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Abstract We studied schizophrenia liability in a Danish

population-based sample of 44 twin pairs (13 MZ, 31 DZ,

SS plus OS) in order to replicate previous twin study

findings using contemporary diagnostic criteria, to examine

genetic liability shared between schizophrenia and other

disorders, and to explore whether variance in schizophrenia

liability attributable to environmental factors may have

decreased with successive cohorts exposed to improve-

ments in public health. ICD-10 diagnoses were determined

by clinical interview. Although the best-fitting, most par-

simonious biometric model of schizophrenia liability

specified variance attributable to additive genetic and non-

shared environmental factors, this model did not differ

significantly from a model that also included non-additive

genetic factors, consistent with recent interview-based twin

studies. Schizophrenia showed strong genetic links to other

psychotic disorders but much less so for the broader cate-

gory of psychiatric disorders in general. We also observed

a marginally significant decline in schizophrenia variance

attributable to environmental factors over successive

Western European cohorts, consistent perhaps with

improvements in diagnosis and in prenatal and perinatal

care and with a secular decline in the prevalence of

schizophrenia in that region.
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Introduction

Over the course of the twentieth century, twin, family, and

adoption studies demonstrated substantial genetic influ-

ences on schizophrenia liability (Ritsner and Gottesman

2009, 2011) with a polygenic mode of inheritance and

probabilistic, multifactorial threshold effects (Gottesman

and Shields, 1967). Genetic factors generally have

accounted for an estimated 81–85 % of the variance in

liability to developing schizophrenia (Cardno and Gottes-

man 2000; Purcell et al. 2009, Sullivan et al. 2003) as an

upper bound and, omitting twin studies, a lower bound of

64–67 % (Lichtenstein et al. 2009; Wray and Gottesman

2012). Molecular genetic studies have identified many

common schizophrenia-related SNPs with odds ratios (OR)

of 1.1–1.2 and some very rare structural variations with OR

of *2 to 20 for individuals but no single genes of major

effect at the population level to date (Sullivan et al. 2012).

Genome-wide complex trait analyses (GCTA) are
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beginning to account for the ‘‘missing heritability’’ in

phenotypes (Yang et al. 2011). For example, simultaneous

combination of common SNPs has accounted for about

one-third of the genetic variance in schizophrenia (Lee

et al. 2012). In addition, some very rare copy number

variants confer greatly increased liability to schizophrenia

at an individual level (Lee et al. 2012; Kirov 2010; Kirov

et al. 2009; Lencz et al. 2013). Twin studies, our focus

here, provide a benchmark estimate of heritability by

which molecular genetic studies can estimate the magni-

tude of the contributions from either a particular poly-

morphism or a GCTA combination to the overall genetic

variance in schizophrenia liability (VanDongen et al. 2013;

Lee et al. 2012).

Twin studies also offer evidence of the degree to which

schizophrenia and other psychotic disorders may be co-

heritable (Lichtenstein et al. 2009; Cardno et al. 2012). A

recent case report, in which bipolar disorder developed in

the previously well, monozygotic twin of a proband with

schizophrenia may illustrate this phenomenon (O’Reilly

et al. 2013). Symptoms shared between schizophrenia and

the psychotic manifestations of bipolar and depressive

disorders may represent a general vulnerability to psy-

chotic symptoms/cognitive slippage, evident in family

pedigrees populated by both schizophrenia and bipolar

disorder probands (Meehl 1972; Lenzenweger 2010).

Exclusion criteria typically prohibit, a priori, the co-oc-

curring diagnoses of psychotic bipolar affective and

schizophrenia in research protocols. However, both affec-

tive and non-affective psychotic disorders co-exist in some

individuals over time, prompting the logical diagnosis of

schizoaffective disorder. Current taxonomic initiatives like

the Research Domain Criteria (RDoC; Cuthbert and Insel

2013; Insel et al. 2010; NIH 2014) may further clarify the

associations among the various psychotic disorders through

their examinations of psychiatric symptom domains and of

endophenotypic vulnerability markers shared across diag-

nostic groups (Gottesman and Gould 2003; Gottesman and

McGue 2014; Insel and Cuthbert 2009; Glahn et al. 2014).

Evidence of molecular relationships between schizophrenia

and other psychotic disorders are already emerging, as

GWAS identified SNPs associated with schizophrenia also

have been associated with liability to schizoaffective,

bipolar, and psychotic depressive disorders (Geschwind

and Flint 2015; Lencz et al. 2013; Lee et al. 2012).

Even as technology improves our capacity to examine

molecular mechanisms for schizophrenia in the pathways

between genotypes and phenotypes, the environmental

contributions to the disorder also may be changing.

Although meta-analyses of twin studies of schizophrenia

typically assume cross-cohort stability in variance

attributable to genetic and environmental factors in order to

obtain meta-estimates for these sources of liability

(Sullivan et al. 2003), it still may be wise to test this

assumption periodically. The historical and epidemiologi-

cal evidence that famine (Susser et al. 1996), obstetrical

complications (Geddes et al. 1999), and other adverse

environmental factors may increase secular rates of

schizophrenia (Murray et al. 2003; Matheson et al. 2011)

also suggests that changes in these conditions may change

both the incidence of schizophrenia and also the relative

influences of environmental and genetic factors on popu-

lation risk for schizophrenia. Sufficient food supplies,

better diet, and improved public health and obstetrical

health care corresponded with a decline in Denmark’s

perinatal mortality rates from 12 % in 1900 to 2.5 % in

1953 (Copenhagen Statistical Department 1967), with

further declines evident through the 1980s and early 1990s

(Vallgarda 1995). Insofar as these perinatal risk factors also

contribute to schizophrenia risk, one would expect a

decline both in schizophrenia incidence and in the pro-

portion of schizophrenia risk attributable to environmental

factors. Indeed, evidence suggests that the incidence of

schizophrenia has declined with successive cohorts both in

Denmark (Munk-Jorgensen 1986; Munk-Jorgensen and

Jorgensen 1986) and, more broadly, in the West (Warner

1995). Any corresponding temporal changes in the relative

contributions of environmental factors to overall

schizophrenia liability may be tested, in part, through pan-

generational comparisons of twin study data.

