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Familial Segregation of Venous 
Thromboembolism in Sweden: A 
Nationwide Family Study of Heritability and 
Complex Segregation Analysis
Bengt Zöller , MD, PhD; MirNabi Pirouzifard , PhD; Peter J. Svensson , MD, PhD; Björn Holmquist , PhD;  
Emelie Stenman, PhD; Robert C. Elston, PhD; Yeunjoo E. Song , PhD; Jan Sundquist , MD, PhD;  
Kristina Sundquist, MD, PhD

BACKGROUND: This is the first nationwide segregation analysis that aimed to determine whether familial venous thromboembo-
lism (VTE) is attributable to inheritance and/or shared environment, and the possible mode of inheritance.

METHODS AND RESULTS: The Swedish Multi- Generation Register was linked to the Swedish patient register for the period 1964 
to 2015. Three generational families of Swedish- born individuals were identified. Heritability was examined using Falconer 
regression. Complex segregation analysis was conducted using the Statistical Analysis for Genetic Epidemiology software 
(version 6.4, 64- bit Linux). Among the 4 301 174 relatives from 450 558 pedigrees, 177 865 (52% women) individuals were 
affected with VTE. VTE occurred in 2 or more affected relatives in 61 217 (13.6%) of the pedigrees. Heritability showed age 
and sex dependence with higher heritability for men and young individuals. In 18 933 pedigrees, VTE occurred only in the first 
generation and was not inherited. Segregation analysis was performed in the remaining 42 284 pedigrees with inherited VTE 
and included 939 192 individuals. Prevalence constraints were imposed in the models to allow for the selection of the pedi-
grees analyzed. The sporadic nongenetic model could be discarded. The major- type- only model, with a correlation structure 
compatible with some polygenic effects, was the preferred model. Among the Mendelian models, the mixed codominant (plus 
polygenic) model was preferred.

CONCLUSIONS: This nationwide segregation analysis of VTE supports a genetic cause of the familial aggregation of VTE. 
Heritability was higher for men and younger individuals, suggesting a Carter effect, in agreement with a multifactorial threshold 
inheritance.
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Venous thromboembolism (VTE) affects ≈1 to 2 
per 1000 individuals per year.1 The existence of 
familial thrombophilia (eg, clustering of VTE) was 

recognized at the beginning of the 20th century.2 VTE 
is considered to be a complex disorder influenced by 
several genetic and environmental factors.3– 5 Inherited 
deficiencies of the natural anticoagulants antithrombin, 
protein C, and proteins S, as well as activated protein 

C resistance because of the FV Leiden (rs6025) and 
the prothrombin 20210A (rs1799963) polymorphisms, 
have been associated with familial thrombophilia.3– 6 
The 5 major identified genetic risk factors for VTE to-
gether account for only about 30% of the family history 
of VTE.7 Recently, a whole- exome study by Desch et 
al reported rare variants in the STAB2 gene to be as-
sociated with VTE.8 Genome- wide association studies 

Correspondence to: Bengt Zöller, MD, PhD, Center for Primary Health Care Research, CRC, Building 28, Floor 11, Jan Waldenströms gata 35, Skåne 
University Hospital, S- 205 02 Malmö, Sweden. E- mail: bengt.zoller@med.lu.se

Supplementary Material for this article is available at https://www.ahajo urnals.org/doi/suppl/ 10.1161/JAHA.120.020323

For Sources of Funding and Disclosures, see page 11.

© 2021 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creat ive 
Commo ns Attri bution-NonCo mmercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and 
is not used for commercial purposes. 

JAHA is available at: www.ahajournals.org/journal/jaha

https://orcid.org/0000-0002-8250-5613
mailto:
https://orcid.org/0000-0001-9166-132X
https://orcid.org/0000-0003-2901-6877
https://orcid.org/0000-0003-4316-2483
https://orcid.org/0000-0002-7452-3731
https://orcid.org/0000-0001-7228-5015
mailto:bengt.zoller@med.lu.se
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.120.020323
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2021;10:e020323. DOI: 10.1161/JAHA.120.020323 2

Zöller et al Segregation Analysis of Venous Thromboembolism

have identified common, but weaker, alleles with an 
overall estimated heritability of 26%.5,9– 11 Thus, as for 
many other complex disorders, the source of the miss-
ing heritability of VTE remains to be determined.12 The 
missing heritability of VTE might be genetic, epigene-
tic, or nongenetic (attributable to familial environmental 
effects).12 Shared familial environmental factors might 
be related to socioeconomic factors such as income 
and education but also health behaviors such as alco-
hol consumption, drug abuse, smoking, lack of exer-
cise, and eating habits (eg, high intake of saturated fat 
and low intake of fish, fruit, and vegetables).13

Heritability of VTE, that is, the proportion of the vari-
ance attributable to genetic effects on VTE, has been 
estimated to be 50% to 60% in a twin study and 2 ex-
tended family studies.14– 16 However, the twin study was 
small, and the heritability was lower and nonsignificant 
for women.14 A Swedish sibling and half- sibling study 
estimated heritability of liability to be 47% for men and 
40% for women (ie, lower heritability for women com-
pared with men), which concurs with the Danish twin 
study.17 The 2 extended family studies were mainly 
performed in selected families with idiopathic throm-
bosis or thrombophilia referred to specialist clinics.15,16 
Thus, limited data exist about the heritability of VTE in 
the general population.

