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Abstract

The current analysis investigates genetic and environmental influences on the bidirectional
relationships between temperament and general cognitive ability (GCA). Measures of GCA and
three temperament factors (persistence, approach, and reactivity) were collected from 486 children
ages 4-9 years (80% white, 50% female) from the Louisville Twin Study from 1976 to 1998.

The results indicated a bidirectional dynamic model of temperament influencing subsequent GCA
and GCA influencing subsequent temperament. The dynamic relationship between temperament
and GCA arose primarily from shared genetic variance, particularly in families with higher
socioeconomic status, where input from temperament contributed on average 20% to genetic
variance in GCA versus 0% in lower SES families.

Neurocognitive theories of early childhood development recognize the dynamic and
interactive relationships between cognitive and emotional development as described by
the construct of temperament (Bell et al., 2019; Cole et al., 2004; Wolfe & Bell, 2007).
Although once thought to be relatively stable over time, it is now known that the self-
regulation of emotional reactivity emerges in late infancy, continues to develop throughout
childhood, and is associated with control over attentional processes. At the same time,
cognitive control is simultaneously developing (Bell et al., 2019; Wolfe & Bell, 2007).
The trajectories of these two related and interactive systems have rarely been explored
longitudinally in a genetically informed sample. The current study will explore genetic
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and environmental influences on the longitudinal bidirectional dynamics between specific
temperament characteristics and cognitive development during childhood

Temperament has been defined as biologically based individual differences in emotional
reactivity (Rothbart & Jones, 1998; Rothbart et al., 2006; Wolfe & Bell, 2007). Research has
focused on three aspects of temperament thought to impact school readiness and cognitive
abilities: reactivity, persistence, and approach (Chong et al., 2019; Rothbart & Bates,

2006; Smithers et al., 2018; Wolfe & Bell, 2007). Reactivity involves a child’s emotional
intensity and volatility; similar and overlapping concepts include negative affectivity and
anger (Chong et al., 2019; Smithers et al., 2018; Valiente et al., 2021). High emotional
reactivity can interfere both with schooling and with the testing situation in which cognitive
abilities are measured (Bohn-Gettler & Rapp, 2014). Persistence involves staying on task
and is related to concepts such as effortful control (Bell et al., 2019; Smithers et al.,

2018). Persistence and reactivity are two aspects of temperament strongly linked with
self-regulation (Bell et al., 2019; Chong et al., 2019). Finally, approach—or extra-version
and its opposite, shyness—indicates the degree of comfort with new situations or people
and can interfere with learning and achievement (Chong et al., 2019; Eggum-Wilkens et al.,
2014).

Researchers investigate the role of non-cognitive skills like these aspects of temperament
because they appear to scaffold later development of cognitive skills, as evidenced in

a recent meta-analysis incorporating over 500 studies (Smithers et al., 2018). Theorists
emphasize, however, that emotional regulation (including temperament) and cognition are
interactive processes (Cole et al., 2004; Wolfe & Bell, 2007) that “continuously influence
each other across a developmental time course and in a dynamic manner” (Bell et al.,

2019, p. 378). Cognitive skills such as executive function support regulation of emotion
while at the same time, emotions serve to organize thinking and action (Bell et al., 2019;
Cole et al., 2004). Bell and colleagues emphasize the psychobiological underpinnings of
this relationship, incorporating both genetic influences and patterns of brain maturation
during childhood in their model of self-regulation (Bell et al., 2019). Furthermore, evidence
suggests that some portion of economic inequalities that persist in academic achievement
may arise from early disadvantages in stimulation of this nexus of both cognitive and non-
cognitive skills (Heckman, 2006; Smithers et al., 2018). Interventions focused on cognitive
skills can impact non-cognitive outcomes in disadvantaged samples (Reynolds et al., 2003),
and non-cognitive skills can mediate the relationship between socioeconomic disadvantage
and cognitive outcomes (Brophy-Herb et al., 2013; Pearce et al., 2016; Schelble et al., 2010).

