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ABSTRACT
Objectives We aimed to determine the lifetime genetic 
risk for anterior cruciate ligament (ACL) rupture.
Methods We used a twin study approach, linking the 
Swedish Twin Register with national healthcare data to 
form a 30 year, population wide, longitudinal twin cohort. 
We studied ACL rupture in this cohort of 88 414 identical 
and fraternal twins, aged ≥17 years, to determine the 
familial risk and heritability of ACL rupture.
Results The incidence rate of ACL rupture was 70 (95% 
CI 66 to 74) per 100 000 person years. The familial risk, 
which is the excess risk ratio (RR) of the second twin 
having ACL rupture given that the first twin has had such 
a rupture, was higher in identical twin pairs (RR=8.6, 
95% CI 6.2 to 11.0) than in fraternal twin pairs (RR=1.9, 
95% CI 0.9 to 3.0). The overall heritability of ACL rupture 
was high, 69% (95% CI 47 to 91), increasing from 
60% at age 17 years to 80% at age 60 years. Women 
and men had similar familial risk and heritability of ACL 
rupture.
Conclusion The genetic contribution to ACL rupture of 
~69% is high and suggests strong familial clustering. If 
clinicians recognise the high genetic risk of such injury, 
they may be better able to counsel athletes whose near 
relatives have had ACL rupture.

BACKGROUND
Anterior cruciate ligament (ACL) rupture is 
common in contact sports and in military service 
personnel.1–3 The injury often leads to reduced 
health related quality of life and is associated with 
up to 10- fold increased risk for osteoarthritis of the 
knee.4 5 Well known risk factors for ACL rupture 
in contact sports are playing surfaces with high 
friction, type of footwear, speed and pivoting, 
among others.6 However, ACL rupture is also asso-
ciated with risk factors that are largely genetically 
mediated, including bone geometry of the knee, 
malalignment and generalised joint laxity.6–8 One 
study revealed a threefold increased risk for ACL 
injury associated with joint hypermobility.7 Hyper-
mobility has a reported genetic contribution of 
57–89% based on a study of female twins.9 Despite 
the high genetic contribution to several potential 
risk factors for ACL rupture, two systematic reviews 
and smaller case control studies have been incon-
clusive as to what extent the injury is influenced by 
genetic factors.10–13

Twin studies are exceptionally well suited to 
explore the genetic contribution to a trait, by 
allowing for individual estimation of the genetic 
versus environmental sources of variance in that 
trait.14 Specifically, to estimate the genetic source of 

variation, differences in similarities between iden-
tical and fraternal twins are utilised (who we know 
share 100% vs 50% of their genes, respectively), 
providing information that can be used in further 
studies of risk prediction models.

To our knowledge, the genetic contribution to 
ACL rupture has never been quantified using the 
twin study approach. We aimed to use the world’s 
largest twin register15 to explore the genetic contri-
bution to ACL rupture in both men and women 
across the lifespan.

METHODS
Data sources
We studied the incidence of cruciate ligament injury 
in Swedish twins using a population based longi-
tudinal cohort design. The final sample included 
88 414 twins from the Swedish Twin Registry born 
1911–1999, whose zygosity was determined based 
on DNA testing (13%) or questions about intra- pair 
physical similarities in childhood (figure 1).15 Data 
from the Swedish Twin Registry were linked on an 
individual level to the Swedish National Patient 
Register (NPR) in 2016. The NPR contains diag-
nostic codes of diseases and injuries obtained in 
specialist care from 1987 and onwards, including 
data on every hospitalisation (from 1987 to 2016), 
1 day surgery (from 1997 to 2016) and specialist 
outpatient healthcare (from 2001 to 2016). These 
data were further linked with individual level data 
on death and level of education, obtained from 
the National Board of Health and Welfare and the 
longitudinal integration database for health insur-
ance and labour market studies (LISA) from Statis-
tics Sweden. The study was approved by the ethical 
review board at Lund University, Sweden.

Study design
We included twins aged 17 years or older, with 
a minimum follow- up time of 1 year in the NPR. 
Both twins in the pair were required to be alive for 
at least the first year of follow- up. Follow- up began 
on the date the twins turned 17 years or, for twins 
who turned 17 years before coverage began in the 
NPR, from 1987 when they were aged 18 or more.

Patient and public involvement
No patients or public were involved in this study.

