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a b s t r a c t   

Background: It is unknown if genetics contribute to the etiology of acute Achilles tendon rupture (ATR). The 
aims of the present study were, 1) To calculate the concordance rate for monozygotic (MZ) twins and same- 
sex dizygotic (SSDZ) twins and 2) to estimate the heritability of ATR. 
Methods: The study was performed as a registry study using the Danish Twin Registry and the Danish 
National Patient Registry. 
Results: The study sample consisted of 85,534 twins born from 1895 to 1995. Of these, 572 (0.67%) were 
registered with ATR in the period from 1994 to 2014. The concordance rate was 8.1% (95% CI 1.4–14.7%) for 
MZ twins and 4.3% (95% CI 0.7–7.9%) for SSDZ twins. The heritability of ATR was 47% (95% CI 31–62%). 
Conclusion: This study found that genetics contribute substantially to the etiology of ATR with an estimated 
heritability of the liability to ATR of approximately 50%. The finding generates the hypothesis that genetics 
play a role in the pathological changes that occur in the Achilles tendon before a rupture. The risk of ATR for 
a twin within a 20 year period, if the co-twin has had an ATR, was 8% for MZ twins and 4% for SSDZ twins. 

© 2022 Published by Elsevier Ltd on behalf of European Foot and Ankle Society.    

1. Introduction 

A typical acute Achilles tendon rupture (ATR) is characterized by 
a sudden pain in the Achilles tendon accompanied with an inability 
to push off during walking [1]. The injury is primarily seen in adults 
in the fourth and fifth decade of life. ATR is relatively frequent with a 
yearly incidence of 31–35 per 100,000 in the general population. The 
incidence has shown an increasing trend in the past decades, par-
ticularly in the older population [2,3]. The injury causes sick leave 
and the majority of the patients are suffering from permanent 
functional deficits [4–6]. The increasing incidence and the severity of 
ATR underline the importance of developing preventive measures of 
the injury. New prevention strategies are dependent on an under-
standing of the etiology, pathogenesis, and risk factors. 

The etiology and pathogenesis of ATR are still largely unknown. It 
is well-known that pathological changes such as chronic in-
flammation that weaken the Achilles tendons can occur and that 
they may result in a rupture during everyday activities and sports  
[7–10]. It is not clear why these changes develop in some Achilles 
tendons, but not all. 

Many predisposing factors have been proposed to increase the 
risk of ATR. ATR is more frequent in men than women (male-to-fe-
male ratio 3–5:1) [3,11]. Systemic glucocorticoids, quinolone anti-
biotics, severe kidney disease, and diabetes type 2 have been found 
to increase the risk of ATR [12–15]. Additionally, genetics may play a 
role. One study found a non-statistically significantly higher rate of 
first- and second-degree relatives with Achilles tendon disorders in 
patients with ATR compared with patients without ATR [16]. Fur-
thermore, several genes have been suggested to be linked to Achilles 
tendon injury [17–20]. To what extend genetics influence the risk of 
ATR is not clear. The relative contributions of genetic and environ-
mental factors to the etiology can be quantified by conducting twin 
studies. To our knowledge, no twin studies have yet estimated the 
heritability of ATR. 
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1268-7731/© 2022 Published by Elsevier Ltd on behalf of European Foot and Ankle Society.   

]]]] 
]]]]]] 

⁎ Correspondence to: Sports Orthopedic Research Center – Copenhagen (SORC-C), 
Arthroscopic Center, Department of Orthopedic Surgery, Copenhagen University 
Hospital, Kettegård Allé 30, 2650 Hvidovre, Denmark. 

E-mail address: allan.cramer.01@regionh.dk (A. Cramer). 

Foot and Ankle Surgery 28 (2022) 1050–1054 

http://www.sciencedirect.com/science/journal/12687731
https://www.journals.elsevier.com/foot-and-ankle-surgery
https://doi.org/10.1016/j.fas.2022.02.015
https://doi.org/10.1016/j.fas.2022.02.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fas.2022.02.015&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fas.2022.02.015&domain=pdf
mailto:allan.cramer.01@regionh.dk
https://doi.org/10.1016/j.fas.2022.02.015


In this twin study, the aims were 1) to calculate the concordance 
rate for monozygotic (MZ, ∼100% identical genetics) twins and 
same-sex dizygotic (SSDZ, ∼50% identical genetics) twins and 2) to 
investigate how much genetics contribute to the etiology of ATR by 
estimating the heritability. 