Understanding the nature of genetic and environmental influences on the relationship
between temperament and cognition would support efforts to optimize academic
achievements and social capital. An early application of co-twin comparison reported that
the members of twin pairs with longer attention spans (a facet of persistence and effortful
control) at 1 year also had significantly higher general cognitive ability (GCA) scores

at 4 years (Matheny & Brown, 1971). Subsequent twin studies have also focused on

the influence of temperament (e.g., grit, inhibition, inattention, impulsivity) on cognitive
outcomes (reading ability, fluid intelligence, verbal intelligence, GCA), reporting that the
covariance between temperament measures and cognitive development was driven primarily
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by shared genetic variance (Christopher et al., 2016; Polderman et al., 2009; Tucker-Drob et
al., 2016; Zumberge et al., 2007). A study of twins age 6-14 years indicated a genetically
mediated correlation between GCA and a single temperament factor combining measures

of emotionality, activity, sociability, and soothability (Petrill & Thompson, 1993). A
longitudinal twin study reported evidence for shared genes influencing attention difficulties
at age 5 years and GCA at age 12 years (Heutink et al., 2006). None of these twin

studies tested hypotheses about the bidirectional, interactive processes that may underlie

the relationship between temperament and cognition (Bell et al., 2019; Cole et al., 2004).
Moreover, none of these studies examined the possible role of socioeconomic disadvantage
on the temperament-cognition relationship. The Scarr—Rowe effect identified in recent years
by Turkheimer and colleagues (Turkheimer & Horn, 2014) indicates that heritability of GCA
is much lower in children from disadvantaged backgrounds than in children from advantaged
backgrounds. It is likely that a powerful environmental variable such as socioeconomic
status would affect the developmental relationship between temperament and cognition as
well.

The current analysis relies on temperament and cognitive data collected annually by the
Louisville Twin Study (LTS; Matheny & Dolan, 1980; Wilson, 1983) from ages 4-9 years.
Our aim was to evaluate dynamic, bidirectional interactions between temperament and
cognition over time (Bell et al., 2019). The development of dual change score models to
characterize developmental changes has facilitated specification and testing of dynamic
hypotheses of this relationship (McArdle et al., 2004). The Louisville Twin Study is
uniquely positioned to support direct tests of genetic and environmental influences on

the bidirectional dynamic relationships between temperament and cognition. Datasets that
include GCA, temperament, longitudinal data, and twins in childhood are quite rare. No
previous study has examined relationships between cognitive ability and temperament using
bivariate DCSM. Therefore, the analysis represents a novel and exploratory approach to

a confirmatory analysis of the relationship between development of temperament and
GCA. We hypothesize that the DCSM approach will replicate and expand on previous
analysis of twin data by identifying bidirectional relationships between temperament and
GCA. In addition, the potential role of socioeconomic disadvantage on the etiology of

the longitudinal temperament-GCA relationship was investigated as part of our exploratory
analyses.

Twins enrolled in the LTS were recruited from families residing in the metropolitan
Louisville, KY area. The LTS sample is a randomly selected collection of families who
represent the full range of socioeconomic status, race, and ethnic diversity within the
Louisville metropolitan area at the time. Approximately 80% of the participants are white,
18% are Black, and the remaining 2% are of mixed or Asian ancestry; 50% of the

sample was female. Birthyear for the current sample ranged from 1972 to 1989. The
mean gestational age of the sample was 37.4 weeks, which is considered premature for
single children but is not uncommon for twins. Zygosity was determined by blood sera
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analysis made when the twins were 36 months of age or older as part of the LTS protocol.

Monozygotic (MZ) twins made up 48% of the sample and dizygotic twins (DZ) were 52%
of the sample (see Table 1). About half of the DZ pairs were same-sex pairs and half were

opposite-sex pairs. Longitudinal data collected annually at ages 4-9 years were used in the
current analyses: a total of 486 individuals contributed data.

Socioeconomic status—Occupations of heads of households, converted to Duncan’s
scores for socioeconomic status (Duncan, 1961), represented the entire distribution of social
class. Percentage of the sample falling in each 20-point interval was 25% (0-20), 20%
(20-40), 14% (40-60), 27% (60-80), and 13% (80-100). The mean score on the 100-point
scale was 46.26 (SD = 27.85), which falls in the score range typical for middle-level clerical
workers. The sample was divided into lower and higher SES groups at the median value of
48.

General cognitive ability—Twins were administered the age-appropriate Wechsler scales
of cognitive ability individually by separate examiners at each visit to the study center. The
testing schedule was arranged so that examiners did not test the same twin on successive
visits. The Wechsler Preschool and Primary Scale of Intelligence (WPPSI; Wechsler, 1967)
was used to assess cognitive functioning at ages 4, 5, and 6 years of age (see Table 1).
Between ages 7 and 9 years, general cognitive ability was measured using the Wechsler
Intelligence Scale for Children-Revised (WISC-R; Wechsler, 1974)). Full scaled scores
were translated to T-score metric (mean = 50, SD = 10) based on the means and standard
deviation at age 6 years (typical entry into first grade) and data points more than three
standard deviations from the mean were winsorized (10 data points; 0.05%).