We estimated the heritability of ICD-10 schizophrenia

and its co-heritability with other disorders, based on pro-

bands’ schizophrenia concordance with their co-twins’

diagnoses, respectively, of schizophrenia, of schizophre-

nia-related or other psychotic disorder, and of any psy-

chiatric disorder. We also examined the current twin data

in light of earlier Western European twin studies to explore

a possible secular decline in environmental influences on

schizophrenia liability across historical cohorts.

Methods

Sample and diagnoses

The data for this Twin Study, approved by the Danish

National Scientific Ethics Committee, were collected in

1992–1995 for the first author’s PhD dissertation (Kläning

1996), based on The Young Cohort of The Danish Twin

Register (Kyvik et al. 1996) and The Danish Psychiatric

Central Register (Munk-Jorgensen and Mortensen 1997).

The Young Cohort of The Danish Twin Register was

established in 1991 by Kyvik et al. (1996; cf., Hauge et al.

1968) and consists of a total of 42,182 individuals from

twin and triplet sets born 1953–1982 in Denmark, includ-

ing individuals from broken sets (in which one member has
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died). The identification of the twins was performed by

means of the Danish Civil Registration System (Pedersen

et al. 2006) and was independent of their health status. The

Danish Psychiatric Central Register (Munk-Jorgensen and

Mortensen, 1997; Mors et al. 2011) includes computerized

information about all admissions after April 1, 1969 to

every hospital in Denmark providing psychiatric in-patient

treatment and was used to identify all twin register mem-

bers who were ever psychiatric in-patients in Denmark,

using the citizen’s identity registration number, which

ensures reliable identification. Early psychiatric register

diagnoses were based on the ICD-8 (World Health Orga-

nization (WHO) 1967, 1974) and, beginning on January 1,

1994, on the ICD-10 (WHO 1992, 1993).

The first author performed a nationwide record-linkage

to select a sample for the ascertainment of ICD-10

schizophrenia probands. She examined the medical records

of twins who received a discharge diagnosis of functional

psychosis (ICD-8: 295–299, ICD-10: F2 and F3) or schi-

zoid, paranoid, and ‘other’ personality disorder (ICD-8:

301.0–.2 and .8 (with Danish sub-specifications), ICD-10:

F 60.0 and F60.2) to select twins with schizophrenia

symptoms for clinical interviews. Twin pairs in which one

or both twins had a discharge diagnosis of schizophrenia or

records describing non-affective psychotic symptoms for

1 week or more were selected, provided that both twins

were alive and living in Denmark (excluding 4 counties to

adjust to the scope of the available resources). After giving

informed consent, those pairs available for examination

were interviewed in Danish with the semi-structured

Schedules for Clinical Assessment in Neuropsychiatry

(SCAN; Wing et al. 1990). Ten genetic markers from blood

samples were used to determine the zygosity of same-sex

twins in this interview sample. If either twin did not agree

to give a blood sample, zygosity was inferred from a

mailed questionnaire, previously validated against sero-

logical zygosity determination (Kyvik et al. 1995). In 108

pairs, at least one twin had a chart diagnosis consistent with

selection criteria. In 74 pairs, twins meeting these criteria

consented to a clinical interview for proband ascertain-

ment. This rate of interview, although nominally lower

than historically high levels of participation in the mid-

twentieth century, remains somewhat higher than is typical

of recent Danish register cohorts, estimated at about 60 %

by the turn of the current century (Bertelsen 2004). The 34

pairs who declined interviews showed no substantial dif-

ferences from the 74 interviewed pairs in gender, mean age

at first admission, or mean time between first admission

and interview, suggesting that participants were reasonably

representative of the population. Among the 74 participant

pairs, the twins in 22 pairs ultimately did not fulfill diag-

nostic criteria for schizophrenia, and 8 pairs were discarded

because of missing cotwin information, leaving 44 twin

pairs with at least one twin meeting the diagnostic criteria

for research with ICD-10 schizophrenia for the ascertain-

ment of the probands, the ascertainment being of the

incomplete ascertainment type.

All the probands and 4 cotwins were interviewed with

SCAN by the first author, and the non-proband co-twins

who had agreed to a personal examination were inter-

viewed with SCAN and the Personality disorder exami-

nation (PDE; Loranger, 1988) by another psychiatrist (CS)

blind to zygosity. For the cotwins who agreed to participate

but did not want a personal interview, a case summary was

prepared solely on the basis of medical records and infor-

mation from the interviewed proband and/or the twin pair’s

mother. Summaries of the interviews and case records were

conferenced with and confirmed by our senior psychiatrist

(AB), blind to zygosity. All ICD-10 diagnosed probands

also met threshold criteria for DSM-IV diagnoses of

schizophrenia.