Only the study by Heit et al has performed segre-
gation analysis of families with VTE.16 Heit et al per-
formed segregation analysis in 16 650 relatives of 751 
probands (60% women) with objectively diagnosed 
VTE without cancer. Patients who were referred to the 
Mayo Clinic Special Coagulation Laboratory/Clinic for 
a clinical suspicion of thrombophilia were approached 
for study inclusion. The probands completed question-
naires that provided a family pedigree, ethnic ancestry, 
and indicated all other family members who were af-
fected with VTE. All patients were non- Hispanic White 
Americans. Heit et al found that a multifactorial non- 
Mendelian inheritance model should be favored as the 
cause for VTE, whereas a model postulating a purely 
environmental cause was rejected.16

The present study aims to determine the contribution 
of genetic factors (ie, heritability) and whether familial VTE 
is attributable to inheritance and/or shared environment, 
and the possible mode of inheritance. The study is na-
tionwide and uses the Swedish multigeneration register 
for establishing familial relationships and the Swedish in-
patient and outpatient registers for VTE diagnosis.18– 20

METHODS
Data Sharing Statement
All of the nationwide data used in the present study 
were obtained from Statistics Sweden and the National 
Board of Health and Welfare (https://besta llada ta.socia 
lstyr elsen.se/data- for- forsk ning/sekre tessp rovni ng/). 
No additional data are available because of Swedish 
regulations.

Registers Used
We used linked data from multiple Swedish nation-
wide registries and health care data.18– 20 Linking was 
achieved via the unique individual 10- digit personal 
identification number that is assigned at birth or im-
migration to all Swedish residents. To preserve confi-
dentiality, this identification number was replaced by a 
serial number by Statistics Sweden (https://www.scb.
se/en/). The following sources were used to create our 
database: Total Population Register; Multi- Generation 
Register, providing information on family relations; 
Swedish Hospital Discharge Register, containing hos-
pitalizations for all Swedish inhabitants from 1964 to 
2015; Outpatient Care Register, containing information 
from outpatient clinics from 2001 to 2015; and Swedish 
Mortality Register, containing all causes of death.18– 23

Study Population and Pedigree 
Construction
The study population consisted of individuals from the 
Swedish population who were born in Sweden between 

CLINICAL PERSPECTIVE

What Is New?
• This is the first nationwide complex segregation 

analysis that aimed to determine whether famil-
ial venous thromboembolism is attributable to 
inheritance and/or shared environment and the 
possible mode of inheritance.

• Genes are important for the familial clustering of 
venous thromboembolism in Sweden. A nonge-
netic model was discarded.

• A single major- type- only model with the pos-
sibility of some polygenic effects was the pre-
ferred model.

What Are the Clinical Implications?
• The study supports the importance of genes in 

the familial clustering of venous thromboembo-
lism in Sweden.

• Genetic studies of families with familial aggre-
gation of venous thromboembolism might be 
worthwhile.

Nonstandard Abbreviations and Acronyms

AIC Akaike information criterion
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1876 and 2015. The multigeneration register was used 
to find 3 generation pedigrees with information about all 
paternal and maternal grandparents.20 Only complete 
3- generational pedigrees (grandparents, offspring, 
and grandchildren) where all 4 grandparents were born 
between 1876 and 1950 were selected. Pedigrees with 
any non– Swedish- born grandparents were excluded. 
Moreover, if a grandparent (first generation), offspring 
(second generation), or grandchild (third generation) 
died or emigrated before 1964, the whole pedigree 
was excluded. Pedigrees with twins, adoptees, >3 
mates (eg, spouses or partners), and loops (eg, cousin 
marriage) were also excluded because of requirements 
of the software used. Pedigrees with outlier individu-
als over 110 years of age in the end of follow- up were 
excluded from the study. All pedigrees with size <7 (ie, 
incomplete 3- generational pedigrees) were excluded. 
Minimum size included 4 grandparents, 1 offspring 
with spouse, and 1 grandchild. To get better cover-
age in the Swedish patient register, pedigrees were ex-
cluded if offspring (second generation) were born after 
1970 (spouses were allowed to be born after 1970).

Any duplicate pedigree was excluded, but individu-
als were allowed to occur in >1 pedigree. All individuals 
within all pedigrees were linked to the Swedish Patient 
Register (inpatients and outpatients) for information on 
VTE diagnosis (https://www.socia lstyr elsen.se/stati 
stik- och- data/regis ter/alla- regis ter/patie ntreg istre t/).19

Ascertainment of VTE Cases
Cases of VTE (ie, affection status) were classified ac-
cording to the World Health Organization International 
Classification of Diseases, Seventh Revision through 
Tenth Revision (ICD- 7, ICD- 8, ICD- 9, ICD- 10). All types 
of VTE diagnoses were counted.24,25 VTE was defined 
using the hospital discharge register, main and sup-
plementary diagnoses (between 1964 and 2015) by 
the following ICD codes: ICD- 10: I636, I676, I80, I81, 
I82, I26, O222, O223, O225, O229, O870, O871, O873, 
O879, O882, O082, O087; ICD- 9: 437G, 451, 452, 453, 
415B, 416W, 671C, 671D, 671E, 671F, 671X, 639G, 
673C; ICD- 8: 321, 450, 451, 452, 453, 671, 673.9; ICD- 
7: 463, 464, 465, 466, 58300, 33440, 33450, 682, 684. 
It was also defined in the Outpatient Care Register (be-
tween 2001 and 2015) by the same ICD- 10 codes as 
above. Thus, VTE included all different manifestations 
of venous thrombosis and pulmonary embolism.21,24,25

The Swedish Hospital Discharge Register has 
nearly 90% overall validity or positive predictive val-
ues.19 In a Swedish study of men with VTE, hospital 
records were available for 304 cases (1970– 1998).26 A 
total of 289 out of 304 (95%) cases with diagnosed 
VTE were judged to be diagnosed correctly.26 Only 12 
(3.9%) cases were not diagnosed with an objectively 
verified method but were treated with oral anticoagula-
tion because of strong clinical probability. In total, 277 

(91%) cases were objectively diagnosed with methods 
such as phlebography, ultrasound, computed tomog-
raphy scan, or pulmonary scintigraphy.26

In the present study, 177 865 individuals were af-
fected by VTE. The first VTE event occurred between 
1964 and 1969 for 548 (0.31%) individuals, between 
1970 and 1979 for 10  258 (5.77%) individuals, be-
tween 1980 and 1989 for 27 376 (15.39%) individuals, 
between 1990 and 1999 for 37 919 (21.32%) individ-
uals, between 2000 and 2010 for 56  391 (31.70%) 
individuals, and between 2010 and 2015 for 45 373 
(25.51%) individuals.

