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A novel sibling-based design to quantify genetic and
shared environmental effects: application to drug
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Background. Twin studies have been criticized for upwardly biased estimates that might contribute to the missing heritability problem.
Method. We identiﬁed, from the general Swedish population born 1960–1990, informative sibships containing a proband, one reared-together full- or half-sibling and a full-, step- or half-sibling with varying degrees of childhood cohabitation with the proband. Estimates of genetic, shared and individual speciﬁc environment for drug abuse (DA), alcohol
use disorder (AUD) and criminal behavior (CB), assessed from medical, legal or pharmacy registries, were obtained
using Mplus.
Results. Aggregate estimates of additive genetic effects for DA, AUD and CB obtained separately in males and females
varied from 0.46 to 0.73 and agreed with those obtained from monozygotic and dizygotic twins from the same population. Of 54 heritability estimates from individual classes of informative sibling trios (3 syndromes × 9 classes of trios × 2
sexes), heritability estimates from the siblings were lower, tied and higher than those from obtained from twins in 26, one
and 27 comparisons, respectively. By contrast, of 54 shared environmental estimates, 33 were lower than those found in
twins, one tied and 20 were higher.
Conclusions. With adequate information, human populations can provide many methods for estimating genetic and
shared environmental effects. For the three externalizing syndromes examined, concerns that heritability estimates
from twin studies are upwardly biased or were not generalizable to more typical kinds of siblings were not supported.
Overestimation of heritability from twin studies is not a likely explanation for the missing heritability problem.
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All psychiatric and substance use disorders are familial
(McGufﬁn et al. 1994; Kendler & Eaves, 2005). An old
yet central question for the ﬁeld is the degree to
which this aggregation results from genetic v. environmental factors. Because these questions cannot be
addressed by controlled experiments, psychiatric
genetics has had to rely on ‘experiments of nature’ to
address this problem, of which two – twin and adoption studies – have been predominant. Because of the
increasing availability of twin registries (Hur &
Craig, 2013) and the declining rates of and the strict
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legal protections surrounding adoption, twin studies
have become the dominant method.
The validity of the twin method has long been questioned, with critics charging that the resulting heritability estimates are substantially inﬂated (Jackson, 1960;
Lewontin et al. 1985; Pam et al. 1996; Joseph, 2002).
Twins also have a distinct intra-uterine experience
and form, it is claimed, a unique psychological relationship so that results derived from them cannot be
extrapolated to more typical human populations.
Many efforts have been made to empirically address
these criticisms (Kendler, 1983; Kendler & Prescott,
2006; Barnes et al. 2014; LoParo & Waldman, 2014)
but the debate continues as witnessed by a recent review in a prominent criminology journal, which
argued that twin studies were so ﬂawed that their further use should be banned (Burt & Simons, 2014). The
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problem of the accuracy of twin heritability estimates
has recently taken on a new urgency given increasing
efforts to understand the origins of the ‘missing heritability’ problem – the differences in heritability estimates derived from twin studies v. from statistical
tools applied to genome-wide molecular variants
[Manolio et al. 2009; Lee et al. 2011; Cross-Disorder
Group of the Psychiatric Genomics Consortium
(PGC-CDG) 2013; Golan et al. 2014; Goldman, 2014;
Wray & Maier, 2014].
In this report, we present a new design for addressing the sources of familial aggregation relying on typical sibling relationships: full-, half- and step-siblings.
We apply this design to drug abuse (DA), alcohol
use disorder (AUD) and criminal behavior (CB).
Three aspects of our design are novel. First, because
of the records available in Sweden, we know the siblings’ cohabitation history and so can directly assess
their household-level shared environmental exposure
during childhood.
Second, rates of drug, criminal and alcohol problems
vary in different family constellations, being substantially lower in intact full-siblings than in ‘broken’
half- or step-sib families. Therefore, instead of comparing aggregate correlations for different types of
relationships, we identify informative sibling trios consisting of one proband and two siblings who differ in
the degree of their genetic resemblance and/or environmental sharing with the proband (Fig. 1). In each trio,
we can predict the expected correlations in liability
from which we estimate genetic and environmental
effects. Such sibships each represent a natural experiment. Because our comparisons are all within sibships,
we control for background familial factors that can differ across family constellations.
Third, we examine a range of such informative sibling trios, and focus in particular on those that include
a proband and either one full-sibling or one halfsibling reared together with the proband. By exploring
the stability of our estimates of genetic and environmental effects across trio types, we can evaluate the
validity of our assumptions. Finally, we ﬁt structural
equation models jointly in a multi-group model to
our different sibling trios. This permits us to obtain
both an aggregate estimate to compare with estimates
derived from twins in the same population and to test
formally whether our estimates from the different
kinds of sibling trios differ signiﬁcantly from one
another.