Data analysis

Concordance for ICD-10 schizophrenia F20.x was termed

C1. Cotwin concordance for schizophrenia-related and

other psychotic disorders was termed C2, and included

F21–29 (schizotypal, delusional, brief psychotic, shared

psychotic, schizoaffective, or other psychotic disorder, or

unspecified psychosis not due to a substance or known

physiological condition), F30.2 (manic episode, severe

with psychotic symptoms), F31.2and .5 [bipolar disorder,

severe with psychotic features, current episode specified as

manic (F31.2) and depressed (F31.5)], F32.3 and F33.3

(major depressive disorder severe with psychotic features,

single episode or recurrent, respectively). In order to con-

sider an even broader concordance for psychopathology,

cotwin concordance for any other psychiatric disorder was

termed C3. (Raw concordance data appear in Supplemen-

tary Appendix A.) We computed probandwise concordance

rates for these three levels of concordance–proband C1

with cotwin C1, with cotwin C1 or C2, and with cotwin C1

or C2 or C3. Probandwise concordance rates, with pairs

based on each independently ascertained proband, typically

produce higher and more consistent heritability estimates

with incomplete ascertainment than do pairwise rates,

which ignore ascertainment (McGue 1992).

Using Mx software (Neale 2004), we estimated tetra-

choric correlations based on pairwise similarity in

schizophrenia liability by zygosity, imputing the number of

unaffected pairs based on schizophrenia prevalence rates.

We then fitted biometric models to our original contin-

gency tables of probandwise concordance frequencies

using incomplete ascertainment models (Neale 2004, p 70).

Our models assumed that the liabilities to the three con-

cordance phenotypes (C1 schizophrenia, C2 schizophrenia
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and schizophrenia-related or other psychotic disorders, and

C3 any psychiatric disorder) are normally distributed, and

that only those individuals whose liability exceeds a

specified threshold manifest the disorder (Rijsdijk and

Sham, 2002). Thresholds for schizophrenia liability (C1)

were based on an estimated population risk of 1 % for

schizophrenia diagnosis; for psychotic disorder liability

(C1 or C2 diagnoses), based on an estimated population

risk of 2 % for any psychotic disorder in the cotwin; and

for ‘‘any psychiatric disorder’’ (C1 or C2 or C3 diagnoses)

in the cotwin, based on an estimated population risk of

22 % (from Pedersen et al. 2014 Danish incidence and risk

study), all assuming incomplete ascertainment. Minor

changes in the population risk threshold produced negli-

gible changes in model-fitting results.

Our biometric models estimated the contributions of

additive (A) and non-additive (D) genetic and of common/

shared (C) and unique/nonshared (E) environmental factors

to variance in schizophrenia liability, psychosis liability, and

schizophrenia/affective disorder liability, limited by degrees

of freedom to no more than three parameters at a time (ACE

or ADE model). Given the theoretical problems associated

with a DE model that assumes non-additive apart from

additive genetic factors, we also compared the relative fit of

ADE and AE models to test the significance of non-additive

genetic variance. Our limited sample size provided insuffi-

cient statistical power for testingmore complexmodels, such

as a sex-effects, multiple thresholds, or gene by environment

interaction models. Models’ goodness-of-fit to the data were

determined using the root mean square error of approxima-

tion (RMSEA) and the Akaike Information Criterion (AIC;

Akaike, 1987), which balances goodness-of-fit and parsi-

mony of the model by subtracting twice the model’s degrees

of freedom from its v2 value: AIC = v2-2df.

We computed MZ/DZ concordance ratios for the three

primary levels of concordance (proband C1 with cotwin

C1, with cotwin C1 or C2, and with cotwin C1 or C2 or

C3), reflecting evidence of long-observed diminishing

continuity among these diagnoses (Farmer et al. 1987). We

also computed concordance rates of proband schizophrenia

with two more discrete cotwin phenotypes, that is, cotwin

diagnoses of C2 only and of C3 only. For these latter two

sets of analyses, we first removed pairs meeting more

stringent concordance from consideration: we excluded

pairs strictly concordant for schizophrenia to examine the

concordance of proband schizophrenia (C1) with cotwin

non-schizophrenia psychosis (C2 only) and excluded pairs

concordant for strict schizophrenia or for any cotwin psy-

chosis to examine the concordance of proband

schizophrenia (C1) with any non-psychotic disorder in the

cotwin (C3 only). We then computed MZ/DZ concordance

ratios and tetrachoric correlations for these two additional

concordance types.

We compared our study’s results for strict schizophrenia

concordance with those of other twin studies of

schizophrenia that also were based on epidemiological

sampling and clinical interviews, including Fischer’s

(1973) Danish Twin Study, as well as studies by Kringlen

(1967, Norway), Tienari (1975, Finland), Gottesman and

Shields (1972, UK), Cardno et al. (1999, UK), Onstad et al.

(1991, Norway), Cannon et al. (1998, Finland), and Fran-

zek and Beckmann (1998, Germany), focusing on con-

cordance rates for a strict schizophrenia diagnosis.

Specifically, we fitted biometric models for schizophrenia

based on probandwise frequencies reported in the studies,

comparing ACE, ADE, and AE models to find the bio-

metric model of best fit to each sample’s data.

We recorded the mid-range birth year for each sample.

When birth years were not indicated directly (Franzek and

Beckmann, 1998), we imputed an estimated range of birth

years from participants’ ages at the time of the study.

Where initial raw data were available (the current sample,

Fischer 1973; Gottesman and Shields, 1972), we computed

the median birth year directly from case-level information

and, for other studies, used the middle year of the cohort

range as a best estimate of median birth year. We then

fitted a regression equation to predict, from mid-range year

of birth, the proportion of variance in schizophrenia lia-

bility attributable to environmental factors. Cardno et al.’s

(1999) study used more than one diagnostic system, so we

selected the ICD-10 diagnoses to represent this sample.

