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More than 20 years ago, in a footnote to their classic paper, Bronfenbrenner & Ceci, 1994
described a personal communication with one of the current authors:

For twins with mothers having the least education, the correlation between identical
twins is .80, whereas the correlation for fraternal twins is .47. For the twins having
mothers with more education, these correlations are .82 and .39, respectively. As
you will see, this yields a heritability estimate of .66 for the first group, whereas it
is .86 for the second group. If I understand your hypothesis correctly, this is in
accordance with your predictions. However, the difference between the two DZ
[dizygotic] correlations does not seem to reach statistical significance, although it is
quite near.

Although at that time Scarr (1971) had already reported variation in the heritability of
cognitive ability according to socioeconomic status, and Fischbein (1980) had replicated it,
the phenomenon had received little notice. It was only several years later, when Rowe,
Jacobson, & Van den Oord (1999) reported a similar interaction with maternal education in
the Adolescent Health and Development Project, followed by the Turkheimer et al. (2003)
report from the National Collaborative Perinatal Project, that the possibility that low SES
might attenuate genetic (or amplify shared environmental) variance in cognitive ability came
to be widely considered.

The years since Turkheimer et al. (2003) have seen a sharp increase in analyses of this kind.
A narrative review (Turkheimer & Horn, 2012) and a recent meta-analysis (Tucker-drob &
Bates, 2015) have reached a consistent conclusion: the interaction between ACE parameters
and SES appears to occur reliably in the United States, albeit with an average effect size
somewhat smaller than was suggested by the early reports; the interaction does not, however,
appear to occur in other western nations. In the current paper we return to the original
Norwegian conscript data that prompted the footnote in Bronfenbrenner & Ceci (1994),
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using modeling methods that have been developed since that time. As described in the
footnote, there does indeed appear to be an interaction between parental education and
children’s ability. Several complications that arise in the course of the analysis lead to
suggestions for future studies.

Subjects were drawn from a population of Norwegian male military conscripts born between
1931 and 1960. At that time, all able young Norwegian men had to meet before a draft board
before they enter military service. The data set was obtained by matching the files with
intelligence test scores from the army files with the Norwegian Twin Panel comprising
zygosity data. This dataset has been previously employed for several related analyses:
whether the genetic and environmental estimates vary across ability level and across birth
cohorts (Sundet, Eilertsen, Tambs, & Magnus, 1994; Sundet, Tambs, Magnus, & Berg,
1988). It was possible to retrieve complete zygosity, intelligence test and education of at
least one parent for 700 MZ pairs and 1,006 DZ pairs. Data for twins born in the period
1936-1943 were not obtainable. Thus, we have data on 22 age groups of male twins, all of
which have been tested at approximately the same age (late teens or early twenties), thereby
avoiding a confounding of age and year of birth. The sample includes about 40% to 45% of
the male twin population born in that period. Sample attrition was due mainly to selection in
the twin panel (Magnus, Nance, & Berg, 1983) but also to missing intelligence test data on
one or both members of the twin pair. In addition, the fact that disabled young people were
exempted from the medical and psychological investigations may have introduced some
bias. Although other sources of bias may be present as well, due to the population-based
twin panel, we consider the sample to be representative of the general population of young
Norwegian males during the relevant time period.

A detailed history of Norwegian conscript testing is available (in Norwegian) in (Hansen,
2006). The zygosity of the pairs was ascertained by means of a mailed questionnaire, which
was answered by more than 80% of the twins. Bloodtyping of a subsample (207 pairs)
showed that this questionnaire classified 97% of the pairs correctly (Magnus, Nance, &
Berg, 1983).

The intelligence test used by the Norwegian Army included three subtests--Arithmetic,
Word Similarities, and Figures. The Arithmetic subtest measures arithmetic ability but also
logical reasoning ability and consists of questions quite similar to those in the Arithmetic
subtest of the WAIS. In 1963 the Arithmetic test was modernized and updated rules for
scoring were introduced. For the first few years the Figures test was a version of Raven’s
Progressive Matrices. In the mid 1950’s it was replaced by a test constructed to be similar to
Raven’s Progressive Matrices test (Hansen, 2006). The Word Similarities subtest is intended
to be a measure of the vocabulary of the respondent. A key word is given, and the task is to
pick out the synonymous word among six alternatives. The test-retest reliabilities of the
Arithmetic, Word Similarities, and Figures subtests are .84, .90, and .72, respectively. The
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intercorrelations between the subtests are .53 (Arithmetic and Figures), .64 (Arithmetic and
Word Similarities), and .59 (Figures and Word Similarities) (Notes from the Psychological
Services of the Norwegian Armed Forces, 1956).