2. Materials and methods 

2.1. Data sources 

This registry study was based on a linkage of the following three 
nationwide registers in Denmark: 

The Danish Twin Registry contains information about twins born 
in Denmark in the period 1870–2009, and currently includes more 
than 86,000 twin pairs [21]. Twin zygosity is available for birth co-
horts born up to the year 2000 and includes the twin categories: 
monozygotic (MZ), same-sex dizygotic (SSDZ), opposite-sex dizy-
gotic (OSDZ), and unknown zygosity (UZ). Determination of zygosity 
is questionnaire-based with four questions about the degree of si-
milarity between the co-twins. Zygosity has been validated using 
either serological or genetic markers in a subgroup of the twins and 
the misclassification rate has been found to be less than 5% [22]. 

The Danish Civil Registration System was established in 1968, 
where all persons alive and living in Denmark were registered and 
assigned a unique personal identification number. Since then all 
persons with permanent residence in Denmark are registered. This 
unique personal identification number enables unambiguous linkage 
of all national registers in Denmark. The CRS includes, among other 
variables, information on the unique personal identification number, 
sex, date of birth, vital status, date of death, and date of emigra-
tion [23]. 

The Danish National Patient Register contains information on all 
patient contact to Danish hospitals since 1977. The register includes 
dates of admission and discharge, start and end dates of outpatient 
treatment, dates of emergency visits as well as all diagnoses codes 
From 1994 and onward, diagnoses were classified according to the 
10th revision of the International Classification of Diseases (ICD- 
10).[24]. 

2.2. Study population 

All twin pairs, in which both co-twins were alive and not emi-
grated from Denmark by the start of the study period (January 1994), 
were identified using the Danish Twin Registry. Vital status, and date 
of death or emigration from Denmark originate from the Danish Civil 
Registration System. Diagnoses of acute Achilles Tendon Rupture 
(ATR) before age 18 years were not included in the present study, 
and therefore we restricted the study sample to those twin pairs 
who had their 18th birthday before the end of the study period 
(February 2014) and in which both co-twins were alive and not 
emigrated from Denmark before their 18th birthday. 

2.3. Diagnosis of acute Achilles tendon rupture 

Using the Danish National Patient Register, we identified all 
twins with a diagnosis of ATR (ICD-10 codes DS860 and DS860A) in 
the period from January 1994 to February 2014. In the present study, 
we included primary and secondary diagnoses and all patient types 
(i.e. inpatient, outpatient, and emergency room patient). A study 
investigating the data quality of a clinical database for patients with 
ATR in Denmark found a combined validity for the diagnosis codes 
DS86.0 and DS86.0 A of 80% (210 correctly registered patients with 
ATR out of 263) [25]. Additionally, a study found a validity of the 
diagnosis code DS86.0 A of 98% (83 correctly registered patients with 
ATR out of 85) [26]. 

2.4. Statistical analyses 

MZ twins have identical genotypes, whereas DZ twins on average 
share half of their genetic variants like biologic full siblings. A 
greater phenotypic similarity in MZ twins than in DZ twins is ex-
pected if there is a substantial genetic component in the etiology of 
the phenotype. We assessed the similarity of MZ and DZ twins using 
the probandwise concordance rate, which is defined as the condi-
tional probability that a twin is affected given the cotwin is affected 
and corresponds to recurrence risk in siblings [27]. Higher con-
cordance rates among MZ twins than among DZ twins were inter-
preted as being caused by genetic factors. 

Concordant twin pairs were defined as twin pairs in which both 
twins were diagnosed with ATR in the study period and discordant 
twin pairs as twin pairs in which only one twin received an ATR 
diagnosis in the study period. The probandwise concordance rates 
were calculated as 2CP/(2CP+DP), where CP is the number of con-
cordant twin pairs and DP is the number of discordant twin pairs. 
Confidence intervals for the probandwise concordance rates were 
approximated by asymptotic normality assumption. 