Statistical Analysis
A nested case- control approach was used to deter-
mine familial odds ratios (ORs). We used a matching 
method (1:5) for sex, educational attainment, county of 
birth (ie, geographic location), and birth year by draw-
ing a sample of unique VTE- affected grandchildren or 
children as cases and matched control groups of VTE- 
unaffected grandchildren or children. An individual 
may be included as a case both in the second genera-
tion or third generation nested case- control studies. 
However, no duplicate individuals were included in the 
same generation case- control study. ORs were deter-
mined with conditional logistic regression for affected 
grandchildren (third generation) with at least 1 affected 
biological parent (second generation). In the same way, 
ORs were determined with conditional logistic regres-
sion for affected offspring (second generation) with at 
least 1 affected biological parent (first generation).

Formally, heritability is defined as a ratio of vari-
ances, that is, the proportion of total variance that is 
associated with variation in additive genetic factors. 
According to classic quantitative genetics, the herita-
bility of a binary trait (or disease) could be estimated by 
Falconer regression by presuming a liability threshold 
model of the disease in which everyone has a liabil-
ity to develop the disease but only individuals above 
a threshold value do so.27– 29 To evaluate heritability 
for VTE, Falconer regression was used. It is based on 
the liability of the threshold to obtain heritability in chil-
dren of the parents. The method and its application 
are described in detail by Falconer and MacKay.28,29 
We used χ2 to compare proportions and Wald tests 
in logistic regression. Throughout all analyses, a 2- 
sided test resulting in a P<0.05 was considered sig-
nificant. Statistical analysis was performed with SAS 
software version 9.3 (SAS Institute) and R version 3.6.0 
(R Foundation for Statistical Computing).

To explore the pattern of familial inheritance of VTE, 
complex segregation analysis was performed using 
the maximum likelihood method to assess the param-
eters in each of the hypothesis- based mathematical 
models examined.30– 35 The program SEGREG, within 

https://www.socialstyrelsen.se/statistik-och-data/register/alla-register/patientregistret/
https://www.socialstyrelsen.se/statistik-och-data/register/alla-register/patientregistret/
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the 64- bit Linux software package Statistical Analysis 
for Genetic Epidemiology 6.4, was used for the com-
plex segregation analysis.30– 35 A short summary is 
depicted here, but a more comprehensive description 
of the procedures exists elsewhere.33– 35 Moreover, a 
detailed protocol of the procedure used in the present 
study has been described by Sun.33

Complex segregation analysis is an essential tool 
in genetics and applies statistical methods (without 
DNA analysis) to define if the variation of a disease/
phenotype (VTE), continuous or binary, is compatible 
with segregation of a single locus, and to establish the 
mode of inheritance. For each model, it is assumed 
that the presence (or absence) of the presumed dis-
ease allele affects susceptibility to VTE. The regressive 
multivariate logistic model for binary trait, as described 
by Karunaratne and Elston, was applied.32 This ap-
proach enables the inclusion of covariates in the fitted 
models. The fitted models assume that, conditional 
on the phenotype and the major type of any individual 
who belongs to 2 nuclear families, the likelihood for 
those 2 nuclear families are independent. Therefore, 
the susceptibility that any pedigree member has to a 
particular phenotype (VTE) is the same for all mem-
bers who have the same values of any covariates in 
the model.

The segregation model for a binary trait assumes 
that susceptibility to a disease/phenotype (VTE), γ, 
defined as the probability that an individual has been 
affected with disease, depends on an unobserved la-
tent factor called type, labeled as u, which can take 
1 of the 3 values AA, AB, or BB.30– 35 If the segrega-
tion is Mendelian (γ is then interpreted as the pene-
trance), the type u represents the presumed genotype 
that underlies the distribution of the observed disease/
phenotype. Types are characterized by the type fre-
quencies and transmission parameters. Assuming 
Hardy- Weinberg equilibrium, the type frequencies in 
the population could be defined by the parameter qA, 
the allele frequency of allele A. Transmission parame-
ters, recorded as τAA, τAB, and τBB, refer to the proba-
bilities that parents of types AA, AB, and BB transmit 
the allele A to offspring. For binary traits only, the logit 
of the susceptibility of the major type AA, AB, and BB 
are βAA, βAB, and βBB.

Assuming that mating is random, the transmis-
sions from each parent are independent.30– 35 For a 
Mendelian locus, Hardy- Weinberg equilibrium is as-
sumed, and τAA, τAB, and τBB are equal to 1, 0.5, and 0, 
respectively. If the disease segregation is caused solely 
by a random environmental factor, there is no trans-
mission between generations, and the 3 unobserved 
types are equally transmitted (τAA=τAB=τBB). In addi-
tion, a general transmission model allows the trans-
mission probabilities τAA, τAB, and τBB to take on any 
arbitrary values between 0 and 1. A more restricted 

general transmission model assumes homogeneity 
of the phenotypic distribution across generations and 
must satisfy 2 conditions: the type frequencies must 
follow Hardy- Weinberg equilibrium proportions and τAB 
must be equal to a specific function of the frequency of 
A, τAA, and τBB; thus, only 2 of the transmission proba-
bilities can be freely estimated.