Supplementary material. We secured ethical approval
for this study from the Regional Ethical Review
Board of Lund University (no. 2008/409).
Sample
The source population consisted of all individuals born
in Sweden between 1960 and 1990, and who had not
emigrated or died before the age of 16 years, which
we deﬁne as childhood. We started with a putative
proband from this population and selected all his/her
same-sex full-, half- and step-siblings with a maximum
of 10 years age difference. A step-sibling was deﬁned
as an individual residing in the same household as
the proband during childhood who was not genetically
related up to ﬁrst cousins. As outlined in Table 1, we
then considered 17 types of sibling pairs as a function
of the genetic relationship (full-, half- or step-sib) and
six levels of cohabitation (deﬁned as residing in the
same household) during childhood: 513 years (termed
‘reared together’), 10–12 years, 7–9 years, 4–6 years, 1–
3 years and 0 years (for full- and half-sibs only). We
ended up with 15 functional categories, as, because
of small numbers, we combined full- and half-siblings
who cohabitated 1–3 and 4–6 years (Table 1).
Trios were then selected where the proband had a
different type of relationship with each of the two
co-siblings (Fig. 1). Our analyses examined the two
proband–sibling relationships in each trio and we did
not consider the relationship of the two non-proband
siblings. As outlined in Table 2, we examined two
major groups of trios in which the ﬁrst proband–sibling relationship was that of: (i) a reared-together fullsibling pair; and (ii) a reared-together half-sibling pair.
We call these, respectively, full-sibling and half-siblingbased trios. In the larger sample of full-sibling-based
trios (66 480 unique male and 67 101 unique female
probands), we formed six subgroups of pairs, listed
in subgroups 1–6 in Table 2. Subgroups 7–9 then represented all full-sibling-based trios where the second
proband–sibling pair was, respectively, a full-, stepand half-sibling. Subgroup 10 included all the fullsibling-based trios analysed together. Because of the
smaller sample size of half-sibling-based trios (13 322
unique male and 11 232 unique female probands), subgroup 11 included all the half-sibling-based trios analysed together and group 12 all trios examined
together. All the analyses were stratiﬁed based on
sex. We required that all three individuals within the
trio were of the same sex.

Method

Statistical analyses

We used linked data from multiple Swedish nationwide registries and healthcare data. For details
and for deﬁnitions of CB, DA and AUD, see online

As in classical twin modeling, we assume a liability
threshold model with three sources of liability: additive genetic (A), shared environment (C) and unique
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Fig. 1. Examples of (a) a proband with a full-sibling with whom he had been reared with for 513 years of his childhood (up
to the age of 16 years) and a full-sibling with whom he never cohabitated; (b) a proband with a full-sibling with whom he
had been reared with for 513 years of his childhood and a half-sibling with whom he had been reared for 10–12 years of his
childhood; and (c) a proband with a half-sibling and a step-sibling, both of whom he had lived with for 513 years of his
childhood.

environment (E). We assumed that full-siblings share
on average half and half-siblings a quarter of their
genes identical by descent and step-siblings were genetically uncorrelated with each other. Additionally we
assumed that shared environment was a function of
the number of years residing together in the same
household during childhood. We assume C to equal
1 for all individuals residing 513 years in the same
household, 0.7 for 10–12 years; 0.5 for 7–9 years; 0.3
for 4–6 years; 0.1 for 1–3 years and ﬁnally 0 for 0
years. A sibling pair could be included in several
trios. However, as we do not estimate the correlation
between siblings no. 1 and no. 2 in the trio, the pair
will be included only once in each model.
Our estimation procedures for each pair of sibling
types were straightforward. In each case, we had two
equations (the correlations for the given phenotype in
two different kinds of sibling pairs predicted by

different proportions of A and C) and two unknowns:
A and C. Thus, in a saturated model, we could always
derive estimates of A and C from these results with E
as a residual term deﬁned as e2 =1 − (a2 + c2). We only
included pairs of relationships in our analyses that provided unique solutions.
To facilitate comparisons across models, we present
only results from the full model, that is, containing estimates of A, C and E. Prior simulations have suggested
that parameter estimates from a full model are typically more accurate than those from submodels
(Sullivan & Eaves, 2002). Model ﬁtting was done
using Mplus version 7.2 with the delta parameterization and the weighted least squares means and variance (WLSMV) as the ﬁt function (Muthén &
Muthén, 2007).
We utilized ﬁt indices, i.e. the Tucker–Lewis index
(Tucker & Lewis, 1973), the comparative ﬁt index
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Table 1. Types of sibling pairs that make up the sibling trios

Abbreviation

Kind of
sibling pair

S1
S2
S3
S4/5
S6
S7
S8
S9
S10/S11
S12
S13
S14
S15
S16
S17

Full
Full
Full
Full
Full
Half
Half
Half
Half
Half
Step
Step
Step
Step
Step

Number of
years living
together out
of ﬁrst 16
years
>13
10–12
7–9
1–6
0
>13
10–12
7–9
1–6
0
>13
10–12
7–9
4–6
1–3

Approximate
percentage of
years lived
together up to
age 16 years
>80
61–80
41–60
1–40
0
>80
61–80
41–60
1–40
0
>80
61–80
41–60
21–40
1–20