The correlations for ATR, expressed as tetrachoric correlations 
owing to a dichotomous, outcome were estimated using the multi-
factorial threshold model, which assumes that there is an underlying 
normally distributed liability (susceptibility) to a disease due to 
genetic and environmental factors [28]. 

The heritability is the proportion of observed phenotypic differ-
ences in a population that can be explained by genetic variance. 
According to standard biometric practice, the total phenotypic var-
iance (V) in the population can be separated into four different 
variance components V = A + D + C + E, where A represents the 
variance contribution from additive genetic components (average 
sum of effects of alleles across and within loci), D represents the 
variance contribution from dominant genetic components (interac-
tion of alleles within loci), C represents the variance contribution of 
shared environmental effects, and E represents the variance con-
tribution of non-shared environmental effects [29]. The shared en-
vironmental effects (all the environmental effects that twins raised 
together share, such as prenatal and early family environment) 
contribute to the twin's similarity, whereas non-shared environ-
mental effects (i.e. environmental factors that are not shared by 
raised-together twins) contribute to their differences. The genetic 
and environmental variance components of liability for ATR and the 
likelihood-based confidence intervals were estimated using struc-
tural equation modeling assuming an equal prevalence of ATR for 
twin 1 and twin 2 as well as for MZ and DZ. 

In the full standard biometric model D and C cannot be estimated 
simultaneously, and therefore ADE and ACE models were fitted se-
parately. Simpler models might explain the data equally well, and 
therefore models AE, CE, and E were also tested. The models were 
each evaluated for how well they fitted the data using the Chi-square 
goodness of fit test for nested models (i.e. had non-significant Chi- 
square goodness-of-fit test statistic) and was parsimonious (i.e. no 
parameters could be removed without a significant increase in Chi- 
square). The Akaike Information Criterion (AIC), which provides a 
summary index of both fit and parsimony to compare non-nested 
models, was used to identify the best fitting non-nested model. The 
model with the lowest AIC value was preferred. The variance com-
ponents were derived from the best-fitted model. 

The level of statistical significance was set to 0.05. Concordance 
rates and 95% CI were retrieved using Stata version 16.1 and herit-
ability analyses were performed using R version 3.5.2 with Mets 
package version 1.2.8.1 [30]. 
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2.5. Trial registration 

Institutional review board (IRB) approval was given by the Ethical 
Review Board of the Capital Region of Denmark, registration number 
21047471. 

3. Results 

The study sample consisted of 85,534 twins born from 1895 to 
1995. Of these, 572 (0.67%) had at least one contact to a Danish 
hospital with a diagnosis of ATR in the period from 1994 to 2014 
(Table 1). The majority of those diagnosed with ATR were males 
(74.7%), and the median age at the time of the first diagnosis was 
43.5 years. Stratified by zygosity, the number of twins registered 
with ATR were 124 (0.65%) for MZ, 233 (0.77%) for SSDZ, 182 (0.65%) 
for OSDZ and 33 (0.40%) for UZ. 

Table 2 describes the probandwise concordance rates for ATR for 
MZ and SSDZ twins and the heritability for ATR. Due to small 
numbers of concordant twin pairs, OSDZ and UZ are not included 
separately in the table. The total study sample included 42,767 
complete twin pairs. There were 560 twin pairs, in which at least one 
twin received a diagnosis of ATR, and 12 of these were concordant 
twin pairs. By zygosity, among 119 MZ twin pairs, 5 were concordant 
and among 228 SSDZ twin pairs, 5 were concordant. The con-
cordance rate for MZ twins was 0.081 (95% CI 0.014–0.147) and for 
SSDZ twins 0.043 (95% CI 0.007–0.079), whereas the tetrachoric 
correlations were 0.43 (95% CI 0.23–0.59) for MZ twins and 0.28 
(95% CI 0.11–0.44) for SSDZ twins. 

Structural equation analyses revealed that the best fitting model 
attributed variation in the liability to ATR entirely due to additive 
genetic and non-shared environmental factors (AE model). Thus, 
neither the genetic dominance (D) and the shared environment (C) 
factors were needed to account for the observed data. According to 
this AE model, 47% (95% CI 31–62%) of the variance could be at-
tributed to additive genetic components (the heritability). The rest of 
the variance could be explained by non-shared environmental 
factors. 