For a binary trait such as VTE, the susceptibility (γ) 
is determined by the cumulative logistic function

where conditional on type u, the logit of the suscep-
tibility for the i- th individual, θu, can depend on both 
major type u and mean centered covariate values xi1, 
xi2, …, xip:

where βu is the intercept corresponding to type u and 
ξ1, ξ2, …, ξp are the covariate regression coefficients. 
This is comparable to estimating covariate coeffi-
cients in a linear model at the same time with other 
parameters in the segregation analysis of a quantita-
tive trait.

The segregation models can be described accord-
ing to the number of baseline parameters for suscep-
tibility in the model.30– 35 One susceptibility- type model 
(no segregation, βAA=βAB=βBB) includes the sporadic 
model, with or without familial correlation (association), 
in the absence of transmission of a major gene. Two 
susceptibility- type models include Mendelian dominant 
and recessive models (βAA=βAB, or βAB=βBB). Three 
susceptibility- type models (βAA, βAB, βBB) involve several 
transmission models. The general model, in particular, 
allows the transmission possibilities τAA, τAB, and τBB to 
take on any arbitrary values between 0 and 1.

The most parsimonious model is identified by using 
Akaike information criterion (AIC), which is defined 
as (−2 ln[L]+2[number of parameters estimated]). The 
model with a smaller AIC fits the data better. For a fixed 
number of susceptibility types, the SEGREG output al-
lows for P values based on the appropriate asymptotic 
distribution of the likelihood ratio criterion, either a χ2 
distribution or a mixture of χ2 distributions, as well as 
AIC values, which can be compared across results for 
different numbers of susceptibility types.

To account for the selection of pedigrees with inher-
ited VTE, prevalence constraints determined from the 
whole national population were imposed on all mod-
els. Sex-  and age- specific prevalence constraints de-
termined in the whole sample (ie, in all of the 450 558 
pedigrees comprising 4  301  174 individuals) were 
used. The age- prevalence constraints were imposed 
as generation- specific constraints (ie, specific for 
grandparent, offspring, and grandchildren).

� =
eθu(i)

1 + eθu(i)
,

θu = βu + ξ1xi1 + ξ2xi2 +⋯ + ξpxip,
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The segregation models that can be tested in 
SEGREG are as follows30– 35:

1. Nongenetic models are the sporadic model and 
the random environmental transmission model.33 
The nongenetic sporadic model assumes no in-
tergenerational transmission of the type (ie, the 
phenotype has 1 distribution), and no major type or 
multifactorial component is transmitted. The random 
environmental transmission model assumes that the 
trait segregation is caused solely by a random 
environmental factor, and there is no transmission 
from generation to generation (τAA=τAB=τBB=qA). As 
indicated by Sun,33 this model may be tested only 
for continuous variables and not binary traits and 
was therefore not tested in the present study.

2. The polygenic transmission model assumes that 
the phenotype is defined by additive polygenic in-
heritance, so the phenotype has 1 distribution, and 
familial correlations (=associations) can explain the 
familial aggregation of the trait.33 If, within nuclear 
families, the estimated sibling correlation is the same 
as the parent– offspring correlation, and there is no 
spouse correlation, the polygenic variance can ac-
count for such residual familial correlation.

3. The polygenic– environmental model assumes that 
only a nontransmittable random environmental factor 
and a polygenic/multifactorial effect influence the trait.

4. The pure major locus transmission models assume 
major locus transmission in a Mendelian mode 
without multifactorial/polygenic inheritance (pure 
Mendelian models or with a multifactorial/polygenic 
component [mixed models]).33 The Mendelian mod-
els are codominant, dominant, recessive, or addi-
tive, with or without polygenic component.

5. The general transmission models are the major 
type models transmitted with arbitrary probabilities 
between 0 and 1, with (general model) or without 
(major type only) polygenic/multifactorial effects.33 
The general model is the unrestricted full model, 
which subsumes all the other models.

Ethical Considerations
We secured ethical approval for this study from the 
Regional Ethical Review Board in Lund. Informed consent 
was waived as a requirement by the ethics committee.

RESULTS
Descriptive Findings of Swedish Families 
With VTE
After inclusions and all exclusions, a total of 450 558 
pedigrees comprising 4 301 174 individuals were identi-
fied: grandparents (first generation), offspring (second 

generation), and grandchildren (third generation). Table 1 
shows the descriptive statistics for these individuals. 
Some individuals could occur in >1 pedigree and/or 
generation. In Table 1, individuals are shown only once 
(ie, in the oldest generation they occur in). For compari-
son, in Table S1, individuals are counted each time they 
occur in a pedigree (n=7 568 818). In Table 1, during the 
study period (1964– 2015), a total of 177 865 individu-
als were affected with VTE (4.1%), with a median age of 
68 years (range, 0– 104 years) at first VTE (Table 1). A lit-
tle more than half of VTE cases were women (n=92 484, 
52.0%). Thus, overall as well as in the grandparent and 
grandchildren generations, there were more women 
than men affected by VTE (Table 1 and Table S1). In the 
second generation (offspring), more men than women 
were affected by VTE. However, the proportion of 
women was slightly higher in the second generation in 
Table S1 compared with Table 1.