(Bentler, 1990) and the root mean square error of approximation (Steiger, 1990), to assess the model’s balance of explanatory power and parsimony.
Results
Sample
Table 3 shows the number of informative trios containing a full-sibling reared-together pair as well as the
prevalence for DA, AUD and CB in each of the siblings. Sample sizes varied widely across trios. The
most common informative trios were subgroup 2
where one proband–full-sib pair was reared together
(S1) and the other pair cohabitated 60–79% (S2), 40–
59% (S3) or 1–39% of their childhood (S4). The second
most common was subgroup 5 where the proband–
full-sib pair was reared together and the proband–halfsib pair was reared separately. Particularly rare was
subgroup 1 where the one proband–full-sib pair
was reared together and the other full-sib–sib pair
was raised separately. The prevalence of the three syndromes – all of which were more common in males
than females – differed widely across family type. For
example, the prevalence of AUD in females was
about 2% in the largely intact subgroup 2 families, 3–
5% in the subgroup 3 families and 6% in the unusual
subgroup 1 families. For DA in males, parallel values
were 4–5%, 7–11% and 10–13%. Table 4 presents similar information for the half-sib-based trios.

Heritability
Summary results for all analyses are presented in detail
in the forest plots (Figs 2a–4b) and the summary
(Table 5). We present results in detail for CB in males
in Table 6 (and Fig. 2a) as this is our most common
phenotype where we have greatest statistical power.
We examined the ﬁt of three comparative models: (i)
the six full-sib-based trio combinations estimated separately or together; (ii) the three half-sib-based trio
combinations estimated separately or together; and
(iii) the aggregate estimates obtained from the full-siband half-sib-based analyses. In all cases, as seen in the
online Supplementary material, the joint estimates had
similar or superior ﬁts on at least two of the three ﬁt
indices, suggesting that the estimates were statistically
homogeneous.
CB
Table 6 provides detailed results for CB in males, summarized in Fig. 2a. We focus here on estimates of heritability (a2). Our ﬁrst sample (subgroup 1 in Table 2) is
a rare trio type so the resultant estimate for a2 for
CB – 0.71 (95% conﬁdence interval (CI) 0.47–0.95] – is
known imprecisely. Our second type of trios – (subgroup 3) – is more common and the resultant heritability estimate has narrower CIs (0.51, 95% CI 0.40–0.60).
Because of the relative rarity of step-sibs, we considered all the full-sib–step-sib trios together in subgroup
3 and obtained an a2 estimate of 0.42 (95% CI 0.23–
0.61). For subgroups 4, 5 and 6 (full-sibling/half-sibling
trios), we obtain estimates of the heritability of CB of
0.53 (95% CI 0.33–0.74), 0.70 (95% CI 0.60–0.80) and
0.71 (95% CI 0.35–1.00), respectively.
For subgroups 7 (full-sibling trios, combined across
all cohabitation periods), 8 (full-/step-sibling trios)
and 9 (full-/half-sibling trios across all cohabitation
periods), heritability estimates for CB were similar
with overlapping CIs: 0.54 (95% CI 0.44–0.63), 0.42
(95% CI 0.23–0.61) and 0.66 (95% CI 0.58–0.75), respectively. Subgroup 10 involved ﬁtting a model across
all the individual estimates from subgroups 1 to 6,
constraining to equality estimates of a2, c2 and e2
which performed well with our ﬁt indices (online
Supplementary material). The resulting estimated heritability of CB in males was 0.59 (95% CI 0.53–0.64).
Subgroup 11 presents the results from all half-sibling
reared-together-based trios which estimated a2 for CB
in males at 0.55 (95% CI 0.45–0.66). Fit indices indicated that the full- and half-sibling-based trios could
be combined and produced a heritability estimate, for
subgroup 12, of 0.58 (95% CI 0.53–0.62). The ﬁnal
row of Table 6 presents the results from monozygotic
(MZ) and dizygotic (DZ) twins where a2 for CB in
males was estimated at 0.50 (95% CI 0.32–0.69).
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Table 2. Subgroups of sibling trios

Subgroup
1
2
3
4
5
6
7
8
9
10
11

12
13

Sibling pairs contained in
the trios examined
S1, S6
S1, S2, S3, S4/S5
S1, S13, S14, S15, S16, S17
S1, S7
S1, S12
S1, S8, S9, S10/S11

S7, S2, S3, S4/S5, S6
S7, S13, S14, S15, S16, S17
S7, S8, S9, S10/S11

Relation to
proband
(sibling 1)

Number of years
resided with proband
(sibling 1)

Full-sibling
513
Full-sibling
513
Full-sibling
513
Full-sibling
513
Full-sibling
513
Full-sibling
513
Combination of subgroups 1, 2
Same as subgroup 3
Combination of subgroups 4, 5, 6
Combination of subgroups 1, 2, 3, 4, 5, 6
Half-sibling
513

Relation to
proband
(sibling 2)

Number of years
resided with proband
(sibling 2)

Full-sibling
Full-sibling
Step-sibling
Half-sibling
Half-sibling
Half-sibling

0
1–12
1–16
513
0
1–12

Full-sibling
Step-sibling
Half-sibling
Combination of subgroups 1, 2, 3, 4, 5, 6 and 11
Twin
513
–