4. Discussion 

This study found that genetics contribute substantially to the 
etiology of ATR with an estimated heritability of the liability to ATR 
of approximately 50%. The risk of ATR for a twin, if the co-twin has 
had an ATR, was 8% for MZ twins and 4% for SSDZ twins, whereas 

0.67% of the twins in the overall population within the observation 
period had an ATR. 

Interpretation of heritability for a binary trait such as ATR can be 
difficult. To understand the estimated heritability it is assumed 1) that 
everybody has an underlying liability (susceptibility) of having an ATR 
that is normally distributed due to genetic and environmental factors, 
and 2) that an ATR occurs when a certain threshold in the underlying 
liability is exceeded. The results from the study suggest that the un-
derlying liability of ATR is based on approximately 50% of genetics and 
50% of environmental factors. In comparison, rupture of the anterior 
cruciate ligament (ACL) has an estimated heritability of 69%, meniscal 
tears have an heritability of 39–43% (depending on sex), whereas 
stroke has a heritability of 17% [31–33]. As explained in the in-
troduction, it is well-known that pathological changes weakening the 
Achilles tendons can occur before a rupture [7–9]. The finding of a 
substantial genetic contribution to the etiology of ATR implies that 
genetics may play a role in these pathological changes. 

The calculated concordance rate for monozygotic twins of 8% was 
approximately double as high as for SSDZ twins. These results speak 
for additive genetic components. The concordance rate of 4% for 
SSDZ twins may currently be the best estimate of the familiar risk for 
first-degree relatives of having an ATR. Full-siblings share about the 
same amount of genetic material as SSDZ twins (∼50%). They also, to 
some extent, share the same early life environment as twins do. In 
comparison, 0.67% of the twins in the overall population within the 
observation period had an ATR. This new knowledge will help health 
care professionals to inform the patient and the patient’s relatives 
about the increased risk of ATR. Additionally, a better understanding 
of the risk factors and the pathophysiology might result in new 
prevention strategies in the future. 

No other studies have yet estimated the heritability of ATR. 
Therefore, the results from the present study cannot be directly 
compared with results from other studies. One study investigated if 
patients with ATR had a higher rate of first- and second-degree re-
latives with Achilles tendon disorders. They found a non-statistically 
significant odds ratio of 4.0 compared with patients without ATR  
[16]. Several studies have investigated the association between 
specific gene variants and ATR. Blood type O has been proposed to be 
associated with ATR [19,20]. Other studies did not manage to con-
firm this finding [34,35]. El Khoury et al. found that a gene variant of 
the protein MMP-3 was overrepresented in patients with ATR 
compared with controls [18]. The specific gene variant results in an 
overproduction of the MMP-3 protein. The overproduction may in-
crease the risk of tissue degeneration because the MMP-3 protein 

Table 1 
Population characteristic by twin zygosity.         

All twins Monozygotic twins Same-sex dizygotic 
twins 

Opposite-sex dizygotic 
twins 

Unknown zygosity twins  

Total, n 85,534 19,150 30,160 27,984 8240 
Male, n (%) 43,194 (50.5) 9358 (48.9) 15,444 (51.2) 13,992 (50.0) 4400 (53.4) 
Year of birth, median (25%–75%) 1963 (1947–1979) 1964 (1947–1977) 1959 (1944–1975) 1962 (1947–1979) 1984 (1960–1991) 
ATR diagnosis, n (%) 572 (0.67) 124 (0.65) 233 (0.77) 182 (0.65) 33 (0.40) 
Male with diagnose, n (%) 427 (74.7) 82 (66.1) 186 (79.8) 136 (74.7) 23 (69.7) 
Age at first diagnosis, 

median (25%–75%) 
43.5 (36.3–54.8) 44.2 (34.9–58.3) 44.2 (37.9–55.1) 43.0 (36.6–52.0) 46.0 (32.7–54.7) 

ATR = Acute Achilles Tendon Rupture (DS860, DS860A).  