Temperament—Age-appropriate versions of the McDevitt and Carey scales were
completed by the mother: McDevitt Style Questionnaire (McDevitt & Carey, 1978) was
used at ages 4 through 7 and the Temperament in Middle Childhood Questionnaire (Hegvik
et al., 1982) was used at ages 8 and 9. The questionnaires include 90 or more items coded
so that higher scores indicate more difficulty. The items are reduced to nine behavioral
categories: activity, persistence, approach, adaptability, mood, intensity, distress, threshold,
and rhythmicity (not included in middle childhood questionnaire). Although several factor
structures for these nine categories have been reported in the literature, generally they are
reduced to three factors. Factor analyses were conducted separately by twin and in the full
sample; because the approaches resulted in equivalent factors, results from the full sample
are reported here. Oblique factor analysis at each age supported a three-factor solution:
persistence (activity and persistence), approach (approach, adaptability, and mood), and
reactivity (intensity, distress, and threshold). Average factor loadings and factor correlations
across ages are presented in Table 2. On average, factors explained 29%, 24%, and 22%

of the variance, respectively, for a total of 75% of variance explained. Factor scores were
created using unit weighting and mean scores on the factors at each age are presented in
Table 1. Factors were only moderately correlated with each other and correlated significantly
with GCA (see Table 2) such that higher scores on the factors (more difficulties) were
correlated with lower GCA scores. For these analyses, factor scores were translated to
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T-score metric based on the means and standard deviation at age 6 years and data points
more than three standard deviations from the mean were winsorized (3 data points for
persistence and reactivity, 5 data points for approach).

Statistical method

Dual change score models (DCSM) were used to examine changes with age in GCA and
the temperament factors both independently in univariate models and as part of bivariate
relationships. Extensive discussions of the model are available (McArdle et al., 2004), as
well as comparisons of DCSMs with latent growth curve models (Ghisletta & McArdle,
2012; Lovdén et al., 2005). As presented in Figure 1, the model is based on latent difference
scores that create a growth curve reflecting change from one age to another age (e.g., AG
for GCA and AT for the temperament factor), which is modeled as a function of both
constant change (agand a7) that accumulates over time in an additive fashion as well as
proportional change (8¢ and B7) based on the previous score. In the DCSM, agand ar
are typically set to 1 and the parameters Bs and By differ from zero to the extent that the
longitudinal change is nonlinear. The bivariate DCSM allows for a coupling mechanism (A)
where change in GCA depends on the previous value of the temperament factor (A1), and
vice versa.

Twin data allow for the decomposition of individual variation (random effects) around the
group mean intercept and slope into genetic and environmental components. The variance
in any trait can be divided into three separate components: additive genetic variance (14),
shared rearing environmental variance that makes members of a family more similar to
each other (V¢), and nonshared environmental variance, including measurement error, (&)
that makes members of a family different from each other. By fitting structural models

to the observed MZ and DZ covariance matrices, we can estimate the proportion of total
variance accounted for by the variance in genetic factors, shared environmental factors, and
nonshared environment factors. To decompose both the individual variation around the mean
intercept and slope and the correlation between the intercept and slope, a standard Cholesky
model was implemented (McArdle & Hamagami, 2003; Neale & Cardon, 1992). As shown
in Figure 1, the model includes genetic effects specific to the intercept (a5 and ayp) and
genetic effects specific to the slope (agsand ars). The path from agy and apy to the slopes
(Gsand Ty generates the Cholesky decomposition of the correlation between the intercept
and slope. For simplicity, only additive genetic paths are included in the figure; shared and
nonshared environmental variances were also included in the model.