The median age at the end of follow- up (2015, 
death, or emigration) was 81  years (range, 20– 110 
years) for grandparents, 63 years (range, 1– 83 years) 
for offspring, and 39  years (range, 0– 65 years) for 
grandchildren (Table  1). VTE was found in 116  998 

Table 1. Descriptive Statistics of the Study Sample 
(Population of Swedish- Born Individuals, N=4 301 174) With 
and Without Venous Thromboembolism (VTE) During the 
Study Period 1964 to 2015

VTE cases No VTE

Group, n (%)

All 177 865 (100) 4 123 309 (100)

Grandparents 116 998 (65.8) 1 180 800 (28.6)

Offspring 47 968 (27.0) 1 271 962 (30.9)

Grandchildren 12 899 (7.3) 167 0547 (40.5)

Age at end of follow- up, y, median [q1– q3] (minimum– maximum)*

All 75 [64– 83] (0– 110) 52 [32– 71] (0– 110)

Grandparents 81 [74– 87] (20– 110) 79 [72– 85] (18– 110)

Offspring 63 [55– 69] (1– 83) 58 [51– 66] (0– 83)

Grandchildren 39 [32– 45] (0– 65) 28 [21– 38] (0– 66)

Age at first VTE, y, median [q1– q3] (minimum– maximum)

All 68 [55– 77] (0– 104) …

Grandparents 74 [66– 81] (18– 104) …

Offspring 55 [45– 63] (0– 83) …

Grandchildren 31 [24– 38] (0– 64) …

Women, n (%)

All 92 484 (52.0) 2 006 238 (48.7)

Grandparents 62 298 (53.3) 587 499 (49.8)

Offspring 22 355 (46.6) 614 386 (48.3)

Grandchildren 7831 (60.7) 804 353 (48.2)

Each individual occurs only once. Some individuals may occur in >1 
pedigree and in >1 generation. In this table they are included in the oldest 
generation they occur in. q1– q3 indicates interquartile range (q1, first quartile 
and q3, third quartile).

*End of follow- up is either age at end of study in 2015, age at death, or age 
at emigration depending on which occurred first.
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(9.0%) of the 1 297 798 grandparents, 47 968 (3.6%) 
of the 1 319 930 offspring, and 12 899 (0.8%) of the 
1 683 446 grandchildren. Median age at first VTE diag-
nosis (minimum– maximum) for the grandparents was 
74  years (range, 8– 104 years), for offspring 55  years 
(range, 0– 83 years), and for the grandchildren 31 years 
(range, 0– 64 years).

Table 2 shows pedigree data according to number 
of affected members in the pedigrees. No pedigree 
had >10 affected members. In total, 61 217 (13.6%) of 
all 450 558 pedigrees exhibited VTE in at least 2 af-
fected individuals. Individuals in Table 2 could be in-
cluded more than once if they were included in several 
pedigrees. Therefore, the number of affected individu-
als does not add up with Table 1. In 18 933 pedigrees, 
only grandparents (ie, first generation) were affected, 
and VTE was not inherited in these pedigrees. Thus, 
in the remaining 42 284 pedigrees VTE was inherited.

Nested Case- Control Study and 
Heritability of VTE
The results of the nested 1:5 matched case- control 
study are presented in Table 3. In Table 3, ORs and herit-
ability with SE determined with the Falconer method are 
presented for offspring (second generation) and grand-
children (third generation). ORs and heritability were 
higher for the third generation compared with the sec-
ond generation. ORs and heritability were also slightly 
higher for men compared with women, both in the sec-
ond and third generations. The estimated heritability±SE 
for VTE in offspring (second generation) was 33.8±0.7% 
compared with 39.0±1.3% for grandchildren (third gen-
eration). In the second generation, heritability for men 
(36.8±1.0%) was higher than for women (30.4±1.0%). 
Also, in the third generation, heritability was higher for 
men (43.9±2.0%) than for women (35.7±1.7%).

Segregation Analysis of VTE in Pedigrees 
With Inherited VTE
For segregation analysis, pedigrees with affected 
members only in the first generation were excluded 
(18 933 pedigrees), because in these pedigrees VTE 
was not inherited. The remaining 42  284 pedigrees 
with inherited VTE (ie, at least 2 affected pedigree 
members not limited to the first generation and com-
prising 939 192 individuals) were selected for segrega-
tion analysis (Table  4). Descriptive data according to 
relative pairs, affection status (VTE yes/no), concord-
ant affected relative pairs (both relatives affected in a 
pair), discordant relative pairs (1 affected and 1 unaf-
fected relative), and sex are presented in Table 4.

First, the effect of sex and age as covariates on the 
probability of being affected with VTE was evaluated 
in a 1- susceptibility- type model that assumes no seg-
regation (sporadic model). The results are presented 
in Table 5. Using the covariates age and sex gave the 
lowest Akaike value and was also significantly better 
than the other models (Table 5). Both age and sex were 
therefor included as covariates.

Because we selected for analysis families with in-
herited VTE, we imposed a prevalence constraint 
determined in the whole study population. Age-  (ie, 
generation) and sex- specific constraints were imposed 
on all models (Table 6) with results shown in Tables 7 
and 8. To determine whether support existed for famil-
ial correlation (association), a sporadic model without 
familial correlation was compared with sporadic mod-
els with 3 types of familial correlations, father- offspring 
(ꝩfo), mother- offspring (ꝩmo), and sib- sib (ꝩss) correla-
tions. Table 7 presents the effect of incorporating dif-
ferent familial associations in these nonsegregating 
models. Among all models, model A had a higher AIC 
value than models B to D, providing support for the 

Table 2. Pedigree Structure According to Number of Venous Thromboembolism– Affected Family Members in the Pedigree

No. affected in a pedigree No. of pedigrees (%)

Pedigree size

Minimum Maximum Mean (SD)

0 247 263 (54.9) 7 76 16 (5)

1 142 078 (31.5) 7 73 17 (6)

2 45 907 (10.2) 7 73 18 (7)

3 11 748 (2.6) 7 65 19 (7)

4 2745 (0.6) 7 60 21 (8)

5 609 (0.1) 8 67 23 (8)

6 143 (0.0) 10 51 26 (9)

7 41 (0.0) 13 52 28 (9)

8 11 (0.0) 23 53 38 (11)

9 9 (0.0) 21 54 43 (12)

10 4 (0.0) 47 54 50 (3)

All pedigrees 450 558 (100) 7 76 17 (6)

An individual may occur in >1 pedigree. The number of venous thromboembolism cases is therefore not the same as in Table 1.
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existence of familial correlations (polygenic/multifacto-
rial component) in the data. Only minor differences in 
AIC values were observed for models B to D. Model C, 
with equal transmission for parent- offspring and differ-
ent sib- sib correlations (ie, generation- specific trans-
mission), was selected.