Outcome: cruciate ligament injury
Incident cruciate ligament injuries with date of 
diagnosis are recorded in the NPR according to the 
International Classification of Diseases and Related 
Health Problems (ICD-9 and ICD-10) from 1987 
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until 2016. We included the Swedish versions of ICD-10 codes 
S83.5, S83.5R, S83.5S, S83.5X, and S83.7, and the ICD-9 code 
844C for acute cruciate ligament injury (online supplemental 
figure S1). The diagnostic codes were determined by evalu-
ating physicians using clinical examinations, arthroscopic visu-
alisation, MRI or any combination of these, and could include 
both reconstructed ruptures and non- reconstructed ruptures, 
that were hospitalised and non- hospitalised. For each twin, 
the endpoint of follow- up was the date of first diagnosis of the 
injury, or when he or she died, whichever came first. We will 
refer to the index cases as cases having ACL rupture. Twins who 
did not have an ACL rupture, or did not die prior to study end, 
were censored at 31 December 2016.

Statistical analyses
The genetic contribution to a trait can be estimated using the 
classical twin model, the 'ACE/ADE' model. In this model, differ-
ences in genetic intra- pair dependencies within identical and 
non- identical twin pairs are utilised to estimate variance compo-
nents that are due to genetic versus environmental factors. 'A' 
represents additive genetic factors, 'C' represents shared environ-
mental factors, 'D' represents dominant genetic factors and 'E' 
represents environmental factors unique to each twin in a pair.16 
The heritability represents the percentage of the total variance 
in a trait that is due to additive (A) and/or dominant (D) genetic 
factors.

In estimating heritability, we applied a joint threshold liability 
model for the twin pairs and studied the rate at which pairs 
became concordant (similar) for ACL rupture over time. The 
threshold liability model is suitable when censoring is adminis-
trative—that is, similar for both twins in a pair, as was the case 
in this register study.16 17 Thus we classified ACL ruptures and 
death as different types of failures to ensure the same censoring 
(at study end) for both twins, and accounted for the censoring 
using inverse probability weighting, as previously recom-
mended.16 17 With this approach, twin pairs were considered 
at risk for ACL rupture as long as both twins were alive and 
uncensored. We initially compared ACE, ADE and AE models by 
tetrachoric intra- pair correlations (ie, intra- pair correlations for 
binary traits) and Akaike Information Criteria (AIC) to find the 
best fitting model, in order to subsequently quantify the contri-
butions of each of A, C, D and E.

Further, we applied a flexible model without assumptions of 
the underlying ACDE structure or probability weighting, to esti-
mate casewise concordance (the conditional probability that a 
twin gets ACL rupture given that the co- twin has had a rupture) 

and the relative recurrence risk ratio. The latter is the excess risk 
of ACL rupture for a twin given that the co- twin has had the 
injury, relative to the marginal (population) risk (ie, the overall 
risk for the injury in the study sample, treating it as a population 
of unrelated individuals), calculated over the follow- up period of 
0–30 years using the bptwin function.16 The relative recurrence 
risk ratio can thus be interpreted as an excess familial risk, which 
is determined by degree of shared genetics of twins in a pair. The 
magnitude of familial risk and its difference between monozy-
gotic (MZ) and dizygotic (DZ) twins provides information of 
the relevance of familial factors in the aetiology of the trait of 
interest.

Additionally, to infer whether the genetic contribution to 
ACL rupture interacts with the age at which the diagnosis was 
received, we graphed heritabilities and familial risk for the injury 
over the lifespan for MZ and DZ twins from age 17 years. In 
accordance with available methods, age specific familial risk was 
calculated assuming that everyone was observed from age 0—
that is, ages 0–105 years in our study sample using the  twinlm. 
time function.16

Finally, we also explored potential sex differences in familial 
risk, and tetrachoric correlations for ACL rupture in male and 
female MZ twins, same sex DZ twins and opposite sex DZ 
twins. All analyses were performed using the METS package in 
R (the R Project for Statistical Computing), V3.4.1.

RESULTS
Of the 88 414 twins aged ≥17 years and having ≥1 year of 
follow- up (figure 1), 1395 (1.6%) were diagnosed with ACL 
rupture and 17 501 (19.8%) died during the follow- up of up 
to 30 years. The sample consisted of 33% identical and 67% 
fraternal twins. Thirty- five per cent could be observed from the 
age of 17, 90% of the injuries occurred before age 60 years and 
90% of deaths occurred after age 60 years, implying limited 
competing risk of death. Individuals with ACL rupture were 
generally younger and had a higher education at the start of 
follow- up than individuals without such a rupture (table 1). The 
average incidence rate of ACL rupture per 1000 person years for 
men and women was 0.70 (95% CI 0.66 to 0.74) (table 2). The 
majority of cases had injury to multiple structures of the knee 
that included the ACL (online supplemental figure S1). The age 
of peak occurrence was 18 years (117/1395, 8.4%) whereas the 
median (IQR) age of occurrence was 32 (21-50) years.