Univariate model fitting included three phases: fitting basic models, testing for sex
differences (assuming no SES differences), and testing for SES differences (assuming no
sex differences). In the basic model fitting phase, four models were fit to the data for each
variable: (1) full model, (2) drop proportional change parameter $to test for nonlinear
trajectory, (3) drop shared environmental variance, (4) drop additive genetic variance. Phase
2 of univariate model fitting examined sex differences by fitting four models to the data for
each variable: (1) full model, (2) equating only trajectory parameters intercept, slope, and
proportional change across sex, (3) equating only biometric parameters estimating genetic,
shared environmental, and nonshared environmental components of variance across sex, and
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(4) equating all parameters across sex. Data from same-sex pairs, only (77% of the data
points), were used in this phase of analysis. Phase 3 of univariate model fitting examined
SES differences by fitting the same four models testing significant differences in parameters
across SES groups.

Bivariate model fitting included three similar phases: fitting basic models, testing for sex
differences (assuming no SES differences), and testing for SES differences (assuming

no sex differences). For the purposes of the present analyses, the most important part

of the bivariate DCSM is the coupling parameters: estimating the extent to which GCA
impacts subsequent temperament and the extent to which temperament impacts subsequent
GCA. Therefore, the first phase of bivariate model fitting focused on testing the coupling
parameters: dropping all coupling (model 2) and then testing the coupling in either direction,
GCA to subsequent temperament (model 3) and temperament to subsequent GCA (model
4). Phase 2 of bivariate model fitting focused on testing sex differences in the nature of
coupling between GCA and temperament. Given the potential role of SES disadvantages on
the dynamic relationship between temperament and cognition and its etiology, the impact of
SES was explored in Phase 3.

It is important to note that one of the fundamental assumptions of DCSM is that data

are missing at random. Of most importance in DCSM is demonstrating that the pattern of
missing data does not differ across variables. The average number of waves of participation
was 3.75 (SD = 1.83); 69% of the sample participated in three or more waves and 40%

of the sample participated in five or more waves, for a total of 1825 data points for each
variable. There were no sex differences in the mean number of waves of participation (£484)
= 1.40, ns); however, children from higher SES families averaged 4.03 waves versus 3.54
waves for children from lower SES families ({484) = 2.97, p< .01).

Both univariate and bivariate biometric DCSM were fit with the structural equation
modeling program Mx version 1.66b (Neale et al., 2003) using the variable-length datafile
option that takes advantage of data from both complete and incomplete pairs. The raw
maximum likelihood estimation procedure was used throughout. Hypotheses were tested by
comparing model fit indices; nested models were compared using the difference Chi-square
test obtained by taking the difference between the obtained model fits (loglikelihood) and
testing its significance with the degrees of freedom equal to the difference in the number of
parameters of the two models.

Univariate analysis

The results of the three phases of univariate model testing are presented in Table 3. A
significant change in model fit indicated nonlinear change with age and significant genetic
variance for all four variables: persistence, approach, reactivity, and GCA (parameter
estimates can be found in Supplemental Table 1). A significant shared environmental
variance was indicated for GCA, only. An estimated genetic component of variance

for the intercept of the trajectory was 39%, 82%, and 63% for the three temperament
factors, respectively. Estimates for intercept for GCA were 31% genetic variance, 57%
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shared environmental variance, and 12% nonshared environmental variance. The DCSM
decomposes variance related to the age trajectory; variance specific to each time point will
be estimated as error variance.

The results of phase 2 (testing sex differences) are presented in the middle of Table 3:
Although biometric parameters could be equated across sex for all four variables with no
significant loss of model fit (model3), parameters estimating longitudinal trajectories could
not be equated across sex without significantly reducing model fit for persistence, approach,
and GCA (model 2). Longitudinal trajectories for all four variables estimated separately for
boys and girls (i.e., model 1) are presented on the left in Figure 2. Although trajectories are
fairly similar across sex, boys average more difficulties with persistence, fewer difficulties
with approach, and slightly higher GCA scores than girls.

The results of phase 3 (testing SES differences) are presented at the bottom of Table

3. Differences between SES groups were indicated for all four variables. However, SES
differences detected for approach and reactivity in model 4 (equate all parameters) were
diffuse enough to avoid detection in models 2 or 3. Longitudinal trajectories for all four
variables estimated separately for lower and higher SES groups are presented on the right
side of Figure 2. Children in lower SES groups had higher mean difficulties in persistence,
although the differences between SES groups decreased over age. Longitudinal trajectories
in GCA showed the same pattern of increasing scores that leveled off around age 7 years for
both lower and higher SES children, but mean scores were significantly lower for lower SES
children.