The data reported in this paper is a general ability (GA) score obtained by combining the
subtest scores (the individual subtest scores are no longer available). The Word Similarities
subtest was not included in the battery until 1954. Thus, the GA scores for the 1931-1934
age groups are not strictly comparable to the rest. Considering the high intercorrelations
between the subtests, this may not be a very serious limitation. The scale used is an ordinary
stanine (M =5, SD = 1.96). The test-retest reliability of GA is .87 (Notes from the
Psychological Services of the Norwegian Armed Forces, 1956). To our knowledge the test
has not been fully validated against more established ability tests, but it has been compared
to WAIS 1Q for a small sample (n = 48) in which the WAIS was administered between two
and twenty-five years after the military test; the correlations was found it to be reasonably
high (r = .75, 95% CI = .59 — .85; Tambs, Sundet, & Magnus, 1988).

Educational attainment was measured on an ordinal scale with values ranging from 1 to 4. (1
= 0-7 years, 2 = 8-9, 3 =10-12, 4 = 12+). The distribution of education scores for mothers
and fathers is given in Figure 1. We will conduct the main analyses for this paper using mid-
parent education, substituting the education of one parent when the other one is missing.
Results for maternal and paternal education alone are roughly similar, and provided in
Appendix 1.

Modeling Procedures

Results

Basic statistical procedures and data preparation were conducted in R. Models were fit using
MPlus (Muthén & Muthén, 2015) using maximum likelihood estimation. The structural
equation models we employed will be described below.

Descriptive Results

Mother’s education had a mean of 1.27 (SD = .62, Median = 1.0), father’s education had a
mean of 1.40 (SD = .82, Median =1.0). The distributions of mother’s, father’s and mid-
parent education were highly skewed, mostly falling in the lowest category, as illustrated in
Figure 3. These values are equivalent to less than a high school education, reflecting the
lower educational standards of an earlier time in Norway. The mean GA score was 5.30 (SD
= 1.85, Median = 5). The distributions of GA scores are given in Figure 2. The twin
correlations for GA scores were r = .84 in MZ twins and r = .51 in DZ twins. Maternal
education was correlated .31 with child GA, paternal education was correlated .34, and mid-
parent education was correlated .35.

Figure 3, a scatterplot of child against mid-parent education (a small amount of jittered error
has been added to GA and education in the figure, to prevent the points from overlapping
and enhancing the impression of the shape of the relationship), illustrates a result that will
play an important role in the analysis that follows: the relationship is visibly heteroscedastic,
with reduced variation around the regression line at higher levels of parental education
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resulting from a relative absence of low GA scores among the children of parents with high
education, and a ceiling effect on the GA score (Figure 4). This heteroscedasticity and right-
censoring will be taken into account in the models that follow.

Modified Twin Correlation Model

We then proceeded to model the MZ and DZ twin correlations as a function of mid-parent
education. The model, which we refer to as a modified twin-correlation model, is illustrated
in Figure 5. The model differs in some ways from the classic Purcell (Purcell, 2002) model
that has become the standard in the field. First of all, for the time being we focus on the twin
correlations themselves rather than the ACE parameters that can be derived from them, for
reasons that will become apparent in a moment. Secondly, we constructed the model to
separate the heteroscedasticity in phenotypic variance we have already observed from the
twin correlations that are the main object of the model. In Figure 5, sis the standard
deviation of twin GA, and Zis a latent variable that standardizes GA to a mean of 0 and a
standard deviation of 1. The MZ and DZ covariances are therefore correlations. As in the
Purcell model, we included a main effect of mid-parent education on child GA. We then fit a
single log-linear model of mid-parent education to the phenotypic variance in the MZ and
DZ twins to account for the phenotypic heteroscedasticityl, and separate linear models of
mid-parent education to the MZ and DZ twin correlations to detect changes in twin
correlations as a function of mid-parent education.

Results are in Table 1. Child GA was linearly related to mid-parent education, and variance
was significantly reduced at higher levels of mid-parent education. Both MZ and DZ twin
correlations showed linear decreases with increasing mid-parent education, although the
slope was substantially larger in the DZ twins. [MZ: slope = -.04 (.02); DZ: slope=-.12 (.
04)]. The modeled twin correlations are illustrated in Figure 6.

We then fit a model in which the MZ and DZ correlations were parameterized as the ACE
parameters from the classic twin model. The model is illustrated in Figure 6. Rather than
modeling the raw MZ and DZ correlations as in the previous model, they were
reparameterized to ACE variances that were constrained to sum to 1.0. As the ACE
parameters were variance components and therefore non-negative, we modeled them as log-
linear functions of parental education. Results are in the top half of Table 2. To our surprise,
although the previous model had demonstrated that the gap between the MZ and DZ twin
correlations increases with mid-parent education, the ACE model showed no indication of an
interaction between mid-parent education and either A or C.