This diagnostic system most closely resembles those used

in the current and other comparison studies and, in Card-

no’s sample, produced the least extreme parameter

estimates.

We also conducted a more rigorous test of invariance of

genetic and environmental contributions to schizophrenia

liability over time by comparing ACE, ADE, and AE

models that constrained parameters to be equal across all

cohorts to the same models in which parameters for two

early-cohort, low-heritability outlier samples (Fischer

1973; Tienari 1975), were set equal to each other and free

to vary from the other samples, still constrained as a group

to produce equal parameter estimates.

Results

Supplementary Appendix A contains pairwise data for

individual proband status, zygosity determination, sex, year

of birth, age at onset, age at first admission, and at last

observation, as well as ICD-10 and DSM-IV diagnostic

codes for each twin for ease of others’ future data mining.

Among the 44 twin pairs included for concordance evalu-

ation were 47 individual probands, 22 males and 25

females, 16 from MZ, 15 from same-sex DZ (SS-DZ), and
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16 from opposite-sex DZ (OS-DZ) pairs. The mean age of

probands was 33.2 at interview, with a range of

20–42 years (MZ, 31.1, 20–38 years; combined SS- and

OS-DZ, 34.3, 23–42 years), and the mean number of years

from onset of illness until interview was 12.7 with a range

of 1–24 years (MZ 10.7, range 1–20; combined DZ 13.8,

range 3–24). There was no substantial age difference

between MZ and DZ twins, and with no evidence of tem-

poral bias, the analyses were conducted without age-cor-

rection, which also allowed comparison with other twin

studies of schizophrenia. For concordant pairs, the onset of

illness in the cotwin followed within 1–4 years of the

proband in MZ pairs and within 6 years in the one con-

cordant DZ pair.

With increasingly broad definitions of the affected

phenotype, concordance rates and tetrachoric correlations

increased accordingly. The ‘‘narrow’’ (C1) probandwise

concordance rate for schizophrenia was 44 % (sep = .12)

in the 13 MZ pairs, which included 16 independently-

ascertained probands with 9 discordant and 7 concordant

cotwins (6 proband cotwins plus one concordant cotwin not

ascertained independently). C1 concordance for the 31 DZ

pairs was 3 % (sep = .03), with 31 probands, only one of

whom had a concordant cotwin. None of the 15 SS-DZ

pairs (0 %) and only one and of the 16 OS-DZ pairs (6 %,

sep = .06) was concordant. For this narrowly defined

schizophrenia phenotype (C1 only), tetrachoric correlations

based on pairwise concordance were .74 (.45, .92) for 4/13

MZ and .19 (-.20, .51) for 1/31 DZ concordant pairs.

For a proband twin’s schizophrenia (C1) and a cotwin’s

more broadly defined psychotic disorder (C1 or C2 diag-

nosis), the probandwise concordance was 50 % (sep = .13)

in MZ pairs (16 probands with 8 discordant and 8 con-

cordant cotwins) and 16 % (sep = .05) in DZ pairs (31

probands with 26 discordant and 5 concordant cotwins).

Within DZs, concordance was 20 % (sep = .07) in SS pairs

(15 probands with 12 discordant and 3 concordant cotwins)

and 13 % (sep = .08) in OS pairs (16 probands with 14

discordant and 2 concordant cotwins). The one MZ cotwin

diagnosed with non-schizophrenia psychosis received a

diagnosis of bipolar disorder, single manic episode, and the

four DZs, with major depressive disorder. Tetrachoric

correlations for proband schizophrenia (C1) with cotwin

schizophrenia or other psychotic disorder (C1 or C2) were

.77 (.48, .93) for 5/13 MZ and .49 (.22, .70) for 5/31 DZ

concordant pairs.

For proband schizophrenia and cotwin concordant for

any psychiatric disorder (C1, C2, or C3), probandwise

concordance was 75 % (sep = .11) for MZ (16 indepen-

dently ascertained schizophrenia probands with 4 addi-

tional concordant cotwins, for a total of 4 discordant and 12

concordant cotwins) and 58 % (sep = .09) for DZ pairs,

with 53 % (sep = .13) for SSDZ (15 probands, 7

discordant and 8 concordant cotwins) and 62.5 %

(sep = .12) for OSDZ (16 probands, 6 discordant and 10

concordant cotwins). The majority of the C3 concordant

cotwins were diagnosed with nonpsychotic affective dis-

orders (3 of 4 MZs, 6 of 7 SSDZs, and 3 of 8 OSDZs),

mainly with moderate depression. For concordance of

proband C1 with cotwin C1, C2, or C3, tetrachoric corre-

lations were .84 (.44, .98) for 9/13 MZ and .70 (.41, .89) for

18/31 DZ concordant pairs.

For proband schizophrenia with the more discrete phe-

notypes of non-schizophrenia psychosis only and of non-

psychotic disorder only in cotwins, concordance rates

reflected the removal of more highly concordant pairs.

After removal of pairs already concordant for schizophre-

nia (C1), concordance rates of proband schizophrenia with

cotwin’s non-schizophrenia psychosis (C2 only) were .11

for MZ (1/9) and .13 for DZ (4/30) pairs, with tetrachoric

correlations of .38 (-.16, .79) for MZ and .43 (.15, .67) for

DZ pairs. After additional removal of these non-

schizophrenia psychosis concordant pairs, concordance

rates of proband schizophrenia with cotwin’s non-psy-

chotic disorder (C3 only) were .50 for both MZ and DZ

twins (4/8 and 13/26, respectively), with tetrachoric cor-

relations of .58 (-.07, .94) for MZ and .58 (.22, .83) for DZ

pairs.