Bivariate analysis

The results of the three phases of bivariate model testing are presented in Table 4. Model
comparisons indicated significant coupling between GCA and temperament for all three
temperament factors. Dropping the coupling parameter from temperament to GCA always
resulted in a significant reduction in model fit, while dropping the coupling parameter
from GCA to temperament resulted in a significant reduction in model fit for persistence
and approach factors. Estimates of the coupling parameters are presented in Table 5.

All coupling parameter estimates were negative. Negative GCA to temperament coupling
parameters indicate that lower GCA scores predicted steeper increases in temperament
scores at the subsequent time point. Similarly, lower temperament scores predicted greater
increases in GCA at the subsequent timepoint.

The results of phase 2 (testing sex differences) are presented in the middle of Table 4.
Equating coupling parameters across sex resulted in no significant change in model fit for
any of the temperament factors, indicating that the temporal relationship between GCA and
temperament was the same for boys and girls.

The results of phase 3 (testing SES differences) are presented at the bottom of Table 4.
Equating coupling parameters across SES did resulted in significant reductions in model fit
for all of the temperament factors. Follow-up model fitting tested the significance of each
coupling parameter one at a time. The results indicated that the strongest coupling from
GCA to temperament in the lower SES group and from temperament to GCA in the higher
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SES group. In lower SES families, lower GCA predicted greater increases in temperament
scores, whereas, in higher SES families, lower temperament predicted greater increases in
GCA. Parameter estimates for effects of temperament factor on GCA reported in Table 5
support this conclusion (additional parameter estimates can be found in Supplemental Table
2). Furthermore, estimates of coupling from temperament to GCA in the higher SES group
are consistently the largest estimates reported in Table 5.

The results indicated that these temporal dynamics between GCA and temperament
affected the biometric variance components more than they affected the mean scores (see
supplemental Figure 1). Figure 3 presents the longitudinal trajectories for genetic, shared
environmental, and nonshared environment variance for GCA and the temperament factors
estimated with and without coupling parameters. Trajectories for the significant coupling
relationships are shown with coupling from temperament to GCA in the higher SES group
on the left and from GCA to temperament in the lower SES group on the right (graphs

for the remaining six relationships are presented in Supplemental Figure 2). Trajectories for
GCA show increasing genetic variance with age, decreasing shared environmental variance,
and consistently low estimates of nonshared environmental variance that is age-related.
Nonshared environmental variance is typically unique to each age and thus estimated as
error variance by the longitudinal model. Longitudinal trajectories differed for the three
temperament factors: increasing genetic variance for persistence but decreasing genetic
variance for approach and reactivity. Comparing trajectories for full coupling and no
coupling models provides an indication of the impact of temporal dynamics. Trajectories
presented in Figure 3 indicate that the effect of coupling is primarily isolated to genetic
variance, indicating, for example, that for the higher SES group a significant portion of the
genetic variance in GCA arises from genetic variance for temperament. The same effect on
a smaller scale can be seen in the lower SES group for genetic variance in temperament
arising from genetic variance in GCA.

DISCUSSION

The aim of the current analyses was to use longitudinal twin data from the Louisville

Twin Study to examine developmental theories emphasizing that temperament and cognition
are related and interactive systems that support each other throughout development (Cole

et al., 2004; Wolfe & Bell, 2007). For the first time, dual change score models were

applied to longitudinal twin data to investigate genetic and environmental contributions

to the longitudinal trajectories for measures of temperament and general cognitive ability
(GCA) during childhood.

Univariate analyses

As predicted by models of development of emotional regulation (Bell et al., 2019),

mean difficulties in persistence and reactivity decreased from ages 4-9 years, whereas
the approach factor was more stable over that period. The mean GCA scores increased
up to age 6 and then leveled off, similar to trajectories of cognition reported in the
literature (McArdle et al., 2002). Model-fitting indicated significant sex differences and
SES differences in intercepts for some variables, but trajectories of change with age were
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quite similar across groups. On average, girls averaged more difficulties in persistence and
approach than boys. A recent meta-analysis of sex differences in temperament reported a
modest advantage for girls in persistence and for boys in lack of shyness, but few sex
differences in reactivity (Else-Quest et al., 2006). In the current analysis, the mean GCA
scores were slightly lower for girls, although trajectories converged over age. Children from
lower SES families average more difficulties in persistence, replicating extensive reports

of associations between SES and various measures of executive function (Hackman et al.,
2015). The mean GCA scores were significantly lower for low SES children, as predicted
from myriad investigations of SES and cognition (Letourneau et al., 2013).

