage
defects were significant at the patellar compartment (78%, p
= 0.025), and of borderline significance in tibiofemoral
(47%, p = 0.082) and total compartments (68%, p = 0.072)
after the same adjustment. Adjustment for bone size had lit-
tle effect on heritabilities for cartilage defect scores, but her-

itabilities for prevalent cartilage defects decreased by 23%
in tibiofemoral and 12% in total compartments. Conversely,
further adjustment for knee pain had little effect on heri-
tabilities for prevalent cartilage defects, but heritabilities for
cartilage scores decreased by 18% in tibiofemoral compart-
ment and 17% in total compartments. While the heritabili-
ties for cartilage defect score and prevalence in patella
remained unchanged after adjustment for knee ROA, the
heritability estimates for cartilage defect score and preva-
lence decreased by 100% and 28%, respectively, in
tibiofemoral compartment and by 43% and 10%, respective-
ly, in total compartments.

DISCUSSION
This is the first report to describe the genetic contribution
and relevance of knee cartilage defects. Offspring of sub-
jects with severe knee OA had higher knee cartilage defect
scores and prevalence in all compartments, and these differ-
ences were in part mediated by knee pain and radiographic
OA. Further, heritability estimation in sib-pairs confirmed
the genetic contribution to knee cartilage defects, and these
were mediated in part by knee pain and bone size and
strongly related to ROA score in the tibiofemoral compart-
ment.

The significance of knee cartilage defects is uncertain.
They have previously been reported to have a significant
association with knee radiographic OA and pain, particular-
ly for full-thickness defects20-22, but have largely been con-
sidered to be related to injury and trauma23. In this case-con-
trol study, we found that knee cartilage defects at
tibiofemoral, patellar, and whole compartments were both
more common and of greater severity in the offspring of
those with severe knee OA compared to controls. This was
independent of past knee injury, suggesting knee cartilage
defects may be directly relevant to the genetic pathogenesis
of knee OA. In the current sample, we reported14 that off-
spring and controls were well matched for age and height,
but offspring weighed more, had higher BMI, weaker lower-
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Table 1. Characteristics of participants.

Case-control Study Sib-pair Study
n = 372 n = 128

Age, yrs 45.1 (6.9) 44.8 (7.0)
Female, % 58 54
Height, cm 169 (8) 169 (8)
Weight, kg 78 (15) 79 (15)
BMI, kg/m2 27.0 (4.7) 27.4 (4.6)
Past knee injury, % 19 19
Lower-limb strength, kg 130 (50) 130 (50)
Knee pain, % 35 50
Any radiographic OA, % 17 16
Medial tibial bone area, cm2 17.4 (2.7) 17.7 (2.7)
Lateral tibial bone area, cm2 12.0 (2.0) 12.1 (2.1)
Patellar bone volume, ml 13.8 (3.3) 13.8 (3.3)

Mean (SD) except for percentages.

Table 2. Comparison of cartilage defects between offspring and controls.

Offspring, Controls, p
n = 186 n = 186

Prevalent defect, %
Tibiofemoral 41 28 0.009
Patellar 35 26 0.075
Total 57 43 0.007

Defect score*, mean (SD)
Tibiofemoral 4.39 (1.31) 4.01 (1.17) 0.003
Patellar 1.32 (1.07) 1.10 (0.93) 0.031
Total 5.71 (1.91) 5.10 (1.75) 0.002

Table 3. Multivariate conditional logistic regression analysis of cartilage defects discriminating subjects with a
parent with total knee replacement for OA from controls.

Univariate Multivariate* Multivariate** Multivariate***
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Prevalent defect
Tibiofemoral 1.77 (1.14–2.76) 1.94 (1.19–3.16) 1.80 (1.07–3.02) 1.44 (0.83–2.50)
Patellar 1.48 (0.95–2.32) 1.46 (0.91–252) 1.52 (0.95–2.44) 1.31 (0.78–2.18)
Total 1.72 (1.14–2.61) 1.93 (1.23–3.03) 1.81 (1.11–2.94) 1.60 (0.95–2.68)

Defect score
Tibiofemoral 1.29 (1.08–1.54) 1.28 (1.06–1.54) 1.24 (1.02–1.52) 1.15 (0.93–1.43)
Patellar 1.24 (1.00–1.53) 1.22 (0.97–1.52) 1.23 (0.98–1.54) 1.12 (0.87–1.43)
Total 1.20 (1.06–1.35) 1.20 (1.05–1.36) 1.16 (1.01–1.33) 1.09 (0.94–1.27)

* Adjusted for BMI and lower-limb muscle strength. ** Adjusted for previous factors and bone size. *** Further
adjusted for knee pain and radiographic OA. The coefficients are per-unit for cartilage defect scores. Bold type
denotes statistical significance.
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limb muscle strength, higher prevalence of knee pain, and
larger medial tibial bone area, so we determined if these fac-
tors could mediate the genetic contribution to knee cartilage
defects in the present study. We found that the genetic con-
tribution to knee cartilage defects was not mediated by BMI
and lower-limb muscle strength, since differences in knee
cartilage defects between offspring and controls were not
altered after adjustment for them. This is consistent with a
recent study24 that reported that the genetic determinants of
obesity are largely independent from genetic factors for
knee OA. However, the differences in knee cartilage defects
between offspring and controls at tibiofemoral and whole
compartments became nonsignificant after further adjust-
ment for knee pain and ROA, suggesting the genetic contri-
bution to knee cartilage defects is relevant to the genetic
contribution to both knee pain and ROA.