1–12
1–16
0–12

Results from all our trio subgroups for CB in females
are presented in Fig. 2b and key ﬁndings summarized
in Table 5. (In Figs 2a and 3b, the number on the lines
on the y-axis corresponds to the subgroup number in
Table 2.) Heritability estimates from the three subgroups of the full-sib-based trios (7, 8 and 9) were,
respectively, 0.47 (95% CI 0.31–0.63), 0.25 (95% CI
0.00–0.58) and 0.62 (95% CI 0.49–0.76). Modeling all
the full-sibling-based trios together (subgroup 10) produced an a2 estimate of 0.53 (95% CI 0.43–0.62). The estimate from the half-sibling-based trios (subgroup 11)
was similar (0.59, 95% CI 0.43–0.76) as were the results
when we combined the two groups of trios (subgroup
12): 0.53 (95% CI 0.46–0.61). We obtained an a2 estimate
from twins of 0.43 (95% CI 0.14–0.72).
AUD
Detailed results are summarized in Fig. 3a and b, and
key ﬁndings are summarized in Table 5. AUD and
DA are quite a bit rarer than CB so estimates are
known less precisely. In males, heritability estimates
for AUD in full-sibling-based trios (0.50, 95% CI
0.40–0.61) were slightly lower than those obtained
from half-sibling-based trios (0.63, 95% CI 0.46–0.80)
and produced an aggregate estimate of 0.54 (95% CI
0.46–0.62). This was slightly lower than that obtained
from twins (0.61, 95% CI 0.21–1.00).
In females, heritability estimates for full-siblingbased trios (0.55, 95% CI 0.39–0.72) were much higher
than those obtained from half-sibling-based trios
which were known very imprecisely (0.25, 95% CI
0.00–0.56). Joint estimates from both groups of trios

–

(0.51, 95% CI 0.38–0.65) were slightly higher than
those obtained from twins (0.42, 95% CI 0.00–0.92).
DA
Detailed results are summarized in Fig. 4a and b, and
key ﬁndings are summarized in Table 5. In males, heritability estimates for full-siblings-based trios (0.77,
95% CI 0.68–0.87) were slightly higher than those
obtained from the half-sibling-based trios (0.70, 95%
CI 0.54–0.87) and produced the following aggregate estimate: 0.73 (95% CI 0.66–0.81). This was substantially
higher than that obtained from twins but this estimate
was known quite imprecisely (0.54, 95% CI 0.19–0.89).
In females, heritability estimates for full-siblingbased trios (0.44, 95% CI 0.29–0.60) were modestly
lower than those obtained from the half-sibling-based
trios (0.58, 95% CI 0.31–0.86). Aggregate heritability
estimates from the two samples equaled 0.46 (95% CI
0.34–0.59), which was somewhat lower than that
found in the twins (0.57, 95% CI 0.00–1.00), although
CIs were very large.
Relationship of heritability estimates from sibling
trios and twins
An additional way to determine if twin studies might
have systematic biases in their heritability estimate is
to compare all individual estimates with our sibling
trios and compare them in aggregate with those found
in the twins. We had a total of 54 heritability estimates
from sibling trios: 3 syndromes x 9 sets of trios x 2 sexes.
When we compared these trio-based estimates with
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Table 3. Sample sizes for full-sibling reared-together-based sibling trios and twin pairs
Number of
unique pairs

Subgroup

Kind of trio

1

Full-siblings
reared together
and apart
Full-siblings
reared together
for variable
times
Full-siblings
reared together
and all
step-siblings

2

3

4

5

6

13

Full-siblings and
half-siblings
reared together
Full-siblings
reared together
and
half-siblings
reared apart
Full-siblings
reared together
and
half-siblings
reared together
for variable
times
Twin analyses

Sibling
pair
S1
S6

Male–
male

Female–
female

Prevalence in proband/co-sibling
Drug abuse

Alcohol use disorder

Criminal behavior

Male

Female

Male

Female

Male

Female

301
290

211
205

10.0/11.0
9.7/13.1

10.0/10.4
8.8/2.4

11.0/13.0
12.1/10.7

6.2/6.6
5.9/6.3

36.2/35.2
35.5/34.5

23.7/24.2
23.9/22.0

S1
S2
S3
S4
S1
S13
S14
S15
S16
S17
S1
S7

35 816
24 136
3540
1860
8714
347
951
610
5671
2145
7897
7043

41 099
27 974
3995
1948
6813
230
643
467
4389
1946
5988
5340

4.9/4.9
4.8/5.0
5.4/5.6
6.7/8.2
6.8/6.7
7.8/8.6
4.6/8.5
7.7/10.7
6.3/9.7
10.9/13.8
8.7/8.8
8.6/9.0

2.2/3.5
2.2/2.0
2.2/2.1
3.9/3.1
2.8/2.7
3.5/3.5
3.0/5.1
2.6/6.4
2.9/5.1
3.7/5.7
3.4/3.6
3.5/3.4

6.0/5.9
5.9/5.8
6.5/5.8
7.5/6.8
6.5/6.5
7.2/9.2
5.4/9.0
5.7/8.4
7.0/10.6
7.2/9.6
7.2/7.1
7.1/8.3