MZ/DZ probandwise concordance ratios declined with

increasingly broad cotwin phenotypes for the three diag-

nostic groups considered in combination. Concordance

ratios for cotwin C1, cotwin C1 or C2, and cotwin C1, C2,

or C3 produced ratios of 13.56 (MZ = 7/16; DZ = 1/31),

3.1 (MZ = 8/16; DZ = 5/31), and 1.29 (MZ = 12/16;

DZ = 18/31), respectively. The MZ/DZ concordance

ratios further declined with the removal of more highly

concordant pairs. Concordance for proband schizophrenia

(C1) with cotwin non-schizophrenia psychosis only (C2

only) produced an MZ/DZ ratio of only .83 (MZ .11 (1/9)

and DZ .13 (4/30) concordance). For proband schizophre-

nia (C1) with cotwin non-psychotic disorder (C3 only), the

MZ/DZ concordance ratio was 1.0 (MZ .50 (4/8) and DZ

.50 (13/26). The severely restricted range of cotwin simi-

larity created by the exclusion of more fully concordant

pairs accounts for these small ratios.

Details of biometric model-fitting can be found in

Supplementary Appendix B. Although, theoretically, a

perfect fit of three-parameter ACE and ADE models is

expected, the less than perfect model fit for some of these

models was likely a result of the parameter estimates

converging with the boundary value of zero. Table 1 pre-

sents parameter estimates from the best-fitting biometric

models applied to contingency tables of probandwise

concordance for schizophrenia only (C1), for proband

schizophrenia (C1) with any psychotic disorder in the

cotwin (C1 or C2), and for proband schizophrenia (C1)
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with any psychiatric disorder in the cotwin (C1 or C2 or

C3). As model parameters are eliminated from models for

parsimony’s sake, the remaining parameter estimates may

be biased, so where parameters have been dropped, we also

include the full model (ACE or ADE) with the lower v2.
The best-fitting, most parsimonious biometric model for

schizophrenia in the full sample was an AE model, in

which additive genetic plus unique environmental factors

accounted for population variance in schizophrenia. With

the same v2 as the ACE model, the AE model shows no

decrement in fit due to dropping the common environ-

mental variance factor. The situation was somewhat dif-

ferent for the ADE model, over which the AE model

showed a non-significant increase in v2. Although ADE

was not the most parsimonious model, its relatively lower

v2 suggests potential, non-zero contributions of non-addi-

tive genetic variance. The zero frequency of SS DZ con-

cordant pairs for strict schizophrenia led us to add a

(hypothetical) concordant pair to fit models, and the AE

model, of additive genetic plus unique environmental fac-

tors, showed the best, most parsimonious fit for strict

schizophrenia diagnosis in SS pairs. For the broader

(C1 ? C2) phenotype of schizophrenia or other non-

schizophrenia psychosis and for the broadest

(C1 ? C2 ? C3) phenotype, ‘‘any psychiatric disorder,’’

the AE model also showed the most parsimonious, best fit

to both the full sample and SS subsample. Of course,

sample size limited our statistical power, and none of the

AE models showed a significant v2 difference from the

ACE and ADE models in which they were nested.

Table 2 summarizes the cohorts’ range of birth years

and probandwise concordance rates for a sample of current

and past twin studies of schizophrenia diagnosed through

clinical interviews, with diagnostic systems noted. Table 3

shows the midrange birth year for each sample, the results

of the best-fitting biometric model based on probandwise

frequency data, and the estimate of broad heritability

(phenotypic variance attributable to all genetic factors,

additive and non-additive combined), with most estimates

in the low to mid .80s and some in the .90s. Across all

samples, estimates of variance attributable to environments

shared within-pair ranged from zero to .41, and to

Table 1 Parameter estimates (and 95 % confidence intervals) for liability to narrow schizophrenia, psychoses, and other disorders in best-fitting

models, interview sample

Parameter estimates Goodness-of-fit indices

Diagnosis a2 c2 d2 e2 v2 AIC RMSEA

All twins (OS DZ included)

Schizophrenia only (C1)

AE .81 (.60, .94) – – .19 (.06, .40) 1.70 -.30 .07

ADE 00 (.00, .92) – .84 (.00, .95) .16 (.05, .36) .10 .10 .00

Schizophrenia proband, any psychosis cotwin (C1 ? C2)

AE .78 (.61, .90) – – .22 (.10, .39) .15 -1.85 .00

ACE .68 (.13, .89) .09 (.00, .52) – .23 (.11, .42) .00 .00 .00

Schizophrenia proband, any psychiatric dx cotwin (C1 ? C2 ? C3)

AE .56 (.40, .70) – – .44 (.30, .60) 1.30 -.70 .00

ACE .30 (.00, .43) .21 (.00, .50) – .49 (.32, .69) .00 .00 .00

Same-sex twins only (OS DZ excluded)

Schizophrenia only (C1)a

AE .84 (.63, .95) – – .16 (.05, .37) 1.08 -.92 .04

ACE .84 (.21, .95) .00 (.00, .56) – .16 (.05, .36) .20 .20 .00

Schizophrenia proband, any psychosis cotwin (C1 ? C2)

AE .79 (.61, .90) – – .21 (.10, .39) .45 -1.55 .00

ACE .56 (.00, .89) .21 (.00, .72) – .23 (.11, .42) .00 .00 .00

Schizophrenia proband, any psychiatric dx cotwin (C1 ? C2 ? C3)