Table 2 
Probandwise concordance rates, tetrachoric correlation and heritability for acute achilles tendon rupture by twin zygosity.         

Number of concordant 
twin pairs 

Number of discordant 
twin pairs 

Crude probandwise 
concordance rates [95%CI] 

Tetrachoric 
correlation [95%CI] 

Heritability [95%CI]  

Monozygotic twins  5  114 0.081 [0.014;0.147] 0.43 [0.23;0.59] 0.47 [0.31;0.62] 
Same-sex dizygotic 

twins  
5  223 0.043 [0.007;0.079] 0.28 [0.11;0.44]    
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plays a role in the breakdown of the extracellular matrix. Further-
more, Mokone et al. found that specific numbers of repeated dinu-
cleotides in the gene coding for Tenascin-C were associated with 
Achilles tendon injuries. This protein is involved in regulating cell- 
matrix interactions [17]. The exact genetic and biological mechan-
isms behind the finding of the present study remain to be dis-
covered. 

The study has several limitations. First, despite being based on a 
national sample of twins, the ATR sample size was limited which 
resulted in a relatively large confidence interval of the estimated 
heritability (31–62%). Second, the study was limited by the validity 
of the diagnosis codes (see Section 2.3) [25,26]. A PPV above 80% is 
often defined as satisfying, though it can result in biased estimates of 
the concordance rates and the heritability [36,37]. The patients in-
correctly registered with ATR are probably non-differentiated be-
tween mono- and dizygotic twins. Therefore, the potential bias will 
most likely result in underestimation of the concordance rates in MZ 
and DZ. Third, it was not possible to differentiate between acute and 
chronic rupture. Fourth, differences in heritability between sex and 
different age groups were not investigated. 

An important strength of the study was the use of one of the 
world’s largest twin registries. The registry has shown completeness 
of registered twin pairs of approximately 90% for twins born in 
Denmark before 1968 and completeness of 100% for all twin pairs 
born in Denmark after 1968 [38]. Additionally, the method used in 
the registry to determine zygosity has been proven to assign cor-
rectly in 95% of all twin pairs compared with zygosity determined by 
genetic markers [38]. 

5. Conclusions 

This study found that genetics contribute substantially to the 
etiology of ATR with an estimated heritability of the liability to ATR 
of approximately 50%. The finding generates the hypothesis that 
genetics play a role in the pathological changes that occur in the 
Achilles tendon before a rupture. The risk of ATR for a twin within a 
20 year period, if the co-twin has had an ATR, was 8% for MZ twins 
and 4% for SSDZ twins, whereas 0.67% of the twins in the overall 
population within the observation period had an ATR. The new 
knowledge will help health care professionals to inform the patient 
and the patient’s relatives about the increased familial risk of ATR. 

Disclaimers 

None. 

Funding source 

No grants were received. 

Competing interests 

The authors declare that they have no competing interests. 

References 

[1] Barfod KW. Achilles tendon rupture; assessment of nonoperative treatment. Dan 
Med J 2014;61:B4837. 

[2] Huttunen TT, Kannus P, Rolf C, Fellander-Tsai L, Mattila VM. Acute achilles 
tendon ruptures: incidence of injury and surgery in Sweden between 2001 and 
2012. Am J Sports Med 2014;42:2419–23. https://doi.org/10.1177/ 
0363546514540599 

[3] Ganestam A, Kallemose T, Troelsen A, Barfod KW. Increasing incidence of acute 
Achilles tendon rupture and a noticeable decline in surgical treatment from 1994 
to 2013. A nationwide registry study of 33,160 patients. Knee Surg Sports Trauma 
Arthrosc 2016;24:3730–7. https://doi.org/10.1007/s00167-015-3544-5 

[4] Olsson N, Nilsson-Helander K, Karlsson J, Eriksson BI, Thomée R, Faxén E, et al. 
Major functional deficits persist 2 years after acute Achilles tendon rupture. Knee 
Surg Sports Trauma Arthrosc 2011;19:1385–93. https://doi.org/10.1007/s00167- 
011-1511-3 