2.3/2.3
2.2/2.2
2.3/2.2
4.6/3.0
3.0/2.8
3.0/3.5
3.7/5.8
4.3/4.1
3.2/4.6
3.0/3.9
2.9/3.0
2.9/2.8

22.7/22.5
22.3/21.4
23.5/22.5
30.4/31.4
26.1/26.3
22.8/31.1
26.1/32.1
25.1/28.2
27.0/32.5
28.4/32.7
28.0/27.5
27.5/28.9

7.6/7.3
7.4/7.2
7.8/7.0
12.5/10.0
9.1/9.2
11.3/16.1
9.5/13.1
9.0/11.3
9.5/12.7
9.6/11.7
10.2/10.9
10.3/10.7

S1
S12

18 357
17 759

16 307
15 939

9.0/9.0
9.4/9.7

3.4/3.5
3.7/3.9

8.1/7.8
8.6/9.5

2.8/2.9
3.0/3.4

28.8/28.4
29.9/33.1

10.1/10.1
10.9/12.4

S1
S8
S9
S10/S11

7924
4391
1248
1746

8189
4708
1274
1565

9.5/9.6
9.0/9.8
10.2/9.5
11.6/11.6

3.8/3.7
3.8/3.7
4.1/4.0
4.5/5.1

8.1/8.4
8.0/9.6
8.7/8.3
9.9/10.9

3.7/3.5
3.5/3.6
4.4/3.2
3.9/5.0

31.0/30.4
31.5/33.2
30.8/33.8
33.4/38.6

11.7/11.1
11.3/10.8
12.6/10.8
13.9/14.1

MZ
DZ

2522
2198

3052
2469

2.9/2.9
2.5/1.7

1.7/1.3
1.3/1.3

3.0/3.1
3.2/4.2

2.0/1.5
1.5/1.7

13.7/14.8
14.4/15.0

4.9/5.0
5.1/5.3

MZ, Monozygotic; DZ, dizygotic.

those obtained from twins, heritability estimates from
the siblings were lower, tied and higher than those
from twins in 26, one and 27 comparisons, respectively.

Shared environment
As seen in Fig. 2a and b, and Table 5, for CB, aggregate
c2 estimates from both the full- and half-sib-based trios
were lower than that found for twins both for males
[0.14 (95% CI 0.11–0.16) v. 0.23 (95% CI 0.07–0.39)]
and females [0.05 (95% CI 0.01–0.09) v. 0.21 (95% CI
0.00–0.47)]. For AUD (Fig. 3a and b, and Table 5),
shared environmental estimates were higher from all
the sibling trio data than from the twins in males
[0.15 (95% CI 0.05–0.14) v. 0.03 (95% CI 0.00–0.38)]

and lower in females [0.01 (95% CI 0.00–0.08) v. 0.25
(95% CI 0.00–0.70)]. As seen in Fig. 4a and b, and
Table 5, for DA, c2 estimates from both the full- and
half-sib-based trios were lower than that found from
twins for males [0.14 (95% CI 0.10–0.18) v. 0.31 (95%
CI 0.00–0.65)] but higher in females [0.18 (95% CI
0.12–0.24) v. 0.11 (95% CI 0.00–0.64)]. Of our 54 c2 estimates from all the types of sibling trios examined, 33
were lower than those found in twins, one was tied
and 20 were higher.

Discussion
This paper had three major aims. First, we sought to
introduce a novel design for the estimation of genetic
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Table 4. Sample sizes for half-sibling reared-together-based sibling trios all making up subgroup 11
Prevalence in proband/co-sibling

Kind of trio
Half-siblings reared together
for variable times

Half-siblings reared together
and all step-siblings

Half-siblings reared together
and full-siblings reared
together for variable times

Number of unique
pairs

Drug abuse

Alcohol use
disorder

Criminal behavior

Sibling
pair

Male–
male

Female–
female

Male

Female

Male

Female

Male

Female

S7
S8
S9
S10/S11
S12
S7
S13
S14
S15
S16
S17
S7
S2
S3
S4
S5
S6

9925
2392
518
607
10 625
1556
168
232
115
902
382
1364
727
136
311
41
177

8304
2496
535
477
8591
967
89
136
85
663
238
1156
790
106
216
22
83

10.7/9.8
12.0/9.9
10.2/9.1
13.8/13.0
10.4/10.7
10.7/10.0
6.0/5.4
8.6/8.2
12.2/16.5
10.0/10.8
20.4/19.1
10.0/11.1
10.5/11.0
11.8/12.5
9.3/6.4
7.3/7.3
10.2/8.5

3.9/3.9
3.9/4.1
5.8/6.7
5.2/3.6
4.0/4.2
6.1/6.4
4.5/3.4
5.9/1.5
5.9/1.2
7.2/3.5
8.0/3.4
4.6/3.9
4.8/4.6
6.6/5.7
3.7/5.1
0/1.0
3.6/4.8