Heritability
The overall heritability of ACL rupture was 0.69 (95% CI 0.47 to 
0.91), as estimated from an ADE model adjusted for censoring. 
The ADE model showed the best model fit based on AIC values 
and according to correlation patterns (MZ:DZ twin ratio of 3:1, 
indicating mainly dominant genetics) (online supplemental table 
S1, table 3). However, similar heritability estimates were found 
for ACE and AE models (online supplemental table S1). From 
the start of follow- up at age 17 years, heritabilities were rela-
tively constant across the lifespan, although increasing slightly 
towards age 60 (figure 2A). The familial risk for ACL rupture was 
higher for MZ than DZ twins, especially from age 35 onwards 
(figure 2B). Also, the familial risk for DZ twins was higher than 
1 (a risk ratio of 1 implies the same risk in DZ twins as marginal 
risk) from age 30 to 35 years onwards (figure 2B).

Age and sex differences in familial dependency
The familial risks were higher among MZ twins than same sex 
DZ twins, for both men and women (table 3). The MZ familial 

Figure 1 Flowchart of included and excluded persons.
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risks, casewise concordances and intra- pair correlations were 
similar for both sexes, indicating no quantitative sex differences. 
Opposite sex DZ twins had a higher marginal risk than same sex 
DZ twins, yet the familial dependency measures were similar to 
those for same sex DZ twins, also indicating no qualitative sex 
differences. However, results for DZ twins should be interpreted 
with care due to the low number of observed concordant pairs. 
For this reason, we did not attempt to estimate or graph sex 
specific heritability.

DISCUSSION
In this study of the genetic contribution to doctor diagnosed 
ACL rupture, with up to 30 years of follow- up of more than 88 
000 Swedish twins, we found a remarkably high overall genetic 
contribution of nearly 70%. In comparison, the overall herita-
bility of cancer is reported to be around 33% and the heritability 
of eye colour is 98%.14 18

Comparison with previous studies
We are aware of no other twin study of knee injury for an effective 
comparison of our findings, and the heritability of ACL rupture 
seems to never have been previously studied. However, we 
confirm and nuance previous suggestions of family associations 
between individuals surgically treated for ACL rupture, although 
we could not confirm previously reported sex differences in the 
genetic contribution to ACL rupture. In a case control study of 
patients undergoing ACL reconstruction, it was reported that 
men with ACL ruptures were more likely to have a relative with 

an ACL injury compared with men without ACL ruptures, while 
no such associations could be found for women.12 Also, a more 
recent study reported that having a parent who suffered an ACL 
rupture, in combination with higher anterior–posterior knee 
laxity and body mass index, was predictive of ACL rupture but 
for women only.19 In our much larger, longitudinal and popula-
tion based cohort study, the familial risks were similar for male 
and female twin pairs in both MZ and DZ twins, indicating that 
genetics and common environmental factors impact injury risk in 
a similar way in men and women. This observation was strength-
ened by our analyses of opposite sex DZ twins compared with 
male and female same sex DZ twins, suggesting no sex differ-
ences in familial risks.

Clinical implications
Our findings have several important implications. First, familial 
risk is currently not included in cruciate ligament rupture risk 
prediction and reduction; we feel this important determinant 
is often neglected in studies of injury prevention and treat-
ment programmes.20 21 Here we report a large excess familial 
risk for ACL rupture in both MZ and DZ twin pairs compared 
with the reference risk in the population. Because DZ twin pairs 
are genetically similar to siblings, sharing on average 50% of 
their genes, our results imply that preventive strategies for knee 
injury may be of particular importance for an individual if his/
her sibling (or parent, who also shares 50% of genes with their 
children) has already experienced a cruciate ligament rupture. 
Specifically, our findings imply that the risk for having ACL 

Table 1 Participants' characteristics at the start of follow- up and number of pairs affected by anterior cruciate ligament rupture during follow- up

All

Men Women

No ACL rupture ACL rupture No ACL rupture ACL rupture

Twin, individual level (n)* 88 414 40 553 673 46 466 722

Age at start of follow- up (years) (median (IQR)) 32 (17–47) 32 (17–46) 17 (17–31) 33 (17–48) 17 (17–31)

Primary school†
(≤9 years) (n (%))

26 612 (30.1) 12 652 (31.2) 117 (17.4) 13 756 (29.6) 87 (12.1)

Upper secondary school†
(1–4 years) (n (%))

36 335 (41.1) 17 188 (42.4) 325 (48.3) 18 520 (39.9) 302 (41.8)