We leveraged longitudinal twin data to estimate the changes in genetic and environmental
contributions to the temperament and GCA measures. The results indicated increasing
genetic variance across age for GCA and persistence but decreasing genetic variance for
approach and reactivity. Deater-Deckard and colleagues also reported increasing heritability
for persistence in a cross-sectional study covering a similar age range (Deater-Deckard

et al., 2005). Reported heritability estimates for approach or shyness tend to vary by
measurement method and age (Smith et al., 2012). Similarly, heritability estimates for
reactivity vary across studies, with some reporting lower heritability estimates for negative
reactivity behaviors (Scott et al., 2016). The pattern of increasing genetic variance and
decreasing shared environmental variance for GCA found here replicates the results of a
recent meta-analysis of genetic and environmental influences on cognition (Tucker-Drob &
Briley, 2014).

No systematic evidence for sex differences in the etiology of cognition is apparent in the
literature (Wadsworth et al., 2014), and the same is true for temperament (Cyphers et al.,
1990; Willems et al., 2019). In contrast, evidence suggests a significant impact of SES on
the heritability of cognition in childhood. Estimates of genetic variance tend to be near zero
in the lowest SES backgrounds and increase to 50% of total variance in the highest SES
groups (Turkheimer & Horn, 2014). This “Scarr—Rowe” SES effect does not replicate in
all samples; in the current analysis, SES differences in genetic contributions to the slope
parameters for all four variables trended in the direction predicted by the Scarr—Rowe
effect, but did not achieve significance in the univariate models. Given the potential role

of SES disadvantages on the dynamic relationship between temperament and cognition and
its etiology (Pearce et al., 2016; Smithers et al., 2018), the impact of SES was explored in
bivariate models as well.

Bivariate analyses

Bivariate dual change score models provide a means for testing dynamic relationships
between variables, and results provided support for theories emphasizing the interactive
nature of temperament and cognition during the development of emotional regulation
(Bell et al., 2019; Cole et al., 2004; Wolfe & Bell, 2007). For both persistence and
approach temperament factors, a bidirectional relationship with GCA was indicated: age
changes in temperament contributed to subsequent age changes in GCA arnd age changes
in GCA contributed to subsequent age changes in temperament. In other words, these
components of temperament are continuously influencing and being influenced by GCA
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across ages. The results for persistence and approach were consistent with the emotional-self
regulation model (Bell et al., 2019) which posits that higher cognitive functioning provides
children with more ability to appraise emotional stimuli and control the expression of
temperament factors such as persistence (effortful control) and approach (shyness). In turn,
these components of temperament serve to organize behavior and responses to situations
requiring thinking, learning, and problem solving. In the full sample, the relationship
between reactivity and GCA was unidirectional: Age changes in reactivity contributed to
subsequent age changes in GCA. Reactivity and related concepts such as anger can play a
role in both learning and testing situations (Bohn-Gettler & Rapp, 2014).

Although no sex differences in the longitudinal dynamic relationship between temperament
and GCA were found, results indicated significant SES differences. The influence of GCA
on subsequent temperament was highly significant in lower SES families (for persistence
and approach), but at most moderately significant in higher SES families. In contrast, the
influence of temperament on subsequent GCA did not achieve significance in lower SES
families but was highly significant in higher SES families. By far the largest parameter
estimates were found for the impact of temperament on subsequent GCA in higher SES
families. Thus, the model results suggest that the relationship between temperament and
cognition may function primarily in opposite directions in lower and higher SES children.
Temperament and cognition likely develop via a complex interactive dynamic in children
(Bell et al., 2019), but these analyses suggest an SES difference in dominant paths of the
bivariate relationship. Extensive evidence supports the long-term noncognitive impact of
early cognitive interventions in disadvantaged children (Reynolds et al., 2003). The current
results support the concept of GCA as a precursor of subsequent temperament-based skills,
particularly in lower SES children. In higher SES families, it is possible that parents provide
the scaffolding to support the development of self-regulation and attention-regulation that
can be precursors to subsequent GCA (Brophy-Herb et al., 2013; Rothbart & Posner, 2005).
However, children with temperament difficulties in high SES families may not be able to
take advantage of the available environmental resources in a way that children with better
temperament are and, therefore, do not display the same positive increases in GCA.