9.9/8.2
12.5/10.4
9.8/10.2
12.5/14.3
10.3/9.5
10.0/8.9
7.7/7.1
8.6/4.3
7.0/7.0
10.8/12.6
13.6/17.8
10.0/10.0
11.6/10.2
9.6/8.8
9.0/9.6
9.8/4.9
8.5/11.9

3.4/3.1
3.8/4.1
3.0/4.7
3.8/4.6
3.7/3.2
3.6/3.0
2.2/3.4
5.1/3.7
0.0/1.0
4.4/4.4
3.8/6.3
4.2/3.6
4.6/3.4
6.6/3.8
3.2/3.2
0/1.0
2.4/7.2

34.0/30.5
35.8/34.0
33.6/35.1
34.6/41.4
35.2/34.1
32.1/29.5
26.8/31.0
26.7/28.9
27.8/30.4
33.5/39.0
36.1/42.4
34.1/33.0
37.1/34.9
33.8/29.4
30.5/36.7
29.3/31.7
32.2/32.2

12.4/11.1
12.2/12.8
13.3/17.4
16.6/15.1
13.0/12.5
13.0/11.0
15.7/14.6
10.3/10.3
10.6/10.6
12.7/13.9
13.4/16.4
11.5/12.6
13.4/14.2
6.6/10.4
13.4/13.9
4.5/4.5
13.3/15.7

and environmental sources of familial resemblance
using common sibling relationships. Our ability to
identify such pairs and determine their childhood cohabitation history opens up new ways to address old
questions. Like twin studies, these sibling-based methods address sources of within-generation familial resemblance. This design is also novel in its focus on
informative sibling trios which reﬂect independent natural experiments because they contain two different
kinds of sibling relationships. This approach thereby
controls for family-level differences. We study genetic
effects by examining siblings who share approximately
50% of their genes (full-sibs), 25% of their genes (halfsibs) and 0% of their genes (step-sibs). We study shared
environmental effects as indexed by their years of living together while growing up.
In the Swedish population born from 1960 to 1990,
we identiﬁed 158 135 unique probands for these informative same-sex trios compared with 10 241 MZ
and DZ same-sex twin pairs with known zygosity.
Current human populations contain many non-twin
sibling trios who can provide information about the
source of familial resemblance.
Our second aim was to evaluate the reliability of the
estimates of genetic and shared environmental effects
obtained from the wide array of sibling trios we examined. Signiﬁcant disagreement in estimates across trio

types would suggest that factors other than those
included in our model are making an impact on familial resemblance. For all three of our independent
model-ﬁtting exercises (within our six types of
full-sibling-based trios, three types of half-siblingbased trios, and between our full- and half-sibling aggregate estimates), our joint estimates had identical or
superior ﬁts on two or more of the three ﬁt indices,
suggesting that the estimates were generally statistically homogeneous.
Our third aim was to evaluate whether, as postulated by critics (Jackson, 1960; Lewontin et al. 1985;
Pam et al. 1996; Joseph, 2002), twin studies systematically overestimate heritability. Here our results were
clear. The heritability estimates for CB, AUD and DA
that we obtained from our sibling trios were very
similar to those obtained from MZ and DZ twins
from the same population using the same diagnostic
methods. These results are consistent with two previous analyses of CB in full- and half-sibling pairs from
Sweden using typical modeling approaches (rather
than informative trios) which closely approximated
results obtained from twins (Frisell et al. 2012;
Kendler et al. 2015a).
Of the many methodological concerns about classical twin studies, two have been most prominent:
the equal environment assumption (EEA) and the
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Fig. 2. (a) Parameter estimates for additive genetic effects (A), shared environmental effects (C) and unique environmental
effects (E) estimates from various kinds of sibling trios for criminal behavior (CB) in males. The numbers given at the left side
of the ﬁgure correspond to the model number outlined in Table 2. The ﬁrst six lines depict results for all the subtypes of
full-sibling-based trios. The next three lines reﬂect the three major subgroups of full-sibling-based trios. The next three
separated lines depict, respectively, results for all full-sib-based trios, all half-sib-based trios and the results for all the sibling
trios (full-sib + half-sib-based). The ﬁnal line reﬂects the results from twin analyses. (b) Parameter estimates for additive
genetic effects (A), shared environmental effects (C) and unique environmental effects (E) estimates from various kinds of
sibling trios for CB in females. The numbers given at the left side of the ﬁgure correspond to the model number outlined in
Table 2. Values are estimates, with 95% conﬁdence intervals represented by horizontal bars.
Table 5. Estimates for additive genetic (a2), shared environmental (c2) and unique environmental effects (e2) from sibling trios and twins for
drug abuse, criminal behavior and alcohol use disorder
Drug abuse
Males