College/university†
(>1 years) (n (%))

25 467 (28.8) 10 713 (26.4) 231 (34.3) 14 190 (30.5) 333 (46.1)

Body mass index (kg/m2) (mean (SD)) 23.3 (3.5) 23.9 (3.3) 24.2 (3.4) 22.7 (3.7) 22.9 (3.41)

Twin, pair level (N)‡ 44 207

Monozygotic pairs (N) 14 531 6204 214 7863 250

Dizygotic pairs, same sex (N) 17 409 7830 232 9099 248

Dizygotic pairs, opposite sex§ (N) 12 267 11 866 401 11 866 401

*Lower case 'n' represents individuals.
†Highest level of education reached at the start of follow- up.
‡Upper case 'N' represents pairs. Pair level N for anterior cruciate ligament rupture includes pairs in which at least one twin in the pair was affected.
§Pairs consisting of male and female twins—that is, the same N values are presented for men and women.
ACL, anterior cruciate ligament.

Table 2 Incidence rates of anterior cruciate ligament rupture per 1000 person years across ages for men and women in the Swedish Twin Register

Men Women

Person years N* Rate (95% CI) Person years N* Rate (95% CI)

18–20 years 60 197 139 2.31 (1.96 to 2.73) 65 860 179 2.71 (2.35 to 3.15)

20–40 years 239 800 292 1.22 (1.09 to 1.37) 276 400 260 0.94 (0.83 to 1.06)

40–60 years 340 300 168 0.49 (0.42 to 0.57) 379 600 203 0.53 (0.47 to 0.61)

>60 years 271 300 74 0.27 (0.22 to 0.34) 353 000 80 0.23 (0.18 to 0.28)

*Number of incident cases of anterior cruciate ligament rupture.
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rupture would increase by ~20% to~140% if a sibling has ACL 
rupture (table 2). These results suggest that future studies of 
risk prediction should consider all risk factors, including injury 
in family members, and explore potential interactions between 
these factors and other risk factors, such as anatomy, sport skill 
level, neuromuscular control, body composition, etc, in order to 
enable even more targeted prevention and treatment approaches 
for both knee injury and secondary post- traumatic knee osteo-
arthritis.21 22

Our findings may also have further implications for the aeti-
ology of cruciate ligament rupture. Most importantly, the poten-
tial age differences observed in heritability raise novel hypotheses 
regarding the ‘natural’ life course of the ligament tissue itself. 
More specifically, the increasing heritability and difference in 
familial risk between MZ and DZ twins from age 35 years and 
onwards may imply a genetically determined early degeneration 
of joint tissues.23 24 These degenerative processes may further 
increase the risk of osteoarthritis, which in several studies has 

been reported to be largely genetically driven, particularly at 
older ages.24–26

However, the age dependence in observed heritability may 
also be due to the set- up of our study (including both young 
and older individuals), and future studies on the genetic overlap 
between knee injury and osteoarthritis may provide important 
details on the transition phase between the two. Also, specific 
anatomical variations of knee bone shapes, such as tibial slope 
and inter- chondylar notch width, have been reported to increase 
the risk of ACL injury.27 These anatomical variations are likely 
largely genetically determined, strengthening the hypothesis that 
such anatomical risk factors may serve as proxies for the genetic 
contribution.

We note that our heritability measures apply to the entire popu-
lation, not individuals. The heritability should be interpreted as 
the degree of variation in a phenotypic trait that is due to genetic 
variation between individuals in that population. In this regard, 
it is possible that genetics may have a larger contribution to ACL 

Table 3 Estimates of familial risk for anterior cruciate ligament rupture in monozygotic and dizygotic men and women.

Men Women Opposite sex

DZ (n=8062) MZ (n=6418) DZ (n=9347) MZ (n=8113) DZ (n=12 267)

Pairs concordant for ACL rupture (n (%)) 2 (0.9) 18 (8.4) 4 (1.6) 19 (7.6) 7 (1.7)

Marginal risk (ie, population risk)*
(95% CI)

0.02 (0.01 to 0.02) 0.02 (0.01 to 0.02) 0.01 (0.01 to 0.02) 0.02 (0.01 to 0.02) 0.04 (0.04 to 0.06)

Casewise concordance†
(95% CI)

0.02 (0.00 to 0.07) 0.14 (0.09 to 0.21) 0.04 (0.01 to 0.09) 0.13 (0.09 to 0.20) 0.07 (0.04 to 0.13)

Familial risk (ie, relative recurrence risk ratio)‡ 
(95% CI)