[5] Westin O, Svensson M, Nilsson Helander K, Samuelsson K, Grävare Silbernagel K, 
Olsson N, et al. Cost-effectiveness analysis of surgical versus non-surgical 
management of acute Achilles tendon ruptures. Knee Surg Sports Trauma 
Arthrosc 2018;26:3074–82. https://doi.org/10.1007/s00167-018-4953-z 

[6] Mark-Christensen T, Troelsen A, Kallemose T, Barfod KW. Functional rehabilita-
tion of patients with acute Achilles tendon rupture: a meta-analysis of current 
evidence. Knee Surg Sports Trauma Arthrosc 2016;24:1852–9. https://doi.org/10. 
1007/s00167-014-3180-5 

[7] Kannus P, Jozsa L. Histopathological changes preceding spontaneous rupture of 
a tendon. A controlled study of 891 patients. J Bone Jt Surg Am 
1991;73:1507–25. 

[8] Cetti R, Junge J, Vyberg M. Spontaneous rupture of the Achilles tendon is pre-
ceded by widespread and bilateral tendon damage and ipsilateral inflammation: 
a clinical and histopathologic study of 60 patients. Acta Orthop Scand 
2003;74:78–84. https://doi.org/10.1080/00016470310013707 

[9] Dakin SG, Newton J, Martinez FO, Hedley R, Gwilym S, Jones N, et al. Chronic 
inflammation is a feature of Achilles tendinopathy and rupture. Br J Sports Med 
2017;52:359–67. https://doi.org/10.1136/bjsports-2017-098161 

[10] Tallon C, Maffull N, Ewen SWB. Ruptured Achilles tendons are significantly more 
degenerated than tendinopathic tendons. Med Sci Sport Exerc 2001;33:1983–90. 
https://doi.org/10.1097/00005768-200112000-00002 

[11] Vosseller JT, Ellis SJ, Levine DS, Kennedy JG, Elliott AJ, Deland JT, et al. Achilles 
tendon rupture in women. Foot Ankle Int 2013;34:49–53. https://doi.org/10. 
1177/1071100712460223 

[12] Spoendlin J, Meier C, Jick SS, Meier CR. Achilles or biceps tendon rupture in 
women and men with type 2 diabetes: a population-based case-control study. J 
Diabetes Complicat 2016;30:903–9. https://doi.org/10.1016/j.jdiacomp.2016.02. 
017 

[13] Van der Linden PD, Sturkenboom MCJM, Herings RMC, Leufkens HMG, 
Rowlands S, Stricker BHC. Increased risk of Achilles tendon rupture with qui-
nolone antibacterial use, especially in elderly patients taking oral corticoster-
oids. Arch Intern Med 2003;163:1801–7. https://doi.org/10.1001/archinte.163. 
15.1801 

[14] Spoendlin J, Meier C, Jick SS, Meier CR. Oral and inhaled glucocorticoid use and 
risk of Achilles or biceps tendon rupture: a population-based case-control study. 
Ann Med 2015;47:492–8. https://doi.org/10.3109/07853890.2015.1074272 

[15] Humbyrd CJ, Bae S, Kucirka LM, Segev DL. Incidence, risk factors, and treatment 
of achilles tendon rupture in patients with end-stage renal disease. Foot Ankle 
Int 2018;39:821–8. https://doi.org/10.1177/1071100718762089 

[16] Kraemer R, Wuerfel W, Lorenzen J, Busche M, Vogt PM, Knobloch K. Analysis of 
hereditary and medical risk factors in Achilles tendinopathy and Achilles tendon 
ruptures: a matched pair analysis. Arch Orthop Trauma Surg 2012;132:847–53. 
https://doi.org/10.1007/s00402-012-1476-9 

[17] Mokone GG, Gajjar M, September AV, Schwellnus MP, Greenberg J, Noakes TD, 
et al. The guanine-thymine dinucleotide repeat polymorphism within the te-
nascin-C gene is associated with achilles tendon injuries. Am J Sports Med 
2005;33:1016–21. https://doi.org/10.1177/0363546504271986 

[18] El Khoury L, Ribbans WJ, Raleigh SM. MMP3 and TIMP2 gene variants as pre-
disposing factors for Achilles tendon pathologies: attempted replication study in 
a British case-control cohort. Meta Gene 2016;9:52–5. https://doi.org/10.1016/j. 
mgene.2016.03.007 