Further exploration localized this SES difference in the genetic contributions to GCA and
temperament in the context of the bivariate dynamic model. Comparison of estimated
trajectories with and without coupling verified that the nature of the dynamic relationship
between temperament and GCA arose from shared genetic variance, particularly in higher
SES families. SES differences in heritability for cognition have been attributed to differential
environmental opportunities to express and develop underlying genetic predispositions
(Turkheimer & Horn, 2014). In other words, for disadvantaged children, there are limited
intellectually stimulating environments to seek out or be shaped by. Initially, small
differences in genetic predispositions can be magnified by environmental advantage or
disadvantage, resulting in substantial SES differences in heritability (Beam et al., 2015).
Similar processes may play a role in genetic and environmental influences on temperament
(Rothbart, 2012; Rothbart & Posner, 2005). It is likely that shared genetic variance between
temperament and cognition arises from genetic influences on common neural structures and
circuity (Bell et al., 2019; Rothbart et al., 2006; Wolfe & Bell, 2007). For example, neural
activity in the frontal lobe has been associated with approach, effortful control, and cognitive
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functioning in children (Bell & Fox, 1992; Fox et al., 2001). Frontal neural activity has also
been associated with the activity of particular genetic variants, including the dopamine D4
receptor (Rothbart, 2012). Thus, genetic differences may contribute to different structure
and functioning of neural circuity in the frontal lobe that are more likely to develop to full
potential in an enriched environment, resulting in the genetic contribution to the dynamic
relationship between temperament and cognition in higher SES families reported here.

One of the primary concerns in any longitudinal study is changes in instrumentation

over time, and this concern is especially relevant for a study that ran for over 40 years

in the second half of the 20t century. Although the McDevitt and Carey temperament
measures were state-of-the art at the time they were incorporated into the LTS protocols,
revisions were made over time (Carey & McDevitt, 1978) and the instruments and
methodology (parental ratings) have been critiqued (Rothbart & Hwang, 2002; Vaughn
etal., 1981). Conceptual understanding of temperament has also evolved, as reflected

in changes in terminology from “reactivity” to more precise terms such as “negative
affectivity” and “anger.” Therefore, the results about the temperament-cognition relationship
reported here should be interpreted with some caution vis-a-vis current conceptualizations
of temperament. Similar caveats apply to the measure of socioeconomic status used here.
Current measures of objective SES typically incorporate education, occupation, and income
for both parents. However, the psycho-metric properties of the SES measure used in the
current sample (Duncan, 1961) encompass the entire range of socioeconomic backgrounds.

Investigations of the relationship between temperament and cognition have focused both

on general intelligence and specific cognitive abilities (Smithers et al., 2018). As the first
application of bivariate dual change score models to the relationship between temperament
and cognition, the current analysis focused on full-scale GCA scores. Assessing GCA

from age 4 to 9 years involves changes in measurement (WPPSI to WISC) that would
require some degree of harmonization to support analyses at the level of individual tests,
although those harmonization attempts are ongoing with LTS data (Beam et al., 2020).
Subsequent analyses will focus on specific components of cognition and their relationship
with specific components of temperament. Measurement of temperament also changes with
age. A constant factor structure fits the temperament data at each age, but evidence suggests
that the structure of temperament may change with age (Putnam et al., 2001), changes

that were not incorporated in the statistical model used here. Note that the dual change
score model assumes data are missing at random, but children from lower SES families
participated in somewhat fewer waves of data used here (ages 4-9) than children from
higher SES families. However, the LTS staff efforts to recruit and retain lower SES families
are evident in the distribution of SES scores and the fact that lower SES children averaged
only one-half wave less than higher SES children.

A final consideration for any use of LTS data is the age of the database. Data collection for
the LTS ran from 1957 until the late 1990s, generating arguably the most comprehensive
data on the early development of U.S. twins ever collected (Rhea, 2015). Even as the

LTS revisits the twins now in middle age to expand the longitudinal assessment (Beam

Child Dev. Author manuscript; available in PMC 2022 March 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Finkel et al.

Page 12

et al., 2020), representativeness of the sample has always been a concern, in part because

of little migration away from Louisville, Kentucky and the ongoing addition of new sets

of twins that introduces possible cohort effects. The LTS research group is addressing

these concerns directly by addressing the effect test version has on age-to-age differences

in cognitive development scores (Giangrande et al., in press). Yet, despite the above
limitations and the current efforts to overcome these limitations in the LTS more broadly,
the current analyses were able to replicate existing research and extend understanding of the
temperament-cognition relationship in the context of socioeconomic advantage.