AE .53 (.34, .68) – – .47 (.32, .66) .26 -1.74 .00

ACE .38 (.00, .68) .13 (.00, .52) – .49 (.32, .70) .00 .00 .00

a2 = additive genetic variance

c2 = common or shared environmental variance

d2 = non-additive genetic variance

e2 = unique or nonshared environmental variance (includes error term)
a Includes the addition of a hypothetical concordant DZ cotwin
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nonshared environments, from .01 to .31. Within-country,

we see increasing heritability and a decreasing proportion

of phenotypic variance attributable to environmental fac-

tors across the Danish and Finnish samples (with 56.5 and

24 years’ difference in mid-birth years—a half to a quarter

century) and no significant changes across the Norwegian

or UK cohorts (with 32 and 4 years’ difference, respec-

tively), except that ADE models showed a relatively better

v2 fit to the later cohort data for both countries. Across all

samples, a linear regression that used mid-range birth year

to predict the proportion of non-genetic variance in

schizophrenia (c2 ? e2) yielded a slope of b = -.47and

b = -.47 (standardized), r = -.47, r2 = .22 (p = .09).

Because of the limited number of historic twin studies

using population-based samples with interview-based

diagnoses, this moderate decline with later cohorts in the

proportion of schizophrenia variance attributable to non-

genetic factors misses standard statistical significance.

Nevertheless, median year of birth accounts for over one-

fifth of the (unmeasured) environmental variance in

schizophrenia liability. These data seem consistent with an

historical pattern of increasing heritability of schizophrenia

liability.

When we fitted the samples in one large analysis, con-

straining parameters to be equal across all samples, the v2

goodness-of-fit measures for the combined model were

28.21 (16 df, ACE), 28.22 (16df, ADE), and 28.22 (17df,

AE), respectively. When we freed parameters in the two

early-cohort, low-heritability outlier samples (Fischer

1973; Tienari 1975), to be equal to each other and free to

vary from the other samples’ still equality-constrained

parameter estimates, the v2 goodness-of-fit improved:

20.71 (13 df, ACE), 26.08 (13df, ADE), 26.08 (15df, AE).

However, in light of the difference in degrees of freedom,

these v2 differences between the more and the less con-

strained models failed to reach statistical significance.

Discussion

Statistical power was limited by sample size and by the

small number, historically, of population-based twin stud-

ies of schizophrenia that used clinical interview methods

for diagnosis. Given the relative rarity of twins diagnosed

with schizophrenia (about .02 % of the population, as

approximately 2 % of people are twins and roughly 1 % of

people have schizophrenia diagnoses), univariate twin

studies of schizophrenia are often under-powered for

complex analyses, but nevertheless generate useful infor-

mation across multiple populations and historical cohorts

for testing data-based hypotheses. Our reliance on popu-

lation-based samples in which schizophrenia was diag-

nosed through clinical interview helped to ensure both

optimal representativeness and reliable diagnosis.

For this study’s first objective, to replicate previous twin

study findings using contemporary diagnostic criteria

Table 2 Cohort birth year range and probandwise concordance for schizophrenia from twin studies, by cohort mid-year of birth

N pairs and probandwise concordance Includes

Report and diagnostic system Birth years n MZ n DZ OS-DZ?

Cannon et al. (1998)

ICD-8 and DSM-III-R 1940–1957 67 40/87 (46 %) 186 18/195 (9 %) Yes

Cardno et al. (1999) 1893–1969

DSM-III-R 40 20/47 (43 %) 50 0/50 (0 %) No

ICD-10 43 21/50 (42 %) 58 1/57 (2 %) No

RDC 42 20/29 (41 %) 56 3/54 (5 %) No

Fischer (1973)-C 1870-1920 21 9/25 (36 %) 41 8/45 (18 %) No

Franzek and Beckmann (1998)

DSM-III-R 1930–1973 14 11/14 (79 %) 12 2/12 (18 %) No

Gottesman and Shields (1972)-C 1893–1945 20 12/24 (50 %) 31 4/32 (12 %) No

Kringlen (1967)a-C 1901–1930 45 26/57 (46 %) 90 10/94 (11 %) No

Onstad et al. (1991)-DSM-III-R 1936–1960 24 15/31 (48 %) 28 1/28 (4 %) No

Tienari (1975) - C 1920–1929 15 3/16 (19 %) 21 2/21 (10 %) No (SSM only)

Kläning, et al. -ICD-10 1950–1982 13 7/16 (44 %) 31 1/31 (3 %) Yes

Kläning, et al. (SS)-ICD-10 1953–1982 13 7/16 (44 %) 15 0/15 (0 %) No

SSM same-sex, male, DSM diagnostic and statistical manual of mental disorders, ICD International Classification of Disorders, C clinical

diagnosis for cohorts before the establishment of strict, criterion-based classification systems
a Based on interview information from MZ twins (strict schizophrenia concordance available for MZ but not for DZ twins, so broad

schizophrenia concordance for DZ twins was used)
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(WHO 1993), the data showed both continuity with and

change from much of the earlier literature. The current

study replicated the high MZ: DZ ratio of schizophrenia

concordance observed across decades of twin research.

Additionally, the difference between MZ/DZ concordance

ratios for strict schizophrenia diagnosis (13.6) and for

probands’ strict schizophrenia diagnoses with the cotwins’

broader diagnoses of either schizophrenia or other psy-

chotic disorders (3.1) lends support to the discriminant

validity of the ICD-10 schizophrenia diagnosis (See Farmer

et al. 1987). Left-censored twins already deceased and

right-censored, late-onset cases emerging post-study rep-

resent unmeasured censoring and potential under-estimates

of schizophrenia incidence, but the current study’s bio-

metric models remain consistent with those of other

samples.