[19] Kujala UM, Järvinen M, Natri A, Lehto M, Nelimarkka O, Hurme M, et al. ABO 
blood groups and musculoskeletal injuries. Injury 1992;23:131–3. https://doi. 
org/10.1016/0020-1383(92)90050-3 

[20] Jozsa L, Balint JB, Kannus P, Reffy A, Barzo M. Distribution of blood groups in 
patients with tendon rupture. An analysis of 832 cases. J Bone Jt Surg Ser B 
1989;71:272–4. https://doi.org/10.1302/0301-620X.71B2.2494187 

[21] Pedersen DA, Larsen LA, Nygaard M, Mengel-From J, McGue M, Dalgård C, et al. 
The Danish twin registry: an updated overview. Twin Res Hum Genet 
2019;22:499–507. https://doi.org/10.1017/thg.2019.72 

[22] Christiansen L, Frederiksen H, Schousboe K, Skytthe A, Von Wurmb-Schwark N, 
Christensen K, et al. Age- and sex-differences in the validity of questionnaire- 
based zygosity in twins. Twin Res 2003;6:275–8. https://doi.org/10.1375/ 
136905203322296610 

[23] Pedersen CB. The Danish civil registration system. Scand J Public Health 
2011;39:22–5. https://doi.org/10.1177/1403494810387965 

[24] Lynge E, Sandegaard JL, Rebolj M. The Danish national patient register. Scand J 
Public Health 2011;39:30–3. https://doi.org/10.1177/1403494811401482 

[25] Cramer A, Hansen MS, Sandholdt H, Jones PK, Christensen M, Jensen SML, et al. 
Completeness and data validity in the Danish Achilles tendon Database. Dan 
Med J 2019;66:A5548. 

[26] Gadeberg MN, Cramer A, Hölmich P, Barfod KW. Validity of sports-related di-
agnosis codes in the Danish National Patient Register the Danish National 
Patient Register. Dan Med J 2021;68:8200580. 

[27] McGue M. When assessing twin concordance, use the probandwise not the 
pairwise rate. Schizophr Bull 1992;18:171–6. 

[28] Falconer DS. The inheritance of liability to certain diseases, estimated from the 
incidence among relatives. Ann Hum Genet 1965;29:51–76. https://doi.org/10. 
1111/j.1469-1809.1965.tb00500.x 

A. Cramer, K.W. Barfod, P. Hölmich et al. Foot and Ankle Surgery 28 (2022) 1050–1054 

1053 

http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref1
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref1
https://doi.org/10.1177/0363546514540599
https://doi.org/10.1177/0363546514540599
https://doi.org/10.1007/s00167-015-3544-5
https://doi.org/10.1007/s00167-011-1511-3
https://doi.org/10.1007/s00167-011-1511-3
https://doi.org/10.1007/s00167-018-4953-z
https://doi.org/10.1007/s00167-014-3180-5
https://doi.org/10.1007/s00167-014-3180-5
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref7
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref7
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref7
https://doi.org/10.1080/00016470310013707
https://doi.org/10.1136/bjsports-2017-098161
https://doi.org/10.1097/00005768-200112000-00002
https://doi.org/10.1177/1071100712460223
https://doi.org/10.1177/1071100712460223
https://doi.org/10.1016/j.jdiacomp.2016.02.017
https://doi.org/10.1016/j.jdiacomp.2016.02.017
https://doi.org/10.1001/archinte.163.15.1801
https://doi.org/10.1001/archinte.163.15.1801
https://doi.org/10.3109/07853890.2015.1074272
https://doi.org/10.1177/1071100718762089
https://doi.org/10.1007/s00402-012-1476-9
https://doi.org/10.1177/0363546504271986
https://doi.org/10.1016/j.mgene.2016.03.007
https://doi.org/10.1016/j.mgene.2016.03.007
https://doi.org/10.1016/0020-1383(92)90050-3
https://doi.org/10.1016/0020-1383(92)90050-3
https://doi.org/10.1302/0301-620X.71B2.2494187
https://doi.org/10.1017/thg.2019.72
https://doi.org/10.1375/136905203322296610
https://doi.org/10.1375/136905203322296610
https://doi.org/10.1177/1403494810387965
https://doi.org/10.1177/1403494811401482
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref25
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref25
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref25
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref26
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref26
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref26
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref27
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref27
https://doi.org/10.1111/j.1469-1809.1965.tb00500.x
https://doi.org/10.1111/j.1469-1809.1965.tb00500.x


[29] Neale MC, Maes HHM. Methodology for genetic studies of twins and families. 
Dordrecht: Kluwer Academic Publisher; 2004. (n.d). 