A re-examination of Figure 5 suggests why this apparent contradiction occurs. The lightly
dotted line in Figure 5 shows correlations that are exactly half of the MZ correlation. For
most of the range of mid-parent education the DZ correlation is below this line, thus
violating the assumptions of the classical twin model. Constraining C to be positive
therefore disallows most of the parameter space in which the interaction was detected in the
twin correlations. If one removes this constraint (by modeling the ACE variances linearly

IThe .5terms in the exponential expressions for the variance are included because sZ and s2represent the standard deviations of GA,
not the variances.
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instead of exponentially) the interaction is once again present, with significant declines in C
as a function of mid-parent education, as shown in the lower half of Table 2.

Distribution of Education and Censoring of GA Scores

Although the modified Purcell model we have used accounted for continuous changes in the
variance of GA as a function of parental education, it does not address the root cause of the
heteroscedasticity, which is that increasing cognitive ability over time led to a ceiling effect
in the measurement of GA, as shown in Figure 4. The model also treated parental education
as continuous, when it was in fact measured discretely, using four categories for each parent;
moreover, the distribution of parental education was highly skewed, with most parents in the
first (lowest) education category.

We therefore conducted a separate set of models to address these difficulties directly. Mplus
includes methods for tobit modeling of censored variables (Waller & Muthen, 1992).
Declaring GA as right censored, we computed the between and within pair variances of GA,
and used these to estimate the intraclass correlations for GA. In addition, instead of
characterizing parental education as a pseudo-continuous moderator, we computed the ICCs
separately for the four levels of parental education and for MZ and DZ pairs (2 zygosity
groups x 4 parental education groups = 8 ICCs), and used the MZ and DZ ICCs to estimate
A and C components at each level of parental education. Finally, we computed linear trends
over the MZ and DZ ICCs and the A and C components (without constraining C to be
positive). For the MZ and DZ ICCs for the four levels of parental education (ICCpz1 —
ICCppz4) We computed the linear trend using the usual contrast coefficients:

—5*10C,,,,—1*1CC,,,,+1*1CC,,,, +3*1CC,,,,
~3*1CC,,,,~1*1CC ,,,+1*1CC,,,,+3*1CC,,,

MZ1

Finally, we tested the significance of the A and C linear trends using a Wald test with two
degrees of freedom.

Results of the analysis are given in Table 3. The table shows the within, between and total
pair variances for MZ and DZ twins at the four levels of parental education. For comparison,
we also show the total variances for a model that does not account for right censoring of GA.
The table then shows the estimated ICCs from the censored model, along with the resulting
standardized A and C components, without constraining them to be greater than zero or less
than one.

Comparing the total variances across the four education levels, it is apparent that controlling
for censoring mitigated most of the heteroscedasticity in the variances. The linear trends for
A (.853, SE=1.439) and C (-1.70, SE=2.55) are in the expected direction but not statistically
significant. The Wald test of the hypothesis that both the A and C linear trends are 0 was
significant (chi-square = 8.16, 2 df, p = .016), suggesting that either A or C or both is
changing linearly across education levels, but we are unable to determine which. The
analysis also makes clear, once again, that the effect arises only on the level of the twin
correlations, or alternately only if one is willing to allow the A and C parameters to deviate
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from the parameter space permitted by the classical twin model. It also makes clear that
most of the effect arises in the highest education group, in which both the MZ and DZ ICCs,
and especially the latter, are greatly reduced.

Cohort Analysis

The Norwegian sample included conscripts from a long period, with participants born
between 1931 and 1960. Year of birth was correlated with the variables of interest: 0.16 with
cognitive ability, 0.11 with paternal education and .15 with maternal education. We fit a
model similar to the twin-correlation model above, using year of birth rather than mid-parent
education as the madifier. Although the results, given in Table 4, were similar to the parental
education results (slight negative slope of MZ correlation on birth year, stronger negative
slope of DZ correlation on birth year) neither slope nor a simultaneous combination of the
two reached statistical significance.

Discussion

Our analysis confirms the footnote in Bronfenbrenner & Ceci (1994): there appears to be a
significant interaction between mid-parent education and MZ and DZ twin correlations for
GA, although the particulars of the interaction turn out to be considerably more complex
than was apparent when the observation was originally made. Both MZ and DZ twin
correlations show significant linear declines as a function of mid-parent education, the
decline is steeper in the DZ twins. One would therefore expect A to increase and C to
decrease as a function of mid-parent education, but on a first examination this does not
appear to happen. Further examination reveals that the reason is that DZ twin correlations
rapidly decrease beyond the limitations of the classical twin model, so the positivity
constraints on the ACE variances obscure the clear result for the twin correlations.