Criminal behavior
Females

All full-sibling-based trios
a2
0.77 (0.68–0.87)
0.44 (0.29–0.60)
c2
0.12 (0.07–0.17)
0.18 (0.10–0.26)
e2
0.11 (0.06–0.16)
0.38 (0.29–0.46)
All half-sibling-based trios
a2
0.70 (0.54–0.87)
0.58 (0.31–0.86)
c2
0.18 (0.12–0.24)
0.20 (0.09–0.30)
e2
0.12 (0.00–0.24)
0.22 (0.02–0.43)
All full- and half-sibling-based trios
a2
0.73 (0.66–0.81)
0.46 (0.34–0.59)
c2
0.14 (0.10–0.18)
0.18 (0.12–0.24)
e2
0.24 (0.08–0.17)
0.36 (0.29–0.43)
Twins
a2
0.54 (0.19–0.89)
0.57 (0.00–1.00)
c2
0.31 (0.00–0.65)
0.11 (0.00–0.64)
e2
0.15 (0.09–0.22)
0.33 (0.19–0.47)

Alcohol use disorder

Males

Females

Males

Females

0.59 (0.53–0.64)
0.13 (0.10–0.16)
0.29 (0.26–0.32)

0.53 (0.43–0.62)
0.05 (0.00–0.10)
0.43 (0.38–0.48)

0.50 (0.40–0.61)
0.11 (0.05–0.16)
0.39 (0.34–0.45)

0.55 (0.39–0.72)
0.00 (0.00–0.10)
0.44 (0.35–0.53)

0.55 (0.45–0.66)
0.15 (0.11–0.19)
0.30 (0.22–0.38)

0.59 (0.43–0.76)
0.04 (0.00–0.10)
0.37 (0.25–0.50)

0.63 (0.46–0.80)
0.08 (0.01–0.15)
0.16 (0.34–0.42)

0.25 (0.00–0.56)
0.12 (0.00–0.24)
0.64 (0.40–0.88)

0.58 (0.53–0.62)
0.14 (0.11–0.16)
0.29 (0.26–0.31)

0.53 (0.46–0.61)
0.05 (0.01–0.09)
0.42 (0.38–0.46)

0.54 (0.46–0.62)
0.10 (0.05–0.14)
0.37 (0.32–0.42)

0.51 (0.38–0.65)
0.01 (0.00–0.08)
0.48 (0.40–0.56)

0.50 (0.32–0.69)
0.23 (0.07–0.39)
0.27 (0.22–0.32)

0.43 (0.14;0.72)
0.21 (0.00–0.47)
0.36 (0.28–0.44)

0.61 (0.21–1.00)
0.03 (0.00–0.38)
0.36 (0.24–0.47)

0.42 (0.00–0.92)
0.25 (0.00–0.70)
0.34 (0.21–0.47)

Data are given as estimate (95% conﬁdence interval).
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Table 6. Criminal behavior in males
Estimate (95% conﬁdence interval)
Subgroup

Kind of sibling pairs

a2

c2

e2

1
2
3
4
5
6

Full-siblings reared together and apart
Full-siblings reared together for variable times
Full-siblings reared together and all step-siblings
Full-siblings and half-siblings reared together
Full-siblings reared together and half-siblings reared apart
Full-siblings reared together and half-siblings reared together
for variable times
All full-sibling analyses
All full + step-sib analyses
All full + half-sib analyses
All full-sib-based trios
All half-sib-based trios
All full- and half-sib-based trios
Twins analyses

0.71 (0.47–0.95)
0.51 (0.40–0.60)
0.42 (0.23–0.61)
0.53 (0.33–0.74)
0.70 (0.60–0.80)
0.71 (0.35–1.00)

0.00 (0.00–0.00)
0.17 (0.11–0.22)
0.19 (0.10–0.28)
0.16 (0.08–0.24)
0.07 (0.02–0.12)
0.11 (0.00–0.29)

0.29 (0.05–0.53)
0.32 (0.27–0.37)
0.39 (0.27–0.50)
0.31 (0.18–0.44)
0.23 (0.17–0.28)
0.18 (0.00–0.37)

0.54 (0.44–0.63)
0.42 (0.23–0.61)
0.66 (0.58–0.75)
0.59 (0.53–0.64)
0.55 (0.45–0.66)
0.58 (0.53–0.62)
0.50 (0.32–0.69)

0.15 (0.09–0.20)
0.19 (0.10–0.28)
0.11 (0.07–0.15)
0.13 (0.10–0.16)
0.15 (0.11–0.19)
0.14 (0.11–0.16)
0.23 (0.07–0.39)

0.31 (0.26–0.35)
0.39 (0.27–0.50)
0.23 (0.18–0.28)
0.29 (0.26–0.32)
0.30 (0.22–0.38)
0.29 (0.26–0.31)
0.27 (0.22–0.32)

7
8
9
10
11
12
13

Fig. 3. (a) Parameter estimates for additive genetic effects (A), shared environmental effects (C) and unique environmental
effects (E) estimates from various kinds of sibling trios for alcohol use disorder (AUD) in males. The numbers given at the left
side of the ﬁgure correspond to the model number outlined in Table 2. (b) Parameter estimates for additive genetic effects (A),
shared environmental effects (C) and unique environmental effects (E) estimates from various kinds of sibling trios for AUD
in females. The numbers given at the left side of the ﬁgure correspond to the model number outlined in Table 2. Values are
estimates, with 95% conﬁdence intervals represented by horizontal bars.