In light of our second objective, to examine genetic

liability shared between schizophrenia and other disor-

ders,—we observed a much stronger genetic association of

schizophrenia with psychotic than with non-psychotic

disorders when these disorders were considered as part of a

continuum of phenotypic similarity to schizophrenia.

Consistent with GWAS discoveries of partially shared

genetic liability to bipolar disorder and schizophrenia (Lee

et al. 2013; Cardno and Owen, 2014), the heritability of

‘‘narrow’’ (C1) schizophrenia was virtually indistinguish-

able from the broadened phenotype that included other

psychotic disorders (all affective psychotic disorders in our

study). The stronger genetic association of schizophrenia

with psychotic than with non-psychotic (mainly affective)

disorders seems consistent with the centrality of ‘‘psy-

chosis-proneness’’ to the shared genetic etiology between

schizophrenia and other psychotic disorders (Gottesman

et al. 2010). Such evidence of shared vulnerabilities across

disorders has led researchers recently to re-envision psy-

chiatric constructs less exclusively in terms of diagnostic

category and more broadly in the context of dynamical

systems, whether as mechanistic property clusters (Kendler

et al. 2011), network constructs (Schmittmann et al. 2013),

or the psychopathology domains posited by Insel in the

National Institutes of Health for Research Domain Criteria

(RDoC; Cuthbert and Insel, 2013; Insel et al. 2010; NIH,

2014). Of course, recent evidence that symptom covaria-

tion in a large sample produced separate higher-order

Table 3 Parameter estimates (and 95 % confidence intervals) for best fitting biometric models, arranged chronologically by cohort within

country

First Mid-range

Author birth year a2 c2 d2 e2 h2broad

Denmark

Fischer 1902.5 .40 (.00, .80) .38 (.00, .73) – .21 (.09, .39) .40

Kläning et al. 1959 . 81 (.60, .94) – – .19 (.06, .40) .81

Kläning et al. (SS only) 1960 .84 (.63, .95) – – .16 (.05, .37) .84

Finland

Tienari 1925 .36 (0, .63) – – .64 (.14, .53) .37

Cannon 1949 .85 (.79, .91) – – .15 (.09, .21) .85

Germany

Franzek and Beckmann 1952 .99 (.90, 1.00) – – .01 (.001, .01) .99

Norway

Kringlen 1916 .86 (.77, .92) – – .14 (.08, .23) .86

Onstad et al. 1948 .86 (.73, .94) – – .14 (.06, .27) .86

United Kingdom

Gottesman and Shields 1927 .88 (.76, .96) – – .12 (.04, .24) .88

Cardnoa 1931

DSM-III-R .00 (.00, .60) – .83 (.22, .91) .17 (.09, .28) .83

ICD-10 .00 (.00, .80) – .83 (.02, .91) .17 (.09, .28) .83

RDC .33 (.00, .88) – .49 (.00, .90) .18 (.10, .29) .82

a2 = additive genetic variance

c2 = common or shared environmental variance

d2 = non-additive genetic variance

e2 = unique or nonshared environmental variance (includes error term)

h2broad = broad heritability (a2 ? d2)

SS same-sex twins
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dimensions for affective and non-affective psychosis

maintains some differentiation between schizophrenia and

other psychotic disorders (Russo et al. 2014). We observed

a similar differentiation in the lower MZ/DZ concordance

ratios produced for probands’ schizophrenia with non-

schizophrenia disorders in cotwins, after excluding from

our analyses pairs already concordant for schizophrenia.

The third objective of the study, to explore, in a pre-

liminary way, whether the last century’s changes in the

frequency or magnitude of environmental risk factors for

schizophrenia have also decreased the relative importance

of environmental relative to genetic factors in

schizophrenia liability (indexed by increasing heritability),

yielded ambiguous results. Of course, statistical variability

and variation in sample size, circumstances, and diagnostic

guidelines or criteria may contribute to fluctuating heri-

tability estimates across studies. Censoring also presents

potential limitations for cross-cohort examinations; it is

unknowable whether the very high mortality rates for twin

births in the late 1800s and early 1900s were randomly or

non-randomly associated with schizophrenia liability. In

biometric modeling, epigenetic effects may be confounded

statistically with either genetic or environmental effects,

depending on whether the epigenetics were stable from

fertilization, changed similarly with shared environments,

or diverged with the effects of unique environmental fac-

tors (Petronis 2010). Finally, when twin studies produce

higher estimates of heritability (lower environmental

variance) than non-twin family studies do, it may indicate

either epigenetic or non-additive genetic inheritance, or

both.

Our estimates across interviewed, population-based

Western European twin samples showed marginal evidence

of a cohort-related increase in heritability of schizophrenia

liability and a corresponding decline overall in the degree

to which its variance could be attributed to environmental

factors. Within-country, variance in schizophrenia liability

attributable to environmental factors either declined or

remained stable (no significant increase). Participant

overlap accounts for some of the observed stability, as

Cardno’s (2000) UK sample built on that of Gottesman and

Shields’ (1972) study, with only a four-year difference in

the overall median year of birth.

By restricting our analysis to population-based samples

subjected to clinical interviews, our study reveals some-

what stronger evidence for declining environmental vari-

ance in schizophrenia than was seen in earlier studies (see

Sullivan et al., 2012 for a review). When diagnosis

becomes more exacting and strong environmental risks for

schizophrenia diminish (as with a secular decline in pre-

natal and perinatal complications), population variance

attributable to environmental factors may be expected to

decrease proportionally.