[30] Scheike TH, Holst KK, Hjelmborg JB. Estimating heritability for cause specific 
mortality based on twin studies. Lifetime Data Anal 2014;20:210–33. https://doi. 
org/10.1007/s10985-013-9244-x 

[31] Magnusson K, Turkiewicz A, Hughes V, Frobell R, Englund M. High genetic 
contribution to anterior cruciate ligament rupture: heritability ∼69%. Br J Sports 
Med 2021;55:385–9. https://doi.org/10.1136/bjsports-2020-102392 

[32] Magnusson K, Turkiewicz A, Snoeker B, Hughes V, Englund M. The heritability of 
doctor-diagnosed traumatic and degenerative meniscus tears. Osteoarthr Cartil 
2021;29:979–85. https://doi.org/10.1016/j.joca.2021.03.005 

[33] Bak S, Gaist D, Sindrup SH, Skytthe A, Christensen K. Genetic liability in stroke: a 
long-term follow-up study of Danish twins. Stroke 2002;33:769–74. https://doi. 
org/10.1161/hs0302.103619 

[34] Leppilahti J, Puranen J, Orava S. ABO blood group and Achilles tendon rupture. 
Ann Chir Gynaecol 1996;85:369–71. 

[35] Maffulli N, Reaper JA, Waterston SW, Ahya R. ABO blood groups and Achilles 
tendon rupture in the Grampian region of Scotland. Clin J Sport Med 
2000;10:269–71. https://doi.org/10.1097/00042752-200010000-00008 

[36] Phung TKT, Andersen BB, Høgh P, Kessing LV, Mortensen PB, Waldemar G. 
Validity of dementia diagnoses in the Danish hospital registers. Dement Geriatr 
Cogn Disord 2007;24:220–8. https://doi.org/10.1159/000107084 

[37] Mard S, Nielsen FE. Positive predictive value and impact of misdiagnosis of a 
heart failure diagnosis in administrative registers among patients admitted to a 
University Hospital cardiac care unit. Clin Epidemiol 2010;2:235–9. https://doi. 
org/10.2147/CLEP.S12457 

[38] Skytthe A, Ohm Kyvik K, Vilstrup Holm N, Christensen K. The Danish twin registry. 
Scand J Public Health 2011;39:75–8. https://doi.org/10.1177/1403494810387966  

A. Cramer, K.W. Barfod, P. Hölmich et al. Foot and Ankle Surgery 28 (2022) 1050–1054 

1054 

http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref29
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref29
https://doi.org/10.1007/s10985-013-9244-x
https://doi.org/10.1007/s10985-013-9244-x
https://doi.org/10.1136/bjsports-2020-102392
https://doi.org/10.1016/j.joca.2021.03.005
https://doi.org/10.1161/hs0302.103619
https://doi.org/10.1161/hs0302.103619
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref34
http://refhub.elsevier.com/S1268-7731(22)00046-7/sbref34
https://doi.org/10.1097/00042752-200010000-00008
https://doi.org/10.1159/000107084
https://doi.org/10.2147/CLEP.S12457
https://doi.org/10.2147/CLEP.S12457
https://doi.org/10.1177/1403494810387966

	Genetic contribution to the etiology of Achilles tendon rupture. A Danish nationwide register study of twins
	1. Introduction
	2. Materials and methods
	2.1. Data sources
	2.2. Study population
	2.3. Diagnosis of acute Achilles tendon rupture
	2.4. Statistical analyses
	2.5. Trial registration

	3. Results
	4. Discussion
	5. Conclusions
	Disclaimers
	Funding source
	Competing interests
	References