Table 8 presents the estimated parameters for dif-
ferent models of the mode inheritance of VTE suscep-
tibility. Hypotheses are assessed by the likelihood ratio 
test, when the null hypothesis is not on a boundary of 
the less- restricted model, and the negative of twice the 
difference in natural logarithms for hierarchical models 
follows a χ2 distribution, with the number of degrees 
of freedom equal to the difference in the number of 

independent parameters estimated. All models, ex-
cept the major- type- only model (model 12), including 
the sporadic nongenetic model (model 1) were rejected 
against the general unrestricted model 13. However, 
the AIC supported the major- type- only model (model 
12)33 with the lowest Akaike value compared with all 
other models. The worst model with highest Akaike 
value was the sporadic nongenetic model (model 1). 
Thus, all genetic models had higher Akaike values 
compared with the nongenetic model.

The unrestricted general model (model 13), which 
subsumes all the other models, was the second 
preferred model. A polygenic- environmental model 
(model 3) was the third preferred model, followed by 

Table 3. Nested Case- Control Study

Cases Controls

OR (95% CI)
Falconer regression, 
heritability±SE, %

Affected/nonaffected 
parents

Affected/nonaffected 
parents

Second generation, offspring

All 14 762/41 972 48 898/234 772 1.70 (1.66– 1.73) 33.8±0.7

Men 7905/21 882 25 701/123 234 1.74 (1.69– 1.79) 36.8±1.0

Women 6857/20 090 23 197/111 538 1.65 (1.60– 1.70) 30.4±1.0

Third generation, grandchildren

All 2855/13 919 7541/76 329 2.11 (2.01– 2.21) 39.0±1.3

Men 1263/5436 3134/30 361 2.30 (2.14– 2.47) 43.9±2.0

Women 1592/8483 4407/45 968 1.99 (1.86– 2.11) 35.7±1.7

Heritability was estimated using Falconer regression for offspring (second generation) and grandchildren (third generation) based on a nested 1:5 matched 
case- control study. Cases and controls were matched 1:5 for sex, educational attainment, county of birth, and birth year. An individual included in >1 pedigree 
may occur in both the second generation and the third generation. Therefore, the number of cases is more than presented in Table 1, which only includes each 
individual once. OR indicates odds ratio.

Table 4. Pedigrees (n=42 284) With Inherited or Familial VTE Used for Segregation Analysis

Relative pairs

Pedigree size, mean (SD) (range), 22.21 (8.70) (7– 84)

Count, n Concordant affected pairs, n Discordant pairs, n

Parents/offspring 1 244 150 27 876 264 707

Sibling/sibling 563 770 6631 99 872

Sister/sister 132 637 1425 24 057

Brother/brother 148 430 1974 25 198

Brother/sister 282 703 3232 50 617

Grandparents 963 466 9553 269 052

Avuncular 1 172 790 4517 222 343

Half- sibling 65 195 78 5525

Cousin 1 255 925 1073 87 212

VTE and sex

All, n Affected, n Affected, %

All individuals 939 192 102 752 10.9

Men 476 784 49 205 10.3

Women 462 408 53 547 11.6

Pedigrees with affected members only in the first generation were not included because VTE was not inherited in these pedigrees. Concordant affected 
pairs indicates both relatives in a pair are affected. Discordant pairs indicates 1 relative is affected and 1 relative is unaffected in the pair. VTE indicates venous 
thromboembolism.
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the Mendelian mixed codominant (plus polygenic) 
model (model 8). Thus, among the Mendelian models, 
the mixed codominant (plus polygenic) model 8 was 
preferred with the lowest Akaike value (Table 8). This 
mixed Mendelian model 8 was preferred also over an 
additive polygenic model 2 (ie, lower Akaike value).

DISCUSSION
The present study is the first segregation study show-
ing genetic susceptibility for VTE based on data from 
a nationwide general population. The preferred model 
was the major type only,33 but with a correlation struc-
ture compatible with some polygenic inheritance. 
To be comparable with other studies we used the 

Falconer model, which estimates the liability to herit-
ability, rather than the heritability of the disease itself. 
In agreement with previous studies, we found a higher 
heritability of VTE for men compared with women.14,17 
This concurs with the Carter effect, because the VTE 
prevalence was slightly higher for women, at least 
among grandchildren.36 Heritability was also shown to 
be age dependent, with the highest heritability among 
the youngest generation (grandchildren). Only 1 previ-
ous segregation analysis of families with VTE has been 
published before.16 In that study, Heit et al could dis-
card a nongenetic model,16 whereas a general model 
fitted best. In the present nationwide study in agree-
ment with Heit et al, segregation analysis could dis-
card a sporadic nongenetic model. However, in the 
present study, the major- type- only model, with cor-
relation structure compatible with some polygenic in-
heritance instead of the unrestricted general model,16 
fitted the data best. In Sweden, the factor V Leiden 
mutation and the prothrombin 20210A mutation asso-
ciated with VTE are present in around 10% and 2% of 
the population, respectively.37,38 Protein S deficiency is 
also indicated to be rather common, with a prevalence 
of 1% to 2%.39 However, the prevalence of protein C 
deficiency and antithrombin deficiency is unknown in 
Sweden. Nevertheless, the prevalence of major throm-
bophilic genes in the Swedish population is relatively 
high and fits with the major- type- only model (Table 7), 
for example, for Swedish families with inherited pro-
tein S deficiency.40,41 The importance of genes for the 
familial clustering of VTE suggests that it might be 
worthwhile to search for novel genes in pedigrees with 
inherited VTE. Recently, a Swedish study has found a 
protective effect of nonsynonymous variants in proco-
agulant genes.42 Rare STAB2 variants have also been 
implicated in VTE.8,43 Therefore, it is of high interest to 