The attenuation, over time, of environmental variance in

schizophrenia liability may yield new patterns of twin

similarity with later cohorts. An earlier Danish study

(Fischer 1973) showed patterns of within-pair phenotypic

similarity such that MZ correlations were no more than

twice the size of DZ correlations, so ACE models typically

best fit the data. Limited to three degrees of freedom, ACE

models do not include an estimate of non-additive genetic

variance. In the presence of epistatic or dominance effects,

however, where MZ twins typically show more than twice

the phenotypic similarity of DZ twins, the ADE model,

with the capacity to estimate the relative proportions of

both additive and non-additive genetic variance, yields a

better fit. This ADE model seemed to fit Cardno’s (1999)

data, and yet, Cardno et al. (1999) correctly interpreted

such evidence conservatively, as potentially attributable to

low DZ concordance rates, and by adding one (hypotheti-

cal) concordant DZ pair to the analyses of DSM-III diag-

noses, found evidence more consistent with an AE model.

However, a low rate of DZ concordance can be expected

under conditions of epistasis, so the possibility of non-

additive genetic variance cannot be ruled out. Alterna-

tively, an AE model may best fit the data in the absence of

variance due to shared environments. Despite the large

MZ/DZ ratio in probandwise concordance, for example,

Franzek and Beckmann’s (1998) data for strict

schizophrenia diagnosis fit the AE better than it did the

ADE model. Our sample, with limited statistical power and

similar to Onstad et al.’s (1991) sample, could not fully

resolve the question of non-additive genetic variance.

Evidence of non-additive genetic effects on schizophrenia

has been observed at an endophenotypic level, accounting

for significant variance in ocular motor functioning (Cle-

mentz et al., 1992) and at a molecular level, with specific

epistatic effects of polymorphisms of the dopamine trans-

porter (DAT) and catecholomethyltransferase (COMT)

genes on cortical function in schizophrenia during execu-

tive processing (Prata et al. 2009).

The current Danish twin sample, like other recent

samples, showed no evidence of shared environmental

effects on ICD-10 schizophrenia, except when we limited

our analysis to same-sex twins and added a hypothetical

concordant DZ pair. Historically, though, other twin sam-

ples with somewhat lower MZ: DZ concordance ratios

indicated some variance attributable to shared environ-

ments (Fischer 1973; Sullivan et al. 2012). These differ-

ences could be due to chance, less precision in some older

diagnostic systems, and other sources of variation.

Gottesman and Shields’ (1972) high estimates of

schizophrenia heritability seem anomalous when compared

with other studies of its era, more similar to current studies.

This difference may stem, in part, from the rigor of the

study’s diagnostic methods, with higher priority given to
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diagnoses arrived at through the consensus review of six

judges. This high standard of reliable inter-rater diagnosis

may have overcome some of the diagnostic unreliability

that, historically, prompted the eventual widespread adop-

tion of criterion-based diagnosis. Measurement unreliabil-

ity, however, is theoretically uncorrelated within twin

pairs, and would most likely affect the estimate of non-

shared, rather than shared, environmental variance.

Evidence of shared environmental variance typically

emerged from studies of earlier cohorts, when certain

environmental risks were more common, whereas studies

of more recent cohorts found no evidence of shared envi-

ronmental variance and produced higher heritability esti-

mates for schizophrenia liability. This temporal effect of

increasing heritability with improved health care seems

analogous to the socioeconomic status effect Turkheimer

et al. observed for heritability of children’s IQ (Turkheimer

et al. 2003). In impoverished families, where environ-

mental risks were more common, individual differences in

children’s IQ were attributable to environmental factors

alone. In more affluent families, buffered from those

environmental risks, children’s IQ was more prototypically

heritable. Limited access to individual-level data across the

full range of samples limited the scope of this portion of

our investigation, as the decades-wide definition of some

sample cohorts potentially obscured any covariation

between birth year and heritability estimates.

A decline across more than a century in the proportion

of schizophrenia liability attributable to environmental

factors would be consistent with improvements in public

health. Of course, the number of twin studies of

schizophrenia is relatively small, with the regression and

more rigorous model-fitting falling short of nominal sta-

tistical significance. If no cohort-related decrease in the

variance in schizophrenia liability associated with envi-

ronmental factors has occurred, then either public health

improvements did not appreciably affect environmental

contributions to schizophrenia liability at the population

level, or their positive effects may have been counterbal-

anced by the survival of more environmentally ‘‘at risk’’

individuals to the age of schizophrenia onset and/or by the

introduction of new environmental risks for schizophrenia,

such as increasing exposure to drugs associated with psy-

chosis risk (McGrath et al. 2010) or secular increases in

paternal age (Matheson et al. 2011; D’Onofrio et al. 2014).

Alternatively, the observed correlation, albeit under-pow-

ered, could represent an actual decline in environmental

influences on schizophrenia liability with successive

cohorts. If this is the case, then improved public health may

have made a difference. As previously noted, improved

diagnostics reduce measurement error (one source of

nonshared environmental variance), which decreases non-

shared environmental variance and, proportionally,

increases variance attributable to other factors. However,

more accurate diagnosis would not explain the reduction in

schizophrenia liability attributable to environments shared

within-pair. Any reduction in measurement error and in

actual environmental variability may increase the capacity

of some twin studies to detect evidence of both additive

and non-additive genetic influences on schizophrenia.

These estimates of genetic variance, in turn, may provide a

reference point from which to appraise how much any

particular additive or non-additive genetic (or similarly-

acting epigenetic) effect identified in molecular genetic

studies may contribute to the overall genetic liability to

schizophrenia (Van Dongen et al. 2012).
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