Our results are of some interest because previous analyses have not found a heritability by
environmental quality interaction in samples from outside the United States (e.g., (van der
Sluis, Willemsen, de Geus, Boomsma, & Posthuma, 2008); (Bates, Hansell, Martin, &
Wright, 2016)). One way that our sample is different from other European samples is that it
is from much longer ago, including pre-war data from families with quite poorly educated
parents. One difficulty faced by modern European studies of this kind is that there is no
longer a great deal of variability in socioeconomic status, particularly for education. Another
possibility that is worth investigating is whether the same phenomenon that happened here—
low DZ twin correlations that violate the assumptions of the ACE model and obscure the
interaction when the analysis is conducted in terms of all-positive ACE parameters—may
have occurred in some of the negative European reports, which have only reported their
results in terms of ACE. We would encourage other investigators to include descriptions of
their results in terms of the MZ and DZ twin correlations so these possibilities could be
considered.

It should also be noted that the current study has significant limitations. In particular, the
measurement of parental education and GA are both coarse, on four- and ten-point scales,
respectively. Parental education is highly skewed, and the sample sizes at the upper levels
are small. Reliable detection of interactions is always problematic, especially in the presence
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of skew and non-linearity (Eaves, 2006). No ability data are available for the parents or other
relatives. Only cross-sectional data, from a single country at a single age and only for males,
are included, and no other data on the rearing environments are available.

Twin correlations that violate the classical twin model are not uncommon, and there are
many available ways to adjust the model to take such violations into account. One could, for
example, make a post hoc decision to employ an ADE model, or speculate about epistatic
effects that might tend to inflate MZ correlations relative to DZ. Alternatively, some of us
(Beam & Turkheimer, 2013) and others (Dolan et al, 2014) have explored a class of models
that routinely produce DZ twin correlations that decline rapidly with age and quickly lead to
DZ correlations that are less than half the MZ correlation. These models, called reciprocal
effects models or P => E (phenotype to environment) models, are used to show how people’s
exposure to environments (either randomly or systematically) can trigger a recursive process
between individuals and their subsequent environmental exposure. Individuals will select
environments suited to their ability level and these environments in turn reinforce their
ability level. There are two statistical consequences of P=>E models: first, gene-environment
correlation - the statistical phenomenon of nonrandom exposure to environments based on
differences in genotype - increases over time; and second, nonshared environmental factors
become increasingly stable over time.

Estimation of P=>E models requires age-matched pairs with varying degrees of genetic and
environmental difference within pairs. Pairs with greater differences (unrelated pairs
compared to DZ pairs or DZ pairs compared to MZ pairs) should diverge in their similarity
more quickly than pairs with fewer differences, as each selects environments that are better
suited for their observed ability level. Subsequent selection of and reinforcement by future
environments, in turn, will cause pairs to diverge even more over time. In P=>E models,
gene-environment correlation rather than gene-by-environment interaction causes DZ twins
to decline more rapidly than MZ twins.

In the final analysis, we would argue that the tendency for MZ and DZ twin correlations to
violate the constraints of the classical twin model constitutes a good reason to focus analyses
on the twin correlations themselves, leaving for a later time speculation or empirical analysis
about how the twin parameters might be reparameterized in terms of quantitative genetics.
More informed analysis of the best biometric parameterizations of data of this kind may
become possible when more than simple twin data are available, longitudinal data allow
careful analysis of change within and between pairs, or when DNA or other biological data
have been collected to help inform speculation about alternative genetic models. In the
meantime, it should be remembered that twin correlations are interesting in and of
themselves, and if anything are closer to the actual phenomenon of interest (in this case the
intellectual development of young people) than the ACE models we routinely impose on
them.
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Scatterplot of jittered conscript general ability (GA) scores plotted against jittered mid-
parent education level with fitted ordinary least squares regression line with 95% confidence
interval. Small amount of error added to data to show pattern of scatter plot.
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Figure5.
Modified twin-correlation model. GA; = twin 1 general ability score; GA, = twin 2 general

ability score; z; = twin 1 latent GA score; z, = twin 2 latent GA score; EDU = mid-parent
education level; S = random effect of latent GA on observed GA in standard deviation units;
rvz/fpz = MZ and DZ twin GA correlations, respectively, moderated by mid-parent
education level.
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Line plot of MZ and DZ intraclass correlation coefficients. ICCs modeled as a function of
the intercept and slope of mid-parent education level. MZ*0.5 = ICCs exactly one-half of the
MZ correlations.
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ACE variance components total 1.0.
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