Table 5. Testing Whether Covariates Sex and Age Should Be Included in a Segregation Model Using the Multivariate 
Logistic Model

Parameters

Covariate(s) in the model

No covariate Sex Age Sex and age

β −2.84 −2.84 −2.98 −2.98

ξsex 0.30 0.11

ξage 0.06 0.06

−2ln(L) 2 172 220 2 171 320 2 064 310 2 064 140

Df* 1 2 2 3

AIC 2 172 222 2 171 324 2 064 314 2 064 146

χ2 (△df)† 108 080 (2) 107 180 (1) 170 (1) …

P value <0.001 <0.001 <0.001 …

Sex status is a covariate of the (logit) type susceptibility of a binary trait. A sporadic and nonsegregating model is used for testing whether sex, age, or sex 
and age should be included in further modeling. Bold indicates that this model had lowest AIC. AIC indicates Akaike information criterion.

*Number of functionally independent parameters estimated.
†χ2 test where △df=difference in degree of freedom between compared models.

Table 6. Prevalence Constraints of VTE Imposed in All 
Models

Generation Women Men

Grandparents

VTE affected 62 298 (9.6%) 54 700 (8.4%)

All 649 797 (100%) 648 001 (100%)

Age, y* 79 77

Offspring

VTE affected 22 355 (3.5%) 25 613 (3.7%)

All 636 741 (100%) 683 189 (100%)

Age, y* 58 59

Grandchildren

VTE affected 7831 (0.96%) 5068 (0.58%)

All 812 184 (100%) 871 262 (100%)

Age, y* 29 29

All 450  558 pedigrees comprising 4  301  174 individuals were used to 
determine generation (age) and sex- specific prevalence. VTE indicates 
venous thromboembolism.

*Mean age at end follow- up.
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determine whether unknown strong major thrombo-
philic variants exist in the Swedish population.

Among the Mendelian models, the lowest Akaike 
value was observed for the Mendelian codominant plus 
polygenic model. In codominant inheritance, 2 differ-
ent alleles of a gene are expressed, and each influence 
the genetic trait. Speculatively, this finding could fit with 
the recent finding of a protective effect of nonsynony-
mous variants in procoagulant genes, including the F5 
gene.42 In the study by Heit et al, the dominant mixed 
model was preferred among the Mendelian models.16 
It is possible that this difference is because of the high 
prevalence (10%) of Factor V Leiden in Sweden.37,39

Limitations
The use of a nationwide sample minimizes the risk 
of selection bias when proper allowance is made for 
how the sample of nonsegregating pedigrees is se-
lected for analysis. However, as always in variance 
partition studies, the interpretation of the results is 
constrained by time (1964– 2015) and geographical lo-
cation (Sweden). Inclusion and exclusion criteria were 
set to secure that all VTE events in a pedigree could 
be registered in the Swedish patient registers (1964– 
2015). This is a limitation because families with fatal 
pulmonary embolism before 1964 are not included. 
It is possible that some pedigrees with major genetic 
factors causing early death were missed. Thus, it is 
possible that the influence of major genes is under-
estimated. Moreover, families with better health than 

the average might be overrepresented, which is re-
flected by the high median age at end of follow- up in 
the oldest generation. However, this secures a correct 
ascertainment of VTE cases in included pedigrees, 
though some cases may not be registered because 
the registers are only nationwide from 1987. However, 
asking a proband about the family history of a disease 
is an important source of self- report and recall bias, 
probably exceeding the study limitations of the pre-
sent study design.44

Another limitation of this study is that outpatient 
data were only available from 2001. However, outpa-
tient treatment before this date was not as common as 
today. Moreover, because VTE is a recurrent disease, 
these outpatients are likely to be affected later and 
found in the register in 2001 and after.24 Severe cases 
with VTE are more likely to be hospitalized than less se-
vere cases and it might be an advantage when study-
ing inherited disorders to focus on the most severe 
phenotypes.45 In addition, the large number of com-
parisons is a point worthy of consideration. Although 
some researchers support correction for multiple com-
parisons, others argue that such corrections may lead 
to an underestimation of effects.46

Another limitation is the risk for misclassification of 
VTE cases diagnosed between 1964 and 1969, be-
cause VTE was more often based on clinical judg-
ment rather than objective methods during this period. 
However, only 0.31% (n=548) of all cases in the pres-
ent study were diagnosed during this period. Still, it is 

Table 7. Parameter Estimated in a Sporadic Model and Nonsegregating Model (Model A), Incorporating Various Familial 
Associations (Model B to D) by Multivariate Logistic Model (ꝩfm=0)

Parameters

Familial association components

Model A, ꝩfo=ꝩmo=ꝩss=0 Model B, ꝩfo=ꝩmo=ꝩss Model C, ꝩfo=ꝩmo, ꝩss Model D, ꝩfo, ꝩmo, ꝩss