1.19 (0.00 to 2.81) 8.89 (5.28 to 12.44) 2.38 (0.14 to 4.62) 8.71 (5.25 to 12.17) 1.42 (0.68 to 2.17)

Tetrachoric correlation, r§
(95% CI)

0.03 (−0.20 to 0.25) 0.48 (0.35 to 0.58) 0.15 (−0.04 to 0.33) 0.46 (0.34 to 0.56) 0.09 (−0.06 to 0.23)

*The marginal risk is the population risk—that is, the risk of being diagnosed with ACL rupture without taking familial dependency into account.
†Casewise concordance is the risk of a twin being diagnosed with ACL rupture given that the co- twin has already been diagnosed with the injury.
‡The familial risk is the excess risk of ACL rupture for a twin given that the co- twin has had the injury.
§The tetrachoric correlation is the intra- pair correlation between two theorised normally distributed continuous latent variables, from two observed binary variables (ACL rupture 
in twin 1 and ACL rupture in twin 2) and is used for calculating the heritability.
ACL, anterior cruciate ligament; DZ, dizygotic; MZ, monozygotic.

Figure 2 Heritability and familial risk of anterior cruciate ligament (ACL) rupture by age at diagnosis. (A) Heritability of ACL rupture by age at 
diagnosis, with 95% CI. (B) Familial risk (the relative recurrence risk ratio) of ACL rupture by age at diagnosis, for monozygotic (solid line) and 
dizygotic twins (dashed line, includes both same sex and opposite sex pairs), with 95% confidence intervals. The dotted line represents the reference 
population risk, assuming genetically unrelated individuals (risk ratio=1.00).
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tears in some individuals, whereas environmental factors may be 
the larger contributor to tears in other individuals.

Strengths and limitations
An important strength of this study was the use of the world’s 
largest twin register with virtually no selection bias, allowing for 
a unique 30 year prospective population based twin study of age 
and sex differences in the genetics of ACL rupture, using indi-
vidual level data. Our study of incident ACL rupture covering 
the entire twin population of Sweden is likely to be representa-
tive for industrialised countries with a healthcare system, giving 
equal access to all inhabitants. We found our incidence of ACL 
rupture to be comparable with previous reports of population 
incidence in Sweden and other western countries.28 29

We note at least five limitations. First, the ICD-10 codes rarely 
differentiated between ACL and posterior cruciate ligament 
ruptures and we could not validate the diagnoses. Still, the vast 
majority were anticipated to be ACL ruptures due to their much 
higher incidence.30 Despite ACL rupture being among the most 
frequent knee injuries,1 we cannot exclude certain misclassifica-
tions in our study. However, we expect the risk of misclassifica-
tion to be similar for both twins in a pair. Further, the validity of 
the diagnostic coding in the NPR has been reported to be high 
for a variety of conditions.29 31

A second limitation is that we may have underestimated 
the concordance of ACL rupture for twin pairs that were not 
covered by the NPR at young ages. Yet, any potential underesti-
mation in this group will be similar for MZ and DZ twins, and 
thus will not impact our heritability estimates.

A third limitation is that we cannot conclude which mecha-
nisms contributed to the high genetic risk. As an example, we 
cannot differentiate between contact versus non- contact inju-
ries and complete versus partial tears. However, in such a large 
cohort, followed for such a long time, we consider everyone to 
be at the same risk of the different types of injuries, with limited 
impact on our findings.

Another important limitation is the possibility of violation of 
the assumptions of the classical twin model. This includes viola-
tion of the equal environment assumption, which would imply 
that the higher concordance among MZ twins may be due to 
environmental factors that are more shared in MZ than in DZ 
twin pairs (eg, differences in degrees of shared sports participa-
tion). Unfortunately, we lack data on environmental risk factors 
for ACL rupture to adjust our models.

We note the sparse data for concordance in DZ twins, which 
may have resulted in rather wide 95% CI for heritabilities and 
the potential inflation of familial risks (table 3). Also, there was 
a small difference in AIC (≤2) between models (online supple-
mental table S1), making it challenging to differentiate and 
determine the nature of genetic contribution. However, this is 
often the case with classical twin models, and we suggest future 
studies could include other first degree relatives, study twin 
adoptees and/or use more sophisticated models in order to better 
identifying potential gene- gene- and gene- environment interac-
tions.32 33

CONCLUSIONS
We found a high genetic contribution to ACL rupture that was 
similar for men and women. Our findings may have important 
implications for enabling individualised injury prevention 
programmes in the future, through the inclusion of data on 
cruciate ligament injury in near relatives when developing and 
validating risk prediction models.
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Unique environmental factors. Models compared by AIC - Akaike Information Criteria (smaller value 
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