CONCLUSIONS

In the first application of bivariate dual change score models to investigate the proposed
interactive nature of temperament and GCA during child development (Bell et al., 2019;
Cole et al., 2004), results support a dynamic model of temperament influencing subsequent
GCA and GCA influencing subsequent temperament. The fact that SES influenced

the strength of this dynamic relationship suggests that investment in both GCA and
temperament in early childhood may produce dividends in multiple domains, particularly
for disadvantaged children (Heckman, 2006).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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O O O

FIGURE 1.
Bivariate biometric dual change score model to examine genetic and environmental

influences on the relationship between age changes in two measures: G (general cognitive
ability) and T (temperament factor). Error variance (o) is assumed to be constant at each
age within each factor; ag and a rrepresent constant change related to the slope factors G;
and Ty Bgand Brrepresent proportional change in Gand T; cross-trait coupling is indicated
by A zand A = The model includes estimates for intercepts (Gg and 7g), mean intercepts
(Ueo and ), and mean slopes (ugsand L75). The model includes genetic effects specific

to each intercept (agy and ayp) and specific to each slope (agsand ays). The paths from

aco to Gsand from apy to 75 generate the decomposition of the correlation between the
intercept and slope for Gand 7. Note that shared environmental (cgp, ¢70, €6 and c7) and
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nonshared environmental (g, €7, €65 and e75) parameters were also included in the model
but are not included in the figure

Child Dev. Author manuscript; available in PMC 2022 March 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Finkel et al.

Page 18

Persistence

Persistence

65 65
——Boys ——— Low SES
60 60
-——-Girls = === High SES
w 55 » 55
g o
3 50 3 50
S 4s S 45
40 40
35 35
4 5 6 7 8 9 4 5 6 7 8 9
AGE in Years AGE in Years
Approach Approach
65 65
——Boys —— LOW SES
60 60
-—=-Girls = === High SES
» 55 w55
gy 8
3 50 3 s0
S 45 S 45
40 40
35 35
4 5 6 7 8 9 4 5 6 7 8 9
AGE in Years AGE in Years
Reactivity Reactivity
65 65
———Boys — LOWSSES
60 60
- Girls == = = = High SES
w55 « 55
g °
3 50 3 50
S 45 S s
>
\\
40 40 *
35 35
4 5 6 7 8 9 4 5 6 7 8 9
AGE in Years AGE in Years
General Cognitive Ability General Cognitive Ability
65 65
e Boys e LOW SES
60 60
-==-Girls = === High SES
55 55 mcememm—————
@ o —————
o L -
8 s0 /____ ____________ g 50 -
ki - @ -~
- - -
45 e 45
’f
ps
40 40
35 35
4 5 6 7 8 9 4 5 6 7 8 9
AGE in Years AGE in Years

Longitudinal trajectories in means for persistence, approach, reactivity, and general
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temperament factors indicate more difficulties
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FIGURE 3.

Longitudinal trajectories in proportion of genetic and environmental variance for general
cognitive ability (GCA) with coupling (fv//) and without coupling (770) with the
temperament factors in higher SES groups (left) and the temperament factors with and
without coupling with GCA in lower SES groups (right). A, additive genetic variance;
C, shared environmental variance; E, unique environmental variance. Calculating these
trajectories incorporates all parameters from Figure 1
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TABLE 2

Factor structure for temperament measures and correlations: average across ages

Behavioral category

Persistence  Approach

Reactivity

Factor loadings
Activity
Persistence
Approach
Adaptability
Mood
Intensity
Distress
Threshold

Correlations
Persistence
Approach
Reactivity
GCA: Total sample
GCA: Girls
GCA: Boys
GCA: Lower SES

GCA: Higher SES

0.85
0.74
0.08
0.23
0.38
0.21
-0.11
-0.13

1.00
0.16

*ok
*ok

*ok

-.20

-0.13
0.13
0.58
0.80
0.54
0.10
-0.31
0.08

1.00
0.08

Aok

-.22

*ok

-.25

*

-.18

Hok

-.26

Aok

-.28

0.02
0.06
-0.13
0.04
0.17
0.57
0.56
0.88

Note: Factor loadings >.50 are in bold face; GCA, general cognitive ability.

Higher scores on temperament factors indicate more difficulties.

*
p<.05;

Aok

p<.OL.
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