β −2.93 −2.92 −2.92 −2.92

Sex 0.08 0.08 0.08 0.08

Age 0.03 0.03 0.03 0.03

Generation −0.48 −0.40 −0.41 −0.41

ꝩfo
[0]* 0.63 0.64 0.62

ꝩmo
[0]* 0.63 0.64 0.65

ꝩss
[0]* 0.63 0.65 0.65

−2ln(L) 1 967 670 1 963 110 1 963 110 1 963 106

df 4 5 6 7

AIC 1 967 678 1 963 120 1 963 122 1 963 120

χ2 (△df) 4 564 (3) 4 (2) 4 (1) …

P value <0.001 0.135 0.046 …

Familial association is the same as familial correlation. To determine support for familial association (polygenic/multifactorial component), we compared the 
sporadic model without familial association together with sporadic models with 3 types of familial associations. The table presents the effect of incorporating 
different familial associations in these nonsegregating models. ꝩfm correlations set to 0 assuming absence of assortative mating or consanguineous mating. 
Familial correlations; father- offspring (ꝩfo), mother- offspring (ꝩmo), and sib- sib ( ꝩss) correlations. AIC indicates Akaike information criterion; △df, difference in 
degrees of freedom between compared models.

*Parameters were fixed at the values indicated.
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important to recognize that this limitation is present in 
all family studies that include cases from early periods.

Another limitation is that we were not able to control 
for several VTE risk factors that has changed in frequency 
during the study period such as overweight/obesity, 
height, smoking, arterial cardiovascular disorders, hor-
mone replacement therapy, and oral contraceptives 
use. Moreover, because of limitations of the software (ie, 
Statistical Analysis for Genetic Epidemiology), pedigrees 
with twins, loops, and >3 mates were excluded. It is 
possible that the unexpected low frequency of affected 
women in the second generation is related to some of 
these uncontrolled factors (Table 1 and Table S1).

Strengths
The large study size of the present study is a major 
advantage. Another strength is the use of validated 
hospital discharge data.19,26 The validity is 90% to 95% 
for cardiovascular disorders such as VTE, stroke, and 
myocardial infarction.19,26 Another advantage is that the 
use of objective clinical hospital diagnoses allows for 
the elimination of any recall bias. Recall and self- report 
bias are common problems in many family studies of 
VTE.44 Use of the multigeneration register is there-
fore an advantage.20 Swedish registers such as the 
Swedish Total Population Register and the Swedish 
Hospital Discharge Register are highly complete.18– 23

A key strength is that the results of the present 
study are in line with findings from genetic studies 
based on genomic data4– 6,9– 11 and the only previous 
segregation study of VTE by Heit et al.16 Compared 
with the only previous complex segregation study by 
Heit et al, who used the Pedigree Analysis Package, 
we were able to statistically compare the models 
because of the large sample size.16 Moreover, the 
program SEGREG within the 64- bit Linux software 
package Statistical Analysis for Genetic Epidemiology 
6.4, which was used in the present study, allowed for 
adjustment and test of suitable covariates and also 
for selection of the most appropriate familial correla-
tions. A further strength is that we did not exclude 
pedigrees with probands with cancer as in the Heit 
study.16 In the Heit study, family history was based on 
self- report by the proband, and probands were all re-
ferred to a highly specialized coagulation clinic at the 
Mayo clinic. The lower heritability in the present study 
might be attributable to these differences in study 
design and sample size. A strength is that age-  and 
sex- specific prevalence constraints were imposed on 
all models.

CONCLUSIONS
The heritability of VTE in the general population in Sweden 
exhibits a Carter effect, with higher heritability among 

young individuals and men. In addition, segregation 
analysis discards a pure nongenetic cause of VTE. The 
findings from the Swedish pedigrees with inherited VTE 
are in line with a single major- type- only model transmitted 
with the possibility of some polygenic effects. The pre-
sent study suggests that further genetic studies of fami-
lies with familial aggregation of VTE might be worthwhile.
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Table S1. Descriptive statistics of the study sample (population of Swedish-born, 

n=7,568,818) with and without venous thromboembolism (VTE) during study period 1964-2015. 

VTE cases No VTE 

Numbers (%) 

    All 

    Grandparents 

    Offspring 

    Grandchildren 

284515 (100) 

165021 (58.0) 

87177 (30.6) 

32317 (11.4) 

7284303 (100) 

1637211 (22.5) 

2108359 (28.9) 

3538733 (48.6) 

*Age at end of follow-up

median [q1–q3] (min–max)

    All 

    Grandparents 

    Offspring 

    Grandchildren 

74 [61–83] (0–110) 

81 [74–87] (20–110) 

65 [57–71] (1–83) 

42 [34–48] (0–65) 

49 [31–69] (0–110) 

79 [72–85] (18–110) 

60 [52–67] (0–83) 

31 [23–41] (0–67) 

Age at first VTE  

median [q1–q3] (min–max) 

    All 

    Grandparents 

    Offspring 

    Grandchildren 

66 [52–76] (0–104) 

74 [66–81] (18–104) 

57 [47–65] (0–83) 

32 [25–41] (0–64) 

– 

– 

– 

– 

Female, Sex, n (%) 

    All 

    Grandparents 

    Offspring 

    Grandchildren 

149257 (52.5) 

88150 (53.4) 

41474 (47.6) 

19633 (60.8) 

3557388 (48.8) 

812966 (49.7) 

1030269 (48.9) 

1714153 (48.4) 

*End of follow-up is either age at end of study 2015, age at death, or age at emigration, depending on which occurred first.

[q1–q3]=Interquartile range (IQR); (min–max)=range; Q1=fist quartile; Q3=third quartile.

Individuals could be included more than once if they occur in more than one pedigree. In Table 1 each individual appears only once. 
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