generalizability problem (Kendler et al. 1994; LaBuda
et al. 1997). Twin studies critically rely on the assumption that the trait-relevant environmental similarity of
MZ and DZ twins are the same. If the environments

of MZ twins are appreciably more similar than DZ
twins, that could result in upward biases on the estimation of heritability. While the EEA has been tested
many times and typically supported (Kendler, 1983;
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Fig. 4. (a) Parameter estimates for additive genetic effects (A), shared environmental effects (C) and unique environmental
effects (E) estimates from various kinds of sibling trios for drug abuse (DA) in males. The numbers given at the left side of
the ﬁgure correspond to the model number outlined in Table 2. (b) Parameter estimates for additive genetic effects (A), shared
environmental effects (C) and unique environmental effects (E) estimates from various kinds of sibling trios for DA in
females. The numbers given at the left side of the ﬁgure correspond to the model number outlined in Table 2. Values are
estimates, with 95% conﬁdence intervals represented by horizontal bars.

Kendler & Prescott, 2006; Barnes et al. 2014; LoParo &
Waldman, 2014), it has a psychological plausibility because MZ twins are a unique human relationship – effectively genetic clones who typically look identical
and have similar personalities.
Our approach, by contrast, utilizes a diversity of
relationships to obtain estimates of genetic effects.
These include full- and half-siblings reared apart
whose resemblance provides direct estimates for heritability. Comparing full- and half-siblings reared together for differing lengths of time or full- and
half-sibs with step-sibs permits estimation of a2 more
indirectly.
The generalizability problem arises from the unique
developmental processes involved in twins that are not
shared by singletons. Twins have higher rates of obstetric complications and congenital malformations,
and lower birth weights (Bryan, 1992; Bush &
Pernoll, 2007). Twins always share the same intrauterine environment, are the same age, and are typically emotionally closer than regular siblings (Bakker,
1987; Rutter & Redshaw, 1991; LaBuda et al. 1997).
Why, this argument goes, should we assume that
results from twins should extrapolate to other more
common familial relationships? Unlike twin studies,
our sibling trios derive estimates from the most

common of human sibling relationships that do not
share any of these special features of twins.
While critics have charged that twin studies overestimate genetic effects, more plausible claims that twin
studies might ﬁnd stronger shared environmental
effects than would be seen for more typical siblings
have been less prominent. Not only do twins share
the same womb at the same time, but, always being
the same age, are more likely to share family, school
and especially peer group experiences more than nontwin siblings. This is likely of particular relevance for
externalizing and substance use disorders, where contact with deviant peers is likely of particular etiologic
importance (Hawkins et al. 1998; Petraitis et al. 1998;
Allen et al. 2003; Kendler et al. 2015b). Indeed, as predicted from peer and school group effects, full-siblings
in Sweden closer in age are more highly correlated
both for DA (Kendler et al. 2013) and CB (Kendler
et al. 2014). Our results provide evidence that shared
environmental effects estimated in twin studies may
be greater than that found for more typical siblings.
Limitations
These results should be interpreted in the context of
four potential methodological limitations. First, we

Sibling-based design to quantify genetic and shared environmental effects
only studied three syndromes and may not obtain similar results with other traits or disorders. Second, we
did not examine opposite-sex pairs. Including them
would increase substantially the number of informative sibling trios but would increase considerably
the complexity of the modeling. Third, our analyses
could have been affected by contact between rearedapart siblings. We compared estimates for our standard
trios containing full-sibs reared together and half-sibs
reared apart, and then eliminated trios where the halfsiblings lived in the same municipality. Estimates
changed only modestly. Fourth, the validity of our assumption that shared environment is a linear function
of the number of years of cohabitation in childhood can
be questioned. We examined resemblance in fullsibling pairs for CB, AUD and DA as a function of
years residing together. The increase in resemblance
was stronger between zero and 6 years than between
7 and 13 years. We therefore ﬁtted a different weighting for years of cohabitation that reﬂects this nonlinearity. The differences in parameter estimates from
the original and new weightings were quite small.
Conclusions
We propose and then apply to DA, AUD and CB a novel
design to estimate genetic and environmental effects
from full-, step- and half-siblings. Unlike prior modeling
approaches which utilize all available informative relative pairs for a particular relationship, we examined
only informative sibling trios, thereby controlling for familial background effects. For all three externalizing
syndromes, heritability estimates obtained from this
method closely approximated those found from twins,
providing strong evidence to counter extensive prior
concerns that twin studies overestimate heritability.
Because psychiatric genetics is an observational and
not an experimental science, there is no such thing as
a deﬁnitive study. All studies have methodological limitations. Therefore, one important approach to evaluate
the validity of our ﬁndings is to study the same question
using disparate methods. If, as is the case here, diverse
methods, with different potential methodological limitations, yield similar results, we can be increasingly conﬁdent of the broad accuracy of our ﬁndings. Our results
suggest that, ﬁrst, overestimation of heritability by
twin studies is unlikely to be contributing substantially
to the missing heritability problem and, second, shared
environmental inﬂuences are probably somewhat stronger in twin studies than in other sibling designs.
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