Consistent with these results, a genetic contribution to
knee cartilage defects was observed in our sib-pair study,
with heritability estimates ranging from 38% to 68%,
although not all were significant. The strongest association
was at the patella, with a weaker association for tibiofemoral
consistent with environmental factors possibly being greater
contributors to weight-bearing sites. Heritability estimates
for prevalent cartilage defects in the tibiofemoral and whole
compartments decreased in magnitude after adjustment for
bone size, and heritability estimates for knee cartilage defect
scores in the tibiofemoral and whole compartments
decreased markedly after adjustment for knee pain and
ROA, suggesting the genetic contribution to knee cartilage
defects is mediated in part by knee bone size and is also rel-
evant to knee pain and ROA, which is consistent with the
results from the parallel case-control study. Knee bone size
and knee pain are also both under genetic control3,14, and
knee subchondral bone and the factors leading to knee pain

such as bone marrow lesions25 are associated with knee car-
tilage defects26. Therefore, knee bone size, knee pain, and
cartilage defects appear to have a shared genetic contribu-
tion. Longitudinal studies will be required to determine
which, if any, is of primary importance for knee OA.

This study has a number of potential limitations. First,
while the response rate was acceptable at 71% in the off-
spring, it was 40% in controls. While we have limited data
to assess reasons for nonresponse, selection bias may still be
present and would tend to operate in 2 ways. One, subjects
with a direct interest in the results may be more likely to take
part, e.g., those with knee pain and past injury. Two, those
who are more interested in their health may be more likely
to take part. These biases imply a lower rate of knee carti-
lage defects in the general population than we observed in
the controls. However, this bias is unlikely to have a signif-
icant effect on knee cartilage defects as subjects will be
unaware of this factor, and further, the consistency between
the 2 substudies in this report is reassuring. In addition,
some of the offspring were related. This violates the
assumption of independence in hypothesis testing. However,
the results did not change if random effects models were
used to allow for this, and results were very consistent if the
analysis is restricted to one offspring per family, suggesting
this potential bias is not of major concern. Family studies
such as this study may be more likely to represent the true
heritability, but make it more difficult to assess the contri-
bution of shared environment. Using multiple sib-pairs from
the same family may bias heritability estimates upwards and
falsely decrease standard errors. However, this did not occur
in our previous report3 or this analysis, with very compara-
ble results and standard errors in the independent sample
and the whole sample. Second, we did not have
patellofemoral radiographic views in this study, so we can-
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Table 4. Heritability estimates for knee cartilage defects (sib-pair study). Data are percentages*.

H2 (SE) for Score p H2 (SE) for Prevalence p

Tibiofemoral
Adjusted step 1 38 (26) 0.072 47 (35) 0.082
Adjusted step 2 39 (27) 0.077 36 (35) 0.139
Adjusted step 3 32 (29) 0.142 39 (34) 0.118
Adjusted step 4 0 0.50 28 (33) 0.186

Patellar
Adjusted step 1 52 (22) 0.009 78 (37) 0.025
Adjusted step 2 56 (23) 0.007 89 (2.9) 0.016
Adjusted step 3 53 (24) 0.014 89 (0.1) 0.018
Adjusted step 4 53 (24) 0.013 89 (3.3) 0.018

Total score
Adjusted step 1 43 (24) 0.038 68 (43) 0.072
Adjusted step 2 42 (26) 0.053 60 (47) 0.115
Adjusted step 3 35 (29) 0.120 70 (45) 0.072
Adjusted step 4 20 (29) 0.240 63 (45) 0.089

* Adjusted in each pair member prior to estimation of heritability in step 1 for age, sex, BMI, and lower-limb
muscle strength, step 2 for all previous factors and bone size, step 3 for all previous factors and knee pain, step
4 for all previous factors and radiographic OA score.
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not comment on patellofemoral ROA or adjust for this at the
patellar site. Third, we did not assess other predisposing fac-
tors (e.g., lower limb alignment) so we cannot comment on
their influence. Finally, measurement error in the assess-
ment of MRI may have weakened the results. However, the
reliability for knee cartilage defects assessment was excel-
lent and comparable to previous reports15,17.

Our studies suggest that knee cartilage defects are com-
mon, have a genetic component that is linked to the genetic
contribution to knee pain and bone size, and may have a role
in the genetic pathogenesis of knee OA.
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